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Abstract
Chromium-Tanned Leather Shavings are hazardous residues generated during leather processing. Since they contain consid-
erable amounts of chromium, they represent a threat to life and the environment if managed improperly. The present study 
examines the transformation of such residues into carbon adsorbents and their use in the removal of azo dyes (methylene blue, 
Congo red and acid black 210) from water. The effects of temperature, holding time and the presence of an activating agent 
were studied, and basic characterization of the produced materials was performed. Carbon materials contain a low amount 
of chromium and an improved surface area that was only developed when high temperatures and an activating agent were 
employed. Depending on the synthesis conditions, the adsorbents’ surface charge was positive or negative, which impacts 
the dye uptake from aqueous solution. Both the chemical speciation of the dye and the material´s pore volume played a criti-
cal role during the adsorption process. It is possible to obtain carbon materials from Chromium-Tanned Leather Shavings, 
containing no hazardous chromium(VI) particles, that are capable of removing polluting dyes from water.

Keywords Chromium-tanned leather shavings · Carbon materials · Adsorption · Dye removal · Revalorization

Introduction

Every year tons of Chromium-tanned leather shavings 
(CTLS) residues are produced by the tanning industry (Pati 
et al. 2014). These residues are unavoidable and possess a 
considerable amount of Cr, and as such, they represent a 
major health and environmental hazard (Pati et al. 2014; 
Sundar et al. 2011). Unfortunately, they are normally dis-
carded at the factory and dumped into landfills, where 
they can encounter oxidant conditions, releasing hazard-
ous Cr(VI) into the air as particles and also into aqueous 
systems (Pati et al. 2014). In México, León city processes 
about 50,000 animal hides daily (González et al. 2017). That 
level of production, along with the recent development of 

local, high-volume automotive manufacturing industry and 
its demand for large amounts of leather, has led to increases 
in the production of these shavings. This has exacerbated 
waste generation, further threatening the health and environ-
ment of León city.

In the search for sustainable development, not only must 
residue production be minimized, but viable technologies for 
waste recycling (downcycling) or valorization (upcycling) 
must also be developed. Among the several novel materials 
that can be obtained from the processing of these leather 
residues, their transformation into carbonaceous and acti-
vated carbon materials offers significant potential as a viable 
valorization technology (Kantarli and Yanik 2010; Louar-
rat et al. 2017; Oliveira et al. 2011; Arcibar-Orozco et al. 
2019). During (activated) carbon production, the selection 
of the correct synthesis conditions led to the production of 
particular materials that are suited for specific environmen-
tal cleansing applications. When producing activated car-
bons from CTLS, temperature was found to be a critical 
limiting factor. The transition of chromium(III) to hazardous 
chromium(VI) occurred at processing temperatures higher 
than 600 °C (Erdem 2006), whereas temperatures that were 
too low resulted in incomplete pyrolysis and didn’t promote 
correct pore development. Additionally, other parameters 
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such as holding time and the concentration of the chemical 
activating agent could influence the development of pores 
and surface chemistry.  ZnCl2 was studied as a viable acti-
vating agent that allows for synthesis of activated carbon in 
one pyrolysis step at low temperatures (Marsh and Reinoso 
2006: Activated Carbon). This agent has proven resistant to 
the decomposition and dehydration effects that it promotes 
in lignocellulosic precursor materials at medium–high tem-
peratures (Nieto-Delgado et al. 2011). On other biomaterials 
like leather, which is mainly composed of collagen, the acti-
vation also occurs, but with different processing conditions 
and in a different way than in lignocellulosic materials.

Currently, the pollution of water bodies with dyes is 
of utmost importance as more than 700,000 tons of dyes 
are produced worldwide every year (Ahmad et al. 2015). 
About 90% of commercial dyes are of the azo type, and their 
removal from wastewater is desired for aesthetic reasons but 
also because they and/or their degradation products are toxic 
to aquatic life and some can even be carcinogenic (Tan et al. 
2015). Adsorption is a cheap and feasible technology for 
dye pollution control; furthermore, when adsorbents are pre-
pared from waste materials they can contribute to a closed 
loop of waste control.

In the present study, several carbon materials were pre-
pared from CTLS using  ZnCl2 as an activant. The team stud-
ied synthesis conditions including temperature, holding time 
and ratio of  ZnCl2. Synthetized materials were characterized 
and then employed for the removal of dye pollutants [acid 
black 210 (AB), methylene blue (MB) and Congo red (CR)] 
from aqueous solution. The focus of the present work is to 
contribute to the sustainable production of leather.

Materials and methods

Materials

All reagents used were analytical grade. The CTLS resi-
dues were provided from a local tannery located in León, 
Gto, Mexico; they resulted from the processing of cowhide. 
Deionized (DI) water with a conductivity of less than 0.217 
µS/cm was employed in all experiments.

Synthesis of carbonaceous materials

The CTLS collected were washed several times to remove 
debris, dust and other foreign compounds. They were then 
dried, crushed and sieved. A mesh with an opening between 
1000 and 500 µm was selected as the particle size to be 
pyrolyzed. Next, a mass of about 20 g of CTLS was mixed 
with a selected mass of  ZnCl2 and then a volume of approxi-
mately 1 L of water was added. The mixture was keep under 
magnetic stirring for 24 h and then heated to 60 °C while 

continuously stirring. Once most of the water evaporated, the 
mixture was transferred into a plastic container and heated 
in an oven to 80 °C where it was held for 24 h to evaporate 
the remaining water. After drying, a mass of about 2.0 g 
was measured into a boat crucible and placed in a tubular 
furnace. The furnace was flushed with nitrogen for at least 
30 min before pyrolysis to remove any trace of oxygen in the 
system. An acidic water trap (pH 3) was placed at the end 
of the pyrolysis tube to collect soluble compounds from the 
fumes. After purging, the pyrolysis started at a heating rate 
of 10 °C/min up to the desired temperature for the appropri-
ate holding time (Table 1). During pyrolysis, a 100 mL/min 
nitrogen flow was continuously feed into the system. After 
pyrolysis, the samples were washed with 0.1 M HCl until no 
traces of zinc were detected in the rinsing solution, then the 
samples were washed with DI water until the pH stabilized. 
Finally, the carbonaceous remains were dried at 90 °C for 
24 h. Test nomenclature and synthesis conditions can be 
observed in Table 1.

Materials characterization

The inorganic content of the materials was evaluated by 
several techniques. The ash content was determined as the 
remaining weight of carbons after calcination at 600 °C for 
2 h. Zinc and chromium content were determined by atomic 
absorption spectroscopy in iCE 3000 (Thermo), after acidic 
digestion with 20% HCl v/v. The experiments were carried out 
in triplicate and averages were plotted. The standard error was 
maintained within 1%. Organic content (C, H, N and S) was 
determined in an elemental analyzer Flash 2000 (Thermo). 
XRD analysis was obtained in a Bruker D8 Advance using a 
 CuKα source. Fourier Transform Infrared Spectroscopy (FT-
IR) was obtained in a Nicolet iS 10 (Thermo) operated 
in Attenuated Total Reflectance (ATR) mode. Microscopy 
observations were performed in a FEI HELIOS NANOLAB 

Table 1  Nomenclature, synthesis conditions and yield of the materi-
als prepared in this study

Name ZnCl2/precur-
sor mass ratio

Holding 
temperature 
(°C)

Holding 
time (h)

Yield (%)

C0_300_2 0 300 2 37.6
C0.5_300_2 0.5 300 2 48.3
C0_400_2 0 400 2 49.0
C0.5_400_1.5 0.5 400 1.5 39.0
C0.5_400_2 0.5 400 2 53.4
C1.0_400_1 1 400 1 50.7
C1.0_500_1.5 1 500 1.5 32.4
C1.0_600_2 1 600 2 35.0
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600 Scanning Electron Microscope (SEM) with a secondary 
electron detector. Specific surface area was obtained from 
the corresponding nitrogen physisorption isotherm obtained 
in an ASAP 2020 (Micrometrics) by using the Brunauer-
Emmett-Teller Method (BET). Surface charge distribution 
was obtained from the potentiometric titration of the materi-
als performed in a 916 Ti-touch (Metrohm). Briefly, 100 mg 
of sample were contacted with 50 mL of a 0.1 M  NaNO3 
electrolyte; the solution was continuously bubbled with nitro-
gen to avoid interference from  CO2 dissolution. The pH was 
decreased to 3 by adding 0.1 M HCl and then titrated with 
0.1 M NaOH up to pH 11. The surface charge distribution 
was calculated using the formula:

Here, Q is the amount of adsorbed or released protons 
from the surface (referred to as surface charge). V0 and Vt are 
the solution and titrant added volumes. Nt is the normality 
of titrant, m is the titrated mass and the suffixes s and f stand 
for the starting and final concentrations of  H+ and  OH− ions, 
determined by the Davies equation (Bandosz et al. 1993).

Adsorption experiments

The selected dyes were acid black 210 (AB), methylene blue 
(MB) and Congo red (CR); their chemical structures and sizes 
can be found in Fig. S1. A master solution of 1000 mg/L of 
each dye was prepared and from that, dilutions were made. 
A mass of 20 mg ± 1 mg of the carbon sample was placed in 
a 50-mL Falcon tube and then mixed with a 20 mL solution 
of the desired concentration of the selected dye. The experi-
mental tubes were sealed and maintained at 25 °C for 5 days. 
All adsorption experiments were carried out at pH 7, and to 
ensure that this pH was maintained, it was adjusted daily by 
adding 0.1 M HCl and/or 0.1 M NaOH. Once equilibrium was 
reached, the solutions were filtered using inert filters (tests 
were performed to ensure filters did not affect the dye con-
centration) and analyzed in a UV–Vis spectrometer (Evolution 
300, Thermo).

A mass balance was carried out in the adsorption reactor, 
and adsorption capacity was calculated by using the formula:

Here, Qeq is the adsorption capacity, expressed as mass (or 
mole) of the dye per gram of adsorbent, reached at the equilib-
rium concentration Ceq in mg/L or µmol/L. C0 is the starting 
dye concentration and m is the adsorbent mass in g.

(1)

Q =
1

m

[

V0

{

Hs − OHs

}

+ VtNt −

(

V0 + Vt

){

Hf − OHf

}]

(2)Qeq =

V
(

Ceq − C0

)

m

Results and discussion

The yield of the pyrolysis, calculated as the mass that 
survived the pyrolysis divided by the precursor mass, is 
provided also in Table 1. As can be observed, yields were 
typically below a 50%, and in the best case 53.4% of mass 
remained after the pyrolysis process. As expected, the 
materials synthetized at the highest temperatures resulted 
in the largest burn-off, as a natural consequence of the 
conditions employed. Therefore, sample C0.5_400_2 had 
a high yield and low burn-off, since the low temperature 
did not allow for the material to be highly pyrolyzed. The 
characterization of the CTLS precursor material has been 
reported elsewhere (Arcibar-Orozco et al. 2019). The pre-
cursor material contains large amounts of nitrogen, that 
upon pyrolysis, can be incorporated in the matrix. This 
contributes to an increase in the yield; however this was 
not observed at high temperatures.

Ash content of the materials was relatively high (approxi-
mately about the same a mineral carbon), but below 15% in 
all materials (Fig. 1a). As the temperature and holding time 
increased, the ash content increased as well. This effect is 
related to the contribution of non-volatile inorganic mass, 
and the higher level of volatilization of organic carbon and 
nitrogen as temperature and time during pyrolysis increased. 
The inorganic mass made a marked contribution due to the 
chromium content resulting from the CTLS, and zinc lefto-
vers from the chemical activating agent, see Fig. 1b. The 
chromium content is considerably higher than that of zinc 
because of its greater solubility; also chromium(III) is con-
siderably less soluble than chromium(VI). During pyroly-
sis, the oxidation of chromium to a hexavalent state can-
not be dismissed. Therefore, an acidic treatment was added 
during rinsing to ensure the removal of soluble hexavalent 
chromium from the carbon surface, hence only low soluble 
Cr(III) survived. Furthermore, chromium content was kept 
below 1% in all materials. At higher temperature tests, the 
team noted reduced chromium content within the carbon. 
This was a natural result of the volatilization of carbon, and 
likely, chromium as well. For that reason, an acidic solu-
tion was placed at the end of the production tube to col-
lect all soluble fumes for chromium concentration analysis. 
The result demonstrated that only about 1% of precursor 
chromium is being volatilized and captured; therefore, most 
of the chromium from the precursor is being removed dur-
ing acid treatment, and the rest is transformed into non-
oxidized chromium particles. In a previous report of XPS 
measurements (Arcibar-Orozco et al. 2019), no presence of 
chromium(VI) particles was found in similar materials; even 
those in which acidic treatment was not applied.
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The X-Ray measurements of the resulting carbons are 
provided in Fig. 2. As can be seen, most of the patterns do 
not display any particular crystallinity. The majority of the 
broadened peaks correspond to graphite, a normal pattern 
observed in carbons and activated carbons. Perhaps the 
most remarkable observations were found in the materials 
C0_300_2 and C0.5_300_2, which suggested the presence 
of CrO particles. These were only detected in samples pre-
pared at low processing temperatures. Other than that, no 

observations suggested the presence of crystalline forms 
of any chromium particle. This is probably due to the low 
amount of chromium present in the materials or that the 
resulting particles are too small to diffract.

For scanning electron microscopy, the materials 
C0.5_400_2 (Fig. 3b), and C1.0_500_1.5 (Fig. 3c–d) were 
selected. The surface of these materials was smooth and 
semi-flat, with homogeneous sphere-like macropores pre-
sent. It is likely that these pores are vestiges of hair follicles 
removed during the preparation of skin for tanning. The par-
ticles observed in Fig. 3a and c are likely associated with Zn.

The results of FT-IR measurements are displayed in 
Fig. 4. The spectra of the materials depended on the car-
bonization temperature employed. The materials synthetized 
at 300 °C first displayed a wide peak corresponding to bulk 
hydroxyl groups at about 3200  cm−1; this band was also 
present in the material synthetized at 400 °C and 1 h. Since 
the materials prepared at higher temperatures do not display 
this wide peak, it is reasonable to attribute these vibrations 
to groups that decompose at higher temperatures. In these 
materials, a band with a shoulder at 2929 and 2863  cm−1, 
respectively, was also observed. These can be attributed to 
C–CH2 and C–CH3 vibration bands resulting from the pre-
cursor material. As mentioned before, the decrease in these 
bands can be related to the decomposition of such groups 
at high temperatures. Bands at 1980  cm−1 can be related 
to C=O vibration of esters, which may come either from 
amino acid groups of proteins in the precursor materials, or 
from carboxylic groups formed in the surface of carbonized 
materials. Finally, bands at 1107 and 1032  cm−1 can be due 
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Fig. 2  X-Ray diffraction patterns of studied materials
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to C–O–C and C–O vibrations from carbon (Silverstein et al. 
2005). Most of the information related to surface vibration 
of carbons was absent in the materials synthetized at high 
temperatures.

Surface chemical groups are very influential for the 
uptake of adsorbates from aqueous solution. The pres-
ence of dissociable groups on a material’s surface affects 
the development of charge. Therefore, the evaluation of the 
surface charge distribution (the capability of protons to bind 
to the surface) was important and determined by means of 
potentiometric titration experiments. The results are pre-
sented in Fig. 5. An experimental window of pH 4 to 10 
was selected for displaying the results. There were signifi-
cant differences noted across the tested materials. The inter-
cept of the proton binding isotherm with the pH axis defines 
the point of zero net proton charge, or simply the point of 
zero charge  (pHPZC) (Sposito 1998). Based on the intercept 
value the materials were cataloged as acidic: C1.0_500_1.5 
 (pHPZC ~ 4.15) followed by C1.0_600_2  (pHPZC ~ 4.60), 
C0.5_300_2  (pHPZC 4.91), C1.0_400_1  (pHPZC ~ 5.27), 

Fig. 3  SEM images of the surface of a–b C0.5_400_2; and c–d C1.0_500_1.5
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and C0.5_400_1.5  (pHPZC ~ 5.79); to basic: C0_400_2 
 (pHPZC ~ 8.07), C0_300_2  (pHPZC ~ 8.22), and C0.5_400_2 
 (pHPZC ~ 8.25). It is evident that higher pyrolysis tempera-
tures resulted in the incorporation of acidic surface groups. 
Though it was not possible to determine the nature of such 
complex groups during FT-IR measurements, it is evident 
that their presence results in the release of protons from the 
surface. The shape of the proton-binding isotherm provides 
valuable information about the extent of surface groups. The 
C1.0_400_1 material was slightly acidic, and developed a 
subtle charge on the surface, whereas C1.0_500_1.5 devel-
oped a strong acidic charge that was strongly dissociated 
throughout almost the entire experimental window. Simi-
larly, materials processed at low temperature were basic but 
with a slight positive charge, a result of the minimal amount 
of surface groups. The characterization results indicated 
that high temperatures (higher than 500 °C) are necessary 
to completely promote the carbonization of the precursor 
material, and only by using a high temperature (600 °C) was 
porosity developed. As the materials at different prepara-
tion conditions possess different surface charges, they will 
be expected to behave differently upon different colorants 
depending on the colorant’s particular chemistry. As men-
tioned earlier the colorants selected include methylene blue, 
acid black 210 and Congo red. Not only they are useful 
model dyes, they also possess different chemical structures 
and molecular size, making them ideal for evaluating the 
role of chemical and structural features  during adsorption. 
The surface area of the carbons is reported in Table 2. Each 
displayed very low surface areas with the exception of the 
material synthesized at 600 °C for 2 h, which had a surface 
area of 291  m2/g, this sample also had a considerable ash 

content, which is a natural effect of the high burn-off that 
created a porous structure, therefore leaving an overall low 
carbon content.

Unlike what occurs in lignocellulosic materials, the pyrol-
ysis of collagen-based precursors is not as well understood. 
The different fractions of the collagen have different decom-
position temperatures. According to various authors, glycine 
decomposes at about 250 °C (Weiss et al. 2018), whereas 
proline decomposes at 220 °C (O'Neil 2013); hydroxyproline 
melting point has been reported at 275 °C (Olafsson and 
Bryan 1970). From C, H, S, and O analysis, it was deter-
mined that the carbon samples contain about 20% nitrogen 
(Table S1 Supplementary Information). Since degradation 
of such amino acids has been reported to produce only  NH3 
as a nitrogen combustion product, it is reasonable to assume 
that nitrogen must be associated with oxygen rather than 
hydrogen on the surface of the carbons, therefore leading 
to the development of lactams, imides, and amine groups 
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Table 2  Surface area of the 
synthetized materials

Material BET 
surface area 
 (m2/g)

C0_300_2 0.2
C0.5_300_2 0.9
C0_400_2 0.9
C0.5_400_1.5 0.8
C0.5_400_2 0.3
C1.0_400_1 0.6
C1.0_500_1.5 2
C1.0_600_2 291
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on the carbons. These groups have a slightly acidic nature 
and are prone to acidification of the surface. It is clear that 
the various preparation conditions employed have different 
effects on the surface structure and chemistry, and in turn 
upon their capacity to remove the colorants studied.

Screening adsorption experiments were performed to 
evaluate the capability of the carbons to adsorb the color-
ants, and with those experiments, to select the best ones 
to build the isotherms. The results of these screenings are 
seen in Fig. 6 for A) methylene blue, B) acid black, and C) 
Congo red.

Several observations can be made from the adsorption 
results. In most cases the sample C1.0_500_1.5 was the 
best performing material for all colorants (for MB uptake, 
the capacity was almost the same as the C0_300_2 prod-
uct). This material was also the one with the highest surface 
acidity of all, demonstrating the importance of negative 
charge development during adsorption. This suggests that 
electrostatic interactions are probably responsible for most 
of the uptake of the colorants. It is interesting to note that 
considering the speciation of the colorants, the predominant 
charge based on the dissociation/protonation of sites at pH 
7 are positive for MB and for AB; however, CR is mainly 
dissociated [pKa = 4.0 (Elaziouti and Ahmed 2011)] and it 
is expected to undergo an electrostatic repulsion near the 
negatively charged surface of C1.0_500_1.5.

For these reasons, the C1_500_1.5 product was selected 
for obtaining adsorption isotherms at pH 7 and 25 °C. In 
order to compare them objectively, their adsorption capac-
ities were given by molar unit. The results are shown in 
Fig.  7. Isotherms were correlated to the Langmuir and 
Freundlich adsorption isotherm models and the results are 
provided in Table 3. Both models correctly described the 
adsorption of the dyes, but the Freundlich model of adsorp-
tion was the more accurate. It is well known that a Freun-
dlich isotherm model can be applied to multilayer adsorption 
over heterogeneous surfaces (Foo and Hameed 2010), such 
as presented in this study.

Due to the protonation of their thiazine ring and resulting 
positive charge development, adsorption of MB is favorable 
(Kannan and Sundaram 2001). Even though CR is dissoci-
ated at pH 7, it was still more readily adsorbed than AB. 
The reason is simple, CR could be adsorbed by means of 
π–π interactions with the carbon´s surface at both external 
surfaces and inside pores. The molecular size of the dyes 
is provided in Fig. S1. Here it is seen that dye molecular 
sizes are 1.26 nm for MB (Chen et al. 2015), 2.3 nm for CR 
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(Wu et al. 2016), and 3.29 nm for AB (Piccin et al. 2017). 
It is obvious that AB presents the greatest steric hindrance, 
for even when adsorbed by means of π–π interactions or an 
interaction with  NH+, it exceeds the pore size and therefore 
it’s adsorption capacity is limited to that occurring only on 
the external surface. If one considers the monolayer cover-
age values from the Langmuir equation (Q max) and the 
surface area of this carbon material, MB has a better cover-
age of 0.091 mmol/g, whereas both CR and AB have a cov-
erage of about 0.025 mmol/g. One can relate the latter to the 
coverage in the external surface while the former includes 
the coverage of adsorbed molecules inside the pore system.

Additionally, the team suspected that chromium oxides 
must be contributing to adsorption by means of electrostatic 
interaction and surface complexation. Figure 8 represents the 
proposed adsorption routes for the different dyes employed. 
It is possible that this material might be subject to regenera-
tion after a thermal treatment or pyrolysis (Corda and Kini 
2018).

Conclusions

The present work demonstrated that it is possible to obtain 
carbon materials by using CTLS. The various conditions 
employed during synthesis were found to have a signifi-
cant effect upon the properties of the materials, mainly on 
their surface chemistry and structure. Sufficient surface 
area for adsorption was only developed when high tem-
peratures and a chemical activating agent  (ZnCl2) were 
employed. Additionally, chromium content was maintained 
below 1% in the materials, and no evidence of the for-
mation of Cr(VI) was observed. Acidic materials have a 
negatively charged surface at the adsorption pH and favor 
the adsorption of small protonated molecules (like meth-
ylene blue). On the other hand, bulky molecules, such as 
Congo Red and Acid Black 210, are adsorbed mainly by 

Fig. 7  Adsorption isotherm of the three studied dyes on the material 
C1_500_1.5 at pH 7 and 25 °C

Table 3  Langmuir and 
Freundlich adsorption isotherms 
parameters for dyes removal by 
material C1_500_1.5

Dye Langmuir Freundlich

Q max 
(mmol/g)

b  (L/mmol) R2 KF (mmol/g) 
(L/mmol)1/n

n R2

Methylene Blue 0.1830 2.344 0.9878 0.119 2.411 0.9989
Congo Red 0.0489 122.7 0.9729 0.060 4.902 0.9777
Acid Black 210 0.0510 12.01 0.9935 0.056 2.861 0.9972

Fig. 8  Schematization of the main interactions of dyes with the sur-
face of the carbon materials, illustrating how methylene blue adsorp-
tion is driven by electrostatic attraction, whereas Congo red and acid 
black 210 can only be adsorbed by means of π–π interactions, the 
later not being able to penetrate in the pore system
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π–π interactions. The present work demonstrated how the 
synthesis conditions are relevant for developing valorized 
materials capable of removing various dyes from aqueous 
solution. The present results postulate that it is possible to 
valorize wastes from the tannery industry into useful dye 
adsorbents. In our following work the team will study the 
extraction of chromium from the CTLS prior to carbon 
production.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13201- 022- 01734-z.
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