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ABSTRACT 

Chrome tanning has remained the most preferred tanning method worldwide in the leather 

industry because it produces leather of a high quality with all the desired features. However, 

environmental concerns of chromium shifted the focus of current research to chrome-free and 

greener chemical processing options. When used in combination with some eco-friendly metal 

salts, vegetable tannins are environmentally safe and manageable, while producing excellent 

quality leather, bearing shrinkage temperature above 100 °C as that of chromium tanned leather. 

As such, shortage of vegetable tannin supply requires characterization of non-commercialized 

sources locally available in Tanzania for cottage tanneries. In the present work, vegetable tannins 

from the stem barks of local plants namely Acacia mearnsii (A. mearnsii), Acacia xanthophloea 

(A. xanthophloea), Euclea divinorum (E. divinorum) and root barks of Euclea racemosa (E. 

racemosa) were prepared using a simple extraction technique at 30-80 °C. Extract yield, tannin, 

total flavonoid and phenolic content, cross-linking ability as well as properties of the tanned 

leather were determined. Results indicated that even at low temperature (50 °C) the barks yield 

vegetable tannins with features similar to that of a commercialized source of tannin. Euclea 

racemosa extract had low tannin, phenolic and flavonoid content and its crosslinking ability was 

poor; hence, was determined as an un-suitable tannin source.  Despite recording less extract 

yield, tannin and other contents than that of A. mearnsii, the extract from E. divinorum bark 

demonstrated a substantial tanning ability, which is attributable to its high tannin strength. 

However, a broad interval between T onset and T peak of treated hide powder necessitated 

combination tanning with aluminium sulphate [Al2(SO4)3] to lower the interval. About 2% (w/v) 

aluminium oxide (Al2O3) equivalent is an optimal dose of Al2(SO4)3 for extract pre-treatment. 

Since the main source of Al2(SO4)3, bauxite, is diminishing in the world, an alternative source of 

Al2(SO4)3 was explored. The Al2(SO4)3 was prepared from Kaolin of Pugu hill in Tanzania and 

applied for combination tanning. The study has proven the suitability of kaolin as an alternative 

source of Al2(SO4)3 for combination tanning with vegetable tannins. Leather tanned with the 

combination of the prepared Al2(SO4)3 and vegetable tannin exhibited the shrinkage temperature 

of up to 118 °C as compared to vegetable tannins alone that showed the average of 80 °C. 

Mechanical strength characteristics met the standard norms. Fiber separation was good as 

confirmed through microscopic studies. The study provides useful information and new insights 

on accomplishing self-sustenance through available resources and an eco-friendly manufacturing 

system for leather industries in Tanzania and beyond. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background of the Problem 

Leather is the natural material manufactured by processing animal hides/skins, and it has unique 

features unmatched by synthetic materials (Covington, 2009; Manfred et al., 2012). The leather 

industry is one of the primitive industries of mankind designed to produce leather for various 

articles (Sathish et al., 2016). Today leather is one of the essential lifestyle commodities in the 

world with the annual world production reaching 1.85 billion m
2 

(Cao et al., 2018). The industry 

contributes to the social-economic development of developing economies by creating 

employment. The export of finished leather and leather products increases foreign currency 

earnings (Muchie, 2000; Mwinyihija &  Quisenberry, 2013).  

Manufacturing of leather involves three steps. The first step being pre-tanning that consists of 

soaking, liming, unhairing, deliming and bating. The second step is tanning, that consists of the 

conversion of hide/skin substance into the leather. The final step is post-tanning, which confers 

the leather with customer desired properties such as softness, colour, to mention but a few. 

Tanning is the most critical step as it converts putrescible and heat prone biological materials 

(hides/skins) to durable, stable and non-putrescible material that can withstand heat, stress and 

bacterial attack (Yao et al., 2019). The essence of tanning is to introduce potent/stable cross-

links between collagen molecules so that the hydrothermal and mechanical stability of collagen 

fibrils can be improved. These cross-links are formed based on collective multiple site 

interactions between tanning agents and collagen fibrils, including hydrogen bonding, 

hydrophobic interactions, ionic interactions, and covalent bonds (Covington, 2009).  

Several types of tanning agents, such as mineral tanning with metal salts, oil and aldehyde 

derivatives (Kite &  Thomson, 2006; Krishnamoorthy et al., 2013), synthetic tanning agents and 

organic tannages based on natural polyphenols (Covington, 1997) and synthetic organic oligomer 

(Zengin et al., 2012) have been employed for tanning of leather. Except for chromium salt, other 

tanning agents do not confer leather all desired properties. Generally, chromium salts confer high 

shrinkage temperature of more than 100 °C. It alters the structure of collagen in only small way; 

hence, preserves the physical properties or the leather without restricting its application. 

Moreover, it gives a hydrophobic leather surface with the resultant leather becoming water 

resistance. The salts act as dye mordant thus impact light fastness to the leather.  Therefore, 

chromium salts are considered as the most essential tanning agents used for all types of 
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hides/skins.  Owing to the extraordinary properties of finished leather, and convenient processing 

procedure, chromium tanning accounts for 90% of today‘s worldwide leather industry (Rao et 

al., 2004; Sathish et al., 2016; Silambaras et al., 2015; Zhang et al., 2017). 

However, despite its versatility, the use of chromium tanning is debatable due to reported 

toxicity of Cr (VI) and associated disposal issues (Madhan et al., 2006). Although tanning uses 

salt of Cr (III), change in pH during post-tanning processes and the presence of the oxidizing 

agents such as dissolved oxygen and MnO2 in the tanning bath can influence oxidation of Cr (III) 

to Cr (VI). Moreover, the fluctuation in the temperature, humidity and UV light exposure to the 

leather and storage, may lead to the formation of free radicals, which in turn become the 

potential source of Cr (III) oxidation to Cr (VI) (Bayramoglu et al., 2012; Yılmaz et al., 2016). 

At high concentrations, Cr (VI) is mutagenic, carcinogenic and teratogenic (Nigam et al., 2015). 

The Cr (VI) compounds can enter the cell through the sulfate anion channel and then be exposed 

to reduction by a wide variety of cellular reductants, such as glutathione (GSH) and ascorbate, 

with the formation of highly reactive Cr (V/IV) intermediates and finally Cr (III) products 

(Kortenkamp et al., 1996; Zhang et al., 2011). 

During this process, molecular oxygen gets activated and reduced to a superoxide anion (⋅O2
-
) 

that is further converted to hydrogen peroxide (H2O2) via a dismutation process. The resultant 

intermediates further react with H2O2 to generate a spectrum of reactive oxygen species (ROS) 

containing hydroxyl radicals, singlet oxygen, superoxide, and hydrogen peroxide via the Fenton 

pathway (Cerveira et al., 2014). Subsequently, excessive ROS interaction with these 

intermediates may give rise to oxidative stress and DNA damage, including chromium–DNA 

adducts, DNA strand breaks, and DNA–protein cross-links (DPCs), all of which are unstable 

factors with mutagenic effects. Evidence from recent studies revealed the potential reproductive 

hazards of Cr (III) products on reproductive systems (Pereira et al., 2005; Marouani et al., 2012), 

as well as DNA damage by Chromium species contained in tanning effluents (Wang et al.,  

2017; Zhang et al., 2011). In addition, women working in Cr industries and living around Cr-

contaminated environment experience various reproductive problems such as abnormal menses, 

infertility, stillbirth, which are associated with high Cr (III) or (VI) levels in their blood and 

urine. Furthermore, various studies reported cases of lung cancer induced by  Cr (VI) inhalation 

among workers in several industries (Hirose et al., 2002; Urbano et al., 2012; Proctor et al., 

2014). 

Owing to health hazards associated with chromium utilization in the tanning industry, 

ecofriendly and effective tanning technologies are needed to sustain the leather industry. Various 
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eco-friendly tanning methods geared towards improving or replacing chrome-based technology 

without compromising the quality of the produced leather have been reported (Fathima et al., 

2006; Roig et al., 2012; Valeika et al., 2010). These attempts include recycling of spent liquors, 

chromium exhaustion enhancement or total replacement of chromium salts. Total replacement of 

the chromium salts is ideal to elude adverse effects associated with chrome tanning. Chrome free 

combination tanning is reported to be an alternative technology to chrome tanning as it produces 

leather with properties matching those of chrome tanning (Madhan et al., 2006; Mahdi et al.,  

2009; Musa &  Gasmelseed, 2013; Musa et al., 2009). In this regard, combination tanning 

provides a promising alternative chrome-free tanning technology.  

Combination tanning  involves the blending of vegetable tannins and Al2(SO4)3, has thus far 

gained attention in several studies due to its outstanding efficiency compared to other tanning 

combinations (Musa &  Gasmelseed, 2013; Slabbert 1981; Vitolo et al., 2003). The combination 

of commercial Al2(SO4)3 with vegetable extracts from Acacia mearnsii  (Slabbert, 1981), 

Gardeni jasminoides (Ding et al., 2007), Acacia nilotica (Musa &  Gasmelseed, 2013) and 

Caesalpinia spinosa (Vitolo et al., 2003) have been reported. However, the combination tanning 

with Al2(SO4)3 from kaolin is scarcely known; hence, explored through research reported in this 

thesis. Overall, Tanzania is endowed with a large deposit of kaolin, which is a potential source of 

Al2(SO4)3. Therefore, combination tanning based on vegetable tannins from local bioresources 

and Al2(SO4)3 from kaolin is deemed a cheap environmentally benign alternative to commercial 

chrome-based tanning technologies as confirmed to be expensive for the local leather processing 

industries and SMEs.  

Currently, there are limited studies pertaining to the suitability of vegetable tannins from local 

Tanzanian plants and their application in tanning leather, either individually, or in combination 

tanning. Thus, the present study was aimed at preparing vegetable tannins from local plant barks 

and investigating their suitability in tanning. Furthermore, the study was extended to prepare and 

investigate the application of Al2(SO4)3 from Pugu kaolin in combination tanning.  

1.2 Statement of the Problem 

Leather industry is one of the priority industries identified to contribute to attaining the national 

development vision 2025 (Mrindoko, 2012; URT, 2015). Currently, there are nine tanneries and 

more than 50 SMEs engaging in leather manufacturing (URT, 2015). Like in other countries 

worldwide, chromium tanning is the most adopted method among Tanzanian leather 

manufacturers, leading to the environment pollution caused by chrome shavings, chrome 
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trimmings and chrome rich wastewater from tanneries (Maziku, 2014; Mwandosya, 1995; 

Scheren et al., 1995). Piles of chrome shavings, trimmings and sludge are found around the 

tannery premises that end up in the landfills or dumpsites (NBS, 2017; China & Ndaro, 2016; 

Mkuula, 1993).  

Disposal of chromium wastes in the landfills and dumpsites is not a permanent solution of 

managing chromium wastes as chromium can easily get into the ecosystems and cause harm 

(Lima et al., 2010; Mkuula, 1993; Parvin et al., 2017). Little has been done to manage chromium 

solid and liquid wastes in Tanzania and tanners‘ ability to afford modern ETP technologies to 

remove chromium in tannery wastewater is limited (Oruko et al., 2019; Kaseva & Mbuligwe, 

2010; Mkuula, 1993). Chrome pollution challenge in Tanzania has led to the closure of some 

tanneries by environmental authority NEMC (China & Ndaro, 2015; Mkuula, 1993). 

Apart from the environmental point of view, chromium salt is not locally manufactured. Since it 

has to be imported, its market price in Tanzania is too high for most small-scale leather 

enterprises to afford. Alternatively, cottage industries process leather by traditional means. 

Traditional tanning involves boiling plant barks and using the decoction for tanning. Boiling 

temperature leads to co-extraction of non-desirable compounds such as gums that negatively 

affect the quality of leather (China & Ndaro, 2016).  

Thus, an eco-friendly and chrome-free tanning method is the current and continual need to 

sustain the leather industry of Tanzania. In this work, vegetable tannins from local plants barks 

and Al2(SO4)3 from local kaolin deposits were prepared and tested for their suitability in 

combination tanning. Kaolin was chosen as a source of Al2(SO4)3 because it‘s original source, 

bauxite, is diminishing in the world due to overutilization (Aderemi et al., 2009). The 

combination tanning using vegetable tannins and Al2(SO4)3 prepared from locally available 

materials deemed environmentally friendly to sustain a leather industry of Tanzania.  

1.3 Rationale of the Study 

Tanzania is the second country in Africa after Ethiopia in terms of livestock population, which is 

the only source of hides and skin for leather manufacturing (Mbassa et al., 2014). Due to lack of 

appropriate processing technologies more than 80% of collected hides and skin are exported 

unprocessed (Ministry of Industry and  Trade), depriving the country of employment creation 

and increased foreign income from export of finished leather and leather goods. In the present 

study, appropriate tanning agents prepared from locally available materials has been established 

to address underperformance issue in Tanzania leather sector. More importantly, this method is 
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an eco-friendly and chrome-free tanning method which is deemed environmentally friendly to 

sustain a leather industry of Tanzania rather than the current chromium tanning method. 

Furthermore, this method has higher quality output as compared to traditional tanning which 

involves boiling plant barks and using the decoction for tanning. Boiling temperature leads to co-

extraction of non-desirable compounds such as gums that negatively affect the quality of leather 

(China & Ndaro, 2016). Therefore, the study provides eco-friendly and affordable tanning agents 

to process hides and skins to the leather for sustainable manufacturing. 

1.4 Research Objectives 

1.4.1 General Objective 

To develop environmentally friendly tanning method using vegetable tannins from the barks of 

plants plenty available in Tanzania and Al2(SO4)3 prepared from Pugu kaolin. 

1.4.2 Specific Objectives 

(i) To establish the optimum extraction temperature for the recovering vegetable tannins 

from the barks of plants plenty available in Tanzania. 

(ii) To investigate the binding/interaction mechanisms between vegetable tannins from local 

plants barks and the skin collagen.  

(iii) To examine the combination tanning based on vegetable tannins from local plants barks 

and Al2(SO4)3 prepared from Pugu kaolin.  

1.5 Research Questions 

(i) What is the optimum temperature for extraction of vegetable tannins from local plants‘ 

barks that can have all necessary ingredients for active tanning? 

(ii) How do vegetable tannins from local plants‘ barks interact with skin collagen to impart 

stability to the leather?   

(iii) To what extent is Al2(SO4)3 prepared from Pugu kaolin suitable for combination tanning 

with vegetable tannins? 

1.6 Significance of the Study 

Tanzania is the second country in Africa after Ethiopia in terms of livestock population, which is 

the only source of hides and skin for leather manufacturing (Mbassa et al., 2014). However, 

more than 80% of collected hides and skin in exported unprocessed (Ministry of Industry and  
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Trade), depriving the country of employment creation and increased foreign income from export 

of finished leather and leather goods. Due to that, Tanzania is reported to be among countries 

with poorly performing leather sector (Wangwe et al., 2014). Lack of appropriate technologies 

contributes significantly to the underperformance of the leather industry of Tanzania.   

In the present study, appropriate tanning agents prepared from locally available materials has 

been established to address underperformance issue in Tanzania leather sector. The tanning 

agents developed in this work are environmentally benign because they are non-toxic, to replace 

chromium salts that pollute the environment and affect the smooth running of tanneries due to 

environmental compliance issues. Moreover, the tanning agents are inexpensive because they are 

locally produced using local raw materials as opposed to chromium salt that has to be imported. 

Therefore, the study provides eco-friendly and affordable tanning agents to process hides and 

skins to the leather for sustainable manufacturing. 

1.7 Delimitation of the Study 

The study mainly focused on using the barks of four plants and kaolin available in Tanzania to 

develop an eco-friendly tanning method for leather industry. The plants used was collected from 

Kilimanjaro and Arusha regions because they grow largely in those areas of the country. Kaolin 

used was obtained from Pugu hills, Coast region, because compared to other sources, Pugu 

kaolin is the best in terms of quality and it has high aluminium oxide content. The temperature of 

extraction was the only parameter optimized for extraction of vegetable tannins from local plants 

because it is the main parameter that affects the quality of leather as stated in the problem 

intended to be solved by this study. Molecular characterization of extract was not considered in 

the present work as the focus was on checking suitability for tanning.  

Apart from that, optimization of parameters to prepare aluminium sulphate from kaolin was 

beyond the scope of present study as the present study focused only on testing the feasibility of 

using aluminium sulphate from kaolin for tanning. Therefore, optimal parameters for preparation 

of aluminium sulphate from Pugu kaolin were selected from existing theories. Furthermore, 

combination tanning, as explored in this study, was limited to assessing the effect of aluminium 

sulphate concentration and the order of adding tanning agents. Further investigation on why 

order of adding tanning agents affect the tanning ability was beyond the present scope. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 History of Leather Tanning 

Leather is one of the precious commodity traded worldwide since prehistoric times (Kuria, 

2015). It is a natural fiber manufactured from animal hides/skins (Adem, 2019; Bianchi et al., 

2015). The term hide refers to the outer covering of mature animals of the larger type such as 

cattle and buffalo, while skin refers to outer covering derived from mature animals of the smaller 

type such as sheep, goats, pigs and reptiles (Wayua &  Kagunyu, 2012). Leather is one of the 

man‘s earliest and most useful discoveries, which were used by ancestors to protect themselves 

from cold as cloth, protect their foot as footwear and also as material for shelter through building 

of tents (Heth, 2015). Leather was also used to make shields (Bastian et al., 2018). 

The process of converting raw hides and skin into leather is termed ―tanning‖. The term 

originated from the discovery of the ability of tannins, plant extractable polyphenols, to react 

with hides/skins protein rendering it stable against heat and microbial, including enzymatic, 

attack that could affect the physical condition of the hides/skins (Elgailani &  Ishak, 2014). 

Following such a discovery, in 1796, French Chemist, Armand Séguin, termed the process of 

converting hides/skins to leather using tannins as vegetable tanning (Falcão & Araújo, 2018).  

Vegetable tanned leather becomes durable and thus stay for many years without decomposing, 

provided the leather is stored away from light, at the room temperature and low humidity 

(Carsote et al., 2014). Durability of leather is caused by permanent stabilization of the collagen 

protein of hides/skins by the action of crosslinking bonds formed with tanning agents. The 

ancient Egyptians made durable leather that after over 3000 years, the specimens were 

discovered in almost perfect condition (Nicholson, 2000; Veldmeijer, 2013). The early Greeks 

and Romans also made contributions to the science of leather making. Some of their methods 

such as oil tanning and alum tawing are still in use today (Russell, 2000). Apart from vegetable 

tannins, the use of other tanning agents, such as, fish oil (Hualong et al., 2011), animal‘s brain 

(Richter & Dettloff, 2002) and alum (Covington, 2009), were common in ancient times.  

Collagen stabilization using alum as a tanning agent was considered as tawing rather than 

tanning because the resultant leather was unstable, reverting to rawhide when alum is washed out 

(Covington, 2009; Nicholson, 2000).  
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Until the 18
th

 century, tanning was not considered as a scientific process, but only a method of 

preserving hides/skins from rotting and making them pliable (Schnitzer, 1935). During the 

industrial revolution (19
th

 century), leather industry marked its transformation following 

discovery of chrome tanning (Yeager, 1990). Chrome tanning was invented by the German 

technologist Friedrich Knapp and Hylten Cavalin from Sweden in 1858, and the technology was 

later patented by American chemist, Augustus Schultz (Covington, 2009; Yeager, 1990). Since 

then, chrome tanning became the most common and dominant form of tanning worldwide. 

2.2 Steps Involved in Leather Manufacturing 

Leather making is a labor-intensive process involving a number of steps to arrive at a finished 

product. It comprises the mixture of chemical and mechanical processes to impart desired 

properties. Leather manufacturing is divided into three major steps; pre-tanning, tanning and post 

tanning (Sarkar, 1981). Each step is independently important to define the quality of finished 

leather. No step can compensate the mistake overlooked in previous step. Therefore, all steps 

deserve the same weight of importance (Covington, 2009). 

2.2.1 Pre-Tanning of Hides/Skins 

Before tanning some components of hides/skins must be removed because their presence hinders 

uniform interaction of collagen with tanning agents and other chemicals used in subsequent 

steps. The skin components that must be removed include keratins, elastin, reticulin, glyco-

proteins, albumins and globulins. Only collagen protein is retained because it is the one that, due 

to its fibrous nature, can be transformed to useful material named leather (Covington, 2009; 

Reed, 2016; Sah, 2013). The processes involved in removing these unwanted components in 

hides/skins before vegetable tanning include soaking, fleshing, unhairing/ liming, deliming, 

bating and pickling (Sah, 2013). 

Soaking is the first step in the tannery, whereby the cured hides/skins are treated with water and 

sometimes in combination with detergents to rehydrate the collagen fibres (Black et al., 2013). 

Hides/skins must be soaked to restore the collagen fibres‘ original moisture that was lost during 

preservation. Soaking also serves to remove salt used during preservation and get rid of 

unwanted wastes adhered on the surface of the hide/skin such as dung, blood and soil (Kite &  

Thomson, 2006). The duration of soaking depends on the condition of preserved hides/skins. 

Usually, dried hides/skins takes longer processing time than wet salted hides/skins (Covington, 

2009). 
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Soaking is followed by the removal of hairs and other components from the hides/skins. During 

this process, the hair is removed by subjecting the hides/skins to a depilating agent, which 

destroys the hair by attacking the hair root so that it can easily be removed (Sarkar, 1981; Zekeya 

et al., 2019). Epidermis and soluble skin proteins such as albumins, globulins and glycoproteins 

are loosened and removed as well. Although enzymatic unhairing is widely known nowadays 

(Jian et al., 2011; Ramesh et al., 2018; Zekeya et al., 2019), most tanneries apply lime and 

sodium sulphide, which are deemed cheaper and easier to control than enzymes (De Souza &  

Gutterres, 2012). Lime raises the pH of the liquor to alkaline, which is suitable for the action of 

sodium sulphide to break disulphide bonds in hair that characterize keratin; a protein that makes 

hair (Yapici et al., 2008). Apart from this, pH around 12 brought by lime induces osmotic 

swelling of the hide/skin that leads to the splitting of the fiber bundles into smaller units, which 

opens the fiber structure for effective penetration of tannins during tanning (Ramasami &  

Prasad, 1991; Sarkar, 1981). After liming and unhairing, excess flesh and fats on the side of 

hide/skin becomes lose and is mechanically removed in the process called fleshing. If not 

removed, these components would inhibit the penetration of tanning chemicals in subsequent 

processes. At this stage, hide/skin is referred to as a pelt (Covington, 2009). 

Liming is followed by deliming, which is the process of adjusting the pH to 8. The latter 

reduction in pH is necessary for the subsequent bating stage that involves enzymatic 

solubilization of non-collagenous proteins present in the hides/skins (Choudhury et al., 2006). As 

collagen protein is the primary constituent that makes leather, all other proteins have to be 

removed during the bating stage (Dutta, 1999). Deliming also assists in reducing the 

swelling/plumping of the pelt resulting into a softer, stretchable and flexible leather. This process 

makes the grain surface of the finished leather clean, smooth and fine (Santos &  Gutterres, 

2007). Salts of ammonia, particularly ammonium sulphate and ammonium chloride, are 

commonly used as deliming agents (Sivakumar et al., 2015; SLTC, 1999). Before tanning, the 

pelt is pickled to a pH desirable for reacting with agents in a process termed pickling, with 

sulphuric acid and formic acid being commonly used to lower the pH (Dutta, 1999; Sarkar, 

1981).  

2.2.2 Post-Tanning of Hides/Skins 

During post-tanning, tanned leather undergoes further chemical treatments to improve the 

appearance of the finished leather and thus makes it suitable for end uses (Rosu et al., 2018). 

Neutralization, re-tanning, dyeing, fatliquoring and fixing are other essential processes taking 

place during post-tanning (Zhou et al., 2012). Neuralization is for regulating the pH of the tanned 
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leather for effective interaction with chemicals in subsequent processes. Re-tanning involves 

tanning leather to modify the handling properties. Dyeing intends to give leather the desired 

colour, while fatliquoring refers to the application of oil to the re-tanned leather for lubrication 

and preventing fibres from sticking upon drying. After all these processes, fixation is done to 

ensure all chemicals applied are well fixed to the collagen fibres. Thereafter, formic acid is used 

during fixation to lower the pH. Lastly, leather is dried, ready for finishing. At this stage, the 

material is called crust leather (Covington, 2009). 

2.2.3 Tanning of Hides/Skins 

Tanned leather changes its physical and mechanical properties such as shrinkage temperature, 

tensile strength, tearing strength and elongation to suit the needs of various end users. 

Organoleptic properties such as softness also get improved significantly (Nalyanya et al., 2018). 

Overall, tanning is achieved by several methods. Historically, alum tanning, smoke tanning, 

animal brain tanning and oil tanning were popular (Sarkar, 1981). Until the advent of chrome 

tanning toward the end of 19
th

 century, options available to the tanner were limited to these 

methods (Covington, 2009). Currently, the dominant methods are chrome tanning and vegetable 

tanning that make use of chrome salts and vegetable tannins, respectively, with chrome tanning 

being the most preferred method (Mahdi et al., 2009). 

2.3 Chrome Tanning and its Environmental Effects 

Chrome tanning has been the most preferred method due to its versatility in processing leather. 

Approximately 90% of global leather is made by chrome tanning (Jian et al., 2012). However, 

chromium is known to be among hazardous chemicals. In nature, two stable oxidation states (III 

and VI) of chromium exist with contrasting toxicities, motilities and bioavailability (Patra et al., 

2019). Chromium (VI) is motile, highly toxic, soluble in water and it is a potent oxidizing agent 

that causes severe damage to cell membranes. The damage to the cells can cause various cancers, 

gene mutation and teratogenic effects (Ahmed et al., 2017; Nigam et al., 2014; Nigam et al., 

2015).  

A study to investigate the sources of high-risk exposures to Cr and related health effects among 

tannery workers was reported in Kenya. The sample study comprised of workers working in 

various sections of the tannery. It was found that general workers (perform various tasks 

including general dusting of the floor, unblocking the drainage systems, collecting, handling and 

disposal of wastes, general maintenance of the machineries and keeping inventories of processed 

leather in place) have higher mean concentrations of Cr level (66.8 μg m
-3

) than workers in other 
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sections because they encounter intense and prolonged exposure to leather dust from multiple 

point sources, also breathing in air with a high level of Cr. Analysis of the urinary chromium 

level in the urine of these workers showed that the have an average of  31.1 μg Cr g
-1

 creatinine. 

This level exceeded the American Conference of Governmental Industrial Hygienists biological 

exposure index for chromium (30 μg Cr g
-1

 creatinine). Overall, 78% of chromium urinary levels 

of these general workers exceeded this limit (Were et al., 2014).  

Moreover, the assessment of the occupational health risks among tannery workers in India 

revealed a similar trend with a high level of chromium in the urine and blood samples. These 

findings reflect a chromium burden in the bodies of exposed workers as a result of a high 

concentration of environmental chromium at the workplace (Rastogi et al., 2008). 

Analysis of poultry feeds prepared from protein-rich tannery wastes, (trimmings, wet blue 

shaving dust and low chrome wet-blue scraps), have shown chromium levels far above the 

recommended daily intake limits (0.2 to 30 µg day
-1

). Concentrations of chromium as high as   

29 854 mg Cr Kg
-1

 were detected in animal feeds while the chromium levels in poultry‘s meat 

fed with those feeds were in the range of 0.4 to 0.8 mg Cr Kg
-1

 (Ahmed et al., 2017), being 

above the WHO permissible level of 0.1 mg Kg
-1 

 (FAO/WHO, 2000). The high concentrations 

above the WHO limits implies that consumers of poultry products fed with these kinds of feeds 

are at a high risk of chromium poisoning. 

2.4 Efforts to Minimize Chrome Tanning Environmental Effects 

 Abandoning chromium usage has been a challenging issue in leather tanning. There are several 

techniques innovated to improve the conventional chrome tanning so that its environmental 

effect is abated. Among them are chrome recovering and recycling (Cao et al., 2018; Sundar et 

al., 2002) and high exhaustion chrome tanning (Qiang et al., 2015; Zhang et al., 2016). Both 

techniques aim at reducing chromium discharged in the effluent of tanneries. With recovering 

and recycling techniques, chromium in spent tanning liquor is reused instead of being discharged 

as in conventional chrome tanning. Consequently, chrome discharged in the effluent is 

significantly reduced (Cao et al., 2018). High exhaustion chrome tanning is an improved system 

in which either auxiliaries (Liu et al., 2016; Zhang et al., 2017) or alternative solvents other than 

water (Prokein et al., 2017; Sathish et al., 2016) are used with chrome, thereby, enhancing the 

uptake and fixation of chromium in leather fibres. The exhaustion efficiency reported to rise to 

90-99% from 60-70% of conventional chrome tanning (Liu et al., 2016; Prokein et al., 2017; 

Sathish et al., 2016; Zhang et al., 2017). By so doing, chrome discharged is largely reduced.  
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However, these techniques are unable to address the solid waste pollution caused by chrome 

tanned leather. It has been reported that only 20% of rawhides or skins are converted to leather, 

while the rest (80%) is generated as solid wastes. The respective proportional of solid wastes 

generated from tanneries include 56-60% fleshing, 35-40% chrome shavings, chrome splits and 

buffing dust, 5-7% chrome trimmings and 2-5% hairs (Puvanakrishnan et al., 2019). Chrome 

shavings, chrome splits, buffing dust and trimmings contain chromium, which can easily be 

deposited in the environment by rain runoff and other natural means (Rahaman, 2017). In light of 

these facts, chrome-free tanning methods are inevitable (Rao et al., 2002). One of the chrome-

free tanning methods known for many years is vegetable tanning (Plavan et al., 2009). 

2.5 Vegetable Tanning 

Vegetable tanning involves the use of tannins derived from plants, which are water-soluble 

polyphenolic compounds having molecular weights of 500 to 20 000 Da (Khanbabaee &  Van- 

Ree, 2001). Besides giving the usual phenolic reactions, vegetable tannins have unique 

properties such as the ability to precipitate alkaloids and proteins (Haslam, 1979). Vegetable 

tannins are distributed in many species throughout the plant kingdom. Both dicotyledonous and 

monocotyledonous plants contain such tannins (Ogiwara, 1980). 

Vegetable tanning is among the oldest known leather tanning methods. It was done by treating 

the hides/skins with leaves and barks containing tannins. Ancients tanned their leather by placing 

layers of bark, leaves, and fruit over the hides and adding water. This process was sluggish, 

taking months for thin skin and even years for thick skins to be processed (Kuria, 2015). 

Vegetable tanning is an eco-friendly method of tanning compared to others, as it discharges 

minimum pollutants to the environment (Jianzhong et al., 2011; Oruko et al., 2019). Initially, the 

use of vegetable tannins was solely related to sole leather production (Reed, 2016). With today‘s 

technological advancements, it is feasible to obtain high quality environmentally friendly 

vegetable tanned leathers with excellent softness, sponginess, tightness and embossing retention 

properties that can be refined in many ways to adapt to different uses (Ogiwara, 1980). 

Vegetable-tanned leather has excellent fullness, moldering features, wear-resistance and air 

permeability. Thus, vegetable tanning is highly crucial in the reduction of chrome pollution in 

the leather tanning (Faxing et al., 2005). 

Worldwide, researchers are paying particular attention to the use of vegetable tannins to replace 

chrome, and some progress has already been achieved. Modifications of the tanning recipe and 

the improvement of the method of preparing tanning materials has made the vegetable tanning 
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process to be achieved within a day, as penetration and fixation processes have become efficient 

(Auad et al.,  2019; Subramani et al., 2010; Vitolo et al., 2003). The result is a superior product, 

combining excellent technical characteristics, and aesthetic unique elements, that last and 

improve over the leather‘s lifetime (Fig. 1; Koloka & Moreki, 2011). Vegetable tannins are also 

used in the re-tanning stage and are applied to different kinds of chrome prepared leathers. 

 

Figure 1: Handbag made from oak vegetable tanned leather (Jakobsen, 2016) 

2.5.1 Extraction of Vegetable Tannins 

Conventionally, production of vegetable tannins is done by countercurrent extraction in vats or 

stainless-steel vessels. During the process, boiling freshwater is introduced in the most exhausted 

barks. This water is then fed, vessel by vessel, over a series of barks that are increasingly fresher. 

As the solution continues, the resultant broth becomes more enriched with vegetable tannins 

(Sharphouse, 1989). Other extraction methods recently reported include maceration, decoction, 

microwave-assisted extraction, Soxhlet extraction, superficial fluid extraction,  infrared assisted 

extraction (Cuong et al., 2019), to mention a few. The efficiency of each of these methods varies; 

however, their application in the production of tannins for the leather industry is limited by the 

required investment and operational costs. 

For vegetable tannins source to be economically attractive, it must contain more than a 10% 

tannin content (Mahdi et al., 2006). To achieve this concentration, in a conventional extraction 

method, the extract solution is concentrated by evaporation. The concentrated extract can either 

be left to solidify by cooling or spray-dried to obtain powder (Hussein, 2009). However, during 

concentration by evaporation, high levels of heat energy (high temperature) is applied, which 

leads to the tannin darkening; hence, affecting its quality, with the heating requirements 

increasing operational costs (Sharphouse, 1989).  
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2.5.2 Factors Affecting the Extraction of Vegetable Tannins 

The extraction efficiency of vegetable tannins is determined by the type of solvent, temperature, 

time and solvent extraction cycles, pH, the volume of solvent and particle size in the sample 

(Mokhtarpour et al., 2006). Since the tannins are polar, they are well extracted with polar 

solvents. Water and organic solvents such as acetone, methanol, ethanol, ethyl acetate and an 

aqueous solution of the same organic compounds are ideal for the extraction of tannins (Santos-

Buelga &  Williamson, 2003). Organic solvents are more efficient than water in extracting 

tannins, but they are more expensive (De Hoyos-Martinez et al., 2019; Waksmundzka-Hajnos &  

Sherma, 2010). Therefore, for economic reasons, the extraction of tannins for application in the 

leather industry is done by using water.  

Temperature is also an essential parameter in the extraction of tannins because heat renders the 

cell wall permeable, increase solubility and diffusivity of the compound of interest to be 

extracted and decrease the viscosity of the solvents thus facilitating its passage through lignin 

structure of the bark and subsequent separation process (Ogiwara, 1980). However, boiling 

temperature promotes co-extraction of non-tannins with other large molecular weights 

constituents such as gums, which affect the quality of the leather. The gums can interact with the 

amino groups on the hide/skin surface and reduce the penetration of tannins to the inside of the 

hide/skin structure for uniform tanning. The resultant leather becomes stiff and not fully tanned 

(Didato et al., 1999).  

Time taken in exposing barks to the heated solvent also plays a significant role in extract yield. 

Prolonged exposure of the sample in the warm solvent, allows sufficient time for the desired 

compounds to migrate into the solvent (Naczk &  Shahidi, 2004). However, extended extraction 

at a temperature above 80 °C decreases the extraction yield because the high heat causes the 

oxidation and degradation of the desired compounds (Sulaiman et al., 2017). Therefore, 

Sulaiman et al. (2017) proposed the minimum temperature to be 60 °C and 120 min for 

maximum extraction time to produce the highest extract yields of tannins from barks.  

The number of extraction cycles also increases extraction efficiency. Thus, apportioning the 

solvent used and maximizing extraction cycles with virgin solvent in batches is efficient than 

using the whole solvent in a single extraction cycle (Kuria, 2015). Additionally, the pH of the 

extraction media determines the degree of solubility for soluble compounds and also influences 

the possible solubilization of the tannins (Bickley, 1992). 
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2.5.3 Chemistry of Vegetable Tannins 

The chemistry of vegetable tannins differs invariably depending on the biosynthesis pathways 

(Ossipov et al., 2003; Salminen et al., 2001). Based on their chemical structures, tannins were 

previously classified into hydrolysable tannins or pyrogallol and condensed tannins or catechol  

(Schröpfer &  Meyer, 2016). Pyrogallol is the ester of gallic acid. On the other hand, catechol is 

the polymers formed by the condensation of flavan (Falcão & Araújo, 2018; Covington, 2009; 

Dutta, 1985). Recently, a new category of tannins has been reported. The tannins in this new 

category are iridoid compounds (Schröpfer &  Meyer, 2016; Schröpfer &  Meyer, 2019). Some 

examples of iridoids are Oleuropein and Ligustrosid, which are found in privet lives (Schröpfer 

&  Meyer, 2019). The nature of their properties makes them different from both pyrogallol and 

catechol; however, they share similar properties of converting rawhides/skins to leather.  

Some components of vegetable tannins are reported to be toxic. For instance, studies have 

revealed that the uptake of catechol above 800 mg day
-1

 is associated with liver injury (Younes et 

al., 2018; Sergi et al, 2020). However, the concentration of catechin in vegetable tannin is 

sufficiently low to cause liver damage as compared to the effect imposed by chrome. 

Furthermore, being of organic nature, catechin constituents are biodegradable; hence it is easier 

to be destroyed in effluent treatment system than the chrome (He et al., 2007; Spier & Gutterres, 

2018). 

(i) Hydrolysable Tannins 

Hydrolysable tannins are gallic acid esterified with glucose, having a molecular weight of      

500-3 000 Da (Ali et al., 2013). They tend to hydrolyse and form blooms. Depending on the 

hydrolysis products, hydrolysable tannins are divided into gallotannins and ellagitannins 

(Grasser, 1992). Gallotannins can be hydrolysed to yield gallic acid and glucose, while 

ellagitannins hydrolyse to ellagic acid and glucose. They produce leather with a yellow or 

greenish cast; albeit, with good light fastness (Haslam, 1979). The colour darkens thereafter but 

does not acquire the redness so typically associated with the condensed tannins. Generally, 

hydrolysable tannins can be extracted from different plants, such as chestnut wood (Castanea 

sativa), oak wood (Quercus robur), tara (Caesalpinia spinosa) pod (Terminalia chebula) and 

aleppo gall (Quercus infectoria) (Haslam, 1989). Figure 2 shows the structure of gallic acid and 

hydrolysable tannins (Krause et al., 2005). 
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Figure 2: Structure of gallic acid and hydrolysable tannins 

(ii) Condensed Tannins 

Condensed tannins are flavonoid units with a molecular weight ranging from 1 000 to 20 000 Da 

(Dey &  De, 2014). Often, condensed tannins can be found as oligomers of procyanidins (PC) 

and prodelphinidins (PD) composed mainly of catechin and gallocatechin units, respectively (Ali 

et al., 2013; Bianchi et al., 2015). The condensed tannins are unsusceptible to hydrolysis, but 

they are easily oxidized and polymerized to form insoluble substances called phlobaphenes 

(Smeriglio et al., 2017). They tend to be red (particularly on exposure to air), low in acidity, 

sugar and salt. Their solution is highly sensitive to pH change; hence, readily precipitate when 

the pH is lowered. The liquors of condensed tannins deposit less sludge, ferment less and are less 

liable to mold growth than those of hydrolysable tanning (Sarkar, 1981). Thus, liquors of 

condensed tannins lose tannin by decomposition only (Kuria, 2015). 

Condensed tannins are the most abundant tannins and are found nearly in almost all families of 

plants (Kuria, 2015). In most cases, tropical woods contain condensed tannins, whereas, 

temperate woods contain hydrolysable tannins (Krause et al., 2005). The most crucial 

commercial tanning materials such as Avaram (Cassia auriculata), Babul (Vachellia nilotica), 

Hemlock (Tsuga canadensis), Mangrove (Rhizophora mangle), Mimosa (Acacia mearnsii) and 

Quebracho (Schinopsis balansae) belong to this group i.e., the condensed tannins group (Reed, 

2016). Figure 3 shows the structure of catechin and condensed tannins. 
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Figure 3: Structure of catechin and condensed tannins (proathocyanidins) 

(iii) Iridoids 

Iridoids are relater structurally to iridodial. The latter can undergo a ring-opening after enzymatic 

deglycosylation to form two aldehyde groups. Thus, are applied as natural cross-linkers in 

various applications (Alves, 2017; Li &  Zhang, 2015; Schröpfer &  Meyer, 2016). However, 

their use on an industrial-scale for leather processing, is not yet reported. 

 

Figure 4: Structure of the iridoid 

2.5.4 Mechanism of Vegetable Tanning 

Application of vegetable tanning to produce leather involves the interactions between vegetable 

tannins and  collagen of the hide/skin, forming bonds that accounts for the leather stability 

(Falcão &  Araújo, 2018; Schröpfer &  Meyer, 2016). The availability of the reactive groups to 

interact individually, depends on the pH of the media (Adamczyk et al., 2017; Kuria, 2015). 
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Vegetable tannins primarily interact with the side chains amino groups and peptide oxygen of the 

skin collagen. Depending on the pH of the medium, amino groups can be protonated or 

deprotonated. The presence of such an interaction has been proven in various studies (Russo et 

al., 2007; Gustavson, 1949; Schröpfer &  Meyer, 2016; Velmurugan et al., 2014).  

Vegetable tannins interact with collagen in four different ways, which are hydrogen bonding, 

covalent bonding, ionic interactions and hydrophobic interactions (Lu et al., 2003; Schröpfer &  

Meyer, 2016).  Hydrogen bonding occurs when phenolic hydroxyl interacts with protonated 

amino groups or peptide oxygen of the collagen. Simultaneously, covalent bonding happens 

between the quinone or aldehyde group of tannins and deprotonated amino groups of the 

collagen (Kasmudjiastuti et al., 2019). On the other hand, hydrophobic interaction occurs 

between the aromatic ring of the phenolic compounds and the hydrophobic region of the collagen 

(Tang et al., 2003b). All these interactions can participate in the tanning of leather; however, the 

most meaningful interactions that contribute remarkably to the stability of collagen fibres are 

hydrogen and covalent bonding mechanisms (Kumar & Singh, 1984; Schröpfer &  Meyer, 2016).  

Furthermore, tannins hydrolysis via hydrogen bonding, occurs between the polyphenolic 

hydroxyl group with protonated amino groups of the skin collagen (Fig. 4). This reaction is 

stable at pH 3.0 - 4.5 because above this pH range, the protonated amino groups become 

deprotonated, thus unavailable for reactions with the phenolic hydroxyl groups (McManus et al., 

1985; Schröpfer &  Meyer, 2016).  

 

Figure 5: The interaction mechanism between hydrolysable tannins and the skin collagen 
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The reactions between condensed tannins and skin collagen can proceed via both hydrogen and 

covalent bonding. At the pH range 3.0 - 4.5, the interaction is similar as in hydrolysable tannins. 

But at the pH 5.0 – 9.0, the interaction is through covalent bonding between quinones and 

deprotonated amino groups (Fig. 5). Availability of quinones at the neutral to alkali pH is due to 

the tendency of phenolic hydroxyl groups to oxidize to quinones enzymatically. However, the 

covalent bond formed is susceptible to cleavage by acid hydrolysis (Schröpfer &  Meyer, 2016; 

Yang et al., 2016).  

 

Figure 6: The interaction mechanism between condensed tannins and the skin collagen 

Iridoids react in a similar way as condensed tannins, except, iridoids contain an aldehyde group 

that forms after deglycosylation and ring-opening (Fig. 6).  The aldehyde group interacts 

covalently with the basic amino group of skin collagen to form acid hydrolysis resistant bonds, 

as opposed to those formed by quinone groups (Schröpfer & Meyer, 2016). 
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Figure 7: The interaction mechanism between iridoids and the skin collagen 

2.5.5 Methods of Studying the Mechanism of the Interaction between Vegetable Tannins 

and Collagen of Skin 

Conventionally, the reaction between vegetable tannins with the collagen has been studied by 

precipitation of soluble proteins and the calorimetric determination of binding constants 

(McManus et al., 1985), light scattering (Siebert et al., 1996), Sodium Dodecyl Sulfate (SDS) 

polyacrylamide electrophoresis (Konno et al., 1999) and turbidity (Siebert, 2006). However, 

these techniques do not elucidate reaction mechanisms under identical experimental conditions. 

Moreover, comparing the interaction of vegetable tannins and soluble protein with that of 

insoluble protein (collagen of skin) would lead to a significant error since insoluble and soluble 

proteins possess different properties (Schröpfer &  Meyer, 2016).  

As an alternative, Schröpfer and Meyer (2016) developed a method that compares the 

interactions of tannins with collagen under identical conditions. The method yields reliable 

information about the interaction mechanism when vegetable tannins react with the collagen of 

hides/skins. The method involves reacting the collagen hide powder with the tannins at the pH 

range from 2.5 to 9.0, followed by Differential Scanning Calorimetry (DSC) analysis, 2,4,6-

Trinitrobenzene sulfonic acid (TNBS) assay and Amino Acid Analysis (ASA) on the cross 

linked hide powder. The DSC analysis gives an overview of the bonds type formed. 

Subsequently, the TNBS assay confirms the covalent bonds based on the interaction between 
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basic amino groups and quinones. Lastly, the ASA analysis checks the stability of the covalent 

bonds against acid hydrolysis. 

2.5.6 Non-Tannins 

Non-tannins are compounds that somewhat have similar chemical nature with tannins, but in 

practice do not react or attach to hides/skins collagen. They are co-extracted with tannins during 

the extraction process, and they may be acids, salts or polyphenols (Heidemann, 1993). 

Although, they lack tanning power, their presence in the tanning liquor is essential and crucial to 

control the rate of tanning through peptizing real tannins; thereby, increasing their solubility (Ali 

et al., 2013). Moreover, they impart fulness and softness to the tanned leather (Sarkar, 1985; 

Dutta, 1999). For instance, leather tanned with pure gallotanin is flat, thin and lacks fullness; 

however, the presence of non-tannins in reasonable quantities gives a soft leather, which feels 

full, as oppose to an empty leather (Reed, 2013). 

Additionally, non-tannins reduce the astringency of tannins; thereby, preventing fixation of 

tannins on the hide/skin surface. For this reason, the tanners initiate vegetable tanning process 

with old, mellowed liquors. The latter have high non-tannin content since most of the tannins 

were bound to hides/skins on the previous tanning process. Thereafter, virgin tannin liquor is 

gradually increased, using a high liquor strength which is freshly concentrated and thus has 

astringent tannins (Heidemann, 1993). 

2.5.7 Limitations of Vegetable Tanning 

(i) Sensitivity to Photooxidation 

Vegetable tannins are prone to photooxidation. The prolonged exposure of the leather to UV 

light results in colour change. Changing in colour is principally due to photooxidation and 

photodegradation reactions of leather embedded constituents. Photooxidation results in 

darkening of the leather while the photodegradation causes leather-lightening (Fraga-Corral et 

al., 2020). According to Pizzi et al. (2004), leather darkening and lightening can occur 

consecutively if the tannins in the leather undergo both photooxidation and photodegradation. 

Photooxidation is the first phase that involves oxidation of phenol hydroxyl groups to quinones 

and the formation of phenoxyl radicals, which results in the darkening of the leather. The second 

phase is the degradation caused by phenoxyl radical decay reactions and leads to the partial 

discolouration of the leather. Some leathers undergo only darkening without a lightening 



22 

 

response because the phenoxyl radical formed during photooxidation phase, become resistant to 

photo decay. 

Nevertheless, when photooxidation represents a problem, it can be abated by the condensation of 

tannins with sulfonated synthetic aminoplastic resins. Melamine-urea-formaldehyde (MUF) is 

one of the synthetic resins, which provides softness and flexibility to leather while preventing 

photooxidation. It has low tanning capacity due to its low astringency, which can be counteracted 

with the use of polyphenols with no need for chromium salts (Pizzi, 2008). 

(ii) Low Shrinkage Temperature 

Although vegetable tanning plays a significant role in avoiding chromium pollution from the 

leather industry, replacing chromium tanning with vegetable tanning is being challenged due to 

the low shrinkage temperature of vegetable-tanned leather. Leather tanned with vegetable tannins 

has the maximum shrinkage temperature of 85 °C (Covington, 2009). Moreover, the best leather 

is expected to have a shrinkage temperature above 100 °C because in some stages of making 

some products such as footwear, leather is subjected to hot steam exceeding 100 °C. At this 

temperature, vegetable-tanned leather shrinks, which affects the quality of the final product. Due 

to this weakness, vegetable-tanned leather exhibits limitation in its uses for some products. Such 

a deficiency can be eliminated by combination tanning.  

2.6 Combination Tanning 

Combination tanning is a technique whereby two tanning agents, which individually cannot 

impart the required leather properties, particularly shrinkage temperature, are blended in tanning 

for efficient tanning. The effect is synergistic rather than additive in which each component work 

synergistically to give the leather a shrinkage temperature similar to that of chrome-tanned 

leather (Covington, 1997). Combination tanning is not only used to address shrinkage 

temperature limitations but also other properties such as dyeability, fulness, softness, colour 

fastness, tensile strength, tearing strength are improved (Madhan et al., 2007). 

The combination of vegetable tannins with tanning agents such as Zirconium, Aluminium, Iron 

and Titanium salts have previously been reported (Bo et al., 2013; Covington, 2009). Studies 

revealed that combination tanning, whereby vegetable tannins are coupled with aluminium 

sulphate [Al2(SO4)3] performs better in enhancing shrinkage temperature of leather than others. 

Such combination tanning yields leather with shrinkage temperature similar to that of chrome-

tanned leather, a mechanistic phenomenon of which is well established (Musa & Gasmelseed, 
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2013; Covington, 2009; Madhan et al., 2007; Brown & Dudley, 2005). Moreover, Al2(SO4)3 has 

a strong capacity of adsorbing pigments and gives the leather cationic properties making it the 

best mordant for dyeing. Furthermore, Al2(SO4)3 is advantageous for being a safe and less-toxic 

chemical as compared to Chromium salts (Mozaffari, 2018).  

2.6.1 Mechanism of Combination Tanning Between Vegetable Tannins and Al2(SO4)3 

The interaction between vegetable tannins and Al2(SO4)3 was postulated in the Link-Lock 

theory. According to the Link-Lock theory, phenolic hydroxyl group of the tannin, first react 

with the amino group of collagens, followed by aluminium oxide (generated from Al2(SO4)3) 

cross-linking the polyphenols already bound to the collagen. Figure 7 shows the interaction of 

vegetable tannins with collagen in the presence of Al2(SO4)3 to form a stable matrix that 

determines the stability. The formed strong and complex matrix accounts for improved physical 

properties of the leather, notably shrinkage temperature (Covington et al., 2008), and 

consequently others. 

Previous studies on combination tanning based on Al2(SO4)3 and vegetable tanning deduced that 

the formation of a stable tanning matrix depends on the concentration of aluminium oxide 

(Al2O3) derived from Al2(SO4)3 based on the stoichiometric relationship and the order of 

addition (Covington, 2009; Slabbert, 1981). Furthermore, it was established that vegetable 

tannins from some plants work better when they are added first followed by Al2(SO4)3 (Abdella 

et al., 2018; Musa & Gasmelseed, 2012). Others determined that these agents work better in the 

reverse order (Fig. 8; Covington, 1997). The reason for this contradicting order has not been yet 

established, and thus needs further exploration. 

 

Figure 8: Interaction of skin collagen with vegetable tanning in combination with 

aluminium (Covington, 2009) 



24 

 

2.6.2 Sources of Al2(SO4)3 for Combination Tanning 

Aluminium being the most abundant metal on the earth‘s crust (Krebs, 2006; Wood et al., 2004), 

the combination of vegetable tannins and Al2(SO4)3 is more likely to be sustainable than that of 

vegetable tannins with other metal salts such as Titanium and Zirconium. The Al2(SO4)3 is 

available commercially and is currently produced from bauxite (Etuaful, 2013). However, 

relying on bauxite has some limitations because it is diminishing globally and scarcely present in 

commercial quantities in most of the developing countries (Aderemi et al., 2009). Hence, an 

alternative source of Al2(SO4)3 is an immediate need for sustainability of the leather industry.  

Kaolin, an aluminosilicate clay with the molecular formula of Al2Si2O5(OH)4 containing 10-40% 

aluminium (Al Bakain et al., 2014; Granizo et al., 2000), is regarded as a potential substitute of 

bauxite in the production of Al2(SO4)3 (Chigondo et al., 2015). Structurally, kaolin consists of 

repeated units of Al(O2OH) in an octahedral sheet coupled to a silica (SiO4) tetrahedral sheet. 

One tetrahedral sheet of SiO4 is linked through oxygen atoms to one octahedral sheet of 

Al(O2OH) (Kloprogge, 2017; Honjo et al., 1954). Within this structure two types of OH groups 

(n=2) are present, with one group extending and forming hydrogen bonds to adjacent layers 

(surface OH group), while the other OH group is situated within the empty spaces of the 

octahedral sheets (inner OH group) (Kloprogge, 2017). The structure of the kaolin is held 

together by hydrogen bonds; hence, in its raw form it is insoluble. 

To dissolve aluminium from kaolin, the hydrogen bonds should be thermally decomposed. Thus, 

during the preparation of Al2(SO4)3 from kaolin, the latter is calcined at a high temperature 

between 750-850 °C. Upon calcination, the kaolin undergoes dehydroxylation and transforms to 

metakaolin, which is consequently prone to acid dissolution because the bonds holding the 

structure are broken. The aluminium is exposed; hence, it can be easily dissolved to react with 

sulphuric acid forming Al2(SO4)3 (Al Bakain et al., 2014).  

About 2.3 billion metric tons of kaolin deposit of high a standard, similar to Georgia kaolin, is 

located at Pugu Hills, 35 km from Dar es Salaam City, Tanzania (Akwilapo &  Wiik, 2003; 

Kimati, 2012; Schwaighofer &  Muller, 1987). The potential of Pugu kaolin for industrial use is 

still untapped (Akwilapo &  Wiik, 2003; Kimati, 2012). Thus, its utilization is limited and the 

ceramic industry seems to be the sole industry interested in this resource indicating 

underutilization (Kimambo et al., 2014).  
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2.6.3 Applications of Al2(SO4)3 from Kaolin 

The use of kaolin as the source of aluminium for the preparation of Al2(SO4)3 has recently gained 

attention, especially in the application as a flocculant in water treatment due to both 

environmental concerns and an economic viewpoint (Chigondo et al., 2015; Kuranga et al., 

2018). However, there is limited information on the use of kaolin based Al2(SO4)3 in 

combination with vegetable tannins in leather tanning. Therefore, this study investigated 

combination tanning based on Al2(SO4)3 prepared from kaolin and vegetable tannins extracted 

from plant barks plenty available in Tanzania to develop eco-friendly and sustainable leather 

tanning technologies using local resources. 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Materials 

Plant barks used for extraction of tannins were collected from various parts of Northern 

Tanzania. The stem barks of A. xanthophloea were collected from NM-AIST campus (Arusha, 

Tanzania), whereas that of E. divinorum were collected from Loliondo (Manyara, Tanzania). The 

stem barks of A. mearnsii and the root barks of E. racemosa were collected from Usangi 

(Kilimanjaro, Tanzania) (Fig. 9). The four plants were chosen based on indigenous knowledge. 

The communities that engage in traditional leather making employ at least one of these plants. 

Thus, it was worth exploring the best way to use them to enrich the traditional knowledge.  

Kaolin used in this work was collected from Pugu hills, Pwani Region, Tanzania (Fig. 10). Hide 

powder and hide pelt samples were donated by Forschungsinstitut für Leder und 

Kunststoffbahnen (FILK), Research Institute of Leather and Plastic Sheeting in Germany. The 

skins pelts were generously donated by the Central Leather Research Institute (CLRI) pilot 

tannery in India. The tail of the albino mice was provided by the CLRI CHORD department. All 

chemicals (sodium carbonate, hydrochloric acid, citric acid, disodium hydrogen phosphate, 

monosodium phosphate, disodium phosphate, sodium hydrogen carbonate, lithiumcitrate buffer, 

Folin-Ciocalteu‘s phenol reagent, gallic acid, aluminium chloride, sodium hydroxide, catechin, 

sodium nitrite, aluminium sulphate, sodium citrate, ninhydrin, sulphuric acid, sodium carbonate, 

TNBS and trisodium citrate) used were of analytical grade. For tanning trials, commercial-grade 

chemicals were used.  
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Figure 9: The plants used in the study and their respective chopped and milled barks 

 

Figure 10: Images showing the location of Pugu Hills and kaolin deposits 
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3.2 Extraction and Characterization of Vegetable Tannins from Investigated Plant Barks  

3.2.1 Extraction of Tannins 

Collected plant barks were dried under a shed for five days and cut into small chips. The chipped 

pieces were ground in a milling machine (Pulverisette 19, Fritsch GmbH Idar-Oberstein, 

Germany) and sieved by a 1 mm size mesh. The choice of particle size was based on the 

previous studies (Schröpfer & Meyer, 2016), which emphasize the use of small bark particle size 

enough to give a large surface area for mass transfer and large enough to prevent particles 

compactness (Baldosano et al., 2015).  Therefore, 1 mm barks particle size was chosen in this 

study.  

The maceration extraction method was employed with minor modifications. About 20 g of the 

milled barks were soaked in 200 mL of distilled water in a glass beaker covered with aluminium 

foil to prevent water evaporation. The mixture was placed in a water bath maintained at a chosen 

temperature (30, 50 and 80 ºC). The stirring of the sample mixture was maintained using an 

overhead stirrer connected to the beaker‘s opening through a small hole made on the aluminium 

foil (Fig. 11a). Extraction process continued for 4 h, then the filtrates were collected (Fig. 11b). 

Time for extraction was extended for 4 h to give the barks and water a longer time of contact.  

The residues were subjected to the second extraction cycle using 200 mL distilled water for 4 h. 

First and second filtrates were mixed and concentrated at 40% under vacuum using a rotary 

evaporator (Büchi, Labortechnik AG, Essen Germany) (Fig. 11c) and then lyophilized and dried 

in the freeze dryer (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode, Germany). 

Resultant plant extract powders (Fig. 12) were analysed for plant extract yield, tannin content 

(TC), total phenolic content (TPC) and total flavonoid content (TFC).  
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Figure 11: Recovery of vegetable tannins from plant barks (a) extraction process (b) 

filtering (c) concentration 

 

Figure 12: Plant Extracts powder after freeze drying (a) E. divinorum (b) A. xanthophloea 

(c) A. mearnsii 

3.2.2 Determination of the Plant Extract Yield 

The extract yield was determined based on the dry plant extract weight and the weight of dry 

barks by using equation 1  

                
                          

                                      
                            1

  

3.2.3 Determination of the Tannin Content  

Tannin content was determined by a filter bell method as described by Atkin and Thompson 

(1937). Unfiltered tannin solution was detanned by lightly chromed Freiberg Hide Powder batch 

number ‗VK 383‘. Dry cotton-wool was placed in the upper part of the bell to prevent hide 
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powder from passing through the capillary. The neck was fixed with a rubber stopper carrying a 

capillary glass tube bent twice at a right angle. Subsequently, the bell was filled with 7 g of hide 

powder and pressed outward onto the bell‘s wall to block channels that may allow tannin 

solution to pass through undetanned.  

The filter bell so prepared was placed in a 200 mL beaker, and the latter was filled with a tannin 

solution and placed in the water bath maintained at 18 °C. After the tannin solution having been 

absorbed by the hide powder up to the neck, gentle suction was applied to the capillary limb until 

the liquid flowed out slowly at the rate of 8-10 drops per minute (Fig. 13 and 14). The first 30 

mL of the detanned solution was discarded; however, few drops were retained for the gelatin 

test. Exactly 50 mL of the next 60 mL was evaporated (Fig. 16) and dried to a constant weight to 

determine non-tannin content. Tannin content was obtained as follows (Equation 2). 

                                                                    2 

A gelatin test was carried out to the detanned solution to check the completeness of the detanning 

process. A volume (5 mL) of the detanned solution was placed in to test tubes, and a few drops 

of the aqueous solution of gelatin and sodium chloride were added. The formation of precipitate 

was monitored (Fig. 15). Water and the tannin solution were tested as negative and positive 

controls, respectively.  
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Figure 13: Experimental setup for the determination of tannin content 

 

Figure 14: Tannins trapped by the hide powder inside a filter bell 
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Figure 15: Gelatin test tubes. (a) water (b, c and d) detanned solutions of E. divinorum, A. 

mearnsii and A. xanthophloea, respectively (e) tannin solution (f) detanned 

solution of E. racemosa 
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Figure 16: Evaporation of the detanned solution 

3.2.4 Determination of the Total Phenolic Content  

Determination of the Total Phenolic Content (TPC) was carried out as previously described  

(Blainski et al., 2013). A volume (5 mL) of 10% Folin-Ciocalteu‘s phenol reagent was added in 

to 0.2 mL of the plant extract solution and mixed well. After 6 minutes, 4 mL of 7.5% sodium 

carbonate was added. The mixture was diluted to 25 mL with deionized water and incubated for 

90 minutes (Fig. 17). Absorbance was recorded at 760 nm using UV-VIS spectroscopy 

(Photometer Jasco V630, Jasco-GmbH, Groß Umstadt, Germany). Gallic acid was used to obtain 

a calibration curve, and the concentrations used were 50, 75, 100, 125, 200 mg mL
-1

. The TPC 

was expressed as mg gallic acid equivalent per g dry weight of the barks and then presented as a 

percentage based on dry bark weight.  
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Figure 17: Samples for the Folin-Ciocalteu’s assay to determine the Total Phenolic Content 

3.2.5 Determination of Total Flavonoid Content 

Determination of the Total Flavonoid Content (TFC) was performed as described previously 

(Kamtekar et al., 2014). Deionized water (4 mL) was added in 0.5 mL of the plant extract 

solution followed by 0.3 mL of a 5% NaNO2 solution. After 5 min, 0.3 mL of 10% AlCl3 

solution was added. The solution was allowed to stand for 6 min, then 2 mL of a 1 M NaOH 

solution was added. Finally, the volume was made up to 10 mL with deionized water and 

allowed to stand for 15 min before reading absorbance at 510 nm using UV-VIS-spectroscopy 

(Photometer Jasco V630, Jasco-GmbH, Groß Umstadt, Germany) (Fig. 18). Catechin was used 

to obtain the calibration curve, and the concentrations used were 20, 40, 60, 80 and                   

100 mg mL
-1

. The TFC was expressed as mg catechin equivalent per g dry weight of the barks 

and then presented as a percentage based on dry bark weight. 
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Figure 18: Samples for the determination of Total Phenolic Content 

3.2.6 Preparation of Hide Powder Cross-Linked with the Extract from Investigated 

Plants 

To evaluate the cross-linking capacity of the extracts, hide powder was treated with extract 

solutions by using an already established method (Schröpfer &  Meyer, 2016). About 1 g of hide 

powder was soaked in 20 mL 0.4 M McIlvain buffer at pH 5 for 1 h. 5% (w/v) of plant extracts 

were added, and the solution was shaken in a mechanical shaker (Type SW 20 C, Julabo GmbH, 

Seelbach, Germany) at 35 °C for 5 h (Fig. 19). Then, the solution was filtered using a vacuum 

pump (Type N 726.3 FT.18, KNF Neuberger GmbH Freiburg im Breisgau, Germany) (Fig. 20). 

Filtrates were discarded and the treated hide powder was reserved for further analysis. A mass 

(few mg) of the crosslinked hide powder was taken for denaturation temperature analysis using a 

DSC device (DSC 1, Mettler-Toledo, Gießen Germany).  

The effect of combining vegetable tanning with Al2(SO4)3 on improving the crosslinking ability 

of the tannins was investigated. The extract of E. racemose showed poor crosslinking ability; 

hence, not considered for the subsequent experiments. In the first trial, the effect of adding 

vegetable tannin first was assessed. About 0.5 g of hide powder was placed in each of the 15 

tubes (50 mL). Phosphate buffer saline (PBS) (pH 5) was added in each tube to soak the hide 

powder for 1 h at ambient temperature. The tubes containing soaked hide powder were separated 

into three groups of five tubes each. 5% (based on hide powder weight) of A. xanthophloea, A. 
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mearnsii and E. divinorum extracts‘ powder were added in the first, second and third group of 

tubes (n=15), respectively. The mixture was shaken in a water bath at 35 °C for 5 h.  

Then the mixture was vacuum filtered, washed with deionized water until the supernatant was 

clear. Varying concentrations of basified Al2(SO4)3 ranging from 1, 2, 3, 4 and 5% Al2O3 (based 

on hide powder weight) at pH 3.2 (masked with 8:1 of ratio Al
3+ 

and sodium citrate) were added 

serially in 1 to 5 tubes in each group and placed in a shaking bath at 35 °C. After 3 h, the pH was 

adjusted to 4.5, and then the shaking was continued for an additional 3 h. Then the mixture was 

vacuum filtered, and the tanned hide powder samples were washed (3 times) with 10 mL of 

deionized water. About 20 mg of the damp filter cake was reserved for DSC analysis, while the 

rest was dried in ambient condition. 

In the second trial, the reverse order was checked. About 0.5 g of hide powder was placed in 

each of the 15 tubes (50 mL) then the latter were separated in to three groups of five tubes each.  

Basified Al2(SO4)3 at pH 3.2 (1, 2, 3, 4 and 5% Al2O3 based on hide powder weight) was added 

serially in 1 to 5 tubes in each group and placed in a shaking bath at 35 °C. After 3 h, the pH was 

adjusted to 4.8-5.0 with continued shaking for 3 more hours. Then, 5% of A. xanthophloea, A. 

mearnsii and E. divinorum extracts were added in the first, second and third group of tubes, 

respectively. The mixture was shaken in a water bath at 35 °C for 5 h. Then the mixture was 

vacuum filtered, washed with deionized water until the effluent was clear. About 20 mg of the 

damp hide powder sample was reserved for DSC analysis, while the rest was dried in air. Control 

samples of hide powder were prepared by tanning with 5% plant extracts only. 

The cross-linking ability of the hide powder was determined on a DSC device (DSC 1, Mettler-

Toledo, Gießen Germany)  as reported earlier (Schröpfer &  Meyer, 2016). Approximately 6 mg 

(calculated on dry weight) of the wet cross-linked hide powder was placed in an aluminium pan 

and hermetically closed. Temperature scans were run from 10-125 °C with a rate of 5 °C min
–1

. 

The endotherm‘s onset temperature (Tpeak) and peak temperature (Tonset) were calculated (Fig. 

21). The remaining treated hide powder was made into tablets and dried under ambient 

temperature for 2 days. The thickness and softness of the hide powder were determined using 

thickness a gauge and softometer (KWS Basic-Wolf Meßtechnik GmbH, Freiberg), respectively. 
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Figure 19: Preparation of crosslinked hide powder 

 

Figure 20: A vacuum pump filtering cross linked hide powder 
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Figure 21: Differential scanning calorimetry and a thermograph generated during the 

analysis of cross-linked hide powders 

3.2.7 Preparation of Leather Samples Tanned with Vegetable Tannins from Investigated 

Plants  

The limed pelts were tanned with 22% of each extract, except the extract of E. racemose, using a 

conventional tanning method (without post-tanning) (Fig. 22) to assess its performance in 

shrinkage temperature, mechanical and chemical properties including surface modifications. 

Table 1 shows the tanning recipe used to tan the leather samples. The hydrothermal stability of 

the leather was assessed by measuring shrinkage temperature and denaturation temperature by 

using conventional shrinkage temperature (CST) test and the DSC method, respectively.   
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Table 1: The tanning recipe used to tan leather samples 

Process Dose (%) Product  Running time (min) Remark 

Wet back 100 Water     

Pickling  10 NaCl 10   

  0.5 Formic acid 10   

  0.2 Sulphuric acid 30 pH=3.8 

      Overnight   

      Drain, wash   

Tanning 150 Water     

  5.5 Plant extract 15   

  5.5 Plant extract     

  0.1 ERHA GM 3034 15   

  5.5 Plant extract     

  1 Ensul AM 90 (Fatliquor) 90   

Fill up 250 Water     

  5.5 Plant extract 90   

      Drain   

      16 hs   

3x wash 150 Water 10   

      Drain   

Preservation 150 Water     

  0.1 Mortanol (Antifungal) 20   

      Drain   

      Hang overnight   

      DSC, CST tests before drying   

 

 

Figure 22: Tanning process in the experimental drums 
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3.2.8 Determination of the Properties of Leather Samples Tanned with the Tannins from 

Investigated Plants 

For DSC analysis, to assess denaturation temperature, approximately 6 mg of wet leather sample 

was placed in an aluminium pan and hermetically closed. Temperature scans were run from 10-

125 °C with a rate of 5 °C min
–1

. The endotherm‘s onset temperature (Tonset) and peak 

temperature (Tpeak) were calculated. For conventional shrinkage temperature test (CST) to 

measure the shrinkage temperature, wet samples with dimensions of 2 × 4 cm were clamped and 

immersed in water, which in turn was stirred vigorously using a magnetic stirrer. The 

temperature of the solution was gradually increased. The temperature at which the sample shrunk 

by one-third of its original length was recorded. Testing was repeated twice per each sample 

(Fig. 23e).  Mechanical properties were analysed as per EN ISO 17235:2015 method. SEM 

images of tanned leather and control sample were captured on both grain surface and cross-

sectional using a SEM machine ((Fei)-Thermo-Fisher Scientific- Eindhoven, NL). 

 

Figure 23: Determination of shrinkage temperature (CST) of the leather samples (a) 

control (b) E. divinorum tanned leather (c) A. mearnsii tanned leather (d) A. 

xanthophloea tanned leather and (e) shrinkage temperature testing (CST) 

3.3 Preparation and Analysis of Crosslinked Hide Powder Samples for Studying the 

Interaction Mechanism 

Combined analyses were performed to understand the interaction mechanism between tannins 

and collagen of hide powder as well as to identify the classes to which the tannins in the plants‘ 

extracts belong.  

3.3.1 Preparation of the Hide Powder Cross-linked at Various pH 

Cross-linked hide powder was prepared by mixing with tannin extracts at different pH ranging 

between 2.5 and 9.0. Hide powder was soaked in 20 mL of 0.4 M McIlvain buffer at varying pH 
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(2.5, 3, 4, 5, 7 and 9) for 1 h. 5% (w/v) of the plant extracts was added, and the solution was 

shaken in a mechanical shaker at 35 ºC for 5 h. The solution then was filtered using a vacuum 

pump. The filtrate was discarded and the cross-linked hide powder taken for analysis. The 

samples were either washed 3 times with excess water and finally soaked in phosphate buffer at 

pH 7 or remained unwashed, to assess the reversibility of any imparted (cross-link) effects. 

3.3.2 Differential Scanning Calorimetry (DSC) Analysis to Determine Interaction Trend 

The DSC analysis to the hide powder samples crosslinked at different pH was carried out as 

described in section 3.2.6. 

3.3.3 2, 4, 6-Trinitrobenzenesulfonic Acid  assay to Determine Cross-linked Basic Amino 

Groups 

A TNBS assay was carried out as per the method developed by Schröpfer and Meyer (2016). 

About 5 mg of the cross-linked hide powder (pH 7) was incubated in 200 mL 0.5 M sodium 

hydrogen carbonate buffer at pH 8. A volume (200 mL) of 0.5% 2,4,6-Trinitrobenzenesulfonic 

acid (TNBS) was added into that mixture. The samples were incubated at 60 °C for 4 h to allow 

binding of the TNBS on the free primary amines in the hide powder collagen. Thereafter, the 

mixture was hydrolyzed with 6 N HCl at 80 °C for 1.5 h, then diluted with 1 ml distilled water 

and centrifuged at 14000 rpm. The supernatants were taken for measuring the absorption 

photometrically at 400 nm (Fig. 24). Quantification was performed by calibration with an alanine 

standard. The number of primary amines bound by the tannins was calculated based on the 

number of free primary amines of cross-linked and non-crosslinked hide powder samples 

(Equation 3). 

                              
                                       

                                                   
                3 
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Figure 24: 2,4,6-Trinitrobenzenesulfonic acid assay (a) sample preparation (b) sample 

incubation (c) samples for measuring absorption 

3.3.4 Amino acid Analysis to Assess the Resistance of Cross-linked amino Group on Acid 

Hydrolysis 

The amino acid analysis was performed as per Schröpfer and Meyer (2016). Cross-linked hide 

powder samples were hydrolyzed with 6 N HCl at 110 °C for 20 h, then dried and dissolved in a 

lithiumcitrate buffer. The amino acid composition was determined from the cross-linked and 

non-cross-linked samples by an amino acid analyser (Biochrom 30+, Biochrom Ltd, cambridge 

UK) using pre-column derivatization with ninhydrin according to standard protocols (Breck et 

al., 2005). The percentage of primary amines that formed an acid-stable bond was calculated 

from the area under the lysine, hydroxylysine or arginine peaks and standardized to the area 

under the peaks from alanine and valine (these did not involve cross-linking). The resulting 

factor was related to a similar factor calculated from non-cross-linked samples.   
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3.4 Preparation and Application of Aluminium Sulphate from Kaolin in Combination 

Tanning 

3.4.1 Characterization of Kaolin 

Three different techniques were used to analyse clay to ensure that the clay used in the study was 

indeed kaolin. Crystalline phases and functionality of raw kaolin and calcined kaolin were 

determined by X-Ray Diffraction (XRD) analysis (SAXS Space) and FTIR (ABB-MB3000). The 

morphology of clay and mineralogical composition were determined by using Scanning Electron 

Microscopy (SEM) images (PhenonPro) and X-Ray Fluorescence (XRF) technique (Pw 4030), 

respectively.  

3.4.2 Preparation and Characterization of Al2(SO4)3 from Pugu Kaolin 

Preparation of Al2(SO4)3 from Pugu kaolin was carried out as previously described (Chigondo et 

al., 2015) with minor modifications. Figure 25 illustrate the whole process of preparing 

Al2(SO4)3 from the Pugu kaolin. The kaolin sample was screened through a 250 µm sieve and 

was calcined in a marble furnace at 750 °C  for 120 min. A leaching experiment was done by 

contacting the same sample with an aqueous solution of 3 M Sulphuric acid (H2SO4) in 500 mL 

reaction flask. During the leaching experiment, 300 mL of the Sulphuric acid solution was 

transferred into the reaction flask and heated under reflux conditions until the temperature 

reached 90 °C. Then, 30 g of the clay was added into the reactor and the formed slurry was 

stirred at 150 rpm. After 120 min, the mixture was cooled and centrifuged at 4 000 rpm for 5 

min. The supernatant was concentrated in a water bath until a white slurry was formed. About 3 

mg of the formed slurry was analysed using FTIR and XRD. The rest was basified using a 10% 

Na2CO3 solution and masked with Na3C6H5O7 at a ratio of 1:8, subsequent for use in 

combination tanning experiments with the A. mearnsii extract.  
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Figure 25: Preparation of Al2(SO4)3 from kaolin (a) sieving (b) calcination (c) extraction of 

Aluminium from calcined kaolin and (d) preparation of the Al2(SO4)3 

3.4.3 Testing the Cross-linking Ability of Al2(SO4)3 Prepared from Kaolin 

The cross-linking ability of Al2(SO4)3 made from kaolin was verified by interacting it with the 

albino rat tendons (RTT) (Fig. 26). The latter was chosen because it contains collagen type one 

(collagen I) (Rittié, 2017), which is similar to collagens of the hide/skin used. For that reason, 

RTT is mostly used as an alternative source of collagen to hides/skin to study the cross-linking 

ability of the tanning materials (Collighan et al., 2004; Skopinska-Wisniewska et al., 2016).  The 

RTT was incubated in a 10% Al2(SO4)3 solution. The pH of the solution was varied from 3.0 to 

5.0. The solution pH was varied because it determines the reactivity of both the collagen and 

Al2(SO4)3. Thereafter, the shrinkage temperature of the treated RTT was determined using a 

micro-shrinkage tester. The control sample of RTT was prepared by incubating RTT in a 

deionized water of the same volume as the 10% Al2(SO4)3 solution. 

 

Figure 26: Analysis of the cross-linking ability of Al2(SO4)3  prepared from kaolin (a) 

removal of RTT from the tail (b) incubation of RTT in Al2(SO4)3  solution (c) 

measuring shrinkage temperature of the RTT 

 



45 

 

3.4.4 Preparation of leather Sample Tanned with Vegetable Tannins and Al2(SO4)3 

Prepared from Kaolin 

Samples of goat skins were treated with A. mearnsii extracts in combination the with basified 

Al2(SO4)3 from kaolin. The recipe for the tanning process was adopted from a CLRI pilot tannery 

in India (Table 2, 3 and 4). In summary, 15% of the A. mearnsii extract was used in combination 

with Al2(SO4)3 of various concentration expressed as % Al2O3 (that is, 2%, 5% and 10%).  

Amount of Al2O3 was quantified based on Al2O3 content present in the Al2(SO4)3 (final product 

after extraction) because Al2O3 forms aluminium hydroxide complexes following basification 

with 10% Na2CO3, which in turn crosslinks with the collagen (Dutta, 1999; Sarkar, 2005). A 

control trial was carried out by tanning goatskins with 15% A. mearnsii extract alone.  

Table 2: The tanning recipe used in combination tanning (Experiment) 

Process Dose Product Runing time (min)  Remarks 

pH Adjustment 100 Water     

  0.75 sodium bicarbonate             3´ 15                pH 4.5 -4.7 

Pre-tanning 2 Basyntan P                 30   

    (phenolic syntan)     

Tanning 10 A. mearnsii                          120   

  5 A. mearnsii                         120   

  2 Al2O3 90   

Basification 0.75 sodium bicarbonate             3´ 15                pH 4         

Drain the bath and pile overnight—next day: Sammying and shaving to 1.2 mm.  

Repeat the whole process with Al2O3 concentrations of 5% and 10%  

 

Table 3: The tanning recipe used in combination tanning (Control) 

Process Dose Product Runing time (min)  Remarks 

pH Adjustment 100 Water     

  0.75 sodium bicarbonate             315                      pH 4.5 -4.7 

Pre-tanning 2 Basyntan P                 30   

    (phenolic syntan)     

Tanning 10 A. mearnsii                          120   

  5 A. mearnsii                         120   

 Fixing 0.25 Formic acid 310+30   

Washing 300 Water             10                pH 3.5         

Drain the bath and pile overnight—next day: Sammying and shaving to 1.2 mm  



46 

 

Table 4: Re-tanning, dyeing and fat-liquoring of the leather samples (experiment and 

control) 

Process Dose Product Runing time (min)  Remarks 

Washing 200 Water  10   

Neutralization 0.75 sodium bicarbonate 315                      pH 5 -5.5 

Pre-retannag 100 Water    

 2 Acrylic syntan 40  

Pre-fatliqour  2 Synthetic fatliquor  40   

 2 Basyntan DI 30  

Dyeing 3 Acid dye brown 30   

Fatliqouring 5 Synthetic fatliquor 40   

Retanning 3 Basyntan DI    

 2 Melamin   

 4 Phenolic syntan 40  

Fixing 1 Formic acid 3 10 + 30                            pH 3.5         

Drain the bath and pile overnight—next day: toggle drying, staking and buffing 

3.4.5 Analysis of the Properties of Leather Tanned with Vegetable Tannins in 

Combination with Al2(SO4)3 Prepared from Kaolin 

Resultant leather samples were tested for denaturation temperature using a DSC technique 

(Perkin Elmer DCS Q200 V23) and CST. About 3 mg of the sample was heated from 10 – 125 

°C at 10  min
-1

 heating rate under a nitrogen atmosphere. Resultant thermographs were recorded 

for analysis. The shrinkage temperature test was carried out as per SATRA STD 114 method. A 

strip of about 2 cm × 3 cm leather and a thermometer were suspended in the sight glass filled 

with water, the upper end of the leather was fixed, and the position of the lower end was 

indicated by an adjustable marker outside the tube to help judge when shrinkage occurs. The 

system was heated, and the temperature at which the leather shrunk to one-third of its original 

length was recorded as a shrinkage temperature, which connotes shrinkage temperature. All 

analyses were done in duplicate.  

Leather samples were further subjected to physical testing to determine the influence of 

Al2(SO4)3 from kaolin on physical properties of the leather. Tear strength and water vapour 

permeability tests were carried out using SATRA TM 162:1992. Test samples were conditioned 

at 20% and 65% relative humidity. Control samples were tested in similar manner. All analyses 

were done in duplicate. Characterization of the microstructure of the leather samples was 

performed using SEM. The samples were cut into predefined sampling position and shaped into 

a uniform thickness. Thereafter, the samples were coated with gold using Edwards E306 sputter 

coater followed by the scanning process. 
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3.5 Data Analysis 

Each analysis was repeated twice, and the average values with their respective standard 

deviations was reported. The MS Excel (2019 version) was used to analyse the data, and the 

graphs were plotted using SigmaPlot 14.0 and OriginPro 9.0 64Bit.  
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Optimization of Extraction Temperature for Recovery of Tannins from Local Plant 

Barks 

Vegetable tannins from investigated plant barks extracted at different temperatures (30, 50, 80 

°C) were evaluated for their quality before assessing their suitability as tanning agents. After 

that, the temperature that yielded high-quality tannins was employed to extract vegetable tannins 

and subsequently used to tan leather to determining the plant extracts‘ suitability in tanning. The 

extract from A. mearnsii barks was included as a reference because the plant is known 

commercially as a commercial vegetable tanning source. Furthermore, it was used to represent 

other investigated plants in combination tanning with the Al2(SO4)3 from Pugu kaolin to improve 

the shrinkage temperature of the vegetable-tanned leather. The results obtained are presented in 

the subsequent sections. 

4.1.1 The Quality of the Vegetable Tannins Extracted at Different Temperatures 

Heat applied during the extraction of tannins from plant material is an important parameter to 

consider, because it determines extract yield as well as the quality of extracts in terms of tannin, 

phenolics, flavonoids and non-tannins contents (Zalacain et al., 2003). It has been reported that a 

high temperature improves extraction efficiency because it increases the permeability of the cell 

wall and solubility of extractable matter while reducing the viscosity of the solvent (Ogiwara, 

1980). On the other hand, studies have revealed that extraction at high temperatures leaches 

undesirable compounds such as gums that affect the quality of the leather (Didato et al., 1999; 

Kuria, 2015). In the present study, the influence of temperature on extract yield and tannin 

content observed was low, except for extract from barks of E. racemosa that has shown a slight 

increment with raise in temperature as shown in Fig. 27 a and b. Total phenolic content (Fig. 27 

c) and flavonoid contents (Fig. 27 d) were almost constant throughout the studied extraction 

temperature range, except for total flavonoid content of extracts from A. mearnsii that were 

observed to be high at 50 ºC (Fig. 27 d). However, the variations between extracts from plant 

species studied in this work were significant.  

Variations in the extract properties between plant species are reasonable because the extracts 

from different species have different chemical compositions and molecular structures (Laura et 

al., 2010; Würger et al., 2014). It was found that barks of A. xanthophloea and E. racemosa 
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yielded extract comparable to that of A. mearnsii, a commercial tannin source used as a reference 

in the present work. A similar observation was previously reported for the bark extract of A. 

xanthophloea grown in Kenya (Mugedo & Waterman, 1992). On the other hand, E. divinorum 

barks gave far less extract yield than that of A. mearnsii (Fig. 27 a).  

Tannin content, total phenolic content and total flavonoid content of extract from A. 

xanthophloea barks were comparable to those of A. mearnsii. However, those of E. divinorum 

and E. racemosa were very low, with E. racemosa recording the lowest (Fig. 27 b, c and d).  

 

Figure 27: Effect of extraction temperature on plant extracts yield (a), tannin content of 

plant extracts (b), total phenolic content of plant extracts (c) and total 

flavonoid content of plant extracts (d) 

For the plant to be of commercial interest as a tannin source, the extract must show tannin: non-

tanning ratio (T/N) above 2 among extractable phenolics (Howes, 1953). The T/N for the extract 

from A. xanthophloea was lower than that A. mearnsii but higher than the recommended ratio 

values, similar to previous findings (Howes, 1953; Mugedo & Waterman, 1992)  indicating that 

the extract is suitable for vegetable tanning (Table 5). On the other hand, T/N for extracts from 

E. divinorum and E. racemosa barks were lower than that of A. mearnsii and far below 

recommended values (Table 5). In light of the importance of T/N as criterion for defining the 

suitability of vegetable tannins, the extracts from Euclea species studied in this work were 
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unsuitable for vegetable tanning. However, other parameters were analysed further to ascertain 

their suitability. 

Table 5: Tannin/non-tannin (T/N) ratios in the extracts 

Plant 
A. 

xanthophloea 

A. 

mearnsii 

E. 

divinorum 

E. 

racemosa 

Recommended 

T/N ratio 

Temperature (°C) T/N More than 1 

and preferably 

over 2 

 30 6.7 7.9 0.9 0.3 

50 6.6 7.7 0.9 0.3 

80 6.8 8.0 0.8 0.6 

4.1.2 The Cross-Linking Ability of Vegetable Tannins from Investigated Plants Extracted 

at Different Temperatures 

Cross-linking ability measures the capacity of a plant extract to stabilize collagen of hide against 

heat as the result of the formation of extra crosslinking bonds within the collagen fibre matrix 

(Covington, 2009). In most cases, it is assessed by measuring the denaturation temperature of 

treated hide powder using a DSC instrument. The latter generates thermograph showing the onset 

temperature at which denaturation of skin collagen starts (Tonset) and peak temperature indicating 

maximum denaturation (Tpeak). The interval between Tonset and Tpeak is an indication of the 

sharpness of the denaturation process, of which large interval indicates a broader distribution of 

collagen molecules having a different thermal stability (Choudhury et al., 2007; Larsen et al., 

1993; Tang et al., 2003a). 

The influence of extraction temperature on crosslinking ability was insignificant, except for the 

extract from E. divinorum that showed the lowest crosslinking ability for the extract obtained at 

50°C (Fig. 28 c).  Extracts from A. xanthophloea barks expressed a higher crosslinking ability 

than that of A. mearnsii (Fig. 28 a and b), consistency with earlier findings (Kuria et al., 2016; 

Kuria, 2015; Mugedo &  Waterman, 1992). Extract from barks of E. racemosa did not show 

significant crosslinking ability (Fig. 28 d) when compared to others due to the low tannin, total 

phenolic and flavonoid content, as stated earlier. This performance was expected because the 

phenols and flavonoids are the one‘s carrying functional groups to react with the skin collagen 

(Covington, 2009; Dutta, 1999; Sarkar, 1985). Having poor crosslinking ability, E. racemose 

extracts were judged as an unsuitable vegetable tannin source; hence, not considered for the 

subsequent experiments.  
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Despite having less tannin content, the cross-linking ability of extract from barks of E. divinorum 

was found to be similar to that of A. mearnsii, except that the interval between Tonset and Tpeak 

observed under DSC analysis was abnormally large (Fig. 28 c). The peaks in thermograph were 

found to be broad and resolved into multiple small peaks. This might be due to low tannin, 

phenolic and flavonoid contents in the extract of E. divinorum as shown in Fig. 27 b, c and d. As 

a result, few collagen molecules were cross-linked; hence, more than one population of collagen 

molecules with different thermal stability might be present (Choudhury et al., 2007; Tang et al., 

2003a). A similar observation was made in another work on tanning that involved mimosa and 

oxazolidine (Choudhury et al., 2007). 

 

Figure 28: Effect of extraction temperature on the crosslinking ability of vegetable 

tannins from investigated plants (a=A. mearnsii, b=A. xanthophloea, c=E. 

divinorum, d= E. racemosa) 

The cross-linking ability of extracts was further confirmed by assessing the thickness and 

softness of the hide powder tablets (Fig. 29). Hide powder tablets treated with A. mearnsii, A. 

xanthophloea and E. divinorum extracts have shown increased thickness and softness, suggesting 

the formation of crosslinks that brought about the separation of fibre structures and flexibility of 

fibres to slide over one another (Covington, 1997; Covington, 2009). Hide powder tablet treated 
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with an E. racemosa extract was very stiff and thin like un-crosslinked hide powder. This was 

observed because E. racemosa extract has gluing properties that upon interaction with hide 

powder, resulted in compacting together of the fibres. Consequently, the hide powder tablet 

shrunk and its thickness became less than other tablets. Besides, the colour of the hide powder 

tablet treated with E. racemosa extract was different from others because the extract‘s colour 

(deep green) was passed on to the hide powder. 

 

Figure 29: Hide powder tablets treated by the vegetable tannins from investigated plant 

barks  

4.1.3 Improvement of the Cross-linking Ability of Extract by Combination Tanning 

It was well acknowledged that the cross-linking ability of vegetable tannins to give leather the 

denaturation temperature (also referred as hydrothermal stability or shrinkage temperature) 

similar to that of chromium tanned leather is achieved by combination tanning technique 

(Covington & Suparno, 2007; Covington, 2009; Madhan et al., 2007; Musa et al., 2009). Using 

different tanning agents with weaker tanning power than chromium salt, the interaction of 

vegetable tannins with collagen of the hide powder is enhanced leading to an improved 

denaturation temperature (Covington, 2009). Among many tanning agents, Al2(SO4)3 is mostly 

preferred because it has been widely studied and its mechanism is well established (Brown &  

Dudley, 2005; Covington, 2009; Musa &  Gasmelseed, 2013; Madhan et al., 2007). In addition, 

Al2(SO4)3 has good capacity of adsorbing pigments and gives the leather cationic properties 

making it the best mordant for excellent dyeing. Furthermore, Al2(SO4)3 is safe and a non-toxic 

chemical  (Mozaffari, 2018). 

Therefore, in the present work, extracts were applied together with Al2(SO4)3 to study the effect 

of Al2(SO4)3-blended vegetable tannins in improving cross-linking ability of extracts under 

investigations. Thermal denaturation of hide powder collagen treated with 5% extract and 0-5% 

Al2O3 while alternating the order of applying tanning agents was studied using DSC instrument. 

Figure 29a and b shows the denaturation temperature of treated hide powder as the function of 

Al2O3 concentration. As previously reported  (Choudhury et al., 2007; Covington, 2009), the 

order in which tanning agents are applied during combination tanning has shown a profound 
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effect on denaturation temperature of treated hide powder. The effect varies depending on 

vegetable tannin sources. Hide powder treated with A. mearnsii extract first before Al2(SO4)3 is 

added, gave a higher denaturation temperature (Fig. 30 a) compared to when these agents were 

applied in reverse order (Fig. 30 b). Similar trends have been reported in other works 

(Choudhury et al., 2007; Covington, 1997; Covington, 2009; Slabbert, 1981). It must be noted 

that the denaturation temperature values didn‘t reach 100 °C as expected based on the literature 

reviewed because only 5% vegetable tannins were used compared to 20-30% normally used in 

combination tanning.  

For extract from A. xanthophloea, both orders of addition resulted into increased cross-linking 

ability, but adding Al2(SO4)3 first before extracts, seemed to be the best way to tanning as it also 

reduced the interval between Tonset and Tpeak (Fig. 30 a and b), suggesting uniform stabilization of 

collagen molecules. Unlike A. mearnsii, extract from E. divinorum worked better when 

Al2(SO4)3 was added first compared to when a reverse application order was used (Fig. 30 b). 

Not only cross-linking ability increases, but also the gap between Tonset and Tpeak were 

tremendously reduced (Fig. 30 b).  

The effect of aluminium concentration on cross-linking ability of extracts was significant. As 

concentration of aluminium increased, the hydrothermal stability decreased, which was 

consistent with findings in another work (Haroun et al., 2009). As for extract from A. mearnsii, 

the maximum hydrothermal stability for A. xanthophloea was 1% Al2O3, while for extract from 

E. divinorum was 2% Al2O3.  

Figure 30:   Effect of Al2(SO4)3 concentration cross-linking ability of extract when extract is 

added first (a) and when Al2(SO4)3 is added first (b)  
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4.1.4 Physical and Mechanical Properties of the Leather Tanned with the Vegetable 

Tannins from Investigated Plants 

The shrinkage temperature of the leather samples tanned with extract from plant species under 

consideration was examined, and the findings are reported in Fig. 31. The shrinkage temperature 

was measured by DSC and CST techniques. The results revealed that extracts of A. xanthophloea 

bark performed better in terms of shrinkage temperature than that of A. mearnsii further 

corroborating previous reports (Kuria et al., 2016; Kuria, 2015). The shrinkage temperature of 

leather tanned with extract from E. divinorum was comparable to that of leather tanned with A. 

mearnsii, except that the Tonset and Tpeak gap was broader than that of extracts from latter species. 

These findings correlate with the observation made on analysis of cross-linking ability of the 

extracts. Despite less tannin, total phenolic and flavonoid content, E. divinorum was able to give 

the leather a shrinkage temperature similar to that of other investigated plants extracts. This 

might be due to highly tanning strength (it contains 7 Bé) that suggests fewer tannin, phenolic 

and flavonoid contents are sufficient to cause significant cross-linking, as reported by Cardon 

(2005). 

 

Figure 31:  The Shrinkage Temperature of Leather Tanned with the Extracts from 

Investigated Plants 

The mechanical properties of leather samples are presented in Table 6. The tensile strength of the 

leather tanned with A. xanthophloea was more or less the same as the tensile strength of the 

leather tanned with A. mearnsii extract. Still, the elongation for A. xanthophloea tanned leather 
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was marginally higher than that of A. mearnsii, in agreement with shrinkage temperature results. 

For the case of softness, A. xanthophloea displayed lower softness value than A. mearnsii, 

although, the difference is insignificant. Leather tanned with E. divinorum extracts gave lower 

values in all parameters assessed compared to A. mearnsii. These results support the findings 

reported in present work, which confirmed the low ability of E. divinorum extract to cross-link 

all collagen molecules due to less tanning content as well as total phenolic and flavonoid content; 

hence, affecting the mechanical properties of the leather as well.  

 Table 6: Mechanical properties of leather tanned with extracts from plants under 

investigation 

Scanning Electron Microscopy images of leather were taken for the grain surface and cross-

sectional view. The smooth grain surface is an indication that interaction between vegetable 

tannins from selected plants and collagen of hides modified the grain surface without causing 

damage (Fig. 32). It is equally important to note that vegetable tannins from each plant gave 

different grain surface appearance, suggesting variations in molecular interactions of vegetable 

tannins from various plant sources with the leather thus imparted different appearances to the 

leather (Brown &  Dudley, 2005). Cross-sectional images of the leather samples showed the 

satisfying extent of fibre opening due to excellent penetration and distribution of tannins within 

the skin matrix (Fig. 33).  

Property  Acacia 

xanthophloea 

Acacia mearnsii Euclea divinorum 

Tensile strength (Nmm
-2

) 5.7±0.3 6.1±0.6 4.7±1.0 

Elongation at break (%) 36.8±1.9 33.4±2.0 26.3±1.4 

Softness (N) 1.9±0.4 2.4±0.3 1.7±0.4 
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Figure 32: Scanning electron microscopy images of leather samples (Grain surface) 

(Magnification is ×80) 

Figure 33: Scanning electron microscopy images of leather samples (Cross-sectional) 

(Magnification is ×80)  
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4.2 The Binding Mechanisms between Vegetable Tannins from Local Plants Barks and 

the Skin Collagen  

The interaction mechanism between the extracts from each plant and collagen of hide powder 

was carefully investigated by three different methods to understand the underlying chemistry and 

confirm the classification of tannins. Hide powder samples were treated with extracts from 

selected plants under the same conditions and analysed using different methods. Results from the 

DSC analysis (Fig. 34 a) showed that there was significant interaction throughout pH range 

studied, indicating the presence of hydroxyl groups at an acidic pH and ketonic carbonyl groups 

(quinone) at neutral to alkali pH to interact with protonated and unprotonated amino groups via 

hydrogen and covalent bond formation, respectively. By washing treated hides, the dT 

(difference in denaturation temperature between uncross-linked hide powder and cross-linked 

one) decreased slightly, except for E. divinorum extracts hide powder treated at pH 3.5, 

indicating that the bonds formed are irreversible (Fig. 34 b).  

The results from TNBS assay (Fig. 34 c) have confirmed the existence of an interaction between 

unprotonated amino group of collagens and ketonic carbonyl group of tannins, which resulted 

into crosslinks through covalent bonding as observed in the DSC analysis. Amino acid analysis 

(Fig. 34 d) revealed that the crosslinks formed are not resistant against acid hydrolysis. 

According to Schröpfer and Meyer (2016), the interaction mechanism of this kind is typical for 

condensed tannins of which tannins from A. mearnsii, a reference plant used in the present study, 

belongs. Therefore, it can be concluded that the extracts from A. xanthophloea, E. divinorum and 

E. racemosa contain condensed tannins and the maximum interactions occurs at a pH range 

between 3.5-4.5. It is important to note that extracts from E. racemosa contained low amount of 

tannins as indicated in the results (Fig. 34 a, b and c).  
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Figure 34: Effect of pH on denaturation temperature of hide powder cross-linked with 

vegetable tannins relative to non-cross-linked control (dT) (a= unwashed 

samples, b= washed samples), as well as percentage of crosslinked amino 

groups (c= before acid hydrolysis, d= after acid hydrolysis) 

4.3 Combination Tanning Based on Vegetable Tannins from Local Plants Barks and 

Aluminium Sulphate Prepared from Pugu Kaolin 

4.3.1 Characterization of Pugu Kaolin  

To ensure that the clay under investigation was kaolin, several analyses were carried out and 

results are presented here in. The XRD spectrum of the Pugu kaolin is shown in Fig. 35. 

Significant peaks of kaolinite was observed, similar to the previous work (Al Bakain et al., 

2014). Results from XRF analysis of kaolin in Table 7 shows that the major content of kaolin are 

the oxides of aluminium (25.8%) and silicate (63.4%), which is the characteristic feature of the 

kaolin clays, and are in agreement with the previous findings that reported 31.43% Al2O3 and 

63.64% SiO2 for same source of kaolin (Sempeho et al., 2012).  



59 

 

Table 7: Chemical composition of Pugu kaolin 

                         Chemical composition of kaolin sample (% weight) 

Oxide  Al2O3 TiO2 CaO Fe2O3 SiO2 K2O 

Quantity 

Pugu kaolin 25.80 2.88 0.39 2.89 63.4 3.19 

Commercial 

kaolin 
30.70 0.27 0.05 0.89 59.84 1.53 

  

Figure 35: X-ray diffraction pattern of Pugu kaolin 

An FTIR spectrum of Pugu Kaolin in Fig. 36 presents multiple absorptions related to Si–O bonds 

at 1005, 1026 
 
and 1118 cm

-1
. Absorption bands at 907 cm

-1 
correspond to inner Al-OH. Presence 

of absorption bands at 3690 cm
-1 

corresponds to outer OH group while that at 3620 cm
-1

 is due to 

bonded molecular water. The absorption bands observed correlated well with the once previous 

reported for the kaolin (Tironi et al., 2012).   
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Figure 36: Fourier transmission infra-red spectrum of Pugu kaolin 

The SEM images for the kaolin in Fig. 37 showed plate-like layers stacked over one another, 

confirming morphological characteristic of kaolin clay as earlier reported (Michot et al., 2008). 

The assemblage of plate-like hexagonal structures or book-like kaolinite stacks is a common 

feature of kaolin clay observed under SEM (Ariffin et al., 2008). 

 

Figure 37: Scanning electron microscopy image of Pugu kaolin  
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For easy leaching of aluminium from kaolin aluminosilicate structure, the bonds holding 

structure must be decomposed. This is achieved by calcinating kaolin, transforming its structure 

to an amorphous metakaolin structure, which is a more reactive form of kaolin towards 

dissolution agents than raw kaolin (Lima et al., 2018; Pinna et al., 2018). Upon heating, the 

kaolin structure breaks down into small pieces resulting into an increased surface area for 

dissolution agents to react with aluminium oxide efficiently, as in bauxite rock (Arıkan et al., 

2019).  In the temperature of calcination reaction (500–800 °C), the transformation of kaolinite 

into metakaolinite is characterized by the removal of the chemically bonded water and the 

breakdown of the hydroxyl bonds (Miller, 1961).  Therefore, the main changes are related to the 

loss of OH groups that result in diminishing of the band corresponding to OH and Al-OH in 

calcined clay FTIR spectrum (Tironi et al., 2012). It is further elaborated that vanishing of Al-

OH and immerging of Si-O band at 1 047 cm
-1 

indicates the destruction of the octahedral sheet 

(Freund, 1974). Similar observations were seen in the present work signifying the 

dehydroxylation and dehydration during calcination process was successful (Fig. 38). 

 

Figure 38: Fourier transmission infra-red spectrum of calcined kaolin 

4.3.2 Characterization of Al2(SO4)3 Prepared from Kaolin 

During the extraction process, Al2O3 present in kaolin was leached and reacted with sulphuric 

acid used for dissolution to form Al2(SO4)3 and water (Equation 2). The XRD spectrum of the 

prepared Al2(SO4)3 is shown in Fig. 39. Most characteristic peaks for Al2(SO4)3 (El Ouatib et al., 
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2005) are reflected in the synthesized product from kaolin, suggesting that Al2(SO4)3 was formed 

during the extraction process.  

                           O                              2 

 

Figure 39: X-ray diffraction patterns of Al2(SO4)3 prepared from Pugu kaolin 

From the FTIR spectrum of Al2(SO4)3 was shown in Fig. 40, the broad bands at 3255.5 cm
-1

 is 

due to OH stretching of molecular water and at 1658.8 cm
-1

 is due to OH bending of free water, 

revealing that the extracted salt is hydrated. The bands at 1171.1 and 1035.9 cm
-1

 correspond to 

SO4 vibration. The bands at 868.4 cm
-1

 and 685 cm
-1

 are attributed to Al-O stretching and 

bending. The findings corroborated with the absorption bands of commercial Al2(SO4)3 

previously reported (Contreras et al., 2006; Jafar-Tafreshi et al., 2012).   
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Figure 40: Fourier transmission infra-red spectrum of Al2(SO4)3 prepared from Pugu 

kaolin 

Therefore, based on diffraction patterns observed in XRD analysis and absorption bands in FTIR 

analysis, it can be concluded that Al2O3 from kaolin was successfully extracted and in the 

presence of sulphuric acid, it reacted to form Al2(SO4)3. 

4.3.3 Cross-linking Ability of Al2(SO4)3 Prepared from Pugu Kaolin 

The cross-linking ability of prepared aluminium sulphate was assessed by measuring the 

shrinkage temperature of the rat tail tendons (RTT) treated with Al2(SO4)3 solution at varying 

pH. The shrinkage temperature values are given in Fig. 41. It was observed that the shrinkage 

temperature increased the pH to 4.0, above which a gentle increase was observed. White 

precipitates were formed in the sample at pH 5.0 due to the precipitation of Al(OH) at high pH as 

reported by Bond and Hughes (2019). The formation of white precipitates as pH increases is 

another evidence that the product made from kaolin in this study is Al2(SO4)3 because this is how 

it behaves at raised pH.   
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Figure 41: The cross-linking ability of Al2(SO4)3 extracted from kaolin as the function of 

pH 

4.3.4 Performance of Al2(SO4)3 from Pugu Kaolin on Combination Tanning 

The increase in denaturation temperature brought by combination tanning using Al2(SO4)3 and 

vegetable tannins was previous elaborated using various assumptions (Covington, 2009; 

Covington et al., 2008; Covington, 1997). The most common and accepted hypothesis is that of a 

link-lock (Covington et al., 2008). According to the link-lock theory, increased denaturation 

temperature of treated collagen is due to the creation of a matrix that becomes securely bound to 

the collagen molecule.  

Leather tanned with the combination of A. mearnsii extract and Al2(SO4)3 from kaolin 

demonstrated improved denaturation temperature as compared to the control sample (Fig. 42). It 

was observed that the addition of Al2(SO4)3 resulted in a significant increase in the denaturation 

temperature. On addition of Al2(SO4)3 (2% Al2O3 equivalent), a sharp increase in denaturation 

temperature was observed, but a further increase of Al2(SO4)3 resulted only in a slight rise. This 

corroborates previous reports (Covington, 2009; Covington, 1997; Leaf-nosed, 2009; Madhan et 

al., 2007; Slabbert, 1981). The findings ascertained that Al2O3 from Pugu kaolin triggered 

chemical modification in the collagen structure and raised the denaturation temperature of 

vegetable tanned leather.   

The values of denaturation temperature measured by DSC method are generally higher than 

those measured by CST (Fig. 42). This observation is due to the presence of other higher energy 
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structures associated with the side chain of collagen that are not observed on measuring 

denaturation/shrinkage temperature by using the CST method as previously noted (Covington, 

2009). 

 

Figure 42: Shrinkage temperature of leather tanned with A. mearnsii extract in 

combination with aluminium sulphate from kaolin 

It was earlier reported that the penetration of tanning agent across the skin matrix results into 

good fibre separation and hence desired leather properties (Kanth et al., 2008). As the impact of 

strong bonds formed inside the leather fibre matrix, the mechanical properties have been 

significantly improved. All samples have shown tearing strength and water vapour permeability 

better than recommended values (Table 8).  

Microstructure studies of collagen fibres have proven that the combination tanning with 

Al2(SO4)3 from kaolin can lead to higher fibre dispersion and clear spacing among collagen 

fibres, as it does commercial Al2(SO4)3. The SEM images of control and leather tanned with 0% 

and 2% Al2O3 showed clear grain surface without damage, but that tanned with 5% and 10% 

Al2O3 displayed grain swelling and damage, respectively (Fig. 43). This might be due to acid 

burn caused by a high concentration of Al2(SO4)3 in the tanning solution as it is known to be 

acidic (Bond &  Hughes, 2019). Compared to the leather tanned with A. mearnsii extract alone, 

combination tanned leather has shown better fibre dispersion. The former displayed a compact 

and tight fibre pattern (Fig. 44), which signifies that Al2(SO4)3 is vital to bring about excellent 

fibre separation that leads to the strength and softness of the leather.  Therefore, it can be 
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deduced that Al2(SO4)3 from kaolin enhanced good penetration of both tanning agents hence 

produced leather with desired properties.  

Therefore, a combination tanning with 2% Al2O3 is appropriate to give the leather desired 

properties without damage on the grain surface. Other studies have recommended the same 

concentration of Al2O3 for effective combination tanning (Musa & Gasmelseed, 2013; Musa & 

Gasmelseed, 2012). 

Table 8: Physical properties of leather tanned with the combination of A. mearnsii extract 

and Al2O3 

Al2O3 (%) 0 2 5 10 CLRI Recommended 

values  

Testing method 

 

Tear strength 

(N/mm) 

Along 

Across  

Average thickness 

(mm) 

 

 

59.0 

62.5 

0.86 

 

 

63.4 

64.2 

0.72 

 

 

66.5 

69.2 

1.12 

 

 

65.6 

67.2 

1.12 

 

 

0.7mm Min. 20 

0.8mm Min. 25 

1.0mm Min. 45 

 

SATRA TM 

162:1992 

Water vapour 

permeability 

10.5 10.4 

 

11.1 

 

10.4 

 

Upper-Min 0.8 

Lining-Min 2.0 

SATRA TM 

172:1993 



67 

 

 

Figure 43: SEM images of leather samples tanned with 15% A. mearnsii extract and 

different concentration of Al2O3 (grain surface) (Magnification is ×150)  
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Figure 44: SEM images of leather samples tanned with 15% A. mearnsii extract and 

different concentration of Al2O3 (cross-sectional) (Magnification is ×150) 
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

The present investigation aimed to develop an ecofriendly tanning technology using local 

Tanzanian resources to sustain the leather industry.  Extraction of vegetable tannins from 

selected plant barks (A. mearnsii, A. xanthophloea, E. divinorum and E. racemosa) under the 

influence of temperature was optimized. Extracted tannins at different temperatures were 

characterized for the percent yield, tannin, phenolic, flavonoid, and non-tannin content. 

Interaction mechanisms between tannins from selected plants and collagen of the hide were 

investigated. The possibility of improving tanning efficiency of the tannins from selected plants 

by using Al2(SO4)3 via combination tanning was also examined. Subsequently, the study of 

kaolin as a source of Al2(SO4)3 to be used in combination tanning was carried out. 

The study has ascertained that the temperature of extracting tannins from studied plants has little 

effect on the quality of the extracts. That means, even at a low-temperature high-quality 

vegetable tanning agent can be recovered and produce good quality vegetable-tanned leather. 

Good quality leather tanned with the extracts from A. xanthophloea, A. mearnsii and E. 

divinorum barks recovered at 50 °C validated the claim. Extraction at lower heat is beneficial 

because the cost for heat supply is reduced while co-extraction of undesirable compounds is 

avoided.  

Furthermore, the barks of A. xanthophloea grown in Tanzania can produce a commercially 

acceptable extract in terms of extract yield, tannin, total phenolic and flavonoid contents, and 

have a crosslinking ability almost comparable to that of extract from A. mearnsii barks, which is 

globally known to be among reliable commercial tannin sources. Hence, A. xanthophloea 

abundantly available in Tanzania with its scarce use can potentially be cultivated for the 

production of vegetable tannins. The E. divinorum barks, on the other hand, are a good tannin 

source only when used in combination with 2% Al2O3, particularly when the latter is added first. 

E. racemosa has been proven to be poor tannin source. Thus, it should be discouraged to be used 

in the tanning process among cottage tanneries in Tanzania.  

Based on the interaction mechanism studies, it was deduced that the extracts from A. 

xanthophloea, E. divinorum and E. racemosa contain condensed tannins. The interactions with 

collagen of the skin/ hide occurred throughout the studied pH range, but high interactions are 
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preferably high at pH between 3.5 and 4.5. Therefore, this pH range should be considered for 

effective tanning when using the extracts from these plants for vegetable tanning. As the four 

plants investigated in this work are deployed by communities engaging in traditional leather 

processing, the findings reported here have significantly enriched the traditional knowledge of 

processing leather in Tanzania and elsewhere were applicable. 

Since the sources of Al2(SO4)3 in the world are diminishing (Aderemi et al., 2009), and this is 

worse in developing countries such as Tanzania, the investigation of local materials as sources of 

Al2(SO4)3 for combination tanning was a worthy idea. It was confirmed in the present study that 

Al2(SO4)3 can be prepared from kaolin using sulphuric acid as a dissolution agent and thus can be 

applied in combination tanning to yield leathers with the shrinkage temperature beyond 100 °C 

and other leather properties preferred by tanners. 

Therefore, it can be concluded that vegetable tannins from the barks A. xanthophloea and E. 

divinorum abundantly grown in Tanzania and aluminium sulphate from Pugu kaolin are suitable 

for the development of an eco-friendly tanning method.  In this way, both local plants (A. 

xanthophloea and E. divinorum) and kaolin deposits can catalyse the application of green 

chemistry leather tanning through avoiding the use of toxic chemicals such as chromium salts in 

the leather industry, thereby bringing about sustainable leather production practices.   

5.2 Recommendations  

Based on the findings in this study, the following are recommended as the follow-up studies to 

enrich what has been reported here: 

(i) Preparation of Al2(SO4)3 from kaolin is influenced by several parameters such as particle 

size, the temperature of calcination, the temperature of extraction, solid to liquid ratio 

during extraction, time of extraction and calcination. These parameters need to be 

optimized for an effective process. Due to time constraints, parameter optimization was 

beyond the scope of this work. Therefore, the optimization of these parameters for 

preparing Al2(SO4)3 from Pugu kaolin is hereby recommended.  

(ii) The crosslinking ability of the extract from E. divinorum was of doubt due to observed 

broad peaks between Tonset and Tpeak, but the reason for this observation was uncertain. 

Therefore, the study on the molecular structure of the tannins extracted from E. 

divinorum is crucial to understand their chemistry for explaining such abnormality. In 

addition to the determination of tannin, phenolic and flavonoid content covered in this 
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work, the determination of composition of extracts from barks using high tech 

equipments such as HPLC/MC is recommended.  

(iii) The order of adding tanning agents in combination tanning gave different results among 

the studied plants. The reasons for having differences have not been yet established, and 

thus needs further exploration. 

(iv) The analysis of cost effectiveness of proposed method was not covered in this study. It is 

important to carry out the study to establish the cost effectiveness of the proposed method 

as compared to the conventional chrome tanning method. 

(v) Last but not least, the survey on the economic importance of growing A. xanthophloea 

and E. divinorum for commercial production of tannins is essential. The focus should be 

on their agronomy to establish how long they take to obtain the tannins that are 

commercially profitable.  If profitable, the community must be sensitized to grow these 

plants commercially.  
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Appendix 2: Thermographs for the Samples 

 

 

 



97 

 

 

 



98 

 

 



99 

 

 

 



100 

 

 

 

 



101 

 

 

 



102 

 

 

 



103 

 

 



104 

 

 



105 

 

 

  



106 

 

RESEARCH OUTPUTS 

(1) Research articles 

(2) Conference Paper 

(3) Poster Presentation 

  



107 

 

 



108 

 

 



109 

 

 



110 

 

 



111 

 

 



112 

 

 



113 

 

 



114 

 

 



115 

 

 



116 

 

 



117 

 

 



118 

 

 



119 

 

 



120 

 

 



121 

 

 



122 

 

 



123 

 

 



124 

 

 



125 

 

 



126 

 



127 

 



128 

 



129 

 

 



130 

 

 



131 

 

 



132 

 

 



133 

 

 



134 

 

 



135 

 

 



136 

 

 

 



137 

 

 



138 

 

 



139 

 

 



140 

 

 



141 

 

 



142 

 

 



143 

 

 

Conference paper 



144 

 

 



145 

 



146 

 



147 

 

 

Poster Presentations 



148 

 

A poster presented on an Academic-Public-Private Partnership (APPP) Forum and Exhibitions 

2019 in Kampala, Uganda on 23
rd

 to 25
th 

October 2019 

 

A poster presented on XXXV International Union of Leather Technologists and Chemists 

(IULTCS) International Congress in Dresden, Germany, from 25
th

 -28
th

 June 2019 



149 

 

 

A poster presented on an International Conference on Energy, Aquatech and Sustainability 2019 

in Arusha, Tanzania, on 9
th

 to 13
th

 August 2019 



150 

 

 

A poster presented on 9
th

 International Conference of the African Material Research Society 

(AMRS) in Gaborone, Botswana on 11
th

 to 14
th

 December 2017  



151 

 

  

 



152 

 

A poster presented on the National Competition on Science, Technology and Innovation 2020 

(MAKISATU 2020) on 16
th

 to 20
th

 March, 2020 in Dodoma, Tanzania 

 

 

A poster presented on 15
th

 Exhibitions on Higher Education, Science, Technology and 

Innovation (TCU exhibitions 2019) on 20
th

 to 25
th

 July 2019 



153 

 

  



154 

 

An oral presentation on 10
th

 International Conference of the African Material Research Society 

(AMRS-2019) in Arusha, Tanzania, from the 10
th

 – 13
th

 December 2019  

 

 

 

 

 

 

 

 

 

 

 

 

 

 


