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Preface

Present in soil, water, and geological organic deposits, humic substances are the
most widespread organic compounds, naturally occurring from the physical,
chemical, and microbiological transformation of biomolecules. Humic substances
represent about 25% of the total organic carbon on the Earth and comprise up to
75% of the dissolved organic carbon in water, making them important for multiple
environmental processes in both soil and aquatic systems.

Based on their solubility, humic substances can be fractionated into humic acid,
fulvic acid, humin, and some microelements. Humic acid includes long-chain
aggregates soluble in alkali, while fulvic acid is a mixture of short-chain compounds
soluble in both acidic and alkaline solutions. Humin, in contrast, constitutes the
non-soluble fraction of the humate. This classification is based only on superficial
criteria and does not indicate chemical behavior or provide insights into chemical
structures.

Humification, or the set of processes leading to humic substances, is a set of reactions
occurring either in sequences or simultaneously and affecting at varying speeds

an extreme diversity of substrates. These reactions are essentially biochemical in
nature, but purely chemical processes can also be involved. Physical factors, such as
temperature or the humidity of the surrounding environment, also determine the
formation of humic substances at various stages. Humification, therefore, appears to
be a complex process in which biological activity plays a major role in the short term,
but the slow evolution of humic compounds due to external conditions may gradually
modify the properties of the humus.

Despite many decades of extensive studies, the formation mechanisms of humic
substances, as well as their structure, are still a subject of discussion and controversy.
The content of this book revolves around the structure and dynamics of humic
substances, their physicochemical and biological properties, and the technics of
their extraction and characterization. The book also sheds light on recent advances
and applications of humic substances in agriculture, environment, industry, and
medicine.

Abdelhadi Makan
Abdelmalek Essaadi University,
Tétouan, Morocco






Chapter1

Humic Substances: Prospects for
Use in Agriculture and Medicine

Priya Goel and Madhu Dhingra

Abstract

Humic substances are the naturally occurring biogenic, heterogeneous organic
compounds resulting from the decomposition of plant, animal and microbial residues,
over many thousands of years. Research into humic substances have found them to be
beneficial not only for crop production, but for human and animal health also. Humic
substances influence crop yields by affecting soil texture, water retention, nutrient
buffering capacity and microbial diversity. Their stimulatory effects on plant growth
and physiology can be ascribed to enhanced nutrient uptake, hormonal activity with
root growth and proliferation, activation of antioxidant defense under various abiotic
stresses. Furthermore, their potential to remove toxic pollutants from soil as well as
aquatic systems might resolve the problem of degrading environment. Positive effects
of humic substance on soil as well as crop without harming the environment make
humic acid a sustainable solution for crop production. The antioxidant, immunomodu-
latory, anti-inflammatory, detoxifying and nutritional properties of humic substances
opens up new avenues for their medical applications. Still, more research is needed to
completely explore their potential. This chapter will summarize and review informa-
tion about the prospects of using humic substances in agriculture and medicine.

Keywords: Humic substances, Fulvic acid, Humic acid, agriculture, medicine

1. Introduction

Humic substances (HS) are soil-derived substances that form one of the vast
reservoirs of organic carbon in nature. HS are primarily produced by physical,
chemical and microbial degradation and transformation of plant and animal tissues
(humification process) over millions of years. They constitute the bulk of organic
matter of the soil — humus, peat, lignites and also brown coal. HSs may also be pro-
duced as a by-product of the synthetic oxidation reactions of phenolic compounds.

Humic substances contain carbon, hydrogen, oxygen and nitrogen with small
amounts of sulfur and phosphorus. They are a mixture of acids that can be fraction-
ated on the basis of differences in their solubility into humic acid (HA), fulvic acid
(FvA) and humin fractions, beside ulmic acid, and some microelements. Humic
acid includes aggregates of long chain, high molecular weight compounds, soluble
in alkali, while FVA is a mixture of short chain, low molecular weight compounds,
soluble in both acidic and alkaline solutions. Humin, in contrast, constitutes the
non-soluble fraction of the humate.

Owing to their unique structural and chemical properties, humic substances
make an excellent soil amendment. They offer beneficial impacts in terms of overall
soil structure, water holding capacity and nutrient availability in the soil along with

1 IntechOpen
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Applications of Humic Substances in various fields of agriculture and medicine.

positive effect on the microbial communities in the soil, hormone like impact on
plant growth. Thus, proving their vitality for farmers’ economic status. HSs have also
been applied in the treatment of various human diseases and maintaining overall
vigour and growth of the body. Being rich in minerals which are easily assimilated

in our body, their consumption in the form of dietary supplements and addition

in cosmetic products is highly recommended. Figure 1 tabulates various fields of
agriculture and medicine where humic substances have shown their applications.

2. Role of humic substances in agriculture
2.1 Impact on soil properties

Humic substances play an important role with their effect on the quality and
productivity of the soil. They influence the soil structure and various physico-
chemical properties and are involved in the majority of soil surface phenomena.
Humic substances, increase soil aggregation, water retention, infiltration rate, and
water-holding capacity [1]. Research shows that aggregation in soils is improved
with humic substances over a wide range of texture grades and mineral suites
[2]. Polymerization reaction between the hydroxyl group and carboxyl group of
humic acid in the fertilizer with the calcium in the soil, lessens the soil bulk den-
sity, improves the porosity, provides good permeability; thus, improving the soil
structure [3]. Significant differences have been observed between the field capacity,
permanent wilting point, and available water capacity of untreated and humic
acid treated soils and emphasized that humic substances can improve structure of
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degraded soils even [4]. The combination of colloid in humic acid and the calcium
in the soil forms flocculent gels that impacts the soil loosening, increases air perme-
ability and water storage capacity and develops soil aggregate structure [5]. Humic
acids have potential to improve soil structure in short term as aggregate stability
increased with humic acid application while soil modulus of rupture decreased [6].
The application of humic acids in arid white sandy and red sticky soil can provide
the opportunity for use of reserved cultivated land resources, as these substances
decrease the bulk density band increase the porosity of soil [7]. Positive effect have
been observed of humic acid application on physico-chemical characteristics of soil
embankment with pH value in range of 7-8, cation exchange to 60% saturated and
soil bulk density in the range of 1.1-0.97 g/cm’, thus making embankment favorable
for fish or shrimp [8].

Humic acid can improve the chemical properties of the soil. The application of
humic substances influences the cation exchange capacity of the soil. Exogenous
application of humic acid increased exchangeable Na, Ca, Mg and K while
decreased soil pH and EC [9]. Similar positive effects on soil EC, organic matter
and total nitrogen were reported with increasing dose of humic acid [6]. Humic
substances buffer the soil pH and release carbon dioxide. The biological and physio-
chemical properties of organic substances may play role in nitrogen mineralization
from organic sources during incubation [10]. Long term effect of humic acid
application on soil nutrient status was confirmed through a three-year experiment
on peanut in which humic acid treatment increased not only soil total nitrogen,
phosphorus, potassium content and available NPK contents but also the organic
matter content [11]. Increase in organic matter content of the soil can be useful for
the improvement of agricultural soils [12]. In saline-alkali soils, humic acid adsorbs
soluble salts in the soil, obstructs unfavorable cations, and decreases the salt
concentration and pH of the soil. These substances have potential to counterbalance
the acidity and salinity of the soil and act as a natural chelator for metal ions under
alkaline conditions. It exchanges H" ions with Na in the soil thereby declining Na*
content and increasing H* levels, consequently soil pH and SAR is reduced [9].
Humic substances decrease the soil Na, EC and pH likely due to high supplies of
Ca, Mg and K which hold the cation-exchange sites on soil particles, restrict the Na
adsorption and thus enhance Na leaching losses during precipitation events [13].

Soil microorganisms are important components involved in the processes viz.,
decomposition of soil organic matter, humus formation and soil nutrient cycling
[14, 15]. Humic substances affect the structure of microbial community and impact
the soil fertility [16]. The activity of soil enzymes represents the metabolism in the
soil, which in turn reflects the nutrient uptake and growth of plants. Humic acid
treatment increased the activities of soil enzymes- urease, sucrose and phosphates
in a three year experiment on peanut [11]. Furthermore, microbial diversity of the
soil was also altered with the application of humic acid; promotion of bacteria while
the effect was reverse with fungi. Humic acids facilitate the growth of microbes
by providing a source of carbon and food for micro-organisms. They also provide
a source for colonization of microorganisms because of their large size; thus,
providing continuous supply of nutrients for establishment of beneficial microbial
communities in soil [17]. Humic acids at a concentration of 0.1 g/l stimulated
the growth of the soil bacteria, probably, modulating the cell metabolism [18].
Application of humic substances has significant impact on carbon and nitrogen
transformation processes occurring in the soil. This effect may be attributed to
the functional groups of humic substances, which can be readily oxidized and
subsequently act as electron donors for bacterial respiration, thus affecting the CO,
and CH, production [19]. Microbial processes affected by humic acids can help to
reduce greenhouse gas emissions [20].
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2.2 Impact on plant growth

Humic substances are fairly stable products of organic matter decomposition
and, thus, accumulate in the environmental systems. Due to their advantageous
effects on different soil properties, their role in plant growth has been recognized.
For several decades, commercial humic products have been available and applied
to increase crop growth and economic yield [21]. Commercially available humic
substance-based products can be applied both to the soil (root area) as well as foliar
sprays. The impact of soil application has been studied extensively but for foliar
application mechanism needs to be explored. In foliar application, humic sub-
stances do not come in contact with rhizosphere where important effect of humic
substances on nutrient availability takes place [22]. Two hypothesis have been
proposed to explain the effect of humic substances on plant growth- (a) Nutritional
hypothesis, which proposes that the humic substances affect the plants due to
their indirect effect on soil properties and the mineral nutrients available in the
soil and (b) Hormone-like hypothesis, which proposes their direct impact on plant
metabolism through roots [23]. The impact of humic acids on the plants depends on
the concentration used, their genesis, molecular size and number and distribution
of hydrophilic and hydrophobic sites. Humic substances mainly act upon proteins
involved in nutrient transport, nitrogen assimilation, cell division and develop-
ment; plasma membrane H*-ATPases, hormone pathways [24].

2.2.1 Nutrient uptake from soil

Because of their structure and chemical composition, humic acids make nutrients
more available in soil that might not otherwise be available. Negatively charged humic
substances readily attract the cations and bind with them; thus affecting the cation
exchange capacity of the soil. Humic substances form complexes with metallic ions
and enhance the availability of micronutrients like Zn, Mn, Cu, and Fe and macronu-
trients like P, and specifically in the soils deficient in these nutrients [25]. Liquid fulvic
acids polarize the soil and increase the uptake of nutrients [26]. So, humic substances
form systems for ion exchange and complexation of metals, thus exerting beneficial
effects on nutrient uptake, their availability and transport. Many researchers reported
positive effect of both soil and foliar application of humic acids on uptake of different
macronutrients (N, Mg, Ca, K and P) and micronutrients (Cu, Zn, Mn, Fe) in various
crops viz., lettuce [27], maize [28, 29], wheat [30], peppers and cucumbers [16].

Application of either dry or liquid humic substances to soils improves the fertil-
izer efficiency. Humic substances diminish the leaching of nitrogen compounds into
subsoil water and reduce the toxicity. They bind to these nutrients in a molecular
form which decreases their solubility in water; thus, increasing soil exchangeable
NH* and available NO*~ while retaining more nitrogen in the soil. These binding
processes also prevent volatilization of N into the atmosphere. This role of humic
substances is related to their effects on plant cell membranes, and associated bio-
chemical and molecular processes initiated at post-transcriptional level in roots and
shoots [31]. Humic substances might increase the uptake efficiency of nutrients,
because of their ability to alter the activity of the root membrane H*-ATPase, which
is arecognized as a marker of biostimulant action and contributes to regulate the
rhizosphere pH, thereby affecting nutrient availability [32].

2.2.2 Root and shoot growth

Humic compounds have been reported to improve plant growth in terms of
parameters like plant height and weight. These effects vary with the concentration
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and origin of the humic substance and the plant species. Applications of humic

and fulvic acids at lower concentrations is advantageous for root proliferation.
However, use of these compounds at high concentrations might decrease root and
shoot growth. The positive effects of humic substances on root and shoot growth
can be ascribed to their hormone like activities as different hormones have been
identified in the humus structure [33]. The potential capacity of humic substances
to induce root development in plants with auxin-like activity was first postulated by
an independent research group working on mobilization of soil organic matter by
root exudates [34].

Humic acids prevent the oxidation and breakdown of hormones, thus, auxins
remain active for longer time. Application of humic acid, increase the root and
thus, the plant is better able to take up water and nutrients. Auxins induce activ-
ity of plasma membrane H*-ATPase root cells, which couple ATP hydrolysis to
H* transport across cell membranes. The apoplast is acidified, the cell walls are
loosened and resulting in cell elongation, thereby increasing the root growth. The
stimulation of H*-ATPase affects nutrient uptake, by enhancing the electrochemical
proton gradient that drives ion transport across cell membranes. Humic acid-like
auxins also induce H*-ATPase synthesis and it activity [35]. Humic substances
induce the synthesis of plasma membrane and increase the root growth with similar
mechanism. Humic acid treated maize seedlings recorded higher root fresh weight
than control plants along with increased number, diameter and length of roots
[36]. Similar effects of root elongation, lateral root formation and increased activ-
ity of H'-ATPase were observed in maize seedlings treated with humic substances
obtained from earthworm compost which showed the presence of exchangeable
auxin groups in the structural analysis [37]. Mechanism of effect of humic sub-
stances on root structure is still not clear. HA is also hypothesized to affect root
architecture in cucumber seedlings and enhance nitric oxide, ethylene and auxin
levels though the latter not being responsible for the former [38]. He suggested the
participation of some other factors in improvement of root architecture with humic
acid application. Also, research has shown that foliar application of humic sub-
stances did not result in increased activity of H*-ATPase and various hormones like
ABA as observed with application to the root; while both treatments increased the
jasmonic acid content in root which can be related to adaptation to mild transient
stress caused by humic substance application [22].

Humic substances also affect shoot growth, and it has been shown to affect
multiple plant processes like photosynthesis, respiration, protein metabolism and
activities of enzymes, uptake of water and nutrients. The mechanisms for these
effects have been related to changes in hormones, cell membrane permeability,
components of ETC, hydroxyproline:proline ratio, free radical activity within the
humic structure, and reactive oxygen species in plants [21]. Although it is still
not fully understood, humic acids result in better shoot growth. Application of
humic acidsimproves the health and vigor of the plant. Apart from auxin, humic
substances also exhibit gibberellins and cytokinin like activities [39]. These activities
stimulate plant metabolism and in turn shoot growth. It has also been speculated
that effect of humic substances on H*-ATPase might affect the root-shoot distribu-
tion of various hormones like cytokinins, polyamines etc., thus improving the shoot
growth [40]. Foliar applications of humic acid resulted in higher leaf and stem dry
matter contents than the control in tomato [41]. Hormone like activity of humic
acids also increased the number of harvested flowers per plant and extended the
vase life of harvested flowers in gerbera [42]. Humic acid treatment showed highly
significant effect on dry biomass, root/shoot ratio and photosynthesis parameters
like stomatal conductance, transpiration rate, photosynthetic rate in potato along
with 23-37% increase in tuber yield [43].
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2.2.3 Abiotic stress tolerance

The effect of humic substances in the alleviation of abiotic stress effects in plants
is ascribed to the elevation in enzymatic and non-enzymatic antioxidants, formation
of compatible solutes and changes in ionic balance. In various abiotic stresses, reactive
oxygen species (ROS) are one of the significant causes responsible for cellular damage.
The oxidative damage due to ROS is prevented by induction of enzymatic antioxidants
such as superoxide dismutase, peroxidases, catalase and ascorbate peroxidase and
non-enzymatic antioxidants like ascorbate, tocopherol and phenolics and production
of osmo-protectants like proline, sugars. These stress combating mechanisms are set
off by humic substances also. Response of humic acid treatment has been evaluated
on tolerant and sensitive melon varieties under drought and reported increased shoot
weight, leaf area, chlorophyll content and activities of antioxidant enzymes with
humic acid application under stress [44]. Humic acids enhance the stress tolerance by
reducing the evaporation of water with reducing effect on the stomatal opening; help-
ing the plant and soil to retain more moisture [7]. The oxidative stress is prevented
by humic substances through their positive effect on peroxidase activity and proline
levels; thus reducing ROS levels and maintaining cellular homeostasis [45].

Humic acid treatment is also known to improve photosynthetic rate under
different watering conditions through increase in rate of gas exchange and electron
transport flux in rapeseed [46]. Similar effects of stimulatory effect of humic
substances on proline contents, grain yield, total dry weight and harvest index was
reported in chickpea under stress as well as control conditions [47]. The exploration
of impact of chemical priming with humic acids on maize seedlings at transcrip-
tional level, revealed that signaling pathways of various hormones like ABA, gibber-
ellins and auxins and stress-responsive genes were positively modulated and humic
acid priming alleviated drought, heavy metal and salinity stress effectively [48].
Application of humic acid effectively imparted tolerance to maize plants against
salinity stress in terms of increased plant biomass, chlorophyll content, mineral ele-
ments and antioxidant enzymes activities [49]. An increase in permeability of root
cell membranes might be responsible for enhance nutrient uptake in tomato plants
grown under saline medium added with humic acid [50].

Humic substances may act through proliferation of root which is important for
plant adaptation under adverse conditions like salinity for exploration of deeper lay-
ers. In addition to biochemical responses, the effects of humic substances have been
studied at molecular level also. Salt-induced inhibition of HKT1 (sodium influx
transporter high-affinity K* transporter 1) gene was overcome by application of
humic acid in Arabidopsis through post-transcriptional control of the HKT1 trans-
porter gene under saline conditions [51]. Likewise, humic substances confer heat
tolerance by transcriptional activation of heat shock proteins in Arabidopsis [52].
Thus, humic substances tend to be the potential sources to sustain crop production
under arid, semi-arid and saline environments.

2.3 Environmental remediation

Humic acid-based fertilizers increase crop yield and stimulate plant enzymes
and hormones in an eco-friendly manner. High adsorption capacity and high ion
exchange capacity enable them to be the key candidates for environmental remedia-
tion. In environmental applications, the significant roles of humic substances are
removal of toxic metals, anthropogenic organic chemicals and other chemicals like
herbicides, fungicides, insecticides, etc., and pharmaceutical products from soil
and water. Humic substances have the ability to adsorb, form complexes, and exert
redox effects. These interact with different types of chemical groups like metal ions,
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hydroxides, oxides, minerals, organic matter, and toxic pollutants in the environ-
ment. In addition, these substances also participate in the biogeochemical cycles
like carbon and nitrogen cycle, thus, modulating the man-made pollution in the
soil. Furthermore, the detoxification organic and inorganic inhibitors of biological
processes and biodegradation of toxic organic substances, speculates the efficiency
of humic substances. Humic substances also hinder the uptake and availability of
heavy metals viz, Cu, Fe, Zn etc., in soil by immobilization of these metals.

Apart from soil, humic substances in aqueous systems, affect aquatic ecosystems
along with the organisms. In rivers, streams and lakes, about 50% of the dissolved
organic materials are humic acids, which affect their pH; the physical and chemical
properties of water are altered and they act as natural neutralizing components by
stimulating biotransformation of xenobiotics. Humic acids can be deployed in water
treatment and water purification technologies for removal of pollutants [53].

3. Role of humic substances in medicine
3.1 History of the use of HSs in medicine

HSs have found special place in traditional systems of medicine for roughly
3000 years in many countries, particularly India and China. Transcripts from
‘Ayurveda’ and ‘Siddha’ systems of medicine strongly refer to the use of humic sub-
stances in treatment of various ailments. Chinese Materia Medica pharmacological
compendium, the medical text of the 15th century Ming Dynasty, reports the use of
HSs in traditional medicine. Owing to their numerous benefits, HSs were referred
to as “Wujinsan”, meaning “golden medicine” in China.

The pharmacological properties of humic substances and products derived and
extracted from them, have been systematically reviewed [54]. A positive approach of
these substances has been documented through well-designed studies for treatment
of various rheumatological and other musculoskeletal diseases. Shilajit, a traditional
exudate from Himalayas in India occurs in the form of naturally occurring mineral
substance. Shilajit has proven stimulatory, rejuvenatory, revitalizing, anti-ageing and
anti-inflammatory properties. In addition, topical application of Shilajit has proven its
antiseptic and analgesic properties [55]. Shilajit typically constitutes humic substances
in which fulvic acid act is the most bioactive component (15-20%) that is known to
have immunomodulatory and psychoactive behavior. Peat extracts, derived from soil —
abundant in HS, have been used extensively in ancient Rome during the 19th century as
mud baths for its healing effects in gynecological and rheumatic diseases [56]. Peat was
also given orally to treat cardiac, gastric, intestinal or hepatic conditions.

Owing to their numerous benefits, HA and FVA have recently gained popularity
in ‘natural’ food market. They can potentially be used as novel, natural, valuable
food supplements or additives. Already some are available in the form of ready-to-
drink beverages and OTC pills, but still this market needs detailed exploration in
terms of combinations and variety.

3.2 Skin treatment

Direct application of mud pack on skin or as bath therapy has shown success-
ful results in treating painful body and skin ailments. The anti-inflammatory and
antioxidative properties of FvA and HA extracts present in mud help combating
the symptoms and treating the condition effectively. The extracts are found safe
when applied in amounts as high as 10 percent weight-by-volume. Fulvic acid or
humic extracts can be applied in the form of masks, bandages, bath therapy or mud
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packs as in balneotherapy done in various spas round the world. These extracts are
selectively absorbed via skin and have a stimulatory response on the spontaneous
contractile activity of smooth muscle tissue [57].

Hospital studies have shown effective use of mud in baths or packs in curing
various skin diseases, eczema, dermatitis and psoriasis including ulcers, com-
mon cold or flu, osteoarthritis and rheumatoid arthritis and other bone, joint and
muscle disorders. Patients exhibit healing effects and are significantly relieved of
pain and inflammation in a few sessions only. Peat is referred to as a magical, anti-
ageing substance. Detailed microbial and chemical analysis of Dead Sea mineral
mud, Israel used in certain dermatological and cosmetic preparations revealed
that the antibacterial properties of Dead Sea mud are probably owing to some
chemical and/or physical phenomena and not of the bacteria present therein [58].
Sterilization of the mud by gamma irradiation could not deter its effects. FvA and
HA mineral baths have shown 90% success rate in curing ulcers; Surprisingly these
baths were successful in curing internal ulcers as well [59].

3.3 Osteoarthritis and musculoskeletal healing

High temperature peat or mud bath provides depth warming, when given at
specific consistency. Besides, other conditions such as temperature, ionic strength
and pH of the mud or peat also influence the benefits reaped during the applica-
tion. This treatment improves blood circulation and regeneration processes in
the patient’s body. Studies have found significant effect of mud bath therapy on
osteoarthritis, a rheumatic condition associated with the progressive destruction of
cartilage. Peat therapy improves the level of chondrocytes, inflammation markers-
interleukin-1 (IL-1) and tumor necrosis factor alpha (TNF-a).

A trial study explained the benefits of Potassium humate treatment reducing the
levels of inflammation in osteoarthritis patients over a period of 6 weeks. The levels
of C-reactive protein (associated with inflammation) were significantly reduced in
the blood of patients [60]. Studies on mice indicate effectiveness of Shilajit in treat-
ing induced-RA [61]. Pro-inflammatory cytokines were found to be suppressed. Its
anti-arthritic mechanism of action was established through the suppression of pro-
inflammatory cytokines, which suggests FVA as a potential therapeutic candidate
for rheumatoid arthritis.

3.4 Blood properties

Presence of humate increases the oxygen carrying capacity of red blood cells
and improves blood circulation rate. Feelings of euphoria have been reported in
people taking humate in experimental studies, even during the first few days [62].
They have also shown improved rate of healing of injuries. This might be linked to
the extra content of oxygen in the body. Fulvic acids have shown improved rate of
absorption of iron, making higher concentrations available to bone marrow stem
cells for blood formation.

Feeding animals with humic acid-rich diet has shown improvement in blood
parameters viz. increased levels of total protein, globulin and glucose levels,
reduced blood urea nitrogen, cholesterol, non-esterified free fatty acids and ketone
body concentrations in goat fed on HA [63].

3.5 Nutritional benefits and detoxifying properties

Humic extracts, especially fulvic acids, are unique in their chelating ability.
When taken orally, they provide a natural chelation therapy as an alternative
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medicine for removing toxins from the body. They attach to the toxins, including
heavy metals, pesticides, radioactive particles, and environmental carcinogens, and
hence detoxify the body - the liver and the digestive tract. The toxins are neutral-
ized such that their cellular absorption gets difficult inside the body and get dragged
out as waste products, via urine, skin, lungs or in stools. Their ability to bind toxins
hasled to the commercial use of humic acid in industry, animal husbandry and
human nutrition. Humic acid was shown to be effective in removing botulinum
neurotoxins in sublethal chronic botulism in cattle [64], removal of lead in hen
thereby alleviating the toxic effects of lead poisoning on their thyroid gland [65],
reduce the accumulation of lead and cadmium in fish and improving their growth
rate [66].

Since they are derived from naturally occurring organic substances, humic
acids particularly FvA are good source of minerals. Humic acids act as dilator,
increasing the cell membrane permeability which facilitates the transfer of
minerals from blood to the bone and cells. Humic substances or their extracts
are medically proven to cause rehabilitation of muscles, bones and nerves and in
dealing with geriatric disorders viz. arthritis, diabetes, allergic symptoms and
dementia [54]. Owing to their low molecular weight and water solubility in both
acidic and basic substances, FvAs are readily absorbed through semi-permeable
membranes, and function actively in association with living cells. Fulvic acid
acts as a chelator; it readily complexes with essential mineral ions and rare earth
elements. This makes it an excellent mineral-carrier in the body. At the same
time, FAs capture and remove toxic metals from the body, eliciting the process of
detoxification. Within 3-4 days of FvA usage, both animal and human subjects
have shown considerable results. Treatment with humic extracts have shown
noticeable results in treating patients with normally incurable epidemic hemor-
rhagic fever. The extracts exhibited instant results in arresting bleeding, restoring
circulation rates, removal of clots, beside displaying anti-viral, and immune
modulatory properties.

3.6 Stress management

Humates block or reduce the production of stress causing hormones, improving
the animal behavior. Humate-fed animals are less aggressive, least affected by the
outside disturbances like heavy crowd or traffic or during confinement in closed
arenas. Humate supplementation in diet ameliorates the adverse effects of increased
caging density in hen [67, 68] suggesting the role of trace elements, having antioxi-
dative properties, present in humates. This effect has been noted in farm animals
and even fish [69].

3.7 Antioxidant and anti-inflammatory properties

Antioxidants are substances that protect cells from the damage caused by free
radicals, by neutralizing their electrical charge thereby preventing the oxidative
damage to the cell. Humic substances, including peat and sodium humates, are
known to exhibit excellent antioxidative and anti-inflammatory properties. Fulvic
acids act as good free radical scavengers, neutralizing dangerous free radicals like
superoxide (O,7), hypochlorous acid (HOCI), hydrogen peroxide (H,0,), hydroxyl
radicals (OH), peroxynitrite (ONOO"), and singlet oxygen (*02) radicals. An
increase in the level of antioxidant enzymes such as glutathione, superoxide dis-
mutase and catalase is generally taken as a biomarker for antioxidant properties of
HAs. Inside the cell, FvA can uncouple the electron transport chain in liver mito-
chondria, which is associated with lowering ROS production.
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The ages-old FvA-rich compound, Shilajit is known to reduce hyperglycaemia in
diabetic animal models and increase SOD activity in pancreatic beta cells. They have
the ability to significantly increase superoxide dismutase (SOD) activity that helps
preventing and combating free radical damage to pancreatic B islet cells. This prop-
erty, as shown in several hospital studies, stops the advancement and progression of
diabetes, plus assists in the treatment. With fulvic acid treatment, diabetes patients
became more energetic and the tingling, painful feeling and numbness experienced
in the nerve endings disappears or gets reduced [54].

Fulvic acid (FvA) belong to the category of natural health products (NHP)
known to cure diseases associated with chronic inflammation such as diabetes,
cardiovascular diseases, and colitis. They also help in relieving inflammatory states
of the cervix, especially cervical erosion (generally known as cervicitis), swelling
from joint inflammation as in Rheumatoid Arthritis (RH). HSs have been shown to
bond to the collagen fibres to aid in repair of damaged tendons and bone.

The neuroprotective effect of HAs on cerebral ischemia rat model [70] and
gerbil Hippocampus [71], therapeutic effects in renal ischemia reperfusion injury in
rats [72], protective effects in iron-induced hepatotoxicity and cardiotoxicity in rats
[73] have been associated with their antioxidant and free radical scavenging effects.
Administration of fulvic acid to rats for 4 weeks [74] and fish for 60 days [75]
showed significant decrease in lipid peroxidation and increase in the expression of
antioxidant enzymes glutathione, superoxide dismutase and catalase.

3.8 Cancer research

Conventional anti-cancer therapies like chemotherapy, radiotherapy, immu-
notherapy and surgical approaches for cancer treatment often result in recurrence
of the symptoms. During the procedures of cancer chemotherapy and radiation
therapy, large amounts of free radicals are generated which damage the normal
cells around the tumor cell. Hence, there has always been search for development of
cancer management approaches using non-toxic and natural products.

The naturally occurring humic substances, consisting of 60-80% fulvic acids,
have known anticarcinogenic properties. Naturally-occurring humic substances
have proven antioxidant, anti-inflammatory, antiviral, antimutagenic, heavy metal
chelating, apoptotic and photo-protective properties. These properties make them
useful agents for cancer therapy and prevention. Another plus point is that when
taken orally, HSs have no reported side effects and can be administered as a nutri-
tional and rejuvenating tonic in daily routine of the patient. Numerous hospital
studies have shown that humic substances, especially fulvic acids, have the power to
protect against cancer and related cancer-causing viruses. Humic extracts destroy
cancer cells as well as decrease cell proliferation and angiogenesis and thus, curb
growth of the cancer. Special humic substance therapies have shown promising
results in reversing deadly cancers and tumors.

Molecular structure of humic substances gives them excellent free radical
scavenging and antioxidant properties. This antioxidant activity increases with
increasing concentration of the humic extracts present in the compounds used in
cancer therapy. Naturally-occurring humic substances stimulate the production
of cytokines, including interferon-gamma, interferon-alpha, interferon-beta, and
tumor necrosis factor-alpha.

The effect of fulvic acid on three cancer cells lines - Hep3B, HT29 and PC3 at
different concentrations of FvA using MTT assay [76]. The assay revealed that FvA
inhibited the proliferation of cancer cellsas well as upregulated the mRNA levels of
apoptotic genes in all the three cell lines. The cytotoxic effect of HA with Arsenic
trioxide on human cervical cancer cells [77], FvA on hepatic cell lines [78] and HA
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on human breast adenocarcinoma cells [79] have been well documented. Even low
concentrations of Mumie-a natural component found in high mountains such as
the Himalayas and rich in humic compounds — could destroy human cervical cancer
cells [80].

3.9 Microbial activity and gut health

Sufficient evidences link imbalance in the gut microbiome with inflammation
and bowel diseases. Humic substances are known to improve the gut flora, increase
the expression and activity of gut enzymes that aid in nutrient absorption and settle
certain gut disorders. In other words, humic substances promote microbial activity
in gut and thus, enhance nutrient absorption.

When used as feed additives, humic substances may increase rumen microbial
population or shift microbiota in the gut to suit animal requirements. Increased
microbial activity, in turn, improves fermentation and digestibility of nutrients in
the gut rumen. HSs act as natural antibiotics, resulting in increased growth perfor-
mance in farm animals and early-weaned baby animals. HSs boost the animal gut by
promoting good microbes and inhibiting bad microbes when fed at high concentra-
tions in the diet. Several studies have shown that specific species of microbes such
as Turicibacter, Clostridium, Campylobacter, Dehalobacterium, Desulfuvibrio, and
Paludibacter are promoted while Prevotella, Blautia, Faecalibacterium, Lactobacillus,
and Coprococcus are inhibited in the cecum and colon of the animals when fed on
humate supplemented diet [81, 82]. Similarly, a high relative abundance of Serratia,
Acinetobacter, Aeromonas and Edwardsiella and low abundance of Lactobacillus was
obtained in the intestine of fish fed on FvA rich diet for 60 days. The activity of
digestive enzymes like lysozyme, proteases, and acid/alkaline phosphatases was also
increased [75].

Humic substances particularly FvA increases the absorption of metal ions and
other nutrients. There are significant proofs to show their influence on absorption
of drugs in the body. FvA has also been shown to mediate drug delivery in animal
models. Studies have shown that FvA enhances the uptake of iron, making it more
bioavailable to bone marrow stem cells for formation of blood as well as supplying
hormone stimulating micronutrients. In Broiler chicken, supplementation of diet
with HA improved the utilization of nutrients and growth performance by improv-
ing the overall gut health [83, 84].

3.10 Immune support

Use of humic substances exert a beneficial effect on the animal immune system,
including humans. Humates possess ability to bind sugars and assemble them
to form complex saccharides within the body like glycoproteins that function as
modulators of intercellular interaction. Glycoproteins bind to T cells and Killer
cells, keeping them in balance and thus, regulating the immune system. Excessive T
cells may lead to development of auto-immune diseases while excess killer cells can
attack bone and joints causing arthritis.

Administration of HSs, especially fulvic acids, both topically and orally can
bolster the immune system. They act as powerful immunomodulators, may show
potent antioxidant and anti-inflammatory properties that can be used to enhance
immunity and overall growth of the organism. This has been observed in grow-
ing swine [85], juvenile Loach [75] and broiler chicken [86]. Medical studies have
indicated that HSs prove more effective than several currently prescribed immune
regulatory drugs. Studies on mice have reported strong humoral immune stimula-
tion by HA and FvA supplemented diets [87].
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In addition, HSs have proved effective in alleviating the adverse effects of lethal
doses of irradiation and reducing the incidence of infections, increasing the life
span of the animal. This was directly correlated with the increasing capability of
immune system to recognize its own dead cells, following administration with
HSs supplemented diet or topical application of HSs. The overall health of animals
improves with food and water supplemented with HSs [88].

3.11 Anti-viral properties

Anti-viral properties of soil-derived humate materials have traditionally been
known to humans and have been studied experimentally since decades. Exploration
into the mechanism by which humic substances inhibit viral cytopathicity revealed
that these substances attach to the viral envelope protein, thereby coating its recep-
tor sites. This further disables the virus from being able to bind and infect host cells,
thus combating viral replication. Their potential range of applications cove both
naked and enveloped DNA viruses.

Viral pathogens for which HSs have been found effective include Coxsackie
virus A9, herpes simplex virus type 1 and 2, human immunodeficiency virus (HIV),
influenza type A and B, cytomegalovirus (CMV) and Vaccinia virus as well as other
respiratory tract infections. Excellent multimodal anti-HIV properties of humic
substances extracted from mud [89], Shilajit [90] and Lignin-rich solid waste
resulting from the processing of vegetable feedstock [91] have been demonstrated.
Researches are also underway to explore the potential of HSs against the novel
coronavirus COVID-19 [92].

3.12 Overall growth rate

Humic substances, with their miraculous anti-inflammatory, anti-oxidative,
immunomodulatory, detoxifying, gut-promoting and nutritional properties helps
in improving the overall growth and development of animal body. In animal hus-
bandry, use of humic substances as feed additives promotes the animal growth rate,
improves feed efficiency, prevents intestinal diseases and boosts overall immunity,
thereby improving the economics and ecology of animal production.

Administration of HA improved the final body weight, daily weight gain and
feed conversion ratio in broilers [88], increased the milk output and its quality in
goats, and also growth rate of their kids with no adverse effects [63]. Even their
young ones show higher survival values and better ability to overcome the effect of
weaning at early stages when given diet supplemented with HSs [82].

3.13 Safety aspects

Humic substances are soil-borne materials, so humans and animals are naturally
exposed to them. Industry has safely used these products for industrial exposure to
heavy metals in both humans and in animals. Various studies have been conducted
on both animals and humans over several years to test the effectiveness and safety of
fulvic acids on human diseases [54, 93]. Most of those studies suggested that they are
safe for oral or topical use, though recommended further exploration to confirm their
safety to be used as food additives. No significant changes in body weights, hemato-
logical variables, indices of thyroid function, and microscopic organ histology were
obtained when adult rats were orally administrated with HA [94]. No mutagenic or
genotoxic effects of acute toxic and subtoxic doses of FvA in female rats [95].

However, some studies also hint upon the harmful effects HSs may be associ-
ated with. HA can induce oxidative DNA damage and genotoxicity in human
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lymphocytes [96]. Some studies also hint upon goitrogenic aspects of HSs [97-99]
but no confirmatory studies have been made so far.

4, Conclusion

Humic substances are a group of organic macromolecules formed from dead
tissues of plant and animals transformed over the years by physical, chemical and
microbiological processes. They exist ubiquitously in soil, sediments and various
terrestrial and aquatic environments. The entire group of HSs can be divided into
three components based on their solubility: fulvic acids, humic acids, and humin
fragments. Specific properties of humic substances and their products qualifies
their uses in both agriculture and medicine. Exploration of compounds present in
HAs and their potential in agricultural, pharmaceutical and biomedical industry is
of utmost importance.

In the era of depleting natural resources, increasing food demands and degrad-
ing environment, global warming and erratic weather conditions, we cannot afford
more devastation of environment by utilization of chemical fertilizers, pesticides,
insecticides etc. Humic substances pose to be potential candidates for improving
soil structure and nutrient status along with beneficial effects on plant growth and
yield; thus, giving a pavement towards sustainable agriculture.

Primarily used to enhance growth and vigour of the organisms, HSs are increas-
ingly being used to treat several body ailments. Their potential as anti-ageing,
anti-oxidative, anti-inflammatory, anti-cancer, immunostimulatory and growth-
promoting agents is largely being explored. This will help bringing these organic
molecules into the niche market where they can largely replace chemical substances.
So, explore and reveal the power of ‘dirt’!
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Chapter2

Dry Cowdung Powder - Novel
Unearthed Humus: Sustains
Water-Food-Energy Nexus

Hemlata K. Bagla

Abstract

Water-Food-Energy (WFE) Nexus regulates biosphere and irrespective of
alphabetical or chronological order, it must have synergy for the sustainability of
life. Population, Pollution and current Pandemic- COVID has made it vivid to entire
scientific community that unless we strengthen this trio, our progressive humanity
is sure to collapse. Humic Substances (HS), the originator of the life has promising
utilization in almost every sectors of life, reinforcing WFE Nexus. This chapter
dedicates to novel unearthed HS, Dry Cowdung Powder (DCP) and its unique
contribution in sustaining the triangle of life, WFE. DCP has been employed as
humiresin for bioremediation of wastewater containing heavy metals and radionu-
clides. The known candidate for Biorhexistasy, DCP increases soil fertility, mini-
mizes erosion and acidification. It is also extensively explored as biofuel, green and
clean source of energy. ‘Nothing of Nature is a Waste’ and ‘Waste is a Commodity’
aptly describes DCP, the sustainer of WFE Nexus.

Keywords: Sustainability, Dry Cowdung Powder, Unearthed Humus, Humiresin,
Biorhexistasy, Biofuel

1. Introduction

The biosphere or Earth’s layer of Living Matter harbors living organisms that
interact with each other as well as with the soil, water, and air. The necessity of the
entire living biota is based on Water-Food-Energy (WFE) Nexus, exceptionally gov-
erned by our Mother Nature. In the past few centuries, rapid industrialization has
overexploited pristine ecosystems and led to a steady decline in the nutrient quality
of ecosystems, flora, and fauna. The plume of population and pollution has created
a ‘water-food hungry scenario’ but the 21st century socio-political race has created
‘energy hungry’ attitude too. The high rate of resource consumption has posed an
unintended and negative impact not only on the entire ecosystem but also on global
geopolitical harmony. Almost every nation has gobbled up their own abundance of
natural resources due to utilitarian attitude and drive of being energy independent.
This has compromised the holistic functioning of the environment and given rise to
deprived soils and declining fauna.

Present resource crisis is so all-prevailing that, both developed as well as devel-
oping countries have come to the common conclusion of Sustainability through
Socio-Scientific Integrity for the smooth survival of todays and tomorrows.
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Nonetheless, current pandemic Covid-19 has sparked SOS to refurbish the global
policies of governance and accelerate scientific eclecticism towards sustaining
the WFE Nexus by participating in Sustainable Ecosystem Management (SEM).
The philosophy of SEM is pegged on adaptive management and holistic consid-
eration of ecological resources. It is environmentally sensitive, ecosystem, and
eco-regional based [1]. It emphasizes on balancing long-term sustainability of
ecosystems with human needs and moves beyond compartmentalized focus on
some species and regions, to holistic management of natural resources amidst
hindrances of rising resource of demand, population increase, and climate vari-
ability [2, 3].

The aim of this study is to evaluate, equate and exercise the application of
novel humiresin- unearthed, ecology-economy friendly, zero-waste prototype Dry
Cowdung Powder (DCP) towards sustaining WFE Nexus and ecosystem.

2. WFE Nexus: humic substances
2.1 Sustainability through humic substance fecundity

Sustainability is not the futuristic projection of survival but is the continu-
ous mechanism of proliferation just like the evolution of life. The evolutionary
journey from the prebiotic world to today’s most complex homochiral D-sugars,
L-amino acids organisms; we sapiens, are the product of spatial characteristics and
elemental selectivity of Humic Substances (HS), the originator of life! [4] The first
organic machinery in proplanetary disk, HS is approximately four billion years
old and is the bridge which connects no-life to life [5]. The Miller’s experiments
gave the first proof of HS as the placenta of evolution and this theory has been
supported by many researchers [6, 7]. Owing to its universal properties, HS are
popularly known as ‘the black gold of the earth’ by farmers and ‘the black box’ by
soil analysts [8].

Soil is an ecosystem as a whole and acts as a modifier of planet Earth’s atmo-
sphere. The organic matter present in it originates mainly from plant metabolites
with the onset of senescence and humification. Humic Substances are defined as
a heterogeneous mixture of morphologically changed degradation products of
biomolecules which on humification give rise to a family of amorphous, polyelec-
trolytic, polydisperse and colloidal compounds [9]. HS are universally recognized as
chemically, biologically, and physically active due to the typical composition, mac-
romolecular structure, polyfuntionality, surface properties, and presence of mul-
tiple reactive sites, variable size-shapes, and intrinsic porosity [10]. Operationally,
HSs are usually extracted at high pH and classified into three categories based on
their solubility: acid-soluble Fulvic acid (FA), acid-insoluble Humic acid (HA), and
base-insoluble Humins with the average properties and a large assembly of compo-
nents with diverse structure and molecular weight [11].

Humic substances exhibit exceptional characteristics for soil conditioning. HS
have shown to contain auxin-like activities [12] and hence they are successfully
used in agronomy, environmental, industrial, medicinal, and pharmaceutical fields
[13, 14]. Besides providing nutrients and aeration to the soil, they interact and bind
with toxic heavy metals, radionuclides, pesticides, industrial dyes, and other xeno-
biotics that may be present as pollutants in the ecosystem, thus acting as natural
sieves. HS mimics geochemical barrier and hence potentially can be used as a filling
material for barrier walls to prevent transport and bioavailability of heavy metals in
soil [15]. HS can significantly reduce the acute toxicity of metals and bioavailability
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of metals. It plays a crucial role in the inactivation of pesticides, heavy metals, and
other polluting agents. The various studies on HS, have confirmed a great potential
for an application in aerobic and anaerobic wastewater treatment as well as in
bioremediation [16]. Study of HS has proven to be a robust approach in resolving
environmental issues and developing meaningful paths for modification steps [17].
HS provides insights into pollutant mobility, behavior, and fate, and allows bet-

ter understanding of natural mitigation phenomena and potential impact on the
environment [18].

Our global scientific community has univocal conscience on how amazing and
myriad utilization of HS have been fructified in almost every sectors of life since
the inception of life. Being ubiquitous in both terrestrial and aquatic niche, HS is
considered to play a crucial role in sustaining the ecosystem.

2.2 Managing nexus through humus and waste

Entire ecosystem is governed by many layers and sectors, inter and intra con-
nected, independent yet mutually operating native ecosystems. The concept of WFE
Nexus is very much like the vertices of an equilateral tripod, regulating the survival
of life. Irrespective of its alphabetical or chronological order, there is a need to
govern and manage inter and intra disciplinary synergy to ensure fundamental and
survival rights of clean air, food, and water to our future generations. Governing the
Nexus is probably one of the grand challenges of current time, as quoted by Jeremy
Allouche et.al, explicitly explaining the reason for complexity in the management
of so called ‘nirvana concept’ of nexus [19]. Author’s justification on ‘Nexus or
Nexuses?’ indicates that holistic, comprehensive, and integrated implementation
of the scientific aptitude is required to achieve the goal of global sustainability.
Nexuses, is a conceptual approach that does not hold rigidly to a single sector or a
paradigm or set of assumptions. Instead, it appeals upon multiple scientific theories
or principles to gain complementary insights according to geography and climate of
the sector. It does not appreciate the ‘silo’ concept or ‘two at once’ methodology to
address the sustainability issues, but focuses on simultaneous operating approach.

A review by A. Hamidov and K. Helming [20] rationalizes that to improve
cross-sectoral coordination in support of sustainable development, WFE nexus
has become an important concept in natural resource management. On the same
note, Zhang et al. [21] suggests, shifting the focus to WFE nexus is valuable but
downplaying their interrelations can have adverse consequences on the entire
biota. Hence, there is a need for the balanced approach with ‘no-regrets’ solution as
studied by Konadu et al. [22].

Resources produce waste and it is undoubtedly inseparable from any sector of
life, omnipresent both inside and outside of our existence. Globally, hulk of waste is
directly or indirectly connected to production of humus and hence HS plays a very
important role in Waste Management (WM). WM [23] is the collection, transport,
processing, monitoring, and recycling or disposal of the waste material. It is based
on waste hierarchy [24] of reduce, reuse, and recycle coined with re-think. The
effective implementation and maintenance of stipulated laws requires legions of
regulators. It offers an efficient means of managing waste that fits ideally with
the needs of large population centers, while providing a source of alternative and
renewable energy [25]. Waste-to-Energy (WTE) is a philosophy of energy produc-
tion using the waste and its role in enhancing all interconnected nexuses, is gaining
high importance in every nation [26, 27]. ‘Nothing of Nature is a Waste’ and ‘Waste
is Green Commodity’ aptly describes DCP and our research on its application
proves its pivotal role in sustaining the Nexus.
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2.3 Unearthed humus DCP- zero waste prototype

The pedosphere or soil body is rich in organic matter, soil fauna, minerals, water,
gases, that together support life. It comprises of weathered rocks from the litho-
sphere, trapped air pockets from the atmosphere, moisture from the hydrosphere,
along with decomposing matter from the biosphere, and is thus known as an
interface between these subsystems. Besides purifying water in terrestrial systems,
soils process decaying matter from the biosphere and recycle nutrients back into the
food chain. The pedosphere thus interconnects with other spheres and regulates life
processes.

Humus, the organic matter in soil, permits better aeration, enhances the absorp-
tion, releases nutrients, and makes the soil less susceptible to leaching and erosion,
thus the agent of soil’s vitality. Soils contain more organic carbon than the atmo-
sphere and vegetation combined; therefore, mineralization of soil organic matter
and release of carbon versus humification processes, could greatly affect carbon
capture and stabilization, and consequently the global climate change. Carbon
sequestration and storage in soils provide an important means of reducing green-
house gases in the atmosphere to mitigate predicted climate changes [28].

The aforementioned qualities of HS make it a very powerful tool not only in
sustenance of WFE Nexus but its essential role in mitigation of climate change.
This draws our attention towards requirement of highly appropriate method for
the Selection of HS products as there are enormous variety of HS available globally.
The quality and composition of any mined or extracted Humates or HS depends on
many different factors as HS are essentially time and climate dependent.

Under ideal conditions, the turnover time of organic carbon added in form of
HS each year from plant and animal residues into the soil, averages approximately
30 years [29]. Due to this time constraint in production of fresh humus, we face
many challenges ovulated due to multiple sites and over digging of soils. Also, soil
humus development is highly affected by seasonal change, litter type and time, hot
or cold climate and freeze—thaw cycle [30]. Studies by Dou et al. have explained
that freeze—thaw cycles can even destroy the structure of newly formed humus
[31]. Nonetheless, a good HS material can be destroyed by improper mining or
processing. Hence the mining and the extraction of HS must be meticulously
processed as any error or shift in parameters may change their physicochemical
properties.

Thus, it is fundamentally important to extract them with minimal change into
its original structure [32]. The physical process of removing the ores or materials
from the ground is disruptive to the environment and alarming questions regarding
the statutory norms for safety are overwhelming. Also, the pre and post process for
concentration of raw material and final product is time consuming and makes an
essential call for the higher degree of purification. This leads to the generation of
many undesirable chemical steps, adding to cost of actual extraction process as well
as stress on environmental safety.

To solve this complicated situation, we bring the concept of Unearthed Humus,
DCP - clean, economical, and essentially inert to any climatic condition, due to its
generation in to the biotic environment of cow’s rumen. It is with least contaminants
as the process of Humification takes place during the period of 1 month of Sun dry-
ing, hence conditioning of any type is not required thanks to its biological matrix.
These qualities of DCP projects the Zero Waste concept of Waste Management,
boosting Green Chemistry principles. Zero Waste Management is the holistic con-
cept of waste management which recognizes waste as a resource produced during
the interim phase of the process of resource consumption [33]. The prime objective
of this protocol is based on the sustainable avoidance and management of waste and

26



Dry Cowdung Powder - Novel Unearthed Humus: Sustains Water-Food-Energy Nexus
DOI: http://dx.doi.org/10.5772/intechopen.98476

resources. This makes us very positive to conclude that Unearthed DCP is the Zero
Waste Prototype in comparison with all the HSs used at present.

2.4 Green solution to soil pollution: DCP- agrarian booster

Soil is a heavenly resource, a living, breathing and ever-changing dynamic
ecosystem. The theory of Biorhexistasy, describes two crucial climatic phases of soil
i.e., Biostasy, period of soil formation and Rhexistasy, periods of soil erosion [34].
The theory emphasizes on the role of climatic conditions that initiate pedogenesis
and subsequent soil retrogression. For example, moist climates promote the chemi-
cal deterioration of rocks, leading to formation of soils and improvement in vegeta-
tion, which reflects the period of biostasy. On the other hand, dry climates and
winds bring about displacement of soils and mechanical disintegration of exposed
rocks, leading to the unfavorable period of rhexistasy or soil erosion and degrada-
tion. The two stages occur in cyclic form and control soil quality and vegetation.
Extended periods of rhexistasy lead to ever-increasing soil degradation.

Thus, due to soil erosion, salination, and extreme acidification, large portions
of arable land lose their fertility. The scale of this agrarian distress can be improved
by the addition of HA, which promotes root growth and induces salt tolerance in
plants, thus reversing the adverse effects of salt stress [35].

For economizing the addition of HA into soils, DCP can be used since it is freely
available and inexpensive. Addition of DCP initiates the biotransformation of saline
soils and enhances their humus content. Due to the rich microbial biota and chemi-
cally inert properties, DCP has been utilized as a soil conditioner and fertilizer since
ancient times. Thus, we reiterate that DCP is soil’s Green ambrosia and one of the
best contenders for soil replenishing and rejuvenation.

2.5 Waste to green energy: DCP- biofuel

As any other non-conventional and renewable green source of energy, DCP
has been explored as biofuel and proves to be pseudo shale, boosting renewable
energy sector. Feng et al. have developed a high-performance anode from carbon-
ized cow dung for bio-electrochemical systems [36]. Kumar et al. found that in the
generation of electricity, natural cow dung was found more suitable as it generated
150.9 mV Open Circuit Voltage (OCV) [37]. There is a review by Gupta et al., focus-
ing on recent findings on cow dung harnessed for biofuel production and manage-
ment of environmental pollutants and its usage in different areas such as medicine,
agriculture, and industry [38].

2.6 Wastewater remediation: DCP - Humiresin

The research work of Bagla et al., has examined and justified an innovative and
concrete role of DCP in the bioremediation of toxic metal pollutants and hazard-
ous radionuclides from the pool of various effluents using Radiotracer technique.
Notable heavy metal pollutants like trivalent and hexavalent chromium, cadmium
[39], mercury [40], silver [41], zinc [42] have been eliminated from aqueous
systems using DCP as a biosorbent. Similarly, radionuclides commonly found in
radioactive waste - ®°Co, °°Sr and *¥’Cs [43, 44], have been removed from simulated
systems of reactor and reprocessing waste.

Being freely and easily available DCP has an edge over processed natural
adsorbent considering their cost, time, and energy efficiency. Also, DCP does not
impart any foul odor to treated water, nor does it lead to increase in biomass, unlike
other natural adsorbents. DCP used for heavy metal adsorption can be subjected
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to standard desorption and re-adsorption cycles and finally the spent DCP can be
employed as a landfill material in deteriorated soils. Because of its strong chelating
properties, any residual metallic ions are well-bonded to DCP and do not leach out
under normal environmental conditions.

This study concludes that DCP is affordable and adaptable due to its Combo
nature and its acceptability lies in its working mechanism based on HSAB concept
of sorption [45]. DCP has a great potential in the field of water decontamination,
industrial water treatment and in abatement of water pollution.

3. Dry cowdung powder - DCP: The best of waste

DCP is naturally available bioorganic, complex, polymorphic humified fecal
matter of cow and is enriched with minerals, carbohydrates, fats, proteins, bile
pigments, aliphatic - aromatic species such as HA, FA, Ulmic acid and Humus etc.
Many functional groups such as carboxyl, phenols, quinols, amide, enhance its
biosorption properties.

The total characterization of DCP has been carried out for its physical, chemi-
cal as well as microbiological properties. DCP was provided by Keshav Shrushti,
Research Centre on Cow products (Thane, India). Fresh cow dung was collected by
efficient workers and due safety measures were taken to avoid any toxic and heavy
metal contamination during collection. Cow dung is basically the feed residues
digested by symbiotic bacteria residing within the animal rumen. The net effect of
digestion in the rumen is the conversion of dietary materials to a mixture of fatty
acids (mainly acetic, butyric and propionic acids), gases (primarily CO, and CH,
which are voided by eructation) and microbial biomass [46]. The innate existence
of different microbes, beetles and other dung related arthropods bring about
humification of the organic matter present in cow dung [47].

There are different pigments and lipids in cow dung which are related to its color
and typical odor. The bile pigment biliverdin is mainly present in cow dung (her-
bivore) giving it its green color. Also, bile salts give dung its emulsifying properties
by which it confers hydrophilic coat to the droplets, otherwise of its hydrophobic
nature [48]. It is also flourished with number of microorganisms as well as some
classes of Arthropods. To ascertain passive biosorption by dead microbes, it is
necessary to have an overall account of microbiological consortium of fresh dung.

Cow dung consists of approximately 60 species of bacteria, including spe-
cies from the following genera - Bacillus, Actinomycetes, Corynebacterium,
Pseudomonas, Cellulomonas, Flavobacterium, Lactobacillus, Serratia, and
Alcaligens [49, 50]. It also includes Escherichia coli and Staphyloccocus aureus
along with roughly 100 species of protozoa and yeasts including Saccharomyces
and Candida spp. Cow dung also contains certain fungi like Trichoderma and
Aspergillus spp. Due to the profusion of diverse micro flora, it has considerable
potential for biodegradation and biotransformation [51].

The presence of petroleum utilizing microbes is indicative of high percentage of
Hydrocarbon in the environment and cow dung too has a great abundance of this
microbiota [52]. The presence of these microbes is also dependent on the geographi-
cal and environmental milieu. This microbial consortium enables cow dung with
considerable potentials for biodegradation and biotransformation of oil - petroleum
products and other pollutants as well as it further contributes to plant production
and in many biogeochemical processes [53].

In order to select any new material for a process, the material should fulfill the
theory of 3A%, which stand for affordability, acceptability, and adaptability. DCP
is affordable due to its free availability and its supply is not hampered by climatic
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conditions. Most of every HS available requires pretreatments or conditioning for
optimal results, unlike DCP, hence it is more time, energy and cost efficient and
hence has an edge over other HS. DCP is acceptable owing to its biological matrix,
full of microbe’s nutrients and least contaminated by any pollutant or contami-
nants, thanks to its production in perfectly inert or biological niche of rumen. Its
adaptability is learned by its combo nature and heterogeneous functionality due to
presence of numerous organic and inorganic ligands. These descriptions with its
present global application emboss that DCP is the ultimate Best of Waste.

4. Physical and chemical characterization of DCP
4.1 Physical characterization
4.1.1 Proximate analysis

The total characterizations of DCP for its physical and chemical properties have
been designed. The physical characterization has been carried out by proximate
analysis Table 1 as per the standard procedure given by American Public Health
Association (APHA). The elemental, structural, morphological analysis, and ther-
mal stability of DCP has been conducted at Sophisticated Analytical Instrument
Facility- Indian Institute of Technology (SAIF- IIT), Mumbai. Physical parameters
such as moisture content, ash content, mesh size, fiber content, etc. have been
evaluated. Biochemical analysis of DCP for its amino acid, carbohydrate and other
contents has been carried out by Radial Chromatography.

4.1.2 The elemental composition by XRF and CHNSO Analyzer

The DCP has been characterized using XRF technology for its quantitative as
well as qualitative elemental composition as shown in Table 2. For the complete
elemental composition, complimentary to XRF technique, C, H, N, S, (O), has also
been obtained, Table 3 shows the same.

Sr. Physio-chemical Value Sr. Physio-chemical Value
No. parameters No. parameters
1. Color and Odor Brownish, Humus smell 9. Crude fiber content 13.25%
2. Texture/ Appearance Powdered 10. Total Nitrogen 710%
content
3. Mesh size 100 11 Thermal stability Stable till
150°C
4. Solubility Sparingly soluble in water 12. Acid-Alkali Quite high
except soluble sugars resistance
5. Moisture content 10-11% & 8.93% 13. pH 714
6. Ash content 25.07% 14. Conductance 292
(mmbhos/cm)
7. Potash content (kg/ 525.00 15. % Organic carbon 0.60
ha)
8. Total Carbohydrate 3713% 16. Humus content 35.84
content (kg/ha)
Table 1.

Proximate analysis of DCP.
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Element %
Na 0.946
Mg 2.853
Al 1.684
Si 22691
P 3.883
K 3.343
Ca 2.360
Ti 0.329
Mn 0.115
Fe 2419
cl 1.56
Cr 0.014

Table 2.

Elemental composition of dry cow dung by XRF.
Element % Component
3.104 Nitrogen
37.367 Carbon
5142 Hydrogen
3432 Sulfur
29.654 Oxygen

Table 3.
C,H,N,S,0 analysis of DCP.

4.1.3 Scanning electron microscopy (SEM)

The SEM patterns Figure 1(a-i), shows that DCP has some fibrous structure
with some holes and small openings on the surface. Also, the surface of DCP is het-
erogeneous, rough, porous and with dentations. It shows the presence of cell debris
of some prokaryotic cells. The holes and openings on DCP increase the contact area
and facilitate the pore diffusion during adsorption. SEM study of DCP also affirms
the theory of metal ion diffusion into porous biomass. According to this theory,
metal ions can either be present on the surface of the biomass or can permeate into
the expanded pores, which make desorption of metal ions difficult [54].

4.1.4 Thermal gravimetric analysis (TGA) and diffevential thermal analysis (DTA)

For the verification of DCP to be thermally stable, Thermal Gravimetric Analysis
(TGA) as well as Differential Thermal Analysis (DTA) have been carried out.
Figure 2 for TGA reveals that, the moisture content of DCP is 8.928% and it is
quite stable till 230°C. After 350°C, the weight loss of DCP is about 50%. This can
be attributed to simple process such as drying, or from more complex chemical
reactions that liberate gasses, such as structural water release, structural decompo-
sition, carbonate decomposition, sulfur oxidation, and fluoride oxidation. Thus, it
can be concluded that DCP is thermally stable.
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Figure 1.
SEM of DCP.

Figure 3 of DTA shows two endothermic peaks near the region of 48-50°C, which
is a small peak and second at 230-270°C is a broad peak. It also describes two exother-
mic peaks, one smaller peak at 170-175°C and a broader peak from 300°C onwards.
This study supports our observation that the biosorption of metal ions on DCP
decreases on increasing the temperature. In case of DTA, the mean progression of
the combustion profile and the limits of different temperature ranges delineating the
phases of thermal decomposition of DCP using 2.311 mg, within a temperature range
of 25-420°C with the heating rate of 10°C min ™" as can be seen in Graph 2. There are
two endothermic and one exothermic peak on curve, corresponding to respective
decomposition steps. The first step is in the temperature range between 39.09°C &
60°C and might correspond to the evaporation of water incorporated in or adsorbed
onto DCP, being accompanied by a little loss in weight and is signified by first endo-
thermic peak. A small exothermic peak is observed around at 180-185°C, it may be
due to some crystallization process involved during heat transfer process [55].

The second endothermic peak is observed in the temperature range from
around 214.88-265°C and is accompanied by some weight loss which may be due
to loss of polar functional groups. The phenolic OH groups are eliminated between
250°C [56]. Around 280°C the decline in weight is seen which may be caused by
decarboxylation and unsaturation [57]. The decomposition of carboxylic, phenolic,

31



Humic Substances

Filename: DATAS DATAEXL...\Dry cow dung powder.tdtd
Operator 1D:
Sample ID Dry cow dung powder
Sample Weight: 2.180 mg
Comment
SAIF, IIT BOMBAY
101 ¢ r - —— —
a0 | ¥ ¥ = 1 Lo 1 1
| Delta¥Y = 8.928 %
‘ 80 |
g 70
=
=
=]
@
=
60
50
40 +
|
| | Delta ¥ = 62.449 %
| | | | T
30 + + 1 ! } +
0 50 100 150 200 250 300 350 400 450 500
Temperature ("C)
2/3/2009 5:25:09 PM
(1) Heatfrom 24.00°C bo 520.00°C 2t 10.00°CHnn - .. .. . . e FEE _ |
Figure 2.

Thermogravimetric analysis spectra of DCP

carbonyl and alcoholic groups at higher temperatures have often been attributed to
the thermal breakdown of aromatics. In the analytical conditions of TGA and DTA
analysis (with a heating rate of 10°C min™) aromatic structures can be formed from
cyclic structures [58].

4.1.5 Electron spin resonance spectroscopy

The abundance and presence of unpaired electron and free radicals in the DCP
has been assessed by ESR spectroscopy. The spectral information from Figure 4 is
not very vivid but explains that DCP contains some free radical biotic groups. The
source of free radicals can be organic radicals of semi-quinine nature conjugated
with extended aromatic systems or paramagnetic metal ions such as Fe, Mnand V
[59]. Also, ESR data of IHSS samples do show free radical contents with g-values
approximately around 2.000 and we have also obtained the g-value for DCP, around
2.000 in agreement with standard samples.

4.1.6 Fourier-transform infraved spectroscopy (FTIR)

As explained earlier the detailed information of various adsorptive functional
groups of biosorbent is of great importance and DCP has been assayed for all the
possible functionality present on it. There are various organic groups present on
DCP such as carbohydrate, protein, lignin, cellulose etc. In case of carbohydrate,
only carboxyl and sulphonate contribute majorly in the formation of metal-
lic ligands. Similarly, in protein moiety the group such as carboxyl, sulphonate,
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sulfhydryl, hydroxyl, phosphonate, thioester, secondary amine, imines participates
in ligand formation [60] Lignin derivative contain an abundance of oxygen contain-
ing functional group such as phenolic, alcoholic and enolic structure which forms
lignin- metal complexes. Figure 5 and Table 4 explains the same in brief. Also, the
FTIR analysis of DCP after and before the metal ion adsorption has been carried
out to confirm the biosorption process with the observed shifts in wavelength of
functional group involved in biosorption.

4.2 Chemical assay
4.2.1 Extraction of humic acid from DCP

Literature survey confirms that till today HA has been extracted from the dif-
ferent Abiotic origin worldwide, but a successful pioneering research of extraction
from a Biotic Animal origin DCP, has been carried out by authors, employing Green
Chemistry Principles as described earlier. We have obtained 9-10% extraction of
HA from DCP.

The following technique was devised for extracting HA from dry cow dung powder.
a.For the neutralization of dry cow dung powder, different series of alkali
with concentrations ranging from 0.1 to 1.0 M of NaOH, KOH, Na,CO;, and
NaHCO; were studied. With 0.1 M NaOH, the best results were obtained.
b. Acids such as HCI, HNO;, and H,SO, in the molarity range of 0.1-1.0 M were
tested for the re-acidification process. With around 0.1 M HCI, the best results
were obtained.

c.15mL of 0.1 M HCl is desirable for 100 mL of neutralized supernatant.
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Functional groups Compounds DCP Signal (cm™)

N-H Amines 3413.50
-COOH Carboxylic Acid O-H Stretch 2851.31
2919.52

C-H Alkane 2851.31
2919.52

C=0 & (RCOOR) Esters & Lactones 173347

6-membered and 5 - membered lactone

C=0 Carboxylic acid, 1716.65
(C=0 stretch) 1733.47

C=0OR 6-membered cyclic ketone 1716.65
C=C Alkene 1653.24
C=C Nonconjugated 1653.24
(Stretching Vibrations) Conjugated 1558.62
1541.12

C-H CH, 1456.95
(Bending Vibrations) 1420.87
CH; 137537

1319.29

C-Bror Alkyl halide stretch 558.90
Inorganic Impurities clay, minerals 667.77
Si-CH;3 Silicon functions 1241.80
C-0 Saturated secondary or cyclic tertiary amine 1055.10
1162.36

C-Cl Chlorine 66777
-Na metal group 467.00

Table 4.
FTIR data of DCP.

The decantation procedure was used to remove hay and other light non-humic
particles by mixing DCP (100mesh) with purified water and stirring for 20 min-
utes at room temperature. After filtering non-humic materials from cow dung,
the resulting slurry was stirred with 0.1 M NaOH for 24 hours. After that, the
whole mixture was allowed to settle before being purified. The soluble HA, FA,
and other biological matter are found in the filtrate, while the residual contains
Humins, Ulmic acid, and insoluble bio-organic matter. Since HA is insoluble at
low pH, the filtrate was acidified by slowly applying 0.1 M HCI at room tempera-
ture (pH 1) with continuous stirring to mitigate the heat of neutralization and
centrifuged for HA precipitation. Fulvic acid and other organic acids are found
in centrifugate. To extract HA, the HA was carefully washed with double distilled
water until it passed a chloride inspection and dried in an oven at 383 K. We
were able to remove 9-10% of the content. FTIR and Raman spectroscopy were
used to identify and characterize HA, which was then compared to standard HA
from IHSS [61]. At Indian Institute of Technology, Mumbai, we obtained FTIR
spectra on a Nicolet Instrument Corporation-USA model-MAGNA 500 with a
specification scale of 4000 cm-1 to 50 cm-1. Raman spectra were obtained using a
RENISHAW Laser Raman Spectrometer with 325, 514.5, and 785 nm laser excita-
tion and a CCD detector with confocal microscope at the Gemological Institute of

India in Mumbai.
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Figure 6.
FTIR spectra of standard HA.

4.2.2 Results and discussion

Two FTIR Spectrum were compared - Standard HA (Figure 6) from
International Humic Substances Society (IHSS) and HA extracted from DCP
(Figure 7). Table 5 elucidates the absorption peaks and their corresponding bonds/
functional groups. Certain shifts in absorption bands may be observed due to inter
and intramolecular hydrogen bonding, varying degrees of conjugation, steric
hinderances, physical factors and matrix effect. This is mainly because the extracted
HA is from a biotic source (cow) and the standard HA has an abiotic origin.

At 3421.0 and 3422.8 cm ™, we observed the band for N-H stretch of primary
amine for the standard HA and extracted HA respectively. Whereas the N-H bend
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FTIR spectra of extracted HA.
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No. Functional Compounds Std HAIHSS Ext. HADCP
group (em™) (ecm™)
1. N-H stretch Aromatic Monomeric Alcohols, Phenols 3421.0 3422.8
2. O-H Carboxylic acid — 29323
2860.1
3. C=0 Carboxylic acid, Aldehydes, Esters, — 1720.2
Ketones
4. N-H bend Primary Amines 16481 1648.1
5. C-N Aryl or alkyl substituted tertiary amines 1114.2 1114.2
6. C-0 Primary alcohols 1049.3 10421
7. C-Cl Chloroalkanes 551.5 5443
Table 5.
FTIR data of HA.

was seen at 1648.1 cm ™, in both the spectra. Both spectra showed identical bands
at 1114.2 cm™ for aryl or alkyl substituted tertiary amines. The band for primary
alcohols (C-O) was observed at 1049.3 and 1042.1 cm™* for the standard HA and
extracted HA respectively. Similarly, the band for chloroalkanes was observed at
551.5 and 544.3 cm™’, in the two spectra respectively. In the extracted HA, a band is
seen at 1720.2 cm ™ which is very important as it describes the presence of lactones,
which is also influenced by conjugation and ring size and standard HA does not
show any band in this region. Thus, we confirm the matrix of extracted HA is from
bovine species i.e., fecal residue of cow.

The absorption patterns are depicted in the Raman spectra of standard HA in
Figure 8 and extracted HA in Figure 9. Table 6 lists the absorption bands and their
descriptions. Absorption of (C=C) aromatic ring chain heavy vibration was vis-
ible at 1580 & 1600 cm™; (C-NO,) asymmetric mild vibration at 1530-1590 cm™;
(N=N) aliphatic mild vibration at 1550-1580 cm™; and (X-Metal-O) heavy vibra-
tion at 150-450 cm ™. The presence of heavy metals such as iodine, selenium, and
silicon is shown by a sharp small absorption band at 150-450 cm ™ in the spectra
of standard HA. A spectrum of extracted HA is devoid of absorption band at that
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Figure 8.
Raman spectra of standard HA.
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Raman spectra of extracted HA.
No. Functional group Raman shift (cm™) Band type
1 C-NO, 1530-1590 Asymmetrical medium
2. Aliphatic N=N 1550-1580 Medium
3. C=N 1610-1680 Medium
4. C=C 1500-1900 Strong
5. C=0 1680-1820 Medium
6. X-Metal-O 150-450 Medium
Table 6.

Raman spectral data of HA.

region which indicates the absence of any contamination of metal ion. This con-
cludes that DCP does not induce any undesirable matrix effect.

4.3 SWOC analysis

SWOC analysis is a strategic planning technique for examining the Strengths,
Weaknesses, Opportunities, and Challenges that any project may face. It entails
defining the project’s goal and determining the internal and external variables that
will help or hinder the goal’s achievement. Any research project’s aim is to move
from the lab to the real world. The SWOC analysis of DCP and its application as
biosorbent is thoroughly scrutinized to know the feasibility of scaling up in indus-
trial effluent and water treatment process.

4.3.1 Strengths
* DCP is a non-conventional, biodegradable, renewable and ever easy and freely

available feedstock with minimum capital, thus lowering the need to regenerate
the same from spent.
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¢ The transport, storage and handling operations are very simple due to nonper-
ishable nature of DCP.

* The HA extraction from DCP is also a green process wherein catalyst or any
other auxiliary substances are not employed to add on to the cost, time, and
chemicals, as compared to its other competitive methods presently dealt with.

* For the biosorption process, DCP is successfully employed without any pre-
treatment or modification process. Having porous and coarse nature settling is

easy and hence it is efficient in decontamination.

* The disposal of DCP is easy as it can be sun dried and utilized as a landfill due
to its minimum leaching nature.

* Being freely and easily available DCP has an edge over processed natural
adsorbent considering their cost, time, and energy efficiency.

4.3.2 Weaknesses

* Biosorption mechanism of DCP still requires detailed studies due to its hetero-
geneous nature.

* Back extraction is difficult. Thus, research is required for stripping back of
precious metals.

4.3.3 Opportunities

* Computer simulation will offer extremely powerful tools for designing.

* Metal recovery by different processes will prove Atom Economy.

* A need for R&D studies dealing more cogently with the molecular mecha-
nisms, including such issues as binding sites, valence states, coordination
chemistry, life cycle analysis and the speciation of metals in solution will surely
optimize the Industrial Applications.

4.3.4 Challenges

* Direct Industrial Applications will be challenging.

* For areal application more research regarding direct impact of stability of
partially or fully saturated DCP on nature is urgently needed.

* Eco-friendly Disposal Mechanism of DCP must be formulized for long term
storage.
5. Conclusions
The Ancient Indian Epitome of Energy, DCP-unearthed ecofriendly resin has
been scientifically studied to strongly echo its multispectral utility as a Humiresin,

Green agrarian booster and Pseudo shale, sustaining WFE Nexus. The develop-
ment of green and clean HA extraction process from DCP and its comparison with
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standard HA from IHSS holds great importance in the chapter. As our environmen-
talists and green chemists urge for Reduce, Reuse, and Recycle - the 3R’s of Zero Waste
Management theory, coined with Re-think, we can Re-balance the WFE Nexus
and the sustainability of Life by employing DCP in various sectors as studied in
this chapter. The utility of DCP will surely contribute to convert waste into wealth
and refuse into resource, which is the ultimate goal of waste management strategy.
This chapter tries to answer and express the great potential of DCP in the industry
of Environmental Management, which can not only fix WFE Nexus but also the
future and us.
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Mill Wastewater for Organic Soil
Amendments
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Abstract

The valorization of different organic residues like municipal solid wastes,
sewage sludge and olive mill wastewater is becoming more and more worrying in
the different modern communities and is becoming relevant and crucial in terms of
environmental preservation. The choice of the treatment technique should not be
only from the point of view of economic profitability but, above all, must consider
the efficiency of the treatment method. Thus, an attempt to remove polyphenols
from olive mill wastewater would have a double interest: on the one hand, to solve
a major environmental problem and to recover and valorize the olive mill waste-
water for advanced applications in food processing and soil amendments. It is also
interesting to think of associating two harmful wastes by co-composting such as
sewage sludge-vegetable gardens, sewage sludge-municipal solid waste, and green
wastes-olive mill wastewater..., to get a mixed compost of good physical-chemical
and biological qualities useful for agricultural soil fertilization. Finally, in order
to be more practical, we will describe specifically in this chapter a new variant of
composting and co-composting technology intended for waste treatment that is
very simple, inexpensive and easy to implement.

Keywords: Valorization, Wastes, Olive mill wastewater, Compost, Soil fertilization

1. Introduction

Compost makes up a stable, hygienized and humus-rich product resulting from
the mixing of various municipal, plant or animal residues, gradually fermented to
ensure the decomposition of organic matter (OM), and used as a fertiliser, amend-
ment or growing medium. Thus, compost is the resulting product of a complex
microbial process of decomposition and transformation of biodegradable organic
residues. This process operated under varied microbial communities that develop
and grow in aerobic conditions [1-3]. Fermentable organic wastes are coming in
many forms and with different proportions and accessibility to microorganisms.
The raw materials used in composting are much diversified, we can cite as examples
raw manure, bedding, feed residues, straw, various crop residues, olive pomace and
varied products from agro-food industries [4].
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Composting is a biochemically continuous phenomenon of organic matter min-
eralisation or oxidation in the presence of oxygen. The mineralisation or oxidation
is achieved by microorganisms that use oxygen from the air and organic carbon for
all their all-metabolite biosynthesis. To make the degradation or the oxidation easy,
two operations may be implemented. These two operations are always considered
as optional. First, the waste can be sorted to separate the fermentable fraction
from the non-recyclable one. Second, the waste may be mechanically shredded to
improve the structure of the waste mass; thus, on the one hand, the waste shred-
ding facilitated the biodegradation, reduced the treatment time and make handling
more pleasant; and the second hand to make homogenisation of the waste mass
easy by allowing a uniform distribution of the different waste components. Once
the residual substrate has been prepared, fermentation that resides at the heart of
the process, is started. This fermentation leads to a rapid decomposition of eas-
ily biodegradable organic matter that generates some fewer complex molecules.
Subsequently, the substrate biodegradation leads to slower maturation. These
steps are commonly known as the processes of humification and stabilisation of
the compost [5]. Once the compost has reached maturity, it will undergo screening
and sieving. This operation is allowed to give two products: a commercial product
known as compost and a refusal product to refine and/or to landfill. All these men-
tioned operations are well conducted in all common composting processes. Despite,
some precise differences could be existed and lie in the location of the screening
phase and the choice of the fermentation system. The originality aim of this book
chapter is to describe, in the composting plant implemented under semi-arid pedo-
climatic conditions, a description of new and simple process of composting and
co-composting of municipal solid wastes, olive mill wastewater, waste farm and
garden cutting, straw and sewage sludge. All these residual materials resulting from
the main human activities commonly known at the present state in modern societ-
ies, with especially the olive mill wastewater resulting from oleiocultural activities,
will be considered in this a new process of composting description, mainly charac-
terized as simple to implement and to monitor [6, 7].

Indeed, the process is directed in two principal successive steps: step of pre-
fermentation (uncontrolled fermentation) and step of maturation (controlled
fermentation), respectively.

2. General composting process operation

Composting is a complex bio-physical-chemical operation that comprises
biodegradation of organic waste under controlled conditions of temperature,
humidity and aeration. Two important following one another biophysical phe-
nomenon could include the common composting process. The first process brings
the organic residues to the state of fresh compost. An intense aerobic degradation
concern essentially the decomposition of fresh organic matter at a high temperature
of 50-70°C under the action of thermophilic bacteria; while the second process is
done by a less sustained degradation mainly achieved by mesophilic bacteria. These
bacteria transform the fresh compost into a mature compost, rich in humus. This
maturation phenomenon, which takes place at lower temperatures of 35-45°C, leads
to the biosynthesis of humic compounds by fungi.

The composting process of organic residues takes place in three distinct and
important phases. First, the temperature rises rapidly to around 40°C or 45°C
following the respiration of aerobic mesophilic microorganisms; in parallel, the
most degradable compounds such as sugars and starch are consumed. Second,
the temperature rises progressively to around 60°C or 70°C and the mesophilic
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microorganisms will be replaced by thermophilic ones, anaerobic fermentation by
aeration of the waste mass must be avoided; pathogens, parasites and weed seeds
will be destroyed by the temperature. Third, the degradation is complete when
aeration no longer increases the temperature, the amount of material easily opera-
tional by the microflora becomes scarce and the biosynthesis of humic compounds
becomes predominant, and at the end the thermophilic species in favour of more
common species disappears and appearance of new mesophilic species [8].

3. Physical-chemical parameters monitored during the composting
process

The principal physical-chemical parameters of the process monitoring are
summarised in the parameters that condition the good development and progress
of microbiological activities, and their monitoring is essential to test the effective
conduct and behaviour of the composting process [9, 10]. This is achieved by opti-
mising nutrient supply and regulating pH, temperature, water content and aeration
conditions.

3.1 Grain size of wastes

The waste particle size is an important parameter to consider in the compost-
ing process since (i) it determines the size and volume of the pores created by the
arrangement of the particles in the waste matrix, (ii) it is involved in increasing
the specific surface area of the raw organic matter, (iii) it facilitates the diffusion
of oxygen inside the compost waste matrix, thus allowing homogenisation of the
waste, and at last (iv) it is the site of main microbiological activities that take place
on the surface of the organic particles.

3.2 Interstices oxygen rate

This parameter shows the real proportion of oxygen in the interstices of the
waste mass. It is critical to the oxidation of the organic matter, and directly related
to the size, humidity and aeration of the waste during composting. Oxygen require-
ments decrease along composting whether they are proportionate to the organic
matter gradually disappearing over the mineralisation process. However, main-
taining and preserving good aeration avoids the start of an anaerobic process that
could induce the generation of malodorous compounds. Moisture in the waste mass
always interacts negatively with the system aeration. The supply of oxygen allows
the drop in humidity. If this humidity is high, a probable temperature rise will take
place leading to a significant improvement in the substrate mass homogeneity. The
minimum threshold of oxygen needed to maintain aerobic conditions is of the order
of 5% as reported by Jammes [9].

3.3 Prevailing humidity in the waste mass

Humidity is both a raw material-related parameter and a monitoring parameter.
It hosts the development of the microbial flora within the compost. The optimal
water content during composting is around 60%. However, high water content
promotes anaerobic fermentation. If the water content exceeds 70%, the water fills
the voids and space, making oxygen exchange very difficult. On the other hand, if

this prevailing humidity drops below 20%, the decomposition of organic matter
will be inhibited.
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The quantity of water lost by vaporisation during the release of heat exceeds
those formed during the reaction of oxidation; therefore, to compensate this lessen-
ing, it is tolerated and needed watering materials during composting. Although it
is difficult to determine the volume to be added, water can be added as long as no
runoff appears under the pile of waste or the waste mass.

3.4 C/N ratio of the waste mass

The C/N ratio of the waste mass qualifies the biodegradability of organic waste by
ensuring the trophic balance necessary for the flora optimal development. Suitability
of fermentable waste for composting is determined by the C/N ratio of the mixture
of their various constituents (fermentable, paper and cardboard). Putrescible
materials whose C/N are of the order of 15, are substrates easily biodegradable, while
paperboards, with C/N ranging from 60 to 107, are substrates hardly biodegradable.

During aerobic fermentation, microorganisms consume carbon 15 to 30 times
more than nitrogen. The initial C/N ratio is around 30 to 35, while that of the final
product is less than 15. Sometimes the C/N ratio of waste can be so low that it is
unsuitable for composting. This can be remedied by adding a specific substrate
with a high C/N ratio, which brings the initial C/N value back towards the optimum
[9]. If the initial ratio is less than 30, nitrogen losses are accompanied by the odour
nuisance. If the ratio is low, ammonia nitrogen losses may reduce pH. Tables 1 and 2
showed examples of the C/N values of some compostable materials.

3.5 Temperature developed inside the waste mass

The increase in temperature is caused by microbiological activity. During the
degradation of organic matter, there is energy initially contained in the chemical
bonds of the constituent molecules, which are released, part of which is recovered
by the metabolism of microorganisms, and the other part is dissipated into the
atmosphere. Therefore, the minimum temperature is necessary for degradation and
the evolution of the temperature during composting is allowed distinguishing four
successive distinct phases [1].

Categories Season Average C/N
Fermentables Spring 183
Paper-Cardboard Spring 634
Fermentables Summer 131
Paper-Cardboard Summer 59.2
Fermentables Autumn 15.6
Paper-Cardboard Autumn 107.5
Fermentables Winter 15.2
Paper-Cardboard Winter 791
Table 1.

Average C/N ratios of some fermentable components.

Municipal wastes Cattle manure Sewage sludge Olive pomace

C/N <20 20 11 493

Table 2.
Average C/N ratios of main fermentable components.
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3.5.1 The mesophilic phase

Mesophilic microorganisms (especially bacteria and fungi) invade the raw
material, so their activity causes a rise in temperature (from 10 to 15°C to 30-40°C),
a significant release of CO, and subsequently a decrease in the C/N ratio and
acidification.

3.5.2 The thermophilic phase

During this phase, the temperature reaches 60 to 70°C, values to which only
thermo-tolerant microorganisms like actinomycetes and thermophilic bacteria
could remain in operation in this very hostile environment, and the degradation
activity of resistant fungi will be stopped. Along this hostile phase, the nitrogen
mineralized as NH4+ will be lost as NH;. This hostile environment takes place
specifically inside the waste mass centre, hence leading to the need to turn over the
waste mass for ensuring homogeneous and disinfected products.

3.5.3 The cooling phase

This phase is followed by the operation of turning and watering the mass of
waste being composted. Thus, it is mainly characterised by the reappearance of
ambient temperature and mesophilic microorganisms that decompose materi-
als remained intact during the previous phase and nitrogen of some complex
components.

3.5.4 The maturation phase

The microbiological activity regresses considerably during this phase, and the
waste receives new colonisers that are the macrofauna, particularly earthworms.
The organic matter becomes stabilised and humified compared to their initial state.
It should be pointed out that a temperature above 70°C should be avoided, as it leads
to extreme drying, a very significant loss of material and even a halt in the process
by the microflora destruction.

3.6 pH or acidity degree

The hydrogen potential known as pH is a measure of the chemical activity of
protons or hydrogen ions in solution inside each medium. The pH largely influences
the development of the microflora responsible for the waste decomposition. Its
value is determined and imposed by the raw material used, but varies according
to the progress of the composting process. The pH monitoring is mandatory since
it provides information on the different phases of the process. The optimal pH
prevailing in the waste mass during the composting is on average between 6 and 8.

3.7 Undesirable and non-biodegradable waste products

The composition of municipal waste may show undesirable non-biodegradable
elements that could affect the process and the ultimate product quality. These
elements may be notable as packaging and special wastes, rich in metallic ele-
ments. Therefore, these undesirable materials should be separated by sorting. The
operation of sorting can be made at the domestic level known as source sorting
prevailing and well distributed in very advanced modern societies and/or in
composting sites.
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4. Description and implementation of a new composting process

We are prompted in this paragraph to describe a suite of a new composting
process, traditional, very easy to implement, economical, but it is a time and
space-consuming process on the plant composting platform. The process is simply
summed up in two successive stages, recognized as the pre-fermentation and
maturation stages.

As earlier said several times, the composting process at the microbial level
involves many interrelated factors, mainly metabolic heat generation, temperature,
ventilation as O2 input, moisture content and nutrients. Temperature profiles
registered during the two steps of pre-fermentation and maturation are shown in
Figure 1 in two experimental wastes windrows W1 and W2 the three classical tem-
perature steps of composting, including the mesophilic, thermophilic and cooling
phases, respectively (Figure1).

The step of maturation with around 60 days appeared to be as less active as
compared to the first step of pre-fermentation with around 90 days since the values
of temperature, registered during the second step of maturation, are less important
than those to be recorded during the first step. Differences in temperature aver-
aged 15°C. This result is mainly related to differences in the availability of easily
decomposable organic matter content as nutrients in the organic fraction. So,
composted materials used during the first step of pre-fermentation seem richer in
these easily decomposable organic elements as compared to those of the second step
of maturation.

Analytical investigation of some key monitoring biological parameters of
composting such as dehydrogenase activity [11], microbial biomasses C (BC) and N
(BN), extracted total DNA content and microbial diversity in waste masses during
composting were examined. So, the dehydrogenase activity is studied during the
composting process for two major reasons: the first concern the follow-up of the
biodegradation level of substrates, and the second because it represents a reliable
indicator of the stability and maturity of the finished product. The dehydrogenase
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Figure 1.

Temperature changes in the two windrows W1 and W2 during the two steps of composting. (i) The first
windrow Wi constituted with 100% of municipal solid wastes, (ii) The second windrow W2 composed by
weight of 60% of municipal solid wastes and 40% of dried stabilized sewage sludge, and (iii) The form of
windrows of 12 x 6 x 2.5 m (length x width x height, respectively).
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activity showed a net increase between 2 and 0 and 15-35 days through the pre-
fermentation and maturation steps, respectively. A good positive correlation is
observed between the values of dehydrogenase and of temperature registered
(r=0.96, P < 0.01). These values of dehydrogenase activity fluctuated between
3.2-5.84 and 1.7-5.66 mg TPF/g of waste dry weight/24 h during the step of
pre-fermentation in the two windrows W1 and W2, respectively (Figure 2). By
the same, these values varied between 3.6-4.9 and 1.96-3.22 mg TPF/g of waste
dry weight/24 h during the step of maturation in the two windrows W1 and W2,
respectively. So variation of the dehydrogenase activity appeared very narrow
(around 1.2 mg TPF/g of waste dry weight/24 h on average for W1 and W2) during
the second step of composting and showed a certain homogeneity and consistency
of the waste materials used in this second step of maturation; and in the opposite,
a high heterogeneity and assortment of the waste used during the first step of
pre-fermentation since variation of dehydrogenase values generally recorded were
relatively large (around 2.64 and 4 mg TPF/g of waste dry weight/24 h for W1 and
W2, respectively).

On the other hand, it is important to mention that the dehydrogenase activity
values appeared slightly higher in the windrow free of sludge than in the one with
sewage sludge. The microbial biomasses C and N behavior biochemical transforma-
tions in waste materials, and BC/BN ratio is closely related to the changes of the
microbial population during composting. BC/BN ratio values usually showed a net
increase during the thermophilic phase, 30-70 and 20-50 days, for the steps of pre-
fermentation and maturation, respectively (Figure 2). The BC/BN ratio values are
on average around 4 or 6 and 3-4 during the first and second steps of composting,
respectively. The concept of the microbial biomass inventory regards the microor-
ganisms as only one and a single entity. The evolution of BC/BN ratio translates a
microbial diversity, with phases where they are the bacteria and the actinobacteria
which are dominant, and others where the fungi prevail; a net increase of this ratio
is synonymous of a good microbial activity [12-15].

Microbial total DNA extracted from composting materials and followed during
all the two steps of the composting process showed a net variation over time, and
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Figure 2.

Dehydrogenase activity and BC/BN ratio changes in two windrows W1 and W2 during the two steps of
composting.
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revealed a good parallel increase with the temperature progress inside the waste
materials (Figure 3). This increase varied between 13.2 and 26.1 pg of total DNA
per g dry weight. The lowest values of DNA are observed at the start and the end

of each step of the process (around 13.2 pg of total DNA per g dry weight) and the
highest values are always registered during each thermophilic phase (around 26 pg
of total DNA per g dry weight). The ratio of absorbance at 260 and 280 nm is usu-
ally used to assess the purity of DNA and RNA. A ratio of ~1.8 is generally accepted
as ‘pure’ for DNA; a ratio of ~2.0 is generally accepted as ‘pure’ for RNA. If the ratio
is appreciably lower in either case, it may indicate the presence of protein, phenol
or other contaminants that absorb strongly at or near 280 nm. The determination of
A260/A230 and A260/A280 ratios usually defined as a coefficient of purity of DNA.
For compost DNA showed a significantly lower value (0.96 and 1.2) than those for
DNA solutions of pure cultures (1.57 and 1.89) showing that compost DNA was
coextracted with humic and protein compounds, respectively.

Therefore, the investigation concerning microbial diversity in the composted
wastes allowed to assess the changes in microbial diversity that could occur dur-
ing the two steps of the process by DNA extraction and polymerase chain reaction
(PCR). Main investigation and results showed that along the first process step,
there is a net variation in microbial diversity. This diversity appeared very rich
and obvious in case of windrow W2 added with sewage sludge. The principal
characteristic of the first step of pre-composting or pre-fermentation consists
in subjecting directly to fermentation raw wastes, without sorting and crushing.
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Figure 3.

Total compost DNA contents and agarose gel electrophoresis of total DNA extracted from composting materials
(W1) during the two steps of composting. First lane: HindIII-cut bacteriophage lambda molecular size markers
(1mg), step 1 and step 2 lanes: DNA extracted from waste of Wi.

54



Co-Composting of Various Residual Organic Waste and Olive Mill Wastewater for Organic Soil...
DOI: http://dx.doi.org/10.5772/intechopen.97050

The usual processes suppose the use of a pre-sorted and crushed raw material. In
the case of the present composting technique adopted in this process, raw wastes
not sorted upstream are very heterogeneous, and then the separation of organic
material is practically impossible. Thus, the operation of pre-fermentation supports
accessibility to this organic material. During this first step and earlier evoked, the
rises of temperature appeared important and reach the 60-65°C inside the two
windrow W1 and W2 of waste masses. Also, the degradation of organic material
makes possible the decrease of plastic bags and the release of organic matter that it
is frequently locked up there.

This pre-fermentation is preferred done into two pyramidal windrows forms and
pile of waste should be often covered with a layer of fresh sewage sludge (approxi-
mately 30% of total waste weight). In fact, this layer of sludge participates effica-
ciously to minimize the fire hazard and to avoid the take-off of certain particles of
waste, such as plastic, paper, and many others.

The optimal duration of this phase of pre-fermentation was previously studied,
and evaluated to three months on average. Consequently, a maximum organic mate-
rial recovery is ensured during a minimum time interval.

The second step of the process of controlled fermentation (step of maturation)
is characterized by a degradation of the organic materials by microorganisms. The
purpose of management of this second step of composting is to ensure favorable
conditions in order to force the microbiological activity. The procedure of microbes
during this second step of composting appeared on average less active than the one
registered during the first step of pre-fermentation. All parameters considered in
the present paragraph are in favor of this conclusion. We could explain this result
by several factors mainly by the decrease or exhaustion and depletion of readily
degradable compounds in the mass of waste materials.

This chapter review confirms amongst others that temperature is the main
parameter to consider in composting. This important factor conditions the func-
tioning of all the other parameters, specifically the microbial activity. As a result,
the level of temperature conditions and depends on the type of microorganisms
operating during composting. So mesophilic microbes dominate at the beginning
and at the end of each step of the composting process; on the other hand, thermo-
philic microbes control the important step of composting, the thermophilic phase.

Finally, this paragraph reviews a new and simple composting process tested and
used in an industrial plant for compost production under semi-arid pedo-climatic
condition, and some important chemical, physical and biological monitoring
parameters should be investigated in order to understand and to master the general
process of composting of various solid residues. A molecular detection procedure,
using ribosomal intergenic spacer analysis, was tested for microbial community
diversity assessment. At last, analysis of compost microbial communities is one of
the challenging areas of research due to the enormous complexity of biodiversity
caused by the heterogeneity of the physical and chemical structure of compost
environments [16, 17].

5. Co-composting process of municipal solid wastes, green cutting waste
straw and olive mill wastewater

As earlier evoked, olive production represents one of the oldest agricultural
activities in the Mediterranean basin. For these countries, the production of olive
oil is an economic fortune transmitted over several generations. However, it has
the disadvantage of generating huge quantities of by-products with a complex
organic fraction and high chemical oxygen demand (COD). Indeed, 100 kg of olives
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produce on average 35 kg of pomace and 100 liters of vegetable oil [18]. Thus, these
residues are commonly considered as an important polluting industrial waste.

Currently, with the promotion of the beneficial virtues of olive oil for human
health, its demand continues to increase and consequently production is constantly
growing at the expense of the environment. The discharge of effluents from olive
oil mills has until now been a challenging ecological concern in the Mediterranean
region. Oil plants furnished with modern equipment produce large quantities of
6 to 7 million tons/year that could reach 80-110% of the initial batch of olives,
while with traditional devices, the production of olive oil mills is 50%. Given these
excessive volumes of waste, treatment is essential to reduce the environmental
impact. The problem posed by olive oil mills discharges resides mainly in their high
polyphenol content that could reach 18-125 mg/g according to the variety of olives,
the level of production, the period of olive picking and extraction.

From the preceding, it is clear that an attempt to remove polyphenols from the
olive oil mills also known as olive mill wastewater would have a double interest: on
the one hand, to solve a major environmental problem and, on the other hand, to
recover and valorize the olive mill wastewater for later applications in agro-food.

It is also interesting to think of associating some other kinds of residual wastes
that could be disruptive and sometimes harmful to the natural environment like
gardening and crop residues, straw, green waste and dried sewage sludge for an
attempt at recovery in terms of co-composting in order to evaluate the quality of the
compost produced.

In this paragraph, a variant of the co-composting technique has been presented
and described: olive mill wastewater with municipal solid waste, or olive mill
wastewater with garden and cutting wastes, olive mill wastewater with dried sew-
age sludge.

5.1 Setting up waste windrows

As mentioned above, the technique adopted for this application is that of
windrow co-composting. The windrows will be set up as the waste arrives at the
composting plant. Care will be taken to ensure that the date of termination of the
windrow placement is recorded. Also, it should be noted that the raw material col-
lected has not been sorted or crushed before. The windrows were deposited on the
controlled fermentation platform in pyramidal form (LxW xH =12 x 6 x 2.5m)
(Figure 4). Co-composting processes are commonly carried out with variants of
organic residues such as straw, cutting and garden waste, and sludge stabilized by
drying in a natural sunny bed. The straw was chosen because of its structure that
can absorb a large amount of olive mill wastewater and it is for the same purpose
that the cutting waste was chosen. As for the WWTP sludge, it was chosen with the
aim of looking for an efficient variant of recovery of this type of environmentally
harmful waste. Main parameters of the composting process will be monitored in
situ or laboratory measurements. Daily monitoring of the temperature considered
as a key parameter of the composting process will be carried out using a compost
thermometer (probe). Thus, a total of 9 x 3 measurements will be taken: three at
the mid-height of the windrow (50 cm), three others at 150 cm from the bottom
and lastly three measurements at 230 cm from the top and at three different points
A, B and C of the windrow surface mass. The temperature of the windrow ata
specific point will be taken as the average value of the temperatures at the different
measuring points. Windrow turning made necessary after the temperature eleva-
tion within the waste mass allows a heterogeneous waste at the start of the process
to be progressively homogenized; the watering will maintain a suitable humidity for
the development of the different macro and microorganisms.
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Figure 4.
Diagram showing the different levels of tempevature measurement and waste sampling in a waste windrow.

The various possible treatment combinations could be conducted as follows: Al:
Windrow composed of green waste without olive mill wastewater; A2: Windrow com-
posed of green waste +15% olive mill wastewater; A3: Windrow composed of green
waste +30% olive mill wastewater. A4: Windrow composed of premature compost
without olive mill wastewater; A5: Windrow composed of premature compost +15%
olive mill wastewater; A6: Windrow composed of premature compost +30% olive mill
wastewater; A7: Windrow composed of straw + waste cuttings; A8: Windrow com-
posed of straw + waste cuttings with 15% olive mill wastewater; A9: Windrow com-
posed of straw + waste +30% olive mill wastewater. A10: WWTP sludge without olive
mill wastewater; A1l: WWTP sludge with 15% olive mill wastewater; A12: WWTP
sludge with 30% olive mill wastewater, A13: Straws without olive mill wastewater;
A14: Straws with 15% olive mill wastewater; A15: Straws with 30% olive mill waste-
water; A16: Saturated straws. All these treatment combinations will be carried out in
order to choose the right treatment for the different waste that goes with their rate and
nature, and above all the quality of the finished product, i.e. the finished compost.

5.2 Quality of the finished products

It is important to mention that the olive mill wastewater addition to the sledges
results in a less aerated compact waste structure of the windrow. This reduction
of the interstitial space leads to a reduction in aeration at the level of the windrow,
accompanied necessarily by a reduction in temperature at the level of the WWTP
sludge-based windrows. At the level of these windrows, the temperature does not
generally exceed 60°C. Therefore, monitoring of pathogens must be considered in
order to ensure the sanitary quality of the finished product of compost.

However, the temperature changes in the straw-based windrows such A14, A15
and A16 showed high temperature values exceedingly largely 60°C, indicating active
degradation. However, the windrow that has not received the olive mill wastewater,
the temperature values to be recorded during the cycle of composting rates remains
relatively low, this may be due to the fact that the straw has low enough moisture
content for microbial growth, and an olive mill wastewater will be needed to correct
the composition of the windrow in terms of moisture and nutrients.

Also, significant temperature increases will result in peaks between 50°C and
65°C. However, these thermophilic phases are interrupted by falls caused by over-
turning or naturally by precipitation. These waste turning is necessary to ensure
aeration of the windrow and exudation of leachate from the windrows.
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A global reading of the different temperature changes in the different variant
of windrows could show that the composting cycle begins with a mesophilic phase
where the temperature progresses rapidly from 40 to 45°C, just after a few days (5
to 6 days) of windrow implementation. Later and during the second thermophilic
phase of composting, the temperature rise, which can last a month and a half,
ensures pasteurization resulting in compost of good microbiological quality.

On the other hand, moisture is an essential factor in controlling the level of
progress of the composting process. Here, humidity could vary between 20% and
85% with losses of water by evaporation and runoff or gains of water returned fol-
lowing rainfall in the absence of a cover. However, excessive humidity can interfere
with the normal progress of the composting process, which may justify the aberra-
tions that can sometimes be noted during temperature evolution.

Green waste and cutting windrows can have relatively higher moisture values of
65-88% than other straw windrows (A13, A14, A15 and A16). This may be attrib-
uted to their remarkable volumes that could create vacuums within the windrow.

However, moisture is less important for the sludge windrows. The small grain
size of the sludge causes the windrows to become stacked. For straw windrows,
low moisture values were recorded, suggesting that straw is a good absorbent, but
significant leaching could be occurred throughout the composting cycle.

As mentioned earlier, the C/N ratio measures the relative proportions of carbon
and nitrogen, nutrients essential to the life of microorganisms. Carbon and nitrogen
measurements were taken at the beginning and end of the composting cycle. The
highest ratios were recorded for straw swaths (A13, A14, A15 and A16) and cuttings
(A7, A8, A9). This is because of their high carbon content, which is one molecule
that is difficult to biodegrade. Hence its persistence in large proportion until the end
of the composting cycle.

As for the windrows (A7, A8, A9, A13, A14, A15 and A16), respectively of cut-
tings and straw waste, relatively low nitrogen values of 0.30; 0.60; 1.00; 0.40; 0.80;
0.90 and 1.20% will be recorded at the end of the composting cycle.

Asaresult, C/N ratios remain fairly high, fluctuating between 124 and 139. This
fairly high C/N ratio of the cuttings and straw waste windrows suggests that the
resulting compost may be immature. It is well shown and known in the literature on
this specific topic that the C/N ratio is considered an important indicator of matu-
rity of organic matter in aerobic fermentation.

Green waste windrows represent the lowest final carbon values. This type of
result automatically suggests compost stability, in terms of biodegradation speak-
ing. In fact, green waste is essentially composed of cellulose, a component that
is easily biodegradable. This specific composition means that the C/N ratios are
always low. Indeed, a high initial C/N ratio favors nitrogen immobilization and a
low ratio favors mineralization. This previous character is well confirmed by the
general results obtained on this topic. In fact, the more the initial nitrogen content
is increased by the addition of curbs, the more the mineral nitrogen will increase at
the end of the composting cycle.

Thus, the contribution of olive mill wastewater to windrows rich in sludge con-
siderably increases their nitrogen content. This nitrogen elements have the direct
effect of increasing the general microbial activity and boosting the environment of
the windrow.

Also, the application of olive mill wastewater has the effect of necessarily
increasing the nitrogen content of the appropriate windrows. These nitrogenous
elements reduce the C/N ratio and favor the stimulation of the biological activity.

As regards the co-composting of waste cuttings and straw;, windrows with a
large amount of straw and olive mill wastewater showed low C/N ratio values as
compared to those obtained for windrows without olive mill wastewater; with
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respective C/N values for the windrows (A7: 0% margins, A8: 15% margins and A9:
30% margins) of 124, 63.5 and 40.3 will be recorded.

But we could notice that at the level of the finished product, a C/N ratio of 40.3
remains a rather high ratio indicating that the finished compost is not mature and
an extension of the composting process is obligatorily essential because a non-
mature compost might cause various important disturbances and an imbalance in
the soil [19]. Thus, fertilizing substances and toxic substances such as ammonium
are added to the soil in parallel. A similarity of the results would be observed in
straw-based windrows where the respective values of C/N or windrows having
received (0.15 and 30%) olive mill wastewater were 139; 54.38; 48.44 and 43.67.

Considering the organic components of the original waste, the addition of olive
mill wastewater has increased the organic content in all the waste mass variants and
this increase is proportional with the proportions of waste added for co-compost-
ing, 15% and 30%. Also, it is well known that the degradation of organic matter
essentially corresponds to the mineralization of carbon and nitrogen. This result is
confirmed by the fact that the smallest percentage of final residual organic matter
would be recorded for windrows based on green waste. On the other hand, this
percentage of residual final organic matter would be highest for straw and cuttings
waste windrows, which would generally show low biodegradation.

The significant organic matter contents measured at the end of the composting
cycle for sludge-based windrows could be explained by the richness of the sludge
in easily metabolizable organic elements eliminated and rendered available during
wastewater treatment by the complex biological flocculation-decantation-filtration
phenomena.

Bacteriological analyses carried out on the various windrows at the beginning of
the composting process often show great faecal bacteria contamination. Whereas an
important abatement of these bacteria would be recorded at the end of the com-
posting process. This result is certainly due to the inactivating effects of the ther-
mophilic phase often known as the hygienization stage and exercising a significant
influence on the composition of the macro and microbial flora, and consequently
on the biological quality of the finished product.

These microbial inactivation effects during the thermophilic phase are very
variable according to the nature of waste to be composted and the contents of the
compost heap during the composting cycle. The addition of olive mill wastewater in
the materials to be composted generally generates a stimulating effect of the organic
biodegradation and an inhibiting and stressful effects concerning the growth of
organisms presenting pathogenic or phytopathogenic characteristics [20].

The results relating to the analysis of polyphenols at the level of the windrows
during the composting process (samples taken at the beginning and at the end
of the composting cycle) show that the biodegradation or transformation of the
polyphenols contained in the olive mill wastewater is possible by composting.
Indeed, the polyphenol contents recorded at the beginning of the composting cycle
are relatively higher than those obtained at the end of the composting cycle.

However, these polyphenol contents rise at the level of the windrows having
received increasing quantity of 15 and 30% of the compost. At the end of the
cycle, the polyphenol contents become very minimal and barely detectable (traces
of the order of 0.3 mEq/g of dry matter of finished compost). The highest value
is recorded at the level of the straw swath saturated with 0.55 mEq/g of finished
compost dry matter.

This important result underlines the fact that the saturation of the waste wind-
rows in the compost heap is not advisable and not recommended.

The application of a growing proportion of olive mill wastewater in the wind-
rows does not affect the content and richness of the finished compost in mineral
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elements such as Zn, Cu, Ca and Cr, etc. The only exception is observed in case of
the WWTPs sludge (A10, A11, and A12) with very high values of these last elements
that are often proven conform to the common standards in vigor.

For the co-composting procedure treated with olive mill wastewater, we
necessity assumes the improvement of the potassium and calcium contents of the
finished product by assuming the great richness of the olive mill wastewater in
these elements. A contrary result could be made and suggested that these nutrients
have leaching with the rain in the case of processes conducted without shelter or
during watering, especially in the case of potassium, which is the most soluble and
therefore the most altered by leaching.

In the same manner, it is advisable to use straws (windrows: A16, A15 and A14)
for composting on condition that more water or olive mill wastewater is used for
watering and for avoiding low-slung water content at the start of the process that
slows down the general process of composting.

Finally, industrial technology systems could therefore exploit the olive mill
wastewater, which is considered as a precious raw material, very rich in organic
matter and nutrients, in order to use them instead of water for watering the wind-
rows during overall composting process.

6. Conclusion

Thus, the problem of the valorisation of the various organic residues, principally
of the municipal wastes and olive mill wastewater, is currently worldwide worry-
ing, and it is specially posed in terms of environmental preservation. The choice
of the treatment technique must not be only from the point of view of monetary
profitability, but above all must consider the efficiency of the treatment process.

It is not possible to develop all the techniques currently being tested. Composting
appeared as the main pathways for remediating this high and gigantic tonnage of
wastes daily generated by modern societies. The processes of composting described
above appeared very simple to be implemented, not expensive, and especially gave
a finished product of good quality on average, but very consuming in space and

in time. At last, I could clearly see that this kind of process might go well with an
implantation especially in developing countries with a sunny and warm climate.
The amendment of agricultural soil with organic matter is made very urgent by the
flagrant lack of its substances on the market and the same demand for fertilisers
from the increasingly demanding crops. Soil and the various bio-physico-chemical
and especially biological processes of degradation and humification prevailing in
the soil contribute intensively and could help in the solution of this thorny problem
of accumulation of all organic residues in modern societies.
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Chapter 4

Composting and Organic Waste
Recycling a Better Option for Food
Safety and Food Security

Alabi Olusoji David

Abstract

Composting is a process of degrading organic waste to form a stable material
through a control process called aerobics with a biodegradation conversion process
that allows the colonization of beneficial microorganisms. Careful handling of
inorganic waste was significant to reducing the cost of compounding livestock feed
and minimizing waste disposal in the community. Innovative technologies can
inactivate pathogens in organic waste. Compost has been found to be effective in
stimulating plant growth and suppressing diseases and pathogens. Safety standards
remains essential for producing food rich in proteins. The use of compost can suffi-
ciently address the challenges of malnutrition and poverty worldwide. Composting
through invertebrates was also found to be significant. This is the basis upon which
life exists because of the continued recycling of waste. Food security and safety goes
hand in hand with the use of compost. None of these parameters must be over-
looked if food production is required to meet the needs of the continuously growing
population in the future.

Keywords: Compost, food safety, food security

1. Introduction

Food availability in many regions of the world has become inefficient. This
has resolved into malnutrition and inadequate access among small communities
in different parts of the world [1]. In this regard, innovative ideas are required to
convert organic waste into compost and animal feed, which is pathogen free [1, 2].
In other words, compost is an organic substance that prioritizes food safety and
security [2]. Itis a source of energy that is required to provide nutrients to sustain
biodiversity [2]. The inorganic components of a compost include (N, P, K, and S),
secondary nutrients (Ca and Mg), and micro nutrients (B, Cl, Cu, Fe, Mn, Mo, and
Zn) [2, 3]. It plays an important role in building resilience farming systems [3, 4].
It is an organic source and nutrient source in greenhouse horticulture [5]. Itisa
growth medium for nursery plants. It decreases the total cost associated with fertil-
izer and pesticides and improves nutrient retention within vegetative systems by
reducing erosion and leaching [5]. Livestock manure also contains large numbers of
pathogenic microorganisms [6, 7]. These organisms can pose risks to human health.
These pathogens are easily transmitted from animals to humans through diverse
means, such as feed processing from waste, direct contact and others. Livestock
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manure is used for composting [6, 7]. Some farmers applied manure directly to the
farm without pretreatment [6, 7]. Livestock manure contains toxic heavy metals
that may affect plant growth and reduce the efficiency of agricultural land [7, 8].
Excessive application can impair nutrient elements and are often leached beneath
the reach. These toxic heavy metals not only affect plants but also animals through
grazing on fertilized pasture land via ingestion [6-8]. The presence of these heavy
metals (Table 1) in the body tissue is detrimental to human health [6-8]. These
attributes of livestock manure, however call for safety and security [6-8]. The use
of modern technology is required to produce a compost that is more reliable and
resilient at suppressing the global distribution of soil-borne pathogens that threaten
food security [5-8]. According to research findings, effective control of Rhizoctoria
can be prepared from lignocellulosic substrates such as tree bark, which colonize
Trichoderma spp. [9]. Compost products based on poultry are hosted by Rhizoctonia
spp. solari and Escherichia. coli [9]. Composting is a biological process through which
microorganisms convert organic materials into useful end products, which may be
used as soil conditioners and/or organic fertilizers [9, 10]. It is a thermophilic process
that stimulates the action of microorganisms to digest organic waste under aerobic
conditions to produce an end product that is stable and free of pathogens. Aerated
compost teas (ACT') are products in which the compost-water extract is actively
aerated during the fermentation process [8-10]. Non-aerated compost teas (NCT)
are products in which the compost-water extract is not aerated or receives minimal
aeration only at the initial mixing stage of the fermentation process [9, 10]. Compost
performs the functions of fertility and carbon sequestration in thermophilic phases
[9, 10]. This allows compost to mature and be cured. One of the biggest initiatives

is to develop sustainable solutions to end hunger and achieve food security through
small-scale farmers and sustainable food production systems [9-11]. Research

Trace metal Content value Mean value
Range Mean
Arsenic (As) 23-74 52
Boron (B) 108-240 174
Beryllium (Be) 9-39 18
Cadmium (Cd) 2514.8 75
Cobalt (Co) 6-84 48
Chromium (Cr) 100-280 170
Copper (Cu) 280-1100 610
Mercury (Hg) 15-25 21
Manganese (Mn) 385-1600 800
Molybdenum (Mo) 20-35 25
Nickel (Ni) 90-180 140
Lead (Pb) 385-4100 1630
Selenium (Se) 3.5-69 4.8
Titanium (T1) 2200 2200
Vanadium (V) 38-310 170
Zinc (Zn) 465-2250 1350
Table 1.

Trace elements and heavy metal available in untreated livestock waste source: [7].
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Figure 1.
Influence of untreated livestock waste on the ecosystem sourced: [11].

has focused on identifying the most sustainable and safe strategies for food waste
[9-11]. This is a priority for turning waste into a resource by valorizing them into the
agri-food supply chain [9-11]. Figure 1 above, however describes the influence of
untreated livestock waste on the ecosystem.

2. Organic waste as a supplement in animal feed

According to the United Nation findings in 2019, the world population was
estimated to be 7.7 billion and was projected to be 9.7 billion in 2050 [2, 3]. In the
recent times, hunger and food insecurity has become a global problem [2, 3].
Undernourishment or micronutrient deficiency was aggravated due to increasing
population. Likewise, health challenges e.g. obesity may become an issue by 2025
[2, 3]. This is because human nutrition increases with increasing consumption of
sugar, oils and fat compared to proteins [4]. Looking at the future, the demand for
animal product such as meat may become unsustainable by 2050 [4]. In order to
make provision for this, meat production is expected to double the amount of 455
million tons by 2050 [2, 3]. The production of poultry is increasing at alarming rate
compared to livestock production [12]. The consumption of chicken meat and eggs
has become a major source of proteins across the globe. Unfortunately, the food
production may not be proportionate to human consumption due to finite natural
resources [12, 13]. Urban development and industrial revolution has drastically
influence the availability of land for food production. It was also estimated that
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1.3 billion tons of food are produced globally and are wasted during production,
postharvest, and processing [12, 13]. A huge portion of organic waste include
edible and inedible food. Organic waste generated at the latter part of food supply
is comparatively higher than at the early stage of the chain. It was also projected
that increasing demand for animal product may result in high demand for feed
particularly the coarse grains such as maize and protein meal by 2025 [12-14]. The
conventional poultry and swine diet depend on maize and soyabean as energy

and proteins sources [12-14]. As well, these same, staple food is largely consumed
in many part of the world particularly in the developing countries [13, 14]. Asa
result, a notable increase in the cost of staple food for animal feed drives the cost of
production. However, the likely solution for this could be organic waste from cereal
grains and plant proteins sources used in animal nutrition. However, production
cost is reduced with introduction of food waste due to its low cost compared to
conventional feeds [13-15]. Food organic waste from poultry, cattle, etc. is mixed
with livestock feed. This reduces the amount of waste disposal in the community
[13-15]. In other words, waste retains nutritive value, which may reduce the cost of
feeding. However, the waste, the type and quantity of other foodstuffs, the way the
excrement is treated and the species to which the treated excrement is fed is related
to its efficiency [14, 15].

3. The shelf life of processed organic waste and relevance

The efficiency of organic waste largely depend on its safety at acquiring security.
This is required particularly when composing organic waste with the feed [16].
This prolonging the shell life of processed organic waste [17, 18]. The treatment
of organic waste can be obtained by cooking, extrusion, pellatizing, dehydration,
ensiling and probiotics [17, 18]. The shelf life of the organic waste are better pro-
longed with extrusion, pellatizing, and dehydration than cooking and ensiling [19].
The dehydration treatment is helpful when considering the treatment of resultant
food waste in swine [19, 20]. The moisture content of organic waste varies between
50% and 85%. This may threatened the use of organic waste in animal feed but
the application of adequate treatment reduced the moisture content to produce a
safe organic waste [19, 20]. Adequate heat could prevent organic waste susceptibil-
ity to oxygen. This helps to prolong shelf life of waste during storage and as well
prevent lipid peroxidation [20, 21]. Solar energy was identified to be economical
and environmental viable at transforming organic waste into dried waste. Solar
energy was used at pasteurizing and drying of organic waste. This process produce
low carbon emissions and energy efficient [20, 21]. Likewise in a findings, it was
also revealed that 92.74% dry matter was obtained from the use of solar energy. The
crude proteins, EE and crude fiber content were 25.68%, 21.57% and 0.75% respec-
tively [21, 22].

Furthermore, the quality and quantity of dietary proteins are of importance in
poultry and swine feed [21, 22]. 15% - 23% of crude proteins was found in organic
waste on a dry basis [22, 23]. The C.P obtained in organic waste in an experiment
on a dry basis was estimated to be 18.9%. This was significantly higher than the
conventional feed [22, 23]. The amino acid content of organic waste was higher
compared to that of conventional feed [22, 23]. It was also revealed that the lysine,
methionine, threonine and tryptophan content of organic waste was higher com-
pare to the conventional feed while a similar result was obtained comparing the two
diets [24]. Phosphorus and calcium are important element relevant for cell division
and tissue formation. The availability of phosphorus and calcium was studied in
an investigation [24]. It was found that organic waste contain 0.004% to 0.46%
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calcium on a dry basis [24, 25]. This has a similarity with result obtained with soya-
bean meal 0.27% - 0.47% with a C P of 47.2%. This was higher than result obtained
from corn (0.01-0.03%) [24, 25]. The breeding of broiler was experimented using
different concentration of organic waste. Result revealed that the dried leftover
food produced 20.02% C P and 9.99% EE [25]. The concentration of DHA in meat
from broiler group fed dried leftover was not significantly higher than the control
group. It was also recorded that the arachidonic acid content in broiler meat was not
different among the treatment. However, the leftover treatment produced a better
result than the control [25]. The salt content in organic waste compared with con-
ventional feed made from corn in an experiment. It was reported that salt content
of organic waste was higher compare to the conventional feed [25, 26]. The salt con-
tent of organic waste was recorded to be between 2.0% to 2.5% and approximately
3.28% on a dry basis. The present of salt in animal diet was very helpful. It enhances
palatability [26-28]. It prevent the growth mold. It regulates growth and perfor-
mance of the animals [28, 29]. Adequate salt level provide a soft texture of pork. It
was recorded in a study that the salt content of organic waste was higher compare to
convention feed composed from corn and soyabeans [28, 29]. It was also found that
the performance of poultry and pig was strictly due to high salt content. Organic
waste can be used as a substitute for salt if properly incorporated into diet because
high salt level may result into poisoning [29]. It may also be subjected to rancidity
[29]. Animal feed contribute to alleviation of food security through utilization of
organic waste. Some bioactive compound and nutrients are found helpful to animal
feed [29]. The use of organic waste in poultry and pig was found to be promising.

4. Food waste and pathogens

Moreover, waste generated by animal compounds is a more serious problem
than waste voided by humans. Human waste is treated before it is released into
waterways, but animal waste is not or poorly processed [30]. It has been reported
that disease organisms may be transmitted from animal to animal through the use
of organic manure in feed processing. The transfer of these diseases may consti-
tute a problem to animal and public health [31]. Chicken waste is well known for
Salmonella and Campylobacter spp. [32]. Cattle are known to host a gram of cattle
manure with up to 10 million Salmonella organisms [31, 32]. Several methods
have been used by researchers to inactivate pathogens before they are introduced
into animal feed. The use of the stack method was found to be effective by some
researchers [31, 32]. Some Salmonella species require an approximate temperature
of 63°C (145°F), whereas E. coli requires heat of approximately 68°C (153°F) [31, 32].
Fermentation was also used to breakdown the bacteria in manure [33, 34]. This was
an ensilage process. It involves the ensiling of waste with various grasses stored
in airtight silo. In this situation, higher temperatures is ideal for killing infectious
organisms [34]. Under these conditions, poultry litter buffers acids that destroy
bacteria [35, 36]. In other words, some bacteria and coliforms were not completely
controlled by ensilage. In a different finding, it was also recorded that stacking and
fermentation is not as effective as the use of heating and drying method [35-37].
This involves subjecting manure or litter to the hot air blast from the oven. The
temperature here is approximately 150°C (300°F) or higher, depending on the
method [36, 37]. Campylobacter jejuni, E. coli Samonella, germisia and Listeria
were found to survive prolonged anaerobic digestion [36, 37].

The use of organic manure in feed processing allows the transfer of disease-
causing bacteria to spread resilience strains that may not be associated with
organic waste. Most of these diseases inactivate at different temperatures [35-37].
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Disease Organism Lethal conditions
(moist heat)

Anthrax Bacillus anthracis Over 100°C

Brucellosis or Contagious Brucella species 10 mins - 60°C

abortion

Cholera Vibrio cholera 15 mins - 55°C
Diphtheria Diphtheria Corynebacterium 10 mins - 58°C
Dysentry Shigella species 60 mins - 55 °C

Food poisoning

Salmonella species

20 mins - 60 °C

Leptospirosis (Weil’s disease)

Leptospira species

10 mins - 50 °C

Plague Pasteurella pestis 5 mins - 55 °C
Staphylococcal infections Staphylococci 30 mins - 60 °C
Streptococcal infections Streptococci 30 mins - 55°C
Tuberculosis Mycobacterium 20 mins - 60 °C
Typhoid fever Salmonella typhi 20 mins - 60 °C
Vibriosis Intestinal worms Vibrio fetus 5 mins - 56°C
Round worm Ascaris lumbricoides 60 mins - 55 °C
Tape worm Taenia saginata A few minutes - 55 °C
Hookworm Ancylostoma duodenale and Necator 1min-55°C

americanus

Table 2.
Lethal- time conditions for some common pathogen sourced: [2].

In addition, European safety rules for food should be followed by a high level of
protection of human health, and the production of edible terrestrial invertebrates
as food should be safe and wholesome and reared and marketed as food [37-42].
The lethal time conditions for some common pathogens are shown in the Table 2.

5. Invertebrate function as food and compost

The population of certain invertebrate are excellent source of biologically
valuable protein, micronutrients, minerals, and vitamins in the human diet [43].
This species contains high protein content in the range of 54.6-71% dry matter
and is rich in amino acids considered essential for humans. It also rich in fat, with
content ranging from 7.3-10% of dry matter [43]. Certain invertebrate such as
earthworm are grown in organic waste in a confined area for consumption purpose
and vermicomposting [43, 44]. European safety rules for food must be followed
with high level of protection for human health. The production of edible terrestrial
invertebrates as food must be safe and wholesome for consumption and for market
purpose [43, 44]. This invertebrate meal such as earthworm, millipede therefore has
interesting nutritional proprieties but in order to be commercialized as a product
for human consumption and/or animal feed, it must be safe for final consumption
[44]. Safety standards must be ascertained to ensure disease organism are cured
from these invertebrates before they are introduced for consumption [45, 46]. The
finished food product must undergo assessment and as well ensure its hygienic and
undesirable substances. To achieve the safety on food product, it is necessary to
evaluate the microbiologic profile, testing for microorganism indicators of process
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hygiene and verifying compliance with food safety parameters, chemical profile,

the presence of pesticide residue and toxic elements [45, 46]. Similarly, the growth
of earthworm provides sufficient vermicompost as an organic fertilizer that allows
areduction in the use of mineral fertilizers in other production systems [45, 46].

For food purposes, earthworms for instances were subjected to a deep washing and
vacuum freeze-drying procedure, a useful dehydration method is used to preserve
nutritional quality [47-50]. Then, the earthworm meal are defatted to obtain a meal
rich in protein and other nutrients and to decrease perishability. Food are free of
pesticides or mycotoxin. The meal possesses safety traits in relation to possible public
health risks [51-54].

6. Vermicompost sustainable means for food security

Invertebrate communities are made up of detrivores, microbivores, preda-
tors that are functional at engineering ecosystem [55]. The physical and chemical
composition of the soil may be related to the present of certain invertebrate [56].
The invertebrate communities perform the function of imputing organic mat-
ter into the soil through frequent mulching, compost, biosolid into soil habitat
[55, 56]. It involves the breaking down of tree leaf, litter to grass clipping and root
exudate [55, 56]. The availability and the abundant of these invertebrate determines
the efficiency of the ecosystem. The invertebrate apart from earthworm that are
found effective at composting organic waste this include dipteran larva, fruit fly
(Drosophila spp.) and the P (Dipteran) [55, 57]. Dipteran larva composes waste
at a mesophilic temperature not higher than 40°C but fruit fly (Drosiphila spp)
has proven to be efficient at a thermophilic temperature greater than 40°C. The P
(Dipteran) was found to have cured waste at a temperature less than 40°C [56-58].
Earthworm had been the most common invertebrate well known at composting.
Vemicompost has been used in bioconversion of fruit and vegetable waste releasing
organic soluble for plant growth, which is sustainable, cost-effective, and ecologi-
cal approach that can contributes to the reduction of food waste [56-58]. Fruit and
vegetable waste as a substrate for the growth of earthworms produces a valuable
product that can influence agricultural land and crops [57, 58]. In nowadays, scien-
tist consider use of terrestrial invertebrates such as earthworms used as an alterna-
tive source valid at restoring land productivity, especially by reintroducing fruit
and vegetable waste into the food supply chain, hence turning waste into a resource
[58]. Pressmud is a byproduct of bagasse. Pressmud contains about 25-30% organic
matter. The major plant nutrient constituent of pressmud include N, P, K, Ca, Mg
& S and the minor elements like Fe, Zn, Mn, Cu, B & Mo. Pressmud can be used
in vermicomposting [58, 59]. The population of earthworm called Eisenia foetida
are very effective and excellent source of biologically micro and macronutrients
[58, 59]. Recycling biodegradable waste into compost and compost tea is being
promoted as a viable option for treating waste material [60]. As well as the use of
compost as a bulk fertilizer and soil ameliorant. A considerable evidence also shows
that compost and liquid preparations such as compost tea can suppress soil-borne
diseases [60]. However, the effect of compost and compost tea on soil-borne
diseases varies greatly depending on the properties of the compost as affected by
compost formulation, the composting and compost tea brewing process, and the
environmental conditions in which the material is used [60, 61]. According to [61],
the efficacy of biological control as trichoderma harmatum increases as compost
mature and the ratio of cellulose lignin than hay or straw based on composts.
Mature compost with wood chips or bark and anaerobic digestion suppresses
Rhizoctonia [60, 61]. Compost with wood as an ingredient passing through the gut
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of earthworm provides a healthy micro biome that provide ecosystem functions
including promotion of plant growth. The microbes however, mediates and prevent
limiting organisms to releasing plant nutrient. This indicate that beneficial microbe
compete with antagonizing pathogen [60, 61]. Likewise, these microbial species
produce antibiotics to combat pathogens, manufacture plant growth hormone or
induce systematic plant defense that promote plant growth. However, a good com-
position and curing method deliver a national consortium of microbes for biological
control of diseases [60, 62].

7. Composts suppress diseases organisms in the root

Disease suppressiveness vary differently with respect to pathogens for instance
some soil with compost were found suppressive to Fusarium wilt [62]. The
suppression of diseases are specific to composition and the various components
blended together during composting. A compost that is steam sterilized are found
efficient and stable [62, 63]. Pythium and root knot nematode was found sup-
pressed with the application of organic manure in the growth of tomato, sweet
peppers and ornamental [64, 65]. Soil borne diseases was also found suppressed
with the use of compost during plant growth [66, 67]. Mature compost suppresses
diseases with the addition of organic amendment and biological control agent
[66, 67]. The use of compost increases the suppression of diseases. Compost appli-
cation prevent quick re-infestation of soil by pathogen. Diseases such as bacterial
cancker and wilt of tomato are caused by Clavibacter michiganensis and Ralstonia
solanacearum [67]. It was also recorded that compost was effective at reducing
botrytis cinerea on cucumber and melon bacterial leaf spot of Xanthomonas
campestris on tomato [68]. The control of these pathogens minimized the invasion
of diseases. However, the security of crops using mature compost during vegeta-
tive growth and fruiting is significant to increasing farm output. As a result, the
palatability of crops are enhanced. The appearance of crop are appealing to the
eyes. More so, the volume of harvest in the market for final consumer is at maxi-
mum [67, 68]. Compost can be used as alternative to synthetic fertilizer which
has been found to be detrimental to ecosystem through surface runoff [69, 70].
Most farmers in attempt to increase yield, applies synthetic fertilizer in excess.
Excessive use of synthetic fertilizer increases yield at a diminishing rate because
continuous addition of synthetic fertilizer become toxic to beneficial organisms
and as well reduce yield [70]. Synthetic fertilizer infestation pests and disease
organisms through competition from weed [71, 72]. It was also recorded in a find-
ings that excessive use of synthetic fertilizer can accelerate early rot of food crop
and vegetables before and after harvest [71, 72]. The palatability of food crop are
negatively affected with the use of synthetic fertilizer. However, mature compost
are naturally inclined. They produce beneficial organisms that fight pathogens.
Mature compost releases nutrient gradually released into the soil. It increases soil
moisture and aeration. Compost application to vegetables and food crop can be
helpful at achieving food security if properly managed [73].

8. Conclusions
Invertebrate plays a significant in carbon cycle and green community develop-
ment. It is a good source of protein. Little or no attention are given to these organ-

isms. They provide the required energy needed to sustain biodiversity through
composting. However, compost has been identified as organic component that
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contains requires micro and macro nutrients that is capable of restoring nutrient
into the soil. In this case, plant and animal waste are of significant interest. Waste
are subjected to either aerated or non-aerated temperature to produce a pathogen
free compost. The end product contains some compounds that could stimulate
development of plant and animal. Pretreatment are required at an appropriate
temperature essentially to inactivate disease organisms and pathogens. Compost
has been used as a supplement for animal feed, it reduces the cost of production.
Likewise, disposal of organic waste in waterways or occupying large land mass in
the community. Compost has been used to boost germination and growth of plant.
It suppresses wide range of disease varying from one plant to the other. Likewise,
safety standard must be ensured and storage of food to keep the public free of
zoonotic diseases. In a nutshell, if compost are properly managed, it is capable of
increasing food production. Wiping away malnutrition and poor access to food
across the globe.
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Abstract

The purpose of this chapter was to study the influence of humic substances on the
formation of the safety and quality of poultry meat. The high abilities of the natural
and organic complex of humic acids “Reasil® HumicHealth” (produced in Russia,
Saratov) to sorb and desorb five mycotoxins of compound feed (aflatoxin B1, ochra-
toxin, toxin T-2, zearalenone and fuminisin B1) were experimentally established. The
hepatoprotective ability of humic acids was observed in experiments on broilers using
rapeseed meal containing an increased amount of secondary plant metabolites that
could cause liver damage. It was found out that the inclusion of humic acids in the
amount of 1and 1.5 g per 1 kg of feed to the main diet of broiler chickens has a more
stable positive effect, both in terms of slaughter indicators (yield of semieviscerated
carcasses and carcasses of complete evisceration), and in the production of the most
valuable natural semi-finished products (breast, chicken legs) due to the intensive
growth of muscle tissue. A clear improvement in the morpho-biochemical and immu-
nological parameters of blood and micromorphometric characteristics of the organs
of the immune system of poultry was noted with the use of different concentrations
of humic acid salts. The use of the additive at the rate of 1and 1.5 g per 1 kg of feed
does not negatively affect the sensory indicators of finished culinary products.

Keywords: humic acids, broiler chickens, safety, quality

1. Introduction

Intensive poultry farming technologies have created the prerequisites for provid-
ing the population with dietary meat and high-grade protein. Poultry products
have become in demand and, at the same time, they are a source of microbiological,
physical and chemical risks. Regular consumption of poultry meat rearing using
intensive technologies is the risk of a number of negative effects on human health,
including antibiotic resistance of the body. Such factors negate the health benefits
of such meat, especially when it is used in medical dietary or baby food.
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In this regard, an important task of science and practice is the search for new ways
to eliminate the toxic load on agricultural poultry, through the use of environmentally
friendly biologically active substances in its diet, which have a stimulating effect on
nonspecific factors of the body’s natural resistance and increase productivity.

A promising direction in poultry feeding is the use of natural biological
compounds - humic acids and their salts - humates, which, after interaction with
a living cell, contribute to the output of released energy not on the elimination of
adverse environmental influences, but on growth and reproduction, which leads
to an increase in the competitiveness of an organism.

The purpose of the work was to study the effect of the liquid water-soluble feed
additive of complex action “Reasil® HumicHealth” (produced by LLC “Life Force”
on the basis of a concentrated solution of high-molecular sodium salts of humic
acids from Leonardite) on the vital indicators of the state of the body of broilers
during rearing, their slaughter and meat qualities, dynamics of morpho-biochemi-
cal and immunological parameters of blood and micromorphometric characteristics
of the organs of the immune system of poultry, as well as on organoleptic indicators
and the yield of culinary products from poultry meat.

2. Medical and biological, chemical and functional properties of
preparations of humic acids

Humic acids (from Latin humus - earth, soil) were isolated from peat. They have
been the object of scientific research by scientists from different countries for over
200 years. Currently, natural substances that are at different stages of humification,
located in different parts of the biosphere, have become the sources of obtaining
humic preparations. These are compost, peat, brown coal, and sapropel. In this
connection, the term “humic substances” is associated with substances of natural
origin. It is believed that the formation of humic substances or humification is one
of the largest processes of organic matter transformation. Some of the dead remains
are mineralized to CO, and H,O, the rest turns into humic substances [1].

Humic acid is a long chain of molecules that, in complex combination with
fulvic acid, form a bioavailable complex for the healing of a living organism. Its
value is due to the presence of more than 70 different components of minerals,
amino acids, vitamins, natural polysaccharides, sterols, hormones, fatty acids,
plant pigments, natural antioxidants, etc. Such a concentration of biologically
active substances determines the variety of positive effects of humic acids on living
organisms [2].

Tests of preparations of humic acids revealed that they do not exhibit carci-
nogenic, allergenic and anaphylactogenic properties. Humic preparations are not
teratogenic, that is, they do not disrupt embryonic development, and do not cause
morphological anomalies and malformations in animals. These preparations are not
embryotoxic - their use does not provoke intrauterine death, a decrease in the weight
and size of the embryo. This allows one to classify them as harmless to animals and
humans, which provides significant advantages over classical preparations. Due to
this fact, it is possible to produce environmentally friendly natural feed additives on
their basis, as well as veterinary preparations for poultry, farm animals, fish and pets.

Using radioisotope labeling, it was proved that animal products do not contain
residues of humic acids, which means that they are not absorbed into the blood and
lymph, but have therapeutic effect in the gastrointestinal tract and intestinal walls.
The healing and prophylactic properties of humic acids are based on their ability to
envelop the intestinal mucosa of animals and to reduce or completely prevent the
absorption of toxic metabolic products after infection, as well as when feeding poor
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quality feed. Humic acids are simply mixed into the feed, they are tolerated and do
not have any side effects on the animal organism.

In the treatment of intestinal diseases, there is a decrease in pathological impulses
from the peripheral nerve endings of the intestine, as well as the restoration of nor-
mal peristalsis and tone. Under the influence of humic acids, intestinal immunity is
restored in animals exposed to stress, and under a slight tanning effect, the intestinal
mucosa thickens, its permeability and excessive secretion of tissue fluid into the
intestinal lumen decrease. Thus, dehydration of the body is prevented [2].

Scientists have accumulated extensive material on the effect of preparations
with humic acids on animals’ immune status. Humic acidsstimulate the body’s
immune system to defend against foreign influences. Under the influence of humic
acids, the phagocytic function of leukocytes is enhanced, the body’s defenses are
additionally stimulated, and this reduces mortality and improves the safety of
young animals [3].

Humic acids supply micronutrients, enriching the immune system, which enables
animals to resist disease effectively. In addition, they inhibit the growth of patho-
genic bacteria and molds, reduce mycotoxin levels, and improve protein digestion
and the absorption of calcium, trace elements and nutrients. The result is high
fatness, as well as immunity to disease [4].

The antiviral action of humic acids is considered to be the most effective in the
therapy of animals, since the immunomodulatory effect of the preparation plays an
important role in recovery. R. Laub (2000) found out that polyphenolic composi-
tions based on humic substances have antimutagenic and antiviral effects.

The high biological activity of preparations with humic acids is also manifested
in relation to fungal diseases. In particular, they have a fungicidal effect on Candida
albicans inhabiting the gastrointestinal tract of animals and humans.

The varied composition of organic acids in humic acid preparations helps to
break down food particles in addition to the action of enzymes, thereby having
a positive effect on digestibility and feed conversion. This leads to an increase in
productivity and in livestock production [5].

A large body of researchshows the absolute safety of humic acids for animals,
humans and the environment. Their positive therapeutic effect on almost all types
of animals has been proven. The introduction of humic acids into the diet of animals
and poultry leads to the activation of their vitality, rapid adaptation to changing
environmental conditions, acceleration of feed fermentation due to the development
of beneficial microflora of the gastrointestinal tract, and to growth-stimulating and
immunomodulatory effects [6].

Back in 1991, T.D. Lotosh noted that preparations based on humic acids can
be used in medicine and veterinary medicine as a nonspecific preparations that
increases the body’s resistance to various adverse factors. The first medical prepara-
tion based on humic acids registered in Russia was “Gumisol” - a 0.01% solution of
humic acids in isotonic sodium chloride solution [7].

The strengthening of the immune system is evidenced by the fact that humates,
forcing the immune system to recognize its own dead cells, thereby reduce the level
of infection [4]. The reconstitution of the body’s immunity is facilitated by the
additional transfer of iodine from foods to the thyroid glands under the influence of
huminates [8].

Humic acids in medicine, veterinary medicine, and animal husbandry are
considered to be means of increasing the body’s resistance to the action of various
unfavorable factors. The adaptogenic effect of humates is manifested at the cel-
lular level. In particular, there is a stabilization of the values of the mitotic index,

a decrease in abnormal figures of mitosis, an increase in the DNA content to the
control level [9]. In Poland, a natural immunomodulator is produced. It consists of
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many components, including humic acids, which has an interferonogenic effect and
is an inducer of tumor necrosis factor [10].

Scientific research allows one to conclude about the antiviral activity of prepara-
tions based on humic substances. Humic acids prevent viral replication by acting
on the viral protein and block the absorption of viral particles on the cell surface.
It is believed that molecules of humic acids encasethe virus in a kind of shell, block
its entry into the cell and prevent replication. The antiviral effect of humic acids is
more pronounced than the antibacterial, since have immunomodulatory effect on
the host organism. The antiviral properties of humic acids are manifested against
influenza A and B viruses, Coxsackie Ag virus, herpes, rhinoviruses, ARVI and even
against human immunodeficiency virus [11-15].

3. Development of “green technology” for rearing and fattening of
broiler chickens in a production environment

According to experts, the leading place in the development of the world
economy in the 21stcentury will be occupied by ecological technologies, colloqui-
ally called “green technologies”. According to the classification of the Organization
for Economic Cooperation and Development (OECD), one of the main purposes
of “green technologies” is to eliminate the use of harmful synthetic chemicals in
agriculture, as well as to introduce new environmentally friendly technologies in
agriculture, animal husbandry and agricultural processing.

One of the stages of environmentally friendly technologies for the production
of livestock products is the improvement of livestock and an increase in the pro-
ductivity of animals and poultry with the help of feed additives, which are natural
complexes of biologically active substances with the properties of antioxidants,
adsorbents and antibiotics. This trend has led to an increase in the research on the
use of alkaline salts of natural humic acids in animal husbandry [16].

The so-called quinones, which have antibiotic properties, have been found in
the biological complex of humic substances. Therefore, preparations of humicacids
are considered to be a promising alternative to antibiotics and probiotics in stabi-
lizing the intestinal microflora, which no less successfully neutralize pathogenic
microflora, while suppressing inflammation and blocking the sites of adhesion of
pathogenic pathogens in the intestinal mucosa. Humic acids bind pathogenic E. coli
by an average of 94%, and endotoxins by 82%. Bacteria and toxins bound by humic
acid are clearance naturally [3].

In comparison with antibiotics, the mechanism of humic acid therapy manifests
rather slowly, within 24-72 hours. In this case, pathogenic microflora is excreted,
stimulating the formation of antibodies, and increasing the resistance and defense
systems of the animal.

Veterinary control over preparation residues in livestock products is of great
importance in production of environmentally friendly antibiotic-free products.
Research by KV. Korsakov and SV. Kozlova (2019) evidenced that the combined use
of the antibiotic “Florfenicol” and the feed additive “Reasil® HumicHealth” based
on humic acids in a dose of 1 g/kg of feed accelerates the elimination of the antibac-
terial preparationby 2 times after the cessation of antimicrobial therapy. Use of the
“Reasil®HumicHealth” in a dose of1.5 and 2 g/kg of feed acceleratesits elimination
by 4 times after the cessation of antimicrobial therapy. Thus, the preparation of
humic acids “Reasil® HumicHealth” is able to bind the metabolites of florfenicol
and accelerate the elimination of the antibacterial preparation by 24 times,
depending on the dose of the additive [17].
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The essence of the interaction of a living cell with humic acids is that intact mol-
ecules of humic acids and high-molecular residues of their intracellular digestion
are localized in the cell walls or in the layer adjacent to the cytoplasmic membrane.
A semblance of an active filter appears on the surface of a living cell, which binds
heavy metal ions into stable chelate complexes, intercepts molecules of pesticides
and other organic xenobiotics, and also binds free radicals formed in the plasma
membrane as a result of lipid peroxidation.

With this interaction, the release of energy is noted, which, instead of being
spent on compensating for the adverse effects of the external environment, is used
by the cell itself for growth and reproduction, which ultimately leads to an increase
in its competitiveness [1, 18].

Due to their chemical properties, humic acid preparations bind heavy metal
cations, compete with conventional mineral adsorbents (activated carbon, clay)
and have adsorptive properties. In this case, humic acids slip between the villi of the
intestinal epithelium and create a protective film from the finest particles of humic
acid, which protects the tissues of the epithelium and lymph glands.

The adsorptive effect of humic acids is enhanced by their ability to penetrate
into the small intestine without changes and to show their ability in the place, where
toxic substances are fixed, their absorption slows down and excretion with feces is
accelerated.

The high abilities of the natural-organic complex of humic acids “Reasil®
HumicHealth” to sorb and desorb 5 mycotoxins of mixed feed - aflatoxin By,
ochratoxin, toxin T-2, zearalenone and fuminisin B; have been experimentally
established. At the same time, the feed additive is effective both at the maximum
permissible level of mycotoxins in the compound feed, and at the concentration of
toxins exceeding 5 MPC [19].

The hepatoprotective ability of humic acids was observed in experiments on
broilers using rapeseed meal containing an increased amount of secondary plant
metabolites that could cause liver damage. The low AST level in the blood of chick-
ens fed with humic acid indicates its hepatoprotective ability [20].

Use of liquid Reasil®HumicVet in feeding broiler chickens of the Cobb 500 cross
at the age of 9 to 34 days and laying hens of the High-Line cross during the period
of intensive egg laying in an amount of 0.06 ml per 1 kg of live weight contributed
to an increase in productivity and the safety of poultry, an improvement in the mor-
phological state of the liver and a decrease in AST and ALT indicators. This indicates
the restoration of liver functions and helps to prevent fatty and toxic degeneration
and hepatosis [21].

4. Slaughter and meat qualities of broiler chicken carcasses, depending
on the concentration and method of administration of humic acid
salts

The productivity of modern crosses of broiler chickens largely depends on the
technology of poultry operation, including the use of biologically active additives
in feeding, which can have both a positive and a negative effect on the digestion
and absorption of nutrients in the diet, which accordingly affects the quantity and
quality of meat products.

To characterize the slaughter qualities of broiler chickens, a control slaughter of
poultry with an average live weight in a group and anatomical and morphological
carving were carried out. A set of the following indicators was assessed: the weight
of carcasses, the yield of semieviscerated carcass (without blood and feathers,
the intestines with cloaca were removed, the filled goiter, oviduct in females) and
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carcasses of complete evisceration (all internal organs were removed, the head
between the second and third cervical vertebrae, neck without skin at the level of
the shoulder joints, legs at the tarsal joint).

Analysis of the results of slaughtering poultry at the age of 31 days (Table 1)
showed that broilers of the 1* and 2nd experimental groups, who ate a dry feed
additive based on unmodified microporous humic acids “Reasil® Humic Health”, at
adose of 1and 1.5 g per 1 kg of compound feed exceeded their counterparts from
the control group in terms of the weight of semieviscerated (by 41.34 and 36.34 g)
and eviscerated carcasses (by 51.66 and 61.0 g). The yield of carcasses in the groups
was, respectively, 84.62 ... 83.98% and 71.17 ... 71.60% versus 81.47 and 67.33% in
the control.

Indices of the 2nd experimental group, according to the analyzed parameters, retain
its position until the end of rearing (practically at the same level with the control).

Currently, the topical issue is the organization of production of high-quality
natural poultry meat and bone semi-finished products. To study the development of
meat forms of carcasses of broiler chickens, eviscerated carcasses after maturation
in a refrigerating chamber (0 t 4 °C, 24 hours) were dismembered into following
parts: breast - lophosteon with ribs and muscles adjacent on both sides; leg - thigh
and lower leg with attached muscles; shin - the tibia with adjacent muscles; thigh -
femur with attached muscles; wing - humerus, radius, and ulna with adjacent
muscles; skeleton - dorsal-scapular and lumbosacral parts of the carcass. Then the
muscle tissue, skin, and bones were anatomically separated. The yield of a part of
a carcass was determined by the ratio of the mass of the corresponding part of a
carcass to the mass of a carcass of complete evisceration (%). The yield of muscle
tissue, skin and bone tissue was determined by the ratio of the mass of a part of the
carcass to the mass of the unknown tissue (%). The research results are shown in
Tables 2 and 3.

It was found out that feeding the studied preparation based on humic acids in
the composition of the compound feed of the experimental poultry does not have a
negative effect on the weight and yield of the carcass components. Thus, the yield
of the breast part of carcasses in broilers of the experimental groups, according
to the results of their slaughter at the age of 31 days, increases from 31.81% in the
control to 34.06-35.91% in the groups with humates due to a slight decrease in the
yield of other components - leg and skeleton.

When broiler chickens were slaughtered at 36 days of age, their carcasses were
characterized by the same yield of the compared anatomical parts in all experimen-
tal groups. However, with the subsequent slaughter of poultry, on the 38th day of
the fattening, the ratio of parts of carcasses during carving changed.

In poultry carcasses that ate 1 g of humates per 1 kg of feed (1st experimental
group), the percentage of the breast, leg and wing was almost equal to the con-
trol, however, the yield of the dorsal-scapular and lumbosacral parts (skeleton)
decreased by 2.06%.

In the 2nd experimental group of broilers (1.5 g of the preparation per 1 kg of
feed), there was an increase in the yield from the carcass of legs by 1.27, 0.79 and
1.53% in comparison with carcasses from the control, 1st and 3rd experimental
groups, respectively. Such changes are primarily due to a decrease in the develop-
ment of the breast of the carcass (yield - 37.27%).

The highest yield of the breast (40.11%) and forelimbs torso - wing (13.46%)
during slaughter and carving was in the 3rd experimental, where broilers were fed
with 2 g of the preparation with humic acids per 1 kg of feed.

However, the best results of the influence of humic acids on the intensity
of development of the breast part of carcasses were during prolonged poultry
feeding, that is, at the final stage of the fattening (42 days). During this period
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Carcass part Group

Control 1st 2nd 3rd
experimental experimental experimental

Fattening period - 31 days

Breast 31.81 3591 34.06 34.08
Leg 30.51 28.03 28.80 28.09
Wing 10.94 10.25 10.94 10.93
Skeleton 23.55 21.06 2319 23.30
Technical waste and process 319 4.75 3.01 3.60
losses

Fattening period - 36 days

Breast 39.46 38.55 38.05 38.08
Leg 2765 27.85 2813 28.50
Wing 10.03 10.62 10.71 10.33
Skeleton 20.22 19.28 20.46 20.32
Technical waste and process 2.64 3.70 2.65 277
losses

Fattening period — 38 days

Breast 39.46 38.99 3727 40.11
Leg 32.04 32.52 3331 31.78
Wing 11.58 12.30 12.27 13.46
Skeleton 16.16 14.10 14.92 13.72
Technical waste and process 0.76 2.09 2.23 0.93
losses

Fattening period — 42 days

Breast 40.38 43.88 4540 43.51
Leg 27.59 25.37 25.69 2949
Wing 10.46 10.29 10.11 12.35
Skeleton 1913 18.71 18.22 13.60
Technical waste and process 246 175 0.58 1.05
losses

Table 3.

Yield of carcass parts, %.

of the study the yield of the carcasses of specimen in the control was 40.38%,
then in the carcasses of their analogs in the 1*experimental group it was 43.88%,
in the 2nd - 45.40%, in the 3rd group 43.51% or more, respectively, by 3.50; 5.02
and 3.13%.

The study of the morphological composition of carcasses of broiler chickens at
the age of 31 and 42 days made it possible to establish the yield of various muscle
groups: pectoral, femoral, as well as muscles of the lower leg and trunk, the ratio of
edible (the mass of all muscles, skin with subcutaneous fat, liver, heart, muscular
stomach, lungs, kidneys, internal fat) parts and inedible ones (head, legs, intestines
with pancreas, bones, cuticle of the muscular stomach, glandular stomach, gallblad-
der, spleen, trachea, esophagus, goiter, thyroid and thymus glands, testes, ovary),
the ratio of muscles to bones.
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Index Group

Control Ist 2nd 3rd

experimental experimental experimental
At the age of 31 days
Muscle yield to the eviscerated 56.18 60.14 60.49 65.46
carcass mass, including
pectoral 28.05 31.25 30.66 26.31
femoral 10.11 11.64 12.04 16.61
muscles of the lower leg 7.06 7.76 8.30 8.92
muscles of the trunk 725 518 5.84 7.36
muscles of wings and neck 3.26 4.31 3.65 6.26
Ratioofediblepartstoinedible 1.09 140 1.36 132
Muscle-to-boneratio 2.08 1.99 2.05 192
At the age of 42 days
Muscle yield to the eviscerated 57.89 63.0 5764 59.4
carcass mass, including
pectoral 29.88 40.30 30.79 3147
femoral 11.88 794 9.54 11.08
muscles of the lower leg 8.50 6.94 712 7.07
muscles of the trunk 413 546 6.62 4.66
muscles of wings and neck 3.50 236 3.57 512
Ratioofediblepartstoinedible 147 1.93 1.67 1.88
Muscle-to-boneratio 175 2.24 197 2.08
Table 4.

Morphological composition of broiler chicken carcasses, %.

It was found out that the yield of muscle tissue in the carcasses of broilers of the
experimental groups during slaughter on the 31st day of rearing had a significant
difference, exceeding the value of the analogs of the control group by 3.96, 4.31 and
9.28%, respectively (Table 4).

The higher meat yield from the carcasses of broilers of the 1st and 2nd experi-
mental groups is mainly due to the better growth of the pectoral muscles (31.25 ...
30.66%) and muscle tissue of the limbs (19.40 and 20.34%), in the 3rd group - of
the femoral muscles (16.61%) and lower leg (8.92%), muscles of the wings and neck
(6.26%). This was the result of the stimulating effect of the pretreated feed with the
preparation with humates on the digestion processes and muscle tissue synthesis.

In the studied period of poultry slaughter the ratio of the mass of the carcass
edible parts to the mass of inedible parts is 1.40; 1.36 and 1.32 respectively, which is
higher than in the control group (1.09).

According to the results of poultry slaughter at the end of fattening, broilers in the
experimental groups also exceeded the control ones, especially chickens that ate feed
treated with a preparation with minimum humate content (1st experimental group).
Their carcasses had high meat qualities - the ratio of edible parts to inedible ones was
1.93, muscles-to-bones ratio - 2.24, and the yield of pectoral muscles was 40.30%.

On the basis of experimental data, it can be stated that the inclusion of a dry
feed additive based on unmodified microporous humic acids in the amount of
1and 1.5 g per 1 kg of compound feed to the main diet of broiler chickens gives
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a more stable positive effect, both in terms of slaughter indicators (the yield of
semi-eviscerated and eviscerated carcasses), and in the production of the most
valuable natural semi-finished products (breast, legs) due to the intensive growth
of muscle tissue.

5. Dynamics of morpho-biochemical and immunological parameters
of blood and micromorphometric characteristics of the organs of the
immune system of poultry using different concentrations of humic
acid salts

The problem of natural resistance of poultry to diseases and unfavorable environ-
mental factors has been studied by many researchers. Currently, interest in this issue
is growing, which is explained by the need to know the features of the manifestation
of the body’s protective adaptations, that is, its resistance under different conditions
of poultry rearing, feeding rations, etc. Nonspecific protective factors and adaptive
capacity are in the body. It has a number of non-specific means of defense, neutral-
izing xenogeneic factors independently or in combination with each other [3, 22].

The purpose of the research was to study the dynamics of morpho-biochemical
and immunological parameters of blood and micromorphometric characteristics
of the organs of the immune system of poultry using different concentrations
of humic acid salts. The functional and ontogenetic features of the first stage of
poultry development were taken into account during the experiment.

According to the results of the studies, at 22 days of age, the morphological and
biochemical parameters of blood in broiler chickens, both in the intact and experi-
mental groups, were at the same level. So, the total protein level was 32 + 0.4 g/1,
the glucose level - 3.5 + 0.05 mmol/l, the urea concentration was 3.7 + 0.25 mmol/l,
the hemoglobin level was 103 g/1, the number of leukocytes and erythrocytes -

26 x 109/1 and 3.25 x 1012/1, respectively.

By the age of 35 days, a general increase in protein was observed in all study groups.
The greatest increase was in birds of the 1st experimental group - 5 g/1. The glucose
level increased in the intact group by 1.1 mmol/l, in the 1st experimental group by
1 mmol/l, in the 2nd - by 1.2 mmol/l, and in the 3rd group - by 1.1 mmol/l. The concen-
tration of urea decreased and amounted to 1.2 mmol/l in the 1st and 3rd experimental
groups, and 1.3 mmol/l in the control and 2nd experimental groups., In the 3rd
experimental group the hemoglobin level decreased and amounted to 91 g/1, while in
the intact group, this indicator was 87 g/1. The number of leukocytes was within the
norm, and ranged from 21.2 x 109/1 in the control group and up to 22.7 x 109/1 in the
2nd experimental group. Compared with the 22nd day of the experiment, there was
a decrease in the number of leukocytes. The number of erythrocytes decreased and
amounted to 2.3 x 1012/1 in chickens of the intact group, and in chickens of the 1st,
2nd and 3rd experimental groups it was 2.07, 2.07 and 2.32 x 1012/1, respectively.

By the age of 41 days, the highest total blood protein was in the 3rd experi-
mental group (46 + 0.4 g/1). The glucose level in all studied groups was the same
and amounted to 5.5 + 0.14 mmol/l. The concentration of urea, in comparison
with 35th day, increased and amounted to: 1.4 + 0.05 mmol/l in the control
group, 1.3 + 0.05 mmol/l in the 2nd experimental group, 1.1 + 0.05 mmol/l and
1.03 + 0.05 mmol/l in the 1st and 3rd experimental groups, respectively. The hemo-
globin level increased by 10 g/l in chickens from the intact and 2nd experimental
groups, by 18 g/l - in the 3rd experimental group.

The number of leukocytes in the blood of chickens of all studied groups
increased. The greatest increase was in the experimental chickens of the 3rd group
and amounted to 24.2 x 109/1. The smallest number of leukocytes was in the control
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group - 23.4 x 109/1. Compared to the 35th day of the experiment, the number
of erythrocytes in control chickens increased by 0.05 x 1012/1 and amounted to
2.35 x 1012/1, which was the smallest indicator of all studied groups. The larg-
est number of erythrocytes, on 35th and 41st days of the experiment, was in the
experimental chickens of the 3rd group - 3.15 x 1012/1.

Analysis of the research results showed that by the end of the experiment,
the indicators of lysozyme and bactericidal activity of the blood serum of broiler
chickens indicate a positive effect of different concentrations of humic acid salts on
the indicators of nonspecific resistance of the poultry organism.

In chickens of the experimental groups, lysozyme activity of blood serum
exceeded the analogs from the control by - 10.40, 12.09 and 12.28%, bactericidal
activity of blood serum was higher than in the control group by 1.58, 1.76 and
1.79%, respectively.

When using the feed additive “Reasil® HumicHealth” based on humic acids at
adose of 1.5 and 2 g/kg of feed, indicators of lysozyme activity of blood serum of
broiler chickens of the 2nd and 3rd experimental groups are statistically significant
(P < 0.05) in relation to the control. Any statistically significant differences in the bac-
tericidal activity of blood serum were not observed in all studied groups (P < 0.05).

An increase of hemoglobin by 12 g/1, erythrocytes - 0.8 x 1012/1, total protein
- 4 g/1, leukocytes - 0.8 x 109/1, as well as lysozyme and bactericidal activity in all
experimental groups indicates an increase in nonspecific resistance organism. The
maximum dynamics was in the 3rd experimental group, where the additive was
used at a dose of 2 g/kg of feed.

By the end of the experiment, the micromorphometric characteristics of the
immune system organs of broiler chickens (by the age of 41 days) were character-
ized as follows. In the spleen of experimental poultry groups, in contrast to the
intact, the average number and diameter of follicles exceeded by 11.94, 12.43,
and 12.82%, respectively. The number and diameter of germ cents were higher by
30.18, 30.48, and 30.87%, respectively. In the factory bursa, in all experimental
chickens, in contrast to the control group, the number and relative area of follicles
were 28.6, 29.34, and 32.30% higher, respectively. The relative areas of the cortex
and medulla of the follicles exceeded by 23.57, 27.16 and 30.32%, respectively. In
the thymus of experimental chickens, in contrast to the intact ones, the relative
area of the lobules of the cortical and medullary layers was greater by 18.46, 22.14
and 27.47%, respectively. The number of Hassal’s bodies in experimental broiler
chickens was 27.15% higher than in the control group.

6. Organoleptic characteristics and yield of culinary products from
poultry meat

The taste qualities of the meat of the experimental poultry were evaluated by
tasting, which allows one to reveal the influence of feed additives on it. The meat
was subjected to mechanical (chopped semi-finished products) and heat treatment
(cooking, frying. The smell (aroma), texture (hardness, tenderness), taste were
determined. When developing culinary products, weight loss and the yield of the
finished product were taken into account.

Analysis of the data shown in Table 5 suggests that fattening broilers with feed
based on humates increases the yield of culinary products from poultry meat after
heat treatment.

For the periods of the study, the best results were in the production of chopped
semi-finished products - chicken cutlets and croquettes, cooked by frying in
the oven. This is probably due to the highest content in the poultry meat of the
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Index Group

Control st 2nd 3rd
experimental experimental experimental

Fattening period - 31 days

Boiled breast 55.41 + 764 63.59 + 6.84 52.50 + 4.53 48.33 + 464
Fried drumstick 54.63 + 3.01 53.02+781 50.79 + 8.98 4764 +11.55
Cutletfromminced 66.85 + 3.25 74.81+2.53 76.93 + 1.04 7829 £ 0.72
mass

Ground-meatcroquette 94.86 + 1.68 94.61 + 0.47 95.65+0.71 96.45 + 0.45
Fattening period - 36 days

Boiled breast 65.54 £ 1.24 66.01+ 0.49 67.80 +11.5 64.95+0.27
Fried drumstick 51.6 +2.26 54.59 £ 1.55 52.39 £ 0.16 5223+0.21
Cutletfromminced 63.75+1.77 61.25+177 60+ 0.0 65+0.0
mass

Ground-meatcroquette 8943 + 149 93.08 + 3.06 91.97 + 149 88.01+41
Fattening period - 38 days

Boiled breast 69.28 + 3.30 70.87 £ 1.46 69.63+1.9 70.14 +2.88
Fried drumstick 56.08 + 0.74 56.72 + 0.14 66.27 +3.71 58.56 + 0.09
Cutletfromminced 7111+ 1.57 7947 £ 0.74 7810 +2.69 86.95 + 2.69
mass

Ground-meatcroquette 9213+ 0.65 92.96 + 0.52 94.94 +2.28 9273+ 0.19
Fattening period - 42 days

Boiled breast 6545123 7111+ 0.83 69.90 + 1.8 66.61+ 0.82
Fried drumstick 64.01+ 0.40 69.98 +10.74 66.01 +2.02 63.21 +1.53
Cutletfromminced 64.86+ 0.0 67.57 + 3.83 6757 +3.83 64.86+ 0.0
mass

Ground-meatcroquette 90.16 + 0.23 90.31+ 0.45 9344+ 0.16 90.48 + 0.22

Note: *P < 0,90; **P < 0,95 tothecontrol.

Table 5.
Yield of finished products, %.

experimental groups of muscle tissue, which includes a protein capable of binding
and retaining free moisture. However, it is necessary to take into account the fact
that less weight loss when frying croquettes can be explained by the presence of
fillers in the recipe, in particular bread, the starch of which partially binds the water
released during the denaturation of meat proteins.

It should also be noted that the use of the studied feed additive in the amount
of 1and 1.5 g per kg of feed during 42 days of rearing and stockkeeping by the end
of fattening contributes to the production of natural semi-finished products from
carcasses - breast and drumstick. Their yieldaftercookingwas 71.11-69.90% and
69.98-66.01%), respectively.

During the tasting, there was a clear tendency: an increase in the concentration of
humic acids in the broiler diet leads to a decrease in the taste of culinary products. It
was found out that the maximum concentration of humates (2 g per 1 kg of feed) pro-
voked the formation of an unpleasant metallic taste in products after heat treatment.
However, the use of the additive at the rate of 1and 1.5 g per 1 kg of feed does not have
a negative effect on the sensory parameters of finished culinary products. They are
similar in taste, color and texture to products of poultry fed with the basic diet.
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7. Conclusion

Thus, based on the results of the studies, it has been established that
the introduction of a liquid water-soluble feed additive of complex action
“Reasil® HumicHealth” (produced on the basis of a concentrated solution of high-
molecular sodium salts of humic acids from Leonardite) into poultry feed contrib-
utes to the development of sustainable safe processes of meat production of broiler
chickens and finished products from it, forming the specified characteristics aimed
at production of safe and high-qualified food products.
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Abstract

In recent decades, scientists in different disciplines have been increasingly
concerned about the fate of natural organic matter, and in particular of humic
substances (HS). The term humic substances (HS) incorporates refractory autoch-
thonous and terrestrial organic matter in the soil and aquatic ecosystem, and are
one of the key fractions of natural organic matter. These substances are important
chelators of trace elements constituting complex class of molecular structures that
occur naturally, consisting of aggregation and assembly processes in which biomol-
ecules derived from plant and animal residues are gradually transformed through
biotic and abiotic tracts. Since these organic compounds are bound by or linked
with soil mineral fractions, they must be physically or chemically separated from
the inorganic components by an extraction method before their physico-chemical
study. This chapter focuses on the chemo-toxicological, molecular aspects of humic
compounds and their derivatives such as humins, fulvic acids, humic acids etc.,
with their agricultural, biomedical, environmental and biochemical applications.
In addition to studying their impact on plant physiology and soil microstructure to
expand our understanding about humic compounds.

Keywords: humic compounds, Humins, fulvic acids, humic acids

1. Introduction

Humic substances are a structurally specified fraction of soil organic matter
that are thought to be an important component of the biosphere, as they are
responsible for many physical and chemical processes in soil. Organic carbon
accounts for approximately 62 percent of global soil carbon, with at least half of this
carbon classified as the chemically resistant portion known as humic substances
(HS) [1-3]. Plant and microbial biomass are the primary sources of organic mat-
ter production in soil, and their composition and properties are important major
constraints for humification processes. When looking at the structural aspects of
HS, we must understand the contributions of the different compound groups that
make up those tissues. These compound types include intracellular (i.e. protein)
and structural (for example, polysaccharides, lignin and aliphatic) compounds that
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shape membranes and cell walls, including membrane lipids and plant cuticles [4].
Due to their intimate relationships with soil mineral phases, they cannot be easily
decomposed and are chemically complex to be used by microbes. One of the most
notable properties of HS in soil is their ability to interact with metal ions, oxides,
hydroxides, mineral and organic compounds [5], including toxic contaminants [3],
to form water-soluble and water-insoluble complexes [4, 5].

Humic substances (HS) are important elements of natural organic matter
(NOM) in soil, water, as well as geological organic substances including shales,
brown coals, peat and lake sediments. They contribute to the brown or black color
of surface soils and make up much of the characteristic brown color of rotting
plant waste. They are major components of NOM in surface waters and can impart
a dark color at higher concentrations, especially in brown fresh water ponds, lakes,
and streams. The color of composts due to leaf-litter can range from yellowish-
brown to black, depending on the degree of decay and concentration. It is well
understood that HS are the most significant source of transient refractory organic
carbon in the earth’s crust. Conventionally, the mixtures are processed into humic
acids (HA), fulvic acids (FA), and humin (Hu). HA is recognized as the fraction
precipitated from an aqueous solution at pH < 2 (under acidic conditions), FA
residues in solution after HA precipitation, and the Hu fraction is insoluble in
aqueous solvents [6] .

2. Nature and origin of humic substances

Humic substances are soil complexes produced during humification phase, are
responsible for fossil coal, oil deposits, and other geological deposits. It is the Earth’s
second most important organic phase, after photosynthesis. It is estimated that
photosynthesis binds more than 5000 tons of atmospheric carbon per year, while
the transformation of dead living organisms results in the creation of approximately
4000 tons of carbon [7], which is deposited annually on the Earth’s surface. Humic
substances are naturally occurring organic material that are formed due to bio-
chemical, chemical, and physical changes in dead plants, microbial residues, and
fauna debris. Humic material formation is linked to the behavior of microorgan-
isms, resulting in the accumulation of recalcitrant macromolecular compounds with
unique properties [7]. Due to death of microbes a recalcitrant humic mass is created
due to their assimilation. These progressive decay leads to biotic and abiotic trans-
formation processes which ultimately produces diverse and heterogeneous mixtures
of polydisperse materials, which are a major component of natural soil organic
matter. Humic material can take hundreds or thousands of years for their formation,
resulting in a wide range of humic substances. Humic substances are extremely
heterogeneous in composition, structure, and are derived from a variety of organic
matter sources. This sets them apart from naturally occurring biomolecules such as
proteins, carbohydrates, lipids, and others.

Humic substances happens to be the most common of the various organic
substances found in nature. They account for approximately 25% of total organic
carbon on Earth and can also be found in a variety of ecosystems such as lakes,
rivers, sea sediments, soil, and coal composites. Humic substances influence the
chemistry, cycling, and bioavailability of chemical elements in terrestrial and
aquatic environments, as well as the distribution and degradation of xenobiotic
and organic chemicals of natural origin [7]. For decades, scientists have discussed
the formation mechanisms of HS [8, 9]. The lack of repeated sequences, as well as
the variety of chemical and biological reactions involved in their formation, render
HS very complex and multifaceted molecules capable of important signaling and
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nutritional functions in the soil-plant system. The polymeric origin of HS has a
high molecular mass (100-300 kDa) [10], derived from lignin decomposition and
abiotic catalysts such as primary minerals and layer silicates. Humic compounds are
classified into three categories: (1) Humin, (2) Humic Acids (HAs), and (3) Fulvic
Acids (FAs) [11]. Figure 1 summarizes several of the major chemical characteristics
of humic compounds.

Figure 2, illustrates the hypothetical model structure of fulvic acid (Buffle’s
model) [13], which contains aromatic and aliphatic structures, both extensively
substituted with oxygen containing functional groups [15, 16].

2.1 Humus

Humus is generally brownish or black colored complex variable of carbon-
containing compounds that does not show cellular organization in the form of
animal bodies or plant under a light microscope. Humus is distinguished from non-
humic substances such as carbohydrates (a primary component of carbon), fats,
waxes, alkanes, peptides, amino acids, proteins, lipids, and organic acids by the fact
that distinct chemical formulae for these non-humic substances can be published.
The majority of small molecules of non-humic compounds are easily destroyed
by soil microbes. Soil humus, on the other hand, decay slowly under natural soil
conditions. When combined with soil minerals, soil humus can survive in the soil
for centuries. Humus is the primary component of soil organic matter, accounting
for 65 to 75 percent of the total. Humus plays an important role as a fertility factor
in all soils, far outweighing its percentage contribution to total soil mass.

2.2 Humins

Humins are derived from humic compounds that are not soluble in alkali, not
soluble in acids, and are insoluble at neutral pH ranges. However, the physical and

Humie Substances

Fulvic Acid Humic Acid

Humin
H - pOOH COOH
H
o
HOOC
COOH OH 'COOH
[s]
Light yellow Yellow Brown Dark Brown Grey Black
- Intensity of colour > +
Degree of polymerization >+
2000 Molecular weight & + 300 000
45 % Carbon content > + 62%
45% -~ Oxygen content » + 30%
1400 Exchange acidity » + 500
Degree of solubility -+
Figure 1.

Chemical characteristics of humic compounds (modified and adapted from [12-14]).
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OH  COOH ?HzOH
HOOC CHz CH CH,
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COOH OH CHQ—Eﬁ COOH
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iodel structure of fulvic acid by Butfle

Figure 2.
Model structure of fulvic acid [13].

chemical properties of humins are partly known. Humin complexes are also recog-
nized as macro organic substances due to their large molecular weights (MW)
ranging from 1 x 10°to1x10’. Conversely, the molecular weights of carbohy-
drates range between 5 x 10° and 1 x 10° [17]. The humins are highly resistant to
decomposition of all humic substances found in soil. Humins are known for
enhancing the soil’s water holding capacity, improving the soil fertility, taming soil
structure, retaining soil stability, and acting as a cation exchanger.

2.3 Humic acids

Humic acids (HA) are organic acids that are a combination of weak aliphatic
(carbon chains) and aromatic (carbon rings) organic acids that are insoluble in
acidic water but soluble in alkaline water [18]. Humic acids are composed of humic
compounds that precipitate from aqueous medium when the pH drops below 2. Due
to their variable chemical composition, humic acids (HA) are also known as
polydisperse. These complicated carbon-containing compounds are assumed to be
3-dimensionally flexible linear polymers that reside in the form of random coils
with cross-linked bonds. On average, 35 percent of humic acid (HA) molecules are
aromatic (carbon rings), with the remaining components being aliphatic (carbon
chains) [17]. Humic acids (HAs) have molecular sizes ranging from 1x10* to
1x10°. Clay minerals readily bind to humic acid (HA) polymers, forming stable
organic clay complexes. Natural and synthetic-organic chemicals can be accommo-
dated in the polymer’s peripheral pores in a lattice (clathrate) arrangement. Humic
acids (HAs) readily combine with trace inorganic mineral elements to form salts. It
is reported in the literature that there exists more than 60 distinct mineral elements
in naturally occurring humic acids (HAs). These trace elements are bound to humic
acid molecules in a form that is easily assimilated by a variety of living organisms.
As a result, humic acids (HAs) play an important role in ion exchange and metal
complexing (chelating) [19].

2.4 Fulvic acids

The proportion of humic substances that are soluble in water at all pH levels.
They are known as fulvic acids because they remain in solution after humic
acid has been removed by acidification (FA). Fulvic acids range in color from
light yellow to yellow-brown. The elemental composition of various FA and
HA reveals that C, H, O, N, and S are the main elements in their composition.
These major elements are always present, regardless of their birth, country of
origin, or continent of origin. An examination of a broad range of HS reveals
that the percentage composition of C, O, H, and N varies as follows: C (45-60),
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Substances % Dry ash-free basis
C H N (o)
Lignin 62-69 5.0-6.5 — 26-33
Proteins 50-55 6.5-73 15.0-19.0 19-24
Humic acids 52-62 3.0-5.5 3.5-5.0 30-33
Fulvic acids 44-49 3.5-5.0 2.0-4.0 44-49
Table 1.

Composition of several plant material and humic substances (by Kononova) [16, 21].

O (25-45), H (4-7), N (10-13) and inorganic elements (ash) 0.5-5 Table 1 [20].
summaries the composition of humic substances.

3. Preparation of fulvic and humic acids: a toxicological evaluation

The general properties for HA, and FA relate to their basic constituents (carbon,
hydrogen, nitrogen and sulfur) and their oxygen-containing functional groups
(hydroxyl, carboxyl, carbone and phenolic) which give rise to their overall chemical
properties, including their ability to react with ionic particles in solution. Because
of their properties, HAs and FAs have been used in a variety of agricultural applica-
tions, including improving nutrient and water use, soil quality, and carbon seques-
tration [11]. Although a variety of mechanisms have been proposed and/or studied
for the effects on humic substances on plant life, much can be learned from the
imperfect understanding of these mechanisms. One such process is ion exchange,
which allows the use of plant minerals by prevention of the development of insoluble
mineral complexes in the soil and then enhances humic substances in exchange for
hydrogen and carbonic acid, which can produce absorbable mineral ions for plant
roots. In sequestration of radioactive metals in soil, the ion-exchange process also
works [22]. As humic substances play a role in maintaining plant life and their ability
to attach or sequester potentially harmful environmental toxicants, they can also
easily be extrapolated such that they can improve human nutrition and provide some
protection from unintended ingestion of dietary toxic elements.

Two active New Dietary Ingredient Notices (NDIN) for use in a dietary supple-
ment containing additional minerals to improve the status of minerals and trace
elements were subjected to a specific preparation of HA and FA derived from
Hungarian peat [20]. The NDIN has recorded 9 unpublished and one published
clinical evaluations in which mineral status in humans has been improved and/or
absorption is inhibited and toxic element excreted [23]. However, it is not clear if
these effects can generally be extrapolated to humic substances due to the possible
variations between this and other humic preparations as well as the inclusion of
exogenous minerals. The use of clinical or mechanical research on other humic
preparations, important for humans, is restricted and there are no other studies of
the above-mentioned results, although it was shown that the addition of a humic
extract to the broiler feed was intended to improve the growth of chickens. Due
to the heterogeneous existence of the humic substances, an extrapolation for the
whole community has not been deemed sufficient toxicological evaluation of one
particular unique material, while attempts have been made for the identification
of an appropriate model. As a result, a number of toxicological studies have been
reported on humic materials of diverse origin even though many of them have been
performed to examine the mutagenic potential of byproducts produced during
water disinfection because of the normal occurrence of low levels of humic material
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in surface waters. Chlorination of organic non-volatile substances found in HA and
FA is known to lead to the development in bacterial mutation tests of compounds
(such as mucochlorine acid and 2, three, three-trichloropropenal) under conditions
of decreasing pH and sufficient chlorine and HA and chlorine.

4. Plant physiology and humic substances

Various authors have assumed that even though high molecular weight (HMW)
and small molecular weight fractions (LMW) appear to be behaving differently, HS
may be adsorbed by the root plant [24]. The mechanisms by which HS interacts with
the root cells affecting the plant physiology and growth have not been significantly
researched until today. Changes in size and growth were the first to be analyzed
among the modifications caused by HS on treated plants. HS will promote plant
growth with a view to increasing plant length and dry and fresh weight under
specific conditions. These effects are apparently dependent on the dosage and source
of the drug, the plant species and age and the conditions of the trial cultivation [25].
Many studies have recently confirmed the assumption that HS has direct effect on
plant physiology, especially in regard to the development of root hair and side root
[26, 27]. The impact of HS has been thoroughly evaluated on metabolic processes in
plants. For example, several studies have shown that HS affects breathing, protein
synthesis and the function of the enzyme in higher plants [28, 29]. With regard to
the photosynthesis process, few reports are available which focus on the contents of
chlorophyll and transport of electrons.

4.1 Humic substances and abiotic stress regulation in plants

The productivity of crop plants will benefit significantly from regulation that
mitigates the impact of abiotic stress on the growth and production of crops dur-
ing ontogenesis. There are insufficient information currently available on control
mechanisms and techniques. Optimizing plant growth conditions and providing
regulators for water, nutrients and plant growth will help in avoiding abiotic pressure
[30]. Bio-stimulants such as HS are also used in production systems with the aim to
regulate physiological events in plants in order to improve productivity as well as
these traditional strategies.

In the last two decades, scientists have increasingly utilized HS from natural
materials [31]. In addition, HS provides new methods to alter physiological activity
in plants to increase plant growth and abiotic stress tolerance. A number of examples
show the ability of HS to improve plant abiotic stress tolerance. Treatment with
hydrated leaves, anti-oxidants, radical growth and shooting under dry conditions,
increased hydration of the leaves (Agrostis palustris) and increased fescue (Festuca
arundinacea) [32]. Recent studies have shown that the blocking of cell wall pores
by fouling has been responsible for the effects induced by HS that could be related
to temporary mild water stress (a beneficial stress, ‘eustress’) and the downstream
effects of HS on hormonal signals and plant growth [33].

4.2 Humic substances and improved mineral nutrition in plants

HS in the soil promotes root and spring growth through the improvement
of mineral nutrition below the soil surface. In terms of plant production and
active development, the function of these substances can be assessed [34], by
their complementary and possibly diverse effects. HS regulates plant growth and
mineral assimilation. In general, these effects are classified as direct and indirect.
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HS activities rely mainly on the structural features, functional groups and their
inclination to associate with inorganic, organic and soil substratum molecules
[35]. Furthermore, HS primarily affects the bioavailability of nutrients through its
ability to form complexes containing metallic ions, thus enhancing micronutrient
availability (zinc, manganese, copper and iron). On the other hand, HS targets
plant cell membranes that can cause biochemical and molecular processes at post-
transcriptional levels in the roots and shoot [32]. Targeted HS typically increase
macronutrient and micronutrient consumption in plants.

Jackson [36], used *C HS-listed substances, and found a small portion of them
entering the root apoplastic pathway, especially those of low molecular weight.
Therefore, the effect of HS to promote molecular systems and signal pathways of
nutrient absorption present in cell membranes can be controlled. The full advantage
of this direct influence is still unknown. Non-specific HS activity on the leaf and
root can, however, be speculated on by controlling events at both the transcriptional
and post-transcriptive stages, to modify molecular and biochemical processes.

5. Bimolecular fragments in soil humic substances

Humic soil fractions comprise bio-molecular fragments that were explicitly
omitted from conventional humic concepts. Many of these bio-molecular movements
are closely linked to the humic fraction by seven covalently and cannot be effectively
isolated [37]. Why should a whole group of constituent molecules be excluded? Simply
because it can be classified as biomolecules if we consider humic material as a super-
molecular association of constituent molecules. It is inappropriate and deceptive for
these nuanced, heterogeneous mixes to purge humic fractions of closely related, iden-
tifiable bimolecular components [38]. A description that is applicable to experimental
studies of the humic component should include all molecules which are closely linked
within a humic fraction, i.e. those which cannot be eliminated without substantial
changes in the chemical characteristics of the fraction. That will necessarily include
biomolecules that are identifiable and play important structural roles. Will this wider
concept of humic molecules be contrary to the recognized refractory nature?

Soil humic compounds are typically aged between hundreds and thousands of
years on average and many biomolecules easily decomposed by energy-seeking
microbes and nutrients. However, it can lead to biomolecules being protected against
microbial degradation by binding them with humic fractions, creating identifiable
but refractory biological molecules [39], is alternatively a “two-part” view of the
stability of humic substances. Although the majority of humic material is permanent,
some humic elements may be transient. The persistent material contributes to '*C,
while the transitional components will contribute mainly to the C turnover rate. A
significant portion of the transient, often refilled humic components may be made
up of closely related, but easily degraded biomolecules. While most humic materials
are permanent, some humic elements may be temporary. The continuous material
contributes to "*C, while the intermediate components are primarily responsible
for the C turnover rate [40]. A large part of the frequently refilled transient humic
components can consist of closely related, but easily degraded biomolecules.

6. Application of humic substances
Humus is one of the largest reserves of carbon in the world. To date, industrial

uses of humus and goods extracted from humus have been rare. In the second half
of the 19th century and the first half of the 20th century the use of coal was more
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abundant and, in addition, it was a foundation of chemical production. The applica-
tion Petroleum was also considered the key raw material of 20th-century chemical
industry. HS applications can now be broken down into four major categories:
agricultural, industrial, environmental and biomedical.

6.1 Agriculture applications

From an agronomic and agricultural point of view, HS plays a significant role
as they have a huge impact on soil quality and productivity. HS also shows a high
Base Exchange potential, which is essential to soil fertility, in addition to enhancing
the soil’s physical properties and humidity. Many researchers and humates have
observed the growth-promoting effect of humic substances in various preparations
for plant growth improvement. Soil productivity in the presence of humic materials
can be improved by various methods. However, in some case the consistency and
fertility of the soil is greatly affected. In addition to the improvement of physical
properties and moisture of the soil, HS shows a high Base Exchange potential,
which is important for soil fertility. In various preparations for plant growth
enhancement, several investigators have studied the growth-promoting effects of
humic substances.

6.2 Environmental applications

Natural organic colloids are important because they form water solutions with
alarge number of metals, including radionuclides. It is well known that the humic
substances affects the absorption of natural solids into the surface and ground
waters of radionuclides. Thus, these organics may be essential as a transport agents
in the environment for radionuclides. In environmental chemistry, the key role of
humic substances is to extract radioactive metals, organic chemical substances of
anthropogenic nature and other contaminants from water [18]. Calcium humate
ion exchange products were considered suitable for the extract from the water and
removal of radioactive elements from water discharges from nuclear power plants
for heavy metals such as iron, nickel, mercury and cadmium and copper [11]. They
also use their selective bonds to destroy ammunition and chemical warfare agents
[41]. For the last 30 years, interactions between humic and micro-organic materi-
als has been widely studied and researched. Fermenting bacteria have been found
capable of reducing humic materials. Many investigators have been studying the use
of humics as energy source for various bacteria, fungi and higher microorganisms,
but they have not exploited them. Many researchers including [42, 43], investigated
the use of humic as an energy source for specific bacteria, mushrooms and higher
micro-organisms but pointed out that humic materials cannot be exploited as a
source of food.

6.3 Biomedical applications

Veterinary and human medicine uses humic substances manufactured on a com-
mercial scale. Various studies have been published on the medicinal properties of
humic materials. The proliferation of gastric damage caused by ethanol was greatly
reduced by humic acids administered prophylactically to rats [44]. TPP given to rats
with gastric and duodenal ulcers improved the healing process considerably [44].
The interest in the use of humic materials in medicine and biology has developed in
the past few decades. There is an investigation into the possibility that soil humus
extract could be an applicant for cosmetic and pharmaceutical products with
amino acid complexes and vitamin B analogues [11]. Anti-virals, profibrinolytic,
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anti-inflammatory and estrogenic activities are the primary explanation for the
increased attention given to humic acids [45].

6.4 Chelate balneotherapy capacity of humic substances

In many mammalian cells, humic acid was, on the other hand, shown to be a
toxic factor, although its precise cytotoxicity mechanism remains uncertain. Humic
acid can be reduced from Fe (III) to Fe (II) under the wide range of pH values in
aqueous conditions (4.0 to 9.0) and iron from ferritin reduction and release, but
the process is partially inhibited by superoxide scavengers. It was shown that iron
released from ferritin accelerates the lipid peroxidation caused by humic acid.
Humic acids are also capable of reducing, releasing and supporting lipid peroxida-
tion from ferritin storage. HAs coupled to freed iron can therefore disrupt the redox
balance of the biological system and evoke oxidative stress. This may be one of the
main pathways for cytotoxicity caused by HA [46]. Now is the time for new applica-
tions for humic substances, particularly in biomedicine, in less conventional areas.

7. Conclusions

HS has been widely studied in different fields of agriculture, such as ground
chemistry, fertility and plant physiology as the major component of organic soil
content. HS plays an important role in the regulation of pollutants’ activity and
mobility in the atmosphere and makes a major contribution to improving the status
of global soil fertility. Together with a strong demand for safe food and sustainable
agriculture, these features have led to increasing the environmental importance of

Humic
Substances
Plant
physiology
Alteration of gene
transcription
Biostimulant
tool in modern
agriculture
e Photosynthesis
¢ Membrane-transport
¢ Gene-transcription
¢ Metabolism
¢ Protein regulation
¢ Development

Figure 3.
Schematic representation of impact of humic substances on plant biology.
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HS, recently recognized as a potential tool in facing global environmental problems.
Many of its positive effects on soil structure and plant growth have been shown to
depend on their chemical composition, but progress in HS research is known to be
regulated by auxin. In addition, physiological and molecular evidence indicate that
brassinosteroids may have a possible additional impact on the growth of plants. A
critical review of literature shows that HS requires an auxin transduction pathway
in order to determine its action in plant physiology but also show that the various
signaling cascades in the global physiological response of plants to these substances
(Figure 3). This could be used as a starting point for the clarification of mecha-
nisms in the molecular response to HS in the plant. Further studies are required to
evaluate the molecular goals and signaling trajectories involved in the intersection
of the HS and the plant cells.
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Effect of Trace Elements
Accumulation on Mangrove
Ecosystem and Their Interaction
with Humic Substances: The Case
of Nickel and Iron
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Abstract

Mangroves are areas of permanent preservation, but anthropogenic interference
in this ecosystem (for example the launching of pollutants from industrial, mining,
fertilizer by farmers, sewage) is increasing startlingly. Preserve and look for ways to
bioremediate mangroves is fundamental, since these maintain the productivity of
coastal ecosystems and is thus regarded as a natural nursery. The need to study the
mangroves has been growing in recent years, particularly in respect to the envi-
ronmental characteristics of this ecosystem. This chapter aimed to draw a parallel
between the damage that can be caused by the trace elements nickel and iron on the
mangrove ecosystem, more specifically affecting the nutrition of mangrove plants,
in addition to showing possible effects of the interaction of these metals with humic
substances of organic matter acting on the mitigation of stresses caused to the eco-
system under study. Through surveys of the information covered in this chapter, it
can be observed that the presence of trace elements such as Iron and Nickel at high
levels can cause eminent stress to the plant structure within the scope of its sedi-
mentary physiology and biochemistry. It is necessary to subsidize further studies so
that it is explicit and approved by the scientific community that, this environment,
which is sensitive and important, the basis for various trophic levels, needs greater
attention from government officials for its preservation, as well as the restoration of
those many mangroves that are polluted by being close to urban places, receiving an
exacerbated supply of pollutants.

Keywords: mineral stress, biostimulant, mangrove, plant mineral nutrition

1. Introduction

The Mangrove is a coastal ecosystem, in transition between terrestrial and
marine environments, characteristic of tropical and subtropical regions [1]. Despite
being considered an ecosystem associated with the Atlantic Forest, the Mangrove is
made up of areas of little biological diversity, but of great functional diversity [2].
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It is composed of highly specialized halophyte vegetation, adapted to fluctuations in
salinity, subject to the tidal regime and characterized by colonizing muddy sedi-
ments with low oxygen levels, on poorly consolidated substrates [3].

It suffers from water input from both the continent and the marine environ-
ment, the Mangrove ecosystem is of recognized importance, having primary
primary productivity, filtering, storing and making available organic matter
and nutrients, with a fertilizing influence on the adjacent coastal waters [4]. The
“tangle” of Mangrove roots captures, traps and stabilizes interstitial sediments,
forming a natural physical barrier against the erosion mechanisms generated by
waves, tides and currents, promoting stabilization of the coastline [5]. In addition,
canopies of vegetation protect adjacent terrestrial environments from strong ocean
storms and winds [6].

Underestimated in the past, the Mangrove was considered an inhospitable
environment for a long time [7]. Until the mid-1970s, the progress of the coast
was equivalent to clean beaches, sanitary landfills, ports and cultivation to take
advantage of the land of the old mangroves, which would have future consequences
[8]. Regarding the economic and social importance of this ecosystem, this approach
was partly responsible for the construction of ports, spas, coastal highways, urban
expansion and the release of raw sewage into its channels, considerably reducing its
extent [9].

In more recent times, the mangroves were cut and grounded for the expansion
of cities and the implementation of various enterprises [10]. Most of the vegetation
of the Mangroves in the city of Vitéria has been destroyed in the last decades due
to several factors, among which the occurrence of landfills, real estate speculation,
urban projects, slums, sewage disposal and deforestation stand out [11]. In different
parts of the world and in an increasingly present way, in parallel with the degrada-
tion process, ways are developed to recover the impacted environments and even
provide conditions necessary for the creation of new areas [12].

Due to this phase of expansion of recovery, there are now several techniques that
may or may not include planting and the recovery of an ecosystem can be defined
as the act of returning it, as far as possible, to a condition close to the original [13].
This management method is based on knowledge of the processes essential to the
development and sustainability of the productivity of the system as a whole and not
of its parts, therefore, it is necessary to acquire specialized knowledge about plants
and animals, that is, it is necessary to know, first of all, the structure and function-
ing of the ecosystem [14].

Several Brazilian municipalities are already working with replanting, recovery
and restoration of mangroves, however, there is still a need to investigate which
factors interfere in the growth and development of these plants. One of these factors
is probably the accumulation of heavy metals in the substrate, which combined with
the massive presence of organic matter and its main component, humic substances,
which is recognized as a potential plant biostimulant [15, 16], may be causing a
greater accumulation of these elements, which in high concentrations become
harmful to plants, leading to death [17]. Therefore, according to the above, studies
on the interaction of the mangrove with other biotic and abiotic components of this
ecosystem are necessary. Data of this nature will be essential when adapting restora-
tion and recovery methods. In addition, municipal, state and federal public authori-
ties will be able to more safely base possible interventions in this ecosystem, since
the law states that it is their obligation to recover degraded areas.

The purpose of this chapter is to carry out a consistent approach to mangroves
and the intrinsic effects of trace elements on the specie Rhizophora mangle L.
in order to subsidize the understanding in the treated area for the scientific
community.
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2. Mangroves
2.1 Characterization, location and importance of mangroves

Mangroves are present on about 60-75% of the planet’s tropical coast. These
ecosystems play an important role in the carbon balance of coastal systems, with an
export of terrestrial carbon [C] to the oceans (11%) about 15% of the total carbon
that is deposited in current marine sediments [18]. Mangroves contribute about
10% of the terrestrial dissolved organic carbon when compared to other habitats
and this large export of organic matter directly interferes with the food webs of
coastal systems [19-22]. Recently, coastal ecosystems are being strongly impacted
by natural climate change and human activities that affect their structure and food
web, resulting in broad economic consequences. In addition, adjacent oceans pro-
vide considerable amounts of nutrients to coastal ecosystems and regulate nutrient
dynamics [22, 23].

The mangrove can reach high levels of primary production. Mangrove litter
provides trophic subsidy in adjacent coastal waters (the “outwelling hypothesis”),
through a food web the debris is converted into a more palatable microbial biomass,
which in turn acts as a dominant food source for the higher trophic levels [24]. In
view of the economic importance of fishing in mangrove systems and adjacent
waters, trophic dependence is a widely publicized function on mangroves and an
important argument for their conservation [25].

The mangrove is an ecosystem that occurs in tropical coastal areas related to
low, flat and estuarine regions, bordering lagoons, rivers or channels, waterlogged,
brackish areas, being influenced by the tidal regime, but absent from direct wave
actions [26]. All of these aspects influence the large deposition of sediments and
organic matter. It is considered a link, as it is a transition area between marine,
terrestrial and freshwater environments and is characterized by the high variation
that occurs between these areas due to the regimes of both aquatic and terrestrial
environments. The substrate has a pasty consistency, little compacted, swampy,
rich in organic matter, little oxygen and subject to tidal regime [27]. These systems
are generally young, as their dynamics produce constant changes in these lands, the
result of constant advances and retreats of the tides [28-30].

Regarding their origin, the characteristic species of mangroves have records
from the Eocene (period when angiosperm species began to occupy the land-sea
transition areas) about 60 million years ago [31]. In order to have all this adaptation
on the part of the plants in the system as currently, there was at that time an adap-
tive evolution of angiosperms from the end of the Cretaceous and beginning of the
Eocene in such a way that the plant species started to adapt and tolerate high con-
centrations of salts in the sediment, whose first species were the genus Rhizophora
and Avicennia resulting from continental drift. These species occur in practically all
latitudes where there are mangroves [30, 32].

From the mangroves that have disappeared, it is possible to point out the forma-
tion of terraces of marine construction where beach sandstone and raised sandbank
occur, dehydrated and consolidated by clay and humid cement. Mangroves are
systems in constant dynamics, with some of them still in full expansion, with a
constant movement of the horizon or superficial layer of the mangrove due to the
withdrawal and sedimentary deposition [33-35].

The penetration of mangrove roots in deep regions allows the reduction of tidal
currents leading to the accumulation of clay and sludge, components of the nutrient
cycling process that sustains the high productivity in the mangrove system [36].
Sediments are characterized by being native or alien, accumulating fine fractions
due to their low energy in the environment, justifying fluid retention [37].
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Mangrove vegetation provides habitat for a variety of wildlife. A large number
of mammals frequently visit these habitats, but few live permanently. Also a wide
variety of birds and fish inhabit the mangroves, as well as shrimp, which use the
mangroves as a nursery [38]. The mangrove oyster is found on the aerial roots of
Rhizophora species (red mangrove). Dead leaves and branches of mangroves serve
as a food source for microorganisms, which in turn form the food base for juvenile
fish and shrimp [39].

The mangrove ecosystem constitutes a large portion, equivalent to 60-70% of
the coastline in the tropical and subtropical regions of planet Earth [40]. However,
it is found in 118 countries and its area reaches more than 137,760 km? [41]. The
largest extension of mangroves is found in Asia (42%) followed by Africa (20%),
North and Central America (15%), Oceania (12%) and South America (11%). About
75% of mangroves are concentrated in only 15 countries [41]. In the Americas,
mangroves cover about 4.1 million hectares [40, 42].

Brazil is currently the third country with the largest extension of mangroves
in the world with 968,963 ha, 7% of the world area, behind only Indonesia and
Australia [41], occupying approximately 51% of the area in South America [2].
Brazil has several Environmental Physiographic Units along its coastline, which
were classified by their similar characteristics of each environment taking into
geomorphological aspects, sea currents, climate, etc. [43].

The mangroves in the State of Espirito Santo are distributed from the mouth of
the Rio Doce in the extreme north to the Itabapoana River, bordering the State of
Rio de Janeiro, occupying approximately 70 km? [44]. Some mangroves are poorly
anthropized like that of the Sdo Mateus River, others are considerably anthropized
like that of Vit6ria Bay [45].

Among the six typical species of Brazilian mangroves, four are found in Espirito
Santo: Rhizophora mangle (red mangrove), Laguncularia racemosa, (white man-
grove), Avicennia schaueriana and Avicennia germinans (black mangrove). In addi-
tion, associated species are found, such as: Conocarpus erectus (button mangrove);
Acrostichum aureum and Acvostichum danaeifoliun (mangrove fern) and Hibiscus
pernambucensis (cotton-beach) [46].

2.2 Rhizophora mangle L

For this species to develop in unstable environments it has adaptations such as
the so-called root-anchor, allowing its support in swampy environments influenced
by the variation of tides. The specie R. mangle L. also known as red mangrove,
belongs to the family Rhizhophoraceae which includes 16 genera and about 150
species [47]. In Rhizophora, the seed still germinates within the fruit attached to
the mother plant and remains attached to it by the cotyledons that form a necklace
within which the primordial bud of the seedling is included (Figure 1A). When
the seedling (propagule = “pen”) detaches from the mother plant, the cotyledons
remain attached to it, thus, the structure that reaches the substrate consists of a
large hypocotyl and the seedling [48].

One of the most striking features in R. mangle is the presence of structures that
project in various directions around its stem towards the ground, called “aerial
roots” or support, which are in fact special branches with positive geotropism,
which form large number of roots when in contact with the soil, these special
branches are rhizophores, that is, branches bearing roots, with negative geotropism
(Figure 1B) [49]. R. mangle has opposite leaves, elliptical, glabrous, without glands;
apopetal flowers, diclamids; glabrous, dark brown fruit; it blooms and bears fruit
all year round and has the geographic distribution of America, West Africa and
some islands of the Pacific [50].
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Figure 1.
Charvacteristics of ved mangrove plants (R. mangle) - (A) Propagule with a well-defined abscission band;
(B) Aspect of the rhizophore.

2.3 Ecophysiology of mangrove plants

Mangroves are systems that generate interest for researchers in the field of plant
ecophysiology, due to their peculiarities and adaptations, such as, for example, high
rates of salinity, temperature, tidal variation, nutritional deficiency, unconsolidated
sediment and physical-chemical factors [48, 51], adaptations with which were possible
through different morphological, anatomical, physiological and biochemical mecha-
nisms presented by these plant species and which increase their productivity [51].

In general, the mangrove develops optimally with low salinity, however, some
species tolerate higher salinity than others. Excessive Na* and Cl” ions can lead to
imbalances in several plant organs, however these responses vary between species.
Mangrove plants generally decrease the water potential of their tissues in relation to
sediment, thus allowing water absorption, which is one of the first adaptive mecha-
nisms to excess salts. With the increase in the concentration of salts in the sediment,
the concentration of Na* and CI also increases, but this same occurrence is not seen
for K* [51].

The accumulation of ions leads to the destabilization of cell membranes and
even induces oxidative stress through the formation of ROS (reactive oxygen
species), there is partial loss of the granal cell, cytochrome B6f and dissociation
of polypeptides directly related to photosystem II. These peculiarities affect the
absorption of carbon, and the increase of biomass. Hypersalinity can still cause
disintegration of chloroplasts and mitochondria, alter (reduce) the chlorophyll
concentration, which reduces photosynthetic capacity, due to chronic photoinhibi-
tion, however in L. vacemosa plants it was observed at 30 ppm salinity, an increase in
the concentration of chlorophyll a and b. It also reduces stomatal conductance and
mesophilic conduction, limiting photosynthesis by low CO, diffusion [51].

Plants that grow in a saline environment have two problems, osmotic regula-
tion and ion toxicity [52]. Mangrove plants need to restrict water loss and keep
their potential low in the leaf interior through adaptations such as leaf thickening,
increased nitrogen retention and water use efficiency. Mangrove plants are consid-
ered to have the highest water use efficiency rates of all C3 plants, because they have
low rates of stomatal conductance and low transpiration [51, 53, 54].

2.4 Adaptive mechanisms

Halophyte species are naturally more tolerant to salinity, increase photochemical
efficiency and promote greater CO, assimilation when compared to other plants not
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tolerant to salinity. L. racemosa when compared to R. mangle, has a higher assimila-
tion of carbon for being more tolerant to salinity [54, 55].

When it comes to adaptations due to the fact that they are subject to flooding, in
the mangrove species the circulation of water eliminates the possibility of absorb-
ing toxic substances such as hydrogen sulfide from the degradation of sedimentary
organic matter. When flooded, the species deal with hypoxia (complete or partial)
leading to a decrease in the rate of growth and root death in L. racemosa, for exam-
ple. However, its biomass is mainly allocated in the aerial part due to the flooding
and flooding conditions that affect the gas exchange system and nutrient absorption
by the plants in the long term. However, floods may have little effect on mangrove
plants, due to their capacity to store oxygen in their root aerenchyma while the tide
is low [48, 51].

Increase was observed in the content of chlorophyll a and b and carotenoid
pigments at the points of greatest environmental pollution in both R. mangle and
L. racemosa plants [56]. Chlorophyll b and carotenoids act as photoprotective
pigments, therefore, an increase in their content constitutes a response by plants to
environmental stressors. Since the chlorophyll a fluorescence is almost exclusively
originated from chlorophyll a molecules associated with photosystem II, it reflects
the primary photosynthetic reactions in the thylakoid membranes [57]. Variations
in chlorophyll a fluorescence emission are indications of changes in photosynthetic
activity and reflect the effects of environmental stress on the photosynthetic
apparatus [51, 56].

3. Mineral nutrition

The study of plant nutrition establishes the essential elements for the life cycle
of plants, how they are absorbed, translocated and accumulated, their functions,
requirements and disturbances when in deficient or excessive quantities. As for the
nutrient, it is defined as a chemical element essential to plants, that is, without it the
plant does not live. For a chemical element to be considered a nutrient, it is necessary
to meet the essentiality criteria (direct, indirect or both) [58].

Mineral nutrition is considered a determining factor for rooting, considering
its involvement in the determination of plant morphogenic responses, such as the
formation of adventitious roots, as well as the modulation of length and density.

In this way, it is necessary to consider the influence of the various nutrients in the
adventitious rooting, therefore, it is necessary to analyze the role of each nutrient,
particularly in each phase of the process [59]. Although these nutrients are equally
important for plant production, there is a classification, based on the proportion
in which they appear in the dry matter of the vegetables. Therefore, there are two
major groups of plant nutrients (not considering carbon [C], hydrogen [H] and
oxygen [O]): 1) macronutrients which are the nutrients absorbed or required by
plants in greater quantities [nitrogen (N), phosphorus (P), potassium (K), calcium
(Ca), magnesium (Mg) and sulfur (S) (expressed ing kg'1 of dry matter)]. This
class can be further divided into primary macronutrients that are N, P and K and
secondary macronutrients that are Ca, Mg and S. 2) micronutrients that are the
nutrients that are absorbed or required by plants in smaller quantities [Iron (Fe),
manganese (Mn), zinc (Zn), copper (Cu), boron (B), chlorine (CI) and molybde-
num (Mo) (expressed in mg kg'1 dry matter)] [60].

Most essential elements are absorbed in ionic form, from the soil solution. The
way in which these ions are displaced depends on a number of factors such as the
flow of water in the plant, density of the roots, in addition to the genetic charac-
teristics of the species. In addition, this process undergoes abiotic interference, in
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which each species will respond in a different way. Minerals are absorbed from the
capacity of ionic selectivity, and this selectivity is limited by osmotic factors and
interactions with ions present in the soil. Another important point when talking
about nutritional absorption is that it can occur under a concentration gradient. The
absorption of an element also depends on the availability in the soil, for this reason,
the assimilation of these elements is related to biogeochemical cycles [61].

In addition to the elements said to be essential to plant life, there are others
considered beneficial and also the group of toxic elements. As for the beneficial
element, it is defined as that which stimulates the growth of vegetables, but which
are not essential or which are essential only for certain species or under certain
conditions [61]. Silicon (Si) and cobalt (Co) are considered beneficial to the
growth of certain plants, as well as Sodium (Na), nickel (Ni) and Selenium (Se).

It should be noted that even a nutrient or beneficial element, when present in high
concentrations in the soil solution, can be toxic to plants. However, it is considered a
toxic element, which does not qualify as a nutrient or beneficial element. Thus, the
toxic elements, even in low concentrations in the environment, can present a high
potential for harm, accumulating in the trophic chain and slowing the growth and
leading to the death of the plant. As an example of potentially toxic elements, we
have aluminum (Al), cadmium (Cd), lead (Pb), mercury (Hg) and etc. [62].

4, Mineral stress

Mineral stress is defined as the sub-optimal availability of essential nutrients
or the toxicity of nutrients or other elements (especially Al, Na, Cl, Mn, and other
heavy metals), it is a primary restriction on plant growth in a large portion of the
land surface [63].

Excessive intake of minerals can also have harmful effects on physiology, which
has led researchers in recent years to acquire accurate data on the minimum require-
ments and toxic dosages of minerals present in food. The level of mineral content in
vegetables depends on a number of factors including the genetic properties of the
species, climatic conditions, the characteristics of the soil and the degree of matu-
rity of the plant at the time of harvest. Thus, some nutrients essential to vegetables
are involved in the response of plants to stress [64].

5. Responses of halophytic plants to stress of trace element

Halophyte plants are a great example of evolved species and adapted to
hyperosmotic environments. These vegetables have evolved to adapt to adverse
conditions, such as: high salinity, xerothermic environments, cold at seasonal
temperatures and tolerance to the presence of toxic ions, mainly in the form of
sodium and chloride [65].

Starting with the sediment, in the mangrove, the sediment acts as a deposit of
nutrients arising, in part, from the release of domestic and industrial sewage and
the use of agricultural fertilizers and pesticides [66]. In addition, considerable
amounts of nutrients reach the mangrove ecosystems dissolved in seawater through
the movement of the tides. Every characteristic present in that sediment can affect
the physiological characteristics of a plant, such as the concentration of photosyn-
thetic pigments, whose characteristics of the plant that can be altered by a variety
of environmental factors, such as: salinity, irradiance, flooding, heavy metals, state
nutritional, pollutants and therefore a potential indicator of adverse environmental
conditions [51, 56, 67].
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It has also been suggested that plants tolerant to salinity would be better adapted
to deal with environmental stresses, including heavy metals. This performance is
notably due to the plant’s ability to accumulate metals in its tissues, triggering toxic
metal detoxification mechanisms [68, 69].

Three distinct phases between plant responses to stress [70], in which a fourth
was added after [71]:

* Response Phase (beginning of stress): alarm reaction or general alarm
syndrome (SGA) (deviation from functional normality, decline in vitality and
catabolic processes exceeding anabolism);

* Restitution phase (continuation of stress): resistance stage (adaptation, repair
and reactivation processes);

* Final Phase (long-term stress): stage of exhaustion (very high stress inten-

sity, overloading the capacity for adaptation, leading to chronic disease or
cell death);

* Regeneration Phase: partial or complete regeneration of physiological func-
tions when the stressor is removed and the damage is not very high.

The heavy metals released into the terrestrial environment tend to be concen-
trated in the soil and sediments, which become a large reservoir available for the
roots of plants, which are very vulnerable to variations in concentrations of these
elements. In aquatic environments these elements are available for both roots and
shoots [72].

5.1Iron stress conditions

Iron is an essential micronutrient for plants, involved in several fundamental
processes such as photosynthesis, respiration, nitrogen fixation, DNA and hormone
synthesis [73]. However, at high levels, this element can be toxic to plants [74].

This element is abundant in nature, reaching about 5% of the earth’s crust.
Despite this, iron toxicity is not normally a problem for plants, since most of this
nutrient in soils is unavailable to plants [75]. In acidic and/or flooded soils, or in
areas where Fe ore is being mined or being processed, increasing the concentration
of Fe can lead to the excessive absorption of this metal, which quickly accumulates
in the leaves and often reaching levels of toxicity [76].

Iron, when free and in excess within the cell, is capable of generating free
radicals, such as the hydroxyl radical, through the Fenton reaction [77]. This
radical is extremely toxic for cellular metabolism, being responsible for the oxida-
tion of biological macromolecules such as proteins, nucleic acids and membrane
lipids [78].

Studies [69], demonstrated that mangrove species that were evaluated, pre-
sented low iron bioconcentration factor in the leaf tissue. The redox environment
and the high content of organic matter decrease the bioavailability of this element.
In addition, the retention of this metal in the root suppresses its translocation to the
leaves [69].

Plants, when they are under high levels of Fe and, or under reducing conditions,
often form on the root surface the so-called “iron plate” in aquatic plants and in
some terrestrial plants subject to flooding. The formation of these plaques is closely
related to the oxidation of Fe** to Fe’* and the consequent precipitation of iron
oxides on the root surface [38, 79].
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Due to the high adsorption capacity of the functional groups of Fe oxides and
hydroxides, the iron plate can act as a barrier to the absorption of nutrients and
toxic metals by adsorption and, or co-precipitation, interfering in the availability of
these elements in the rhizosphere and its subsequent absorption and translocation
to the aerial part [79].

Fe, although abundant in nature, normally does not reach toxic levels for most
plants, since most of this nutrient in soils is unavailable, especially in neutral and,
or alkaline soils [76]. In acidic and or flooded soils, or in mining or mineralization
areas, there may be an increase in the concentration of available Fe, resulting in
excessive absorption of this metal, often reaching levels of toxicity [76].

In the leaves, in high doses of iron, the appearance of yellow/brownish spots
was observed, followed by the appearance of necrotic lesions, decreased leaf area
and leaf abscission, probably resulting from the formation of oxidizing agents in
the intercellular spaces that react with the components of the cell wall and plasma
membranes [80]. The roots became darkened, indicative of Fe oxide deposition
[81]. Less root formation was also observed and the roots became short, thin, rigid
and brittle. The visible chlorosis observed in some leaves was proven by the decrease
in the content of chlorophyll a. The reduction of chloroplast pigments has been
associated with oxidative damage caused by the accumulation of reactive oxygen
species (ROS) induced by toxic levels of Fe in leaf tissues [82].

In general, the excess of Fe induces P, K, Ca, Mg and Zn deficiency causing
multiple nutritional disorders [83]. This interference of excess Fe may be associated
with the precipitation of iron oxides on the root surface and the consequent forma-
tion of a ferric oxide crust (iron plate). The ability of plants to form these iron plates
on the root surface is considered part of the mechanism used by plants to tolerate
high levels of Fe** [84]. The formation of iron plaque, however, can lead to nutri-
tional imbalance due to the high capacity of iron hydroxide functional groups to
immobilize nutrients and metals by adsorption and / or co-precipitation inhibiting
absorption, transport and/or use of other nutrients such as P, K and Zn [85].

The presence of organic matter can promote the availability of Fe, presumably
through the supply of soluble complexing agents that interfere with fixation. When
Fe is added to the soil in the form of a chelate, or when chelation occurs by soluble
organic compounds, the concentration and gradient in the soil solution is gener-
ally higher than the concentration of Fe and non-chelated gradient and diffusion
transfer is much larger [86].

The phenomenon of oxy-reduction is the most important chemical change on
plants that are in flood areas, and oxidation-reduction or redox potential, which is a
quantitative measure of the intensity of this change. The most drastic changes that
occur when a soil is submerged and its Eh falls, reducing NO to nitrogen oxides, and
Fe Il to Fe II [87].

In an attempt to prevent iron deficiency, the plants developed two ways for its
absorption: I - reduction of Fe** in Fe** through the acidification of the rhizosphere,
caused by the proton extrusion by plasma membrane H*-ATPases. This reduction of
Fe’* in Fe* is promoted by a specific protein, Ferro Chelate Reductase (FRO). After
reduction, Fe** is transported by specific membrane transporters (IRT) into the cells
[88]. II - Phytosiderophores (compounds that have a high affinity for iron) are secreted
into the rhizosphere, where they join Fe’* forming a chelate complex (Fe** -FS). This
complex is transported by specific carriers known as Yellow Stripe (YS) into cells [89].

The jonic strength can influence the electrical potential and spatial structure of
organic matter (OM) and, thus, affect its complexation with Fe. The complexation
of Fe and Humic Acid (HA) is influenced by the ionic strength. From known values
of ionic strength of freshwater, estuaries and marine environments, it is predicted
that the complexation of Fe and HA occurs mainly in freshwater bodies, such as
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rivers and lakes. PH is one of the most important factors in the complexation of

Fe and OM. The peak intensity of the Fe-HA complex was improved by increasing
the pH from 4 to 6 and reached a maximum at pH 6. When the pH exceeded 6, the
intensity of the complex of Fe-AH gradually decreased. The complexation of Fe
and HA is strongly pH dependent due to the deprotonation of HA and hydrolysis
of Fe. This can be assumed that Fe-HA complexes are formed mainly in freshwater
bodies, where pH and ionic strength favor complexation. The Fe-HA complex in
most freshwater bodies would eventually migrate to the estuary, and dissociate to
release Fe at a higher pH. Within the estuary, the released Fe would be recomplexed
with other strong binders from coastal water. HA, as an important dissolved iron
transporter, can transport Fe from fresh water to estuaries [90].

5.2 Nickel stress conditions

Some researchers consider Ni to be an essential micronutrient in certain plant
species, especially when grown in urea media, since Ni is a constituent of the urease
enzyme [91], and its deficiency it leads to a reduction in urease activity in plant
tissues such as soy, rice and tobacco, leading to an accumulation of excessive urea,
making it phytotoxic [92]. Although the mechanisms of its phytotoxicity are still
poorly studied, it is known that high levels of Ni in plant tissues inhibit photo-
synthesis and respiration. Symptoms of toxic effects are related to tissue damage,
growth retardation, chlorosis and other symptoms specific to plant species [93].

Industrialization and urbanism are responsible for the increasing contamination
of soils and water resources, with different toxic substances that represent a poten-
tial risk to human health and agriculture [94]. Heavy metals and metalloids con-
stitute a special group of two pollutants due to their non-biodegradability, as well
as rapid transport to the food chain. Ni is a significant environmental pollutant. In
2008, Ni was classified as “the allergen of the year” [95]. Generally, the majority
of Ni released to the environment by human activities, especially those related to
the raw material, is used in electroplating and metallurgy industries, as well as the
application of mineral fertilizers that contain this metal [69, 96].

During the last decades, studies that discuss Ni toxicity have gained notoriety
mainly due to their concentration in contaminated soil reaching 20 to 30 times
(200-26,000 mg kg™") higher than the average (10-1000 mg kg™") found in natural
soil [85]. Ni is unique among heavy metals, unlike Cd, Pb, Hg, Ag, and several other
metals that have no known physiological function in plants. It is a constituent of a
large number of enzymes, including ureases, which play an important role in seed
germination and is necessary for the nitrogen metabolism of plants. Therefore, Ni
maintains the appropriate cellular redox state and participates in several important
metabolic processes [69].

Ni toxicity to plants has become a worldwide problem that also threatens sus-
tainable agriculture. Ni can affect the transport of nutrients to the cells of the roots
and consequently change the entire plant physiology, such as reducing the levels of
chlorophyll, the photosynthetic activity of the leaf, leading to tissue damage and
strongly reducing the production of plant biomass. At the biochemical level, Ni has
a deleterious effect on the function of the membrane [70, 96, 97]. In chloroplasts,
for example, it affects the light capture complex (CCL) and carotenoid values. It can
also interfere with the electron transport chain and its intermediates (such as cyto-
chromes bé6f and b559) in leaves. By inhibiting key enzyme activities in the Calvin
Cycle, Ni can also slow the dark reactions of photosynthesis. Additionally, there
is growing evidence that Ni toxicity in plants is associated with oxidative stress as
reflected by the increased concentration of hydroxyl, superoxide, nitric oxide and
hydrogen peroxide radicals [67, 98, 99].
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The excess of Ni induces leaf iron deficiency [100]. It was suggested that Ni
could reduce the amount of Fe via competition with Fe* through the mechanism
of absorption of the root cell membrane and the inhibition of its translocation
from the root to the formation of the diaspore, causing over-accumulation of Fe in
the roots. This situation may be responsible for the production of chlorotic leaves,
especially between the veins [67, 101]. Another effect generated by the presence of
Ni is its competition for binding sites, as they have ionic rays similar to Ca and Mg,
and through this competition they can decrease the absorption of these macronutri-
ents. This possible decline in the absorption of nutrients can also result in metabolic
diseases and reduce the activity of the proton pump, thus reducing the energy
required for the absorption of K [101].

Thus, the decline induced by Ni in photosynthetic activity and the deficiency of
photosystem II can be explained by the adverse effect of excess of this metal on the
electron transport chain, as a consequence of a decrease in chlorophyll synthesis.
This is consistent with other studies that show that through the stress generated by
excess Ni, the plant reduces photosynthetic activity, as this element is linked to the
inhibition of primary photochemical processes [101].

Ni induces a reduction in total fresh weight without the concomitant effect on
dry mass, suggesting a change in plant water status, which may be the result of
decreased water absorption or increased water loss, both of which may occur due
to damage to cellular structures [102]. In addition, Ni can promote a decrease in
succulence and leaf density, which indicate real water deficiency [103]. However, in
low concentrations, Ni is considered an essential element mainly due to its function
as an irreplaceable component of urease [104].

An important point is the “browning” of the roots of mangrove seedlings
treated with Ni, as also observed in roots of Z. mays. The darkening of root cells
may indicate the oxidation of phenolic compounds to cytotoxic quinones, which is
believed to be mediated by the reduction of an electron to semiquinone radicals that
self-oxidize to form ROS [96, 105].

Works with R. mangle exposed to trace elements such as Ni are hardly found, due
to little study in this area. The sensitivity of this plant to Ni is still poorly known,
however, a study with R. mangle in an impacted environment and an non-impacted
one comparing the results of both, it was concluded that the in spite of the morpho-
anatomical changes observed, it is possible to state that this species survives without
the considerable impairment of its leaf structure, in areas subjected to environmen-
tal impacts, differently from the results found in the present study, which allows us
to consider our results to be positive [81].

Reduced growth and reduced biomass production are general responses of
plants superior to the toxicity of heavy metals, which can be linked to loss in cell
turgor, resulting in decreased mitotic activity and / or inhibition of cell elongation.
Thus, the toxicity of Ni can cause growth inhibition of the aerial part and/or roots,
as observed in several tested plant species, such as roots, and aerial part [106].

The symptoms of toxic effects are related to tissue damage, growth retardation,
chlorosis and other symptoms [107]. The phytotoxicity of Ni is the result of its
action on the photosystem, causing disturbances in the Calvin cycle and inhibition
of electrical transport because of the excessive amounts of ATP and NADPH accu-
mulated by the inefficiency of the biochemical phase of photosynthesis [108, 109].

6. Dynamics of organic matter in mangroves

In mangrove sediments, because of the intrusion carried out by the flood, there
is a decrease in gas exchange between the soil and the air, since the rate of oxygen
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diffusion in water is slower than in the air, creating a reducing environment.
Thus, the decomposition of organic matter will occur by organisms that do not
use O, with a receptor, but NO>", Fe¥, organic acids, SO4*” and SO;*". Therefore,
microorganisms more slowly decompose organic matter, which accumulates in the
soil [110].

The organic matter accumulated in the soil is a source of nutrients in the man-
grove, since the decomposition and mineralization of plant material is important
in the nutrient cycling that occurs in the soil-plant-atmosphere system, allowing
part of the carbon incorporated by biomass through the process of photosynthesis
return to the atmosphere as CO, and the nutrients absorbed by the plants are again
usable [111]. The mineralization of organic matter is influenced by factors such as
soil redox potential, microbial activity, plant species, litter production, litter C/N
ratio and tidal flooding [112].

The mangrove sediments are classified as Organosols and Gleisols, depending on
drainage conditions. Organosols have an accumulation of plant remains with vary-
ing degrees of decomposition and restricted drainage conditions [113]. The Gleisols
present an intense reduction of the iron compound in the presence of organic
matter, with or without oxidation alternation and are permanently or periodically
saturated with water [114]. The water saturation is due to the influence of the tides,
which is considered as the main mechanism of entry of saline waters in the man-
groves [115]. Tides are responsible for important characteristics of these soils, such
as reduced redox potential, existence of high pH values and dynamics of elements
such as sulfur and iron [116].

Because of the effects of flooding on mangrove sediments, there is a decrease in
gas exchange between soil and air, as the rate of oxygen diffusion in water is slower
than in air. This interference in the diffusion of oxygen generates a reducing envi-
ronment, causing the microorganisms to have their metabolism slowed down, since
O, acts as an electron receptor promoting the maximum efficiency of decomposi-
tion of organic matter. With this, the microorganisms start to use electron acceptors
other than O, for the decomposition of organic matter, following the following
thermodynamic sequence: NO*-, Mn*', Fe**, SO4%", CO, (methanogenesis), N,
and H" in a way slower and less efficient, resulting in the accumulation of organic
matter in the soil [110].

In regions where mangroves predominate, it is common to see a combination
of high levels of organic matter, arising from the greater supply of plant biomass,
anaerobic conditions, source of reactive Fe and sources of SO4%", from sea water,
both readily available, making mangrove soil an environment conducive to the
occurrence of bacterial sulfate reduction (RBS) [117]. This RBS is the dominant
form of breathing in mangrove soils, with iron and sulfur compounds being impor-
tant elements in the biochemical cycles of these environments [118].

The dynamics of Fe and S in these environments are affected by the amplitude
of the tides, which sometimes cause oxidative conditions and sometimes reduce
the mangrove soils [119]. Vegetation also influences, as it oxidizes the rhizosphere
region by translocating the oxygen absorbed on the soil surface to the root struc-
tures located on the subsurface [116]. Therefore, elements such as iron and sulfur,
which are sensitive to changes in redox conditions, have their dynamics altered and
may suffer an increase or decrease in the solid fractions of the soil and interstitial
waters [116].

In the mangrove, the rate of denitrification and ammonification can be high, due
to factors such as anaerobic condition combined with high levels of organic matter
[116]. Under flood conditions, high levels of ammonium can accumulate, since
this ion is relatively stable in anoxic conditions, predominating in most soils [120].
The levels of inorganic nitrogen in the mangrove soil are usually low because of the
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low addition of N to the soil, losses by tide, reduced transformation processes and
efficient microbial assimilation [116].

The decomposition of organic matter in the mangrove is determined by the
quality of the litter present in the soil [116], and the chemical composition of the
leaves can accelerate or delay the decomposition [116]. The leaves of the genus
Rhizophora have constituents that are more difficult to degrade than the leaves of
Avicennia, due to their large amount of polyphenols [121].

The mineralization of organic matter in mangrove soils is carried out by
aerobic and anaerobic microbial processes. In anaerobic mineralization, micro-
organisms use other electron acceptors to replace O, e.g. NO; - - Mn (IV) — Fe
(II1) = SO4>” — CO,. According to this sequence, there is a gradual decrease in the
redox potential and in the free energy of oxidizing agents for respiration. Thus, the
use of acceptors other than O,, causes the decomposition of organic compounds to
be slower, accumulating in the soil [116]. Anaerobic mineralization in mangrove
soils, associated with the high capacity for biomass production, makes this area an
accumulator of carbon and, therefore, important in the global cycle of this element
and in the context of climate change [122].

The process of decomposition of organic matter through aerobics occurs on the
soil surface and in the small aerobic zones around the roots where there is oxygen
and a few centimeters from the water column [123]. In addition to aerobic and
anaerobic respiration, suboxide respiration can also occur in the degradation of
organic matter in the mangrove soil [116]. Under sub-toxic conditions, iron oxides
and hydroxides are reduced in the decomposition of organic matter, generating
high levels of Fe’*, which can precipitate in the formation of carbonates, sulfides,
phosphate or new oxidation, promoting the synthesis of ferrihydrite, lepidocrocyte
and goetite [116].

Because seawater has high concentrations of sulfate, the decomposition of
organic matter in mangrove soils is predominantly attributed to the process of
bacterial sulfate reduction (RBS) [124], resulting in the formation of sulfide.

The sulfide generated in the RBS process can have several destinations, such as
precipitation in the form of iron sulfides - example: Pyrite (FeS,) was considered
as the final product, and more stable in the RBS process and participate in redox
reactions [125]. Consequently, most mangrove soils contain high levels of inorganic
sulfur in the form, mainly, of FeS, and elemental sulfur (Sp) [126]. In iron-rich
environments, the oxidation of iron in the decomposition of organic matter can be
comparable, or even greater, than the reduction of sulfate as this can be impaired in
the presence of other electron receptors such as O, and Fe** [116].

The presence of functional groups of organic matter in the soil can complex
trace metals present in the soil solution, and thus decrease the toxic capacity of the
metals [127]. However, to explain the effects of the possible decrease in toxicity
caused by nickel in R. mangle seedlings, which was observed in the vast majority of
parameters analyzed, one should not only take into account the role of SH on plant
growth and plant development as a whole, but also taking into account the com-
plexing capacity of SH, since organic matter is considered an important mitigator of
the toxic effects of heavy metals because it has the ability to form insoluble com-
plexes with these metals and other elements, making plants less available, enabling
the cultivation of plants in areas with high levels of contamination [128, 129].

6.1 Organic matter; humic substances and their possible interactions with trace
elements

Soil is the basis of the entire production process on the planet. It is an impor-
tant and well-organized component of nature, adjusted to multiple functions of
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dynamic balance. Its composition is varied and dependent on factors and forma-
tion processes (biogeochemical), as well as on the handling and use to which it

is submitted [130]. The organic matter content (OM) of the soil is dependent on
many factors that exert its influence individually and together, such as: climate, soil
texture, topography, drainage, vegetation cover and land use [131]. The process of
formation of organic matter in the soil is initially a biological process and almost all
the flora and fauna existing in the soil has a direct or indirect effect [132].

OM is a complex matrix formed during the microbial decomposition of plant
and animal waste that exists in soil, groundwater and rivers and plays a vital
role in the global carbon cycle [133]. This OM can be divided into two fractions.
The hydrophobic (non-humic) group that contains aliphatic chains of C and N,
including carboxylic acids, carbohydrates, tannic acids (TA) and proteins and a
hydrophilic one, composed of humic substances (HS), aromatic carbon, phenolic
structures, and conjugated double bonds.

HS can be classified in terms of its solubility in different pH ranges: humic acids
(HA) comprise the fraction that is insoluble at a low pH; fulvic acids (FA) are low
molecular weight compounds that are soluble in a larger pH range and humine is the
fraction that is insoluble at any pH.

The greater the amount of C and N, the greater the degree of evolution of humic
materials. Atomic C/ N, H/ C and O / C ratios are often used to monitor structural
changes in humic fractions and to elucidate the structural formulas of humic
substances from different sources [134, 135]. The C/N ratio indicates the degree of
incorporation of N and the degree of humification in the structure of SH [136, 137].
The O/ C ratio is normally used to estimate the abundance of oxygen contained in
functional groups [138] and the H/C ratio is used as an index of aromaticity and
aliphaticity of organic matter [136].

The root architecture of R. mangle seedlings was altered by adding SH to the
culture solution. The number of lateral roots (NRL) of R. mangle seedlings was
changed by the presence of the best dose of SH (6.25% HS) in relation to the control
treatment [139-141].

SH and metals have interactions that are influenced by several variables, such as
chemical load and heterogeneity of the humic material. These interactions of metals
with SH are closely linked to ionic strength and not only to concentration that are
also bound to their binding functions [142].

Mangrove sediments are known to have a great capacity to accumulate metallic
elements, which is attributed in part to their high content of organic matter, which
can act as an agent for complexing trace elements. In addition, the mangrove sedi-
ments are subjected to sulfate reduction processes, which leads to the precipitation
of sulfide minerals that are capable of retaining, for example, Co and Ni in marine
sediments. In mangrove sediments, the complexation processes of trace elements,
however, depend on biogeochemical gradients, salinity, redox potential and organic
matter contents that are moved by the distance to the seashore, the magnitude of
the tide, and the types of mangrove tree species. In addition, diagenetic reactions
can operate on sediments as a function of time, due to tidal cycles, flooding seawa-
ter, as well as freshwater intakes. The redox cycle in mangrove sediments can thus
have a significant impact on speciation of trace elements [143, 144].

On the other hand, the humate’s ability to leach minerals and mobilize metals is
well known, and is assumed to be an important pedogenic process. With this there
is a reconstitution of organic complexes and stabilization of metals initially released
silicates and oxides. Several metals, including Cu, Zn, Co, Ni and Fe, are mobilized
in soils and lead to reducing conditions [145].

Oxygen atoms in HS are mainly present in the form of carboxylic and phe-
nolic groups [146] that can play an important role in creating binding sites
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for certain inorganic species (such as polarizable metal cations) and tracking
organic compounds (including pesticides and endocrine disrupters) present in
the environment [147].

HS are defined as supramolecular associations of organic molecules of small
molecular mass that hold together because of the hydrophobic bonding forces of
van der Waals, dipole—dipole and hydrogen bonds [148]. HS can play an important
role in the bioavailability of metals in soils and, thus, contribute to the mitigation of
toxicity to plants. Assessing the influence of HS on the mobility of Cu and Zn dur-
ing aerobic composting of sewage sludge, a study [149] was observed an increase in
the distribution coefficient of humic acids (HA)-Cu and HA-Zn of 27.5 and 3.33%,
respectively, suggesting that there was a reduction in the mobility and availability
of these metals.

The interest in the chemical characterization of HS is based on its marked influ-
ence on the solubility and mobility of trace elements in the soil and on the com-
plexation of nutrients [150]. The ability of HS to interact with metals is normally
attributed to the high content of functional groups containing O, such as carboxyls
(CO;H), carbonyls (CO) and hydroxyls (OH) [151]. The main chemical elements
affected by redox reactions are: C, N, O, S, Mn and Fe. In contaminated soils,
arsenic (As), Se, Cr, Hg and Pb can also be added.

In anaerobic conditions, resulting from O, depletion, after flooding the soil,
or even in anoxic microsites, such as inside water-saturated micropores, aerobic
microorganisms drastically decrease their activity, become quiescent or die
[152]. Optional and anaerobic microorganisms then proliferate, using carbon
compounds as a substrate and compounds of N, Mn, Fe and S, to transfer their
electrons from respiration. In flooded systems, the decomposition of organic
matter occurs almost entirely through the work of anaerobic and/or facultative
microorganisms [152]. As anaerobic bacteria operate at a much lower energy level
than aerobic ones, both decomposition and assimilation are slower in submerged
systems. This fact is illustrated by the accumulation of plant residues in swamps
and submerged sediments [153].

Humic acids (present in humic substances) have functional groups, such as
carboxylic groups that can form metal salts, treatment with humic acids is likely
to remove metals. Some of the metals can be associated with carbohydrates or
amino acids. It is possible, however, that humic acid behaves like a macrocyclic
compound for metals. These compounds have unusual ion-binding abilities. Its
ability to form stable compounds with the alkali and alkali metal ions. In fact,
alkaline and alkaline earth hydroxide solutions make up the bulk of the inorganic
portion of humic acids. Part of heavy metals can also be associated with humic
acids by the same mechanism that allows the complexation of metal ions by
natural polyelectrolytes, such as polygalaturonic acid, or other polyacids. The
addition of metals of such polymers forms insoluble complexes in the form of a
“sandwich” [154].

7. Conclusions

Related evidence in the literature shows that attributes related to the growth
and development of mangrove plants are negatively affected by their exposure to
stress conditions by iron and nickel. However, organic matter, governed by its main
component (such as humic substances) can, at least in part, assist recovery due to
the damage caused by the aforementioned trace elements, showing the potential of
humid organic matter to recover degraded environments and/or anthropized, such
as the various mangroves located around the world.
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Abstract

Humic substances are the main constituents of natural organic matter, found
in both aquatic and terrestrial environments. Humic substances are a complex,
dispersed, and heterogeneous mixture of various organic compounds synthesized
from organic matter residues, decomposed by microorganisms. Most scientists
indicate that humic substances are as a supramolecular association of small hetero-
geneous molecules stabilized by weak intermolecular bonds. When these sub-
stances are presented in water intended for drinking or industrial use, it can have
a significant impact on the treatability of this water and on the success of chemical
disinfection processes, due to possible formation of organic compounds harmful
to human health. Moreover, the humic substances can be used of several ways
such as fertilizer to help in the development of plants, to improve soil erosion and
to removal of organic compounds and metals from soils and waters. In addition,
humic substances suggest an important role in mitigating areas degraded by the
phytoremediation technique. The purpose of chapter is to provide an overview of
humic substances and to discuss their concepts, chemical characteristics, ecological
effects and technological applications for soils and aquatic systems.

Keywords: Humic substances, Humic acid, Fluvic acid, Humin, Organic matter,
Soils, Aquatic system

1. Introduction

Humic substances are the main constituents of natural organic matter, found in
both aquatic and terrestrial environments. Natural organic matter can be classified
into aquagenic organic matter and paedogenic organic matter. Aquagenic organic
matter occurring in ocean waters is formed by the excretion and decomposition
of plankton and aquatic bacteria. Paedogenic organic matter is produced by the
decomposition of land plants and microorganisms, including leached material from
the soil anchored in the aquatic system. This type of organic matter is formed by the
degradation of lignin, polysaccharides and proteins, which lead to the formation
of organic compounds of carboxylic, phenolic, benzoic, and aliphatic compounds.
In addition, humic substances are the main carbon reservoir in the biosphere and
account for approximately 70 to 90% of soil organic matter [1].

According to the International Humic Substances Society (IHSS), humic sub-
stances are complex heterogeneous mixtures of polydisperse materials formed by
a humification process, in which chemical and biochemical reactions occur during
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the decomposition of plant and microbial residues [2]. In [3] was also noted this
new understanding, where humic substances are heterogeneous and relatively small
molecular components of soil organic matter in supramolecular associations with

a variety of organic compounds of biological origin and synthesized by abiotic and
biotic reactions in soil. The first publications on humic substances were reported

in 1786 with the extraction of humic acids from peat by Achard in Germany and

by Vauquelin in 1797 with the extraction of plant residues. Between 1829 and 1837,
studies to understand the origin and composition of humic substances began with
the research conducted by Sprengel, reporting that more alkaline soils exhibited
greater abundance of humic acids, making them more fertile [4]. In the 19th and
20th centuries, humic substances were often examined through the acid-base
theory. In the mid-20th century studies were initiated in order to classify humic
fractions. The author in [5] created the nomenclatures of fulvic acids, humic acids
and humins. This classification is based on their solubility in aqueous medium.
Then, fulvic acids are soluble at acidic or alkaline pH, humic acids are soluble at
alkaline pH, and humins are insoluble at any pH [4, 6, 7]. Researchers have been
discussing, in recent years, models in order to explain the chemical structure of
humic substances. Currently, there are three widely discussed models - the macro-
molecular, the micellar, and the supramolecular structure models. The macromolec-
ular model assumes that humic substances are a soil polymer and that humification
is the process by which organic compounds from plants and animals are not fully
oxidized to CO, and H,0 and accumulate in the soil as humus [8-10].

The micellar model states that humic substances consist of macro-structures of
high molecular mass and that the macromolecular properties result from associa-
tions of small molecular species in micellar structures [11]. The author in [12]
defines humic substances as a supramolecular association of small heterogeneous
molecules stabilized by weak intermolecular bonds, which can be broken by small
amounts of organic acids. Among the three main structural models (micellar,
macromolecular and supramolecular) of humic substances, currently, the supramo-
lecular model is the most widely accepted by researchers in the IHSS [2].

However, the scientific community has been discussing the macromolecular
and supramolecular models, due to the undefined chemical structure of humic
substances.

2. Concept and characterization of humic substances

Researchers in this area has been discussing the concept, origin, and composi-
tion of humic substances for the last decades, and these questions have not yet been
clarified. According to [13, 14] humic substances are a complex, dispersed, and
heterogeneous mixture of various organic compounds synthesized from organic
matter residues, decomposed by microorganisms.

Humic substances exhibit a wide variety of structures and chemical composi-
tions. As an example, a considerable part of these substances present the benzene
ring (phenols and quinones), as shown in Figure 1. In addition, several functional
groups are present in humic substances such as carboxylic, hydroxyl (phenolic and
alcoholic), carbonyl, and amino groups [15]. The authors [16] list the substances
identified in humic extracts, that include mono-, di- and trihydroxy acids, fatty
acids, dicarboxylic acids, linear alcohols, phenolic acids, terpenoids, steroid com-
pounds, carbohydrates and amino acids.

In [9], the author reports that the functional groups that contribute most to
the surface charge and reactivity of humic substances are phenolic and carboxylic
groups. Humic acids behave as mixtures of dibasic acids, with pK, value around 4
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Figure 1.

Molecular building blocks that form humic substances containing the benzene ring.

for protonation of carboxylate groups and around 8 for protonation of phenolate
groups. There is considerable overall similarity between the individual humic
acids [17].

For this reason, the pK, values measured for a given sample are mean values
relative to the constituent species. The other important characteristic is charge
density. Fulvic acids are defined as associations of small hydrophilic molecules
which several acidic functional groups that form the fulvic clusters dispersed in
solution at any pH. Humic acids are made by associations mainly of hydrophobic
compounds which it are stabilized at neutral pH by hydrophobic dispersive forces
such Van der Waals forces, n-n bonds, CH-n bonds. Their conformations grow
progressively in size when intermolecular hydrogen bondings are increasingly,
flocculate at lower pH [11]. The presence of carboxylate and phenolate groups
gives humic acids the ability to form complexes with ions such as Mg**, Ca**, Fe**
and Fe’*. Many humic acids have two or more of these groups arranged in such
a way that allows the formation of chelate complexes [18]. The development of
complexes (chelates) is an important aspect of the biological role of humic acids in
regulating the bioavailability of metallic ions [17].

According to [19] the elemental composition of humic substances can be divided
and vary as follows: fulvic acids (35.1 to 75.7% carbon, 16.9 to 55.8% oxygen, 0.4 to
7.9% hydrogen, 0.5 to 8.2% nitrogen and 0.1 to 3.6% sulfur), humic acids (37.2 to
75.8% carbon, 7.9 to 56.6% oxygen, 1.6 to 11.7% hydrogen, 0.5 to 10.5% nitrogen
and 0.1 to 8.3% sulfur) and humin (48.3 to 61.6% carbon, 28.8 to 45.1% oxygen, 7.3
to 14.2% hydrogen, 2.9 to 6.0% nitrogen and 0.1 to 0.9% sulfur).

The presence and relative abundance of fulvic acids, humic acids, and humin
is inferred by laboratory extraction, a process that modifies their original state.
Humic and fulvic acids are extracted as a colloidal solution from the soil to other
solid phase sources in a strongly basic aqueous solution of sodium or potassium
hydroxide. Humic acids are precipitated into the solution by adjusting the pH to
1 with hydrochloric acid, keeping fulvic acids in solution. This is the operational
difference between humic and fulvic acids. Humin is insoluble in diluted alkali. The
alcohol-soluble portion of the humic fraction is generally referred to as humic acid.
The named “gray humic acids” (GHA), according to [20], are soluble in alkaline
media of low ionic strength; “brown humic acids” (BHA) are soluble under alkaline
conditions regardless of ionic strength; and fulvic acids (FA) are soluble regardless
of pH and ionic strength. Humic acid, as traditionally produced in the laboratory,
is not a single acid; instead, it is a complex mixture of many different acids contain-
ing carboxylic and phenolic groups so that the mixture behaves functionally asa
dibasic acid or, occasionally, as a tribasic acid. Humic acid used for soil correction
is manufactured using the same well-established procedures. Humic acids can form
complexes with ions commonly found in the environment creating humic colloids.
Humic acids are insoluble in water at acid pH, while fulvic acids are also derived
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from humic substances, but are water soluble throughout the pH range [21]. Humic
and fulvic acids are often used as a soil supplement in agriculture and, less com-
monly, as a human nutritional supplement. As a nutritional supplement, fulvic
acid can be found in liquid form as a component of mineral colloids. Fulvic acids
are polyelectrolytes and are unique colloids that diffuse easily through membranes,
whereas all other colloids do not [22]. A sequential chemical fractionation called
Humeomics can be used to isolate more homogeneous humic fractions and deter-
mine their molecular structures by advanced spectroscopic and chromatographic

methods [23].

3. Determination of humic substances in water samples

The water naturally found in springs has organic matter and microorganisms
that can be pathogenic. The organic matter originates from the remains of dead
plants and animals and is carried to the springs by surface runoff after rainfall.
Domestic and industrial effluents discharged directly into water bodies also
contribute to an increase in the amount of organic matter in the springs. The
presence of humic substances in water intended for drinking or industrial use
can have a significant impact on the treatability of this water and on the success
of chemical disinfection processes. For example, according to [24, 25] humic and
fulvic acids can react with the chemicals used in the chlorination process, forming
disinfection by-products, such as dichlorocetonitriles, which are toxic to humans.
In addition, the color occurring in natural waters is largely due to the presence of
humic substances. When found in water distributed for human consumption, they
impart a dark color and taste to the water. Moreover, they can form by-products
during pre-oxidation and disinfection and can complex with metals and organic
micropollutants. Such by-products, if originating from the reaction with chlorine,
are potentially carcinogenic chlorinated organic compounds, known as trihalo-
methanes (THM) [26, 27]. Therefore, accurate methods for establishing humic
acid concentrations are essential for maintaining water supplies, especially from
watersheds. Since many different bio-organic molecules, in many diverse physi-
cal associations, are mixed together in natural environments, it is complicated to
measure their precise concentrations in the humic superstructure. For this reason,
humic acid concentrations are traditionally estimated from organic matter concen-
trations (usually from concentrations of total organic carbon or dissolved organic
carbon). The organic carbon dissolved in waters accounts for 1/3 to 1/2 of the total
in natural waters [28]. Humic substances, mainly humic acid, represent the largest
fraction of dissolved organic carbon present in surface water and groundwater
[29]. Humic extracts are composed of a large number of different bio-organic
molecules that have not yet been fully separated and identified. However, unique
classes of residual biomolecules have been identified by selective extractions and
chemical fractionation and are represented by alkanoic and hydroxy-alkanoic
acids, resins, waxes, lignin residues, sugars, and peptides. Table 1 shows several
methods that are used in the extraction of humic substances, such as lyophiliza-
tion, co-precipitation, ultrafiltration, solvent extraction and resins [30, 31]. The
separation of humic substance in water by adsorption chromatography has been
widely employed [14, 32, 33].

The authors in [34] developed a methodology based on resin adsorption and
carbon concentrations. The method is quantitative for determining the levels of
humic substances in water. According to [35], this method was evaluated as the
most appropriate and it produces more accurate results due to the use of spectro-
photometry to evaluate only part of the humic substances present in a given sample.
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Method Benefit Limitation
Lyophilization Soft method and high concentration factor Solutes are concentrated, less the
volatile
Co-precipitation Good cost-effective and effective for waters Low efficiency for large sample
with a high content of dissolved organic volumes.
carbon.
Ultrafiltration Fractionation of solutes by molecular Interaction with the membrane and
weight and indicated for large sample clogging may occur
volumes
Solvent extraction Exclusion of inorganic salts Slow method and irreversible
interactions occur in the sample/
solvent
Resins Suitable for large sample volumes, high Changes in the sample and
concentration factor and easy regeneration contamination from the resin
of adsorbent
Table 1.

Benefits and limitations of the applied methods for extracting humic substances in aquatic environment.

Another technique used to determine the concentration of humic substances
in water is using visible and ultraviolet spectroscopy. For this purpose, a standard
absorbance vs. concentration line is constructed and thus it is possible to determine
the concentration of humic substances based on the absorbance readings of the
samples (aqueous solution of humic substances). The authors in [31] performed
the isolation of humic substances from water and used this technique to determine
the content of aromatic compounds and the color intensity of humic substances
as well as the analysis of dissolved organic carbon for determine the total concen-
tration of humic substances. Others authors, as cited in [36, 37], also used these
techniques in their studies of humic substances.

4. Ecological effect

The additives of soil organic matter have been known by farmers to be ben-
eficial to plant growth for longer than recorded history. However, the chemistry
and function of organic matter have been the subject of controversy since humans
began to postulate about it in the 18th century. Until Liebig’s time, it was assumed
that humus was used directly by plants but after Liebig showed that plant growth
depends on inorganic compounds, many soil scientists argued that organic mat-
ter was useful for fertility only when it was decomposed with the release of its
constituent nutrient elements in inorganic forms. Currently, soil scientists take a
more holistic view and have recognized that humus influences soil fertility through
its effect on water holding capacity of soil. Moreover, since it has been shown that
plants absorb and translocate the complex organic molecules of systemic insecti-
cides, they can no longer discredit the idea that plants may be able to absorb the
soluble forms of humus.

The positive effects of humic substances on plant growth may be related to
indirect effects, such as increased efficiency in fertilization and reduced soil
compaction, or to direct effects, such as improvements in plant biomass [38, 39].
Such substances induce growth and increase the absorption of nitrogen, phospho-
rus and potassium [40]. Nitrogen is responsible for the formation of amino acids,
proteins, enzymes and nucleotides, which ensures better growth and functioning
of plants. Humic substances can also improve plant metabolism and absorption. In
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summary, the different fractions of humic substances can affect plant growth and
development, leading to structural and physiological improvements. In addition,
it favors the development of rhizoids (specialized epidermal cells whose function
is water absorption and anchoring) and lateral roots [41]. The authors in [42]
reported that humic substances induce the presence of nitric oxide in the lateral
roots, which promotes their development. Root exudates also benefit from humic
substances, which are responsible for the solubilization and mobility of nutrients.
In addition, the use of humic substances in the soil is possible to observe the length
of the rhizoid, the density and cell proliferation in the root [41]. Another impor-
tant factor of these substances in the soil is the ability to improve the soil’s reten-
tion capacity, decreasing erosion processes and thus, favoring a good soil structure
which influences its workability, nutrient availability and development and growth
of agricultural crops [9, 11].

Finally, in aquatic environments, humic substances are naturally present in
dissolved, particulate or suspended forms and their importance is related to the
availability of organic and inorganic nutrients for bacteria, fungi, phytoplankton
and aquatic macrophytes. Another relevant factor is the relationship between
humic substances with the complexation, absorption and immobilization of organic
contaminants and heavy metals, which consequently increases the bioavailability
and availability for organisms [1, 43].

5. Technological applications

Scientific research has shown different technological applications related to
humic substances to improve the quality of water and soil.

In the aquatic environment, the humic acid binding skills of heavy metals have
been exploited to develop remediation technologies for the removal of heavy metals
from wastewater. For this, the authors in [44] used nano magnetic particles coated
with humic acids. After capturing the lead ions, the nanoparticles can be captured
using a magnet. On the other hand, to guarantee the potability of water for human
consumption, it is necessary to remove humic substances due to the presence of
organic compounds harmful to human health. Then, in the last few decades, several
methods to improve water quality can be applied such as treatment methods,
including coagulation, filtration and advanced oxidation processes [45]. The use
of heterogeneous photocatalysis using titanium dioxide was analyzed by [46] to
degrade the organic matter in water for human consumption. The results showed
the complete removal of humic substances from the clarifier was after 220 minutes
of irradiation.

Another important issue is the landfill leachate which is rich in humic sub-
stances, such as humic acid and fulvic acid, and these substances are important
constituents of organic fertilizers used for plant growth. A study that evaluated the
removal of humic substances from leachate for use as fertilizer was presented by
[47]. The authors concluded that when using 100 ppm of the concentrate of humic
substances extracted from the leachate, the green bean seedlings had an increase of
54.7% in height and 121.4% in weight, verifying that there was no phytotoxicity of
the extracted.

Regarding the application of substances to the soil, the authors in [48] studied
the effects of humic acid on plant growth, observing that “humic acids accelerate the
growth of plants” and there are “relatively large responses to low application speeds”.
In [49] the authors showed that the addition of humate to the soil significantly
increases the mass of the roots in creeping grass of folded grass. In the field of soil
mechanics and geology, the term humate refers to geological materials, such as coal
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beds, mudrock or pore material in sandstones, which are rich in humic acids. The
authors in [50] report that humate has been extracted from the Fruitland Formation
of New Mexico for use as a soil corrector since 1970, with almost 60,000 metric tons
produced in 2016. According to [51] humate deposits may also play an important
role in the genesis of uranium ore bodies. Another contribution of humic substances
refers to their potential use in reducing soil erodibility [52-54]. The authors in [55]
evaluated the incorporation of humic substances extracted from the coal tailings in
the material of the gneiss mining. The authors concluded that the use of these sub-
stances favored the reduction of soil erodibility in mining areas. This way of applying
humic substances allows an alternative use to the tailings to be implanted and still
providing the fight against erosion of degraded areas.

In the case of heavy metals, the authors in [56] evaluated the ability to simulta-
neously remove a soil artificially contaminated with copper, lead, zinc, cadmium
and chromium through the use of humic substances extracted from the compost of
livestock manure. The results showed that washing the soil with the studied com-
pound allowed a greater capacity to remove metals from the soil due to the variety
of structures found in the material used. In addition, the authors concluded that
the metals have become more bioavailable for plants. Therefore, the use of humic
substances combined with the phytoremediation technique is an excellent strategy
to mitigate areas contaminated with heavy metals [57]. This technique uses plants
to reduce the levels of contaminants to levels safe and compatible with the preserva-
tion of human health, preventing or hindering the spread of substances harmful
to the environment [58]. Studies report that different species of plants are highly
efficient for mitigating metals in soils when these elements are bioavailable [59].
Therefore, the use of humic substances in soils is desirable as it improves develop-
ment and metals are more bioavailable for plants in the phytoremediation process.

6. Final considerations

Humic substances have made great strides in understanding the supramolecular
structure and it have been widely accepted by several researchers. However, its
structure is not yet fully defined and several issues remain under discussion by
the scientific community. The fact is that these substances can be used to improve
the quality and structure of the soil. Humic substances have unique chemical
properties that benefit the soil in different ways, for example, it acts to combat
soil erosion, improves the development of plants and removes pollutants from the
soil. These characteristics indicate that humic substances play an important role in
mitigating areas degraded by the phytoremediation technique. As for the aquatic
system, humic substances can be used in the remediation of wastewater. In the
treatment of leachate in landfills, humic substances can act as organic fertilizers for
agricultural soils. On the other hand, these substances are a problem in drinking
water for human consumption and must be treated efficiently to avoid damage to
human health.
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Chapter 9

Sewage Sludge to Fertilise Durum
Wheat: Effects on Crop and Soil

Pilar Maias and Jorge de las Heras

Abstract

The vast quantities of degradable waste generated in urban areas may negatively
influence the environment if improperly managed. This study examines effects on
soil properties, yield and morphological performance of winter wheat (Triticum
turgidum L. cv. Vitron) after applying composted and air-dried sewage sludge. The
experiment was conducted on the field scale in two different farm soil plots Toledo,
(central Spain) with different characteristics, especially salinity, concentration of
chlorides, sulphates and pH. Three fertiliser treatments were considered: commer-
cial fertiliser; air-dried sewage sludge and composted sewage sludge. Sewage sludge
promoted better yields than the commercial fertiliser, and preserved soil physico-
chemical characteristics. The sewage sludge application (air-dried and composted)
to soil improved the results of the morphological characteristics of the studied
wheat in relation to the commercial fertiliser. In the saline soil plot, air-dried sew-
age sludge improved the morphological characteristics of spikes (length, weight,
number of grains per spike), but not final grain weight and, consequently, yield.
These were upgraded with the composted sewage sludge. Use of sewage sludge for
winter wheat production was the better studied option and proved a sustainable
approach to recycle such waste on land.

Keywords: sewage sludge, compost, wheat, spike, soil, reuse, sustainability

1. Introduction

The rising prices of mineral fertilisers have led more farmers to consider organic
matter to cover crop nutrient requirements and to maintain soil fertility [1]. It is
possible to adequately process organic urban waste and obtain organic fertilisers
following aerobic/anaerobic treatments [2]. Aerobic organic waste transformation
leads to a well-humified stabilised material (compost) that can be used as fertiliser
because it comprises many essential plant nutrients: P, N, Zn, K, Mn, Cu, Fe, etc.
Organic matter from biosolids is an important source of essential nutrients for agri-
cultural crop growing [3]. It enhances soil physico-chemical properties, encourages
soil activity and microbial growth, and promotes good soil structure which, in turn,
improves water holding capacity and aeration. However, this practice poses poten-
tial risks related to the accumulation of contaminants in surface soil. Nevertheless,
benefits from applying biosolids to farmland have been well documented [4-6],
and are fostered by European legislation currently in force; e.g. Council Directive
86/278/EEC on Sewage Sludge [7], which is believed to be the best environmental
practice option for most circumstances [8].
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Sewage sludge is a by-product from wastewater treatment processes. Given
the increases in wastewater treatment plant activity and quantity of produced
waste materials, waste management has become a real environmental problem
[9]. Fortunately, orientating this waste to agricultural recovery is a management
strategy that forms part of sustainable development [10-12]. Its land application is a
relevant incentive as regards nutrient recycling, reuse and soil amendment [13, 14],
and the fertilising effect has been observed more for well-drained soil [15]. Sewage
sludge nutrient content sustains soil fertility, while soil properties are improved
by organic constituents. Using sludge in agriculture is one of the solutions that the
European Union contemplates for this waste and is considering circular economy
practice in which waste becomes a resource.

However, sewage sludge, like other biosolids, can contain large quantities of
toxic heavy metals (e.g., Cr, Pb, Ni, Hg and Cd) because industrial wastewater is
mixed with sewage. The disagreement about the agricultural application of sewage
sludge is related to the quality and safeness of food products [16]. Being sustain-
able does not mean that it does not incur risks associated with the characteristics
of the material itself or with its handling. Those risks must be controlled so they
do not have any significant negative effects. The way to do this is to study each case
individually because no standard sewage sludge composition exists.

Applying metal-polluted sewage sludge can mean crop damage, soil/water
pollution and heavy metal accumulation in the food chain. The magnitude of this
problem lies in the composition of sludge and its application rate, crop species and
management practices, as in soil properties [14].

Most potential toxicity problems lie in biological toxicity tests, which allow
us to observe how a certain toxic or contaminated agent impacts the viability of a
living being. Ecotoxicity is calculated by measuring ECs, which is the dose of the
compound required for half a population (bacterial in this case) to die. To this end,
aleachate is obtained that simulates the transfer of contaminants, which takes place
in the medium when it encounters water [17].

Using compost from sewage sludge and organic municipal solid waste in agri-
culture offers the potential for recycling plant nutrients and to, thus, reduce the
employment of mineral fertilisers. Previous studies have confirmed that compost
fertilisers enhance microbiological soil physico-chemical properties and enlarge
the pool of nutrients, such as P [18] and organic C [14, 19] in soil. Moreover, when
composting sewage sludge, health hazards from pathogens (bacteria, protozoa,
parasitic helminths, etc.) are reduced [12].

It has been proved than sewage sludge-based fertilisation might be the most
effective way to mitigate the negative effects of water stress on wheat yield in arid
and semiarid regions [11], and also a good form of substitution towards environ-
mentally friendly agriculture.

Using sewage sludge as a fertiliser has led to promising results in agriculture
compared to chemical fertilisers [11, 12, 20].

Moreover, wheat is one of the world’s most widely grown crops. In 2019/2020,
the European Union produced a wheat volume that came to 153.5 million metric
tons [21]. Durum wheat possesses excellent food qualities, namely minerals,
gluten and high-fibre content. In Spain, an average of 6 million hectares of cereals
is cultivated. It is the sector with the largest territorial base and with nation-
wide distribution. The 2018 national cereal harvest (marketing year 2018/19) is
estimated at 23.26 million tons, 44.45% more than the previous year, and was
characterised by a bad season due to drought. In autumn-winter cereals, 28.9%
correspond to soft wheat with 6.7 million tons, and 5.7% to durum wheat with
1.32 million tons [22].
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Spain could become the 5th community producer with 23.1 Mt. According to the
Junta de Comunidades de Castilla-La Mancha (JCCM) [23], wheat production in
Castilla-La Mancha (Spain) was 542,000 tons in 2017.

Wheat (Triticum aestivum L.) has a prominent place among cereals for its high
nutritional value. Its grain contains starch (60-68%), protein (6-21%), fat (1.5-2.0%),
cellulose (2.0-2.5%), minerals (1.8%) and vitamins [24]. It is one of the most impor-
tant grain crops grown all over the world and plays a major role in the economic activ-
ity of most countries [25]. Durum Wheat (Triticum durum) cultivation is very ancient
in semiarid Mediterranean areas [11]. With winter wheat, obtaining high grain yield
depends on sufficient numbers of fertile spikes and enough shoot biomass developing
[26]. To achieve these objectives, fertiliser composition must be considered and, thus,
fertilisers produced from sewage sludge can be a suitable solution.

When we talk about sewage sludge, we usually generalise something that is
extremely variable. Sewage sludge is not all the same in composition and danger
terms as some hardly contain pollutants and can even be used directly. Others,
however, possess many dangerous and polluting components. Our study focused on
that produced in a specific place.

The main aim of this field trial was to assess the response of crop and soil that
underwent three different fertiliser treatments based on a one-time waste input
from a wastewater treatment plant (WWTP). We hypothesised that WWTP waste
(composted or air-dried sewage sludge) as the initial fertility driver of soil amend-
ments would enhance soil physico-chemical properties and final durum wheat
yields. The study objectives were to investigate the effect of applying: (i) composted
sewage sludge, air-dried sewage sludge and commercial fertiliser on the morpho-
logical characters of wheat crop (spike and grain) and yield; (ii) the above fertiliser
treatments on soil characteristics in relation to the original soil.

2. Materials and methods
2.1 Study area and experimental design

Field trials were run in two dry-land agricultural plots (15 ha each) located in the
province of Toledo (central Spain): Villacafias (39°35'17” N; 3°27'45”W) and Quero
(39° 33" 716” N; 3° 15" 37.17” W). These plots have been historically cultivated for
winter cereals (oat, barley, rye, or wheat) and sporadically intercalated with fallow.
A local weather station (YUTM 4340164, XUTM: 482750, altitude 658 m) reported
the mean minimum, mean maximum and mean average temperatures, which were
respectively —0.46°C, 25.56°C and 10.93°C. Total precipitation was 275.5 mm.

Three fertiliser treatments were considered: commercial fertiliser (CF); air-
dried sewage sludge (SS); composted sewage sludge (CS). We opted to use 15 t ha™
in all three cases because it is the usually applied dose in the local area for durum
wheat when using this CF (8-16-8). Considering the composition of SS and CS
(Table 1), the equivalence in terms N-P-K were SS (6-5-0.3) and CS (4.3-5.3-0.5).

Replication is the most important aspect of an experimental design [27, 28].
Hence each test plot (Villacafias and Quero) was divided into 27 subplots (9 repli-
cates per fertiliser treatment: CF, SS and CS) that were randomly distributed.

Plots were prepared using farm machinery early in December and treatments
(CF, SS and SC) were applied to soil. Next 180 kg ha™! of Triticum turgidum L. cv.
Vitron seeds were sown 2 weeks later. This is a high-yielding durum wheat variety
characterised by medium earliness in spike emergence, a light to dark brown speak
colour, medium plant height and being well-adapted to all growing regions.
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2.2 Characteristics of experimental materials

Before conducting the experiment, the physico-chemical parameters of both
air-dried and composted sewage sludge were determined (Table 1).

2.2.1 Air-dried sewage sludge

Sewage sludge was obtained from the Alcazar de San Juan WWTP (29,000
inhabitants, central Spain: 391 240 N; 31 120 W. Altitude, 644 m). This WWTP
purifies wastewater by a biological activated sludge system. This wastewater is a
mixed kind (70% domestic, 30% industrial) and comes from two industrial areas
[29] related to winemaking and cheese-making. Tables 1 and 2 show its chemical
characterisation. Organic compounds (PAHs and PCBs), Salmonella sp., E. coli and
ecotoxicity were also determined.

Agronomic Parameters Air-dried sewage sludge Composted sewage sludge
pH 7.01 5.830
Moisture (%) 86.46 9.28
Electrical conductivity (uS cm™ 3087 5740
Total organic matter (%) 65.25 52.08
Total N (%) 5.95 430
P,0s (%) 6.10 5.47
K,0 (%) 0.31 0.48
CaO (%) 6.78 12.53
MgO (%) 0.87 1.04
Fe (mg kg’ d.m.) 50688 10301
C:N ratio 5.95 6.68
Table 1.

Characteristics of the air-dried and composted sewage sludge. d.m: dry matter.

Parameter Soil Soil R.D.1310/90 values  Air-dried Composted R.D.1310/90 values
(mg kg?) Villacaiias Quero limit for soil sewage sewage limit for sewage
sludge sludge sludge
Soil Soil Soil Soil
with with with with
pH <7 pH>7 pH <7 pH>7
Total Cd 0.1 <0.10 1 3.0 0.33 238 20 40
Total Cu <1.00 <1.00 50 210.0 189 116 1 1,75
Total Cr 15.51 221 100 150.0 24.6 26.3 300 400
Total Hg <0.10 <0.10 1 15 30.1 29.9 750 1,2
Total Ni 11.37 15 30 112.0 512 431 2,5 4
Total Pb 11.30 11.30 50 300.0 0.45 <0.2 16 25
Total Zn <20.00 <20 150 450.0 309 351 1 15
Table 2.

Metal content in original soils, air-dried sewage sludge and composted sewage sludge.
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In view of the analytical results (Tables 1 and 2), waste had pH 7.01, a high
moisture content (over 80%), showed high electrical conductivity (3,087 pS cm™?)
and was rich in organic matter (nearly 70%). The total N (5.95%), P (6.10%) and
K (0.31%) contents had an interesting agronomic value because of their fertilising
potential. The N content and C:N ratio (5.95) indicated that this waste could be
used for composting as a nitrogen source.

No performed analysis detected Salmonella sp., although E. coli (1.4 10 colony-
forming units, cfu) was found. According to Spanish Royal Decree 1310/90 [30],
metals did not exceed the legal limits (Table 2). Otherwise organic compounds are
limited by a European Union Directive. According to this legislation, the sum of
16 PAHs (Naphtalene, Acenaphthylene, Acenaphthene, Fluorene, Phenanthrene,
Anthracene, Fluorabthene, Pyrene, Benz (a) anthracene, Chrysene, Benzo(b)fluor-
anthene, Benzo(k) fluoranthene, Benzo(a) pyrene, Indeno, Benzo (g.h.i.) perylene
and Dibenz(a.h)anthracene) must to be below 6 mg kg'1 dry matter and the sum of
the seven PCBs (PCB 28, PCB 52, PCB 101, PCB 118, PCB 138, PCB 153, PCB 180)
cannot exceed 0.8 mg kg™ dry matter. The content of PAHs and PCBs in the studied
air-dried sewage sludge was less than 10 pg kg™ dry matter and were, therefore,
lower than the EU Directive limits.

As the purposes of using sewage sludge was an agriculture application, an
ecotoxicity test was carried out to estimate its potential post-application risk [31].
According to Spanish law [32], waste is characterised as ecotoxic and is, therefore,
dangerous when the Effective Concentration 50 (ECsp) value is 3,000 mg Lt In
view of the analysis results (502,700 mg LY, it can be stated that the Alcizar de
San Juan WWTP sludge is not considered ecotoxic waste.

2.2.2 Composted sewage sludge

The sewage sludge from the Alcdzar de San Juan WWTP was composted by a
wind-row composting system. Cereal straw (80% dry matter: 4.2% crude protein,
73% fibre (cellulose, hemicellulose and lignin), 0.35% Ca, 0.15% and P, 2.36% K)
was used as a carbon source and also for helping to improve the compost structure
thanks to its fibrous texture. As the sewage sludge required being dried beforehand,
it was spread over an area of the composting plant before being incorporated. The
downwards to upwards order of the materials for pile formation was straw plus
sludge plus straw. The composting ratio was two parts straw to one part sludge
(v/v). The straw and sludge mixture were periodically flipped to homogenise it and
to improve the ventilation of piles. Straw was applied without grinding, which not
only provided the mixture with C, but also helped to improve the compost struc-
ture. The composting process was completed 4 months after starting to dry sewage
sludge. Tables 1 and 2 provide the final composition details.

High values of electrical conductivity (5,740 pS cm™) and Fe (10,301 mg per kg
of dry matter) were detected. CaO (12.53%) and MgO (1.04%) concentrations were
higher than that of the air-dried sewage sludge (6.78% and 0.87%, respectively).

Moisture was 9.28%. The C:N ratio after composting was 6.68 (Table 1), so it was a
fairly mineralised compost. It had high organic matter (52.08%) and total N (4.30%)
contents. The concentration of metals (Table 2) was lower than that allowed by law.
It was not ecotoxic (<2 toxicity units) and was a microbiologically stable compound.
Both Salmonella sp. and Escherichia coli < 1,000 c.fu g™ were absent.

2.2.3 Commercial fertiliser

NPK 8-16-8 + organic matter (22%) was the commercial fertiliser employed in
the control subplots. This fertiliser is frequently used by farmers in the area. Further
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details from the label are: P,O5 (soluble in neutral ammonium citrate and water),

14.50%; P,Os (soluble in water), 11.50%; K,O (soluble in water), 8.00%; Organic
C, 12.50%; Humic acids, 1.00%; Cu, 208 mg kg'1 dry matter; Zn, 559 mg kg’1 dry
matter.

2.3 Sampling and measurement
2.3.1 Soil

Initially a soil sample from each study plot (Villacafias and Quero) was collected
at 10 different random points in an “S” pattern at a depth of 0-35 cm with a hand
auger. The analysed parameters were EC, CI", S0,%, organic matter, N, C:N ratio, P,
COs™, K:Mg ratio, Ca:Mg ratio, Fe, Zn, Cu, Mn, B, cation exchange capacity (CEC),
K, Na and Ca (Table 3). One month after harvesting, a 0-35 cm-deep soil sample
was collected from 10 random points of each replicate. Therefore, nine soil samples
per treatment (CF, SS and CS) from each test plot (Villacafias and Quero) were
collected and analysed. The assessed parameters are presented in Table 3.

Parameter Units Villacafias Quero
pH 8.60 915
EC mmhos cm™ 0.52 13.65
cr mgkg™ 42 153
S04 mg1007'g 75 2102
Total CO;™ % 30,5 15.60
Org. matter (%) 1.69 222
Total -N % 0.09 0.10
Nitric-N mgkg™ 5.0 19
Soil-N kgha*" 19.23 73
Ass. P mgkg™ 19 9
Ass. Fe mgkg™ 272 0.35
Ass.Zn mgkg™ 0.27 0.38
Ass. Cu mgkg™ 0.78 0.35
Ass. Mn mgkg™ 8.70 215
Ass. B mg kg™ 0.61 245
Ass. K meq1007'g 0.66 0.77
Ass. Na meq1007'g 1.70 3.80
Ass. Ca meq1007'g 20,31 8714
CEC meq100~' g 123 10
C:N ratio 1 13
K:Mg ratio 0.60 0.04
Ca:Mg ratio 185 49

"N-soil was calculated according to the equation N-soil = (N-nitric x 50)/(10 x density), where N-nitric is expressed
as mg kg™" and density is 1.

Table 3.
Chavacterization of Villacaiias and Quero initial soil plots. Ass: assimilable. CEC: Cationic Exchange
Capacity.
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Each soil sample was air-dried, sieved to <2 mm and analysed by the following
techniques: texture by the Bouyoucos hydrometer method; pH by the potentiomet-
ric method (saturated soil paste 1:2,5); electrical conductivity; N by the Kjeldahl
procedure; extractable P. Soil samples were prepared for the analysis with acid
digestion to determine Ca, Mg, Na and K (atomic emission); Fe, Zn, Cu, and Mn by
atomic absorption spectroscopy.

2.3.2 Crop

The preharvested random (215 post-sowing days) bunches of plants were cut
far away from the bottom, close to soil, at the center of the subplot (replicate) to
prevent board effects. Compared to soil sampling, nine sets of collected plants
were used (1 sample x 3 treatments x 3 replicates) per treatment. Yield information
(kg ha™) was recorded. Finally, in the laboratory, 25 plants from each set sample
were chosen to estimate spike weight, and length, number, and total weight of
grains per spike.

2.4 Statistical procedure

The experimental design involved three treatments (CF, SS and CS) and nine
replicates per plot. The data about spike weight (g), spike length (cm), number of
grains per spike and total weight of the set of grains of that spike (g) were subjected
to statistical processing by an analysis of variance. This was done to determine the
factor or factors, and the possible interactions between them, which could affect
any differences observed among the treatments.

All the statistical calculations were performed with Statgraphic Centurion
XV. The ANOVA table decomposes the variability of the studied parameters
(spike length, spike weight, number of grains per spike, total weight of grains
per spike and yield) in contributions due to several factors. In the analysis, the
sum of the type III squares was chosen. Thus, the contribution of each factor
was measured by eliminating the effects of the other factors. P-values proved the
statistical significance of all the factors, and those less than 0.05 indicated that
these factors had a statistically significant effect on each parameter at the 95%
confidence level.

3. Results
3.1 Crop

Table 4 displays the effect of the factors plot (Villacaiias or Quero), treat-
ment (SS, CS and CF) and plot-treatment interaction on the studied parameters.
Spike length, spike weight, and number of grains per spike were significantly
influenced by the plot where the crop was grown (Villacafias or Quero), and by
treatment (CF, SS or CS). This did not occur with weight of grains per spike and,
consequently, with yield. The plot-treatment interaction was not significant in
any case.

A simple factorial ANOVA based on the treatment received (Table 5) showed
that the type of treatment in Villacafias affected all the studied parameters, except
for spike weight.

In Quero, only spike length and spike weight were influenced by treatment. No
significant differences were observed in either number of grains per spike or weight
of grains or yield.
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FACTOR Spike Spike Number of Weight of Yield
length weight grains per spike grains per spike
PLOT (A) 0.0000° 0.0000° 0.0000’ 0.0972 0.0972
TREATMENT (B) 0.0000’ 0.0131 0.0329’ 0.0594 0.0594
A-B 0.2607 0.1613 0.1568 0.0672 0.0672
Significant differences.
Table 4.

P-values for plot (A): Villacaiias, Quero; treatment (B): CE, CS, SS; interaction (A)-(B) for average spike
length, average spike weight, average number of grains per spike, average total weight of grains per spike and
average yield.

3.1.1 Average spike length

In Villacaiias (Table 5), no significant differences appeared between SS and CS,
and these treatments led to a somewhat longer length (5.47 cm and 5.51 cm, respec-
tively) than with CF (5.09 cm).

In Quero (Table 5), spike length was longer than that obtained in Villacafias for
all the treatments, and was significantly longer than that achieved by applying SS
and CS (6.22 cm and 6.12 cm, respectively) in relation to that achieved when apply-
ing CF (5.95 cm).

3.1.2 Average spike weight

In Villacaiias (Table 5), a statistically significant increase in the average spike
weight was observed in the plants grown with SS (1.41 g) compared to those grown
with CS (1.25 g) or CF (1.28 g).

In Quero (Table 5), like spike length, spike weight was also heaiver than in
Villacafias. Weight improved with SS (1.68 g) and with CS (1.66 g) compared to the
plants grown with CF (1.49 g).

3.1.3 Average number of grains per spike

In Villacaiias (Table 5), similarly to average spike weight, the average number of
grains per spike was SS (20 grains) than in those plots where CF or CS was applied
(18 and 17 grains, respectively).

In Quero (Table 5), the same occurred for this parameter as in Villacaiias. It was
in the subplots with SS and CS where the number of grains per spike was signifi-
cantly bigger (24) than for the other treatment CF (22). Likewise, it was notewor-
thy that the number of grains per spike in the Quero plot was always bigger than
that obtained in the Villacaiias plot, where 20 grains per spike were never exceeded.

3.1.4 Average total weight of grains per spike

In Villacaiias (Table 5), and following the same line as the previously mentioned
parameters, the average total weight of grains per spike was significantly heavier
(0.84 g) in the subplots with SS than in those where CS (0.72 g) or CF (0.75 g) was
applied.

In Quero (Table 5), barely any differences were observed with the Villacafias
plot, a trend observed of a slightly increased total weight of grains per spike. In this
plot with the compost application, a statistically significant heavier average total
weight of grains per spike was recorded (0.86 g).
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3.1.5Yield

The maximum yield was obtained in the Quero plot (3,423 kg ha™) with the
minimum one in Villacafias (2,884 kg ha™), both cases with CS (Table 5). It was,
therefore, clear that soil type strongly influenced crop response to the applica-
tion of the same product. In Villacaiias, the highest yield was obtained with SS
(3,371 kg ha™) and the lowest with compost (2,884 kg ha™!). On the contrary, CS
treatment gave the highest yield in the Quero plot (3,423 kg ha™"), where the lowest
yield was accomplished with CF treatment (3,056 kg ha™).

3.2 Soil

The initial Villacafias test soil plot (Table 3) had a sandy loam texture [33],
basic pH (8.6) and was somewhat saline. The contents of Cl” (42 mg kg‘l), CEC
(12.3 meq 100" g), Fe (2.72 mgkg™), Zn (0.27 mg kg™") and Cu (0.78 mg kg ™)
were medium, while the levels of organic matter (1.69%) and total N (0.09%) were
low [34]. Normal N release was indicated by the C:N ratio (11) [35]. Finally, the
amounts of P (19 mg kg™), total CO5> (30.5%), K (0.66 meq 100" g), Na (1.70 meq
1007" g) and Mn (0.70 mg kg™") were high [34].

Soil from the Quero test plot (Table 3) had higher pH (9.15) than the
Villacaiias one, but the difference lay in a very saline soil. The contents of CI°
(153 mg kg™) and K (0.77 meq 100™" g) were high. Na (3.80 meq 100™' g) and Ca
(87.14 meq 100! g) came in large amounts. Organic matter content (2.22%), total
CO5”" (15.63%), CEC (10 meq 100" g), Zn (0.38 mg kg™!), Cu (0.35 mg kg™)
and Mn (2.15 mg kg'l) were medium [34]. The C:N ratio indicated little N
release [35].

The main difference between the original soils of both plots were salinity and
SO,* content as the Quero plot soil was very saline (EC: 13.65 mmhos cm™) and
rich in gypsum (2,102 mg 100! g), unlike the Villacafias soil (EC: 0.52 mmbhos cm™?
and 75 mg 1007 g, respectively).

In the soils to which CF was applied significant differences were observed
between Villacafias and Quero for all the analysed parameters (Table 6), except for
Cu, Mn and CEC.

In the Quero plot soil (Table 4), the values of pH (9.14), EC (19.86 mmbhos cm™?)
and the C:N ratio (6.37), and the contents of Cl” (286 mg kg'1), SO,* (857 mg
100! g), organic matter (1.6%), N in all its forms (total-N: 0.15%; nitric-N:
25mg kg™'; s0il-N: 94 kg ha™), Zn (0.33 mg kg ™), B (3.59 mg kg ™), K (1.89 meq
1007" g), Na (6.8 meq100™") and Ca (100.12 meq 100" g) were significantly
higher than in the Villacafias plot (pH:8.2; EC: 0.56 mmbhos cm’}; C:N ratio: 4.4;

Cl: 1933 mg kg'l), SO,™: 64.3 mg 1007 g; organic matter: 0.7%; total-N: 0.09%;
nitric-N: 3.67 mg kg™; s0il-N: 14.3 kg ha™'; Zn: 0.19 mg kg™"; B: 0.12 mg kg ; K:

0.53 meq 100" g; Na: 0.59 meq 100~ g) and Ca: 25.25 meq 100" g). On the contrary
in Villacafias, the percentages of total CO5>(29.45%), the K:Mg (0.56) and Ca:Mg
(28.67) ratios, Fe (1.12 mg kg’l) and P (9.3 mg kg'1) contents were significantly
higher than those obtained in Quero (CO5>: 14.19%; K:Mg and Ca:Mg ratios: 0.06
and 3.03, respectively; Fe: 0.31 mg kg™' and P: < d.I: detection limit).

Regarding SS treatment, no significant differences were observed between
Villacafias and Quero with respect to the content of organic matter, total N, total
CO5*", Cu, Mn or CEC (Table 6).

The differences were significantly greater in Quero regarding pH value
(9.01), EC (18.56 mmhos cm™), Cl" (362.6 mg kg™!), SO,” (860 mg 1007 g), C:N
ratio (6.7), nitric N (38 mg kg'1), soil N (142.6 kg ha™), Zn (0.92 mg kg'l), B
(5.8 mgkg™), K (2.1 meq 100" g), Na (5.8 meq 100™" g) and Ca (93.28 meq 100" g).
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In Villacaiias, only the values of the K:Mg (0.63) and Ca:Mg (33.03) ratios and Fe
(2.24 mg kg™") and P (12.7 mg kg™") content were significantly higher.

Finally, after applying CS, there were no significant differences between
Villacafias and Quero for organic matter content, C:N ratio, Zn, Cu and CEC.

The differences in Quero were significantly bigger for pH value (9.01), EC
(18.32 mmhos cm™), Cl- (3273 mg kg™"), SO,* (860 mg 100" g), total N (0.2%),
soil N (152.6 kg ha™l), B (4.5 mg kg'1), K, Na and Ca. In Villacafias, only the values
of K: Mg (0.48) and Ca:Mg (25.3) ratios, total CO5> (32.8%), Fe (2.31 mg kg'1), P
(177 mg kg™') and Mn (8.7 mg kg™") contents were significantly higher.

Thus, we described the results according to the applied treatment by comparing
the test plots, but by also comparing to the initial soil, how the application of SS, CS
and CF affected Villacafias and Quero soils.

Changes noted in the Villacafias soil after harvest in relation to the initial situa-
tion when comparing Tables 3 and 6. The differences among treatments at the end
of the trial are also shown. Regarding the initial soil, no representative changes were
observed in pH, EC, nitric N, total CO;™, the K:Mg ratio, assimilable Fe content,
Cu, Mn (in SS or CS treatment), CEC and Ca.

Large differences were found in the initial soil for certain parameters. This was
the case of the generalised drop in the contents of Cl°, organic matter, B, K, Na and
the C:N ratio. A reduction was also recorded in the SO,>" content of the plots treated
with SS and CS, and in assimilable P and Mn in the soils fertilised with CF.

Conversely, the total N and soil N contents in the plots fertilised with SS and CS
increased, as did Zn content.

Finally, when comparing treatments, significant differences in the Villacafias
plot soil were observed for the total N percentage and assimilable P content. In both
cases when SS and CS were applied, the content of these parameters significantly
increased compared to the control (CF).

In general, compared to the Villacafias plot, more changes took place in the
Quero soil as regards the initial situation after the trial (see Tables 3 and 6). Thus,
compared to the initial soil, no representative changes were seen in pH, total CO5>"
or the K:Mg ratio after the applications.

Large differences appeared in the initial soil for most parameters. A generalised
decrease in SO, and assimilable P contents, and in the C:N and Ca:Mg ratios, was
observed. A slight decrease in organic matter content was found in the subplots
treated with CF and SS.

On the contrary for any of the three treatments, EC, Cl” content, total N, nitric
N, Mn, B, K, Na, Ca and the CEC all increased compared to the original soil. Soil N,
Fe, Zn and Cu in soil also increased, but only with SS and CS.

Finally, when comparing treatments, significant differences were found in the
Quero plot soil for the percentage of total N (increased with CS), and for nitric N, N
in soil and Zn (increased with SS and CS).

4. Discussion

Soil is where the root system of plants develops, and it provides them with
anchorage, water and nutrients. It is also a non-renewable resource on a human time
scale that can be lost through erosion or degraded by contamination. Thus, conser-
vation and improvement should be made priorities.

One of the main problems that affects soil productivity is a rising EC by increas-
ing salts [9]. Applying organic amendments, including sewage sludge, has been
widely reported to remediate saline soils and to alleviate salinity and sodicity stress
in crops [36, 37]. Our study showed that this did not happen in Villacafias, which
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coincides with similar studies in which EC did not only not increase, but even low-
ered [13], which was the case of treatments SS and CS. This could not be stated of
the Quero soil. In these subplots, EC increased vs. the original soil, especially with
CF. This could be a long-term problem because several crops can have problems
developing due to high salinity in soil, which would be a limiting factor for future
agricultural uses.

CEC expresses the number of positively charged moles that can be exchanged.
A soil’s change capacity increases with clay and organic matter content because
both have electrical negative charges. The major saturating cations of the change
complex are, and in this order: Ca**, Mg** and K* (Na appears in alkaline soils)
[38]. Compared to the original soils (Table 3), CEC changed more in Quero than in
Villacaiias after treatments, especially with SS and CS (Table 6). This may act as an
asset to decide about using air-dried sewage sludge or composted sewage sludge for
fertilising wheat.

The Ca:Mg ratio rose after treatments (Tables 3 and 6), including the control CF
in Villacafias, but not in Quero. This means that in Villacafias, Ca content in soil was
higher than Mg content, which tends to improve soil aeration. In contrast, together
with Zn content could be due to, difficulties in Mg absorption in crops. Dalir et al.
[39] reported Zn and Ca and Zn and Ni interactions, as well as high Ca concentra-
tions. This was also the case of the studied Villacaiias soils, which caused Zn uptake
to drastically drop.

Organic matter in soil plays an essential role in the nutrient cycle [9], which
refers to a heterogeneous series of compounds whose origin is biological that are
found in different degradation states [38]. As expected, the organic matter content
of the tested soils lowered after harvest in all cases, except for treatment CS in the
Quero plot. However, the general trend of the studies reviewed in the literature was
to use fresh sludge applied to soil as an organic amendment, which increases soil
organic matter content [9], Pand N [13]. As the literature accurately states, what
increased was the total post-harvest nitrogen content with treatments SS and CS,
especially in the Quero soil. It is noteworthy that organic matter in organic fertilis-
ers has to be mineralised by soil microorganisms so that nutrients are released to
soil. This process is slow and depends on not only organic waste characteristics,
but also on soil type and the environment (temperature, soil water content,
etc.) [40, 41].

In the Villacafias soil, no post-application changes took place in relation to the
initial soil in: pH, EC, nitric N, total carbonates, the K:Mg ratio, content in assimi-
lable iron, copper, manganese (with SS or CS), capacity of cationic exchange and
calcium. When comparing treatments, the percentage of total nitrogen and assimi-
lable phosphorus content significantly increased after applying SS and CS versus
the control.

In Quero, more changes were observed in relation to the initial soil than in
Villacafias. When comparing treatments, a significant increase in the percentage of
total N was found for SS and CF, but not for CS, while an increase in CF of nitric N,
soil N and Zn content occurred with the application of SS and CS.

The presence of sewage sludge in any studied conformation (SS and CS) pro-
moted higher yields than the commercial fertiliser (CF).

The following were observed in the Villacafias test plot: longer spike length with
SS and CS than with CF; heavier average spike weight, average number and weight
of grains per spike in the plants fertilised with SS; higher yields for the application
of SS, like the findings of Zhang et al. [42]; lower yield with CS.

In the Quero test plot, the following were recorded: higher values for spike
length, spike weight, number and weight of grains per spike in all the treatments
than their equivalents in Villacafias; longer spike length with SS and CS than with
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CF; higher values for spike weight and number of grains per spike with SS; heavier
weight of grains per spike with CS application, similarly to other studies [43]; better
yields with CS; worse yields with CF.

Like other research works [11, 24], if both air-dried and composted sewage
sludge are included in soil fertilisation, the studied crop morphological characteris-
tics improved versus the commercial fertiliser.

In any case, yields were lower in the subplots (CF) than in others (SS and CS),
and yield potential correlated positively with the aboveground biomass. Thus,
better grain yields were obtained in the crops with a bigger accumulated biomass
upon maturity [8]. Our results are consistent with other studies [11], and the good
nourishment supported by the high concentration of nutrients in sewage sludge
positively influenced the growth of the aboveground biomass of wheat. We verified
that, depending on the employed product, differences in yield appeared between
the highest and lowest figures, which varied between 10% and 15%. Something
similar happened in another study, where the sewage sludge application displayed
better fertilising capacity than compost, with 12% bigger wheat yields on average
[2]. This response could be associated with different chemical N forms [16]. We
cannot rule out the possibility that with the high EC obtained for compost, crops
could have difficulties to absorb water because of not being able to overcome
osmotic pressure to the consequent detriment of nutrient inputs. Nevertheless,
we were able to verify that applying sewage sludge as a soil fertiliser improves
both durum wheat yield and productivity and better results than mineral-based
fertilisers.

The EU Fertilising Product Regulation (FPR) [44], which comes into force as
from 2022, must be considered for a future line of work. Above all, limits for a
range of contaminants will be considered, such as Cd, which is contained in mineral
fertilisers. With the obtained results, the commercialization of composted sewage
sludge would only be possible locally. Its agronomic aptitude has been proven, but
the study did not determine standardised production. Future studies will have to
carry out composting with a system that better controls parameters than that of
controlled piles because this method largely depends on environmental conditions
as it is located outdoors. Another possibility to improve this study would be to run
tests at different sewage sludge/straw concentrations, and with a different straw
size to facilitate mixing.

5. Conclusions

In short, the most important conclusions drawn from our study are:

The effect of two amendments constituted by sewage sludge on soil properties
and on wheat (Triticum aestivum L.) morphological parameters was evaluated.

Next the application of both air-dried and composted sewage sludge to soil
improved the results of the studied wheat morphological characteristics in relation
to the commercial fertiliser.

In the Villacafias plot, the best wheat results were obtained by applying air-dried
sewage sludge to soil.

On the contrary in the Quero plot, where soil was much more saline and pH
was higher, air-dried sewage sludge improved the morphological characteristics
of spikes (length, weight and number of grains per spike), but not the final grain
weight and, consequently, yields. These were upgraded with composted sew-
age sludge.

Given the composition of the sewage sludge obtained from the Alcdzar de San
Juan WWTP, we realized that it was an important source of N and P that serves
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to both provide crops with nutrients and to maintain these elements in the soil to
which it is applied. Moreover, as it is not ecotoxic waste, it is suitable for agricultural
use and might be an adequate substitute for commercial fertiliser. Precisely because
of its nitrogen content, it is an excellent raw material for making compost by bal-
ancing the C: N ratio together with other structuring agents, such as straw, pruning
remains or any other carbon source.

However, the application of this waste is not completely harmless, and several
considerations must be considered:

* The influence of soil salinity on the results as blocking effects or synergies of
elements that absorb plants can occur. According to our results, it would seem
that it is preferable to use saline soil in a composted form.

* Although the applied dose was not herein evaluated, is essential that future
field trials learn what the appropriate product quantity is according to soil type
and crop type.

Our findings suggest that it is possible to sustain wheat yields and to maintain
soil properties when sludge is used as an organic amendment towards more sustain-
able fertilisation practices.
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