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Abstract This chapter reviews recent advancements in the photocatalytic process,
along with other similar green technologies such as nanotechnology, nonthermal
plasma treatment, ozone-based technologies, etc., with specific emphasis on
reducing the environmental impacts of leather production and processing. Leather
industries are among the most polluting industries worldwide, and to address the
challenges leather industries are facing with respect to environmental pollution
much scientific work has been carried out. Photocatalytical processes have been
explored for treatment of wastewater from tanneries and leather dyeing and fin-
ishing. Green photocatalytic processes exhibit great potential for chromium removal
from tanneries’ wastewater, and degradation of dyes and other hazardous chemical
compounds usually found in wastewater from leather industries. Nanomaterials and
nanomaterial-based photocatalytic processes also provide leather and leather
products with diverse types of surface functionalization and antimicrobial finish
which is environmentally affable compared to conventional technology. Other
similar technologies are nonthermal plasma and ozone technology which is prin-
cipally based on nonthermal plasma. Nonthermal plasmas-ionized gases at low
temperature have a potential for surface modification of leather which can render
applications such as sterilization, improved uptake of dyes, chemicals, and natural
products, varieties of finish including antimicrobial finish, etc. Being a dry tech-
nology the nonthermal plasma processing can significantly reduce environmental
impacts compared to wet chemical processing. The ozone-based technologies are
also similar in modes of action with that of the photocatalytic process. The
ozone-based technologies are explored by contemporary researchers and are
reported to have potential applications such as cleaner dehairing, cleaner preser-
vation, treatment of tanneries’ wastewater, hazardous chemicals used in leather
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manufacturing, dye degradation, etc. The holistic overview provided in this chapter
would be certainly useful to researchers working in these areas.

Keywords Leather - Pollution - Environmental impacts - Photocatalysis -
Nonthermal plasma - Ozone - Waste treatment - Cr reduction - Dye degradation -
Wastewater treatment

16.1 Introduction

Leather production is all about the transformation of proteinaceous skin/hide flayed
from dead animals to a stable, economically important commodity with a wide
variety of uses. Leather production involves pre-tanning, tanning and post-tanning
operations; at each stage huge quantities of chemicals and water are required which
give rise to massive loads of waste, both solid and liquid, with substantial envi-
ronmental impacts [1]. As per a study, each year approximately 6.5 million tons of
flayed animal skins and wet salted hides are processed worldwide, with around 4.8
billion square feet of leather production [1]. Other studies report 1.67 x 10° m* of
leather manufactured every year with global sales of US$70 billion [2]. There are
around 10,000 tanneries in the world with an estimated US$50 billion turnover; the
largest supplier of leather is the European Union which exported 1163.1 thousand
tons in the year 2014 [3]. The major production centres of leather are agroeconomic
countries such as Argentina, Brazil, Mexico, China, South Korea, India and
Pakistan [3]. South Asian leather industries comprise about 5000 tanneries which
are small-scale, having a processing capacity of less than 2-3 tons of hides/skins
per day, and are scattered all around the region [4]. For an agro-economy, local
development can be enhanced by tanneries and leather processing industries but in
time this can lead to serious pollution of the environment [3]. As per a statistical
estimation, the world capacity of leather production is about 1.5 x 10'” kg hides/
skins every year with a per day average discharge of more than 1.5 x 10'° kg of
wastewater and an annual generation of 6 x 10° kg of solid waste [5]. India being a
country with a huge livestock population, more than 3000 tanneries employing 2.5
million people are present in India, processing 80 million hides and 130 million
skin pieces every year. Chrome tanning is commonly perceived in 80% of tanneries
in India. India is a leading exporter of leather goods, having an export capacity of of
$2.8 billion [6]. Leather production involves several stages/processes as described
in Fig. 16.1. These stages/processes can be classified as pre-tanning or beamhouse
operations followed by the tanning of pickled hide either by chrome tanning or
vegetable tanning, and the associated stages/processes are called tanning yard
operations. The leather thus produced is further provided with various finishes as
per the product requirements [3].

At each stage of leather production and processing, huge amounts of water,
chemicals and energy are required, and waste is produced at each stage which has
significant environmental impacts as described in the next section. The challenge to
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Fig. 16.1 Leather production/processing: pre-tanning, tanning and post-tanning operations

reduce the environmental impacts associated with leather production and processing
has been addressed by various technological solutions [7]. In this chapter, we
provide an overview for emerging photocatalytic, nonthermal plasma and ozone
technology to reduce environmental impacts associated with leather production/
processing. As seen in Fig. 16.1, the environmental impacts associated with
beamhouse operations can be addressed by ozone technology; for effluent generated
from the tanning process photocatalytic and nonthermal plasma-based treatment can
provide an effective solution for chromium reduction and removal. All three
technologies can be beneficially utilized in the treatment of tannery effluent; the
ozonation explored widely for treatment of tannery effluent is described in the
following sections.

16.2 Environmental Impacts Associated with Leather
Production and Processing

The environmental impacts associated with leather production and processing are
releases of pollutants to water, air and soil. Usage of electricity for rotation of
drums/vessels is the main source of air pollution; use of fossil fuel for electricity
generation can pollute air with oxide of sulphur, oxides of nitrogen, particulate
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matter and emission of heavy metals such as vanadium, manganese, nickel, etc. [3].
Air pollution resulting from leather processing includes emission of sulphides,
thiols, VOCs and organic solvents, ammonia, powdered dyes, leather dust, etc.,
while polyaromatic hydrocarbons (PAHs) and halogenated organic compounds,
PCDD/furans can be emitted when solid waste from leather production is incin-
erated for waste to energy combustion [3]. Huge quantities of chemicals and water
usage for leather production and processing results in a significant portion con-
verted to by-products and pollution. Nearly 100 different chemicals are used to
convert raw hides/skins in to finished leather [8]. As per an estimate, every year 6.5
million tons of flayed animal skins and wet salted hides are processed, using 3.5
million tons of different chemicals for leather processing worldwide [1].
Furthermore, organic matter from flayed hides/skins are a major source of waste
and by-products. For a bovine hide, about 20-25% weight of raw bovine hide is
transformed into leather, with a further 65% transformed to sole leather, while the
remaining material contributes to waste, partially being recovered as by-products
[3]. When water is utilized in most leather production and processing operations,
generally if 1 ton of raw hide is processed, it results in ~250 kg leather with 15—
50 kI of wastewater, 450-730 kg of solid waste and 500 kg of sludge generation
[3]. The wastewater produced has an organic load of about 240 kg of chemical
oxygen demand (COD), and 100 kg of bio-chemical-oxygen-demand (BOD),
150 kg of suspended solids (SS), 170 kg of sodium chloride (NaCl), 80 kg of
sulphates and 5 kg of chromates [3]. Apart from the huge organic load that needs to
be treated, tannery wastewater contains chromate, i.e., chromium (VI), oxidized
from chromium (III) in tanning, which is of most concern because of its recognized
carcinogenic, mutagenic and allergenic potential; for that 3 mg/kg (based on leather
weight) is the current legislative limit [3]. With a worldwide emphasis now placed
on production of chrome-free wet white leather, still 80-90% of tanneries are
producing chrome-tanned wet blue leather, because the alternative treatments
cannot produces the same quality leather as with chrome tanning [3]. The
wastewater from leather production and processing also produces pollutants of
significant concern such as the heavy metals copper, cobalt, barium, antimony,
selenium, lead, zinc, mercury, nickel, cadmium compounds and arsenic, along with
various toxic organic compound-azo dyes, polychlorinated biphenyl (PCB),
formaldehyde resins, pesticide and biocide residues [3].

16.2.1 Liquid Waste from Leather Industries and Associated
Impacts

As per an estimate, 57% of total water is consumed in pre-tanning and tanning
processes while 35% of water is consumed for washing [1]. For one ton of raw hide
processing 30-35 m® of wastewater gets produced, with a wide range of wastewater
production from 10 to 100 m® per tons of raw hide depending on the type of hide,
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the production process and the quality of finished products required [9]. In a study
related to the carbon and energy footprint analysis of tannery wastewater treatment
it is reported that from 1 kg of raw material 0.3 to 0.4 kg of finished product is
obtained with 25 to 45 1 of water consumed per kg of raw material, being a water
intensity of 0.13 m*/m? of finished product [10]. Water consumption for leather
production is estimated to be more than 5 x 10’ m> per year for the five largest
leather producing regions—Brazil, China, India, Italy and Russia, with the highest
water footprint of 2.7 x 10’ m® per year for China [10]. The global carbon foot-
print associated with tannery wastewater treatment is estimated to be 1.49 x 10°
tCO,, eq. d™'; the energy intensity for tannery wastewater treatment is estimated to
be 3.9 kWh kg™' bCOD removed which is significantly higher compared to
1.4 kWh kg_1 bCOD for sewage treatment [10].

Preservation of hides by salt preservation can contribute 40% of Total Dissolved
Solid (TDS) and 55% of chloride in effluent generated from leather production/
processing. Dehairing of skins/hides by the liming process generates 40% and 50%
of BOD and COD respectively, and contributes 60-70% to the total pollution load
of leather processing [1]. The dehairing stage using sodium sulphide and lime
contributes 84% of BOD, 75% of COD and 92% SS in wastewater generated from
tannery industries [2, 11]. Conventional dehairing uses sodium sulphide which can
affect the efficiency of effluent treatment and cause unfavourable environmental
consequences [2]. Overall, wastewater generated from beamhouse operations
contains a significantly high concentration of salts, because for the preservation of
raw hide during this stage 300—400 kg of salts are required per ton of fresh flayed
hide. Furthermore, unabsorbed sulphide and lime from the pelts in the liming
process gets discharged in wastewater along with epidermis, broken hair, and
non-structural proteins and other material which can increase COD and BOD if
wastewater is produced in the soaking and liming stages. Amine additions to
wastewater from beamhouse operations such as liming/deliming, and bating along
with re-tanning operations can result in anaerobic conditions which are toxic for
microorganisms playing an important role in wastewater treatment [3]. In subse-
quent tanning processes hides/skins after beamhouse operations are subjected to
chrome tanning or natural tanning, which is processed with several stages that
utilize huge variety of chemicals such as synthetic or natural tanning agent with
acids, surfactants, salts, sulphonated oils, etc. Chromium tanning is the most used
method; 90% of tanneries worldwide use this method in which chromium sulphate
is applied at a concentration level of 8-10% [1].

In the most commonly used chrome tanning process only 60 to 80% of applied
chromium salts are taken up by the hides/skins, thus the tannery effluent contains
significant amounts of trivalent chromium along with other salts such as sulphide,
sodium chloride and high concentration of organics with COD above 3000 mg/l
[12]. Chromium is the pollutant of most concern; in order to prevent negative
impacts to the environment upon discharge, the chromium concentration should not
be more than 10 mg/l in the treated tannery effluent [12]. Cr(IIl) can be oxidized to
Cr(VI) which is highly toxic, and the maximum permissible limit of Cr(VI) is
0.05 mg/l of Cr,0; % [12]. Overall, 45-50 m® wastewater are generated per ton of
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raw hide processing, and 70% of total BOD, COD and total dissolved solids are
resulting from the process [1]. A medium-sized tannery can produce over 300
million m® wastewater every day, which contain thousands of tons of chemicals
along with solid waste [1]. In India, 4000 tons of chrome are salts used every year
of which 60-70% are used in tanneries. Effluent generated from chrome tanning
contains 1500-3000 mg/l chromium, with an average 30—40 I of effluent generated
per kg of hide tanned, and an average 50 1 of wastewater generated per kg of hide
processed by leather finishing operations. Indian tanneries are discharging
9.42 x 10°1 of wastewater every year [6]. In India, the river Ganga and its
tributary has significantly affected tanneries situated in the surrounding area, with
high concentrations of heavy metals in sediments of this riverine system. In Tamil
Nadu state of South India, tanneries have contaminated 55,000 ha of land and 5
million people were affected by low quality drinking water due to salination of
rivers, and also by ground water contamination from wastewater discharged from
tanneries, which also leads to loss of agriculture productivity [2].

16.2.2 Solid Waste from Leather Industries and Associated
Impacts

Leather production and processing generates a huge amount of solid waste disposal
which is problematic for leather industries. As per the statistics, 650 kg of solid
waste is produced from processing of 1 ton of wet salted hides [13]. As leather is
made from proteinous hides/skins flayed from dead animals, various nonfibrous
proteins or fibrous proteins other than collagen such as hair, fleshing wastes, etc.,
contribute to solid waste along with trimmings from raw hides/skins, chrome
shavings and trimmings, buffering dust, strips, cuttings from leather along with
chrome sludge, and effluent treatment plant (ETP) sludge generated from primary
and secondary treatments [1]. The quantity of trimmings waste depends on the raw
material; in general, it accounts for 5% weight by weight for hides and 12 to 15%
weight by weight for skins. Every year about 418 x 10° tons of trimming waste
are generated globally [13]. The contribution of beamhouse operations in total solid
waste generation is 80%, whereas tanning operations contribute by 19% and fin-
ishing operations contribute by 1%. As per the scientific literature, 150 kg of fin-
ished leather is produced from one ton of raw hides/skins, whereas the remaining
850 kg contributes to solid waste, comprised of 450 kg of collagen waste and
400 kg of fleshing waste [1]. Apart from other solid waste produced from leather
production and processing, sludge generated from effluent treatment can signifi-
cantly impact the environment if not properly handled. Primary treatment of tannery
effluent results in settled sludge generation which accounts for 5 to 10% of the total
volume of effluent; further sludge quantity increases up to 20% for the case of
biological treatment. The sludge has a solid content 3-5% which increases to 25—
40% after dewatering [3]. As per an estimation, bovine tanneries in Europe are
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generating 4 x 107 tons of sludge and the same amount of other solid waste each
year [3]. From the different types of solid waste generated from leather production
and processing, the chrome shavings are of considerable concern due to the pres-
ence of heavy metal chromium, and the disposal of chrome shavings is quite
challenging. As per an estimate, every year India is generating 0.2 million tons of
chrome shavings whereas worldwide approximately 0.8 million tons of chrome
shaving are generated which mostly get disposed of through landfill or incineration
[14]. The chrome shavings are fibrous in nature, make up 3-5% of total proteinous
waste, contain 30-40% moisture; though chrome shavings contain Cr(IIl) there is
the possibility of its conversion to the 300 times more toxic Cr(VI) [14]. Landfilling
of chrome shavings can liberate 40-50% methane gas which can be a significant
contribution in global warming, Cr can be leached out from landfill sites and can
contaminate ground water, making the soil unfit for cultivation [14]. Solid waste is
also generated when leather goods, specially footwear, are manufactured; 15-20%
of raw material used for manufacturing of leather goods gets converted to solid
waste [11].

For disposal of waste generated from leather production and in processing
operations; land filling, anaerobic digestion and thermal incineration are the con-
ventional methods, but environmental impacts and inherent issues are associated
with these methods. The presence of chromium in leather production/processing
waste can causes severe ground water contamination in the case of ground
co-disposal, and chronic air pollution with high concentration of trivalent chromium
during thermal incineration [8, 15, 16]. In one study, the method in which tannery
wastes were incinerated at 800 °C in a thermal incinerator of starved air under
various oxygen flow rates to optimize the oxygen flow required to prevent the
conversion of Cr from Cr(IIl) to Cr(VI) oxidation state is reported. The exploratory
study of the incineration of waste under the external oxygen supply was conducted
under various conditions. Using Portland cement and fine aggregate, the calcined
waste has been effectively solidified/stabilized. The unconfined compressive
strength of the blocks was within the range of 120-180 kg/cm whereas to determine
the degree of leachate and metals, leachability research was conducted on solidified
block through the toxicity characterization of leachate procedure (TCLP) which
indicate 99.1-99.9% metal fixation and 55-66 mg/l was the dissolved organic
concentration in the TCLP leachate [15].

16.3 Environment Friendly Technology for Leather
Processing: Need of Hour

As described in the above sections, the large quantity of water required for pro-
duction and processing of leather is converted to wastewater; a study of the United
Nations Industrial Development Organization (UNIDO) highlights the huge water
demand for leather production and processing as an area of environmental concern
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[17]. For one ton of raw hides/skins, processing results in the generation of 30—
40 m® of wastewater [4]. Fresh water requirements for leather production and
processing can be reduced by proper treatment and reuse of tannery wastewater, but
reuse of wastewater is not possible without its preliminary analysis, and due to the
complexity of the matrix reuse of tannery wastewater is a real challenge. The
ultimate quality of leather gets affected with changes in the pH or changes in
formulation in cases of reuse and that is why reuse is not possible more than once
[17]. Also, environmental impacts associated with discharge of tannery effluents
comes under sharp criticism and that is why lots of research work has been carried
out to find alternative treatments for leather production/processing wastewater and
to improve conventional treatment processes by photocatalytic and other green
treatments.

16.3.1 Photocatalytic Technology

Advanced oxidation by photocatalysis is one of the promising methods for
wastewater treatment which is widely used for treatment of wastewater generated
from various industrial activities, for degradation of organic pollutants present in
wastewater [18]. Photocatalysis is all about the production of receptive oxygen
species on acquaintance of a photocatalyst which is illuminated by UV or visible
radiation. The produced reactive oxygen species have the capability for degradation
and mineralization of a wide variety of synthetic organic contaminants and pollu-
tants [7, 19]. The application of photocatalysis for treatment of wastewater and
pollutant degradation may provide many advantages such as negligible generation
of secondary pollution, harmless degradation products, with time and reaction
requirements being less, etc., with some of the limitations such as band gap
dependency and interfacial charge transfer [7]. Currently, extensive research work
is under process for the synthesis of catalysts with higher performance and
expansion of light response range of photocatalysts using a variety of approaches
such as deposition of noble metal, ion modification, coupled semiconductor, opti-
mization of energy band configuration of photocatalysts for specific applications
[20]. Heterogenous photocatalysis involving transition metal ions for environmental
applications [21], degradation of various organic pollutants [22], photocatalytic dye
degradation [23], photocatalytic dye degradation by synergetic effect of adsorption
[24], environmental applications of photo-electrocatalytic technologies [25], cou-
pling of photocatalysis and biodegradation, etc., are major research areas. TiO, and
ZNO are the most studied photocatalysts; apart from that layered double
hydroxides-based photocatalysts [26], metal-doped TiO,, non-metal doped/
co-doped TiO, and TiO, nanostructured hybrids [27], MoS,-based photocatalysis
[28], metal oxide-cellulose nanocomposites-based photocatalysis [29], nanocom-
posites based on graphitic carbon nitride (g-C5Ny), etc., are explored for environ-
mental applications [30]. The major application of photocatalysis to reduce
environmental impacts associated with leather production and processing is
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treatment of wastewater and reduction and removal of chromium [7, 31].
A reasonable photocatalytic reaction system can be developed for simultaneous
treatment of two or more pollutants based on photocatalytic reactions with a redox
reaction happening at the same time [31]. This approach can be beneficially utilized
for treatment of tannery wastewater as described in the following section [7].

16.3.2 Nonthermal Plasma

Plasma is the fourth state of matter, it is ionized form of gases, though being a
fourth state of matter, it necessarily has high temperature. The types of plasma
which are called nonthermal plasmas or nonequilibrium plasmas are plasmas which
do not have a high temperature. Nonthermal plasma technology is utilized as a dry,
ecofriendly technology for surface modification of textiles and leather without
altering the bulk properties. Nonthermal plasmas are of two types: low pressure
plasma and atmospheric pressure plasma. Nonthermal plasma can be produced
using a variety of gases as well as gas mixtures; it is an ionized gas which consists
of charged particles/ions, energetic electrons, unionized gas molecules, reactive
species such as hydroxyl radical, atomic oxygen, ozone, superoxide anion,
hydrogen peroxide, reactive nitrogen species, gas molecules in ground and excited
states and UV and visible photons. Leather being heat labile material, nonthermal
plasma can be utilized for surface modification and eco-friendly processing of
leather; atmospheric pressure plasmas are particularly suitable for leather process-
ing. With inclusion of nonthermal plasmas the leather manufacturing process can be
improved, less consumption of chemicals, water and energy savings can be
achieved; thus nonthermal plasma has a huge potential in different areas of leather
production and processing. Also, nonthermal plasmas can be utilized for wastew-
ater treatment as described in subsequent section [32].

16.3.3 Ozone/Ozonation

Ozone is a trioxygen inorganic oxygen molecule with a chemical formula of O;, an
allotrope of oxygen with higher electrochemical oxidation potential, more reactivity
and less stability compared to diatomic molecular oxygen. The electrochemical
oxidation potential of ozone compared to other known oxidizing agents is as fol-
lows: fluorine, F, (3.06 V) > hydroxyl radical (2.80 V) > atomic oxygen O
(242 V) > ozone  (2.08 V) > hydrogen  peroxide (1.78 V) > hypochlorite
(1.49 V) > Cl, (1.36 V) > chlorine dioxide (1.27 V) > oxygen gas (1.23 V) [4].
Due to its powerful oxidation potential ozone/ozonation can be extensively utilized
for removal of pollutants from industrial effluents. Pollutants present in industrial
effluents can be degraded by direct attack of ozone or by free radicals which can a
degrade wide variety of organic compounds [33]. There are three techniques for
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ozone production: (1) ultraviolet techniques in which oxygen exposed to UV
radiation can produce ozone in concentrations of 0.0003 g/hour at 1/100 W each;
(2) ozone can be produced by perchloric acid electrolysis; and (3) by electrical
discharge—a nonthermal plasma-based technique [4].

The advantages of ozone/ozonation for leather production and processing can be
summarized as follows: when ozone/ozonation is utilized for treatment of tannery
effluent it results in removal of turbidity, colour, bacteria and viruses; also the odour
problem in open air stages of effluent treatment plants can be eliminated even with a
small capacity (5 g/h) ozone generator [4]. Ozone treatment can result in oxidation
of secondary sludge (partial or complete), lysis and partial oxidation of bacterial
biomass and other organics to increase availability of food when it recycled as
activated sludge, and filamentous bacterial growth and other colloidal structures can
be broken down and thus achieve easy dewatering of sludge [4]. For treatment of
tannery wastewater when ozone/ozonation is applied with use of high concentration
ozone generator in combination with biological treatment, it can decrease treatment
time, required discharge standards can be achieved and floor space requirement for
ETP can be reduced with properly designed colum/vessel for ozonation [4]. Ozone/
ozonation treatment can be easily combined with other advanced oxidation treat-
ments. Residual ozone can be easily destroyed by an UV radiation-based ozone
destroyer [34]. Ozonation itself does not generate any sludge, unlike other treat-
ments, and multiple pollution treatment goals can be achieved by a single appli-
cation of ozonation [33].

16.4 Chromium Reduction and Removal
by Photocatalytic and Nonthermal Plasma
Technology

Chromium as basic chromium sulphate is applied for tanning in which processed
hide gets converted to wet blue, which is a stable product not degraded further even
by microbial action. It is a tanning agent which renders the best quality leather with
many additional advantages such as low process cost at high speed, producing a
light colour of tanned leather with good stability, all of which make it a most
used tanning agent [12]; however, it is a pollutant which of major concern from the
environmental point of view [17]. In chrome tanning around 60-80% of the
chromium reacts with hides/skins and the rest lost to tannery process effluent [12].
When one ton of hides is converted to 200 kg of leather containing 3 kg of
chromium, non-tanned solid waste of 250 kg and chromium-containing tanned
solid waste is produced which contains 3 kg of chromium [14], and over the time
50,000 kg of wastewater is produced which contains 5 kg of chromium [8, 35]. In
the chrome tanning process 20% of raw materials converts to leather and overall,
60% is chromium lost in solid and liquid waste with many associated environmental
impacts such as conversion of Cr(IIl) to carcinogenic Cr(VI) and contamination of
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water resources, occupational diseases, potential threats due to skin penetration of
Cr(VI) by use of leather products, and entry of chromium into the environment at
the end of product life, etc. [35].

Conventionally, chromium is removed from tannery effluent by precipitation
using alkalis such as NaOH, Na,CO5; or Ca(OH),; other methods for chromium
removal are liquid-liquid extraction carried out by di(2,4,4trimethylpentyl) phos-
phonic acid and partially ammoniated di(2-ethylhexyl) phosphoric acid (D2EHPA),
ion exchange, four stage extraction/re-extraction with mono(2-ethylhexyl) phos-
phoric acid (M2EHPA) or (D2EHPA), removal using high temperature and pres-
sure, adsorption of suitable adsorbent such as kaolinite, flotation and removal by
oleic acid surfactant and activated charcoal [3, 6]. In the most-used alkali precip-
itation method, chromium which is used as chromium sulphate for tanning/
re-tanning is recovered by multiple washing and filtration. First, alkaline washing is
carried out with hydrogen peroxide to oxidize Cr(IIl) to Cr(VI) to separate it from
other metals, and next to that an acidic pH of solution is obtained after alkaline
washing by H>SO, and subsequently FeSO, and sodium bisulphite added to reduce
Cr(V]) to Cr(Ill). From the reduced chromate solution with addition of NaOH a
precipitation of Cr(OH); is obtained and recovered by filtration [3]. Currently,
many emerging techniques such as electrocoagulation, adsorption, biological
treatment, membrane treatment and photocatalysis are explored for chromium
removal from wastewater [7]. Significant environmental impacts associated with the
most used precipitation and filtration method [12] due to usage of chemicals and
usage of solvents in alternative techniques for chromium removal can be addressed
by photocatalytic and nonthermal plasma-based treatment for tannery wastewater.
Of the above-mentioned treatment the photocatalytic process is widely studied and
is a more efficient treatment for chromium removal [36].

16.4.1 Application of Photocatalytic Process for Reduction
and Removal of Chromium

In tanneries effluent chromium is present along with other organic pollutants; this
co-existence of chromium with other pollutants creates difficulty in conventional
treatment where chromium should be removed prior to any other treatment—
otherwise Cr(Ill) can be converted to toxic Cr(VI). Photocatalysis can be advan-
tageously used for simultaneous removal of chromium and other organic pollutants
where toxic Cr(VI) can be reduced to Cr(IIl) and organic pollutants can be oxidized
[7, 31, 37]. Various photocatalysts are studied for reduction and removal of chro-
mium. Modified TiO, mediated photocatalysis is the most studied approach for the
removal of chromium; this includes use of carbon-based advanced materials for
TiO, modification, semiconductor-oxide-modified TiO,, semiconductor sulfide-
modified TiO,, noble-metal-modified TiO,, and dye-sensitized TiO, [38—40]. Other
photocatalysts which are explored for Cr(VII) reduction and removal by visible
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light or solar light are cerium-doped MoS, nanostructures [41], LiMn,04/SnO,
catalyst [42], a-Fe,O3 nanocrystals impregnated on g-C3N4-SO3H [43], nonthermal
plasma-vulcanized flower-like ZnS/Zn-Al composites for adsorptive photocatalysis
[44], graphene nanocomposite photocatalysts [45], RGO/BiOl/ZnO composites
[46], phosphorus-doped g-C;N4/SnS nanocomposite [47] CaFe,0,4 [48], etc. 3-D
hierarchical Ag/ZnO@CF photocatalyst reported for synergistic removal of Cr(VI)
and phenol by heterogeneous and homogeneous catalysis [49]. Photocatalysis is
reported for Cr(VI) reduction under LED visible light with simultaneous degra-
dation of bisphenol A using S-TiO,/UiO-66-NH, composite [50], methylene blue
using mesoporous BiVO, photocatalyst using visible light [51], citric acid over
TiO, particles under near UV irradiation [52], humic acid over TiO, particles under
UV irradiation [53], etc. Photocatalytic reduction of Cr(VI) in the presence of
polyethylene glycol (PEG), a water soluble non-ionic co-polymer is reported as an
eco-friendly approach for removal of chromium from industrial wastewater [54].
Enhancement of Cr(VI) removal efficiency by photocatalysis can be improved
via adsorption/photocatalysis synergy using electrospun chitosan/g-C3;N4/TiO,
nanofibres [55], or red peanut skin [56]. When Nb,Os is explored as an alternative
catalyst for reduction and removal of Cr(VI) from tannery wastewater, it proved to
be 20% more efficient than TiO, and thus can be considered a promising alternative
[57]. Bifunctional MOF/titanate nanotube composites have been studied for both
photocatalysis and simultaneous adsorptive removal of formed Cr(IIl) [58].
Ti/TiO, photo anode with sodium sulphate was used to check the feasibility of
UV irradiation-based photobleaching of leather dye acid red 151, anionic surfactant,
and photo-electrocatalytic reduction of Cr(VI). With use of pH 2 and 0.1 mol 1™
sodium sulphate, 100% dye decolourization can be obtained with reduction of 98—
100% of Cr(VI) and abatement of 95% of the original total organic carbon. The
findings of this study indicate that photo-electrocatalytic oxidation can be consid-
ered as an exceptional alternative for treatment of tannery wastewater containing
dyes, surfactants and toxic hexavalent chromium; at lower concentration of pol-
lutants complete removal can be obtained [59]. In a similar study, parthenium weed
activated carbon loaded with zinc oxide nanoparticles (ZnO-NPs-PWAC) was used
for the simultaneous removal of methylene blue and Cr(VI), which was further
studied with real tannery wastewater. In this study, detailed characterization was
carried out to test photocatalytic activity of ZnO-NPs and ZnONPs-PWAC.
ZnONPs alone provided more than 93% efficiency for decolourization of malachite
green, congo red, and methylene blue under sunlight irradiation. PWAC provides
more than 99% removal of Methylene Blue in 130 min where as ZnO-NPs-PWAC
provides the same removal efficiency within 60 min. Similarly, PWAC provides
more than 99% removal of Cr(VI) in 160 min, whereas ZnO-NPs-PWAC provides
the same removal efficiency within 90 min. Combined reactions of photocatalysis
and adsorption provides enhancement in removal efficiency; ZnO-NPs-PWAC also
provided more than 92% removal efficiency for realistic tannery wastewater [60].
Other than TiO, and ZNO, silver chromate nanocrystals provided a fresh and
feasible opportunity that can dispose of wastewater containing chromium and at the
same time, producing a new visible-light catalyst that can degrade the organic
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pollutant in the wastewater. Ag,CrO4 nanocrystals were prepared by ultrasonic
synthesis, template and hydrothermal. A comparative study of the product was
investigated. Best results were reported with the product synthesized by the ultra-
sonic method (dye degradation within 8 min) than with the other two methods
reported (dye degradation occurred in 42 min) [61]. Synthesis of spherical TiO,
catalytic materials with hollow structure reported for photo-electrocatalytic reduc-
tion of Cr(VI); the result of the study indicates that a photocatalytical removal rate
of Cr(VI) is 0.0126/min whereas the removal rate by photo-electrocatalysis is
0.0362/min which is three time faster than the former one. The spherical TiO, based
photo-electrocatalysis studied for the actual tannery wastewater samples collected
from three different tanning procedures, and excellent activity was also obtained
with realistic tannery wastewater. This indicates the great potential of
photocatalytic-based technology for Cr(VI) reduction and removal from tannery
effluents [62]. Hydroxylated o-Fe,O; was utilized for synergetic photocatalytic
reduction of Cr(VI) and degradation of leather preservative 4-Chlorophenol under
visible light. For one hour of visible light irradiation, Cr(VI) reduction was obtained
in a range of 24.8% to 70.2%, while degradation of 4-Chlorophenol increased from
13.5 to 47.8%. The photocatalyst can be reused again and again; good degradation
is obtained even after nine cycles of degradation [63].

16.4.2 Applications of Nonthermal Plasma for Chromium
Reduction and Removal

Applications of nonthermal plasma are also reported for chromium reduction and
removal. In a study, simultaneous Cr(VI) reduction and As(Ill) oxidation in
aqueous solutions reported using a glow discharge plasma; experiments were car-
ried out to study effects of input energy, pH value and concentrations for redox
transformation of Cr(VI) and As(IIl). In the glow discharge treatment synergetic
effect observed between Cr(VI) and As(II), the presence of Cr(VI) can significantly
enhance As(IIl) oxidation. Increase in voltage inputs from 530 to 600 V can
increase conversion of Cr(VI) from 96 to 100% and As (III) from 53 to 77%. In
acidic pH reduction of Cr(VI) (96% reduction) proceeds rapidly compare to As(IIl);
the optimum pH for As(IIl) is 7. The conversion is due to H,O, generated in glow
discharge which reduce Cr(VI) and hydroxyl radicals which can oxidize As(III).
This has opened up a new possibility for treatment of chromium and arsenic
containing wastewater [64]. In a similar study, removal of Cr(VI) and methylene
blue was simultaneously carried out by atmospheric pressure argon plasma jet. In an
acidic medium, the highest amount of hydrogen peroxide is formed which reduces
Cr(VI) to Cr(Ill), and simultaneous removal of methylene blue and Cr(VI) is more
beneficial than individual pollutants [65]. The same atmospheric pressure argon
plasma jet was studied for simultaneous removal of As(IIl) and Cr(VI), where both
the pollutants complement redox natura and simultaneous removal is beneficial
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[66]. For Cr(VI) removal CoFe,O4/multiwalled carbon nanotubes (MWNTs)/
sponge electrodes were prepared which enhances the performance of DBD. Cr(VI)
and phenolic pollutants such as phenol, hydroquinone, nitrobenzene and p-nitro-
phenol were simultaneously removed using these plasma discharge systems. In this
study optimum concentration of CoFe,O, nanowires estimated 0.5 g/l and with that
98.52% degradation of phenol achieved [67]. In a similar study, simultaneous
oxidation of phenol and reduction of Cr(V]) is studied with contact glow discharge
electrolysis [68]. Simultaneous removal of Cr(VI) and an azo dye acid orange 7 has
been studied; due to synergistic effects both pollutants improve degradation of each
other. Under acidic condition 94% reduction of Cr(VI) is achieved; furthermore,
with an increase in the input power from 80 to 120 V, Cr(VI) removal increased
from 54 to 88% and removal of dye acid orange increased from 62 to 89% [69].
Atmospheric pressure argon glow discharge plasma at gas solution interface was
explored for reduction of Cr(VI); here in the experiments a small quantity of ethanol
was added as a hydroxyl radical scavenger. Further in the study, the same exper-
iments were carried out using air glow discharge; 89% of Cr(VI) got removed from
25 ml 80 mg/l K,Cr,O, solution in presence of 2% v/v ethanol after a 15-min
treatment with the air discharge [70]. In a similar study Cr(VI) reduction in aqueous
solution was achieved in presence of ethanol as hydroxyl radical scavenger by
micro-plasma [71]. In a study, Cr(VI) ion imprinted polypropylene (PP) fibres were
fabricated by plasma mediated grafting which is effective and selective for Cr(VI)
adsorption. The surfaces of PP fibres were activated by nonthermal RF plasma
(argon and air) followed by gaseous phase acrylic acid grafting which is further
amidated with triethylenetetramine and subjected to Cr(VI) template imprinting. It
further explored for Cr(VI) removal in which highest adsorption capacity 167 mg/g
obtained at pH 3. Adsorbed Cr(VI) eluate rapidly and effectively by 0.2% NaOH
solution and adsorption efficiency maintained more than 80% even after ten
regenerations [72].

16.5 Photocatalytic Process for Treatment of the Leather
Industry’s Wastewater and Other Applications

Various studies report application of TiO,, and other nanoparticles used persua-
sively for photocatalytic dye degradation and the removal of organics and heavy
metals from tannery wastewater. In a study, ITO (indium tin oxide coated glass)
supported TiO, nanoparticles were utilized for photo-oxidation of dye released by
leather industries. In the study, complete degradation and mineralization of dye into
inorganic product is reported, while decolourization ratios of more than 90% were
reported for the time of 480 min [73]. In another study, TiO, nanoparticles were
prepared on alumina and glass beads; after that photocatalytic activity was studied
for photo-oxidation of acid brown 14 leather dye in aqueous solution illuminated
with solar light. Characterization techniques like HPLC and UV-Vis helps to keep
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track on changes in the concentration of acid brown 14 after photocatalytic
degradation. The effectual results were reported for TiO, supported on alumina
beads in an acidic condition [74]. Degradation of dermacid red (CAS: 6406-56-0),
dermacid black RVE (CAS: 99576-15-5) and dermacid brown (CAS: 8011-86-7)
leather dyes was carried out by photocatalysis with TiO, and a comparative study
carried out for degradation of these dyes using ultrasound irradiation, photocatalysis
with TiO,, Fenton/photo Fenton and a combination of those techniques. For pho-
tocatalysis and photo Fenton UV illumination was used, whereas for ultrasound
irradiation at low (20 kHz) and high frequencies (860 kHz) was utilized. Due to the
different natures and structures of the azo dyes, each dye has a different opti-
mization parameter of photocatalytic degradation by different combinations of
advanced oxidation process; combination of these advanced oxidation processes
has synergetic effects for dye decolourization. Maximum degradation of the chro-
mophore group was reported in the first two hours of experiment [75]. Other than
TiO,, silver chromate nanocrystals provided a fresh and feasible opportunity that
can dispose of wastewater containing chromium and at the same time, produce a
new visible-light catalyst that can degrade the organic pollutant in the wastewater.
Ag,CrO4 nanocrystals were prepared by ultrasonic synthesis, template and
hydrothermal methods and utilized for photocatalytic degradation of dye rhodamine
B. In a comparative study of Ag,CrO,4 nanocrystals prepared by the different
methods, best results were obtained with the Ag,CrO,4 nanocrystals synthesized by
the ultrasonic method (dye degradation within 8 min) than with the other two
methods reported (dye degradation occurred in 42 min) [61]. Apart from dye
degradation, photocatalysis is explored for degradation of organic pollutants for
wastewater. In a study, ZnO photocatalyst was also used to treat tannery wastew-
ater, with 1gm/litre ZNO catalyst in effluent diluted by 1:200 proportion, which is
irradiated by mercury vapour lamp irradiation (1850 pW cm ™2, Topcon UVR-2)
for four hours at pH of 8.0. The treatment resulted in a reduction in physiochemical
parameters—chemical oxygen demand (COD) from 15,023 to 350 mg/l, bio-
chemical oxygen demand (BOD) from 4374 to 10 mg/l, total solids from 28,500 to
188 mg/l, total organic carbon from 4865 to 4.93 mg/l and turbidity from 331 to
1.15 NTU. The treatment also resulted in decrease in toxicity as tested by the
lethality assay of microcrustacean Artemia salina L, with LCsq increasing from
14.90 to 56.82% [76]. In another study, ZnO-ZnFe,0, composite photocatalyst
supported by activated carbon studied for reduction in biochemical oxygen demand
(BOD:s) of tannery wastewater under visible light irradiation. It is reported in the
study that by adsorption only 9% of BODs was removed while with the photo-
catalytic treatment 90% reduction in BOD5 was obtained in a two-hour treatment
[77]. The removal of residential tributyltin (TBT) from tannery wastewater was
carried out by effective electro-field-assisted-photocatalytic technique using hier-
archical TiO, microspheres. The rate removal 0.0052 min~' was obtained with
photocatalysis while 0.0488 min~' was the rate of reaction by electro-field-
assisted-photocatalytic removal of TBT which is nine times faster compared to
photocatalysis [78]. In a study, immobilization of TiO, was carried out on
macro-defect free cements to form photoactive polymer-cement composites which
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utilized for tannin degradation. Using MDF containing embedded TiO, nanopar-
ticles 98% photodegradation of tannins obtained with six-hour irradiation with
254 nm [79]. Polyvinyl thiol (PVASH) assisted Ag NPs are reported for surface
enhanced raman spectroscopy (SERS) detection and photocatalytic degradation of
tannery waste landfill leachate with degradation rate of 0.0025 min ' and
0.0039 min~' for visible and UV light irradiation respectively [80].
Heterostructured BiVO4-ZnO mixed oxide catalysts were utilized for sunlight-
driven photocatalytic degradation of post-tanning wastewater. The photocatalyst
has an optical band gap of 3.02 eV, which is suitable for sunlight-driven degra-
dation; higher photocatalytic activity is observed for mixed oxide catalyst; 64%
reduction in COD is achieved with this mixed oxide catalyst under optimal
experimental conditions in the presence of sunlight for a six-hour treatment duration
[81]. Various refractory organic compounds such as nonadec-1-ene,
2-phenylethanol, 2.4-di-tert-butylphenol and other organic compounds present in
tannery effluent were identified and 2-phenylethanol photocatalytically degraded
using standard Degussa P-25 TiO, (100 mg) under UV light. 2-phenylethanol was
transformed into 2-tert-butyl-4,6-dimethylphenol, 2,6-di-tert-butyl-4-methylphenol
by photocatalytic degradation and after prolong exposure of 30 h 100% degradation
of 2-phenylethanol was achieved [82]. From leather skin waste carbonaceous N-
containing materials are derived which are found to have photocatalytic activity due
to crystalline species of Cr,Ozand TiO, having degradation potential for contam-
inates such as phenol [83]. From collagen biowaste bi-functional iron embedded
carbon nanostructures have been prepared which have photocatalytic activity and
applications for lithium ion batteries [84].

16.6 Nonthermal Plasma and Ozone for Treatment
of the Leather Industry’s Wastewater

Both nonthermal plasma and ozone are advanced oxidation approaches, and as
discussed in previous sections the most common and most efficient method for
ozone generation is based on nonthermal plasma—specifically dialectic barrier
discharge or silent discharge. The utilization of ozone for wastewater treatment is
purely a chemical treatment owed to the higher oxidation potential of ozone [85],
whereas the nonthermal plasma treatment of wastewater is based on advanced
oxidation as well as physical treatment; either by nonthermal plasma discharge
generated at the gas—liquid interface or within liquid [86]. The wastewater treatment
and pollutant degradation by nonthermal plasma is associated with generation of
powerful active species such as hydroxyl radical (+OH), super oxide, ozone and
hydrogen peroxide, as well as pollution degradation by dissociation high energetic
electrons, ultrasonic waves and UV radiation [86].
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16.6.1 Nonthermal Plasma Treatment for Degradation
of Leather Preservatives and Other Applications

Nonthermal plasma generated by dielectric barrier discharge (ceramic plate elec-
trodes coupled with pulsed generator Minipuls 6, GBS Elektronic, Rossendrof,
Germany) using different gas combinations such as argon, argon:oxygen (80:20)
and air. These have been utilized for degradation of 2,4-dichlorophenol (2,4-DCP)
(biocide used for leather preservation) [87] in aqueous solution; also the plasma
treatment explored in combination of advanced oxidation such as the Fenton pro-
cess. Plasma discharge created using Ar gas results in complete degradation of
2,4-DCP within 15 min; however, when 20% oxygen is added to Ar degradation of
2,4-DCP is delayed but mineralization improved due to accelerated oxidation of
intermediate products by reactive species [86]. The addition of 10 mg/1 ferrous ions
to an aqueous solution of 2,4-DCP induced the Fenton process; better degradation
and mineralization was achieved due to the fact that it resulted in the combination
of two advanced oxidation processes—nonthermal plasma and the Fenton process
[86]. Degradation of leather fungicide p-nitrophenol was carried out using micro-
wave atmospheric plasma in aqueous solution; 100 mg/l of p-nitrophenol got
removed completely with a 12-min treatment, and TOC removal of 57.6% was
obtained. The pH of a solution has no significant impact on degradation; hydroxyl
radical generated by plasma discharge playing a key role in degradation of p-
nitrophenol [88]. Atmospheric pressure air DBD was reported for the sterilization
of wastewater samples collected from leather processing plants. Aliquot of the
wastewater sample was treated with air DBD for 75.5, 81.94, and 85.34 mA with a
discharge current and exposure time of 30, 60 and 90 s. The plasma exposure at
75.5A can greatly change dominant bacterial groups at 30 and 60 s exposure, while
80% reduction in bacterial population is observed at 90 s exposure. The same trend
is observed for plasma treatment at 81.94 A; the plasma treatment at 85.34 mA can
eliminate all bacterial groups at 60 or 90 s exposure. This sterilization effect of the
air DBD is conferred to active species such as NO, N,*, UV radiation; air DBD can
be environmentally affable and a promising tool for wastewater treatment to
eliminate microorganisms from treated wastewater without use of chlorine [89].

16.6.2 Ozone/Ozonation to Increase Biodegradability
of Tannery Wastewater

Though ozone can be produced in three ways, nonthermal plasma-based silent
discharge is the prevalent, most effective and economic method for ozone gener-
ation, which is greatly explored for treatment of wastewater [4, 90]. The ozone
technique can be applicable for treatment of wastewater generated from beamhouse
operations, and for treatment of tannery wastewater only after removal of chromium
by precipitation using pre-alkalization [12]. Ozone has an electrochemical oxidation
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potential of 2.08 V, higher compared to molecular oxygen (1.23 V) from which it is
produced, and thus it can be a preferred advanced oxidation method to improve
performance of biological treatment of tannery wastewater [4, 36]. With bench
scale experiments, ozone produced by silent discharge was explored as a tertiary
treatment for tannery effluent collected from a CETP and ETP. Atmospheric air at a
flow rate of 1.2 1/m was passed through silent discharge and ozone generated at a
concentration of 0.5 g/m® purged through 1-1 effluent sample for three hours using a
diffuser having pore size of 160 pm. For the CETP effluent sample the ozone
treatment resulted in 85% reduction in COD, the colour changed from dark brown
to colourless and there was complete removal of odour. With the same method for
ETP effluent sample, ozone treatment resulted in 81% reduction in COD, 40%
reduction in BOD and more than 95% reduction in sulfides, with a colour change
from dark green to colourless and complete elimination of odour [4]. In a field level
experiment at tannery ETP a small ozone generator having capacity of 0.5 g/h,
1.5% w/w, 4 1/min utilized for injection of ozone with H,O, in the ratio of Hy0,/O;
of 1:2 in a aeration tank (45 m>) for 24 h. This resulted in a 25% reduction in BOD
value and 20% reduction in COD value due to the production of perozone or
hydroxyl radical having 60% more oxidation efficiency [4]. Strategic application of
ozone as pre-treatment can increase the biodegradability of tannery effluent by
anaerobic treatment due to simplification of complex and high molecular weight
compounds. Pre-ozonation of tannery effluent can increase assimilable organic
carbon in effluent by faction of 1:3 from 36 pg/l for raw effluent to 109 pg/l after
ozonation; deoxygenation coefficient for BOD removal increased from 0.1/day to
0.25/day. Thus, treatment efficiency can be improved, treatment time can be
reduced and with fewer problems of solid handling [4].

In another study, sequencing batch biofilter granular reactor (SBBGR) coupled
with ozonation is explored for the treatment of tannery wastewater, where inte-
gration of ozonation is reported to improve efficiency of the biological treatment. In
the study, wastewater from SBBGR flowed through the ozone reactor (0.25m?) at a
rate of 2 m*/hour and recirculated again for final biological treatment. Due to high
oxidation potential, ozone can degrade recalcitrant material present in tannery
wastewater and thus a high removal rate is obtained for COD, BOD, TSS, TKN;
colour and surfactant can be obtained with very less sludge production (0.1 kg dry
sludge/m3 of effluent treated). Without ozonation 91 4+ 1% removal for COD,
99 + 1% removal for BOD, 87 + 2% removal for dissolved organic carbon
(DOC), 88 + 4% removal for TSS, 84 + 4% removal for TKN, 93 4 4% removal
for surfactants and 24 + 3% removal for colour is obtained by SBBGR. Whereas
when ozonation integrated with the SBBGR 97.5 & 0.5% removal for COD,
99 4+ 1% removal for BOD, 93 4+ 1% removal for dissolved organic carbon
(DOC), 96 £ 1% removal for TSS, 91 £+ 2% removal for TKN, 98 4+ 5% removal
for surfactant, 96 + 2% removal for colour obtained, while 20 + 2 mg/l ozone was
consumed. The treatment cost after integration of ozonation with SBBGR is esti-
mated at about 1€ per m® of wastewater which is four time lesser than the estimated
cost without ozonation (about 4-5€ per m> of wastewater), whereas sludge gen-
eration (about 3 kg dry sludge/m® produced when the plant operated without
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ozonation) is 30 time less [34]. Ozonation has been applied for simultaneous
removal of COD and colour from tannery effluent which resulted in enhanced
biodegradability of tannery effluent and colour present in the removed material due
to oxidative cleavage of chromophore groups of dyes and colour imparting sub-
stances. Effluent containing direct brown diazo dye and realistic effluent from wet
tanning processes was treated with diffusion of ozone from an ozone generator at
various process variables. For real tannery wastewater at optimum process condi-
tion 92% COD removal efficiency obtained, and BOD/COD ratio increase from
0.18 for without treatment to 0.49 after 30-min ozone treatment. For the both
effluents, efficiency of ozonation depends upon the initial concentration of pollu-
tants and ozone dosage, and pollution degradation follows pseudo first-order
kinetics [33]. Ozonation combined with coagulation flocculation (CF-OZ) is studied
to improve treatment of tannery wastewater and compared with coagulation floc-
culation and adsorption (CF-ADS). With CF-ADS 50.04% removal TOC, 53.13%
removal of COD, 17.05% removal of Na*, 61.13%, colour removal achieved
and compared to that CF-OZ resulted in 46.50% removal TOC, 56.25%, removal of
COD, 11.10% removal of Na*, 85.34% colour removal. Further, ozonation
decreases the COD/TOC ratio from 2.79 for untreated effluent to 2.66 for ozonated
effluent and the BOD/COD ratio increased from 0.24 for untreated to 0.60 for
CF-OZ and 0.47 for CF-ADS. Thus, both treatments facilitate further biological
treatment of tannery effluent, ozonation being more beneficial compared to the other
one [91]. Ozonation pre-treatment of two separated streams of wastewater gener-
ated from tanneries, i.e., beamhouse operation wastewater and tanning yard effluent
were explored. The results of this study indicate that for both streams, ozonation
prior to biological treatment breaks down refractory compounds. In the case of
tanning yard effluent, pre-ozonation before aerobic treatment resulted in 95% COD
removal and 91% DOC removal. For both the effluents, above-mentioned effect is
found in the optimal range of ozone dose of 1 to 3 g per gram of DOC; further
ozone dose is wasted in the destruction of already degradable compounds [92].
Advanced oxidation treatments, ozone and the Fenton process, were explored for
treatment of tannery effluents at a central effluent treatment plant (CETP). The
tannery effluents received at CETP has a BOD/COD ratio about 0.1 to 0.25 and
even after physicochemical treatment the effluent has low biodegradability. The
above-mentioned advanced oxidation treatments provided to effluent from primary
settling tank of the CETP improved the biodegradability of effluents in subsequent
activated sludge processes. Thirty to fifty percent COD removal was achieved by
Fenton treatment and 15-20% COD removal obtained by ozonation at the primary
stage; and after secondary treatment 60—70% COD removal obtained by ozonation
and 50 to 60% COD obtained by the Fenton treatment. Ozonation was further
explored for treatment of tannery effluents at CETP; coagulation and extended
aeration followed ozonation considered as the best treatment which can provide 80—
90% reduction in COD [93]. Ozonation as post-treatment is also found beneficial
for treatment of tannery wastewater. In a study on the effect of ozonation, before,
within and after biological treatment, it was found that application of ozone after
biological treatment is most promising where the highest COD removal can be
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achieved by a low feeding time of five minute at a flow rate of 42.8 mg/l.
Conversion of nonbiodegradables to readily biodegradable is possible due to
ozonation and thus an improvement in biological degradation [94]. Catalytical
ozonation using Mn-Cu/Al,Oj5 catalyst also explored for tertiary treatment of real
tannery effluent which results in higher COD removal efficiency compared to
ozonation alone. In catalytical ozonation COD removal increases with the quantity
of catalyst from 0.5 to 3.0 g/l and ozone volume from 0.2 to 0.4 g/h. The highest
88.6% COD removal was obtained at 7pH, catalyst load of 2.0 g/l and ozone flow
rate of 0.3 g/hour for treatment time of 60 min [95].

Ozone/ozonation as a chemical treatment/advanced oxidation treatment can be
utilized for treatment of wastewater generated from chromium tanning after the
removal chromium by pre-alkalization. The study was performed as a bench scale
utilizing an ozone generator (COW-025, Afraz Mohit Sahand Ltd.) with a capa-
bility of 25 g/h ozone generation when the generator was fed with pure oxygen.
The ozone generator connected with the ozone contactor (3-1 cylinder), with a total
reaction volume of 5 1 including volume of the circulation loop. Ozonation as a
chemical treatment/advanced oxidation treatment able to remove COD from 30 to
70% by providing treatment for 120 min with an ozone flowrate of 1 to 8 g/hour.
From statistical analysis, an ozone dose of more than 15 g/h for 120 min predicated
for complete COD removal. Colour removal by ozonation increased from 40 to
64% at a flowrate of 1 g/hour when pH decreased from 9 to 3; 85% colour removal
obtained for ozonation at a flow rate of 8 g/hour at any pH. At optimum conditions
with ozonation 88% COD removal and 93% colour removal was obtained, however
when high concentration of ozone such as 8 g/hour is utilized, Cr(III) in wastewater
can be converted to toxic Cr(VI) and therefore chromium removal by
pre-alkalization is a necessity when ozone is directly applied for treatment of
tannery wastewater [12]. Ozone/ozonation is reported to enhance biological treat-
ment of wastewater generated from tanning processes utilizing plant-based
polyphenols as natural tanning agents. Natural tanning is environmentally
friendly compared to chrome tanning; however, poor biodegradability of tannins
cause problems in biological treatment such as absorption of light and heat by
tannins, reduction of efficiency of biological treatment due to persistent nature
tannins remaining in effluent even after conventional treatment of tannery
wastewater. In a study, a bubble column bench scale reactor attached with a ozone
generator (Model No L6G, Faraday Instruments, India) was utilized for treatment of
wastewater generated from natural tanning of leather. The ozone generator used in
the study can produce ozone at 2 g/h by using oxygen as feed gas and produced
ozone diffused through the wastewater by ceramic diffuser and treatment carried out
for 30 min. Ozone due to its superior oxidation potential can degrade tannins, the
BODs/COD ratio of untreated wastewater is 0.196 due to poor biodegradability of
tannins which increased to 0.298 after the ozonation. Ozone pre-treatment resulted
in a 20% reduction in COD and 49% removal of total phenols; improvement in
subsequent biological treatment resulted in 60 mg/l BODs and 350 mg/l COD in
the treated effluent [96]. Ozonation has been explored for degradation of syntans
used in leather tanning. Syntans are synthetic organic materials used for tanning,
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and like chrome tanning and natural tanning, syntans are not completely absorbed
by hide and unreacted syntans are lost into effluent. Commercially available syntan
which is aromatic sulfonic acid condensation product is degraded by a bench scale
reactor connected with an ozone generator (Faraday Model No. L6G, India) which
can produce 1-6 g/h ozone using oxygen as feed gas. Experiments were conducted
using 100700 ppm and ozone dose of 1 g/h. Tannin removal efficiency was found
to be 98%, and 91% COD removal for syntan concentration of 100 ppm was
obtained whereas 72% tannin removal and 48% COD reduction obtained for
700 ppm concentration [97]. Phenol sulfonic acid-syntan (PSAS) degraded by
ozonation using a bench scale glass reactor of 3 1 capacity connected with a
lab-scale ozone generator (Faraday Instruments, Model No. L6G, India) which can
generate 1-3 g/hour ozone using pure oxygen as feed gas. The optimum conditions
for syntan degradation are found to be 7 pH, 5.2 x 10~ mmol/l ozone concen-
tration, 500 mg/l concentration of substrate. The ozonation treatment improved
biodegradability of the syntan which was reflected as an increase in the BOD/COD
ratio from 0.03 for untreated to 0.42; the degradation follows pseudo first order
reactions, with increase in ozone dose maximum of 84.2% COD removal and 58%
(dissolved organic carbon) DOC removal achieved at 7 pH [98].

16.6.3 Ozone/Ozonation for Dye Degradation

Ozone treatment, when applied to tannery wastewater treatment, can be advanta-
geously utilized for degradation of dyes, preservatives/biocides applied during
leather production and processing which would be otherwise difficult to degrade in
conventional treatment due to its stable chemical structure and toxicity [85]. The
advantages of ozonation for dye decolourization is no sludge generation, less cost
and effective degradation. Degradation of sandopel brown BRR dye in aqueous
solution carried out by ozone generated using ambient air by ozone generator
(Model No-SAO001, India) which can produce 3 g ozone/ hour. The dye
decolourization by ozonation was carried out in a 5-1 cylindrical glass reactor filled
with various dye concentrations from 30 to 360 mg/l, pH 4 to 11 and through that
ozone bubbled at a concentration of 1.6 mg/l for different times. Decolourization
was faster at in alkaline pH; at pH 11 95% dye decolourization was achieved in 20
min whereas at pH of 4 the same results were obtained at 35 min. A maximum 97%
dye decolourization obtained, decolourization decreased with an increase in initial
dye concentration; for dye concentration of 30 mg/l, 97% decolourization was
achieved in 30 min; where it took 170 min for dye concentration of 360 mg/l, dye
decolourization by ozone follows first order kinetics [99]. In another study,
ozonation and ozone along with hydrogen peroxide was explored for degradation of
four leather dyes—direct black 168, acid black 241, acid brown 83 and acid brown
191 using a 1-1 contact reactor connected to an ozone generator (Marca Iberozono,
model 80). For dye degradation the contact reactor filled with 40 mg/l dye solution
and ozonation was carried out at saturation for 60 min; the effect of pH was
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explored by adjusting pH 2 to 10. A similar experiment was performed for
ozone + H,0, treatment but adding 6 to 60 mg H,O, (30% p/v) per 1 1 of the dye
solutions. Contact with ozone for a prolonged exposure time of 100 min resulted in
complete decolourization of all the dyes; however, in the case of ozone treatment
coupled with H,O, greater colour reduction obtained at a shorter period of time in 4
to 5 min but afterwards no further improvement was observed [100]. Leather dye
acid black 52 was degraded by ozonation using a packed bed reactor with different
process variables such as pH, dye concentration, and contact time. One hundred per
cent colour removal and 61% COD reduction was achieved at optimum conditions
of 1.96 pH, 1159 mg/l dye concentration and 10.6 min contact time and 4.8 pH,
1159 mg/l dye concentration and 17 min contact time respectively [101]. In other
similar studies three azo leather dyes, CI acid black 1 (AB1), CI acid yellow 19
(AY19) and CI acid orange 7 (AO7) degraded using a batch reactor of 500 ml
volume connected with an ozone generator (model 1000 Nano Paak Sayyal, Iran).
When experimental variables such as ozone dose, dye concentration, pH, temper-
ature, etc., were studied; greater than 75% colour removal obtained under optimum
conditions within the first five minutes of removal treatment, initial dye concen-
tration and pH of dye solution are the most influential factors for dye degradation
using ozonation [102]. Acid dye navitan bordeaux MB (C.I. acid violet 90),
100 ppm synthetic effluent sample was degraded by ozonation using a bubble
column reactor and an experiment studied the influence of ozone dose, dye con-
centration and pH on the decolourization rate. The results of this study indicate that
at a high ozone dose 90% removal can be achieved in 1-2 min, whereas at a low
ozone dose of 90% removal can be achieved in 4-5 min, complete colour removal
can be achieved in 5 min and 30 mg/l ozone concentration is required for 90%
decolourization when pure oxygen gas is used for ozone generation. 50 mg/l ozone
concentration required for 90% decolourization and complete decolourization
achieved in 7 min when ozone is generated using ambient air [103]. In a study,
ozonation was explored for decolourization of three leather dyes CI direct blue 1, CI
green G and CI fast red B base and compared with electrocoagulation. The
experimental set up was composed of a reactor (1100 1) connected with an ozone
generator (Carbar—03A2-7 W). Molecular ozone is selective in dye degradation; in
certain dye structures attached by ozone, dye degradation was carried out using a
volume of 200 1 of 50 mg/l dye solution. After 210 min 50% degradation was
observed for CI direct blue 1 and 55% for CI fast red B base, and 61-89% for CI
green G respectively [104]. Leather dye acid black 210 in aqueous solution
degraded by ozonation and UV/ozonation; influence of pH, dye concentration,
effect of UV radiation were studied, decolourization and mineralization studied by
UV and TOC analysis. At optimum conditions 100% decolourization and 55%
mineralization was achieved within a short time of 15 min [105].
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16.6.4 Ozone/Ozonation for Degradation of Leather
Preservatives

Chloro-substituted phenolic compounds are widely used as biocides/preservatives
in leather production/processing [87], which can cause water pollution problems
due to acute toxicity and poor biodegradability and the persistent nature of com-
pounds [85]. These compounds are reported to have carcinogenic and mutagenic
properties and are identified as priority pollutants by USEPA [85]. Ozonation is
reported to be useful in degradation of 2,4-dichlorophenol (2,4-DCP), a commonly
used biocide for preservation during leather production/processing. A laboratory
scale study has been carried out using an ozone generator with different flowrates in
the range of 100 to 400 mg ozone/hour with/without CuO/ZnO catalyst and
ultrasound with 36 kHz frequency and output power of 150 W. The influence of
different operation parameters such as temperature, catalysis loading rate, concen-
tration of 2,4-dichlorophenol, etc., were studied to optimized degradation of
2,4-dichlorophenol. With ultrasound only, a maximum degradation of 28.85% was
achieved, whereas combined treatment with ultrasound and ozonation gave maxi-
mum degradation of 95.66% when ZnO was used as the catalyst, and 97.03% when
CuO was used as the catalyst for a 120-min treatment time. The degradation
products for these combined ozonation processes are found to be nontoxic to
microorganisms [85]. Another study reports the application of ozonation as pre-
treatment to improve the biodegradation of 2,4-dichlorophenol in wastewater along
with other biodegradable organic matter. Ozonation provided to 2-1 samples of
various synthetic wastewaters containing 2,4-dichlorophenol using a ozone gen-
erator (oxygen feed) (WEDECO GSO30) having 6 g/h ozone flowrate, and treat-
ment provided for 2, 5 and 10 min, the pH of wastewater samples adjusted to 9 and
ozonated wastewater was further subjected to biological treatment. Ozone pre-
treatment results in a decreased concentration of 2,4-DCP and an increase in
chloride concentration, which indicates conversion of 2,4-DCP to de-halogenated
intermediates, the degradation of 2,4-DCP by ozonation follows pseudo first order
kinetics, ozonation decrease toxicity of 2,4-DCP and further biodegradation is
required for shorter time for degradation in case of the ozone pretreatment [106].
The further effect of ozonation as pretreatment for biodegradation of 2,4-DCP
containing wastewater was explored using a pilot scale bioreactor where
pre-ozonation results in improved sludge settleability and less sludge production;
whereas in the case of non-ozonated 2,4-DCP containing wastewater sludge set-
tleability was hampered [107]. In a study, ozonation is compared with photo-
catalysis (TiO, photocatalyst) based advanced oxidation process and nonthermal
plasma-dielectric barrier discharge (DBD) in different gases using a planar falling
film reactor for degradation of 2,4-DCP (100 mg/l, experimental volume 0.5 1). The
outcome of the study indicates that ozone (ozone generator-Fischer, model OZ 502/
10, Germany, 130 £ 5 mg/l ozone, feed gas-oxygen) is highly effective in degra-
dation of 2,4-DCP; however, complete mineralization is not achieved as found by
TOC analysis. When ozonation is coupled with photocatalysis, complete
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mineralization of 2,4-DCP was achieved after 60 min of treatment [86]. Ozonation
as pretreatment can improve the biodegradability of 2,4-DCP; when 100 ppm
solution of 2,4-DCP is treated with ozone dose of 0.12 g/l, the BODs/COD ratio
increased from zero without treatment to 0.25 (BOD,;/COD = 0.48). With
pre-ozonation, 80% of TOC removal can be achieved when the solution gets treated
biologically by mixing with sewage and 70% TOC removal can be achieved when
100% of the pretreated solution was further treated biologically with short hydraulic
retention time between 12 to 48 h [108].

Leather preservative chlorophene was degraded by ozone, UV and UV/
ozone-based advanced oxidation and studied with experimental variables such as
pH, concentration of the pollutants, ozone dose and intensity of UV light. Of these,
O3 and UV/ Oj can effectively degrade chlorophene. Maximum degradation can be
achieved at pH of 8 and degradation increases with increase in ozone dose and
intensity of UV. UV can enhance degradation of chlorophene, the pseudo-first-
order rate constant found lowest, 9.8 x 10™* min~" for UV and 2.4 x 1072 and
6.4 x 1072 min~" for ozonation and UV/Ozone treatment. The presence of another
organic matter retarded degradation by 38% [109]. Biocide o-phenylphenol, a
commonly used fungicide to prevent fungal attack of untanned and tanned hide and
an endocrine disrupting compound degraded by ozonation and influence of pH
tested. Degradation of o-phenylphenol by ozonation increases with the increase in
pH, thus ozonation is an effective and quick method degradation of o-phenylphenol
[110]. Leather antifungal agent 2-Mercaptobenzothiazole (MBT) was degraded by
ozonation in pure water and tannery effluent in a fast and efficient manner.
2-Mercaptobenzothiazole (MBT) and its degradation products have a high affinity
towards ozone, thus ozone treatment results in oxidation and partial mineralization;
benzothiazole is an ozonation product which can form in concentrations of 60 mole
per cent of the original concentration [111]. There are a few studies which deal with
the toxicity of tannery effluent treated by ozonation. Ozonation of tannery effluent
results into oxidation and partial mineralization of pollutants, and the destruction
and improvement in biodegradability which can be measured by COD, BOD, TOC
and DOC. The degradation of by-products can be formed which can be studied by
separation and analytical techniques and toxicity of degradation products studied by
biotoxicity testing. In a study, the toxicity of tannery wastewater before after
ozonation was evaluated using Daphnia magna Straus and Vibrio fischeri bioas-
says. The study indicates a minor increase in the toxicity of effluent after ozonation
for bacteria by V. fischeri bioassays, while no toxicity changed after ozonation
against Daphnia magna Straus [112]. In other similar studies a slight decrease in
the toxicity of tannery effluent was observed after ozonation and other treatments
based on advanced oxidation [113]. A study viewed the generation of endocrine
disruptive substances after ozone treatment of tannery wastewater which are
qualitatively identified as nonylphenol ethoxylate (NPEO) degradation products:
short chain NPEOs, nonylphenol carboxylates (NPECs) and nonylphenol (NP) by
LC-MS. The study reports no increase in V. fischeri or D. magna toxicity but an
increase in estrogenic potential after ozone treatment by enzyme-linked receptor
assay (ELRA) [114].
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16.7 Other Applications

16.7.1 Nonthermal Plasma Surface Modification of Leather
for Ecofriendly Processing and Providing Functional
Finish

Atmospheric pressure DBD plasma of air and ammonia gas was studied to provide
surface functionalization and improvement in dyeing with natural dyes [115, 116].
Atmospheric pressure air DBD was utilized for the sterilization of goat hide, and thus
the application of nonthermal plasma can be explored for leather preservation which
can reduce the quantity of synthetic chemical-based antimicrobial agents [117].
Further treatment with air DBD results into better uptake of natural products; an
antimicrobial finish was provided to hide/leather by treating it with bark extract of
Cassia renigera and Cassia fistula [117]. Atmospheric pressure argon plasma was
reported for inactivation of Syndrome coronavirus 2 (SARS-CoV-2) virus in leather
and various other surfaces, thus atmospheric pressure plasma opens up new possi-
bilities for control of COVID-19 as an efficient surface sterilization technique [118].
Antifungal properties that can be imparted to natural leather by surface modification
with low temperature plasma treatment which was carried out with tetra-
fluoromethane (CF,), hexafluoroethane (C,Fg) and perfluoropropane (CsFg) [119].

Hydrophobic coating can be carried out on leather by plasma polymeriza-
tion using different HMDSO/ toluene mixture, by the introduced silicon atoms on
the natural leather surface [120]. Whereas superhydrophilicity and deformation
resistance can be provided to natural leather by low pressure O,/H,O plasma
treatment. This improvement in hydrophilicity is due to the incorporation of large
numbers of hydrophilic groups such as hydroxyl, carboxyl, amines, etc. This groups
increases reaction sites for binding of metal ions or dye molecules, etc., thus
improvements in metal pickup, tanning or any other subsequent processing can be
achieved [121]. In a study, the surface modification of pickled goat hides was
carried out using low pressure oxygen plasma which increase in roughness due to
the etching effect and the incorporation of oxygen containing functional groups and
improvement in hydrophilicity. This results in improved uptake of chromium in
chrome tanning and thus less chromium loss in wastewater. A 10-min treatment
with low pressure oxygen plasma results in maximum chrome exhaustion, and
surface chrome content increased from 1.09 to 1.31% [122]. Similar results were
obtained by atmospheric pressure argon corona discharge for surface modification
of crust sheep leather by different time durations from 3 to 9 s, which improved
re-tanning and decreased the pollution load as studied by characterization of
wastewater [123].

Low pressure plasma treatment with He/O, mixture as plasma forming gas was
studied to control surface wettability, improve dyeability, and wet rubbing property,
whereas a waterproof property to natural leather can be imparted by CF, plasma
[124]. Atmospheric pressure diffuse ambient air plasma was utilized for surface
modification of dyed natural leather to improve wettability and adhesion of glue
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[125]. Surface modification of chrome tanned leather by atmospheric argon plasma
improves surface wettability and improvement in dyeability of chrome tanned
leather with acid and metal complex dyes [126]. Upholstery leather was provided
flame retardant treatment using borax by atmospheric pressure argon plasma
treatment; the plasma treatment results in the modification of surface and activation
of surface by incorporating functional groups which results in better uptake of
borax to impart the flame retardant property [127]. Dielectric barrier discharge was
utilized to impart water repellency and flame retardant properties to leather and
other materials [128]. Microwave excitation low pressure oxygen plasma is
reported to enhance the adhesion of polyurethane coated leather and polyurethane
foam [129]. Chrome shavings can be effectively disposed of with plasma
pyro-gasification, and heavy metals from chrome shavings can be recovered by
chemical pretreatment to precipitate out heavy metals from chrome shavings [130].

16.7.2 Ozone/Ozonation for Eco-friendly Preservation
of Leather and Other Applications

Ozonation has been utilized as an eco-friendly alternative to conventional salts
preservation [131] which requires 50 to 60% of common salt NaCl per unit weight
of rawhide, which generates wastewater with salts concentration not less than
60,000 to 65,000 ppm. For the study, fresh goat skin was treated with ozone at a
concentration of 2 g/h for 0.5 to 2 h in a specially designed reactor. The samples
treated with ozone are kept in the open atmosphere and sealed bags at room tem-
perature; ozone treatment for 30 min also can eliminate microorganisms present on
raw skin, and samples could be preserved for more than two weeks. Thus, with
ozonation flayed skins can be preserved for short periods, and the use of a high
concentration of salts in conventional salt curing/preservation can be eliminated
[132]. In a similar study, DBD-based ozone generation was utilized for preservation
of goat skin; the generator was fed with oxygen gas to generate ozone at a con-
centration of 2 g/h and experimental goat skin was exposed to ozone for two hours.
In this study, ozonation is also able to preserve the skin similarly with conventional
salt curing [133]. Ozone can be utilized as ecofriendly biocides alternative for toxic
and environmentally harmful chemical biocides which are added to beamhouse
operations to prevent the microbial decomposition of hide. With 15-min ozonation
per hour bacterial growth can be prevented, whereas 5-to-10-min ozonation is
sufficient to keep the bacterial population under control where no damage to hide or
skins is caused by bacteria [134]. Ozonation was also explored for sulphide-free
dehairing of hides and skins; by using ozone complete dehairing can be achieved
with significantly less environmental impacts compared to convention dehairing
using sulphide [135]. With ozone-based dehairing, leather with similar character-
istics obtained to that of conventional lime and sodium sulphide-based dehairing.
The further benefits of ozone-based dehairing are more chromium absorption in
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tanning, more hair recovery and COD reduction in beamhouse effluents; plus reuse
of effluent is possible [136].

Ozonation has been explored as an ecofriendly bleaching treatment for the
decolourization of leather products. Bleaching is a necessary step for the removal of
colour impurities; also for chrome tanned leather which is called wet-blue due to the
blue colour imparted by chromium; conventional bleaching is a wet chemical
process involving chemicals and thus environmental impacts associated with the
process. Decolourization of chrome tanned leather and sheepskin dyed with black
dye was carried out with ozonation using a laboratory-scale ozonator (Lundell
Aquametrics, Inc.) having a 180 mg/h ozone generation capacity connected to the
applicator. Ozone was produced using oxygen gas as feed, and with the ozone
flowrate set to 3 1/min and treatment carried out from 3 to 30 min. An ozonation
time of 30 min was found to be the optimum for decolourization of leather products
[137]. Ozonation has been explored for chamois leather, which is one of the most
popular and economically important leather articles, conventionally made from
lamb or goat skin by the oil tanning technique. With ozonation of oil treated skins,
leather products with similar characteristics to conventional chamois leather can be
produced; ozonation can reduce the oxidation time to 60 min compared to an
oxidation period of 10-12 days required in conventional methods [138].

16.8 Conclusion

The chapter provides an overview of photocatalysis, nonthermal plasma and
ozonation-based technology for a reduction in the environmental impacts associ-
ated with leather production and processing. In this chapter, the leather production
process was described, and the environmental impacts associated with leather
production and processing were displayed. All three technologies are advanced
oxidation processes with different mode of action. Photocatalysis and its variations
as well as nonthermal plasma are considered as physicochemical treatments,
whereas ozonation is considered as a purely chemical treatment, though the ozone
generator is chiefly based on the nonthermal plasma silent discharge as air or
oxygen. All three techniques were explored extensively for treatment and control
of pollution from leather production and processing. As set forth in this chapter,
photocatalysis, nonthermal plasma and ozonation all exhibit great potential for the
control and treatment of pollution generated from leather industries. Thus, this
chapter will certainly be useful to researchers and stockholders working in this
field.
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