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Abstract

Tannedleather is a product of high intrinsic value and a sign of luxury. Chromium-tanned leather shavings are abundantly
produced wastes which contain chromium that could be revalorized. The present research proposes the use of alkaline
hydrolysis, aided by an inorganic anion, to promote the hydrolysis of the Cr—O bond. De-chromed solids were employed to
synthesize carbon material, which subsequently was applied for dye removal from aqueous solution, while the chromium-
rich solution was used as a re-tanning agent. The results demonstrated that it is possible to develop a method of chromium-
protein separation, with a minimum degree of hydrolyzation. When an activating agent was employed, the prepared carbon
had a surface area of 585 m%/g, with trace levels of chromium (< 0.1%), present mainly as Cr,0; particles. The materials
displayed an adsorption capacity of up to 47.60 mg/g and 27.58 mg/g for methylene blue and Congo red respectively. The
chromium-rich solution contained proteins and amino acids that aid in its employment as a re-tanning agent. Leather that
was re-tanned with this solution had a similar tear strength and a superior and tensile strength (38%), superior elongation at
break (10%), and improved elongation at break (47%) than traditional Cr33-tanned leather. The present study represents a
major step in the development of cleaner production of leather.
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production, it is necessary to develop a feasible
process(es) for the prevention, treatment, and revaloriza-
tion of CTLS. In the literature, there are some examples
of physicochemical processes aimed at upcycling CTLS
including fertilizers [2], anaerobic digestion to obtain
energy [4], chromium recovery [5], gelatin obtention
for use as an adsorbent [6], and ultimately for the pro-
duction of new useful materials such as coagulants [7],
shielding materials [8], catalysts, oxidants, and adsor-
bents [9, 10], among others. Some methodologies have
focused on processing CTLS for recycling in the tanning
facility either as re-tanning agents [11] or as recycled
leather [12].

CTLS have a chemical composition similar to that of
tanned leather, consisting of a-collagen, in which carbox-
ylic groups are stabilized by chromium(III) complexes, by
means of covalent coordination bonds. Therefore, CTLS
are rich in both collagen and chromium. The former is a
valuable material with applications in various fields, such as
cosmetics, feedstock, and medicine, whereas the chromium
can be recycled within the tanning facility into a tanning/
re-tanning material or for other applications such as glass
making and catalyst materials [1]. The key for the process-
ing of such waste lies in the hydrolitic separation of the col-
lagen and chromium, which can be carried out by means of
acidic, basic, thermal, and/or enzymatic treatments. In the
literature, there are numerous examples of these methods
demonstrating that it is possible to partially, as well as com-
pletely, hydrolyze such wastes [13—16]. However, a proper
physicochemical treatment must, in principle, only hydro-
lyze the Cr—O-C bond, rather than all the protein, thereby
providing for easier separation and processing. A simple
method consists of NaOH with an organic salt complexing
agent (i.e., tartrate anion), which assists in keeping chro-
mium soluble and protects hydrolyzed bonds from further
degradation [13, 17].

Once separated, non-hydrolyzed protein can be pro-
cessed to obtain several goods, including precursor carbon
materials such as biochar and activated carbon [18], while
the liquid solution containing chromium can be recycled
in the tannery facility. In the present article, we propose a
basic hydrolysis (with NaOH) aided by potassium tartrate
to hydrolyze CTLS, and then a separation of the hydro-
lysate into (1) solid de-chromed tanned leather shavings
(DTLS), that will be employed as a precursor for both
biochar and activated carbon, and subsequently studied
for the removal of hazardous dyes from aqueous solution,
and (2) a chromium-rich liquor, that will be employed as
a re-tanning agent. To the best of our knowledge, this is
the first study that proposes the simultaneous valorization
of CTLS as low chromium-content carbons and re-tanning
liquor.
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2 Materials and methods
2.1 Materials

All reagents employed, sodium hydroxide, potassium tar-
trate (K-tar), zinc chloride, and hydrochloric acid, were of
analytical grade (purity higher than 99%), with exception
of sodium formate, industrial grade, and purity of 95%.
CTLS were acquired from a local tannery facility located
in Leén City, Mexico. Before any analysis or treatment,
CTLS were rinsed several times with deionized water
(resistivity higher than 18 MQ/cm), to remove any impu-
rities. CTLS were characterized and reported elsewhere
[19]. The proposed methodology for CTLS integral val-
orization is displayed in Fig. 1.

2.2 Strategy for chromium extraction; alkaline
hydrolysis

The basic hydrolysis of CTLS was carried out by preparing
an extracting solution consisting of NaOH and potassium
tartrate (K-tar). An experimental design, described in Sec-
tion 2.3, was used to define the concentrations. Five grams
of dried CTLS was contacted with 50 mL of the solution for
24 h and kept under constant stirring to promote hydration.
Then, 50 mL of a solution containing the proper amount of
NaOH and K-tar was added. The solutions were kept under
constant stirring during 24 h. After that time, 0.1 M HCl
was added up to a pH of 7, in order to stop the reaction, and
immediately after, the suspension was filtered (Whatman®
45 pm) to obtain a chromium-rich liquor solution and De-
chromed Tanned Leather Shavings (DTLS) solids. DTLS
were rinsed with deionized water to remove any residues
from the hydrolysis solution, and then dried at 60 °C. Chro-
mium content was determined by Atomic Absorption Spec-
troscopy (AAE) in an iCE 3000 (Thermo).

2.3 Experimental design and analysis

To study the effect of both NaOH and K-tar concentra-
tions on the Cr extraction percentage and remaining mass,
an experimental central composite design (CCD) 22 with
four factorial points, four axial points, and three central
points was proposed (see Table S1). The experimental
design was carried out in triplicate, and the variance anal-
ysis was carried out for both response variables, namely,
Cr extraction percentage and the percentage of remaining
mass. The CCD in Response Surface Methodology (RSM)
was employed for the single and multiple optimization
response designs. The variance analysis analyzed the
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Fig. 1 Proposed methodology
for the processing of CTLS to
yield the following products:
biochar/activated carbon and
re-tanning agent

Unchromed Tanned
Leather Shavings

. S

Biochar/activated carbon

significance of concentration parameters and their square
interaction. The sum of squares, the mean square, and
the F-ratio and P-values of the classical ANOVA analy-
sis were calculated; significance was observed when the
P-value was less than 0.05.

2.4 Transformation of DTLS into biochar
and activated carbon

Carbon materials were obtained via pyrolysis in a tubular
furnace, under a constant N, flow of 100 mL/min. The
DTLS were heated from room temperature to 600 °C or
800 °C, at a heating rate of 10 °C/min. Biochars were
obtained at 600 °C and 800 °C, named CR_600 and
CR_800 respectively. Additionally, one activated carbon
was obtained at 800 °C by mixing the DTLS with ZnCl,
at a mass ratio of 1:1 prior to pyrolysis; the material was
named CR_800Zn. Carbon materials were demineralized
by contacting them with 1 L of 10% HCI and heating them
to the boiling point. This procedure was repeated until no
remains of Zn or Cr were detected in the demineralizing
solution. After, the carbons were washed with DI up to a
constant pH and finally dried at 100 °C for 12 h.
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2.5 Characterization of carbon materials

Fourier transform infrared (FT-IR) spectroscopy was
done in a Nicolet i50 (Thermo); the data was collected
in total attenuated reflectance mode, and 32 spectra were
obtained and averaged. XRD data were obtained with a
Bruker D8 Advance, using Cu K, radiation source in the
Bragg—Brentano geometry, and an analysis step of 0.02°.
Scanning electron microscopy (SEM) was conducted in
a Quanta microscope. The materials were crushed and
mounted on a carbon fiber before analysis, and the image
was obtained with an electron acceleration of 5.0 keV.
XPS was obtained in a K-Alpha surface analysis system
from Thermo Fisher Scientific, with an incident mono-
chromated Al Ka X-ray beam source (1486.6 eV). N,
physisorption isotherms were obtained in an ASAP 2020
(Micromeritics); prior to analysis, the materials were
degasified at 120 °C for 4 h. Surface area was calculated
by using the Brunauer-Emmet-Teller equation (SBET).
Potentiometric titration was obtained by the procedure
described previously [20]. The data was transformed into
a proton binding curve that represents a continuous pK,
distribution, obtained by using the SAIEUS software, and
according the Jagiello procedure [21]. The pH at the point
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of zero charge (pHPZC) is defined as the intercept of the
X-axis.

2.6 Adsorption experiments

Two dyes were selected as adsorbates: Congo red (CR)
and methylene blue (MB). The procedure for obtaining the
adsorption isotherms was the following: 50 +0.5 mg of the
selected carbon material was contacted with 30 mL of a
solution containing a desired concentration of dye, selected
between 10 and 100 mg/L. The dye-containing solution
was adjusted to a pH of 7, and then kept stirring at 25 °C
for 5 days to achieve equilibrium. Daily adjustments with
NaOH/HCI 0.01 M were done to ensure a constant pH.
After, the experiments were centrifuged, and aliquots of
5 mL were taken. The concentration of the dye was deter-
mined by using a UV-Vis spectrometer. The wavelengths
selected for the dyes’ quantification were 496 nm for CR
and 663 nm for MB; they were selected as the maximum
adsorption wavelength in a scan of aqueous solutions con-
taining 1 ppm of each dye separately (Figure S1). Adsorp-
tion capacities were calculated by mass balance in the
batch reactor. Adsorption data were adjusted to the Lang-
muir (Eq. 1) and Freundlich (Eq. 2) models, and the R?
fitting function was reported.

0" b« C,
Q= 14+bx*Ce M
0=kF (/) @)

where Q is the adsorption capacity at the equilibrium con-
centration Ce, b is the Langmuir constant, Q"“* is the mon-
olayer maximum adsorption capacity, KF is the Freundlich
constant, and n is the heterogeneity factor of the Freundlich
model.

2.7 Chromium-rich liquor characterization

In order to be characterized, the chromium in the rich lig-
uor was separated by means of precipitation with H,SO,;
a titration-precipitation curve was obtained to determine
the amount of H,SO, necessary to form insoluble CrSO,
(Figure S2). The de-chromed liquor was separated by cen-
trifugation and filtration with a 0.45 pym membrane. The
protein content of the liquor was estimated using the Brad-
ford assay, with a bovine protein standard [22]. Amino
acids were separated and analyzed by ion chromatography
in a DIONEX ICS 5000 (Thermo), including an AminoPac
PA10 column with an electrochemical detector. NaOH
(250 mM) and sodium acetate (1 M) were used as eluent, at
a flow of 0.25 mL/min. A gradient method was employed
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to separate the following amino acids: arginine (1.3 min),
lysine (3.0 min), alanine (5.9 min), threonine (6.3 min),
glycine (7.0 min), valine (8.4 min), serine (9.7 min), pro-
line (10.7 min), isoleucine (14.0 min), leucine (15.4 min),
methionine (16.1 min), histidine (20.9 min), phenylamine
(22.6 min), glutamate (24.2 min), aspartate (24.8 min),
cysteine (26.0 min), tyrosine (29.2 min).

2.8 Application of chromium-rich liquor
as a re-tanning agent

Chromium- and amino acid-rich liquor was employed as
a re-tanning agent in a pilot-scale drum. A wet blue chro-
mium-tanned cow leather served as the raw material; the
characteristics of the blue leather are presented in Table S2.
The formula for re-tanning is displayed in the Supplemen-
tary Information (Table S3). The leather re-tanned with
chromium-rich liquor was compared to one re-tanned with
commercial Cr33. Finished leather was evaluated to deter-
mine its tear strength, tensile strength, elongation at break,
and tear according the ISO norms for leather [23]. For the
evaluation of subjective properties such as softness, tact,
filling, and color intensity, a panel of experts was asked to
blind evaluate both leathers on a scale of 1 to 5.

3 Results and discussion
3.1 Selective hydrolysis of chromium compounds

The dynamic extraction experiments demonstrated that 24 h
(Figure S3) was sufficient time to reach about 80% of the
total chromium recovery. For that reason, the extraction
experiments were conducted at 24 h.

The objective of the present work was to fracture the
covalent bonds of the Cr linkage, while maintaining the
structural integrity of the collagen, thus the experimental
design required finding a balance between hydrolyzing Cr
and protein integrity. Of course, it is virtually impossible
to employ a chemical strategy to selectively hydrolyze the
Cr—O-C bond (Cr bonds covalently to the carboxylic groups
in collagen) without affecting the integrity of the hydrogen
and peptide bonds. Our first experimental approach was to
design an extraction experiment based on known hydrolytic
conditions that favor Cr removal. The response variables
were the % of Cr recovery and the % of degradation of
CLTS degradation, calculated as the amount of mass that
remained after extraction (Table 1).

As mentioned above, the objective of the present work
is the comparison of a single-objective optimization with
respect to a multiple-objective optimization, in order to find
the most reliable technique for the two-variable optimiza-
tion procedure. The results of the variance analysis for Cr



Biomass Conversion and Biorefinery (2024) 14:17913-17925

17917

Table 1 Results of the experimental conditions employed

Concentration Concentration % Chromium % Remaining
NaOH K-tart recovery mass
0.05 0.75 61.4 86.9
0.15 0.75 92.4 0.0
0.05 2.25 51.5 89.2
0.15 2.25 86.7 82.7
0.03 1.5 54.0 91.1
0.17 1.5 95.1 79.2
0.1 1.5 71.8 70.0
0.1 0.44 66.6 47.8
0.1 2.56 51.5 63.5
0.03 0.25 23.3 96.8
0.08 0.25 48.4 81.2
0.03 0.75 42.7 96.2
0.05 0.5 57.1 90.6
0.08 0.75 75.1 94.0

extraction %, as well as the % of remaining mass, show that
the effects of both experimental factors (NaOH and K-tar)
have P-values of less than 0.05, which indicate that they
are significantly different from zero at the 95.0% confidence
level, with R? of 85.6 and 75.6, respectively (see Table 2).
In addition, an interesting interaction occurred among the
factors in source AB (A is NaOH and B is K-tar), which
had a statistical significance on the % of remaining mass
(P-value <0.05). By diminishing the NaOH and increas-
ing the K-tar, the % of remanent mass could be increased
to a significant level. These results were analyzed through
the response surface methodology (RSM), focused on the
single optimization of Cr extraction %, as well as the % of
remaining mass. It was found that the optimal concentrations
for NaOH and K-tar to extract 95.1% of Cr were 0.17 M
and 1.5 M, respectively; however, the remaining mass was
decreased to 79.2%. It was found that the optimal condi-
tions for retaining mass (nearly 98%) were achieved using

0.04 M NaOH and 1.23 M K-tar; however, this decreased
the percentage of Cr extracted to 81%. It was observed that
higher NaOH concentrations benefit Cr extraction, while
lowering the concentration benefits the remaining mass,
thus the NaOH concentration must be adjusted to meet the
objectives of the study. Since it is not possible to optimize
a single-objective parameter without negatively affecting
a second, the present work intends to maximize the % of
Cr extracted, as well as the % remaining mass, and thus
a multiple response optimization is required. In the litera-
ture, the primary focus has been on maximizing the % of Cr
extracted, for instance 90% of extracted Cr was obtained by
employing K-tar in an alkaline medium [24], whereas 96%
of Cr was extracted by optimizing the NaOH to 0.17 M. [13].

In order to simultaneously optimize the two objectives, a
RSM with the multiple response optimization was employed,
and the results showed that in the combination of concentra-
tions of NaOH and K-tar of 0.17 M and 2.28 M, respectively,
an optimum response of 88.61% Cr extraction and 97.4%
remaining mass were obtained. The RSM in Fig. 2 shows the
desirability of optimum response, as well as the behavior of
desirability function, based on the factors mentioned above. It
is observed that optimal results correspond to concentrations
of K-tar ranging from 2.5 to 1.5 M, and a NaOH concentra-
tion ranging from 0.16 to 0.18 M. Both concentration ranges
are found within the desirable region that maximizes the Cr
percentage of extraction as well as the remaining mass. By
comparing the results in the RSM multiple response opti-
mization with the RSM single response optimization, it is
observed that an optimal combination for the input concen-
trations (NaOH and K-tar) allows for maximization of both
response factors. The RSM multiple response optimization is
the most suitable analysis technique to study and optimize in
the case of more than one objective for the input variables.
In a previous work [16], RSM was employed to optimize the
% of Cr extracted from solid leather, and it was found that
to extract 88% of Cr required 0.375 M NaOH at 60 °C. In
the present study, it was possible to obtain higher extraction

Table 2 Variance analysis for Cr extraction and remaining mass percentage

Cr extraction

Remaining mass

Source Sum of squares Df Mean square F-ratio P-value Source Sum of squares Df Mean square F-ratio P-value
A:NaOH 4863.2 1 48632 80.16  0.0000 A:NaOH 4547 .45 1 454745 17.45  0.0004

B:K-tar 511.601 1 511.601 8.43  0.0082 B:K-tar 4313.48 1 431348 16.55  0.0005

AA 118.445 1 118.445 195 0.1763 AA 544.534 1 544.534 2.09 0.1624

AB 13.1252 1 13.1252 022 0.6464 AB 4840.08 1 4840.08 18.57  0.0003

BB 120.266 1 120.266 198 0.1731 BB 1036.47 1 103647 398  0.0587

Blocks 92.5363 2 46.2682 0.76  0.4784  Blocks 453.283 2 226.641 0.87 04330

Total error ~ 1334.73 22 60.6697 Total error 5733.65 22 260.62

Total (corr.) 7253.51 29 Total (corr.) 22,557.8 29
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Fig.2 Surface response of
desirability of Cr extraction/
conservation of mass employed
in the experimental design and
analysis

Desirability

percentages with the advantages of less NaOH use and room
temperatures. The present work shows a similar percentage
of recuperation; however, the multi-response methodology,
besides clarifying the high Cr extraction, enables determina-
tion of a high percentage of remaining mass. The selected
condition can be applied towards the production of activated
carbon, and moreover could be accomplished with less than
half the concentration of NaOH of that employed by [16].
For the reasons discussed above, the following condition
was selected for UCTLS obtention and subsequent carbon
materials production: NaOH concentration of 0.17 M, K-tar
concentration of 1.5 M.

3.2 Production of activated carbon
from de-chromed tanned leather shavings

In previous studies, activated carbon (AC) has been synthe-
sized directly from CTLS, resulting in interesting materials
capable of performing in different applications including
adsorption, oxidation, and catalysis [19, 25, 26]. However,
a major drawback in the application of these materials lies
in the remaining presence of chromium particles, which may
pose a hazard. In this work, the use of DTLS as precursor for
AC production will eliminate the formation and deposition
of chromium particles.

The yield of the synthesized materials, as well as the
elemental composition, is provided in Table 3; note that all
yields were below 22%. In principle, DTLS are composed
of collagen and hydrolyzed collagen, which have decom-
position temperatures around 145 and 240 °C, respectively

Desirability
0.0

-
o

k-tart

[27]. Since the hydrolysis process consists of breaking the
covalent bonds of the Cr—O-matrix and the peptide bonds
of the collagen structure as well, it is expected that when
DTLS undergo the pyrolysis process, there is considerable
gasification of the already hydrolyzed fibers, leading to a
low yield. Such a yield is lower during the production of
activated carbon than of biochars, which is a natural result
of pore creation during dehydration with ZnCl, at high tem-
peratures. On the other hand, all of the materials displayed
a low ash content (lower than 8%), with a considerably low
content of chromium, corroborating that the hydrolysis pro-
cess is successful in obtaining a precursor for biochar and
activated carbon of low inorganic content. When compar-
ing this chromium content with that reported in previous
studies employing CTLS directly [19], the decrease in chro-
mium content was significant (from 0.8 to 0.09%). Indeed,
the chromium content detected in the current materials is
lower as compared to other studies available in the literature
(i.e., 27.46-42.16% [28], 10.00-13.00% [29], 2.00% [30],
1.20-3.21% [31], and 1.30-0.63% [32]).

The general characterization of the materials is rep-
resented in Fig. 3. XRD of carbon materials (Fig. 3A)
revealed the presence of widened (002) peaks related with
graphite, which is a normal feature of amorphous carbons
with disordered aromatic rings [33]. It is interesting to
observe the presence of a crystalline (002) peak at 28.4 20
and (100) peak at 40.7 20 of graphite in the sample CR800
(denoted as 0). This indicates the coexistence of graphitic
and amorphous structures (turbostratic carbon) [34],
which are probably induced by the higher carbonization

Table 3 Yield and elemental

. Material Yield [%] Ash [%] C[%] N [%] H[%] Zn [%] Cr [%]

content of the synthesized
materials CR_600 21.92 6.88 64.76 13.02 2.81 0 <0.01
CR_800 21.44 7.69 68.17 9.87 3.75 0 0.16
CR_800Z 15.76 5.54 71.06 7.93 3.92 0.06 0.09
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temperature employed during the material’s synthesis. Sam-
ple CR_800Zn displayed the typical features of amorphous
microcrystalline carbons, without the crystalline feature of
graphite mentioned above. This is attributed to the activat-
ing effect of ZnCl, that creates porosity, contributing to the
microstructure of the material. The diffractogram also dis-
played widened peaks of CrO (JCPDS 06-0532), at about
35°,43°,54°, 57°, and 63° 20, marked with arrows [35]. It
is interesting to compare samples CR_800 and CR_800Zn,
since both were subjected to the same carbonization condi-
tions, but with the presence of ZnCl, for activation. It is
possible that the ZnCl, presence is promoting the formation
of insoluble CrO particles on the carbon materials.

The FT-IR spectra of the materials are displayed in
Fig. 3B. The materials displayed a few bands that could be
related with oxygen groups. The first wide band at around
3811-3820 cm™! (absent in sample CR_800) is related with
bulk OH groups; bands at 1988 cm™! could be related with
C =0 bands; and the bands at 1232 cm~' on CR_600 and
1128 cm™! on CR_800Zn could be attributed to C-O groups.
The other bands were attributed to chemical functionalities
such as aromatic rings (1505-1572 cm™"), nitrogenated com-
pounds (3678-3140 cm™"), and probably Cr-O vibrations
(at 666 cm™1).

The results of the potentiometric titration are presented
as a proton binding curve (Fig. 3C). On the non-activated
biochars, there was a low surface charge (in terms of the

amount of adsorbed or released protons from the surface)
that yielded a basic pHpy of about 8.8. It is well recog-
nized that most of the acidic charge in carbons comes from
surface oxygen groups; therefore, the low pHp,- can be
linked to the low content of oxygen surface groups. In con-
trast, CR_800Zn had a more acidic surface, with a pHp, of
about 7.5. This is the result of the introduction of a small
number of hydroxil groups that release protons upon hydra-
tion. Indeed, the deconvolution of the proton binding curve
(Fig. 3D) displays that on biochars CR_600 and CR_800,
there is a lack of functionalities of low pK,, which tradition-
ally have been associated with carboxylic groups, and only
high pK, groups (like phenolic groups) were detected. It is
suggested that most of the surface charge could therefore be
attributed to other surface (aromatic) groups, such as those
that are pyrone-like [36]. On the other hand, on CR_800Zn,
there appear a considerable amount of slightly acidic groups
of pK, <7, which is a natural feature of carbons that have
been activated with ZnCl,. Therefore, one can deduce that
such carbons could be ideal for the removal of aromatic mol-
ecules with low polarity, in which n-r interactions dominate
adsorption.

Figure 4A presents the XPS-survey spectra of the
CR_600 sample, with peaks corresponding to C 1s, N 1 s,
O 1 s, and Cr 2p and smaller peaks of CI 2p and Si 2p. The
high-resolution spectrum at the Cr 2p region was deconvo-
luted in two peaks at 576.2 eV and 585.5 eV, related with
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Fig.4 A XPS survey spectrum and B high-resolution spectra at the Cr

Table 4 Textural properties of synthesized materials

Material Sger [m?/g] Vtot [cm*/g]
CR_600 0 0

CR_800 1 0
CR_800Zn 585 0.237

Cr 2p*? and a Cr 2p'”? satellite in Cr,0;, and a small subtle
peak at 579.4 eV, probably related with CrO;[37].

The images of the synthesized materials are displayed in
Figure S4. The surface of the carbon materials is striated
and apparently has a low pore content. A magnified image
demonstrated that the surface is richly porous, particularly
that of CR_800Zn, which is expected, due to the activating
effect of ZnCl,.

Although some porosity was suggested in the SEM
images, nitrogen physisorption isotherms of CR_800
and CR_800Zn (Fig. S5) demonstrated that the non-acti-
vated materials had a low surface area, which consider-
ably improved upon ZnCl, addition. The surface area
(Table 4) increased from ~ 1 m%/g up to 585 m*/g, which is a

2p

Binding energy (eV)

range of the CR600 sample

considerable surface area, taking into consideration that the
precursor was a non-lignocellulosic material.

3.3 Dye adsorption study using the carbons
obtained from de-chromed tanned leather
shavings

Adsorption experiments were carried out with the objective
of removing pollutant dyes of different chemical configura-
tions and sizes. The adsorption isotherms at pH 7 and 25 °C
are depicted in Fig. 5, and the fittings of the Langmuir and
Freundlich isotherms are displayed in Table 5. Congo red
adsorption capacity was better described by the Freundlich
model, suggesting possible multilayer formation, as this
adsorption is probably driven by n-m interactions between
one or several of the aromatic rings on Congo red and the
aromatic layers of the carbon benzene ring. On the contrary,
methylene blue was better represented by the Langmuir
model, as its adsorption is linked with pore availability and
surface area.

On the adsorption isotherm of Congo red, it is interest-
ing to note the lack of adsorption capacity of CR_600,

Fig.5 Adsorption isotherms of 30 50 B T I
A Congo red and B methylene A i !!/-/ g
blue on the synthesized materi- = 25 | —dAT - S !
D o D 40k .
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Table 5 Fitt.ings of Langmuir Langmuir Freundlich
and Freundlich models on the
adsorption data Material Q" [mg/g] b [L/mg] R? KF [(mg/g)(1/ n R?
mg) /"]
Congo red
CR_600 4.082 0.003 0.9918 0.069 1.688 0.9934
CR_800 21.22 0.010 0.9936 0.010 21.22 0.9981
CR_800Zn 24.02 0.203 0.9064 8.892 5.244 0.9970
Methylene blue
CR_600 27.370 0.001 0.9973 0.111 1.349 0.9968
CR_800 19.372 0.012 0.9902 1.803 2.879 0.9324
CR_800Zn 45.930 0.720 0.9977 23.832 8.092 0.8910

which remained below 5 mg/g, even at high concentra-
tions. On the other hand, carbonization at 800 °C strongly
improved the adsorption capacity up to 15 mg/g, and
the activation process further improved adsorption up to
greater than 25 mg/g. These are positive results, indicat-
ing that high carbonization temperatures of adsorbents
are beneficial for the adsorption of dyes; however, such
capacity is not entirely reflective of pore creation, since
the surface area of CR_800 was still low compared with
that of CR_800Zn. Therefore, the increase in adsorption
capacity could be due to a combination of pore space for
transport and a higher availability of aromatic rings in
the carbonized material at the highest temperature. This
feature has also been demonstrated in other biochars, in
which materials synthesized at higher temperatures dem-
onstrated a superior performance [38].

By contrast, methylene blue is a model dye, whose
adsorption correlates very well with the available surface
area [39]. As observed in the isotherms in Fig. 5, there
is a relationship between capacity and Sggy; therefore,
the adsorption capacity of CR_800Zn was considerably
higher than that of CR_800 and CR_600 (around 47 mg/g
vs 17 mg/g and 10.5 mg/g, respectively at 470 mg/L). The
adsorption results indicated that activation is an optional
but helpful process to improve dye adsorption in Cr-free
carbons. There is a considerable increase of adsorption
capacity, but at a cost: the use of ZnCl, and water for
the rinsing procedure. A comparison of the capacities
recorded here with other materials available in the litera-
ture is presented (Table 6). These materials are compara-
ble to other waste-derived biosorbents; however, note that
they demonstrate a lesser capacity than other materials
specifically designed to remove these dyes [40, 41].

Taking into consideration that Zn could be regenerated
and employed for further use, and rinsing water can eas-
ily be treated, this process is excellent for obtaining a low
inorganic content carbon for the removal of pollutants,
such as dyes, from aqueous solution.

3.4 Characterization of the extraction liquor

The extraction liquor is rich in chromium (III) ions and also
in hydrolyzed proteins and amino acids [54], and therefore
can be employed as a re-tanning agent; hence, the liquor
was characterized first. To determine the amino acid and
protein contents, the liquor was subject to an acidic precipi-
tation, and separated by centrifugation and filtration through
a Millipore system with a 0.45 um membrane. The analysis
was carried out in 4 extraction solutions, using cysteine and
tyrosine as model amino acids (see Table 7). The objective
was to elucidate if any particular condition promoted a lower
or higher degree of hydrolysis, in comparison to the condi-
tion that was pre-selected for the carbon materials (condition
2 in Table 7).

The Bradford method of analysis demonstrated a low
quantity of hydrolyzed proteins, indicating that the process
was successful in hydrolyzing mainly the Cr—O bond, or that
the protein bonds were too strong to be hydrolyzed to the
amino acid level. Condition 2 demonstrated a low amount
of hydrolyzed protein, corroborating that this process was
indeed efficient in hydrolyzing only the Cr—O bond. Other
authors have reported a high recovery (80-90%) of collagen
proteins by using alkaline hydrolysis [15], and up to 80%
[55] with enzymatic hydrolysis; however, this comes at the
cost of hydrolyzing the whole structure, which was contrary
to the primary objective of maintaining the leather structure
and using the leftover solution for leather re-tanning.

The results of the amino acid extraction indicated only
small amounts of cysteine (Cys) and tyrosine (Tyr) in the
extraction solution, with no particular relationship to the
concentrations of NaOH and K-tar. The results postulated
that extraction does not increase the amount of hydrolyzed
protein; however, remaining amino acids could be helpful
during processes of chromium re-tanning. Therefore, we
corroborated that 0.17 NaOH and 1.5 M K-tar (condition
2) are the ideal extraction conditions to obtain both the acti-
vated carbons and the re-tanning solution.
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Table 6 Comparison of the adsorption capacities of other materials available in the literature

Type of material Adsorbate Experimental conditions Capacities reported Reference
Chromium-tanned leather shavings Methylene blue 30-100 mg/L ca 75 mg/g at 100 mg/L [42]
pH uncontrolled
25°C
Biochar from palm frond Methylene blue 2-200 mg/L 206 mg/g (Q,,40) [43]
pH2 ca 160 mg/g at 100 mg/L
25°C
Sewage-derived biochar Methylene blue 50-150 mg/L 24.10 mg/g (O, ca. 22.6  [44]
pH6 at 100 mg/L
25°C
Pine wood biochar Methylene blue 0-500 mg/L. 4 mg/g (0,0 [45]
Pig manure biochar pH 6.5 16.3 mg/g
Paper-derived biochar 25 °C 1.6 mg/g
Activated carbon from Rosa canina sp. seeds Methylene blue 0-12 mg/L 47.2 mg/g ca. 10 mg/g [46]
pH 6.5
20 °C
Corncob activated carbon Methylene blue 0.84 mg/L [47]
N.M
Ashitaba wastes—activated carbon Methylene blue 0-50 mg/L ~60 mg/g at 40 mg/L [48]
Congo red 25°C ~300 mg/g at 80 mg/L
pH7
0-90 mg/L
Fly ash waste Congo red 20 °C 22.12 mg/g (Qynar) [49]
Guava peel activated carbon Congo red 30 °C 3.90 mg/g at 100 mg/L [50]
pH6
Activated carbon prepared from Martynia annua Congo red pH7.1 29.82 mg/g (O,nur) [51]
Activated carbon from Myrtus communis Congo red Room temperature 19.23 mg/g (Q,par) [52]
pH7
Carbons from leaves and stem of water hycinth Congo red 100-1000 mg/L 13.44 mg/g (Q ,,)-stem [53]
30°C 13.29 mg/g (Q,,..)-leaves
De-chrommed tanned leather shavings Methylene blue 10-1000 mg/L 45.30 mg/g at 470 mg/L This study
Congo red 25 °C 22.89 mg/g at 100 mg/L
pH7
Table7 Characterizationof the  op4iion  NaOH [M] K-tar [M] Total protein  Cys [mg/L]  Tyr[mgL]  Chromium
extracted liquor No (/L] [mg/L]
1 0.05 0.5 0.031 0 28.8 332
2 0.17 1.5 0.005 33 697.8 467
3 0.1 2.5 0.070 1.3 1187.8 401
4 0.5 3.1 N.D 0 704.5 377

3.5 Use of extraction liquor as a re-tanning agent
of wet blue leather

The procedure for re-tanning wet blue leather was described
in Section 2.8. Due to the relatively high cost of potassium
tartrate, a substitution with sodium formate was employed.
The finished leather, re-tanned with extracted chromium-rich
solution, was compared with a Cr33 re-tanned sample. The
concentration of C,0; in the formate extract was 37.84 g/L.
The formula described in Table S3 takes into account the

@ Springer

amount of chromium in the extraction liquor so that both
products could have the same chromium concentration on
the tanned leather.

It was determined that both Cr33 and the liquor solution
had a high absorption factor onto leather (higher than 99%).
The images of the finished leather are provided in Figure S6;
Table 8 displays the basic characterization of subjective
and physical properties of the liquor re-tanned and Cr33
re-tanned materials. Both subjective and physical proper-
ties are determinant factors for addressing the quality of a
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T?Iile sh Tanning rzsul.tsh Re-tanning Softness Tact Filling Color Grain tear Tensile Elongation  Tear (kg)
0 eat‘ er re.-tanr'le wit inten- (N/mm)  strength at break (%)
chromium-rich liquor vs Cr33 sity (MPa)

Liquor re-tanned 3 3 5 8 243 44 5.6

Cr33 re-tanned 3 4 5 4 7.8 176 40 3.8

finished leather. The former results from consumer evalua-
tion of leather materials primarily by touch [56]. The latter
is due to the importance of such features as resistance and
strength, essential parameters that determine if the leather
is suitable for a certain application (e.g., shoe making or
upholstery). An evaluation of our re-tanned leather with the
Cr33 finished leather allows for a direct comparison of both
factors, and provides insight about the quality of leather.

The subjective properties of the finished leather were
divided into 5 levels: 1. Very poor, 2. Poor, 3. Fair, 4. Good,
and 5. Very good.

In terms of softness, tact, filling, and color intensity, the
two leather materials performed similarly, with slightly bet-
ter average scores for Cr33 re-tanned leather. However, in
terms of physical resistance, the liquor re-tanned leather
demonstrated a better performance, particularly in terms of
tensile strength (38% higher). Such improvement is probably
due to the presence of amino acids and hydrolyzed proteins
that efficiently fill the leather therefore, improving the uptake
of fats and stabilizing the collagen fibers. The obtained
results, in terms of tensile strength and elongation at break,
are similar to those reported for goatskin [57], sheep [58],
and cow [59], and can be employed for applications such as
shoe making.

The results demonstrated that the processed liquor has the
potential to be employed as a re-tanning agent. This is due to
its high chromium and protein content. The organic anions,
such as tartrate or formate, aid in decreasing the available
number of coordination sites, which in turn helps to main-
tain soluble Cr-complexes and enhance the penetration of
chromium into the leather.

4 Conclusions

The present article proposes a novel methodology for the
processing of chromium-tanned leather shavings (CTLS).
The process includes a NaOH hydrolysis of CTLS, aided by
K-tar to obtain de-chromed tanned leather shavings (DTLS)
and a chromium-rich liquor.

The DTLS were successfully transformed into biochar
and activated carbon at 600 and 800 °C. In order to promote
wider pore development and therefore a higher adsorption,
an activating agent is preferred. Maximum adsorption capaci-
ties of 27.58 and 47.60 mg/g for Congo red and methylene

blue, respectively, were obtained. Due to the low surface
charge developed, it is proposed that such adsorption is due
to m-w interactions between the aromatic rings of the carbon
materials and those of the dyes. The chromium-rich solution
was successfully employed as a re-tanning agent on a wet
blue bovine leather. The results demonstrated similarities,
and in some cases an enhancement, of the properties of fin-
ished leather over that re-tanned with Cr33. The proposed
study represents an excellent alternative for the management
of hazardous leather shavings, as it produces a biochar/acti-
vated carbon and a re-tanning chromium solution, which in
turn assist in reducing water pollution. Before scaling up the
proposed refining process, it is of interest to develop a pilot
adsorption study regarding the removal of not only dyes, but
other pollutants (including those found in the tannery waste-
water), and to obtain engineering parameters that allow for
scaling up. This is part of our future work.
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tary material available at https://doi.org/10.1007/s13399-023-04014-1.
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