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A B S T R A C T   

The main aim of this review was to provide insights on the possible cleaner production (CP) options for leather 
manufacturing industries and propose suitable resource recovery technologies. A real case study from local 
tanneries in Palestine has been presented. All the processes involved in the leather tannery industry have been 
reviewed based on raw materials, processing parameters and effluent composition. The evaluation of the iden-
tified CP options indicates that the most practical option is manipulating the processing parameters of the 
tanning process for increasing its efficiency. The high contents of COD in the released streams from beam house 
operations and of sulfides from the unhearing step also require attention. The different technological options for 
resource recovery, e.g. biogas, chromium, lipids and chemicals, from leather industry wastewater and solid 
wastes were reviewed and discussed.   

1. Introduction 

Leather is one of the important materials that has been traditionally 
used for manufacturing clothes and footwear. The leather is conven-
tionally produced from raw hides after being subjected to various 
physical and chemical-based manufacturing processes. The production 
process starts with a mechanical shaking step for salt removal, then, the 
raw hides are soaked in water with detergents for removing the dirt and 
salts. Thereafter, sodium sulfide and lime and are used for removing 
hair, through swelling and disintegration of the structure of hair pro-
teins. After this step, deliming is performed using ammonium sulfate, 
where the pH is decreased. The pH is decreased further in the pickling 
step by using formic acid. After that, tanning is performed by adding 
chromium sulfate that initiates crosslinking bonds among the collagen 
fibers transforming the raw hide into a flexible resistant structure which 
is durable, stable against putrefaction, and suitable for a wide range of 
purposes. Eventually, dyes and other auxiliary chemicals are added to 
the chromium-tanned leather in order to improve its softness. 

Life cycle analysis of 100 m2 leather carried out by Joseph and 
Nithya (2009) showed that chemicals and energy are the dominant 
resource demands. The highest environmental burdens occur at the 
tanning and finishing stages which have high water (16 m3) and 

chemical (348 kg) consumption; thus, leading to more effluent (14.7 m3) 
and toxic pollutant load. According to Rao et al. (2003), end of pipe 
treatment options are not able to satisfy the expected regulatory stan-
dards and hence, there is a need for in-plant control measures such as the 
application of resource resilient technologies and the implementation of 
cleaner production (CP) measures. However, the characterization of 
wastewater (WW) from the leather manufacturing processes is a key step 
in developing CP strategies for the leather industry. 

A recent study has investigated the physicochemical characteristics 
of wastewater released from leather processing and tanning in Palestine 
(Sawalha et al., 2019). It compared the loads of pollution released from 
the processing of cow and goat hides. The reported WW characteristics 
included: total, dissolved and suspended solids (TS, TDS, and TSS 
respectively), chemical oxygen demand (COD), pH, and the streams 
contents of chromium (Cr3+ and Cr6+), ammonia and chlorides. As it is 
well known, the leather processing handles and releases large quantities 
of chemicals. Trivalent chromium is utilized in tanning processing, since 
the hexavalent chromium has no tanning effect. Occasionally, a negli-
geable concentration of hexavalent chromium may present in waste-
water depending on the degree of treatment achieved and the process 
efficiency of the treatment steps. Chromium tanning WW is not classified 
as a hazardous waste in the draft Palestinian waste list (Al-Jabari, 
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2014a), similar to the European classification. However, the Basel 
convention lists tanning liquor containing hexavalent chromium as 
hazardous, while usually it not containing hexavalent (Al-Jabari, 2014a, 
2014b). 

According to Sawalha et al. (2019), the released quantities of WW 
generated from tanneries in Palestine are less than the values reported 
worldwide. However, this makes the WW concentrated in pollutants, i.e. 
in terms of the pollutant load. The tested WW was found to contain high 
solid contents (TS, TDS and SS) as well as high COD and concentrations 
of chromium, ammonia and chloride. The discharged WW does not 
comply with the legal permissible limits for the investigated character-
istics. The liming step was found to release the highest COD with the 
highest pH. No ammonia content was detected prior to deliming stage. 
Besides, it was also shown that the ammonia content increased when 
moving from tanning process to the re-tanning step (Sawalha et al., 
2019). 

The specific aims of this paper are summarized as follows: (i) to 
evaluate the different CP options for tanneries with respect to the raw 
materials, the production process, the operating conditions, and the 
tanning operations, (ii) to present a case study form local tanneries in 
Palestine by analyzing their present scenario and proposing practical CP 
options, and (iii) to propose different resource recovery options in tan-
neries, including water reuse, recovery and reuse of chromium, liming 
liquor reuse, the reuse of leather. 

2. Cleaner production (CP) options in tanneries 

The concept of CP is guided by the three main principles; prevention 
is better than reuse, reuse is better than recycling and recycling is better 
than disposal (Rao et al., 2003). This can cut down water, energy and 
chemical consumption, and minimize the generation of waste in addi-
tion to the creation of safer working conditions for workers. There are 
various CP options for tanneries; however, they differ in various regions 
across the globe as they are influenced by the socio-economic and 
infrastructural conditions (UNEP-MAP, 2010). The following sections 
highlight the potential CP options for beam house and tanning opera-
tions in a leather industry. 

There are different strategies to implement CP in most of the leather 
manufacturing processes in order to minimize their environmental im-
pacts. Table 1 summarizes the identified CP options based on field study 
and other relevant options identified/presented in existing reports and 
literature. They include, among others, making feasibility studies for 
collecting and reusing or recycling various fraction of the generated 
solid wastes. In addition, various changes in process sequence and 
protocols are also proposed. Some modifications in the inputs and 
operating conditions of the process are suggested to increase the oper-
ating efficiency. 

2.1. Beam house operations 

2.1.1. Change in raw materials 
Enzymatic dehairing can substitute the conventional chemical 

dehairing method that contaminates the effluent with sulphide and 
emits hydrogen sulphide (H2S gas). Enzyme protease extracted from 
Bacillus sp strain SB12 has a high and eco-friendly dehairing ability. It 
loosens the hairs which are then removed in solid form, thereby enabling 
the use of filtration system to separate the hairs from the float. This 
strategy has shown ~60% reduction of the organic pollutant load (Briki 
et al., 2016). Using alkaline proteases produced by diverse microbial 
consortia, Abraham et al. (2014) proposed an alternative solution for 
dehairing that can be used as a substitute for chemical dehairing. Under 
thermophilic circumstances, the highest protease activity was detected 
on the 14th day (56,270 ± 2632 activity units/g dry sample). The au-
thors conducted studies at temperatures of 30, 50, and 70 ◦C, at pH 
values of 5.00, 8.00, and 11.00, respectively, in order to determine the 
enzymatic activity. As a result, when mechanically scraped with 

tweezers after 24 h of incubation, the cow hides demonstrated greater 
ease of removal of hair as compared to the control trial that did not 
include protease. This research also demonstrated that enzymatic 
dehairing of cow hides is a viable alternative method for maximizing the 
value of a by-product of the tannery industry, at the same time 
decreasing the wastewater treatment load on the facilities. Moreover, 
the use of enzymes during dehairing leads to swelling of the skin, 
thereby preparing it for the later stages (Briki et al., 2016). 

Splitting at the liming stage instead of the post tanning stage reduces 
the amount of toxic solid waste and chemicals required for tanning 
operations. The Addis Ababa tannery in Ethiopia was able to save about 
5500 Birr per year after switching to lime splitting (Woldeyes and 
Ayalew, 2008). Moreover, hide splitting was implemented as cleaner 
production option in Tunisia by two companies, i.e. Tannerie du Nord 
Utique and Société Moderne des Cuirs et Peaux. The first company saved 
2100 m3 water and 28 t of chromium per year with cost reduction 
benefit of 42,150 USD/year, whereas the second company managed to 
reduce 1850 m3 of water and saved 26,000 USD/year (UNIDO, 2012). 

The use of ammonium free deliming can reduce the emission of ni-
trogen into the atmosphere and wastewater. Various organic compounds 
such as carboxylic ether and non-swelling aromatic acids can be used 
(Hu et al., 2011; Rao et al., 2003). Deng et al. (2015) reviewed the 
carbon dioxide deliming process and reported that the method was 
effective as the conventional deliming method and also more econom-
ical. Carbon dioxide reacts with water forming weak carbonic acid (Eq. 
(1)), which reacts with lime, leading to the formation of calcium car-
bonate CaCO3 (Eq. (2)). Calcium carbonate is further transformed into 
calcium hydrogen carbonate due to continuous CO2 supply as shown in 
Eq. (3). However, according to Hu et al. (2011), the method is limited to 
thin pelt, requires special drum and proper ventilation to avoid suffo-
cation issue due to low oxygen concentration. 

CO2 +H2O→H2CO3 (1)  

H2CO3 +Ca(OH)2→CaCO3 +H2O (2)  

CaCO3 +CO2 +H2O→Ca(HCO)2 (3) 

Conservation salt can be reduced through the use of environmentally 
acceptable antiseptics such as boric compounds. Salt free preservation 
can also be achieved through processing green hides which uses 25% 
less water compared to the conventional preservation method (Rao 
et al., 2003). Moreover, cold conservation of raw hides can also reduce 
the use of salts and also reduce the operation costs. For instance, a 
tannery in Tunisia (Mégisseries du Maghreb) was able to achieve a net 
savings of $US 50,000 per year with a payback period of one and a half 
years even after the incorporation of the additional electricity costs 
(UNEP-MAP, 2010). Salt free pickling system with non-swelling organic 
acid or pre-tannage prior to tanning can be used to avoid chloride 
contamination of the effluent (Zhang et al., 2017). 

2.1.2. Change of the production process 
Change of pre-soaking processes can help in pollution prevention 

and minimization of using resources. According to UNEP-MAP (2010), 
fleshing should be done in the early stages upon arrival to the tannery in 
order to reduce unnecessary surface area, thus, less chemical and water 
consumption in the preceding stages. This green fleshing also produces 
chemical free waste(s), enabling the creation of value addition by 
products such as tallow. Moreover, beam house operations should pro-
ceed with the processing of fresh hides in order to reduce the storage 
time to avoid use of salt, pesticide or cooling conservation, leading to the 
saving of energy and water. A tannery in Addis Ababa, Ethiopia reduced 
chemical consumption after implementation of green fleshing and saved 
94,164 Birr/year (Woldeyes and Ayalew, 2008). However, mechanical 
desalting of hides preserved using sodium chloride can also be done at 
the pre-soaking stage to reduce contamination of the soaking bath. Two 
companies in Tunisia, i.e. Tannerie du Nord Utique and Société Moderne 
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des Cuirs et Peaux, invested 25,000 USD and 43,000 USD, respectively, 
in the drumming technology and managed to save 8570 USD/year and 
17,000 USD/year, respectively, due to reduction of chlorides in waste-
water (INEP-MAP, 2010). 

Intact hair removal technique is also considered as a CP approach. 
According to Thanikaivelan et al. (2004), a mixture of proteolytic en-
zymes and small quantities of lime and sulphide can remove the hairs 
intact by breaking the bonding substances in the hair structure selec-
tively. According to UNEP-MAP (2010), pre-treatment of hides with 
alkali such as sodium hydroxide helps to preserve the structure of the 
hair during sulphide dehairing enabling physical filtration; thus, it also 
reduces the presence of solid wastes in the effluent. Intact hair removal 
also allows value addition of the hair waste so that it can be applied as 
fertilizer in agriculture and the proteinous solid waste can also be used 
in treating the wastewater contaminated with dyes (Fathima et al., 
2009). 

The use of enzymes in beam house operations can save time and 
enhance product quality. Thanikaivelan et al. (2004) reported that the 
addition of enzymes at the soaking stage can remove solidified fats and 
non-collagenous proteins present in the fiber enabling easier and faster 
rehydration. This might create extra operation cost but save time, in 
addition to the production of an output with a less wrinkled grain. The 
recycling of spent liquor reduces water and chemical use in the tannery 
process (Sundar et al., 2001). The Atef El-Sayed tannery in Egypt 
invested in a vessel and filter worth 8333 USD to reduce salinity of pickle 
bath, enabling the recycling of wastewater and saved 220 m3 of water 
and 23 t of chemicals per year (UNEP-MAP, 2010). Rao et al. (2003) 
demonstrated that recycling of wastewater in the soaking stage can be 
effectively done through counter soaking. The second and third soak 
water can be directly reused in the succeeding batches since they have 
low quantities of organic pollutants. This reduces the water usage by 
approximately 70%. 

Sulphates from the unhairing stage can be reduced through recycling 
and nanofiltration of the spent liquor. Galiana-Aleixandre et al. (2011) 
conducted laboratory scale trials by testing appropriate ratios of spent 
unhairing liquor and fresh water that can be used in the soaking stage 
with an aim of exhausting the sulphates in the effluent. The authors 
reported that 50:50 mixing ratio was ideal and reduced 10% of sulphide 

input during the unhairing stage since the sulphide and hide protein 
reaction starts in the soaking bath. Besides, in that study, nanofiltration 
of unharing liquor achieved 97% retention of sulphate. Further, it was 
recommended that the two methods should be tested at the semi- 
industrial scale in order to ascertain the operational costs. 

2.2. Tanning operations 

The general evaluation of CP options reported in the literature 
indicated that the most feasible/urgent option would be the improve-
ment of the tanning process for increasing process efficiency (maxi-
mizing chromium uptake by hides), as well as chromium recycling and 
reuse. These options are summarized in Table 1. The theoretically pro-
posed CP strategy of replacing chromium with alternative tanning 
agents (e.g. aluminum oxide, zirconium and titanium compounds) is not 
viewed locally (i.e. in Palestine) to be technically or economically 
feasible. Chromium tanned leather is the best choice for the shoe making 
industry; it meets the required specifications for mechanical properties. 
Although some studies have indicated more environmental-friendly 
tanning agents, such as titanium that can be obtained from metal in-
dustry the wastes can be used to replace chromium and produce leather 
with acceptable physical and chemical characteristics (Mutlu et al., 
2014). Nevertheless, combining titanium with chromium during tan-
ning process increased chromium uptake and reduced chromium con-
centration in the effluent (Sivakumar et al., 2008). 

The use of blended tanning, which mixes two tanning chemicals, 
appears to be a promising environmentally friendly alternative tech-
nology to chrome tanning, as it does not appear to have any negative 
effects on the qualities of the tanned leather (China et al., 2020). Some 
reports have revealed that betitanyl sulfate, when combined with cit-
rate, produces leather of high quality, comparable to that produced by 
chromium (Castiello et al., 2011; Seggiani et al., 2014). Others have 
suggested the use of an environmentally friendly tanning agent based on 
aluminum sulfate and a composite (polyhedral oligomeric 
silsesquioxane-methacrylic acid) (Gao et al., 2020). The study showed 
that compared to chromium-tanned leather, the mechanical character-
istics and thermal stability of composite-tanned leather were found to be 
significantly improved (Gao et al., 2020). 

Table 1 
Summary of CP options related to the chromium tanning process.  

Cleaner production 
options 

Example Advantages Disadvantages Feasibility of local application 

Tanning with 
alternatives tanning 
agents 

Partial replacement of chromium 
oxide with titanium compounds  

- Some studies have shown that it can 
replace chromium tanning, without 
affecting the leather quality.  

- Zero chromium discharge in the 
effluent.  

- High leather rigidity.  
- More chemicals are used.  
- Very expensive compared to 

chromium compounds.  

- Still not accepted by the 
industry. 

Improving chromium 
uptake (exhaustion 
of chromium) 

Optimizing the operating conditions 
(temperature and pH adjustment)  

- Saving the chromium cost.  
- Reducing chromium concentration 

in the effluent streams.  
- Good leather quality.  

- More energy cost may be 
required for some modifications  

- Higher operating costs and 
adjustment of the drum is 
required.  

- tanning process should be 
performed at higher 
temperature and longer 
residence time.  

- Acceptable by the industry.  
- Local motivations for this 

option.  
- Experimental CP 

investigations are required. 

Recovery/reuse of 
chromium  

• Effective operation of the 
precipitation-regeneration treat-
ment process (using lime and sul-
furic acid).  

- Saving the chromium cost.  
- Reducing chromium consumption.  
- Reducing chromium concentration 

in resulting WW.  

- Higher treatment costs of WW.  
- More chemicals and extra man 

power are required.  

- There are local constraints on 
the availability of the 
required sulfuric acid.  

- The option is not valid within 
the existing circumstances in 
Palestine. 

Direct chromium 
recycling 

Recycling the exhaust tanning liquor 
after adding chromium make up for 
adjusting its concertation  

- Reducing the level of chromium in 
the waste streams.  

- Reducing the level of water 
consumption.  

- Simplest form of reuse.  

- Some changes to tanning 
procedures are required.  

- Increasing the capital cost.  
- It results in changes in leather 

quality and color.  

- This option is viewed as a 
theoretical option only.  
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In another study, it was suggested that iron could also replace 
chromium during tanning processing, especially for producing wet 
brown leather with low heat resistance. Hence, a re-tanning step with 
chromium or vegetable tanning agent should be applied (Sah, 2013). 
According to Covington (1988), combination of aluminum and titanium 
(IV) resulted in full and soft leather. Combination tanning of chromium 
and zirconium (e.g. 2% ZrO2 and 0.5% Cr2O3) resulted in high 
exhaustion level of chromium and zirconium, yielding high leather 
shrinkage temperature (Sreeram et al., 2000). Using goat skin as a 
tanning substrate, Li et al. (2021) demonstrated that tanning with a 
chromium-free tanning agent based on resorcinarene and zirconium 
complex may boost the tear strength and tensile strength of the leather. 
It was also possible to increase the biodegradability of wastewater 
generated during the tanning process. Another study found that D-Lysine 
aldehyde could be utilized as a substitute for chromium in order to 
lessen its environmental effects. The mechanical qualities and shrinkage 
temperature of the resultant leather were comparable to those of 
chromium-tanned leather (Krishnamoorthy et al., 2013). 

However, these studies are still viewed by the local industry (and in 
many international industrial community), as theoretical approaches. 
They still believe that chromium tanning is the most technically feasible 
approach. Thus, it is believed that the CP strategies must focus on 
maximizing chromium uptake in the tanning process. Higher chromium 
uptake could be attained during the tanning process through modifying 
of the tanning process and operating conditions, which can improve the 
process efficiency and decrease the chromium in the WW (Krishna-
moorthy et al., 2013; Ludvik and Buljan, 2000). 

In the traditional technology, tanning process efficiency is in the 
range of 60–70%. This means that the fraction of the fed chromium that 
is released in WW is in the range of 30–40% (Abdulla et al., 2010; Belay, 
2010). In the present case study from Palestine, the uptake efficiency of 
chromium is about 47%. Such a low uptake efficiency explains the high 
chromium concentration in the WW stream. This indicates that CP 
measures on tanning step are essential for reducing chromium in the 
effluent. The advanced tanning processes have minimized chromium 
concentration in the effluent by enhancing chromium uptake up to 90%. 
A closed loop tanning system can be achieved through high chromium 
uptake with almost zero chromium concentration in the effluent 
(USAID, 2009). 

Process modification includes using of masking agents (such as 
dicarboxylic organic salts and acids). They enhance the penetration of 
the chromium complex into the leather matrix, through controlling the 
chromium complex size. Potassium tartrate has been demonstrated to be 
the most effective masking agent; as it could decrease chromium in the 
WW by 94.3% (Mutlu et al., 2014). Masking agents can increase chro-
mium utilization up to 98% (Ludvik and Buljan, 2000; USAID, 2009). 
Various process parameters were reported to affect the tanning effi-
ciency including pH, chromium concentration, reaction time, tempera-
ture and mechanical agitation (Technologien, 2002). For instance, 
better chromium fixation can be achieved through increasing the tem-
perature. It is recommended that heating must be conducted at the 
beginning of the process. Slow and regular pH increase after the initial 
tanning step (at low pH) increases the efficiency of chromium tanning 
process. However, the gradual increase of pH must be controlled well 
because chromium precipitation problem may arise at pH values >5.0. 

A high-exhaustion chrome tanning effect has been demonstrated by 
Zhu et al. (2020) by the employment of pH-sensitive and chromium (III)- 
loaded polymer nanoparticles during the tanning process. The tanned 
leather that was produced exhibited improved sanitary features as well 
as anti-adhesive capabilities against germs. In addition, some studies 
have discovered that submitting the hides to low-temperature plasma 
boosts the chromium uptake and increases the hydrophobicity of the 
leather that is produced (Jiang et al., 2019). In another recent study, the 
authors performed experiments under the influence of ultrasonic and 
microwave (Zhang and Chen, 2020) and a significant improvement in 
the penetration of chromium into leather was demonstrated and the 

chromium concentration in the discharged effluent was shown to be 
significantly reduced. 

The chromium concentration in the input tanning liquor has strong 
effects on the tanning efficiency. Chromium penetration occurs by 
diffusion, and the rate increases with increasing chromium concentra-
tion. It also affects the product quality. Kanagaraj et al. (2008) reported 
that the leather obtained (from recovered chromium) after the tanning 
process had a shrinkage temperature more than 100 ◦C. The shrinkage 
temperature of the control sample also exceeded 100 ◦C. From their 
results, it is clear that the wattle extract used to recover chromium does 
not interfere with the tanning process. In another study, according to 
Prokein et al. (2017), the shrinkage temperature is the most popular 
method used in the leather industry to determine the heat resistance of 
wet blue. From the results of their study, a tanning chemical concen-
tration of less than 4.5 (wt%) was found to be insufficient to achieve a 
shrinkage temperature of 100 ◦C. A higher temperature encourages the 
chemical fixing of chromium inside the skin structure, and all of the 
samples tested were degraded between shrinkage temperatures of 93 
and 94 ◦C. 

The technical feasibility of implementing these options must be 
investigated experimentally. This can be achieved utilizing a pilot scale 
drum. The inlet and outlet concentrations of the chromium can be 
determined using UV spectrophotometric analysis, then the chromium 
uptake efficiency can be determined through a well-established experi-
mental technique (Jabari et al., 2009a). In that study, one of the options 
was experimentally investigated to demonstrate that optimization of 
process conditions can increase process efficiency and decrease the 
chromium concentration in the WW stream. The obtained leather 
product was then mechanically tested for its product quality. In addition 
to the above-mentioned CP options for improving chromium uptake, the 
recovery and reuse of chromium to reduce its release in the discharged 
waste is also feasible. A previous study by Ludvik and Buljan (2000) 
recommended that chromium can be directly recycled back into pro-
cessing tank. The authors mentioned that recycling can reduce chro-
mium consumption by 20%; however, recycling efficiency was only 
68%, i.e. the total chromium distribution between leather during tan-
ning and re-tanning processes with respect to direct chrome reuse by 
recycling. This option may result in the accumulation of other pollutants 
in the processing liquor. Thus, it affects the quality of the produced 
leather. 

In Palestine, various attempts were made to treat tanning wastewater 
by utilizing low cost adsorbents. These include utilizing natural marl 
particles (Jabari et al., 2009b) and stone cutting solid waste (Al-Jabari 
et al., 2012). However, the industry considered the utilization of stone 
cutting particles. Besides, as in all adsorption-based treatments, a main 
question still remains unanswered: what to do with the exhausted 
adsorbent? The industry is still using the chemical precipitation method, 
i.e. with hydroxides of calcium, sodium and magnesium oxide. Previous 
studies have indicated that magnesium oxide resulted in the best 
precipitating efficiency for chromium in a pH range of 8.0–9.0, with 
high settling rate and reasonable sludge volume (Esmaeili and Vazir-
inejad, 2005). There is a chromium regeneration unit following the 
precipitation unit in the case study, to dissolve the precipitated chro-
mium hydroxide in sulfuric acid, obtaining chromium sulfate solution. 
Thereafter, the obtained solution can be used as a tanning liquor, with a 
mass balance make-up adjustment. However, there are local constraints 
in Palestine on the availability of the required sulfuric acid for the 
regeneration step. The regeneration process was shut down for the past 
few years. Currently, high fees are being paid to discharge the obtained 
solid precipitate. More fees are set when the precipitate is found to be 
contaminated with ammonia. 

According to Sawalha et al. (2019), the WW from the leather in-
dustry is concentrated and therefore, advanced processes such as an 
electrolytic separation or catalytic oxidation can be more efficient 
(Alexander and Donohue, 1990). If the WW is diluted half of its value, 
higher performances can be attained for both COD and chromium 
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Table 2 
The leather manufacturing processes and the identified CP options for the case 
study together with other relevant options proposed in the literature.  

Process Pollution loads The identified CP options 

Mechanical Shaking Salts  • Collect salts and send for 
reuse. 

Fleshing Approximately 100 kg 
solid waste / ton of raw 
cow hides (including fatty 
tissues and unwanted 
proteins)  

• It is better to be 
performed after liming.  

• It is recommended to 
investigate protein 
recycling.  

• It is recommended to 
recycle the solid wastes 
the manufacturing of 
poultry feed or soaps 
(Dandira and Madanhire, 
2013). 

Soaking 
(1–2 days) 
Detergent chemicals 
(0.6%) 
Enzymes (0.5–1%) 
Water at 150% of the 
hides 

≈1.5 m3 of WW per ton of 
raw hides (brine solution 
contaminated with fats, 
dirt and soaps)  

• Addition of detergents 
and disinfectants in a 
shorter period: 8–20 h 
(Dandira and Madanhire, 
2013).  

• Implementing the 
concept of 
countercurrent soaking 
(Rao et al., 2003).  

• Use of enzymes (Rao 
et al., 2003; 
Thanikaivelan et al., 
2004). 

Washing 
(2 h) 
Water at 120% of the 
hides 

≈ 1.2 m3 of WW per ton of 
raw hides (contaminated 
with fats, dirt and soaps)  

• Addition of Alkali 
materials (Na2CO3 and 
NaOH) to raise the pH for 
better effects. 

Liming and unhairing 
(2 days for 
processing goat skin 
- 18 h for processing 
cow hides) 
4% lime 
2–3% sodium sulfide 
Water at 120% of the 
hides 

≈ 1.2 m3 of WW per ton of 
raw hides (contaminated 
with lime, hair and 
sulfides)  

• Perform in two stages.  
• Use sharpening agents 

(HNaS and Na2CO3).  
• Intact hair removal or 

hair-save dehairing tech-
niques such as alkali pre- 
treatment dehairing 
(UNEP-MAP, 2010).  

• Use enzyme assisted 
unhairing to reduce COD 
and sulfide content in 
WW (UNEP-MAP, 2010; 
Briki et al., 2016; 
Alexander and Donohue, 
1990).  

• Recycling of spent liquor 
(Rao et al., 2003; 
Galiana-Aleixandre 
et al., 2011). 

Additional fleshing 
step  

• solid waste 50 kg /ton 
of cow hide (containing 
flesh, tissues, hair, lime 
and Na2S).  

• Small amount of 
squeezed water 
contaminated with 
soluble proteins, 
impurities and salts.  

• Recycling the solid waste 
in the manufacturing of 
poultry feed or 
detergents. 

Deliming 
(3.2 h) 
Stagewise additions 
(40, 90 then 60 
min). 
Stages 1 & 2 at 
35 ◦C: Detergents 
(0.6%) 
Ammonium sulfate 
(1%) 
Water at 100% of the 
hides 
Stage 3: Dekeltal 
(2.5%) and Orpone 
materials 

1 m3 of WW per ton of raw 
hides from each stage  

• Review performing in a 
single stage in other 
countries (Technologien, 
2002).  

• Organic acid based 
deliming (Rao et al., 
2003).  

• Carbon dioxide based 
deliming (Rao et al., 
2003; Deng et al., 2015).  

• Reusing deliming liquor 
(Rao et al., 2003; 
Galiana-Aleixandre 
et al., 2011).  

Table 2 (continued ) 

Process Pollution loads The identified CP options 

(containing NH4Cl) 
(0.5%) 

Pickling 
(2.7 h with drum 
rotating) 
Then, the hides are 
left overnight in the 
drum: 
At pH of 2.5–2.8. 
Additions 
Water at 60% of the 
hides 
10% salt 
1% formic acid 
2.5% alternative 
acid 

No WW is released  • Decrease pH value (e.g. 
to 2.4) for better tanning 
conditions.  

• Salt free organic acid 
pickling system Rao 
et al., 2003; Hu et al., 
2011). 

Tanning 
(8 h with drum 
rotating) 
Then, the hides are 
soaked for one day 
in the drum. 
Additions onto the 
pickling solution 
Water at 20% of the 
hides 
Chromium sulfate 
(7%) 
Sodium carbonate 
(0.2%) 

0.8 m3 of WW per ton of 
raw hides contaminated 
with chromium  

• Adjust pH at lower values 
initially, pH = 2.4 (from 
pickling) then increase 
the pH to 4.1, by the 
addition of soda ash or 
sodium bicarbonate, to 
improve the chromium 
uptake. 

Pressing Releases about 70% of the 
tanning liquor from the 
fiber network.  

Splitting and 
Trimming 

40–80% of the hides as 
solid waste  

• Perform splitting at 
liming stage, which will 
reduce the amount of 
chromium required for 
tanning and will increase 
chromium uptake.  

• Make a feasibility study 
for using splits and 
trimmings as raw 
materials for making 
gelatins, glues, protein 
flavor …etc. (Kanagaraj 
et al., 2006). 

Re-tanning step I 
(1 h) 
Detergent (0.5%) 
Other additions after 
20 mins: 
Water at 40 ◦C at 
100% of the hides 
Formic acid (0.5%) 

1 m3 of WW per ton of raw 
hides  

Re-tanning step II 
(1.5 h) 
Additions 
Water at 40 ◦C at 
100% of the hides 
1.5% sodium 
formate 0.1% 
sodium bicarbonate 

1 m3 of WW per ton of raw 
hides  

Re-tanning step III 
Dying for six hours 
with 
water at 80% of the 
hides 
6% auxiliaries 
6% enzymes 
6% Limosa 
0.3% Dyestuff 
1% formic acid 
5% oil 

0.8 m3 of WW per ton of 
raw hides 
(contaminated with dyes 
and oils) 
Emissions of VOC  

• Use of non-spraying 
dying methods such as 
curtain and roller 
coating, use of liquid and 
low dust dyes (UNEP- 
MAP, 2010).  
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electrocoagulation treatments (Esmaeili and Vazirinejad, 2005). 
Nevertheless, extra attention is essential for reducing the high COD in 
the released streams from beam house operations, and for recovering the 
sulfide released from the unhearing step. 

3. A Palestinian case study on possible CP opportunities in the 
leather tanneries 

This section presents the results of a case study aimed at evaluating 
the CP options for leather manufacturing in Hebron, Palestine, based on 
the concepts and analysis of this paper. The CP Opportunities were 
identified after monitoring all manufacturing processes in local tan-
neries (Sawalha et al., 2019). The pollution sources from every process 
were identified, then field interviews, workshop and round table dis-
cussions with managers of local leather tanneries were facilitated. 

3.1. Industrial background and wastewater 

There are currently 13 tanneries in Palestine, eleven of these tan-
neries are located in Hebron. The manufacturing processes, the amounts 
of solid waste and the volumes of released wastewater from these pro-
cesses are summarized in Table 2. The tanneries receive preserved salted 
dry hides. 

3.2. CP Options in Palestine 

There have been very limited research studies on adopting CP op-
tions in Palestine. For example, Shkoukani (2008) investigated the 
“Development of an Environmental Management System Using Cleaner 
Production in Palestinian Dairy Industries. The study concluded that 
technological changes to increase efficiency were needed, and the 
environmental regulations and local regulations and laws should be 
applied. CP options in dairy industry contributes in protecting the 
environment, saving resources, reducing the production cost. However, 
limited initiatives have been launched to control the environmental 
impacts of leather making in Palestine. Thus, no crystalized CP practices 
in tanneries could be initiated yet. Previous environmental attempts 
focused mainly on treating wastewater contaminated with chromium 
from the tanning step. Currently, the Palestine Dutch Cooperation Pro-
gram (PADUCO) is gearing out new efforts to promote CP in the in-
dustrial sector in Palestine. The CP in leather industry is one of the 
funded projects through such an international collaborative program 
with researchers from the Netherlands. 

Identifying CP options and implementing CP solutions are usually 
driven by regulative and economics motivations. The CP terminology 
could not be found in any of the Palestinian laws or regulations, up to the 
knowledge of the authors. The Palestinian legal framework is not suf-
ficient for waste management (Al-Jabari, 2015). Recently, a Palestinian 
waste list was established by the Environmental Quality Authority 
(EQA), based on adopting the European hazardous waste system (Al- 
Jabari, 2014a, 2014b). Therefore, from the context of the prevailing 
situation in Palestine, it is recommended to review and update the 
current legal framework handling issues related to CP and establish an 
environmental database on pollution sources, loads and characteristics. 
In addition, auditing and modifying the existing equipment's and 
possibly adopting new technologies is recommended. 

4. Resource recovery from liquid wastes (wastewater) 

Tanning industry produces large quantities of solid wastes leading to 
almost non-profitable end-products. Only around 25–30% of the pri-
mary product is in the form of leather produced (Sengül and Gürel, 
1993). The wwastewater from a tannery is highlight polluted, and the 
composition as well as the concentration of individual chemicals/pol-
lutants vary depending upon the unit operation of a specific tanning 
unit. Generally, a combination of physical, chemical and biological 

processes can be used for the treatment of liquid and solid wastes 
because they can be converted to biogas and other useful products using 
appropriate technologies (Fig. 1). 

Tannery wastewater can also be treated in a sequencing batch bio-
film reactor (SBBR), i.e. by chemical oxidation in the presence of ozone 
(Di Iaconi et al., 2003). In that study, the treatment of tannery waste-
water collected from large tannery industry from Northern Italy, in the 
presence and absence of ozone, was investigated. Treatment of waste-
water in SBBR lead to an overall average removal of COD (96%), TKN 
(92%) and TSS (98%). In the presence and absence of ozone, approx. 0.1 
kg VSS/kg COD was treated; this was lower than the sludge generated in 
a convention biological system (0.3 to 0.5 kg VSS/kg COD). The biomass 
density in SBBR was ~98 g VSS/L sludge and it was shown that the 
biomass concentration can be also maintained at values close to ~20 g 
VSS/L (Di Iaconi et al., 2003). 

A membrane assisted hybrid bioreactor consists of a circulating bed 
reactor and multiple ultrafiltration membranes. This reactor type can be 
used for handling tannery wastewater and liquid discharge from the fish- 
canning industry that has high N and organic content (Fig. 2). According 
to Artiga et al. (2005), for this type of wastewaters, a membrane assisted 
hybrid bioreactor can achieve >99% COD removal at an organic loading 
rate (OLR) of 6.5 kg COD/m3⋅d. Concerning COD and ammonia removal, 
their removal efficiencies were > 95% and the NH4

+-N levels were < 10 
mg/L in the effluent (Artiga et al., 2005). The advantages of this reactor 
type can be stated as follows: (i) ability to operate the reactor at high 
OLR, (ii) good settling characteristics of the sludge, (iii) high N con-
version efficiencies, and (iv) steady-state operation with less reactor 
maintenance. The conventional sequencing batch reactor (SBR) is 
another potential reactor configuration that can be used for treating 
wastewater from tanneries (Ganesh et al., 2006). According to the au-
thors, during the 12 h SBR cycle of operation, the removal efficiencies of 
COD, TKN and NH3-N were in the range of 80–82%, 78–80% and 
83–99%. In another study, the tannery waste like fleshing's, skin trim-
mings and wastewater sludge were treated using anaerobic digestion 
(Zupancic and Jemec, 2010). Tannery waste were digested for 100 days 
in a thermophilic anaerobic digester (AD) unit (55 ◦C) and approx. 
0.617 m3 kg− 1 of volatile solids from tannery waste sludge, 0.377 m3 

kg− 1 from tannery waste trimmings and 0.649 m3 kg− 1 from tannery 
waste fleshing's was converted to biogas. 

An upflow anaerobic sludge blanket (UASB) can also be used for 
treating tannery wastewater. El-Sheikh et al. (2011) operated a series of 
UASB reactors, i.e. connected in two stages, with a holding capacity of 
94 L and experiments were conducted in five different hydraulic 
retention times (HRT: 24, 18, 12, 8 and 5 h) for each UASB reactor. The 
overall proposed process showed that a 12 h HRT was the best time for 
treating tannery wastewater using an UASB. In another study, a 
continuous two-phase partitioning bioreactor was used for the treatment 
of synthetic leather tannery wastewater, specifically for the separation 
of chromium. The bioreactor was fed with synthetic tannery wastewater 
[4-chlorophenol and potassium dichromate] inoculated with microbial 
culture for the treatment of different pollutants/compounds. The 
organic substrate loaded was in the range of 19–94 mg h− 1 under 
different HRT, ranging from 3 to 6, achieving a removal of around 
89–95%. Therefore, this result clearly showed that continuous two- 
phase partitioning bioreactor can significantly enhance the biological 
treatment of tannery wastewater (Angelucci et al., 2017). 

In a study by Alighardashi et al. (2017), a membrane bioreactor 
(MBR) was combined with an adsorption unit containing walnut shell 
granular activated carbon as the packing material for the treatment of 
tannery wastewater. More than 98% of COD was removed at a C:N ratio 
of 13:6.5. The overall ammonium removal was 99% and 70% at pH 
values <6.0. During the breakthrough time of 15 and 25 min, the nitrate 
removal was >95%. Berhe and Leta (2018) tested an anaerobic 
sequencing batch reactor for the co-digestion of tannery wastewater and 
solid waste in different mixing ratios, under mesophilic temperature 
conditions. The study revealed that, methanogenic reactor having a 
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50:50 ratio of liquid and solid waste was able to achieve: biogas pro-
duction = 415 mL/d; amount of methane: 251 mL/d; methane content: 
60.5% and COD removal: 75%. Thus, the authors proposed that co- 
digestion techniques provide better treatment efficiency and generates 
more biogas than mono-digestion of tannery waste. Hydrodynamic 
cavitation (HC) was also used for the treatment of tannery waste effluent 
(TWE) before anaerobic digestion using a slit venturi cavitating (SVC) 
unit. The SVC was operated at a pressure of 5 bars for approx. 2 h. The 
production of biogas and COD removal was 2 times higher in the raw 
TWE than those achieved in the HC treated TWE. Around 68 mL biogas/ 
g volatile solids and 43% COD was removed from the HC treated TWE. 
After adding food waste to HC treated TWE showed an increase in the 
biogas production, by up to 7.8 and 11.8-fold, respectively (Saxena 
et al., 2019). Thus, an anaerobic digester can be combined with other 
reactor configurations and/or modified for the treatment of COD rich 
wastewaters and convert them into biogas and liquid digestate (Fig. 3). 

5. Resource recovery from solid wastes 

The digestion of solid sludge can be performed in different type of 
bioreactor configurations. In a preliminary study by Akyol et al. (2015), 
the highest yield of biogas was 0.172 L biogas/g VSadded at an inoculum 
ratio of 1:10 and the solids content was 10.6%. Thus, 0.089 L CH4/g 
VSadded of methane yield was achieved within an I:S ratio of 1:2. This 
study provided an idea to increase the yield of biogas by varying the 
substrate and solid ratio (Akyol et al., 2015). In another recent study 
(Agustini et al., 2020), AD was used for the digestion of tannery solid 
waste to produce biogas of 1.9 ± 0.3 mL/VSS. Umaiyakunjaram and 
Shanmugam (2016) used a flat sheet submerged anaerobic membrane 
bioreactor (SAMBR) for the recovery of biogas from high suspended 
solids containing raw tannery wastewater sludge. The SAMBR showed 
90% COD removal with a biogas yield of 0.160 L.g− 1 CODremoved. 

6. Chromium recovery from tannery wastes 

The tannery industry produces tons of heavy metals during 

Fig. 1. Anaerobic digestion of tannery effluent to produce biogas.  

Fig. 2. Membrane bioreactor for the treatment of tannery wastewater and sludge.  
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treatment, but chromium remains the major concern due to its high 
toxicity and difficulty in recovery. Several strategies have been followed 
by researchers to remove chromium from tannery waste. Numerous 
attempts have been made to recover heavy metals from liquid waste, 
obtain raw materials from tannery sludge that can be used for preparing 
clay products and produce biogas from the anaerobic digestion of liquid 
waste from tannery industry (Basegio et al., 2002; Berhe and Leta, 
2018). Chromium is the most dominating tanning agent, i.e. approxi-
mately 85% of the leather industry uses chromium (Sundar et al., 2001). 
Chromium is conventionally treated using different physical and 
chemical techniques such as adsorption, sedimentation, electrochemical 
process, biological operations, cementation, coagulation/flocculation, 
filtration, membrane process, chemical precipitation and solvent 
extraction (Angelucci et al., 2017; Borra et al., 2017; Ha et al., 2018; Jin 
et al., 2016; Johnson et al., 2017; Koushkbaghi et al., 2018; Mella et al., 
2015; Michalski et al., 2016; Neoh et al., 2016; Zhao and Chen, 2019). 

In a field scale investigation, the tannery waste sludge collected from 
different tanneries namely Jajmau tannery waste treatment plant (ITW), 
Jajmau municipal waste treatment (IMW) and Unnao distillery (IDW) 
were treated in batch reactors (Singh et al., 2010). The inoculum was 
prepared by mixing the sludge of a full-scale anaerobic bioreactor and 
cow dung slurry and the maximum methane content in the biogas varied 
between 60 and 65% depending upon the operational conditions and the 
type of sludge digested from the different tanneries (Singh et al., 2010). 
In another study, a flat sheet submerged anaerobic membrane bioreactor 
(SAMBR) acclimatized with hypersaline anaerobic seed sludge was 
tested for biogas production. The SAMBR showed high yielder COD 
removal (> 90%) and biogas yield (0.160 L.g− 1 CODremoved), and good 
correlation was observed between the permeate flux and TSS (0.95) and 

biogas and CODremoved (0.96), respectively (Umaiyakunjaram and 
Shanmugam, 2016). In another study, anaerobic digestion of tannery 
waste rich with chromium in chromium leather shavings was performed 
to produce biogas (Priebe et al., 2016). Increasing the concentration of 
chromium in waste significantly reduced the production of methane and 
biogas. The highest production of biogas was achieved between 3 and 
36 days, up to 162.2 mL g− 1 with a methane content of 73.7%. Ac-
cording to the authors, a significant increase in biogas production 
(74–181%) was obtained by treating or mixing the leather substrate 
with readily degradable materials prior to its use as a substrate for 
anaerobic digestion (Priebe et al., 2016). Thus, bioreactor with different 
modification and combination of different chromium rich tannery 
sludge can give higher rates of biogas production. 

7. Recovery of chemicals from tannery wastes (e.g. lipids, 
elastin) 

Tannery industry generates large volume of tannery fleshing from 
dehairing of animal hides, skins, shavings and trimming. Generally, 
fleshing is rich in fats, proteins, blood, water, salt and other wastes 
which are dumped or less utilized and become a serious concern of 
environmental pollution (Dayanandan et al., 2013). About 50–60% of 
waste is generated from the hide fleshing collected from the tannery 
(Colak et al., 2005). Steapsin is used for the co-digestion of fleshing 
(primary substrate) and different sludge fractions generated from tan-
nery wastewater (Kameswari et al., 2011). It was shown that, the 
addition of steapsin (0.25 and 1.0g) to 7.5g of volatile solids enhanced 
the hydrolysis step during the anaerobic co-digestion of tannery fleshing 
(Kameswari et al., 2011). The by-products obtained from the fleshing of 

Fig. 3. Schematic for the co-digestion of tannery waste for biogas production.  
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tannery industry can be used as a biofertilizer and poultry feed after 
recovering the fat using lipase. Studies by Dayanandan et al. (2013) on 
the production of lipase using Aspergillus tamarii MTCC 5152 were 
influenced by the oil cakes composed of wheat bran and gingili oil cake. 
Solid state fermentation oil cake with fungus produced approximately 
758 u/g of lipase after 5 days of incubation. While oil cake supple-
mented with glucose and peptone increased the enzyme production up 
to 793 u/g. Lipase enzyme produced through this fermentation shows 
92% of fat solubility from tannery fleshing (Dayanandan et al., 2013). 
The results of these studies have clearly demonstrated that the waste-
water and solid waste fractions from tanneries offer good potential for 
converting “waste to wealth”, and by implementation the best available 
technologies, the concept of “circular biorefineries” can be promoted in 
developing countries. 

8. Recommendations 

The following recommendations can be made based on the review of 
existing literatures and by considering the case-study from Palestine: (i) 
reviewing and updating the current legal framework related to the 
implementation of CP measures, (ii) initiating awareness campaigns 
regarding the usefulness of CP in tanneries, (iii) establishing an envi-
ronmental database on pollution sources, loads and characteristics, (iv) 
auditing and modifying the existing equipment's and possibly adopting 
new technologies, (v) substituting toxic chemicals with green and nat-
ural ones, (vi) segregation of wastewater from the tanning process from 
other wastewater streams, and (vii) mixing alkaline wastewater streams 
with acidic streams in an equalization tank to level out the pH of the 
wastewater streams. 

After a thorough evaluation of the identified cleaner production (CP) 
options, it was determined that the most practical and urgent options 
would be to improve the operating conditions of the tanning process in 
order to increase the efficiency, i.e., better exhaustion and uptake of 
chromium, rather than to use alternative technologies. It is advised that 
an experimental research be conducted to determine the technical 
viability of the process as well as the effects of process alterations on the 
quality of the leather produced. Aside from that, pilot and semi- 
industrial scale tests should be carried out to identify environmentally 
friendly and long-term strategies for recovering biogas and other value- 
added products from the high COD content present in discharges from 
beam house operations. 

9. Conclusions 

There are now 13 tanneries in Palestine, all using traditional tanning 
procedures and regulated by their material use characteristics. A variety 
of CP options were revealed based on an analysis of manufacturing 
process performance, solid waste generation, and wastewater released 
by these tanneries. Process modification (e.g. fleshing after liming, 
counter-current soak), use of new materials (e.g. enzymes for unhairing 
and carbon dioxide and/or organic acid for deliming and pickling), 
waste recycling (e.g. protein recycling from fleshing, salt collection and 
reuse for temporary preservation of hide) and waste recycling were 
identified as the important CP options. 
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