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Preface

Sorption is a physical and chemical process by which one substance becomes
attached to another. Specific cases of sorption are treated as: (i) Absorption –

“the incorporation of a substance in one state into another of a different state”
(e.g., liquids being absorbed by a solid or gases being absorbed by a liquid);
(ii) Adsorption – the physical adherence or bonding of ions and molecules onto
the surface of another phase (e.g., reagents adsorbed to a solid catalyst surface);
(iii) Ion exchange – an exchange of ions between two electrolytes or between an
electrolyte solution and a complex. At the beginning of the 21st century, separation
processes presented a comprehensive application of the major operations
performed by various industries, such as chemical, food, environmental, and
biotechnology. Sorption, one of the preferred separation processes because of its
effectiveness at different interfaces, has caught the attention of many scientists.
This book is aimed at presenting a general knowledge of sorption and a number of
applications, as well as recognizing its functions and paramount importance in
chemical and biochemical plants, including environmental treatment. This book
will be a reference book for those who are interested in sorption techniques from
various industries. The above information clearly indicates that the “world” of
sorption has various sections. Therefore, the target audience of this book is vast.
Specialists, researchers, and professors from more than 20 countries have published
their research in this book. We are grateful to all of the authors who have contrib-
uted their tremendous expertise to this book. We wish to acknowledge the out-
standing support from Mr Gordan Tot, Publishing Process Manger, IntechOpen
Science Croatia who collaborated tirelessly in crafting this book.

The future of sorption is indeed bright!

George Z. Kyzas (MSc, PhD)
Associate Professor,

Department of Chemistry, International Hellenic University,
Kavala, Greece

Nikolaos K. Lazaridis (MSc, PhD)
Professor,

Department of Chemistry, Aristotle University of Thessaloniki,
Thessaloniki, Greece
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Chapter 1

Influence of Pesticide Properties
on Adsorption Capacity and Rate
on Activated Carbon from
Aqueous Solution
Magdalena Blachnio, Anna Derylo-Marczewska
and Malgorzata Seczkowska

Abstract

The adsorbate structural properties such as the type, number, and position of
substituents on benzene ring of organic compound, as well as a length and arrange-
ment of hydrocarbon chain in a space, exert a significant influence on the adsorp-
tion process. The measurements of adsorption equilibria and kinetics of several
pesticides belonging to the group of halogenated phenoxyacids differentiated in
terms of structural and physicochemical properties were studied in order to char-
acterize the adsorption mechanism and correlate it with the pollutant properties.
Regarding a complexity of investigations (capacity and rate) comprising 21 struc-
turally closely related active substances showing the carcinogenic activity on living
organisms and relatively long half-life time in the environment, the proposed
intensive studies on the removal of pollutants by adsorption process are very
important in cognitive and practical terms.

Keywords: pesticide adsorption, activated carbon, adsorption equilibrium,
adsorption kinetics

1. Introduction

The improvement of effectiveness of pollutant removal from water and sewage
using activated carbons has been a subject of numerous studies. The influence of
adsorbate, adsorbent, solution properties, and experiment conditions on adsorption
process has been analyzed.

Noteworthy is the impact of adsorbate properties on adsorption process such as
solubility, molecule dimension, ability to dissociation, and physicochemical prop-
erties. Hydrophobicity which can be expressed by solubility is the main driving
force of adsorption process of organics from aqueous solutions on activated car-
bons. The lower solubility of a pollutant is the highest adsorption on hydrophobic
carbon is observed. Additionally, analyzing adsorption of pollutants from aqueous
solutions on microporous materials, it is necessary to take into account molecule
dimension due to a possible sieve effect. Moreover, the influence of functional
groups on adsorbate aromatic ring on the differentiation of adsorptive affinity of
organic compounds to activated carbon should be also regarded.
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The influence of adsorbate substituents on adsorption mechanism is similar to
that of surface groups of adsorbent. Depending on their nature, they can attract or
repel electrons and affect the dispersive interactions between adsorbate aromatic
ring and graphene layers of activated carbon. The adsorbate functional groups that
are electron donors activate the aromatic ring by moving electrons toward it, and
thereby they enhance the interactions between adsorbate molecule and π electrons
of adsorbent graphene planes. On the other hand, the deactivating groups as elec-
tron acceptors reduce the electron density of aromatic ring; thus, interactions of
adsorbate-adsorbent surface are weakened [1–7].

The research on effect of adsorbate properties on adsorption process is an
extension of the studies already published in the paper [8]. The pesticides belonging
to a group of chloride phenoxyacid derivatives were used as adsorbates in view of
their common usage in agriculture and hence a high probability of infiltration to
surface and underground waters. Their presence in water affects its quality,
worsens its properties, and in some cases makes it unsuitable to consume. These
pesticides show a carcinogenic activity on living organisms and a relatively long
half-life time in the environment; therefore, the intensive study on their removal by
adsorption process is very important for practical applications. The experimental
studies include measurements of the adsorption isotherms and concentration rate
profiles as well as their interpretation on the basis of the generalized Langmuir (GL)
equation for equilibrium data and diffusion models (intraparticle diffusion model
(IDM) and pore diffusion model (PDM)) and multi-exponential (m-exp) equation
for kinetic data. Based on the obtained results, the correlations between adsorbate
structure, its properties, and adsorption uptake and rate were analyzed. The evalu-
ation of the theoretical equilibrium and kinetic equations and models based on a
fitting quality and consistency with adsorption mechanism was also made.

2. Experimental

2.1 Materials and methods

The selected adsorbates comprise 21 compounds which are structurally differ-
entiated with regard to the number, position, and type of the functional groups and
length and spatial arrangement of the hydrocarbon part in a molecule. Not all of
these substances are used as pesticides because of their low biological activity.
However, due to complexity of the research issues, it seems to be reasonable to
include them as a subject of the investigation.

Table 1 presents the physicochemical properties of the adsorbates collected on
the basis of literature data or calculations using computer programs generally avail-
able. All the substances are analytical reagent grade purity. The chemical names and
abbreviations of them are as follows: 4-chlorophenoxyacetic acid (4-CPA); 2,4-
dichlorophenoxyacetic acid (2,4-D); 2,4,5-trichlorophenoxyacetic acid (2,4,5-
CPA); 2,4,6-trichlorophenoxyacetic acid (2,4,6-CPA); 4-chloro-3-methylphe-
noxyacetic acid (4-CMPA); 4-chloro-2-methylphenoxyacetic acid (MCPA); 2,4-
dibromophenoxypropionic acid (2,4-BrPA); 2,4,6-tribromophenoxypropionic acid
(2,4,6-BrPA); 2-(3-chlorophenoxy)propionic acid (3-CPP); 3-(4-chlorophenoxy)
propionic acid (4-CP); 2-(4-chlorophenoxy)propionic acid (4-CPP); 2-(2,4-
dichlorophenoxy)propionic acid (2,4-CPP); 2-(2,5-dichlorophenoxy)propionic acid
(2,5-CPP); 2-(3,4-dichlorophenoxy)propionic acid (3,4-CPP); 2-(2,4,5-trichlor-
ophenoxy)propionic acid (2,4,5-CPP); 2-(4-chloro-2-methylphenoxy)propionic
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acid (MCPP); 2-(4-chloro-3-methylphenoxy)propionic acid (4-CMPP); 2-(4-
chlorophenoxy)-2-methylpropionic acid (CFA); 2-(4-chlorophenoxy)butanoic acid
(4-CPB); 4-(4-chloro-2-methylphenoxy)butanoic acid (MCPB); and 2-(4-chloro-2-
methylphenoxy)butanoic acid (4-CMPB).

The microporous activated carbon F300 was used as adsorbent (SBET = 762 m2/g,
Vt = 0.46 cm3/g, Vmic = 0.28 cm3/g; pHpzc � 9.8). The characteristics of adsorbent
are given in the paper [8]. The methodology of equilibrium and kinetic measure-
ments is also described in the paper [8].

Common
name

pKa

[9]
Solubility g/dm3

20–25°C
Kow/log D [9] Kow/log

P
Dmin /Å

[9]
Dmax /Å

[9]
pH = 1.81 pH = 10.38

4-CPA 3.14 0.848 [10] 1.88 �1.63 1.85
[11]

4.33 9.38

2,4-D 2.80 0.682 [10] 2.46 �1.03 2.37
[11]

4.88 9.49

2,4,5-CPA 2.56 0.268 [10] 3.04 �0.42 2.89
[11]

6.22 8.88

2,4,6-CPA 2.57 0.247 [10] 3.04 �0.42 2.89
[11]

5.42 8.84

4-CMPA 3.36 0.650 [12] 2.40 �1.12 5.42 8.96

MCPA 3.36 0.825 [10] 2.40 �1.12 3.25
[13]

5.47 9.52

2,4-BrPA 1.96 0.059 [14] 2.60 �0.70 5.03 9

2,4,6-BrPA 1.50 0.015 [15] 3.12 0.07 5.71 9

3-CPP 3.27 1.200 [16] 2.45 �1.06 5 7.79

4-CP 3.70 0.770 [12] 2.13 �1.39 4.33 9.87

4-CPP 3.27 1.475 [10] 2.45 �1.06 5.22 8.65

2,4-CPP 2.95 0.829 [10] 3.04 �0.46 5.59 9.03

2,5-CPP 2.95 0.181 [14] 3.04 �0.46 5.62 8.63

3,4-CPP 2.94 0.130 [12] 3.04 �0.46 5.5 8.76

2,4,5-CPP 2.70 0.140 [10] 3.62 0.15 3.80
[13]

5.62 9

MCPP 3.47 0.895 [10] 2.97 �0.55 3.13
[13]

5.86 8.64

4-CMPP 3.46 0.690 [15] 2.97 �0.55 5.86 7

CFA 3.37 0.582 [17] 2.89 �0.63 2.84
[13]

4.42 9.14

4-CPB 3.42 0.315 [14] 2.98 �0.54 5.22 9.7

MCPB 3.59 0.048 [10] 3.50 �0.03 3.28
[18]

6.36 9.65

4-CMPB 3.59 0.17 [12] 3.50 �0.03 5.86 9.28

Table 1.
Physicochemical properties of the studied pesticides, where pKa is the value based on partial charge distribution
in a molecule, log D is the octanol-water coefficient at a given pH, log P is the partition coefficient of a
compound between octanol and water, and Dmin and Dmax are measures between the most distant molecule
atoms.
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4-CP 3.70 0.770 [12] 2.13 �1.39 4.33 9.87
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2,4-CPP 2.95 0.829 [10] 3.04 �0.46 5.59 9.03

2,5-CPP 2.95 0.181 [14] 3.04 �0.46 5.62 8.63

3,4-CPP 2.94 0.130 [12] 3.04 �0.46 5.5 8.76
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Table 1.
Physicochemical properties of the studied pesticides, where pKa is the value based on partial charge distribution
in a molecule, log D is the octanol-water coefficient at a given pH, log P is the partition coefficient of a
compound between octanol and water, and Dmin and Dmax are measures between the most distant molecule
atoms.
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3. Results and discussion

3.1 Adsorption equilibria

3.1.1 Effect of type and number of adsorbate substituents

Substituents on benzene ring of aromatics have a great influence on adsorption
process on activated carbon. It is not directly related to their interaction with an
adsorbent but mainly with changes in molecular properties of adsorbed compound
[19–23]. The crucial factors are the nature of the substituents, number, and their
mutual position on benzene ring. In the study the adsorption process of compounds
with substituents with electron-acceptor (▬Cl, ▬Br) and electron-donor proper-
ties (▬CH3) was analyzed. It is well known that substituents affect acid-base
properties (pKa), water solubility, hydrophobicity (Kow), dipole moment, molecu-
lar weight, and spatial dimension in space of an organic compound. In turn, these
properties affect a mechanism and a range of adsorption process. Nevertheless,
solubility in water and hydrophobicity of substance most often play a superior role
in adsorption process.

As pKa values of the studied pesticides are within the range of 1.50–3.70, thus,
the buffers of pH = 1.81 or 10.38 were used to prepare the experimental solutions.
Thus, the compounds in solutions were nearly undissociated and completely disso-
ciated, respectively. In the case of the compounds of very low solubility, the studies
at alkaline pH conditions were carried out. For the systems for which the adsorption
process was carried out in acidic solutions, the isotherms both in the standard linear
a = f(ceq) and reduced coordinates a = f(ceq/cs) are presented. The second form of
presentation allows to study the affinity of a given type of compound to the acti-
vated carbon surface without the effect of solubility. In all the pictures, the exper-
imental points and the theoretical isotherms using the generalized Langmuir
equation are presented.

In Figures 1 and 2 the comparison of the adsorption isotherms of chlorophe-
noxyacetic and chlorophenoxypropionic acid derivatives with a different type and
number of substituents on aromatic ring on activated carbon F300 at pH = 1.81 is
shown. In the case of phenoxyacetic pesticides, relatively small changes in capaci-
ties are observed which can be arranged as follows: 2,4-D � 4-CPA > MCPA. The

Figure 1.
The 2,4-D; MCPA; and 4-CPA adsorption isotherms on F300, pH = 1.81 in linear (a) and reduced coordinate
system (b).
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differences in the course of adsorption isotherms for the phenoxypropionic pesti-
cides are greater. Taking into account their affinity to the carbon F300, it looks as
follows: 2,4-CPP � 4-CPP > MCPP > 4-CMPP.

The solubility values were collected from literature, and partition coefficients
between octane and water (Kow) were calculated using the Marvin 5.6.0.3 computer
program taking into account conditions of adsorption process. For 2,4-D, 4-CPA,
and MCPA, the solubilities are equal to 0.682, 0.957, and 0.825 g/dm3 while log D
2.46, 1.88, and 2.40, respectively. For the phenoxypropionic derivatives, 2,4-CPP,
4-CPP, MCPP, and 4-CMPP, the solubilities are 0.829, 1.475, 0.895, and 0.69 g/dm3,
while the values characterizing hydrophobicity are 3.04, 2.45, 2.97, and 2.97,
respectively. As one can see, there is no correlation between solubility/hydropho-
bicity and the adsorption affinity for the most systems. Analyzing the adsorption
isotherms reduced by the solubility parameter, it can be concluded that only in the
case of 2,4-D and MCPA, the differences in adsorption result from solubility/
hydrophobicity. For other systems, solubility/hydrophobicity is not the only factor
determining the effectiveness of adsorption process, and other factors should be
considered.

The mechanism of adsorption process is mainly based on the dispersion or
donor-acceptor interactions (pH = 1.81, thus both adsorbates and functional groups
on active carbon surface are undissociated) and the local repelling electrostatic
interactions between positively charged sites on adsorbent surface (as a result of
attraction and localization of graphene plane electrons by oxygen functional
groups) and a local positive charge in adsorbate molecule (as a result of electron-
acceptor properties of chlorine on benzene ring). Generally, the more substituents
in a molecule, the greater the local charge and stronger the local electrostatic
interactions.

Another aspect concerns a spatial structure of compounds, as the ones with
substituents in a para-position have better access to adsorbent micropores. In par-
ticular, this applies for halogenophenoxyacetic acids, where the hydrocarbon part is
not branched, like in β-halogenophenoxypropionic acids. Therefore, the capacities
for 4-CPA and 2,4-D, as well as for 4-CPP and 2,4-CPP, are similar, although
comparing the solubility and log D values, one could assume a different situation. A
simple explanation is a symmetrical structure of 4-CPA, which means that its
molecular volume is smaller than for 2,4-D which enables a better access and

Figure 2.
The 4-CPP; 2,4-CPP; MCPP; and 4-CMPP adsorption isotherms on F300, pH = 1.81 in linear (a) and
reduced coordinate system (b).
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greater packing density in the adsorptive space. In a group of phenoxypropionic
acid derivatives, the 4-CPP and 2,4-CPP adsorptions are higher than for MCPP and
4-CMPP. The molecules of all these compounds have at least one ▬Cl group caus-
ing a weak deactivation of aromatic ring in the ortho- and para-position and strong
deactivation in the meta-position. Consequently, the electron density of benzene
ring is decreased, and the interactions of adsorbate-carbon surface are weakened.
Moreover, MCPP and 4-CMPP molecules have additional ▬CH3 group that acti-
vates weakly aromatic ring in the ortho- and para-position, resulting in the elec-
trons shift toward the ring. Thus, the interactions of adsorbate ring electrons with π
electrons of adsorbent graphene planes are increased. The total effect is a result of at
least partial compensation of two types of the functional groups. Therefore, the
structural properties of these compounds do not explain clearly the differentiation
of their adsorption affinities to activated carbon. An essential factor may be the
influence of a position of the electron-acceptor group relative to the electron-donor
group on the interactions of adsorbate-adsorbent as well as the steric effect.

In Figure 3, the comparison of the adsorption isotherms of chloro- and
bromophenoxyacetic derivatives from solutions at pH = 10.38 is presented. The
adsorption decreases in the series: 2,4,6-BrPA > 2,4-BrPA > 2,4,6-CPA� 2,4-D > 4-
CPA > MCPA. At alkaline conditions the electrostatic interactions are predominant
in adsorption mechanism due to dissociated forms of both the adsorbate and the
adsorbent functional groups. The repulsive forces between the pesticide anions and
negatively charged adsorbent groups appear. However, a halogen with the electron-
withdrawing properties on benzene ring decreases the total electron charge of the
aromatic ring and shows a local positive charge. The obtained effect results in the
creation of local attractive interactions which decrease the electrostatic repulsion
between adsorbate and adsorbent. If a degree of halogen substitution increases, the
strength of interactions increases, and it leads to stronger adsorption on active
carbon. This explanation is true if substituents in a molecule are of the same type,
e.g., bromine or chlorine. Comparing the adsorption affinities in the systems with
different substituents, it can be observed that the compounds containing bromine
show a stronger affinity for the adsorbent surface compared to compounds with
chlorine, regardless of a number of substituents in molecule. In the case of MCPA
containing a methyl group with electron-donor properties, the weakest adsorption
is observed. Increase of the electron density within aromatic ring raises the

Figure 3.
The 2,4-D; 2,4-BrPA; 2,4,6-CPA; and 2,4,6-BrPA adsorption isotherms on F300, pH = 10.38 (a). The 4-
CPA; 2,4-D; and MCPA adsorption isotherms on F300, pH = 10.38 (b).
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electrostatic repulsion with the negatively charged surface of the activated carbon.
A similar effect is observed in the case of phenoxypropionic acid derivatives with a
different halogen substituent in the para-position at acidic pH.

In Figure 4a a comparison of the adsorption isotherms for 2,4-D, 2,4,5-CPA,
and 2,4,6-CPA, i.e., the compounds with a differentiated number and position of
chlorine atoms on benzene ring, is presented. Similar adsorption is observed for 2,4-
D and 2,4,6-CPA, whereas for 2,4,5-CPA the process is significantly greater. 2,4-D
shows the weakest hydrophobic properties; its molecule contains two chlorine
atoms. The other two compounds 2,4,5-CPA and 2,4,6-CPA are characterized by
the similar log D values, but they contain three chlorine atoms. Therefore, the
differences in adsorption affinity to adsorbent should be attributed to the steric
effect. In the group of chlorophenoxypropionic acids differentiated in terms of a
number of substituents in a molecule, the adsorbate affinity to the adsorbent active
sites increases in the order 2,4,5-CPP > 2,4-CPP > 2,5-CPP > 4-CPP (Figure 4b).
The octanol/water partition coefficient values (log D) for these compounds at
pH = 10.38 are 0.15, �0.46, �0.46, and �1.06, respectively. 2,5-CPP is weakly
removed at a given pH than its isomeric form 2,4-CPP although its hydrophobicity
should promote the adsorption process. Probably an arrangement of the substitu-
ents in 2,5-CPP leads to difficulties in diffusion of the adsorbate molecules into
small pores of adsorbent that consequently decreases adsorption.

The comparison of the 4-CMPA and 4-CPA (pH = 10.38) adsorption isotherms
(Figure 5) shows that removal of the methyl group weakens the adsorption affinity.
Similar behavior occurs for their phenoxypropionic and phenoxybutanoic homo-
logs, for which the adsorption of 4-CMPP > 4-CPP and 4-CMPB > 4-CPB
(Figures 6 and 7). The observed trend fully coincides with the hydrophobicity of
pesticides. For the series of 4-CMPA and 4-CPA, log D is �1.12 and �1.63, respec-
tively; for 4-CMPP and 4-CPP, log D is equal to �0.55 and �1.06, respectively,
while for 4-CMPB and 4-CPB, this parameter is �0.03 and �0.54, respectively.

3.1.2 Effect of substituent position on aromatic ring

The adsorption affinity of organics depends on a number and type of substitu-
ents, as well as on their position on the benzene ring. This is related to the occur-
rence of the steric and inductive effects of adsorbate. The courses of adsorption

Figure 4.
The 2,4-D; 2,4,5-CPA; and 2,4,6-CPA adsorption isotherms on F300, pH = 10.38 (a). The 4-CPP; 2,4-CPP;
2,5-CPP; and 2,4,5-CPP adsorption isotherms on F300, pH = 10.38 (b).
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isotherms measured at alkaline pH for 2,4,5-CPA and 2,4,6-CPA (Figure 8) and
2,4-CPP and 2,5-CPP (Figure 9a) indicate that the less symmetric distribution of
electron charge density in benzene ring is, the stronger adsorption affinity is
observed. Therefore, higher affinities for 2,4,5-CPA and 2,4-CPP than for 2,4,6-
CPA and 2,5-CPP are found. Analyzing the solubility of these substances, one can
say that this parameter is not a main factor controlling the adsorption process.

As results from Figure 9b at basic conditions for the isomers of dichlorophe-
noxypropionic acid, their affinity to the activated carbon increases as follows: 3,4-
CPP > 2,4-CPP > 2,5-CPP. The strongly adsorbed compound is characterized by
two adjacent chlorine atoms with electron-acceptor properties, causing the overlap
of local positive charges in the benzene ring. The negatively charged oxygen groups
on the carbon surface interact electrostatically with the positive local charge of the
pesticide rings, intensifying the adsorption process. The interactions of other com-
pounds with F300 are disturbed by the steric effect due to the position of

Figure 5.
The 4-CPA and 4-CMPA adsorption isotherms on F300, pH = 10.38 in linear (a) and reduced coordinate
system (b).

Figure 6.
The 4-CPP and 4-CMPP adsorption isotherms on F300, pH = 10.38 in linear (a) and reduced coordinate
system (b).
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substituent at the second carbon in the ring and in the case of 2.5-CPP additionally
due to a symmetrical distribution of the σ+ charge. This explains the differentiation
in adsorption of these compounds.

The comparison of the isotherms for 4-CMPP and MCPP at alkaline pH
(Figure 10a) gives information that a shift of methyl group position on aromatic
ring from ortho- to meta-position does not affect adsorption process. The same
situation is observed for their homologs from the phenoxybutanoic group; the
adsorption affinity of both compounds to activated carbon is similar (Figure 10b).

3.1.3 Effect of structure of hydrocarbon chain in adsorbate molecule

To analyze the impact of hydrocarbon chain structure on the adsorption process,
the systems with chlorogenic phenoxyacetic derivatives and their homologs—
phenoxypropionic and phenoxybutanoic derivatives—were studied. The graphs are
grouped with regard to hydrocarbon chain structure, while the aromatic part of

Figure 7.
The 4-CPB and 4-CMPB adsorption isotherms on F300, pH = 10.38 in linear (a) and reduced coordinate
system (b).

Figure 8.
The 2,4,5-CPA and 2,4,6-CPA adsorption isotherms on F300, pH = 10.38 in linear (a) and reduced
coordinate system (b).
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molecules is the same. In the case of adsorption processes carried out at pH = 10.38,
the adsorption affinities of the studied compounds are as follows: 2,4,5-CPA > 2,4,5-
CPP (Figure 11a), 2,4-D > 2,4-CPP (Figure 11b), MCPP � MCPB (Figure 12a), 4-
CMPA > 4-CMPP > 4-CMPB (Figure 12b), and 4-CPA � 4-CP > 4-CPP � 4-
CPB > CFA (Figure 13). For the systems for which it was possible to measure the
adsorption process at pH = 1.81, the adsorption affinities of pesticides are 2,4-
D � 2,4-CPP (Figure 14), MCPA > MCPP (Figure 15), and 4-CPA > 4-CPP > CFA
(Figure 16).

Analyzing the coefficient Ko/w values, one can say that the adsorption mecha-
nism is more dependent on physicochemical properties of the adsorbates related
with their spatial structure of hydrocarbon part rather than on the total hydropho-
bicity. For example, in the case of pesticides with decreasing adsorptive affinity to
activated carbon, 4-CPA, 4-CPP, and CFA at pH = 1.81, log D is �1.12 < �0.55
< �0.03. Relatively smaller influence of the hydrophobicity of these compounds on
their adsorption process is confirmed in most cases by the adsorption isotherm
course in the reduced coordinates. The above hypothesis is focused on two factors

Figure 9.
The 2,4-CPP and 2,5-CPP adsorption isotherms on F300, pH = 10.38 (a). The 2,4-CPP; 2,5-CPP; and 3,4-
CPP adsorption isotherms on F300, pH = 10.38 (b).

Figure 10.
The 4-CMPP and MCPP adsorption isotherms on F300, pH = 10.38 (a). The 4-CMPB and MCPB adsorption
isotherms on F300, pH = 10.38 (b).
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related with a hydrocarbon chain structure of halogen phenoxycarboxylic deriva-
tives: a number of carbons forming a hydrocarbon chain and arrangement of car-
bons in a chain. Considerations on adsorption of the pesticides with different
number of aliphatic carbon atoms are concerned on phenoxyacetic,
phenoxypropionic, and phenoxybutanoic derivatives. In the case of
phenoxypropionic and phenoxybutanoic derivatives, the hydrocarbon parts form
branched chains. Merely 4-CP has an unbranched chain. 4-CP and its
phenoxyacetic homolog 4-CPA were used to compare the adsorption affinity of
adsorbates with unbranched hydrocarbon chain (Figure 13a). The other com-
pounds which form the homologous series were used to analyze the adsorption of
molecules with different number of carbons in a branched aliphatic chain. On the
basis of adsorption isotherms of the abovementioned pesticides, one can conclude
that a number of carbon atoms in unbranched hydrocarbon chain do not affect the
adsorbate affinity to the activated carbon surface. The increase of a number of
carbon atoms in branched hydrocarbon chain for the most homologous series
results in a decrease in adsorption or occasionally does not affect it at all. These

Figure 11.
The 2,4,5 CPA and 2,4,5-CPP adsorption isotherms on F300, pH = 10.38 (a). The 2,4-D and 2,4-CPP
adsorption isotherms on F300, pH = 10.38 (b).

Figure 12.
The MCPP and MCPB adsorption isotherms on F300, pH = 10.38 (a). The 4-CMPA; 4-CMPP; and 4-CMPB
adsorption isotherms on F300, pH = 10.38 (b).
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observations apply to the adsorption systems studied at acidic and basic conditions.
According to the Lundelius principle, the more developed structure of compounds
from the same homologous series, the greater adsorption should occur [16]. The
lack of compliance of the obtained results with the Lundelius principle indicates
that there are also other factors. The adsorbent is characterized by a microporous
structure with the highest contribution of pores with a diameter of 4.5–9 Å. Minimal
diameter of the compounds calculated using the Marvin Space 5.6.0.3 program is in
the range of 4.33–6.36 Å, while their maximal diameter is in the range of 7–9.87 Å.
Thus, smaller adsorbent micropores may have been inaccessible especially for the
homologs with the highest molecular sizes. CFA and 4-CPB are hydrocarbon chain
isomers (Figure 13a), and they differ in an order of the respective aliphatic carbon
atoms. This in turn is related with the differences in spatial structure of the mole-
cules. Adsorption capacity for 4-CPB is higher than for CFA, which results from
stronger adsorption of the substance with less branched aliphatic part. The com-
parison of the 4-CP and 4-CPP adsorption (Figure 13) confirms the thesis that

Figure 13.
The 4-CPA; 4-CPP; 4-CP; 4-CPB; and CFA adsorption isotherms on F300, pH = 10.38 (a). The MCPP and
CFA adsorption isotherms on F300, pH = 1.81 (b).

Figure 14.
The 2,4-D and 2,4-CPP adsorption isotherms on F300, pH = 1.81 in linear (a) and reduced coordinate
system (b).
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hydrocarbon part linearity enables better adsorption. Linearity of the compound
structure is related with poorer solubility compared to its branched isomer. There-
fore, stronger adsorption of 4-CP compared to 4-CPP is mainly due to their solu-
bility differentiation as evidenced by the overlapping isotherms in the reduced
coordinates. Among the pesticides there are also structural isomers differentiated
with regard to both phenolic and hydrocarbon part. This applies to CFA and MCPP
for which the CFA adsorption is weaker (Figure 13b). The isopropyl group as the
side branch of hydrocarbon chain has decisive influence on limiting the adsorbate-
adsorbent interactions.

3.2 Analysis of experimental isotherms by means of the GL isotherm

All the studied experimental systems were analyzed by the generalized Lang-
muir isotherm equation (GL) [24–26] that for the specific values of heterogeneity
parameters are reduced to four equations: Langmuir (L, m = n = 1), Langmuir-

Figure 15.
The MCPA and MCPP adsorption isotherms on F300, pH = 1.81 in linear (a) and reduced coordinate
system (b).

Figure 16.
The 4-CPA; 4-CPP; and CFA adsorption isotherms on F300, pH = 1.81 in linear (a) and reduced coordinate
system (b).

13

Influence of Pesticide Properties on Adsorption Capacity and Rate on Activated Carbon…
DOI: http://dx.doi.org/10.5772/intechopen.88726



observations apply to the adsorption systems studied at acidic and basic conditions.
According to the Lundelius principle, the more developed structure of compounds
from the same homologous series, the greater adsorption should occur [16]. The
lack of compliance of the obtained results with the Lundelius principle indicates
that there are also other factors. The adsorbent is characterized by a microporous
structure with the highest contribution of pores with a diameter of 4.5–9 Å. Minimal
diameter of the compounds calculated using the Marvin Space 5.6.0.3 program is in
the range of 4.33–6.36 Å, while their maximal diameter is in the range of 7–9.87 Å.
Thus, smaller adsorbent micropores may have been inaccessible especially for the
homologs with the highest molecular sizes. CFA and 4-CPB are hydrocarbon chain
isomers (Figure 13a), and they differ in an order of the respective aliphatic carbon
atoms. This in turn is related with the differences in spatial structure of the mole-
cules. Adsorption capacity for 4-CPB is higher than for CFA, which results from
stronger adsorption of the substance with less branched aliphatic part. The com-
parison of the 4-CP and 4-CPP adsorption (Figure 13) confirms the thesis that

Figure 13.
The 4-CPA; 4-CPP; 4-CP; 4-CPB; and CFA adsorption isotherms on F300, pH = 10.38 (a). The MCPP and
CFA adsorption isotherms on F300, pH = 1.81 (b).

Figure 14.
The 2,4-D and 2,4-CPP adsorption isotherms on F300, pH = 1.81 in linear (a) and reduced coordinate
system (b).

12

Sorption in 2020s

hydrocarbon part linearity enables better adsorption. Linearity of the compound
structure is related with poorer solubility compared to its branched isomer. There-
fore, stronger adsorption of 4-CP compared to 4-CPP is mainly due to their solu-
bility differentiation as evidenced by the overlapping isotherms in the reduced
coordinates. Among the pesticides there are also structural isomers differentiated
with regard to both phenolic and hydrocarbon part. This applies to CFA and MCPP
for which the CFA adsorption is weaker (Figure 13b). The isopropyl group as the
side branch of hydrocarbon chain has decisive influence on limiting the adsorbate-
adsorbent interactions.

3.2 Analysis of experimental isotherms by means of the GL isotherm

All the studied experimental systems were analyzed by the generalized Lang-
muir isotherm equation (GL) [24–26] that for the specific values of heterogeneity
parameters are reduced to four equations: Langmuir (L, m = n = 1), Langmuir-

Figure 15.
The MCPA and MCPP adsorption isotherms on F300, pH = 1.81 in linear (a) and reduced coordinate
system (b).
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Freundlich (LF, 0 < m = n ≤ 1), generalized Freundlich (GF, 0 < m ≤ 1, n = 1), and
Tóth isotherm (T, m = 1, 0 < n ≤ 1). These isotherms were obtained from the global
integral equation assuming that the Langmuir isotherm is a local one. In the opti-
mization procedure, a method of the minimal sum of square deviations of adsorp-
tion values was used assuming the limitation of adsorption capacity (am ≤ 20 mmol/
g) and the equilibrium constant K (K ≤ 105 l/mmol). Table 2 presents the parame-
ters of this equation, the correlation coefficients R2, and standard deviations SD(a).

The parameters for two systems correspond to the simple L isotherm equation
which is characteristic for energetically homogeneous system. For the other

System, pH (type of isotherm) am m n log K R2 SD(a)

4-CPA/F300, pH 1.81 (T) 3.34 1 0.40 1.59 0.957 0.087

4-CPA/F300, pH 10.38 (GL) 1.25 0.25 0.78 �0.35 0.940 0.043

2,4-D/F300, pH 1.81 (T) 3.69 1 0.35 1.81 0.968 0.079

2,4-D/F300, pH 10.38 (GF) 1.19 0.35 1 0.14 0.960 0.035

2,4,5-CPA/F300, pH 10.38 (GF) 1.29 0.25 1 0.01 0.907 0.054

2,4,6-CPA/F300, pH 10.38 (GF) 1.07 0.38 1 0.46 0.923 0.036

4-CMPA/F300, pH 10.38 (GF) 15.11 0.17 1 �7.25 0.936 0.030

MCPA/F300, pH 1.81 (GF) 3.09 0.34 1 �0.45 0.937 0.110

MCPA/F300, pH 10.38 (GF) 20 0.20 1 �7.04 0.766 0.064

2,4-BrPA/F300, pH 10.38 (GF) 1.83 0.33 1 �0.49 0.957 0.046

2,4,6-BrPA/F300, pH 10.38 (GL) 20 0.32 0.29 �3.71 0.949 0.056

3-CPP/F300, pH 1.81 (L) 1.92 1 1 0.93 0.948 0.082

4-CP/F300, pH 10.38 (GF) 20 0.24 1 �5.53 0.955 0.033

4-CPP/F300, pH 1.81 (L) 2.02 1 1 0.96 0.977 0.058

4-CPP/F300, pH 10.38 (GF) 20 0.18 1 �7.73 0.939 0.031

2,4-CPP/F300, pH 1.81 (T) 2.41 1 0.48 1.79 0.96 0.081

2,4-CPP/F300, pH 10.38 (GF) 1.02 0.32 1 0.181 0.916 0.035

2,5-CPP/F300, pH 10.38 (T) 1.32 1 0.29 2.94 0.896 0.032

3,4-CPP/F300, pH 10.38 (GF) 1.03 0.22 1 0.05 0.937 0.026

2,4,5-CPP/F300, pH 10.38 (GL) 1.07 0.56 0.75 0.83 0.942 0.041

MCPP/F300, pH 1.81 (T) 2.83 1 0.40 1.67 0.951 0.083

MCPP/F300, pH 10.38 (GF) 1.12 0.11 1 �1 0.822 0.034

4-CMPP/F300, pH 1.81 (GF) 2.60 0.34 1 �0.41 0.961 0.070

4-CMPP/F300, pH 10.38 (GF) 12.90 0.16 1 �7.35 0.949 0.026

CFA/F300, pH 1.81 (GF) 2.02 0.66 1 0.53 0.995 0.061

CFA/F300, pH 10.38 (GF) 20 0.21 1 �7.03 0.928 0.030

4-CPB/F300, pH 10.38 (GF) 10.42 0.15 1 �7.81 0.952 0.022

MCPB/F300, pH 10.38 (GL) 4.65 0.45 0.08 5 0.934 0.025

4-CMPB/F300, pH 10.38 (T) 1.02 1 0.59 1.54 0.923 0.027

Table 2.
Values of parameters of the generalized Langmuir equation characterizing the experimental systems.
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systems, satisfying optimization using the T and GF equations or the general form
of the GL isotherm was obtained. The GL equation corresponds to the quasi-
Gaussian function of adsorption energy distribution; the heterogeneity
parameters characterize the extension of this function toward the higher (m < 1)
and lower (n < 1) adsorption energies (if m 6¼ n, the energy distribution is asym-
metrical, m the smaller and n the greater heterogeneity). The Tóth equation is
represented by the asymmetrical quasi-Gaussian function of the adsorption energy
that is extended toward low energies, whereas the GF isotherm corresponds to the
exponential function with the characteristic minimal energy. The applied equations
show slightly different behavior in the area of low and high adsorption. For low
concentrations, only the T isotherm reduces itself to the Henry’s equation, while the
other isotherms to the classic Freundlich equation. In the range of high concentra-
tions, all the equations show typical Langmuir behavior; however, the GF equation
reaches the maximum adsorption most quickly. For many experimental systems, in
limited ranges of concentration and adsorption, various types of isotherms may
exhibit similar behavior; hence, they can describe the same data well. Unequivocal
selection of the model can be made on the basis of precise experimental data in a
wide range of concentrations and adsorptions (required range depends on the
system heterogeneity). In the case of experimental systems, the choice of theoreti-
cal adsorption isotherm should be considered as approximate one because it is based
on the standard deviation values obtained in the optimization procedure within a
limited measurement range and with relatively large scattering of experimental
points (adsorbent inhomogeneity).

Analyzing the heterogeneity parameters which characterize the experimental
systems, one can conclude that in most cases they achieve values much lower than
one. It indicates a significant impact of the energetic heterogeneity. Attention
should be paid to high values of the adsorption capacity for several experimental
systems. In the case of experimental isotherms with a narrow range of relative
adsorption θ, the adsorption optimization method by using the adsorption capacity
limit (20 mmol/g—reaching this value or even a lower value of 10 mmol/l indicates
that the determined capacity is unrealistic; consequently the value of the constant K
is not also reliable) leads to the achievement of minimal SD for high values of the
parameter am. The best results for the generalized Freundlich isotherm were
obtained due to the specific features of this equation. Figure 17 presents the results
of model calculations for dependence of the isotherm slope in logarithmic coordi-
nates (φ = lna/lnθ) as a function of the surface coverage θ for the GL and GF
equations. For the GL equation, it can be described [25, 26] as

φ ¼ dln a
dln ceq

¼ m
1þ Kcð Þn ¼ m 1� θn=m

� �
(1)

Analyzing the calculated curves, one can observe the different nature of the GF
equation in relation to the other isotherms being special cases of the GL isotherm.
For the LF equation (m = n = 0.5), the slope φ is always a linear function of the
relative adsorption (Figure 17a); for other types of GL isotherm, a shift of the slope
always takes place at lower values of the coverage than for GF. The GF equation
shows the weakest initial slope of the dependence φ on the coverage. Additionally,
the stability ranges of slope φ strongly depend on a value of the heterogeneity
parameter m; for the systems with high heterogeneity (m = 0.2), this area clearly
increases (Figure 17b). In particular, for m = 0.2 the slope remains almost constant
—a decrease of 5% occurs until relative adsorption of 0.55 is achieved, while for θ
< 04 a shift of the slope does not exceed 1%.
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The above observations are confirmed by the results of model calculations
presented in Figure 18 as the dependences of relative slope φ/φθ = 0 as a function of
surface coverage θ for the GL type equation and the dependences of surface cover-
age θ corresponding to the specific relative slope φ. A distinguish type of variability
of these dependences for the GF equation is observed in comparison to the other GL
isotherms. It means that in the case of GF isotherm a widest range of the steady
slope φ corresponding de facto the Freundlich isotherm is followed by a rapid
change of isotherm character into a typical isotherm with the adsorption plateau.
Many of the experimental systems exhibit typical behavior for the Freundlich
isotherm—despite existence of the adsorption limitations (due to the limited pore
volume). This behavior perfectly explains the above analysis. Other factors affect-
ing such behavior comprise a multilayered nature of some isotherms and
intermolecular interactions in the surface phase (it can lead to the increase of the
linearity range φ—especially for the LF or Tóth isotherms) [26].

Referring to a general problem of accuracy of the determination of adsorption
isotherm parameters, it should be emphasized that a key problem is to determine
the adsorption capacity am that for every optimization is in fact the extrapolated
value and as a result the most susceptible to error. Simultaneously, the error in am
determination is transferred to other parameters. For the experimental data in a
range of low adsorption, it is possible to achieve a relatively high accuracy of
determination of the heterogeneity parameter m and the aggregated value
(corresponding to an adsorption coefficient in the Freundlich equation), lnkF ≈ m

Figure 18.
Model dependences of relative slope φ/φθ = 0 as a function of surface coverage θ for the GL equation at various
values of heterogeneity parameters m and n (left side, the deviations φ � 5% are marked) and model
dependences of the surface coverage θ corresponding to relative shift of slope φ for the GF equation (right side).

Figure 17.
Model dependencies of the adsorption isotherm slope in logarithmic coordinates, φ = lna/lnθ, as a function of
surface coverage θ for the GL (left side) and GF (right side) equations for various values of the heterogeneity
parameters m and n.
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lnK + lnam. Unfortunately, the accuracy of determination of the adsorption equilib-
rium constant lnK depends not only on lnam but also on a value of m (error of am
determination increases for smallm because lnK = [(m lnK + lnam)-lnam]/m). When
the adsorption data can be described well by the Freundlich isotherm (no system-
atic deviations from linearity in the logarithmic coordinates), this means that there
are not points in the experimental data from which a reliable value am could be
calculated. It would be possible only if the experimental isotherm shows a change of
the slope in the logarithmic coordinates. On the other hand, a greater accuracy of
the determination of the adsorption capacity am and heterogeneity parameter n can
be obtained mainly for the data in a range of high adsorption.

It should be stated that a fully reliable optimization of the theoretical model can
be obtained if the experimental data are distributed evenly in a range of both low
and high concentration/adsorption regions. It is important that the range of relative
adsorption is symmetrical in relation to θ = 0.5 (e.g., from the point of view of
isotherm parameter analysis, the range θ = 0.1–0.9 is much better than 0.01–0.1 or
0.9–0.99). Unfortunately, the measurements in both ranges are burdened with a
relatively large experimental errors—for low concentrations a problem is related to
the apparatus quality (e.g., the signal noises), and for high ones, the main barrier is
a necessity of dilution preparation (or necessity of changing the measurement
method) and slight changes in solution concentration due to adsorption near to a
saturation point of the surface phase with the adsorbate.

3.3 Adsorption kinetics

In order to investigate an effect of the adsorbate properties on adsorption rate,
the measurements of adsorption kinetics for selected systems were conducted. As
the activated carbon is characterized by high porosity, it seemed reasonable to
include diffusion effects in a kinetic description. The Crank model (intraparticle
diffusion model) in a standard form as well as in a simplified one is a fundamental
model of intraparticle diffusion process. The full IDM model takes into account the
changes of adsorbate concentration during adsorption process and a spherical shape
of adsorbent particles with a radius r [27]:

F ¼ 1� 6 � 1� ueq
� �X∞

n¼1

exp �p2n � Dt
r2

� �

9 � ueq þ 1� ueq
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where ueq is the relative adsorbate uptake at equilibrium, F is the adsorption
progress, pn is the non-zero roots of tan pn function, D is the effective diffusion
coefficient, and r is the adsorbent particle radius.

However, for the analyzed experimental kinetics, the full IDM equation
describes the data very poorly (the curves and points are marked as “Crank” in
Figure 19). The Crank model analysis for MCPP/F300 at pH = 2 was chosen and
presented as representative for all experimental systems; the quality of optimization
of all of them was very similar. If effective concentration of the adsorbate in a
surface layer is different than in a volume phase, it can be assumed that ueq is also
a fitting parameter. If concentration during adsorption process remains almost
constant, ueq is close to 0, and then one gets a simplified form of the Crank model
[8, 28–30]:

F ¼ 1� 6
π2

X∞
n¼1

1
n2
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volume). This behavior perfectly explains the above analysis. Other factors affect-
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lnK + lnam. Unfortunately, the accuracy of determination of the adsorption equilib-
rium constant lnK depends not only on lnam but also on a value of m (error of am
determination increases for smallm because lnK = [(m lnK + lnam)-lnam]/m). When
the adsorption data can be described well by the Freundlich isotherm (no system-
atic deviations from linearity in the logarithmic coordinates), this means that there
are not points in the experimental data from which a reliable value am could be
calculated. It would be possible only if the experimental isotherm shows a change of
the slope in the logarithmic coordinates. On the other hand, a greater accuracy of
the determination of the adsorption capacity am and heterogeneity parameter n can
be obtained mainly for the data in a range of high adsorption.

It should be stated that a fully reliable optimization of the theoretical model can
be obtained if the experimental data are distributed evenly in a range of both low
and high concentration/adsorption regions. It is important that the range of relative
adsorption is symmetrical in relation to θ = 0.5 (e.g., from the point of view of
isotherm parameter analysis, the range θ = 0.1–0.9 is much better than 0.01–0.1 or
0.9–0.99). Unfortunately, the measurements in both ranges are burdened with a
relatively large experimental errors—for low concentrations a problem is related to
the apparatus quality (e.g., the signal noises), and for high ones, the main barrier is
a necessity of dilution preparation (or necessity of changing the measurement
method) and slight changes in solution concentration due to adsorption near to a
saturation point of the surface phase with the adsorbate.

3.3 Adsorption kinetics

In order to investigate an effect of the adsorbate properties on adsorption rate,
the measurements of adsorption kinetics for selected systems were conducted. As
the activated carbon is characterized by high porosity, it seemed reasonable to
include diffusion effects in a kinetic description. The Crank model (intraparticle
diffusion model) in a standard form as well as in a simplified one is a fundamental
model of intraparticle diffusion process. The full IDM model takes into account the
changes of adsorbate concentration during adsorption process and a spherical shape
of adsorbent particles with a radius r [27]:
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where ueq is the relative adsorbate uptake at equilibrium, F is the adsorption
progress, pn is the non-zero roots of tan pn function, D is the effective diffusion
coefficient, and r is the adsorbent particle radius.

However, for the analyzed experimental kinetics, the full IDM equation
describes the data very poorly (the curves and points are marked as “Crank” in
Figure 19). The Crank model analysis for MCPP/F300 at pH = 2 was chosen and
presented as representative for all experimental systems; the quality of optimization
of all of them was very similar. If effective concentration of the adsorbate in a
surface layer is different than in a volume phase, it can be assumed that ueq is also
a fitting parameter. If concentration during adsorption process remains almost
constant, ueq is close to 0, and then one gets a simplified form of the Crank model
[8, 28–30]:
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As one can see, the adsorption data can be described quite satisfactorily by using
the simplified form of Crank model. It should be assumed that as a result of the
rapid initial adsorption stage, the outer part of the granules becomes an adsorbate
reservoir providing constant conditions for adsorbate penetration inside the gran-
ules. The standard deviation of concentration for the simplified Crank model
decreased 3–5 times compared to the full IDMmodel. In turn, the obtained values of
parameter D/r2 of the order 10�3–10�5 are acceptable, while those determined on
the basis of the full model IDM were unsatisfactory. Nevertheless, nonlinearity of
experimental data in the initial range in c � t1/2 coordinates (linearity is the funda-
mental assumption of all variants of the Crank model) proves that this model is not
suitable for the description of the adsorption process for the studied systems

In practice, a somewhat better choice was the McKay model (pore diffusion
model) [31]. It additionally takes into account a resistance during adsorbate transfer
through adsorbent surface layer and assumes that the adsorbate evenly penetrates
the granules, and a clear boundary between an area in which adsorption equilibrium
is established, and the one without adsorbate is formed:
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Here, x¼ 1�Fð Þ13 is an auxiliary variable; X¼ 1
1�ueq

� �1
3
is the parameter; and

B = 1 � Bi, Bi is the Biot number, where Bi = Kf r/Dp, Kf is the external mass transfer
coefficient, Dp, is the effective pore diffusion coefficient, and τs is the dimensionless
model time, where τs¼c0= ρtaeq

� �� Dp=r2
� ��t and ρt is the particle density.

As shown in Figure 20, the McKay model describes quite well the kinetics of
experimental systems in the initial range, and it does not exhibit the same feature as
the IDM model. The initial part of curve is a characteristic for typical adsorption

Figure 19.
The comparison of the optimization using the Crank model (Crank) and the optimization neglecting a relation
of a parameter ueq of the Crank model with concentration change during adsorption process (Crank, opt. Ueq)
for the MCPP adsorption data on F300 at pH = 2. The figure shows deviations for both optimizations
(triangles).
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systems. However, in the subsequent stage of experiment, one can see significant
discrepancies between the model and data, because this model predicts that the
system comes to equilibrium after a finite time (curve bend corresponds to reaching
the equilibrium state). It is reflected in the increase of the standard deviations with
time, inversely to the IDM model. It should be added that obtaining an acceptable
optimization using the McKay model was associated with treating a parameter ueq
(total adsorbate loss from solution) as the optimized parameter regardless of equi-
librium concentration, the same assumption as for the simplified Crank model.

Very good results in the analysis of the kinetic data were obtained for the multi-
exponential equation (Figure 21). This equation describes kinetics as an indepen-
dent parallel series of first-order processes or approximation of follow-up processes
[8, 32–34]. Generally, the multi-exponential equation characterizes well enough the
experimental systems with a heterogenous pore structure or a complex pore system
with differentiated pore distribution. A mathematical form of the multi-exponential
equation is as follows:

F ¼ 1�
Xn
i¼1

f i exp �kitð Þ,
Xn
i¼1

f i ¼ 1 (6)

where n is the number of exponential terms and the coefficient fi (i = 1, 2, …, n)
is the fraction of adsorbed equilibrium amount corresponding to the adsorption
process characterized by the rate coefficient ki.

Both the experimental and optimized concentration profiles for the studied
systems are presented in two coordinate systems: the relative concentration
(c/co) � time (t) and relative concentration (c/co) � square root of time (t1/2).
The latter form of presentation allows precisely to depict the fit quality in a broad
range of measured concentrations.

Figure 20.
Comparison of the optimization procedure using the McKay model to the adsorption pesticides data on F300 at
pH = 2.

Figure 21.
Comparison of the optimization using the multi-exponential equation to the experimental data in the
coordinates: relative concentration c/co � time and c/co � time1/2.
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systems. However, in the subsequent stage of experiment, one can see significant
discrepancies between the model and data, because this model predicts that the
system comes to equilibrium after a finite time (curve bend corresponds to reaching
the equilibrium state). It is reflected in the increase of the standard deviations with
time, inversely to the IDM model. It should be added that obtaining an acceptable
optimization using the McKay model was associated with treating a parameter ueq
(total adsorbate loss from solution) as the optimized parameter regardless of equi-
librium concentration, the same assumption as for the simplified Crank model.
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dent parallel series of first-order processes or approximation of follow-up processes
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Analyzing the values of adsorption half-time and time needed to reach a nearby
equilibrium state, one can state that the kinetics of studied pesticides on a given
type of carbon material is relatively slow as a result of the micropore predominant
contribution in the adsorbent structure. The kinetic curves for the selected adsor-
bates can be set from the fastest to the slowest ones in order: 2,4-CPP > MCPP >
MCPA > 3-CPP > 2,4-D > 4-CPP. The differences are not very significant, but it is
clearly noticeable that adsorption of compounds with hydrocarbon chain of
propionic acid is faster compared to their homologs of acetic acid, i.e., 2,4-CPP >
2,4-D and MCPP > MCPA. This is undoubtedly a result of the increase of the
hydrophobic interactions between the adsorbate and activated carbon surface
(pHpzc � 9.8). These interactions along with dispersive ones are the main mecha-
nism of adsorption process in aqueous systems at fixed pH = 2. One can say that in
the case of these pairs of compounds, differences in a length of the hydrocarbon
chain (a molecule dimension as well) do not affect differentiation of the diffusion
rate in the microporous structure of activated carbon. Completely reverse trend in
the adsorption capacity for these compounds determined on the basis of equilib-
rium isotherms was observed. The shorter hydrocarbon chain of adsorbate, the
greater adsorption capacity for a given compound due to possibility of greater
packing in the adsorbent structure.

Additionally a comparison of the adsorption kinetics for the studied systems is
presented as spectrum of m-exp optimized parameters in the coordinate system: the
adsorbed amounts ai versus the adsorption half-times t05,i, for respective exponen-
tial terms (Figure 22). The spectra are similar in shape and consist of 3–5 terms
depending on differentiation in the rate of particular stages of the adsorption
process. The faster the kinetics, the greater the adsorbed amounts ai for the lower
adsorption 26 half-times t05,i and larger corresponding rate coefficients.

Figure 22.
Distributions of adsorbed amounts versus adsorption half-times determined from the multi-exponential
equation.
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Chapter 2

Sorption Capacities of a Lignin-
Based Electrospun Nanofibrous
Material for Pharmaceutical
Residues Remediation in Water
Alexandre Camiré, Bruno Chabot and André Lajeunesse

Abstract

The threat of pharmaceutical residues in natural waters is a pressing concern in
both developed and underdeveloped countries. Originating mostly from municipal
and farms effluents, pharmaceuticals, poorly eliminated by traditional wastewater
treatments enter the environment through sewage treatment plants discharges.
Their adsorption on ecological adsorptive materials such as lignin may represent an
interesting remediation solution. The present study sets out the sorption capacities
and properties of a newly developed lignin-based nanofibrous material for typical
pharmaceutical residues (fluoxetine, venlafaxine, ibuprofen, and carbamazepine)
found in surface waters. This green biomaterial showed, in addition to its high
recovery yield, excellent reusability through desorption (more than 90% recov-
ered). As an example, adsorption levels reached 78 mg/g for adsorption of fluoxe-
tine compared to 5–10, 49 and 75–80 for unfunctionalized silica, zeolites and ion-
exchange resins respectively. The innovative approach reported therein perfectly
meets the concept of circular economy sought in modern societies.

Keywords: adsorption-desorption cycles, electrospinning, lignin, pharmaceutical
residues, kinetics, isotherms, wastewater

1. Introduction

As water scarcity becomes even more present in underdeveloped countries,
developed states have to face a different challenge: water pollution from emerging
contaminants [1]. Pollutants such as pharmaceutical residues come in a variety of
forms and origins causing great issues [2, 3]. Many measures are established to
reduce such contamination mostly in the form of water treatments and legislation
[1]. However, great limitations are associated with the traditional techniques used
in wastewater treatment plants. Most of them are due to either their cost or their
low removal efficiency on emerging contaminants [4, 5]. For instance, degradation
processes such as ozonation or chlorination were proven efficient for the degrada-
tion of organic molecules [6, 7]. However, these techniques have high operational
costs and often cause dangerous degradation by-products that would follow the
water flow and end up in rivers and lakes [8].
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A specific technique distinguishes itself from the others; sorption. Such a treat-
ment has the advantage of capturing contaminants with lower operational costs and
without generating any dangerous by-products [5]. The most exploited sorbent is
activated carbon (AC) which has high adsorption capacity and low specificity [5, 9].
Its efficiency comes from its high surface area on which contaminants can be
adsorbed through interaction forces such as van der Waals [5]. It is often used for
water purification through commercially available filters. Activated carbon can be
made from various biological residues giving value to waste [9–11]. However, the
synthesis of ACs necessitates the carbonization of the material itself and an activa-
tion step which can be costly and not environmentally friendly [5].

Another option is the production of adsorbents from highly available natural
polymers. Therefore, the product would be green, inexpensive and biocompatible.
As many biosorbents are still being studied throughout the world, their potential is
not fully exploited, and low attention is given to polymers such as lignin. Lignin, the
second most abundant biopolymer after cellulose, is a naturally occurring polymer
composing wood at 20–40% [12, 13]. Giving resistance and rigidity to the cell walls
of plants, this biopolymer is water insoluble and resistant to organic solvents [12].
Lignin is also a highly variable biopolymer which is composed of its three main
monomers (coniferyl alcohol, sinapyl alcohol and p-coumaryl alcohol) in a random
pattern [13]. Its composition is further randomized by the addition of functional
groups (mainly sulfate and carboxyl groups) during its extraction phase [13]. Even
though it is variable, all lignins contain phenols, aliphatic alcohols and ethers [14].
Right now, lignin is mostly used to produce energy in the pulp and paper industry
(where it is mainly extracted) and regenerate chemical reagents [15]. Although it is
not its main use, lignin has already been used as an adsorbent for heavy metals or
even dyes [16–19]. However, to our best knowledge, lignin has never been tested
for pharmaceutical residues removal at trace levels. Therefore, the development of
this lignin-based electrospun nanofibrous materials open up new opportunities for
reducing inputs of pharmaceuticals into the environment.

To be able to achieve a satisfying adsorption capacity for trace contaminants and
compete with AC, it is necessary to increase the surface area of the material. A
simple way is the transformation of the polymer into nanofibres through
electrospinning. This technique exploits the stretching of polymers exposed to a
high voltage under defined experimental conditions [20, 21]. In electrospinning, a
polymer is dissolved and introduced into a syringe (see Figure 1). Voltage is applied
between the needle of the syringe and a collector plate. As a drop is formed at the
tip of the needle, its surface tension will be disrupted by the electrical field and
cause a Taylor cone and the formation of the fibres [22, 23]. Typically, fibres as thin
as the nanometres scale are obtainable through this method [20, 24]. Because of its

Figure 1.
Typical electrospinning setup.
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limited known uses, the electrospinning of lignin is not popular even if its
electrospinnability with a co-polymer is known [23–25]. Hence, the material and the
application are unprecedented.

In this study, electrospun lignin nanofibres will be exploited for the adsorption
of pharmaceutical residues in water. Precisely, fluoxetine and venlafaxine (antide-
pressant), carbamazepine (anticonvulsant) and ibuprofen (anti-inflammatory) will
be tested for adsorption on developed nanofibres. The material’s adsorption will be
characterized by kinetic and isotherm studies. Its capacity to be reusable will also be
determined by using various desorption environments.

2. Methodology

2.1 Chemicals and equipment

Alkali lignin (AL) low sulfur (28,000 Da, CAS 8064-05-1) and poly (vinyl
alcohol) (PVA) 98–99% hydrolysis (31,000–50,000 Da, CAS 9002-89-5) were pro-
vided by Sigma-Aldrich (St-Louis, MO, USA). Sodium hydroxide pellets (NaOH)
98% (CAS 1310-73-2) and methanol HPLC grade (CAS-67-51-1) were provided by
Alfa Aesar (Ward Hill, MA, USA). Hydrochloric acid (CAS 7647-01-0), acetonitrile
HPLC grade (CAS 75-05-8), sodium citrate dihydrate (CAS 6132-04-3), sodium
chloride (CAS 7647-14-5) and o-phosphoric acid HPLC grade 85% v/v (CAS
7664-38-2) were purchased from Fisher Scientific (Fair Lawn, NJ, USA). Fluoxetine
hydrochloride (FLX) (CAS 56296-78-7), venlafaxine hydrochloride (VEN) (CAS
99300-78-4), carbamazepine (CAR) (CAS 298-46-4) and ibuprofen (IBU) (CAS
15687-27-1) were provided by Sigma-Aldrich (Oakville, ON, Canada). Citric acid
anhydrous (CAS 77-92-9) was provided by Jungbunzlauer (Bale, Swiss). Commer-
cial adsorbents used for comparison were Amberlyst® 15 (CAS 39389-20-3),
Dowex® Marathon® C (CAS 69011-20-7), SiliaFlash® F60 40–60 μm particle size,
fumed silica (CAS 112945-52-5) and Valfor® 100 sodium aluminosilicate zeolite
respectively from Alfa Aesar (Ward Hill, MA, USA), Sigma-Aldrich (St-Louis, MO,
USA), Silicycle (Quebec City, QC, Canada), and The PQ Corporation (Valley Forge,
PA, USA).

The electrospinning setup was composed of a syringe pump (Kd scientific) and
a power supply (Gamma High Voltage Research). Two laboratory ovens (Fisher
Scientific Isotemp Oven and ThermoScientific HERATherm oven) were used for
conservation and stabilization of the membranes. An orbital shaker (Lab Line model
3520) and an environmental orbital shaker incubator (Lab Line model 3528) were
used for adsorption tests. Nanofibres were characterized using a Hitachi SUI510
scanning electron microscope (SEM). A Shimadzu Prominence I-series high perfor-
mance liquid chromatograph (HPLC) coupled with a diode array detector (DAD)
with a reverse phase column XB-C18, 100 Å, 150 � 3 mm, 2.6 μm particle size
(Phenomenex, Kinetex®) was used to analyze contaminated water samples.

2.2 Electrospinning solution preparation

The electrospinning solutions were prepared as reported in Camire et al. [26].
Briefly, solution of AL and PVA 15% wt were prepared by dissolving AL in NaOH
1 M and PVA in water heated to 80°C for 60 min. After the dissolution, both
solutions were mixed in a mass ratio of 1:1. This solution was stirred for an hour and
settled at room temperature for another hour. The AL:PVA solution was then used
directly for electrospinning or kept at 4°C in a refrigerator for a maximum of
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1 month. Before use, the refrigerated solution was brought to room temperature in a
hot water bath for an hour.

2.3 Electrospinning

The previous prepared solution was injected in a 5 mL syringe with a 20-gauge
needle for electrospinning. The syringe was set to the syringe pump and voltage was
applied between the needle and the collector. The collector was a non-stick cookie
sheet giving good electrospinning, reusability and easy recovery of the nanofibres.
The electrospinning parameters were based on results obtained previously [26]. The
conditions were a flow rate of 0.1 mL/h with an applied DC voltage of 15 kV. The
collector was placed 20 cm away from the tip of the needle. The temperature was
kept at 22°C and relative humidity maintained between 10 and 40%. A razor blade
was used to recover the nanofibrous mat from the collector. All experiments were
conducted in a customized electrospinning box. The electrospun nanofibre mat was
then kept overnight in a laboratory oven at 80°C for drying and stabilization purposes.

2.4 Nanofibre stabilization

Due to electrospun nanofibres’ high solubility in water, AL:PVA nanofibres mats
were stabilized using two consecutive techniques. Both techniques are based on
previous works [26]. The first method used the glass transition temperature of
polymers to raise their crystallinity and hence their water resistance. Therefore,
nanofibres were heated in a laboratory oven at 160°C for 3 h. Next, the membranes
were immersed in a 0.5 M sodium citrate buffer pH 4.5 for a period of 3 h. This
process aims to protonate AL’s phenol groups which were previously deprotonated
during the preparation of the electrospinning solution in a method similar to the
extraction methods of black liquor [15]. During this step, the morphology of the
membrane changes drastically due to the dissolution of a part of the PVA. The
dissolution causes a rise in the concentration of AL (the membranes become
browner) and cross-linking of the nanofibres. After exposure to the buffer, the
membranes were washed several times with purified water, stretched and dried on
a metallic surface. Finally, the nanofibrous mats were recovered using a razor blade.

2.5 Adsorption tests

In this section, three types of tests were performed: adsorption of a single
contaminant on AL:PVA membranes as well as commercial adsorbents, and
adsorption of multiple contaminants on AL:PVA membranes. All adsorption tests
were conducted in batches by adding a defined amount of adsorbent to a stirred
solution containing a specific concentration of contaminants. All tested solutions
were composed of purified water with 5% of methanol and contaminants adjusted
at the targeted concentration. The organic solvent’s purpose was to ensure that
pharmaceuticals were solubilized in water. Separate 2500 ppm standard solutions of
FLX, VEN, CAR and IBU were prepared by dissolving the corresponding stock
solutions in methanol. Those solutions were then diluted for adsorption tests.
Before, during and after the adsorption test, aliquots of 500 μL of the contaminated
water were sampled, diluted with 500 μL of mobile phase, vortexed and injected in
HPLC-DAD to determine the concentration of contaminants in solution. For tests
using one contaminant on AL:PVA membranes, 50 ppm FLX solution was used as a
model contaminated water. For tests with commercial adsorbents, adjustments
were made to compensate for the size difference between adsorbents. Therefore,
solutions of 250 ppm FLX in 10 mL were prepared to keep the same contaminant to
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adsorbent mass ratio. For tests with multiple contaminants, 12.5 ppm of FLX, IBU,
CAR and VEN were added to water to simulate contaminated water.

The adsorption tests were initialized by the addition of 25 mg of adsorbent
(nanofibres or commercial adsorbent) to the solution. The tests were conducted
over a period of 150 min to ensure that equilibrium was reached. Using a calibration
curve and the area under the peaks on the chromatograms, the remaining concen-
tration of the solution was calculated. From this value, the adsorption capacity at
time t (Qt) was calculated using the following equation:

Qt ¼
C0 � Ctð Þ

m
� V (1)

where Ct is the concentration of the contaminant (ppm) at time t (min), C0 is
the initial concentration of contaminants (ppm), V is the volume of the solution
(L), and m is the mass of adsorbents (g).

For samples containing one contaminant, samples injected in HPLC-DAD were
eluted using a mobile phase composed of acetonitrile and a 0.1% solution of phos-
phoric acid (60:40% v/v ratio). The flow rate was adjusted at 0.45 mL/min for
3.75 min with a detection at 230 nm. For samples containing more than one contam-
inant, the mobile phase was composed of acetonitrile and 0.1% phosphoric acid with a
ratio of 40:60% v/v. The flow rate was adjusted to 0.5 mL/min for a period of 20 min
with a detection still at 230 nm. In all cases, 10 μL of the samples were injected using
an autosampler. For all contaminants, a 10-point (0.5–100 ppm) calibration curve
was established to determine the concentration. All tests were performed in triplicate.

2.6 Kinetic studies

Kinetic curves were obtained by sampling at intervals during the adsorption
process. Samples were collected at 0, 5, 10, 15, 20, 30, 40, 50, 60, 75, 90, 120 and
150 min after the addition of the adsorbent. The equilibrium time of 150 min was
determined by an initial kinetic test. The same sampling and injection processes as
traditional adsorption tests were conducted for kinetic studies. By calculating the
adsorption capacity through time, it is possible to obtain a kinetic curve which can
be compared to adsorption kinetic models. Adsorption kinetic models give crucial
information on the adsorption parameters and the limiting processes occurring
during the adsorption. Typically, three steps occur during the adsorption: transfer
of the adsorbate to the external surface of the adsorbent, internal diffusion of the
adsorbate to active sites and sorption reaction with the adsorbent [27, 28]. In this
study, three models were compared: pseudo-first order, pseudo-second order and
Elovich. In all cases, the kinetic constants were calculated using Matlab’s curve
fitting app. To determine the best fitting model, determination coefficients and root
of mean square errors (RMSE) were compared. The pseudo-first order model is
represented by Eq. (2):

Qt ¼ Qe 1� e�k1t
� �

(2)

In Eq. (2), Q e corresponds to the adsorption capacity at equilibrium (mg/g), Qt

the adsorption capacity (mg/g) at time t (min) and k1 the pseudo-first order kinetic
adsorption constant (min�1) [10, 29]. The pseudo-second order model is
represented by Eq. (3):

Qt ¼
k2Q e

2t
1þ k2Qet

(3)
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1 month. Before use, the refrigerated solution was brought to room temperature in a
hot water bath for an hour.
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needle for electrospinning. The syringe was set to the syringe pump and voltage was
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process aims to protonate AL’s phenol groups which were previously deprotonated
during the preparation of the electrospinning solution in a method similar to the
extraction methods of black liquor [15]. During this step, the morphology of the
membrane changes drastically due to the dissolution of a part of the PVA. The
dissolution causes a rise in the concentration of AL (the membranes become
browner) and cross-linking of the nanofibres. After exposure to the buffer, the
membranes were washed several times with purified water, stretched and dried on
a metallic surface. Finally, the nanofibrous mats were recovered using a razor blade.

2.5 Adsorption tests

In this section, three types of tests were performed: adsorption of a single
contaminant on AL:PVA membranes as well as commercial adsorbents, and
adsorption of multiple contaminants on AL:PVA membranes. All adsorption tests
were conducted in batches by adding a defined amount of adsorbent to a stirred
solution containing a specific concentration of contaminants. All tested solutions
were composed of purified water with 5% of methanol and contaminants adjusted
at the targeted concentration. The organic solvent’s purpose was to ensure that
pharmaceuticals were solubilized in water. Separate 2500 ppm standard solutions of
FLX, VEN, CAR and IBU were prepared by dissolving the corresponding stock
solutions in methanol. Those solutions were then diluted for adsorption tests.
Before, during and after the adsorption test, aliquots of 500 μL of the contaminated
water were sampled, diluted with 500 μL of mobile phase, vortexed and injected in
HPLC-DAD to determine the concentration of contaminants in solution. For tests
using one contaminant on AL:PVA membranes, 50 ppm FLX solution was used as a
model contaminated water. For tests with commercial adsorbents, adjustments
were made to compensate for the size difference between adsorbents. Therefore,
solutions of 250 ppm FLX in 10 mL were prepared to keep the same contaminant to
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adsorbent mass ratio. For tests with multiple contaminants, 12.5 ppm of FLX, IBU,
CAR and VEN were added to water to simulate contaminated water.

The adsorption tests were initialized by the addition of 25 mg of adsorbent
(nanofibres or commercial adsorbent) to the solution. The tests were conducted
over a period of 150 min to ensure that equilibrium was reached. Using a calibration
curve and the area under the peaks on the chromatograms, the remaining concen-
tration of the solution was calculated. From this value, the adsorption capacity at
time t (Qt) was calculated using the following equation:

Qt ¼
C0 � Ctð Þ

m
� V (1)

where Ct is the concentration of the contaminant (ppm) at time t (min), C0 is
the initial concentration of contaminants (ppm), V is the volume of the solution
(L), and m is the mass of adsorbents (g).

For samples containing one contaminant, samples injected in HPLC-DAD were
eluted using a mobile phase composed of acetonitrile and a 0.1% solution of phos-
phoric acid (60:40% v/v ratio). The flow rate was adjusted at 0.45 mL/min for
3.75 min with a detection at 230 nm. For samples containing more than one contam-
inant, the mobile phase was composed of acetonitrile and 0.1% phosphoric acid with a
ratio of 40:60% v/v. The flow rate was adjusted to 0.5 mL/min for a period of 20 min
with a detection still at 230 nm. In all cases, 10 μL of the samples were injected using
an autosampler. For all contaminants, a 10-point (0.5–100 ppm) calibration curve
was established to determine the concentration. All tests were performed in triplicate.

2.6 Kinetic studies

Kinetic curves were obtained by sampling at intervals during the adsorption
process. Samples were collected at 0, 5, 10, 15, 20, 30, 40, 50, 60, 75, 90, 120 and
150 min after the addition of the adsorbent. The equilibrium time of 150 min was
determined by an initial kinetic test. The same sampling and injection processes as
traditional adsorption tests were conducted for kinetic studies. By calculating the
adsorption capacity through time, it is possible to obtain a kinetic curve which can
be compared to adsorption kinetic models. Adsorption kinetic models give crucial
information on the adsorption parameters and the limiting processes occurring
during the adsorption. Typically, three steps occur during the adsorption: transfer
of the adsorbate to the external surface of the adsorbent, internal diffusion of the
adsorbate to active sites and sorption reaction with the adsorbent [27, 28]. In this
study, three models were compared: pseudo-first order, pseudo-second order and
Elovich. In all cases, the kinetic constants were calculated using Matlab’s curve
fitting app. To determine the best fitting model, determination coefficients and root
of mean square errors (RMSE) were compared. The pseudo-first order model is
represented by Eq. (2):

Qt ¼ Qe 1� e�k1t
� �

(2)

In Eq. (2), Q e corresponds to the adsorption capacity at equilibrium (mg/g), Qt

the adsorption capacity (mg/g) at time t (min) and k1 the pseudo-first order kinetic
adsorption constant (min�1) [10, 29]. The pseudo-second order model is
represented by Eq. (3):

Qt ¼
k2Q e

2t
1þ k2Qet

(3)
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where k2 is associated to the pseudo-second order kinetic adsorption constant
(g mg�1 min�1) [10, 29]. The Elovich model is represented by Eq. (4):

Qt ¼
ln αβð Þ þ ln t

β
(4)

where α is the initial adsorption rate constant (mg g�1 min�1) and β is the initial
desorption rate constant (g mg�1) [10, 29].

2.7 Isotherms

The adsorption isotherms were performed for AL:PVA membranes to obtain
information on the adsorption sites and the type of reaction occurring. For these
tests, 50 ppm solutions of FLX were prepared as typical adsorption tests. Samples
were collected at 0 and 180 min (equilibrium). From those samples, the concentra-
tion (Ce) and adsorption capacity (Q e) at equilibrium were calculated. Isotherms
are obtained by varying the mass of adsorbents (resulting in a varying adsorption
capacity and concentration at equilibrium) at fixed temperatures. For our tests,
adsorbent masses of 5, 10, 15, 20, 25, 30 and 35 mg were tested and temperatures of
25, 40 and 60°C were compared. The curves obtained by plotting the Ce versus Q e

are then compared to isotherm models (Freundlich, Langmuir, Sips, Redlich-
Peterson) to gain important information. Table 1 shows the different equations for
the models studied.

Here, Qe is the adsorption capacity at equilibrium (mg/g), Ce is the concentra-
tion in solution at equilibrium (ppm), kF is the Freundlich isotherm constant (mg/g
[L/mg]1/n), n is the heterogeneity factor (dimensionless), Qmax is the maximum
adsorption capacity (mg/g), kL is the Langmuir isotherm constant (L/mg), kS is the
Sips isotherm constant ([L/mg]1/n), kR is the Redlich-Peterson isotherm constant
(L/g), aR being the Redlich-Peterson isotherm constant ([L/g]bR) and bR is the
Redlich-Peterson model exponent (dimensionless).

2.8 Thermodynamic study

The thermodynamic parameters (enthalpy, entropy and Gibbs’s free energy) are
calculated through a thermodynamic study. These parameters are obtained by using
the Ce and Qe recovered from isotherms adsorption tests and the Van’t Hoff and 2nd
thermodynamic law equations. The Van’t Hoff equation corresponds to:

ln
Qe

Ce
∗ 1000

g
L
¼ ΔS°

R
� ΔH°

RT
(5)

Models Non-linear equation Equation

Freundlich Qe ¼ kFCe
1 n= (5)

Langmuir Qe ¼ QmaxkLCe
1þkLCe

(6)

Sips Qe ¼ QmaxkSCe
1 n=

1þkSCe
1 n=

(7)

Redlich-Peterson Qe ¼ kRCe

1þaRCe
bR

(8)

Table 1.
Isotherm models non-linear equations [10, 30].
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where ΔS° is the standard entropy (J mol�1 K�1) and ΔH° is the standard
enthalpy (J mol�1) [31]. The second thermodynamic law equation corresponds to:

ΔG° ¼ ΔH°� TΔS° (6)

where ΔG° is the standard Gibbs’s free energy (J mol�1) [31]. These values will
give information on the amount of thermal energy produced, the energy of the
bonds, the spontaneity of the reaction and the favourability of an adsorption
reaction.

2.9 Desorption tests

The capacity of an adsorbent to be desorbed is also an important characteristic
value since it can have a significant contribution on economics and life cycle
assessment of the process. Therefore, the reusability of the AL:PVA membranes was
evaluated by desorption. For this purpose, multiple conditions were tested to
recover the contaminant safely. Hence, the nanofibres were exposed to solutions of
methanol (to create an environment in which the contaminant is highly soluble),
purified water (to verify the risk of desorption due to equilibrium), heated solutions
(might be able to revert the sorption reaction), salts (ion exchange and/or compe-
tition) and combined techniques (except heated methanol solutions). In all cases,
the membranes were immersed in 50 mL of solution for 4 h. For temperature effect,
solutions were heated to 60°C to verify desorption. The salt used for desorption was
sodium chloride since it is a simple and non-toxic substance, largely found in typical
wastewater. Concentrations of sodium chloride of 1, 2 and 3 M were tested. Initial
and final samples were injected in HPLC-DAD to determine the concentration of
FLX recovered. The desorption solution showing the best desorption efficiency was
used for repeated adsorption/desorption cycles to evaluate the reusability. Between
each test, the membranes were recovered and dried in a vacuum desiccator to
prevent humidity from interfering with the measured masses. For membranes
exposed to salts, these were washed several times with purified water to dissolve
salts, and then dried in a vacuum desiccator.

3. Results and discussion

3.1 Electrospinning and nanofibre stabilization

Mixed solutions of AL and PVA were prepared for the production of membranes
for adsorption tests. Using the specified electrospinning parameters, it was possible to
obtain steady nanofibre formation for periods of a few hours to produce thin
nanofibrous mats. Those were thermally stabilized giving the nanofibres a brownish
colour and more rigidity. Their immersion in a sodium citrate buffer finalized the
stabilization process to provide fibres stability at various pHs enabling their use for
adsorption. As shown in Figure 2, the stabilization process had a slight impact on the
visual aspects of the membranes. However, the impact is more obvious when seen by
scanning electron microscopy. Figure 2b shows that nanofibres of 183 � 5 nm in
diameter were obtained by the electrospinning with a low number of beads or
defects. This size does not technically correspond to nanofibres (0–100 nm), but the
adsorption properties shall be akin to real nanofibres considering the small difference.
Figure 2d shows the nanofibres after a thermal process. This image shows a similar
nanofibrous aspect with small variations of the nanofibre diameter (156 � 5 nm).
However, nanofibres seem to be closer to each other with slight cross-linking giving it
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where k2 is associated to the pseudo-second order kinetic adsorption constant
(g mg�1 min�1) [10, 29]. The Elovich model is represented by Eq. (4):

Qt ¼
ln αβð Þ þ ln t

β
(4)

where α is the initial adsorption rate constant (mg g�1 min�1) and β is the initial
desorption rate constant (g mg�1) [10, 29].

2.7 Isotherms

The adsorption isotherms were performed for AL:PVA membranes to obtain
information on the adsorption sites and the type of reaction occurring. For these
tests, 50 ppm solutions of FLX were prepared as typical adsorption tests. Samples
were collected at 0 and 180 min (equilibrium). From those samples, the concentra-
tion (Ce) and adsorption capacity (Q e) at equilibrium were calculated. Isotherms
are obtained by varying the mass of adsorbents (resulting in a varying adsorption
capacity and concentration at equilibrium) at fixed temperatures. For our tests,
adsorbent masses of 5, 10, 15, 20, 25, 30 and 35 mg were tested and temperatures of
25, 40 and 60°C were compared. The curves obtained by plotting the Ce versus Q e

are then compared to isotherm models (Freundlich, Langmuir, Sips, Redlich-
Peterson) to gain important information. Table 1 shows the different equations for
the models studied.

Here, Qe is the adsorption capacity at equilibrium (mg/g), Ce is the concentra-
tion in solution at equilibrium (ppm), kF is the Freundlich isotherm constant (mg/g
[L/mg]1/n), n is the heterogeneity factor (dimensionless), Qmax is the maximum
adsorption capacity (mg/g), kL is the Langmuir isotherm constant (L/mg), kS is the
Sips isotherm constant ([L/mg]1/n), kR is the Redlich-Peterson isotherm constant
(L/g), aR being the Redlich-Peterson isotherm constant ([L/g]bR) and bR is the
Redlich-Peterson model exponent (dimensionless).

2.8 Thermodynamic study

The thermodynamic parameters (enthalpy, entropy and Gibbs’s free energy) are
calculated through a thermodynamic study. These parameters are obtained by using
the Ce and Qe recovered from isotherms adsorption tests and the Van’t Hoff and 2nd
thermodynamic law equations. The Van’t Hoff equation corresponds to:

ln
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∗ 1000
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(5)

Models Non-linear equation Equation

Freundlich Qe ¼ kFCe
1 n= (5)

Langmuir Qe ¼ QmaxkLCe
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(6)

Sips Qe ¼ QmaxkSCe
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Table 1.
Isotherm models non-linear equations [10, 30].
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where ΔS° is the standard entropy (J mol�1 K�1) and ΔH° is the standard
enthalpy (J mol�1) [31]. The second thermodynamic law equation corresponds to:

ΔG° ¼ ΔH°� TΔS° (6)

where ΔG° is the standard Gibbs’s free energy (J mol�1) [31]. These values will
give information on the amount of thermal energy produced, the energy of the
bonds, the spontaneity of the reaction and the favourability of an adsorption
reaction.

2.9 Desorption tests

The capacity of an adsorbent to be desorbed is also an important characteristic
value since it can have a significant contribution on economics and life cycle
assessment of the process. Therefore, the reusability of the AL:PVA membranes was
evaluated by desorption. For this purpose, multiple conditions were tested to
recover the contaminant safely. Hence, the nanofibres were exposed to solutions of
methanol (to create an environment in which the contaminant is highly soluble),
purified water (to verify the risk of desorption due to equilibrium), heated solutions
(might be able to revert the sorption reaction), salts (ion exchange and/or compe-
tition) and combined techniques (except heated methanol solutions). In all cases,
the membranes were immersed in 50 mL of solution for 4 h. For temperature effect,
solutions were heated to 60°C to verify desorption. The salt used for desorption was
sodium chloride since it is a simple and non-toxic substance, largely found in typical
wastewater. Concentrations of sodium chloride of 1, 2 and 3 M were tested. Initial
and final samples were injected in HPLC-DAD to determine the concentration of
FLX recovered. The desorption solution showing the best desorption efficiency was
used for repeated adsorption/desorption cycles to evaluate the reusability. Between
each test, the membranes were recovered and dried in a vacuum desiccator to
prevent humidity from interfering with the measured masses. For membranes
exposed to salts, these were washed several times with purified water to dissolve
salts, and then dried in a vacuum desiccator.

3. Results and discussion

3.1 Electrospinning and nanofibre stabilization

Mixed solutions of AL and PVA were prepared for the production of membranes
for adsorption tests. Using the specified electrospinning parameters, it was possible to
obtain steady nanofibre formation for periods of a few hours to produce thin
nanofibrous mats. Those were thermally stabilized giving the nanofibres a brownish
colour and more rigidity. Their immersion in a sodium citrate buffer finalized the
stabilization process to provide fibres stability at various pHs enabling their use for
adsorption. As shown in Figure 2, the stabilization process had a slight impact on the
visual aspects of the membranes. However, the impact is more obvious when seen by
scanning electron microscopy. Figure 2b shows that nanofibres of 183 � 5 nm in
diameter were obtained by the electrospinning with a low number of beads or
defects. This size does not technically correspond to nanofibres (0–100 nm), but the
adsorption properties shall be akin to real nanofibres considering the small difference.
Figure 2d shows the nanofibres after a thermal process. This image shows a similar
nanofibrous aspect with small variations of the nanofibre diameter (156 � 5 nm).
However, nanofibres seem to be closer to each other with slight cross-linking giving it
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rigidity. With the chemical stabilization (Figure 2f), the cross-linking is obvious due
to swelling and fusing of nanofibres (188 � 10 nm). However, it should be empha-
sized that this kind of treatment often causes the loss of porosity of the material. In
fact, without the thermal process, the acid treatment causes the nanofibres to
completely fuse together lowering the porosity of the material [26, 32].

Interestingly, humidity had a real impact on the different steps of electrospinning.
In fact, at low humidity (e.g., 10%), it was possible to electrospin, but the efficiency
was lower. This might be due to the fast evaporation of the solvent during
electrospinning which caused the drop of polymers at the tip of the needle to dry
before electrospinning or the electrospinning jet to break before reaching the collec-
tor surface. The recovery of nanofibres was also more difficult due to higher adher-
ence to the metal plates. At higher humidity (between 30 and 40%), the
electrospinning resulted in a larger nanofibre mat surface area on the collector, which
was easily peeled off, almost without the use of a razor blade. The advantages of the
higher humidity also appeared during the stabilization step. Indeed, a higher humid-
ity reduced the drying speed of the membranes, but also reduced their stickiness to
the collector plate. It is therefore important to control the humidity within a certain
range to achieve good nanofibre mat formation and easy processability.

Figure 2.
Images of AL:PVA nanofibres after electrospinning (a), after thermal treatment (c) and after final chemical
treatment (e) and corresponding MEB images at 2500� (b, d and f, respectively).
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3.2 General adsorption

The adsorption tests were first conducted for FLX since it has the most potential
for adsorption. Therefore, 25mg of AL:PVA nanofibres were used to adsorb 50 ppm
of FLX in a 50 mL solution. The test lasted 150 min with a sample collected at the
beginning and at the end. Table 2 shows the results obtained for this adsorption
test. For comparison purposes of the adsorption, the same test was also carried out
using commercial adsorbents. However, considering the smaller size of the com-
mercial adsorbent, adjustments were necessary to conduct adsorption tests without
any bias. Hence, the volume of the solution was reduced to 10 mL and the concen-
tration was risen to 250 ppm to keep the same mass of FLX (2.5 mg solution) for the
same mass of adsorbents. Therefore, the maximum adsorption capacity obtainable
for each test was 100 mg/g. The summary of these results is available in Table 2.

As expected, unfunctionalized silica adsorbents (Siliaflash® and fumed silica)
had low adsorption potential for FLX. This is due to the lack of functional groups for
adsorption and/or ionic charges. Due to its ion-exchange properties, Valfor® had a
better adsorption propensity than silica. However, considering the exchange mech-
anism (exchange with a sodium ion from the adsorbent) and the size of the FLX
molecules, it is possible that the adsorption was limited by the number of available
sites and competition between FLX molecules. This type of sorbent might be more
appropriate for metal ions [33]. Both ion-exchange resins had good adsorption
capacities. Both being cation exchange resins and strongly acidic, they possessed
functional groups (sulfate) appropriate for the adsorption of ionic molecules such as
alkaline pharmaceutical residues. It is therefore encouraging that a biosorbent made
of lignin can yield similar or better adsorption capacities than commercial sorbents.

For a potential application in wastewater treatments, it is important to evaluate
its capacity to adsorb multiple and various contaminants at the same time. Hence,
the adsorption capacities of the developed nanofibres were compared with four
contaminants, fluoxetine (antidepressant), venlafaxine (antidepressant), carba-
mazepine (anticonvulsant) and ibuprofen (anti-inflammatory). The adsorption was
evaluated separately and simultaneously to detect possible competitions between
contaminants (see Table 3).

The contaminants having the most affinity for the membranes were in the
decreasing order FLX, VEN, CAR and IBU. IBU and CAR had a low affinity for the
nanofibres with almost no adsorption in simultaneous adsorption. This follows the
logical assumption that could be made from the structures of the molecules and
their chemical properties. For instance, both FLX and VEN are alkaline pharma-
ceuticals that are easily protonated at a neutral pH. However, fluoxetine has more
aromatic rings and possesses Fluor promoting hydrogen bonding and π-stacking.
For CAR and IBU, the molecules are respectively neutral and anionic at pH 7 which

Adsorbent Adsorption capacity (mg/g)

AL:PVA nanofibres 78.24 � 1.35

Amberlyst® 15 80.96 � 0.35

Dowex® Marathon® C 77.03 � 0.94

Valfor® 100 49.00 � 4.39

Fumed silica 8.54 � 0.62

Siliaflash® F60 4.25� 0.35

Table 2.
Adsorption capacity comparison of AL:PVA membranes with commercially available adsorbents.
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rigidity. With the chemical stabilization (Figure 2f), the cross-linking is obvious due
to swelling and fusing of nanofibres (188 � 10 nm). However, it should be empha-
sized that this kind of treatment often causes the loss of porosity of the material. In
fact, without the thermal process, the acid treatment causes the nanofibres to
completely fuse together lowering the porosity of the material [26, 32].

Interestingly, humidity had a real impact on the different steps of electrospinning.
In fact, at low humidity (e.g., 10%), it was possible to electrospin, but the efficiency
was lower. This might be due to the fast evaporation of the solvent during
electrospinning which caused the drop of polymers at the tip of the needle to dry
before electrospinning or the electrospinning jet to break before reaching the collec-
tor surface. The recovery of nanofibres was also more difficult due to higher adher-
ence to the metal plates. At higher humidity (between 30 and 40%), the
electrospinning resulted in a larger nanofibre mat surface area on the collector, which
was easily peeled off, almost without the use of a razor blade. The advantages of the
higher humidity also appeared during the stabilization step. Indeed, a higher humid-
ity reduced the drying speed of the membranes, but also reduced their stickiness to
the collector plate. It is therefore important to control the humidity within a certain
range to achieve good nanofibre mat formation and easy processability.

Figure 2.
Images of AL:PVA nanofibres after electrospinning (a), after thermal treatment (c) and after final chemical
treatment (e) and corresponding MEB images at 2500� (b, d and f, respectively).
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3.2 General adsorption

The adsorption tests were first conducted for FLX since it has the most potential
for adsorption. Therefore, 25mg of AL:PVA nanofibres were used to adsorb 50 ppm
of FLX in a 50 mL solution. The test lasted 150 min with a sample collected at the
beginning and at the end. Table 2 shows the results obtained for this adsorption
test. For comparison purposes of the adsorption, the same test was also carried out
using commercial adsorbents. However, considering the smaller size of the com-
mercial adsorbent, adjustments were necessary to conduct adsorption tests without
any bias. Hence, the volume of the solution was reduced to 10 mL and the concen-
tration was risen to 250 ppm to keep the same mass of FLX (2.5 mg solution) for the
same mass of adsorbents. Therefore, the maximum adsorption capacity obtainable
for each test was 100 mg/g. The summary of these results is available in Table 2.

As expected, unfunctionalized silica adsorbents (Siliaflash® and fumed silica)
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contaminants, fluoxetine (antidepressant), venlafaxine (antidepressant), carba-
mazepine (anticonvulsant) and ibuprofen (anti-inflammatory). The adsorption was
evaluated separately and simultaneously to detect possible competitions between
contaminants (see Table 3).

The contaminants having the most affinity for the membranes were in the
decreasing order FLX, VEN, CAR and IBU. IBU and CAR had a low affinity for the
nanofibres with almost no adsorption in simultaneous adsorption. This follows the
logical assumption that could be made from the structures of the molecules and
their chemical properties. For instance, both FLX and VEN are alkaline pharma-
ceuticals that are easily protonated at a neutral pH. However, fluoxetine has more
aromatic rings and possesses Fluor promoting hydrogen bonding and π-stacking.
For CAR and IBU, the molecules are respectively neutral and anionic at pH 7 which

Adsorbent Adsorption capacity (mg/g)

AL:PVA nanofibres 78.24 � 1.35

Amberlyst® 15 80.96 � 0.35

Dowex® Marathon® C 77.03 � 0.94

Valfor® 100 49.00 � 4.39

Fumed silica 8.54 � 0.62

Siliaflash® F60 4.25� 0.35

Table 2.
Adsorption capacity comparison of AL:PVA membranes with commercially available adsorbents.
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completely prevent any ionic bonding between lignin’s phenols and cationic groups
from pharmaceuticals. AL is also a weak acid which would hardly make any ionic
bonds with an acidic compound such as IBU.

3.3 Kinetic studies

Kinetic studies give interesting data about the reaction order, type and time
necessary to reach equilibrium. For this purpose, kinetic curves were plotted by
observing the adsorption capacity at multiple times for FLX alone and for the
simultaneous adsorption of contaminants. First, adsorption capacity for fluoxetine
was measured at 0, 5, 10, 15, 20, 30, 40, 50, 60, 75, 90, 120 and 150 min to obtain a
kinetic curve. Using Matlab®, the kinetic models’ parameters were calculated using
non-linear regression analysis. These results are shown in Table 4. From Figure 3, it
is possible to observe the different kinetic curves corresponding to pseudo-first and
pseudo-second order and Elovich kinetic models as well as the experimental values.
From Figure 3 and Table 4, it is clear that the pseudo-first order best fitted the
experimental data. The pseudo-first order indicates that the adsorption occurs in
one step. Good correlation with this model also shows that the reaction is regulated
by the time necessary for the reaction and not by the diffusion in the nanofibrous

Contaminant Simultaneous adsorption capacity*

(mg/g)
Individual adsorption capacity**

(mg/g)

Fluoxetine (FLX) 22.85 � 0.28 78.24 � 1.35

Venlafaxine (VEN) 11.05 � 1.02 49.76 � 2.80

Carbamazepine (CAR) 1.02 � 0.02 8.04 � 0.01

Ibuprofen (IBU) 0.62 � 0.39 5.00 � 0.46
*Initial concentration of 12.5 ppm.
**Initial concentration of 50 ppm.

Table 3.
Affinity comparison of the AL:PVA nanofibres for various pharmaceutical contaminants.

Kinetic model Parameter Value

Pseudo-first order R2 0.9989

RMSE 0.7117

K1 (min�1) 0.086

Qe (mg/g) 63.98

Pseudo-second order R2 0.9790

RMSE 3.046

K2 (g/mg/min) 0.0017

Qe (mg/g) 71.14

Elovich R2 0.9229

RMSE 5.832

α (mg/g min) 33.37

β (g/mg) 0.08453

Table 4.
Kinetic parameters for pseudo-first order, pseudo-second order and Elovich models.
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material. However, the literature shows that no assumptions can be made from the
kinetic model to determine the adsorption mechanism (physisorption or chemi-
sorption for instance) [28]. Still, considering the chemical structure of lignin,
physisorption is more logical. For physisorption, the main possible interaction
forces are van der Waals, π-stacking, hydrogen bonds, hydrophobicity, steric and
polarity interactions [10].

More information can also be obtained from Figure 3. For instance, following the
observation of the graph, it is possible to conclude that equilibrium is obtained within
1 h and that most of the adsorption occurs in the first 20 min. Such a fast adsorption
could allow multiple applications to the adsorbent in addition to the retention of
contaminants in wastewater. Also, due to the sampling, the total amount of contam-
inant available is lower which causes a lower adsorption capacity during kinetics.
During the test, it was also possible to follow the adsorption process by monitoring of
the pH becoming more acid as the alkaline FLX was removed from the solution.

A kinetic experiment was also conducted with simultaneous contaminants. The
kinetic curve for each contaminant is presented in Figure 4. For FLX, the curve was
almost identical to the individual curve which suggests that no significant competi-
tion occurred for FLX. For VEN, the adsorption was significantly longer with
equilibrium at 90 min. Its final adsorption capacity, however, remained similar by
roughly adsorbing half of the initial concentration. For IBU and CAR, the adsorp-
tion was fast (equilibrium within 5 min) and their adsorption capacity was low.
Their low adsorption capacities show that AL:PVA membranes might be ineffective
for such contaminants except for really low quantities. Coupling AL:PVA
nanofibres with other adsorbents could be an alternative to adsorb a wider phar-
maceutical contaminants spectrum. For instance, recent studies on chitosan and
poly (ethylene oxide) showed good adsorption capacities for IBU in water [32].

3.4 Isotherm studies

The goal of the experiment is to understand the behaviour of adsorption sites
while specific changes are made. By monitoring the variation of concentration and

Figure 3.
Kinetic curve for the adsorption of FLX on AL:PVA nanofibres.
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material. However, the literature shows that no assumptions can be made from the
kinetic model to determine the adsorption mechanism (physisorption or chemi-
sorption for instance) [28]. Still, considering the chemical structure of lignin,
physisorption is more logical. For physisorption, the main possible interaction
forces are van der Waals, π-stacking, hydrogen bonds, hydrophobicity, steric and
polarity interactions [10].

More information can also be obtained from Figure 3. For instance, following the
observation of the graph, it is possible to conclude that equilibrium is obtained within
1 h and that most of the adsorption occurs in the first 20 min. Such a fast adsorption
could allow multiple applications to the adsorbent in addition to the retention of
contaminants in wastewater. Also, due to the sampling, the total amount of contam-
inant available is lower which causes a lower adsorption capacity during kinetics.
During the test, it was also possible to follow the adsorption process by monitoring of
the pH becoming more acid as the alkaline FLX was removed from the solution.

A kinetic experiment was also conducted with simultaneous contaminants. The
kinetic curve for each contaminant is presented in Figure 4. For FLX, the curve was
almost identical to the individual curve which suggests that no significant competi-
tion occurred for FLX. For VEN, the adsorption was significantly longer with
equilibrium at 90 min. Its final adsorption capacity, however, remained similar by
roughly adsorbing half of the initial concentration. For IBU and CAR, the adsorp-
tion was fast (equilibrium within 5 min) and their adsorption capacity was low.
Their low adsorption capacities show that AL:PVA membranes might be ineffective
for such contaminants except for really low quantities. Coupling AL:PVA
nanofibres with other adsorbents could be an alternative to adsorb a wider phar-
maceutical contaminants spectrum. For instance, recent studies on chitosan and
poly (ethylene oxide) showed good adsorption capacities for IBU in water [32].
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adsorption capacity at equilibrium while varying the mass of adsorbents, it is pos-
sible to obtain an isotherm curve which can be compared to isotherm models. The
Freundlich, Langmuir, Sips (or Langmuir-Freundlich) and Redlich-Peterson models
were compared to the data. The isotherm constants and statistical analysis of the
fitting at various temperatures are presented in Table 5.

Results show that, for all temperatures, the Sips model best fitted the experi-
mental data with the highest R2 and RMSE coefficients. This model indicates that a
contaminant will link to multiple adsorption sites simultaneously. Also, this model
can also be reduced to both Freundlich and Langmuir isotherms depending on the
concentration of contaminants (low concentration and high concentration respec-
tively) [10, 27, 30]. Considering that in real remediation conditions the concentra-
tions are lower, it would be appropriate to predict the adsorption to be closer to a
Freundlich isotherm. In the Freundlich model, the adsorption occurs in multi-layers
with heterogenous sites adsorbing a single molecule [10]. In the Langmuir model,
however, the adsorption is in monolayers on homogenous sites [10]. In these types
of models, the pH, the temperature and the concentration remain the dominating
factors affecting adsorption. This is further observed when the temperature
increased and the adsorption capacity accordingly got lower. However, the iso-
therm models had much lower correlation as the temperature went up.

3.5 Thermodynamic studies

Thermodynamic parameters give interesting information on energy transfers
during adsorption. Using the experimental data obtained from fluoxetine’s iso-
therms and Eqs. (9) and (10), standard enthalpy, standard entropy, standard Gibbs’s
free energy were calculated. For enthalpy, a value of �7987 J/mol or �7.99 kJ/mol
was obtained which indicates that the adsorption reaction is exothermic. This means
that no heat is necessary for efficient adsorption and that supplying heat would be
unfavourable for adsorption in this case. Also, this value falls into the energy

Figure 4.
Kinetic curve for simultaneous adsorption of FLX, VEN, CAR and IBU.
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range normally associated with hydrogen bonds (4–50 kJ/mol) and π-stacking
(8–12 kJ/mol) [34, 35]. For entropy, a value of 42.01 J/mol. k was obtained. A
positive value indicates that there is a gain in entropy and that the reaction is
favourable. For ΔG° (at 25°C), a value of �20.51 kJ/mol was calculated which shows
that the reaction is spontaneous. Moreover, values close to �20 kJ indicate that
physisorption is prevalent [31].

Hence, the adsorption seems to be an appropriate method for water remediation
against pharmaceutical contaminants since it consumes low to no energy. Its exother-
mic nature is also advantageous in cold climate countries likeCanada sinceheating costs
would be higher. In addition, it is possible to use the information obtained through
thermodynamic to develop a desorptionmethod for nanofibres. For this reason, the use
of heated solutions for desorptionwill be investigated in the next section.

3.6 Desorption and reusability study

One of the benefits of sorption is the possibility of desorption. In this way,
multiple adsorption and desorption cycles are possible, and the material is reusable.
For these reasons, various desorption solutions were tested on AL:PVA nanofibres for
the recovery of FLX. This step’s purpose also was obtaining a simpler matrix in which
the contaminants can easily be recovered (dried form) or disposed safely. The solu-
tions used had to be either non-toxic or easily evaporated and reused. The effect of
temperature was also investigated for a simple desorption method. Results obtained
for each tested desorption method are presented in Table 6. As shown in this table,
the use of an organic solvent such as methanol has the disadvantage of causing

Isotherm Parameter 25°C 40°C 60°C

Freundlich R2 0.9655 0.9510 0.8486

RMSE 4.716 6.200 6.113

kF 11.22 2.298 8.093

N 0.6441 1.131 0.6326

Langmuir R2 0.9783 0.9374 0.8242

RMSE 3.746 7.006 5.893

Q max 249.2 3.242e+4 175.3

kL 0.02292 1.083e�4 0.02223

Sips R2 0.9899 0.9510 0.8877

RMSE 2.859 6.933 6.079

Q max 140.3 9.285e+4 82.32

kS 0.05902 8.513e�5 0.06166

N 1.83 1.132 3.277

Redlich-Peterson R2 0.9855 0.9510 0.8669

RMSE 3.423 6.933 6.620

kR 4.499 117.5 2.983

aR 3.122e�4 50.23 1.523e�4

bR 2.021 �0.135 2.183

Table 5.
Isotherm parameters for various isotherm models at 25, 40 and 60°C.
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degradation of the membranes in addition to the desorption. Even, it is possible that
the desorption detected is due to the degradation of nanofibres. Therefore, pure
methanol and 50% methanol solution were discarded. Using pure water, almost no
desorption occurred which means that the strength of the bond is sufficiently strong
to prevent a new equilibrium. When pure water is heated, however, FLX can be
desorbed to some extent (30%) which follows the assumptions made in thermody-
namic study. Then, sodium chloride was tested for the desorption of FLX. First, 1 M
NaCl solution was tested at room temperature which indicated that salts were effec-
tive to recover the pharmaceutical contaminant. Afterwards, the same desorption was
tested at 60°C. With this method, more than 90% of the fluoxetine could be recov-
ered without affecting the membrane’s integrity. The concentration of salt was also
varied to verify if a higher concentration would give a better desorption. Instead,
higher salt concentrations reduced desorption capacity. Considering the difference in
size of FLX compared to NaCl, this might be due to the saturation of the solution in
which the fluoxetine cannot be dissolved.

To attest the reusability of the membranes, the best desorption method (1M
NaCl solution heated to 60°C) was tested for three adsorption/desorption cycles
(see Figure 5). In this process, the membranes were dried and weighed before each
adsorption or desorption tests to observe possible mass loss.

To simplify comparison, Figure 5 shows the mass of FLX instead of the adsorp-
tion capacity. First, it is interesting to observe that the amount desorbed is increas-
ing with desorption cycles. This can be due to a higher number of FLX molecules on
the membranes on the second and third cycle (the amount not desorbed on the
previous cycles plus the amount adsorbed on the current cycle). Moreover, the
adsorption capacity of the membranes was not affected by the desorption as shown
by the small rise in mass adsorbed on the third cycle. The small weight gain could
have been caused by a slight rise in porosity of the material due to stretching during
adsorption and desorption tests. During this test, no significant mass losses were
measured through the 3 cycles. Since the membranes are not degrading and do not
lose adsorption capacity after the third cycle, it would be logical to assume that the
synthetized membranes could still be used for even more cycles.

3.7 Applications and perspectives

The potential of AL:PVA nanofibres was clearly demonstrated through our
study. This promising new technology can be exploited in many fields that require
adsorption. For instance, the main application dedicated in this study is the adsorp-
tion of pharmaceutical contaminants in wastewater. In such application, the

Desorption solution Fluoxetine recovered (%) Qualitative result

100% methanol 89 High mass loss

50% methanol 36 Slight mass loss

100% water 1 None

100% water 60°C 30 None

1M NaCl 25°C 52 None

1M NaCl 60°C 92 None

2M NaCl 60°C 76 None

3M NaCl 60°C 19 None

Table 6.
Impact of various desorption solutions on desorption of fluoxetine and AL:PVA nanofibres.
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membranes produced could be incorporated in dynamic systems in wastewater
treatment plants or even at the source in hospitals or medical centre effluents. In
this way, most of the potentially harmful pharmaceutical residues would be
removed and would not enter aquatic ecosystems.

Meanwhile, our research is also investigating the use of nanofibres for the
collection and analysis of illicit drugs such as cocaine or methamphetamine. Results
obtained from this study will be the object of a future study. However, encouraging
results with more than 90% of retention was obtained for both drugs (unpublished
results). Moreover, desorption is also efficient. In this way, illicit drugs in complex
matrices could be transferred to a simpler matrix for direct analysis in liquid chro-
matography during forensic investigation.

As of now, the efficiency of the nanofibres was proven for alkaline pharmaceu-
tical contaminants. However, its efficiency is rather poor for contaminants that are
neutral or acidic such as CAR or IBU. Therefore, an interesting avenue would be the
coupling or sequential use of AL:PVA nanofibres and another biosorbent such as
chitosan. In fact, works from our research group showed that chitosan nanofibres
are efficient for adsorption of IBU in aqueous medium [32]. Therefore, it would be
interesting to test a nanofibrous structure composed of AL and chitosan or a
sandwich-like structure made of both types of fibres on mixtures of contaminants.
In addition, surface chemical modifications are considered in the near future.

4. Conclusions

Novel alkali lignin and poly (vinyl alcohol) (AL:PVA) nanofibrous membranes
were tested for adsorption of pharmaceutical contaminants. Its efficiency to adsorb
was first studied on a model contaminant, fluoxetine. An adsorption capacity of
78 mg/g was obtained which corresponds to the adsorption of 78% of fluoxetine
present in the water. With further adsorption cycles, the membranes can adsorb up
to 90% of contaminants. Compared to commercially available adsorbents (ion-
exchange resins, zeolites and silica), the results are similar to costly ion-exchange
resins (75–80 mg/g). Using kinetic and isotherm models, it is possible to conclude
that nanofibres follow a pseudo-first order kinetic model and Sips’ isotherm model

Figure 5.
Adsorption/desorption cycles for FLX using 60°C 1 M NaCl solution.
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degradation of the membranes in addition to the desorption. Even, it is possible that
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to prevent a new equilibrium. When pure water is heated, however, FLX can be
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the membranes on the second and third cycle (the amount not desorbed on the
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membranes produced could be incorporated in dynamic systems in wastewater
treatment plants or even at the source in hospitals or medical centre effluents. In
this way, most of the potentially harmful pharmaceutical residues would be
removed and would not enter aquatic ecosystems.

Meanwhile, our research is also investigating the use of nanofibres for the
collection and analysis of illicit drugs such as cocaine or methamphetamine. Results
obtained from this study will be the object of a future study. However, encouraging
results with more than 90% of retention was obtained for both drugs (unpublished
results). Moreover, desorption is also efficient. In this way, illicit drugs in complex
matrices could be transferred to a simpler matrix for direct analysis in liquid chro-
matography during forensic investigation.

As of now, the efficiency of the nanofibres was proven for alkaline pharmaceu-
tical contaminants. However, its efficiency is rather poor for contaminants that are
neutral or acidic such as CAR or IBU. Therefore, an interesting avenue would be the
coupling or sequential use of AL:PVA nanofibres and another biosorbent such as
chitosan. In fact, works from our research group showed that chitosan nanofibres
are efficient for adsorption of IBU in aqueous medium [32]. Therefore, it would be
interesting to test a nanofibrous structure composed of AL and chitosan or a
sandwich-like structure made of both types of fibres on mixtures of contaminants.
In addition, surface chemical modifications are considered in the near future.

4. Conclusions

Novel alkali lignin and poly (vinyl alcohol) (AL:PVA) nanofibrous membranes
were tested for adsorption of pharmaceutical contaminants. Its efficiency to adsorb
was first studied on a model contaminant, fluoxetine. An adsorption capacity of
78 mg/g was obtained which corresponds to the adsorption of 78% of fluoxetine
present in the water. With further adsorption cycles, the membranes can adsorb up
to 90% of contaminants. Compared to commercially available adsorbents (ion-
exchange resins, zeolites and silica), the results are similar to costly ion-exchange
resins (75–80 mg/g). Using kinetic and isotherm models, it is possible to conclude
that nanofibres follow a pseudo-first order kinetic model and Sips’ isotherm model

Figure 5.
Adsorption/desorption cycles for FLX using 60°C 1 M NaCl solution.
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which indicate that the adsorbent is of the physical type with adsorption of the
contaminants on multiple sites at the same time in a multi- or monolayer pattern
(depending on the concentration). Looking at thermodynamics, adsorption on AL:
PVA nanofibres is a favourable, spontaneous and exothermic reaction. This infor-
mation could be used for the design of a desorption method in which the fluoxetine
can be retrieved safely, and the membrane reused for at least two more cycles. The
adsorption of multiple pharmaceutical contaminants (fluoxetine, venlafaxine, car-
bamazepine and ibuprofen) showed that nanofibres have more affinity for alkaline
compounds, which adsorb more given the right amount of possible intermolecular
forces occurring. Hence, for remediation applications, it would become necessary to
combine this adsorbent with another one for maximum retention efficiency.
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Chapter 3

Processes and Factors Affecting
Phosphorus Sorption in Soils
Samuel Kwesi Asomaning

Abstract

The subject of this chapter is soil chemistry. The chapter is entitled Processes
and Factors Affecting Phosphorus (P) Adsorption in Soils. The chapter aims to
give an overview of the major mechanisms responsible for phosphate sorption
(i.e., adsorption and absorption of phosphate) in soils, particularly of acid soils.
According to studies conducted by some soil scientists, the major soil factors
affecting P sorption are time, soil pH, soil organic matter, and iron and aluminium
oxides of soils. Studies conducted indicated that adsorption of the P increases as the
P ages in the soil. Soil pH affects phosphate adsorption but the effect is limited for
adsorption by soils in the pH range of 4–8. Organic matter may affect P adsorption
in two ways: indirectly by inhibiting iron oxide crystallisation and directly by
competing for adsorption sites. On per mole basis, oxalate extractable aluminium
oxides adsorb nearly twice as much P as oxalate extractable iron oxides due to
poorer crystallinity (higher specific area) of the aluminium oxides compared to the
iron oxides and also to a higher charge of the former. The chapter also highlights
the pedotransfer functions (PTFs) of Borggaard, which can be used to calculate for
the P adsorption in highly weathered acid soils.

Keywords: sorption, adsorption, adsorbent, adsorbate, specific adsorption,
amorphous oxides, pedotransfer functions

1. Introduction

With increasing demand of agricultural production and as the peak in global
production will occur in the next decades, phosphorus (P) is receiving more atten-
tion as a non-renewable resource [1, 2]. One unique characteristic of P is its low
availability due to slow diffusion and high fixation in soils. Few unfertilized soils
release P fast enough to support the high growth rates of crop plant species. In many
agricultural systems in which the application of P to the soil is necessary to ensure
plant productivity, the recovery of applied P by crop plants in a growing season is
very low, because in the soil more than 80% of the P becomes immobile and
unavailable for plant uptake because of adsorption, precipitation, or conversion to
the organic form [3]. All of this means, that P can be a major limiting factor for
plant growth.

Phosphate in soils tends to react with soil components to form relatively insolu-
ble compounds, many of which have limited availability to plants [4]. Major factors
which influence these reactions include: phosphorus concentration in solution,
amount of free oxides of iron and aluminium, type and amount of clay, soil pH, and
organic matter [5].
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Aluminium oxides, iron oxides and clay silicates are well known phosphate
adsorbents in soils [6]. According to Borggaard et al. [7], aluminium and iron oxides
are the main phosphate adsorbents in sandy soils. Close correlations have been
found between a soil’s capacity to adsorb phosphate and the content of aluminium
and iron oxides, in the soil suggesting these oxides to be the main phosphate
adsorbents in soils [8].

In acidic soils, P can be dominantly adsorbed by Al/Fe oxides and hydroxides,
such as gibbsite, haematite, and goethite [9]. P can be first adsorbed on the surface
of clay minerals and Fe/Al oxides by forming various complexes. The
nonprotonated and protonated bidentate surface complexes may coexist at pH 4–9,
while protonated bidentate innersphere complex is predominant under acidic soil
conditions [10]. Clay minerals and Fe/Al oxides have large specific surface areas,
which provide large number of adsorption sites. The adsorption of soil P can be
enhanced with increasing ionic strength.

Phosphate is strongly adsorbed by the number of adsorption sites, which vary
greatly among soils [11]. With further reactions, P may be occluded in nanopores
that frequently occur in Fe/Al oxides, and thereby become unavailable to plants [10].

Therefore, the availability of soil phosphate as well as the soil solution concen-
tration of phosphate will depend on the degree of phosphate saturation, rather than
on the total phosphate content [12]. Phosphate saturation is the proportion of
adsorption sites occupied by phosphate, which is normally taken as the ratio
between adsorbed phosphate and the phosphate adsorption capacity (PAC) of
the soil [13].

2. Mechanism of phosphorus adsorption in soils

2.1 Specific adsorption of phosphorus by aluminium and iron oxides

Phosphate sorption is a term used to describe all the processes resulting in the
removal of phosphate from soil solution, mainly by surface adsorption and
precipitation [14]. Important soil factors that determine its capacity to retain phos-
phorus (P) are the presence of amorphous aluminium and Iron oxides compounds
[15]. The process of adsorption of the phosphate by these compounds (i.e.
aluminium and Iron oxides) which are also known as adsorbents is known as
specific adsorption. The phosphate molecule or ion which is adsorbed is then known
as adsorbate. Specific adsorption of ions can occur unto uncharged adsorbents and
sometimes even unto surfaces bearing charge of the same sign as the adsorbent.
Thus phosphate can be adsorbed unto surfaces of variable-charge minerals such as
aluminium and iron oxides even at alkaline pH, where these adsorbents are nega-
tively charged. Specific adsorption is characterised by formation of inner-sphere
complexes, where no water molecules are interposed between the adsorbent and the
adsorbate. The most important variable-charge minerals in the soil that adsorb P
include aluminium oxides and iron oxides. The poorly ordered (“amorphous”) iron
and aluminium hydroxides possess very large specific surface area (SSA) which can
be as high as 800 m2 g�1, and 10 times larger than the SSA of corresponding
crystalline forms. Additionally, these sesquioxides have high singly coordinated
surface hydroxyl density [16]. The reactive sites of these amphoteric AlOH and
FeOH minerals are the hydroxyl groups exposed on the mineral surfaces. The kind
of hydroxyl (OH) groups in which the oxygen of the OH is coordinated to one
structural Iron (111) (Fe3+) ion (single – coordinated), are found to protonate and
deprotonate in response to solution pH.
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The single–coordinated OH groups are those surface hydroxyl groups onto
which specifically adsorbable anions are adsorbed [7]. The single–coordinated
hydroxyl groups can be quantitatively replaced or exchanged by the phosphate
anions. This results in the formation of a binuclear or surface complex for the
phosphate iron oxide system, where one phosphate ion occupies two surface sites.
This is accompanied by a release of hydroxyl (OH�) and H2O groups (Figure 1).

Figure 1.
The three kinds of hydroxyl groups occurring on the goethite surface denoted (A) single-coordinated, (B) triple -
coordinated and (C) double-coordinated. Source: Borggaard and Elberling [6].

Figure 2.
Examples of phosphate adsorption mechanisms. Source: Syers and Cornforth [17].
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The precise nature of these reactions depends on pH which influences the
proportions of hydroxyl (OH�) and OH2

+ groups on the solid surface and hence
its surface charge.

If the adsorbed phosphate ions then diffuse into the solid, then they are
“absorbed”. Sorption covers the combined processes. Adsorbed phosphate may
become trapped on the surface of soil minerals if any Fe or Al oxide coating is
precipitated on the mineral. The trapped phosphate is then described as occluded
(Figures 2 and 3).

3. Factors affecting phosphate adsorption in soils

3.1 Time

Adsorption of phosphate by soils increases with increasing reaction time, first
rapidly and then slowly, but without reaching a true equilibrium [18]. Increasing
phosphate concentration increases with the equilibrium time.

The slow reaction of phosphate with oxides has been attributed to formation of
iron phosphate, with a surface coating on the oxides [19]. The porous structure
often observed in goethite may similarly not only account for slow phosphate
adsorption but also for slow desorption and thus irreversibility [20]. Accordingly,
adsorption of phosphate by well crystallised goethite having few pores was com-
plete after 3 days and remained constant up to 260 days [21]. According to
Schwertmann [22], aluminium substituted goethite crystals are generally smaller
and less porous than non-substituted goethite crystals therefore the former should
adsorb phosphate faster and reach equilibrium faster than the latter. Furthermore,

Figure 3.
The inner sphere formation of P in soil minerals (a) and the subsequent occlusion of adsorbed P (b). Source:
Syers and Cornforth [17].
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self-aggregation (clustering) and porosity seem to be important factors in control-
ling adsorption/desorption (irreversibility) of phosphate by iron oxides and thus by
soils. Formation of iron phosphate coatings has, however, been rejected by others
[9], who considered migration (diffusion) of phosphate into aggregated iron oxides,
particularly ferrihydrite, to cause the slow reaction.

3.2 Soil pH

Several investigations have shown the effect of pH on phosphate adsorption by
soil and synthetic iron oxides [6, 23]. The pH effect on soil iron oxide adsorption
seems to be less pronounced than on pure iron oxide adsorption. According to
Borggaard [24], pH affects phosphate adsorption but the effect is limited for adsorp-
tion by soils in the pH range 4–8 in contrast to adsorption by pure iron oxides. For
soils, increasing pH has been shown to either increase or decrease and to have no
effect on phosphate adsorption [25]. Nwoke et al. [26] found that sorption of P
decreased with increasing soil pH and this was attributed to increased negative charge
on variable-charge colloids which cause electrostatic repulsion of the ionic P species
from the surface. In contrast, Agbenin and Mokwunye [27, 28] reported an increase
in sorption with increasing pH for some savannah soils. Agbenin [27] attributed this
trend to the chemistry and retention of Ca2+, the predominant cation in savannah
soils. Nevertheless, the pH effect on phosphate adsorption should not be exaggerated,
since this effect is fairly small, particularly, over the pH range covering most soils,
and ancillary effects may therefore appear relatively important [29].

3.3 Organic matter

Organic matter may affect phosphate adsorption in two ways: Indirectly by
inhibiting iron oxide crystallisation and directly by competing for adsorption sites
[24]. Dissolved organic matter (fulvic and humic acids) has been shown to decrease
phosphate adsorption by iron oxides and by soils, particularly at acid pH, indicating
that dissolved organic matter can compete with phosphate for adsorption sites [30].
In the study by Sibanda [30], organic matter which was isolated from soils as humic
and fulvic acids, was added in solution, and the background electrolyte was sodium
chloride. Of seven naturally occurring organic compounds tested, only phytic acid
reduced soil phosphate adsorption significantly [31].

In contrast, the results of the study of influence of organic matter on phosphate
adsorption by aluminium and iron oxides in sandy soils clearly showed that
organic matter has no direct influence on adsorption of phosphate by these soils
[24]. According to these workers, the phosphate adsorption capacity changes with
the amount of extractable aluminium and iron, irrespective of the organic matter
content; even removal of the organic matter does not alter phosphate adsorption.
In the study mentioned, there was no addition of organic matter, and calcium
acetate was used as background electrolyte. Calcium flocculates organic matter,
while sodium tends to disperse it. The interpretation of the results, therefore,
could be that to act as a competitor, organic matter must be in solution; otherwise
it has no direct effect on phosphate adsorption. In limed soils and in many culti-
vated soils the concentration of dissolved organic matter is considered to be very
low. Interactions are known to occur between organic matter and the aluminium
and iron oxides inhibiting their crystallisation, and thereby increasing their phos-
phate adsorption capacity [22, 32]. Soil organic matter, can indirectly affect soil
phosphate adsorption capacity (PAC) by retarding crystal growth of poorly crys-
talline aluminium and iron oxides, which because of high specific surface areas
have very high PACs [33, 34].
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Iron oxides and probably also aluminium adsorb phosphate and other anions of
weak acids, including organic matter, by ligand exchange. Factors which affect the
development of aluminium and iron oxides crystals (crystallisation) may influence
adsorption, due to a change in the specific surface area of the adsorbent. In soils,
organic matter acts as a factor [32], although its effects are complicated and it
appears to affect aluminium and iron differently.

The formation of crystalline iron oxides may be inhibited in the presence of
certain organic acids, and the ratio of poorly crystalline to well-crystallised forms
(or Feox: Fedcb) increases as the soil organic matter content increases [22]. However,
the interaction between organic matter and iron seems weak. Borggaard [24] found
that although most Feox:Fedcb ratios were rather high in some Danish sandy soils,
the correlation between Feox:Fedcb and organic matter was not significant which
suggests that there is no inhibition of adsorption sites for phosphate. Also they
found that the crystallinity of the aluminium oxides seems very poor, in as much as
extractable Alox was similar to Aldcb probably because of strong interaction between
aluminium and organic matter. Hydrogen peroxide – treated soil, to remove organic
matter, did not change amounts of phosphate adsorbed which strongly suggests
that, organic matter affects phosphate adsorption indirectly by decreasing alumin-
ium oxide crystallinity, but not directly by competing for adsorption sites.

Aluminium oxides are found to be more effective adsorbents of phosphate than
are the iron oxides [24]. On per mole basis oxalate extractable aluminium oxides
(Alox) adsorb nearly twice as much phosphate as oxalate-extractable iron oxides.
This may be due to poorer crystallinity (higher specific surface area) of the alu-
minium oxides compared to the iron oxides and also to, a higher charge on the
former [35]. For synthetic oxides, the amounts of phosphate adsorbed per m2 seem
to be higher for aluminium oxides than for iron oxides, although the trend is weak
[35]. This suggests that differences in crystallinity are the main reason for the
observed differences in adsorption capacity [24]. This may explain, at least partly,
the observed positive correlations between phosphate adsorption capacity and
organic matter content.

3.4 Phosphate sorption as a function of the iron and aluminium oxides of soils

The reactivity of Al and Fe oxides is determined by the conditions under which
the soil is formed. Thus, under cold, humid and nutrient-poor conditions, which
result in organic matter accumulation, poorly crystalline oxides of small particle size
are favoured, while under well-aerated tropical conditions larger, more well devel-
oped crystals are formed [7, 36]. Since the reactivity depends on the specific surface
areas the poorly crystalline Al and Fe oxides with smallest particle size will be the
most reactive.

On the basis of laboratory measurements of P sorption, Borggaard [24] found
that the P sorption capacity of some Danish Spodosol or Spodosol-like samples was a
function of amorphous Al and Fe and crystalline iron. For 43 samples from Cana-
dian Spodosols, the P sorption capacity was, however, found to be a linear function
of the sum of amorphous Al and Fe but independent of the crystalline Fe oxides
[37]. A similar relationship was found for some German soils [11]. According to
these workers, the total P sorption measured was predominantly related to amounts
of amorphous Fe and Al. Similarly, Van der Zee [38] reported that P sorption in
different acid soils from Netherlands was linearly related to the sum of oxalate-
extractable Fe and Al of the soils. For some tropical and subtropical soils,
Loganathan [39] found that P sorption was positively correlated with the contents
of amorphous Fe and Al. In Ghana, a study of P sorption in relation to Al and Fe
oxides of Oxisols by Owusu-Benoah et al. [40] indicated that the P sorption capacity

50

Sorption in 2020s

(Pmax) of the soils significantly correlated with oxalate extractable Fe and Al but
not with crystalline Fe and Al.

On the contrary, Pena and Torrent [41] described P sorption in Mediterranean
soils as being strongly affected by crystalline Fe. Crystalline Fe oxides were also
reported to be the most important P sorption compounds in some Spanish clay
samples [18] and of great importance for the P sorption in some strongly weathered,
tropical soil samples from Australia [42]. However, Pmax of 97 soil samples of some
South-Western Australian soils was closely related to crystalline Al while amor-
phous and crystalline extractable Fe gave low or no relationship [43].

4. Adsorption isotherms

When an adsorbent (a soil sample or a soil component) is shaken with a solution
containing an adsorbate, the amount of adsorbate adsorbed by the adsorbent
depends on the experimental conditions including adsorbate concentration, adsor-
bate:adsorbent ratio, pH, shaking time and temperature. At fixed adsorbate:adsor-
bent ratio, pH, shaking time and temperature, the amount adsorbed adsorbate, q,
increases at increasing adsorbate concentration, Ceq following a curve (isotherm)
like that in Figure 4. Ceq denote the equilibrium concentration of the adsorbate, i.e.
the initial concentration less adsorbed adsorbate.

Figure 4.
A plot of adsorbed phosphate, q, against the equilibrium phosphate concentration, Ceq. The adsorbent is a
sample from the A horizon of an Oxisol (Typic Hapludalf) from Ghana. The curve is fitted to the experimental
points (dots) by the Langmuir equation (Eq. 1) the dashed line (b) indicates the adsorption maximum
(modified) from Owusu-Bennoah et al. [40].
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not with crystalline Fe and Al.
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An isotherm like that shown in Figure 4, which is a L-curve isotherm because
it can be fitted by the Langmuir equation (see subsequent Eq. 1), is often seen,
particularly when soil is the adsorbent. In some cases an extreme version of the
L-curve isotherm is seen; the H-curve isotherm, where q increases sharply for a
small increase in Ceq until q achieves an upper value, where upon q is virtually
independent of Ceq. The initial very high slope of the H-curve isotherm indicates a
very high affinity (hence the designation H for high) between adsorbate
adsorbent On the other hand, if q is proportional to Ceq, a straight-line isotherm is
obtained. It can be noticed that a straight line or almost straight line relation
between q and Ceq can also be obtained if only an initial small part of the curve in
Figure 1 is included in the plot, e.g. the part of the curve where Ceq < 0.05 mM.
Adsorption of organic compounds such as most pesticides by soil organic matter-
containing soil often follows a straight line. For straight line adsorption, the
adsorbate-adsorbent affinity is independent of the amount adsorbed, in contrast
to the initially very high and then deceasing affinity for adsorptions following the
L-and H-curves.

4.1 Phosphorus sorption isotherms and equations

The relationship between the amounts of P sorbed per unit weight of soil (q) and
the equilibrium P concentration in solution (C) bathing the soil at a constant
temperature has been described by several sorption isotherms. The main motiva-
tions for describing curves were to (1) identify the soil constituents involved in the
sorption [39], (2) predict the amount of fertiliser needs of soils to meet the demand
of plant uptake for optimum yield and (3) study the nature of the sorption process
to learn more about the mechanism of the process [25].

The Langmuir, Freundlich and Temkin equations are common models for
describing P sorption when input data are limited [44].

4.1.1 Langmuir equation

Langmuir equation may be written as:

q ¼ b KCeq

1þ K Ceq
(1)

where b and K are fitting parameters. The parameter b represents the value of q
that is approached asymptotically as Ceq becomes arbitrarily large. Accordingly b
has been taken as a measure of maximum adsorption, the upper limit of adsorbate
that can be adsorbed by the adsorbent. The b parameter is, therefore, commonly
used in comparison of soils and soil components. K determines the initial slope of
the isotherm and has sometimes been considered a measure of the affinity of the
adsorbate and the adsorbent; a binding constant. By rearrangement, Eq. (1) can be
expressed in linear forms such as:

Ceq
q

¼ Ceq
b

þ 1
bK

(2)

Eq. (2) which is the linearized form of Eq. (1) is often used to estimate the
adsorption (b), affinity index (k) and buffer capacity of soils. The straight line
resulting from plotting Ceq/q against Ceq will have slope equal to 1/b and an inter-
cept equal to 1/(bk).
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4.1.2 Freundlich equation

Freundlich equation has the form:

q ¼ aCeqb (3)

where a and b are fitting parameters. The linearized form of the equation is

log q ¼ log aþ b log Ceq

A plot of log q against log Ceq result in a straight line with slope equal to b and an
intercept equal to log a.

4.1.3 Temkin equation

Temkin equation is in the form:

x
b
¼ RT

B
ln ACeq (4)

where x is the amount of P adsorbed, and A and B are the Temkin isotherm
constants. A represents the equilibrium binding constant (dm3 g�1). R is the uni-
versal gas constant.

The linearized form of the equation is

x ¼ aþ b ln Ceq (5)

where a and b are constants obtained from the intercept (a) and the slope (b).
Eq. (5) indicates that a plot of x against ln C should yield a straight line but such
plots for soils in many cases yielded curves rather than straight lines The b value of
Temkin equation is taken as the P buffering capacity (retention capacity of
adsorbed P) of soils (ug P g�1).

4.2 Pedotransfer functions (PTFs) for estimation of phosphate adsorption
capacity

Apart from the solution concentration, the amount of phosphate to be adsorbed
depends on phosphate loading (content) and the content and reactivity of phos-
phate adsorbents, such as aluminium and iron oxides in sandy soils [24]. The
maximum phosphate adsorption capacity (Pmax), corresponding to adsorption at
high (infinite) phosphate concentrations, can be calculated by applying the Lang-
muir adsorption equation to the measured data. The limitation of the Langmuir
equation is indicated by the deviation of points corresponding to the highest equi-
librium of P concentration. Langmuir equation is restricted to a limited concentra-
tion range [45, 46].

Again, due to the discrepancies of phosphate adsorption in relation to alumin-
ium and iron oxides in different soils, various models have been proposed for
predicting P sorption [18, 24].

Aluminium and iron oxides are the main phosphate adsorbent in soils, especially
in Spodosols and other sandy soils [15, 47]. Accordingly, close relationships have
been found between amounts of adsorbed phosphate of some forms of soil alumin-
ium and iron, which have resulted in creation of pedotransfer functions for
predicting adsorbed phosphate from aluminium and iron oxide contents quantified

53

Processes and Factors Affecting Phosphorus Sorption in Soils
DOI: http://dx.doi.org/10.5772/intechopen.90719



An isotherm like that shown in Figure 4, which is a L-curve isotherm because
it can be fitted by the Langmuir equation (see subsequent Eq. 1), is often seen,
particularly when soil is the adsorbent. In some cases an extreme version of the
L-curve isotherm is seen; the H-curve isotherm, where q increases sharply for a
small increase in Ceq until q achieves an upper value, where upon q is virtually
independent of Ceq. The initial very high slope of the H-curve isotherm indicates a
very high affinity (hence the designation H for high) between adsorbate
adsorbent On the other hand, if q is proportional to Ceq, a straight-line isotherm is
obtained. It can be noticed that a straight line or almost straight line relation
between q and Ceq can also be obtained if only an initial small part of the curve in
Figure 1 is included in the plot, e.g. the part of the curve where Ceq < 0.05 mM.
Adsorption of organic compounds such as most pesticides by soil organic matter-
containing soil often follows a straight line. For straight line adsorption, the
adsorbate-adsorbent affinity is independent of the amount adsorbed, in contrast
to the initially very high and then deceasing affinity for adsorptions following the
L-and H-curves.

4.1 Phosphorus sorption isotherms and equations

The relationship between the amounts of P sorbed per unit weight of soil (q) and
the equilibrium P concentration in solution (C) bathing the soil at a constant
temperature has been described by several sorption isotherms. The main motiva-
tions for describing curves were to (1) identify the soil constituents involved in the
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q ¼ b KCeq

1þ K Ceq
(1)

where b and K are fitting parameters. The parameter b represents the value of q
that is approached asymptotically as Ceq becomes arbitrarily large. Accordingly b
has been taken as a measure of maximum adsorption, the upper limit of adsorbate
that can be adsorbed by the adsorbent. The b parameter is, therefore, commonly
used in comparison of soils and soil components. K determines the initial slope of
the isotherm and has sometimes been considered a measure of the affinity of the
adsorbate and the adsorbent; a binding constant. By rearrangement, Eq. (1) can be
expressed in linear forms such as:

Ceq
q

¼ Ceq
b

þ 1
bK

(2)

Eq. (2) which is the linearized form of Eq. (1) is often used to estimate the
adsorption (b), affinity index (k) and buffer capacity of soils. The straight line
resulting from plotting Ceq/q against Ceq will have slope equal to 1/b and an inter-
cept equal to 1/(bk).
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4.1.2 Freundlich equation

Freundlich equation has the form:

q ¼ aCeqb (3)

where a and b are fitting parameters. The linearized form of the equation is

log q ¼ log aþ b log Ceq

A plot of log q against log Ceq result in a straight line with slope equal to b and an
intercept equal to log a.
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x
b
¼ RT

B
ln ACeq (4)

where x is the amount of P adsorbed, and A and B are the Temkin isotherm
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x ¼ aþ b ln Ceq (5)
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Eq. (5) indicates that a plot of x against ln C should yield a straight line but such
plots for soils in many cases yielded curves rather than straight lines The b value of
Temkin equation is taken as the P buffering capacity (retention capacity of
adsorbed P) of soils (ug P g�1).

4.2 Pedotransfer functions (PTFs) for estimation of phosphate adsorption
capacity

Apart from the solution concentration, the amount of phosphate to be adsorbed
depends on phosphate loading (content) and the content and reactivity of phos-
phate adsorbents, such as aluminium and iron oxides in sandy soils [24]. The
maximum phosphate adsorption capacity (Pmax), corresponding to adsorption at
high (infinite) phosphate concentrations, can be calculated by applying the Lang-
muir adsorption equation to the measured data. The limitation of the Langmuir
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Again, due to the discrepancies of phosphate adsorption in relation to alumin-
ium and iron oxides in different soils, various models have been proposed for
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Aluminium and iron oxides are the main phosphate adsorbent in soils, especially
in Spodosols and other sandy soils [15, 47]. Accordingly, close relationships have
been found between amounts of adsorbed phosphate of some forms of soil alumin-
ium and iron, which have resulted in creation of pedotransfer functions for
predicting adsorbed phosphate from aluminium and iron oxide contents quantified
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by selective extractions. Thus, for a range of soils, which have received high
amounts of fertiliser P, phosphate adsorption (in mmol kg�1) was found to be well
predicted by the simple pedotransfer function of Van der Zee and Riemsdijk [48]:

Padsorbed ¼ α� Alox þ Feoxð Þ (6)

Where Alox and Feox are the soil contents of aluminium and iron (mmol kg�1)
that can be extracted by means of the oxalate method [49]. The fitting constant was
found to be between 0.14 and 0.48, depending on phosphate concentration and
equilibrium time in the adsorption experiments [50]. With α = 0.5, this
pedotransfer function is commonly used for estimating phosphate adsorption
capacity in phosphate pollution assessment.

For strongly weathered soils enriched in Al and Fe oxides with different degree
of ordering, a model that is able to account for different oxide fractions such as that
of [24] will be a logical choice. This model was based on studies of Danish sandy
soils (Spodosols and podzolised Entisols) low in adsorbed phosphate. Therefore, the
phosphate adsorption maximum may be calculated from the content of poorly
crystalline aluminium and iron oxides (AlOX, FeOX) and well crystallised iron oxides
(FeCBD - FeOX) according to the equation [24]:

Pcalc ¼ 0:22� 0:02ð Þ x AlOX þ 0:12� 0:02ð Þ x FeOX
þ 0:04� 0:03ð Þ FeCBD � FeOXð Þ þ 0:3� 0:5ð Þ (7)

Where AlOX and FeOX denote oxalate extractable aluminium and iron and FeCBD
is citrate-bicarbonate-dithionite extractable iron. Phosphate adsorption maximum
calculated using the pedotransfer model of [24] (Pcalc), AlOX, FeOX, and FeCBD are in
mmol kg�1. According to the function, 0.22 mmol P is adsorbed by 1 mmol AlOX

kg�1, 0.12 mmol P is adsorbed by 1 mmol FeOX kg�1 and 0.04 mmol P is adsorbed
by 1 mmol (FeCBD - FeOX) kg

�1. On a per mole basis the aluminium oxides (AlOX)
adsorb nearly twice as much phosphate as the oxalate-extractable iron oxides. This
may be caused by poorer crystallinity (higher specific surface area) of the alumin-
ium oxides compared to the iron oxides, but it could also be attributed to a higher
charge on the former [24].

Apart from other coefficients to AlOX, and FeOX, the main difference between
the two pedotransfer functions is that the function of [24] accounts for crystalline
(FeCBD - FeOX) as well as amorphous iron (FeOX) and aluminium (AlOX), while only
amorphous oxides are considered by Van der Zee [38]. According to Szilas et al.
[51], amorphous aluminium and iron oxides are undoubtedly the dominating phos-
phate adsorbents, especially on heavily fertilised non-calcareous soils and sandy
soils of humid temperate regions such as parts of Canada and Western Europe.
However, crystalline iron oxides corresponding to (FeCBD - FeOX) can be important
phosphate adsorbents in more tropical upland soils and some clayey soils of drier
climates [24]. Therefore, application of the pedotransfer function of [38] should be
restricted to temperate, non-calcareous soils as pointed out by [11], while the
pedotransfer function of [24] is expected to have a wider application range.

The pedotransfer function of [24] was, however, found to overestimate PAC of
Ghanaian and Tanzanian soils (mainly Oxisols and Ultisols) enriched in well-
crystallised iron oxides corresponding to (FeCBD - FeOX) [47]. This is because the
coefficient (0.04) to the term (FeCBD - FeOX) was found to be too high. In fact, this
coefficient is very uncertain and insignificant as is the intercept, whereas the AlOX,

and FeOX coefficients were highly significant [24].
In order towiden its applicability, the following linear expressionwas usedwith data

from awide range of soils includingDanish Entisols, Inceptisols, and Spodosols [24]
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together with strongly developedGhanaian and Tanzanian Alfisols, Inceptisols,
Oxisols, andUltisols [7]:

Pcalc ¼ x AlOX þ β x FeOX þ γ x FeCBD � FeOXð Þ (8)

The regression analysis resulted in the following pedotransfer function with Pcalc
AlOX, FeOX, and FeCBD in mmol kg�1:

Where x β γ are the coefficient of AlOX, FeOX and FeCBD - FeOX respectively.

Pcalc ¼ 0:22� 0:03ð Þ x AlOX þ 0:12� 0:03ð Þ x FeOX þ 0:02� 0:01ð Þ FeCBD � FeOXð Þ
(9)

The three parameters were found to be significant at 0.1% level [47]. The
calculated PAC was plotted against experimentally determined values of the
phosphate adsorption isotherms based on phosphate adsorption data. The linear
regression line for this plot has R2 = 0.87, indicating that 87% of the variation
in PAC of the soils is accounted for by oxalate-extractable aluminium and
iron together with dithionite-citrate-bicarbonate-extractable iron.
Furthermore, the slope of the regression line is indistinguishable from 1, and the
intercept is 0 [47].

4.2.1 Predictability of the PTF of Borggaard et al.

The PTF of Borggaard [24] has been tested on a wide range of soils. Soil samples
were from Denmark, Canada, Ghana and Tanzania representing non calcareous
Alfisols, Entisols, Histosols, Inceptisols, Mollisols, Oxisols, Spodosols and Ultisols.
While the Danish soils covered several soil groups, the Ghanaian and Tanzanian
soils were restricted to strongly weathered soils, mainly Acrisols and Ferralsols and
the Canadian soils were Podzols. Despite the great variability of the soil samples, the
investigation clearly demonstrated the very close relationship between phosphate
adsorption capacity (PAC) and contents of Al and Fe oxides, and hence the fairly
good predictability of PAC by means of Al and Fe oxide-based PTF [47]. This was in
general agreement with results of previous studies carried out, however, on fewer
and considerably less different soil samples [11, 24].

In Ghana, Owusu-Benoah et al. [40] evaluated P sorption characteristics of the
ploughed layer of six natural Ghanaian Oxisols. Except for one soil in which phos-
phate adsorption capacity calculated (Pcalc.) using the PTF was more than twice
that for phosphate adsorption capacity (Pmax) determined from the Langmuir’s
adsorption isotherm, measured (Pmax) and modelled (Pcalc) P sorption capacities
were in fair agreement.

Further testing of this PTF was performed by data from two Tanzanian
Andisols. The results demonstrated, however, that PAC of these soils is
substantially overestimated by the function. The poor predictability of PAC of soils
developed on volcanic materials compared to that of the other soils is probably due
to differences of the main phosphate adsorbents. While poorly crystalline alumin-
ium silicates (allophane and imogolite) with very high specific surface area, and
hence, PAC can dominate phosphate adsorbents in Andisols, the other soils adsorb
most phosphate onto more or less crystallised aluminium and iron oxides [7, 8].
Consequently, the pedotransfer function Pcalc = 0.22 x AlOX + 0.12 x FeOX + 0.02 x
(FeCBD - FeOX) is not recommended to be used for PAC estimation of Andisols.
Hopefully, future testing will more precisely delineate the kinds of soils in which
the suggested PTF can be used as well as those in which it would give unacceptable
PAC estimates.
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5. Conclusion

Phosphorus adsorption in soils account for the low P availability for plant
uptake.

The Langmuir, Freundlich and Temkin equations are common models for
describing P sorption when input data are limited.

The review indicated that, in acid soils amorphous Al and Fe oxides compounds
are the important factors that determine the soils’ capacity to retain P.

For strongly weathered soils enriched in Fe and Al oxides, with different degree
of ordering, a model that is able to account for the different oxide fractions and
which can be used to predict the adsorption P capacity of these soils is the
pedotransfer model of Borggard et al. [7].

However in alkaline soils, calcium carbonate may determine the amount of P
sorbed by the soils.
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Chapter 4

Microwave Radiated Sorption-
Hazardous Emission Control by
Popped Borax and Salted Pumice
for Coal Combustion in Thermal
Power Plants
Yıldırım İsmail Tosun

Abstract

Considerable research on emission control of coal combustion with popped
borax and salted pumice has been conducted in this study. However, the packed bed
column adsorption results are widely dispersed because of the complex chemistry of
coal. Time-related hazardous emission, stack gas coal-mixing with slurries washing
in microwave-heated packed bed column sorption units and cycling sorption
modeling assumed basically first-order kinetic equations, or less sensitive for
microwave heating rate. The other reactivity distributed on activation model was
dependent on the microwave heating rate. The more advanced models for micro-
wave radiation progressed sorption need three and four constants, respectively,
which basically depend on the coal properties but also cover, to some extent, the
effect of porosity and gas to salt mass transfer phenomena. That was the reactivity
reason for the different conditions of sorbents values on the activation energy and
pre-exponential factor. The same situation exists in the other sorbent case of coal-
lead and CS, COS gas. The sorption reaction rate of popped borax and bed effected
of the salt reaction of pumice and the specific surface area of pumice, which
changed the sorption reaction cycle with the development of internal pores type.

Keywords: microwave activation, stack gas control, pollution control,
postcombustion desulfurization, toxic emissions, char reactivity

1. Introduction

Marble wastes, fine limestone, or hydrated lime is used as sorbent in fluidized
bed combustion as desulfurizing sorbent in postcombustion. Popped borax and
Tatvan pumice waste and char waste are yielded in two different size forms over
sand size and � 20 micron. The forest wood wastes is in lump size conventionally
evaluated in char carbon industry and other may be evaluated as filling materials in
fine size lower than 20 microns. The waste carbon may be evaluated as sorbent in
fluidized combustion of coal in composite forms following solid-liquid separation
thickeners. In this study, Şırnak asphaltite char and clayish char as sorbent coal
waste or char in finer size lower than 10 mm pyrolyzed may avoid heat decrease and
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without deteriorate nature and environment near thermal power plants. The waste
fine of marble processing plants may be very effective in neutralizing acidic indus-
trial waste waters and avoiding water contamination in streams. The utility of coal
char and clayish char waste in toxic gas emission control during fluidized bed
combustion can efficiently be made possible. However, fluidized combustion is
carried out below 8 mm solid fuel combustion with addition of sorbent at weight
rate of 20–25%. In order to avoid this high amount of sorbent consumption, the
clayish char or coal waste cold be sufficient in homogenous disturbing flow manner
of that waste material, clayish coal waste and Şırnak asphaltite char or biomass
waste char pellets following pyrolyzed manure and local wood waste were used in
laboratory type combustion chamber at 20% weight rate.

About 40, 60, and 80% manure char containing Şırnak asphaltite pellets were
used in our combustion experiments as 1–2 mm sized pellets. The popped borax and
pumice waste pellets provided an 88% sulfur dioxide emission and also wood char
and soot pellets provided 45% emission reduction in fluidized bed combustion.
Microwave activity in wet pellet columns was found to be effective in
desulphurization of flue gas and char occurrence.

In the Thermal Coal Power station in Silopi, Şırnak, Park Elektrik Co., 405 MW
electricity was produced using fluidized bed combustion in three boilers by burning
232 kg coal per MW [1]. Şırnak asphaltite contained 6.7% pyrite and 3.8% organic
sulfur and combusted with local limestone as 92% calcium carbonate and 4% mag-
nesium carbonate at 10% weight rate in the fluidized bed for desulfurizing sorbent
[2]. Processing technologies using animal manure and combustible municipal waste
should be under contribution to the fuel side for energy production in European
countries (Figure 1) [3]. About 49% of the total municipal waste in Sweden was
converted to energy in 2014 and this rate was 39, 7, and 22% for the Netherlands,
the USA, and the EU27, respectively.

Regarding advanced technological developments in energy production, the low-
quality municipal wastes needed the most economical technologies. In order to
make it possible to produce waste-derived fuel products as Char and even coal
waste diverted source in China [4–9]. Combustible municipal waste rate reached

Figure 1.
Waste-to-energy production and distribution of countries according to the European waste [3].
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27.0% as paper and cardboards, and additionally, dried food waste was 14.6% and
the yard waste was 13.5% after suitable segregation of the total collected waste in
China in 2015 as seen in Figure 2.

On the way of washing and processing characteristics of the lignite as considered
environment are distinctly separated in utilization and classification. In the view of
producing high-value cleaned products, pyrolysis municipal waste or lignite char
are being processed for their final products, managed on this active carbon purpose.
Carbonized char waste and amount could also be evaluated in sorption and energy
need in this study.

1.1 Carbonization to char

Effective carbonization processes depend on numerous factors including coal
rank in carbonization and the volatile gaseous matter of coal such as the presence of
hydrogen, carbonyl gas, and carbonization rate [11]. For stabilizing the desorption,
the settings of optimal diffusion conditions including structure defects (nitrogen,
phosphorus, sulfur, etc.), temperature, and oxygen content of coal and the opti-
mizing carbon dioxide concentration ratios [12] added to the adsorption–desorption
balance, the residence time, and the spatial distribution of molecules in coal pores
among other factors that determine the efficiency of carbonization. Guerrero et al.
[13] also included the carbon reactivity and the adsorption characteristics as factors
affecting the rate and extent of carbonization that is dependent on the site activa-
tion, its gas desorption properties, and its porosity [14]. Carbonization is a prereq-
uisite step for oil generation and soot formation from tire waste, biomass wastes,
and coal. TGA results of waste materials showing sufficient carbon conversion are
shown in Figure 3 [15].

1.1.1 Coal particle size

A major reason is that the retention time in fixed film processes is longer than
that in solid–gas processes. This allows more time for carbonization by cracking the

Figure 2.
Municipal solid waste (MSW) management in China from 1980 to 2013 [10].
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desorbed persistent compounds. Furthermore, high-rank coals allow sufficient
intimate contact between surface pores and gas atmosphere in the furnace due to
more gas desorption [16, 17].

1.1.2 Coal porosity

The porous structure of activated carbon is a factor that determines to a great
extent both the rate and degree of carbonization [18]. Sharma et al. [19] found that
a mesoporous coal carbonized more efficiently than a microporous coal.

Phenol molecules that may undergo an oxidative coupling reaction may be
irreversibly adsorbed on coal, which in column back flow may result in low car-
bonization efficiency. Phenol radicals formed by the removal of a hydrogen atom
from each phenol molecule can participate in direct coupling with other phenol-
type radicals at even room temperature, with the coal surface serving as a catalyst.
The types of catalysts are given in Table 1.

Figure 3.
TGA analysis showing carbon conversion of different waste materials used for carbon production.

Type Surface area
m2/gr

Weight
rate, %

Reaction
performance

Contamination Reference

Hematite over clay 43 34 45 Strong

Ferrite over fly ash 20 56 33 Strong [20]

Titanium oxide over
ZEOLİTE

120 12 55 Strong

Vanadium oxide over
alumina

78 23 57 Weak

Cobalt oxide over
alumina

54 12 45 Weak

Nickel/Pt 2 77 33 Strong

Table 1.
The types of catalysts and substrates and properties used in gas conversion syngas production.
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Carbonization efficiencies exceeding the total desorption abilities during
increased fast pyrolysis on coal and wood were also reported by Tosun [21].

1.1.3 Surface properties of coal reactivity

The specific surface area measured as BET N2 sorption, total surface activity,
oxygen functional groups, total surface impurities, metal concentrations, dielectric
value, free radical concentration, and reactivity of coal were related to the carbon-
ization activity. However, in some investigations, the pore size distribution of coal
is also greatly to reduce pyrolysis kinetics [15].

Although molecular gas diffusion is described to be the primary mass transport
process in the combustion chamber, complex convective gas emissions proliferated the
alkali clusters below 1–2 mm size and exothermic combustion reactions increased toxic
substances in the gas form, and a relatively porous structure of expanded clay inter-
stitial spaces and cracks reduced over 5 mm size. The combustion gas substances
toward the expanded clay surface through this surface alkali are primarily accom-
plished by molecular diffusion across the microcracks and alkali clusters. In the com-
bustion experiments, the experimental condition is calculated on the basis of the ash
composition in the ambient state. So neither the contained water vapor nor the con-
densing hydrocarbons are taken into account. Expanded clay and limestone sorbent
use in asphaltite combustion provided sufficient hold-up gas as shown in Figure 4.

1.2 Pyrolysis to char of waste coal, tire, wood, and biomass

Soot matter removal during BC treatments results from the combined effect of
adsorption and degradation. The efficiency of the combined combustion of waste

Figure 4.
The sulfur sorption effect of expanded clay and limestone in combustion of Şırnak asphaltite [18].

65

Microwave Radiated Sorption-Hazardous Emission Control by Popped Borax and Salted…
DOI: http://dx.doi.org/10.5772/intechopen.89370



desorbed persistent compounds. Furthermore, high-rank coals allow sufficient
intimate contact between surface pores and gas atmosphere in the furnace due to
more gas desorption [16, 17].

1.1.2 Coal porosity

The porous structure of activated carbon is a factor that determines to a great
extent both the rate and degree of carbonization [18]. Sharma et al. [19] found that
a mesoporous coal carbonized more efficiently than a microporous coal.

Phenol molecules that may undergo an oxidative coupling reaction may be
irreversibly adsorbed on coal, which in column back flow may result in low car-
bonization efficiency. Phenol radicals formed by the removal of a hydrogen atom
from each phenol molecule can participate in direct coupling with other phenol-
type radicals at even room temperature, with the coal surface serving as a catalyst.
The types of catalysts are given in Table 1.

Figure 3.
TGA analysis showing carbon conversion of different waste materials used for carbon production.

Type Surface area
m2/gr

Weight
rate, %

Reaction
performance

Contamination Reference

Hematite over clay 43 34 45 Strong

Ferrite over fly ash 20 56 33 Strong [20]

Titanium oxide over
ZEOLİTE

120 12 55 Strong

Vanadium oxide over
alumina

78 23 57 Weak

Cobalt oxide over
alumina

54 12 45 Weak

Nickel/Pt 2 77 33 Strong

Table 1.
The types of catalysts and substrates and properties used in gas conversion syngas production.
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Carbonization efficiencies exceeding the total desorption abilities during
increased fast pyrolysis on coal and wood were also reported by Tosun [21].

1.1.3 Surface properties of coal reactivity

The specific surface area measured as BET N2 sorption, total surface activity,
oxygen functional groups, total surface impurities, metal concentrations, dielectric
value, free radical concentration, and reactivity of coal were related to the carbon-
ization activity. However, in some investigations, the pore size distribution of coal
is also greatly to reduce pyrolysis kinetics [15].

Although molecular gas diffusion is described to be the primary mass transport
process in the combustion chamber, complex convective gas emissions proliferated the
alkali clusters below 1–2 mm size and exothermic combustion reactions increased toxic
substances in the gas form, and a relatively porous structure of expanded clay inter-
stitial spaces and cracks reduced over 5 mm size. The combustion gas substances
toward the expanded clay surface through this surface alkali are primarily accom-
plished by molecular diffusion across the microcracks and alkali clusters. In the com-
bustion experiments, the experimental condition is calculated on the basis of the ash
composition in the ambient state. So neither the contained water vapor nor the con-
densing hydrocarbons are taken into account. Expanded clay and limestone sorbent
use in asphaltite combustion provided sufficient hold-up gas as shown in Figure 4.

1.2 Pyrolysis to char of waste coal, tire, wood, and biomass

Soot matter removal during BC treatments results from the combined effect of
adsorption and degradation. The efficiency of the combined combustion of waste

Figure 4.
The sulfur sorption effect of expanded clay and limestone in combustion of Şırnak asphaltite [18].
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for soot formation needs lack of oxygen combustion method. The process is higher
than expected for either soot formation or carbon without oil alone. The carbon
surface for pollutants protects them from shock loadings of toxic and inhibitory
materials, such as carbon. High inert gas processes using catalyst carbon as carrier
for iron film attachment are efficient to remove soot from ethylene. However, in
catalytic systems, the gas attachment to surface is less efficient than that in iron
film or in fluidized bed reactors using CO2 and pellets as iron film carrier [22].

Figure 5.
Black carbon production system, purposed plant flowsheet from waste oil and pyrolysis oil and natural gas [17].

Figure 6.
Waste carbon production system proposed for waste pyrolysis purposed furnace unit.
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This is because, in the latter, then retention time of solids is generally much higher
than in black carbon processes, allowing more time for gas attachment to BC.
Figure 5 shows the flowsheet used in BC production from pyrolysis oil, waste oil,
and natural gas and sometimes oil mixtures [20]. Waste char was proposed to
produce from local waste sources in terms of agricultural and forest biomass waste
in waste char carbon production system in waste pyrolysis purposed furnace unit
for Şırnak as illustrated in Figure 6 [20].

Carbonization of oil waste, asphalt or bitumen for active carbon production in
slurries could evaluate efficiently sorption Au in pulp was commonly gold extrac-
tion systems, they use AC in fine size and as slurries gold cyanide solutions passed
through. Fine activated carbon or char is more advantageous than granule AC.
Additionally, powder AC provided uniform carbon site distribution on solids and
agitation slurries without contamination or active site blocking. Additionally, less
energy is required for milling of carbon considering the oily structure. It is a fact
that pyrolysis of oil could become at low temperature carbonization blocking the
active carbon sites even contaminated carbon pores when the condensate is
removed from the liquid phase through furnace. The oil gradient should be deter-
mined for a suitable char production used as sorbent.

2. Solid sorbent use in emission control

Alkali salts such as burned lime and hydrated lime, fluorite and calcium borates,
limestone, and fly ash could be used in desulfurization in coal combustion. Marble
wastes, coal, and wood char produced in two different forms in size may be also
evaluated as sorbent in postcombustion. One type of sorbent, carbonized wood char
is in lump size and can easily be evaluated in carbon industry and other fine size
may be evaluated as filling materials in paint, rubber, and plastic as fire barrier
mixed at fine size under 5 microns, which are collected following solid-liquid
separation and milling. Char as carbonized from coal and coal waste in finer size
may deteriorate nearby environment and may be used in water treatment and avoid
contamination in industrial waste streams. Beneficiating from char waste in toxic
gas emission control during combustion can efficiently be made possible. However,
fluidized combustion is carried out below 7 mm solid fuel combustion. Fine matters
below 100 microns may deteriorate flow manner, so to avoid this disturbing flow
manner of that fine char waste material, clayish char pellets were used in combus-
tion chamber. Fine char wastes may also be evaluated with lime as sorbent raw
material. The coal fly ash and Şırnak asphaltite fine could manage remediation of
soil as sorbent utility without carbonation and neutralizing humate material as
waste [23]. The black carbon used in industrial sectors such as rubber, paper, and
animal food production may evaluate as much as 40% marble waste fine coal char
and fly ash. The fly ash of Silopi Power Plant combusting Şırnak asphaltite fine
containing Ca ferrite and alkali ferrite pellets could be used as sorbent in
postcombustion. In this study, TGA experiments with 1–2 mm sized ash ferrite
pellets of Silopi Power Plant were evaluated and compared with char.

Microwave activity and chemical activity in postcombustion were found to be
effective in desulphurization of flue gas and soot occurrence. Microwave
activation of fly ash with Ca ferrite and metallic slag was much efficient in humid-
ified exhaust gas reactions. Fine chemical washing during microwave absorption
columns and heating may also be evaluated as active site formation at raw
material without destroying chemical form for industrial sectors such as active
chemical reactivity.
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3. Theory of adsorption on sorbent

According to the Clapeyron Equation, there is a direct proportionality between
the concentration c adsorbent gas mixture and p partial pressure:

p ¼ cRT (1)

c ¼ �P
RTLnK

(2)

For sorbents that have microporous mesoporous structure, Dubinin Equation for
first-order isotherm

wAdsð Þn ¼ v pore
V

e
�BT2

ß2
log P

Pð Þ2
h i

(3)

For meso- and nanoporous sorbents,

log p2x ¼ log p2 � B
T2

ß2 log
p2
P

(4)

For second-order isotherm in which dynamic rate of adsorption by Shilov
Equation

t ¼ KH � t (5)

t ¼ a
vc

H� T2

ß2 log
p2
P
� 1

� �� �
(6)

For third-order heterogeneous adsorption, where K = B/v = a/vc, thermal power
generation causes gas pollution by nitrogen oxide sulfur oxide and heavy toxic
cyanide and lead emissions due to fuel contamination in Austria (Figure 7) [24] and
coal firing power plant data for Turkey is given in Table 2 [24].

Figure 7.
Emission of thermal power plants in Austria.
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3.1 Adsorption of SOx at combustion

The sulfur oxide emissions greatly concerned the thermal boilers and energy
sector, and caused more efficient new methods for postcombustion SO2 capture
from the stack gas. Among procombustion and postcombustion systems, wet flue
gas washing was carried out in higher and wider shower stacks, and lime slurry
sorption one, which was used for a gas cleaning separation for many years. The
characteristic features of adsorption column provide long life of the sorbents used,
low energy consumption, and less effect on the environment. However, sorption
column by lime slurries at postcombustion application required distinct preparation
of the stack gas fed into the washing tower of SO2 separation so that the flue gas
temperature is as low as possible and with a lack of steam in it.

3.1.1 Langmuir model

The gaseous matter reacts with adsorbent and then adsorbs the sorbent in cer-
tain amount that is equal to the amount of previous adsorbent that was partially
degraded on the surface of the expanded clay, removing aliphatic hydrocarbons and
phenols/chlorinated phenols and carbonyl toxins, along with organic matter–related
odor substances.

The Langmuir model [25, 26] is the common one sorption explanation for well-
known reacting column packed explaining sequential diffused and concentrated
adsorbed matter and kinetics. Although the linear concentration sequentially
followed, sequential adsorption packed bed column was usually experimented by
various researchers for the sorption diffusion process of fuel carbon materials, and
it can also be used for the sorption over leafy composites. The carbon material is
soaked in fluid in an ethanol extraction vessel, and after some time, the solute is
diffused from the leafy composite substrate matrix and gets adsorbed on the active
surface sites, which further mass transfers to the separator vessel in the solvent. The
Langmuir extraction model is presented in the following form:

Y ¼ Yf :t KL þ tð Þ (7)

where Y is % extraction yield (w/w) and Yf and KL are constants (Yf is the yield
at infinite time).

The temperature dependence of the adsorption coefficient is governed by an
Arrhenius equation as follows [27]:

KL ¼ K0L exp �ERTð Þ (8)

where E is the activation energy (kJ/mol), K0L is the pre-exponential coefficient,
and R is the universal gas constant.

Pollution Emission kg/MWh Emission %/MWh

CO2 1.650 13

Particle 0.174 0.3

SO2 0.011 0.01

NOx 0.046 0.02

Table 2.
Polluting gas emission of thermal power plants in Turkey.
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3.2 Microwave activation of wet char

This type of microwave treatment may be advantageous in internal selective
heating and activating coal grains and provides selective surface oxidation of pyrite
in coal desulfurization.

Microwave energy with frequency nonionizing electromagnetic radiation in the
range of 300 MHz to 300 GHz stopped. The radiation includes tri-band microwave
frequency (UHF: 300 MHz to 3 GHz), super high frequency (SHF: 3 GHz and
30 GHz), and extremely high frequency (EHF 30 GHz to 300 GHz) [28]. The
microwaves penetrate the depth of the sample in the form of electromagnetic
energy, which increases the temperature of the sample volume, unlike conventional
heating [29].

Mineral leaching in slurries under microwave thermal effect, melting of the
microwave wet roasting of sulfide concentrates, wet oxidation of refractory gold
concentrates, and activated carbon regeneration can be accomplished in wet solu-
tions [30, 31]. There will be wet solutions of ferrite affected by microwave heating
as sorbent effect of fly ash of Şırnak asphaltite same as that of limestone rock
[20, 21, 32].

Microwave heating technology provides oxidation heating and the interaction
was determined to be applicable successfully [28]. Microwave interaction parame-
ters of rocks, microwave penetration, expansion of different mineral grains, and
grain boundary cracking properties were examined. The temperature varies
according to the thermal effects of microwave on mineral species [33]. Table 3
showed microwave radiation, the higher penetration of mineral grains of pyrite as
given and has lead 1019°C like a temperature change.

Pore structure of the coal sıde rock, shale texture, contained pyrite at grain size
in microns and determined the resistance at intergranular interaction with micro-
wave. The wet heat sorption of the coal’s texture of side rocks and coal was deter-
mined with TGA standard test.

Mineral Maximum temperature, °C Time, min

Albite 69 7

Chromite 155 7

Chalcopyrite 920 1

Zinabar 144 8.5

Gehlenite 956 7

Hematite 1082 7

Magnetite 1258 2.75

Marble 74 4.25

Molybdenite 192 7

Orthoclase 67 7

Pyrite 1019 6.75

Pvrotine 586 1.75

Quartz 79 7

Sphalerite 88 7

Zircon 52 7

Table 3.
Mineral microwave thermal interaction values [33].
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4. Materials and method

The biochar and char waste with clay produced from different combustion
temperatures at 700–900°C were tested in three column series for adsorption of SO2

as seen in Figure 5. Test results were determined as weight change in TGA.
The experimentation studied weight adsorbed matter presenting decrease or

increase at TGA analyzer and simulated numerical calculations of the carbon
porous counted system for letting sequential passage of the flue gas fed as the wet
SO2 sorption, by primarily under vacuum pressure swing sorption separation
unit, containing the absorption chiller (AC). Steam matter in flue gas affected
resulted numerical concept, Mainly it is assumed that gas flowing as the wet flue
gas which occurred in comparison upper and lower heat source for AC; the flue
gas, which is larger heat carrier so that required by the AC, heat exchangers must
be practiced.

4.1 Microwave acted hollow fiber membranes use for gas sorption

The SEPURAN® hollow membrane was effective in gas separation and cleaning.
The gas cleaning unit compromised various membrane systems for different appli-
cations. SEPURAN® Green is tailored exactly to the specific application, which
was ideally clean biogas due to its high CO2/CH4 selectivity.

4.2 The reactivity for gas sorption

Gas sorption sequential columns and composite sorbent membranes provided
adsorption work according to the principle of selective gas permeation through
the char and composite membrane surface. The reactivity and active site pore
improve permeation and the inner site mass rate of each gas depend on its solubility
on the char surface and active composite membrane material and on the diffusion
rate of the gas.

The active char could improve reactivity and high mobility of molecules that
pass through the composite membrane. The larger gas molecules take more time
to permeate the membrane. The experiments showed that different type of com-
posite polymer membrane materials could work heavier gas separately. The mainly
selective gas passage through the membrane in order to clean the flue gases was
achieved by means of a partial pressure gradient.

4.3 Active char production from municipal waste

Municipal solid waste (MSW) yielded worthless litter as disposed matter and
recycled or covered by land in certain areas, and in many states, it may evaluate as a
renewable energy source by incineration. Totally, about 130 million tons of MSW
are incinerated annually in waste-to-energy facilities that produce electricity and
steam for district heating and even metal contents may be recovered in recycling
plants. A large amount of paper is recycled in China, evaluating a significant
amount of paper sludge and residue during the paper production process. The
incineration plants [34] can use that sludge and provide waste elimination. Cur-
rently, two incineration methods, distinguished as either direct incineration of
partially dewatered sludge (generally 80% water content) or dried sludge incinera-
tion (dried to about 40% water content), are available. Research on comparison of
fixed cost, operating cost, and pollutant emissions between the two systems is
presented. Fixed cost and steam consumption increase for the dried sludge
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incineration system though this method possesses many advantages; these
include the decrease in consumption of auxiliary coal, service power, and flue gas
purification.

4.4 Adsorption of SOx at combustion

The distinct character of adsorption column sorption in packed bed layer was
mainly long life use of the sorbents, consuming low energy. The alkali and lime
slurries used for washing protect the environment from acid rains and acidic gas
emissions such as chlorides and sulfates. Higher column units are used sequentially
and in cycling manner provide much efficient capture of the toxic gases in the flue
gas fed into the postcombustion system with SO2, even lead and cyanide gases

Figure 8.
Adsorption amount sequent at back mixing model for column sorption [23].

Figure 9.
Proposed adsorption model, sequential column series in fluidized bed combustion of Şırnak asphaltite.
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separated on char and composite waste char clay composites so that the flue gas
temperature is as low as possible, and there is no water content in it.

Microwave heating of wet coal char samples containing pyrite of minerals may
provide the inner thermal stress and interfacial cracks. In this work, following
microwave sorption and pellets to a size of minus 1–2 mm from 200 μm and
especially, the effect of microwave radiation on char sorption of those char and
ferrite fly ash samples was investigated. Limestone and lime mixed pellets were also
tested by TGA with microwave wet sorption in columns on combusted Şırnak
asphaltite; marl from Şırnak Coal Mine and shale taken from coal mine waste
dumps were also tested. In the experiment, microwave power of 900 Wmicrowave
radiation was practiced at 20 min cycling sorption bed in Bosch-type microwave
laboratory equipment, as shown in Figure 8 [35–37].

Hydrodynamic parameters investigated pressurized column (Figure 9), and
simulation results of the output of concentrations (step curve F(t/τ), where τ is the
mean residence time of fluid in the column) are shown in Figure 10. According to

Figure 10.
Microwave radiation carried out in wet steam of stack gas flow in pressurized packed counter current flow
matter.

Figure 11.
Spherical core shrinking sorption reaction model [23].
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incineration system though this method possesses many advantages; these
include the decrease in consumption of auxiliary coal, service power, and flue gas
purification.

4.4 Adsorption of SOx at combustion

The distinct character of adsorption column sorption in packed bed layer was
mainly long life use of the sorbents, consuming low energy. The alkali and lime
slurries used for washing protect the environment from acid rains and acidic gas
emissions such as chlorides and sulfates. Higher column units are used sequentially
and in cycling manner provide much efficient capture of the toxic gases in the flue
gas fed into the postcombustion system with SO2, even lead and cyanide gases

Figure 8.
Adsorption amount sequent at back mixing model for column sorption [23].

Figure 9.
Proposed adsorption model, sequential column series in fluidized bed combustion of Şırnak asphaltite.
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the shape of the curves in column adsorption shown in Figure 11, the response of
the stage-wise back mixing model changes from a mixed flow condition managed at
low pressure.

5. Results and discussions

The popped borax-char column temperature produced from different
combustion flue gas exit level or long duration of cooling of exhaust system
(Figures 12 and 13). The temperatures at 50–200°C were tested in three column
series for adsorption of SO2 as seen in Figure 14. Test results were determined
as weight in TGA.

Figure 12.
Adsorption column used in postcombustion with packed popped borax-char carbon tubes.

Figure 13.
SOx output concentrations packed bed residence time of waste gas in the column unit.
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The popped borax-char column humidity produced from different combustion
fuel and combustion temperature exit or fuel moisture content in the exhaust
system. The steam amount in flue gas at exhaust chamber that varied at 5–20% was
tested in three column series for adsorption of SO2 as seen in Figure 15. Test results
were determined as weight in TGA.

Advanced materials and technologies should be used to prevent pollution of
exhaust gas; the material used in this study is finally concluded as efficient and high
cut with ecological environmental protection (Figure 16).

The representative poped borax composite samples at 1–3 mm sized pellet frac-
tions of combustion Şırnak asphaltite, shale and coal waste raised SO2 sorption
weight by the microwave radiation increased to 23, 21, and 12% at decreasing
pressure., respectively, and all those valuse with char raised to 46, 24, and 14% at
decreasing pressure. Microwave wet heating of porous coal did not change. The
optimum sorption with char and ferrite using column was effective far more than
waste coal and limestone as was discussed in microwave heating ability and heat
conduction in the wet column designed in laboratory TGA.

Figure 14.
The effect of adsorption pressure effect on sorbent pore change as %.

Figure 15.
The effect of adsorption pressure effect on sorbent weight change as %.
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6. Conclusion

Fine marble waste and char composite may also be evaluated as lime raw mate-
rial for sorbent material in power sectors and industrial furnaces such as rubber,
paper, and wood plants.

The popped borax and char waste pellets managed at 10 minutes in packed bed
with a porosity of 21 and 88% sulfur dioxide emission hold up and soot reduced 45%
emission reduction in fluidized bed combustion.

The results showed expansion of the operational envelope for gas having much
steam carryover and improved performance of the modified column. For low pres-
sures, the modified column can remove all the toxic emissions from the gas stream,
resulting in low steam carryover (separation efficiency = 70%). The study of emis-
sion control at sustainable development from many aspects in power generation
was compulsory, and then advanced materials and technologies should be used to
prevent pollution of exhaust gas. The material used in this study is finally concluded
as efficient and high cut with ecological environmental protection.

Abbreviations

AC activated carbon
C constant defined in Eq.(1)(g/kg)
Dp mean pore diameter of adsorbent (nm)
PD intraparticle diffusion
kp rate constant (mg/(g min1/2))
V surface of adsorbate (cm2 g�1)
r volume of adsorbate (mL)
D distance in radial direction of adsorbent; 0< r < R (cm)
ε adsorbent dose (g L�1)
ρP void fraction in the adsorbent
d particle density of adsorbent (g cm�3)

Figure 16.
The effect of adsorption pressure effect on pumice popped borax compost sorbent weight change as %.
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Chapter 5

Treatment of Agro-Food
Wastewaters and Valuable
Compounds Recovery by Column
Sorption Runs
Jacques Romain Njimou, Fridolin Kouatchie Njeutcha,
Emmanuel Njungab, André Talla
and Nkeng George Elambo

Abstract

Olive oil extraction generates a large quantity of wastewater which is a strong
pollutant due to its high organic load and phytotoxic. However, its content in
antibacterial phenolic substances displays to be resistant to biological degradation.
The discharge of olive mill wastewater (OMWW) is not allowed through the
municipal sewage system and/or in a natural effluent. Unfortunately, the current
technologies for the treatment of OMWW are expensive and complicated to be
operated in a mill factory where the objective of this study. We have designed and
implemented a process that permitted both the treatment of agro-food processing
water and the recovering of compounds of market interest. The process was applied
in the effluents of olive oil mill factories to recover polyphenols with a possible
significant reduction of organic waste. The nanofiltration fraction obtained from a
sequential treatment involved coagulation, photocatalysis, ultrafiltration and
nanofiltration was performed to separate the most valuable compounds using col-
umn adsorption runs. Competitive adsorption and the selectivity were obtained for
phenol and hydroxytyrosol onto macro-reticular aromatic polymer (FPX66) and
macroporous polystyrene cross-linked with divinylbenzene (MN202), respectively.
The investigations were followed by a single component of phenol or tyrosol, binary
phenol and tyrosol and ternary components in NF concentrate of OMWW for
valuable compounds recovery conducted in a fixed-bed adsorber of resins. During
the intermediate stage of the column operation, adsorbed tyrosol molecules were
replaced by the incoming phenol molecules due to the lower tyrosol affinity for
FPX66 resin and the tyrosol concentration was higher than its feed concentration.

Keywords: OMWW, ultrafiltration, nanofiltration, fixed-bed column,
polyphenols recovery, polymeric resins

1. Introduction

Phenol and phenolic species are chemicals commonly found in various industrial
waste in general and in a particular in olive mill wastewater. Phenol is also known as
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1. Introduction

Phenol and phenolic species are chemicals commonly found in various industrial
waste in general and in a particular in olive mill wastewater. Phenol is also known as
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carbolic acid. It’s a white crystalline toxic solid with a sweet tarry odor commonly
referred to as a “hospital smell”; with a pKa of 9.98 and solubility of 8% (wt.) in the
water at 25°C. In fact, the US Environmental Protection Agency (EPA) and the
European Union (EU) directive number 80/778/EC consider phenol as a priority
pollutant [1]. The concentration of phenol in wastes varies in a wide range from
several ppm to 2–3% and phenols degradability are limited. Several techniques are
available currently for the treatment of phenolic effluents.

Adsorption processes have been intensively used in wastewater treatment for
phenol and other organic compounds. Phenols in olive mill wastewaters (OMWW)
have very complex compositions and the treatment feasibility has to be
separately made through experimental approaches [2–6]. Conventional fixed
bed processes involve a saturation, adsorption or loading step, followed by desorp-
tion, elution or regeneration steps [7]. The use of granular activated carbon (GAC)
for removing toxic organic chemicals including phenol from wastewater is one of
the best commercially proven methods. Although activated carbons exhibit an
excellent adsorption capacity for the removal of phenol from wastewater, this
method exhibited the difficulty to its regeneration and quite expensive to
dispose of [7–12].

Therefore, the necessity of the alternative adsorbents which are equally effective
and easier to regenerate and recently, a new kind of hypercrosslinked polymeric
adsorbent was found to be very effective for removing aromatic compounds from
aqueous solutions [5, 7, 13, 14]. Macroreticular resins are the most promising in the
separation processes due to its easier regeneration and it is well used in industrial
practices. The wide variations in functionality, surface area, and porosity available
for macroreticular resins present the possibility of its selective separation of the
effective components. Furthermore, the regeneration of the resins can easily be
accomplished with a solvent and hence, the adsorption of phenol can be realized by
macroreticular resins. Numerous studies on the removal of metals and organic
pollutants by these adsorbents in discontinuous systems have been reported [10, 11,
15]. However, the application in continuous systems i.e. in a fixed-bed column is
often preferred, since it is simple to operate, given to high yields and can be scaled-
up in the laboratory process. In order to design and operate fixed-bed adsorption
process successfully, both equilibrium and dynamic adsorptions in specified sys-
tems must be known. The indicators are the breakthrough curves under specified
operating conditions must be predictable. The shape of this curve is determined by
the shape of the isotherm equilibrium and it is influenced by the individual trans-
port processes in the column of adsorbent [10, 11, 15].

In this chapter, the experimental results on adsorption tests performed by resins
were presented. The polyphenols are extracted from a nanofiltration concentrate
stream produced during the purification of olive vegetation wastewater from a 3
phase process. This wastewater contains many polyphenols, mostly hydroxytyrosol,
which may have a market.

The high organic content of olive wastewater exhibits to its impossible direct
recovering of polyphenols content. The high suspended solids in the raw stream
will quickly block the adsorption column, making the recovery process difficult.
Moreover, many other interfering and undesired pollutants would interfere
with the recovery process. For this reason, the recovery of polyphenols will be
accomplished on a pretreated stream that is the concentrate of nanofiltration
which is produced after the treatment of the raw wastewater by flocculation,
photocatalysis and ultrafiltration. The concentrate of nanofiltration is rich enough
of polyphenols to permit a suitable recovery from a technical and economical
point of view.
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2. Materials and methods

2.1 Packaging of wastewaters from olive mills

The samples of water were placed in 30 L bottles and were transported to the
laboratory. The samples of OMWW were kept at �20°C for the later use. The
research process developed in the laboratory for processing OMWWs is comprised
of the steps described below.

2.2 Protocol processing of OMWW in laboratory pilot

The processes applied during the treatment of agro-food wastewaters (OMWW)
and valuable compounds recovery are the following:

2.2.1 Sieving of OMWW

The OMWW were separated from solid particles by using a 300-micron sieve.

2.2.2 Clarification by coagulation-flocculation for removing particles

The coagulation helps to destabilize the suspended particles and facilitate
their agglomeration. This method is characterized by injecting and dispersing
chemicals. The flocculation aims to promote contact between the destabilized par-
ticles through slow mixing. These particles combine to form a flock which is
removed by decantation. The water flocculation was performed by nitric acid at
the temperature of 50°C and the initial pH of 5.2 was reduced to 3.0; followed the
photocatalysis.

2.2.3 Photocatalysis

The heterogeneous photocatalysis is based on the interaction of the light and
nanoparticles. Photocatamysis has been an innovative and promising technique for
the purification of wastewater. The titanium dioxide (TiO2) is the most of the
common catalyst used nowadays due to its high performance, low cost, high
photoactivity, low toxicity, chemical stability, insolubility and the resistance to
photo-corrosion. The photocatalysis of clarified water stirred by a stirrer type
Heidolph RZR 2014 was carried out by [16, 17]; on magnetic nanoparticle size of
79 nm coated with titanium oxide. The device is irradiated by a UV lamp VL-315
BLB 3x15W-385 nm Tube Power 90 W made in France for 4 h followed by the
membrane treatment.

2.2.4 Ultrafiltration

The clarified OMWW was ultra-filtered on GM membranes, GK, GH and GE
Type (TFM) tubular listed in Table 1 with the cutoff between 100 and 200 kDa,
and the recovering of the permeate. The ultrafiltration method is followed by
nanofiltration.

2.2.5 Nanofiltration step

The permeate obtained by ultrafiltration is nano-filtered on DK and DL; spiral
and tubular membranes type (TFM) listed in Table 1 with the cutoff between 150
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and 400 Da, and at the maximum pressure of 16 Bar. Following this operation is
obtained the rich fraction in polyphenols called nanofiltration concentrate. This
concentrate is used in the adsorption/desorption tank for the separation of toxic
compounds and the recovery of polyphenols of interest. If the operation is pursued
we have the reverse osmosis which leads to the production of pure water. The
membrane characteristics of this operation are recorded in Table 1 and both
Figures 1 and 2 present the installation of the pilot plant used in the membrane
treatment.

ID Type of operation Material Pmax Tmax Pore size

JX MF (microfiltration) PVDF 12 Tmax 300.00nm

JW UF (ultrafiltration) PVDF 12 50°C n.d

GM UF TFM 16 50°C 2.00 nm

GK UF TFM 16 50°C 1.63 nm

GH UF TFM 16 50°C 0.90 nm

GE UF TFM 16 50°C 0.63nm

DL NF(nanofiltration) TFM 32 50°C 0.65 nm

DK NF TFM 32 50°C 0.50 nm

AK RO (reverse osmosis) TFPS 70 50°C < 0.1 nm

SG RO TFPP 70 50°C < 0.1 nm

SC RO TFPP 70 50°C < 0.1 nm

PVDF: difluorure de polyvinyl,TFC or TFM: thin-film composite membranes,TFPP: talc filled polypropylene
co-polymer,TFPS: thin-film polymer on silicon.

Table 1.
Characteristics of membrane modules used.

Figure 1.
Schematic of the pilot plant used.
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2.3 Schematic description of the pilot plant

The pilot plant used is Ecosystem S. L Technologies and described as the
following [18–21]:

S01: Feed tank with the capacity: min 10 liters, max 100 liters where is intro-
duced the water to be treated.

F01: Cartridge filters of 50 μm to remove power remaining solids.
P01: Volumetric pump.
P02: Centrifuge pump.
M01: Housing for medium size membrane modules, mod. 2540, area 2.51 m2.
M02: Housing for small size membrane modules, mod. 1812, area 0.52 m2.
FI01: Flow-meter concentrate stream.
FI02: Flow-meter permeate stream.
E01: concentrate heat exchanger (big).
E02: concentrate heat exchanger (small).
Vxx: valves (x = 1, 2, 3,… ., 35).
OMMW pre-treated feedstock was stored in a feed tank (FT1) of 100 L. The

centrifugal (P1) and volumetric (P2) pumps to drive the wastewater stream over
the spiral-wound membrane supplied by osmotic fitted in the housing M1, at a flow
rate of 600 L/h. The active membrane area of each module was 2.51 m2 [18–21].

The maximum one for the used membranes in this work that can be obtained
constantly on this system, for the ultrafiltration (“UF”), the nanofiltration (“NF”)
and the reverse osmosis (“RO”) type is reported in Table 2. The membranes are
characterized when new by their pure water permeability value mw, the average of
the pore size Dp and the maximum operating pressure Pmax. The membrane mod-
ules were used under the flux threshold conditions at least of 1000 operating hours.
Each module exhibited reduced pure water permeability values compared to new
ones. By acting on the regulation valves V1 and V2, it was possible to set a desired
operating pressure PExT over the membrane by maintaining a feed constant flow
rate with an accuracy of 0.5 bar. The permeate and concentrate streams were cooled
down to the feedstock temperature, mixed together and the feedstock composition
was maintained constant during each experimental batch run. The temperature was

Figure 2.
Photography of the pilot plant used (Ecosystem S. L Technologies).
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set at 20 � 1°C for all experiments [18, 19, 22]. The pretreatment processes aim to
reduce TSS and organic matter by measuring the COD. The results obtained by the
authors [18, 19, 22] are shown in Table 2 and are reported as a percentage of the
reduction (Δ%). The adsorption step on polymeric resins is applied after the mem-
brane treatment and obtaining the fraction of nanofiltration.

2.4 Characteristic and activation of FPX66 and MN202 resins

FPX66 and MN202 resins were provided courtesy of Rohm&Haas aromatic and
Purolite Ltd., respectively. The physicochemical characteristics of these resins are
summarized in Table 3. FPX66 and MN202 resins were activated by using sodium

Type Characteristic of membrane modules [18, 19, 22]

Id mw [L/hm2bar] mw [L/hm2bar] Dp [nm] Pmax [bar]

UF Osmonics model GM 16.3 4.8 2.0 16

NF Osmonics model DK 7.9 5.2 0.5 32

RO Osmonics model SC 2.7 2.6 < 0.1 65

Stream Pretreatment of OMWW raw materials [18, 19, 22]

COD TSS pH

[g/L] Δ% [g/L] Δ% —

Raww OMWW 32.4 — 33.0 — 5.2

After flocculation 22.2 31.5 10.9 66.9 3.1

After
centrifugation

19.2 13.5 8.4 22.9 —

After photocatalysis 16.5 14.1 5.2 38.1 —

Table 2.
Characteristics of the membrane and the pretreatment of OMWW.

Properties FPX66 MN202

Physical form White spherical beads White spherical beads

Matrix Macro-reticular aromatic
polymer

Macroporous polystyrene cross-linked with
divinylbenzene

Moisture holding
capacity

60–80% 50–60%

Shipping weight 680 g/L 655–685 g/L

Specific gravity 1.015–1.025 1.04

Surface area(2) ≥700 m2/g 825 m2/g

Porosity(2) ≥1.4 cc/g 1–1.1 mL/g

Mean diameter Harmonic mean size
0.600–0.750 mm

535 � 85 μm

Particle size
• Uniformity

coefficient(1)

• Fine content(1)

• Coarse beads(1)

≤2.0
<0.300 mm:3.0% max
>1.180 mm:5.0% max

d50, meso and macropores: 600–900
D50, micropores: 15

Table 3.
Physicochemical characteristics of the resins FPX 66 and MN202.
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chlorite and washing with distilled water and then filtrating with a Buchner filter
connected to a vacuum pump system. The filtrated resins were put into the beakers
that already contained distilled water and the resulting solution was then left at
constant stirring (70 rpm) for an hour. At the end of this procedure, the quantities
of dissolved salts were evaluated through a digital conductivity meter. Since the
results were not satisfactory, the new filtrations were made and the stirs were
repeated, again for 60 minutes.

The solutions were again measured at the end and the decreases in salt concen-
trations were revealed. Finally, the treated resins were put into others beaker
containing 96% ethylic alcohol, and then the contents of the beakers were stirred
(120 rpm) for an hour. After this procedure, the resins were filtrated and conserved
in a distilled water environment ready for use.

2.5 Column adsorption and desorption experiments

Lab-scale packed bed column experiments were carried out to evaluate the
performance of the resin for the adsorption of phenolic compounds. In a typical
procedure, the fixed-bed columns were made of Pyrex glass tubes of 1 or 2 cm inner
diameter with 9.5 and 19.5 cm height respectively. The model column was packed
with the adsorbent between glass wool and supported by inert glass beads as shown
in Figure 3.

The column performance adsorption onto resin was studied at different phenol
concentrations of 200, 400 and 600 mg/L, bed height 9.5 and 19.5 cm and flow rate
between 0.8–4.0 mL/min. The bed diameters and depths took were 10.0 and
19.5 cm (resin mass of 5.07 g), 2.0 and 19.5 cm (resin mass of 41.6 g), respectively.
The influent of phenol solution was pumped in an upward mode with a peristaltic
pump in order to avoid channeling inside the column.

2.5.1 Performance indicators in a fixed-bed column

The breakthrough curves showed the loading behaviour of phenol, tyrosol and
hydroxytyrosol to be removed in a fixed bed. It is expressed in normalized concen-
tration defined as the ratio of effluent solute concentration to inlet (feed) solute
concentration (Cout/Cin), as a function of time or volume of effluent for a given
bed height [23].

Figure 3.
Schematic of the experimental setup in upward mode.
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constant stirring (70 rpm) for an hour. At the end of this procedure, the quantities
of dissolved salts were evaluated through a digital conductivity meter. Since the
results were not satisfactory, the new filtrations were made and the stirs were
repeated, again for 60 minutes.
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trations were revealed. Finally, the treated resins were put into others beaker
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(120 rpm) for an hour. After this procedure, the resins were filtrated and conserved
in a distilled water environment ready for use.

2.5 Column adsorption and desorption experiments
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diameter with 9.5 and 19.5 cm height respectively. The model column was packed
with the adsorbent between glass wool and supported by inert glass beads as shown
in Figure 3.
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Effluent volume (Veff) can be calculated by the following relationship:

Veff ¼ Q ttotal (1)

where Q and ttotal are the volumetric flow rate (mL/min) and the total flow time
(min). The adsorption performance for a given bed mass is directly related to the
number of bed volumes (BV) processed before the breakthrough point is reached
[24]. The number of bed volumes treated before a breakthrough can be calculated
as follows:

BV ¼ Volume of water treated at breakthrough point Lð Þ
Volume of adsorbent Lð Þ (2)

The rate for saturating the adsorbent during adsorption run was used to deter-
mine the regularity at which the adsorbent was replaced or regenerated. The
adsorption exhaustion rate (AER), where low AER values imply the good perfor-
mance of the bed was given by [23, 25] Eq. (3):

AER ¼ mass of adsorbent m, gð Þð Þ
Volume of water treated Lð Þ (3)

The area under the breakthrough curve (A) calculated by integrating the plot of
adsorbed concentration (Cad; mg/L) versus t (min) and used to find the total
adsorbed phenol or tyrosol quantity (maximum column capacity). The total
adsorbed phenol or tyrosol quantity (qtotal; mg) in the column for a given feed
concentration and the flow rate was calculated as the following:

qtotal ¼
QA
1000

¼ Q
1000

ðt¼ttotal

t¼0

caddt (4)

The total amount of phenol or tyrosol in feed sent to column (mtotal; mg) is
calculated by:

mtotal ¼ CinQ :ttotal
1000

(5)

Equilibrium phenol/tyrosol uptake (qeq; mg/g) (or the maximum capacity of the
column) in the column is defined as the total of solute adsorbed (qtotal) per g of
adsorbent (X; g) at the end of total flow time, that is:

qeq ¼
qtotal
X

(6)

The column performance (Total removal percentage of solute) can be defined as
the ratio of the total adsorbed quantity of phenol/tyrosol (qtotal) to the total amount
sent to the column as follows:

Column performance %ð Þ ¼ qtotal
mtotal

� 100 (7)

Unadsorbed phenol/tyrosol concentration at equilibrium in the column (Ceq;
mg/L) can be defined by the following relationship:

Ceq ¼ mtotal � qtotal
Veff

� 1000 (8)
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In respect to the breakthrough separation of phenol, tyrosol and HO-tyrosol in
binary and in OMWW NF concentrate:

A.Tyrosol solution with 100% purity is represented by Time (h) in which the outlet
contains the only tyrosol since its breakpoint (B.T = Breakthrough time) as:

ΔV100 mLð Þ ¼ Q Time 100%ð Þ � Time B:Tð Þ
� �

(9)

B. Tyrosol solution with 90% purity is represented by Time (h) in which the
outlet contains the only tyrosol at 90% and phenol at 10% since its breakpoint
(B.T = Breakthrough time) as:

ΔV90 mLð Þ ¼ Q Time 90%ð Þ � Time B:Tð Þ
� �

(10)

C. In multi-component system OMWW NF concentrate, polyphenol solution
with 100% purity (tyrosol and hydroxytyrosol) is represented by latest time
(h) at which the outlet stream contains the target polyphenols of this study,
that is tyrosol and hydroxytyrosol, at 100% purity towards phenol since their
breakpoint (B.T = Breakthrough time) as:

ΔV ∗
100 mLð Þ ¼ Q Time 100%ð Þ � Time B:Tð Þ�

�
(11)

D.Tyrosol+ Hydroxytyrosol solution with 90% purity is represented by Time (h)
in which the outlet contains only tyrosol+ hydroxytyrosol at 90% and phenol
at 10% since its breakpoint (B.T = Breakthrough time) as:

ΔV ∗
90 mLð Þ ¼ Q Time 90%ð Þ � Time B:Tð Þ

� �
(12)

2.5.2 Breakthrough model studies

2.5.2.1 Thomas model

The Thomas model is widely used in column performance modeling. Its deriva-
tion assumes Langmuir kinetics of adsorption–desorption and no axial dispersion.
The expression for the Thomas model for adsorption column is given by [26]:

C ∗ ¼ Cout

Cin
¼ 1

1þ exp kThqeX
Q

� �
� kThCint

h i (13)

where kTh (mL/min/mg) a Thomas constant, qe (mg/g) the predicted adsorption
capacity, m mass of adsorbent (g), Q influent flow rate (mL/min), Cin the initial
concentration (mg/L), and Cout effluent concentration (mg/L). The linearization of
the Thomas model was expressed in Eq. (14):

TM ¼ ln C ∗ � 1ð Þ ¼ kThqeX
Q

� kThCint (14)

2.5.2.2 Yoon-Nelson (YN) model

Yoon-Nelsonmodel as other models did not require data about the characteristics
of the system such as well as the type of adsorbent and physical properties of
adsorption bed.
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The YN was expressed as follows [27]:

Cout

Cin � Cout
¼ exp kYNt� τkYNð Þ (15)

where kYN (L/min) the rate constant and τ (min) the time required for 50% of
adsorbate breakthrough. The linear form of YN model was expressed as follows:

YN ¼ ln
Cout

Cin � Cout
¼ kYNt� τkYN (16)

2.5.2.3 Adams-Bohart (AB) model

Adams-Bohart model was based on the assumption that the rate of adsorption
was proportional to the concentration of adsorbed species and the residual capacity
of adsorbent. The AB model was used to describe the initial part of the
breakthrough curve and expressed as [24]:

C ∗ ¼ Cout

Cin
¼ exp kABCint� kABN0

z
U0

� �
(17)

Where kAB (l/min.mg) is rate constant of Adams-Bohart model, z (cm) is the
bed depth, N0 (mg/L) is maximum ion adsorption capacity per unit volume of the
adsorbent column, and U0 (cm/min) is the linear velocity of influent solution. The
linear form of Adams-Bohart model is expressed as follows:

ABM ¼ lnC ∗ ¼ kABCint� kABN0
z
U0

(18)

2.6 Characterization techniques

2.6.1 Porosity and microporosity resins

2.6.1.1 Mercury porosimetry

Penetration of a liquid in a capillary is related to the shape and dimensions of the
capillary, and the surface tension of mercury and the pressure that is exerted on the
latter. The relationship between the pressure and the pore radius in the case of a
cylindrical pore is given by the following equation:

p:r ¼ 2γ cos θ (19)

where r: is the pore radius.
γ: mercury surface tension and equals to 480 mN.m�2. (Data Carlo Erba).
θ: contact angle equal to 141.3 degrees (data Carlo Erba).
The measuring instrument used is the automatic mercury porosimetry 2000

Carlo Erba, it gives a distribution based pore volume and the cumulative volume
per cent.

2.6.1.2 Measurement of micropores by t-plot method (thickness plot)

This method is used to estimate the volume and the surface of the micropores, or
to characterize the material from the point of view of their porosity. The data
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provided is the surface area of meso and macropores, and the volume of micro-
pores. It enables the determination of the specific surface area of the micropores
when coupled with the BET method. The accepted parameters for characterizing
materials according to the diameter (d in nm) pores are: micropores (d < 2 nm);
mesopores (2 < d < 50) macropores (50 < d < 7500) and megapores
(7500 nm < d).

The calculation method is based on the layout of the volume of gas adsorbed as a
function of the thickness of the monomolecular film of the same gas. This diagram
called thickness is subsequently used to evaluate quantitatively and qualitatively
the porosity of the adsorbent. The film thickness is calculated by either equation
Halsey Eq. (20) that of Harkins and Jura Eq. (21) [28].

t ¼ 13:99
log Po

Pe
þ 0:034

 !1=2

(20)

t ¼ 3:54
5

2:303 ∗ log Po
Pe
þ 0:034

 !1=3

(21)

By plotting the adsorbed volume according to the calculated thickness of the
film, the intercept (Y) of this curve (t-plot) is converted to the volume of gas to
liquid volume to provide micropores. The slope α of the linear section of the graph
used to calculate the surface area of the mesopores and macropores. The
corresponding formulas are given the following:

Micropores Volume ¼ 0:001547ð Þ ∗Y (22)

Mesopores specific area ¼ 1547 ∗ α (23)

The calculations also used to obtain the surface area A of the micropores as
follows:

A ¼ BET specific area� Specific area of mesopores (24)

The shapes of the curves and hysteresis provide information on the porosity of
the material studied according to the classification proposed by isothermal [29] and
modified by International Union of Pure and Applied Chemistry (IUPAC) [30].

2.6.2 Determination of point of zero charge (PZC)

The points of zero charge of FPX66 and MN202 resins were determined [31]. In
different flasks, 50 mL of NaNO3 0.1 mol/L was introduced and the pH of the
solution was adjusted by using 1 mol/L NaOH or HCl to obtain a denoted pHi value
between 2 and 12. One gram of activated resin was then introduced in each flasks,
covered and allowed to rest for 48 hours during which they were manually stirred.
At the end of the operation, the pH of the solution (pHf) was recorded. pHpzc were
derived from the curve ΔpH = pHi � pHf = f (pHi) as the intercept of the abscissa
for resins.

2.6.3 The specific surface area by the BET method

The determination of the recovery capacity by a mono-molecular layer of
adsorbate (Vm) allows for the calculation of the specific surface. The number (Vm)
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was calculated from the adsorption isotherm, mainly by the BET method depends
on the surface, temperature and pressure (STP) and the form of the following linear
transform:

A ¼ Pe

Va Po � Peð Þ ¼
C� 1
VmC

Pe

Po
þ 1
VmC

(25)

where Vm was the volume of a monolayer,
Va = volume adsorbed at a relative pressure Pe/Po;
Pe = sample equilibrium pressure,
Po = saturation vapor pressure of the gas to the temperature of the experiment,
C = relative constant to the enthalpy of adsorption.
The route of A = f (Pe/Po) is a line of a slope (C � 1)/VmC, and intercepts origin

at 1/VmC. In practice, this line was checked only in a limited area of relative
pressure (0.05 < Pe/Po < 0.2) and in many cases, it is always C > > 1. The BET
specific surface area (m2/g) was then determined from the following expression:

SBET ¼ Vm:N:Am

Mv
¼ Vm:Am:N:10�20 m2=g

� �
(26)

where N = is Avogadro constant (6.02x10�23),
Mv = Molecular volume per gram (22,414 cm3),
Am = area occupied by each molecule of adsorbate (0.162 nm2 for N2).

2.6.4 Analysis of phenolic compounds by HPLC

High-pressure liquid chromatography (HPLC) is a technique to identify com-
pounds within a sample by measuring the retention time through a separation
column transported by a proper bulk stream. The use of high pressure permits to
fasten the separation and obtain the results quicker. The measurement is done by a
mass spectrometer at the exit of the separation column and is capable to measure a
peak in terms of mAU, strictly connected to the concentration of the compound.

In this work, a C18 column was used. The bulk stream is composed of an
aqueous solution of 1% of acetic acid. At the start of each experimental run and
afterwards at regular time intervals, samples were withdrawn every 15 min, filtered
through a cellulose acetate membrane filter (0.20 mm, Schleicher & Schuell) and
analyzed. 25 μL of the sample was injected into the HPLC system. The temperature
of the column was 20°C and the flow-rate was 1 mL/min. The mobile phase: 0.5%
acetic acid volume (“A”) and acetic nitrile (“B”). Elution was performed under
conditions:

• At the start of 2 min of the run with 100% of A.

• From 2 to 60 min 40% of A and 60% of B.

Polyphenols were detected by a UV detector (280 nm). Beforehand, the reten-
tion times of the polyphenolic compounds of interest were measured using single
phenol, tyrosol and OH-tyrosol standard solutions ranging from a concentration of
100–600 mg/L. The chromatographic parameters, described in the following in
Table 4 [32, 33].

The quantification was based on the size of the chromatogram peaks and
achieving a standard range is developed for each of the standards polyphenols.
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3. Fixed bed studies

3.1 Effect of initial phenol concentration

The sorption breakthrough curves obtained at inlet phenol concentrations of
200, 400 and 600 mg/L at 0.106 L/h flow rate are given in Figure 4.

A decreasing inlet concentration gave a later breakthrough curve as displayed in
Figure 4. The treated volume was greatest at the lowest inlet concentration due to a
lower concentration gradient caused a slower transport and the decreasing in diffu-
sion coefficient or decreasing in mass transfer coefficient. The breakpoint time
decreased with increasing inlet phenol concentration as the binding sites became
more quickly saturated in the system. The breakthrough concentration (Ct/
Co = 0.03) occurred after 30 hours (3000 mL of effluent) i.e. 200 mg/L phenol inlet
concentration. It appeared after 17 hours and 15,5 hours corresponding to 1700 mL
and 1550 mL of inlet concentration of phenol 400 and 600 mg/L, respectively.

3.2 Effect of the flow rate

The effect on flow rate for the adsorption of phenol at flow rates 0.8; 2.0 and
4.0 mL/min at an influent concentration of 600 mg/L and bed height 19.5 cm
displayed in Figure 5. It was clearly observed that a rapid uptake was noticed in the
initial stages of adsorption and decreases thereafter and finally reaches saturation.
The increase in flow rate, the breakthrough curves become steeper and reach the
breakpoint quickly. This probe displayed a well-defined of the residence time of the
solute in the column, which was not long enough for adsorption equilibrium to be
reached at a high flow rate. So at the high flow rate, the phenol solution left the
column before equilibrium occurs. Furthermore, a fixed saturation capacity of bed
based on the same driving force gave rise to a shorter time for saturation at a higher
flow rate [8, 34, 35].

3.3 Effect of bed height

The breakthrough curves for the adsorption of phenol on macro-aromatic resin
FPX66 at various bed heights by fixing the influent concentration at 600 mg/L and
flow rate at 2 mL/min are given in Figure 5. The results indicated that the through-
put volume of phenol solution increased with increasing bed height, due to the

Parameters Details

Mediterranea sea column
Serial number: NF-21905

C18, thickness: 5μm, length 25 cm
Diameter: 0.46 mm

Pressure 150 bars

Temperature 20°C

Flow rate 1.0 mL/min

Eluant Acetonitrile + acetic acid 0.5%

Injection volume 20 μL

Wavelength 280 nm

Table 4.
HPLC parameters for the determination of polyphenols.
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was calculated from the adsorption isotherm, mainly by the BET method depends
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flow rate at 2 mL/min are given in Figure 5. The results indicated that the through-
put volume of phenol solution increased with increasing bed height, due to the

Parameters Details

Mediterranea sea column
Serial number: NF-21905

C18, thickness: 5μm, length 25 cm
Diameter: 0.46 mm

Pressure 150 bars

Temperature 20°C

Flow rate 1.0 mL/min

Eluant Acetonitrile + acetic acid 0.5%

Injection volume 20 μL

Wavelength 280 nm

Table 4.
HPLC parameters for the determination of polyphenols.
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availability of more sorption sites due to the increase in the total surface for
adsorption [34]. The equilibrium capacity decreases with the increase of the bed
height. In a fixed bed method the probability of contact between the adsorbate and
the adsorbent is less when compared to the batch mode, which results in lesser
equilibrium sorption capacity in column mode.

3.4 Dynamic adsorption models

3.4.1 Thomas model

The adsorption data were applied to the Thomas model and the results are
presented in Table 5.

Table 5 shows that the Thomas constant (kTh) as the equilibrium capacity q0(Th)
increases with the increase of the phenol concentration, the bed height increases
with the decrease of the flow rate. A negligible difference was observed between
experimental and calculated values of the bed capacity q0(Th) obtained at all inlet
phenol concentrations studied although the deviations of experimental data from
predicted values were evident at 2.0 and 4.0 mL/min flow rates. Thomas model
gives a good correlation with the experimental data at flow rates, bed heights for all

Figure 5.
Effect of bed height (a) and flow rate (b) for the removal of phenol on FPX66 column.

Figure 4.
Throughput volume and breakthrough for phenol at inlet concentrations.
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inlet phenol concentrations. Thomas model is suitable for adsorption processes
where the external and internal diffusions will not be the limiting step [34, 36].

3.4.2 Yoon-Nelson model

Table 5 showed the rate of constant kYN of Yoon-Nelson increased with
increasing phenol concentration. This was due to the fact that the increase in initial
phenol from 200 to 600 mg/L. This displayed an increase in the competition
between phenol molecules for the adsorption sites, which ultimately results in
increased uptake rate. The rate constant increased with increasing the flow rate and
decreased with an increase in bed height. At high flow rate, the number of phenol
molecules passing through an adsorbent was more which increased the rate. The
time required for 50% breakthrough τ decreases with increasing as the phenol
concentration, flow rate and bed height.

The adsorption capacities calculated based on Thomas and Yoon-Nelson models
are in good agreement with the observed value with high R2 values and very low
error analysis (0.03 ≤ Sd ≤ 1.95). Both models describe the behaviour of phenol
onto FPX66 resin column. The obtained results are in agreement with other authors
[34, 36, 37].

3.4.3 Adsorption of OMWW NF concentrate by FPX66 resin

In order to determine the adsorption effectiveness in a more complex and
realistic scenario, the FPX66 resin in fixed mode was exposed to an OMWW NF
concentrated containing all polyphenols from the membrane of nanofiltration plant
selected for this work [21, 22, 38]. The influent flow rate was kept at a constant flow

Parameters Experimental conditions

Feed stock C0 (mg/L) 200 400 600 400 400 400

Flow rate Q (mL/min) 2.0 2.0 2.0 4.0 2.0 2.0

Bed height Z (cm) 19.5 19.5 19.5 19.5 9.5 14.5

Mass of sorbent X (g) 41.6 41.6 41.6 41.6 20.8 30.9

Mass sorbate X (mg) 1372.84 1740.50 2204 1603.90 814.23 1336.92

q0 (exp) (mg/g) 31.40 41.84 52.98 48.55 39.15 40.26

Thomas parameters at different conditions using linear regression analysis

kT (mL/min/mg) �10�5 2.08 2.13 3.21 3.12 2.7 2.43

q0 (Th) (mg/g) 32.48 42.44 51.34 48.35 40.16 43.14

R2 0.984 0.910 0.961 0.915 0.914 0.918

Sd 0.18 0.10 0.27 0.03 0.16 0.48

Yoon-Nelson parameters at different conditions using linear regression analysis

q0 (YN) (mg/g) 29.64 36.15 41.26 48.30 48.61 37.64

K (YN) (L/min) �10�2 1.12 1.14 1.93 1.25 1.07 0.85

τ (min) 3082 1879 1430 1256 1264 1454

R2 0.959 0.918 0.961 0.15 0.914 0.966

Sd 0.29 0.94 1.95 0.04 1.57 0.43

Table 5.
Thomas and Yoon-Nelson kinetic model for phenol onto FPX66 in a fixed bed.
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inlet phenol concentrations. Thomas model is suitable for adsorption processes
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molecules passing through an adsorbent was more which increased the rate. The
time required for 50% breakthrough τ decreases with increasing as the phenol
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The adsorption capacities calculated based on Thomas and Yoon-Nelson models
are in good agreement with the observed value with high R2 values and very low
error analysis (0.03 ≤ Sd ≤ 1.95). Both models describe the behaviour of phenol
onto FPX66 resin column. The obtained results are in agreement with other authors
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In order to determine the adsorption effectiveness in a more complex and
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rate of 2 mL/min whereas the bed height, the diameter of the column and resin
particle size were Z = 3.8 cm, D = 4 cm, 0.600 ≤ d ≤ 0.750 mm) at ambient
temperature, respectively.

A considerable reduction in breakthrough time was observed for tyrosol i.e. 12;
11.5 and 6.5 hours respectively in single, binary and multiple component systems.
Although the increase of breakthrough time was observed for the phenol during 17;
18 and 22.5 hours respectively proved that the selectivity was observed for phenol
than other polyphenols by the FPX66 resin.

This could be attributed to competition between adsorbates for the same sites
and adsorbates include benzoic acids and its derivatives (gentisic, vanillic, gallic,
syringic acids), cinnamic acids and derivatives such as caffeic, ferulic, sinapic acids,
and phenolic alcohols, secoiridoides aglycones (oleuropein, ligstroside), flavonols,
flavones and fignans etc. coexisting frequently in OMWW (Figure 6) and more in
NF concentrate [18, 39, 40]. The macro-reticular aromatic resin pore adsorption
sites could be blocked by the polyphenol molecules.

The overall outlet capacities estimated for the tyrosol and the hydroxytyrosol
were only slightly enhanced plausibly indicating a combination of pore blockage
and unique interactions with the FPX66 surface. Phenol (pKa = 9.95) has a net
neutral charge, so that means binding onto FPX66 is probably to be attributed to
several types of molecular interactions, including hydrophobic interaction, hydro-
gen bonding, ionic attraction and complex formation [41]. Azonova and Hradil [42]
found that hydrophobic interaction was the binding mechanism for adsorption by
the hypercrosslinked Amberlite XAD-4. In addition, Maity et al. [43] showed that
the degrees of adsorption for phenols, alcohols and aromatic amines increased with
the strength of the hydrogen bond between the organic chemicals and the resin.
Juang and Shiau [44] found that adsorption of phenol and chlorophenol by the
macroporous Amberlite XAD resins was affected by the resin’s hydrophobicity, the
number of active sites and pore size distribution. By comparing the adsorption of
five organic chemicals, Weber and Van Vliet [45] concluded that hydrophobic
interaction played a key role in the adsorption of macroporous Amberlite XAD
resins. In addition, the swelling of resin-like, in this case, increases the volume of
the polymer phase and, thus, the absorption capacities of organic chemicals and it is

Figure 6.
Profile of the phenolic compounds identified in nanofiltration fraction of OMWW.
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probably affected by hydrogen bonding of polar organic chemicals and the
macroporous resins, such as Amberlite XAD-8 [43].

3.5 Dynamic adsorption/desorption

After the dynamic adsorption experiments, a 50% (v/v) EtOH solution at a flow
rate of 0.1 L/h was used to purge the resin column. Desorption results are displayed
in Figure 7 for different inlet phenol concentrations of 200, 400 and 600 mg/L.
About 3.0; 5.0 and 6.0-bed volumes of 50% (v/v) EtOH aqueous solution were used
to regenerate the FPX66 resin column, for initial phenol concentrations of 200, 400
and 600 mg/L respectively. The desorption capacities of phenol from FPX66 resin
were calculated to be 31.86, 37.06 and 48.00 mg/g at initial phenol concentrations of
200, 400 and 600 mg/L, respectively, which agrees well with the dynamic adsorp-
tion capacities of phenol with three inlet columns. This is also in agreement with the
results obtained by Li et al. [46].

4. Conclusions

The study, we can conclude that FPX66 resin is an effective adsorbent for
phenol removal from aqueous solutions.

From batch investigations, the effect of contact time for phenol removal by the
FPX66 resin showed rapid adsorption of phenol in the first 30 min. The equilibrium
data were fitted by Langmuir, Freundlich, Temkin and Dubinin-Radushkevich iso-
therms with good correlation coefficient R2. The adsorption kinetics followed the
pseudo-second-order model with a maximum capacity of 28.44 mg/g and obeyed
the intra-particle diffusion with high R2 (>0.999). Higher desorption efficiency was
obtained after 20 min of shaking time and the percentage of desorption decreased
with the increase in the initial concentration of phenol.

Figure 7.
Dynamic desorption curves of phenol concentrations on FPX66 resin.
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probably affected by hydrogen bonding of polar organic chemicals and the
macroporous resins, such as Amberlite XAD-8 [43].

3.5 Dynamic adsorption/desorption

After the dynamic adsorption experiments, a 50% (v/v) EtOH solution at a flow
rate of 0.1 L/h was used to purge the resin column. Desorption results are displayed
in Figure 7 for different inlet phenol concentrations of 200, 400 and 600 mg/L.
About 3.0; 5.0 and 6.0-bed volumes of 50% (v/v) EtOH aqueous solution were used
to regenerate the FPX66 resin column, for initial phenol concentrations of 200, 400
and 600 mg/L respectively. The desorption capacities of phenol from FPX66 resin
were calculated to be 31.86, 37.06 and 48.00 mg/g at initial phenol concentrations of
200, 400 and 600 mg/L, respectively, which agrees well with the dynamic adsorp-
tion capacities of phenol with three inlet columns. This is also in agreement with the
results obtained by Li et al. [46].

4. Conclusions

The study, we can conclude that FPX66 resin is an effective adsorbent for
phenol removal from aqueous solutions.

From batch investigations, the effect of contact time for phenol removal by the
FPX66 resin showed rapid adsorption of phenol in the first 30 min. The equilibrium
data were fitted by Langmuir, Freundlich, Temkin and Dubinin-Radushkevich iso-
therms with good correlation coefficient R2. The adsorption kinetics followed the
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From the fixed bed investigations, as the flow rate increased, the breakthrough
curve became steeper. The breakpoint time was obtained earlier at a high flow rate
and effluent phenol concentration ratio increased more rapidly. For lower bed
height, the effluent phenol concentration ratio increased more rapidly than for
higher bed height. For larger initial phenol concentration, steeper breakthrough
curves were obtained and breakpoint time was achieved sooner. The column
experimental data were fitted well to the Thomas and Yoon-Nelson models. Coming
to the end, we can draw a conclusion that, the use of resin column could be
completely regenerated by a 50% (v/v) ethanol aqueous solution.
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Acronyms and abbreviations

OMWW olive mill wastewater
FPX66 macro-reticular aromatic polymer
MN202 macroporous polystyrene cross-linked with divinylbenzene
EPA Environmental Protection Agency
EU European Union
GAC granular activated carbon
MF microfiltration
UF ultrafiltration
NF nanofiltration
RO reverse osmosis
PVDF difluorure de polyvinyl
TFC or TFM thin-film composite membranes
TFPP talc filled polypropylene co-polymer
TFPS thin film polymer on silicon
BV bed volumes
BT breakthrough
AER adsorption exhaustion rate
IUPAC International Union of Pure and Applied Chemistry
PZC point of zero charge
STP surface, temperature and pressure
HPLC high pressure liquid chromatography

Nomenclature

A area under the breakthrough curve obtained by integrating
(Cad) versus t (mg min/L)

AER adsorption exhaustion rate (�)

98

Sorption in 2020s

BV bed volumes (mL)
C* normalized concentration (�)
C constant that gives an idea about the thickness of the

boundary layer (mg/g)
Cad (Cad = Co � Ct) adsorbed phenol concentration (mg/L)
Cd concentration in the desorption solution (mg/L)
Ce equilibrium concentration of phenol (mg/L)
Cmax highest initial concentration in solution (mg/L)
Co initial concentration (mg/L)
Ct effluent concentration (mg/L)
D desorption ratio of the resin (%)
kTh Thomas rate constant (L/min/mg)
kYN Yoon-Nelson rate constant (1/min)
m initial mass of resin in batch mode (g)
mtotal total amount of phenol in the feeding sent to the column

(mg)
Q volumetric flow rate (mL/min)
q0(Th) maximum Thomas adsorption capacity (mg/g)
qo(cal) adsorption capacity calculated using three models (mg/g)
qt, qe amounts of adsorbed at time t and at equilibrium (mg/g)
R gas constant (J/mol/K)
R2 determination coefficient associated with data fitting (�)
t, ttotal time and total flow time (min)
T temperature (K)
V volume of solution (L)
Vd volume of desorption solution (L)
Veff effluent volume (mL)
X amount of adsorbent in the column (g)
Z bed height column or upward vertical axial distance inside

the fixed bed (cm)
ε void fraction in the bed (�)
ρa density of the adsorbent material (g/L)
τ time required for 50% of adsorbate breakthrough (min)
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Chapter 6

Glyphosate Resistance of Chloris 
virgata Weed in Australia 
and Glyphosate Mobility Are 
Connected Problems
Aman D. Sharma

Abstract

The purpose of this review paper is to address two major aspects of glyphosate 
application on farmers’ fields. The first aspect is the development of glyphosate resis-
tance in weeds like Chloris virgata, and the second aspect is glyphosate mobility, which 
is directly controlled by soil sorption processes and indirectly by molecule degrada-
tion processes. This is a global problem, as excessive glyphosate residues in ground-
water, drinking water, and urine of subsistence farmers from intensive agricultural 
localities have been reported, which can pose a risk to human health. Approaches like 
biochar as a possible strategy to control glyphosate leaching and crop competition as 
a cultural method to control glyphosate-resistant weed like Chloris virgata can be the 
potential solutions of the glyphosate resistance and glyphosate mobility.

Keywords: resistance, glyphosate, mobility, biochar, crop competition

1. Introduction

1.1 Chemistry of glyphosate

Glyphosate (N-(phosphonomethyl) glycine) is a non-selective post-emergence 
herbicide widely used in field crops, vegetable crops, and orchards. Glyphosate is 
absorbed by plants via leaves and shoots and is transported throughout the whole 
plant. Its usual formulation is salt of a deprotonated acid of glyphosate and a cation, 
e.g. isopropylamine or trimethylsulfonium. Its chemical structure has three groups 
(amine, carboxylate, and phosphonate) that form strong coordination bonds with 
metal ions to form bidentate and tridentate complexes (Figure 1). Hence it is a 
strong chelating herbicide [1].

Chemically, glyphosate is a phosphonate. It is mainly the phosphonate group via 
which glyphosate is bonded to iron and aluminum oxides by ligand exchange with 
the formation of mononuclear, monodentate, and/or binuclear, bidentate surface 
complexes [2].

1.2 Glyphosate degradation

Among the microorganisms, bacteria represent the majority of the glyphosate-
degrading organisms [3]. Bacteria degrade glyphosate by cleaving the C-N bond and 
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converting glyphosate to AMPA (amino-methyl phosphonic acid) which is further 
decomposed and finally excreted to the environment. Glyphosate degradation can 
also occur via C-P lyase pathway to sarcosine, rather than AMPA. A bacterial strain 
Bacillus subtilis Bs-15 degraded 18% (12 h) to 67% (96 h) of glyphosate in sterile soil 
and 19% (12 h) to 72% (96 h) in unsterilized soil. It indicates that Bs-15 can signifi-
cantly enhance glyphosate degradation.

1.3 Mobility of glyphosate

The binding mechanisms of clay minerals and organic colloids result in non-
occurrence of free glyphosate, but leaching of glyphosate complexes via preferential 
flow paths through the soil and transfer to waterways can occur, which could be 
a concern from the environmental pollution point of view [4]. In another study 
related to the desorption rate of glyphosate from goethite mineral surfaces, the rate 
of glyphosate desorption is mainly controlled by the breaking of the Fe-glyphosate 
bond through a dissociative or a dissociative interchange mechanism [5]. Soil 
redox condition is also an important factor controlling the mobility of glyphosate. 
Microbial degradation and mineralization of glyphosate were slow in anoxic envi-
ronments compared with oxic environments [6].

In US soils, glyphosate and AMPA have been detected together and found widely 
in the environment. The occurrence was more frequent in soils and sediments, 
ditches and drains, and rivers and streams and less in lakes, ponds, wetlands, soil 
water, and groundwater [7]. In western Switzerland, the surface runoff has been 
suggested as the major reason for the occurrence of glyphosate and AMPA in 
surface waters [8]; however, in a study related to Danish soils, limited leaching of 
glyphosate was reported in non-structured sandy soils, while subsurface leaching 
to drainage systems was observed in a structured soil when high rainfall followed 
glyphosate application [9].

In a study related to 14C glyphosate transport in undisturbed topsoil columns, 
the amounts of glyphosate leached from the macroporous sandy loam were 50–150 
times larger than that from the sandy soil [10].

1.4 Glyphosate residues

Glyphosate and its decomposition product AMPA have been reported in stream 
water samples in areas of Zurich, Switzerland, with median concentrations of 0.11 
and 0.20 μg/l; however, these compounds were not detected in groundwater [11].

In a Canadian study, glyphosate residues were observed in both upland and wet-
land settings; however, the concentrations were well below the Canadian guidelines 
for drinking water quality. Many other studies have reported glyphosate residues in 
streams and groundwater systems [8].

Figure 1. 
Chemical structure of glyphosate [1].

107

Glyphosate Resistance of Chloris virgata Weed in Australia and Glyphosate Mobility…
DOI: http://dx.doi.org/10.5772/intechopen.90323

An enzyme-linked immunosorbent assay (ELISA) was used to determine 
glyphosate presence levels in Hungarian water samples. Few samples showed 
exceedingly high concentration levels of glyphosate with this method [12]. Liquid 
chromatography is another method that can be used for the detection of glyphosate 
residues in cereal, oilseed, and pulse crops [13].

1.5 Soil properties and glyphosate mobility

Data from sorption studies indicated that sorption coefficients are the most 
sensitive parameters for environmental risk assessment and soil properties like pH 
and clay content govern the glyphosate adsorption in Argentinian soils. In a related 
study in Argentina, high glyphosate sorption with low desorption in mollisols and 
ultisols indicated a low risk of groundwater contamination [14].

In another study on glyphosate mineralization in different agricultural soils, 
exchangeable acidity (H+ and Al3+), exchangeable Ca2+ ions, and ammonium lactate 
extractable K were the key soil parameters governing mineralization [15]. In a study 
related to glyphosate sorption with high soil phosphate levels, glyphosate sorption 
distribution constant Kd in soils ranged from 173 to 939 l Kg −1 under very strong to 
strongly acidic conditions, but the Kd was always <100 l Kg −1 under moderately acidic 
to slightly alkaline conditions suggesting that glyphosate may become mobile by water 
in soils with high phosphate levels [16]. This is important concerning the application 
of phosphatic fertilizers, as the phosphate ion would desorb glyphosate from adsorp-
tion sites resulting in the mobility of glyphosate towards aquatic environments [17].

Generally, iron and aluminum oxides adsorb a greater amount of glyphosate 
and phosphates in comparison to layer silicates [18] supporting the role of soil 
mineralogy concerning glyphosate sorption. As high phosphorus application can 
desorb glyphosate from sorption sites, application of char can be effective in these 
scenarios concerning sorption of glyphosate. The rapid degradation of glyphosate 
in surface waters and its practically irreversible sorption indicated a low potential 
environmental risk [19].

An investigation on adsorption of the herbicide glyphosate and its main metabo-
lite AMPA found that pH(CaCl2) values, available phosphate, and amorphous iron and 
aluminum contents were the major parameters to predict the adsorption constants 
for these molecules [20]. In a similar study, while examining the effect of humic acid 
(HA) on the adsorption/desorption behaviour of glyphosate on goethite minerals, the 
herbicide was desorbed by two parallel processes: (i) a direct detachment from the 
surface, which is first order in adsorbed glyphosate, and (ii) a ligand exchange with 
HA molecules, which is first order in adsorbed glyphosate and first order in dissolved 
humic acid [21]. Glyphosate is adsorbed by humic acids via hydrogen bonding [22].

A laboratory study related to the fate of glyphosate and degradation in cover 
crop residues and underlying soil indicated that the differences in sorption and 
degradation levels were due to differences in the composition of the crop residues 
and availability to microorganisms [23]. In a related study of adsorption and mobil-
ity of glyphosate in different soils under no-till and conventional tillage, adsorption 
of glyphosate was influenced by the soil clay content and cation exchange capacity 
(CEC) and negatively related to pH and phosphorus. High Freundlich parameter 
(KF) values obtained in isotherm studies were the dominant factor influencing 
glyphosate mobility. KF values indicate the adsorption capacity of the soil [24].

1.6 Methods to understand glyphosate mobility

Sorption coefficients provide accurate information needed for reliable risk assess-
ments of groundwater contaminants by pesticides [25]. In a study related to sorption 
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converting glyphosate to AMPA (amino-methyl phosphonic acid) which is further 
decomposed and finally excreted to the environment. Glyphosate degradation can 
also occur via C-P lyase pathway to sarcosine, rather than AMPA. A bacterial strain 
Bacillus subtilis Bs-15 degraded 18% (12 h) to 67% (96 h) of glyphosate in sterile soil 
and 19% (12 h) to 72% (96 h) in unsterilized soil. It indicates that Bs-15 can signifi-
cantly enhance glyphosate degradation.

1.3 Mobility of glyphosate

The binding mechanisms of clay minerals and organic colloids result in non-
occurrence of free glyphosate, but leaching of glyphosate complexes via preferential 
flow paths through the soil and transfer to waterways can occur, which could be 
a concern from the environmental pollution point of view [4]. In another study 
related to the desorption rate of glyphosate from goethite mineral surfaces, the rate 
of glyphosate desorption is mainly controlled by the breaking of the Fe-glyphosate 
bond through a dissociative or a dissociative interchange mechanism [5]. Soil 
redox condition is also an important factor controlling the mobility of glyphosate. 
Microbial degradation and mineralization of glyphosate were slow in anoxic envi-
ronments compared with oxic environments [6].

In US soils, glyphosate and AMPA have been detected together and found widely 
in the environment. The occurrence was more frequent in soils and sediments, 
ditches and drains, and rivers and streams and less in lakes, ponds, wetlands, soil 
water, and groundwater [7]. In western Switzerland, the surface runoff has been 
suggested as the major reason for the occurrence of glyphosate and AMPA in 
surface waters [8]; however, in a study related to Danish soils, limited leaching of 
glyphosate was reported in non-structured sandy soils, while subsurface leaching 
to drainage systems was observed in a structured soil when high rainfall followed 
glyphosate application [9].

In a study related to 14C glyphosate transport in undisturbed topsoil columns, 
the amounts of glyphosate leached from the macroporous sandy loam were 50–150 
times larger than that from the sandy soil [10].

1.4 Glyphosate residues

Glyphosate and its decomposition product AMPA have been reported in stream 
water samples in areas of Zurich, Switzerland, with median concentrations of 0.11 
and 0.20 μg/l; however, these compounds were not detected in groundwater [11].

In a Canadian study, glyphosate residues were observed in both upland and wet-
land settings; however, the concentrations were well below the Canadian guidelines 
for drinking water quality. Many other studies have reported glyphosate residues in 
streams and groundwater systems [8].

Figure 1. 
Chemical structure of glyphosate [1].
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An enzyme-linked immunosorbent assay (ELISA) was used to determine 
glyphosate presence levels in Hungarian water samples. Few samples showed 
exceedingly high concentration levels of glyphosate with this method [12]. Liquid 
chromatography is another method that can be used for the detection of glyphosate 
residues in cereal, oilseed, and pulse crops [13].
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Data from sorption studies indicated that sorption coefficients are the most 
sensitive parameters for environmental risk assessment and soil properties like pH 
and clay content govern the glyphosate adsorption in Argentinian soils. In a related 
study in Argentina, high glyphosate sorption with low desorption in mollisols and 
ultisols indicated a low risk of groundwater contamination [14].

In another study on glyphosate mineralization in different agricultural soils, 
exchangeable acidity (H+ and Al3+), exchangeable Ca2+ ions, and ammonium lactate 
extractable K were the key soil parameters governing mineralization [15]. In a study 
related to glyphosate sorption with high soil phosphate levels, glyphosate sorption 
distribution constant Kd in soils ranged from 173 to 939 l Kg −1 under very strong to 
strongly acidic conditions, but the Kd was always <100 l Kg −1 under moderately acidic 
to slightly alkaline conditions suggesting that glyphosate may become mobile by water 
in soils with high phosphate levels [16]. This is important concerning the application 
of phosphatic fertilizers, as the phosphate ion would desorb glyphosate from adsorp-
tion sites resulting in the mobility of glyphosate towards aquatic environments [17].

Generally, iron and aluminum oxides adsorb a greater amount of glyphosate 
and phosphates in comparison to layer silicates [18] supporting the role of soil 
mineralogy concerning glyphosate sorption. As high phosphorus application can 
desorb glyphosate from sorption sites, application of char can be effective in these 
scenarios concerning sorption of glyphosate. The rapid degradation of glyphosate 
in surface waters and its practically irreversible sorption indicated a low potential 
environmental risk [19].

An investigation on adsorption of the herbicide glyphosate and its main metabo-
lite AMPA found that pH(CaCl2) values, available phosphate, and amorphous iron and 
aluminum contents were the major parameters to predict the adsorption constants 
for these molecules [20]. In a similar study, while examining the effect of humic acid 
(HA) on the adsorption/desorption behaviour of glyphosate on goethite minerals, the 
herbicide was desorbed by two parallel processes: (i) a direct detachment from the 
surface, which is first order in adsorbed glyphosate, and (ii) a ligand exchange with 
HA molecules, which is first order in adsorbed glyphosate and first order in dissolved 
humic acid [21]. Glyphosate is adsorbed by humic acids via hydrogen bonding [22].

A laboratory study related to the fate of glyphosate and degradation in cover 
crop residues and underlying soil indicated that the differences in sorption and 
degradation levels were due to differences in the composition of the crop residues 
and availability to microorganisms [23]. In a related study of adsorption and mobil-
ity of glyphosate in different soils under no-till and conventional tillage, adsorption 
of glyphosate was influenced by the soil clay content and cation exchange capacity 
(CEC) and negatively related to pH and phosphorus. High Freundlich parameter 
(KF) values obtained in isotherm studies were the dominant factor influencing 
glyphosate mobility. KF values indicate the adsorption capacity of the soil [24].

1.6 Methods to understand glyphosate mobility

Sorption coefficients provide accurate information needed for reliable risk assess-
ments of groundwater contaminants by pesticides [25]. In a study related to sorption 
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and leaching of 14C-glyphosate in agricultural soils, non-extractable glyphosate 
residues become available eventually and take part in biodegradation and leaching. 
Empirical constants (KF) of Freundlich sorption isotherm were 16.6 for the clay loam, 
33.6 for the silty clay loam, and 34.5 for the sandy clay loam indicating that it is the soil 
structure which dictates the glyphosate sorption behaviour [26]. Leaching of glypho-
sate was dependent on hydrodynamic and biodegradation properties of soils [26]. 
Application of char can be used as a strategy to increase the sorption of glyphosate [27].

Movement of pesticides and their bioavailability and biotransformation are 
controlled by adsorption/desorption mechanisms operating at the interface 
between organic and inorganic soil colloids. High-resolution magic angle spinning 
and nuclear magnetic resonance techniques can distinguish mobile and immobile 
phases of pesticides like glyphosate [28]. Another study on glyphosate transport 
parameters suggested that glyphosate sorption is a kinetic process that depends on 
pore-water velocities and residence time of soil solution [29].

1.7 Why is glyphosate application on field sites a concern?

The International Agency for Research on Cancer (IARC) has reclassified that 
glyphosate is “probably carcinogenic to humans” [30]; however, the United States 
Environment Protection Agency (US EPA) concluded that there is no convincing 
evidence that “glyphosate induces mutations” [31]. The US EPA relied mostly on 
unpublished regulatory studies, 99% of which were negative, while IARC relied 
mostly on peer-reviewed studies, 70% of which were positive [31]. Glyphosate-
based herbicides often contaminate drinking water sources, air, and precipitation in 
agricultural regions [30]. As the usage of glyphosate-based herbicides continues to 
increase, investment in epidemiological studies, biomonitoring, and toxicology stud-
ies based on the principles of endocrinology should be done [30]. Apart from cancer, 
glyphosate has been found to be a potential factor causing chronic kidney disease due 
to drinking water faced by Sri Lankan farmers [32]. The role of drinking water has 
also been reported in another study which caused ill health in Indian farmers [33].

1.8 Biochar’s potential role as a sorbent for organic pollutants like glyphosate

Biochar can be defined as “the porous carbonaceous solid produced by the ther-
mochemical conversion of organic materials in an oxygen-depleted atmosphere that 
has physicochemical properties suitable for safe and long-term storage of carbon 
in the environment” [34]. Biochar and activated charcoal are similar concerning 
production via pyrolysis, with medium to high surface areas [35]; however, biochar is 
not activated or treated like activated charcoal [35, 36]. Crop residues are pyrolyzed 
at high temperature (>500°C) in the absence of oxygen, followed by various activa-
tion processes to form activated charcoal [35]. In comparison to activated charcoal, 
biochar has a non-carbonized fraction that interacts with soil contaminants like 
glyphosate. Soil minerals can increase the surface area and pore size of biochar, which 
in turn increase the adsorption capacity of biochars for organic pollutants like glypho-
sate [37]. Biochar application can reduce the bioavailability and leachability of organic 
pollutants in soils through adsorption and other physicochemical reactions [38]. An 
increase in the surface area of biochars has been observed to increase the biochar’s 
ability to adsorb organic contaminants [39, 40]. The addition of phosphorus fertilizer 
to biochar-amended soils can, however, remobilize glyphosate and damage non-target 
plants; therefore, improved understanding of this risk is important (Figure 2) [41].

The soil environment is a three-dimensional structure of water-filled pores, 
gas-filled pores, and soil particulates (organic matter, sand, silt, and clay) [42]. 
Biochar can be used as a sorbent for organic pollutants due to its highly aromatic 
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nature, high surface area, micropore volume, and abundance of polar functional 
groups [43]. Factors affecting biochar’s performance for adsorption include pyroly-
sis temperature and surface area. Pyrolysis temperature is one of the factors directly 
affecting biochar’s performance. An increase in pyrolysis temperature of biochar 
generally increases the degree of carbonization and consequently surface area.

Even with the increase in surface area of biochars, sorption sites can be blocked 
by organic matter, and this is the likely cause for the diminished capability of aged 
biochars to adsorb organic contaminants [44]. The behaviour of biochar changes with 
time after its application to soil, and this process is known as “aging”. Aging can alter 
the behaviour of biochar. To increase the remediation efficiency of biochar concern-
ing herbicides, more detailed research to explore the aspect of aging is warranted.

1.9 Behaviour of herbicides in a soil-biochar system

In a study related to herbicide terbuthylazine-biochar-soil interaction, there was 
higher adsorption of herbicide in soil with low organic matter than in soil with the 
high organic matter. The reason for this result was attributed to a high concentration 
of organic molecules competing with herbicide for sorption sites in the soil having a 
high amount of organic matter [40]. Availability of herbicides can be greatly reduced 
with the application of biochar [45]. Even a low application rate (0.1%) of biochar in 
the soil can appreciably reduce the availability of herbicides like diuron [44].

In a comparative study [46], 42 times higher hexachlorobenzene sorption by 
biochar than that by control soil was observed, resulting in the reduction of volatil-
ization and earthworm (Eisenia foetida) uptake of hexachlorobenzene from the soil. 
The extent of sorption of pesticides generally depends on the aromaticity of soil 
organic carbon. Properties that make biochars effective against herbicides are a high 
specific surface area, high microporosity, and high aromatic carbon.

1.10 The behaviour of glyphosate in a soil-biochar system

Plant uptake of pesticides decreases markedly with increasing biochar content of 
the soil despite the greater persistence of the pesticide residues in biochar-amended 
soils [47]. In a similar study related to the effects of biochar, wood vinegar, and 
plants on glyphosate leaching and degradation, the addition of biochar to the soil 

Figure 2. 
Phosphate and glyphosate adsorption by minerals [5].
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and leaching of 14C-glyphosate in agricultural soils, non-extractable glyphosate 
residues become available eventually and take part in biodegradation and leaching. 
Empirical constants (KF) of Freundlich sorption isotherm were 16.6 for the clay loam, 
33.6 for the silty clay loam, and 34.5 for the sandy clay loam indicating that it is the soil 
structure which dictates the glyphosate sorption behaviour [26]. Leaching of glypho-
sate was dependent on hydrodynamic and biodegradation properties of soils [26]. 
Application of char can be used as a strategy to increase the sorption of glyphosate [27].

Movement of pesticides and their bioavailability and biotransformation are 
controlled by adsorption/desorption mechanisms operating at the interface 
between organic and inorganic soil colloids. High-resolution magic angle spinning 
and nuclear magnetic resonance techniques can distinguish mobile and immobile 
phases of pesticides like glyphosate [28]. Another study on glyphosate transport 
parameters suggested that glyphosate sorption is a kinetic process that depends on 
pore-water velocities and residence time of soil solution [29].

1.7 Why is glyphosate application on field sites a concern?

The International Agency for Research on Cancer (IARC) has reclassified that 
glyphosate is “probably carcinogenic to humans” [30]; however, the United States 
Environment Protection Agency (US EPA) concluded that there is no convincing 
evidence that “glyphosate induces mutations” [31]. The US EPA relied mostly on 
unpublished regulatory studies, 99% of which were negative, while IARC relied 
mostly on peer-reviewed studies, 70% of which were positive [31]. Glyphosate-
based herbicides often contaminate drinking water sources, air, and precipitation in 
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to drinking water faced by Sri Lankan farmers [32]. The role of drinking water has 
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production via pyrolysis, with medium to high surface areas [35]; however, biochar is 
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at high temperature (>500°C) in the absence of oxygen, followed by various activa-
tion processes to form activated charcoal [35]. In comparison to activated charcoal, 
biochar has a non-carbonized fraction that interacts with soil contaminants like 
glyphosate. Soil minerals can increase the surface area and pore size of biochar, which 
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sate [37]. Biochar application can reduce the bioavailability and leachability of organic 
pollutants in soils through adsorption and other physicochemical reactions [38]. An 
increase in the surface area of biochars has been observed to increase the biochar’s 
ability to adsorb organic contaminants [39, 40]. The addition of phosphorus fertilizer 
to biochar-amended soils can, however, remobilize glyphosate and damage non-target 
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nature, high surface area, micropore volume, and abundance of polar functional 
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sis temperature and surface area. Pyrolysis temperature is one of the factors directly 
affecting biochar’s performance. An increase in pyrolysis temperature of biochar 
generally increases the degree of carbonization and consequently surface area.

Even with the increase in surface area of biochars, sorption sites can be blocked 
by organic matter, and this is the likely cause for the diminished capability of aged 
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time after its application to soil, and this process is known as “aging”. Aging can alter 
the behaviour of biochar. To increase the remediation efficiency of biochar concern-
ing herbicides, more detailed research to explore the aspect of aging is warranted.
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In a study related to herbicide terbuthylazine-biochar-soil interaction, there was 
higher adsorption of herbicide in soil with low organic matter than in soil with the 
high organic matter. The reason for this result was attributed to a high concentration 
of organic molecules competing with herbicide for sorption sites in the soil having a 
high amount of organic matter [40]. Availability of herbicides can be greatly reduced 
with the application of biochar [45]. Even a low application rate (0.1%) of biochar in 
the soil can appreciably reduce the availability of herbicides like diuron [44].

In a comparative study [46], 42 times higher hexachlorobenzene sorption by 
biochar than that by control soil was observed, resulting in the reduction of volatil-
ization and earthworm (Eisenia foetida) uptake of hexachlorobenzene from the soil. 
The extent of sorption of pesticides generally depends on the aromaticity of soil 
organic carbon. Properties that make biochars effective against herbicides are a high 
specific surface area, high microporosity, and high aromatic carbon.
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Plant uptake of pesticides decreases markedly with increasing biochar content of 
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decreased the leaching of glyphosate irrespective of plants. Hence, it was concluded 
that biochar can be used as an effective strategy to reduce the potential environ-
mental risk to aquatic environments caused by glyphosate [27].

In a study related to the effects of wood-based biochar on the leaching of pes-
ticides chlorpyrifos, diuron, and glyphosate, it was concluded that biochar can be 
used as an adsorptive layer directly on or close to the soil surface to prevent losses of 
pesticides [48]. In another study, biochar was found to limit glyphosate transport in 
soil systems; however, the addition of phosphatic fertilizer remobilized the glypho-
sate from biochar-amended soils. This phosphate-induced glyphosate desorption 
phenomenon is important to consider in soils having biochar amendment [41]. The 
type of biochar also plays an important role, as hardwood biochars were ineffective 
sorbents of glyphosate in high-phosphate soils [41]. Biochars produced at high tem-
perature were effective sorbents of glyphosate [41]. Reduced glyphosate sorption on 
biochars was observed with the increase in pH from 6 to 9 [41, 49, 50].

2. Glyphosate-resistant weeds

The second major aspect in this review paper is the evolution of glyphosate resis-
tance in weeds due to heavy reliance on glyphosate. Glyphosate toxicity and glypho-
sate resistance are not different but connected problems, as glyphosate is applied to 
control weeds and its application results in movement of glyphosate to water bodies 
via soil systems affecting human health. When glyphosate-contaminated drinking 
water is used for human consumption, it may potentially result in diseases like can-
cer or chronic kidney disease; however, frequent application of glyphosate not only 
results in its downward movement via soil systems but also results in the develop-
ment of glyphosate resistance in weeds. Hence these problems are interconnected.

While assessing the weeds at risk of evolving glyphosate resistance in Australian 
subtropical glyphosate-resistant cotton systems, species with the highest risk to 
glyphosate resistance were Brachiaria eruciformis, Conyza bonariensis, Urochloa 
panicoides, Chloris virgata, Sonchus oleraceus, and Echinochloa colona [51]. Thirty-
eight weeds in total distributed over 37 countries have shown resistance to glypho-
sate [52]. These weeds represent the greatest threat to sustainable weed control 
practices [52]. Weed surveys in the cotton-growing areas of New South Wales 
(NSW) and Queensland, Australia, indicated the dominance of Conyza bonariensis, 
Echinochloa colona, and Chloris virgata [53].

Chloris virgata is a high-risk species to glyphosate resistance in summer fallow 
[51]. Glyphosate resistance in Chloris virgata populations in Australia has emerged 
due to transformation in Australian cropping systems, particularly unirrigated cotton 
systems, from regular tillage and use of residual herbicides to minimum or no-tillage 
systems with a heavy reliance on glyphosate [54]. This lack of tillage is the major rea-
son for the emergence of weeds like Chloris virgata that are small-seeded and emerge 
at or close to the surface [54]. A weed management system depending on only one 
tactic, for example, application of glyphosate, is the main driver for this species 
shift. With repeated use of glyphosate, Chloris virgata populations have become less 
susceptible to glyphosate formulations, especially after the early tillering stage [54].

Mechanisms involved in providing resistance to glyphosate in weeds include 
(i) target-site alterations (target site mutation, target site gene amplification) [55, 
56] and (ii) non-target site mechanisms involving reduced glyphosate uptake and/
or reduced translocation of glyphosate [57–59]. The alterations inhibit glyphosate 
binding or increase the effective dose needed for enzyme inhibition. Target site 
EPSPS mutations are the primary mechanism conferring glyphosate resistance in 
populations of Chloris virgata [55].
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2.1 Chloris virgata (feathertop Rhodes grass)

Chloris virgata as a glyphosate-resistant weed [51] has also been identified as a 
host for barley yellow dwarf and cereal yellow dwarf viruses [60]. As Chloris virgata 
can tolerate high-salinity and high-alkalinity soil environments, Chloris virgata can 
form a dominant community in these environments [61, 62]. Chloris virgata is toler-
ant to drought stress [63]. Many studies on Chloris virgata seed biology have been 
completed in China, India, Qatar, and Honduras [63], while very few studies have 
been conducted in Australia [64, 65].

Chloris virgata grass seed biology includes the study on dormancy, germination 
conditions, seed bank dynamics, growth, and development [66]. Dormancy mecha-
nisms enable the seed to sense the optimum environmental conditions for the estab-
lishment of seedlings and hence play a pivotal role in control strategies for weedy 
grasses [67]. There are two types of seed dormancy mechanisms, those based in the 
tissues surrounding the embryo (seed coat based) or those found within the embryo 
[67]. The role of smoke in breaking the dormancy of plump windmill grass (Chloris 
ventricosa), a related species to Chloris virgata grass [68], has been reported; but no 
study related to dormancy breakdown of Chloris virgata grass by smoke has been 
reported. The seeds of Chloris virgata are triangular in shape and light in weight and 
hence shed easily from the heads making them good wind (anemochory) and water 
(hydrochory) dispersers [64].

Seed germination is a key event in the growth of annual plants like Chloris vir-
gata grass which is regulated by several environmental factors such as temperature 
and water potential [69–71]. High rainfall has been associated with Chloris virgata 
population outbreaks [72], suggesting that water plays an important role in the 
germination process. Chloris virgata grass possesses the C4 photosynthesis mecha-
nism and has better water use efficiency than grasses having the C3 photosynthesis 
mechanism. Among all the potential factors for Chloris virgata germination; light, 
salinity, and osmotic potential are the most critical factors [64]. A light require-
ment for germination has been observed among many small-seeded species and 
warm-season grasses [67, 73]. In a study related to germination responses of Chloris 
virgata to temperature and reduced water potential, maximum germination per-
centages of Chloris virgata seeds were found at 15–25°C [74]. Germination of Chloris 
virgata seeds is affected by several factors; however, temperature and light play a 
significant role in the germination of Chloris virgata seeds. More studies on factors 
affecting Chloris virgata growth are needed due to the paucity of information.

In a study related to growth, development, and seed biology of Chloris virgata 
in South Australia, Chloris virgata seedlings emerging after summer rainfall events 
under field conditions needed 1200 growing degree days from emergence to mature 
seed production [65]. Harvested seeds of Chloris virgata were dormant for a period 
of about 2 months and took 5 months of after-ripening to reach 50% germination 
[75]. Seedling emergence of Chloris virgata was highest (76%) for seeds present 
on the soil surface and seedling emergence was significantly reduced by burial at 
1 (57%), 2 (49%), and 5 cm (9%) soil depth. Furthermore, Chloris virgata seeds 
buried in the soil persisted longer than those left on the soil surface [75].

The thermal time to panicle emergence of Chloris virgata is similar to shattercane 
(Sorghum bicolor) [76]. A related species of Chloris virgata, windmill grass (Chloris 
truncata) under irrigated field requires 21–23, 43–45, and 74–75 days from seed-
ling emergence to reach tillering, panicle emergence, and mature seed stage [75]. 
Maximum plant density and biomass in case of windmill grass have been found to 
be 4.2–28.2 plants m−2 and 8.3–146.1 g dry biomass m−2 depending on location [77].

Water stress due to extremely low rainfall over the summer months was the 
reason for the delayed growth of Chloris virgata under rained conditions when 
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decreased the leaching of glyphosate irrespective of plants. Hence, it was concluded 
that biochar can be used as an effective strategy to reduce the potential environ-
mental risk to aquatic environments caused by glyphosate [27].

In a study related to the effects of wood-based biochar on the leaching of pes-
ticides chlorpyrifos, diuron, and glyphosate, it was concluded that biochar can be 
used as an adsorptive layer directly on or close to the soil surface to prevent losses of 
pesticides [48]. In another study, biochar was found to limit glyphosate transport in 
soil systems; however, the addition of phosphatic fertilizer remobilized the glypho-
sate from biochar-amended soils. This phosphate-induced glyphosate desorption 
phenomenon is important to consider in soils having biochar amendment [41]. The 
type of biochar also plays an important role, as hardwood biochars were ineffective 
sorbents of glyphosate in high-phosphate soils [41]. Biochars produced at high tem-
perature were effective sorbents of glyphosate [41]. Reduced glyphosate sorption on 
biochars was observed with the increase in pH from 6 to 9 [41, 49, 50].

2. Glyphosate-resistant weeds

The second major aspect in this review paper is the evolution of glyphosate resis-
tance in weeds due to heavy reliance on glyphosate. Glyphosate toxicity and glypho-
sate resistance are not different but connected problems, as glyphosate is applied to 
control weeds and its application results in movement of glyphosate to water bodies 
via soil systems affecting human health. When glyphosate-contaminated drinking 
water is used for human consumption, it may potentially result in diseases like can-
cer or chronic kidney disease; however, frequent application of glyphosate not only 
results in its downward movement via soil systems but also results in the develop-
ment of glyphosate resistance in weeds. Hence these problems are interconnected.

While assessing the weeds at risk of evolving glyphosate resistance in Australian 
subtropical glyphosate-resistant cotton systems, species with the highest risk to 
glyphosate resistance were Brachiaria eruciformis, Conyza bonariensis, Urochloa 
panicoides, Chloris virgata, Sonchus oleraceus, and Echinochloa colona [51]. Thirty-
eight weeds in total distributed over 37 countries have shown resistance to glypho-
sate [52]. These weeds represent the greatest threat to sustainable weed control 
practices [52]. Weed surveys in the cotton-growing areas of New South Wales 
(NSW) and Queensland, Australia, indicated the dominance of Conyza bonariensis, 
Echinochloa colona, and Chloris virgata [53].

Chloris virgata is a high-risk species to glyphosate resistance in summer fallow 
[51]. Glyphosate resistance in Chloris virgata populations in Australia has emerged 
due to transformation in Australian cropping systems, particularly unirrigated cotton 
systems, from regular tillage and use of residual herbicides to minimum or no-tillage 
systems with a heavy reliance on glyphosate [54]. This lack of tillage is the major rea-
son for the emergence of weeds like Chloris virgata that are small-seeded and emerge 
at or close to the surface [54]. A weed management system depending on only one 
tactic, for example, application of glyphosate, is the main driver for this species 
shift. With repeated use of glyphosate, Chloris virgata populations have become less 
susceptible to glyphosate formulations, especially after the early tillering stage [54].

Mechanisms involved in providing resistance to glyphosate in weeds include 
(i) target-site alterations (target site mutation, target site gene amplification) [55, 
56] and (ii) non-target site mechanisms involving reduced glyphosate uptake and/
or reduced translocation of glyphosate [57–59]. The alterations inhibit glyphosate 
binding or increase the effective dose needed for enzyme inhibition. Target site 
EPSPS mutations are the primary mechanism conferring glyphosate resistance in 
populations of Chloris virgata [55].

111

Glyphosate Resistance of Chloris virgata Weed in Australia and Glyphosate Mobility…
DOI: http://dx.doi.org/10.5772/intechopen.90323

2.1 Chloris virgata (feathertop Rhodes grass)

Chloris virgata as a glyphosate-resistant weed [51] has also been identified as a 
host for barley yellow dwarf and cereal yellow dwarf viruses [60]. As Chloris virgata 
can tolerate high-salinity and high-alkalinity soil environments, Chloris virgata can 
form a dominant community in these environments [61, 62]. Chloris virgata is toler-
ant to drought stress [63]. Many studies on Chloris virgata seed biology have been 
completed in China, India, Qatar, and Honduras [63], while very few studies have 
been conducted in Australia [64, 65].

Chloris virgata grass seed biology includes the study on dormancy, germination 
conditions, seed bank dynamics, growth, and development [66]. Dormancy mecha-
nisms enable the seed to sense the optimum environmental conditions for the estab-
lishment of seedlings and hence play a pivotal role in control strategies for weedy 
grasses [67]. There are two types of seed dormancy mechanisms, those based in the 
tissues surrounding the embryo (seed coat based) or those found within the embryo 
[67]. The role of smoke in breaking the dormancy of plump windmill grass (Chloris 
ventricosa), a related species to Chloris virgata grass [68], has been reported; but no 
study related to dormancy breakdown of Chloris virgata grass by smoke has been 
reported. The seeds of Chloris virgata are triangular in shape and light in weight and 
hence shed easily from the heads making them good wind (anemochory) and water 
(hydrochory) dispersers [64].

Seed germination is a key event in the growth of annual plants like Chloris vir-
gata grass which is regulated by several environmental factors such as temperature 
and water potential [69–71]. High rainfall has been associated with Chloris virgata 
population outbreaks [72], suggesting that water plays an important role in the 
germination process. Chloris virgata grass possesses the C4 photosynthesis mecha-
nism and has better water use efficiency than grasses having the C3 photosynthesis 
mechanism. Among all the potential factors for Chloris virgata germination; light, 
salinity, and osmotic potential are the most critical factors [64]. A light require-
ment for germination has been observed among many small-seeded species and 
warm-season grasses [67, 73]. In a study related to germination responses of Chloris 
virgata to temperature and reduced water potential, maximum germination per-
centages of Chloris virgata seeds were found at 15–25°C [74]. Germination of Chloris 
virgata seeds is affected by several factors; however, temperature and light play a 
significant role in the germination of Chloris virgata seeds. More studies on factors 
affecting Chloris virgata growth are needed due to the paucity of information.

In a study related to growth, development, and seed biology of Chloris virgata 
in South Australia, Chloris virgata seedlings emerging after summer rainfall events 
under field conditions needed 1200 growing degree days from emergence to mature 
seed production [65]. Harvested seeds of Chloris virgata were dormant for a period 
of about 2 months and took 5 months of after-ripening to reach 50% germination 
[75]. Seedling emergence of Chloris virgata was highest (76%) for seeds present 
on the soil surface and seedling emergence was significantly reduced by burial at 
1 (57%), 2 (49%), and 5 cm (9%) soil depth. Furthermore, Chloris virgata seeds 
buried in the soil persisted longer than those left on the soil surface [75].

The thermal time to panicle emergence of Chloris virgata is similar to shattercane 
(Sorghum bicolor) [76]. A related species of Chloris virgata, windmill grass (Chloris 
truncata) under irrigated field requires 21–23, 43–45, and 74–75 days from seed-
ling emergence to reach tillering, panicle emergence, and mature seed stage [75]. 
Maximum plant density and biomass in case of windmill grass have been found to 
be 4.2–28.2 plants m−2 and 8.3–146.1 g dry biomass m−2 depending on location [77].

Water stress due to extremely low rainfall over the summer months was the 
reason for the delayed growth of Chloris virgata under rained conditions when 
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compared to irrigated conditions [75]. Under irrigated conditions, 619 to 730 g of 
dry biomass m−2 of Chloris virgata (89 days after sowing) was observed; however, 
this value was much higher than one of its related species, windmill grass (Chloris 
truncata) (146 g m−2) [75].

Chloris virgata has several characteristics like rapid germination and low base 
temperature (2.1 to 3.0°C) for seed germination enabling it to survive rainfall events 
in spring, summer, and autumn in South Australia [75].

2.2 Evolution of glyphosate resistance in Chloris virgata

On national ranking basis in Australia, Chloris virgata, as an herbicide-resistant 
weed, ranks ninth, resulting in herbicide-resistant weed cost of $2.6 million [78]. 
In the northern region of Australia, it is the top fourth herbicide-resistant weed 
after ryegrass (Lolium rigidum), wild turnip (Brassica rapa), and barnyard grass 
(Echinochloa crus-galli) [78].

Minimum tillage due to its benefits like reduced soil erosion and improve-
ment in moisture conservation has resulted in the reduction of soil disturbance 
in grain cropping fields. The factors that aided the adoption of minimum till-
age systems in Australian cropping systems include machinery modifications 
that allow greater flexibility in the cropping systems, precision agriculture and 
refinement of controlled traffic farming, improved crop resistance or toler-
ance to plant diseases associated with stubble retention, availability of more 
crop options and rotations, development of a broader spectrum of effective 
herbicides, and the use of genetic modification technologies to breed herbicide-
resistant crops [79].

Minimum tillage has increased the use of herbicides and consequently increased 
the rapid appearance of herbicide resistance in weeds [75]. Another reason for 
evolution is the introduction of glyphosate-resistant crops in the mid-1990s that has 
resulted in a sharp increase in the populations of Chloris virgata [80].

Glyphosate resistance was first reported in broadleaf Conyza (horseweed) spe-
cies. The mechanism suggested for resistance was an altered subcellular distribution 
resulting in sequestration of the glyphosate molecule away from the enzyme target 
site in the chloroplast [81]. Weeds receiving repeated exposure to a single mode of 
action of herbicide are the most likely candidates to develop resistance [82].

From the evolution point of view, minimum tillage along with reliance on 
glyphosate has contributed the most towards glyphosate resistance in Chloris 
virgata. The evolution of the glyphosate resistance in Chloris virgata highlights the 
need for diversity in weed management strategies for successful control of Chloris 
virgata and other Chloris species [82].

2.3 Crop competition as a strategy to control Chloris virgata

Crop competition can be used as an effective strategy against Chloris virgata, 
especially when herbicides like glyphosate fail or underperform [83]. Crop competi-
tion to control weeds has proven to be one of the most effective cultural strategies in 
Australian cropping systems, aiming at suppression of weed biomass and fecundity 
resulting in crop yield gains [84]. Three major weed variables that affect crop-weed 
competition are:

• Time of emergence of the weed relative to the crop and weeds that emerge later 
than the crop are much less competitive than the weeds that emerge before the 
crop.
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• Weed seedling density is the second most important factor influencing 
 weed-crop competition.

• Differences in the competitive ability of weeds due to rapid leaf area develop-
ment, high-density root systems, and plant heights [85].

Crop and weed plants compete for limited resources like water, nutrients, and 
light. Competition for nutrient uptake is dependent on intrinsic nutrient require-
ments and uptake efficiencies. Uptake efficiencies are further dependent on root 
length densities and nutrient membrane transporters. Species with a low nutrient 
requirement, extensive root systems, and effective membrane transporters will have 
a competitive advantage in a nutrient-limited system [85].

Crop and weed plants compete for water, as water is required for plant growth. 
In the absence of water, a reduction in photosynthesis, wilting, and nutrient 
deficiencies can occur. The length, magnitude, and timing of the drought periods 
as well as soil attributes (water holding capacity, texture, structure, and hydraulic 
conductivity), plant traits (root structure and density, drought tolerance, and water 
use efficiency) are the major factors that influence the competition for water avail-
ability between crop and weed plants [85].

Light as a third major factor affects the growth of crop and weed plants 
[86]. Different phenophases of both crop and weed plants are affected by light. 
Morphological changes in both crop and weed plants due to competition for light 
include an increase in stem elongation and reduction in stem diameter, the rate of 
leaf appearance, and root and shoot biomass [87, 88].

Crop competition studies under field conditions are mainly influenced by the envi-
ronment, soil type, plant density, spatial arrangement, the proportion of each spe-
cies, and design of experiment [89]. The design of the crop competition experiment 
depends on the objective, as different objectives require different techniques [90].

Crop species may outcompete weed species depending on factors such as crop den-
sity, crop planting pattern, crop vigor, and weed vigor. Crop density or the number of 
plants per unit of area is important for competition studies considering the relation-
ship among plant yield and the number of individuals and resources present in the 
area [91]. The competitiveness of a crop can be enhanced using competitive cultivars, 
higher plant densities, narrow row spacings, and different row orientation [92].

Weed growth can be substantially reduced by shading weeds in the inter-row 
space by physical orientation of the crop rows [92]. Competitive ability of the crops 
can also be increased by increasing plant density [84]. The significant interaction 
between sorghum cultivars and planting densities in suppressing weed biomass has 
been observed [93]. A high-density crop can limit water and nutrients available to 
weeds more effectively than a low-density crop, and high-density crops can result in 
the reduction of light available to weeds [92].

3. Summary

In summary, the review paper covered two major problems associated with 
single reliance on glyphosate application for controlling weeds. The first one is 
glyphosate mobility via soil systems, a potential risk for aquatic environments, and 
there is no information on the fate of glyphosate on Australian soils from the last 
22 years apart from a single study in Western Australia. This research gap prompted 
an investigation into glyphosate sorption behaviour in Australian soils of the differ-
ent mineral composition due to increased usage of glyphosate as a single strategy to 
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compared to irrigated conditions [75]. Under irrigated conditions, 619 to 730 g of 
dry biomass m−2 of Chloris virgata (89 days after sowing) was observed; however, 
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truncata) (146 g m−2) [75].
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Minimum tillage due to its benefits like reduced soil erosion and improve-
ment in moisture conservation has resulted in the reduction of soil disturbance 
in grain cropping fields. The factors that aided the adoption of minimum till-
age systems in Australian cropping systems include machinery modifications 
that allow greater flexibility in the cropping systems, precision agriculture and 
refinement of controlled traffic farming, improved crop resistance or toler-
ance to plant diseases associated with stubble retention, availability of more 
crop options and rotations, development of a broader spectrum of effective 
herbicides, and the use of genetic modification technologies to breed herbicide-
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Minimum tillage has increased the use of herbicides and consequently increased 
the rapid appearance of herbicide resistance in weeds [75]. Another reason for 
evolution is the introduction of glyphosate-resistant crops in the mid-1990s that has 
resulted in a sharp increase in the populations of Chloris virgata [80].

Glyphosate resistance was first reported in broadleaf Conyza (horseweed) spe-
cies. The mechanism suggested for resistance was an altered subcellular distribution 
resulting in sequestration of the glyphosate molecule away from the enzyme target 
site in the chloroplast [81]. Weeds receiving repeated exposure to a single mode of 
action of herbicide are the most likely candidates to develop resistance [82].

From the evolution point of view, minimum tillage along with reliance on 
glyphosate has contributed the most towards glyphosate resistance in Chloris 
virgata. The evolution of the glyphosate resistance in Chloris virgata highlights the 
need for diversity in weed management strategies for successful control of Chloris 
virgata and other Chloris species [82].

2.3 Crop competition as a strategy to control Chloris virgata

Crop competition can be used as an effective strategy against Chloris virgata, 
especially when herbicides like glyphosate fail or underperform [83]. Crop competi-
tion to control weeds has proven to be one of the most effective cultural strategies in 
Australian cropping systems, aiming at suppression of weed biomass and fecundity 
resulting in crop yield gains [84]. Three major weed variables that affect crop-weed 
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• Time of emergence of the weed relative to the crop and weeds that emerge later 
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• Weed seedling density is the second most important factor influencing 
 weed-crop competition.

• Differences in the competitive ability of weeds due to rapid leaf area develop-
ment, high-density root systems, and plant heights [85].

Crop and weed plants compete for limited resources like water, nutrients, and 
light. Competition for nutrient uptake is dependent on intrinsic nutrient require-
ments and uptake efficiencies. Uptake efficiencies are further dependent on root 
length densities and nutrient membrane transporters. Species with a low nutrient 
requirement, extensive root systems, and effective membrane transporters will have 
a competitive advantage in a nutrient-limited system [85].

Crop and weed plants compete for water, as water is required for plant growth. 
In the absence of water, a reduction in photosynthesis, wilting, and nutrient 
deficiencies can occur. The length, magnitude, and timing of the drought periods 
as well as soil attributes (water holding capacity, texture, structure, and hydraulic 
conductivity), plant traits (root structure and density, drought tolerance, and water 
use efficiency) are the major factors that influence the competition for water avail-
ability between crop and weed plants [85].

Light as a third major factor affects the growth of crop and weed plants 
[86]. Different phenophases of both crop and weed plants are affected by light. 
Morphological changes in both crop and weed plants due to competition for light 
include an increase in stem elongation and reduction in stem diameter, the rate of 
leaf appearance, and root and shoot biomass [87, 88].

Crop competition studies under field conditions are mainly influenced by the envi-
ronment, soil type, plant density, spatial arrangement, the proportion of each spe-
cies, and design of experiment [89]. The design of the crop competition experiment 
depends on the objective, as different objectives require different techniques [90].

Crop species may outcompete weed species depending on factors such as crop den-
sity, crop planting pattern, crop vigor, and weed vigor. Crop density or the number of 
plants per unit of area is important for competition studies considering the relation-
ship among plant yield and the number of individuals and resources present in the 
area [91]. The competitiveness of a crop can be enhanced using competitive cultivars, 
higher plant densities, narrow row spacings, and different row orientation [92].

Weed growth can be substantially reduced by shading weeds in the inter-row 
space by physical orientation of the crop rows [92]. Competitive ability of the crops 
can also be increased by increasing plant density [84]. The significant interaction 
between sorghum cultivars and planting densities in suppressing weed biomass has 
been observed [93]. A high-density crop can limit water and nutrients available to 
weeds more effectively than a low-density crop, and high-density crops can result in 
the reduction of light available to weeds [92].

3. Summary

In summary, the review paper covered two major problems associated with 
single reliance on glyphosate application for controlling weeds. The first one is 
glyphosate mobility via soil systems, a potential risk for aquatic environments, and 
there is no information on the fate of glyphosate on Australian soils from the last 
22 years apart from a single study in Western Australia. This research gap prompted 
an investigation into glyphosate sorption behaviour in Australian soils of the differ-
ent mineral composition due to increased usage of glyphosate as a single strategy to 
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Chapter 7

Hybrid Two-step Preparation of
Nanosized MgAl Layered Double
Hydroxides for CO2 Adsorption
Xiani Huang, Xiaogang Yang, Guang Li, Collins I. Ezeh,
Chenggong Sun and Collins Snape

Abstract

Hybrid Two-step synthesis method for preparation of MgAl LDHs materials for
CO2 adsorption has been employed because of the features of fast micromixing and
enhanced mass transfer by using a ‘T-mixer’ reactor. MgAl LDHs with different
morphologies were successfully obtained by three different synthesis routes:
ultrasonication-intensified in ‘T-mixer’ (TU-LDHs), conventional co-precipitation
(CC-LDHs) and ultrasonic-intensified in ‘T-mixer’ pretreatment followed by con-
ventional co-precipitation (TUC-LDHs). The synthesized samples characterized by
the XRD showed that LDHs formed a typical layered double hydroxide structure
and no other impurities were identified in the compound. The SEM and TEM
analyses also confirmed that the size distribution of TUC-LDHs was relatively
uniform (with an average size of approximate 100 nm) and layered structure was
clearly visible. The BET characterization indicated that such LDHs had a large
surface area (235 m2 g�1), which makes it a promising adsorbent material for CO2

capture in practical application. It can be found that the CO2 adsorption capacities
of TU-LDHs, CC-LDHs and TUC-LDHs at 80°C were 0.30, 0.22 and 0.28 mmol g�1,
respectively. The CO2 adsorption capacities of TU-LDHs, CC-LDHs and TUC-LDHs
at 200°C were 0.33, 0.25 and 0.36 mmol g�1, respectively. The order of CO2

adsorption capacity to reach equilibrium at 80°C seen in Avramimodel is: TU-LDHs >
TUC-LDHs > CC-LDHs. The CO2 adsorption/desorption cycling test reveals that
TU-LDHs and TUC-LDHs have good adsorption stability than CC-LDHs.

Keywords: MgAl LDHs, ultrasonic, co-precipitation, T-mixer, CO2 adsorption
capacity, Avrami model

1. Introduction

The removal of CO2 emission from fossil fuel combustion, especially from coal-
fired power stations, has attracted much attention in recent years because of its
potential negative impact on global warming and on human beings. It was reported
that CO2 concentration in atmosphere now is close to 400 ppm, which is signifi-
cantly higher than the reported industrial level of 300 ppm [1]. CO2 capture and
storage (CCS) technology is considered to be an effective means to cope with the
global demand of CO2 reduction in the long run. Among many technologies existing
for CO2 capture, the use of amine-based solutions is still the main practical
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technology on a large scale capture operation which could produce a series of bad
effects such as toxicity, degradability, high regeneration energy requirements and
corrosivity [2]. Hence, developing efficient and environmental friendly CO2 adsor-
bents will be crucial to CO2 capture. Layered double hydroxides (LDHs) are con-
sidered as good candidates for CO2 adsorption because of their fast sorption/
desorption kinetics and simple regenerability [3, 4]. LDHs are a class of ionic
lamellar compounds made up of positively charged brucite-like layers with an
interlayer region containing charge compensating anions and solvation molecules.
The typical structure of LDHs consists of positively charged brucite-like layers,
containing anions and water molecules in the interlayer spaces. Metal cations
occupy the centre of octahedral structures and hydroxides occupy the vertices. The
general formula of LDHs can be expressed as [M2+

1�xm
3+

x(OH)2][A
n�]x/n zH2O,

where M2+are divalent cations, such as Mg2+, Zn2+, Ni2+, etc., and M3+ are trivalent
cations, such as Al3+, Ga3+, Fe3+, Mn3+, etc. An� is a non-framework charge com-
pensating anion, such as CO3

2�, Cl�, SO4
2�, etc., and the value of x is between 0.10

and 0.33 [5].
The performance of LDHs and derived CO2 adsorbents have been investigated

for several years, and most of the studies are focused on the effects of divalent
cations [6, 7], trivalent cations [8], charge compensating anions [9, 10], Mg-Al ratio
[6, 11, 12], alkaline metal cations (e.g. K+, Cs+, Na+, etc.) [13–16], synthetic method
[17], the presence of SO2 and H2O [18, 19], particle size [3, 20] and calcination
temperature or adsorption temperature [21, 22]. Yong and Rodrigues compared
several commercial hydrotalcite-like compounds that can have the average CO2

adsorption capacity (0.2–0.5 mmol g�1) at 300°C and 1 bar of CO2 [6]. Wang et al.
found that similar CO2 capture capacities (0.41–0.46 mmol g�1) can be obtained
when using Mg3Al1, Mg3Ga1 and Mg3Fe1 at different calcination temperatures [8].
Except for changing the composition of LDHs, controlling its particle size is also
believed to be an effective way for improvement of the CO2 capture capacity.
Significant amount of efforts have been made on developing new methods to
control its particle size. Hanif et al. investigated the effect of synthetic routes
(co-precipitation, ultrasonication and microwave irradiation) on improving the
CO2 adsorption capacity of hydrotalcite-based sorbents in the temperature range
300–400°C [17]. They have reported that the CO2 adsorption capacity of LDHs
prepared by ultrasound-assisted route and microwaving are better than that of
co-precipitation method.

Adoption of confined impinging T-jet mixer (CITJ) is a simple component that
contains two inlet tubes and let two streams flow out from the tube. The local
micromixing effect could be intensified during the CITJ reactor, which is beneficial
for a fast homogenization of reactors. The mass transfer rate and chemical reaction
rate can also be enhanced during the preparation process. This has been confirmed
by the studies on the preparation of FePO4 nanoprecursor particles of LiFePO4

cathode material where the high specific areas can be obtained [23, 24]. Co-
precipitation method is the conventional procedure used for synthesis of
hydrotalcites. Ultrasonication and microwave irradiation of the synthesis gel during
hydrotalcite precipitation leads to disruption in the layer stacking which in turn
increases surface area [17]. To the best of our knowledge, the effect of the synthesis
for the preparation of LDHs by applying jointly co-precipitation and ultrasonication
in a T-jet mixer on the CO2 absorption capacity of LDHs has not yet been reported
in the literature.

In the present study, we will present a hybrid two-step method approach for
preparation of MgAl layered double hydroxide (MgAl LDHs). The novel two-step
preparation route utilising the MgAl LDHs synthesized from confined impinging
T-jet mixer (CITJ) as seeds for future preparation. The synthesized samples were
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characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and BET analysis. Their performance of
CO2 adsorption was evaluated using thermogravimetric analysis (TGA). The effect
of the rate of addition of Mg(NO3)2 and Al(NO3)3 on improvement of the CO2

capture capacity of MgAl LDHs and initial NH3H2O is also investigated.

2. Experimental

2.1 Materials preparation

2.1.1 LDH synthesized in T-Mixer with ultrasonic process

Salt solution A (100 mL) containing a mixture of 0.03 mol L�1 Mg(NO3)2 and
0.01 mol L�1 Al(NO3)3 and solution B-NH3H2O (100 mL) with certain concentra-
tion was simultaneously transported into a ‘T-type’ impinging-stream reactor by
means of metering pumps at the rate of 100 r min�1 to produce MgAl LDHs.
Ultrasonic processing was also applied during this process and the frequency of
ultrasonic processing kept to be 20 kHz. The pH of the whole solution was always
kept to be 10 � 0.2 though regulating the concentration of NH3H2O. The resulting
mixture washed with water for several times until pH = 7 and then dried at 100°C in
an oven. The resulting material was denoted as TU-LDHs.

2.1.2 LDH synthesized by conventional co-precipitation method

For the synthesis of traditional LDHs, LDHs was prepared by co-precipitation
method. The salt solution with a fixed concentration of 0.03 mol L�1 Mg(NO3)2 and
0.01 mol L�1 Al(NO3)3–A (200 mL) with a certain rate of addition and 1 mol L�1 of
NH3H2O were simultaneously added to the mixture at the second step, where the
pH of the whole solution was always kept to be 10� 0.2 and continuous stirring rate
is 400 r min�1. The mixture was then aged for further 4 h with stirring maintained.
The final obtained materials were filtered and washed with distilled water until
pH = 7, followed by drying at 100°C in an oven. The obtained material was denoted
as CC-LDHs.

2.1.3 LDH synthesized by hybrid two-step method

MgAl layered double hydrotalcites (MgAl LDHs) were prepared using a hybrid
two-step preparation approach. The hybrid two-step preparation consists of the
mother solution prepared in ‘T-mixer’ accompanying with ultrasonic processing
(first step) and the following step of co-precipitation (second step) process. The
mother solution was synthesized according to the preparation method of the above
section. About 50 mL of mother solution from the above solution was put into a
beaker for continuous stirring with a rate of 400 r min�1. Then, 150 mL of salt
solution with a fixed concentration of 0.03 mol L�1 Mg(NO3)2 and 0.01 mol L�1 Al
(NO3)3 and 1 mol L�1 of NH3H2O were simultaneously added to the mixture at the
second step. The addition rate of salt solution was controlled by regulating the speed
of peristaltic pump, where the pH of the whole solution was always kept to be
10 � 0.2. The whole preparation process of MgAl LDHs by two steps were illus-
trated in Figure 1. The final obtained materials were filtered and washed with
distilled water until pH = 7, followed by drying at 100°C in an oven. The obtained
material was denoted as TUC-LDHs.
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characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and BET analysis. Their performance of
CO2 adsorption was evaluated using thermogravimetric analysis (TGA). The effect
of the rate of addition of Mg(NO3)2 and Al(NO3)3 on improvement of the CO2

capture capacity of MgAl LDHs and initial NH3H2O is also investigated.

2. Experimental

2.1 Materials preparation

2.1.1 LDH synthesized in T-Mixer with ultrasonic process

Salt solution A (100 mL) containing a mixture of 0.03 mol L�1 Mg(NO3)2 and
0.01 mol L�1 Al(NO3)3 and solution B-NH3H2O (100 mL) with certain concentra-
tion was simultaneously transported into a ‘T-type’ impinging-stream reactor by
means of metering pumps at the rate of 100 r min�1 to produce MgAl LDHs.
Ultrasonic processing was also applied during this process and the frequency of
ultrasonic processing kept to be 20 kHz. The pH of the whole solution was always
kept to be 10 � 0.2 though regulating the concentration of NH3H2O. The resulting
mixture washed with water for several times until pH = 7 and then dried at 100°C in
an oven. The resulting material was denoted as TU-LDHs.

2.1.2 LDH synthesized by conventional co-precipitation method

For the synthesis of traditional LDHs, LDHs was prepared by co-precipitation
method. The salt solution with a fixed concentration of 0.03 mol L�1 Mg(NO3)2 and
0.01 mol L�1 Al(NO3)3–A (200 mL) with a certain rate of addition and 1 mol L�1 of
NH3H2O were simultaneously added to the mixture at the second step, where the
pH of the whole solution was always kept to be 10� 0.2 and continuous stirring rate
is 400 r min�1. The mixture was then aged for further 4 h with stirring maintained.
The final obtained materials were filtered and washed with distilled water until
pH = 7, followed by drying at 100°C in an oven. The obtained material was denoted
as CC-LDHs.

2.1.3 LDH synthesized by hybrid two-step method

MgAl layered double hydrotalcites (MgAl LDHs) were prepared using a hybrid
two-step preparation approach. The hybrid two-step preparation consists of the
mother solution prepared in ‘T-mixer’ accompanying with ultrasonic processing
(first step) and the following step of co-precipitation (second step) process. The
mother solution was synthesized according to the preparation method of the above
section. About 50 mL of mother solution from the above solution was put into a
beaker for continuous stirring with a rate of 400 r min�1. Then, 150 mL of salt
solution with a fixed concentration of 0.03 mol L�1 Mg(NO3)2 and 0.01 mol L�1 Al
(NO3)3 and 1 mol L�1 of NH3H2O were simultaneously added to the mixture at the
second step. The addition rate of salt solution was controlled by regulating the speed
of peristaltic pump, where the pH of the whole solution was always kept to be
10 � 0.2. The whole preparation process of MgAl LDHs by two steps were illus-
trated in Figure 1. The final obtained materials were filtered and washed with
distilled water until pH = 7, followed by drying at 100°C in an oven. The obtained
material was denoted as TUC-LDHs.
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2.2 Materials characterization

The structures of MgAl LDHs were characterized using a combination of
methods including BET-specific surface areas, X-ray diffraction (XRD), scanning
electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX) analysis
and transmission electron microscope (TEM).

2.2.1 BET

Nitrogen adsorption/desorption isotherms were carried out on a Micromeritics
ASAP2020 surface area and pore size analyser at 77 K. Before conducting each
measurement, the prepared LDHs were first degassed at 110°C overnight.

2.2.2 XRD

The structure of the prepared samples were analysed by XRD through
conducting in a Bruke-AXS D8 advance powder diffractometer using Cu-Ka radia-
tion (λ = 1.5418 Å) and a power of 40 kv*20 Ma, where the diffraction patterns were
recorded in the range 2θ = 5–80° with a step size of 0.01°.

2.2.3 SEM and EDXS

The morphologies of synthesized LDHs were observed using SEM produced
from ZEISS ZIGMA 174C CZ. The element analysis was conducted by use of an
Oxford Instrument INCAx-act PentaFET® Precision EDXs.

2.2.4 TEM

High-resolution TEM images were obtained using JEM-2100 electron micro-
scope operating at 200 kV, whereby a drop of solution was placed onto a Cu grid
and dried in infrared lamp for several minutes.

Figure 1.
Schematic illustrating the preparation process of MgAl LDHs by hybrid two steps.
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2.3 Carbon dioxide adsorption measurements

The CO2 adsorption test and regenerability of the synthesized adsorbents
were measured by Netzsch TG 209 F1 thermogravimetric analyser (TGA) at
atmosphere pressure under dry conditions. Pure CO2 gas was used to carry out
the whole adsorption/desorption measurement. Before adsorption test, all the
samples were calcined at 500°C for 5 h in an Ar atmosphere. About 10 mg of
sample loaded into an alumina crucible was heated from 25 to 105°C at 10°C min�1

under N2 atmosphere for 60 min and then switched to desired temperature
(80, 150 and 200°C) at the rate of 10°C min�1. During the isothermal stage,
the gas input changed from N2 to CO2 and held for 90 min. The CO2 adsorption
capacity of the sample-qt (mmol g�1) was calculated according to the weight
gain of the sample and expressed as the mole of CO2 absorbed per gram of
adsorbent:

qt ¼
mt �mo

m�M
� 1000 (1)

where mO and mt (mg) are the initial mass of adsorbent for CO2 adsorption and
mass of adsorbent for CO2 adsorption at time t, respectively. m is the total mass of
sorbent (mg) and M is molar mass of CO2 (44 mol g�1).

In the absorption/desorption cycle, about 10 mg of the above calcined samples
was heated from 25 to 105°C at 10°C min�1 under N2 atmosphere (40 mL min�1)
for 60 min and then switched to 80°C at a cooling rate of 10°C min�1. After
adsorption, the desorption process was carried out as the gas input was switched
from CO2 to N2 at 105°C. The adsorption/desorption process was repeated in six
cycles.

2.4 Error analysis

To determine the validity of isotherm and kinetics models, two different error
functions, i.e. chi-square (X2) and normalized standard deviationΔq %ð Þ, and correla-
tion coefficient equation R2 were evaluated between experimental and calculated data,
which are given by

Chi� square : X2 ¼ ∑
n

i¼1

qt � qe
� �2

qe
(2)

Normalized standard deviation : Δq %ð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

i¼1 qt � qe
� �

=qe
� �2
n� 1

s
� 100 (3)

Correlation coefficient equation : R2 ¼ 1�
∑N

j¼1 qt � qe
� �2

∑N
j¼1 qt � qe
� �2

0
@

1
A� N� 1

N� p

� �
(4)

where qt and qe are CO2 uptake determined by experiment and computed by
model, respectively. qe is the mean experimental data, p is the number of model
parameters and N is total number of experimental points. The most suitable model
to describe the CO2 adsorption process is the one with highest R2 value.
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2.3 Carbon dioxide adsorption measurements

The CO2 adsorption test and regenerability of the synthesized adsorbents
were measured by Netzsch TG 209 F1 thermogravimetric analyser (TGA) at
atmosphere pressure under dry conditions. Pure CO2 gas was used to carry out
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samples were calcined at 500°C for 5 h in an Ar atmosphere. About 10 mg of
sample loaded into an alumina crucible was heated from 25 to 105°C at 10°C min�1

under N2 atmosphere for 60 min and then switched to desired temperature
(80, 150 and 200°C) at the rate of 10°C min�1. During the isothermal stage,
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capacity of the sample-qt (mmol g�1) was calculated according to the weight
gain of the sample and expressed as the mole of CO2 absorbed per gram of
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mass of adsorbent for CO2 adsorption at time t, respectively. m is the total mass of
sorbent (mg) and M is molar mass of CO2 (44 mol g�1).

In the absorption/desorption cycle, about 10 mg of the above calcined samples
was heated from 25 to 105°C at 10°C min�1 under N2 atmosphere (40 mL min�1)
for 60 min and then switched to 80°C at a cooling rate of 10°C min�1. After
adsorption, the desorption process was carried out as the gas input was switched
from CO2 to N2 at 105°C. The adsorption/desorption process was repeated in six
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where qt and qe are CO2 uptake determined by experiment and computed by
model, respectively. qe is the mean experimental data, p is the number of model
parameters and N is total number of experimental points. The most suitable model
to describe the CO2 adsorption process is the one with highest R2 value.
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3. Results and discussion

3.1 Synthesis and characterization of LDHs prepared by different ways

Co-precipitation method is a common method used in preparation of MgAl
LDHs materials in the previous studies. The main requirement for improving the
CO2 adsorption capacity of MgAl LDHs is to develop it with high surface area and
pore volume. It is well known that the formation process of MgAl LDHs includes
both nucleation and growth process. Controlling the process of nucleation properly
may have an effect on the whole size of MgAl LDHs, thus increasing its surface area.
Here, we reported the first synthesize of MgAl LDHs using a hybrid two-step
method. At first step, the salt solution and initial concentration of NH3H2O solution
were transported into ‘T-type’ impinging-stream reactor. Two solutions interact on
each other on the ‘T-type’ impinging-stream reactor and ultrasonic wave were also
applied in the interaction process. At second step, the conventional co-precipitation
method was used. This means that a certain rate of salt solution and NH3H2O were
simultaneously added to the mixture to produce the MgAl LDHs. The chemical and
physical effects of ultrasonic irradiation originated from acoustic cavitation lead to
rapid reaction rate and change the selectivity performance of the reaction [25], thus
improving the nucleation of MgAl LDHs.

The XRD patterns of MgAl LDHs prepared using three different methods are
shown in Figure 2. For all the samples, the characteristic reflections based on the
structure of (PDF #35-0965) were clearly observed, which can be indexed to (i)
(00l) peaks of (003) and (006) with corresponding to the basal spacing and higher
order reflections; (ii) (0kl) peaks of (012), (015) and (018) with broad reflections;
(iii) sharp (hk0) and (hkl) peaks of (110) and (113). It can be seen that LDHs
samples synthesized under different conditions have similar structures. The lattice
parameter a and c are calculated according to the parameters of (110) and (003)
plane assuming a 3R stacking of layer structure, where the value a (a = 2d110)
represents average distance between two metal ions and c is three times of the
brucite-like layer and interlayer distance (d003). The lattice parameter a is almost
independent of the synthesis method, which can be explained that it was affected

Figure 2.
XRD patterns for MgAl LDHs prepared using (a) TU method, (b) CC method and (c) TUC method.
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by the type of metal cation (Mg2+ and Al3+). Although LDHs are prepared by three
different ways, the metal cation of Mg2+ and Al3+ still keep the same without any
change. Similar observations can be found in the research of Wang et al. for the
formation of LDHs by co-precipitation and IEP method [20]. Concerning the lattice
parameter c, it was affected by three main factors: the average charge of the metal
cations, the nature of the interlayer anion and the water content. TU-LDHs have
lowest lattice parameter c compared to other two LDHs. All the samples use the
same anion and metal cations so that the slight difference between samples may be
related to a slow water content in the layer.

The crystalline size of particles was calculated using the Debye-Scherrer’s formula

D ¼ 0:89λ
β cosθ

(5)

where D is the grain size (nm), λ is the wavelength of the X-ray radiation, β is
the full width at half maximum and λ, θ is the angle of diffraction. The crystallite
size along the c direction was calculated according to (003) and (006) diffraction
peaks. The values given in Table 1 showed that the crystallite size in the c direction
by TU-LDHs and TUC-LDHs were a slightly higher than the crystallite size of
CC-LDHs. There is no obvious reduction of crystallite size in the c direction of
materials prepared by three different methods.

N2 adsorption-desorption isotherm of MgAl LDHs is given in Figure 3. All the
adsorbents show a Type IV isotherm according to the IUPAC classification, which is
associated with mesoporous materials [26]. TUC-LDHs and CC-LDHs show a H3
type hysteresis loop, suggesting that the pores are produced by ‘slit-shaped’ of
plate-like particles [27]. This type of isotherm is commonly observed in the
mesoporous stacking structure of sheet-like 2D crystallites [28]. In the case of
TU-LDHs, it shows a H2 type hysteresis loop corresponding to a complex and
interconnected pore structure, indicating that the pores are produced by rapid
nucleation process. This difference could be related to the different synthetic route
applied in this work. The surface area (SBET) of the samples were determined using
BET (Brunauer, Emmett and Teller) model. The total volumes (VTotal) were calcu-
lated according to the amount of nitrogen (N2) absorbed at a relative pressure
(P/PO) of 0.99. The pore volumes were calculated from the desorption branch of the
isotherms using the Barrett-Joyner-Halenda (BJH) method, for the pores between
1.7 and 300.0 nm. Table 2 lists the textural parameters of MgAl LDHs obtained
from N2 adsorption-desorption isotherms. It can be seen clearly that the SBET of
TUC-LDHs is the highest of 235.3 m2 g�1 compared to 198.7 m2 g�1 for TU-LDHs
and 148.1 m2 g�1 for CC-LDHs as well as the pore sizes (90.83 Å) and highest pore

Property TU-LDHs CC-LDHs TUC-LDHs

d003 (nm) 0.7977 0.8058 0.8011

d110 (nm) 0.1518 0.1516 0.1519

aa (nm) 0.3036 0.3032 0.3038

cb(nm) 2.3931 2.4174 2.4033

Crystallite size in c direction (nm)c 8.65 7.35 8.63
aa = 2d110
bc = 3d003
cValue calculated from (003) and (006), according to Debye-Scherrer’s formula.

Table 1.
Lattice parameters of LDHs prepared by different methods.
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volume (0.48 cm3 g�1). Both of TUC-LDHs and CC-LDHs facilitate the macro-
structure of pores. Although TU-LDHs has the second largest SBET, its pore sizes
(24.4 Å) and pore volume (0.08 cm3 g�1) are the lowest in comparison with other
two materials. This indicates that the TU method contributes to the formation of
mesoporous structure. The increase in surface area of TU-LDHs is very likely
caused by the enhanced micromixing in the ‘T-mixer’, where the use of
ultrasonication can intensify the turbulent eddies and those microbubble bursting
that erode the surface area of hydrotalcites of layered structure through removal of
the interlayer anions [17]. This effect may be more evident as TUC-LDHs compared
with CC-LDHs possess smaller size so that the erosion can be taking place for
TUC-LDHs. This explanation seems to be supported by SEM and TEM observation
of TUC-LDHs.

The size, morphologies and structure of MgAl LDHs prepared by different
methods are characterized using FESEM. It can be clearly seen from Figure 4(a)
that the morphology and structure of TU-LDHs looks like a house-of-cards-type
stacking structure, which is similar to that from ‘exfoliation-self-assembly’ method.
However, no significant differences can be observed between CC-LDHs and TUC-
LDHs, as shown in Figure 4(b) and (c). Both of them show rose-like morphology,
while morphology of TUC-LDHs looks quite loose compared with CC-LDHs. In
order to further explore the morphology and structure of the prepared LDHs,
CC-LDHs and TUC-LDHs were also characterized using TEM analysis. The TEM
image in Figure 4(f) shows that the TUC-LDHs has an average size of 100 nm and

Figure 3.
Nitrogen adsorption-desorption isotherm for TU-LDHs, CC-LDHs and TUC-LDHs.

Sample name BET surface area (m2 g�1) Average pore diameter (Å) Pore volume (cm3 g�1)

TU-LDHs 198.7 24.4 0.08

CC-LDHs 148.1 85.61 0.28

TUC-LDHs 235.3 90.83 0.48

Table 2.
Textural parameters of MgAl LDHs obtained from N2 adsorption-desorption isotherms.
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thickness of 10–20 nm. However, the average size and thickness of CC-LDHs
(shown in Figure 4(e)) are significantly larger than in the case of TUC-LDHs. In
addition, EDX analysis of TUC-LDHs (shown in Figure 4(d)) is given as a rough
molar ratio of MMg/Al ≈ 3, which is consistent with chemical composition of raw
materials.

From the above XRD, BET, SEM and TEM results, further analyses are as
follows. Mixing is very slow, relying on the molecular diffusion process due to the
absence of turbulence in a low Reynold number. However, the mixing can be
enhanced by changing the geometry of mixing channel from conventional agitated
vessel to ‘T-mixer’. Ultrasonic wave, an external energy force, can generate addi-
tional force to interfere with the flow field in the ‘T-mixer’ channel so that a high
level of supersaturation is generated and micromixing process of chemical reaction
can be enhanced in extremely short time (�10�7 s) [23, 24]. Thus, the high level of
supersaturation contributes to form large amounts of nuclei in a short time,
resulting in a small average particle size accumulating together, which is consistent
with the BET results in Table 2. Finally, the layered structure of TU-LDHs seems to
stack together tightly. For TUC-LDHs, the presence of TU-LDHs during the growth
of TUC-LDH may introduce defects into LDH structure, through modified nucle-
ation conditions or induced curvature [29]. The final particles exhibit fluffy shapes

Figure 4.
SEM images of MgAl LDHs for (a) TU-LDHs, (b) CC-LDHs and (c) TUC-LDHs; EDS of (d) TUC-LDHs;
TEM of (e) CC-LDHs and (f) TUC-LDHs.
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CC-LDHs and TUC-LDHs were also characterized using TEM analysis. The TEM
image in Figure 4(f) shows that the TUC-LDHs has an average size of 100 nm and

Figure 3.
Nitrogen adsorption-desorption isotherm for TU-LDHs, CC-LDHs and TUC-LDHs.

Sample name BET surface area (m2 g�1) Average pore diameter (Å) Pore volume (cm3 g�1)

TU-LDHs 198.7 24.4 0.08

CC-LDHs 148.1 85.61 0.28

TUC-LDHs 235.3 90.83 0.48

Table 2.
Textural parameters of MgAl LDHs obtained from N2 adsorption-desorption isotherms.
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thickness of 10–20 nm. However, the average size and thickness of CC-LDHs
(shown in Figure 4(e)) are significantly larger than in the case of TUC-LDHs. In
addition, EDX analysis of TUC-LDHs (shown in Figure 4(d)) is given as a rough
molar ratio of MMg/Al ≈ 3, which is consistent with chemical composition of raw
materials.

From the above XRD, BET, SEM and TEM results, further analyses are as
follows. Mixing is very slow, relying on the molecular diffusion process due to the
absence of turbulence in a low Reynold number. However, the mixing can be
enhanced by changing the geometry of mixing channel from conventional agitated
vessel to ‘T-mixer’. Ultrasonic wave, an external energy force, can generate addi-
tional force to interfere with the flow field in the ‘T-mixer’ channel so that a high
level of supersaturation is generated and micromixing process of chemical reaction
can be enhanced in extremely short time (�10�7 s) [23, 24]. Thus, the high level of
supersaturation contributes to form large amounts of nuclei in a short time,
resulting in a small average particle size accumulating together, which is consistent
with the BET results in Table 2. Finally, the layered structure of TU-LDHs seems to
stack together tightly. For TUC-LDHs, the presence of TU-LDHs during the growth
of TUC-LDH may introduce defects into LDH structure, through modified nucle-
ation conditions or induced curvature [29]. The final particles exhibit fluffy shapes

Figure 4.
SEM images of MgAl LDHs for (a) TU-LDHs, (b) CC-LDHs and (c) TUC-LDHs; EDS of (d) TUC-LDHs;
TEM of (e) CC-LDHs and (f) TUC-LDHs.
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and the flake-like structures are formed. Another important reason may be related
to the isoelectric point (IEP) of MgAl LDHs. The IEP of MgAl LDHs is around 10, so
it can be positively (pH > IEP), neutrally (pH = IEP), or negatively (pH < IEP)
charged depending on the relationship between the IEP and the pH. Because it is
electronic neutrally on its surface, its growth is inhibited due to the repulsive force
between negatively charged TUC-LDH primary particles and Al(OH)4

�, CO3
2�,

OH� anions. Hence, the formation rate of LDHs is so fast that the growth in all
directions under such basic conditions. It is well known that the formation process
of TUC-LDH includes both nucleation and growth process. In our experiment, the
growing of TUC-LDH is based on the mixture solution, which suggests that it
supplies a nucleation environment for TUC-LDH growth, then the directions of
LDHs growth could be determined. As reported in literature, the deposition of a
colloidal suspension of TUC-LDH on substrates, such as glass or silicon, generally
leads to the TUC-LDH nanoplatelets having preferred orientation with their c-axis
perpendicular to the substrate. The fact that the MgAl-CO3 LDH nanoplatelets are
perpendicularly attached to the surface via their edges suggests they are grown onto
the substrate via a strong chemical interaction. Wang et al. reported the first
synthesize of nanosized spherical MgAl LDHs using IEP method [20].

3.2 TGA analysis

Calcination is a very important step for activating the MgAl LDHs, because the
fresh LDHs do not contain much basic sites so that the CO2 uptake capacity is quite
low. Figure 5 shows the TGA spectrum of the three different types of synthesized
LDHs. The curves for the LDHs prepared by three methods are all fairly similar in
shape. The TGA spectra of TU-LDHs show a weight loss of 13% between 50 and
207°C due to the loss of the physisorbed water. In the second weight loss, 33.2%
occurred between 207 and 600°C, which is mainly caused by dehydroxylates and
decarbonates of LDHs to a large extent, finally leading to the formation of a mixed
oxide with a three-dimensional network [8]. For CC-LDHs, the first weight loss

Figure 5.
TGA spectrum of the three different types of synthesized LDHs.
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(14%) was found to occur between 50 and 170°C. In the temperature range of 50
and 214°C, TUC-LDHs observed a weight loss of 14%. There are no much differ-
ences during the second weight loss process among three samples.

3.3 CO2 adsorption capacity

The CO2 capture capacity of the above-mentioned three types of LDHs, includ-
ing TU-LDHs, TUC-LDHs and CC-LDHs, were evaluated using isothermal CO2

adsorption tests. In the present work, we are particularly interested in whether the
modified methods would influence the final CO2 adsorption capacity or not. The
CO2 adsorption capacities of the different types of LDHs are given in Figure 6. All
the samples were first calcined at 500°C before each CO2 adsorption test. Then, the
thermogravimetric adsorptions of CO2 on the samples were measured at 80, 150
and 200°C using a TGA analyser. It can be found that the CO2 adsorption capacities
of TU-LDHs, CC-LDHs and TUC-LDHs at 80°C are 0.30, 0.22 and 0.28 mmol g�1,
respectively. While for the sample at 200°C, the CO2 adsorption capacities of TU-
LDHs, CC-LDHs and TUC-LDHs are 0.33, 0.25 and 0.36 mmol g�1, respectively.
The CO2 adsorption capacity of LDHs at 200°C was higher than that of 80 and 150°C.
The main reason maybe that a surface phenomenon and chemical interactions are
restricted at 80°C due to the higher activation energy [19]. We can see that TUC-
LDHs had better adsorption capacity than other two TU-LDHs and CC-LDHs inde-
pendent of adsorption temperature. The removal of water during calcination process
leads to the formation of channels and pores. As the BET surface area of TUC-LDHs is
higher than TU-LDHs and CC-LDHs, it could increase more basic sites for CO2

adsorption [7].

3.4 Kinetic studies of CO2 capture performance

In order to get a good adsorbent, fast adsorption kinetics is considered as one of
the most important parameters to evaluate the adsorbent in a dynamic process.
Hence, the ability of withstanding large adsorbate flows are connected with the rate
of adsorption. Here, we mainly study the PFO model and Avrami model on the
function of CO2 adsorption on our LDHs [30]. The general sorption rate equations
are expressed as:

Figure 6.
CO2 adsorption capacities of the different types of LDHs at different temperatures.
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(14%) was found to occur between 50 and 170°C. In the temperature range of 50
and 214°C, TUC-LDHs observed a weight loss of 14%. There are no much differ-
ences during the second weight loss process among three samples.

3.3 CO2 adsorption capacity

The CO2 capture capacity of the above-mentioned three types of LDHs, includ-
ing TU-LDHs, TUC-LDHs and CC-LDHs, were evaluated using isothermal CO2

adsorption tests. In the present work, we are particularly interested in whether the
modified methods would influence the final CO2 adsorption capacity or not. The
CO2 adsorption capacities of the different types of LDHs are given in Figure 6. All
the samples were first calcined at 500°C before each CO2 adsorption test. Then, the
thermogravimetric adsorptions of CO2 on the samples were measured at 80, 150
and 200°C using a TGA analyser. It can be found that the CO2 adsorption capacities
of TU-LDHs, CC-LDHs and TUC-LDHs at 80°C are 0.30, 0.22 and 0.28 mmol g�1,
respectively. While for the sample at 200°C, the CO2 adsorption capacities of TU-
LDHs, CC-LDHs and TUC-LDHs are 0.33, 0.25 and 0.36 mmol g�1, respectively.
The CO2 adsorption capacity of LDHs at 200°C was higher than that of 80 and 150°C.
The main reason maybe that a surface phenomenon and chemical interactions are
restricted at 80°C due to the higher activation energy [19]. We can see that TUC-
LDHs had better adsorption capacity than other two TU-LDHs and CC-LDHs inde-
pendent of adsorption temperature. The removal of water during calcination process
leads to the formation of channels and pores. As the BET surface area of TUC-LDHs is
higher than TU-LDHs and CC-LDHs, it could increase more basic sites for CO2

adsorption [7].

3.4 Kinetic studies of CO2 capture performance

In order to get a good adsorbent, fast adsorption kinetics is considered as one of
the most important parameters to evaluate the adsorbent in a dynamic process.
Hence, the ability of withstanding large adsorbate flows are connected with the rate
of adsorption. Here, we mainly study the PFO model and Avrami model on the
function of CO2 adsorption on our LDHs [30]. The general sorption rate equations
are expressed as:
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CO2 adsorption capacities of the different types of LDHs at different temperatures.
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Pseudo-first-order (PFO) model:

qt ¼ qe 1� exp �kf t
� �� �

(6)

Avrami model:

qt ¼ qe 1� exp � kAtð ÞnAð Þð Þ (7)

where qe is the adsorption capacity at equilibrium and at time t, respectively, kf
is the kinetic parameter of pseudo-first order model, kA is the kinetic parameter of
Avrami model, the Avrami exponent and nA is a factionary number, which reflects
the adsorption mechanism.

To investigate the CO2 adsorption kinetics of LDHs, Figure 7 shows that the CO2

uptake vs. time of TU-LDHs, CC-LDHs and TUC-LDHs at 80, 150 and 200°C and
the corresponding profiles as predicted by pseudo-first-order and Avrami kinetic
models. From the figure, it could be seen that the adsorption curves of LDHs

Figure 7.
Experimental CO2 uptake on different LDHs at different temperatures and corresponding fit to kinetic models:
(□) TU-LDHs, (○) CC-LDH,s (△) TUC-LDHs, (—) Pseudo-first order fit and (---) Avrami fit.
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showed obvious two-stage adsorption process under different adsorption condi-
tions. That means, adsorption process of CO2 sorption by LDHs consists of a fast
reaction stage and a much slower second stage controlled by CO2 diffusion. Clearly,
both of the models predict CO2 adsorption process well. But, Avrami kinetic model
offers a better description of the adsorption of CO2, since the R

2 value was higher
and X2 and Δq yielded low values in comparison of pseudo-first order model.
Therefore, Avrami kinetic model is more suitable to predict the CO2 adsorption
process of LDHs in our experiment. Table 3 shows the values of kinetic constants
and the characteristic parameters from the kinetic model, along with the X2,Δq, R2

as calculated using Eqs. (1)–(3). This is because pseudo-first order kinetic model is
suitable for explaining the low surface coverage adsorption, and hence describes the
early stages of adsorption [30, 31]. In the process of CO2 adsorption by LDHs, it is
not a simple physical adsorption process. LDHs consists of positively charged Mg-
Al-OH brucite type network in an octahedral network. After calcination, the LDHs
gradually loses its interlayer water and form a mixed oxide with sufficient basic
sites which are favourable for CO2 sorption. It is a complex reaction in combination
of physical and chemical process during CO2 uptake [19, 32]. Avrami kinetic model
is logical to attribute the fitting of CO2 uptake process in our experiment.

The pseudo-first order model and Avrami model kinetic parameters kf and kA
are the time scales for measuring the process to reach equilibrium. The higher kf and
kA, the quicker speed for the process to reach equilibrium. It can be observed from
Table 3 that kf and kA of CC-LDHs and TUC-LDHs increase with temperature
overall. When the temperature increases, the molecule’s speed (kinetic energy) also
increases. So, the CO2 molecules will migrate faster inside the pores, which in turn
will result in an increase in the rate of diffusion. Hence, it is reflected in the form of
CO2 uptake curves with much steeper ones (shown in Figure 7). For TU-LDHs, kf
and kA do not change much as the temperature increases. This might be caused by
the fact that the pores of TU-LDHs are easy to saturate or block during the CO2

adsorption even at high temperature due to its small pore size and volume. This
phenomenon usually occurs in the microporous material such as porous MgO [33],
zeolites [34] and active carbons [35]. The order of CO2 adsorption capacity to reach
equilibrium (kA) at 80°C seen in Avrami model is: TU-LDHs > TUC-LDHs > CC-
LDHs. The order of CO2 adsorption capacity to reach equilibrium at 150°C seen in
Avrami model is: CC-LDHs > TU-LDHs = TUC-LDHs. When the CO2 adsorption
temperature is 200°C, the time of reaching equilibrium by three materials is almost
the same. This indicates that TU-LDHs and TUC-LDHs show the potential applica-
tion of reaching equilibrium to absorb the CO2 gas at low temperature (<100°C).
The Avrami exponent nA reflects the extent of driving force on adsorption appara-
tus. The data of nA in the range of 1–4 suggest that CO2 adsorption occurs more than
one-reaction pathway from adsorption sites [36].

Here, the schematic CO2 adsorption mechanism on LDHs is shown in Figure 8.
During the CO2 adsorption process in porous material, it is known that CO2 mole-
cule diffuses through the gas film to pore structure among the agglomerate particles
and the crystalline grains; or the CO2 molecule interacts with the adsorbent (surface
reaction). Generally, the surface reaction process is quite rapid, and the resistance
associated with the surface adsorption can be assumed to be negligible [33]. The
whole process of CO2 adsorption can be simplified that CO2 permeates in a tube
with tubular structure. As mentioned above, TUC-LDHs has the largest BET surface
area as well as pore size and volume. The effective absorbed area is larger and it is
easy to absorb the CO2 in the tubular tube with less resistance. This trend is obvious
when the adsorption is operated at a high temperature. For the TU-LDHs, although
it shows a second largest surface area, its pore size and volume are limited. The
pores of LDHs are easy to block when the CO2 concentration in the tubular tube
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Figure 8.
Schematic CO2 adsorption mechanism on LDHs.

Figure 9.
CO2 uptake using temperature during six cycles at 80°C (a) TU-LDHs, (b) CC-LDHs and (c) TUC-LDHs.
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Figure 8.
Schematic CO2 adsorption mechanism on LDHs.

Figure 9.
CO2 uptake using temperature during six cycles at 80°C (a) TU-LDHs, (b) CC-LDHs and (c) TUC-LDHs.
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increases; finally, the CO2 diffusion rate will slow down. As for CC-LDHs, it has the
lowest effective surface area, which finally influences its CO2 adsorption ability.

3.5 CO2 adsorption/desorption cycling test

For practical applications, the stability of adsorbents during the adsorption-
desorption process should be considered. Hence, it is badly needed to test its
cycle operation. Figure 9 shows six successive runs of adsorption-desorption
isotherms of LDHs at 80°C. TUC-LDHs shows an initial cyclic adsorption capacity
(0.33 mmol g�1). However, it decreased to CO2 adsorption capacity of
0.21 mmol g�1 at second cycle, which is 67% of the original capacity. At six cycles of
absorption, the adsorption capacity is still 0.2 mmol g�1 with 60.6% of the original
capacity although CO2 adsorption is fluctuated during the middle process. The
decrease of adsorption capacity over several cycles has also been reported by several
research groups. The main reason for the decrease of CO2 adsorption is possible
that some chemical sorption sites are blocked during the subsequent adsorption/
desorption cycles. TU-LDHs and CC-LDHs show an initial CO2 adsorption capacity
of 0.30 and 0.24 mmol g�1, in which the retentions could achieve as high as 69.8
and 54.7%, respectively. These results indicate that the TU process played a role not
only in increasing CO2 sorption capacity, but also in improving the cyclic perfor-
mance. The experimental results show that stability of hydrotalcites synthesized by
both TUC and TU method are higher than the conventional prepared LDHs, which
seems promising adsorbents for CO2 adsorption.

4. Conclusions

The present studies have demonstrated that the MgAl LDHs as a CO2 adsorbent
can be synthesized successfully through an ultrasonic assisted ‘T-mixer’ (TU-
LDHs), hybrid two-step preparation method (TUC-LDHs) and conventional co-
preparation (CC-LDHs) method. The conclusions reached as the results of the
current study are as follows:

1. It was found that the prepared TUC-LDHs had a clear layered structure and the
average size was approximately 100 nm with the largest surface area, which
makes it a promising adsorbent material for CO2 capture in practical
application.

2. Increasing the adsorption temperature is benefit to improve the CO2

adsorption capacity of LDHs. The highest capture capacity was got when the
CO2 adsorption took place at 200°C by TUC-LDHs.

3. The CO2 adsorption stability of TU-LDHs and TUC-LDHs is higher than the
CC-LDHs after six adsorption/desorption cycles.
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increases; finally, the CO2 diffusion rate will slow down. As for CC-LDHs, it has the
lowest effective surface area, which finally influences its CO2 adsorption ability.

3.5 CO2 adsorption/desorption cycling test

For practical applications, the stability of adsorbents during the adsorption-
desorption process should be considered. Hence, it is badly needed to test its
cycle operation. Figure 9 shows six successive runs of adsorption-desorption
isotherms of LDHs at 80°C. TUC-LDHs shows an initial cyclic adsorption capacity
(0.33 mmol g�1). However, it decreased to CO2 adsorption capacity of
0.21 mmol g�1 at second cycle, which is 67% of the original capacity. At six cycles of
absorption, the adsorption capacity is still 0.2 mmol g�1 with 60.6% of the original
capacity although CO2 adsorption is fluctuated during the middle process. The
decrease of adsorption capacity over several cycles has also been reported by several
research groups. The main reason for the decrease of CO2 adsorption is possible
that some chemical sorption sites are blocked during the subsequent adsorption/
desorption cycles. TU-LDHs and CC-LDHs show an initial CO2 adsorption capacity
of 0.30 and 0.24 mmol g�1, in which the retentions could achieve as high as 69.8
and 54.7%, respectively. These results indicate that the TU process played a role not
only in increasing CO2 sorption capacity, but also in improving the cyclic perfor-
mance. The experimental results show that stability of hydrotalcites synthesized by
both TUC and TU method are higher than the conventional prepared LDHs, which
seems promising adsorbents for CO2 adsorption.

4. Conclusions

The present studies have demonstrated that the MgAl LDHs as a CO2 adsorbent
can be synthesized successfully through an ultrasonic assisted ‘T-mixer’ (TU-
LDHs), hybrid two-step preparation method (TUC-LDHs) and conventional co-
preparation (CC-LDHs) method. The conclusions reached as the results of the
current study are as follows:

1. It was found that the prepared TUC-LDHs had a clear layered structure and the
average size was approximately 100 nm with the largest surface area, which
makes it a promising adsorbent material for CO2 capture in practical
application.

2. Increasing the adsorption temperature is benefit to improve the CO2

adsorption capacity of LDHs. The highest capture capacity was got when the
CO2 adsorption took place at 200°C by TUC-LDHs.

3. The CO2 adsorption stability of TU-LDHs and TUC-LDHs is higher than the
CC-LDHs after six adsorption/desorption cycles.
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tant roles in such technological processes as drying, handling, packaging, storage,
mixing, freeze-drying and other processes that require the prediction of food sta-
bility, shelf life, glass transition and estimation of drying time and texture and
prevention of deteriorative reactions. They are useful in the computation of ther-
modynamic energies of moisture in the products. An understanding of moisture
sorption phenomena in products, moisture sorption isotherm (MSI) determination
techniques and moisture sorption isotherm model evaluation procedures would be
useful in the development or selection, modeling and controlling as well as optimi-
zation of appropriate processes to make for enhanced efficiency. The phenomena
addressed in this chapter are equilibrium moisture content (EMC)-water activity
(aw) relationships and MSI types, temperature influence on isotherms and occur-
rence of moisture sorption hysteresis. MSI measurement techniques highlighted are
the gravimetric, vapor pressure manometric (VPM), hygrometric and inverse gas
chromatographic and the use of AquaLab equipment. Commonly used moisture
sorption isotherm models (BET, GAB, modified GAB, Hailwood-Horrobin, modi-
fied Hailwood-Horrobin, modified Halsey, modified Henderson, modified Chung-
Pfost and modified Oswin) were selected, and their evaluation procedures using
moisture sorption data were outlined. Static gravimetric technique involving the
use of saturated salt solution appears to be the most widely used and recommended
method of determining the EMC of agricultural and food products. Most of the MSI
models can be fitted to moisture sorption data thorough linearization by logarithmic
transformation, while others can be solved using such expression as second-order
polynomial. Model goodness of fit can be determined using standard (SE) error of
estimate, coefficient of determination (R2), mean relative percentage deviation (P)
and fraction explained variation (FEV). The acceptance of a model depends on the
nature of its residual plots. A model is considered acceptable if the residual plots
show uniform scatter around the horizontal value of zero showing no systemic
tendency towards a clear pattern. A model is better than another model if it has
lower SE, lower P, higher R2 and higher FEV. Although it appears as if a generalized
MSI model is yet to exist, it is recommended that the Ngoddy-Bakker-Arkema
(NBA) model should be given thorough going and extensive testing on the MSI of
different categories of food as it could prove true to its generalized model posture
due to the fundamental nature of its derivation.
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1. Introduction

A fundamental characteristic of biological materials, which influence virtually
every aspect of handling, storage, manufacturing and consumption of food prod-
ucts [1], including every aspect of the dehydration process and storage stability of
the dried products [2], is their basic hygroscopicity. By this, it is meant that when
biological materials are exposed to water vapor of a definite pressure, sorption of
the water vapor by the product will occur. This chapter discusses the phenomena at
play, their technological applications, factors that influence the characteristics,
measurement techniques, models that are commonly used to predict them and
models’ predictive performance evaluation procedures.

2. Sorption phenomena in biological materials

Biological materials at constant moisture content and temperature display
characteristic vapor pressure and would tend to approach equilibrium with the
temperature and vapor pressure of the surrounding gaseous atmosphere. To attain
this equilibrium, the material either gains moisture from the environment or loses
moisture to the environment depending on whether the vapor pressure of the
surrounding is higher or lower than its vapor pressure [3]. The former process is
called adsorption and the latter desorption. If the conditions of the surrounding are
not changed for a sufficiently long period of time (theoretically for infinitely long
time), the temperature at which the vapor pressure of the material and its sur-
rounding is the same is established. At equilibrium, no further change in moisture
content of the product occurs, and the moisture content of the material at that point
is called equilibrium moisture content (EMC), while the relative humidity is known
as equilibrium relative humidity. Water activity (aw) is another term used to denote
the ERH in decimal unit. The definition of water activity is based on the concept of
thermodynamics and refers to the availability of moisture in biomaterials for phys-
ical, chemical and biological changes [4, 5], and it is a property of the material.

2.1 Moisture sorption isotherm

When equilibrium is attained, the moisture content is termed adsorption EMC
or desorption EMC depending on whether the equilibrium was reached thorough
the adsorption or desorption process. The EMC obtained thorough the desorption
process usually lies above the one obtained thorough the adsorption process in the
isotherm plots and leads to formation of the hysteresis loop (MSI) when graphically
expressed [6]. Brunauer et al. [7] classified moisture sorption isotherms into five
general types (Figure 1). The type I is the Langmuir, while the type II is the sigmoid
or S-shaped isotherm. The type III is known as the Flory-Huggins isotherm and is
usually influence by the presence of solvent or plasticizer such as glycerol above the
glass transition temperature, and type IV is due to the presence of swellable hydro-
philic solid that influence the moisture sorption process until a maximum site
hydration is reached, while the type V is the BET multilayer adsorption isotherm.
Moisture sorption isotherms of most foods are nonlinear, generally sigmoidal in
shape, and of the type II classification [1, 6].
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2.2 Applications of moisture sorption isotherm

In drying operation, it is the removal of water which is important, and hence the
desorption equilibrium moisture relationship is required to determine the lowest
attainable moisture content at the process temperature and relative humidity [8].
Labuza and Hyman [9] applied the changing of water activity of food ingredients
and effective diffusivity to control moisture migration in multidomain foods, when
temperature changes occur. The moisture sorption isotherms of food and agricul-
tural products are therefore of special interest in the design of storage and preser-
vation processes such as packaging, drying, mixing, freeze-drying and other
processes that require the prediction of food stability, shelf life and glass transition
and estimation of drying time [10], texture and deteriorative reactions in agricul-
tural and food products. The precise determination of equilibrium moisture con-
tents of dehydrated foods provides valuable information for the accurate
computation of thermodynamic energies from existing theories [1].

2.3 Factors influencing moisture sorption characteristics

The adsorption and desorption characteristics of agricultural and food products
are affected by numerous factors [11], and these include composition, origin,
postharvest history and methodology of measurement. In general, polymers sorb
more water than sugars and other soluble components at lower water activities [12].
However, the soluble components sorb more water above certain water activity.
The MSIs for the same material from different sources usually differ and are com-
parable only with qualification. The type of treatments given to the product may
change the polar and other groups that bind water, along with changes in the
capillary and other configurations of the food structure [13]. Greig [14] showed that
the denaturation of native cottage cheese whey had no effect on the sorption
isotherm at low water activities but significantly increased sorption at high water
activities. Yu et al. [15] studied the moisture sorption characteristics of freeze-dried,
osmo-dried, osmo-freeze-dried and osmo-air-dried cherries and blue berries and
found that the EMC of osmo-air-dried cherries was generally higher than that of the
osmo-freeze-dried and freeze-dried cherries at the lower temperature of 10°C, but
at higher temperatures of 25 and 40°C, the difference was not significant. Similar
result was reported for blue berries. San Jose et al. [16] showed that the drying

Figure 1.
Types of moisture sorption isotherm for food. Source: Rizvi [6].
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method (freeze- and spray-drying) of lactose-hydrolyzed milk did not affect the
adsorption isotherms but had profound effect on the desorption isotherms. Tsami
et al. [17] investigated the effect of drying method on the sorption characteristics of
model fruit powder and reported that freeze-dried gel adsorbed more vapor at 25°C
than microwave-dried gel, which had a higher sorption capacity than vacuum- and
conventionally dried product. Mittal and Usborne [18] determined the moisture
sorption isotherms of meat emulsions and showed that their EMC was affected by
the fat-protein ratio. Mazza [19] reported that at 40°C and in the monolayer region
of the isotherm, the EMC of precooked dehydrated pea was higher than that of raw
pea but that at water activities above 0.5, the sorption capacity of precooked pea
was lower than that of raw pea. Aviara [20] noted that chemical modification
(cross-linking and hydroxypropylation) of cassava, maize and sorghum starches
had profound influence on their moisture adsorption and desorption characteristics.
While cross-linking lowered the sorptive capacity of the starches, hydroxypro-
pylation enhanced the ability of the starches to sorb or desorb moisture. Palou et al.
[21] studied the moisture sorption characteristics of three cookies and two corn
snacks whose main composition difference was in fat and total carbohydrate and
found the EMC difference at 5% level of significance. Igbeka et al. [22], Ajibola and
Adams [23] and Gevaudan et al. [24] studied the moisture sorption characteristics
of cassava and presented data that were fitted by different moisture sorption
isotherm models. The variance in EMC may be due to the source of the material,
product’s postharvest and sorption history and varietal differences, methodology of
measurement, temperature range and limitations imposed by model selection.

3. Moisture sorption isotherm measurement techniques

Several methods of determining the moisture sorption isotherm of agricultural
and food products have been employed by investigators [25]. Gal [26–28] carried
out a thorough review of the methods and pointed out that the basic techniques
include the gravimetric, hygrometric, vapor pressure manometric and inverse gas
chromatography and special method involving the use of AquaLab.

3.1 Gravimetric method

There are two common gravimetric methods of determining the EMC of agri-
cultural and food products at different temperatures and water activities. One of
these methods is the static gravimetric method which involves the placement of the
product in an atmosphere with which it then comes into equilibrium (weight loss or
gain stops) without mechanical agitation of the air or product. For this method,
several weeks may be required for the product to come into equilibrium, and
because of the long period of time, mold usually develops on high and intermediate
moisture foods at water activities above 0.8. For data obtained at water activities
above 0.8 to be reliable, mold growth must be prevented during equilibration. At
the point of equilibration, the moisture content is then determined as the EMC. The
second one is the dynamic method in which the atmosphere surrounding the prod-
uct or the product itself is mechanically moved. The dynamic method is quicker but
presents the problem of design and instrumentation. The static method has been
used extensively and reported to be preferable for obtaining complete sorption
isotherms [27]. It has also been recommended as the standard method of determin-
ing the moisture sorption isotherms of agricultural and food products [29]. It
involves the placement of small sample (10–25 g) of agricultural and food material
in vacuum desiccators containing different concentrations of sulfuric acid
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(Figure 2a) to maintain the relative humidity (water activity) of the surrounding
air at different values from 0 to 100% (0.00–1.00) or saturated solution
(Figure 2b) of different salts to achieve different values of relative humidity at a
specified temperature. Usually a thermostatically controlled water bath or oven

Figure 2.
(a) Desiccator containing concentrated sulfuric acid: (1) locking clamp, (2) lid, (3) rubber seal ring,
(4) desiccator barrel, (5) sample basket or can, (6) sample basket mounting stand and (7) concentrated
sulfuric acid. Source: Spiess and Wolf [29]. (b) Desiccator containing saturated salt solution employed by
Kameoka et al. [32] in determining the EMC of brown and rough rice and hull.
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(Figure 3) is used to obtain the desired temperature. The water activity of sulfuric
acid at different concentrations and temperatures is presented in Table 1, and that
of saturated solutions of different salts at various temperatures are presented in
Table 2.

Figure 3.
Thermostatically controlled water bath or oven for moisture sorption isotherm determination. Source: Spiess and
Wolf [29].

Percent
H2SO4

Density at 25°C
(g/cm3)

Temperature (°C)

5 10 20 25 30 40 50

5.00 1.0300 0.9803 0.9804 0.9806 0.9807 0.9808 0.9811 0.9814

10.00 1.0640 0.9554 0.9554 0.9558 0.9562 0.9562 0.9565 0.9570

15.00 1.0994 0.9227 0.9230 0.9237 0.9241 0.9245 0.9253 0.9261

20.00 1.1365 0.8771 0.8779 0.8796 0.8802 0.8814 0.8831 0.8848

25.00 1.1750 0.8165 0.8183 0.8218 0.8218 0.8252 0.8285 0.8317

30.00 1.2150 0.7396 0.7429 0.7491 0.7509 0.7549 0.7604 0.7655

35.00 1.2563 0.6464 0.6514 0.6607 0.6651 0.6693 0.6773 0.6846

40.00 1.2991 0.5417 0.5480 0.5599 0.5656 0.5711 0.5816 0.5914

45.00 1.3437 0.4319 0.4389 0.4524 0.4589 0.4653 0.4775 0.4891

50.00 1.3911 0.3238 0.3307 0.3442 0.3509 0.3574 0.3702 0.3827

55.00 1.4412 0.2255 0.2317 0.2440 0.2502 0.2563 0.2685 0.2807

60.00 1.4940 0.1420 0.1471 0.1573 0.1625 0.1677 0.1781 0.1887

65.00 1.5490 0.0785 0.0821 0.0895 0.0933 0.0972 0.1052 0.1135

70.00 1.6059 0.0355 0.0377 0.0422 0.0445 0.0470 0.0521 0.0575

75.00 1.6644 0.0131 0.0142 0.0165 0.0177 0.0190 0.0218 0.0249

80.00 1.7221 0.0035 0.0039 0.0048 0.0053 0.0059 0.0071 0.0085

Source: Rizvi [6], Bell and Labuza [56].

Table 1.
Water activity of sulfuric acid solution at different concentrations and temperatures.
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Acids are not used extensively because of the danger involved in its handling and
the changes that can occur in its composition—it is susceptible to dilution or
increase in concentration with time due to the release or absorption of water by the
product—thereby effecting a change in the air-water activity. Acids also easily
corrode and release fume that can be toxic in the food material. Saturated salts are
safer to use, and constant humidity can be maintained by leaving excess salt in the
solution. That way, the solution is made to remain saturated thoroughout the
duration of the experiment in spite of the release or absorption of water by the
product. The use of saturated salt solution, however, requires many salts in order to
go thorough the relative humidity (water activity) range of 0–100% (0.00–1.00),
whereas only one acid could be used for the same purpose.

The static gravimetric method involving the use of saturated salt solutions was
applied successfully to the determination of MSIs of Jerusalem artichoke [30];
uncooked meat emulsions [18]; ground and short-time roasted coffee [31]; rice
[32]; pigeon pea type-17 [33]; cassava [23]; plantain, winged bean seed and gari
[34–36]; freeze-dried, osmo-freeze-dried and osmo-air-dried cherries and blue
berries [15]; vetch seeds [37]; lupine [38]; high oleic sunflower seeds and kernels
[39]; quinoa grains [40]; soya bean [41]; red chillies [42]; chickpea flour [43]; black
gram nuggets [44]; sorghummalt [45]; IR-8 rice variety [46]; native and chemically
modified starches [20]; and castor seeds [47]. Young [48], Oyelade et al. [49, 50],
Al-Muhtaseb et al. [51], Bello [52] and Afkawa [53] applied the static gravimetric
method involving the use of different concentrations of sulfuric acid in determining
the MSIs of Virginia-type peanuts, maize flour, yam flour, potato, high amylopectin
and high amylose starch powders, groundnut and neem seeds and shea nut and
desert date kernels, respectively. Bosin and Easthouse [54] suggested the dynamic

Salt Temperature (°C)

20 25 30 35 40 45 50 60 70

Sodium hydroxide 0.09 0.08 0.07 0.07 0.07 0.07 0.07 0.07 0.07

Lithium chloride 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11

Potassium acetate 0.23 0.22 0.22 — — — — — —

Calcium chloride — — — 0.22 0.22 0.22 0.21 0.21 0.20

Magnesium chloride 0.33 0.33 0.32 0.32 0.32 0.32 0.31 0.31 0.30

Potassium carbonate 0.43 0.43 0.43 — — — — — —

Magnesium nitrate 0.54 0.53 0.51 0.499 0.48 0.47 0.45 0.45 0.44

Manganese chloride — — — — 0.51 0.5 0.5 0.5 0.5

Sodium bromide 0.59 0.58 0.56 0.55 — — — — —

Sodium nitrite — — — — 0.61 0.61 0.6 0.6 0.6

Sodium chloride 0.75 0.75 0.75 0.75 0.75 0.74 0.74 0.74 0.75

Potassium chloride 0.85 0.84 0.84 0.83 0.82 0.82 0.81 0.8 0.8

Barium chloride — — — — — 0.89 0.89 0.88 0.88

Potassium nitrate 0.95 0.93 0.92 0.91 0.89 — — — —

Potassium sulfate 0.97 0.97 0.97 0.97 0.96 0.96 0.96 0.95 0.94

Source: Rizvi [6], Bell and Labuza [56].

Table 2.
Water activity of saturated salt solutions at different temperatures.
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(Figure 3) is used to obtain the desired temperature. The water activity of sulfuric
acid at different concentrations and temperatures is presented in Table 1, and that
of saturated solutions of different salts at various temperatures are presented in
Table 2.

Figure 3.
Thermostatically controlled water bath or oven for moisture sorption isotherm determination. Source: Spiess and
Wolf [29].

Percent
H2SO4

Density at 25°C
(g/cm3)

Temperature (°C)

5 10 20 25 30 40 50
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20.00 1.1365 0.8771 0.8779 0.8796 0.8802 0.8814 0.8831 0.8848

25.00 1.1750 0.8165 0.8183 0.8218 0.8218 0.8252 0.8285 0.8317

30.00 1.2150 0.7396 0.7429 0.7491 0.7509 0.7549 0.7604 0.7655

35.00 1.2563 0.6464 0.6514 0.6607 0.6651 0.6693 0.6773 0.6846

40.00 1.2991 0.5417 0.5480 0.5599 0.5656 0.5711 0.5816 0.5914

45.00 1.3437 0.4319 0.4389 0.4524 0.4589 0.4653 0.4775 0.4891

50.00 1.3911 0.3238 0.3307 0.3442 0.3509 0.3574 0.3702 0.3827
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75.00 1.6644 0.0131 0.0142 0.0165 0.0177 0.0190 0.0218 0.0249

80.00 1.7221 0.0035 0.0039 0.0048 0.0053 0.0059 0.0071 0.0085

Source: Rizvi [6], Bell and Labuza [56].

Table 1.
Water activity of sulfuric acid solution at different concentrations and temperatures.
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gravimetric method, and Igbeka et al. [22], Roman et al. [25] and Rahman and Al-
Belushi [55] utilized it in establishing the MSIs of cassava and potato, apple and
freeze-dried garlic powder, respectively.

3.2 Hygrometric method

Electric hygrometers are widely used for obtaining the MSIs of agricultural and
food products. There are quite a lot of commercially available and specially
designed hygrometers that are in use. The instrument (Figure 4) consists basically
of a sensor, sample chamber and potentiometer. The sensor could use a hygroscopic
chemical such as lithium chloride or an ion-exchange resin such as sulfonated
polysterne; the conductivity of which changes according to the water activity above
the sample. The sensor could be a humidity sensor which is based on capacitance
changes in a thin film capacitor. Electric hygrometers give rapid, relatively precise
results and are easy to operate. The main problems involved with the use of
hygrometers are:

i. Evaluation of the equilibration time between the sample and sensor

ii. Proper temperature control

iii. Need for recalibration for some instrument

Crapiste and Rostein [57], Fasina and Sokhansanj [58], Tsami et al. [17] and
Arslan and Togrul [59] employed the hygrometric method in studying the moisture
sorption behavior of potatoes, alfalfa pellets, model fruit powders and crushed
chillies, respectively.

Figure 4.
Diagram of moisture sorption isotherm apparatus utilizing the hygrometer. Source: Fasina and Sokhansanj [58].
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3.3 Vapor pressure manometric (VPM) method

The vapor pressure manometric method involves bringing air to equilibrium
with the agricultural or food product at a fixed temperature and moisture content
and the relative humidity of the air measured as the equilibrium relative humidity
(ERH). In this method, the vapor pressure exerted by the moisture in the product is
directly measured. As a result, it is taken as one of the best methods of determining
the MSI of food [60]. The equilibrium relative humidity is then obtained from the
ratio of the vapor pressure in the sample to that of pure water at the same temper-
ature. A schematic diagram of the apparatus and simplified diagram of the system
set-up is shown in Figures 5 and 6, respectively. The procedure for determining the
ERH of agricultural and food products using the method is as follows:

i. The prepared sample and VPM system are allowed to reach the desired
temperature.

ii. About 10–50 g of sample is put in the sample flask, and an equal amount of
desiccant (CaSO4, CaCl2) is placed in the desiccant flask and sealed on to the
apparatus using high vacuum grease.

iii. Keeping the sample flask isolated, the system is evacuated to less than 200
μmHg (Rizvi, 1986). The cold strap should be filled with nitrogen prior to
evacuation of the system to trap any moisture reaching the vacuum pump.

iv. The space in the sample flask is then connected to the evacuated air space by
opening the stopcock over the sample V4 (Figure 6), and the system is again
evacuated for 1 min.

Figure 5.
Schematic diagram of vapor pressure manometric apparatus. Source: Rizvi [6].
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v. The stopcock across the manometer V5 is closed causing the oil in the
micromanometer to respond to the vapor pressure exerted by the
sample. When the oil level reaches a steady value, the difference is
recorded as H1.

vi. The stopcock over the sample is then closed, and the desiccant stopcock is
opened to connect the system with the desiccant, causing a change in the
height of the manometric oil. After the oil reaches a constant height, the
micromanometer reading is recorded as H2.

vii. The sample is removed from the system, and the moisture content is
determined using a standard method.

viii.With the data obtained, the equilibrium relative humidity is calculated using
Eq. (1):

ERH ¼
H1 �H2ð Þ Ts

To

� �

Ps
(1)

where ERH is the equilibrium relative humidity (%), H1 is the micromanometer
reading with sample flask connected to the system (mm of manometric oil), H2 is
the micromanometer reading with desiccant flask connected to the system (mm of
manometric oil), Ts is the temperature of the environment surrounding the water
bath taken as the temperature of sample (K), To is the temperature of the environ-
ment surrounding the micromanometer (K) and Ps is the saturated vapor pressure
at sample temperature (mm of manometric oil).

The VPM method is rapid and precise but requires the use of vacuum pump, an
accurate manometer and closed glass tube system. Proper temperature control is
critical to this method, and volatile constituents other than water may contribute to
the pressure exerted by the food.

The VPMmethod has been used to obtain the MSI of cereal grains and rape [61],
dry milk [62], sesame seed [63], cowpea [64] and palm kernels [65].

Figure 6.
Schematic diagram of vapor pressure manometric system set-up. Source: Ajibola et al. [65].
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3.4 Inverse gas chromatography

The inverse gas chromatography (IGC) is a rapid and effective system for
studying the thermodynamic properties of a solid taken as the stationary phase in
relation to a mobile gas phase containing selected solutes such as water. It is partic-
ularly suitable for the study of the lower region of water activity and for products
with very low equilibrium moisture contents [66, 67]. With IGC the sorbed solute is
injected into the carrier gas stream, and its linear transport is retarded owing to
interaction with the product under study, which constitutes the stationary phase.
Moisture sorption isotherms are then determined using the chromatographic data
obtained and the following equations, which relate chromatograph operating
parameters and peak data to the sorption isotherm:

a ¼ maIads
mIpic

(2)

and

p ¼ mahRT
IpicW

(3)

where a is the uptake of sorbed water (g/g stationary phase), ma is the mass of
water injected (g), m is the mass of stationary phase (g) and Iads/Ipic is the ratio of
the areas (A + B)/B calculated from the chromatogram (Figure 7), p is the partial
pressure (atm), h is the peak height (detector units), R is the gas constant
(82.0567 cm3 atm mole1 K�l), T is the absolute temperature (K), W is the flow rate
of carrier gas (cm3/min) and Ipic is the area B in Figure 7.

It has been used successfully to determine the MSIs of homogeneous solid food
ingredients like sucrose, glucose and starch [68] and complex heterogeneous foods
like bakery products [69], wheat flour [66] and wheat and soy flour [70].

Figure 7.
Typical gas chromatogram obtained by IGC: 1 = point of injection; 2 = point of emergence of unadsorbed peak
(air); 3 = point of emergence of probe peak (water), Ipic = area B; and Iads = area A + B. Source: Manuel Sa
and Sereno [67].
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3.5 AquaLab instrument

AquaLab is the fastest, most accurate and most reliable instrument available for
measuring water activity, giving readings in 5 min or less [71]. It is easy to use and
provides accurate and timely results. Its readings are reliable, providing �0.003 aw
accuracy. The instrument is easy to clean and checking calibration is simple. The
photograph of 4TE model of the equipment is shown in Figure 8.

4. Influence of temperature on moisture sorption isotherms

Temperature affects the mobility of water molecules and the dynamic equilib-
rium between the vapor and the adsorbed gases [13]. If water activity is kept
constant, an increase in temperature causes a decrease in the amount of sorbed
water [20] (Figure 9). This indicates that the food becomes less hygroscopic.
Iglesias and Chirife [72] pointed out that increase of temperature represents a
condition unfavorable to water sorption.

An exception to this rule is shown by certain sugars and other low molecular
weight food constituents, which become more hygroscopic at higher temperature
because they dissolve in water. Temperature shifts can have an important practical
effect on the chemical and microbiological reactivity related to quality deterioration
of a food in a closed container [73]. An increase of temperature at constant moisture
content causes increase in water activity (Figure 10). This increases the rate of
reactions and leads to deterioration [74–76]. Weisser [31] studied the effect of
temperature on the sorption isotherms of roasted coffee and reported that the
product showed consistent separation of the isotherms at different temperatures.
However, not all foods exhibit such consistency. In the work reported by Saravacos
et al. [12], crossing over occurred at high water activity (aw = 0.78) in the 20 and
30°C adsorption isotherms of sultana raisins and 5, 20 and 45°C adsorption and
desorption isotherms of Chilean papaya shown in Figure 11 [77]. Such crossing over
has earlier been observed by Saravacos and Stinchfield [78] on model systems of
starch-glucose, Audu et al. [79] on sugars, Weisser et al. [80] on sugar and alcohols

Figure 8.
4TE model AquaLab moisture content—water activity measuring instrument. Source: METER Group,
Inc. [71].
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and Silverman et al. [81] on 20 and 37°C isotherms of precooked bacon. These
substances contain large amounts of low molecular weight constituents in a mixture
of high molecular weight biopolymers. At lower water activity values, the sorption
of water is due mainly to the biopolymers, and an increase of temperature has the
normal effect of lowering the isotherms [13]. As water activity is raised beyond the
intermediate region, moisture begins to be sorbed primarily by the sugars and other
low molecular constituents leading to the swinging up of the isotherm. Dissolution,
which is favored by higher temperature, offsets the opposite effect of temperature
on higher molecular weight constituents. The net result is an increase of moisture
content (crossing over) of the isotherms. This has bearing on the sign and magni-
tude of the binding energy [13]. The binding energy of sultana raisin decreased as
the temperature increased from 22 to 32°C in the low moisture region [12], but the
effect of temperature showed a crossing over of the lines at higher moisture

Figure 10.
Changes in water activity at constant moisture content and in moisture content at constant water activity with
changes in temperature. Source: Rizvi [6].

Figure 9.
Adsorption EMC of hydroxypropylated cassava starch showing variation of MSI with temperature. Source:
Aviara [20].
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the temperature increased from 22 to 32°C in the low moisture region [12], but the
effect of temperature showed a crossing over of the lines at higher moisture

Figure 10.
Changes in water activity at constant moisture content and in moisture content at constant water activity with
changes in temperature. Source: Rizvi [6].

Figure 9.
Adsorption EMC of hydroxypropylated cassava starch showing variation of MSI with temperature. Source:
Aviara [20].
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contents due to the endothermic dissolution of fruit sugars. Iglesias and Chirife [82]
studied the equilibrium moisture contents of air-dried beef and found that the
higher the drying temperature, the lower the sorption capacity of the dried beef.
Similar results were reported for cookies and corn snacks [21] and apples [25].
Temperature changes also have effects on the water activity of saturated salt solu-
tions, which are used in the determination of sorption isotherms. Labuza et al. [83]
used experimental data and thermodynamic analysis to demonstrate that water
activity of saturated salt solutions should decrease with increase in temperature.

5. Moisture sorption hysteresis

A product which attains its moisture equilibrium with the surrounding by losing
moisture at a given temperature is said to have reached the desorption EMC. When
the relatively dry material absorbs moisture from a high humidity environment at
the same temperature, it will eventually reach the adsorption EMC. The isotherm
plots may indicate a significant difference at certain water activities and tempera-
tures between desorption and adsorption EMC values, with the desorption values
being higher than the adsorption counterpart. This difference is called moisture
sorption hysteresis [13, 45]. A typical hysteresis loop presented in Figure 12 could
occur within the region of monolayer moisture but could begin at a higher water
activity and extend down to zero water activity, depending on its class according to
Kapsalis [13] classification.

Moisture sorption hysteresis has important theoretical and practical implications
in foods. These include the general aspects of the irreversibility of moisture sorption
process and the question of validity of thermodynamic parameters derived from a
particular arm of the isotherm. Moisture sorption hysteresis has effect on chemical
and microbiological deterioration of low and intermediate moisture foods.

5.1 Hysteresis classification

The hysteresis phenomenon in agricultural and food products varies in magni-
tude, shape and extent, depending on the type of food and temperature [13].
Hysteresis size or magnitude is depicted by the area enclosed by the loop, while the

Figure 11.
Moisture desorption isotherms of Chilean papaya showing isotherm crossing at higher water activities with
increase in temperature. Source: Vega-Galvez et al. [84].
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span or extent is denoted by the water activity range covered. Kapsalis [13] grouped
moisture sorption hysteresis into three general types as follows:

Type I hysteresis: This type of hysteresis is normally pronounced mainly in the
lower moisture content region, below the first inflection point of the isotherm.
Although the total hysteresis may be large, no occurrence is normally observed
above the 0.65 water activity or in the intermediate moisture range. The type I
hysteresis is normally exhibited by high-sugar and high-pectin foods, exemplified
by air-dried apple.

Type II: In this type, moderate hysteresis begins at high water activity, in the
capillary condensation region, and extends over the rest of the isotherm to zero
water activity. In both desorption and adsorption arms, the isotherm’s sigmoidal
shape is retained. This type of hysteresis is normally exhibited by high-protein
foods exemplified by freeze-dried pork.

Type III: In this type, large hysteresis loop occurs with a maximum at about 0.70
water activity, which is within the capillary condensation region. This type of
hysteresis normally occurs in starchy foods such as freeze-dried rice.

5.2 Effect of temperature on hysteresis

Increasing temperature decreases the total hysteresis and limits the span of the
loop along the isotherm [84]. Iglesias and Chirife [85] studied the effect of temper-
ature on the magnitude of moisture sorption hysteresis of foods and reported that
increasing temperature decreased or eliminated hysteresis for some foods, while for
others, the total hysteresis size remained constant, or even increased. In the case
where the hysteresis loop decreased, it did so more appreciably at high tempera-
tures. The effect of temperature was found to be more pronounced on the desorp-
tion isotherms than the adsorption isotherms.

5.3 Theories of moisture sorption hysteresis

Several theories have been proposed to explain hysteresis phenomena in agri-
cultural and food products. The most prominent of the theories are the ink bottle

Figure 12.
Moisture sorption hysteresis loop. Source: Kapsalis [13].

157

Moisture Sorption Isotherms and Isotherm Model Performance Evaluation for Food…
DOI: http://dx.doi.org/10.5772/intechopen.87996



contents due to the endothermic dissolution of fruit sugars. Iglesias and Chirife [82]
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activity of saturated salt solutions should decrease with increase in temperature.

5. Moisture sorption hysteresis

A product which attains its moisture equilibrium with the surrounding by losing
moisture at a given temperature is said to have reached the desorption EMC. When
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activity and extend down to zero water activity, depending on its class according to
Kapsalis [13] classification.

Moisture sorption hysteresis has important theoretical and practical implications
in foods. These include the general aspects of the irreversibility of moisture sorption
process and the question of validity of thermodynamic parameters derived from a
particular arm of the isotherm. Moisture sorption hysteresis has effect on chemical
and microbiological deterioration of low and intermediate moisture foods.

5.1 Hysteresis classification

The hysteresis phenomenon in agricultural and food products varies in magni-
tude, shape and extent, depending on the type of food and temperature [13].
Hysteresis size or magnitude is depicted by the area enclosed by the loop, while the
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span or extent is denoted by the water activity range covered. Kapsalis [13] grouped
moisture sorption hysteresis into three general types as follows:

Type I hysteresis: This type of hysteresis is normally pronounced mainly in the
lower moisture content region, below the first inflection point of the isotherm.
Although the total hysteresis may be large, no occurrence is normally observed
above the 0.65 water activity or in the intermediate moisture range. The type I
hysteresis is normally exhibited by high-sugar and high-pectin foods, exemplified
by air-dried apple.

Type II: In this type, moderate hysteresis begins at high water activity, in the
capillary condensation region, and extends over the rest of the isotherm to zero
water activity. In both desorption and adsorption arms, the isotherm’s sigmoidal
shape is retained. This type of hysteresis is normally exhibited by high-protein
foods exemplified by freeze-dried pork.

Type III: In this type, large hysteresis loop occurs with a maximum at about 0.70
water activity, which is within the capillary condensation region. This type of
hysteresis normally occurs in starchy foods such as freeze-dried rice.

5.2 Effect of temperature on hysteresis

Increasing temperature decreases the total hysteresis and limits the span of the
loop along the isotherm [84]. Iglesias and Chirife [85] studied the effect of temper-
ature on the magnitude of moisture sorption hysteresis of foods and reported that
increasing temperature decreased or eliminated hysteresis for some foods, while for
others, the total hysteresis size remained constant, or even increased. In the case
where the hysteresis loop decreased, it did so more appreciably at high tempera-
tures. The effect of temperature was found to be more pronounced on the desorp-
tion isotherms than the adsorption isotherms.

5.3 Theories of moisture sorption hysteresis

Several theories have been proposed to explain hysteresis phenomena in agri-
cultural and food products. The most prominent of the theories are the ink bottle

Figure 12.
Moisture sorption hysteresis loop. Source: Kapsalis [13].
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theory, the incomplete wetting theory, the open-pore theory, the shrinkage theory
and the capillary condensation-swelling fatigue theory.

Ink bottle theory: This theory assumes that an agricultural and food product is a
porous body having capillaries consisting of narrow, small-diameter necks with
large bodies resembling ink bottles (Figure 13). It explains hysteresis on the basis of
difference in the radii of the porous sorbent. During desorption, the small radii of
necks control the emptying of the capillaries and result in a lowering of the relative
humidity above the product; whereas during adsorption, the large area for the
bodies needs to be filled, thus requiring higher relative humidity. The explanation
can be better understood using the Kelvin equation which states that

Ln
P
Po

� �
¼ �2σVcosθ

RTrm
(4)

where P is the vapor pressure of liquid over the curved meniscus (Pa), Po is the
saturation vapor pressure (Pa) at temperature T (K), σ is the surface tension (N/m),
θ is the angle of contact (in complete wetting, θ is 0 and cosθ = 1), V is the molar
volume of liquid (m3/mol) and rm is the mean radius of curvature of meniscus.

For desorption, by substituting r1 in Figure 13 for rm in Eq. (4) with cosθ = 1
(complete wetting), Eq. (4) becomes transformed into Eq. (5):

Pd ¼ Po exp
�2σV
RTr1

� �
(5)

In adsorption with condensation first taking place in the large diameter cavity,
Eq. (4) becomes

Pa ¼ Po exp
�2σV
RTr2

� �
(6)

From the above, it follows that for a given amount of water sorbed, the pressure
will be higher during adsorption than during desorption.

Incomplete wetting theory: This theory is also dependent on capillary condensation
based on Eq. (4), but it notes that due to the presence of impurities, the contact

Figure 13.
Ink bottle neck theory of moisture sorption hysteresis (left, schematic representation and, right, actual pore).
Source: Kapsalis [13].
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angle of the receding film upon desorption is smaller than that of the advancing film
upon adsorption. Therefore, condensation along the adsorption branch of the iso-
therm will be at a higher vapor pressure resulting in open hysteresis as illustrated in
Figure 14. However, in foods the most common type of hysteresis is the closed-end,
retraceable loop showing that this theory is limited in its application to foods.

Open-pore theory: this theory extends the ink bottle theory by including consid-
erations of multilayer adsorption. It is based on the difference in vapor pressure
between adsorption Pa and desorption Pd as affected by the shape of the meniscus.
During adsorption, the meniscus is considered cylindrical and the Cohan equation
(not presented here) applies, whereas during desorption, the shape is considered to

Figure 14.
Incomplete wetting theory of hysteresis (A) contact angle and (B) open hysteresis. Source: Kapsalis [13].

Figure 15.
Open-pore theory of hysteresis. Source: Kapsalis [13].
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theory, the incomplete wetting theory, the open-pore theory, the shrinkage theory
and the capillary condensation-swelling fatigue theory.

Ink bottle theory: This theory assumes that an agricultural and food product is a
porous body having capillaries consisting of narrow, small-diameter necks with
large bodies resembling ink bottles (Figure 13). It explains hysteresis on the basis of
difference in the radii of the porous sorbent. During desorption, the small radii of
necks control the emptying of the capillaries and result in a lowering of the relative
humidity above the product; whereas during adsorption, the large area for the
bodies needs to be filled, thus requiring higher relative humidity. The explanation
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In adsorption with condensation first taking place in the large diameter cavity,
Eq. (4) becomes

Pa ¼ Po exp
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(6)

From the above, it follows that for a given amount of water sorbed, the pressure
will be higher during adsorption than during desorption.

Incomplete wetting theory: This theory is also dependent on capillary condensation
based on Eq. (4), but it notes that due to the presence of impurities, the contact
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angle of the receding film upon desorption is smaller than that of the advancing film
upon adsorption. Therefore, condensation along the adsorption branch of the iso-
therm will be at a higher vapor pressure resulting in open hysteresis as illustrated in
Figure 14. However, in foods the most common type of hysteresis is the closed-end,
retraceable loop showing that this theory is limited in its application to foods.

Open-pore theory: this theory extends the ink bottle theory by including consid-
erations of multilayer adsorption. It is based on the difference in vapor pressure
between adsorption Pa and desorption Pd as affected by the shape of the meniscus.
During adsorption, the meniscus is considered cylindrical and the Cohan equation
(not presented here) applies, whereas during desorption, the shape is considered to

Figure 14.
Incomplete wetting theory of hysteresis (A) contact angle and (B) open hysteresis. Source: Kapsalis [13].
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Open-pore theory of hysteresis. Source: Kapsalis [13].
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be hemispherical in which the Kelvin equation is applied. The open-pore theory is
illustrated in Figure 15.

Shrinkage theory: This states that while agricultural and food product is drying
out, the force of attraction causes water-holding spaces to shrink (molecular
shrinkage). This permanent shrinkage reduces the water-binding polar sites and
water-holding capacity of the material; hence less amount of water is absorbed
during the adsorption process.

Capillary condensation and swelling fatigue theory: In this theory proposed by
Ngoddy-Bakker-Arkema [86], the sorption hysteresis is considered linked with
condensation and evaporation in irregular voids (capillary condensation) and
influence of adsorbed water molecules on such physical properties of agricultural
and food products as strength, elasticity, rigidity, swelling and evolution of heat
(swelling fatigue). The above combination was simulated by adopting the Cohan
theory of capillary condensation with modifications and combining it with the ink
bottle theory in the first approximation. The theory presented expressions for
calculating the desorption isotherms of biomaterials from corresponding adsorption
isotherm using bulk moduli determined as a function of moisture content.

6. Moisture sorption isotherm models

Equations for fitting the moisture sorption isotherms are of special importance
in many aspects of crop and food preservation by drying. These include the predic-
tion of the drying times, shelf life of the dried product in a packaging material and
the equilibrium conditions after mixing products with varying water activities [87].
Others are the analytical determination of control for undesirable chemical and
enzymatic reactions [88] and control of moisture migration in multidomain foods
[9]. Moisture sorption isotherm models, therefore, not only constitute an essential
part of the overall theory of drying but also provide information directly useful in
the accurate and optimum design of drying equipment [1]. They are needed in the
evaluation of the thermodynamic functions related to moisture sorption in biologi-
cal materials [89].

Several theoretical, semi-theoretical and empirical models have been proposed
and used by investigators to fit the equilibrium moisture content data of food and
agricultural products. Chirife and Iglesias [87] reviewed part of the isotherm equa-
tions and presented a discussion of 23 common models, while Van den Berg and
Bruin [5] presented a more comprehensive list. Ngoddy-Bakker-Arkema [1] devel-
oped a generalized moisture sorption isotherm model for biological materials based
primarily on the BET and capillary condensation theories and indirectly on Polanyi’s
potential theory. This model appears to possess very high versatility but needs to be
modified to reduce the number of parameters and incorporate the temperature
term. A thorough going and extensive testing of the model on various categories of
food is also necessary to confirm its versatility and prove the generalized posture.
Ferro Fontan et al. [2] and Chirife et al. [90] presented a new model, which Iglesias
and Chirife [91] compared with the GAB model and reported to be an alternative.
Chen [92] derived a new moisture sorption isotherm model from a reaction engi-
neering approach. The Brunauer-Emmett-Teller (BET) [87] and Guggenheim-
Anderson-de Boer (GAB) [56, 91, 93] models have been used for estimating the
monolayer moisture content of agricultural and food products. Boquet et al. [94]
noted that the Hailwood and Horrobin model has a remarkably good ability to fit
the experimental data for most food types. A test of the model on moisture sorption
data of native cassava and sorghum starches [95] showed that it has good predictive
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performance with R2 ranging from 0.92 to 0.99. It, however, lacked the temperature
term and was modified to incorporate the term. Other commonly used models
include modified Henderson, modified Chung-Pfost, modified Halsey and modified
Oswin and the GAB. The modified Henderson [96] and modified Chung-Pfost [97]
models have been adopted as the standard equations by the American Society of
Agricultural and Biological Engineers (ASABE) for describing the EMC-aw data for
cereals and oil seeds [98]. The modified Halsey [85] has been reported as the best
model for predicting the EMC-aw relationships of several tropical crops [99] and
alongside with the modified Oswin [100] has been shown to describe the EMC-aw
data of many seed satisfactorily [101, 102]. The Guggenheim-Anderson-de Boer
(GAB) model has been recognized as the most satisfactory theoretical isotherm
Equation [103–106] and has been recommended as the standard model for use in
food laboratories in Europe [105] (1985) and the USA [107]. The GAB does not
incorporate a temperature term; therefore, the determination of the effect of tem-
perature on isotherms using the model usually involves the evaluation of up to six
constants. Jayas and Mazza [108], however, developed a modified form of the GAB,
which incorporates the temperature term. The MSI models considered in this study
were selected from the above list and presented as follows:

1.Brunauer-Emmett-Teller (BET) model

M ¼ MmCaw
1� awð Þ 1þ C� 1ð Þaw½ � (7)

2.Guggenheim-Anderson-de Boer (GAB) model

M ¼ CKMmaw
1� Kawð Þ 1� Kaw þ CKaw½ � (8)

3.Modified GAB model

M ¼ AB C
T

� �
aw

1� Bawð Þ 1� Baw þ C
T Baw

� � (9)

4.Hailwood-Horrobin model

M ¼ A
aw

þ B� Caw

� ��1

(10)

5.Modified Hailwood-Horrobin model

M ¼ T
A
aw

þ B
� �

� C
Tn aw

� ��1

(11)

6.Modified Chung-Pfost model

M ¼ �1
C

Ln � T þ Bð Þ
A

Lnaw

� �
(12)

7.Modified Halsey model

M ¼ �Lnaw
exp Aþ BTð Þ
� ��1=C

(13)
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be hemispherical in which the Kelvin equation is applied. The open-pore theory is
illustrated in Figure 15.

Shrinkage theory: This states that while agricultural and food product is drying
out, the force of attraction causes water-holding spaces to shrink (molecular
shrinkage). This permanent shrinkage reduces the water-binding polar sites and
water-holding capacity of the material; hence less amount of water is absorbed
during the adsorption process.

Capillary condensation and swelling fatigue theory: In this theory proposed by
Ngoddy-Bakker-Arkema [86], the sorption hysteresis is considered linked with
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and food products as strength, elasticity, rigidity, swelling and evolution of heat
(swelling fatigue). The above combination was simulated by adopting the Cohan
theory of capillary condensation with modifications and combining it with the ink
bottle theory in the first approximation. The theory presented expressions for
calculating the desorption isotherms of biomaterials from corresponding adsorption
isotherm using bulk moduli determined as a function of moisture content.

6. Moisture sorption isotherm models
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in many aspects of crop and food preservation by drying. These include the predic-
tion of the drying times, shelf life of the dried product in a packaging material and
the equilibrium conditions after mixing products with varying water activities [87].
Others are the analytical determination of control for undesirable chemical and
enzymatic reactions [88] and control of moisture migration in multidomain foods
[9]. Moisture sorption isotherm models, therefore, not only constitute an essential
part of the overall theory of drying but also provide information directly useful in
the accurate and optimum design of drying equipment [1]. They are needed in the
evaluation of the thermodynamic functions related to moisture sorption in biologi-
cal materials [89].

Several theoretical, semi-theoretical and empirical models have been proposed
and used by investigators to fit the equilibrium moisture content data of food and
agricultural products. Chirife and Iglesias [87] reviewed part of the isotherm equa-
tions and presented a discussion of 23 common models, while Van den Berg and
Bruin [5] presented a more comprehensive list. Ngoddy-Bakker-Arkema [1] devel-
oped a generalized moisture sorption isotherm model for biological materials based
primarily on the BET and capillary condensation theories and indirectly on Polanyi’s
potential theory. This model appears to possess very high versatility but needs to be
modified to reduce the number of parameters and incorporate the temperature
term. A thorough going and extensive testing of the model on various categories of
food is also necessary to confirm its versatility and prove the generalized posture.
Ferro Fontan et al. [2] and Chirife et al. [90] presented a new model, which Iglesias
and Chirife [91] compared with the GAB model and reported to be an alternative.
Chen [92] derived a new moisture sorption isotherm model from a reaction engi-
neering approach. The Brunauer-Emmett-Teller (BET) [87] and Guggenheim-
Anderson-de Boer (GAB) [56, 91, 93] models have been used for estimating the
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noted that the Hailwood and Horrobin model has a remarkably good ability to fit
the experimental data for most food types. A test of the model on moisture sorption
data of native cassava and sorghum starches [95] showed that it has good predictive
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performance with R2 ranging from 0.92 to 0.99. It, however, lacked the temperature
term and was modified to incorporate the term. Other commonly used models
include modified Henderson, modified Chung-Pfost, modified Halsey and modified
Oswin and the GAB. The modified Henderson [96] and modified Chung-Pfost [97]
models have been adopted as the standard equations by the American Society of
Agricultural and Biological Engineers (ASABE) for describing the EMC-aw data for
cereals and oil seeds [98]. The modified Halsey [85] has been reported as the best
model for predicting the EMC-aw relationships of several tropical crops [99] and
alongside with the modified Oswin [100] has been shown to describe the EMC-aw
data of many seed satisfactorily [101, 102]. The Guggenheim-Anderson-de Boer
(GAB) model has been recognized as the most satisfactory theoretical isotherm
Equation [103–106] and has been recommended as the standard model for use in
food laboratories in Europe [105] (1985) and the USA [107]. The GAB does not
incorporate a temperature term; therefore, the determination of the effect of tem-
perature on isotherms using the model usually involves the evaluation of up to six
constants. Jayas and Mazza [108], however, developed a modified form of the GAB,
which incorporates the temperature term. The MSI models considered in this study
were selected from the above list and presented as follows:

1.Brunauer-Emmett-Teller (BET) model
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8.Modified Henderson model

M ¼ �Ln 1� awð Þ
A T þ Bð Þ

� �1 C=

(14)

9.Modified Oswin model

M ¼ Aþ BTð Þ aw
1� aw

� �1 C=

(15)

10.Ngoddy-Bakker-Arkema model

M ¼ ρε
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where M is the moisture content, (db); Mm is monolayer moisture content, (db);
aw is water activity; T is absolute temperature, (K); A, B, C and k are constants;
η is primary characteristic parameter of pore structure; ε is secondary characteristic
parameter of pore structure; σ is surface tension of sorbate in bulk liquid form,
(N/m); Rg is universal gas constant; V is molal volume of sorbate in its bulk liquid
condition, (m3/mol); Pm is vapor pressure corresponding to monolayer, (N/m2);
Po is saturated vapor pressure, (N/m2); and P is vapor pressure at the condition
under which the study is carried out, (N/m2).

7. Isotherm model predictive performance evaluation

Sun and Byrne [109], Sun [110] and Sun [111] evaluated the predictive perfor-
mance of the moisture sorption isotherm models that have been reported for fitting
the EMC and ERH data of rapeseed, rice, other grains and oilseeds and selected the
models that gave the best fits.

Coefficient of terms in the moisture sorption isotherm equations is usually
determined using nonlinear regression procedure, and the predictive performance
of an equation on sorption data is evaluated using such goodness of fit parameters as
standard error of estimate (estimate of the residual mean square), residual sum of
square, coefficient of determination, mean relative percent error, fraction explained
variation and residual plots. Several investigators used these parameters to evaluate
the fitting ability of EMC-aw equations. For instance, Ajibola [35–37], Ajibola and
Adams [34], Ajibola [112], Gevaudan et al. [24], Talib et al. [8], Pezzutti and
Crapiste [113], Tsami et al. [17] and Ajibola et al. [64] used the standard error of
estimate, and Young [48] and Jayas et al. [114] used the residual sum of squares to
compare the fitting ability of different models. Boquet et al. [94], Chirife et al. [90],
Weisser [31], Saravacos et al. [12], Pollio et al. [115], Iglesias and Chirife [91] and
Khalloufi et al. [10] used the mean relative percent deviation (MRE), while Shep-
herd and Bhardwaj [33], Demertzis et al. [116], Diamante and Munro [117] and
Sopade et al. [118] employed coefficient of determination in evaluating the fitting
ability of several models. Pappas and Rao [119] used the fraction explained
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variation, Chen [92] used both coefficient of determination and mean relative
percent error and Sun [110] and Sun [111] employed the residual sum of squares,
standard error of estimate and mean relative percent error in comparing moisture
sorption isotherm models for food. Other combinations of parameters that have
been used include standard error of estimate and mean relative percent error [120],
coefficient of determination and residual sum of squares [18] and standard error
of estimate, mean relative percent deviation and residual plots [15, 41, 65, 101, 102].
A model is considered acceptable for predictive purpose, if the residuals are
uniformly scattered around the horizontal value of zero showing no systematic
tendency towards a clear pattern [41, 45, 64, 65]. A model is considered better
than another if it has lower standard error of estimate and mean relative
percent deviation and higher fraction explained variation and coefficient of
determination.

Menkov [37] reported that of five moisture sorption isotherm models fitted to
the experimental data on the EMC of vetch seeds, the modified Oswin model
proved the best for describing the adsorption and desorption branches. Aviara et al.
[41] and Oyelade [121] reported that the modified Oswin model gave the best fit to
the EMC of soya bean and lafun, respectively. Santalla and Mascheroni [39] in a
similar study on the EMC of sunflower seeds and kernels reported that the GAB
model gave the best fit to the experimental data. Other crops whose moisture
sorption isotherms have recently been studied include quinoa grains [40], crushed
chillies [59], amaranth grains [122] and black gram nuggets [44].

7.1 Model parameter evaluation procedures

The procedure followed in evaluating a moisture sorption isotherm model
depends on the nature of the model. For the selected models (Eqs. (7)–(16)), the
procedures are as follows:

a. BET model: the BET model (Eq. (7)) can be linearized thorough algebraic
manipulations to yield Eq. (17):

aw
M 1� awð Þ ¼

1
MmC

þ C� 1
MmC

� �
aw (17)

A plot of aw
M 1�awð Þ against aw within the water activity range of 0.01–0.5 at each

temperature yields a straight line with the slope as C�1
MmC

� �
and intercept on the y-

axis as 1
MmC

, and from these, the values of Mm and C can be obtained and used as the
starting values in nonlinear regression. The nonlinear regression analysis procedure
minimizes the sum of deviation in the evaluation of a model using a series of
iterative steps. The procedure could require that initial parameter estimates be
chosen close to the true values.

b. GAB model: the GAB model (Eq. (8)) can be transformed to a quadratic form
by algebraic manipulation to yield Eq. (18):

aw
M

¼ Aaw2 þ Baw þ C (18)

Eq. (18) can be solved by plotting aw
M against aw at each temperature and fitting a

polynomial of the second order to the plots. This will yield the following functions
from Eq. (8):
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where M is the moisture content, (db); Mm is monolayer moisture content, (db);
aw is water activity; T is absolute temperature, (K); A, B, C and k are constants;
η is primary characteristic parameter of pore structure; ε is secondary characteristic
parameter of pore structure; σ is surface tension of sorbate in bulk liquid form,
(N/m); Rg is universal gas constant; V is molal volume of sorbate in its bulk liquid
condition, (m3/mol); Pm is vapor pressure corresponding to monolayer, (N/m2);
Po is saturated vapor pressure, (N/m2); and P is vapor pressure at the condition
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than another if it has lower standard error of estimate and mean relative
percent deviation and higher fraction explained variation and coefficient of
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proved the best for describing the adsorption and desorption branches. Aviara et al.
[41] and Oyelade [121] reported that the modified Oswin model gave the best fit to
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procedures are as follows:
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, and from these, the values of Mm and C can be obtained and used as the
starting values in nonlinear regression. The nonlinear regression analysis procedure
minimizes the sum of deviation in the evaluation of a model using a series of
iterative steps. The procedure could require that initial parameter estimates be
chosen close to the true values.

b. GAB model: the GAB model (Eq. (8)) can be transformed to a quadratic form
by algebraic manipulation to yield Eq. (18):
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Eq. (18) can be solved by plotting aw
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A ¼ k
Mm
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, B ¼ 1

Mm
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C

� �
, C ¼ 1

MmCk
(19)

The values of Mm, C and k obtained at each temperature are then used as the
initial values of the parameters in the nonlinear regression procedure of Eq. (8) to
evaluate the model.

c. Modified GAB model: the modified GAB model (Eq. (9)) like the original
GAB model can be transformed to a quadratic form by algebraic manipulation
to yield Eq. (20):

aw
M

¼ Xaw2 þ Yaw þ Z (20)

Plotting aw
M against aw and fitting a polynomial of the second order to the plot

yield the following functions from Eq. (9):

X ¼ B
A

T
C
� 1

� �
, Y ¼ 1

A
1� 2T

C

� �
, Z ¼ 1

ABC
(21)

The average values of A, B and C are obtained and used as initial parameter
estimates in the nonlinear regression analysis to evaluate the model.

d. Hailwood-Horrobin model: The Hailwood-Horrobin model (Eq. (10)) is
mathematically similar to the GAB and can after algebraic manipulations be
represented in the form

aw
M

¼ Caw2 þ Baw þ A (22)

Plotting aw
M against aw and fitting a polynomial of the second order to the plot at

each temperature yield the values of C, B and A for use as initial parameter esti-
mates in the nonlinear regression procedure for the model evaluation.

e. Modified Hailwood-Horrobin model: this model (Eq. 11) also has
mathematical similarity with the GAB. It can be transformed algebraically to
yield Eq. (23):

aw
M

¼ λaw2 þ μaw þ φ (23)

Plotting aw
M against aw and fitting a polynomial of the second order to the plot

yield the following functions from Eq. (11):

λ ¼ C
Tn , μ ¼ BT and φ ¼ TA (24)

The average values of A, B and C are obtained and used as initial parameter
estimates in the nonlinear regression analysis to evaluate the model.

f. Modified Chung-Pfost model: the modified Chung-Pfost model (Eq. (12)) is
transformed by algebraic manipulations to yield Eq. (25):

aw ¼ exp
�A

T þ Bð Þ
� �

exp �CMð Þ
� �

(25)
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Linearizing Eq. (25) by logarithmic transformation is carried out as follows:

Ln awð Þ ¼ �A
T þ Bð Þ exp �CMð Þ (26)

�Ln awð Þ ¼ A
T þ Bð Þ exp �CMð Þ (27)

Ln �Ln awð Þ½ � ¼ Ln
A

T þ Bð Þ
� �

� CM (28)

A plot of Ln �Ln awð Þ½ � against M at each temperature yields a straight line with

slope as -C and intercept on the y-axis as Ln A
TþBð Þ
h i

.

With the expression for the slope, further algebraic manipulation is carried out
as follows in order to solve for the temperature-related parameters of the model:

exp bð Þ ¼ A
T þ Bð Þ , implying that T þ B ¼ A

exp bð Þ ¼ Aexp �bð Þ (29)

From the above, T ¼ Aexp �bð Þ � B.
A plot of T against exp �bð Þ yields a straight line with A as slope and intercept

on the y-axis as -B.
In the nonlinear regression procedure, the avC as C and A and B are used as the

initial parameter estimates in the equation.

g. Modified Halsey model: the modified Halsey model (Eq. (13)) can be
transformed by algebraic manipulations to yield Eq. (30):

aw ¼ exp � exp Aþ BTð ÞM�C� �
(30)

Linearizing Eq. (30) by logarithmic transformation yields

Ln awð Þ ¼ � exp Aþ BTð ÞM�C (31)

�Ln awð Þ ¼ exp Aþ BTð ÞM�C (32)

So

Ln �Ln awð Þ½ � ¼ Aþ BTð Þ � CLnM (33)

A plot of Ln �Ln awð Þ½ � against LnM at each temperature yields a straight line
with slope as –C and intercept on the y-axis as A + BT. Using the intercept on y-axis
for different temperature plots of the above, the values of the intercepts are then
plotted against temperature to yield another straight line with slope as B and
intercept on y-axis as A. In the nonlinear regression analysis, the avC as C and A and
B values are used as the starting values in parameter estimates for the model.

h. Modified Henderson model: the modified Henderson model (Eq. (14)) is
transformed to yield Eq. (34):

aw ¼ 1� exp �A T þ Bð ÞMC� �
(34)

Eq. (34) is linearized by logarithmic transformation as follows:
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Linearizing Eq. (25) by logarithmic transformation is carried out as follows:
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A plot of Ln �Ln awð Þ½ � against M at each temperature yields a straight line with

slope as -C and intercept on the y-axis as Ln A
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h i

.

With the expression for the slope, further algebraic manipulation is carried out
as follows in order to solve for the temperature-related parameters of the model:

exp bð Þ ¼ A
T þ Bð Þ , implying that T þ B ¼ A
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From the above, T ¼ Aexp �bð Þ � B.
A plot of T against exp �bð Þ yields a straight line with A as slope and intercept

on the y-axis as -B.
In the nonlinear regression procedure, the avC as C and A and B are used as the

initial parameter estimates in the equation.

g. Modified Halsey model: the modified Halsey model (Eq. (13)) can be
transformed by algebraic manipulations to yield Eq. (30):
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So
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A plot of Ln �Ln awð Þ½ � against LnM at each temperature yields a straight line
with slope as –C and intercept on the y-axis as A + BT. Using the intercept on y-axis
for different temperature plots of the above, the values of the intercepts are then
plotted against temperature to yield another straight line with slope as B and
intercept on y-axis as A. In the nonlinear regression analysis, the avC as C and A and
B values are used as the starting values in parameter estimates for the model.

h. Modified Henderson model: the modified Henderson model (Eq. (14)) is
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1� aw ¼ exp �A T þ Bð ÞMC� �
(35)

Ln 1� awð Þ ¼ �A T þ Bð ÞMC (36)

�Ln 1� awð Þ ¼ A T þ Bð ÞMC (37)

Ln �Ln 1� awð Þ½ � ¼ Ln A Bþ Tð Þ½ � þ CLnM (38)

A plot of Ln �Ln 1� awð Þ½ � against LnM at each temperature yields a straight line
with slope a1 = C and intercept on the y-axis b1 = Ln A Bþ Tð Þ½ �. To solve for the
temperature-related parameters, intercept on the y-axis is used.

Therefore, exp b1ð Þ ¼ A T þ Bð Þ ¼ AT þ AB: (39)

A plot of exp b1ð Þ against T yields a straight line with slope a2 as A and intercept
on y-axis b2 as AB. In the nonlinear regression procedure, avC and A and B are used
as initial parameter estimates for the model.

i. Modified Oswin model: the modified Oswin model (Eq. (15)) can be
manipulated algebraically to yield Eq. (40):

aw ¼ 1
AþBTð Þ
M

h iC
þ 1

(40)

1
aw

¼ Aþ BTð Þ
M

� �C
þ 1 and

1
aw

� 1 ¼ Aþ BTð Þ
M

� �C
(41)

Linearizing Eq. (41) by logarithmic transformation yields

CLn Aþ BTð Þ � CLnM ¼ Ln
1� aw
aw

� �
(42)

A plot of Ln 1�aw
aw

� �
against LnM at each temperature yields a straight line with

slope as –C and intercept on the y-axis as CLn Aþ BTð Þ.
The expression for intercept on the y-axis is solved further to evaluate the

temperature-related parameters of the model and yield Eq. (43),

exp b c=ð Þ ¼ Aþ BTð Þ (43)

A plot of exp b c=ð Þ against T yields a straight line with slope as A and intercept on
the y-axis as B. In the nonlinear regression procedure, avC as C and A and B are
used as the initial parameter estimates in the model evaluation.

j. Ngoddy-Bakker-Arkema model: the Ngoddy-Bakker-Arkema model, which
has been postulated to be a generalized model, has the following parameters
(unknowns): σ, V, Pm, ρ, ε and η.

Evaluating the model requires a lot of care. The starting values of parameters for
application in the nonlinear regression procedure can be obtained as follows:

σ, V, ρ and Po can be obtained at different temperatures from the steam table P
can be calculated using the expression P = aw, ε can be taken as having a typical
value of 0.1 though its value can be less, Pm is the monolayer value of P and η can be
assumed to lie between �1 and þ1 in the form of �1 ≤ η ≤ þ1 with 0.1 as a typical
starting value.
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7.2. Moisture sorption isotherm model predictive indicators

After values of model constants have been determined using the nonlinear
regression analysis, the suitability of a model for predictive purpose or its goodness
of fit is determined using the following indices:

a. Residual plots: these are plots of residuals (difference between measured and
predicted values of the EMC) against the measured values.

b. Standard error of estimate given as

SE ¼
P

Y � Y 0ð Þ2
df

" #1=2

(44)

c. Mean relative percent deviation given as

MRE ¼ 100
N

X Y � Y 0

Y

����
���� (45)

d. Fraction explained variation given as

FEV ¼ SSM
SST

(46)

e. Residual sum of squares (RSS) given as

RSS ¼
P

Y � Y 0ð Þ2
N

(47)

f. Coefficient of determination, R2.

where Y is the measured EMC value, Y 0 is the EMC value predicted by the
model, N is the number of data points, df is the degree of freedom, SSM is the sum
of squares due to the model and SST is the total sum of squares.

8. Conclusions

Moisture sorption phenomena govern several technological processes (drying,
storage, mixing and packaging to mention a few) involving agricultural and food
products. Moisture sorption isotherms of these products are generally of the type II,
sigmoidal in shape and temperature dependent. The isotherms can be determined
using the static or dynamic gravimetric, vapor pressure manometric, hygrometric
and inverse gas chromatographic methods. Desorption isotherm path could differ
from that of adsorption leading to moisture sorption hysteresis.

Commonly used moisture sorption isotherm models include the BET, GAB,
modified GAB, Hailwood-Horrobin, modified Hailwood-Horrobin, modified
Chung-Pfost, modified Halsey, modified Henderson and modified Oswin models.
Ngoddy-Bakker-Arkema model which was proposed as a generalized model was
considered. While some of the models can be evaluated by fitting polynomial
functions of the second order to them and applying nonlinear regression procedure,
others can be solved thorough linearization by logarithmic transformation and
nonlinear regression. For the Ngoddy-Bakker-Arkema model, the initial parameter
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regression analysis, the suitability of a model for predictive purpose or its goodness
of fit is determined using the following indices:
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f. Coefficient of determination, R2.

where Y is the measured EMC value, Y 0 is the EMC value predicted by the
model, N is the number of data points, df is the degree of freedom, SSM is the sum
of squares due to the model and SST is the total sum of squares.

8. Conclusions

Moisture sorption phenomena govern several technological processes (drying,
storage, mixing and packaging to mention a few) involving agricultural and food
products. Moisture sorption isotherms of these products are generally of the type II,
sigmoidal in shape and temperature dependent. The isotherms can be determined
using the static or dynamic gravimetric, vapor pressure manometric, hygrometric
and inverse gas chromatographic methods. Desorption isotherm path could differ
from that of adsorption leading to moisture sorption hysteresis.

Commonly used moisture sorption isotherm models include the BET, GAB,
modified GAB, Hailwood-Horrobin, modified Hailwood-Horrobin, modified
Chung-Pfost, modified Halsey, modified Henderson and modified Oswin models.
Ngoddy-Bakker-Arkema model which was proposed as a generalized model was
considered. While some of the models can be evaluated by fitting polynomial
functions of the second order to them and applying nonlinear regression procedure,
others can be solved thorough linearization by logarithmic transformation and
nonlinear regression. For the Ngoddy-Bakker-Arkema model, the initial parameter
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estimates for use in nonlinear regression have to be obtained from the steam table.
A model is considered acceptable for predictive purpose, if the residuals are uni-
formly scattered around the horizontal value of zero showing no systematic ten-
dency towards a clear pattern. Model goodness of fit is determined using standard
error of estimate, mean relative percent deviation, fraction explained variation,
coefficient of determination and residual sum of squares.
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