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Preface

This book seeks to introduce the reader to research studies in ion exchange. The topics of
these studies have found wide applications in technology. Each chapter includes basic theo-
ry and application based on experimental data and has been written by experienced scien-
tists in the field. Section 1 introduces the concept of ion exchange as a sorption process.
Section 2 introduces important techniques for ion exchange in glass. Some of the important
ion exchange applications are introduced in Section 3. The aim is to provide information
based on experiments without being too detailed.

I hope the book will be of value in providing an overview of research studies and applica-
tions of ion exchange to readers.

Prof. Ayben Kilislioglu
Istanbul University,
Turkey
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Chapter 1

lon Exchange Method for Removal and Separation of
Noble Metal lons

Zbigniew Hubicki, Monika Wawrzkiewicz, Grzegorz Wajcik,
Dorota Kotodyrska and Anna Wotowicz

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/60597

Abstract

Ion exchange has been widely applied in technology of chemical separation of noble met-
al ions. This is associated with dissemination of methods using various ion exchange res-
ins which are indispensable in many fields of chemical industry. Due to small amounts of
noble elements in nature and constant impoverishment of their natural raw materials, of
particular importance are physicochemical methods of their recovery from the second
sources e.g. worn out converters of exhausted gases, chemical catalysts, dental alloys,
anodic sludges from cooper and nickiel electrorefining as well as waste waters and run-
ning off waters from refineries containing trace amount of noble metals. It should be stat-
ed that these waste materials are usually pyro- and hydrometallurgically processed.
Recovery of noble metals, from such raw materials requires individual approach to each
material and application of selective methods for their removal. Moreover, separation of
noble metals, particularly platinum metals and gold from geological samples, industrial
products, synthetic mixtures along with other elements is a problem of significant impor-
tance nowadays. In the paper the research on the applicability of different types of ion
exchangers for the separation of noble metals will be presented. The effect of the different
parameters on their separation will be also discussed. The examples of the removal of no-
ble metals chlorocomplexes will also be presented in detail.

Keywords: noble metals, ion exchangers, sorbents, separation

1. Introduction

General characteristics of ion exchangers

Ion exchangers are high molecular substances, most frequently solid, organic or inorganic,
insoluble in water and many other solvents and capable of exchange of their own active ions
into those coming from the surrounding electrolyte. From the chemical point of view, they are

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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polyacids, polybases or both polyacids and polybases (polyampholyte, amphoteric ion
exchangers). Those which exchange cations are called cation exchangers and those which
exchange anions are called anion exchangers. Generally, those exchanging ions are called ion
exchangers. Some ion exchangers prepared by modification of various types of substances,
particularly natural ones, besides capability of exchanging ions exhibit distinct sorption
properties [1-5]. The cation exchangers occurring most frequently possess functional groups
such as -SO;H, -COOH and -OH, whereas the anion exchangers possess the primary, secon-
dary and tertiary amine ones and quaternary ammonium ones, quaternary phosphate ones
and tertiary sulfone ones. Selective (chelating) ion exchangers and those strongly basic and
weakly basic of the polymerization type of the functional trimethylammonium (type 1) and
dimethylhydroxyethylammonium (type 2) groups are most widely applied in exchange
chromatography. Their affinity mostly depends on the structure, size and change of anion
exchanger. Type of functional groups in ion exchangers is decisive about the character of
exchange reaction and its applicability.

Besides the general division of ion exchange materials due to the material (organic and
inorganic) the skeleton is built, there are many others whose classification is based on the
methods of preparation, type of functional groups and skeleton structure. There is still another
basis of ion exchangers division conditioned by historical development of this area, i.e.
according to their origin — natural, semi-synthetic and synthetic [1-5].

2. Application of ion exchangers of various types in recovery of platinum
metal ions from secondary sources

Small amounts of noble elements in nature and constant impoverishment of their natural
resources result in significant importance of physicochemical methods used for platinum metal
ions recovery from secondary resources e.g. worn car exhaust gas convertor, chemical
catalysts, stomatology alloys as well as waste waters and waters of refinery origin. Noble
metals recovery from such raw materials requires individual approach and application of
selective methods of their removal. Moreover, worse quality of these raw materials makes
removal of pure noble metals more difficult. Determination of noble metals, particularly
platinum ones in the above-mentioned materials, geological samples and synthetic mixtures
together with other elements is of significant importance nowadays. Liquid-solid phase
extraction (SPE) has some advantages compared to liquid-liquid extraction. Among others, it
is faster, cheaper, uses small amounts of reagents and above all its automatization is easier.
Moreover, its simple performance and high enrichment coefficients decide about its common
laboratory application. SPE uses solid sorbents which should be characterized by not only high
capacity towards metal ions under determination but also large selectivity and suitable
sorption and desorption kinetics.

Synthetic ion exchange resins are widely applied in platinum metal ions enrichments. Among
them of particular interest are cation exchangers, chelating ion exchangers and anion exchang-
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ers of different basicity of functional groups. Ion exchange selectivity depends on the kind and
number of functional groups of ion exchanger as well as cross-linking and composition of
external electrolyte solution composition from which concentration proceeds. Of these types
of ion exchangers, the most effective are monofunctional ones, which ensure the same strength
of bonding ions with the ion exchanger surface due to the presence of one type of groups which
does not make equilibrium establishment difficult. Complexity of platinum carrying samples
for enrichment makes it necessary to separate a component under determination due to large
interference of components present in the analyte. In the chloride systems, ion exchange
enables platinum metal ions separation not only from their mixtures but also from other metals.
In the hydrogen chloride acid solutions, most platinum metal ions are present in the form of
anion chloride complexes; therefore they are retained by strongly basic anion exchangers.
Anion exchangers enable selective removal of platinum metal ions from solutions of other
metals; however, there appear some problems with their elution due to strong sorption of
platinum metal ions. It can often occur that recovery is not quantitative or rendered difficult.
Such situation arises because of stable ion pairs formation between anionic complexes and the
quaternary ammonium groups of the anion exchanger. Reduction of noble metal ions can
proceed in the ion exchanger phase which also affects incomplete recovery. Some difficulties
with determination can result from different behaviour of new and ‘old” solutions which is
connected with the hydrolysis process in the solution. This reflects mainly to rhodium or
iridium chloride complexes because they have the greatest tendency towards hydrolysis.
Using cation exchangers, rare earth elements, transient metals as well as alkali metals and
alkaline earth family form weakly anionic or stable cationic complexes therefore they are
retained on the cation exchange deposit whereas platinum metals go through the column not
being retained by the cation exchangers making separation of the above-mentioned metal ions
possible.

3. Application of cation exchangers in concentration and removal process
of platinum metals

There are numerous reports in the literature about cation exchangers application in concen-
tration and separation of trace amounts of platinum metal ions. Ion exchange is widely applied
also for control of bound and free platinum contents in the serum added in the cis-platinum
form. After ultrafiltration, ethylenediamine was added to form complexes which are sorbed
on cation exchange disks. Platinum ions were desorbed from the disks by means of 5 M HCl
and determined using the AAS method. The detection limit was 35 pug/dm? [6].

Besides the above-described procedures, there are separation methods using cation exchang-
ers. As commonly known platinum metals tend to form anion complexes in the chloride
systems, therefore partition coefficient values should not be high [7-9]. Much higher values of
partition coefficients of platinum metal ions can be obtained by the addition of thiourea which
results in cation complexes formation [9].

5
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The polystyrenesulfone cation exchanger Dowex 50Wx8 in the hydrogen form was used for
the determination of metals from the platinum group in ores and concentrates. Before ion
exchange stage, noble metals in metallic copper were collected. The obtained alloy was
digested in aqua regia. The pH of the solution was made 1 using hydrochloric acid. Ions of
metals such as Cu(Il), Ni(Il) and Fe(III) were sorbed on the cation exchangers, whereas noble
metals were not retained. The deposit was washed in HCI solution of pH = 1. The separated
noble metals were determined gravimetrically and spectrophotometrically [10-14]. A similar
technique was applied for the determination of noble metals and for the collection of Cu-Ni-
Fe and ferronickel alloys [15-24]. Also the cation exchanger Dowex 50Wx8 was used for noble
metal ions removal. Before the ion exchange stage, collection was made using fused tin. The
obtained alloy was digested in the HCI-H,O, solution. Tin(IV) was removed by evaporation
from the HCI-HBr solution, and the obtained solution was evaporated dry several times in the
presence of 12 M HCI [25]. The removal of noble metals from ores, the cation exchange followed
by anion exchange method was applied. Cu(II), Ni(Il) and Fe(III) ions are adsorbed at pH=1.5
on the cation exchanger Dowex 50Wx8, whereas the noble metal ions pass on the column filled
with the strongly basic anion exchanger in the chloride form Amberlite IRA-400. Before
sorption on the anion exchange column, the solution is evaporated dry in the presence of
sodium chloride, then it is dissolved in 12 M HCl and diluted to weakly acidic reaction. Under
such conditions, rhodium(III) ions pass through the column, and the ions of other noble metals
are retained on the anion exchanger bed [26]. A similar method was applied for the determi-
nation of iridium in the flotation concentrate [27]. The application of cation exchange for the
determination of platinum metals on the meteorites is quite interesting. In this method, two-
stage adsorption on the cation exchanger was used. Non-noble metal ions were adsorbed at
pH 1.5 on the first column. Then they were desorbed by means of 3 M HCl. The obtained eluant
was evaporated dry and the residue was dissolved in diluted HCI and the pH value was
brought to 1.5. The other stage of non-noble metal ions adsorption was conducted in the same
way as the first one. Application of the second stage allows avoiding errors connected with
co-adsorption of noble metal ions [28, 29]. For determination of platinum and palladium in the
copper and nickel stone, there were used two ion exchangers: the cation exchanger Dowex 50
in the hydrogen form and the anion exchanger Amberlite IRA-400 in the chloride form. Before
the ion exchange process, the sample was melted with SnO, to collect noble metals. Tin(IV)
was evaporated from the mixture of HCl and HBr acids. After bringing the solution to pH 1.5,
Cu(II), Ni(II) and Fe(III) cation were adsorbed on the cation exchanger bed. The obtained eluant
containing Pt(IV) and Pd(II) was evaporated from NaCl and dissolved in HCl, next it was
passed through the anion exchanger bed. At first, there were eluted Pd(II) ions by means of 12
M HCI and then Pt(IV) ions using 2.4 M HCIO,. Both elements were determined using the
spectrophotometric method [30]. The residue in the copper-nickel stone was determined using
the cation exchanger Bio-Rad AG50W-x8 and the chromatographic column Porasil C impreg-
nated by means of TBP (tri-n-butyl phosphate). The sample was melted with Na,O,, then
digested in HCl and the acid concentration was brought to 0.1 M. Non-noble metal ions were
separated on the cation exchanger and platinum metals were sorbed on the chromatographic
column. Pt(IV) and Pd(II) ions were eluted by means of TBP in toluene but Rh(IIl) and Ir(IV)
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ions using water. Noble metals were determined gravimetrically and by means of AAS [31,
32]. Platinum alloys were determined in a two-stage separation process of noble metal ions.
The sample was digested in aqua regia, next it was evaporated dry and the residue was diluted
with HCI up to concentration about 0.1 M. The weakly acidic cation exchanger Amberlite
IRC-50 of carboxylic groups in the sodium form was used in the first column. Palladium(II)
ions were sorbed (probably precipitated in the hydrated oxide form [33]) on this ion exchanger,
whereas Rh(III) and Pt(IV) passed to the eluant which was next put through the column with
the strongly basic anion exchanger Dowex 2 in the chloride form. The adsorbed Rh(IIl) and
Pt(IV) ions were eluted with 2 M HCl and 7 M HC], respectively. The ion exchange technique
was also applied for the determination of trace amounts of noble metals in common metals of
high purity such as Fe, Ni, Cu, Mn and Al. The sample can be digested or melted with alkalis
depending on its kind. The two-column cation—anion exchanger system was used for separa-
tion of noble metal ions. On the cation exchanger Dowex 50x8, there were adsorbed ions of
metals such as Fe(Ill), Ni(Il), Mn(II), Cu(ll) and AI(III) from the 90% v/v ethanol + 10% v/v 1
M HCl solution. Then by evaporation, the medium changed from chloride to nitrate(V) one.
In the other column on the anion exchanger Dowex 1x 8 in the nitrate form, there were sorbed
noble metal ions from the aqueous solution of pH 6. Noble metals were analyzed in the resin
phase by means of the radioisotope technique [34]. The similar method was used for the
determination of noble metals in atmospheric dusts melting them with Na,O, [35]. The cation
exchanger Dowex 50x8 was used for the separation of copper(Il) from the 0.03 M hydrochloric
acid solution from the noble metal ions such as Pt(IV), Pd(Il), Au(Ill) and Rh(III) [36, 37]. Ion
exchange combined with extraction was applied for the determination of noble metals present
in uranium alloys which can be uncoupled. Uranium can be separated from rhodium by
extraction with 30% solution of TBP in CCl,. Then after complete removal of chlorides,
fluorides and nitrates by evaporation with chloric acid, rhodium(Ill) cations were sorbed by
cation exchanger Dowex 50Wx8 from 0.3-0.9 % HCIO, solution. Rhodium(III) was eluted form
the cation exchanger by washing the column with 6 M hydrochloric acid solution and then
determined spectrophotometrically using the method with SnCl, [38].

Separation of noble metals can be conducted on the cation exchangers from the thiourea
systems. Separation of microquantities of various pairs of noble metal ions was made using
the polystyrene sulfone cation exchanger Bio-Rad AG 50Wx4 in the hydrogen form. Pd(II) and
Au(l), Pd(Il) and Pt(II) ions as well as the Rh(III), Au(l), Pt(Il) and Ag(I) mixture were separated
using the acetate-thiourea solutions in the hydrochloric or hydrobromic acid medium [39].
Platinum(II) and palladium(Il) ions were separated from aluminium ions using also the cation
exchanger Bio Rad AG50Wx4 in the hydrogen form. Aluminium ions as well as Fe, Zn, Pb, U,
Ni, Co and Sr ones do not form cationic complexes under experimental conditions, therefore
only noble metals are sorbed from 0.1 M thiourea solution in 1.5 M hydrochloric acid solution.
2% Br, and 1.5 M HCI solution was used for elution of Pt(II) and Pd(II) ions. 0.87 M HBr-0.01
M thiourea solution in 90% acetone proved to be the best eluant towards Pt(II) ions. The
presence of Cu(II) and Hg(II) ions is not recommended because of possible co-adsorption with
noble metals [40]. It is relatively difficult to separate rhodium(IIl) ions from platinum(IV) ones
in the chloride medium, therefore in some cases it is necessary to change the medium into the

7



8

lon Exchange - Studies and Applications

nitrate one. Before the separation of platinum(IV) and rhodium(III) ions on the polystyrene-
sulfone cation exchanger Varion KS in the hydrogen form, the chloride complexes were in
contact with sodium hydroxide at pH 13 for four hours. Then the obtained solution was
acidified with 4 M HNO; to pH 2. Under such conditions, rhodium(III) ions occur in the cation
form and platinum(IV) ions in the anion form. Platinum(IV) ions are not retained by the cation
exchanger. Rhodium(IIl) ions can be eluted with 1 M hydrochloric acid from the cation
exchanger [41].

4. Application of chelating ion exchangers for concentration and removal
of platinum metal ions

Chelating ion exchangers also called complexing ion exchangers are formed by building
organic reagents containing organic groups into the ion exchange resin skeleton. Owing to that
they possess active chemical groups capable of selective/specific interactions with metal ions
in the solution forming chelating complexes when a metal ion can bind with two or a larger
number of donor atoms of their functional groups. These ion exchangers are characterized by
high selectivity and their sorption capacities depend, among others, on the kind of functional
groups, their reciprocal position and spatial configuration (steric effects) and also on physi-
cochemical properties of the polymer matrix [42, 43].

On the huge number of chelating ion exchangers, on a large laboratory and industrial scale,
there are produced ion exchangers of functional dithizone, thiourea, isothiourea, aminophos-
phonic, phosphonic, thiol, amidooxime, aminoacetate, dithiocarbamate, iminodiacetate,
thiosemicarbamate groups as well as chelating ion exchangers containing triisobutylphos-
phine sulfides [44-64].

5. Chelating ion exchangers of functional dithizone groups

Chelating ion exchangers of functional dithizone (diphenyl carbamate) groups are widely
applied in concentration, separation and recovery of noble metal ions [44-54].

Grote and Kettrup [45-48], by conversion of the ion exchanger of functional dehydrodithizone
groups, prepared a chelating resin containing dithizone groups. It was used on both sorption
and separation of 27 noble and non-noble ions from acids (HCl, HNO;).They showed very
high values of partition coefficients of noble metal ions of the order 10*-10°¢ (Pd(II)-7.7x10%
Pt(IV)-3.4x10% Au(IlI)-2.1x10° (0.01 M HCI)) in the whole range of hydrochloric acid (0.01-6
M) as well as Ag(l) (1.1x10°) and Hg(Il) (5.8x10) ions in diluted nitric(V) acid solutions
compared to the values of partition coefficients for non-noble metal ions. Also high values of
ion exchange capacities of platinum metals and gold (Au(III) 0.74; Pd(II) 0.68; Pt(II) 0.39; Pt(IV)
0.31; Os(IV) 0.12; Ir(IV) 0.14; Ir(III) 0.02; Ru(III) 0.14; Rh(III) 0.16 mmol/g of the dithizone resin)
indicate large selectivity of the resin with dithizone functional groups towards noble metal
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ions as well as possibility of their application in separation from other non-noble metals.
Satisfactory results were obtained using the chelating ion exchanger with dithizone functional
group in concentration and recovery of Au(Ill), Pt(IV) and Pd(Il) ions originating from the
extraction of sulfide ores, stones and enriched ores. Elution of the above-mentioned ions was
conducted by means of 2 M chloric(VII) acid and 5% thiourea solution [44]. There was also
made a thorough analysis of desorption of single noble metal ions and their mixtures from the
resin with the dithizone functional groups using the following eluents: HCI, HC1O,, NH,NO,,
NaSCN, (NH,),CS. Palladium(II) and platinum(IV) ions retained on this resin can be qualita-
tively desorbed using the thiourea solution [46].

Similar investigations using polyvinylpyridine resin of functional dithizone groups in Pd(II)
and Pt(IV) ions concentration in the presence of Au(IlI), Ni(II) i Hg(II) ions were carried out
by Shah and Devi [49]. The values of maximal ion exchange capacities towards palladium and
platinum ions were 100 and 250 mg/g of resin, respectively. Separation of the above-mentioned
ions from nickel, gold and mercury ions (Pd(II)-Ni(Il); Pt(IV)-Au(III); Pt(IV)-Ni(Il); Pd(II)-
Pt(IV)-Ni(II); Pt(IV)- Au(Ill)-Hg(Il)) was conducted using various eluants 0.1 M HCl + 1%
(NH,),CS (elution of Pd(II)), 0.1 M HCl + 5 % (NH,),CS (elution of Pt(IV)), 0.2 M CH,COOH
(elution of Ni(Il)), 5 M HCl + 1 M HNO; (elution of Au(Ill)) and 0.5 M HNO; + 2 % NH,NO,
(elution of Hg(II)).

Modification of the commercially available polyacrylate matrix Diaion HP-2MG with dithi-
zone resulted in the preparation of the selective sorbent towards Pd(II) and Pt(IV) ions.
Chwastowska et al. [51] used the above-mentioned sorbent for removal of Pd(Il) and Pt(IV)
ions from the environmental samples, among others, from road dusts, soil and grass collected
from fast traffic routes. After proper preparation, among others, drying (673 K, 1 h) and
digestion in aqua regia, the geological samples were analyzed using the GF AAS technique. The
detection limit (LOD) for the determined metal ions was 1 ng/g for Pt(IV) and 0.2 ng/g for
Pd(Il). Metal ions desorption was run in two ways: using thiourea solution (possibility of
determination of both elements in the eluant by the GFAAS technique) and concentrated
HNO,; solution (possibility of directed determination of only Pd(Il) ions in the eluant). The
obtained ion exchange capacity towards both metal ions was about 0.16 mmol/g of resin.

Chelating resin formed by immobilization of sulfonated dithizone on the anion exchanger
Amberlite IRA-400 was applied in concentration of heavy metal ions, i.e. Pd(II), Ni(II), Co(I),
Cu(Il) and Pb(II) in the water samples collected in Japan. The first four elements were deter-
mined by the GFAAS technique but Pb(II) by HGAAS. The affinity series of the studied ions
towards the present resin is as follows: Pd(II) > Cu(II) > Co(II) > Pb(II) > Ni(II) [52].

6. Ion exchangers of functional thiourea and phosphonic groups and their
derivatives

Of significant importance are the results of studies on the application of commercial ion
exchangers Tulsion of the functional isothiourea and phosphonic groups for removal of Pd(II)

9
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ions from nitric(V) acid solutions (0.1-4 M). High values of partition coefficients (particularly
in diluted HNO; (0.1 M) solutions) decreased with the increasing concentration of nitric(V)
acid for the ion exchangers Tulsion CH-95, Tulsion CH-96 and Tulsion CH-97. The values of
partition coefficients (particularly in diluted HNO; (0.1 M) solutions) which were >10 000 cm?®/
g, 1650 cm®/g, 5210 cm®/g for Tulsion CH-95, Tulsion CH-96 and Tulsion CH-97, respectively,
decreased with the increasing nitric acid(V) concentration. The selectivity series of the Tulsion
ion exchangers towards Pd(Il) ions is as follows: Tulsion CH-95 > Tulsion CH-97 > Tulsion CH-96.

The ion exchangers of the functional thiourea and isothiourea groups, commercially known
as Srafion NMRR, Lewatit TP-214 and Purolite S-920, are widely used for the concentration of
platinum metal ions [53-61]. Srafion NMRR (lonac SR-3) exhibits great affinity for Au(IIl) and
Ag(I) as well as Pd(II), Pt(IV), Rh(IlI), Ru(Ill), Ir(IlI) and Os(VI) ions [53-61]. It is applied in the
separation of noble metal ions [57], similar to the ion exchangers Monivex which develop high
sorption capacity values particularly in the largely acidic solutions (2-6 M HCI) [67]. Lewatit
TP-214 was used for the removal Pd(II) ions from two component Pd(II)-Zn(II); Pd(I)-Cu(II))
and multicomponent (Pd(Il)-Cu(II)-Zn(II)) chloride solutions [61] and for the removal of
Pd(IT) ions from chloride solutions (0.1-8.0 — 0,001 M Pd(I)) and chloride—nitrate ones (0.1+0.9
M HCI - 0.9+0.1 M HNO;- 0,0011 M Pd(II)) ) [55]. The total ion exchange capacity of Lewatit
TP-214 towards Pd(II) ions was from 0.97 mmol/g-3 M HCI to 1.16 mmol/g—0.1 M HCl [55].

Zuo and Muhammed prepared a large number of ion exchangers of the functional thiourea
groups by modification of macroporous polystyrene matrices of Bonopore, Amberlite XAD-2,
Amberlite XAD-4 as well as the weakly basic anion exchanger Amberlite IR-45 [62]. Newly
prepared ion exchangers were used in sorption of Au(Ill), Ag(I), Cu(Il) and Fe(III) ions from
one-component chlorides solutions (2 M HCl) and their mixtures (Au(IlI), Ag(l), Fe(Ill), Cu(Il)),
as well as in sorption of platinum metal ions e.g. Pd(II), Pt(IV), Rh(III), etc. The studied ion
exchangers are characterized by high selectivity towards noble metal ion, particularly gold
and silver in the presence of Cu(Il) and Fe(III).

Separation of Pd(II), Cu(Il) and Zn(Il) ions using the melamine-formaldehyde-thiourea (MFT)
resin was presented in [63]. There was proved high selectivity of this resin towards Pd(II) ions,
and the obtained values of sorption capacity were 15.29 mg Pd(II)/g (static method) and 1580
ug Pd(II)/g resin (dynamic method). Desorption of ions with studied resin was conducted
using 0.5 M thiourea, 0.5 M HCl solutions and the acidified thiourea (0.5 M (NH,),CS-0.5 M
HAQl).

7. Ion exchangers of functional thiol groups

The chelating ion exchangers of functional thiol and methylene thiol groups with the com-
mercial names: Chelite S, Duolite GT-73, Imac GT-73, Duolite GT-74, Purolite 5-924, Spheron
Thiol 1000 and Tulsion CH-97 are widely applied in sorption and separation of noble metal
ions [55, 56, 64-69]. Introducing 8-hydroxchinoline (HOxn) and sodium salicylate groups to
the methacrylate polymer matrix generates two new chelating ion exchangers Spheron Oxine
1000 and Spheron Salicyl 1000, respectively, which similar to Spheron Thiol 1000 are applied
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in the separation of Pd(II) and Cu(lIl) ions. From the determined ion exchange capacities, the
affinity series of Spheron ion exchangers towards Pd(II) ions is as follows: Spheron Thiol 1000
(0.949 mmoll/g) > Spheron Oxine 1000 (0.536 mmol/g) > Spheron Salicyl (0.094 mmol/g) [68]. Elution
of Pd(II) and Cu(Il) ions form the ion exchanger Spheron Oxine 1000 was conducted using 0.5
M thiourea solution (pH = 2) and 2 M HCl [70].

8. Ion exchangers of functional imidazole groups

Many authors prove high reactivity of imidazole groups and their derivatives towards metal
ions, particularly noble metals ions. For example, VBC-DVB (VBC - vinylbenzene chloride,
DVB - divinylbenzene) — recovery of Pd(Il) and Pt(IV) ions from chloride solutions (1-2 M
HCl) and their separation from Cu(II), Zn(II) and Ni(II); sorption capacity, 1.6-1.7; 1.4-1.5 and
1 mmol of metal/g for the 0.1 M HCI, 1 M HCl and 2 M HCl solutions, respectively; desorption
of Pd(II) and Pt(IV) ions, 0.1-0.3 M thiourea solution (desorption effectiveness >98% for Pd(II);
85% for Pt(IV)) [71, 72]; epoxide resin of the functional imidazole groups concentration of trace
(20 ng/dm?) amounts of Au(III), Pd(IV) and Ru(IIl) ions. Noble metal ions can be enriched in
a quantitative way (recovery 94.5-100%, pH = 4), desorption: acidified thiourea solutions (16
cm® 6 M HCJ, 0.2 g thiourea), recovery 96-99.5% [73], polystyrene-divinylbenzene resin of
functional benzimidazole group —separation of heavy metal ions that is Pd(II), Ag(l) and Hg(II)
from medical alloys, geological materials, different kinds of waste waters and sludges; sorption
capacity: 1 mmol/g for Ag(I) (pH =4-6), 0.62 mmol/g for Pd(Il) (pH = 5-6) and 0.83 mmol/g for
Hg(Il) (pH = 4-6); desorption: 5% thiourea solution in 0.1 M HCIO, (recovery: Ag(I) and Hg
(I) - 100%, Pd(II) - 60%) and 12 M hydrochloric acid solution (recovery: Ag(I) — 45 %, Pd(II)
- 100 %, Hg(II) — 65 %) [74]; polystyrene-divinylbenzene resin of Im-NO, (Im-imidazole)
groups — removal of Pd(II) (0.00062 M) form nitric(V) acid solutions (1-5 M HNOj); sorption
capacity depends, among others, on the molar ration of initial reagents of chloromethylated
resin (I) and 1-methylimidazole (II) at the reagents ratio L:Il = 1:1.5 this capacity is the highest
(4.06 mmol/g), the total capacity determined form the Langmuir 88 mg/g (3 M HNO) [75];
resin of functional aminoethylene imidazole (IEA) — concentration of trace amounts of Au(IlI),
Pt(IV), Ir(IV), Pd(Il) ions and their separation from Cu(Il), Fe(Ill), Zn(II), Ni(II), Mn(II), Cr(III),
Ca(II) and Mg(II) ions; sorption capacity in 2 M HCl solution: 4.0 mmol/g — Au(Ill), 1.57 mmol/
g —Pt(IV), 2.26 mmol/g — Pd(II) and 1.85 mmol/g - Ir(IV) [76].

9.Ion exchangers of functional thiosemicarbazide, piperazine and tetrazine
groups

Table 1 presents the characteristic of chosen chelating ion exchangers of thiosemicarbazide,
piperazine and tetrazine functional groups widely applied in the concentration and removal
of platinum group ions [77-80].

11
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Ion exchanger Application Additional Information Ref.

Sorption capacities (mmol/g): Pd(II) - 0.78 (pH
=0); Pt(IV) - 0.71 (pH = 0); Ru(III) — 0.685 (1.5
M HCI); Rh(III) - 0.615 (2 M HCI); Ag(I)-0
Separation of Pd(II), Rh(III), Pt(IV), (pH = 0) and increase with increasing solution

Resin of
Ru(III), Ir(III), Au(Ill), Os(VI),  pH, Ir(IIl) - 0 (pH = 0); Au(IIl) and Os(VI) are
thiosemicarbazide [771
as well as Cu(II), Bi(III), Hg(II), reduced during the contact with the resin;
functional groups
Fe(III) and AI(III) Cu(II), Bi(IlI), Hg(II), Fe(IIl) and Al(III) are not
retained by the resin;
Desorption: 4 M and 9 M HCl as well as 5 %
N,N-diphenylthiourea in ethanol
Preconcentration and separation of
noble metal ions in the amount of
Resin of amine and 0.001 M in the presence of Zn(II),  Selectivity series: Pd(II) > Au(III) >> Ir(IV) >
1,2,4,5-tetraazine Co(1I), Cu(1l), Fe(III), Ni(I) and Os(IV) > Pt(IV) > Ru(IIl) > Rh(III); [79]

functional groups Cd(II) from acidic solutions of the Desorption: acidified 5% (NH,),CS
proportion of noble metal to base

metal: 1:1, 1:10, 1:100

Pre-concentration and recovery of
Au(IIl), PA(II), Ru(III), Os(VI),  Sorption capacities for Au(III), Pd(II), Ru(III),

Pt(IV) and Ir(IV) in the presence of Os(VI), Pt(IV) and Ir(IV) equalled to 5.38, 3.67,  [80]
Zn(II), Fe(Il), Cu(ll) and Ni(Il)  3.46, 3.10, 2.46 and 2.24 mmol/g, respectively

from chloride solutions

Resin of 1-(2-
aminethylene)-
piperazine functional

groups

Table 1. Examples of the chelating ion exchangers of thiosemicarbazide, piperazine and tetrazine functional groups
and their characteristic.

10. Ion exchangers of functional (amino)pyridine groups

Resins of pyridine [81] and a-aminopyridine groups on the polyphenylethylene support [82]
were successfully used for the separation of technetium and platinum metals from diluted
chloride solutions and in concentration of Pt(IV), Pd(II) and Ir(IIT) (on-line FAAS). Technetium
ions were eluted using concentrated solutions of hydrochloric acid but platinum metals
(Ru(Ill), Rh(III) and Pd(Il)) by means of 0.1 M NH,CSNH, in 1 M HCl [81] or 0.5 M HCI - 0.5
M HCIO, - 0.5 M Mg(ClO,), [82]. Most interferences coming from noble-metal ions were
eliminated using 2 M HCl and those from iron (> 200 mg Fe/dm?®) adding 0.2 M EDTA [82].

11. Ion exchangers of functional amine and guanidine groups

Resins of functional amine and guanidine functional groups were successfully used in sorption
of Pd(I), Pt(IV) and Au(Ill) ions from chlorides solutions (initial concentration of each metal
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was 24 mM). The highest selectivity towards the above-mentioned ions and the possibility of
practical application of their recovery are exhibited by the ion exchangers A2 (Au - 99.7; Pt -
108; Pd - 54.3 mg/g), B2 (Au—94.1; Pt — 104.8; Pd — 48.7 mg/g) and AG2 (Au - 85,1; Pt - 64; Pd
-49.2 mg/g) and BG2 (Au - 74.3; Pt - 76.2; Pd - 48.5 mg/g). The sorption mechanism of Pd(II),
Pt(IV) and Au(Ill) chloro complexes is the combination of coordination interactions of electron
nitrogen pair and electrostatic interactions of these ions with the protonated group —-NH, [83].

In the case of the ion exchangers of the same functional groups: amine (D1, D2, D3, D4) and
guanidine (D1G, D2G, D3G, D4G) but on the basis of copolymer VBC/AN/DVB (copolymer
D), the studies of Pd(II), Pt(IV), Au(IlI), Cu(lI), Ni(II) and Fe(IIl) ion removal from single and
multi-component chloride solutions (0.1-3.0 M HCI) showed that the highest selectivity
towards metal ions is exhibited by the resin D4 (sorption capacity 190 mg Au(lll)/g, 245 mg
Pt(IV)/g and 280 mg Pd(Il)/g of the resin), and the selectivity series towards Pd(II) ions is as
follows: D4 (117 mg/g) >> D1 > D4G > D1G > D2 = D3G > D2G > D3 (25 mg/g). Recovery of
noble metals from multi-component solutions with ten greater excess of Cu(Il), Ni(Il) and
Fe(III) ions was > 95 % [84].

12. Ion exchangers of functional hydrazone and hydrazine groups

Modification of the macroporous copolymer ACR/ST/DVB (where ACR - acrolein, ST -
styrene, DVB — divinylobenzene) using isonicotinic acid hydrazide and hydrazine hydrate
results in preparation of new chelating ion exchangers: P-NHZ and P-THZN, respectively [85—
87]. These resins exhibited high selectivity towards noble metal ions which allows their
separation from common metal ions. The maximal values of sorption capacities obtained in
0.1 M HCl are 3.77 mmol Au(Ill)/g, 1 mmol Pt(IV)/g, 0.79 mmol Pd(Il)/g, 0.72 mmol Ir(Ill)/g,
0.51 mmol Ru(Ill)/g, 0.39 mmol Rh(IIl)/g for the resin P-NHZ and 4.2 mmol Au(Ill)/g, 1.36
mmol Pd(Il)/g, 0.5 mmol Pt(IV)/g, 0.4 mmol Ir(Ill)/g, 0.31 mmol Rh(III)/g, 0.29 mmol Ru(Ill)/g
for the resin P-THZN, whereas the sorption capacities for common metal ions (Cu(Il), Fe(III),
Co(II), Ni(Il), Cr(Ill), Zn(II), Mn(II) and Al(III)) are small, in the range 0-0.13 mmol/g for the
resin P-NHZ and 0.03-0.32 mmol/g for the resin P-THZD. Desorption of the above-mentioned
ions from the P-NHZ and P-THZN was achieved using a 5% thiourea solution in 0.1 M HCL
Quantitative desorption was possible only in the case of Au(Ill) and Pd(Il) from the resin P-
NHZ. Another advantage of the ion exchanger P-NHZ over P-THZN is fast kinetics of sorption
and easy elution of adsorbed ions [87].

Ge et al. [86] proved high selectivity of the P-NHZ resin towards noble metal ions and
possibility of its exploitation for separation and concentration of trace amounts of Pd(II) and
Pt(IV) contained in road dust samples. Sorption of the above-mentioned ions on the P-NHZ
resin can be conducted also from the HNO;, HF and H;BO; solutions of the concentration
0.08-1.2 M.
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13. Ion exchangers of functional formazane groups

Chelating ion exchangers of functional formazane groups [88-91] based on the styrene
divinylbenzene skeleton [58], amino- and chloromethylated polystyrene [91], cellulose [58,
91], saccharose [65] and methacrylate [58] were applied for sorption and separation of platinum
metals, gold, mercury, silver and copper. The sorption capacity towards Pd(II), Ag(I) and
Hg(Il) ions was in the range 0.05-0.06 mmol/g, 0.4-0.9 mmol/g and 0.6-0.8 mmol/g, respec-
tively, for formazane ion exchanger based on cellulose, aminomethylated polystyrene;
however, their sorption capacity towards Cu(Il) ions was close to zero.

14. Ion exchangers of functional cyclane groups

For separation and recovery of Pd(II), Pt(IV) and Au(IIl), Jermakowicz-Bartkowiak [92] used
the resin A7C prepared by the reaction of cyclane (1,4,8,11-tetraazacyclotetradecane) with the
copolymer of vinylbenzyl and divinylbenzene chloride (VBC/DVB) obtaining the following
sorption capacities: 47.4 (S0), 47.4 (S1) mg Au(lll)/g, 48.1 (S0), 47.5 (S1) mg Pt(IV)/g, 26.0 (S0),
25.6 (S1) mg Pd(Il)/g resin, where S1 — the multifunctional system, SO — the single component
system (static method) and 0.92 mmol Au(Ill)/g, 0.66 mmol Pt(IV)/g, 0.9 Pd(II) mmol/g dry
resin (dynamic method). Desorption of Au(III), Pt(IV) and Pd(Il) ions from the resin was made
using a 5 % thiourea solution in 0.1 M hydrochloric acid with the yield 98, 97 and 98%.

15. Ion exchanger Metalfix Chelamine

The studies of the use of the ion exchanger Metalfix Chelamine of tetraethylenepentamine
ligands (1,4,7,10,13 — pentaazatridecane) in the process of recovery, concentration and
separation of platinum metal ions, gold and their accompanying elements from the environ-
mental samples, anodic sludges from the electrorefining of copper ores, spent car exhaust gas
catalysts, etc. [93-98].

16. Polyorgs ion exchangers

Polyorgs type chelating ion exchangers [58, 99-103] are used for separation, concentration and
removal of palladium(II) ions and other noble metals from deposits, rocks, ores, minerals and
industrial waste waters. The Polyorgs sorbents were prepared by introducing e.g. imidazole,
pirazole, mercaptobenzothiazole, amidooxime groups to the macroporous copolymers
(polystyrene, polyvinyl, polyacrylonitrile) and other matrices. Sorbents of this type are
characterized by high chemicals stability in strong acid and alkaline solutions as well as high
thermal resistance and can be applied in the whole pH range. The sorbents of Polyorgs type
(11-n, 15-n, 17-n and 33-n) were also used for filling fibres e.g. polyacrylonitrile (PAN),



lon Exchange Method for Removal and Separation of Noble Metal lons
http://dx.doi.org/10.5772/60597

cellulose, polyvinyl (PVA) ones. In the literature, such sorbents are called filled fibrous
sorbents (FFS) [99, 102, 103]. Main advantages of FFS are good kinetics of sorption and ease in
their separation from solution which make them more attractive than sorbents in the form of
powder or grains.

17. Ion exchangers of functional iminodiacetate groups

Recovery of palladium ions from chloride and chloride-nitrate(V) solutions using the ion
exchanger Amberlite IRC-718 of functional iminodiacetate groups and polystyrene skeleton
was conducted by Hubicki et al. [104]. The largest total ion exchange capacities of Amberlite
IRC-718 were obtained in the 0.IM HCI (1.099 mmol/g) and 0.9M HCI-0.1M HNO; (0.693
mmol/g) solution. The additional of 1M AICl,;, 1M CuCl, or IM NiCl, results in significant drop
of ion exchange capacity.

Studies of Amberlite IRC-718 selectivity towards Pd(Il), Pt(IV) and Au(Ill), Ti(IV), Ag(),
Al(III), Co(II) and Fe(Ill) were carried out also by Park and co-workers [105]. The optimal
sorption conditions for Pd(II), Pt(IV) and Au(IIl) ions are pH = 0.1-4 and a flow rate <2 cm®/
min. Quantitative desorption of noble metal ions was conducted using 20 cm?® of 0.25 M
thiourea and a flow rate 1 cm®/min. The ion exchange capacity of the studied ion exchanger
was 0.34 mmol Pt(IV)/g; 0.69 mmol Au(Ill)/g and 0.55 mmol Pd(II)/g of the resin. From a
practical point of view, the chelating ion exchanger Amberlite IRC-718 can find application in
removal, concentration and separation of noble metal ions from the solutions originating from
hydrometallurgical processing of car exhaust gas catalysts, anodic sludges, wastewaters as
well as in removal and determination of gold(Ill) ions in printed computer plates PCP [105].

18. Copolymers modified with triisobutylphosphine sulfide

Of special importance are the studies by Sanchez et al. [106-109] of building triisobutylphos-
phine sulfide (TIBPS, Cyanex 471X) into the styrene-divinylbezene (4% DVB) copolymer in
order to obtain a resin concentrating noble metal ions. Polymers are characterized by high
selectivity towards Au(III) and Pd(II) ions (sorption from chloride solutions) as well as a lack
of selectivity towards Ir(IV), Rh(Ill), Pt(IV) and Fe(Ill), Cu(Il) or Ni(II) [106]. Based on the
obtained values of sorption capacities (mmol/g) towards Pd(II) ions, the affinity series of the
studied resins is as follows: Pd(II): Polymer 2 (0.07 mmol/g) < Polymer 1 (0.11 mmol/g) <
Polymer 5 (0.17 mmol/g) < Polymer 3 (0.51 mmol/g) < Polymer 4 (0.72 mmol/g) [106].

With the temperature increase in the range 298-333K, there is observed the increase in Au(III)
ions sorption compared to that of Pd(II) ions. The sodium nitrate(III) and thiourea solutions
were used as eluents. Sodium nitrate(IlI) (2 M, pH 4.7) desorbs 75% of Pd(Il) practically not
washing out Au(lll) from the ion exchanger, whereas thiourea (0.5 M, [H] 0.1 M) enables
almost quantitative recovery of gold(Ill) containing trace amounts of palladium (II) ions.

15
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19. Ion exchangers of cyclic ligands

Katedowski and Trochimczuk [110, 111] synthesized polymers containing calixpyroles
preparing among others the resin B4 (covalently bonded thiophene kalix[4]pyrol[2] with the
vinylbenzene chloride and divinylbenzene (VBC-DV, 0.5% DVB) of the expanded gel struc-
ture) selective towards noble metal ions. The maximal sorption capacity values determined
from the Langmuir adsorption isotherms are 0.26 mmol/g; 0.55 mmol/g; 0.6 mmol/g; 0.61
mmol/g and about 1.7 mmol/g for Ag(I), Pt(I), Pt(IV), Pd(Il) and Au(Ill), respectively. The
resin B4 can be applied for the selective removal of Au(Ill) from the solutions originating from
processing of ores, galvanic sludges containing other noble metals. The metals adsorbed on
the resin are quantitatively washed out using 2 M solution of HCI or 2 M HNO,-Pt(IV), 0.5 M
thiourea + 0.1 M HCI-Ag(I) and 5% solution of KCN-Au(IlI). In the case of palladium(Il), the
recovery was not quantitative (>57%, 0.5M thiourea in 0.1M HCI).

Garcia et al. [112] used the polystyrene-based resin of 15-membered triolefinic azamacrocycle
rings in Pd(II) and Pt(IV) ions sorption from aqueous and aqueous dioxane solutions. The
addition of dioxane (10% v/v) results in increasing polymer swelling and effectiveness of
palladium(II) ions sorption from 48% to 73%. The total sorption capacities for Pd(II) and Pt(IV)
ions were 0.36 mmol/g and 0.28 mmol/g of the resin, respectively. The presence of Cu(Il) and
Ni(Il) ions affects insignificantly the selectivity of the resin towards noble metals. 0.5 M
thiourea in 0.1 M HCI was used as an eluent of Pd(II) and Pt(IV) ions with 100% and 79%
recovery, respectively.

20. PAN-ATAL, PS-BMT ion exchangers

Chen and Zhao [113] prepared the chelating resin PAN-ATAL by immobilization of cross-
linked polyacrylnitrile (PAN) (7% DVB) with 2-amino-2-thiazole (ATAL) selective towards
noble metals, i.e Pd(II), Ru(Il), Ir(IV) and Rh(III) ions, for which the sorption capacity values
were 230.7 mg Pd(II)/g, 147.1 mg Ir(IV)/g, 137.6 mg Ru(IV)/g and 72.1 mg Rh(III)/g of the resin.
The affinity of chelating macroporous resin PS-BMT (where PS — the cross-linked chlorome-
tylated polystyrene (10% DVB), BMT -2,5-dimercapto-1,3,4-thiadiazole) for Pd(I), Au(III) and
Pt(IV) ions from chloride solutions was studied by Qu et al. [114]. The sorption capacity for
Au(Ill) ions 5.8 mmol/g is much higher than for Pd(II) ions 0.19 mmol/g and Pt(IV) ions 0.033
mmol/g which is associated with gold(III) chlorocomplexes coordination by two donor N and
S atoms of the resin and reduction of gold(Ill) to a metallic form. However, in the case of
PdCl* and PtCl* complexes, only one donor atom - sulfur atom takes part in bonding.

21. Chelating fibres

It is worth presenting also the studies of using chelating fibres for the removal of platinum
elements, for example, those Gong [115] and Li et al. [116] on application of fibres of functional
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imidazole groups in noble metal ions sorption. Bilba et al. [117] used chelating polyacrylami-
doxime fibres in concentration and recovery of Pd(Il) ions from chloride solutions. The
attention should be also paid to the investigation by Gong and Wang [118, 119] as well as
Chang et al. [120] on concentration of trace amounts of Au(IIl), Pd(Il), Pt(IV) and Ir(IV) by
means of chelating polyacrylacylaminothiourea fibres. Poly (acrylamidrazonehydrazide) [121]
and poly (acryl-p toluenesulfonamideamidine-p-toluenesulfonylamide) [122] fibres were
applied in quantitative concentration and separation of Au(IlI) and Pd(II) as well as Ru(IlI),
Rh(III), Au(Ill) and Pd(IV) ions in the column system.

22. Amphoteric ion exchangers and anion exchangers

Of a large group of ion exchangers, anion exchangers of different basicity (strong, average and
weak basic) of functional groups are applied in ion exchange chromatography of noble metal
ions. Strongly basic anion exchangers possessing well-dissociated functional groups capable
of anion exchange of even weak acids, e.g. quaternary ammonium groups, are widely applied
in the whole pH range. This group includes types 1 and 2 strongly basic anion exchangers of
functional trimethylammonium groups (type 1) and dimethylhydroxyethylammonium
groups (type 2). Weakly basic anion exchangers possess poorly dissociated functional groups
i.e. primary-, secondary- and tertiary amine groups. There is also a group of amphoteric ion
exchangers which, depending on solution pH, are able to exchange anions or cations. They are
polyacids and polybases so-called polyampholites, e.g. of COO- and -N*(CH,), groups (snake
in cage polymers).

Application of amphoteric ion exchangers for removal of trace amounts of Pd(II), Pt(IV) and
Au(Ill) ions, among others, geological materials was studied by Chajduk-Maleszewska and
Dybczynski [123], Dybczynski et al. [124] and Samczyniski et al. [125] and Hubicki et al. [104].
Duolite ES 346 containing the functional amidoxime groups was successfully applied for
recovery and separation of noble metal ions. There was proved high selectivity of amphoteric
ion exchange Duolite ES 346 in Pd(II) ions sorption from the chloride (0.1-6M HCI-0.0011M
Pd(II) and chloride-nitrate(V) (0.1-0.9 M HCI-0.9-0.1IM HNO;-0.0011M Pd(II)) systems.The
total sorption capacity towards Pd(II) ions is 1.099 mmol/g (0.1 M HCl) and 1.545 mmol/g (0.1M
HCI-0.9M HNO;). The processes of sorption and separation of trace amounts of Pd(II), Au(III)
and Pt(IV) from ammonium and aqueous-non-aqueous solutions on Duolite ES 346 were also
conducted [123, 124]. Also high selectivity of this ion exchanger towards noble metal ions was
proved. Ions desorption was achieved using the solutions: 2 M HCl (elution of Pt and other
metal ions, 8 M NH,OH-0.01 M NH,CI-CH;OH (1:5), desorption temperature 323 K (elution
of Au(Ill) and 0.3 M CS(NH,), in 2 M HNO,; (elution of Pd(II)).

The amphoteric vinylpiridine ion exchangers VP-14K, ANKEF-5 and the anion exchanger
AN-251M were used for recovery of Pd(II) ions from spent car exhaust gas convertors subjected
to extraction with the NaCl (2-2.3 M) solution acidified with hydrochloric acid (0.5-2 M) at
353 K, the extraction time was 4h. These ion exchangers were characterized by high affinity
towards palladium(II) ions and their recovery was 98-99%. The sorption capacity of the anion
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exchanger AN-251M towards Pd(Il) ions and the aminophosphonic ion exchanger ANKF-5
was comparable (2.4-2.5 mmol/g) and much larger than that of the ion exchanger VP-14K (1.4
mmol/g) so the ion exchangers AN-251M and ANKEF-5 can be recommended for this type of
application.

The strongly basic gel anion exchanger Dowex 1x10 (CI" form, grain size 100-200 mesh) was
successfully applied for removal of Pd(II) and Pt(IV) ions from the dust collected in Germany
from street and fast traffic roads (Saarbriicken, motorway A-1, A-61, road B-262). Quantitative
desorption of sorbed metal ions took place using the 0.1 M thiourea solution in 0.1 M HCI at
the increased temperature 333 K enabling reduction of the eluent volume by half. The matrix
ions, i.e. Cd, Cu and Fe, were not retained on the anion exchanger but Ni, Pb and Zn sorbed
at 8-15 %. Elimination of interferences during noble metals determination was achieved by
using the reagents masking the matrix ions even before the sorption process, e.g. xylene orange
(G5 H3N,Na,0O4;55) [126]. Application of ion exchange technique for the determination of
platinum(Il) ions in biological tissues gives interesting results. The tissues with the cis-
dichloro-diamineplatinum(Il) were irradiated with neutron in the reactor. The sample
irradiation was mineralized by means of HNO;-H,SO,-H,O, mixture. Then platinum ions were
sorbed on the anion exchanger Dowex 1x8 in the chloride form with 6 M hydrochloric acid
solution. Platinum was determined using the radiometric method [127]. Platinum and
rhodium contained in ores were determined after separation on the anion exchanger Dowex
1x8 in the chloride form. The ore was digested in aqua regia. Next the solution was passed
through two columns. In the first one, platinum ions were sorbed from 9 M HCl solution. In
the other one, rhodium was sorbed in the form of a complex with zinc(II) chloride from 0.5 M
HCl solution. '*Rh was determined directly in the ion exchange phase using the radiometric
method [128].

For removal and determination of platinum from geological materials, a technique using the
anion exchanger Rexyn 201 was proposed. Sorption was performed from 0.5 M of hydrochloric
acid solution containing Ir(IV), Pt(IV), Pd(II) and Au(IlI) ions. Elution was carried out by means
of 0.1 M solution of thiourea in 0.1 M HCL. Ir(III) was eluted using 6 M HCL. Platinum metals
and gold were determined radiometrically [129]. The same methods were applied for the
determination of platinum in carbons [130]. Somewhat modified technique was used for the
determination of platinum metals in meteorites. Modification consisted in the change of the
anion exchanger Rexyn 201 on Deacidite FF in the chloride form [131].

Bio-Rad AG1x8 (100-200 mesh) was characterized by high selectivity for Pd(II), Pt(IV) and
Au(III) ions (the partition coefficient values were 10°, 104, 10° for Au(III), Pt(IV) and Pd(II) ions,
respectively), and therefore it could be applied for removal of noble metal ions from the
environmental and geological samples, among others, from rocks, ores as well as dust and
road dust [132].

Similar studies of application of anion exchangers Amberlite IRA-900 (macroporous, poly-
styrene, strongly basic anion exchanger of type 1, 16-50 mesh) [133-135] and Amberlite
IRA-410 (gel, polystyrene, strongly basic of type 2, 16-50 mesh) [135] for recovery and removal
of trace amounts of Pd(Il), Pt(lI), Ru(Ill), Rh(Ill), Au(Ill) and Ir(IV) ions from chloride and
radioactive nitrate waste waters were carried out by the Els et al. [133, 134] and El-Said et al.
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[135]. Selectivity of the anion exchanger Amberlite IRA-900 for Pd(I) ions depends on the
concentration of CI ions in the solution. Quantitative sorption of palladium(II) ions from the
chloride solutions is obtained at [Cl < 0.25 M. Sorption capacity of the anion exchanger
Amberlite IRA-900 for Pd(II) ions in 0.2 M HCl solution was 0.0017 mmol/dm? ([Pd*"] 350 ppm)
[133]. Selectivity of the anion exchanger Amberlite IRA-900 towards noble metal ions changes
in the series: Au(III) > Pt(Il) > Pd(II) > Ru(III) > Ir(IV) > Rh(I1I) [134].

Satisfactory results were obtained using the above-mentioned anion exchanger for separation
of Pd(II) and Ni(II), Sr(II), Rh(III), Eu(IIl), Ce(III), Ru(III), U(VI), Fe(IIl), Cr(III), AI(III), Ca(II)
and Cs(I) from the radioactive nitrate waste waters [135].

The anion exchangers of quaternary ammonium groups: Purolite A-850 and Amberlite
IRA-958 of polyacrylate skeleton, Lewatit MP 500A of polystyrene-divinylbenzene skeleton as
well as Varion AP of functional pyridine groups and polystyrene-divinylbenzene skeleton
exhibit high selectivity for Pd(II) ions from chloride and chloride-nitrate(V) solutions. Sorption
capacities towards Pd(II) ions are 0.0282 g/cm?® (in 0.1 M HCl) and 0.0005 g/cm?® (in 6 M HCl)
for Amberlite IRA-958 as well as 0.0408 g/cm? (in 0.1 M HCI) and 0.005 g/cm? (in 6 M HCI) for
Purolite A-850. The addition of Zn(II) and Al(III) to the solution largely decreases selectivity
of most anion exchangers for PA(II) ions. The exception is Varion AP, whose selectivity changes
insignificantly despite the presence of Al(III) ions [136, 137].

Due to modification of the macroporous polystyrene-divinylbenzene resin Amberlite XAD-1,
the ion exchanger containing functional tertiary amine groups was obtained. This ion ex-
changer was used for separation of noble metal ions. Separation of Rh(III), Pd(II) and Pt(IV)
ions mixture was achieved using suitable eluents:

Rh(III) - IM HCl or 1M NaCl in 0.1 M HCI
Pd(II) - 0.05 M NaClO, in 1 M HCl or 1 M NaCl + 0.025 M NaClO,
Pt(IV) - 0.1 M NaClO, in 1 M HCl or 1 M NaCl + 0.15 M NaClO,.

The method is quick (about 30-40 minutes) and allows separation of 1.18-11.8 ug amounts of
noble metal ions [138].

Among weakly basic anion exchangers of special interest is the macroporous polystyrene-
divinylbenzene anion exchanger of functional dimethylamine groups Amberlite-93 used for
recovery of Pd(II), Pt(Il) and Rh(III) ions from spent car exhaust gas convertors. Rhodium(III)
was desorbed from the anion exchanger as the first using 6 M hydrochloric acid solution, then
palladium(Il) was desorbed using 1% ammonia solution at room temperature. Platinum(II)
was washed out with the ammonia solution of the concentration 5% (at increased temperature).
Separation of palladium from platinum from the eluant solution can be achieved reducing to
the metallic form or precipitating (NH,),PdCl, and (NH,),PtCl, using hydrochloric acid. The
presented method of selective removal of platinum metals using Amberlite IRA-93 can be
regarded as an effective technique for separation of these ions on a laboratory and commercial
scale [139].

The weakly basic Amberlite IRA 67 is applied for selective removal of microquantities of
platinum(IV) ions from the acid solution containing CuCl,, FeCl;, NiCl,, AICl; and ZnCl,. In

19



20

lon Exchange - Studies and Applications

chloride solutions, the above components can partly form anions, which reduces the sorption
capacity of weakly basic anion exchangers. The effect of the above-mentioned macrocompo-
nents on decrease of sorption capacity towards platinum(IV) ions can be presented in the series:
Cudl, = FeCl, = NiCl, < AICl, < ZnCl, [140, 141]. A similar series can be determined for the
anion exchanger Duolite S 37, which contains secondary and tertiary functional groups added
to the phenol-formaldehyde skeleton [142].

23. Low-cost sorbents

In the literature, there are many examples of the alternative sorbents for noble metals removal
produced from renewable and low-cost resources [143]. Among them, those based on bacteria,
fungi and algae as well as agriculture and seafood wastes (coffee, green tea, tea, yuzu, aloe,
wheat and barley straw, maize crop, coconut shell, rise husk, etc.) have been investigated. One
of the low-cost sorbents is chitosan (CS) [144-155]. It is a kind of abundant natural polysac-
charide. Chitosan is produced by the alkaline deacetylation of chitin, the most abundant
biopolymer in nature after cellulose. It is extracted from shrimp and crab shells. Due to large
availability of functional groups such as amino and hydroxyl ones, CS has been proved to be
very efficient for the recovery of several toxic metal ions such as Cu(II), Cd(II) and Pb(II) and
strategic metal ions such as Pt(IV) and Pd(Il) [144]. It should be mentioned that sorption
properties of CS are due to its composition and presence of active and functional groups. CS
is characterized by its high percentage of nitrogen present in the form of amine groups, which
are responsible for metal ion binding through chelation mechanisms. Due to the fact that it is
protonated in acidic solutions, it is also capable of sorbing metal ions through anion exchange
mechanisms. It should be mentioned that chitosan protonation in acidic solution causes the
polymer to dissolve (except in sulphuric(VI) acid solutions). For the sorption of some metal
ions (for example noble metals), sulphuric(VI) acid cannot be used for pH control due to
reduction of sorption efficiency [145].

In the case of chitosan derivatives obtained by glutaraldehyde cross-linking (GA), poly(eth-
yleneimine) grafting through glutaraldehyde linkage (PEI) or thiourea grafting (T), noble metal
ions can be sorbed. The reasons for grafting new functional groups are (i) to increase the density
of sorption sites, (ii) to change the pH range for metal ions sorption and (iii) to change the
sorption sites and/or the uptake mechanism in order to increase sorption selectivity for the
noble metals [146]. Such derivatives were used for palladium and platinum removal [147]. It
was found that the maximum adsorption capacity occurred at pH 2.0 for both Pt(IV) and Pd(II)
species. The material selectively adsorbs Pt(IV) and Pd(Il) from binary mixtures with Cu(Il),
Pbdl), Cd(Il), Zn(Il), Ca(ll) and Mg(II). The isotherm adsorption equilibrium was well
described by the Langmuir isotherms with the maximum adsorption capacity of 129.9 mg/g
for Pt(IV) and 112.4 mg/g for Pd(II), which was relatively high compared with the glycine
chitosan derivative (122 mg/g for Pt(IV) and 120 mg/g for Pd(II)). The results show that 0.5 M
EDTA-0.5 M H,SO, solution can effectively desorb Pt(IV) and Pd(Il) (>97%) metal ions from
the adsorbent material. The high percentage of desorption obtained when the 0.5 M EDTA-



lon Exchange Method for Removal and Separation of Noble Metal lons
http://dx.doi.org/10.5772/60597

0.5 M H,SO, solution was used and can be explained by both stable complexes and the
electrostatic interactions between the Pt(IV) and Pd(II) species.

In the paper [143], rubeanic acid was grafted on chitosan through the reaction with glutaral-
dehyde as the linker to obtain the sorbent for Au(Ill) with the thiol functional groups. It was
found that the maximum sorption capacity was high and equal to 600 Au(Ill) mg/g. The
speciation of gold in the chloride and hydroxide chloride systems appears to be a predominant
parameter influencing the removal process. The optimum pH range was between 2 and 3 for
glutaraldehyde cross-linked chitosan. However, the sorption capacity strongly decreases with
the increasing pH. It was found that in the case of the grafting of sulfur compounds on chitosan
derivatives, the partial change in the sorption mechanism occurs. In this case, metal ion
chelation with sulfur compounds is weakly sensitive to the pH change [148]. Sorption capacity
in the HCI system reaches 2 mmol/g (180 mg/g) and is slightly lower than for the chitosan
derivatives obtained by grafting of pyridyl groups (6 mmol/g). Increasing chloride concentra-
tion involves a significant decrease in sorption capacity.

The removal of Au(III), Pt(IV) and Pd(II) onto the glycine modified cross-linked chitosan resin
was investigated in the paper by Ramesh et al. [146]. The results show that the optimum pH
appeared to be 1.0-4.0, and the maximum percentage removal was obtained at pH 2.0 for
Au(Ill), Pt(IV) and Pd(II). The pH,pc was found tobe 5.1. At pH <pHj,, the surface of modified
chitosan resin is positively charged, whereas at a pH > pH,,, the surface of modified chitosan
resin is negatively charged. Due to the positive surface charge of sorbent at pH lower than
pHp,c, it attracts the chlorocomplexes of platinum, palladium and gold, resulting in the greater
amounts of adsorption at low pH. The authors proposed the following mechanism of the
sorption process:

R-NH, + HCle——=RNH,"CI

R-NH,"+ HCle——=RNH,"Cl'+ H"

2R-NH,*Cl'+ [PtCl, | &= RNH,"),[PtCl, [ +2CI"
2R-NH,"Cl'+ [PdCl, " &= (RNH,"),[PdCl, " +2Cr
R-NH,'Cl'+ [ AuCl, | &==RNH,"[ AuCl, | +CI

The results also demonstrated that the amount of adsorption was decreased with the increasing
chloride ion concentration. This is because of strong interaction between the chloride ions and
precious metal ions to form chlorocomplexes. The 0.7 M thiourea-2 M HCl solution was the
most effective for the desorption of Au(III), Pt(IV) and Pd(II).

In the case of chitosan derivatives, noble metal ions are sorbed according to several kinetic
models based on pure sorption, pure reduction and dual sorption-reduction mechanisms [149,
150]. Moreover, the optimum acid pH for noble metal ions sorption depends on the metal. For
platinum and palladium, it was equal to 2. For CS cross-linked by glutaraldehyde (CS-GA) for
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hydrochloric acid solutions of palladium at pH 2, sorption reached the same level as achieved
at pH 1 (capacity strongly decreased) [151]. However, in the sulphuric(VI) acid solutions, the
sorption capacity remains almost unchanged. It is well known that pH has a critical effect on
the speciation of the metal in solution because the distribution of metal species depends on
pH. Other parameters which affect the sorption efficiency are connected with the nature of the
sorbent (ionic charge), chemistry of the metal ion: ionic charge, ability to be hydrolysed as well
as metal concentration and the composition of the solution and the form of polynuclear species
[151]. Sorption kinetics is controlled by particle size, cross-linking ratio and palladium
concentration. In hydrochloric acid solutions, equilibrium is achieved at 24 h contact. For
chitosan-cellulose fibres, it was found that incorporation of cellulose fibres improves the
binding efficiency of chitosan towards Ag(I). The sorption capacity was close to 220 mg/g. This
is much higher than for the pure chitosan (140 mg/g) [152]. The cellulose fibres contribute to
dispersion of the chitosan chains that are more accessible and available for silver. It is also
possible to modify the chitosan structure by introducing cross-linking structure, blending
chitosan with synthetic polymers such as poly(vinyl alcohol) (PVA) — a non-toxic, water-
soluble synthetic polymer with good physical and chemical properties and film-forming
ability. It is also possible to apply the sol-gel process to develop organic-inorganic hybrid
materials [153-155]. For this aim, clays and silicas are frequently used. Clays are composed of
silicate layers which form three-dimensional structures after hydrated in water. They have
negative charge and can interact with chitosan. Also silicas are characterized by several
advantages which are among others surface stability in the acidic medium and highly
developed surface, acceptable kinetics, thermal stability, resistance to microbial attack and low
cost should be mentioned [156]. Chemically modified silicas (CMSs) with the functional groups
covalently bound to the surface such as polyamines, particularly, linear polyhexamethylene
guanidine (PHMG) with convenient amine group configurations and nitroso-R salt (NRS) were
used in palladium sorption [157, 158]. Complex of palladium(Il) with the ratio Pd:NRS = 1:2
formed the SiO,~PHMG-NRS. The other examples are presented in Table 2.

Functional group Metal ion Ref.
Thiosemicarbazide PA(IT) [159]
Dithizone Ag(l) [160]
2-Amino-1-cyclopentene-1-dithiocarboxylic Ag(l) and PA(T) [161]
acid
N-(3-triethoxysilylpropyl)-4,5-dihydroimidazoleuene Pd(II), Pt(II) [162]
Amidinothiourea Ag(I), Au(IIl) and Pd(II) [162]
3-(1-thioureido)propyl Ag(I), Au(IIl) and Pd(II) [163]

Table 2. Organofunctionalized silicas in pre-concentration of noble metal ions.
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24. Conclusions

Ion exchange has been widely applied in the technology of chemical separation of noble metal
ions. This is associated with the dissemination of methods using various ion exchange resins
which are indispensable in many fields of chemical industry. Due to small amounts of noble
metals in nature and constant impoverishment of their natural sources, of particular impor-
tance are physicochemical methods of their recovery from the secondary sources as well as
waste waters.

Recovery of noble metals, from such raw materials, requires individual approach to each
material and application of selective methods for their removal. Moreover, separation of noble
metals, particularly platinum metals and gold from geological samples, industrial products
and synthetic mixtures along with other elements, is a problem of significant importance
nowadays.
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Abstract

Coloured wastewaters are a consequence of batch processes in both dye-manufacturing
and dye-consuming industries. Dyes are widely used in a number of industries, such as
textile and leather dyeing, food, cosmetics, paper printing, gasoline, with the textile in-
dustry as the largest consumer. Dyeing as a fundamental operation during textile fibre
processing causes the production of more or less coloured wastewaters, depending on the
degree of fixation of dyes on substrates, which varies with the nature of substances, de-
sired intensity of coloration, and application method. Dye bearing effluents are consid-
ered to be a very complex and inconsistent mixture of many pollutants ranging from
dyes, dressing substances, alkalis, oils, detergents, salts of organic and inorganic acids to
heavy metals.Thus after dyeing wastewaters are characterized not only by intensive and
difficult for removal colour but also by high pH, suspended and dissolved solids, chemi-
cal and biochemical oxygen demands. Ion exchange is a very versatile and effective tool
for treatment of aqueous hazardous wastes including dyes. The role of ion exchange in
dye effluents treatment is to reduce the magnitude of hazardous load by converting them
into a form in which they can be reused, leaving behind less toxic substances in their pla-
ces or to facilitate ultimate disposal by reducing the hydraulic flow of the stream bearing
toxic substances. Another significant feature of the ion exchange process is that it has the
ability to separate as well as to concentrate pollutants. Taking into account high capacity
and selectivity of ion exchange resins for different dyes, they seem to be proper materials
for dyes sorption from textile effluents. The aim of the paper is to study the removal of
the acid, reactive and direct textile dyes such as C.I. Acid Orange 7, C.I. Reactive Black 5
and C.I. Direct Blue 71 on the commercially available anion exchangers (Lewatit Mono-
Plus MP 62, Lewatit MonoPlus MP 64, Lewatit MonoPlus MP 500, Lewatit MonoPlus M
500, Amberlite IRA 67, Amberlite IRA 478RF, Amberlite IRA 458 and Amberlite IRA 958)
differing not only in basicity of the functional groups but also in composition and struc-
ture of the matrix. Comparison of the sorption parameters obtained by the batch method
taking into account influence of phase contact time, dyes initial concentration and solu-
tion pH were discussed in detail. Desorption conditions depending on the dyes sorption
mechanism were also presented. Influence of the auxiliaries typically present in textile ef-
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fluents such as inorganic electrolytes and different surfactants on the amounts of dyes re-
tained by the anion exchangers was presented. The adsorption behaviour of the
polyacrylic Amberlite IRA 958 demonstrates that it can be a promising adsorbent for the
textile wastewater treatment. The results obtained with raw textile wastewaters purifica-
tion confirmed this statement.

Keywords: anion exchangers, dyes sorption, removal, textile effluents

1. Introduction

Wastewaters originating from the textile, cellulose, paper, chemical, tanning, food and
cosmetic industries containing dyes are a hazardous source of natural environment contami-
nation. They are troublesome in purification process due to complex structure of dye mole-
cules. Even small amounts of dye are undesirable as they colour water making it look
unaesthetic and disturb life processes in water. Most dyes do not undergo biodegradation,
deteriorate light penetration into water and inhibit photosynthesis, increase chemical and
biological demand for oxygen. Some dyes are toxic and sometimes even carcinogenic and
mutagenic towards living organisms and they should be carefully removed [1]. Purification
of wastewaters containing dyes becomes more and more important and is aimed at avoiding
potential threat for the environment and legal consequences. Decolourization of these
wastewaters before their reaching water outlets is a must. Conventional methods of waste-
waters purification do not remove colour completely. Therefore it is advisable to work out a
more effective methods of wastewaters purification which would reduce the amount of
discharged impurities but also contribute to recovery of water and raw materials used in
technological processes. The difficulties in elaboration of both simple and economical methods
of dyes removal are due to frequent changes in technology of their production as well as the
use of various dyes in technological processes. In the case of impurities whose creation cannot
be prevented, there should be applied highly effective technologies for their rendering
harmless which can be combined into multi-stage purification systems. Such possibilities are
provided by adsorption processes using, among others, ion exchangers allowing not only to
separate substances dissolved based on selective interactions but also to concentrate amounts
of impurities and formed closed circulation of water in the technological process.

2. Dyes — Definition and classification

Dyes are commonly defined as organic compounds of natural or synthetic origin which absorb
visible light selectively in the range 400-700 nm, being capable of dying various materials
(fabrics, paper, leather, wood, plastic, food, cosmetics) [1]. Dye molecules possess chromo-
phoric groups, e.g. -N=N-, -NO,, -NO, -CH=CH-, owing to which these compounds selec-
tively absorb electromagnetic radiation in the visible range and auxochromic one (e.g. -NH,,
—-OH, -OR) responsible for dyes affinity for dyed materials [1, 2]. Dye molecules can also
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contain other substituents which impart specific properties affecting their solubility or stability
improvement.

There are two basic ways of dyes classification. Based on the chemical structure of dye
molecule, there can be distinguished carbocyclic and heterocyclic dyes. Considering the
occurrence of chromophore, carbocyclic dyes include, among others, azo, nitro, anthraquinone
ones and heterocyclic dyes include xanthene, acridine, indigoid ones. Using the chemical
classification of dyes is convenient while discussing methods of their synthesis, chemical
structure, dependence between the structure and different properties. Technical classification
of dyes is based on the way of dyeing taking into account their solubility and chemical
properties (Table 1) [2]. It is useful in the case of different applications of dyes. Not all dyes
are universal. The way of their application depends on different methods of dye bonding with
the material. Thus dyes are divided into reactive, direct, acid, basic, ice, vat, mordant, sus-
pended, sulfurous, oxidative, pigments and lakes. From a practical point of view, there are
two groups of dyes. The first one are dyes soluble in water with a created coloured cation (basic
dyes) or anion (acid, acid-chromic, reactive, direct, and metal complex dyes). The second group
includes dyes insoluble in water (suspended and those formed on the fibre, e.g. ice, oxidative,
mordant) as well as pigments. Among them, there are dyes whose salts dissolve in water
(sulfur and vat ones) and those which dissolve in organic solvents, e.g. fatty dyes.

Class of dyes Chemical character of dyes ~ Exemplary dyes Kind of coloured material

Acid Organic salts of sulfonicand ~ Anthraquinone, azo, Protein fibres (mainly wool),
carboxylic acids soluble in triphenylmethane, nitro, polyamide fibres, paper,
water xanthene leather, cosmetics, food

Basic Salts of organic bases soluble ~Arylmethane, xanthene, azo, Wool, natural silk, polyester
in water acridine,anthraquinone and polyacrylnitrile fibres

Direct (substantive)  Salts of organic sulfonic acids Phthalocyanines, Cellulose fibres (cotton, linen),
soluble in water stilbene, oxazine, azo leather

Reactive Salts of organic bases and acids Azo, anthraquinone, formazine, Cellulose and protein fibres
soluble in water oxazine

Mordant Soluble in water, form complexNitroso dyes, e.g. alizarin and its Cellulose and protein fibres
with metals derivatives

Vat Insoluble in water Anthraquinone, indigo Cellulose fibres

Sulfur Insoluble in water - Cellulose fibres

Dispersive Insoluble or sparsely soluble in Azo, anthraquinone, nitro, Synthetic mainly poliester,
water styrole polyamide, polyacrylnitrile,

acetic

Table 1. Technical classification of dyes
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There is a special register called Colour Index for dyes first published in 1924. The dual
classification system Colour Index includes: Colour Index Generic Name (CIGN), e.g. Disperse
Yellow 1, which is the name describing the kind of dye as regards its technical application and
colour as well as chronological notation in the register and for the known and published
chemical structure, so-called Colour Index Constitution Number (CICN) in this case C.I. 10345 [3].
Their largest use was recorded in 2008 in Asia, particularly in China and India (Figure 1) [4].
The yearly world production of dyes is 700, 000-1000, 000 tones, which corresponds to over
100, 000 commercial products whereby azo dyes constitute 70% [5-11].

Natural dyes such as indigo, woad, or madder lost their position due to dynamic development
of textile industry in the XVIIIth century. In the second half of the XIXth century, there started
a synthesis of intermediate products and new dyes not having equivalents in nature of various
colours, shades, and high quality (resistance to chemical factors, light, friction).

B EEE

Dyes ¢
£

i

#

#

Asia North America Weastern Europe Another

Figure 1. World dyes demand by the regions in 2008

The first synthetic dyes were fuchsine (prepared in 1855 by J. Natanson) and mowein (prepared
in 1856 by W. Perkin) [1]. Development of dyes synthesis is promoted by their huge application
in many fields of industry. The large tonnage consumer of dyes is textile industry. Moreover,
they are applied in electronic industry for the production of liquid crystal and electrochromium
visual indicators as well as in technology of optical recording, photographic (for creating
coloured pictures), reprography (ink, non-carbon paper), food dyeing as well as for dyeing
biological material, paper, leather, wood and cosmetics and also as indicators (e.g. redox, pH).
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3. Sources of dyes in wastewaters and wastewater characterization

The basic sources of dyes in industrial wastewaters are complex technological processes in
organic dye production plants, textile and paper plants as well as furrier and tanning ones.
Waste products containing dyes from plastic production, food processing, petroleum,
polygraphic, cosmetic, photographic and electronic industries are in somewhat lower
amounts. Wastewaters from intermediate products and organic dyes production usually
contain various chemical compounds which occur not only in the form of aqueous solutions
but also in liquids, emulsions suspensions and pitch sparsely soluble in water. Besides residues
of raw and intermediate materials such as benzene, aniline, phenol, amine, nitro compounds,
alcohols, esters, salts, inorganic acids (mainly HNO,, H,SO,), they contain those of ready-made
products or dyes. The weight amounts of unreacted substrates, by-products or auxiliary
compounds largely exceed the amounts of the main product. They are characterized by intense
colouring despite insignificant dye concentration as well as smell and taste due to the presence
of nitro compounds. Some aniline dyes are distinctly visible even at the concentration about
40 mg/L [12]. Table 2 presents the characteristics of wastewaters from organic dyes production
[12].

Indicator Kind of produced dye

Pigment yellow Acid orange Lake claret BLC Azo

10G Dyes
Reaction pH 4.3 8.8 4.7 2.6
COD (mg/L) - 83,735 2269 19,410
Sulfates (mg SO, %/L) 620 1887 16,527 5921
Chlorides (mg CI7/L) 975 153,500 17,750 20,500
Dry residue (mg/L) 11,910 393,600 49,400 377,800
Suspensions (mg/L) 3858 - - -

Table 2. Characteristics of wastewaters from organic dyes production plant

Amount and composition of wastewaters originated from textile plants depend on many
factors, among others, on the kind of fibre or fabric, way of dyeing (kind of used dyes) as well
as apparatus. Their largest amounts have arisen during chemical treatment of textile products.
Textile plants in the three-shift (24 h/day and night) system equipped with 40 dyeing machines
generate enormous amounts of effluents 2400-5200 m?*/day and night assuming the average
capacity of dyeing machine 200-6500 L and taking into account 7-10 fillings (baths) of the
machine during one dyeing process [13].

Processes of chemical treatment of textile products are a separate branch of producing of above
wares likewise mechanical treatment [14]. Their main aim is to give textile products suitable
properties facilitating their further treatment and desirable usable features like shape stability,
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resistance to outer factors” action (washing, friction, dirt, sweat) as well as surface appearance
(smooth, creased, shiny, dull, colorful). The above mentioned properties of textile products
are obtained during their treatment using various chemical substances: alkalis, acids, salts,
surface active substances, oxidizers, reducers, dyes, thickeners, water, solvents and many
others. The amounts of substances added to dyeing baths depending on colouring intensity
are given in Table 3 [13, 15].

Depth of shade Dyeing bath composition (g/kg textiles)
Dyes Organic Inorganic Electrolytes
auxiliaries auxiliaries NaCl, Na,SO,
Light shade 0.5-4 0-30 50-250 90-400
Medium shade 5-30 30-150 600-700
Deep shade 30-80 0-35 800-1500

Table 3. Load of impurities carried in dyeing bath

These compounds are a main load in textile wastewaters; and besides dyes, they remain in
wastewaters in the concentration close to the initial one (part is deposited on the textile
product) as suitable dying conditions are created. The average water consumption in all
processes of chemical treatment is from about 150 to over 300 liters per one kilogram of fibre
causing formation of the same amount of strongly contaminated wastewaters [14]. Beside dyes
and auxiliaries, textile industry wastewaters contain specific contaminations such as fat, wax,
dextrin, starch, dressing or casein. Organization for Economic Cooperation Development
estimated that 7-20% of acid dyes, 5-20% of direct dyes and 20-50% of reactive dyes were lost
in the effluents in Europe [16-19]. A large percentage of pollution generated by the textile
industry can be attributed to salts, sizing agents, preparation agents, detergents and organic
acids [16], see Figure 2.

carquyllc

acids
15 000-20 000
onsiyear

Basic dyes
2-3%

Surfactants
20 000-25 000
tons/year

Preparation
agents
25 000-30 000

Metal tonslyear

complexes
Azoic dyes 2-5%
5-10%

Figure 2. Percentage of non-fixed dyes and auxiliaries that may be discharged in the textile effluent (based on the data
presented in the paper [16])

For example, reactive dyeing of 1 kg of cotton requires about 150 L of water, 0.6-0.8 kg of NaCl
and about 40 g of reactive dye. One can easily imagine the total amount of generated pollution.
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According to Epolito et al. [19] under typical dyeing conditions, up to 50% of the initial dye
concentration remains in the spent dye bath in its hydrolyzed form. Thus after dyeing
wastewaters are characterized not only by intensive and difficult colour removal but also by
high pH, suspended and dissolved solids, chemical and biochemical oxygen demands. Typical
characteristics of raw textile wastewaters are presented in Table 4 [12-14, 20, 21].

Indicator Range of indicator fluctuations in the textile industry wastewater
impurities
Cotton Wool Silk Flax
Grade of dye Reactive, vat Acid Acid, reactive, Direct
direct
Colour threshold” 1:10-1:250 1:10-1:300 1:8-1:400 1:2-1:150
Reaction pH 6.1-11.2 4.1-8.8 3.7-95 2.2-11
BOD (mg O,/L) 50-620 60-455 50-700 30-1800
Permanganate value (mg O,/L) 80450 52-495 32-412 40-3600
Sulfates (mg SO, %/L) 50-690 32-423 70-520 35-150
Chlorides (mg CI-/L) 80-650 44-530 40-1400 20-360
Sulfides (mg H,S/L) 2.2-30 1-20 1-40 -
Total chromium (mg Cr/L) - 1-5 - -
Detergents (mg/L) 1-70 5-124 4-35 -
Fat (mg/L) 5-15 10-150 - -
Dry residue (mg/L) 300-3500 478-2120 400-4100 400-2450
Total suspension (mg/L) 50-530 69-403 40-330 20-350
Temperature (°C) 30-50 25-50 36-40 25-45

“Colour threshold — given according to the platinum scale (e.g. in mg Pt/L) or in a descriptive way giving dilution extent
at which specific colour disappears

Table 4. Composition of textile wastewaters

Wastewaters coming from tannery, besides impurities removed from leather (hair, blood,
epidermis, fat tissue) contain significant amounts of chemicals: sulfuric acid and hydrogen
chloride, lime, soda, sodium sulfide, chromium (III) compounds, detergents and organic
solvents [14]. Water consumption in tanneries and furriery plants is from 30 to 81 m? and from
8.5 to 400 m®, respectively, for 1000 leathers depending on their kind. Concentration of organic
impurities from furriery plants is somewhat smaller than from tannery. Dyes contained in
these wastewaters come from tanning, dyeing and rising of raw material and their concentra-
tion is 1 kg/m?® [21]. They constitute 17-32.5% of the total amount of wastewater generated by
these plants [12]. The composition of wastewaters from the tannery and furriery plants is
presented in Table 5 [21].
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Wastewaters from paper factories containing dyes particularly aniline and sulfur ones are
generated from the paper treatment process consisting in the addition of fillers and dyes to
the bleached cellulose material. As a result of multi-stage purification of wastewaters from the
cellulose plants, there is obtained a low value of BOD (biochemical oxygen demand) - 4
mg/L but COD (chemical oxygen demand) is maintained on the level 75 mg/L. These waste-
waters contain a small amount of suspended matter — 5 mg/L, but they are characterized by
intensive colour — 40 mg Pt/L [21].

Indicator Tannery Furriery plant
Reaction pH 7.8-9.8 3-10
Chlorides (mg CI-/L) 1600-4000 30000

Sulfates (mg SO, >/L) 500-2000 1000
Chromium(IIl) (mg/L) 30-80 3000
Chromium(VI) (mg/L) 300-500 500

Surface active substances (mg/L) 60-200 2000

COD (mg O,/L) 1000-9000 -

BOD (mg O,/L) 500-4500 -

Table 5. Concentration of impurities in wastewaters from the tannery and furriery plants

4. Impact of dyes on natural environment

Wastewaters containing dyes are troublesome in purification processes due to a complex
structure of dye molecules. Even small amounts of dyes (of a few ppm order) are undesirable;
they colour water, making it look unaesthetic and disturb life processes in water. Most dyes
do not undergo biodegradation, deteriorate penetration of light into water and inhibit
photosynthesis processes, increase chemical and biological demand for oxygen. Some dyes
exhibit toxic and even cancerogenic as well as mutagenic action towards living organisms and
therefore they should be carefully removed [5, 17]. Most dyes have a harmful effect (directly
or indirectly) on fish. Direct activity consist in colouring of water and changing its composition,
which significantly deteriorates the living conditions of fish and plankton, but indirect activity
consist in poisonous properties of many dyes. Studies of dyes toxicity for fish seem to be
particularly interesting not only with respect for estimation of water purity but also for the
fact that they are a valuable source of food for people. Based on the ETAD (Ecological and
Toxicological Association of Dyes and Organic Pigments Manufacturers) tests made for 3000
commonly used dyes in 27 cases, the registered LCs; (Lethal Doses,) values were of the order
0.05 mg/L (compared with, e.g. for DDT [dichlorodiphenyltrichloroethane] the LCs, value was
0.006 mg/L) [22]. It proved that 98% of studied dyes reveal LCs, toxicity over 1 mg/L. High
toxicity was found in C.I. Basic Violet 1 with LCs, equal to 0.05 mg/L and C.I. Basic Yellow 37
with LCy, equal to 0.8 mg/L [22].
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5. Methods of coloured wastewaters purification

The dye removal technologies can be divided into three categories: biological, chemical and
physical. Possible decolourization methods of textile wastes along with advantages and
disadvantages are listed in Figure 3 [23]. Because of high cost and disposal problems, many of
these conventional methods for treating dye wastewaters have not been widely applied on a
large scale in the textile industry. At present, there is no single process capable of treatment,
mainly due to the complex nature of effluents, combination of the above mentioned techniques
provides effective treatment of coloured wastewaters [12, 13, 17]. According to Babu et al. [24],
more than 100 references in the bibliographical review of textile wastewater treatment prove
that combination techniques permit not only the reduction of suspended solids, organic
substances and colour but also the recovery of process chemicals. Currently, the main methods
of textile dye treatment are by physical and chemical means with research concentrating on
cheap and effective sorbents such as sandy soils, hen feathers, bottom ash, rice husk ash, orange
peel, sugarcane dust, etc. However, it should be stressed that they are characterized by
relatively low sorption capacity towards dyes compared with activated carbons or ion
exchangers and what is more they need to be dumped.
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Figure 3. Advantages and disadvantages of the current methods of dye removal from industrial effluents
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Ion exchange is a very versatile and effective tool for treatment of aqueous hazardous wastes.
The role of ion exchange in dye effluents treatment is to reduce the magnitude of hazardous
load by converting them into a form in which they can be reused, leaving behind less toxic
substances in their places or to facilitate ultimate disposal by reducing the hydraulic flow of
the stream bearing toxic substances. Another significant feature of the ion exchange process is
that it has the ability to separate as well as to concentrate pollutants.

Ion exchange resins known as reactive polymers are highly ionic, covalently cross-linked,
insoluble polyelectrolytes, usually supplied as beads. Ion exchange resins have been classified
based on the charge of the exchangeable counter-ion (cation exchanger or anion exchanger)
and the ionic strength of the bound ion (strong exchanger or weak exchanger). Thus, there are
four primary types of ion exchange resins: (a) strong cation exchange resins, containing —
SO;H* groups or the corresponding salts, (b) weak cation exchange resins, containing —
COOH" groups or the corresponding salts, (c) strong anion exchange resins of quaternary
ammonium groups (type I resins contain —CH,N(CH,);"CI™ groups and type Il resins contain
—CH,N(CHs,),(CH,CH,OH)"Cl" groups), (d) weak anion exchange resins of primary (-NH,),
secondary (=NH) or tertiary-amine (=N) functional groups in the chloride or hydroxide form.

The resin beads have either a dense internal structure with no discrete pores (gel resins, also
called microporous) or a porous, multichannelled structure (macroporous or macroreticular
resins). They are commonly prepared from styrene and various levels of the cross-linking agent
- divinylbenzene, which controls the particles’ porosity. Popular ion exchangers available on
the market are those of acrylic, epoxy-amine and phenol-formaldehyde matrices. The common
choice is between styrene-divinylbenzene or acrylic-divinylbenzene copolymer. Disregarding
structural features (gel or macroporous) for the time being, the acrylic matrix is more elastic
than the rigid styrene-based copolymer. However, the elastic resilience of acrylic matrix could
be of concern where the columns of resin operate under a high net compression force.

The internal structure of the resin beads, i.e. whether microporous (gel-type) or macropo-
rous, is important in the selection of an ion exchanger. Macroporous resins, with their high
effective surface area, facilitate the ion exchange process. They also give access to the exchange
sites for larger ions, can be used with almost any solvent, irrespective of whether it is a good
one for the uncross-linked polymer, and take up the solvent with little or no change in volume.
They make more rigid beads, facilitating the ease of removal from the reaction system. In the
case of the microporous resins, since they have no discrete pores, solute ions diffuse through
the particle to interact with the exchange sites. Despite diffusion limitations on the reaction
rates, these resins offer certain advantages: they are less fragile, requiring less care in
handling, react faster in functionalization and application reactions as well as possess higher
loading capacities [25].

Taking into account high capacity and selectivity of ion exchange resins for different dyes, they
seem to be proper materials for dyes sorption from textile effluents. Applicability of the anion
exchange resins in the removal of acid, reactive, direct dyes widely used in the textile industry,
from aqueous solutions and wastewaters, was confirmed in some papers [2, 15, 20, 23, 25-28].
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6. Experimental

In the paper, the results of the sorption of three textile dyes such as C.I. Acid Orange 7, C.I.
Reactive Black 5 and C.I. Direct Blue 71 on the commercially available anion exchangers are
summarized and discussed based on the data presented in papers [2, 15, 20, 23, 25-31].

The essential physicochemical properties of these resins (produced by Lanxess, Germany or
Dow Chemical Company, USA) are given in Table 6 and Figure 4. The resins were washed
with both 1 M HCl and distilled water in order to remove impurities and change the ionic form
to the chloride one. The resins were dried at room temperature to the constant mass.

Molecular structures of the above mentioned dyes are presented in Figure 5. The dyes were
purchased from Sigma-Aldrich (Germany) and used without further purification. These dyes
were selected for the studies because they are extensively used in the textile industry. C.I. Acid
Orange 7 is applied for fibers such as silk, wool and nylon using neutral to acid dye baths.
Direct Blue 71 is used for cotton, paper, leather, wool, silk and nylon dyeing. Reactive dyes,
e.g. RB5, are by far the best choice for dyeing of cotton and other cellulose fibers.

The other chemicals used were produced by Sigma-Aldrich (Germany) and were of analytical
grade.

N X Matrix composition Total capacity Operating temp.Beads mean size
Commercial name Functional groups

and structure (eq/L) Q) (mm)
Lewatit MonoPlus MP 62 S-DVB, m 1.7 70 0.47
Amberlyst A 23 — N(CH,), PF, m >1.8 80 0.47-0.74
Amberlite IRA 67 A-DVB, g >1.6 60 0.55-0.75

— N(CH;), and
— N*(CH,); A-DVB, g >1.15 35 0.78-0.98

Amberlite

S-DVB, m 1.0 60 0.65-0.82
IRA 900
Lewatit MonoPlus

S-DVB, m >1.1 45 0.63
MP 500

- — N*(CH,),

Lewatit MonoPlus

S-DVB, g 1.1 70 0.64
M 500
Amberlite IRA 458 A-DVB, g 1.25 35 0.6-0.9
Amberlite IRA 958 A-DVB, g >0.8 80 0.63-0.85
Amberlite IRA 910 S-DVB, m 1.1 60 0.53-0.8
Lewatit MonoPlus — N*(CH,),C,H,OH
- S-DVB, g 1.3 30 0.62

where: [ - weakly basic anion exchangers, B - intermediate base anion exchangers, . strongly basic anion
exchangers, S-DVB - styrene-divinylbenzene, A-DVB - acrylic-divinylbenzene, PE- phenol-formaldehyde, m — macro-
porous, g - gel

Table 6. Properties of applied anion exchangers
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Figure 4. Composition of resin matrices: a) styrene-divinylbenzene skeleton, b) acrylic-divinylbenzene skeleton, c) phe-
nol-formaldehyde skeleton, and their structure: d) macroporous, e) gel

The sorption studies were performed by the batch method. The dye solutions (50 mL) were
shaken with the dry anion exchanger (0.5 g) in conical flasks using a thermostated laboratory
shaker Elphin (Poland) at 20°C. The experiments were conducted in the two parallel series
with the reproducibility 5%. The amount of dye adsorbed after time ¢, g, (mg/g), was calculated
from Equation 1:

gp=———xV M

where: Cy and C, (mg/L) are the liquid-phase concentrations of dye at the time =0 and after
time ¢, respectively, V (L) is the volume of solution and w (g) is the mass of dry anion exchanger.

To test the influence of shaking speed on dye removal, preliminary experiments were carried
out by varying the shaking speed from 140 to 200 rpm. The best results were obtained for the
shaking speed 180 rpm. Therefore, 180 rpm was used in all batch experiments. To evaluate the
kinetics of the sorption process, 50 mL solutions of 100 mg/L (or 500 mg/L or 1000 mg/L) dye
concentration and 0.5 g of the anion exchanger samples were used. The shaking time was
varied from 1 to 12 h, respectively (e.g. up to equilibrium). All the kinetic studies were carried
out at the natural pHs (pH 4.98-5.83) of solutions (pH-meter; CX-742 Elmetron, Poland). The
dyes concentration after the sorption was measured spectrophotometrically at the maximum
absorbance wavelengths. Absorption spectra of raw textile wastewaters of different compo-
sition were recorded for the predetermined time interval of decolourization using a spectro-
photometer Specord M-42 (Carl Zeiss, Germany).
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C.I. Acid Orange 7; C.I. No 15510; MW = 350.32 g/mol
sodium salt of 4-(2-hydroxynaphthylazo)benzenesulfonic acid

C.L Reactive Black 5; C.I. No 20505; MW = 991.82 g/mol
tetrasodium salt of 4-amino-5-hydroxy-3,6-bis((4-((2-(sulfooxy) ethyl)sulfonyl)phenyl)azo)-2,7-
naphthalenedisulfonic acid

XXX
X%

C.IL Direct Blue 71; C.I. No 34140; MW = 1029.88 g/mol
tetrasodium 3-[(E)-{4-[(E)-{4-[2-(6-amino-1-oxo0-3-sulfonatonaphthalen-2(1H) ylidene)hydrazino]-6-
sulfonatonaphthalen-1-yl}diazenyl]naphthalen-1-yl}diazenyllnaphthalene-1,5-disulfonate

) 9
- P )

Figure 5. Dyes characteristics

Sorption isotherm studies were carried out analogously using dyes solutions of the increasing
initial concentration at 20°C for 24 h. The effects of salts and surfactant additions on dyes’
uptake at equilibrium were studied by shaking the anion exchanger (0.5 g) with the 100 mg/L
dye solution containing different amounts of salts (Na,SO,, Na,CO;, NaCl) or surfactants
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(sodium dodecyl sulfate (SDS) and cetyltrimethylammonium bromide (CTAB)). The dyes
concentration after the sorption was measured spectrophotometrically at the maximum
absorbance wavelengths depending on the system.

Regeneration tests for the anion exchange resin were conducted with different regeneration
agents (1 M HCl, 1 M NaOH, 1 M KSCN, 1 M Na(Cl, 1 M Na,SO,, 1 M Na,CO;, 90% methanol,
1 M KSCN or 1 M NaOH or 1 M HCl in 90% methanol). The loaded resin containing 10 mg/g
of dye was put into flasks in contact with 50 mL of different eluting agents. The flasks were
agitated for 3 h and the dye concentrations in the solution were determined at the maximum
absorbance wavelength in order to calculate the desorption percentage (%).

The above methods were described in detail in [2, 15, 20, 23, 25-31].

7. Results and discussion

7.1. Adsorption equilibrium and retention mechanisms

The equilibrium sorption isotherms are one of the most important data to understand the
mechanism of the sorption. They describe the ratio between the quantity of sorbate retained
by the sorbent and that remaining in the solution at the constant temperature at equilibrium
and are important from both theoretical and practical points of view. The parameters obtained
from the isotherm models provide important information not only about the sorption mech-
anisms but also about the surface properties and affinities of the sorbent. The best known
adsorption models in the linearized form for the single-solute systems are:

a. the Langmuir isotherm
- 4_€ (2)

where Q; (mg/g) is the Langmuir monolayer sorption capacity, b (L/mg) is the Langmuir
adsorption constant, calculated from the intercepts and slopes of straight lines of plot of C, /g,
vs C,.

The Langmuir isotherm is applied to homogeneous adsorption based on the following
assumptions: (a) all the adsorption sites are identical; (b) each site retains one molecule of the
given compound; (c) all sites are energetical and sterical independent of the adsorbed quantity
[32].

b. the Freundlich isotherm

logg, :long+110gCe 3
n
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where: k; (mg/g) is the Freundlich adsorption capacity, n is the Freundlich constant related to
the surface heterogeneity, determined from the slope and intercept of the linear plot of log g,
vs log C..

The Freundlich isotherm assumes heterogeneous surface with a non-uniform distribution of
heat of adsorption [33].

The applicability of isotherm equations was compared in this paper by judging the determi-
nation coefficients (R?). The calculated constants of these models were largely dependent on
the type of the anion exchanger (Tables 7-9). Not only the basicity of the resin but also the
matrix composition and structure were the determining factors of sorption. It could be stated
generally that the Langmuir isotherm model fits better than the Freundlich one. However, the
comparison of the R? values indicates that the experimental data of C.I. Direct Blue 71 adsorp-
tion onto Amberlite IRA 67, Amberlite IRA 900 and Lewatit MonoPlus MP 62 were more
appropriate for the Freundlich isotherm model. It could be in agreement with the aggregation
tendency of the C.I. Direct Blue 71 dye, especially at high concentrations, and with the
possibility of the dye uptake through many types of interactions. Similar observations were
described for C.I. Basic Blue 9 sorption onto Purolite C 145 and Purolite C 107E resins by Suteu
et al. [34].

Langmuir isotherm model Freundlich isotherm model
Anion exchanger Ref.

Q, (mg/g) b (L/g) R? kr n R?
Lewatit MonoPlus MP 62 79.9 0.03 0.993 43.2 9.2 0.896 [27]
Amberlyst A 23 80.2 0.03 0.996 39.7 8.6 0.872 This study
Amberlite IRA 67 168.2 0.002 0.996 41.2 7.3 0.892 [29]
Lewatit MonoPlus MP 64  586.5 0.68 0.999 168.8 5.6 0.794 [27]
Amberlite

1279.2 0.166 0.999 213.0 2.95 0.996 [25]
IRA 478RF
Amberlite

1289.7 0.007 0.999 207.6 0.421 0.943 [26]
IRA 900
Lewatit MonoPlus

979.0 0.17 0.993 157.7 2.5 0.956 [27]
MP 500
Lewatit MonoPlus

215.9 0.129 0.999 154.7 21.0 0.427 This study
M 500
Amberlite IRA 458 1211.3 0.066 0.999 198.6 0.221 0.842 [29]
Amberlite IRA 958 1370.4 0.063 0.999 161.7 0.345 0.872 [30]
Amberlite IRA 910 1012.6 0.015 0.998 159.1 0.521 0.900 [26]
Lewatit MonoPlus

174.1 0.987 0.998 38.3 36.9 0.789 This study

M 600

Table 7. Comparison of the isotherms parameters for C.I. Acid Orange 7 sorption on the studied anion exchangers
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Langmuir isotherm model Freundlich isotherm model
Anion exchanger Ref.

Q, (nglg) b (L/g) R? ke n R?
Lewatit MonoPlus MP 62 796.1 0.049 0.990 183.5 4.96 0.925 [23]
Amberlyst A 23 282.1 0.204 0.999 125.6 8.77 0.937 [23]
Amberlite IRA 67 66.4 0.503 0.998 26.4 7.10 0.914 [23]
Lewatit MonoPlus MP 64  592.7 0.242 0.999 84.3 3.45 0.717 This study
Amberlite

150.4 0.057 0.999 93.0 16.1 0.906 [25]
IRA 478RF
Amberlite

1351.8 0.039 0.999 179.4 6.92 0.845 [31]
IRA 900
Lewatit MonoPlus

1170.5 0.416 0.996 312.1 3.24 0.955 This study
MP 500
Lewatit MonoPlus

17.4 0.099 0.998 3.83 3.69 0.789 This study
M 500
Amberlite IRA 458 1329.5 0.037 0.999 2413 4.92 0.823 [30]
Amberlite IRA 958 1655.2 0.468 0.999 263.2 321 0.815 [30]
Amberlite IRA 910 1219.9 0.021 0.998 172.4 4.62 0.794 [30]
Lewatit MonoPlus

4.6 0.236 0.896 0.15 1.2 0.629 This study

M 600

Table 8. Comparison of the isotherms parameters for C.I. Reactive Black 5 sorption on the studied anion exchangers

Langmuir isotherm model

Freundlich isotherm model

Anion exchanger Ref.

Q, (mglg) b (L/g) R? ke n R?
Lewatit MonoPlus MP 62 470.6 0.0003 0.874 1.47 0.86 0.931 [20]
Amberlyst A 23 456.2 0.079 0.994 22.2 2.69 0.645 This study
Amberlite IRA 67 90.9 0.005 0.909 1.02 1.57 0.998 [20]
Lewatit MonoPlus MP 64  420.4 0.021 0.997 24.2 2.35 0.510 [20]
Amberlite

41.8 0.0047 0.974 4.67 3.6 0.969 [25]
IRA 478RF
Amberlite

778.2 0.0001 0.828 0.21 1.18 0.901 [20]
IRA 900
Lewatit MonoPlus

523.6 0.0023 0.959 2.65 1.39 0.874 [20]
MP 500
Lewatit MonoPlus

2.02 0.165 0.692 0.14 1.06 0.509 [20]

M 500
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Langmuir isotherm model Freundlich isotherm model
Anion exchanger Ref.

Q, (nglg) b (L/g) R? ke n R?
Amberlite IRA 458 48.4 0.034 0.982 5.6 2.84 0.650 [20]
Amberlite IRA 958 1630.6 0.0001 0.987 0.65 1.26 0.965 [20]
Amberlite IRA 910 663.7 0.008 0.945 0.19 1.02 0.900 This study
Lewatit MonoPlus

1.89 0.154 0.713 0.11 1.01 0.603 This study

M 600

Table 9. Comparison of the isotherms parameters for C.I. Direct Blue 71 sorption on the studied anion exchangers

Based on the values of the monolayer sorption capacities determined from the Langmuir
isotherm model, the studied anion exchangers can be arranged in the following sorption
effectiveness series as:

* for C.I. Acid Orange 7

Amberlite IRA 958 > Amberlite IRA 900 > Amberlite IRA 478RF > Amberlite IRA 458 >
Amberlite IRA 910> Lewatit MonoPlus MP 500 > Lewatit MonoPlus MP 64 > Lewatit MonoPlus
M 500 > Lewatit MonoPlus M 600 > Amberlite IRA 67 > Amberlyst A 23 = Lewatit MonoPlus
MP 62

¢ for C.I. Reactive Black 5

Amberlite IRA 958 > Amberlite IRA 458 > Amberlite IRA 900 > Amberlite IRA 910 > Lewatit
MonoPlus MP 500 > Lewatit MonoPlus MP 62 > Lewatit MonoPlus MP 64 > Amberlyst A 23 >
Amberlite IRA 478RF > Amberlite IRA 67 > Lewatit MonoPlus M 500 > Lewatit MonoPlus M
600

e for C.I. Direct Blue 71

Amberlite IRA 958 > Amberlite IRA 900 > Amberlite IRA 910 > Lewatit MonoPlus MP 500 >
Lewatit MonoPlus MP 62 > Amberlyst A 23 > Lewatit MonoPlus MP 64 > Amberlite IRA 67 >
Amberlite IRA 458 > Amberlite IRA 478RF > Lewatit MonoPlus M 500 = Lewatit MonoPlus M
600

as far as their applicability is concerned in removal of these dyes.

Under experimental conditions, sorption of the dyes occurred between the sulphonic groups
of dyes (e.g. R;(SO;),(Na*),) and the functional groups of the weakly (RCH,NH (CH,),"CI ") or

strongly (RCH,N (CH,),"CI") basic anion exchangers in the chloride form [25]:

4RCH,NH (CH,),"CI ™+ Rl(sg3 ()= [RCH,NH (CH,);1,(SO5),R, +4NaCl

3
4RCH,N (CHy),"CI™+ Ry(t, (). = [RCH,N (CHy)31,(SO5)4R; + 4NaCl
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The dye anions (R,(SOy),) replaced exchangeable chloride anions which compensates posi-
tive electric charge of the tertiary amine or quaternary ammonium groups of the anion
exchanger. The ion pairs are formed between these groups. Such interactions were revealed
during the analysis of the ATR FT-IR spectra of the dye loaded anion exchangers, the absorp-
tion peaks at 1170-1047 nm and 1019 nm were attributed to the presence of -50;™ and -S=O
groups [20]. In the FT-IR spectrum of the weakly basic anion exchanger Purolite A 847 with
loaded azo- (Lanasyn Navy M-DNL) and phthalocyanine (C.I. Acid Blue 249) dyes, the
vibrations at 1042 nm and 1032 nm related to —-SO;~ groups were detected by Kauspédiené et al.
[35]. Althoughionexchangeisasignificant mechanism in dyes sorption, some extent of physical
adsorption can also occur. The attachment through hydrophobic m—mt interactions between the
aromatic rings of the dye and the matrix of the anion exchanger (‘like attracts like”) is consid-
ered. These interactions play a more extensive role in the case of the polyacrylic resins like
Amberlite IRA 958, IRA 458 or IRA 67 compared to those of polystyrene-based materials. High
affinity of dyes for the anion exchangers can also result from the formation of H-bondings,
which can be created between nitrogen of the quaternary ammonium groups of strongly basic
anion exchange resins and nitrogen of the —NH, group of dyes as well as oxygen of the carbonyl
group of the resins and the —NH, group of dye. Also oxygen atom of the carbonyl group of
anion exchangers and oxygen atom of the hydroxyl group or nitrogen atom of the azo group of
dyes through the water molecules could interact. Possible interactions between the anions of
C.I. Reactive Black 5 and the strongly basic anion exchangers of polyacrylic matrices are shown
inFigure 6. Kauspédiené etal. [35, 36] also observed that more than one interaction was involved
in dyes sorption on Purolite A 847 of polyacrylic matrix: ion exchange and nonelectrostatic
interactions. The studies on the sorption of dyes and organic compounds on the ion exchang-
ers reported so far showed that the size of the sorbate molecules has a considerable effect on the
sorption degree. Organic dye molecules of different positions of sulfonic groups as well as the
number of other anionic groups and their charges can interact in a different way with anion
exchangers. Of significant importance in the removal of dye anions by an anion exchanger is
the resin structure. Concerning the exchange of large molecular weight species like dyes, the
macroporous property becomes important in providing an easier diffusion path for uptake
compared with the gel structure. Amberlite IRA 958 as the anion exchanger with the macropo-
rous structure possesses significant porosity in comparison with that of gel Amberlite IRA 458
or IRA 67. Therefore, sorption capacity of Amberlite IRA958 is much more bigger than that of
Amberlite IRA 458 of the same functional groups in the case of C.I. Direct Blue 71 sorption.
Taking into consideration the strongly basic anion exchangers Lewatit MonoPlus M 500 and
LewatitMonoPlus M 600 of polystyrene matrix and gel structure, averylow capacityis observed.
Additionally, flat structure of the reactive and direct dyes can inhibit the interactions be-
tween the dyes and the anion exchangers. Also when the dye anions are too large, they are
excluded because of resin structure (‘sieve effect’). Besides, because large size dyes have the
tendency to form aggregates in the solution rather than in the resin phase [25].

7.2. Influence of auxiliaries such as salts and surfactants

Auxiliaries such as inorganic electrolytes and surfactants are widely used in chemical treat-
ment of fibers. They remain in wastewaters at a concentration close to the initial one. Depend-
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ing on the class of dye, dyeing process requires application of other auxiliaries. Acid dyes are
the most numerous group of those known. They occur in the form of sodium salts of colured
compounds containing 1-3 sulfonic or carboxylic groups. They belong to strong electrolytes,
undergo complete dissociation in water into coloured anions. The condition of their binding
with fibre is forming a sufficient number of the ammonium groups in wool which can be
obtained by the addition of acids to dyeing baths, hence it is said ‘they dye in the acid bath’.
Disposal of the carboxylic acids to the textile sewages in Europe amounts from 15, 000 to 20,
000 tons/year [16].

Acid dyes are divided into three groups differing in dyeing conditions. The first group includes
so-called well equalizing dyes that is providing uniform level dyeing of a relatively small
molecular mass. They are used for dyeing in acid bath of pH 2-2.5 with the addition of strong
acids, e.g. H,SO,.
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Figure 6. Mechanism of interactions between C.I. Reactive Black 5 and strongly basic anion exchanger of the polyacryl-
ic matrix
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The second group includes dyes of more developed molecules and greater affinity for wool.
They are used for dyeing in the baths of pH 4.5-5 acidified with acetic acid. The third group
has badly equalizing dyes of largely expended molecules and great affinity for wool. They are
applied for dyeing in the baths of pH 5.5-6.5 in the presence of ammonium salts (sulfate,
acetate), which decompose only at increased temperature acidifying the bath. Usually, sodium
sulfate is added to the dyeing bath in the amount 10-20% in the proportion to the fibre and 1-
2% of formic, acetic or sulfuric acid.

The influence of inorganic salts such as NaCl and Na,SO, on the sorption of C.I. Acid Orange
7 from the solution of the initial concentration 100 mg/L was studied. The results indicate that
the presence of these salts in the whole examination concentration of 1-25 g/L does not affect
the dye adsorption significantly. In the case of the increasing amount of sodium sulfate in the
solution from 1 to 25 g/L, the anion exchange capacities of the polyacrylic anion exchangers of
the weakly basic functional groups Amberlite IRA 67 and of the intermediate base Amberlite
IRA 478RF dropped from 9.98 mg/g to 9.2 mg/g and from 9.98 to 8.9 mg/g, respectively. The
effect of Na,50O, concentration on C.I. Acid Orange 7 removal using the strongly basic anion
exchangers of the polyacrylic skeleton (Amberlite IRA 458 and Amberlite IRA 958) was
insignificant. Similar observation of the effect of salts addition such as Na,HPO, and
NaH,PO, was observed by Greluk and Hubicki [29]. In the presence of NaH,PO, and
Na,HPO,, the C.I. Acid Orange 7 retention by Amberlite IRA 958, in the system 200 mg/L dye
and 0.1-2.0 g/L salts was not affected. Using weakly (Lewatit MonoPlus MP 62), intermediate
(Lewatit MonoPlus MP 64) and strongly (Lewatit MonoPlus MP 500, Lewatit MonoPlus M 500,
Lewatit MonoPlus M 600, Amberlite IRA 900 and Amberlite IRA 910) basic anion exchangers
of the polystyrene—divinylbenzene matrix negligible influence of Na,SO, addition in the range
of 1-25 g/L on C.I. Acid Orange 7 uptake was observed. Quantitative removal of C.I. Acid
Orange 7 of the initial concentration 200 mg/L from the system containing 0.1-2.0 g/L of
NaH,PO, and Na,HPO, using strongly basic anion exchangers of type 1 Amberlite IRA 900
and of type 2 Amberlite IRA 910 was reported by Greluk [30].

The removal of C.I. Acid Orange 7 in the presence of sodium chloride even at relatively high
concentration of 50 g/L was quantitative using all applied anion exchangers.

The removal of C.I. Acid Orange 7 from the solutions containing from 0.5 to 2.0 g/L of acetic
acid was also studied. As shown in Figures 7 and 8, the amounts of the dye retained by the
polystyrene and polyacrylic anion exchangers of various basicity decrease with the increasing
amount of CH;COOH in the system. The differences between the sorption capacities deter-
mined in the systems without the acetic acid and in the systems containing this acid do not
exceed 15%. The same behaviour of the phenol-formaldehyde anion exchanger Amberlyst A
23 towards C.I. Acid Orange 7 was observed in the presence of the acid.

Direct dyes like the acid ones belong to strong electrolytes and are completely dissociated in
water baths into coloured anions and sodium cations:

D? (Na*), <> D*" +zNa"
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Figure 7. Influence of acetic acid concentration on C.I. Acid Orange 7 uptake by the anion exchangers of the polystyr-
ene matrix
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where D — the dye anion, z — the numer of sulfonic groups.

Flat structure and large molecular mass (usually 600-1000) of direct dyes make their tendency
to form associated ions (colloidal electrolytes):

nD*" <> (D%),

where 1 — the association degree [14].

Association degree decreases with the increasing temperature. Alkalizing bath also promotes
decomposition of associates; therefore, sodium carbonate is often added to the dyeing bath.
Large negative charge of direct dye anions (2—4 sulfonic groups) causes that in the water bath
they are repelled by the fibre surfaces of the negative electrokinetic potential dzeta. The
addition of electrolyte, most frequently sodium sulfate or sodium chloride, decreases the
negative potential dzeta facilitating the access of dye anions to the fibre surface. The dyeing
bath contains (in the percentage of the dyeing product amount) from 0.5% to 2% Na,CO; and
4-30% Na,SO, depending on the method of dyeing and intensity of colour [14]. Removal of
C.I. Direct Blue 71 from the systems containing 100 mg/L of dye and 1-25 g/L of NaCl and
Na,SO, on the weakly, intermediate and strongly basic anion exchangers was broadly
described in the papers [20] and [25]. For the intermediate (Amberlite IRA 478RF) and strongly
basic (Amberlite IRA 958 and IRA 458) anion exchangers of the polyacrylic matrix, the presence
of NaCl and Na,SO, in the whole examined concentration range of 1-25 g/L did not influence
the adsorption capacities. The dye sorption was quantitative. The above mentioned anion
exchangers have the same constitution of matrix, but different structure (gel or macroporous).
Amberlite IRA 67 being of the same constitution of matrix and gel structure but of the tertiary
amine functionalities exhibited insignificant drop of the sorption capacity with the increasing
amount of electrolytes [20, 25]. It can be concluded that in the case of the polyacrylic anion
exchange resins of different basicity, no significant influence of matrix structure was observed.
Insignificant drop of the anion exchange capacities of Amberlyst A 23 towards C.I. Direct Blue
71 with the increasing amount of electrolytes was noticed, too.

The effect of the presence of NaCl and Na,SO, on C.I. Direct Blue 71 sorption on the gelular
polystyrene strongly basic anion exchangers of type I (Lewatit MonoPlus M 500) and type II
(Lewatit MonoPlus M 600) was rather negligible. For Lewatit MonoPlus M 500, the increase
in the amount of dye adsorbed at the equilibrium from 2.2 to 3.0 mg/g and from 2.2 to 2.8 mg/
g was observed with the increasing NaCl and Na,SO, concentration from 1 to 25 g/L, respec-
tively. In the systems of the composition 100 mg/L — 1-25 g/L electrolyte — Lewatit MonoPlus
M 600, the values of g, ranged from 1.3 to 2.6 mg/g and from 1.3 to 2.4 mg/g with ranging
concentrations of NaCl and Na,SO,, respectively. Gel structure of both anion exchangers
hindered diffusion of C.I. Direct Blue 71 anions to the pores and interactions with the -N*(CHj);
or -N*(CHs;),C,H,OH functional groups. The type of the functional groups of these strongly
basic anion exchangers is of no significance as far as the removal of C.I. Direct Blue 71 is
concerned.
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A remarkable increase of adsorption capacities was observed during the dye uptake by the
polystyrene anion exchangers of macroporous structure and different basicity of functional
groups. The dye uptake by the weakly basic anion exchanger Lewatit MonoPlus MP 62 was
increased in the presence of salts, the values of g, increase from 5.86 mg/g to 9.9 mg/g with the
increasing concentration of both electrolytes. The sorption enhancement of Lewatit MonoPlus
MP 64 was observed from 1.9 to 9.97 mg/g and from 1.9 to 9.95 mg/g with the increasing
concentration of NaCl and Na,SO,, respectively. At the equilibrium, the sorption capacities of
Lewatit MonoPlus MP500 increase from 1.89 to 9.98 mg/g and from 1.89 to 9.95 mg/g with the
increasing amount of NaCl and Na,SO, in the range of 1-25 g/L, respectively. For Amberlite
IRA 900 of the -N*(CHjs), functional groups and Amberlite IRA 910 of the -N*(CH;),C,H,OH
functional groups, sorption capacities increased from 6.9 to 9.9 mg/g and from 5.9 to 9.2 mg/g
with the increasing amount of NaCl in the solution. Similar dependences were noticed in the
presence of Na,SO,, the addition of 25 g/L Na,SO, enhanced the sorption yield of Amberlite
IRA 900 and IRA 910 by about 36% and 30% compared with the systems without this salt.

Reactive dyes contain in their structure a system of atoms which can form covalent bonds with
hydroxyl groups of cellulose. Hydroxyl groups of cellulose react with reactive systems in dye
molecules according to the nucleophilic substitution mechanism (e.g. dyes with the symmetric
triazine system) or nucleophilic attachment (residue of ethylsulfone sulfates). The alkaline
medium (5-20 g/L Na,CQ,) is the condition for the dye reaction with a fibre. To enhance it, the
electrolyte in the form of sodium sulfate in the amount from 15 to 100 g/L depending on a dye
is added to the bath [14]. The effect of sodium sulfate and sodium carbonate on the reactive
dye adsorption on the anion exchangers was investigated in the salts concentration range 1-
25 g/L with the constant initial C.I. Reactive Black 5 concentration of 100 mg/L.

Increasing amount of sodium sulfate and sodium carbonate in the system, insignificant
decrease of the sorption capacities of Amberlite IRA 67, Amberlyst A 23, Lewatit MonoPlus
MP 62 and Lewatit MonoPlus MP 64 were observed. Our previous studies revealed that in the
1000 mg/L C.I. Reactive Black 5 - 50-100 g/L Na,SO, (or Na,CO;) system uptake of the reactive
dyeslightly increased by Amberlite IRA 67 [23]. C.I. Reactive Black 5 retention by the Amberlite
IRA 478 RF, Amberlite IRA 458, Amberlite IRA 958 of the polyacrylic matrix and by Amberlite
IRA 900 and IRA 910, Lewatit MonoPlus MP 500 of the polystyrene matrix was not affected in
the presence of Na,SO, and Na,COs. It was reported by Greluk [30, 31] that the sorption
capacities of Amberlites IRA 458 and IRA 958 devaluate about 2% in the presence of 100
mg/L of Na,CO;. The presence of NaCl in the range 25-100 g/L in the solution containing 200
mg/L of C.I. Reactive Black 5 caused significant decrease in the amount of the dye retained by
Amberlite IRA 478RF according to Wawrzkiewicz [20]. The addition of Na,SO, and Na,CO,
in the amount of 25 g/L enhanced adsorption capacities of Lewatit MonoPlus M 500 to C.I.
Reactive Black 5 from 1.3 to 1.69 mg/g and from 1.3 to 1.72 mg/g, respectively. There was also
noticed the increase of the amount of dye sorbed by Lewatit MonoPlus M 600 from the values
0.87 to 1.1 mg/g and from 0.87 to 1.2 mg/g with the increasing amount of sodium sulfate and
sodium carbonate from 1 to 25 g/L, respectively.

Summing up, it could be stated that:
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* Uptake of C.I. Acid Orange 7, C.I. Reactive Black 5 and C.I. Direct Blue 71 by some anion
exchangers of different matrices and functionalities was not affected by the presence of
inorganic electrolytes such as NaCl, Na,SO, and Na,CO,

* Insignificant decrease of the sorption capacities was observed with the increasing amount
of above mentioned salts as a consequence of competition in sorption between the dye
anions and the chloride, sulfate and carbonate anions. Decrease of the sorption capacities
in some cases is reflected in the affinity series of the anions towards the weakly basic anion
exchangers:

F- < ClO; < BrO;~ < HCOO- < 105~ <CH,COO- < H,PO,- < HCO; < CI" < CN- < NO, < Br <
NO, <HPO,* <SO,* < SO,* < C,0,* < CrO,* <M00O,>7 < WO < 5,0, <I"<SCN-< ClIO, <
salicylate < citrate < OH~

and towards the strongly basic anion exchangers:

OH- < F~ < ClO;™ < BrO;- < HCOO- < I0,” <CH,COO- < H,PO,” < HCO, < CI- < CN- < NO, <
Br- < NO, < HPO,* < SO;> < SO,* < C,0,2 < CrO> < M0o0O,2 < WO, < 5,0, <I"<SCN- <
ClO, < salicylate < citrate

* Increasing salts concentration in the system, enhancement of the reactive and direct dyes
occurred. The salting out effect reduces solubility of the dyes in the aqueous phase and
promotes their sorption onto the hydrophobic part of sorbent. Kind of salts has a great effect
on salting out. This phenomenon depends on the size of ions, their effective charge and
ability of hydrates formation.

¢ The affinity of large organic anions such as dyes anions for the resins is influenced not only
by the anion charge but also by the structure of the anion and its size.

* The type of functional groups of the anion exchangers, matrix structure (gel or macroporous)
and composition play an important role in the dyes solution treatment in the presence of
salts. The sieve effect is of significance when the sorption of the dyes anions is considered
in the presence of chloride, sulfate, and carbonate anions.

Wastewater and after-process water from textile plants can contain surface-active substances.
Surfactants are often applied as wetting, penetrating, dispersing and leveling agents in dyeing
processes. They increase the solubility of dyes in water, in order to improve the dye uptake
and dye fastness. Many articles published recently about the treatment of textile wastewaters
focused on dyes removal and often neglected the influence of surfactant. Effect of the addition
of such surfactants as sodium dodecyl sulfate (SDS) or cetyltrimethylammonium bromide
(CTAB) on the dye removal by the used anion exchangers was studied from the systems
containing 100 mg/L of dye in the presence of 0.1-1 g/L SDS or CTAB.

Investigating the uptake of C.I. Acid Orange 7, C.I. Reactive Black 5 and C.I. Direct Blue 71 by
the applied weak, intermediate and strong base anion exchangers from the systems containing
100 mg/L of the dye in the presence of the cationic surfactant CTAB, major decrease in the
sorption capacities with the increasing concentration of CTAB from 0.1 to 1 g/L was observed.
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The attractive interactions between the dyes anions and positively charged head group of
CTAB caused the formation of different types of aggregates (micelles) depending on the ratio
of the dye to surfactant and decreasing concentrations of “free” dye anions in the aqueous
phase at the same time. In case of anion exchangers’ interaction with dyes, these observations
were described by Greluk and Hubicki [29, 31], Greluk [30] and Wawrzkiewicz [15, 20, 23].
Sorption of basic and acid dyes on different low-cost sorbents like chemically treated wood
shavings, iron humate as well as oxihumolite in the presence of different surfactants was
explained in detail by Jano$ [37] and Janos et al. [38-40].

The anionic surfactant SDS affected the dye sorption in three ways: no impact on the dyes
uptake, decrease in the dyes uptake or enhanced dyes uptake as shown in Figure 9. The first
mentioned behavior was observed during the sorption of C.I. Acid Orange 7 (100 mg/L) from
the solutions containing 0.1-2 g/L SDS not only for the polystyrene anion exchangers but also
for the polyacrylic ones (Figure 9 a) and b)).

Decreasing of the anion exchange capacities with the increasing amounts of SDS can be
explained as a competition of adsorption sites between these species compared with dyes
anions causing reduction of the dye uptake. For example, the sorption of C.I. Reactive Black 5
(Figure 9 c) and d)) was slightly reduced with the increasing amount of SDS in the system for
the most of weakly and strongly basic anion exchangers of the polystyrene matrix. Both C.I.
Reactive Black 5 and SDS are negatively charged and the interactions between the anionic SDS
and the dye anions must be repulsive, independent of the surfactant concentration. Competi-
tion between these species of adsorption sites caused reduction of the dye uptake.

For the polystyrene anion exchangers of macroporous structure, i.e. Lewatit MonoPlus MP 62,
MP 64, MP 500 and Amberlite IRA 900 a diverse trend was found (Figure 9 e) and f)) in the
case of C.I. Direct Blue 71 sorption. Increasing the concentration of SDS in the range 0.1-1
g/L, enhancement of the dye anions sorption was observed. The surfactant can be adsorbed
on the active sites or on the hydrophobic parts of the matrix of the anion exchangers in the
form of relatively small poor ordered surface aggregates and interact with the aromatic rings
or anionic groups of the dye.

7.3. Effect of solution pH

The solution pH is a very important parameter during the adsorption process and is mainly
influenced by two factors:

* Distribution of the dyes ionized species in the aqueous phase,
* Opverall charge (functional groups and surface) of the adsorbent.

Weakly basic anion exchangers in the free base form (RN(CH,),) function at low pH when the
hydrogen ion concentration is sufficiently high to protonate the amine nitrogen atom. Proto-
nation of the amine group through the donor lone pair of electrons on nitrogen atom occurred
during equilibration with acid as described below [41]:
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RCH,N(CH,),+ H,0—#"""_, RCH,NH(CH,) + OH"

anhydrous weak dissociation

RCH,NH(CH,)} + OH™ + HC[ 4o RCH,NH(CH,);CI~ + H,0
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Figure 9. Influence of anionic surfactant sodium dodecyl sulfate (SDS) on uptake of C.I. Acid Orange 7 by the polystyr-
ene anion exchangers (a) as well as the polyacrylic and phenol-formaldehyde anion exchangers (b), of C.I. Reactive
Black 5 by the polystyrene anion exchangers (c) as well as the polyacrylic and phenol-formaldehyde anion exchangers
(d) and of C.I. Direct Blue 71 by the polystyrene anion exchangers (e) as well as the polyacrylic and phenol-formalde-
hyde anion exchangers (f)
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The resins were washed with 1 M HCI before the use taking the above into account. The
relations between the initial pH of dyes solutions in the range of 1-12 and the sorption
capacities of the anion exchangers were studied in the system containing 100 mg of dye per 1
L at 20°C. The decrease in the sorption capacities with the increasing initial solution pH was
observed for the weakly basic anion exchangers because the capacity of the weak base anion
exchange resin is a function of pH (it decreased with the increase of pH).

As the strongly basic anion exchangers function at any pH, there was observed no influence
of solution pH of the dyes on their sorption on the strongly basic anion exchangers. As it was
mentioned, formation of ion pairs due to the electrostatic attraction between the dye functional
groups and the quaternary ammonium groups of strongly basic anion exchangers or the
tertiary amine groups of weakly basic anion exchangers is probably a leading, though not the
only one, mechanism of the acid, reactive and direct dyes retention. These dyes contain
different groups such as -OH, -SO;Na, -N=N-, -NH, that can participate in covalent, cou-
lombic, hydrogen bonding or weak van der Waals forces. The occurrence of the double bond
serves to enhance the interaction between the dyes and the anion exchangers macromolecule.
The physical adsorption and m—7t dispersion forces can arise from the aromatic nature of the
resins and the dyes. A similar phenomenon was observed for the sorption of Acid Green 9 on
the weak and strong base anion exchange resins [42], for the sorption of Sunset Yellow on the
weakly basic anion exchanger Amberlite FPA 51 [43] and strongly basic Amberlite IRA 900
and IRA 910 [44] as well as for the sorption of Brilliant Yellow on Amberlite IRA 67, Amberlite
IRA 458 and Amberlite IRA 958 [45].

7.4. Kinetic studies

To understand better the sorption process of dyes of various types of anion exchange resins,
it is essential to determine the course of this process in time and the effect of different factors
affecting their retention. The rate at which the dissolved dye is removed from the aqueous
solution by solid sorbents is a significant factor for application in wastewater quality control,
too. Itis essential to evaluate the adsorption kinetics using theoretical models in order to design
and control the sorption process units. Two common kinetic models, namely, the Lagergren
pseudo first-order model (Equation 4) and the Ho and McKay pseudo second-order model
(Equation 5) were fitted to the experimental data of dyes sorption on the anion exchangers:

k

log(q, —q,) =log(q,) —Fl%t (4)
i — L + lt 5
qt kzqg qZ ( )

where q; and ¢, are the amounts of dye sorbed at equilibrium according to Equations (4) and
(5), respectively (mg/g), g, is the amount of dye sorbed at time ¢ (mg/g), t is the time (min), k;
is the constant rate of pseudo first-order adsorption (1/min), k, is the constant rate of the pseudo
second-order adsorption (g/mg min) [46-50].
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The values of k, and g, can be determined from the slope and intercept of the plot t/g, vs. f,
respectively. This dependence is defined as type 1 of the pseudo second-order expression or
simply the pseudo second-order expression. Similarly, k, and g, can be calculated from the
plots of 1/, versus 1/t, 1/t versus 1/q,, q/t versus g, and 1/q,-q, versus ¢ for type 2, type 3, type 4
and type 5 of the pseudo second-order expressions, respectively [51, 52].

The above mentioned equations were used due to the fact that the first one describes well the
initial stage of dyes sorption, the second equation fits well experimental data in the whole
range of process time for most adsorbate/adsorbent systems. Moreover, using these equations
the dyes sorption process is considered as a chemical reaction (chemisorption) [46-52].

Kinetic behaviour of the anion exchangers towards C.I. Acid Orange 7, C.I. Reactive Black 5
and C.I. Direct Blue 71 was examined in the systems of different initial dyes concentrations
ranging from 100 to 500 mg/L (in most cases) or even 1000 mg/L [2, 15, 20, 23, 25-31]. It was
noticed that the amounts of dyes uptake increased with the contact time, and at some point in
time reached an almost constant value where the amounts of dyes retained by the anion
exchangers were in a state of dynamic equilibrium with the amounts of dyes desorbed from
the anion exchangers. For the initial dyes concentration of 100 mg/L, the time required to reach
equilibrium differed from a few to dozens minutes or even 12 h depending on the type of dye,
composition of resins matrices as well as their structure, hydrophilic character of the skeletons
and type of functional groups as can be seen from the data presented in papers [2, 15, 20, 23,
25-31]. C.I. Acid Orange 7 of the smaller molar weight saturated faster the available anion-
exchanging sites compared with C.I. Reactive Black 5 and C.I Direct Blue 71. The studies on
the sorption of dyes and organic compounds on the ion exchangers reported so far showed
that the size of the sorbate molecules has a considerable effect on the degree of fixation [53—
55]. According to Dragan and Dinu [55] investigating the interactions of azo dyes such as
Ponceau SS, Crocein Scarlet MOO, Congo Red and Direct Blue 1, differing in either the position
of sulfonic groups or the number of anionic groups, with quaternized poly(dimethylami-
noethyl methacrylate) it was stated that the number of sulfonic groups, position of the anionic
charges and the whole structure of the dyes determined the dyes removal by the sorbent [55].
From the papers of Wojaczyniska and Kolarz [53, 54] about sorption of Methyl Orange, Acid
Orange 10, Acid Red 44 and Direct Blue 1 on the divnylbenzene weak base anion exchangers
of mono- and diethanolamine functional groups, it can be found that the copolymer gel
heterogeneity has a marked effect on the degree of sorption and its course [54]. With the
constant anion exchange capacity, the sorption properties decreased with an increase in the
gel heterogeneity [53]. The dyes with a higher content of sulfonic groups were sorbed mainly
by the formation of aggregates in the anion exchanger phase whereas Direct Blue 1 dye because
of large size has the tendency to form aggregates in the solution rather than in the resin [54].

As follows from the data included in papers [2, 15, 20, 23, 25-31], generally the Lagergren
equation (PFO) is not applied for description of sorption kinetics of C.I. Acid Orange 7, C.I
Reactive Black 5 and C.I. Direct Blue 71 on the chosen anion exchangers of different types. This
results, among others, from the non-linear dependence log(g,—q,) vs t, confirmed by low values
of the determination R? and significant differences between the values of sorption capacity
obtained experimentally and that calculated from the Lagergren equation. Moreover, the
condition log g, = intercept is not satisfied which also indicates that the above equation is not
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applied [56-59]. Only in one case it was observed that the pseudo first-order expression better
predicts the sorption kinetics than the pseudo second-order one. The closeness of the pseudo
first-order equilibrium capacity to the experimentally determined equilibrium capacity
indicates the usage of the pseudo first-order model to describe the kinetics of C.I. Direct Blue
71 uptake by Amberlite IRA 478RF. Several authors have also shown the applicability of the
PFO kinetics in describing the sorption of dyes onto anion exchangers [53, 54] and different
adsorbents [60-67]. Numerous applications of the Lagergren equation in sorption of dyes and
inorganic ions have also been reported in the paper by Ho and McKay [49].

The linear form of the second-order equation proposed by Ho and McKay (PSO) can be applied
for description of sorption of C.I. Acid Orange 7, C.I. Reactive Black 5 and C.I. Direct Blue 71
on ion exchangers of various types. In this case there are satisfied the following conditions: the
dependence t/g, vs t is linear, the determination coefficient reaches high values close to 1 and
the calculated value of sorption capacity is largely consistent with the sorption capacity
obtained experimentally. Comparison of quality of PFO and PSO equations fitting with the
experimental data is presented for the system C.I. Reactive Black 5 — intermediate base anion
exchanger Lewatit MonoPlus MP 64 in Figure 10.
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Figure 10. The pseudo second-order plot (a) and the fitting of the pseudo first-order and pseudo second-order equa-
tions (b) to the experimental data of C.I. Reactive Black 5 sorption on Lewatit MonoPlus MP 64 from the systems of
different initial dye concentrations

In order to emphasize the influence of phase contact time on industrial effluents purification,
suitable experiments were performed using the polyacrylic anion exchanger of the quaternary
ammonium functionalities Amberlite IRA 958. Its effectiveness was confirmed in the batch
experiments. The effluents from the textile industry containing different dyes and auxiliaries
were shaken with 0.5 g of Amberlite IRA 958 from 1 to 144 h. The changes in absorbance values
at the maximum wavelength in UV-vis spectra of the wastewater before and after sorption on
Amberlite IRA 958 are presented in Figure 11. Analyzing the absorption values of untreated
and purified wastewaters (Figure 11 a)), a significant colour reduction was observed after 12
h of phase contact time. The efficiency of decolourization exceeding 87% after only 1 h of
contact time for the wastewater after the ozonation step is shown in Figure 11 b). The absorb-
ance value at the maximum wavelength was reduced from 2.439 (before purification) to 0.1901
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(after 12 h) in the case of wastewater containing Synazol Yellow KHL, SynazolBlue KBR and
Synazol Red K3BS (Figure 11 c)). As shown in Figure 11 d), after 3 h of phase contact time the
yield of decolourization was 88.3%, the increasing phase contact time to 144 h did not increase
the adsorption efficiency significantly.

7.5. Desorption studies

The regeneration step is the key to the implementation of the anion exchange system on the
commercial scale. Desorption studies help to evaluate the nature of adsorption process.
Desorption experiments were performed using different regenerating agents such as 1 M NaCl,
1M Na,SO,, 1 M Na,CO,;, 1 M NaOH, 1 M HCI and even 1 M KSCN. As previously stated [2,
15,20, 23, 25-31], the aqueous solutions mentioned above were ineffective for the dyes removal
from the resin phase.
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Figure 11. Influence of phase contact time on the purification of raw textile effluents of different compositions using
Amberlite IRA 958: a) the absorbance values at max wavelength at 0 h and 1 h were recorded after ten times repeated
dilution, b) and ¢) samples were not diluted before measurements, d) the absorbance values at max wavelength at 0 h
was recorded after twice repeated dilution
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Considering that the dye retention by the anion exchanger may not be only by ion exchanging
but also by the hydrophobic interaction or hydrogen bonding, methanol was chosen for
breaking these non-specific interactions. Regeneration of the anion exchangers using 10-90%
methanol solutions was ineffective confirming that strong electrostatic attraction between the
dyes and the anion exchange matrix is a predominant mechanism of adsorption. The mixtures
of 90% methanol with 1 M KSCN, 1 M HCl or 1 M NaOH improved the dyes desorption from
the anion exchangers in most cases. Greluk and Hubicki [28, 29, 31], Karcher et al. [68, 69], Liu
et al. [70] and Wawrzkiewicz [20, 23, 25] confirmed that regeneration of the anion exchangers
loaded with the acid, reactive and direct dyes was problematic and required usage of aggres-
sive regenerants which could have negative impact on the cost of the process.

8. Conclusions

The possibility of the removal of C.I. Acid Orange 7, C.I. Reactive Black 5 and C.I. Direct Blue
71 using weakly (Amberlite IRA 67, Lewatit MonoPlus MP 62, Amberlyst A 23), intermediate
(Lewatit MonoPlus MP 64 and Amberlite IRA 478RF) and strongly (Amberlite IRA 458,
Amberlite IRA 958, Amberlite IRA 900, Amberlite IRA 910, Lewatit MonoPlus MP 500, Lewatit
MonoPlus M 500 and Lewatit MonoPlus M 600) basic anion exchangers of the polyacrylic,
polystyrene and phenol-formaldehyde skeletons and different matrix structure from aqueous
solutions and wastewaters were discussed [2, 15, 20, 23, 25-28, 34-36]. Not only the number
of sulfonic groups, position of the anionic charges, whole structure of the dyes and their
molecular weight but also type of the anion exchangers determined the dyes removal by these
sorbents.

Based on the values of the monolayer sorption capacities towards C.I. Acid Orange 7 (1370.4
mg/g), C.I. Reactive Black 5 (1655.2 mg/g) and C.I. Direct Blue 71 (1630.6 mg/g), it seems that
the macroporous anion exchanger Amberlite IRA 958 can be a promising adsorbent for the
textile wastewater treatment.

The affinity series of the dyes for Amberlite IRA 958 of quaternary ammonium functionality
can be presented as follows:

C.I. Reactive Black 5 > C.I. Direct Blue 71 > C.I. Acid Orange 7.

Its advantageous behaviour for the acid, reactive and direct dyes resulted from combination
of such properties as positive charge of functional groups and large pores of hydrophilic
polyacrylic matrix. The experimental data indicated that the amounts of dyes adsorbed on the
anion exchange resins are influenced by many factors such as initial dye concentration, phase
contact time, solution pH, auxiliaries presence (NaCl, Na,5O,, Na,CO, CH;COOH and
surfactants) and their concentrations. The reversibility of adsorption depends on whether the
predominant mechanism is a strong binding bond such as ionic bonding or weak binding
forces such as van der Waals interactions or H-bonding and occurred with high yield using
sodium hydroxide or hydrochloric acid (or potassium thiocyanate) in methanol. The adsorp-
tion behaviour of Amberlite IRA 958 demonstrates that it can be a promising adsorbent for the
textile wastewater treatment.
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Abstract

Behavior of the strongly basic, macroporous ion-exchange resin Amberlite IRA 958-
Clis circumstantially explained in the book chapter. Effects of different specific flow
rate (SFR) and determination of its optimum value, as well as effects of the empty-bed
contact time (EBCT) values on the removal of NOM, arsenic, sulfate, electrical
conductivity, bicarbonate and chlorine from groundwater using strongly basic ion
exchange resin (SBIX) is examined in this chapter. Determination of the resin's
sorption characteristics is also part of the investigation. A new approach of pseudo
equilibrium adsorption capacity is presented. Investigations of determination of
optimum value of water flow rate and resin's sorption characteristics were conducted
with native groundwater and native groundwater with addition of oxidizing agent.
Sodium hypochorite was added to the raw water with the aim of oxidizing NOM and
As(III) to As(V). The intention was to find out whether the resin might be used beyond
the range of operating conditions recommended by the manufacturer. Results will
provide a better understanding of treatment of groundwater with similar physico-
chemical composition which is important when designing a water treatment plants
for settlements in areas with such groundwater. Also, prolonging the resin working
cycle can ultimately lead to water treatment plants cost reduction. Namely, when the
results for the optimum SFR are obtained for a pilot plant system for concrete
groundwater of distinct physico-chemical characteristics, it is simple to design a
unique ion-exchange water treatment system of any capacity. The obtained results
make a sound basis for designing an appropriate plant for the removal of NOM from
groundwater of the region of the town of Zrenjanin. The tested resin can also be used
in the process of pretreatment of the same water, since it allows the removal of about

50 % of the naturally occurring arsenic.

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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1. Introduction

Natural organic matter (NOM) and arsenic present a major problem when found in drinking
water. There have been many published scientific papers on the methods for their removal
over the years [1-9]. Groundwater investigated in this chapter is one of the most arsenic and
NOM contaminated water in Europe [10], and nevertheless population which inhabits these
areas are using this groundwater as a drinking water without any treatment process.

Behavior of the strongly basic, macroporous ion-exchange resin Amberlite IRA 958-Cl [11]
will be circumstantially explained in the book chapter. Effects of different specific flow rate
(SFR) and determination of its optimum value as well as the effects of the empty-bed contact
time (EBCT) values on the removal of NOM, arsenic, sulfate, electrical conductivity,
bicarbonate, and chlorine from groundwater using strongly basic ion-exchange resin (SBIX)
will be examined in this chapter. Determination of the resin’s sorption characteristics is also
part of the investigation. A new approach of pseudo equilibrium adsorption capacity will
be presented.

Investigations of determination of optimum value of water flow rate and resin’s sorption
characteristics were conducted with native groundwater and native groundwater with
addition of oxidizing agent. Sodium hypochorite was added to the raw water with the aim of
oxidizing NOM and As(III) to As(V). The addition of sodium hypochlorite to water yields
hypochloric acid, and the liberated atomic oxygen acts as an efficient disinfection agent and a
very strong oxidant. Apart from oxidizing the present NOM and arsenic(Ill), the liberated
nascent oxygen can also oxidize the present inorganic species such as nitrites, iron(II), and the
like. This is important because of resin affinity for certain ions and their competition for resin
binding sites which can affect NOM and arsenic ion-exchange and adsorption.

The intention was to find out whether the resin might be used beyond the range of operating
conditions recommended by the manufacturer. Results will provide a better understand-
ing of treatment of groundwater with similar physicochemical composition which is
important when designing a water treatment plants for settlements in areas with such
groundwater. Also, prolonging the resin working cycle can ultimately lead to water
treatment plants cost reduction.

1.1. Composition and characteristic of dissolved natural organic matter and arsenic

Natural organic matter is frequently found dissolved in groundwater. In most cases, the
presence of NOM gives these waters a characteristic yellow color. NOM consists usually of
humic substances originated from the geological formations of the location of groundwater
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source [12]. Their molecules have a supramolecular structure, formed by condensation of
smaller molecules resulting from the degradation of organic matter [13]. Humic matter has a
very stable structure, a proof of this being the fact that they have been present in the Earth’s
crust for thousands of years [13, 14].

Piccolo and Stevenson showed that humic acids exhibit affinity to metal ions from the soil,
forming thus the complexes of different stability constants and other characteristics [15].

Humin of the investigated groundwater contains humic acids (HAs) and fulvic acids (FAs).
Humins are macromolecular polymers whose structure and characteristics are determined by
their origin and process of humification. Like HAs, FAs too, are naturally present in water,
soil, and turf. They are formed by chemical and microbiological degradation of plant material
(humification). There are opinions that FAs are formed after the constitution of HAs. The FAs
are richer in oxygen and poorer in carbon than HAs. Like HAs, FAs contain a number of
reactive functional groups including carboxylic, hydroxylic, phenolic, quinonic, and semiqui-
nonic [16]. Molar masses of FAs are smaller than those of HAs. FAs contain more constitutive
groups that are structurally similar to carbohydrates, originated from polysaccharides. In the
determination of total carbon content (TOC) in groundwater, HAs and FAs make the source
of total dissolved organic carbon (Cy). Previous investigations showed that there exists labile
(unstable) and non-labile components of NOM [17]. By taking advantage of the fact that labile
NOM are sensitive to permanganate, it is possible to determine their fraction by standard
method as the permanganate consumption (COD). The fraction of labile organic carbon is
designated as C;, and the fraction of non-labile carbon (Cy,) is calculated as the difference
between the TOC and C;. Anderson and Schoenau showed that the FA fraction depends
essentially on the content of C;, and that it is independent of Cy; [18]. Labile components of
organic matter consist of cell biopolymers such as carbohydrates, amino acids, peptides, amino
sugars and fats. Contents of these components in FA fraction is smaller, and because of that it
is biologically and chemically more resistant. The HA skeleton contains strongly condensed
aromatic structures surrounded by the side chains of aliphatic components. The FA fractions
are mainly composed of carbohydrates, microbiological metabolites, and “younger” materials
that are not significantly related to the mineral fraction. This explains the strong correlation
between C; and FA content, which is not observed for HAs. The strong correlation between
Cy and HAs indicates that Cy, consists of the fraction of organic carbon which is stabilized
due to the chemical and physical associations with the mineral matrix. The groundwater that
contains FAs has a characteristic yellow color.

Arsenic is a very toxic metalloid, occurring in nature in several oxidation states (-3, 0, 3, 5). In
natural waters, it is present in its inorganic forms of oxyanions, primary and secondary
arsenite, as well as in primary, secondary, and tertiary arsenate [19]. The water pH and redox
potential influence dominantly the oxidation state of arsenic in natural waters. At the pH <6.9
dominates H,AsO,, whereas at higher pH it is HAsO,*. In strongly acidic media, under
oxidation conditions the molecular form H;AsO, is dominant, whereas under alkaline
conditions, it is AsO,*. Under reduction conditions, at the water pH < 9.2 dominates the
amphotericneutral molecular species H;AsO; [20]. Arsenicis a constituent component of many
ores and by the process of their dissolution reaches groundwater. Apart from natural arsenic,

75



76

lon Exchange - Studies and Applications

arsenic in groundwater may be due to anthropogenic activities. Namely, many insecticides
and fungicides, wood-protecting agents, chemicals used in semiconductor production, and
additives to various alloys and glasses contain arsenic compounds [21]. It is known that
prolonged exposure of the human organism to small doses or short exposure to high doses of
arsenic causes skin disease and serious disturbance of internal respiratory and digestive
organs, blood circulation, and of the nervous system. Also, Ng et al. proved that arsenic is
carcinogenic [22].

The EU Drinking Water Directive from 1998 recommended that the maximum tolerable
concentration (MTC) of arsenic in drinking water should be 10 ug/L [23]. Three years later, in
its revision of the corresponding standard, the US EPA adopted also the same MTC value of
10 pg/L [24]. Because of the geological and mineralogical origin of arsenic in groundwater, its
removal is a technologically very complicated and demanding operation.

1.2. Principles of NOM and arsenic removal using strongly basic ion-exchanging resins

Ion exchange is a process used to remove ionic components dissolved in water, the process
being based on their high affinity to bind to the ion-exchange resin. As a consequence, ions are
captured and exchanged for the resin’s ions. When the resin capacity for exchanging particular
ions is reached (exhaustion), it is usually regenerated, so that it can be used in repeated cycles.
It is reported that the application of special macroporous strongly basic anionic resins is
suitable for the removal of NOM from natural waters [25]. These resins are very effective in
removing the water coloring matter (humins) and function in the regime of regeneration with
sodium chloride [26, 27]. The main principle of NOM removal by these macroporous resins is
based on the finding that more than 90% of NOM in groundwater are in fact weak acids
represented mostly by molecules and also by dissociated anions and often cations of alkaline
earth elements. Molecules of humic acids are large and complex, composed of benzene rings
and other interconnected chemical structures. Every NOM molecule contains a number of
carboxylic groups. Like carbonic acid, humic acids do not fully dissociate at a neutral pH.
Depending on the number of carboxylic functional groups in their molecules, NOM can act as
polyvalent species. These NOM properties make, in fact, the basis for their removal from the
anionic resin by a saturated solution of sodium chloride. Strong base anionic macroporous
exchange resins efficiently exchange chloride for all the anions present in raw water. The
anions from water interact with the resin functional groups in dependence of their relative
affinity, as well as the rate and dynamics of the ionic exchange. Under ideal conditions, when
the resin is saturated, sulfate and anions of organic acids occur adsorb on the surface, while
the other anions, such as nitrate, chloride and bicarbonate, are sorbed in the interior of the resin
beads. In the initial cycle of ionic exchange, the resin plays the role of a dealkalizer and removes
bicarbonates from the raw water. Also, the beginning of the working cycle is characterized by
a decrease in the pH of the effluent, which often falls below pH 6. In the further course of the
work cycle, the resin adsorbs anions that have a higher affinity than bicarbonate, which is
released into the effluent. This is accompanied by a pH increase, which may attain a value that
is higher than that of the raw water. In the further course of the working regime, chloride and
nitrate are released and their places occupy anions of organic acids and sulfate.
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Figure 1. Possible mechanism of reversible sorption of organic molecules on ion exchange resin

Group of authors showed that in a complex solution containing humic acids and arsenic,
complex compounds are formed between arsenic and carboxylic groups of humic acids [28].
By investigating this interaction, Warwick et al. found that the deprotonated functional groups
of humic acids and arsenic form associates, depending on the pH, ionic strength, and arsenic
concentration [29].

In the process of removal of organic ions, such as those of NOM using anion exchange
resin, two sorption mechanisms may be involved, and these are ion exchange and physi-
cal adsorption (Figure 1). Ionic exchange includes the transfer of the ions from the ionic
exchanger and electrostatic interaction between the ions of functional groups, presented as
quaternary ammonium ion-exchanging groups and participation of the carboxylic groups.
This interaction is of donor-acceptor type. Quaternary ammonium groups [-N(CH;)*] are
specific active groups which determine the intensity of the ionic exchange. Physical
adsorption takes place as the van der Waals interaction between the non-polar (hydropho-
bic) groups present in the NOM molecules and central structure of the polymer resin to
which substituents are attached [30, 31].
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The adsorption of arsenic ion on the surface of strongly basic ion exchanging resin may be
presented as follows:

R—Cl+H,AsO; - R—H,AsO, +Cl" (1)

2R -Cl+ HAsO? — R, — HAsO, +2CI- )

Since the affinity of the acrylic resin with quaternary ammonium groups is higher to doubly
charged ions than to the singly charged ones, the efficiency of the ionic exchange is higher at
higher pH values, when doubly charged arsenate ions are dominant [32].

Removal of As(III) by ionic exchange is less effective, since at the pH <9 it occurs in water in
the form of the molecule H;AsO; [20]. On the other hand, As(V) is present in the form of the
anions H,AsO, and HAsO,*, which makes the ionic exchange more probable. It is just the
specific phenomenon of the occurrence of arsenous acid as an uncharged species that cannot
be removed from water which allowed the development of procedures for distinguishing
between arsenite and arsenate [33, 34]. Therefore, in order to remove arsenite from water, it
has to be oxidized to arsenate. The regeneration of the ion-exchange resin proceeds according
to the following reaction:

RH,AsO; +CI” — RCl + H,AsO; @3)

Regeneration can be done with HCl and NaCl. The use of HCl yields arsenic acid, H;AsO,,
which has no influence on the equilibrium of ion exchange and the regeneration is more
efficient [32]. The strongly basic resin that has been pretreated by anions, e.g. chloride, is
capable of removing a wide spectrum of anions from water, depending on their relative
affinities, shown by the following order [35]:

CrO,”>>Se0,*>>SO,*>> HSO, > NO, > Br > HAsO,* >5e0,* >HSO,” >NO, > CI

2. Materials and methods

2.1. Specificity of the investigated groundwater and geological survey of aquifer origin

In the period of the Middle Miocene to the Quaternary, the space of the Central and South-
Eastern Europe was covered by the Pannonian Sea, formed in the spacious depression between
the Alpine, Carpathian, and Dinaridian mountain ranges, where very thick sediment series
were deposited. The northern part of Serbia-Vojvodina is situated in the south-east part of this
sedimentation zone on an area of 21,506 km? The basic mass of these sediments make the
Mesozoic clastites and carbonates along with crystalline schists and granitoids of the Paleozoic
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and Proterozoic eras. The town of Zrenjanin is located in the eastern part of the Vojvodina -
called the Middle Banat, and the specificity of the location stems primarily from the geological
and hydrological characteristics of the terrain. The water-bearing formations in this region
were formed in the final phase of the existence of the Pannonian Sea. On the territory of the
town of Zrenjanin, in the geological profile to a depth of 400 m, there are several water-bearing
strata, separated by strata layers of pure or sandy clay or clayey sands. The thickness of the
water-bearing strata is from several meters to about 50 m, most often 10-20 m. The groundwater
that can be used as drinking water occurs to a depth of about 400 m. In the upper part, to a
depth of about 60 m, an unconfined aquifer (phreatic aquifer) is formed, whereas below it the
aquifer is under the pressure (artesian aquifer). The groundwater of the artesian aquifer, to
which belongs the investigated water, is by their chemical composition significantly different
from the waters of the phreatic aquifer. The investigated water belongs to the type of bicar-
bonate alkaline waters, with the bicarbonate share of about 85-90% equivalents. The total
mineralization is most often lower compared to that of the phreatic water and is in the range
250-1500 mg/L. Content of sodium chloride increases generally with increase in the depth of
the artesian aquifer. Local deviations are usually a consequence of tectonic disturbances. The
ammonium content is usually below 2 mg/L, although there have been registered very high
contents (up to 10 mg/L) at the locations south of Zrenjanin. The iron content often exceeds
the maximum tolerable concentration (MTC); it is usually around 1 mg/L and decrease with
depth. If compared to the contents in phreatic water, contents of total iron and manganese
show a decrease. The artesian water is softer than phreatic water, and its hardness rarely
exceeds the limit of 10° dH. Very soft waters (2-5° dH) have been found north of Zrenjanin.
Artesian waters are often weakly alkaline, and their temperature is in the range of 15-20°C. In
the Zranjanin region, these waters are of the very characteristic yellow color, have a specific
taste, and in many settlements are used as drinking water. People that are accustomed to
yellow water are reluctant to change their habit and this represents a problem. Namely, yellow
color is due to the presence of undesirable organic (humic) matter. Content of this matter,
expressed via the COD, determined by the permanganate method, is in the range of 20-150
mg/L, and in the extreme cases exceeds even 200 mg/L [36]. Up to now, water supply in the
Middle Banat region has been based on the exploitation of artesian groundwater. Waters of
this aquifer, in addition to marked humic matter load, contain significant amounts of ortho-
phosphate, sodium, and arsenic. The measured arsenic contents are in the range from 0.040 to
0.380 mg/L, so that the Zrenjanin region is in this respect one of the most endangered regions
in Europe. The size of the area of the arsenic occurrence suggests the supposition that it is of
geological origin. However, there exists the possibility that it has been brought to Vojvodina
by the Tisa River, whose water dissolves arsenic minerals of the Carpathian, where there are
large deposits of arsenic ores [37]. In some Zrenjanin locations, many domestic and foreign
corporations searched for practical groundwater treatment models, but without satisfactory
results. A likely reason for this is the methodological research inadequacy for the actual
problem. Pilot tests were conducted without a clear project assignment and a defined method
of removal of many pollutants for the given case [38]. Groundwater from the Zrenjanin region
as a resource outside the natural water cycle is of extremely complex chemical composition,
which demands a complex technological treatment. Values of measured physicochemical
parameters are given in Table 1.

79



80

lon Exchange - Studies and Applications

Parameter MTC Groundwater
Color, permanent (°Co-Pt) 5 60
pH 6.8-8.5 8.06
COD (mgO,/L) 2.0 7.73
TOC (mg/L) / 10.64
Electrical conductivity (uS/cm) 1000 820
Chloride (mg/L) 200 6.97
Bicarbonate (mg/L) / 645
Sulfate (mg/L) 250 25.6
Arsenic (mg/L) 0.01 0.2658

Table 1. Selected physicochemical parameters of the investigated groundwater

2.2. Strongly basic macroporous ion-exchange resin

To study the removal of dissolved NOM, arsenic bicarbonate, pH value, electrical conductivity,

chlorine, and sulfate, an acrylic SBIX type Amberlite IRA 958-Cl, manufactured by Rohm and

Haas Company, whose characteristics are given in Table 2 [11] was used. This type of resin

has a rigid polymer porous network in which persist an intrinsic porous structure even after

its drying. The resin large pores permit access to the interior exchange sites of the bead. They

are also referred to as macroreticular or fixed-pore resins. Macroporous resins are manufac-

tured by a process that leaves a network of pathways throughout the bead. This sponge-like

structure allows the active portion of the bead to contain a high level of divinylbenzene

crosslinked without affecting the exchange kinetics. Unfortunately, it also means that the resin

has a lower capacity because the beads contain less exchange sites.

Properties

Matrix

Crosslinked acrylic macroreticular structure

Functional groups

Quaternary ammonium

Physical form

White opaque beads

Ionic form as shipped

Chloride

Total exchange capacity

>0.8 eq/L (CI form)

Moisture holding capacity

66-72 % (CI form)

Specific gravity

1.05-1.08 (CI form)

Bulk density

655-730 g/L (CI form)

Effective size

470-570 um

Mean diameter

700-900 um
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Uniformity coefficient <18

Suggested operating conditions

Maximum operating temperature 80°C
Minimum bed depth 600 mm
Service flow rate 8-30 BV/h
Regenerants NaOH NaCl
Flow rate (BV/h) 2-6 2-6
Concentration (%) 2 10
Level (g/1) 6-40 160-300

Minimum contact time 30 minutes
Rinse water requirements 5to 10BV

. Same as regenerant for first bed displacement,
Rinse flow rate .
than same as service flow rate

Table 2. Physicochemical characteristics of the Amberlite IRA 958-Cl macroporous resin and operating conditions
recommended by the manufacturer

2.3. Determination of optimal specific flow rate of strongly basic ion-exchange resin

To study the influence of the different SFRs in the process of removal of NOM and arsenic
from groundwater, a specially designed pilot plant system 1 was made (Figure 2). The pressure
and the amount of water were ensured using the waterworks facilities of the Melenci settle-
ment explained in Section 2.1. The mean operating water pressure and temperature were 3 bar
and 18°C, respectively. The composite pressure vessels used for plant construction were
Structural type Q-0844 and Q-0635, of total volume of 33.6 L and 14.4 L, respectively. The vessel
was filled with 25 L and the later with 10 L of resin. The cross-section area of the tank Q-0844
was 0.034 m? and the resin bed height was 0.735 m. The tank Q-0635 of the cross-section of
0.020 m? had the bed height of 0.5 m. The bigger tank was used for smaller SFRs, from 2 to 80
BV/h, and the smaller one for the SFRs ranging from 100 to 300 BV/h. The control valve (CV)
was a Fleck 3150, injector type, with manual control. The pilot plant was equipped with four
Franck Plastic flow meters (R), for the flow ranges of 50-500 L/h, 100-1000 L/h, 200-2000 L/h,
and 600-6000 L/h, respectively. The plant was also equipped with a Prominent dosing pump
(DP), with a Zenner pulse water meter (F) for dosing sodium hypochlorite, and with a vessel
for its mixing with water (MT), to achieve a homogeneous solution with a constant chlorine
concentration of 0.5 mg/L, determined by the colorimetric method [39] and a micro filter (M).
Chlorinated water for the determination of the residual chlorine was sampled via the tap (S).
The first part of the study was concerned with the investigation of the effect of different SFR
and the determination of its optimum value, as well as of the EBCT value for the removal of
NOM and arsenic from groundwater without addition of sodium hypochlorite as oxidizing
agent. Sodium hypochorite was added to the raw water with the aim of oxidizing NOM and
As(III) to As(V) in the second part of the study. Special attention was paid to those SFRs that
were smaller than 6 BV/h and higher than 30 BV/h, in order to determine the ion-exchange
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capabilities and sorption possibilities of using the resin beyond the prescribed range of
operating conditions in the treatment of the given groundwater. The first part of the series of
measurements was carried out using the resin from the original package of 25 L. The resin was
backwashed by standard procedure for 20 min, i.e. to the end of foam formation and appear-
ance of an unpleasant odor. The other two experiments in the series of investigations using
either chlorinated or non-chlorinated water were carried out on the resin regenerated accord-
ing to the procedure described in Section 2.2.1. After the mentioned preparation of the resin,
groundwater was passed through the bed in a down flow direction. The EBCT and SER in
these investigations were from 0.5 to 0.0033 h and from 2 to 300 BV/h, respectively. During the
experiment, samples of both raw and treated water were taken regularly. Three series of
samples of both chlorinated and non-chlorinated water were used to determine the following
physicochemical parameters: pH, electrical conductivity, sulfates, bicarbonates, COD, TOC,
and total arsenic. All the results represent mean values of three repetitions. Each series of
measurements encompassed 30 samples of the effluent and one sample of groundwater. In the
first part of the study, involving non-chlorinated groundwater, the overall contact time of
water and resin at different SFR values was in average 38.5 h, whereas the average volume of
the water passing through the bed was 17,187.50 L. This volume corresponded to 687.5 volumes
of the resin in the bed. In the second part of the study, dealing with chlorinated water, the
overall contact time of water and resin was in average 34.1 h, at different SFR values. The
average volume of groundwater that passed through the bed was 16,650 L, which was
equivalent to 666 volumes of the resin.

Effleant

Nal +
NaOH

Figure 2. Scheme of pilot plant 1

2.3.1. Regeneration of SBIX

The resin regeneration was carried out in three phases. In the first phase, by opening the control
valve, the resin was counterwashed with raw water for 10 min. In the second phase, at a SFR
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of 4 BV/h, the regenerant (solution of NaCl (10%) and NaOH (2%)) from the regenerant vessel
was injected with the aid of an injector inbuilt in the control valve. The overall contact time of
the resin with the regenerant was 120 min in a regime encompassing successive repetition of
10-min passing the regenerant and 10-min of stopped flow. This regeneration method ensured
a better dynamic equilibrium between the adsorbed and desorbed humic acid molecules, i.e.
NOM and arsenic. In the beginning of the regeneration, the effluent was light yellow, and then
became darker, and at the end of the first 10 min, it was of a typical brown color. The effluent
began to regain a lighter color after about 80 min of regeneration, to become yellow at about
the 100th min, and this color remained to the end of the regeneration. The third phase consisted
of the fast rinsing of the resin with raw water, whereby the resin was dispersed in the whole
working volume, and this was accompanied by the measurement of the electrical conductivity.
When the effluent electrical conductivity dropped to that of the raw water, further washing
was stopped. At the same time, the measured pH of the effluent became slightly alkaline, like
the raw water. Measurements of the electrical conductivity and pH were necessary to check
whether the resin had been freed of the regenerants. After the resin regeneration, the experi-
ments were repeated both with chlorinated and non-chlorinated water, and it was subse-
quently regenerated two times.

2.3.2. Calculation of flow parameters

In order to study the removal process, it was necessary to calculate the flow parameters and
the resins exposure time to the groundwater flowing through pilot plant 1. Specific flow rate
was calculated using equation 4, where Q is the flow rate of chlorinated or non-chlorinated
groundwater (L/h) and Vg is the volume of the resin bed (L). The SFR is expressed in the
units of the bed volume per hour (BV/h), and it represents a universal quantity which can be
applied to characterize any ion exchanger. Namely, when the results for the optimum SFR are
obtained for a pilot plant system for concrete groundwater of distinct physicochemical
characteristics, it is simple to design a unique ion-exchange water treatment system of any
capacity. The empty bed contact time (EBCT) was expressed and calculated in the way shown
in equation 5. The EBCT is used as a measure of the duration time of the contact between the
resin granules and water flowing through the bed. The increase in the EBCT value presents
increased time available for the adsorption of dissolved matter on the resin beads.

SFR = Q (4)
SBIX
EBCT = % 5)

2.4. Strongly basic ion-exchange resin sorption characteristics determination

The objective of this research was to experimentally examine the sorption efficiency of NOM
and arsenic on Amberlite IRA 958-Cl resin. The aim was to compare experimentally obtained

83



84

lon Exchange - Studies and Applications

amounts of NOM and arsenic sorbed on the resin as indicators of the resin sorption capacity
with the empirical sorption capacity based on the official data of the resin manufacturer. The
investigations were conducted using native groundwater without (first part of investigation)
and with addition of sodium hypochlorite (second part of investigation). For this purpose, a
pilot plant 2 was designed and manufactured as shown in Figure 3. The main part of pilot
plant 2 was the transparent container, manufactured by Atlas, filled with 1.4 L (970 g) of the
resin Amberlite IRA 958-Cl. It was equipped with a flow meter (IHTM) for the flow range from
5 to 100 1/h, with a pump (Prominent) and pulse water meter (Zenner) for dosing sodium
hypochlorite solution, and a vessel for mixing it with water, to obtain a homogeneous solution
with a constant concentration of the residual chlorine. Samples of chlorinated water were taken
from the tap. Concentration of the residual chlorine after the mixing vessel was measured by
the colorimetric DPD method [39] and was kept constant as in the investigation of optimal
flow parameters, at a level of 0.5 mg/L. The dosing system was not used in the first part of
investigation, but only in the second one. In the first experiment in the series of measurements,
both with native and chlorinated groundwater, a original packing of resin was used, which
was backwashed with groundwater for 20 min, that is to the visually observed end of foaming
and appearance of an unpleasant odor. The other two experiments in the series of investigation
of chlorinated and non-chlorinated water were done using regenerated resin regenerated as
described in Section 2.3.1. After the described resin preparation, the water was passed through
it in a down flow direction. Samples of both the influent and effluent were taken regularly.
Three series of samples of both chlorinated and non-chlorinated water were examined for the
following parameters: COD, TOC, and total arsenic. All the measurement results are expressed
as mean values of the determined parameters. The characteristics of the NOM and arsenic and
of the resin applied as well as the chemical composition of groundwater and applied analytical
methods and equipment for the determination of TOC, COD, and arsenic are identical to those
described by the authors [40]. According to the resin manufacturer [11], the average sorption
capacity of organic matter is 10-15 g of KMnO,/L resin. The capacity expressed as COD is
between 2.5 and 3.75 g O,/L resin. The COD sorption capacity calculated per mass unit of SBIX,
taking into account the filling density of 720 g/L, ranges from 3.47 to 5.21 mg O,/g resin.

2.4.1. Mathematical expressions of volume and sorption parameters

The efficiency of the removal of NOM and arsenic was followed by determination of COD,
TOC, and arsenic concentrations in the effluent as a function of the overall water volume that
passed through the SBIX bed, expressed as bed volume (BV). Bed volume is a dimensionless
quantity that expresses the water volume as the number of the volume of resin bed (equation
6), where V,,, is the effluent volume that passed through until the moment of sampling (L) and
Vsarx is a constant, standing for the volume of SBIX, and it was 1.4 L in all series of experiments.
The BV is a quantity that is not characteristic for only one concrete ion-exchange resin, but is
universally applicable to any ion exchanger of any capacity, for the same treated water. The
results obtained for BV can be used to calculate the SBIX volume, if one knows the volume of
water and vice versa.
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NOM and arsenic content in the total volume of investigated chlorinated or non-chlorinated
water during the whole experiment are calculated in the following way:

CODtoial = Vtatul : CODCin (7)
TOCrotal = Vfohzl ’ TOCCin (8)
Astoml = Vtutal : ASCin (9)

where COD,,,,, (mg O,) and TOC,,,,,; (mg TOC) stand for the differently expressed total amounts
of NOM,; As,,,, (mg) is the total amount of arsenic - the two quantities representing in fact the
resin load; V,,, (L) is the total volume of water treated in the experiment, whereas CODC;, (mg
O,/L) and TOCC,, (mg O,/L) designate the NOM concentration in the influent, and AsC;, (mg/
L) is the corresponding arsenic concentration.

The overall load of the resin with organic matter and arsenicis calculated as shown in equations
10, 11, and 12, where COD,,; (mgO,/g) and TOC,,,, (mg TOC/g) represent the overall amounts
of NOM; Asy,, (mg/g) the total amount of arsenic to which the resin was exposed in the
experiment, and m represents the mass of the resin (g).
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COD
CcoD,,, = ——"u (10)
m
TOC
TOClDad =——n (11)
m
A
Asload = % (12)

The amounts of NOM and arsenic that came in contact with the resin due to the volume of
chlorinated or non-chlorinated water that passed through the bed in the real time of the
experiment are calculated in the following way:

CODiﬂ = Vout ’ CODCin (13)
Tocin = Voul : TOCCm (14)
Asin = Vnut ’ ASCin (15)

where COD,, (mg O,) and TOC;, (mg TOC) stand for the amount of the NOM; As;, (mg As) is
the amount of arsenic, and V,, (L) is the volume of water that passed to the moment of
sampling.

out

Contents of NOM and arsenic in the instantaneous sample, i.e. in the effluent after the flow of
a given volume of chlorinated or non-chlorinated water, are calculated as follows:

CODom‘ = Vout ’ CODCUM (16)
TOCout = Vuut : TOCCaut (17)
Asaut = ‘/uut ’ Ascuut (18)

where COD,,, (mg O,) and TOC,,, (mg TOC) are the differently expressed amounts of NOM;
As,,, (mg As) is the amount of arsenic that was not sorbed onto the resin and is found in the
effluent from the pilot unit, whereas CODC,,, (mgO,/L) and TOCC,,, (mg TOC/L) are the
concentrations of NOM in the effluent determined by the two different methods. Finally, AsC,,,
(mg/L) represents the arsenic concentration in the effluent.
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The amounts of NOM and arsenic that in a given time instant of sampling, after collecting the
effluent volume V,

out

(L), were sorbed onto the SBIX are calculated in the following way:

CODuds = CODin - CODauf (19)
Tocnds = TOCin - TOCUM (20)
Asads = Asin - Asout (21)

where COD,,;, (mg O,) and TOC,,, (mg TOC) are the adsorbed amounts of dissolved organic
matter, and As,,, (mg) the amount of arsenic adsorbed.

The sorption efficiency can be presented by the following expressions:

_(cobc,, -conc,,,)

con = conC. -100(%) (22)
TOCC, -TOCC,, 5
roc = ( TOCC, ) +100(%) (23)
(AsC. - AsC, 2‘)
E, =——"——=2.100(%) (24)

AsC

in

where Eqp and Ejqc are the efficiencies of sorption of NOM, and E , is the efficiency of arsenic
sorption, all expressed as the corresponding percentages.

2.5. Calculation of equilibrium adsorption capacity of SBIX toward NOM

Effects of NOM adsorption by measuring of effluent NOM concentrations (C) in mg/L, during
the experiments were shown in the dependence of cumulative time (X7) in hours, i.e. number
of effluent’s bed volumes (BV). Shapes of these curves are the primary overview of adsorption
process kinetics toward starting, breakpoint, and pseudo-equilibrium stages. The big challenge
and most important scope of this work was pathway to calculation of mass of the adsorbent
(m) in g, in the mass transfer zone (MTZ) [1, 1x] corresponding to each experimental sampling,
i.e. measuring point. Elucidation of the m values was significant operation for reaching the
final target, which represents the determination of Amberlite IRA-958 pseudo-adsorption
capacity toward NOM. It was supposed that the mass of exhausted resin is proportional to
effluent NOM concentrations in the moment of sampling time. Based on the obtained percent
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equation data, all masses of the resin corresponding to effluent NOM concentrations were
calculated using the mathematical expression (25).

M (25)

Adsorbed amount of NOM (a) in mg O,, at each sampling point was calculated as shown:
a=(C,-C)-v (26)

where V is the volume of the effluent between two samplings (L).

Regarding the fact that samples have been taken randomly, calculation of the adsorption

process rate as represented in equation 27 was an essential step:
VADS=a /1 (27)

where VADS (mg/h) is adsorption rate and 7 (h) is time between two sampling points.

Obtaining VADS data was a real contribution to equalize the adsorption process during the
contact time of the complete experiment. Adsorption capacity of Amberlite IRA-958 in the time
of experiment duration - specific adsorption capacity (ADC) in mg/gh - was calculated using
equation 28:

ADC =VADS | m (28)

The mutual relation of ADC values at measured C values was described as exponential
regression plot. General equation form of the curve was represented (equation 29).

ADC=f-e7¢ (29)

B (L g'h')and 6 are empiric adsorption coefficients obtained from the experimental data and
calculated from the plot In ADC vs. C (equation 30) as intercept and slope, respectively.

INnADC=Inp-5-C (30)

The total ADC (ADC,) in mg/gh, during the experiment, was calculated by integration of the
surface above the curve using the following equation 31:
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ADC, =[(C,, ~C,,)-ADC,, ]~ [ p-e*<dC (31)

where C,,,,and C,,;, are the highest and lowest measured values of C,and ADC,,, is the maximal
value of ADC.

Value of adsorption capacity of the resin (Q,.) in mg O, of NOM per gram of the resin at pseudo
equilibrium was calculated as a function of overall experiment time (Z7,,) in h, using
following equation 32:

Qnt’f = ADCQ : zrmax (32)

Investigated adsorption process is flow and time dependent. There is no equilibrium at every
sampling point, but only the adsorption capacity could be recorded in the appointed time.
Dynamic adsorption kinetics is different to batch experiments adsorption kinetics [41-46]. The
difference is that time of adsorption in batch processes is infinitely and equilibrium could be
detected with differences depending of time and temperature. In dynamic fixed bed adsorp-
tion, process time is defined and finite when sampling. During the adsorption and sampling
as well, lasting irreversible adsorption is a consequence of constant addition of adsorbate
which is dominant with regard to reversible equilibrium.

3. Results and discussion

The following results present data obtained during the determination of optimal specific flow
rate, sorption characteristics, and kinetics of strongly basic ion-exchange resin.

3.1. Results obtained during determination of optimal specific flow rate of strongly basic
ion-exchange resin

During the changes of SFR and EBCT, significant data of measured parameters were
obtained. Dependence of measured parameters and flow rate values in experiments with
non-chlorinated and chlorinated water are shown in Figures 4-7. Figure 4 presents the
dependence of pH value and bicarbonate content in the effluent and SFR values (A) and
influence of SFR on electrical conductivity and chloride concentrations (B) in both non-
chlorinated and chlorinated water.

In the initial sorption contact of groundwater with the resin, an abrupt decrease in the
effluent pH effluent was noted. This observation was especially pronounced in the case of
chlorinated water. A high affinity of the resin to bicarbonate ions in the initial phase of ion
exchange lead to the increase in the effluent acidity. The minima of the pH and bicarbon-
ate concentration were observed at the lower SFR values compared to those measured in
non-chlorinated water. These results are the consequence of the presence of the nascent
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Figure 4. Influence of SFR on the bicarbonate and pH (A), and electrical conductivity and chloride (B) content

oxygen in chlorinated water, which accelerates ionic exchange of chloride for bicarbonate
on the resin. The initial intensive exchange of these ions is gradually counterbalanced by
the adsorption of the anions of humic acids taking place to the SFR of 50 BV/h, since the
sites at which the dynamic equilibrium of sorption and desorption of bicarbonate is shifted
to the interior of the resin granules, while humic acid binds to the functional groups on
their outer surface. At the end of the investigated range of SFR, the HCO; concentration
in the effluent remained almost constant and asymptotically reached the concentration in
the groundwater. At higher SFR, effluent pH value approached the pH value of the raw
water as a consequence of the change in the bicarbonate concentration. After the value of
SFR 50 BV/h, the resin is in the chloride form. Figure 4(A) also shows that in the initial
part of the working cycle of resin with chlorinated water, there has been an immediate
decrease of bicarbonates in the effluent already at SFR 2-6 BV/h after which the contents
of bicarbonates slowly rises to SFR 50 BV/h, where the bicarbonates till the very end of the
working cycle reach the concentration similar to that in raw water. The enormous in-
crease in the chloride concentration at small SFR takes place simultaneously with the marked
decrease in the content of bicarbonate in the effluent Figure 4(B). This chloride concentra-
tion rise, a singly charged small and high diffusion rate, results in the increase in the
measured conductivity. A higher increase in the chloride concentration was observed in
the case of chlorinated water, which is understandable taking into consideration the release
of chloride from hypochloric acid. The differences in the peaks of chloride concentration
and electrical conductivity in the effluent for chlorinated and non-chlorinated water are
certainly a consequence of the generation of nascent oxygen, which also activates the resin’s
functional groups and thus contributes to a more effective ion exchange.

The effect of nascent oxygen on the oxidation of As(Ill) to As(V) is evident from the fact
that in a wide range of SFR, from 2 to 300 BV/h, the total arsenic concentration in the
effluent of chlorinated water was constantly below the MTC value [47] (Figure 5(A)). On
the other hand, in the case of non-chlorinated water, the arsenic concentrations in the
effluent at the SFR<100 BV/h were by 10 times and at 100<SFR<300 BV/h even by 17 times
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Figure 5. Changes in the sulfate and arsenic concentration (A) as well as NOM concentration (B) of the effluent with
SFR

higher. Also, it is evident that the presence of atomic oxygen in chlorinated water hin-
ders desorption of sulfate from the resin and changes the position of sulfate anions in the
Clifford series [35]. This effect was especially pronounced at smaller SFR values of about
25 BV/h, when desorption of sulfate ion was observed. At 170<SFR<300 BV/h, the sulfate
removal was more efficient in the case of chlorinated water. At low SFR, the effect of the
oxidant on the removal of NOM is more pronounced. In the effluent of the water treated
with oxidant, this is evidenced as the lower values of both COD and TOC (Figure 5(B)). At
the SFR between 2 and 50 BV/h, there is a competition between humic acids, arsenic, and
sulfate with bicarbonate and chloride, which is especially pronounced in the presence of
nascent oxygen. With the increase in SFR of chlorinated water, the measured NOM contents
in the effluent were higher, which means that NOM removal from non-chlorinated water
was higher under these flow conditions. Evidently, the resin’s functional groups exhibit a
lower affinity toward the newly formed, smaller, organic molecules resulting from the NOM
degradation than to the original NOM molecules from the groundwater. Thus, the NOM
concentration measured as COD in chlorinated effluent reaches tolerable level of 2 mg O,/
L [47] at 180 BV/h. In the case of non-chlorinated water, this value was not reached until
275 BV/h, suggesting that in such a medium the resin shows a higher affinity to NOM. The
effect of contact time of the resin with chlorinated and non-chlorinated water on the NOM
removal is presented in Figure 6(A). Changes of arsenic content in the effluent as a function
of the contact time of chlorinated and non-chlorinated water are presented in Figure 6(B).
As can be seen, more intensive changes in the NOM concentration take place at shorter
contact times. To an EBCT value of about 0.05 h, it comes out that the adsorption-desorp-
tion processes are especially pronounced in chlorinated water. At longer contact times, the
COD and TOC values of the effluent become apparently constant. It is evident that in the
shortest time of contact of water with the resin, the arsenic removal was most efficient in
the presence of nascent oxygen. This is a consequence of the oxidation-reduction process-
es by which is generated As(V), which exhibits remarkable adsorption affinity to the resin.
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Figure 6. Influence of EBCT on the NOM (A) and arsenic (B) removal

3.2. Results obtained during strongly basic ion-exchange resin sorption characteristics
determination

During the investigation of optimal specific flow rate of strongly basic ion-exchange resin, it
has come to the conclusion that optimal flow rate of the Amberlite IRA-958 was 40 L/h, i.e. SFR
of 30 BV/h £ 5% when used on described groundwater. This research was conducted in order
to determine resin sorption characteristics based on the experimental data and data given by
the manufacturer [11]. Based on the data given by the manufacturer, one gram of the resin can
adsorb from 3.47 to 5.21 mgO, NOM expressed as COD. Investigated groundwater contains
7.73 mgO,/L NOM, expressed as COD. The calculation shows that one gram of SBIX may
adsorb the NOM from 0.45 L to 0.67 L of such water. Taking into account the mass of the resin
of 970 g, it can be calculated that the overall volume of the groundwater from 436.5 L to 650 L
may be effectively treated with the used the SBIX. If this is expressed via the BV values, the
expected adsorption capacity of the resin for NOM is in the range from 312 BV to 464 BV.
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Figure 7. Changes of NOM (A) and arsenic (B) content in the effluent as a function of the overall volume of raw water
passed through the SBIX
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In the initial part of the sorption process, at small volumes of raw water of about 2,900 BV, as
well as at the large volumes of over 13,500 BV, the NOM removal from chlorinated water is
more efficient. In the first part of the operation cycle, the nascent oxygen generated from
hypochloric acid causes NOM degradation and more efficient sorption of the degradation
products of HAs and FAs compared to the native humins present in non-chlorinated water.
These processes take place in the environment of the ion competition, as described by authors
[40]. At increased volumes of groundwater passing through the system, surface adsorption is
a dominant process, by which organic matter accumulates on the outer surface of the resin
pearls. In this process, native HAs from non-chlorinated water are more efficiently bonded to
the resin functional groups than the smaller molecules formed by the degradation of humin
under the influence of nascent oxygen. Due to the larger number of the newly formed
molecules in the effluent of chlorinated water at a smaller overall volume of water passing
through the system, the resin’s saturation and COD limit of 2 of mgO,/L [47] is attained faster,
at about 3,000 BV. At the same time, the adsorption of larger molecules on the resin that was
in contact with non-chlorinated water is slower, and the COD limit appears at 4,000 BV. From
the analysis of TOC values of the effluent from chlorinated water, it comes out that the changes
of this parameter with the volume of treated water are similar to the changes observed for the
COD. However, the TOC changes in the effluent of non-chlorinated water show that up to the
value of about 8,000 BV, the NOM removal expressed via TOC is more efficient than if
expressed via COD, and after that these values become proportionally equivalent. This
difference can be explained by the fact that in the absence of the oxidant in water, the COD
determination by the permanganate method gives lower results. Namely, permanganate is not
a sufficiently strong oxidizing agent to oxidize entirely the humic matter, but only its more
easily oxidizable part - fulvic acids. On the other hand, the TOC method encompasses all the
dissolved NOM, and this is the reason for the discrepancy between the COD and TOC results
presented in Figure 7(A). In the initial phase of resin saturation, the NOM molecules that are
more easily oxidized (that is C;) are preferentially adsorbed on the resin. With the increase in
the amount of adsorbed NOM, proportionally to the volume of treated water above 8,000 BV,
the resin affinity to sorption of organic matter becomes lower and larger amounts of easily
oxidized NOM remain in the effluent, so that the changes in COD and TOC are proportional,
which is evident from Figure 7(A). Namely, the appearance of COD and TOC curves above
8,000 BV becomes identical, since the COD value of, for example, 3 and 6 mgO,/L is propor-
tional to the TOC values of 4 and 8 mg/L. As can be seen from Figure 7(B), the arsenic con-
centrations in the effluent from chlorinated water are below the MTC of 0.01 mg/L only up to
about 700 BV. By monitoring the effect of the further groundwater flow, it can be seen that
arsenic removal is approximately equally efficient up to about 5,000 BV, from both chlorinated
and non-chlorinated water. At the BV values above about 7,000, the effect of nascent oxygen
on arsenic removal represents a complex process. In the investigated groundwater of complex
composition, a number of redox reactions can take place in parallel. The reactions of HA
degradation dominate over the reactions of As(IlI) oxidation. With the increase in the volume
of treated water exceeding 5,000 BV, the amount of arsenic removed was twice larger when
the treated water contained hypochlorite. In the presence of the oxidizing agent, the processes
of NOM sorption in competition with arsenate binding to SBIX are more pronounced. The
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increased concentrations of arsenic in the effluent from chlorinated water appear as a conse-
quence of arsenic desorption. Desorption process was especially pronounced at the volumes
exceeding 14,000 BV, taking place simultaneously with the tendency of lowering arsenic
concentrations in the effluent from non-chlorinated water.

The expressions (6)-(21) were used to calculate concentrations of NOM and arsenic in the
overall volume of groundwater in the experiments with chlorinated and non-chlorinated
water, amounts of NOM and arsenic in the effluent during the experiment, as well as the
amounts of NOM and arsenic adsorbed on the SBIX. Total amounts of NOM and As that passed
through the resin as well as amounts that charged the resin are presented in Table 3.

Sorption CODypq
L. CODy, (0, TOC g0 (8) TOC,,q (g/8)  Astyy (g) As,q (g/8) BV
characteristics (g0,/g)
No chlorine 175.65 0.181 241.86 0.249 6.039 0.006 16,231
Chlorine present 179.90 0.185 247.71 0.255 6.186 0.006 16,623

Table 3. Experimentally obtained resins sorption characteristics

A 2800 0000 1 C
o0 -—- = = - s TOG Pon sorimdted mute
s GO - 185000 - ¥
peooa 4 = o — e —=
T g 1O .
S iston =t - _— E _— — _—
g = - & o
o 10N e - § 18004 4 v
8 ; = =
¢ w000 . e ey o .
pre - . 1 et .
= e -
40303 fr'_ - == SO0 = - .{;—-‘r’
03 y
. — o -
o it i : : : 0 i ——yi NN
- 20 0 .o s e [ 1 o ¥ 400 e w0
Tirww 8] LT
Fx000) . 05000
yaena 4 o Elicximpied weler Fe. [———
- 23000 - —
i — ! B =] =
= D00 == - — TR s et
S et Lokidm > = i : — -
| il o s J__-""-'
& som 4 i B o o
oo - 100000 e -
= = -
(T — g | o
200 . - - —— i = i '..-"'
§ iyl T iyl & i
o o0 il 00 &0 =0 "D m B 180 p. 234 i * Fer P&
B T Tima (B4 0

Figure 8. Dependency of NOM in non-chlorinated (A), (C) and chlorinated water (B), (D) adsorbed on the SBIX and
one remained in the effluent during the course of the experiment

NOM fractions, which are more difficult to oxidize, remained in the effluent, and the more
easily oxidized NOM compounds were adsorbed onto the resin. The assumption of NOM
desorption is supported by the fact that at the longest experimental time, the COD,,4, was 35%
smaller than the adsorbed NOM at the intersection of the COD,,, and COD,, curves, as shown
in Figure 8(A). Simultaneously, the COD in the effluent (COD,,) increased 2.2 times as large.
The ratio between the maximum value for the COD,,, (before beginning NOM desorption) of
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61,674 mg O, and the resin mass of 970 g describes the capacity of the resin for NOM sorption
from the non-chlorinated water, with a value of 63.58 mg O,/g. The NOM sorption process in
chlorinated water (Figure 8(B)), without desorption, occurred throughout the experiment. The
amount of the more easily oxidized fractions was very high; therefore, the COD, 4, values were
similar to the COD,, values. The total dissolved NOM sorption process in the non-chlorinated
water, which was monitored by determining the TOC, was similar to the monitored COD
(Figure 8(C)). After 10,900 BV, NOM in the effluent exceeded the NOM adsorbed onto the SBIX.
The appearance of NOM desorption can be concluded from the fact that at the longest
experimental time, the TOC,y, was 35% smaller than the TOC,4, at the intersection of the
TOC,,, and TOC,y, curves. At the same time, the TOC in the effluent (TOC,,,) increased 2.2
times as large. As shown in Figure 8(D), the TOC,, increased 3.2 times as large, and the amount
of NOM adsorbed on the resin remained nearly constant. The NOM desorption began at 7712
BV when oxidant was used. This means that the resin adsorption capacity for NOM in the non-
chlorinated water was higher than in the chlorinated water.
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Figure 9. Dependence of the amounts of As contained in non-chlorinated (A) and chlorinated water (B) (As;,), adsor-
bed on the SBIX (As,4) and remaining in the effluent (As,,,) on the duration time of the experiment

Arsenic sorption process in the non-chlorinated water occurred throughout the entire experi-
ment without the occurrence of desorption was shown in Figure 9(A). The only exception was
at 166 h, when a short-lasting, dynamic equilibrium between the adsorbed and desorbed
arsenic occurred. The amount of arsenic adsorbed during the experiment was very large, and
the As,y, value was constantly approaching the value for As,,. The pH of the investigated
groundwater was 8.06, at which the HAsO,* ions of As(V) and H;AsO; molecules of As(III)
dominate compared with the total arsenic content [20, 48]; therefore, As,, mostly represents
the amount of As(Ill), and As,4, mostly represents the amount of As(V). The investigated resin
was very effective at removing arsenates that were naturally present in the groundwater
without the addition of the oxidant. The arsenates formed by the oxidation of arsenites with
nascent oxygen simultaneously with competitive reactions of humin oxidation were adsorbed
on the resin to a lesser extent, and after contact times exceeding 500 h, they desorbed and went
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into solution (Figure (9B)). Presence of arsenic desorption is supported by the fact that the
As, 4 was 2.13 times smaller than the As,4, at the intersection of the As,, and As,4 curves. Itis
at this point that desorption process for arsenic actually begins. Contemporaneously, the As
in the effluent (As,,,) increased 1.96 times as larger. The exchange capacities of arsenic sorbed
were calculated for the highest values of As, 4, for both parts of the investigation. Total exchange
capacity of adsorbed arsenic As,4, for non-chlorinated and chlorinated water was 0.045 eq/L
and 0.028 eq/L, respectively. Lower level of adsorption in the chlorinated water is consequence
of competition of arsenic anions and smaller molecules originated from NOM oxidation for
resin binding cites. Threshold limit value of arsenic [47] was met at 40.48 BV in experiment
with chlorinated water. As can be concluded on the basis of Figure 9, the investigated resin is
very effective in removing arsenates that are naturally present in groundwater, without
addition of the oxidant. The arsenates formed by the oxidation of arsenite by nascent oxygen
under the conditions of the simultaneous occurrence of the competitive reactions of humin
oxidation are adsorbed on the resin to a lower extent, and at the contact times exceeding 500
h, they are desorbed and passed to the solution.

Equations 22-24 were used to calculate the sorption efficiency on the resin of the NOM
(expressed via COD and TOC) and arsenic. Figure 10 shows the sorption efficiency of NOM
expressed as Eqop and Eqoc.
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Figure 10. Changes of the efficiency of NOM sorption on SBIX expressed via COD and TOC (A) and arsenic (B) with
the time of treatment of chlorinated and non-chlorinated water

As can be seen from Figure 10, the efficiency of NOM sorption expressed as E.p decreases
with time in the experiment with non-chlorinated water, and the changes are almost linear.
On the other hand, the analogous dependence for chlorinated water is of a different pattern.
In the initial part of the experiment, to 100 h, as well as after 400 h, the efficiency of NOM
sorption from chlorinated water is more pronounced. This means that the conditions of the
presence of the oxidant in the groundwater in the beginning of resin saturation and at the end
of this process favor the sorption of NOM, expressed either as Ecqp or Eoc, compared to the
desorption processes. The course of the changes of E;, reflecting definitely the overall content
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of humic substances, shows that the preferential sorption of NOM is pronounced in one-third
of the overall treatment cycle, that is between the 48th and 395th h of the experiment. The large
humin molecules are more readily adsorbed than the smaller molecules formed by their
degradation. Since the efficiency of NOM removal by the resin decreases with time, the outer
sorption layers become more attractive to smaller molecules, so that they are more competitive,
and at the longest time, the NOM sorption from chlorinated water is more efficient. As can be
seen, the efficiency of arsenic removal from chlorinated water is high only in the beginning of
the working cycle. Evidently, the presence of the oxidant, which converts As(III) to As(V), does
not contribute to the efficiency of arsenic removal. If one considers the entire working cycle of
the resin, the average efficiency of arsenic removal from chlorinated water is about 60%, and
from non-chlorinated water it is about 80 %.

3.3. Results obtained by using a new approach for determination of equilibrium adsorption
capacity of SBIX toward NOM

Obtained experimental results were applied in the equations 25-32 to calculate the important
kinetic behavior of SBIX toward NOM. Calculated ADC values were decreased exponentially
during the experiment as shown at Figure 11(A). Curve of exponential regression kinetically
represents interface of passed (under the curve) and adsorbed (above the curve) quantity of
NOM per mass unit of SBIX in time. The empirical coefficients 3 and 0 (equation 29) were
calculated at the base of equation 30, i.e. empirical linear equation (Figure 11(B)). Coefficients
[ and d were calculated from linear equation (Figure 11(B)) InA(DC) = -0.704 C + 1.471 and
amounts 4.355 Lg~h™ and 0.70, respectively.

Empirical equation form of the obtained curve and regression coefficient were ADC = 4.355
e?7%C and 0.961, respectively. By utilization of equations 31 and 32, respectively, the total
specific adsorption capacity and adsorption capacity of the resin at pseudo equilibrium were
calculated. The values of ADC, and Q,,, were 14.41 mg/gh and 10.935,31 mg/g, respectively.

Cimg 0L LT

Figure 11. (A) Changes of specific adsorption capacity of SBIX to NOM during the experiment and (B) Linear form of
exponential curve ADC vs. C for calculation of 3 and d
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4. Conclusion

A comparison of the efficiency of NOM removal from native groundwater and the same water
with addition of sodium hypochlorite as oxidizing agent showed that at smaller SFR values
up to 50 BV/h, the process was more effective in the presence of the oxidant. However, at the
SFR values that were up to ten times higher compared to the maximum values given in the
manufacturer’s declaration, the NOM removal was more efficient in the absence of the oxidant.
Namely, the NOM level in the effluent originated from the native groundwater was below
MTC of 2 mg O,/L at a SFR value that was 9.2 times higher, whereas under the oxidative
conditions this was observed at the SFR that was by 6 times higher than the declared maximum
SFR value. The arsenic removal to the level below the MTC of 0.01 mg/L was more efficient in
the presence of the oxidant and shorter SFR compared to the minimum and at 10 times higher
SFR values compared to the maximum value of SFR declared by the resin manufacturer. In
the absence of the oxidant, only native As(V) was removed, and the process was essentially
less effective because of the competition with sulfate ions. It was shown that at small BV values,
of up to 700, the removal of NOM and arsenic is more efficient in the presence of the oxidant,
whereas in the major part of the working cycle, the efficiency of their removal is higher from
non-chlorinated water. The values obtained for the resin adsorption capacity for NOM from
non-chlorinated water are by about 15 times higher than the corresponding value given in the
specification of the resin manufacturer. New approach to the determination of resin sorption
capacity, through definition of specific adsorption capacity, at pseudo-equilibrium showed
that investigated resin posses very high affinity to NOM. Occurrence of NOM desorption,
measured as COD, was observed in the treatment of non-chlorinated water, as well as by
measuring the adsorbed TOC in the case of both chlorinated and non-chlorinated water.
Desorption of arsenic from the resin surface was observed only in the case of treatment of
chlorinated water. Namely, when the results for the optimum SFR are obtained for a pilot plant
system for concrete groundwater of distinct physicochemical characteristics, it is simple to
design a unique ion-exchange water treatment system of any capacity.

The obtained results make a sound basis for designing an appropriate plant for the removal
of NOM from groundwater of the region of the town of Zrenjanin. The tested resin can also
be used in the process of pretreatment of the same water, since it allows the removal of about
50% of the naturally occurring arsenic.

Author details

Miroslav Kukucka® and Nikoleta Kukucka
*Address all correspondence to: miroslav@envirotech.rs

Envirotech d.o.o., Kikinda, Serbia



Effect of Extremely High Specific Flow Rates on the lon-Exchange Resin Sorption Characteristics
http://dx.doi.org/10.5772/60586

References

(1]

[10]

[13]

Sillanpaa M., Matilainen A. NOM removal by coagulation. In: Natural Organic Mat-
ter in Water - Characterization and Treatment Methods, INA Publishing; 2015.
P55-80.

Sillanpéaa M., Bhatnagar A. NOM removal by adsorption. In: Natural Organic Matter
in Water - Characterization and Treatment Methods, IWA Publishing; 2015.
p213-238.

Swietlik J., Raczyk-Stanistawiak U., Bitozor S., Ilecki W., Nawrocki J. Adsorption of
natural organic matter oxidized with ClO, on granular activated carbon. Water Re-
search 2002;36(9) 2328-2336.

Fettig J. Removal of humic substances by adsorption/ion exchange. Water Science
and Technology 1999;40(9) 173-182.

Sillanpéda M., Levchuk I. Ion exchange. In: Natural Organic Matter in Water - Charac-
terization and Treatment Methods, IWA Publishing; 2015. p239-273.

Korth A., Bendinger B., Czekalla C., Wichmann K. Biodegradation of NOM in rapid
sand filters for removing iron and manganese. Acta Hydrochimica et Hydrobiologica
2002;29(5) 289-295.

Kukucka M., Habuda-Stani¢ M., Siljeg M. Groundwater treatment by nanofiltration-
pilot study in Kikinda, Northern Serbia. Proceedings of 11" Conference on Environ-
mental Science and Technology, Chania, Crete, Greece, 2009.

Koprivnjak ].F., Perdue E.M., Pfromm P.H. Coupling reverse osmosis with electro-
dialysis to isolate natural organic matter from fresh waters. Water Research
2006;40(18) 3385-3392.

Krzysztof P., Kowalski. Advanced arsenic removal technologies review. In: Chemis-
try of Advanced Environmental Purification Processes of Water, Fundamentals and
Applications. 2014. p285-337.

Kukucka M., Kukucka N., Vojinovi¢ Miloradov M., Tomi¢ Z., éiljeg M. A novel ap-
proach to determine a resin’s sorption characteristics for the removal of natural or-
ganic matter and arsenic from groundwater. Water Science and Technology: Water
Supply 2011;11(6) 726-739.

Rohm & Haas, Product Data Sheet, (2008), PDS 0431A.

gmejkalové D., Piccolo A., Spiteller M., Oligomerization of humic phenolic mono-
mers by oxidative coupling under biomimetic catalysis. Environmental Science and
Technology 2006;40(22) 6955-6962.

Stevenson, F.J. Humus Chemistry: Genesis, Composition, Reactions. 2" Ed. John Wi-
ley and Sons, New York; 1994.

99



100

lon Exchange - Studies and Applications

[14]

[18]

[19]

[21]

(23]

[24]

[25]

[26]

[27]

Piccolo A. The supramolecular structure of humic substances: A novel understand-
ing of humus chemistry and implications in soil science. Advances in Agronomy
2002;75 57-134.

Piccolo A., Stevenson F.J. Infrared spectra of Cu®, Pb* and Ca* complexes of soil hu-
mic substances. Geoderma 1982;27(3) 195-208.

Stevenson F.J., Goh K.M. Infrared spectra of humic acids and related substances. Ge-
ochimica et Cosmochimica Acta 1971;35(5) 471-483.

Blair G.J., Lefroy R.D.B., Lisle L. Soil carbon fractions based on their degree of oxida-
tion, and the development of a carbon management index. Australian Journal of Ag-
ricultural Research 1995;46(7) 1459-1466.

Anderson D.W., Schoenau, J.J. (1993) Soil humus fractions. In Carter M.R. (ed.), Soil
Sampling and Methods of Analysis. CRC Press: Florida; 1993. p391-395.

Smedley P.L. Kinniburgh D.G. A review of the source, behaviour and distribution of
arsenic in natural waters. Applied Geochemistry 2002;17(5) 517-568.

Brady P.V., Teter D.M., Khandaker N.R., Krumhansl J.L., Siegel M.D. Development
of novel arsenic treatment approaches. SAND2004-0056, Sandia National Laborato-
ries, Albuquerque, NM;2004.

Choong T.S.Y., Chuah T.G., Robiah Y., Koay G.F.L., Azni I. Arsenic toxicity, health
hazards and removal techniques from water: an overview. Desalination
2007;217(1-3)139-166.

Ng J.C., Wang J., Shraim A. A global health problem caused by arsenic from natural
sources. Chemosphere 2003;52(9) 1353-1359.

Council Directive 98/83 EC, Official Journal of European Communities, L 330/32,
1998.

US EPA, 2001. “National Primary Drinking Water Regulations; Arsenic and Clarifica-

tions to Compliance and New Source Contaminants Monitoring; Final Rule,” Federal
Register, 66:14-6976.

Bolto B., Dixon D., Eldridge R., King S., Linge K. (2002) Removal of natural organic
matter by ion exchange. Water Research 2002;36(20) 5057-5065.

Naumczyk J., Szpyrkowicz L., Grandi F.Z. Organics isolation from fresh and drink-
ing waters by macroporous anion-exchange resins. Water Research 1989;23(12)
1593-1597.

Gottlieb M. The reversible removal of naturally occurring organics using ion ex-
change resins: Part 1. Industrial Water Treatment 1995;27 (3).



(28]

[29]

[30]

[35]

[41]

Effect of Extremely High Specific Flow Rates on the lon-Exchange Resin Sorption Characteristics
http://dx.doi.org/10.5772/60586

Pandey A.K. Pandey SD., Misra V., Viswanathan P.N. Formation of soluble com-
plexes of metals with humic acid and its environmental significance. Chemistry and
Ecology 1999;16(4) 269-282.

Warwick P., Inam E., Evans N. Arsenic’s interaction with humic acid. Environmental
Chemistry 2005;2(2) 119-124.

Tan Y., Kilduff J.E. Factors affecting selectivity during dissolved organic matter re-
moval by anion-exchange resins. Water Research 2007;41(18) 4211-4221.

Fu P.L.-K., Symons, ].M. Removing aquatic organic substances by anion exchange
resins. Journal of the American Water Works Association 1990;82(10) 70-77.

Korngold E., Belayev N., Aronov L. Removal of arsenic from drinking water by
anion exchangers. Desalination 2001;141(1) 81-84.

Ficklin W.H. Separation of As(Ill) and As(V) in groundwaters by ionexchange. Talan-
ta 1983;30 (5) 371-373.

Edwards M., Patel S., McNeill L., Chen H.-W., Frey M., Eaton A.D., Antweiler R.C.,
Taylor H.E. Considerations in arsenic analysis and speciation. Journal of the Ameri-
can Water Works Association 1998;90(3) 103-113.

Clifford D. Ion exchange and inorganic adsorption. In: Letterman A. (ed.) Water
Quality and Treatment, American Water Works Association, McGraw-Hill, New
York; 1999.

Vasiljevi¢ M. Possibility of using groundwaters for the needs of water supply of the
settlements and industry in the Pannonian Basin (Banat and Backa), PhD Thesis, Uni-
versity of Belgrade (in Serbian); 1999.

Lang B. The base metals-gold hydrothermal ore deposits of Baia Mare, Romania. Eco-
nomic Geology 1979:74(6) 1336-1351.

Perisi¢ M. NOM and Arsenic Removal from Natural Water by Enhanced Coagula-
tion, E-Water, Official Publication of the European Water Association (EWA) 2006.

Greenberg A.E. (Ed.) Standard Methods for the Examination of Water and Wastewa-
ter, 19th ed., American Public Health Association Publications, Washington D.C.
1995.

Kukucka M., Kukucka N., Vojinovi¢ Miloradov M., Tomi¢ Z., giljeg M. Effects of ex-
tremely high specific flow rates on the removal of NOM and arsenic from groundwa-
ter with ion-exchange resin: A pilot-scale study in northern Serbia. Journal of
Environmental Science and Health, Part A; Toxic/Hazardous Substance & Environ-
mental Engineering 2011;46(9) 952-959.

Li M., Zhu X., Zhu F., Ren G, Cao G, Song L. Application of modified zeolite for am-
monium removal from drinking water. Desalination 2011;271, 295-300.

101



102

lon Exchange - Studies and Applications

[42]

[44]

[45]

[46]

[47]

(48]

Alshameri A., Yan C, Al-Ani Y., Salman Dawood A., Abdullateef Ibrahim, Chunyu
Zhou, Hongquan Wanga. An investigation into the adsorption removal of ammoni-
um by salt activated Chinese (Hulaodu) natural zeolite: Kinetics, isotherms, and ther-
modynamics. Journal of the Taiwan Institute of Chemical Engineers 2014; 45 554-564

Yan Y, Sun X., Ma F,, Li ]., Shen J., Han W,, Liu X., Wang L. Removal of phosphate
from etching wastewater by calcined alkaline residue: Batch and column studies.
Journal of the Taiwan Institute of Chemical Engineers 2014;45(4) 1709-1716.

Arslan A., Veli S. Zeolite 13X for adsorption of ammonium ions from aqueous solu-
tions and hen slaughterhouse wastewaters. Journal of the Taiwan Institute of Chemi-
cal Engineers 2012;43(3) 393-398.

Alshameri A., Ibrahim A., Assabri A., Lei X., Wang H., Yan C. The investigation into
the ammonium removal performance of Yemeni natural zeolite: Modification, ion ex-
change mechanism, and thermodynamics. Powder Technology 2014;258 20-31.

Balci S. Nature of ammonium ion adsorption by sepiolite: analysis of equilibrium da-
ta with several isotherms. Water Research 2004;38(5) 1129-1138.

Serbian regulations, Pravilnik o higijenskoj ispravnosti vode za pice (1998) Sluzbeni
list SR], Vol. 42.

Welch A.H., Oremland R.S., Davis J. A., Watkins S.A. Arsenic in ground water: a re-
view of current knowledge and relation to the CALFED solution area with recom-

mendations for needed research. San Francisco Estuary and Watershed Science
2006;4(2) 1-32.



Section 2

lon Exchange and Glass







Chapter 4

Producing the Gradient Changes in Glass Refraction by
the lon Exchange Method — Selected Aspects

Roman Rogozinski

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/60641

Abstract

This chapter presents the chosen aspects of the ion exchange technological method.
Results of research refer to the refractive index profiles of planar waveguides
produced by the ion exchange method in various glasses. All refractive index profiles
were determined by measuring the effective refractive indices of the waveguide
modes. In the first part of this chapter the processes of electrodiffusion doping soda-
lime glass with silver ions has been described. The second part contains a description
of the two measurement methods allowing to estimate the equilibrium concentration
basing on the example of the concentration of sodium in soda-lime glass. The third
part describes the phenomenon of stress birefringence arising in borosilicate BK-7
glass doped with potassium ions K*. The fourth section presents the results of research
on the real-time control of ion exchange diffusion processes. The results confirming
the validity of this idea with examples of soda-lime glass (Menzel-Glaser company),
BK-7 (Schott company) and Pyrex (Borosilicate 33 of Corning company) doped with
Ag* silver ions and K* potassium ions are also presented here.

Keywords: ion exchange, planar waveguides, electrodiffusion

1. Introduction

The development of the ion exchange technological method as applied to the preparation of
gradient changes of the refraction in the surface area of the glass was initiated in the 1970s.
The produced changes in refraction can be used to conduct the electromagnetic wave along

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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the surface of the glass (then we talk about waveguide structures) or provide refractive areas
for wave passing (perpendicular) through the glass. In each of these cases we have to deal with
the gradient structures of planar topology (Fig.1). In the case of waveguide structures we can
distinguish planar waveguides (Fig.1a) or waveguides of channel type (Fig.1b). In the first case
the refractive index gradient has only one coordinate, while in the waveguides of channel type
it has two. On the basis of such structures various elements of planar waveguide optics can be
constructed, such as: splitters of Y type [1], splitters of 1xN type [2], multiplexers [3-7],
directional couplers [8], ring resonators [9-10], planar polarizers [11], planar interferometers
[12-13] or gradient MMI structures [14-16]. These elements can cooperate with the fiber
waveguides. In addition to the passive components of planar optics, by the ion exchange
method the structures of lasers and optical amplifiers can also be produced. For this purpose
glasses doped with rare earth ions are used [17-23]. On the basis of gradient planar waveguide
structures the optical sensors are also produced [24-28]. By the ion exchange method the
refractive structures are produced as well [29-32]. In such structures (e.g., lenses or microlens-
es) the refraction gradient is generally three-dimensional (Fig.1c).
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Figure 1. The classification of gradient structures in glass: (a) planar of slab type, (b) planar of channel type, (c) refrac-
tive.

The ion exchange technological method is relatively cheap both in terms of used materials,
and the apparatus required for its implementation, which is undoubtedly its main advantage.
It has been mainly applied to the composite oxide glasses. The physical basis of this method
is the phenomenon of ionic conductivity of glasses. This phenomenon occurs in the glasses
that contain modifier ions possessing low binding energy with glass network. In these glasses
at elevated temperature the modifier ions obtain energy to enable them to migrate within the
glass network [33]. This migration is manifested in the form of ionic current flowing through
the glass in the presence of an electric field generated in the area. The migration of modifier
ions at an elevated temperature enables also the realization of ion exchange in glass. This
situation occurs when at a sufficiently high temperature the glass is in contact with the phase
of the source of these ions. Most often it is a liquid phase in the form of molten salt [33]. The
most commonly used liquid sources of admixture ions are molten nitrates, which have low
melting points. Such sources can be considered as sources of constant productivity. At
sufficiently high temperature ionized admixture obtains sufficient energy to overcome the
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potential barrier at the surface of the glass. At the same time one modifier ion has to “come
out” from the glass to the source of admixture, so that the electrical neutrality is maintained
throughout the volume of the glass. In this way, the concentration gradient of admixture
introduced into the glass is initiated in the surface area of glass. In this area the concentration
gradient of the glass modifier ions is also formed. It has a direction opposite to the gradient of
concentration of the admixture. Consequently, in the glass there are two opposing streams of
ions: a stream of admixture ions directed into the glass and a stream of modifier ions directed
to the surface of the glass. This phenomenon has a diffusive character. Its effect is to create in
the glass area the gradient changes of its optical properties (refraction) and mechanical
properties (stress). The local changes in the refractive index of the glass, which are the results
of ion exchange, are the effect of the difference of their electric polarizabilities, as well as
differences in their ionic radii.

This chapter is based on the physical basis of this phenomenon described in detail in work [33].
Here the chosen aspects of the ion exchange technological method are going to be presented.
Results of research refer to the refractive index profiles of planar waveguides produced by the
ion exchange method in various glasses. All refractive index profiles were determined by
measuring the effective refractive indices of the waveguide modes. The goniometric method
of synchronous angles measurements with the use of a prism coupler has been used. A detailed
description of the measurement method and the method for determining the refractive index
profiles was given in the work [33] (pp.166-172).

In the first part of this chapter, the process of electrodiffusion doping soda-lime glass with
silver ions has been described. The second part contains a description of the two measurement
methods allowing to estimate the equilibrium concentration basing on the example of the
concentration of sodium in soda-lime glass. The third part describes the phenomenon of stress
birefringence arising in borosilicate BK-7 glass doped with potassium ions K*. The fourth
section presents the results of research on the real-time control of ion exchange diffusion
processes. The idea of this method has been described in work [33]. Here are presented the
results confirming the validity of this idea with examples of soda-lime glass (Menzel-Glaser
company), BK-7 (Schott company) and Pyrex (Borosilicate 33 of Corning company) doped with
Ag* silver ions and K* potassium ions.

2. Ion exchange in glasses in the presence of an electric field

In the two-component model of the ion exchange in the glass [33] there are two oppositely
directed streams of ions: stream of admixture ions ®, and stream of modifier ions @ (Fig.2).

The stream of admixture ions diffusing in the glass in the ion exchange process is the sum of
the two components [33] (p.174):

®,=-D,Vc, +u,c,E (m'Zs'l) 1)
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The first one is related to the local concentration gradient of admixture in the glass. The second
component expresses the electric drift of admixture ions in the local electric field. This electric
field can be the effect of a difference in mobility of exchanged ions. In addition to the ion
exchange processes based on a purely thermal diffusion of admixture ions, some processes are
also carried out in the presence of an external electric field. In such processes an additional
parameter occurs: the intensity of the external electric field E, (Fig.2). These processes are
briefly called electrodiffusion. They are characterized by a directed migration of ions intro-
duced into the glass caused by the effects of an electric field.

A (Admixiure)

ve,f
XY cf"‘ B (Gilass)

Figure 2. Ion exchange process in glass.

The local field ]:Zd is then a superposition of the diffuse field which is the result of differential
mobility of exchanged ions and external field E :

E =E,+E 2)

The form of the function describing the distribution of the admixture concentration c,(x),
introduced into the glass in the electrodiffusion process is dependent from the interaction
between the diffusion component D,c, and the electric migration component p,c,E, of the
admixture stream (D, and i, denote, respectively, the diffusion coefficient of the admixture
and its electric mobility). In the case of electrodiffusion processes the local electric field takes
the form [33] (p.176):

E=—ze 420, Vi, 3)

where u(x) = c,(x)/cy, a =1 - p(u)/pp(1 - u).

In the above equations, ¢, - equilibrium concentration [33] (p.175), H - the correlation coefficient
(0 <H <1) [34], k - the Boltzmann constant, T - the absolute temperature, i, and p; - electro-
chemical mobilities of admixture ions and modifier ions respectively.

In the electrodiffusion processes the external electric field may have polarization established
during the process. Then we talk about the electrodiffusion processes with fixed electric
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polarization. The polarization of this field can also be changed during the implementation of

the ion exchange process. Such processes are called processes with a change of electric
polarization.

2.1. Electrodiffusion processes with fixed electric polarization

In the case of such electrodiffusion processes implemented with the use of a molten source of
admixture, the molten salt (AgNO;) contacts with one side of the glass plate. To the other side
of the plate the solid electrode is applied. Between the molten salt and the solid electrode a
potential difference is produced. The molten salt is at a positive potential in relation to the
glass. With such polarization the silver ions Ag* in glass drift toward the electric field. At the
same time the modifier ions (Na*) in the volume of the glass drift toward the negative electrode.
There their reduction to the atomic form occurs. As a result, between the glass surface and the

negative electrode the metallic sodium is generated. This reduces the adhesion of the electrode
to the glass surface.

Figure 3a presents the method of implementation of the electrodiffusion process with fixed
polarization. The role of the solid electrode here is served by electrically conductive glue layer
resistant to high temperatures. Figure 3b shows refractive index profiles of planar waveguides
produced by the electrodiffusion processes for different values of electric field intensity. The
durations of these processes are almost the same. Each process has been carried out at the
temperature T=300°C. For comparison the refractive index profile of the waveguide produced
in the same conditions (time and temperature) in the diffusion process (E,=0) is presented. The

presented refractive index profiles have been determined for the wavelength A = 677 nm.
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Figure 3. (a) Implementation of electrodiffusion processes with fixed polarization. (b) Refractive index profiles of pla
nar waveguides (A = 677 nm) produced in electrodiffusion processes for different values of electric field intensity.

Due to the kinetics of diffusion assisted by an electric field, the electrodiffusion processes can
be used as a tool for producing deep waveguide structures in a relatively short time. This is
not the only argument in favor of the use of this type of technological processes. Much more
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important are there the opportunities to influence the shape of refractive index profiles of
waveguides generated in the electrodiffusion processes through changes in polarization
direction of the electric field.

2.2. Electrodiffusion processes with a change of the electric polarization

If a change in direction of the vector of external field l:Ze is made in the equation (3) describing
the local electric field ]::0 in the electrodiffusion process, then this can obtain the value of the
field ]:30 at which the change occurs in the direction of flow of admixture ions in the glass. This
occurs only in situations where admixture ions are supplied on both sides of the glass substrate.
Itis then that the condition of continuity of ionic current flow through the glass can be satisfied.
The electrodiffusion processes with the change in polarization of the external electric field are
carried out under conditions of glass substrate being in contact with the liquid admixture
sources on both sides [35-37].

Melted AgNO, Glass | Melted AgNG,

*AE . Wavepnide *E”
(@) (b)
Figure 4. The implementation of electrodiffusion processes with a change of the direction of the electric polarization.

The idea of using a cyclic change of polarization of the external electric field in the electrodif-
fusion processes has been described by Houde-Walter and Moore [35]. The authors have
indicated there a theoretical ability to influence the final form of the refractive index profile of
the waveguide in the electrodiffusion processes in which a multiple change of polarization of
the electric field was applied. Such processes create major possibilities to influence the final
form of the admixture distribution in the glass. The factors that determine here the shape of
the resulting distribution of admixture in the glass are both the value and the polarization
direction of the external electric field, as well as temporal relations between states with
opposite polarizations. If a possibility of multiple repetitions of polarization changes of E field

is also taken into consideration, the number of these factors will further increase.

In the electrodiffusion processes, where a change of the direction of polarization of the external
electric field E ismade, the admixtureis introduced into the glass on both sides of the substrate.
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Therefore the waveguide structures are formed on both sides of the glass plate. In order to
distinguish between these two structures the following designations are used (Fig.4): wave-
guide “A” is formed on the side of the substrate, where the initial polarization of the electric
field enhanced the process of migrating admixture into the glass, while the waveguide “B” is
formed on the opposite side of the substrate, after the reversal of polarization. Figure 4 also
indicates the conventionally adopted positive and negative polarization states.

Temperature of the . L Lo .
Duration of the process  Polarization and the electric field  Electric charge
process

Sample
Waveguide

(min) intensity (V/mm) Q)

(°C)
A 30/30 +18.2/9.1 1.130

1 272+1
B 30/30 18.2/+9.1 0.572
A 75/15 +18.2/9.1 5.680

2 2981
B 15/75 18.2/+9.1 0.572
A 60/30 +18.2/9.1 4.755

3 298+1
B 30/60 18.2/+9.1 1.172
A 30/60 +18.2/9.1 3.280

4 298+1
B 60/30 18.2/+9.1 2.951
A 45/45 +18.2/13.6 3.636

5 298+1
B 45/45 18.2/+13.6 0.144
A 45/45 +18.2/9.1 3.719

6 298+1
B 45/45 18.2/+9.1 1.774
A 45/45 +4.5/18.2 0.908

7 298+1
B 45/45 4.5/+18.2 4.164
A 30/30 +18.2/9.1 2.554

8 299+1
B 30/30 18.2/+9.1 1.252
A 45/45 +18.2/18.2 4.654

9 299+1
B 45/45 18.2/+18.2 4.777
A 50/40 +18.2/9.1 3.688

10 299+1
B 40/50 18.2/+9.1 1.803
A 45/45 +13.6/18.2 2.965

11 300+1
B 45/45 13.6/+18.2 4.240
A 45/45 +9.1/18.2 1.628

12 3011
B 45/45 9.1/+18.2 3.791

Table 1. Electrodiffusion processes with a change of direction of the electric polarization.
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Significant differences in the shapes of refractive index profiles that arise in the case of changes
in the polarization direction of the electric field during the process can be explained by
considering the situation where the polarization of the applied electric field is changed only
once. During such a process, with a positive polarization (Fig.4a), the admixture ions enter the
glass substrate form the waveguide “A”. On the other side of the glass plate (despite its contact
with the source of admixture) a waveguide is not formed, because the glass ions pass into the
liquid phase due to the current i* flowing through the substrate.

After the change of polarization (Fig.4b), the situation is reversed. Through the glass substrate
the current i now flows in the opposite direction. Waveguide “B” starts forming on the other
side of the glass, while the opposite stream of admixture ions previously introduced into the
glass with the glass modifiers ions changes the distribution of the introduced admixture in the

positive polarization. Consequently, the shapes of the refractive index profile of waveguide
“A” changes.
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Figure 5. Comparison of refractive index profiles of waveguides produced in the electrodiffusion processes with a pre-

determined value of electric field intensity for the positive value E* = 18.2 V/mm and E- =-9.1 V/mm for the negative

value, for various durations of “+” and “-” polarization. Waveguides produced on the first side of the substrate (a) and
on the other side of the substrate (b).

The parameters of chosen technological processes with the use of a single change of the
direction of the electric field polarization are summarized in Table 1. The soda-lime glass was
used as the substrate. As liquid source of admixture on both sides of the substrate the molten
silver nitrate (AgNO;) was used. The electrodiffusion processes were realized with the use of
the laboratory stand described in [33] (p.164). The temperatures of the processes were within
the range: 272+301°C. The given duration of each process consists of two values relating
respectively to the positive and negative polarization. In each glass plate two waveguides (“A”
and “B”) were produced on the opposite sides. The table shows the total electric charge of
admixture ions that were introduced into the glass substrate from both sides. Figure 5a,b shows
the refractive index profiles of waveguides produced in electrodiffusion processes, for which
the field intensity for the “+” and “-” polarization have been established according to Fig.4.



Producing the Gradient Changes in Glass Refraction by the lon Exchange Method — Selected Aspects
http://dx.doi.org/10.5772/60641

Here the ratio of the duration of the polarization t* and t- was a variable. In each case, the
duration of the whole process was the same and was f,,,=90'. The waveguides of “A” and “B”
were formed on opposite sides of the glass plate. The equivalent centric symbols in both the
charts (a) and (b) denote the same glass substrate in which the adequate waveguides were
formed.
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Figure 6. Comparison of refractive index profiles of waveguides produced by electrodiffusion processes with fixed po-
larization durations t* = 45" and t- = 45', for different values of electric field intensity for polarization “+” and “-”. Wave-
guides produced on the first side of the substrate (a) and the other side of the substrate (b).

Figure 6a,b shows a comparison of refractive index profiles of waveguides produced by
processes in which a division of the duration of each polarization t* = t- has been set, with the
total duration of the process t,,, = 90'. The values of the electric field intensity were altered for
the two polarization states. As mentioned earlier, the waveguides of types “A” and “B” were
formed here on the opposite sides of the glass plate. Here again, the same centric symbols in
both figures (a and b) indicate the same glass substrates, in which adequate waveguides have
been formed. In the case of this sequence of processes, a strong influence of polarization field
“-” on the shape of waveguide of type “A” can be seen (Fig.6a). In the extreme case, for the
values of electric field intensity: E = +4.5 V/mm and E = -18.2 V/mm, the obtained admixture
distribution gives the concave shape of the refractive index profile.

As mentioned earlier, by selecting the duration of a specific state of polarization and electric
field intensity, a specified form of the refractive index profile of the waveguide can be
deliberately produced. Figure 7 presents the refractive index profiles of two waveguides of
type “A” produced in the electrodiffusion processes in which the duration of polarization was
t"=t-=30"and the values of the electric field intensity were E=+18.2 V/mm and E=-9.1 V/mm
respectively. The dependencies n(x) are of almost linear nature. The temperatures of both
processes were T =299°C and 272°C respectively. The resulting refractive index profiles vary
in depth, which is a result of electric mobility of ions depending on the temperature. In the
case of a waveguide produced at a lower temperature, the effect of the diffusion component
on the final form of the shape of the refractive index profile in comparison with the electric
drift is much smaller.
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Figure 7. Refractive index profiles of produced waveguides with shapes close to linear.

As an illustration of the applicability of the sequence of polarization direction changes of the
electric field, Fig.8 shows the refractive index profiles of waveguides produced on both sides
of the glass substrate in the electrodiffusion process, in which six different polarization states
were applied. The total duration of the process was f,,, = 60 min. The durations of each of the
processes were equal and were t*=t-=10". In the case of waveguide of type “A” (Fig.4a), a 12-
modal structure was obtained (TE polarization, A = 677 nm). The shapes of the refractive index
profile of this waveguide are similar to that obtained in the electrodiffusion processes with
fixed polarization direction of the electric field (compare Fig.3b). For the resulting waveguide
of type “B” (10-modal structure) a monotonic course of the refractive index profile with
characteristic inflection point at a depth corresponding to the position of the turning point of
the mode of 3rd order was obtained (Fig.8b). In both figures the total values of the electric
charge that has passed through the substrate in either direction are given.
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Figure 8. The refractive index profiles of the waveguides produced by electrodiffusion processes with a multiple
change of the direction of polarization and of the values of the electric field intensity. The waveguide produced on the
first side of the substrate (a) and on the other side of the substrate (b).
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The presented measurement results of refractive index profiles of waveguides produced in the
electrodiffusion processes (in which there is a change of polarization direction of the applied
electric field) indicate a high possibility of the use of such processes to the intended shaping
of refractive index profiles of produced waveguide structures.

3. Determination of the equilibrium concentration of modifier ions in the
glass

In the theoretical calculations describing the ion exchange processes in glasses a two-compo-
nent model of this phenomenon is adopted [33]. The nonlinear diffusion equation (electrodif-
fusion) is solved in the field of normalized concentration of exchanged ions (admixture ions
introduced into the glass and mobile ions of its modifier). This normalization is made in
relation to the equilibrium concentration, which is the total concentration in the glass of both
types of exchanged ions. The value of this concentration remains constant during the whole
process of ion exchange. This section presents two methods of estimating the value of this
concentration. One of them is based on a calculation of the electric charge flowing through the
glass in the electrodiffusion processes. The second one is based on a measurement of the mass
of the glass substrate before and after the diffusion process. The experimental results are
presented in relation to soda-lime glass, in which the Ag* — Na*ion exchange processes were
carried out.

3.1. The dependence of changes of the refractive index profile of the waveguide on the
electric charge flowing in the electrodiffusion process

In the electrodiffusion process carried out at time T, the amount of the charge Q,, which has
passed through the glass can be determined on the basis of the current dependency i(t):

Q.= j.i(t)dt (4)
0

Taking into account that u(x) = c(x)/c,, where ¢, (m?) is the normalized concentration of mobile
components of the glass, (which is a concentration of mobile modifier ions in the glass before
the exchange process) the equation describing the relationship of the refractive index profile
n(x) with the normalized concentration of the admixture u(x) takes the form:

n(x):nb+Ans-C(X) , ®)

where n, - refractive index of the glass before the ion exchange process, An, - increment of the
refractive index of the glass (caused by the ion exchange process) at its surface, c,(x) - function
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describing the distribution of the absolute concentration of admixture ions introduced into the
glass (m?).

alass e

Figure 9. Determination of the cross section S of the exchange process.

By introducing the function, dn(x) = n(x) - n, from the equation (5) the following can be
obtained.

c(x)=én(x)- 2 (m?) (6)

This equation describes the distribution of concentration of admixture introduced into the
glass, expressed by the parameters of the refractive index profile n(x) and of the equilibrium
concentration c,. Integrating the expression (6) over the entire volume of the glass V, the total
number of admixture ions N, introduced into the glass during the electrodiffusion process in
the time 1 is obtained as follows.

.§%
N, = ic(x)dV = CZn E|;5r1(x)dx (7)

In this equation, S is the surface area of the glass substrate (cross section for the exchange -
Fig.9) which comes in contact with a liquid admixture contained in the crucible. At the same
time the total charge (4), which has flowed through the glass, allows to specify the number of
admixture ions having a valence w, which have been introduced into the glass in the time T

T ) Q
N._= tdr=—-,
ol &
where e - the elementary charge.
Comparing (7) and (8) the following equation is obtained.
T A
[on(x)dx=—""2—.Q, (m) 9
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By calculating the above integral the product Sc, of the cross-section of the exchange and the
equilibrium concentration can be determined.

Table 2 summarizes the results of calculation product Sc, based on equation (9) for several
electrodiffusion processes carried out in the substrate of soda-lime glass, using a pure silver
nitrate AgNO; as the source of admixture of Ag* ions. It also presents the maximum changes
inrefractive index profile An, at the surface of the glass calculated on the basis of the determined
refractive index profiles.

Q. [ontoax @ An, £ T 0)  (min)
t (V/mm)
0.572 0.2967-10° 0.0789 9.1 299 +1 15
1.172 0.5064-10° 0.0846 9.1 299 +1 30
1.774 0.7264-10° 0.0879 9.1 208 +1 45
2.951 1.0289-10° 0.0902 9.1 299 +1 60
3.791 1.3337-10° 0.0912 18.2 301+1 45
4.164 1.2699-10° 0.0916 18.2 298 +1 45
4.240 1.3527-10° 0.0925 18.2 300+1 45

Table 2. Electrodiffusion process parameters.

Figurel0 shows the method of calculating the product of Sc, according to the equation (10) on
the basis of data from Table 2.

The cross-section S for the exchange process shown in Fig.9 is defined by the geometry of the
crucible. During the process it grows as a result of the gradual penetration of the molten salt
into contact area of the glass and the crucible. The electric field is not uniform near the inner
edge of the crucible. Based on the above facts, it is expected that the refractive index profile of
the waveguide in these areas of the glass which are at the edge of the crucible is significantly
different from the form that is obtained in the central portion of the glass plate. The integrals
in Table 2 were calculated assuming a uniform shape of refractive index profile in the entire
area of glass. With these reservations, on the basis of the data from Fig.10, the equilibrium
concentration c, of mobile ions in the glass substrate that was used in the process can be
estimated. Assuming the cross-section of the crucible S = (3.6 £ 0.7)-10* m? identical for all
processes listed in Table 2, the mean value ¢, = (5.7 + 1.5)-10 m® was obtained.

3.2. The glass mass (weight) change due to the Ag* — Na*ion exchange

Another phenomenon accompanying the process of ion exchange in the glass is a change in
the weight of the glass. This phenomenon is the more perspicuous the larger the difference of
the masses of exchanged ions. This is easy to observe in the case of heavy silverions Ag*, which
replace the mobile sodium ions Na* in the glass. For this type of exchange (Ag* — Na®) this
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Figure 10. The calculation of the product Sc, according to (10).

effect will be greater if the sodium modifier is more in the glass. The difference of the masses
of atoms (silver m ,, and sodiumi ;) can be expressed as:

AM =in, -, =—2 N (10)

where M, and My, - molar masses, N, - Avogadro’s number.

Figure 11. The cross section of a glass plate with a marked depth d of doped region.

The glass mass difference caused by the ion exchange can be calculated based on the amount
of the ions N, exchanged in the glass:

Am=m,-m,=N,-AM , (11)

where m,, m, - glass masses before and after the ion exchange process respectively.

In the case of planar waveguides the amount of ions exchanged in the glass can be estimated
by measuring their refractive index profile n(x). The x coordinate is calculated here into the
glass (on the surface x = 0) to the direction perpendicular to its surface. This profile can also be
described theoretically using the normalized concentration u(x) of admixture ions introduced
into the glass - see equation (5).
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Thus, appearing in equation (11), the quantity of ions exchanged in the glass N, can be
expressed as follows:

N, =8 [c,(x)dx =Sc, - [u(x)dx, 12)
0

0
where S - the total glass surface through which the ion exchange process was conducted, d -
the depth of the area of doped glass (Fig.11).

On the basis of (10-12), the weight change of the glass due to the ion exchange of Ag* — Na*
is expressed in the equation:

Am :MCOS~Iu(x)dx (13)

The above relationship shows the possibility of estimating the equilibrium concentration ¢, on
the basis of experimentally designated values: Am, S and the refractive index profile n(x) of
produced waveguide.

d d
K Am (g) S (mm?) '[u(x)dx(ym) S -fu(x)dx(mm 3) T..e(°C) t(h)

0 0
1 0.0147 2995.37 6.09 18.24 295+1 2.12
1 0.0088 2515.12 471 11.84 290+1 1.38
0.01 0.0183 2258.58 10.71 24.19 353+1 3.24
0.001 0.0056 2184.85 3.09 6.75 354+1 7.35
0.001 0.0057 2210.15 3.31 7.31 354+1 7.52
0.0005 0.0058 2134.67 2.83 6.04 352+1 23.33
0.00025 0.0029 2341.48 1.57 3.67 355+1 26.02
0.00025 0.0036 2383.02 1.49 3.55 354+1 26.00
0.00025 0.0030 2205.24 1.44 3.17 354+1 26.00

Table 3. Mass change of glass substrates in the diffusion processes and the integrals of the normalized concentrations
of the admixture.

Table 3 shows the results of an experiment involving the determination of weight increase of
glass plates subjected to processes of diffusion doping with Ag*ions. The substrates were made
of soda-lime glass (Menzel-Glaser Company). This glass contains a large amount of sodium
oxide Na,O. Thus in the case of Ag* — Na*, a considerable increase of the weight is obtained.
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Chemical composition in % by weight of the glass [38]: 72.2% SiO,, 14.3% Na,O, 6.4% CaO,
4.3% MgO, 1.2% AL, O;, 1.2% K,0, 0.3% SO,, 0.03% Fe,O,. Diffusion processes were carried out
with a liquid source of admixture. The silver nitrate AgNO; and its sodium nitrate NaNO,
solutions have been used. These solutions are determined by the molar fraction x [39] listed
in Table 3.

Figure 12 shows the dependence of the mass increase of the glass substrates from the product
of the total surface of the glass and the integral of the normalized concentration of the
admixture (Ag" ions).
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Figure 12. The dependence of the mass increase of the sample on the product of its surface and the integral of the nor-
malized concentration of the admixture.

This dependency is based on the results shown in Table 3. For : M, = 107.87 (g/mol), My, =
22.99 (g/mol), N, = 6.02-10% (mol™), the following equation is obtained: A/c, = 1.41-10* (g).

Determined by this method the value of the equilibrium concentration in the glass is: ¢, = A/
1.41x10% = (5.6 £ 0.2) 10¥(m).

The results of the equilibrium concentration ¢, obtained by integrating the electric charge
(Section 2.1) and by method of weighing presented here, comply within the limits of uncer-
tainty calculation.

4. Optical birefringence phenomenon of the gradient area as the effect of
ion exchange

Ion exchange in glass processes with the use of liquid source of admixture ions, among which
the most widely used are nitrates, are carried out at temperatures much lower than transition
temperature of glasses T,. For example, for the borosilicate glass BK-7 (Schott), which is widely
used in these processes, the temperature T, = 557°C [40] is much higher than the temperature
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Ty = 400°C of the implementation of the K* — Na* ion exchange processes with the use of
liquid potassium nitrate KNO; as the source of K* ions. In such cases, changing the refractive
index of the glass in its surface area where the ion exchange occurs is due not only to the
difference of their electric polarizability, but also the result of the elastooptic phenomenon
generated by mechanical stresses resulting in this area [41]. These stresses are the result of
changes in the volume of glass in the doping area, which results from the difference of ionic
radii of components exchanged as well as the difference in thermal expansion between the
doped region and the rest of the glass.
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Figure 13. Comparison of refractive index profiles of planar waveguides produced in soda-lime glass doped with ions:
Ag" (a) or K* (b) with the refractive index profiles produced in BK-7 glass doped with ions: Ag* (c) or K* (d).

The ionic radii of the most commonly used admixtures K* and Ag* are 1.33 A and 1.26 A [41]
respectively. Thus, in relation to the ionic radius of sodium (0.95 A [41]), which, due to one of
the lowest binding energies with glass network, is its most easily replaceable component, the
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change in volume in the case of K* «—— Na" exchange is much larger than in the Ag* — Na*
exchange. After completion of the process, when the glass is cooled to alow room temperature,
a resulted difference generates stress in the doping area of the glass. Also, the difference in
thermal expansion of the doping area, in relation to the rest of the glass, makes a significant
contribution to the resulting stress. According to the principle of additivity [41], the coefficient
of thermal expansion of glass is:

@=L (14)

where a; and c; represent, the coefficient of thermal expansion and the mole fraction of i-th
component in glass respectively.

The coefficients of thermal expansion for sodium and potassium are ay, =39.5-10° K and
o = 46.5-10° K1 [41] respectively. These values are related to the concentration of Na,O
and K,O in the glass. These data indicate that ion exchange processes of K* — Na* in the
glasses will be accompanied by the generation of significant mechanical stresses. The
presence of these stresses in the waveguide layer of the glass is apparent in the propaga-
tion of the electromagnetic wave. A difference in propagation constants of the modes of the
same order occurs for a monochromatic wave depending on its state of polarization. This
phenomenon is called stress birefringence. Its scale depends on the type of glass and the
admixture into the glass. This is illustrated in Fig.13, in which the refractive index pro-
files of planar waveguides produced in two types of glass (soda-lime and BK-7) by doping
them with silver ions Ag* and potassium ions K* are presented. These profiles were
determined by measuring the propagation constants for the two polarization states: TE and
TM. Measurement uncertainties of the effective refractive indices of the modes do not
exceed 3:10% In all the presented refractive index profiles, the modes with TM polariza-
tion have bigger values of effective refractive indices. As there is only a polarization mode
dispersion it is therefore inversely than in the case of a waveguide without stresses.

Type of admixture ions

Type of glass
Ag" K*
soda-lime 1, p=1.6049 An, 1:=0.0959 n,=1.5163 An,1=0.0073
n,;=1.5090 n, 1=1.6062 An, 1,=0.0972 n,n=1.5176 An, 1=0.0086
BK-7 n, 1=1.5929 An, 1:=0.0792 n, =1.5219 An, 1:=0.0082
n,=1.5137 1, 1=1.5939 An 1,=0.0802 n, 1=1.5238 An3,=0.0101

Table 4. Changes in the refractive index (for A = 677nm) at the glass surface depending on the type of admixture ions
(data provided by refraction profiles of Fig.13).

For each case of the refractive index profile shown in Fig.13, the relative change in the refractive
index at the glass surface for both polarization states, in relation to the TE polarization, has
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been shown. These figures can provide a quantitative measure of the scale of the birefringence
when comparing this phenomenon in various glass-admixture systems. A comparison of Fig.
13a,c shows that the size of the birefringence due to the doping of both types of glasses with
the silver ions Ag* is practically the same, although the changes in refractive indices at the
surface differ quite significantly (Table 4). In the case of doping both kinds of glass with
potassium ions K* the measure of the birefringence defined above is significantly higher in the
case of BK-7 glass.

4.1. Refractive birefringence and modal birefringence

In the description of the phenomenon of birefringence, which extends over the entire doping
area of glass, we can use the concept of birefringence as a function whose domain is the depth
of doping area of the glass, or the row of modes. The following definitions of stress birefrin-
gence refractive dn, and modal dN,, are introduced.

Refractive birefringence is determined by the refractive index profiles for the TE and TM
polarization of the waveguide structure and is a function of the depth x counted from the glass
surface:

5ng(x):nTM(x)—nTE(x) (15)

The modal birefringence concerns the difference in the effective refractive indices of the modes
of the same order for the TE and TM polarization. This value is a function of the mode order:

SN, (m)=Np, (m)=N(m) (16)

The sense of the values incorporated herein is illustrated in Fig.14. Refractive birefringence
describes the difference in the refractive indices of the refractive index profiles for the TE and
TM polarization that occur at a depth x in the waveguide. It is related to the stresses arising in
the glass, in relation to the concentration of admixture introduced into the volume of the glass
during the ion exchange processes. Function dn,(x) reaches a maximum at the glass surface
(x=0) and decreases monotonically to zero at the point of glass, which was not reached by the
admixture. The modal birefringence can be determined only for those rows of modes for which
simultaneously there exist modes of both TE and TM polarization.

4.2. The relationship between birefringence and stresses

Quantification of changes in the refractive index of glass, in which the mechanical stresses
arise, requires knowledge of the nature of the stress and elastooptic constants of the glass. The
resulting stresses in the doped glass are of compressive nature [41]. In the case of a planar
waveguide structure, for which the doped region extends from the surface into the glass, there
is a one-dimensional distribution of the admixture concentration. In a direction perpendicular
to the surface of the glass the doped region is free to deform, as a result of which at this direction
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Figure 14. Determination of refractive birefringence and modal birefringence in the planar waveguide.

the stresses do not occur o,,(x) = 0. In contrast, at the directions parallel to the glass surface,
the stresses generated in the doped area will be the same: 0, (x) = 0,,(x). The geometries of the
directions of the stresses are shown in Fig.15. These stresses are the functions of a depth x only,
the same as one-dimensional concentration distribution of the admixture introduced into the
glass.

e
S

~

o (x)=0 Tx

Figure 15. The geometries of the directions of the stresses in a planar waveguide.

Changes in the refractive index of the glass, which result from the generated stress, are
determined by the elastooptic constants [42]:

dn m? dn m?
c Ay [m) o _dn fm 17
' do [ Nj 2 do [ N] (17)

In the above equations, dn, and dn mean the differentials of change in refractive index for the
wave with polarizations respectively parallel and perpendicular to the direction of stress o.

The refractive index profiles npy(x) and nyg(x) for the waveguides with TM and TE polariza-
tions, propagating in the direction of the axis z (Fig.15), in a waveguide are (in the presence of
stress) described by the Maxwell-Neumann equations [41,43]:
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Nt (x) =1, (x) +Co,, (x) +C, [va (x) +o,, (x)}

e (x) = (x) + ClO-J/X (x) + CZ [O-xx (x) +t0, (X)J / (18)

where ny(x) is a refractive index profile of the waveguide in the absence of stress.

After taking into account the assumptions: 0,,(x) = 0 and 0,,(x) = 0,(x) = 0(x), the equations
(18) reduce to the following form:

-~ (x) =n, (x) + 2C20'(x)

Mz (x):nO (x)+(cl +C2)G(x) (19)

These relationships enable us to align the birefringence of refraction (15) with the distribution
of stress o(x):

5n0(x):nTM(x)—nTE(x):(C2 —Cl)o(x) (20)
The elastooptic constants for the BK-7 glass for the wavelength of A = 677 nm are [40]:
C,=-05:10° (mm*/N) C,=-33-10° (mm’/N) 1)

They allow to specify the value of the stress generated in the doped area of the glass. As it
stems from the equation (20):

o (x)= 2 (sz):ZTE(x) (22)

The maximum stresses which occur at the surface of the BK-7 glass (x = 0), by doping it with
potassium ions K* and silver ions Ag", can be determined based on the data presented in Table
4. They are |0(0)x, | =678 (N/mm?) and 10(0),,. | =375 (N/mm?) respectively.

Figure 16 illustrates the distributions of stresses occurring in the BK-7 glass after the diffusion
processes of potassium ions K*, and silver ions Ag*, depending on their normalized concen-
trations u. This presentation allows to compare these functions, defined on the basis of different
refractive index profiles.

4.3. The dependence of stress birefringence on the duration of the diffusion processes

During the doping of the glass, the emerging stresses are also accompanied by the relaxation
processes. They are reflected in the reduction of the role of stresses in the changes of the
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Figure 16. The dependence of stresses on normalized concentration of admixture in the BK-7 glass.

refractive index of the doped area of the glass. This phenomenon can be observed by comparing
the refractive index profiles of waveguides produced in processes with different diffusion
times.

The tests were carried out on BK-7 glass doped with potassium ions K* in the diffusion
processes lasting from 24 to more than 500 h. The resulting waveguide structures were
multimode. This guaranteed the fidelity of reconstruction of their refractive index profiles.
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Figure 17. Refractive birefringence (at the glass surface) and modal birefringence, depending on the duration of the
diffusion process.

The methodology of the experiment was as follows: 21 glass substrates made of BK-7 glass
with the dimensions: 8 x 30 x 1.5 mm were prepared. They were polished on one side and then
placed in the holders of silica glass tubes, allowing their individual extraction from the crucible
containing the molten potassium nitrate. Due to the long duration of the process, the volume
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of salt (KNOj) filling the crucible was large (~300 cm?). During the entire process, the molten
salt was continuously stirred. This ensured thermal and concentration uniformity for the entire
bath. On alternate days an additional portion of salt was introduced into the crucible in order
to supplement salt losses as a result of evaporation. From all the 21 substrates placed at the
beginning of the process in the crucible, one was removed every 24 h. This substrate, after
cooling and washing in distilled water, was subjected to further testing. The duration of the
whole process was 504 h. The temperature of the salt in the crucible was measured with a
thermocouple and recorded continuously. The averaged temperature was (399 + 1)°C.

The measurements of synchronous angles of modes in produced waveguides were performed
using a prism coupler [33] made of PSK-3 glass (of Schott company). They were carried out
for a wavelength A = 677 nm and the TE and TM polarization. The effective refractive indices
of the modes N, calculated on their basis have the uncertainty of measurement at the level of
AN,, =0.0002.

Figure 17 shows the change in the refractive birefringence dn,(0) at the surface of the wave-
guides and in modal birefringence dN,(m) for the modes of 0-6 row, depending on the duration
of the diffusion process. The course of the changes don,(0) indicates a decrease in the birefrin-
gence on the surface of the waveguide with increasing duration of the diffusion. In contrast,
the courses of modal birefringence tend to increase with the diffusion time. However, the
nature of this growth is a function of the order of the mode. In the case of a zero-order mode,
even a downward trend can be seen. The strongest increase in birefringence occurs for the
modes of higher-order. The modal birefringence (16) is not related to the location in the
waveguide, where there is a defined concentration of the admixture. It can be however
assumed, that it reflects the nature of the stresses associated with the depth of diffusion of
admixture into the glass.

4.4. The changes of stress birefringence in the heating processes

The relaxation phenomenon of a waveguide layer, in which the doping of the glass resulted
in the appearance of stresses, is clearly visible after the heating processes. In order to observe
this phenomenon, in the BK-7 glass the long-term heating processes were implemented in
relation to the waveguide produced by the diffusion process of KNO; in 72 hours [44]. The
durations of these heating processes, after which the measurements of effective refractive
indices of modes for both polarization states made were 24, 48, 96, 192, and 384 h respectively.
The temperature of the heating processes was (399 + 1)°C.

Based on the determined effective refractive indices, the refractive index profiles of the
waveguides were reconstructed and their modal birefringence as well as the refractive
birefringence at the surface of the glass was estimated. The nature of the changes of these values
depending on the duration of the heating process is shown in Fig.18a.

Birefringences for the time t = 0 shown in the graphs represent the values of these terms after
the diffusion processes. In the case of the refractive birefringence at the glass surface, the
character of its changes is always a decreasing function of the duration of the heating process.
Whereas, for the modal birefringence, the course of the dependence of dN (m) from the
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duration of the heating is dependent on the order of m mode, which can be clearly seen in the
cases of the modes of higher order. For the modes of 5th and 6th order (Fig.18a), the increase
of the heating duration in the first 25 h is accompanied by the increase of the birefringence.
This effect can be explained by the generation of stresses in the deeper areas of the glass, which
are reached by the admixture due to the diffusion widening of the doping area during the
heating of the waveguide structure.

On the basis of equation (22) and elastooptic constants (21) it can be calculated how the stresses
at the glass surface change as a result of the heating processes. A graph of this relationship is
shown in Fig.18 b. There can be seen that after a heating time of about 50 h, the value of stresses
at the glass surface decreases to half its value after the diffusion process.
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Figure 18. Refractive birefringence (at the glass surface) and modal birefringence depending on the time of the heating
process T;.,=(399 £ 1)°C (a). Changes in stresses at the glass surface in the heating processes (b).

5. Repeatability of the technological effects of diffusion manufacturing
processes of gradient changes in the refractive index of glasses

The ion exchange in glass method can be considered as a technological method. With its use,
the predictable and repeatable results are obtained. Those effects are the changes in glass
refraction, which are of a gradient character. They are described by the refractive index profiles.
Determination of the refractive index profiles is easy to implement in the case of planar
waveguides. For this purpose a waveguide method with the use of selective excitation of
modes using a prism coupler is used [33]. In this method, the measurements of synchronous
angles are used, for which excitations of waveguide modes are obtained. Such measurements
are made using a goniometer. Precision of the measurements of these angles is at the level of
several tens of seconds. Based on the measured synchronous angles, the effective refractive
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indices of the waveguide modes are calculated. The uncertainties of their determination are at
the level of 10*. Based on the set of effective refractive indices of modes, a reconstruction of
the refractive index profile of the waveguide is performed. For this purpose the procedure
proposed in 1976 by White and Heidrich [45] is used. This procedure is based on the mode
equation of the waveguide. Its specific application is shown in [33] (p.169).

The control of technological processes of diffusion doping of glasses in the ion exchange
processes was proposed in the work [33] (p.181). The described method is used in producing
one-dimensional planar waveguides. The basis of this method is to determine the temperature
dependences of diffusion coefficients of ions exchanged in a glass-admixture system. Knowl-
edge of these relationships allows to calculate the kinetics of diffusion process in the current
process temperature. This is done by measuring the temperature of the process carried out by
a thermocouple placed in the immediate vicinity of the glass plate. This measurement occurs
at defined points in time t,. Moments of the temperature measurement are a total multiples of
At time step which is numerically integrated over one-dimensional diffusion equation [33] (p.
177):

du _ D,e™ az_u N D e [a +(1—u)AJ —u(l —a)z DOBBeB(lfu) [a_u)zl )

ot l-au 0x° (1—au)2 ox
where

D
a=1—D—°A~exp[u(A+B)—B] (24)

0B

In the above equations, u(x) is a function describing the distribution of normalized concen-
tration of admixture ions introduced into the glass. Dy, Dy, A, and B are coefficients that
describe the functional dependence of diffusion coefficients of admixture ions D,(u) and the
modifier Dg(u) on normalized concentration of admixture introduced into the glass. These
functions have the form [33]:

D, (u) = DerAu' D, (u) = DoBeB(l-u) (25)

The dependence of coefficients Dy, and Dy on temperature is described by Arrhenius equa-
tions:

D,,(T) =Dy, ~exp(—%J (i=AB), (26)

where AQ; - activation energy of the i-th ion type, R - universal gas constant.

The function u(x,t), which is a solution of the equation (23), transforms into one-dimensional
refractive index profile n(x,t) according to the relation (5):
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n(x,t) =n,+An_ -u(x,t) (27)

Thus, solving the diffusion equation is carried out in parallel with the realization of the
diffusion process. The diffusion coefficients appearing in this equation are calculated at points
in time t, based on the knowledge of their temperature dependencies. In this way the course
of the process temperature T, = T(t,) by the diffusion coefficients Dy,(T,) and Dg(T,) affects
the form of solution u(xt,) of the diffusion equation (23). On the basis of equation (27) the
dependence of function describing the refraction distribution in the glass n(x,t,) is obtained.
In turn, with the use of equation (28), the effective refractive indices of the modes N, (t,)
corresponding with the refractive index profile n(x,t,) are calculated (for the assumed wave-
length and state of polarization). The modal equation in the case of planar optical waveguides
with a monotonic refractive index profile has the form:

X

kof\/nz(x,tp)—an(tp)dx=ﬁ(m+%j+arctg r|—r <
0

(28)

where k,, - wave number of an electromagnetic wave in a free space, x, - position of the turning
point of the m-th mode, n(xt,) - refractive index profile of the waveguide, N,(t,) - effective
refractive index of the m-th mode, n, - refractive index of the ambient (coverage) of the
waveguide, n, - refractive index of the waveguide at the glass surface, r=1 (for TE polarization),
= (ny/n.)* (for TM polarization).

Visualization of the refractive index profile n(xt,) and the resulting set of the effective
refractive indices of modes N, (t,) provide a direct control of the diffusion process. After the
process, the duration of which was tyy, a registered final refractive index profile of the glass
n(x,ty,) and a set of effective refractive indices {N,.(ty): 7 = 0,1...M-1} (M - number of modes)
are obtained. Figure 19 schematically shows the principle of control of diffusion processes
described earlier [46].

During the diffusion process control using the method mentioned earlier, the heat uniformity
of the source of admixture has to be ensured. This is achieved by continuous mixing of the
contents of the crucible. Thermocouple used to the measurements of the process temperature
should be as close as possible to the glass substrate. The fulfillment of these conditions in the
implemented technological processes was provided by a special handle made of silica glass
(for details see [33] p.182).

In the continuation of this section the results being comparisons of effective refractive indices
were presented. These comparisons relate to the effective refractive indices of modes calculated
(Neare) during the diffusion process control with the results obtained from the measurements
(Npneas) Of produced waveguides. The quantity of such comparisons are the absolute values of
the differences of these values IN,, - N...;| calculated for each row of mode m. They were
made for three types of glass substrates and two kinds of admixture ions. The glass substrates
were: soda-lime (of Menzel-Glasser company), BK-7 (of Schott company), and Pyrex (Borosi-
licate 33 of Corning company). The used admixture ions were silver ions Ag" (source: silver
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Figure 19. The principle of the diffusion process control in real time based on temperature measurements.

nitrate AgNO;) and potassium ions K* (source: potassium nitrate KNOs). Table 5 summarizes
the types of glass and the admixture ions, for which the temperature characteristics of diffusion
coefficients were designated. The measurements of effective refractive indices of waveguide

modes were performed for a wavelength A = 677 nm (TE polarization).

Type of Ion exchange Source of Diffusion coefficients A=677 nm
glass type ions AQ/R (K) In(Dyx ) AQy/R (K) In(Dys ) ny An
Soda-
lime Agt— Na* AgNO; 1.1086 10* 19.894 9.2988 10° 19.017 1.5105 0.0952
BK-7 K* — Na* KNO, 1.5786 10 22.740 1.3376 10 19.688 1.5137 0.0079
Pyrex Ag'— Na" AgNO, 1.0771 10* 18.847 1.1044 10* 20.349 1.4678 0.0190

Table 5. The types of glass and admixture ions.
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Table 6 summarizes a comparison of the waveguides produced in the soda-lime glass. In this
glass the kinetics of Ag* — Na"ion exchange is the highest among the other glass-admixture
systems. A planar 3-modes waveguide is formed during a diffusion process with duration of
4 min. For the Ag* — Na" ion exchange in this glass the largest absolute differences N -

Npeas| here are of the order of 10°.
tage=3h, T, .= 288°C tae = 4h, T, .= 280°C taiee = 5h, T, = 260.4°C

" Neaie Nocas I Neate Nineas | Neaie Nineas [ Neate Nineas | Nt Nineas I Nate Nineas |
0 1.5924  1.5939 0.0015 1.5926  1.5938 0.0012 1.5906  1.5905 0.0001
1 1.5823  1.5833 0.0010 1.5826  1.5833 0.0007 15794 15786 0.0008
2 1.5744  1.5752 0.0008 1.5748  1.5752 0.0004 1.5702  1.5696 0.0006
3 1.5675  1.5682 0.0007 1.5679  1.5683 0.0004 1.5621 1.5614 0.0007
4 1.5611  1.5619 0.0008 1.5616  1.5620 0.0004 1.5544  1.5537 0.0007
5 1.5551  1.5558 0.0007 1.5555  1.5559 0.0004 1.5468  1.5463 0.0005
6 15492  1.5499 0.0007 1.5497  1.5501 0.0004 15392  1.5388 0.0004
7 1.5433  1.5440 0.0007 1.5438  1.5442 0.0004 1.5313  1.5313 0.0000
8 1.5373  1.5382 0.0009 1.5379  1.5384 0.0005 1.5235 1.5233 0.0002
9 15314 15323 0.0009 1.5319  1.5326 0.0007 15163  1.5162 0.0001
10 15254 1.5265 0.0011 1.5259  1.5268 0.0009
11  1.5196 1.5206 0.0010 15201  1.5209 0.0008
12 15143 15151 0.0008 1.5147  1.5153 0.0006

Short time diffusion processes

tye =15, T,..= 300°C tye =8, Tyoe= 300°C tue =4, T,.=302°C

" Nt Noeas I Neate Nineas | N Nineas I Neate Nineas | N.aie Nineas I Neate Nineas |
0 15805 1.5811 0.0006 15751  1.5760 0.0009 15712 1.5690 0.0022
1 1.5615 1.5621 0.0006 1.5513  1.5520 0.0007 1.5430  1.5389 0.0041
2 15454 1.5458 0.0004 1.5295  1.5310 0.0015 15154 15109 0.0045
3 1.5294  1.5297 0.0003
4 1.5140  1.5143 0.0003

Table 6. Diffusion processes in soda-lime glass. Ion exchange Ag*~— Na". Source of admixture ions: AgNO;. A =677
nm, polarization TE.

The diffusion processes of K* — Na* ion exchange are the slowest in the BK-7 glass. Table 7
shows a comparison of the effective refractive indices of the modes for diffusion processes
lasting from 48 h to 216 h. The temperatures of these processes were approximately 400°C. In
these cases, the differences of effective refractive indices of modes are of the order of 10*. The
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same differences occur in the control of the heating processes carried out in BK-7 glass. Table
8 presents the results referring to the heating processes for a waveguide produced in the
preliminary diffusion process: tg = 74.3h, T,,. = 401.2°C then subjected to heating. The
temperatures of heating processes were at 445°C. The durations of the heating processes were
1h, 2h, and 4 h respectively.

t = 48h, T, .= 401°C ty = 74.3h, T, = 401.2°C ta = 216h, T, = 399°C
" Nue  Npes INute Nypeas | Nae  Npws  NeweNpeo!  Nae Npeo 1Neae Npess|
0 15189 15193 0.0004 15193  1.5194 0.0001 15199 15203 0.0004
1 15171 15174 0.0003 15177 15177 0.0000 15187 15190 0.0003
2 15157 15161 0.0004 15164 15166 0.0002 15178 15180 0.0002
3 15146 15150 0.0004 15154 15156 0.0002 15170 15173 0.0003
4 15139 15142 0.0003 15146 15149 0.0003 15163 15166 0.0003
5 15140 15142 0.0002 15157 15160 0.0003
6 15151 15155 0.0004
7 15146 15150 0.0004
8 15142 15146 0.0004
9 15139 1.5203 0.0004

Table 7. Diffusion processes in BK-7 glass. Ion exchange K*«— Na". Source of admixture ions: KNO;. A = 677 nm,
polarization TE.

Table 9 shows the results referring to the Pyrex glass (Borosilicate 33). Also in this case the
differences of calculated and measured effective refractive indices of modes are of the order
of 10*. The kinetics of Ag* — Na" exchange processes in this glass is moderate. The single-
mode waveguides are formed during 1 h and at a temperature of about 290°C.

ty = 74.3h, T, .= 401.2°C + ty = 74.3h, T, .= 401.2°C + ty = 74.3h, T, = 401.2°C +
m thea = 1h, T, .= 445.8°C thea = 2h, T, .= 445.5°C thea = 4h, T, .= 446.3°C
Nue  Npwo  Nee Noeao! Nue  Npeo  INewNpeo!  Nae Npeo 1 Newe Noess!
0 15191 15190 0.0001 15189 15186 0.0003 15186  1.5182 0.0004
1 15177 15176 0.0001 15176 15173 0.0003 15175 15171 0.0004
2 15165 15165 0.0000 15165 15163 0.0002 15165 15163 0.0002
3 15156 15156 0.0000 15156 15155 0.0001 15156 15155 0.0001
4 15148 15149 0.0001 15149 15147 0.0002 15149 15149 0.0000
5 15142 15142 0.0000 15142 15142 0.0000 15143 15143 0.0000
6 15138 15138 0.0000

Table 8. Heating processes in BK-7 glass. Ion exchange K*~— Na*. A =677 nm, polarization TE.
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The results of comparisons of calculated and measured effective refractive indices confirm the
effectiveness of the method of control of the diffusion processes. It is based on the best possible
determined temperature dependence of the diffusion coefficients of exchanged ions for the
given glass-admixture system. The described method allows to guarantee the repeatability of
effective refractive indices at the level of AN ~107.

This method can also be used to control the production of two- and three-dimensional
structures in gradient glasses.

tae = 21h, T, .= 275.6°C taie = 23h, T, .= 281.1°C taie = 22h, T, .= 292.1°C

" Naic Nineas I Nt Nineas | Naic Nineas I Nt Nineas| Naic Nieas I Naaie Nineas|
0 14816  1.4812 0.0004 14820  1.4817 0.0003 1.4825  1.4833 0.0008

1 1.4775 1.4771 0.0004 1.4783 1.4779 0.0004 1.4792 1.4795 0.0003

2 1.4742 1.4738 0.0004 1.4753 1.4749 0.0004 1.4766 1.4766 0.0000

3 1.4714 1.4710 0.0004 1.4727 1.4723 0.0004 1.4742 1.4741 0.0001

4 1.4691 1.4689 0.0002 1.4705 1.4700 0.0005 1.4721 1.4719 0.0002

5 1.4687  1.4684 0.0003 1.4703  1.4700 0.0003

6 1.4688 1.4686 0.0002

Short time diffusion processes
tyqe = 3h, T,,.= 286°C tye = 2.9, T, = 287°C tyee = 1h, T,..= 289°C

" Naic Nineas I Nt Nieas | Naic Nieas I Naaie Nineas| Naic Nieas I Naaie Nineas |
0 1.4780 1.4777 0.0003 1.4781 1.4791 0.0010 1.4750 1.4742 0.0008

1 1.4713 1.4714 0.0001 1.4713 1.4718 0.0005

Table 9. Diffusion processes in Pyrex glass. Ion exchange Ag*<— Na". Source of admixture ions: AgNO;. A =677 nm,
polarization TE.

6. Conclusions

The chapter presents selected aspects of the ion exchange in glass processes in terms of changes
in the refractive index. The processes of electrodiffusion doping of soda-lime glass with Ag*
ions have been described. Such processes, which are carried out with a change of polarization
of the electric field, enable the production of refraction changes of the glass with refractive
index profile of various characters. Using the electrodiffusion processes with a fixed polari-
zation of electric field, the equilibrium concentration of mobile ions in the glass was estimated.
These results were confirmed by a method based on glass substrates weighing before and after
the diffusion process. The results of experimental studies of stress birefringence in BK-7 glass
doped with potassium ions K* were also presented. Ion exchange processes K* — Na* in the
glass were carried out during more than 500 h. It also presents the results of changes of these



Producing the Gradient Changes in Glass Refraction by the lon Exchange Method — Selected Aspects
http://dx.doi.org/10.5772/60641

stresses in the long-term processes of glass heating. The final part of the chapter presents the
results of a control of the diffusion and heating processes in a real-time implementation of
these processes. The described method of controlling these processes allows to obtain a high
repeatability of the effects of the ion exchange in glass.
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Abstract

In this work, DC electric field-assisted ion exchange was carried out to enhance the
sodium-potassium inter-diffusion and improve the mechanical performance of
borosilicate glass. Electric fields with intensity varying between 100 V cm™ and 3000
V cm™? were applied in both direct and inverted polarizations. Four point bending test
and the Vickers indentation method were used to characterize the mechanical
properties. Energy dispersion x-ray spectroscopy was carried out to determine the
potassium concentration within the surface layers of the samples.

The analysis of the potassium concentration profile near the surface shows that the
external electric field governs the ion exchange process and it is possible to send
potassium ions down to a depth of 45 um in only 5 min. By plotting the electrical
current versus time, it is revealed that the process stops after a certain saturation time.
Vickers indentation measurements show that the compressive residual stress in the
samples treated under electrical field is 3 times higher than that obtained by conven-
tional chemical tempering. The bending strength of samples prepared by reversing
the field direction is higher than that measured in specimens treated only on one side
due to the symmetrical distribution of the stress on both sides.

Keywords: Field-assisted ion exchange, Borosilicate glass, Mechanical properties

1. Introduction

During the ion exchange process on glass, some ions in the materials are replaced by new ions
from the liquid that can modify the physical and chemical properties locally [1-3]. The ion

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



140

lon Exchange - Studies and Applications

exchange process has been widely used to change the reflective index in a selected area of glass
for producing waveguide devices [4, 5]. Starting about 50 years ago, ion exchange has been
employed also to improve the mechanical properties of silicate glass [1].

Surface defects are responsible for the limited glass resistance and its large scatter [6]. The
creation of a compressive stress layer in the surface of the material can limit the formation or
propagation of flaws and improve the mechanical properties; thermal and chemical tempering
of glass are two main methods for producing a compressive stress in the glass surface. The
thermal method is widely used to make windows and other transparent flat structural
components [2, 7].

The ion exchange or chemical strengthening of glass was almost abandoned for many years
because of the high processing cost and long-duration process. In recent years, this method
has been reconsidered because of the possibility of mechanical treatment after strengthening,
the applicability to complicated shape and limited thickness components, and the absence of
optical distortion [8].

The ion exchange process is typically carried out by immersing the components made of a
glass containing lithium or sodium in molten potassium nitride salt. The process can be carried
out at a temperature between the melting point of the salt and the transforming temperature
of the glass and takes times in excess to 4 h, depending on the required depth for the com-
pressive stress layer. After finishing the process, the samples are removed from the bath and
the salt on the surface is simply washed out by water [2, 9].

The ion exchange process can be considered as an inter-diffusion reaction between the mobile
ionsin glass and the cations in the molten salt while the other glass components are considered
as an immobile matrix of negative groups [10-13]. An external electric field can be the source
of an extra driving force for the inter-diffusion of the mobile ions. This process is known as
electric field-assisted ion exchange (EF-IOX) and it has been used especially for manufacturing
waveguides [4, 5, 14, 15]. Three different procedures have been proposed. In the first one, a
thin metal film as a source for ions is applied on the glass surface and the application of an
electric field induces the oxidation/reduction at the interface with glass that generates cations
that move into the glass on the anode side, creating the chemical concentration profile [5, 16,
17]. Alternatively, a molten salt can be used as the ion source at only the anode side of the
sample, the cations at the anode side penetrates into the glass under the field [5]. In the last
approach, the sample acts as a wall, separates two molten salt baths and each bath is connected
to an electrode; by applying the electric field the cations in the salt start moving in the direction
of the electric field [4, 5, 14].

By considering the ions flow and the electrical charge neutrality balance, different mathemat-
ical modelling have been proposed for the ion diffusion during the exchange process [18]. For
a large enough field, the concentration of exchanged ions, at distance x from the surface and
at time t, can be defined as:

C _
C(x,t)zj’erfc(xzx/gtj 1)



Electric Field-Assisted lon Exchange of Borosilicate Glass Tubes
http://dx.doi.org/10.5772/60805

where C; is the surface concentration of the ions, E the applied electric field, u the ion mobility,
and D the inter-diffusion coefficient [8]. Thermal diffusion does not play an active role and the
migration of ions is governed by the electric field, only. Consequently, a step-like profile is
generated in a short period of time for the ions concentration [9]. The long range migration of
cations in the glass allow to produce a deeper compressive layer [18, 19].

Field-assisted ion exchange has been limitedly studied with the aim of improving the me-
chanical properties during the 1970s [20]. The main problem was the unbalanced residual stress
that caused the deformation of the samples.

In this work, we performed electric field-assisted ion exchange on commercial borosilicate
glass tubes, thus avoiding the problems associated with the deformation of the samples. The
aim was to analyze the possibility of using an external field for speeding up the ion exchange
process and obtaining improved mechanical properties.

2. Experimental procedure

Borosilicate test tubes from commercial sources, Fiolax clear, Schott, were used in this study.
The glass transition temperature was measured by the differential scanning calorimeter (DSC)
(DSC2010, TA Instruments, USA) method [21]. The chemical composition and the physical
properties of the glass are shown in Table 1 [22]. The tubes having nominal thickness and outer
diameter of 0.5 mm and 11.8 mm, respectively, were cut in 100 mm long samples. The limited
thickness of the tubes allows thermal equilibrium between the sample and the salt bath during
the process.

Chemical composition (wt%) Physical properties
Sio, B,0, ALO, Na,O CaO  Density (g/cm®) Glass transition temperature (°C)
75 10.5 5 7 1.5 2.34 582

Table 1. The chemical composition and the physical properties glass tubes used for ion exchange

The samples were ultrasonically cleaned in distilled water for 5 min, washed with acetone and
air dried. They were treated in a modified lab furnace schematically reported in Figure 1. One
sample at a time was treated but current and applied voltage were constantly monitored and
controlled during the process to guarantee a similar procedure for all samples. The applied
electric field varied between 100 to 3000 V cm™ and the current density was limited to 4, 8, and
16 mA cm™ The samples were kept over the bath for 20 min before the process as a preheating
step; then, they were filled with molten salt and immersed in the bath kept constant at 400+2°C.
After applying the electric field. The tube was immediately emptied from the molten salt and
held for 20 min over the bath. At the end of each cycle the samples were ultrasonically washed
with distilled water. Ten samples were also treated by conventional ion exchange in a com-
mercial lab furnace, Lema TC 20 A, Italy, for comparison, by holding 4 h at the identical
temperature. Potassium nitrate salt (>99.5% pure) from commercial source was used.
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Figure 1. Schematic experimental setup used for field-assisted ion exchange

A four-point bending test was carried out to determine the mechanical strength, using inner
(L1) and outer (L2) span equal to 10.3 and 40 mm, respectively. The test was carried out in lab
air (temperature~20°C, relative humidity #40%) with a constant loading rate of 1.1 MPa/s. The
failure stress was calculated as:

5 - 4F 1.4
b 71'(1/24 —r{‘) (2)

where ais (L2-L1)/2, r; and r, the internal and the external radius of the tube, F,,,, the maximum
load.

The presence of residual stresses on the surface layers was estimated by Vickers indentation
method. The residual stress, o, approximated as constant on the surface layers can be calcu-
lated as: [23]

%

o = K 1-y P 3
r lﬂg)C rKC% ()

P’ being the indentation load, ¢ the crack length, K. the fracture toughness, x, and Q two
geometrical constants depending on the indenter and the crack shape, respectively.

The potassium penetration profile was measured on the fracture surface of test tube fragments.
The fragments were fixed on an aluminum disk with an adhesive conducting tape and coated
with Au-Pd alloy. The microscopic observation was carried out by a scanning electron
microscope (SEM) (JSM 5500, Jeol, Japan). A clean path was chosen for analyzing the potassium
Ka on a certain length, around 70 um long, by using energy dispersion x-ray spectroscopy
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(EDXS) (EDS2000, IXRF System, USA) probe. The surface chemical composition of the glass
before and after the treatment was also determined by EDXS.

3. Results and discussion

Figure 2 shows how the current density changes as a function of time during the EF-IOX tests.
The current density limit was fixed at 2025 A m? depending on the immersion depth of the
test tube in the molten salt. For the samples subjected to fields with intensity lower than 500
V cm, the current density shows similar trend, steadily decreasing with process time; for more
intense electrical fields the current reaches a saturation limit, corresponding to the imposed
current density limit, and rapidly decreases. During the process, it is thought that small sodium
ions with high mobility are replaced by larger less mobile potassium ions, this determine an
overall decrease in the ions movement and, consequently, a reduction of the current density.

The evolution of current density with time under different fields (500 to 3000 V cm™) in the
condition of current limit = 16 mA cm?is plotted in Figure 3. All curves have a similar shape:
the maximum current density is recorded at the initial application of the field and it is
proportional to the applied field intensity. After 400 s, the current density decreases to 10% of
the initial one.
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Figure 2. Current density vs. time for different fields (a constant current density limit was set at ~ 4 mA cm?)
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Figure 3. Current density vs. time for samples treated under different fields with current density limit of 16 mA cm?

The molar ratio between alkaline oxides (K,O/(Na,O+ K,0)) as measured by EDXS is chosen
as an indicative parameter of the surface chemical composition variation. The values for
samples treated under fields of 500 and 2000 V cm™ and current limit of 16 mA cm™ are
summarized in Table 2: It is clear that sodium ions are completely replaced by potassium in
the outer surface, cathode side, while in the inner surface, anode side, sodium is detected.

By applying the electric field, potassium ions are moved into the glass in the direction of the
field. Highly mobile sodium ions move faster in the glass than potassium ions and can reach
the other side of the glass; as a result, one side of the glass is saturated with potassium and the
other one has high amount of sodium. Some limited thermal ion exchange can occur during

the process on the anode side and sodium ions are replaced by potassium.

Treatment conditions Alkali Ratio
As-received 0
500 V em™ - Inner surface 0.7
500 V ecm™! - Outer surface 1
2000 V cm™ - Inner surface 0.7
2000 V cm™ - Outer surface 1

Table 2. K,O/ (Na,0+ K,0) molar ratio of test tubes after the field-assisted ion exchange
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The area beneath the current density versus time curves represents the amount of ions moved
through the unit area of the sample during the process. According to Eq. 1, the exchanged layer
has a constant concentration of potassium ions and the following equation was proposed to
calculated the thickness of the exchanged layer, A, in soda-lime silicate glass [24]:

tZ
Qt, ) [ Jat
FC., FC

Aty t) = 4)

0 0

F being Faraday’s constant, 96458.34 C mol”, C, the concentration of mobile ions in the base
glass (i.e., the sodium concentration in the base glass = 2.64x10° mol cm?), and ] the current
density. By using Eq. 4, the depth of ion exchange varies between 8 to 120 um depending on
the intensity of the applied field. The depth of the exchanged layer is constant when the current
density changes. Figure 4 shows how the current density varies with time for samples subjected
to afield with intensity of 2000 V cm™ and different current limits. By applying a current density
limit, it assumes a constant value for a certain time and then decreases. After 200 s, all samples
have similar behavior. The duration of the constant current step for the sample treated under
acurrentlimitof 8 mA cm?is longer; this makes the area underneath the curves and the amount
of ions moved into the glass equal to the samples treated under current limit of 8 or 16 mA
cm? and the amount of exchanged ions is the same for all samples after enough long time.
Conversely, it is reported that the amount of exchanged ions depends on both the intensity of
the electric field and the applied current limit for soda-lime silicate glass [24].

Eﬂ_
-—= 4mAcm”
-~ | ---- 8mAcm®
E 154 —— 16 mA cm™
< I
|
> |
= !
w |
g 771
Q -4
\,
=3 %
3 5 .
b .-“--...-.h —
e
ﬂ i 1 ] 1 1
0 50 100 150 200 250
time{s)

Figure 4. Current density vs. time for samples treated under field with intensity of 2000 V cm™ and different current
density
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The potassium concentration profile near the surface of the samples subjected to the EF-IOX
for 10 min are shown in Figure 5. In the outer surface a step in the concentration profile occurs
for all conditions and the potassium penetration depth increases with the field intensity. The
penetration depth is lower than that estimated by Eq. 4, according to mass balance and charge
neutrality. During the process a local electric charge can be formed in the sample due to
different mobility of sodium and potassium ions and, consequently, a local field is formed.
Such local field can neutralize the external applied filed and prevent further exchange.
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Figure 5. Potassium concentration profile in the external surface (cathode side) of tubes treated under different fields

Figure 6 shows the potassium concentration profile of glass tubes near the inner surface.
Differently from Figure 5, similar profiles are recorded for different applied electrical fields
and these resemble typical diffusion profiles obtained by conventional ion exchange process
[7]. Probably, thermal ion exchange can be responsible for the observed diffusion concentration
profile; nevertheless, more studies are required to reveal possible causes of such phenomenon.

All glass tubes subjected to the double (direct and inverse) field polarization—the initial one
being out-to-in (Figure 7) —showed several surface cracks as in Figure 8; the cracks are on the
inner surface and in some cases they reach the external one. Conversely, the samples treated
first under a field with in-to-out polarization possess a structure similar to those subjected to
conventional ion exchange. One possible reason for the formation of the observed cracks can
be related to differential deformations between inner and outer surface upon the double ion
exchange process. When potassium ions move into the outer surface of the tube first, the
exchanged layer expands and compressive stress is formed due to the difference between the
specific volume of the surface layer and the base glass. By exchanging the ions in the inner
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Figure 6. Potassium concentration profile in the internal surface (anode side) of tubes treated under different fields

surface during the second step, the expansion of the internal surface due to the geometry of
the tube produces extra stresses in the interface of the exchanged layer and base glass.
Conversely, by treating the inner surface first, the outer surface goes into tension because of
the inner expansion and some cracks can be formed.

Figure 9 shows the bending strength of samples treated by different methods. The samples
treated under the field on only one side are stronger than the as-received tubes but slightly
weaker than the specimens subjected to conventional ion exchange processes. After the double-
field polarization process, the strength increases further although the scatter becomes much
larger.

Optical microscopy photographs of typical indentations on treated samples are reported in
Figure 10. If the indentation load is 40 N no cracks are generated; conversely, at 50 N well-
developed cracks are generated; therefore, a threshold load for crack formation can be pointed
out for the strengthened samples, which is much higher than that for as-received glass,
estimated equal to about 4 N. The effect of the compressive residual stress is absolutely clear.

The residual stress is built up by local replacement of small ions by larger ions during the ion
exchange process; in the samples treated under the electric filed one should expect that the
compressive stress is substantially built up only on one surface of the glass tube, it being
balanced by tensile stresses in the remaining of the thickness [24]. The residual stress can be
calculated by Eq. (3) from the measurement of the indentation crack length [25] and the results
are shown in Table 3. The residual stress built up by the electric field-assisted process is
significantly higher than that obtained in conventionally treated samples; the stress intensity
increases further after the double-reversed electrical field treatment. Stress build up by
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Figure 7. Current density vs. time for samples treated under direct and inverse electric field. The initial field polariza-
tion is (a) outside to inside, (b) inside to outside

exchanging ions is considered based on the volume change of glass during the process; the
steep change of the potassium concentration profile produces higher residual stress compared

to the gradual change in the thermally induced exchanged glass.

Treatment Condition Conventionally-IOX EF-1I0X Double & reversed EF-IOX

Residual stress (MPa) 26 49 91

Table 3. Calculated residual stress in the glass tubes treated by conventional ion exchange and EF-IOX
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Figure 8. Crack formation in the glass tube during the EF-IOX with “out-to-in” electrical field polarization
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Figure 9. Four-point bending strength of glass tubes
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Figure 10. Vickers indentations on as-received samples subjected to (a) 3 N, (e) 5 N and samples subjected to 40 N
indentation load, (b) ion exchanged (IOX), (c) EF-IOX, one side, (d) EF-IOX both sides, and 50 N indentation load, (f)
ion exchange, (g) electric field-assisted ion exchange(EF-IOX), one side, and (h) EF-IOX both

4. Conclusions

Ion exchanged strengthening of borosilicate glass tubes was carried out under an electric field
by using relatively short treatment times. The depth of the exchanged layer increases with the
field intensity. Reversing the field polarization can modify the residual stress; moreover, the
sequence of applying the fields with different polarizations is important to avoid the formation
of cracks on the glass surface. Bending strength of samples treated by the double-reversed field
is higher compared to those subjected to EF-IOX on one side or to conventional ion exchange.

Additional studies are required to find the effect of different parameters, such as salt and glass
composition, treatment time and temperature, field intensity and other thermodynamic and
electric factors on the assisted ion exchange process. The structural changes during the electric
field should also be investigated. Nevertheless, the preliminary results obtained in the present
work point out that electric field-assisted ion exchange can be employed for improving the
mechanical properties by relatively short duration treatments.
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Abstract

Systematic doping of pure molten KNO; bath by sodium nitride was used to analyze
the effect of salt poisoning on the mechanical performances of chemically tempered
soda-lime-silicate float glass. The ion-exchange process appears partially influenced
by the presence of limited amount of Na in the potassium nitride bath. The interdif-
fusion coefficient and the penetration depth of K are invariant for NaNO; content up
to 5 wt%,; conversely, the surface concentration of potassium scales with the purity of
the bath, and this accounts for different compressive residual stress. Nevertheless, the
overall reinforcement associated to the final strength does not show clear dependence
on the used bath mainly because of the large scatter in the surface flaws sizes, as
typically observed in glass.

Keywords: Ion exchange, Chemical tempering, Sodium poisoning, Soda-lime-sili-
cate glass

1. Introduction

The very first records of ion-exchange can be traced back to the Middle Ages, when glass artists
used a mixture of silver salts, clay, and natural oil to obtain yellowish color in silicate glasses.
The salts mixture was deposited on the glass surface and heated at about 600°C in reducing
atmosphere, inducing the diffusion of silver ions into the glass and the formation of silver
nanoparticles [1, 2]. Since then, the ion-exchange process was applied without much scientific

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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knowledge. It was in the 20" century that scientist started to understand the surface of
chemically tempered glasses and figured out an exchange between monovalent cations in
glasses with silver and/or potassium cations in the molten salts [2, 3]. These investigations
increased the industrial application of the ion-exchange process, especially with the aim of
enhancing the optical and mechanical properties of glass [4].

Glass strength can be largely increased by the ion-exchange process, otherwise called chemical
tempering. The exchange of small ions such as Li* or Na* in an alkali-containing glass, with
larger ions such as K* from a molten KNO; bath at temperatures below the strain point of the
glass, is responsible for the creation of bi-axial residual compressive stress in the surface layers
of the material. Because glass products generally break due to excessive tension applied at a
surface flaw, the introduction of surface compression strengthens the glass component.

During the ion-exchange treatment, the glass matrix is considered as a solid negatively charged
structure where some mobile ions (Na* in soda-lime-silicate glass) can be replaced by larger
monovalentions (K*from molten KNOs) responsible for the generation of a compressive stress.
The replacement takes place through an interdiffusion process, according to the Nernst-Planck
equations. The flux of the ion species scales with the interdiffusion coefficient [2]:

D= Dy, D (1)
DNaNNa + DKNK

where N; is the fractional concentration of alkali ion i (Na or K) and D; the self-diffusion
coefficient. One important parameter in the interdiffusion phenomenon is clearly the concen-
tration of ions in the molten salt. Some studies have shown that the presence of poisoning
elements (already present in the salt or coming out from the glass as in the case of Na) can
hinder the diffusion of K* into the glass and slow down the exchange process, thus reducing
the strengthening efficiency. An important issue in industrial practice is also the replacement/
renewal of the molten salt which is time and money consuming [5]. Some researchers [3, 6],
on the other hand, believe that the ion-exchange process is not affected in the presence of
specific amount of poisoning elements.

In the present work, a systematic analysis of the effect of small amount of sodium as poisoning
element in the molten bath on the performances of the strengthened soda-lime-silicate float
glass was carried out.

2. Experimental procedure

Commercial soda-lime-silicate float glass sheets with nominal thickness of 4 mm were used.
Table 1 summarizes the composition of the glass.

Sio, AlLO, Na,O K,O MgO CaO
71 1 13 1 4 10

Table 1. Composition (wt%) of the float glass
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The sheets, obtained from one single original plate, were cut into square samples of 50 mm x
50 mm. The edges of the specimens were rectified and polished with SiC abrasive paper. The
samples were then rinsed and cleaned gently in water, avoiding any damage on the glass
surface.

A semi-automatic chemical strengthening lab scale furnace was used for the ion-exchange
treatment. In each run, 20 samples were placed in a stainless steel basket to be treated at 450
°C for 4 h, with 30 min preheating and 30 min post-cooling above the bath. At least 60 samples
were treated in each bath with the same thermal and time conditions.

Pure KNO; and NaNO; salts from Sigma Aldrich were used. Pure potassium nitrate was
systematically poisoned by adding a specific amount of NaNO; as reported in Table 2.

Added NaNO, (wt%) 0 0.1 0.2 0.5 1 2 5

Bathlable A B C D E F G

Table 2. Amount of NaNO; added to pure KNO; in the considered salt baths

After each treatment, the samples were rinsed with water and carefully dried.

The surface residual stress and the case depth were optically measured by surface stress-meter
(FSM-60LE, Luceo Co., Ltd., Japan). Bi-axial flexural test [7] was used to measure the strength.
This was carried out with a ring-on-ring configuration with the upper loading ring and the
lower support ring having a diameter of 8 mm and 40 mm, respectively. The actuator speed

was 12+, The strength was determined from the maximum load (F) as:

min

where } is the thickness of sample and

3(1+v)(, b, (1-v)(Di-D})

K= "D, " 0.72D (1+v)

©)

where D; and D; are the radius of the upper and lower supporting ring, respectively, D the
sample size (50 mm), and v the glass Poisson’s ratio. A certain number of as-cut samples were
also tested in this way for comparison.

Some fragments were collected from the broken samples and used for determining the
potassium penetration profile. The fragments were attached on an aluminum disk by conduc-
tive adhesive tape and then coated by sputtering with Au-Pd alloy. Clean and flat portions of
the fracture surface were analyzed in a Scanning Electron Microscope (SEM) (JSM5500, Jeol,
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Japan) and the potassium Ko signal was recorded on a path of ~30 um long by using the Energy
Dispersion X-ray Spectroscopy (EDXS) (EDS2000, IXRF System, USA) probe. The chemical
composition of the external surface of the glasses after the ion-exchange process was analyzed
in the same way in a region of about 0.5 mm?.

3. Results and discussion

The residual stress (0,) measured on the surface of glasses treated in the different molten salts
is reported in Figure 1. The residual stress clearly decreases as NaNO; content increases,
especially above 0.5%.

700

600 A

500 A

400 -

o, (MPa)

300 A

200 A

100

A B o] D E F G
Salt

Figure 1. Compressive residual stress on the surface of glass ion exchanged in the different salt baths.

Conversely, the case depth reported in Figure 2 shows a quite different trend and actually
seems almost invariant as a function of the sodium content of the salt bath.

14

Figure 2. Case depth as a function of the exchanging bath.
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The strength of ion-exchanged samples is shown in Figure 3. In spite of the typical large scatter
and the relatively short duration of the ion-exchange process (compared to typical industrial
duration, usually in excess of 8 h), the strengthening effect is clear in any used salt bath, and
the failure stress increases by a factor of about 2.2-2.4 with respect to the as-cut glass. Never-
theless, the large strength scatter does not allow to point out specific trends with respect to the
Na content of the exchanging baths.

800

700 A

600

500 -

400 A

300 A

Strength (o,) (MPa)

200 A

100 A

Salt
Figure 3. Average flexural strength as a function of the exchanging bath (the standard deviation is also shown).

A more effective representation of the strength data is possible by using Weibull plots where
the measured strength data are reported as a function of failure probability. Here, failure
probability was calculated as:

_i-03
N +0.4

4)

where i is the rank in the ascending ordered strength distribution and N the total number of
samples considered for each condition. The obtained Weibull plots are shown in Figure 4. One
can easily observe again the evident strengthening effect in any salt bath with respect to as-
cut samples; conversely, no specific trend can be seen with respect to the purity of the used
bath.

The relationship between failure probability and tensile stress is typically expressed as:

P=1-exp —Ks[ij )

where S is the surface area of the sample under tensile stress, K the loading factor (whose units
are per unit area), m the Weibull modulus, and o, the normalizing stress, representing the
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scatter of the distribution. Taking twice the natural logarithm of both sides, a linear equation
can be obtained, which is functional for the Weibull modulus calculation [8]:

ln[ln(%D:mlnoﬂnf—; (6)

2
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11 AB
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Figure 4. Weibull distributions for treated and untreated(a.r.) glasses.

Table 3 reports the Weibull modulus for the various distributions shown in Figure 4. One can
observe that the moduli are also unaffected by changing the purity of the bath.

Salt A B C D E F G a.r.

Weibull modulus 39 4.1 3.6 4.4 39 44 35 3.2

Table 3. Weibull modulus of the strengthened glasses in different baths along with the as-received glass

The surface concentration of K* and Na* measured by EDXS is shown in Figure 5. There is a
drastic increase in the potassium concentration after the ion-exchange process but the potas-
sium concentration follows substantially the same trend of the surface residual stress (Figure
1), thus indicating a strict correlation between the amount of exchanged ions and the developed
“stuffing” /reinforcing effect.

The potassium concentration profiles recorded by the EDXS line analysis always resembled a
typical Nernst-Planck diffusion trend, which can be expressed as:

. Cy (xt
C, ()= C(" ):erfc[z J%] )
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where x is the distance from the surface, ¢ the ion exchange time, C Kothe potassium concentra-

tion on the surface, and D the interdiffusion coefficient. The potassium concentration experi-
mental data were fitted by Equation (7) to determine the interdiffusion coefficient and the
penetration depth, identified as the distance from the surface where the potassium concen-

tration is lower than 2% with respect to the surface one. Figures 6 and 7 show the obtained
results.

ENa mK

Concentration (mol%)

ar. A B C D E F G
Salt

Figure 5. Potassium and sodium concentration on the surface of treated and bare glass.

i

Figure 6. Interdiffusion coefficient for potassium in the different baths.
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Figure 7. Depth of penetration for potassium during the ion-exchange process in the different baths.

The interdiffusion coefficients are in very good agreement with data reported in previous
works [9, 10]. It is also confirmed that the D is not really affected by the presence of limited
amounts of Na (up to 5%) in the KNO, bath [11]. Conversely, the surface concentration and,
consequently, the concentration of potassium in the sub-surface layers are lower when the
glassis treated in the Na-containing bath. On this basis, the K surface concentration in Equation
(7) scales with the concentration in the used salt. Accordingly, the residual stress on the surface
(shown in Figure 1) is higher when very pure KNO; bath is used, while the case depth does
not change to an appreciable extent. Nevertheless, the effect of Na-containing salts on the final
strength is substantially negligible, as shown in Figures 3 and 4. Clearly, this is mainly
associated to the experimental scatter of the strength measurement, related to the typical
dispersion on the surface defect sizes. In addition, due to the limited exchanging time used in
the present work, some of the flaws are not “fully” reinforced; as a matter of fact, starting from
the strength of the as-cut glass (ranging from = 100 MPa to 400 MPa) and assuming, for
simplicity, semicircular surface cracks, one can calculate that flaw sizes vary from =5 to =80
um. Therefore, according to the case depth (Figure 2) and K penetration (Figure 7) results, it
is evident that only a portion of the surface defects are completely “immersed” in the residual
compressive stress field.Deeper defects, in a simplified model that considers flaws as invariant
and perfectly closed during the ion-exchange process, are conversely subjected to a residual
stress that changes from highly compressive on the surface to slightly tensile at a certain depth
(below =12 pum). The effect of the initial flaw sizes, i.e. of the surface quality of the bare glass,
appears to be more important in the ion-exchange process than the presence of limited amount
of Na in the salt bath.

4. Conclusions

The presence of a small amount (up to 5 wt%) of NaNO; in potassium nitride bath partially
influences the strengthening process of soda-lime-silicate glass when the treatment is carried
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out over a duration of 4 h. The interdiffusion coefficient and the penetration of K in the glass
are substantially invariant while the surface concentration of potassium scales with the purity
of the bath, and this is responsible for different compressive residual stress, which is higher
when pure KNO; is used. Nevertheless, the overall reinforcement associated to the final
strength does not show clear dependence on the used bath mainly because of the large scatter
in the surface flaws sizes, as typically observed in glass. It is clear that the quality of the surface
of the bare glass in terms of flaws has a much higher importance than the salt purity in the
final mechanical resistance.
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Abstract

Porcelains have been used in dentistry for many decades because of their excellent
aesthetic qualities, besides other favorable characteristics. Despite these desirable
characteristics, porcelain restorations may fail in the oral environment due to fracture.
Studies on the clinical success rate of porcelain onlays, inlays and veneers have shown
that their fracture rate is relatively high and is among the main reasons for failure of
these restorations. The fracture of dental porcelains is a consequence of its brittle
nature and low fracture toughness. Porcelains are also highly susceptible to weaken-
ing during their lifetime in the oral environment, because the sizes of defects tend to
increase by the slow crack growth phenomenon. Therefore, in order to increase the
lifetime of porcelain restorations, it is necessary to enhance their overall resistance to
crack propagation. Among the methods proposed to strengthen glasses and ceramics,
a potential method to improve the mechanical properties of dental porcelains is the
chemical strengthening or tempering by the ion exchange process. In this chapter, the
effects of chemical tempering on mechanical behavior of dental porcelains are
reviewed. Dental porcelains are based on alkali-containing aluminosilicate glass
compositions and can have leucite (KAISi,Oq) crystalline particles dispersed in the
glassy matrix. The ion exchange process can be carried out by the paste method using
KNO; salt at a temperature that is 80% of glass transition temperature (T,) of porcelain
during a short time (15 to 30 min). In this treatment, the small Na* ions in the glassy
matrix are exchanged by larger K* ions from the salt, resulting in a K* concentration
profile that results in a steep gradient of residual compressive stress by the ion stuffing
effect at the surface region of the porcelain. No significant variations in strengthening

have been observed when temperature and time varied around the above indicated

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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values, since the increase in these parameters enhanced the stress relaxation process,
which hinders the effect of higher ion interdiffusion. Although few porcelains with
high leucite content have no strengthening response to ion exchange process, most
dental porcelains can be strengthened and significant increases in fracture toughness
(up to around 150%) have been reported. The same level of increase in flexural
strength has been observed, but the variability of fracture stress also increases due to
the relative small thickness of compressive layer and the decreasing resistance curve
effect. The lower reliability is counterbalanced by significant increases of the resistance
to slow crack growth phenomenon, leading to higher strength retention after long
lifetimes even at low levels of fracture probability. Therefore, it is expected that the
application of chemical tempering (strengthening by ion exchange) can improve the

lifetime of dental porcelain restorations.

Keywords: Bioceramics, dental porcelain, ion exchange, chemical tempering,

strength, toughening, lifetime

1. Introduction

Dental porcelains have been used in dental restorations due to their good qualities, including
high color stability, high resistance to stain, good biocompatibility, low thermal conductivity,
high wear resistance, and capacity to mimic dental structures [1-3]. Notwithstanding,
disadvantages of these restorations include high susceptibility to fracture, risk of debonding,
and microleakage [4-6]. For feldspathic porcelain onlays placed in posterior teeth after 6 years,
the observed cumulative survival rate was ~60%, with bulk fracture in 16% of the restorations
[7]. The reported clinical success rate for maxillary anterior porcelain veneers after 10 years
was 64%, and main reasons for failure were fracture (11%) and large marginal defects (20%)
[2]. Similar behavior was also observed for posterior feldspathic porcelain inlays, and marginal
defects and fracture were 22% and 11% of the restorations, respectively, after an 8-year period
of clinical assessment [8].

The high susceptibility to fracture of porcelain restorations is caused by their brittle nature,
that is, their low capability to absorb strain energy due to an external loading before fast crack
propagation occurs. The resistance to crack propagation can be quantified by the fracture
toughness (K,) which is given by [9,10]:

K,=Y-0,Vc (1)

where, Y'is a geometrical constant, o;is fracture stress, and cis crack size that results in fracture.
From Griffith’s energy failure criterion, the termo ¢ is constant, which implies that strength
(0) is not constant and varies inversely with the square root of critical flaw size (c'?). Further-



Strengthening Dental Porcelains by lon Exchange Process
http://dx.doi.org/10.5772/60617

more, Equation 1 also shows that the porcelain strength is directly related with its fracture
toughness, K.

Dental porcelains have relatively low values of K, (around 0.6 to 1.2 MPa.m'?) [11,12],
especially when compared to metals, which have K|, higher than around 30 MPa.m'? [13]. As
a consequence, porcelains have low strength values usually in the range of 40 to 120 MPa [14,
15]. Moreover, the strength of porcelain restorations can decrease during their lifetimes in the
oral environment, since a weakening effect known as subcritical crack growth causes the flaw
sizes to increase slowly over time [16,17]. Therefore, it is important to develop processing
methods that can enhance the overall resistance to crack propagation, particularly strength
and fracture toughness, in order to increase the lifetime of porcelain restorations.

Different methods have been proposed to strengthen dental porcelains, including addition of
reinforcing phases, like ceramic fibers or phase transformable tetragonal zirconia particles, and
incorporating a compressive surface layer, which can be achieved by thermal tempering,
glazing with a glassy material having lower thermal expansion coefficient, or chemical
tempering [18-20]. Among these, chemical strengthening by ion exchange is a promising
method to significantly enhance the mechanical behavior of dental porcelain restorations.

2. Chemical tempering

Chemical tempering is a strengthening or toughening treatment by ion exchange process
that introduces a residual compressive stress layer on the surface of glassy materials that
hinders the crack propagation and increases the material resistance to fracture. In this
treatment, alkali ions of the glass are removed and exchanged by other larger alkali ions
from an external source at a temperature sufficiently high to promote ion interdiffusion.
Figure 1 shows the sizes of different alkali ions. The most applied alkali ion pair for
strengthening is the Na'/K*, but other pairs are also exchangeable, like Li* by Na* and K*
by Rb*, depending on the glass composition [21,22].

15800

G12r'm Dwnnﬁ 0.265 nm 0.286 nm 0.338 nm

Figure 1. Pauling’s calculated ionic diameters for alkali metals. Data from [21]

An usual practice is to make an ion exchange treatment in sodium-containing aluminosilicate
glasses with a melt of KNO; salt, at a temperature between the melting point of salt and the
glass transition temperature (T,) of the glass. During the process, Na*ions diffuse out from the
glass into the salt and simultaneously the diffusion of K* ions from the salt into the glass takes
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place, with equal and coupled counterdiffusing ion fluxes (Jx,. = Jx.) to maintain the eletro-
neutrality (Figure 2) [23].

5 C s 0| a) O O o by

Figure 2. Schematics of (a) before and (b) after ion exchange process in dental glassy porcelain. J —ion flux

During the ion exchange process, concentration gradients of K* and Na* are formed at the
region near the glass surface that can be described by the Fick’s second law, given by [22-26]:

C, =(C5-Co){1—erf[2 J%ﬂw 2)

where, C, is the ion concentration at depth x (from surface) after ion exchange time f, C, is the
initial ion concentration in glass, erf(z) is the Gaussian error function, and D is the interdiffu-
sion coefficient given by:

DNa'DK

D=— N K __
DNaNNa + DKNK

©)

where, N, is fractional concentration of alkali ion i and D; is its self-diffusion coefficient in
mixed-alkali glass compositions, which increases exponentially with temperature by:

D=D, exp{—%] @)

where, D, is preexponential factor, Q, is activation energy for diffusion, k is Boltzmann’s
constant and T is temperature. Figure 3a shows examples of K* concentration profiles after ion
exchange at different time or temperature.
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Figure 3. Normalized potassium concentration profiles (Equation 2) (a), and normalized residual stress profile (b) in
dental glassy porcelain after ion exchange process

The bigger K* ions that replace Na* ions tend to cause material expansion (known as ion
stuffing) in the exchanged surface layer, which is restricted by the non-ion exchanged glass
region. This situation, when the ion exchange is carried out at a temperature lower than the
T, of glass, generates a residual compressive stress field parallel to the surface in the K-rich
layer. This layer has a gradient of compressive stress similar to the potassium concentration
gradient, that is, the compressive stress is high at the surface and decreases with the increase
in distance from surface. In order to counterbalance the net stress state, a residual tensile stress
field is generated below the compressive layer (Figure 3b).

The residual compressive stress layer adds a toughening contribution, Ky, which hinders crack
propagation, leading to an increase in the fracture toughness in ion exchanged glass, K|, by:

K =K, + Ky )

Ic,IE

where, K| is the fracture toughness of unreinforced glass. The higher K. leads to a higher
fracture stress, if a flaw size c is unaltered (Equation 1). Therefore, the generation of a surface
compressive layer by ion exchange can result in the increase in fracture toughness and strength
of glasses and porcelains.

The toughening effect depends on the thickness of compressive layer, known as case depth
(Figure 3b), especially when the glass contains deep surface flaws. Because of the relative slow
ion exchange rate, the case depths varying from few tens to hundreds of micrometers have
been reported, depending on the ion exchange parameters, including time (up to hundreds of
hours of treatment have been reported), temperature, salt composition, exchangeable ionic
pair, and glass composition [22,26,27].

An effect that can lower the strengthening rate by the ion exchange process is the stress
relaxation that can occur during this process, leading to a reduction in the magnitude of
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residual compressive stress [27]. Stress relaxation occurs by viscous flow of the glass and can
be described by the Maxwell’'s model given by [28,29]:

o =0, exp(%) (6)

where, 0 is the remaining stress at time ¢, g, is initial stress, and G and 7 are shear modulus
and viscosity of glass, respectively. Since n decreases strongly with temperature, the rate of
stress relaxation is more rapid with the increase in temperature.

The chemical tempering has been applied to strengthen cockpit windows for aircrafts, high
speed train windshields, photocopier scanner glass, display windows in mobile personal
electronic devices, compact disks for portable hard drives, high-end ophthalmic glasses, and
glass items for drug delivery [22,26]. Advantageous characteristics of chemical tempering
include: possibility to strengthen complex geometries and thin components (thickness of up
to around 100 pum), which are difficult in thermal tempering; higher compressive stress level
on the surface compared to thermal tempering; low level of internal residual tensile stress,
with less fragmentation and explosion-like fracture propagation; and did not cause optical
distortion. Disadvantageous characteristics include: limited to alkali-containing glasses;
shallow depth of residual compressive stress layer (case depth); generation of corrosive alkali-
containing salt residue; and high cost when long time of ion exchange is applied [22,26].

3. Dental porcelains

The feldspathic porcelain is a predominantly glassy material with variable crystalline content.
Its basic structure has a network of silica with potassium, sodium, and other ions as network
modifiers. In order to reduce the glass softening temperature and increase fluidity, metal oxide
fluxes are added (CaO, K,O, Na,O), which decrease the softening temperature by reducing the
amount of cross linking in the porcelain structure. The addition of alumina (between 8 and 20
wt%) is used for controlling the viscosity and decreasing the flow at high temperatures. When
added, B,O, in concentrations below 12 wt% also acts as a flux to form a less stable network
of BO,/Si0O, [30-33].

Silica, soda, potash, and alumina are the constituents of mineral feldspar (Na,O/
K,0.ALO,.65i0,), the main raw material used in the manufacturing of dental porcelain [30].
Silica and alumina account for most of the feldspar, about 70 and 17 wt%, respectively. Feldspar
porcelains are relatively pure and colorless, so pigments are added to produce shades of
natural tooth [34]. In the process of obtaining porcelain, feldspar is mixed with fluxes, then
heated to temperatures between 1150 and 1530°C, and rapidly cooled in water. With the
thermal shock, the glass breaks into fragments called frits. Opacifiers (TiO, ZrO,) and
pigments (Cr,0O,, Fe,O;) are also added to this glass [34]. Heating feldspar to high temperatures
leads to an incongruent melting resulting in the formation of leucite and a liquid glass. The
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leucite crystal is a mineral (potassium aluminum silicate) with high coefficient of thermal
expansion compared to feldspathic glasses [30]. The porcelain structure after incongruent
melting of feldspar has leucite (K,O.AlO;.4Si0,) crystals involved in an aluminosilicate glassy
matrix [32,33,35]. In general, the leucite ratio is governed by the K,O content of the frit and the
time and temperature of the heat treatment; thus, the desired leucite content can be achieved
by controlling the appropriate time and the crystallization temperature range [36].

The frits based on leucite are used in Dentistry since the early 60s [31]. However, feldspar is
not essential as a precursor for the formation of leucite, and many dental porcelains do not use
feldspar as the raw material. These materials are called feldspar-free porcelain and are
synthesized in the laboratory by controlled addition of leucite instead of mineral processing.
It has been suggested that porcelains with a large amount of leucite dispersed in the glass
matrix are called leucite-based instead of feldspathic porcelains [30].

Feldspathic porcelains are usually presented as a liquid-powder system, in which the liquid
(water with dispersant) is mixed with porcelain powder to form a slurry or paste thatis applied
to the refractory die or metal framework. After production of the green body, it is taken into
an electric furnace for the firing cycle (Figure 4a) [3,37]. Chemical reactions between the
porcelain powder components are completed during the process of obtaining the frits.
Therefore, the main purpose of firing is sintering of particles, although some chemical reactions
may occur during prolonged firing times or during multiple firing [30]. According to the firing
(sintering) temperature, the porcelain used for restorations and bridges can be classified as
being of high fusion (850 to 1100°C) and low fusion (below 850°C) [30]. The firing procedure
involves high heating rates (around 60°C/min) under vacuum and few minutes at the maxi-
mum temperature. During this procedure, sintering process transforms the porous green body
(Figure 4b) in a translucent and dense solid, almost pore free (Figure 4c), by means of densi-
fication mechanisms with mass transport by viscous flow [3,37]. Vacuum firing is a resource
used to reduce the porosity of these materials [31]. At the end of the firing procedure, the
porcelain can have three distinct phases: a crystalline phase (leucite), the glass matrix, and
pores.

Most dental porcelain developed for metal-ceramic restorations contain leucite (KAISi,Oy) as
a main crystalline phase [38]. Leucite was first introduced so that the porcelain could reach a
linear thermal expansion coefficient close to that of alloys used in metal-ceramic restorations.
In this way, metal and porcelain have similar behavior when cooled together during the firing
process, preventing the appearance of cracks in the porcelain [39]. Leucite is also the main
crystalline constituent of most generations of porcelain for all-ceramic restorations [40]. In this
case, leucite is not added with the aim of achieving thermal compatibility, but to increase the
strength and fracture toughness of the material [32,41]. The amount, average crystal size, and
crystal structure of leucite directly affect the thermal, optical, and mechanical properties of the
final restoration [42]. One of the advantages having leucite as the crystalline phase is that the
translucency of the porcelain is not lost, since the refractive index of this crystal is similar to
that of the glassy matrix [43,44].
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Figure 4. Dental porcelain furnace (a), green (b), and sintered (c) porcelain body [5]

The leucite crystal has a crystallographic polymorphic transformation (without change of
composition) from tetragonal to cubic during heating. This transformation is displacive
(martensitic) and accompanied by a marked change in the parameters of crystalline lattice with
anincrease of 1.2% by volume of the unit cell [38]. When a porcelain containing leucite is cooled
from the firing temperature to room temperature, residual stresses arise in the material as a
result of the large difference between the linear thermal expansion coefficients of the glass
matrix (8.6 ppm °C") and tetragonal leucite (22.3 ppm °C?). After cooling, tangential com-
pressive stresses and radial tensile stresses appear in the glass matrix around the leucite
particle and opposite stress fields in the tetragonal crystals [38,43]. The compressive stresses
have a beneficial effect on the porcelains as they function as a mechanism for increasing the
toughness, as opposed to the tensile stresses, which drive the cracks forward [45].

Figure 5 shows typical micrographs of dental porcelains containing leucite crystals. For
porcelains with high leucite contents, the distribution of crystals usually is not homogeneous
in the glassy matrix (Figure 5a), forming agglomerates of leucite particles (Figure 5b). In these
micrographes, it is possible to see some circumferential cracks in the glass matrix surrounding
leucite agglomerates, which reveal the radial tensile stresses generated during cooling [11].
The residual stress fields associated with the leucite crystals have significant effects on the
fracture behavior of porcelain, since they change the propagation trajectory of a crack, driving
it through the glassy matrix region with radial tensile stresses. The result is that a crack
propagates bowing around leucite particles and agglomerates (Figure 5c). This effect is called
crack deflection and is the main toughening mechanism caused by leucite crystals in dental
porcelains. In fact, it has been observed that fracture toughness, K|, increases with the increase
of volume fraction of leucite [11].

The increase in porcelain’s strength with the increase in leucite content has been observed
experimentally. However, there is a tendency of this increase to achieve a maximum, because
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Figure 5. Micrographs (a — optical, b,c — scanning electron microscopy) of dental porcelains showing: (a) leucite (KAI-
Si,04) crystals dispersed in glassy matrix; (b) agglomerate of leucite particles; (c) radial crack emanated from Vickers
indentation corner (blue arrow) deflecting among leucite particles (green arrow). In (a,b), red arrow indicates circum-
ferential crack around leucite agglomerate generated by chemical etching with HF solution (also used to reveal leucite
particles)

for porcelains with high leucite volume fraction spontaneous microcracks can be generated
around big leucite agglomerates during cooling after sintering. These flaws have large size (c
value in Equation 1) and limit the porcelain’s strength, despite the increase in fracture
toughness, K. [42,46]. Besides the quantity, the size, and distribution of the leucite particles
also influences the mechanical properties of the porcelain [18,41].

4. Hardness and toughness of chemically strengthened dental porcelains

In this section, the effects of chemical strengthening using ion exchange by paste method on
the hardness and fracture toughness of dental porcelains with different microstructures are
shown. Table 1 shows descriptions of five porcelain powders used in this study, two recom-
mended to be used as veneering materials for alumina cores (V and Cb) and three recom-
mended for porcelain fused-to-metal restorations (C, D, and B), containing wide variation of
leucite fraction (0 to 22 vol%).

Table 2 shows the chemical compositions of the porcelains measured by X-ray fluorescence
spectroscopy (XRF 1500, Shimadzu), showing that all porcelains had aluminosilicate compo-
sitions with alkali and alkaline-earth metal oxides, besides other minor oxides. For porcelains
containing leucite particles (C, D, and B), parts of SiO,, AL,O; and K,O contents composed
these particles. Considering the fraction and stoichiometry of leucite (KAISi,O, =
K,0.Al,0,.45i0,), the compositions of glassy matrix of these porcelains were calculated and
are also shown in Table 2. Note that all porcelains had in the glassy matrix an initial K,O
content, and also potentially exchangeable Na* ions by K* ions from an external source.

Green specimens with bar shape (5 x 6 x 40 mm) were prepared by the vibration-condensation
method, mixing the porcelain powder with distilled water and using a steel mold. Then, the
specimens were vacuum sintered in a dental porcelain furnace (Keramat I, Knebel), following
the firing schedules recommended by the manufacturers (sintering temperatures indicated in
Table 1). After firing, the specimens were machined following the guidelines in ASTM C 1161
to the dimensions of 3 x 4 x 30 mm, and one of larger surfaces was mirror-polished using a
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semi-automatic polishing machine (Ecomet 3, Buehler), with diamond suspensions of 45, 15,

6, and 1 um. For each material, 10 specimens were prepared.

Porcelain Manufacturer / Brand Name Manufacturer’s Description Leucite fraction
(vol%)
\ VITA Zahnfabrik/Vitadur ~ Porcelain used with alumina frameworks. Sintering 0
Alpha temperature: 960°C
Cb Noritake/Cerabien Porcelain used with alumina frameworks. Sintering 0

temperature: 960°C

C Dentsply/Ceramco Finesse  Leucite-based porcelain, used for metal-ceramic or 6
all ceramic restorations, containing fine-grained

leucite particles. Sintering temperature: 800°C

D Ivoclar/d.Sign Leucite-based porcelain, used for metal-ceramic or 15
all ceramic restorations, containing leucite particles
and crystals of fluorapatite. Sintering temperature:
875°C

B Dentsply/Ceramco II Leucite-based porcelain, used for metal-ceramic or 22
all ceramic restorations, containing equiaxial leucite

particles. Sintering temperature: 1000°C

Table 1. Description of five dental porcelains. Data from [47]

Oxide A% Cb C D B
Sio, 75.9 82.9 70.1 (69.9) 67.6 (66.7) 72.0 (71.9)
ALO, 10.0 5.6 6.4(5.7) 9.0 (7.6) 9.5 (7.5)
K,O 7.1 46 8.7 (8.6) 8.1(77) 9.2 (8.8)
Na,O 3.6 3.6 5.5 (5.8) 49 (5.8) 3.8 (4.9)
CaO 3.0 1.1 3.8 (4.0) 3.7 (4.4) 3.9 (5.0)
Others 0.3 Z10, 0.8 Z10, 5.0 (5.3) MgO 3.0 (3.5) ZnO 0.7 (0.9) BaO
0.7 MgO 0.4 (0.5) Tb,0O, 1.3 (1.6) ZrO, 0.6 (0.7) CeO
0.3 CeO 1.2 (1.4) BaO
0.6 (0.7) TiO,
0.4 (0.5) P,0,
Traces Fe, Ni, Ti, Rb, Fe, Ni, Zn, Ti, Cr, Fe, Ni, Zr, Rb, Sr, Re, Fe, Ni, Cr, Hf Fe, Ni, Rb, Sr, Cs, Tb,
(<0.2%) Sr, Pb Hf, V, 1 Cl Cl

Table 2. Overall chemical composition (mol%) of dental porcelains. The calculated compositions of glassy matrix for
porcelains containing leucite particles are given in parenthesis. Data from [48]
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Later, the polished surfaces were subjected to an ion exchange treatment. First, the surface of
the specimen was coated with a layer of a paste composed of distilled water mixed with
potassium nitrate (KNO;). The amount of paste placed on each specimen was controlled by
mass measurement. Then, the specimens coated with the paste were heat treated in an electric
furnace (FP32, Yamato). The ion exchange cycle was conducted at a heating rate of 5°C/min
with a first step of drying at 150°C for 20 min to remove the water from the paste, followed by
a step of melting of KNO; and ion exchange at 450°C for 30 min, and then cooled inside the
furnace to room temperature. The KNO; paste residue was easily detached and removed with
a wet piece of cotton and the ion exchange treatment did not affect the superficial appearance
of the specimens.

The contents of K,O and Na,O on the polished surfaces before and after ion exchange were
determined by energy dispersive spectroscopy (EDS, Noram) coupled in a scanning electron
microscopy (SEM, JSM 6300, Jeol). This analysis showed that the KNO; paste method caused
the decrease of Na,O content with the increase of K,O content in all porcelains (Figure 6),
indicating that the Na* ions from the glassy matrix were successfully exchanged by K* ions
from the paste. The porcelains Cb and B (with 0 and 22% of leucite, respectively) had the highest
relative increase in K,O content of around 35%.
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Figure 6. K,O content on the surface of dental porcelains before and after ion exchange process (value in parenthesis is
the volume fraction of leucite crystal). Data from [47]

Vickers hardness and fracture toughness by indentation fracture (IF) method were evaluated
on the polished surface before and after ion exchange. These properties were measured using
a Vickers microhardness tester (MVK-H-3, Mitutoyo) with load of 9.8 N and dwell time of 20
s. The diagonal of hardness impression and the length of radial crack emanated from the corner
of hardness impression were measured using an optical microscope (Zeiss) under magnifica-
tion of 200 times, within 30 s after indentation to minimize the slow crack growth phenomenon
[16]. Vickers hardness, HV, and fracture toughness, K, were calculated according to the
following equations [16,49]:
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where, P is the indentation load, a and c is the half-size of diagonal of the indentation or radial/
median crack, respectively (Figure 7), E is the elastic modulus, and H is the material’s hardness
[defined as H=P/(2a?)]. The elastic modulus of each porcelain was determined by the ultrasonic
pulse-echo method [50].

Figure 7. Optical micrograph of a Vickers hardness impression and the radial/median cracks generated on the corners
of impression on the polished surface of a dental porcelain (a), and schematic image showing the dimensions a and c
used to calculate the hardness, HV, and fracture toughness, K, by indentation fracture (IF) method

Figure 8a shows that ion exchange process increased significantly the fracture toughness, K|,
of most of the tested dental porcelains, with the increase in this property achieving up to
around 150% (variation from 0.61 to 1.56 MPa.m'? in porcelain C). However, there was also
one porcelain (B with highest leucite content) that had no positive response to this toughening
treatment. In general, the increase in K;, was higher for the porcelains with lower leucite
content. The variation in Vickers hardness, HV, followed similar tendency as K, (Figure 8b),
but with lower relative increases that achieved up to around 70% (variation from 7.6 to 12.7
GPa in porcelain Cb).

Another work also observed beneficial effects of applying ion exchange (with K-containing
compound at 450°C for 30 min) to increase the fracture toughness of dental porcelains. For
eight dental porcelains, K|, increased between 39% and 116%, but no significant differences in
hardness values were observed [51].
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Figure 8. Fracture toughness, K, (a), and Vickers hardness, HV (b), of dental porcelains before and after ion exchange
(IE) process (in parenthesis the vol% of leucite crystal). Data from [47]

The increase in K;, value is indicative of the operation of ion stuffing mechanism by ion
exchange of smaller Na* by larger K* in the glassy matrix, which introduced residual com-
pressive stress fields on the surface region of the porcelain. The compressive stresses hinder
the radial/median crack propagation generated by the Vickers indentation (Figure 9), decreas-
ing the ratio c/a (ratio between the sizes of radial/median crack and indentation diagonal) and
increasing fracture toughness. This behavior is highly desirable since the compressive surface
layer may decrease or even inhibit the generation of large and deep cracks on the surface of a
dental porcelain restoration during mastication. Since surface cracks are deleterious to the
mechanical strength of porcelains, decreasing its size results in lower strength degradation.

(@) (b)

Figure 9. Schematic images of radial/median cracks generated at the corners of Vickers impression: (a) before ion ex-
change, without residual stresses and (b) after ion exchange, indicating the shortening of the cracks due to the residual
compressive stress fields (indicated by arrows)

The residual stress (MPa) introduced by ion exchange was calculated according to the
following equation [47]:
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where, K, and K., are the fracture toughness measured before and after ion exchange,
respectively. Figure 10 shows the calculated residual compressive stress values. It can be seen
thation exchange by paste method can generate significant compressive stresses, up to around
90 MPa, on the surface of dental porcelains.
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Figure 10. Residual compressive stress generated on the surface of dental porcelains by ion exchange process. Data
from [47]

For porcelain B, which had the highest leucite fraction (22%), however, there was no intro-
duction of residual compressive stress, although significant increase in K,O content after ion
exchange have been detected (Figure 6). A possible explanation could be the occurrence of
stress relaxation caused by the viscoplasticity of glassy matrix during the heat treatment of ion
exchange process. The temperature used for ion exchange (450°C), however, seemed to be
sufficiently lower than the glass transition temperatures, T,, for all porcelains, as indicated by
their annealing point (Table 3). This point is defined as the temperature at which the glass
viscosity is 10" Pa.s and most of the internal stresses are reduced within about 15 min [52].
The annealing point was determined by calculating the viscosity curve as a function of
temperature from the chemical composition using the program SciGlass (SciGlass v.7.7, MDL
Information Systems) [53].

Porcelain A% Cb C D B

T (°C) atn=10"Pa.s 708 673 564 641 659

Table 3. Calculated annealing point (temperature) of dental porcelains

The overall and glassy matrix chemical compositions (Table 2) of porcelain B, compared to the
other porcelains, did not justify the ineffectiveness of ion exchange to improve the mechanical
properties in the porcelain B. The tendency that the relative increases in fracture toughness
and hardness decreases with the increase in leucite content (Figure 8) suggests that the
beneficial effects of ion exchange are counterbalanced by the toughening effect of leucite
particles. It is possible that the ion exchanged K* ions could preferentially occupy the sites
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under the tensile residual stressed regions around leucite particles and agglomerates, which
could be energetically more favorable causing less increase in residual stresses. The chemistry
of the glassy matrix also affected the response to ion exchange treatment, as can be seen from
the results of both completely glassy porcelains (V and Cb, Figure 8). Both porcelains had the
same initial Na,O content (3.6 mol%, Table 2), but in porcelain Cb higher residual compressive
stress was generated (Figure 10). It is difficult to predict the interactive effects of different ions
present in the glassy matrix in the ion exchange process between Na* and K* ions, since even
low concentrations of some elements can have strong effects [26].

5. Ion exchange on strength, reliability, and lifetime of dental porcelains

In this section, the effects of chemical toughening using ion exchange by the paste method on
the strength and lifetime of dental porcelains are shown. In this study, a feldspathic porcelain
(Ultropaline Super Transparent, Jen Dental — UST) recommended for metal-ceramic or all
ceramic restorations was used. The chemical composition of this porcelain is shown in Table 4.

SiO, Al,0O, K,O Na,O CaO MgO Traces

70.2 (69.9) 10.4 (9.6) 10.6 (10.7) 41 (4.6) 3.1(35) 1.3 (1.5) Ti, Fe, Zr, Ni

Table 4. Chemical composition (mol%) measured by XRF spectroscopy and calculated glassy matrix composition (in
parenthesis) of Ultropaline Super Transparent (UST) dental porcelain (containing 12 vol% leucite particles)

Disc-shaped green specimens were prepared by vibration-condensation method and then
sintered at 930°C following the firing schedule recommended by the manufacturer. After
firing, the specimens were machined and mirror-polished with diamond suspensions down
to 1 um. For each test condition at least 10 specimens (12.5 mm in diameter and 1 mm in
thickness) were prepared.

For the chemical tempering, a paste was prepared by mixing 10 g of KNO; powder (Merck)
with 4 mL of deionized water. Porcelain discs, containing 0.4 g of this paste on the polished
surface, were subjected to the ion exchange treatment in an electric furnace (FP-32, Yamato)
with a heating rate of 5°C/min at 470°C (or other specified temperature) during 15 min, after
an intermediate step at 150°C for 20 min for drying. After the treatment, the paste residue was
easily removed with sprayed water.

The porcelain’s strength was determined in biaxial flexural mode, which is an adequate
loading condition for thin specimens, like the dental restorations. The biaxial flexure strength
(o) was determined using a piston-on-three-balls loading device in a universal mechanical
testing machine (Syntech 5G, MTS) at a constant stress rate of 10 MPa/s (or other specified
rate), with the specimen immersed in artificial saliva (Table 5) heated to 37°C (Figure 11).
Flexural test performed in artificial saliva at 37°C is more severe (strength tends to be lower)
than in usual laboratory environment, but these conditions are more clinically relevant, since
they are closer to the oral environmental conditions.
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KH,PO, (2.5 Na,HPO,(24 KHCO, (15 NaCl (1.0 mM) MgCl, (0.15 CaCl, (1.5 mM) Citric acid (0.002
mM) mM) mM) mM) mM)

100 mL 100 mL 100 mL 100 mL 100 mL 100 mL 6 mL

Table 5. Composition of artificial saliva [5,54]

Figure 11. Images of biaxial flexural device: (a) loading piston and three-ball support; (b) disc specimen positioned in
the flexural device and immersed in artificial saliva with heating element; (c) general view of the biaxial flexural load-
ing device [5]

The biaxial flexural strength (o;) was calculated using the following equation [5,55]:

o= 0.2_;$ (1 +u){1—2ln(gﬂ +(1-v) [%)2 —%@]2 (10)

where, F is the load at fracture, w is the specimen thickness, A is the radius of the support circle
(4 mm), B is the radius of the piston (0.85 mm), C is the radius of the specimen, and v is the
Poisson’s ratio (determined by ultrasonic pulse-echo method [56]).

Figure 12 shows the effects of ion exchange temperature on biaxial flexural strength, o, and
fracture toughness, K, determined by the indentation fracture method. It can be seen that ion
exchanged specimens had significantly higher o, values (around 130 MPa) compared to the
control sample — without chemical tempering (57 MPa). This substantial increase of around
130% in strength was directly related to the increase in material’s resistance to crack propa-
gation, that is, fracture toughness. This property increased from 1.3 MPa.m'?in control sample
to around 2.8 MPa.m"?in chemically tempered samples (relative increase of around 120%) [57].
The ion exchange by the paste method although short in time results in significantly strength-
ening and toughening of dental porcelains. Other works also showed increases between 20 to
83% in flexural strength by applying this method for feldspathic porcelains [58,59], although
there are also reports showing no significant increases in some dental porcelains [60], partic-
ularly those with high K,O content [61].

No effects of ion exchange temperature on o;and K;, were observed when this treatment was
carried out between 430 and 510°C (Figure 12), which corresponded to a range between 75 and
89% of the glass transition temperature (T,) of UST porcelain. This temperature (T,), deter-
mined by differential thermal analysis, DTA (404S, Netzsch), at a heating rate of 5°C/min in
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air, was 575°C [57]. At this temperature range, one could expect a significant increase in the
ion exchanged K* ions with the increase in temperature, since the kinetic of ion exchange by
interdiffusion with Na* ions of the porcelain is exponentially dependent on the temperature
(Equations 2—4). In fact, it was determined by XRF spectroscopy that the sodium content in the
KNGO, paste residue increased with the increase in temperature of ion exchange treatment
(Figure 13). The increase in K,O content and reduction of Na,O content in porcelain were also
confirmed by EDS analysis in SEM. In this case, it seems that the increase in ion exchange rate
was counterbalanced by the stress relaxation with the increase in temperature (Equation 6),
inhibiting further increase in residual compressive stress and increases in toughness and
strength. Therefore, an appropriate temperature for making ion exchange in dental porcelains
with K*ions exchanged by Na*ions by paste method seems to be around 80% of glass transition
temperature (T,), or around 100°C lower than T, (for UST porcelain at 470°C).
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Figure 12. Biaxial flexural strength, o, and fracture toughness, K, of UST dental porcelain before and after ion ex-
change (IE) at different temperature. In parenthesis is the temperature of IE relative to the glass transition temperature
(T, = 575°C). Data from [57]
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Small variations in flexural strength with varying ion exchange temperatures were also
reported in another work. In general no significant differences were observed in strength when
ion exchange with K-containing compound was applied to three dental porcelains between
300 and 600°C (for 30 min), although maximum values were observed at 450°C. Besides, small
variations in strength with varying ion exchange time (10 to 90 min at 450°C) were also
observed [62].

In order to evaluate the effects of the size of surface flaws on the strength of ion exchanged
porcelain, the polished surface of specimens was indented with Vickers impression with
increasing load from 2 to 49 N. In Figure 14a, it can be seen that the biaxial flexural strength,
o;, of UST porcelain, without (control) and with ion exchange treatment (KNO,, 470°C, 15 min),
decreased with the increase in indentation load, since this increase causes the increase in radial/
median crack size, ¢ (Figure 7b). However, the decrease in o; was more accentuated in the ion
exchanged specimens. These results showed that the beneficial effects of ion exchange are more
pronounced for small surface cracks, and less effective for larger and deeper flaws. This
behavior is related to the gradient of K* ion content introduced in the surface region, which
results in a gradual decrease of residual compressive stress to the interior of porcelain. The
positive effects of ion exchange disappear for flaws deeper than the thickness of compressive
stress layer.
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Figure 14. Biaxial flexural strength, oy, after a Vickers indentation at different loads (a) and fracture resistance, Ky, as a
function of crack extension, Ac (b), for UST dental porcelain with and without ion exchanges. Data from [63,64]

The fracture resistance, K, or K. as a function of crack extension, Ac, can be evaluated using
the following equation [64—66]:

K, =k-(Ac)' (11)

R

Where, the parameters k and g are determined using the data obtained by power law fits on
the results of biaxial flexural strength, oy, as a function of indentation load, P, in Figure 14a.
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The calculated fracture resistance, Ky, values as a function of crack extension, Ac, are shown
in Figure 14b. For the non-treated porcelain, K; increased with the increase in crack size, the
so-called rising R-curve behavior (crack growth resistance curve). This behavior is observed
in leucite-containing porcelains and is caused by the friction between rough crack surfaces
caused by crack deflection around leucite agglomerates [11]. Since this mechanical grip acts in
the crack wake, the shielding effect at the crack tip is intensified with the increase in crack
extension [67]. Rising R-curve effect is a desirable material behavior since it is necessary
additional energy to propagate the crack, besides that needed at the crack tip [65,66]. For the
ion exchanged porcelain, an opposite result was observed, with the decrease in K}, as the crack
size increased. The decreasing residual compressive stress from the ion exchanged surface
cancelled the rising R-curve effect of porcelain microstructure and in addition, resulted in a
decreasing R-curve effect. This behavior makes the strength of ion exchanged porcelain more
sensitive to the size of flaws.

The variability of strength in ceramic materials is closely related to its flaw population, since
fracture is a probabilistic event due to a random-like distribution of the strength-limiting flaws
[68]. The strength variability of ceramic materials can be evaluated using Weibull statistic,
which is based on the weakest-link theory, where the more severe flaw results in fracture
propagation and determine the strength [69]. The Weibull two-parameter distribution is given
by [14]:

0

O, . "
Py, =1-exp —[f] (12)

where, P; is the probability of fracture of ith specimen, i is order number of o, (fracture stress
of ith specimen, ranked in ascending order of values), o, is the characteristic strength (scale
factor, defined for P= 63.2%), and m is the Weibull modulus (shape factor; the lower this value,
the higher is variability). For this analysis, 30 specimens of UST porcelain for each condition
(without and with ion exchange treatment — KNO,, 470°C, 15 min) were tested in biaxial
flexural mode at a stress rate of 1 MPa/s (in artificial saliva at 37°C). The Weibull parameters
(0, and m) were calculated based on the maximum likelihood method [70] and the results are
shown in Figure 15.

It can be seen in Figure 15 that the ion exchange treatment increased more than 100% the
characteristic strength, o,, but it also caused larger variability in fracture stress, reducing
around 50% the Weibull modulus, m. Higher variability means lower reliability in the strength
of porcelain, which was caused by the decreasing R-curve behavior in ion exchanged porcelain
(Figure 14b), since shallow cracks were significantly toughened by high residual compressive
stress level near the surface, but deeper surface cracks were less shielded by the decreasing
resistance to crack growth. Therefore, strongest specimens in non-treated porcelain were
strengthened more than the weakest ones. Clinically, it is more relevant to consider the fracture
stress in an acceptable fracture probability, for example, at P;=5%. Although strengthening is
not so high as compared to the g, value (P;= 63.2%), even at this low level of P;s,, a significant
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Figure 15. Weibull plot of biaxial flexural strength data, o, for UST dental porcelain with and without ion exchange.
Dotted lines are 95% confidence interval; m is Weibull modulus, o, is characteristic strength, and oy, is fracture stress
at 5% fracture probability. Data from [71]

strengthening effect (at 95% confidence interval) is observed (Figure 15). In practice, the
strengthening effect could be even higher than for P; = 5%, since clinical studies of inlays
constructed with feldspathic porcelains have shown high fracture rates, up to 48% in evalua-
tion periods of up to 3 years [72,73]. Therefore, although ion exchange reduces the mechanical
reliability of dental porcelain, the strengthening effect is still significant even for low levels of
fracture probability.

Another relevant factor related to the lifetime of a porcelain restoration is the mechanical
degradation over time. When a ceramic material is subjected to a stress level lower than the
fracture stress, the flaws (cracks) can growth slowly in a stable manner up to the time at which
loading comes to a halt, reducing the material’s strength due to the increase in crack size, or
when a flaw achieves a critical size, given by the Griffith-Irwin fracture criterion (Equation 1),
that results in (fast) fracture. This phenomenon is known as slow (or subcritical) crack growth,
SGC, and silicate glasses, like porcelains, usually are highly susceptible to this type of degra-
dation [74-76]. SCG occurs mainly by a stress corrosion mechanism (Figure 16), in which water
molecules diffuse and are adsorbed at the crack tip, and then cause bonding rupture of glass
network yielding Si-OH groups on each fracture surface, resulting in crack growth, by [76,77]:

Si— O-Si+H, 0 — 25i-OH (13)

Since the oral environment is aggressive to porcelain restorations and has many characteristics
that favor SCG (water from saliva and dentin tubules, masticatory stresses, temperature and
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Figure 16. Schematic molecular images of slow crack growth (SCG) phenomenon in silicate glass: (a) diffusion of water
molecule to the crack front (dotted line); (b) bonding breakage of SiO,* network causing increase in crack size

pH variations [67,78]), it is important to understand the response of strengthened porcelain to
this phenomenon. The main method used to characterize the material’s susceptibility to SCG
is the dynamic fatigue method, in which specimens are tested in different stress rates and using
the following equation [79-81]:

1 .
logo, :mlog0'+logo-f0 (14)

where, oyis the flexural strength, ¢ is the stress rate, ap the scaling parameter, and # is the slow
crack growth, SCG, susceptibility coefficient (the higher is n value the lower is the suscepti-
bility). Figure 17 shows the results of this test for UST porcelain, non-treated and ion exchanged
(KNO,, 470°C, 15 min). It can be seen that ion exchanged porcelain had significantly higher n
value (relative increase of around 50%), showing more resistance to SCG degradation. This
effect is substantial and can impact the lifetime of a restoration.
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Figure 17. Biaxial flexural strength, o, as a function of stress rate (a) and predicted flexural strength as a function of
time to fracture (b) for UST dental porcelain, with and without ion exchange, in artificial saliva at 37°C. In (a),0 4 is the
scaling parameter and n is the slow crack growth, SCG, susceptibility coefficient. Inert strength was determined at 100
MPa/s in air with a drop of silicone oil on the tensile surface to inhibit the occurrence of SCG. In (b), the slope of fitted
curve is related with n. Data from [63,71]
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Using the results of the dynamic fatigue test, it is possible to extrapolate the strength decrease
after long lifetimes, as shown in Figure 17b. For both conditions, the average strength decreases
over time, and after 10 years the expected remaining strength drops to around 30 MPa for the
non-treated porcelain, but it still remains high (around 90 MPa) for the ion exchanged porcelain
[71]. The increase in the stress corrosion coefficient, 1, is a significant effect, since the difference
in strength between ion exchanged porcelain and non-treated one increases over time.
Therefore, besides increasing the strength the compressive layer generated by ion exchange
process also decreases the rate of strength degradation by slow crack growth phenomenon.

Using the results of Weibull distribution (Figure 15) and dynamic fatigue test (Figure 17a) it
is possible to construct the strength-probability-time (SPT) diagram [79,82,83], as shown in
Figure 18. This diagram makes possible the estimation of a fracture stress at any time during
the lifetime of a dental restoration at any fracture probability level. For example, it is possible
to verify that UST porcelain after ion exchange has at least twice the fracture stress than non-
treated porcelain even at a fracture probability as low as 1% during long lifetimes (e.g., 100
years). Note that the difference in fracture stress increases over time, at any level of fracture
probability.
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Figure 18. SPT (strength-probability-time) diagram for 1 day (1 d), 1 year (1 y), and 100 years (100 y) for UST dental
porcelain, with and without ion exchange. Data from [63,71]

6. Two-step tempering processes

There are some two-step tempering methods proposed to overcome some limitations of the
conventional (one step) ion exchange process. It was demonstrated that the application of ion
exchange by the paste method after a thermal tempering treatment in a feldspathic porcelain
resulted in an increase in the Weibull modulus (m = 14.6) compared to only thermal tempered
condition (m = 8.7), with small decrease in average strength value [84]. Similar results were
observed after applying a thermal tempering followed by a short-time chemical tempering in
a silica-soda-lime glass dielectric, in which the reliability of thermal shock resistance was
enhanced, with no change in the strength [85].
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In order to increase the case depth, a two-step ion exchange was applied to a feldspathic
porcelain. The specimens coated with a slurry containing 10 mol% LiCl and 90 mol% NaCl
were heat treated at 750°C for 30 min and then cooled and heat treated at 450°C for 30 min.
The first step was conducted above the melting temperature of chloride mixture and the second
step below the glass transition temperature (T,) of porcelain. The intent of first step was to
exchange Na* ions and some K* ions in porcelain by smaller Li* ions from chloride mixture,
considering that the high diffusivity at 750°C could result in a deeper exchanged layer. In the
second step, some of Li* ions would be re-exchanged by bigger Na* ions, introducing a deep
compressive layer. The determined thickness of ion exchanged layer was at least 140 um [86].

Another two-step ion exchange method was proposed to introduce an engineered stress profile
(ESP), in which a designed ion exchange stress profile with steep increase of the compression
stress from the surface achieves a maximum at a predetermined depth and then decreases
towards the interior of the glass. In the ESP glass, surface cracks growth in a stable manner up
to the maximum compressive stress and are subsequently arrested, resulting in an uncommon
surface crack pattern with a set of arrested cracks, before unstable fracture occurs. This
behavior results in significant lower variability of fracture stress. The ESP is generated by a
short second ion exchange process carried out for partial removal of the stuffing ion introduced
in the first extended treatment [87,88]. This method was applied to a leucite-reinforced glass-
ceramic prepared by heat-pressing method (Empress), using a KNO; bath in first step during
11 h at 450°C followed by a second step with a bath of 70 mol% KNO; and 30 mol% NaNO, at
400°C for 30 min (both temperature lower than T, of Empress). The two-step method resulted
in increase in Weibull modulus (m = 11.7) in relation to the single-step ion exchange (m = 5.1)
[89], and very high slow crack growth (SCG) susceptibility coefficient (n = 107) [90]. Figure
19 shows schematically the residual surface stress profiles from different ion exchange
methods.

Figure 19. Residual surface stress profiles expected from different ion exchange (IE) methods: conventional extended
(one-step) IE; two-step IE; and paste method (short IE treatment). Vertical dotted lines represent the depths of small
and large surface crack. Data from [71]
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7. Concluding remarks

Dental porcelains have been used for many decades because of their excellent aesthetic
qualities, including the possibility to mimic natural teeth, besides other favorable character-
istics. However, the low strength and fracture toughness, and high susceptibility to mechanical
degradation by slow crack growth result in relatively low lifetimes in the oral environment.
The introduction of a compressive surface layer by ion exchange is a promising process to
enhance the mechanical behavior of dental porcelains. Exchanging small ions (e.g., Na*) by
larger ones (e.g., K*) in the glassy matrix at temperatures lower than its glass transition
temperature (T,) can result in a steep gradient of residual compressive stress, which signifi-
cantly increases the fracture toughness (K,) in the porcelain surface. This increase leads to
significant strengthening effects, even using the paste method, which is carried out in short
times (less than 1 h). However, the strengthening is more pronounced for shallow surface
flaws, because of the limited thickness of compressive layer and decreasing resistance curve
(R-curve) behavior, which increases the variability of fracture stress and decreases the
mechanical reliability (decreases the Weibull modulus, ). On the other hand, strengthening
by ion exchange also significantly increases the resistance to slow crack growth phenomenon
(stable crack propagation at low stresses intensified by water corrosion). This results in lower
strength degradation over time and counterbalances the negative effect of decreasing reliabil-
ity, leading to higher strength retention after long lifetimes (decades) even at a level of low
fracture probability (e.g., 5%). The two-step ion exchange method has the advantage of
increasing the material reliability, but at the expense of longer periods of treatment (above 10
h). In conclusion, it is expected that the application of chemical tempering (strengthening by
ion exchange) can improve the lifetime of dental porcelain restorations.
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