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ARTICLE INFO ABSTRACT

Editor: P Ferndndez-Ibanez This study presents the use of an innovative material to tackle hazardous wastes in the leather industry. Activated

carbons produced from Leather industry waste (LIW) were used to adsorb (Cr) III and (VI), which are found in

Keywords: leather wastewater. Two physical and chemical activation processes were used in this study. In physical acti-

Leather .md“Stry waste vation, carbonization and activation with CO, were carried out consecutively without intermediate cooling at

}C\gsorp.non 700 °C with a residence time of 30 min. In the chemical activation, the LIW was impregnated with a KOH so-
romium

lution in a KOH/LIW ratio of 4/1 w/w. Carbonization was conducted in nitrogen, using two carbonization
temperatures, 500 and 700 °C, for 30 min. All activated carbons had Cr (III) adsorption greater than 95%. The
experimental data was analysed using Langmuir and Freundlich isotherms). Cr (III) and Cr (VI) adsorption ki-
netics studies were also carried out based on the Pseudo-first order, Pseudo-second order, Elovich and Intra-
particular Diffusion models. The Langmuir and Temkin Isotherm models presented the best fit for Cr (III)
adsorption, while the DRK Isotherm models fitted the experimental data for Cr (VI). The thermodynamic pa-
rameters of Cr (III) and Cr (VI) adsorption were also determined. A Cr (III) and Cr (VI) adsorption mechanism is
proposed using activated carbons from gravel as adsorbent. The production of activated carbon from LIW and its
application for the removal of chromium present in the liquid residues of the leather industries can present a
potential for the reduction of treatment costs and the application of a circular economy.

Circular economy

1. Introduction

The leather production process creates large volumes of solid and
liquid waste [1]. Part of the processing, tanning, protects leather against
microbial degradation, heat, sweat and moisture [2]. Chromium (Cr
(IID)) salts are the most widely used tanning agents as it offers excelling
hydrothermal stability, better dyeing characteristics, and softness to the
leather [3]. However, Cr tanning produces large quantities of liquid and
solid Cr-based waste, which have a negative impact on the environment,
as well as high waste treatment costs [4]. Circular economy approaches
to solid and liquid wastes form the leather industry have the potential to
significantly reduce the quantity of wastes and enable Cr recovery [5].

The Colombian leather industry produces approximately 3324 tons
of tanned leather annually, distributed around 12 states and 677
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tanneries [6]. The highest production comes from Cundinamarca and
Antioquia regions. The tanning process uses trivalent chromium sul-
phate salts (Cr(OH)SO4) which bond to the proteins, primarily collagen,
of the skin or hide forming a complex [7]. Cr tanning is the most widely
used tanning process, as it is less time consuming and produces a
high-quality product compared to vegetable tanning [8-10]. However,
the treatment of tannery waste has always been a serious issue for
leather manufacturers due the volume and diversity of waste produced,
as well as the complex chemical content and high water content of the
waste [11]. Processing of one metric ton of rawhide produces on an
average 200 kg of tanned leather, 200 kg tanned waste leather, 250 kg of
non-tanned waste, and 50,000 kg of wastewater [12]. In Official
Development Assistance (ODA) countries such as Colombia, landfilling
is the predominant method of dealing with solid tannery waste
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Fig. 1. Tannery process with identified waste outputs used in this and previous studies. Kantarli, Yanik ($year$) [55,54,52,57].

treatment [13,6,4]. There is a need for low cost localised sustainable
solutions to the leather waste issue in Colombia, which are often small
and medium enterprises [14], which can utilise wastes to treat Cr
pollution through a circular economy approach.

Cr is a transition Group 6 metal and is the seventh most abundant
element in the earth’s crust [15]. The most stable valence states are Cr
(III) and Cr (VI), with each valence state presenting different chemical
and biological properties [16-18]. While Cr (III) is the dominant form of
Cr released from the chrome tanning process [19], it is possible for
manufacturing steps to possess residual oxidizing functionality capable
of converting Cr (III) in the leather to Cr (VI) [20]. Hexavalent Cr (VI) is
500-1000 times more toxic than Cr (III) and causes serious health effects
in humans, such as irritation to the skin, kidney and liver, and risk of
cancer in respiratory organs and digestives [21-23]. Between 30% and
50% of the incoming Cr (III) salts are generally wasted during the tan-
ning process and end up in the effluent waters or in the sludge in con-
centrations over 3000 ppm [24,25].

In rivers adjacent to the tanneries in southwestern Colombia, the
concentration of Cr (VI) is 26.4 mg/L [26], higher than the permissible
limit of 1 mg/L. According to [27], the health effects of Cr(VI) related to
concentrations commonly detected in drinking water are still being
evaluated, although a link to stomach cancer has been documented.
Low-level exposures and chronic exposures are associated with carci-
nogenic effects in both humans and animals. In addition, a study con-
ducted in southwestern Colombia demonstrated that the main cause of
cancer is malignant stomach tumors [28]. This motivates us to consider
Cr as a contaminant that must be removed from the water waste from the
leather industry.

Adsorption has proved to be an attractive treatment technique for Cr
(III) and (VI) in wastewaters based on its low cost, simplicity of opera-
tion and the potential to recycle the adsorbent [29,24,30,31]. Activated
carbon (AC) is a low cost and non-toxic material which is considered as

an adsorbent for pollutant removal due to its high surface area and
porous structure [31,32]. AC adsorption is influenced by solution pH,
solution concentration, contact time, temperature, adsorbent dosage,
and adsorbent particle size as well as the method of activation of the
adsorbent [33]. During AC production, there are several conditions that
can affect the physical and chemical properties of the final activated
carbon obtained [34]. The type of activating agent will affect the type of
porosity and the functional groups on the surface. The activation tem-
perature, heating rate, and residence time between the activating agent
and the surface are related to the release of volatile material and
therefore to the development of the porosity of the activated carbons. In
general, the final properties developed will be the result of the set of
operating conditions applied [35].

Commonly used methods to reduce the Cr concentration are ion
exchange on polymeric resins, coagulation-flocculation, and reduction/
chemical precipitation/sedimentation [36]. These methods require high
energy consumption, some of them produce a large amount of sludge
and the precipitated chromium is not recovered, increasing the cost of
the process [37]. The adsorption of metals in solids represents an
economical and efficient method to remove heavy metals present in
wastewater. Therefore, there has been great interest in developing
economical, efficient, and environmentally friendly adsorbents, among
them eggshell, powdered marble, corn residues, algae, almond shells
and activated carbons obtained from this type of material. Batch
removal percentages of Cr close to 99% and adsorption capacities of the
order of 400 mg/g have been obtained [8,38-41,10]. [42] used rice husk
and palm leaf to adsorb copper II, cobalt II and iron III ions in batch
solution. The results showed the formation of metallic complexes be-
tween the bio-adsorbent and the metallic ions. Other bio adsorbents
such as palm residues, bagasse have been used for the removal of heavy
metals taking advantage of adsorption [43].

There are different variables involved in the chromium adsorption
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Fig. 2. (a) Original LIW as received, (b) degreased LIW.

process, among them are the pH of the solution, agitation, adsorbate/
adsorbent ratio, temperature, contact time, among others. [44] evalu-
ated the kinetics of chromium III adsorption in marl stones and
concluded that the adsorption depends on the adsorbate/adsorbent ratio
and that at pH between 2 and 4 the highest adsorption capacity is ob-
tained. A higher dose of adsorbent increases the chromium removal
efficiency due to a higher availability of active sites, but the adsorption
capacity of the adsorbent decreases due to competition from existing
active sites on the adsorbent surface (H. [45]). Regarding the agitation
of the solution, [46] obtained greater removal of chromium VI by
increasing the agitation speed, because the thickness of the boundary
layer on the adsorbent surface is decreased.

Regarding the desorption of the adsorbate on the surface of the
activated carbons and subsequent activation, there are different
methods proposed. For the desorption of heavy metals on bio-
adsorbents, the use of acid solutions (H2SO4 or HCl) and a subsequent
reactivation with a 1 M CaCl; solution is found [47,48]. Vinodhini, Das
($year$) [49], used a 2 N NaOH solution to regenerate a Cr (VI) acti-
vated carbon. During desorption, part of the Cr (VI) was reduced to
chromium III. The main factors for choosing the eluents and the
regenerative agent depend on the type of adsorbent and the adsorption
mechanism [50]. As a result of the desorption process with 3 activated
carbon regeneration cycles, a gradual deterioration of the adsorbent
occurs.

The application of activated carbon increases the cost of the treat-
ment process [51]. For this reason, it is necessary to use direct pro-
cessing wastes to produce activated carbon sorbents, such as leather
wastes [52]. Only limited number of studies have been conducted on
producing ACs from leather wastes. There are several different wastes
from the tanning process which can be used to make activated carbons
(Fig. 1). Leather shavings are a residue from the final stage of tanning,
and can contain a combination of Cr, vegetable tanned wastes and small
pieces of leather [53]. ACs made from leather shavings have shown
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adsorption capacities of 57.71 mg/g of Cr (VI), and also removed 78% of
Cr (III) from tanning effluent [54]. Chromium and vegetable tanned
leather shaving wastes have also been used to make AC for Cr (VI)
removal [55], with adsorption capacities higher than that of most of
lignocellulosic material-derived activated carbons found in literature.
To date, only one other study looks at fleshing wastes, which is an
abundant protein source are disposed in large quantity as a solid tannery
wastes [56]. Fleshing wastes were used to make activated carbons for
removing Cr (VI), with a maximum adsorption capacity of 60.8 mg/g
[57]. None of the studies to date explore the potential of direct activa-
tion, as they all include a pre-carbonisation stage.

This study explores using LIW from the fleshing stage of the leather
production process to produce AC for Cr (III) and Cr (VI) removal as a
circular economy solution to two waste issues in the Colombian leather
industry. The study is the first to explore potential reductions in energy
consumption via a single physical activation step for LIW AC production.
Furthermore, the study is the first to explore the potential of using KOH
as an activating agent in chemical adsorption. The ACs produced at
different temperatures and residence times from a LIW generated in a
leather industry were analysed and evaluated to assess their Cr (III) and
Cr (VI) adsorption potential. Therefore, the novelty of this study focuses
on the use of waste from the leather industry (LIW) and its application as
an adsorbent for the adsorption of Cr (III) and Cr (VI), in addition, the
novelty of the study includes the activation processes applied (physical
and chemical). For physical activation, a direct activation not previously
used in the preparation of activated carbons from leather residues was
proposed. For chemical activation the KOH activating agent used had
not previously been used in the activation of waste leather. The objec-
tives of this work were to study the adsorption kinetics, adsorption
equilibrium models, and thermodynamics of the adsorption of Cr (III)
and Cr (VI) processes using ACs from LIW as adsorbents.
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Fig. 3. Schematic of the physical activation processes.
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Fig. 4. Schematic of the chemical activation processes.

2. Experimental
2.1. Reagent and materials

Chemicals and reagents used were of high-purity grade. Stock solu-
tions of Cr (VI) and Cr (III) were prepared using solid KoCryO7 and
Cr3(OH),(0O0CCH3); then dissolved in demineralized water. The initial
PH of the solutions was equal to 5.0 and was adjusted by adding NaOH
and HCl solutions before adding the adsorbents and starting the
adsorption process.

2.2. Leather Industry Wastes

Leather Industry Waste (LIW), as shown in Fig. 2a, was obtained
from a tannery in city of Belén, located in the South-western district
Narino in Colombia. LIW originates from the skinning or fleshing stage
of the tanning process and contains fat, meat particles and skin particles,
as illustrated in Fig. 2. Fat was removed from the LIW through a steam
extraction process, using a mixture of the solvents: hexane and iso-
propanol in a ratio of 5/1 w/w. The LIW does not contain any chromium.
The degreased LIW was pulverized to a particle size between 0.85 and
2 mm in a ball mill (Fig. 2b). The degreasing was carried out prior to the
activation to increase the concentration of collagen within the LIW.

2.3. Activated Carbon Production

Two physical and chemical activation processes were used in this
study. To obtain the activated carbons, the activation was carried out
with 3 replicates. In physical activation (Fig. 3), carbonization (release
of volatile material) and activation with CO5 were carried out consec-
utively without intermediate cooling. This reduced energy consumption
during the process. Activation temperature and residence time were
700 °C and 30 min, respectively. The variables evaluated during the
physical activation process were the flow of CO5 as activating gas (170
and 340 ml/min and the heating rate (5 and 10 °C/min).

In the chemical activation (Fig. 4), the LIW was dried at 100 °C for
1 h, then impregnated with a KOH solution in a KOH/LIW ratio of 4/1
w/w. The impregnation consisted of keeping the LIW in the solution
with constant stirring for 1 h, followed by filtration and drying of the

sample for 12 h at 85 °C. The impregnations were carried out using a
KOH concentration of 3% and 5% w/w. The impregnation ratio was
chosen considering previous works on biomass activation [58]. After
obtaining the LIW sample impregnated with KOH and dried, carbon-
ization was carried out in an inert atmosphere with nitrogen, using two
carbonization temperatures, 500 and 700 °C. The variables of operation,
residence time and heating rate were kept constant at 30 min and 10 °C /
min respectively.

2.4. Characterization of the original LIW and activated carbons produced

The LIW was characterized by ultimate analysis in accordance with
the standard ASTM D5373 [59]. The surface area and the textural
properties of the LIW and the activated carbons produced were char-
acterized by nitrogen and CO adsorption at 77 K and 273 K respectively
using an ASAP 2420 V2.09 equipment and MicroActive v5.0 software.
To avoid any contaminants, the samples were degassed under vacuum
for 15 h at a temperature of 413 K before measurements. The specific
surface area was determined using the BET model. The total pore vol-
ume and pore size distribution were established using the 2D-NLDFT
model for carbons with heterogeneous surfaces [60].

Surface morphologies of the original LIW and activated carbons was
observed with Scanning Electron Microscope (SEM) technique, using a
Cressington 108 coater with a gold sputtering device. The qualitative
estimation of the surface chemistry of the LIW and the activated carbons
was carried out using the Fourier transform infrared (FTIR) spectra in
the range 4000-350 cm ™! with a Jasco 4100 instrument using the po-
tassium bromide (KBr) wafer method. Point of Zero Charges (PZC) was
determined for activated carbons. 0.150 g of adsorbent was weighed and
added to 0.01 M NaCl solutions with different values of pH. The pH of
the solutions was adjusted with 0.1 M solutions of HCl and NaOH.
Activated carbon in the solution was stirred at room temperature for 48
[61,62].

2.5. Batch equilibrium experiment
Cr (I1D) and Cr (VI) solutions with deionized water at 20 + 1 °C and

Ci14 Haz Cr3 O16 and Ky Crp O; were used in the activated carbon
adsorption. The chemicals were reagent grade. Also, NaOH and HCl
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solutions were used for pH control during adsorption. Batch adsorption
tests were performed in sterile 100 ml disposable polypropylene con-
tainers. Synthetic Cr (III) and Cr (VI) solutions were prepared using
deionized water for dissolution.

Adsorption tests were performed to determine the best activated
carbon for equilibrium and kinetic studies. For this, solutions of 40 ppm
for each adsorbate, Cr (III) and Cr (VI), 30 mg of activated carbon was
added to 50 ml of solution and the samples were shaken on an orbital
shaker (Orbital-Genie Ratcheting Clamps, Scientific Industries) at 210
RPM for 36 h; each experiment was carried out with replication.

The total chromium concentration was determined indirectly ac-
cording to the procedure described in ASTM D1687 [63], which contains
a method for the determination of total chromium by atomic absorption.
The quantitative determination of Cr (III) and Cr (VI) in the samples was
carried out by measuring their absorbance in a flame atomic absorption
equipment (AAnalyst 100, Perkin Elmer) and comparing the result with
a previously prepared calibration curve. Inductively Coupled Plasma
Optical Emission Spectroscopy (5110 ICP-OES, Agilent) was used to
measure the absorbance of samples with chromium concentrations
below 1 mg/L. Before each measurement, the samples were filtered
using a 5 ym membrane and then a 0.45 ym membrane to eliminate
impurities that could interfere with the absorbance reading. This pro-
cedure was repeated for the equilibrium and adsorption kinetics
analyses.

The removal percentage (% R) of Cr (III) and Cr (VI) was evaluated
by Eq. 1.

(Covo - Ceve) %

%R =
‘ Cov,

100 @

Where Co, Ce represent the initial and equilibrium concentration (mg/1)
of Cr (IIT) and Cr (VI) and Vo and Ve the initial and equilibrium volume
of solution (1).

2.6. Batch kinetic experiments

The kinetic adsorption studies were carried out with 50 ml of each Cr
(II1) and Cr (VI) solution and an initial concentration of 40 ppm. Two
temperatures were evaluated, 295 and 308 K. The samples were shaken
on heating plates (Stuart digital undergrad) to maintain a constant tem-
perature during the test, taking, 0.4 ml aliquots at different time in-
tervals for 5 h. The tests were carried out in duplicate. For each sample
taken, the amount of chromium adsorbed in equilibrium per gram of
activated carbon was measured using Eq. 2:

(CoVo - Ceve)

i (2)

qe =
Where, ge js the mass of solute adsorbed at equilibrium per gram of
adsorbent, mg/g; Co is the initial concentration, mg/l; Ce is the steady-
state concentration, mg/l; Vo is the initial volume of solution, I; V. is the
volume of the solution at equilibrium, 1 and M is the activated carbon
mass, g.

Selectivity between Cr (III) and Cr (VI) in the activated carbons
produced was studied. It was determined by the distribution coefficient,
Ky, calculated with Eq. 3[64,65]:

cVv,-C\V, (1
-t ()

2.7. Adsorption isotherms

Adsorption isotherms were determined to study the equilibrium
adsorption phenomenon. 30 mg of activated carbon were added to the
solutions of Cr (III) (initial concentrations of 40, 89, 120, 240, 360, 480
and 600mg/l) and Cr (VI) (initial concentrations of 6,
8,12,24,40,120 mg/1). The initial volume of the solutions was 50 ml,

Journal of Environmental Chemical Engineering 11 (2023) 109715

Table 1

Ultimate analysis of the as received degreased LIW, dry basis, db.
Raw material Ash, % C, % H, % N, % S, % 0* %
LIW 5.1 56.8 8.4 8.8 0.3 20.6

* By difference

and they were shaken on an orbital shaker (Orbital-Genie Ratcheting
Clamps, Scientific Industries) at 210 RPM for 36 h. The tests were car-
ried out in duplicate.

3. Results and discussion
3.1. Characterization of the original LIW

Fig. 2 shows a photograph of the original and degreased LIW. The
original LIW of spongy morphology, white colour and low density is
observed, in comparison with the degreased LIW that looks more
compact and greyer in colour. The ultimate analysis of the degreased
LIW, on a dry basis, is presented in Table 1. Nitrogen content is known to
play an important role in AC absorbance. Porous carbons doped with
nitrogen show greater adsorption capacity for acid adsorbents [66].
Furthermore, increased nitrogen content in ACs promotes the interac-
tion between nitrogen functional groups, which play a key role in AC
CO4 absorbance, and CO5 on the surface of N-doped ACs produced from
sugarcane bagasse [67]. Fig. 5 shows the images of the as received LIW
from the scanning electron microscope. A slightly inflated, disorderly
structure with a very low initial porosity is evident for the LIW.

3.2. Mass yields and surface areas of activated carbons

Table 2 shows the mass yields (MY, % w/w on ash-free dry basis,
afdb) and the surface areas, (AS), mz/g, of the LIW activated carbons
obtained using physical and chemical activation as a function of acti-
vation temperature, residence time, heating rate, CO5 flow, and KOH
concentration. The nomenclature used to identify the samples is as fol-
lows: R1 to R4 are activated carbons obtained by physical activation and
RQ1 to RQ4 are chemically activated. It was found that the activated
carbons produced by physical activation presented mass yields in the
range of 33.5-35.3%, which means that despite the change in operating
conditions, no significant changes occurred. The low porosity found in
activated carbons (2.9-4.4m 2 / s) could explain this behaviour. As
shown in Table 2, it was found that both the surface areas of the original
LIW and the activated carbons are small compared to other carbona-
ceous residues that present surface areas higher than 100 m? /g [68,58,
69].

The mass yields of the activated carbons produced by chemical
activation using a KOH concentration of 3% were higher than those
obtained with a concentration of 5% and those obtained by physical
activation. It is highlighted that, when chemically activating the LIW,
the highest mass yield obtained was 44.6% using the lowest activation
temperature (500 °C) and the lowest concentration of KOH (3%). The
low presence of KOH possibly produces an effect in decreasing the
release of volatile matter from the LIW and therefore, the highest mass
yields are obtained. Concerning to the surface areas of the activated
carbons obtained by physical and chemical activation, it was observed
that, in general for all operating conditions, there was an increase in
their surface areas compared to that of the original LIW. This suggests
that operating conditions had some effect on carbonization and its
porosity. It was also found that, during chemical activation, the surface
area of activated carbon tends to decrease with increasing activation
temperature. It seems that, at higher temperatures, sintering of the
surfaces occurs, which causes the porosity of the char to increase.
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Table 2
Mass yields and surface areas of as received LIW and LIW activated carbons
obtained physically and chemically.

Samples AT, At, HR, FCO,, KOH, % MY, SA, SD,

°C  min °C/ ml/ w/w % m%/g %
min min w/wW

Original LIW - - - - 100 0.124

Physical activation

R1 700 30 5 170 - 35.3 2.93 0.70

R2 700 30 5 340 - 34.7 3.87 0.21

R3 700 30 10 170 - 33.5 4.03 1.33

R4 700 30 10 340 - 35.2 4.48 1.11

Chemical activation

RQ1 500 30 10 - 3 44.6 4.67 1.14

RQ2 700 30 10 - 3 43.5 2.75 1.07

RQ3 500 30 10 - 5 39.9 1.97 1.29

RQ4 700 30 10 - 5 27.2 2.59 0.77

AT, Activation temperature; At, Activation time; HR, Heating Rate; FCOg,
COsflow; MY, Mass Yield; SA, Surface Area; SS, Standard deviation.
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Fig. 6. pHpina VS pHinitial for activated carbon R4.
3.3. pHpyc determination

Fig. 6 shows the behaviour of the final pH as a function of the initial
pH, the PZC value found was equal to 11.2, higher than the working pH
for the adsorption process (pH=5), therefore it can be said that the
surface of the adsorbent will be positively charged and will favour the
adsorption of negatively charged species [65].

3.4. FTIR analysis of original LIW and activated carbons

Fig. 7 shows the IR spectra of the LIW and activated carbons R1 to
R4, obtained by physical activation and chemical activation. In general,
bands were identified at wavelengths 900, 1500, 2900 and 3400. The

peak around 900 cm ~! corresponds to vibrations of aliphatic groups C-

C, C-O and C-N, where the original LIW showed less intensity compared
to the activated carbons, suggesting that graphitization occurred. The
peak at 1500 cm ™! wavelength corresponds to C=C and N = N double
bonds. As can be seen, there were no intensity differences in the LIW and
activated carbons.

The 2900 cm ! peak is attributed to the C-H, -CH; - and -CHs
aliphatic chains of activated carbons, while the 3400 cm ~! peak cor-
responds to O-H and N-H vibrations, possibly due to the presence of
water and nitrogen compounds. Both peaks show lower intensities in the
activated carbons compared to the original LIW, which could be due to
increased carbonization.

A notable difference was found between physical and chemical
activation. The samples of the chemically activated carbons showed
peaks between 2170 and 2235 cm ™! corresponding to triple G=C, C=0
bonds or quite possibly to the C=N bond due to the high nitrogen
content of the LIW. These peaks are not seen in the original LIW or
physically activated carbons. Therefore, chemical activation favoured
the formation of triple bonds.

3.5. Adsorption of Cr (III) and Cr (VI) using artificial solutions

According to the results obtained during the characterization of
activated carbons using LIW as raw material, those that presented the
two largest surface areas for physical and chemical activation were
chosen. Therefore, adsorption tests were carried out to determine the
percentage of removal of Cr (III) and Cr (VI) for samples RQ1, RQ2, R3
and R4. Table 3 shows the results of the preliminary adsorption tests.

For Cr (III), the RQ1 sample presented the highest removal per-
centage (99.42%) and selectivity with a Kd equal to 283 L/g. This
sample also showed the highest surface area among all activated carbons
(See Table 2), both those obtained by the physical and chemical pro-
cesses. In general, for all adsorbents, Cr (III) presented a removal per-
centage greater than 95%. This is attributed to the strong affinity that
the raw material has with Cr (III). Previous adsorption studies [70] re-
ported a similar removal rate of Cr (III), close to 99% for an initial
concentration of 100 mg/], using microalgae as adsorbent. In addition,
removal of around 70% of Cr (III) was reported from a solution with an
initial 10 ppm of adsorbate and residues of pine nut seeds [71].

Regarding the adsorption of Cr (VI), the original LIW presented the
best removal percentage equal to 12.54%, indicating that for this
adsorbate the activation does not represent a benefit for the Cr (VI)
adsorption process and that the surface area is not a factor. determining
as if the functional groups present on its surface can be, such as C=C,
C=0 y C=N formed during chemical activation. It could be suggested
that these functional groups decrease the Cr (VI) adsorption rate, but do
not interfere with Cr (III) adsorption.

The percentage of removal of Cr (VI) was lower than those obtained
in other studies that use agricultural residues to obtain activated carbon.
Murad et al., ($year$) [72] found that for an initial Cr (VI) solution of
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Fig. 7. FTIR of activated carbons obtained by (a) physical activation and (b) chemical activation.

Table 3

Removal of Cr (III) and Cr (VI).
Samples Cr (IID) Cr (VD)

1

selected Removal, % SD* Kd, L/g Removal, % SD* Kd, L/g
LW 96.17 0.00 41.3 12.54 0.04 0.294
RO1 99.42 0.00 283 7.39 0.01 0.132
RQ2 98.98 0.01 160 7.87 0.02 0.140
R3 98.85 0.01 141 9.75 0.01 0.176
R4 * 99.13 0.01 188 10.30 0.01 0.189

*SD: Standard deviation, * Activated carbon chosen for equilibrium and kinetic
studies

40 ppm it obtained a removal greater than 60% using modified peanut
shell as absorbent. (H. [73]) adsorbed about 99% of Cr (VI) using
biomass composting and an initial concentration of Cr (VI) in the solu-
tion of 8 ppm.

Studies report higher selectivity for Cr (VI) between 2.523 and
0.714 1/g, compared to Cr (III) whose selectivity values range between
0.330 and 0.011 1/g. On the contrary, the present adsorbent has a higher
affinity for Cr(III) compared to Cr(VI) due to higher K4 values obtained
for Cr(III) [74].

The important thing about this work is to have crossed the frontier of
knowledge in Cr (III) and (VI) adsorption works by using residues of
animal origin such as LIW, which has not been reported in the literature.
Based on the good performance in the adsorption of Cr (III), activated
carbon R4 was chosen to carry out adsorption studies in equilibrium and
kinetics.

3.6. Equilibrium Isotherms
Activated Carbon R4 was selected for further analysis due to its su-

perior Cr (VI) adsorption compared to the other samples tested. R4 was
physically activated at 700 °C for 30 min, with the heating rate of 10 °C/

50 ym
/1/2019 008422

Vac-High PC-Std 10 kV
TECNOPARQUE-SENA

Fig. 8. SEM of Activated Carbon R4 at 500 um (left) and 50 um (right) scale.
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Table 4
Adsorption parameters for Cr (III) and Cr (VI) for activated carbon R4.
Equilibrium Model Parameter Cr (IID) Cr (VD)
Langmuir Qmax 220 0
b 0.213 0
Ry 0.105 1.00
RMSE 21.9 15.0
Freundlich kg 80.8 0.0588
1/n 0.202 1.40
RMSE 6.16 1.30
Tempkin K¢ 11.3
0.112
B1 29.5 11.5
RMSE 4.53 5.75
DKR Xm 202
41.6
[§} 7.37e-04 2.69e-04
RMSE 27.9 0.557

min and 340 ml/min of CO, as activating gas. Fig. 8 shows the SEM of
R4, which has increased porosity compared to the pre-treated LIW
(Fig. 5).

To study the equilibrium adsorption process, Langmuir, Freundlich,
Tempkin and Dubinin-Kaganer-Radushkevich (DRK) models were
applied, which are the most commonly applied adsorption models for
chromium adsorption using activated carbons [75-77]. Langmuir’s
model assumes that the adsorbate is adsorbed in a monolayer that covers
the surface of the adsorbent, and the molecule is in an active site present
on the surface [77]. The Langmuir isotherm presents a good correlation
for a wide variety of experimental data. Langmuir’s approach is
described by the following equation [78]:

_ qmax~b-ce

=TT e, )

Where, ¢, is the adsorbed Chromium concentration at equilibrium, mg/
g, C. is the chromium concentration in the equilibrium solution, mg/l;
Qmaxis the maximum adsorption capacity in a monolayer, mg/g, and b is
the Langmuir equilibrium constant (I/mg). To establish the adsorption
advantage through the type of isotherm, the dimensionless equilibrium
parameter was determined with Eq. 5:

1

R=—
LT 140G

)

where b is the Langmuir constant and Co is the initial concentration of
the solution. The value of Ry, indicates the type of isotherm: unfav-
ourable (> 1), linear (= 1), favourable (between 0 and 1) or irreversible
(=0) [79].

The Freundlich equation is an empirical model that considers het-
erogeneous adsorption energies at the adsorbent surface [80]. It can be
applied to non-ideal adsorption on a heterogeneous surface, as well as to

3504
300 4
2504
32004 .
& . =
T 150 & .
< "
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he e ot Freundlich
R Temkin
f e DRK
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multilayer adsorption. This model does not have a thermodynamic
fundamental, since at low concentrations it is not reduced to Henry’s
law [81]. It is expressed by Eq. 6.

e = K, C)" 6

Where, Krand1/n are constants of the Freundlich isotherm.

The Temkin model is applied for those adsorption processes in which
the enthalpy of adsorption is inversely proportional to the adsorption
capacity and describes adsorbent-adsorbate interactions [82]. The
equation is described in Eq. 7:

q. = BiIn(K,.C,) @

B1 is the constant relative to heat of adsorption and is defined by the
expression B1 =RT/b, with b being Temkin’s constant (J/mol), T in
Kelvin, and R= 8.314 J/mol.K; Kt is the equilibrium binding constant or
thermal constant [83].

The DRK model allows calculating the maximum amounts adsorbed.
The behaviour of the adsorption isotherm is like the results of the im-
mersion enthalpy as a function of concentration, for this reason the DRK
model is used to determine the energy involved in the adsorption pro-
cess. The DRK isotherm has the following formula:

Ge = Xpe P (8)

e=R.T.In (1 + Ci) )

e

Where f is the activity coefficient constant, € is the Polanyi’s potential, R
is the gas constant in J/mol.K, and T is the temperature in Kelvin.

The parameters of the nonlinear isotherm models were calculated by
minimizing the mean square error, the parameter values obtained and
the respective RMSE for each isotherm model are presented in Table 4.

For Cr (III) adsorption, the lowest RMSE was obtained for the
Freundlich and Temkin models. Maximum adsorption capacities above
202 mg/g were obtained for the Langmuir and DRK models. The
dimensionless equilibrium parameter R;, less than 1, showed that the
adsorption process is favourable for Cr (III).

On the other hand, Cr (VI) for the Langmuir model did not show a
good fit, since despite having a lower RMSE value compared to Cr (III),
the parameters found are not physically consistent. The DRK model
presented the best fit for Cr (VI) adsorption with the lowest RMSE value
equal to 0.557, a maximum adsorption capacity equal to 41.6 mg/g was
calculated using this model. Freundlich model showed an acceptable fit.
The value of the parameter K for the Freundlich model is higher for Cr
(III) compared to Cr (VI). This parameter is directly related to the
adsorption capacity of the adsorbent. Therefore, a higher magnitude
indicates that activated carbon adsorbs a greater amount of Cr (III) than
Cr (VI), which agrees with the results obtained with the Langmuir and
DRK models. Regarding the parameter 1/n, for Cr (III), a value was

504 e Experimental
..... Langmuir
..... Freundlich
..... Temkin
A DRK G
b =
[ = 2
: achintiny
<254
u e
5 e
s 'y ',/"’
0 0;’1(:‘ 2 - ! y ‘
: % <0 75 100
Ce (mg/l) (b)

Fig. 9. Adsorption isotherm using physically activated carbon. a) Cr (III), b) Cr (VI) for activated carbon R4.
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Fig. 10. Cr (III) (a) and Cr (VI) (b) adsorption kinetic for activated carbon R4.

obtained within the range 0 and 1, corroborating the favourability of the
adsorption process for this adsorbate. These results agree with those
reported by S. Chen et al.(S. [84]).

Fig. 9 shows the relationship between the amount of adsorbate on the
surface of activated carbon (qe) and the equilibrium concentration (Ce)
of the Cr (II) solution for Fig. 9a and Cr (VI) for Fig. 9b. The experi-
mental values of the adsorption isotherms are presented, and the theo-
retical models are compared. In the case of Cr (III) adsorption, Temkin
and Freundlich show a better fit compared to Langmuir y DRK, which
may indicate that Cr (III) adsorption is performed at localized sites on
the activated carbon surface and in monolayer.

According to the classification of adsorption isotherms in liquid so-
lutions, for Cr (III) a type L isotherm is observed. The initial behaviour of
Cr (III) adsorption on activated carbon from the grave is almost vertical,
indicating that at low concentrations Cr (III) is completely adsorbed on
activated carbon, this behaviour represents a special case of L-type
isotherms. Fig. 9a also shows that at equilibrium concentrations greater
than 100 mg/], the slope of the isotherm decreases until reaching a
maximum concentration of adsorbate in the activated carbon, which is
attributed to the fact that the adsorption capacity is limited by the
number of active sites present in the activated carbon. The forces that
could be intervening in the adsorbate-adsorbent interaction are weak of
the Van der Waals type, revealing possible physical adsorption (Bonilla-
Petriciolet, A., Mendoza-Castillo, DI, & Reynel-Avila, 2017).

Additionally, it was found that at equilibrium concentrations greater
than 200 mg/l, a lower concentration of Cr (III) occurred in the acti-
vated carbon and the adsorption capacity of the adsorbent was reduced.
This could be due to the solute-solute interaction (Cr (III)-Cr (III)), which
is stronger than the interaction that occurs between Cr (III) and acti-
vated carbon, reducing the amount of adsorbate that reaches the active
sites of the adsorbent and adsorption rate. Similar studies [71] reported
Cr (II) adsorption capacities between 18 and 22 mg/g using bio ad-
sorbents. Other adsorbents [38] have also been used for the adsorption
of Cr (III), such as marble powder and eggshell with adsorption capac-
ities equal to 434.82 and 200.25 mg/g respectively.

Regarding the adsorption of Cr (VI) on activated carbon from LIW,
the type of isotherm that resembles the behaviour of the Cr (VI)
adsorption process is type S represented by the DRK model with an
RMSE value of less than 1, indicating that initially, the interaction be-
tween the adsorbate and the surface of the adsorbent is low. However,
once the adsorption process begins, there is a better accommodation of
the adsorbate molecules, allowing a greater adsorption capacity of Cr
(VD) on the activated carbon, it is also hypothesized that the interaction
of the adsorbate molecules that already adsorbed, favour interaction
with free adsorbate molecules to facilitate their arrival at the surface and
active sites of activated carbon [85].

Table 5
Thermodynamic parameters of activated carbon R4.
Cr (111) Cr (VD)
T AG AH AS AG AH AS
K) kJ/ (kJ/ (kJ/(mol. kJ/ (kJ/ (kJ/(mol.
mol) mol) K) mol) mol) K)
295 -12.6 -24.2 -0.039 2.48 -30.8 -0.113
308 -12.1 3.95

3.7. Adsorption kinetic of Chromium II and Cr (VI)

Adsorption kinetic describes the adsorption rate of the adsorbate and
models the removal rate of Cr (III) and Cr (VI) for activated carbon R4.
Fig. 10 shows the adsorption kinetics of Cr (III) and (VI) at temperatures
of 295 K and 308 K. In general, for the two temperatures, the adsorption
process of Cr (IIT) presented higher adsorption (65 mg/g) compared to
Cr (VI), which presented less than 20 mg/g.

The process temperature had some effect on the adsorption kinetics.
For both adsorbates, it was found that the temperature of 308 K de-
creases the amount adsorbed on the activated carbon, which possibly
indicates that the adsorption energy is exothermic.

With the kinetic data obtained at the two temperatures of the
adsorption process, the thermodynamic parameters Gibbs free energy
(AG), enthalpy (AH) and entropy change (AS) were -calculated,
following the procedure described in [86]. The thermodynamic pa-
rameters results are shown in Table 5.

AH for both adsorbates was negative, corroborating the aforemen-
tioned exothermic behaviour [87]. The absolute value of AH is greater
for Cr (VI) compared to Cr (III). Therefore, an increase in temperature
affected the adsorption of Cr (VI) to a greater extent and a decrease in
the adsorption capacity of activated carbon was observed. On the con-
trary, Cr (III) did not present a significant variation with increasing
temperature, as can be seen in Fig. 10. The magnitude of AH, less than
84 kJ/mol, indicates that the type of adsorption presented represents
physisorption, which agrees with that reported by S. [84]. Regarding
AG, negative values were presented for the adsorption of Cr (III), indi-
cating the spontaneity of the process. On the contrary, Cr (VI) presented
positive results for AG, revealing that the process is not spontaneous and
that some external force is required to favour the adsorption of this
adsorbate [88]. The AS predicts the surface changes of the adsorbent
during adsorption. A negative value, as is the case in the present study,
reflects that there is no significant change in the internal structure of the
adsorbent during adsorption. Furthermore, it could show that during
adsorption there is a decrease in disorder at the solid/liquid interface;
therefore, there will be molecules that escape from the solid phase to the
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Table 6
Kinetic models used to study adsorption kinetics.

Kinetic models Non-linear equation Linear equation

Pseudo-primer order

d In(g. — g,) = Inq. — K, /2.303¢

%71('(% @) n(ge —a:) = Inge — K/
Pseudo-segundo order

dq. 2 t 1 t

= Ko (ge — - = =

ar = ol =) o Keal a
Elovich

dq, " 1 1

—- e = —Inln(«, —t

7k qr ﬂnn(ocﬂ)+ﬂ
Intraparticular diffusion

a =f("?) g =Kat'?+C

Where the kinetic parameters K; (min 1), K5 (min 1), « (mg/(g.min)), p (mg/g),
C (mg g) and Kq (mg/g.min ~/2) are constant.

liquid phase and decrease the amount of adsorbate adsorbed [89]. This
phenomenon can be seen in the experimental data reported in Fig. 8a
and Fig. 9b.

The models of the adsorption kinetics of Cr (III) and Cr (VI), chosen
in this work, were those of Pseudo-first order, Pseudo-second order,
Elovich and Intraparticular Diffusion [64,90,91]. In Table 6 the
non-linear and linear equations of each model are presented.

Tables 7 and 8 present the characteristic parameters of each

Journal of Environmental Chemical Engineering 11 (2023) 109715

adsorption kinetic model for Cr (III) and Cr (VI) respectively, at the two
temperatures, in addition to the correlation coefficients (R?). For both
temperatures and adsorption kinetics of Cr (III) and Cr (VI), low corre-
lation coefficients were found for the pseudo-first order, Elovich and
intraparticle diffusion models.

The pseudo-second-order model presented the best regression with
the experimental data obtained. The best fit was found with a correla-
tion coefficient of 1.0 for Cr (III) adsorption kinetics, at both tempera-
tures, while 0.998 and 0.994 for Cr (VI) adsorption kinetics. This
suggests that the adsorption of Cr (III) and Cr (VI) on activated carbon
RQ4 is represented by a pseudo-second-order kinetic model. This model
assumes that two reactions occur, the first is fast and reaches equilib-
rium quickly and the second is a slower reaction that continues for long
periods [88]. Another study has shown adsorption kinetics of
pseudo-second order for Cr (VI) adsorption using raw materials such as
peat, leaf mould, corncob, and granular activated carbon [92,93].

Fig. 11 presents the calculated and experimental values of Cr (III)
and Cr (VI) adsorbed against time using the pseudo-second-order kinetic
model. The curves indicate that the model is consistent with the
experimental data obtained.

In Table 9, a comparison is made of the use of solid waste from the
tannery industry for the adsorption of Cr (VI) and Cr (III). The use of
solid waste generated in different stages of the tanning process for the
adsorption of mostly Cr (VI) is observed, the studies do not focus on the
adsorption of Cr (III), the oxidation state used for the tanning of leather
skin. The material obtained in the present study was evaluated for the
adsorption of both chromium oxidation states, obtaining superior results
in the adsorption capacity for Cr (III), this shows the potential that this

Table 7
Parameters of Cr (III) adsorption kinetic models.
Temperature, K 295 308
Kinetic models Parameters R? Parameters R?
Pseudo-first order K10.015 q.2.01 0.332 K10.284 q.30.23 0.191
Pseudo-second order K,0.087 .65.84 1.000 K»0.054 q.65.36 1.000
Elovich «3. E + 20 $0.774 0.725 x4. E + 33 $1.26 0.781
Intraparticular diffusion K;30.439 C61.91 0.493 K;40.234 C62.99 0.662
Table 8
Parameters of Cr (VI) adsorption kinetic models.
Temperature, K 295 308
Kinetic models Parameters R? Parameters R?
Pseudo-first order K;0.041 q.3.40 0.546 K qe
Pseudo-second order K»0.059 q.15.46 0.998 K»-0.048 q.10.24 0.994
Elovich «2. E+ 16 $2.86 0.494 «-2. E-08 p-1.21 0.808
Intraparticular diffusion K;30.163 C13.59 0.634 K;4-0.351 C13.98 0.854
70
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Fig. 11. Cr (II) (a) and Cr (VI) (b) adsorbed using the pseudo-second-order kinetic model.
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Table 9
Comparison to previous LIW Chromium adsorption studies.
LIW used Stage of the leather Treatment Reference Adsorption capacity, Cr Adsorption capacity, Cr
process D (1)
Hair Soaking and liming Physical(steam) activation Louarrat ($year$)[54] 50 mg/g Not reported. 73% of
decrease
Flesh and fat Fleshing Chemical activation (ZnCl2) Palani et al., ($year$) 60.8 mg/g None
layers [57]
Wet blue Tanning Physical (CO2) Activation Oliveira et al., ($year$) None None
[52]
Leather shavings Splitting and shaving Chemical Kantarli, Yanik ($year$) 126.6-138.9 mg/g None
activation (ZnCl2 and H3PO4) [55]
Flesh and fat Fleshing Physical (CO2) and chemical activation ~ This study 17 mg/g 237.8 mg/g

layers (KOH)

Fig. 12. Schematic Cr (III) adsorption mechanism on the surface of activated carbon. a) Cr (III) interaction with carbonyl group. b) Cr (III) interaction with

amino group.

material can have to be used as an adsorbent and be implemented in a
circular economy using LIW as raw material for the adsorption of acti-
vated carbon.

3.8. Proposed adsorption mechanism

Cr (III) adsorption can be associated with the interaction of carbox-
ylic groups and amines present in the organic matrix. In the case of Cr
(VI), they are mainly associated with the hydroxyl group that interacts
with the central ion of chromium VI.

Fig. 12 shows the possible interaction between the carbonyl and
amino groups with Cr (III). Cr (III) species reported for the working pH
(pH=5) are present as Cr(OH)?*, Cr(OH)4", Cr(OH)3 [94]. These species
interact with the amino, -COO-, C=0, and C-O-C functional groups
present on the surface of activated carbons (Zhao et al., 2023).

The carbonyl group can assist in the immobilization of chromium III
by electrostatic attractive forces [94]. With the amino group, the elec-
tronegativity of the lone pair of nitrogen electrons and its weakness to
polarize is linked to the small atomic radii of Cr (III) [95]. In addition,
according to [96], Cr (III) ions bind with surface groups to form chelate
complexes, ligands that connect with a single central atom considering
that the coordination number for Cr (III) is 6.

Regarding Cr (VI), the adsorption is favored by acidic conditions
[97]. At a pH equal to 5, the chromium VI species exist in equilibrium in
the form of HerO4™ and CrO7". Equilibrium is written in Eqs. 10 and 11:

H,Cry0;=2H" + Cry 03 10

H,CrO,=H" + HCrO, an

The excess of H+ ions can neutralize the surface of activated carbon
negatively charged by the presence of hydroxyl groups and thus reduce

11

Fig. 13. Schematic mechanism of chromium VI adsorption on the surface of
activated carbon.

the obstacle for dichromate ion diffusion [98]. The interaction of the Cr
(VI) complexes with the hydroxyl groups on the surface of the activated
carbons can form reversible reactions in equilibrium [99]. This may
explain the decrease in the adsorption rate of Cr (VI) on activated car-
bons over time.

Fig. 13 shows the possible interaction between the hydroxyl groups
present on the surface of activated carbons and the Cr (VI). This inter-
action is related to the electronic structure of the chromate anion ac-
cording to the indicated reaction. After the elimination of oxygen from
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the hydroxyl group present on the surface of the adsorbent, the inter-
action with chromium VI and its adsorption is carried out. Henryk et al.,
($year$) [99].

4. Conclusions

This paper presents a novel circular economy approach for using
leather industry wastes as activated carbons to remove chromium from
leather industry waste waters. Activated carbons were produced using
chemical and physical activation from leather industry fleshing wastes.
The highest mass yield obtained was 44.6% w/w using chemical acti-
vation at temperature of 500 °C and the KOH concentration of 3%. Cr
(I11) and Cr (VI) adsorption on the LIW activated carbons are exothermic.
The adsorption process is spontaneous for Cr (III) while for Cr (VI) an
external force is required to favour the adsorption process. The
Freundlich and Temkin isotherm models presented the best fit compared
to the Langmuir and DRK isotherm model in the adsorption of Cr (III).
Maximum Cr (III) adsorption capacities above 202 mg/g were calcu-
lated with the Langmuir and DRK models. For Cr (VI) adsorption the
DRK model presented the best fit with a maximum adsorption capacity
equal to 41.6 mg/g. The adsorption of Cr (III) and Cr (VI) on activated
carbon RQ4 followed a pseudo-second order kinetic model. The results
obtained from adsorption demonstrate that activated carbon from LIW
can be used for the removal of Cr (III) and Cr (VI) in the leather industry
in Colombia. The surface groups that participate in the adsorption of Cr
(III) are mainly the carbonyl and amino groups. For Cr (VI) adsorption, it
was proposed that the protonated hydroxyl group interacts by electro-
static forces with the oxygen present in the negatively charged chromate
ion.
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