


Waste Biorefinery
Integrating Biorefineries for Waste Valorisation

Edited by

Thallada Bhaskar
Biomass Conversion Area,

Material Resource Efficiency Division,
CSIR-Indian Institute of Petroleum, Dehradun, India

Ashok Pandey
Centre for Innovation and Translational Research,

CSIR-Indian Institute of Toxicology Research, Lucknow, India

Eldon R. Rene
IHE Delft Institute for Water Education, Delft, The Netherlands

Daniel C.W. Tsang
Department of Civil and Environmental Engineering,
The Hong Kong Polytechnic University, Hong Kong



Elsevier
Radarweg 29, PO Box 211, 1000 AE Amsterdam, Netherlands
The Boulevard, Langford Lane, Kidlington, Oxford OX5 1GB, United Kingdom
50 Hampshire Street, 5th Floor, Cambridge, MA 02139, United States

Copyright © 2020 Elsevier B.V. All rights reserved.

No part of this publication may be reproduced or transmitted in any form or by any means, electronic or
mechanical, including photocopying, recording, or any information storage and retrieval system, without
permission in writing from the publisher. Details on how to seek permission, further information about the
Publisher’s permissions policies and our arrangements with organizations such as the Copyright Clearance
Center and the Copyright Licensing Agency, can be found at our website: www.elsevier.com/permissions.

This book and the individual contributions contained in it are protected under copyright by the Publisher
(other than as may be noted herein).

Notices
Knowledge and best practice in this field are constantly changing. As new research and experience broaden
our understanding, changes in research methods, professional practices, or medical treatment may become
necessary.

Practitioners and researchers must always rely on their own experience and knowledge in evaluating and using
any information, methods, compounds, or experiments described herein. In using such information or
methods they should be mindful of their own safety and the safety of others, including parties for whom they
have a professional responsibility.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or editors, assume any
liability for any injury and/or damage to persons or property as a matter of products liability, negligence or
otherwise, or from any use or operation of any methods, products, instructions, or ideas contained in the
material herein.

Library of Congress Cataloging-in-Publication Data
A catalog record for this book is available from the Library of Congress

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

ISBN: 978-0-12-818228-4

For information on all Elsevier publications visit our website at
https://www.elsevier.com/books-and-journals

Publisher: Susan Dennis
Acquisitions Editor: Kostas KI Marinakis
Editorial Project Manager: Emerald Li
Production Project Manager: Selvaraj Raviraj
Cover Designer: Miles Hitchen

Typeset by TNQ Technologies

http://www.elsevier.com/permissions
https://www.elsevier.com/books-and-journals


CHAPTER 25

Tannery wastewater treatment and
resource recovery options
Hassan Sawalha1, Maher Al-Jabari1, Amer Elhamouz2, Abdelrahim Abusafa2,
Eldon R. Rene3
1Renewable Energy and Environment Research Unit, Mechanical Engineering Department, Palestine
Polytechnic University, Hebron, Palestine; 2Chemical Engineering Department, An-Najah National
University, Nablus, Palestine; 3Department of Environmental Engineering and Water Technology,
IHE Delft Institute for Water Education, Delft, The Netherlands

25.1 Introduction

The production of leather from rawhides, which is called tanning, has been considered as

one of the most important industrial processes since ancient times. For centuries, leather

was one of the few available materials for the production of high durability garments and

footwear. Nowadays, leather is still one of the leading materials for clothing and footwear

production due to its unique properties [1].

In tanneries, the wastewater steam is often characterized by high concentrations of

pollutants with low biodegradability and it is a major challenge both technologically and

environmentally [2e8]. Tanning industry wastes cause deleterious effects on the water,

terrestrial, and atmospheric systems due to its high oxygen demand, discoloration, and

toxic chemical constituents in liquid, solid and gaseous phases. Many toxic chemicals such

as chromium, titanium, caustic soda, ammonium sulfate, sodium sulfide, lime, formic acid,

sulfuric acid, enzymes, dyes, sodium formate, sodium bicarbonate, soap, and detergents

are used in the tanneries. Researchers have proposed new technologies for the treatment of

waste streams and recover valuable resources from these wastes [9e12]. Researchers have

also proposed strategies for substituting the more toxic and valuable materials used in the

tanning process with the help of environmental friendly materials [13].

Wastewater from the tanning industry contains chromium, a toxic heavy metal, high

chemical oxygen demand (COD), chlorides, and sulfides [8]. From a legislative view

point, Hassen and Woldeamanuale [7] reported that the wastewater quality from various

tanning processes does not comply with the discharge limits of water that can be

discharged to the sewer networks. Reusing the treated wastewater in the tanning processes
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has also been suggested an option as long as the water does not cause damage to the

quality of leather [5]. Electrocoagulation with aluminum electrodes was also

recommended for the removal of chromium and COD from the wastewater [6]. In that

study, duralumin aluminum alloy was found to be more efficient for COD and chromium

removal than pure aluminum electrodes. In another study, Abdulla et al. [4] showed that

w98% of the chromium could be recovered from the waste water through the process of

chemical precipitation with lime.

From a life-cycle assessment (LCA) perspective, a recent study has shown that the use of

a large amount of chemicals as well as the production and transportation of rawhides for

the leather tanning process was shown as the main contributor to the environmental impact

in the leather industry [14]. In other studies, environmental impact of the leather tanning

industry was shown to increase with the use of end-of-pipe treatment technologies because

large amount of chemicals and energy is being continuously used for waste treatment.

Besides, the feasibility of chromium recovery was also shown to increase when the

concentration of the metals were high in the tannery sludge and when resource recovery

based options are applied at the industrial scale [15,16]. In this chapter, some of the most

recent techniques, tools and technologies used to remove, recycle or replace tannery waste

chemicals, and in particular, chromium and sodium sulfide, are discussed. Moreover,

options for composting the wastes and recovery of the enzymes and other value-added

products such as protein and fats have been discussed from an application viewpoint.

25.2 Tannery waste characterization

The modern leather industry is based on hides which are a byproduct of the meat industry.

In this aspect, tanneries reuse waste materials from other process industries. On the other

hand, the tanning processes generate even greater quantities of byproducts and wastes than

those of the finished leather. Tannery waste typically contains a complex mixture of both

organic and inorganic chemicals. The major public concern over tanneries has traditionally

been about the generation of odors and water pollution from untreated discharges. The

most important pollutants associated with the tanning industry include chlorides, tannins,

chromium, sulfate, and sulfides and other trace organic chemicals [2,17e19]. In terms of

quantity, an average of 30e35 m3 of wastewater is produced per ton of rawhide processed.

However, wastewater production varies in a rather wide range (10e100 m3 per ton hide)

depending on the raw material, the finishing product, and the production processes [2].

Tables 25.1 and 25.2 show the amount of released waste and the main wastewater

characteristics from various leather making processes for two tanneries located in the

cities of Hebron and Nablus in Palestine. The main pollution characteristics of wastewater

released from the two local tanneries including chemical oxygen demand (COD), total

solids (TS), pH, concentrations of chloride, and total chromium were determined by
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collecting representative wastewater samples from the tanneries. Characterization of such

processes effluents assists in identifying the waste generation rates and discharges and for

suggesting cleaner production options. Interestingly, the amount of wastewater produced in

Table 25.1: The leather manufacturing chemical processes showing the operational time, wastes

generated and main wastewater characteristics for a tannery in Hebron, Palestine [20].a

Processing time Wastes generated Wastewater characteristics

Soaking
(24e48 h)

z1.5 m3 WW/ton
(Salt, dirt, fats, soap)

COD (�103) 29
TS (�103) 125

pH 6.33
Chloride (�103) 200
Total chromium 0

Hair removal and liming
(48 h for goat skin and 18 h

for cow hides)

z1.2 m3 WW/ton
(Sulfide, very toxic [7])

Lime and hair

COD (�103) 167
TS (�103) 140

pH 12.41
Chloride (�103) 42.5
Total chromium 0

Deliming
(3.17 h)

Stage wise:
40, 90, and then 60 min

1 m3 WW/ton from each stage COD (�103) 10.4
TS (�103) 37.4

pH 9.8
Chloride (�103) 10.5
Total chromium 0

Pickling
(2.7 h mixing)

Then
Hides are left in the drum
overnight: pH 2.5e2.8

Zero waste COD (�103) 8.98
TS(�103) 105

pH 4.65
Chloride (�103) 35
Total chromium 0

Tanning
(8 h mixing)

Then
Hides are left in the drum for

24 h

0.8 m3 WW/ton
(Chromium)

COD (�103) 7.39
TS (�103) 77.6

pH 3.65
Chloride (�103) 27.5
Total chromium 3506

aAll values, except for pH, are expressed in mg/L.

Table 25.2: Wastewater characteristics for a tannery in Hebron, Palestine.

Process/parameter Soaking Liming Deliming Pickling Tanning Combined in the pool

pH 6.73 12.37 10.89 <2.00 4.6 12
COD (mg/L) 10,870 32,425 3,800 3,130 12,600
BOD5 (mg/L) 3,560 1,510 750 480 4,050
Cl� (mg/L) 17,750 13,500 1,500 0 13,250

SO4
2� (mg/L) 545 3,100 1,240 1,396 436

SS (mg/L) 2,885 5,093 572 522 4,955
Ammonia 60 80

Total chromium (mg/L) 3,600 280
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the local Palestinian tanneries is much lower than those produced worldwide, however, it

is more concentrated with a wide variety of toxic pollutants (Table 25.3). The liming

process has the highest COD and the highest pH value, while the tanning process releases

wastewater highly concentrated with chromium.

According to the FAO (Food and Agriculture Organization) statistics, the worldwide

annual production of bovine hides and skins amounts to w6 million ton (wet salted

weight). Sheepskins, lambskins, goatskins and kidskins accounts for w600,000 ton

(dry weight). The world leather production generates about 3.0e3.5 million tons of

solid wastes. One ton of wet salted hides yields only w200 kg of leather. The rest,

w800 kg becomes a waste, including tanned solid waste (w250 kg), nontanned waste

(w350 kg) and waste lost together with wastewater (w200 kg) [22]. The amount of

water required for the processing of 1000 kg of hides amounts to w45e50 m3.

Typically, for processing w1000 kg of hides, w400 kg of chemicals is required,

including sodium chloride, lime, sodium sulfide, sulfuric acid, basic chromium

sulfate, and others [23].

These complex characteristics of wastewater requires appropriate treatment in order to

meet the legislative environmental discharge standards. The chemical composition of

untreated hide or skin waste (fleshing, trimming, splits) depends mainly on the type and

quality of the raw material used, the processing steps and the process operating conditions.

The main components are proteins and fat contributing to w10.5% (w/w) for both groups,

while the water content is w60%. These wastes also contain small amounts of mineral

substances, 2%e6% (w/w) [1]. The tanned leather wastes are mainly useless splits,

shavings and trimmings. These waste groups differ mostly in size and shape, while the

chemical composition is usually comparable. They contain 3%e6% (w/w) of fat and

w15% (w/w) of mineral components, including 3.5%e4.5% (w/w) of chromium in the

form of Cr2O3 [1].

Moreover, tanneries emit odors and other volatile organic compounds during the tanning

processes [24], as well as from the biological (natural) decomposition processes that

occurs during the storage of rawhides, wastewater, among others. Pollutants as ammonia,

hydrogen sulfide, volatile hydrocarbons, amines, and aldehydes are emitted from tanneries.

Landfilling of tannery wastes have also shown to pose serious threats to the environment

[25]. The nontanned waste undergoes biological degradation, which may be the main

source of pathogenic bacteria and volatile organic compounds emission [1]. For example,

the release of chlorinated phenols and chromium were found to be closely associated with

tannery wastes.

Chromium, as an inorganic pollutant, is a transition metal and it exists in several oxidation

states. The trivalent (Cr3þ) and hexavalent (Cr6þ) species are the most common forms.

Other pollutants of concern within the tanning industry include azo dyes, cadmium
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Table 25.3: Average composition of tannery effluent bath.

Parameters

Soaking Unhairing liming Bating deliming Pickling Chrome tanning Re-tanning

Min Max Min Max Min Max Min Max Min Max

pH 6 10 12.5 13 6 11 4 3.2 4 10
7.7 11.9 8.6 3.6 5

T [�C] 10 30 10 25 20 35 e e 20 60
BOD5 [mg/L] 2,000 5,000 5,000 20,000 1,000 4,000 100 250 6,000 15,000
COD [mg/L] 3,000 6,000 e e e e 1,000 300 e e

5,000 11,800 20,000 40,000 2,500 7,000 800 400 15,000 75,000
31,000 58,000 5,325 2,900 4,365

TSS [mg/L] 25,000 40,000 e e e e 30,000 70,000 e e
2,300 6,700 6,700 25,000 2,500 10,000 e e e e

TDS [mg/L] 22,000 33,000 e e e e 29,000 67,000 e e
Cl� [mg/L] 15,000 30,000 e e e e 20,000 30,000 e e

17,000 50,000 3,300 25,000 2,500 15,000 8,950 2,000 5,000 10,000
Sulfides [mg/L] 0 700 2,000 3,300 25 250 e e e e

e 2,650 134 e e
Cr(III) [mg/L] e e e e e e e 4,100 0 3,000

NH3eN 850 380 3,800 670 530

Adopted from Lofrano G, Meric S, Belgiorno V. Tannery wastewater treatment by advanced oxidation processes. In: Water, wastewater and soil treatment by advanced oxidation processes
(AOPs); 2011. p. 197 [chapter 13].
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compounds, cobalt, copper, antimony, barium, lead, selenium, mercury, zinc, arsenic,

polychlorinated biphenyls (PCB), nickel, formaldehyde-based resins, and several pesticide

residues [26].

25.3 Tanning process

The tanning process consists of a series of several mechanical and chemical steps/stages

as shown in Fig. 25.1. They can be further divided into three fundamental subprocesses,

namely the preparatory stage, tanning and crusting. The first subprocess includes

preservation, soaking, liming, unhairing, fleshing, splitting, bating, degreasing, and

pickling. After that, the pretreated raw material is tanned [27]. During the tanning

process, the protein of the rawhide or skin is converted into a stable nonputrefactive

material. Chromium (III) compounds are commonly used as the tanning agent (in w90%

of the tanneries worldwide). Crusting consist of stages such as thinning, retanning,

lubrication, and coloring steps. Thereafter, the tanned leather is subjected to a finishing

step, which gives it the required pattern, gloss or waterproof qualities. The finishing

operations includes oiling, brushing, impregnation, polishing, embossing, glazing, and

tumbling [1].

25.4 Tannery waste treatment options

The treatment of tannery waste is rather difficult compared to other industrial waste

and there is no standalone method for its comprehensive utilization. Usually, the

nontanned waste is used as a raw material for the production of glue, gelatin, protein

sheaths, and fertilizers. This waste is also suitable as a substrate for biogas production

in anaerobic digesters. Recently, numerous treatment technologies have been proposed

by researchers to treat the toxic effluents generated from tanneries. For example, raw

vegetable tannery wastewater was treated following the coagulationeflocculation

method with poly aluminum chloride (PACL) as a standalone process and in

combination with a coagulant [28]. In that report, the removal efficiency of COD, TSS,

and color was low when PACL was used as a standalone strategy, whereas the COD,

TSS, and color removal significantly improved when PACL was used in combination

with a flocculent [28]. In another study, bittern was used as coagulant, ozone for

oxidation and activated carbon for adsorption. The combined process resulted in the

reduction of suspended solids (SS), color, turbidity, chromium, and nitrogen from

wastewater. Apart from these methods, the conventional activated sludge process (ASP),

both as a standalone treatment step or in combination with several physicochemical

technologies, has also been tested for tannery wastewater treatment and very high

removals of BOD and COD has been reported [29].
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Figure 25.1
Steps involved in the leather tanning process. Adopted from Lofrano G, et al. Chemical and biological
treatment technologies for leather tannery chemicals and wastewaters: a review. The Science of the Total Envi-

ronment 2013;461:265e81.
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25.5 Chromium removal and recovery

Chromium (III) is the most utilized tanning agent and it is crucial to tanning

industries because of easy processing and high-quality end products. Chromium salts

are added to the hide during tanning step to create crosslinking between collagen

fibers to make the hide resistant to putrefaction, durable and flexible. The

concentration of chromium (III) in the tannery spent liquor effluent ranges between

2000 and 5000 mg/L which cannot be discharged into the environment [30]. The

tanned waste contains up to 4.5% (w/w) of chromium, mostly as relatively nontoxic

to living organisms. It can, however, undergo oxidation to chromium (VI) which is

known for its carcinogenic properties. The disposal of chromium in tannery waste is

significant, about 30,000 ton per year, worldwide. The environmental effects of such

proceedings go far beyond the potential contamination of the environment. The

chronic exposure to chromium via inhalation, ingestion, or dermal contact may cause

adverse health effects. Moreover, the reuse of chromium from tannery waste could

help save energy and financial expenditure for chromium ore output and processing.

Therefore, the residual chromium (III) should be recovered by the environment-

friendly and sustainable methods [30].

25.5.1 Membrane electroflotation

Electrocoagulation (EC) with electroflotation (EF) process is a hybrid approach that

has been tested for the removal of heavy metals from polluted water [30]. EC

process coagulates the dissolved heavy metals using soluble iron or aluminum as an

anode and the coagulated heavy metals are floated to the surface by the hydrogen/

oxygen bubbles that are evolved from the electrodes during the EF process. The

removal of chromium (III) from tannery effluent using different anodes such as

titanium, iron, and graphite was reported [31]. In that study, the authors have

reported that soluble iron anode resulted in better efficiency (95% removal) by EC,

and insoluble titanium and graphite did not remove chromium (III) by the standalone

EF process. It is noteworthy to mention that the hybrid EC-EF process generates

iron/aluminum containing sludge which cannot be reused, thereby requiring further

treatment of the sludge. Besides, in that study, a two-compartment membrane

electrochemical reactor was successfully used for the recovery of chromium (III),

without oxidizing chromium to chromium (VI), in high chloride containing tannery

spent liquor effluent collected from CSIR-CLRI (Central Leather Research Institute).

Fig. 25.2 shows the removal rate of chromium (III) and the changes in the pH of

the spent liquor effluent during the EF process in a two-compartment electrochemical

membrane cell.
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In the single compartment, oxidation of chromium (III) to chromium (VI) was observed

[31]. The anodic evolution of chlorine in the anode leads to the accumulation of active

chlorine species (HOCl and OCl-) in the effluent. These active chlorine species leads to

the oxidation of chromium (III) to chromium (VI), which is highly toxic. Furthermore, the

authors also prepared chrome tanning agent from the recovered chromium hydroxide in

order to compare it with the commercially available basic chrome sulfate (BCS). The

chromium content and shrinkage temperature of the wet blue leathers were ascertained in

order to test the tanning efficiency. The chrome tanned leathers were converted into crust

leathers. Table 25.4 shows the measured organoleptic characteristics of crust leathers. In

summary, Cr(OH)3 recovered from the spent liquor effluent by an EF process can be

directly used without any pretreatment.

Figure 25.2
Schematic of the combined membrane filtration (CMF) and reverse osmosis (RO) process.

Adopted from Bhattacharya P, Ghosh S, Mukhopadhyay A. Combination technology of ceramic microfiltration
and biosorbent for treatment and reuse of tannery effluent from different streams: response of defence system

in Euphorbia sp. International Journal of Recycling of Organic Waste in Agriculture 2013;2(1):19.

Table 25.4: Organoleptic parameters of crust leathers made from the

recovered chromium (scale 0e10).

Control Experiment

Smoothness 9 9
Tightness 8 8.5
Fullness 8.5 8
Overall 9 9

Adopted from Selvaraj R, et al. A membrane electroflotation process for recovery of recyclable chro-
mium (III) from tannery spent liquor effluent. Journal of Hazardous Materials 2018;346:133e9.
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25.5.2 Ceramic microfiltration and reverse osmosis

To overcome the drawbacks associated with conventional treatment processes, several new

and cleaner technologies have been proposed by researchers and membrane processes have

recently gained importance for treating tannery wastewater [31]. The treatment of tannery

wastewater collected from beam house units with nanofiltration (NF) and reverse osmosis

(RO) has been reported [29,32]. According to the authors, the treatment consists of

different steps including biological pretreatment, physicochemical process using a

polymeric coagulant, and finally RO using membranes. This combined treatment method

resulted in satisfactory removal of the contaminants from wastewater, and the treated

water was found to be suitable for reuse.

Nevertheless, the commonly used polymeric membranes have drawbacks such as lower

thermal and acid-alkali resistance. Ceramic membrane can operate at a wide range of

temperature and are stable even under harsh operating environments of acid and alkali.

They have narrow and well-defined pore size distribution and excellent chemical

resistance against strong cleaning agents which ensures the stability of membrane

performance for a longer period of time. Ceramic membranes have been effectively

used for the treatment of industrial and domestic wastewater. Fig. 25.2 illustrates the

schematic of a combined MF and RO process. The sludge produced from the MF is

subjected to RO as the second step of treatment. Pretreatment is essential for RO

process since fouling occurs in the RO membrane due to hard scales and soft

amorphous complexes present in wastewater [33].

According to Bhattacharya et al. [29], w91% reduction in COD and BOD, 62%

reduction in TOC, and complete removal of sulfide can be obtained in the direct

microfiltration process, while the turbidity can be reduced to below 1 NTU

(Nephelometric Turbidity Units). The RO process results in w99% reduction of TOC

and 82% reduction of sodium, while the turbidity value was w0.025 NTU. Compared to

the several stages in the conventional effluent treatment process, the proposed two-stage

process is able to successfully reduce the COD, BOD, and heavy metal content in

wastewater. The authors also compared the physical properties between leathers

produced by fresh water and the treated water [30]. Table 25.5 shows the characteristics

of the leather produced with fresh and treated water. Interestingly, the leather produced

using treated water was of better quality compared to that of the control (i.e., fresh

water) in terms of the physical properties. Dye uptake by leather was more in case of

leather samples prepared with the treated effluent. The tensile strength of this leather was

w19% more than that of leather tanned using fresh water. The elongation was w38%

compared to the control (31.8%). Full crack in conventional leather occurred at 845 kg/

cm (fresh water), while the crack occurred at 918 kg/cm in the case of the leather tanned

using treated water.
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Accordingly, the proposed process reduces the cost of treatment compared to that of the

conventional treatment. The process may be up-scaled further for proper implementation

in industries. This technology would be of great help to reduce the freshwater

consumption that is used in large quantities in tanneries, i.e., about 100,000 ton, and also

wasted in large quantities (w80,000 tons).

25.5.3 Biological treatment

The main advantages of biological treatment methods are: (1) low capital and operating

costs compared to conventional chemical oxidation processes; (2) complete mineralization

of organics, versus mere phase separation, such as with air stripping or activated carbon

based adsorption; (3) oxidation of a wide variety of organic compounds; (4) removal of

reduced inorganic compounds such as sulfides and ammonia; (5) total nitrogen removal

through denitrification; (6) operational flexibility to handle a wide range of flow rates and

wastewater characteristics; and (7) reduction of aquatic toxicity [17].

25.5.3.1 Coagulation and flocculation

Coagulationeflocculation (CF) of tannery wastewater has been reported in the literature

using inorganic coagulants such as aluminum sulfate, ferric chloride, and ferrous sulfate to

reduce the organic load (COD) and suspended solids (SS) as well as to remove the toxic

heavy metals, e.g., chromium, before biological treatment [2]. According to the authors,

total chromium was also effectively removed by alum, while it was completely removed

using ferric chloride. Moreover, 40%e70% removal of COD and >99% of total chromium

from leather tanning wastewater using FeSO4, FeCl3, and alum was achieved [2]. In

summary, 30%e37% of total COD removal, 74%e99% of chromium removal and

Table 25.5: Physical properties of the tanned leather using fresh and treated water.

Leather

Tensile

strength

(kg/cm2)

Stitch tear

strength

(kg/cm)

Grain

crackness

(kg/cm)

Percent

elongation

(%)

Extension at

grain crack

(%)

Dye

uptake

(l360)

Just crack Full crack

Conventional
method

558 135 279 845 31.8 12.6 867

RO permeate 691 217 384 918 38 13.9 2.839

Adopted from Bhattacharya P, Ghosh S, Mukhopadhyay A. Combination technology of ceramic microfiltration and biosorbent for treatment
and reuse of tannery effluent from different streams: response of defence system in Euphorbia sp. International Journal of Recycling of
Organic Waste in Agriculture 2013;2(1):19.
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38%e46% of suspended solids removal was achieved using 800 mg/L of alum, at pH 7.5

for presettled tannery wastewater containing 260 mg/L of SS, 16.8 mg/L of chromium, and

3300 mg/L of COD, at pH 9.2.

25.5.3.2 Bioleaching

Bioleaching has been developed as a successful and cost-effective way to remove Cr (III)

from tannery sludge [34,35]. According to Ma et al. [36], Cr (III) can be solubilized by

tannery sludge acidification through both direct and indirect mechanisms driven by

Acidithiobacillus species, mainly Acidithiobacillus ferrooxidans and Acidithiobacillus

thiooxidans. The authors observed that bioleaching of Cr (III) from tannery sludge using

the mixture of indigenous iron- and sulfur-oxidizing bacteria could result in 100%

oxidation of Fe2þ to Fe3þ in the bioleachate, while the dissolved chromium concentration

reached its maximum removal of 95.6%. Tannery sludge usually contains high

concentrations of chromium, iron, some suspended solids, and soluble organic matter. The

chromium recovered from the bioleaching process could be reused in the tanning process,

but the bioleachate containing large amount of iron would affect chromium absorption by

wet blue to a certain extent. At present, in the tanneries, obtaining chromium from the

bioleachate through alkali precipitation makes the chromium mud unrecyclable because

the addition of alkali may precipitate Fe (III) and Cr (III) at the same time. Therefore, it is

worthwhile to reuse Fe (III) and Cr (III) in the tanning process rather than to separate

them from the bioleachate.

Ma et al. [36] suggested that Cr (III) and Fe (III) can be separated by adjusting the pH of

the bioleachate as the Cr (III) precipitates at a pH of 4.60, and complete precipitation can

be achieved at a pH of 5.6. On the other hand, Fe (III) begins to precipitate at a pH of

1.81 and it can be completely precipitated at a pH of 2.81 (Fig. 25.3). Therefore, Cr (III)

and Fe (III), theoretically, can be separated by adding alkaline to the solution. However,

Cr (III) and Fe (III) cannot be effectively separated by directly adding hydroxide to

regulate the pH.

Ma et al. [36] compared chromium tanned leather with chromium-iron tanned leather in

terms of its physical, mechanical and sanitation properties. According to the information

shown in Table 25.6, the chromium-iron tanned leather offered better properties, except for

the slightly lower water vapor permeability. The better performance in tensile strength,

tear strength and break load revealed that the presence of iron content in the prepared

chromium-iron tanning agent could enhance toughening of leather collagen.

25.6 Sodium sulfide recovery and removal

The most versatile and commonly used depilation agent in the leather industry is sodium

sulfide. During the depilation process, sodium sulfide can either be used alone or in

690 Chapter 25



combination with Ca(OH)2. This process using sodium sulfide and Ca(OH)2 is typically

responsible for 84% of the biochemical oxygen demand (BOD), 75% of the chemical

oxygen demand (COD) and 92% of the suspended solids of pretanning effluent. Moreover,

Figure 25.3
Variation of the concentration of Cr (III) and Fe (III) at different pH values. Adopted from Ma H,
et al. Chromium recovery from tannery sludge by bioleaching and its reuse in tanning process. Journal of

Cleaner Production 2017;142:2752e60.

Table 25.6: Physical and mechanical properties of crust leathers.

Parameters Chromium Chromium-iron

Tensile strength N/mm2 15.4 21.4
Elongation under specific

load
% 17 14

Elongation at break % 40 41
Tear strength N/mm 67.9 84.6
Break load kg 10 21
Break height mm 9.8 12

Water vapor permeability mL/
(10 cm2 24 h)

271.2 230.5

Air permeability mL/
(10 cm2 24 h)

7.26 50.57

Substance increase % 25.4 42.3

Adopted from Ma H, et al. Chromium recovery from tannery sludge by bioleaching and its reuse in tanning
process. Journal of Cleaner Production 2017;142:2752e60.
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the use of lime during the unhairing process requires its removal, and this is usually done

by the addition of ammonium salts. These salts contribute to high amounts of nitrogen in

the wastewater. From a cleaner production view point, a replacement of this process using

a less polluting process is required in order to sustainably operate the leather

manufacturing process [37].

25.6.1 Enzymatic unhairing

Among the different new technologies, the use of proteolytic enzymes has been

experimentally tested for the unhairing process [38]. Despite being consolidated for other

industrial applications, the use of enzymes in the leather industry is not usually common.

In the tanneries operating in south Brazil, only 22% use a safer unhairing process,

substituting sulfides for other chemicals such as amines, while 78% use sulfides and none

of the companies use enzymes [39]. The enzymatic unhairing is a very special case of the

application of enzymes in the beam house, wherein proteolytic enzymes attack the hair

roots and the epidermis. In this process, the amount of chemicals added to significantly

less compared to the conventional unhairing process [40].

Dettmer et al. [39] obtained the enzymatic preparations from cultures of Bacillus subtilis,

a bacterium isolated from local tannery sludge. The authors performed kinetic studies to

determine the time required for enzymatic unhairing. The results showed that, after 6 h it

is possible to obtain hides successfully unhaired, without causing damages on the grain

and with satisfactory removal of interfibrillary proteins. The processing time for the entire

unhairing procedure using enzymes varies from 24 h for cattle hides, 18 h for goat skins,

and up to 12 h for pig skins. In this enzymatic unhairing procedure, there is no

requirement of mechanical force, or the assistance of knifes or blades. Fig. 25.4 shows the

photographs of the skin after enzymatic unhairing [39]. The authors also measured the

chromium content in the leather, along with the tensile strength and elongation, and

the tear strength of all the leather samples. The results of their measurements are shown in

Table 25.7.

25.6.2 Aqueous ionic liquid solution

Several alternative reagents have been studied as a means to carry out the reductive

cleavage of sulfide linkages that is required. Enzymes are also sensitive to storage

conditions and the temperature at which they are employed and such variations can yield

inconsistent results. These limitations have prompted research into oxidative processes

using hydrogen peroxide. Even though the depilation obtained by this method has been

satisfactory, the damages caused to the finished product is unacceptable. There have also

been reports on using alkaline calcium peroxide (at a pH of 13.5 and temperature of 45�C)
to loosen the hair (Table 25.8) [42]. However, the process suffers from the generation of

692 Chapter 25



toxic products. Recently, the use of ozone as an oxidizing agent has been studied. There

is, however, the need for specialized equipment’s for the production of ozone which adds

to the investment and operational cost of the process.

In another work [41], a wider range of “reducing” ionic liquids of aprotic cations,

including salts of the thioglycolate anion and the dihydrogen phosphite anion was tested.

The aim of that work was to reduce the SeS linkages in the depilation process and

thereby use them as the active agent in aqueous solution for the removal of keratinous

Figure 25.4
Optical microscopy images of enzymatic unhairing: leftdcontrol and rightdafter 6 h of

enzymatic treatment. Adopted from Dettmer A, et al. Environmentally friendly hide unhairing: enzymatic
hide processing for the replacement of sodium sulfide and delimig. Journal of Cleaner Production

2013;47:11e8.

Table 25.7: Comparison of physical and mechanical proprieties, chromium content in

leather, and shrinkage temperature of chromium tanned leather.

Direction Conventional process Enzymatic process

Tensile strength (MPa) Along
Across

78.53 � 9.95
75.25 � 4.49

70.10 � 1.02
67.52 � 8.94

Elongation at break (%) Along
Across

42.11 � 22.32
39.47 � 20.09

73.68 � 29.77
76.32 � 26.05

Tear strength (N/mm) Along
Across

35.83 � 2.76
35.25 � 4.03

39.72 � 1.96
33.75 � 2.53

% Chrome
Shrinkage temperature (�C)

3.03 � 0.01
96 � 1.41

3.02 � 0.04
96 � 0.71

Adopted from Dettmer A, et al. Environmentally friendly hide unhairing: enzymatic hide processing for the replacement of sodium
sulfide and delimig. Journal of Cleaner Production 2013;47:11e8.
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materials. The depilation process, as shown in Fig. 25.5, is the same as the conventional

process, except that the active agent is an ionic liquid solution instead of sodium sulfide. It

can be seen from Table 25.8 that the solutions based on the thioglycolate anion

outperforms the dihydrogen phosphite, as well as the sodium sulfide and sodium

thioglycolate, in term of its depilation ability.

Table 25.8: Depilation using different ionic liquid solutions and

Ca(OH)2.

Sample

Depilation ability (assessed by

leather experts)

Ca(OH)2 þ [TBA][Phos] 1
Ca(OH)2 þ [Cho][TG] 5
Ca(OH)2 þ [TBA][TG] 5
Ca(OH)2 þ [Chol][Phos] 2
Ca(OH)2 þ [TIBA][Phos] 1

Ca(OH)2 þ sulfide 4
Ca(OH)2 þ sodium

thioglycolate
3

Ca(OH)2 (without sulfide) 1

Note: a Depilation ability: 1 ¼ very poor; 2 ¼ poor; 3 ¼ fair; 4 ¼ good;
5 ¼ excellent. b Concentration of ionic liquids used in the experiments: [TBA]
[TG], [TBA][Phos], [TIBA][Phos] and [TIBA][TG] ¼ 0.1 mol/kg (hide).
Adopted from Vijayaraghavan R, et al. Aqueous ionic liquid solutions as alternatives for
sulphide-free leather processing. Green Chemistry 2015;17(2):1001e7.

Figure 25.5
Comparison of depilation processes using choline thioglycolate and sodium sulfide. Adopted from
Vijayaraghavan R, et al. Aqueous ionic liquid solutions as alternatives for sulphide-free leather processing.

Green Chemistry 2015;17(2):1001e7.
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25.7 Composting of wastes

Hair waste is one of the most important solid waste generated from tanneries. Keratin is a

fibrous protein structural protein which offers high resistance to degradation. Generally,

unhairing has been done by dissolving the hair waste with chemicals, i.e., Na2S, which

becomes a wastewater pollutant and thus it requires further treatment [42]. Dumping or

landfilling have been conventionally used for the disposal of tannery solid waste; however,

it causes severe environmental problems, i.e., due to the slow degradation process, and it

requires a large area to prevent the leaching of toxic compounds [43]. In addition to the

solid hair waste, tannery sludge contains high chromium and other chemicals, e.g., salts

and carbonate, which can cause pollution problems when the sludge is applied to the soil.

Tannery sludge is also problematic if the disposal does not have a good management

practice, particularly leachate and toxic gases from landfills. The applications of

composting of tannery sludge shown to improve the soil quality [44]. Composting is one

of the alternative treatment options due to its inexpensive operating cost and production of

valuable organic fertilizers. Besides, the composting of hair contains high organic matter

and nitrogen content which is preferable to the soil [45]. Composting provides the required

conditions for tannery solid waste degradation including thermophilic temperature

(40e50�C), proper moisture content (55%e65%) and adequate carbon to nitrogen ration

(C/N ¼ 20:1e35:1) [46].

In order to have a good quality compost for soil application, the tannery waste is usually

cocomposted with other organic wastes, i.e., food waste [47], raw sludge from municipal

waste and deink sludge [45]. As the solid waste from tannery contains high polymeric

material such as protein, lipid, and carbohydrate, the hydrolysis process of tannery solid

waste is occasionally provided before the composting process. During hydrolysis, some

mixed bacterial culture is added to accelerate the reaction, leading to an effective

composting process [48].

Composting is a sustainable and effective technology for solid residues. Composting

tannery sludge for soil application offers the following advantages [49]:

• To improve the soil moisture content

• To increase the soil resistance to pets and diseases

• To prevent soil erosion

25.7.1 Case studies

25.7.1.1 Aerated composting in MAHK & Sons, Ranipet, India

This tannery operates using wet salting for buffalo hides and chrome tanning to finish the

leather product [50]. Composting is being carried under a shelter (Fig. 25.6). The area for
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composting is 1200 m2 under the shelter, therefore sieving the harvested compost and

storage can be done in the same area. The composting composition consists of fleshing

waste, paddy straw, green biomass, and cow dung.

25.7.1.2 Aerated composting in Shafeeq Shameel & Co. (SSC), Ambur, India

This tannery processes raw skins and chrome tanning of cow and goat skins [50]. The

factory also has a chrome liquor recovery unit. The composting is carried in the open area.

The composting piles are set up on the unused evaporation pans and it is made of granite

and cudappah stones which maintains a proper temperature and moisture content to the

composting piles. The composting composition consisted of fleshing waste, coir pith,

paddy straw, green biomass and cow dung.

25.7.1.3 Pilot scale composter

This case study uses the cocomposting of hair waste generated during the unhairing

process with wastewater treatment sludge [45]. The composting is carried out in a

composter (Fig. 25.7). The attractive point of this composting system is the use of static

respiration indices (SRI) to determine the stability of the compost. Besides, temperature

probes are also fitted inside the composter to monitor the temperature fluctuations during

the day and night (Fig. 25.7).

25.7.1.4 Recovery of enzymes and other value-added products

Tannery produces large amount of fleshing waste containing mainly lipids and proteins

which has potential for various industrial applications [51]. Table 25.9 shows the value-

added products obtained from tannery wastes that can be used in other industries.

Figure 25.6
Composting under the shelter in MAKH & Sons, Ranipet, India. Adopted from Sampathkumar S,

Buljan J. Composting of tannery sludge. United Nations Industrial Development Organization; 2001.
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25.7.2 Recovery of fat

Fats/lipids can be recovered during after lime fleshing. Recovery of fat has been achieved

using enzymatic process which could yield w92% of soluble fat [53]. The recovered fat

can be used for firing the boiler used for generating the steam [54,55]. Fat recovery in

tannery has many advantages, i.e., it decreases the disposal costs and is attractive for the

fuel markets.

Recently, several techniques are used in the industries for fat recovery. A company in

Germany, Flottweg, has introduced the technology of centrifuge for limed fleshing coupled

to a fat recovery unit (Fig. 25.8). Flottweg carried out animal fat recovery using a

Tricanter processing limed fleshing. Subsequently, the recovered fat was used as a fuel for

Table 25.9: The applications of value-added products obtained from

tannery wastes.

Products Applications

Collagen Drug carrier
Collagen gels Clinical application
Collagen fibers Paper making

Fat Animal feed, fertilizer
Keratin, collagen hydrolysates Glue

Polypeptides Cosmetic and chemical industry
Protein Additive for concrete and ceramic

Shredded trimmings Biodiesel, biomethane
Keratin hydrolysate Cosmetics, animal feed,

fertilizers

Adopted from Sundar VJ, et al. Recovery and utilization of proteinous wastes of leather making: a
review. Reviews in Environmental Science and Bio/Technology 2011;10(2):151e63.

Figure 25.7
Schematic of a pilot scale composter for cocomposting of tannery solid waste and municipal

sludge. Adopted from Barrena R, et al. Co-composting of hair waste from the tanning industry with de-inking
and municipal wastewater sludges. Biodegradation 2007;18(3):257e68.
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a cooker located in the industry. The recovery process has proven to be reliable, efficient

and successful for reducing the disposal costs and earning a profit from the fat recovery

system.

25.7.3 Protein

Proteins during tannery processing can be recovered from wastewater. This liquid waste

usually contains degraded products of proteoglycans and fibrous proteins, i.e., collagenous

and keratin. However, the presence of these proteins significantly increases the

biochemical oxygen demand and COD concentrations in wastewater. Therefore, the

recovery of protein can be an effective option in order to reduce the contaminants in

wastewater and obtain profit from the recovered proteins which has potential applications

in the food and biopharmaceutical industries. Protein extraction techniques have been

previously done using filtration, precipitation, centrifugation and electrophoresis [52].

25.7.3.1 Precipitation

Magnesium ammonium phosphate (MAP) precipitation has been successfully tested for

protein recovery from tannery effluent [56]. It is achieved by the addition of metal ions

Figure 25.8
The centrifuge used for processing limed fleshing coupled to the recovery of fats, located at

Flottweg, Germany.
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(i.e., Fe3þ, Zn2þ, Cd2þ, or Cu2þ) and acidification methods which could recover

w40e90% of the protein. Additionally, using this technology for tannery wastewater

could also remove nitrogen containing pollutants such as ammonia by 85% [56].

25.7.3.2 Aqueous two-phase system

Aqueous two-phase system (ATPS) is a liquideliquid extraction method [57] and it is

considered as an attractive alternative technique compared to the conventional techniques

(e.g., precipitation and filtration). This technique is cost-effective, it requires short

processing time and environmentally friendly [58]. Fig. 25.9 shows the schematic of the

mechanism involved in compound separation. The extraction is easily completed using a

low-speed centrifugation unit. Polyethylene glycol (PEG) and salts are used as the two-

phase liquid. Eventually, the ATPS separates the soluble protein from the contaminants.

25.8 Health and safety aspects

On the basis of human exposure to toxic wastes, tanning industry are considered as the

world dirtiest manufacturing sites. Even under the best practicing circumstances, it can be

a dangerous working place. The factory setting is almost vomit-inducing, a combination of

garbage, rotting animal hides and toxic chemicals, and it lacks an effective management

Figure 25.9
Aqueous two-phase systems using PEG-salt. Adopted from Raja S, Murty VR. Development and evalua-
tion of environmentally benign aqueous two phase systems for the recovery of proteins from tannery waste

water. ISRN Chemical Engineering 2012;2012.

Tannery wastewater treatment and resource recovery options 699



system. The requirements for making a good quality leather is not a clean and white-collar

job. Workers must be provided with gloves, goggles, respirator masks, and boots.

Chemical exposure leads to both short- and long-term medical conditions, lung disease,

mainly asthma, bronchitis, lung cancer, urine bladder cancer, reproductive tract infection,

and also other diseases like stomach discomfort or gastroenteritis [59]. In addition to the

workers, residents living nearby, including small children encounter the chemicals released

from tannery wastewater [60]. With the increasing complexity of industrial processes, the

knowledge of hazards has also increased among the workers and the industrial managers.

The combination of an unorganized industrial and labor structure, subhuman conditions at

the workplace such as unguarded machines, improper handling of raw materials, chemical

leather dust, wet floors, heavy noise, among others, cause different types of health hazards.

According to a recent report, the number of accidents and illness rate is five times higher

in tanneries than other industries [61]. The different types of hazards that tannery workers

are exposed to and the possible reasons can be summarized as follows:

(A) Accident hazard: (1) Slips, trips and falls on the level, especially on wet, slippery or

cluttered floors, while moving heavy loads such as containers of chemicals, bundles of

hides, skin, leather etc.; (2) falls into unguarded tanning vats and pits; (3) electronic

shocks caused by contract with defective and inadequate electric installations; (4)

blows and crushing injuries caused by unguarded rotating or moving parts of machin-

ery; (5) burns caused by contact with hot surfaces or splashes of hot solutions; (6) cuts

and stabs caused by flying particles from rotary buffing machines; and (7) poisoning

of confined spaces, in particular during the cleaning of vats or tanning baths or

removal of clogging in draining pipes.

(B) Physical hazard: (1) Exposure to high noise levels from mechanical equipment (partic-

ularly drums, reverse settling machines, through-feed staking machines); (2) callosities

on hands caused by continuous strenuous work with hands tools; and (3) eye strain

due to poor illumination levels in the tannery.

(C) Chemical hazard: (1) Skin rashes and dermatitis as a result of exposure to cleaners,

solvents, disinfectants, pesticides, leather-processing chemicals, etc.; and (2) allergies-

contact and systematic-caused by many of the chemicals used in tanneries.

(D) Biological hazard: (1) Rawhides and skins may be contaminated with a variety of bac-

teria, molds, yeasts, etc., and various diseases may be transmitted to the tanners; and

(2) large quantities of dust produced during buffering operations would normally be

contaminated with disease-bearing microorganism and putrefaction products.

(E) Ergonomic, psychosocial and organizational factors: (1) Acute musculoskeletal in-

juries caused by physical overexertion and awkward posture while moving heavy or

bulky loads, in particular bundles of hides, skins, and leather; (2) lower back pain due

to prolonged working in a standing or semibending posture; and (3) heating stress,

when working on warm days in premises lacking good ventilation or air conditioning.
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Besides, the workers in the tanneries are also exposed to different unsafe conditions. Some

of the commonly reported situations can be summarized as follows:

(1) Machinery and installation is unprotected with moving machine parts.

(2) Rolling, sliding, thrown parts, hot and cold surfaces, liquids, steam, electrical current,

etc.

(3) Workplace slippery floors, unprotected floor, opening or elevated locations.

(4) Chemical and biological agents, hazardous chemicals, expired chemicals, nonlabeled

bottles and containers.

(5) Contamination due to bacteria, fungus, parasites, virus, mold and yeast.

(6) Working environment, temperature and humidity and illumination level.

25.9 Standards and regulation related to the leather tanning industry

Several international and national agencies have formulated standards and regulations for

the leather industry in terms of the product quality, mechanical, chemical, and physical

characterization tests, as well as environmental and occupational health and safety

regulations. For instance, the International Organization for Standardization (ISO) has

established two standards, one that focuses on rawhides and skins, including pickled pelts,

while the other focuses on tanned leather. Table 25.10 provide some examples of these

agencies and the relevant standards that is related to the tannery industry.

25.10 Conclusions and perspectives

Due to the use of undeveloped and conventional methods, the tannery industry releases

large quantities of toxic chemicals to the environment. Different options have been

recommended by researchers for recovering and recycling the valuable resources from

liquid waste streams, especially, chromium and sodium sulfide, which are used commonly

in this industry. As most of the tanneries in the world are located in the developing

countries, implementing new methods and technologies for cleaner production needs a lot

of efforts and investment, as most of the methods reported in the literature are still at the

lab scale and therefore, they require more research and attention in order to scale up to the

pilot and semiindustrial scale.

From a future perspective, more research and developmental initiatives should be directed

toward the recovery of chemicals and byproducts from the tannery’s effluent. Materials

recovery projects from the tanning effluent should be implemented at the pilot and

industrial levels. Utilization of leather tanning byproducts in other industries should be

facilitated through industrial symbioses and ecoindustrial clusters or parks. Improving the

environmental and economic performance of the leather tanning sector requires integrated
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cleaner production measures, of which resource recovery is a vital option for achieving

zero-waste discharge from this industry.
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[15] Kiliç E, et al. Environmental optimization of chromium recovery from tannery sludge using a life cycle
assessment approach. Journal of Hazardous Materials 2011;192(1):393e401.

[16] Tasca AL, Puccini M. Leather tanning: life cycle assessment of retanning, fatliquoring and dyeing.
Journal of Cleaner Production 2019;226:720e9.

[17] Jahan M, et al. Characterization of tannery wastewater and its treatment by aquatic macrophytes and
algae. Bangladesh Journal of Scientific & Industrial Research 2014;49(4):233e42.

[18] Sabur M, Rahman M, Safiullah S. Treatment of tannery effluent by locally available commercial grade
lime. Journal of Scientific Research 2013;5(1).

[19] Pantazopoulou E, Zouboulis A. Chemical toxicity and ecotoxicity evaluation of tannery sludge stabilized
with ladle furnace slag. Journal of Environmental Management 2018;216:257e62.

[20] Sawalha H, et al. Wastewater from leather tanning and processing in Palestine: Characterization and
management aspects. Journal of Environmental Management 2019;251:109596.

[21] Lofrano G, Meric S, Belgiorno V. Tannery wastewater treatment by advanced oxidation processes. In:
Water, wastewater and soil treatment by advanced oxidation processes (AOPs); 2011. p. 197 [chapter 13].

[22] Kanagaraj J, et al. Solid wastes generation in the leather industry and its utilization for cleaner
environment e a review. Journal of Scientific and Industrial Research 2006;65:541e8.

[23] Joseph K, Nithya N. Material flows in the life cycle of leather. Journal of Cleaner Production
2009;17(7):676e82.

[24] Fela K, et al. Present and prospective leather industry waste disposal. Polish Journal of Chemical
Technology 2011;13(3):53e5.

[25] Celary P, Sobik-Szołtysek J. Vitrification as an alternative to landfilling of tannery sewage sludge. Waste
Management 2014;34(12):2520e7.

[26] Mwinyihija M, et al. Ecological risk assessment of the Kenyan tanning industry. Journal of the American
Leather Chemists Association 2005;100:466.

[27] Covington AD. Tanning chemistry: the science of leather. Royal Society of Chemistry; 2009.
[28] Borchate SS, Kulkarni GSS, Kore VV, Kore S. Application of coagulationeflocculation for vegetable

tannery wastewater. International Journal of Engineering Science and Technology 2012;4(5):1944e8.
[29] Bhattacharya P, Ghosh S, Mukhopadhyay A. Combination technology of ceramic microfiltration and

biosorbent for treatment and reuse of tannery effluent from different streams: response of defence system
in Euphorbia sp. International Journal of Recycling of Organic Waste in Agriculture 2013;2(1):19.

Tannery wastewater treatment and resource recovery options 703



[30] Selvaraj R, et al. A membrane electroflotation process for recovery of recyclable chromium (III) from
tannery spent liquor effluent. Journal of Hazardous Materials 2018;346:133e9.

[31] Suthanthararajan R, et al. Membrane application for recovery and reuse of water from treated tannery
wastewater. Desalination 2004;164(2):151e6.

[32] De Gisi S, Galasso M, De Feo G. Treatment of tannery wastewater through the combination of a
conventional activated sludge process and reverse osmosis with a plane membrane. Desalination
2009;249(1):337e42.

[33] Das C, et al. Treatment of tanning effluent using nanofiltration followed by reverse osmosis. Separation
and Purification Technology 2006;50(3):291e9.

[34] Fang D, Zhou L-X. Enhanced Cr bioleaching efficiency from tannery sludge with coinoculation of
Acidithiobacillus thiooxidans TS6 and Brettanomyces B65 in an air-lift reactor. Chemosphere
2007;69(2):303e10.

[35] Zheng G, Zhou L, Wang S. An acid-tolerant heterotrophic microorganism role in improving tannery
sludge bioleaching conducted in successive multibatch reaction systems. Environmental Science &
Technology 2009;43(11):4151e6.

[36] Ma H, et al. Chromium recovery from tannery sludge by bioleaching and its reuse in tanning process.
Journal of Cleaner Production 2017;142:2752e60.

[37] Andrioli E, Petry L, Gutterres M. Environmentally friendly hide unhairing: enzymatic-oxidative unhairing
as an alternative to use of lime and sodium sulfide. Process Safety and Environmental Protection
2015;93:9e17.

[38] Anzani C, et al. Towards environmentally friendly skin unhairing process: a comparison between
enzymatic and oxidative methods and analysis of the protein fraction of the related wastewaters. Journal
of Cleaner Production 2017;164:1446e54.

[39] Dettmer A, et al. Environmentally friendly hide unhairing: enzymatic hide processing for the replacement
of sodium sulfide and delimig. Journal of Cleaner Production 2013;47:11e8.

[40] Murugappan G, et al. A novel approach to enzymatic unhairing and fiber opening of skin using enzymes
immobilized on magnetite nanoparticles. ACS Sustainable Chemistry & Engineering 2016;4(3):828e34.

[41] Vijayaraghavan R, et al. Aqueous ionic liquid solutions as alternatives for sulphide-free leather
processing. Green Chemistry 2015;17(2):1001e7.

[42] Vidal G, et al. Unhairing effluents treated by an activated sludge system. Journal of Hazardous Materials
2004;112(1e2):143e9.

[43] Santos C, Rodriguez E. Review on some emerging endpoints of chromium (VI) and lead phytotoxicity. In:
Botany. IntechOpen; 2012.

[44] Patel A, Patra D. Influence of heavy metal rich tannery sludge on soil enzymes vis-à-vis growth of
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