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Abstract Worldwide leather industry is known to cause

high degree of pollution such as soil and water contami-

nation. Dyed trimming, a leather industry waste, is often

dumped near the industrial site and is used for land filling.

Recycling of such industrial wastes for making useful

products by substituting leather has been investigated and

reported here. Flexible composite sheets were made from

dyed trimmings only and also in combination with natural

fibres in various blend ratios. Wastes from jute and cotton

were used as sources of natural fibres. The composite

sheets showed maximum tensile strength and breaking

loads at 50:50 blend ratios of dyed trimmings and natural

fibres. The ultimate tensile strength, elongation, double

fold, bursting strength, density and water and oil absorption

characteristics of the composite sheets were determined as

per American Society for Testing and Materials and Indian

Standard methods. The products, i.e. the composite sheets,

and the starting materials, i.e. the dyed trimmings and jute

and cotton fibres, were also characterized by Fourier

transform infrared spectroscopy, thermogravimetric anal-

ysis and scanning electron microscopy. Energy-dispersive

X-ray analysis of both untreated and treated dyed trim-

mings was carried out and the presence of chromium

2.54% in untreated samples was recorded but the sample

treated with NaOH did not show the presence of chromium.

The natural fibre significantly improves the mechanical

strength and thermal properties of the blended composite

sheets with the increase in flexibility. These flexible sheets

possess higher physical strength as compared to leather and

may be used as leather substitute for making apparels and

goods.
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Introduction

Leather industry is one among the few industries that uti-

lizes by-products such as skin and hides generated by meat

and meat processing industries. These putrescible waste

materials are converted into useful consumer products

through a series of steps such as pre-tanning, tanning, post-

tanning and finishing. The process steps generate several

wastes from the beginning to the end affecting air, water

and soil, paving its way to the list of most polluting

industries in the world (Aloy et al. 1976). The wastes from

tanneries contain solid wastes such as splits, shavings and

trimmings which contain fats, mineral components and

liquid wastes such as waste water and sludge rich in

organic compounds. In case of the processes where chrome

tanning is used, the wastes contain chromium(III) and their

oxidized products, which further pollutes the groundwater

(Rao et al. 2002; Srivastava et al. 2007; Fahim et al. 2006;

El-Sabbagh and Mohamed 2011; Boopathy et al. 2013). In

addition, gaseous emissions such as ammonia, hydrogen

sulphide, amines and volatile hydrocarbons emitted in the

process are also of concern (Saravanabhavan et al. 2003).

The management of solid wastes generated by tanneries

has become a major concern in recent years. Nearly 850 kg

of solid wastes and only 150 kg of valuable leather are

generated on processing 1000 kg of raw hides. The solid

wastes are also difficult to get rid of (Kanagaraj et al.

2006). Since majority of these wastes are of biological

origin, their use in making value-added products would be

helpful from the point of ecology and environment. Some

of these wastes are used for making value-added products

such as glue and gelatine which further emit odoriferous

gases to the atmosphere. Other solid wastes from leather

processing may also be the sources of materials for pro-

ducing useful products using mechano-chemical process-

ing. Dyed trimming, a solid waste generated during the

final stage of production of finished leather product, may

also be used for making value-added products through such

processes.

Plant fibres are being used for several generations in

man-made products/processes due to their easy availability,

inexpensive, low density, low energy consumption,

biodegradability and renewability nature (Stamboulis et al.

2001). The products made from biological origin are gen-

erally considered to be environmentally benign (Bismarck

et al. 2006). They exhibit several advantageous properties

such as better mechanical strength, lower density, light

weight and flexibility. These natural fibres are also used in

reinforcement of thermoplastic polymers for automotive

applications, building materials, particle boards, insulation

boards, etc. (Holbery and Houston 2006; Reddy and Yang

2005). Incorporation of such renewable materials of
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biological origin makes the final product biodegradable and

eco-friendly. Similarly, plant fibre-reinforced dyed trim-

ming composites may be a potential material for variety of

applications (Senthil et al. 2015b).

In recent years, considerable efforts are made on pro-

duction of value-added materials from tannery industry

wastes. Senthil et al. (2015a) worked on recycling of

leather waste to make a leather-like substitute. However,

their product may not prove to be commercially accept-

able, as the physico-mechanical strength properties are

comparatively low. For effective utilization of such

industrial waste, an investigation was undertaken to

develop highly flexible composite sheets from dyed

trimmings only and in combination with plant fibres such

as fibres from jute and cotton wastes, adopting easy

methods using commercially available machineries and

equipments. The physico-mechanical strength properties

such as ultimate tensile strength, elongation, double fold,

bursting strength, density and water and oil absorption

characteristics of the products, i.e. the composite sheets,

and the raw materials, i.e. the dyed trimmings and jute

and cotton fibres, were determined as per American

Society for Testing and Materials (ASTM) and Indian

Standard (IS) methods. The products and the starting

materials were also characterized by Fourier transform

infrared spectroscopy (FTIR), thermogravimetric analysis

(TGA) and scanning electron microscopy (SEM).

Experimental

Materials and methods

Dyed trimmings, collected from M/s Jasper Concept,

Bangalore, India, were cut into pieces of 0.75 cm length

and 0.7 mm width. Natural fibres, i.e. cotton waste in the

form of hosiery cuttings and jute waste in the form of

gunny bag, were collected from the market of Jorhat, India.

These were also cut into 1.5 cm long pieces. The chemicals

used in this work were procured from M/s Spectrochem,

India.

Chemical constituents of jute and cotton waste fibres

were determined using the methods suggested by Technical

Association of Pulp and Paper Industry (TAPPI, USA).

Jute and cotton waste cuttings were dried in an oven for 6 h

at 90 ± 5 �C and then powdered in a Wiley mill. The

powdered fraction was screened through 40 and 60 BSS

mesh, and the fraction passed through 40 BSS mesh and

retained on 60 BSS mesh (?0.25 mm -0.42 mm) was

used for analysis. Lignin content of plant fibre materials

was determined by TAPPI, T-222 om-83, and for cellulose

content, a method suggested by Thimmaiah (1999) was

adopted.

FTIR spectra (4000–400 cm-1) were recorded for natural

fibres and composite sheets on KBr discs in a Shimadzu IR

Affinity-1 spectrophotometer. TGA investigations were

carried out using TA Instrument (SDT Q600). The samples

were heated from 20 to 700 �C at a heating rate of 10 �C/
min under nitrogen environment flow of 100 ml/min. SEM

investigations of dyed trimmings, natural fibre and flexible

composite sheets were carried out by Leo 1430 vp operated

at 3 kV on gold-coated sample, and images were taken at

different magnifications. Energy dispersive X-ray spec-

troscopy (EDX) pattern of dyed trimmings were obtained by

sigma HV, Carl Zeiss Microscopy Ltd. operated on gold

coated sample. Powder XRD diffractions were carried out

on a Rigaku, Ultima IV X-ray diffractometer ranges from 2�
to 80� 2h, using CuKa source (c = 1.54056 Å

´
). The crys-

tallinity index (CI) was calculated using Eq. 1, where I002 is

the maximum intensity of the I002 lattice reflection and I101
is the maximum intensity of X-ray scattering broad band,

due to amorphous region of the sample (Segal et al. 1959).

CI %ð Þ ¼ I002 � I101=I002 � 100 ð1Þ

Tensile strength of dyed trimmings, natural fibre and

flexible composite sheets was determined at 25 �C and

55% RH using TWI Make Universal Testing Machine

(UTM), Model TUTE 10T. Ultimate tensile strength

(MPa), maximum load (N) and elongation (%) values were

also calculated by the UTM10 DCCP TWI LCD software

version SP2 PACK 04/13. Flexing endurance strength was

also assessed using folding endurance tester, MIT-type

(UEC-1007-C) machine according to ASTM D6182 test

method. Bursting strength was determined with Bursting

strength tester (UEC-1010-B1) machine using ASTM

D2207 test method. Two sets of experiments were carried

out for water absorption tests using distilled water for two

different time periods (24 and 72 h) following IS specifi-

cation (IS 2712-1998). Similarly, two sets of experiments

were also conducted for oil absorption test for the com-

posite sheets using hydraulic oil (Grade: Servo system-32

of Indian Oil Corporation Ltd.) at two different tempera-

tures, i.e. 150 ± 2 and 20–30 �C, following IS specifica-

tion (IS 2712-1998).

Preparation of flexible composite sheet sample

The cuttings of dyed trimming samples were cooked with

5% NaOH solution at 100 �C for 3 h followed by washing

with cold fresh water. Similarly, waste gunny bag cuttings

and hosiery cuttings were also cooked separately main-

taining the same ratio of chemical, cooking temperature

and time, washed with cold fresh water and beaten sepa-

rately in a Laboratory Valley Beater (UEC-2018 A) for 3 h

at 1.5% consistency. Three separate stocks were prepared

from dyed trimming, jute waste and cotton waste using
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1.5% rosin, 1% alum and 2.5% nitrile rubber latex solution

added during stock preparation. Composite sheets were

made in handmade vat, maintaining dyed trimming to

jute/cotton waste at 40:60, 50:50 and 60:40 ratio, followed

by screw pressing to remove the excess water from the

sheet. The prepared hand sheets were initially dried in

sunlight, then sprayed with 50% solution of nitrile rubber

latex and then dried again in an oven (40–50 �C) followed
by hot pressing in a hydraulic hot press at 70–80 �C.

Results and discussion

Physico-chemical analyses

The physico-chemical characteristics of dyed trimmings

and jute and cotton wastes are presented in Table 1. The

initial thickness of dyed trimmings, gunny bag and hosiery

cuttings were measured and found to be 1.28, 1.43 and

0.32 mm along with their respective densities 0.529, 1.45

and 1.55 g/cm3, respectively. The cellulose content recor-

ded for jute and cotton wastes was 60.23 and 99.90%,

respectively, and the lignin content was recorded 13.3% in

jute waste.

FTIR spectra

The FTIR spectra of cotton waste, jute waste, dyed trim-

ming and composite sheets are shown in Fig. 1. The

spectra for waste cotton and jute fibre (Fig. 1a, b) show a

broad and intense band at *3400 cm-1 due to the

hydrogen-bonded O–H stretching vibration from the cel-

lulose. The IR band at *2925 cm-1 for jute fibre is

assigned to –CH2 antisymmetric stretching vibration in

cellulose, degraded hemicelluloses and lignin. This band is

shifted to lower frequency (*2905 cm-1) for cotton fibre,

which may be due to the absence of residual lignin

resulting in decrease in carbon atoms attached to carbon or

hydrogen (–C–C– or –C–H) (Woldesenbet et al. 2013).

Band at *1630 cm-1 in both cotton and jute fibre is

assigned to bending mode of absorbed water and some

contribution from carboxylate group. The bands in the

region 1260–1056 cm-1 involve the C–O stretching

vibrations of aliphatic primary and secondary alcoholic

groups in cellulose. Both the fibres show a peak at

*898 cm-1 due to b-glycosidic linkage of glucose ring of

cellulose indicating the typical structure of cellulose (Sai-

kia et al. 2015; Das et al. 2014). FTIR spectra of dyed

trimming display characteristic peaks for amide A and

amide B of collagen fibres at *3400 and *2930 cm-1,

respectively (Waleed and El-Zawawy 2006). The amide I,

amide II and amide III absorption peaks of typical collagen

fibres were also found at *1637, *1533 and

*1241 cm-1, respectively (Payne and Veis 2004; Puica

et al. 2006; Mirghani et al. 2012). In the leather-fibre

composite, individual characteristic FTIR peaks of cotton/

jute and collagen fibres appear with change in position and

intensity indicating interaction between collagen and nat-

ural fibres. The red shifting of amide I and amide II peaks

of collagen fibre along with the decrease in intensity of

hydrogen-bonded O–H stretching vibration of natural fibre

with some broadening effect clearly reveals that there is a

certain degree of interaction between the natural fibre and

collagen fibre through these bonds.

XRD patterns

The XRD patterns of waste cotton and jute fibres, dyed

trimming and composite sheets were recorded to investi-

gate the crystallinity of the samples at different stages

(Fig. 2a, b). The XRD patterns of waste cotton and waste

jute fibre showed two peaks representing the planes 101

and 002 at 2h around 16� and 22.7� (Fig. 2a, b), respec-

tively, characteristic of cellulose crystalline phase of the

fibres (Saikia et al. 2015; Das et al. 2014). Crystallinity

index (CI) was calculated and it is found to be 47 and 68%

for jute fibre and cotton fibre, respectively. The higher

value of CI for waste cotton fibre is consistent with 99.9%

cellulose with negligible amount of lignin as found in

constitutional analysis (Table 1). In the XRD of dyed

trimming, a broad peak with 2h value in the range of 15�–
30� is observed, which is characteristic of collagen fibre

(Eikenberry and Brodsky 1981; Zhou et al. 2014; Dutta

et al. 2016). The XRD patterns of composite sheets show

slightly boarder and weaker reflection compared to those of

dyed trimming and waste cotton and jute fibres which may

be attributed to the significant structural modification in the

composite sheets. This change in relative intensity and

Table 1 Physico-chemical properties of dyed trimmings, jute waste and cotton waste

Sample Thickness

(mm)

Moisture

content (%)

Ash

content (%)

pH Density

(g/cm3)

Nitrogen

(%)

Lignin

(%)

Cellulose

(%)

Dyed trimmings waste 1.28 8.05 7.45 3.29 0.529 6.62 – –

Gunny bag (jute waste) 1.43 9.93 0.68 6.74 1.45 – 13.3 60.23

Hosiery cutting (cotton waste) 0.32 7.50 1.75 7.25 1.55 – 15.4 55.82
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location of reflection peak indicates interaction between

collagen and natural fibres during composite formation.

TGA curves

The TGA curves of waste cotton and jute fibres, dyed

trimming and composite sheets are shown in Fig. 3a, b.

The percentages of weight loss for respective samples are

presented in Table 2. The weight loss in the samples

occurred in three stages: the first one in the range of

35–200 �C, the second one 200–400 �C and third one

400–700 �C. For the waste fibres, weight loss in the range

of 35–200 �C may be accounted to the evaporation of

absorbed and crystal water molecule associated with the

cellulose fibre (Ray et al. 2002). The main degradation

occurred in the range of 200–400 �C, which may be

assigned to the degradation of polymers such as

hemicelluloses and a-cellulose, and the third stage is

attributed to the carbonization of these polymeric materials

(Maldas et al. 1997). Similarly, for dyed trimmings, the

first one (11.10%) refers to the loss of water molecules

along with some volatile components such as oil and low

molecular weight greases present in the leather fibre during

processing steps (35–200 �C); the second stage (35.69%)

refers to the thermal degradations of proteins

(200–400 �C); and the third stage (43.36%) is attributed to

the carbonization of these proteins (Horn et al. 2009;

Swarnalatha et al. 2008; Madera-Santana et al. 1998). It

was observed that the composite sheets exhibited weight

loss of 56.07 and 69.63% for jute waste composite and

cotton waste composite, respectively, in the transition

temperature 200–400 �C compared to 60.35 and 84.31%

weight loss for jute fibre and cotton fibre individually.

Similarly, in the transition temperature 400–700 �C, jute

Fig. 1 FTIR spectra of a cotton

waste, dyed trimming and

composite sheets, b jute waste,

dyed trimming and composite

sheets

Fig. 2 X-ray diffraction spectra

of a cotton waste, dyed

trimming and composite sheets,

b jute waste, dyed trimming and

composite sheets

Fig. 3 TGA spectra of a cotton

waste, dyed trimming and

composite sheets, b jute waste,

dyed trimming and composite

sheets
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waste composite and cotton waste composite exhibit

weight loss 27.83 and 20.66%, respectively, compared to

43.36% for individual collagen fibre (dyed trimming). This

shows that the cellulose of waste cotton and jute and pro-

teins of dyed trimming interact and therefore increase the

thermal stability of the respective composite sheets.

SEM analysis

Figures S1(a-e) and S2(a-e) [see ESI] show the SEM and

invert SEM of dyed trimming, cotton fibre, jute fibre and

composite sheets made from the above materials. The SEM

of dyed trimming [Figs. S1a(i) & a(ii) and S2a(i) & a(ii)]

revealed two types of collagen fibre: one long, rod shaped,

comparatively larger in diameter and the other compara-

tively narrow and smaller in size. Longitudinal cracks were

also visible on the surface of the fibre. Some bundle of

fibres was also seen occasionally. SEM of cotton fibre is

represented by Figs. S1(b) & S2(b). The fibres were con-

tinuous, long, thin and whitish in colour. The fibres were

found to form a strong network without addition of binders.

No pores or longitudinal cracks were visible on the surface.

Figures S1(c) and S2(c) represent the SEM of jute fibre

which is similar to that of cotton fibre. The fibres were

uniform, continuous and cylindrical in shape. Some fibres

were seen in bundle form. Fibrils were also seen on the

surface which may be due to the effect of NaOH used for

cooking and because of removal of lignin and hemicellu-

losic materials. The SEM of the composite made from jute

fibre and dyed trimming is presented in Figs. S1(d) and

S2(d). Jute fibres were distinctly visible which are com-

paratively larger in diameter. The collagen fibres are

embedded with the jute fibres uniformly forming a network

of jute and collagen fibres. This is supported by the results

of the FTIR and XRD study, where interaction between

natural fibre and collagen fibre is indicated during com-

posite making. The void spaces between collagen and jute

fibre were occupied by latex used during stock preparation

and surface coating. Figures S1(e) and S2(e) show the SEM

of composite made from dyed trimming and cotton waste

fibre. A network of cotton and collagen fibres uniformly

bound by latex solution was also observed. The uniform

network of both the fibres may have resulted due to better

fibrillation of cotton fibre and use of latex solution during

stock preparation, which helped to increase the bonding of

the fibres. Although natural fibres possess similar mor-

phology, there are differences among them which may be

due to the variation of morphological characterizes such as

number of fibre cells, cell wall size, size and shape of the

lumen. Hence, different plants show different fibre char-

acteristics and mechanical strength properties (Fidelis et al.

2013). Figure S3(a-c) [see ESI] shows the surface plot

diagrams of cotton waste, jute waste and their composites,

which reflects the surface morphologies. In the SEM of

cotton and jute fibres, two types of fibres, i.e. long-wide

and long-narrow fibres, were seen which were randomly

distributed [Fig. S3(a) & (b)]. They are found to be less

pronounced and randomly distributed in the micrographs of

the composites [Fig. S3(c) & (d)].

EDX analysis

Figure S4(a-d) [see ESI] shows the EDX spectra of

untreated and treated dyed trimmings. EDX spectra clearly

show the presence of Cr along with C, O, Na, Si, Cl and Ca

in the samples before NaOH treatment [Fig. S4(a) & (b)].

The corresponding peak for chromium in the EDX spectra

[Fig. S4(c) & (d)] of the sample after NaOH treatment was

found to be absent. Dyed trimming samples as such con-

tained 2.54% chromium, which became absent after alka-

line treatment.

Mechanical properties

The physical strength properties such as ultimate tensile

strength (UTS), elongation and breaking load of the fibres

from jute and cotton wastes and that of dyed trimming are

presented in Table 3. The UTS of jute and cotton waste

fibres was recorded as 253.78 and 240.02 MPa, respec-

tively [Fig. S5, see ESI]. The higher tensile strength could

be attributed to the cellulose content present in the natural

fibres (Senthil et al. 2015a). Lower cellulose content causes

lower tensile strength of fibres (Rowell et al. 1997). The

UTS of 65.07 MPa was recorded for dyed trimming

[Fig. S6, see ESI]. The elongation values for jute and

cotton waste fibres were recorded as 13.89 and 13.33%,

Table 2 % Weight loss of

different samples at different

temperatures

Samples % Weight loss

35–200 �C 200–400 �C 400–700 �C

Dyed trimmings 11.10 35.69 43.36

Jute waste 4.89 60.35 20.98

Cotton waste 2.90 84.31 13.00

Composite sheet (DT ? JW) 4.72 56.07 27.83

Composite sheet (DT ? CW) 3.53 69.63 20.66
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respectively, and that of dyed trimmings was found to be

32.14%. The collagen content in leather might be respon-

sible for high elongation in dyed trimmings. The breaking

load values for all the three materials were found in the

range between 3075 and 3120 N. The physico-chemical

properties of all the three basic materials indicate that they

are suitable for composite making.

Table S1 [see ESI] represents the physico-chemical

properties of the composites made from the dyed trim-

mings alone and the mixture of jute and cotton wastes at

different proportions. The densities of the composites

sheets increase marginally with the increase in natural fibre

content in the blend. The density at 50:50 blend ratios was

recorded as 0.698 and 0.826 g/cm3 for the composites

sheets made from the mixture of (1) dyed trimming and

jute waste fibre and (2) dyed trimming and cotton waste

fibre, respectively. However, the highest value (0.962 g/

cm3) was recorded for the sheets made from dyed trimming

alone.

The tensile strength properties of composite sheets made

from dyed trimmings and the mixture of jute and cotton

waste fibres at different stock ratios are presented in

Table S2 [see ESI]. It has been observed that [Figs. S7–S9,

see ESI], the sheet made from dyed trimming alone has

lower tensile strength (22.7 MPa) compared to the com-

posite sheets made from dyed trimming/cotton fibres

(54.25 MPa) and dyed trimming/jute fibres (52.67 MPa). It

was also observed that the natural fibres improve the

mechanical strength properties of the composite sheets,

which may be due to the uniform bonding of the natural

fibre and collagen fibre. Natural fibre forms uniform net-

work with the collagen fibre, causing enhancement of

ultimate strength in the composite. The use of latex in the

composition helps further enhancement of the physical

strength (Ahmad et al. 2007). Senthil et al. (2015a)

reported a similar finding and observed that the increase in

tensile strength of the composites is due to the cellulose

component present in the natural fibres. Rowell et al.

(1997) have also reported the similar findings in the com-

posites made from leather fibre alone and in combination in

plant fibre. Nitrile rubber latex used for sock preparation

and for spraying in the final sheet, in this study, helps to

enhance the mechanical strength properties of the

composite sheets. It has been observed in the present study

that certain properties such as elongation, breaking load,

folding endurance and bursting strength of the composite

sheet were found maximum at 50:50 blend ratio. The

folding endurance value was recorded highest in the sheet

made from dyed trimmings and cotton fibre at 50:50 blend

ratio. Because of the folding endurance values, the com-

posite sheets showed better flexibility. Also, the treatment

with rubber latex may further enhance the flexibility of the

composite sheet (Ahmad et al. 2007; Srail and Burroway

1993). The sheets made with this composition show higher

physical strength and flexibility and hence are optimum for

the composite sheet made from dyed trimmings and natural

fibres.

Absorption properties

The water absorption capacities of the composites made

from dyed trimmings and cotton wastes at 50:50 ratios,

while soaked for 24 and 72 h in water, were 16.87 and

35.40%, respectively, which are the least when compared

with all the blend ratios. Likewise, oil absorption values of

the same composites were 22.50% at low temperature

(20–30 �C) and 33.38% at high temperature (150 ± 2 �C),
which are least when compared with all the blend ratios.

The absorption characteristics of the composite sheet

match the specification for similar cellulose-based product

(ASTM F 104 F336486E86M3). The water and oil

absorption properties of the composite sheets are influ-

enced by the latex treatments (Srail and Burroway 1993).

The latex treatment with hot pressing makes the final sheets

less hygroscopic and reduce the oil absorption property.

Conclusion

The dyed trimmings generated from the tannery industry

can be converted to flexible composite sheet in combina-

tion with natural fibre through mechano-chemical pro-

cessing. This flexible sheet possesses higher physical

strength with low water and oil absorbing property, and

therefore, it can be used as a substitute of leather for

making different products. Recycling of such waste

Table 3 Mechanical strength properties of dyed trimmings, jute waste and cotton waste

Sample UTS (MPa) Cross-sectional area (mm2) Elongation (%) Breaking load in tensile test (N)

Dyed trimmings waste 65.07 37.55 32.14 3120

Jute waste 253.78 37.18 13.89 3115

Cotton waste 240.02 12.80 13.33 3075
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material not only helps to reduce the pollution but also

helps leather industry in solving the waste disposable

problem as well as to meet the increasing demand of virgin

leather material to a certain extent.
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