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Abstract Every year, the leather tanning industry pro-
duces substantial quantities of residues such as chrome-
tanned leather shavings (CTLS), which contain consid-
erable amounts of Cr(IIl) salts. The residues have no
particular value and under natural conditions can trans-
form into toxic Cr(VI) wastes. The objective of the
present work is to evaluate the transformation of these
residues into carbon adsorbents at low temperatures (<
600 °C), using ZnCl, as an activating agent. The pyrol-
ysis temperature and residence times were studied. The
materials were characterized and qualified by Acid
Black 210 (AB) adsorption. The results indicated that
low amounts of chromium oxides (less than 2% of Cr),
in the form of 50-200 nm particles, remained after the
synthesis procedure. The deposited chromium oxides
were present in (II), (IIT), and (IV) oxidation states.
The low preparation temperatures employed prevented
further chromium oxidation to Cr(VI). Maximum
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surface areas of 439 m*/g were obtained. The materials
efficiently removed AB (maximum experimental ad-
sorption capacity of 44.4 mg/g) by means of electrostat-
ic interaction caused by the positively charged distribu-
tion of the carbons. The adsorption capacity was not
affected by temperature, but pH had a mixed effect due
to the combination of a shift in surface charge distribu-
tion and dye speciation. The results demonstrated that it
is possible to obtain a value-added product, i.e., carbons
modified with chromium nanoparticles for dye removal,
from a hazardous residue of the tanning industry.
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1 Introduction

Tanning is the process of transforming the skin or hide of
various animals into leather. Even though modern tanning
processes have evolved to become more ecoftriendly, the
most frequently employed tanning agents are hazardous
chromium salts (Aboulhassan et al. 2008; Mwinyihija
2010). The extensive use of chromium salts represents a
serious threat to the environment and has become a public
health hazard near tanning facilities (Beltran-Prieto et al.
2012; Oliveira et al. 2008). Furthermore, the tanning
process itself is very inefficient in terms of yield and
water consumption. It is estimated that 1 metric ton of
rawhide yields only 20% of finished leather, leading to
the generation of high amounts of wastes; most of which
contain considerable amounts of chromium (Oliveira
et al. 2008).

The most problematic residues are the chrome-
tanned leather shavings (CTLS) produced during the
adjustment of skin thickness. These residues contain
about 2.3% of Cr, are unavoidable, have no particular
use or value, and are normally dumped into landfills.
The annual production of CTLS is about 2.6 million
tons worldwide (Food 2018).

In CTLS, chromium salts are present as oxo-com-
pounds, which form metal complexes by covalently
bonding to the surface carboxyl groups of the hide’s
collagen structure (see Fig. S1) (Wang et al. 2016). In
oxidizing conditions, Cr(III) oxo-compounds will spon-
taneously transform to Cr(VI) (Kolomaznik et al. 2008;
Salem et al. 1989). Studies have reported chromium
oxidation favored in the presence of additives such as
H,0, (Rock et al. 2001), MnO, (Apte et al. 2006; Eary
and Rai 1987), O3 (Van der Merwe et al. 2012), and Cl,
(Chebeir and Liu 2016; Lindsay et al. 2012); some of
them commonly employed in water treatment. There-
fore, CTLS mismanagement can have a dramatic impact
on public health and the environment, particularly in
countries where CTLS are not treated as hazardous
residues.

Several alternatives have been developed to reuse
these residues, for example, chromium extraction and
repurposing as a tanning agent (Erdem 2006), process-
ing as pigments (Berry et al. 2002), formulation of
polymer-leather composites (Jordan et al. 1981), syn-
thesis of ceramic materials with CTLS-ashes (Basegio
et al. 2006), formulation of leather boards (Rao et al.
2002), among others. Recent studies have reported the
transformation of CTLS into carbon adsorbents, such as
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activated carbon (Oliveira et al. 2011; Oliveira et al.
2008; Yilmaz et al. 2007). The presence of Cr in the
precursor could result in the deposition of reactive and
stable Cr,O3 (nano), which would impact the adsorption
capacity of the adsorbents (Sinha and Suzuki 2005). It is
also worth noting that at high temperatures (under oxi-
dant atmosphere), Cr(III) might be transformed into
dangerous Cr(VI) particles (Oliveira et al. 2011); there-
fore, pyrolysis temperatures must be kept low (below
600 °C) to enable an activating agent (acid/base) to
create pores, while simultaneously preventing the oxi-
dation of Cr(IIl) to Cr(VI) (Erdem 2006). The use of
Lewis acids, such as zinc chloride (ZnCl,), allows for
the synthesis of high surface area carbons by inducing a
dehydration effect (Dias et al. 2007; Liou 2010). These
activating agents have proven effective for the prepara-
tion of activated carbons from lignocellulosic materials,
in which temperatures as low as 300 °C can produce
materials with surface areas up to 674.2 m*/g (Nieto-
Delgado and Rangel-Mendez 2011). By utilizing this
activation process, it could be possible to obtain Cr-
oxide particles, or even nanoparticles, which might al-
low the carbon material to be employed in a wider range
of applications, not only limited to the adsorption of gas
and liquid molecules but also to be used as a catalyst
(Chen et al. 2018; Gascon et al. 2003; Pakhomov et al.
2009), oxidant material (Abu-Zied 2000; Gibot and
Vidal 2010), sensor (Yoo and Wachsman 2006), etc.

In addition, the removal of hazardous azo dyes from
water is a major environmental issue around the world.
Every year, high amounts of dye-containing wastewater
are discharged by several industries, including leather
tanning (Pereira and Alves 2012). Most of these azo
dyes are recalcitrant and represent a serious challenge
for the sanitation systems and a major environmental
issue if they are released untreated into the aqueous
systems. Due to the difficulty of the azo bond degrada-
tion and the high toxicity that some of its degradation
products can have (Pereira and Alves 2012), adsorption
is the preferred technology for the treatment of dye-
contaminated wastewaters.

Based on the above discussion, the objective of the
present study was to synthesize carbon adsorbents from
tanned leather shavings by activation with ZnCl, at a
low pyrolysis temperature. The materials were prepared
under several synthesis conditions and were extensively
characterized. The goal of our procedure was to obtain
reactive chromium oxide particles on the surface of the
carbon adsorbents with the potential for creating high-
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density adsorption centers for azo dye removal. Trials
were run with Acid Black 210 (AB) dye, which is
commonly employed in leather processing. A detailed
characterization of the materials after pyrolysis and the
influence of the carbons’ features on adsorption were
provided.

2 Experimental
2.1 Chemicals

All the chemicals employed were of analytical grade
and were used as received without further purification:
H,S04 (96.2%), HCIO4 (69 to 72%), H3PO4 (85%), KI
(99%), Na,S,03 (99.5%), starch, ZnCl,, HCI, NaCl,
HNOj3;, NaOH, and AB dye. The CTLS, derived from
the tanning process of cow hide, were obtained from a
local industry located in Leon, Guanajuato, Mexico.
Deionized (DI) water was produced in an Elix 5 that
yielded a conductivity of less than 0.217 uS/cm.
Filtrasorb® 400 activated carbon was purchased from
Calgon Carbon Corporation.

2.2 Preparation and Characterization of CTLS

The moisture content of the CTLS was determined in a
thermobalance (Sartorius) upon receipt. Afterwards, the
CTLS were conditioned by rinsing several times with DI
water (approximately 56 L of DI water per kg of raw
CTLS). Then, the mixture was vacuum-filtered and
dried at 80 °C for 72 h. After, the CTLS were ground
and sieved through a mesh 10 (2 mm) and mesh 60
(0.25 mm). The ash content was determined according
to the ASTM D2617-12 procedure. The chromium con-
tent was determined as Cr,O5 based on the ISO 5398-
1:2018 test. The C, H, N, and S contents were deter-
mined in a Flash 2000 Elemental Analyzer; oxygen was
determined by difference, taking into account the chro-
mium content of the CTLS. Surface chemistry was
evaluated by FT-IR analysis in a Nicolet iS10 in atten-
uated total reflectance (ATR) mode. Thermogravimetric
analysis (TGA) and derivative thermogravimetric anal-
ysis (DTGA) of the CTLS and ZnCl, impregnated
CTLS were carried out in a VersaTherm Analyzer under
a nitrogen atmosphere of 100 mL/min from room tem-
perature up to 600 °C at a heating rate of 10 °C/min.

2.3 Preparation of the Carbonaceous Materials

A 24 g sample of CTLS was placed in a 1-L beaker,
and 24 g of ZnCl, and 800 mL of water were added
(impregnation ratio of 1:1). After 12 h of stirring, the
mixture was transferred onto a heating plate at 80 °C
and stirred until a paste was formed. The mixture was
then dried at 80 °C for 24 h. The carbonaceous
materials were prepared in a Carbolite HTR 11/150
reactor, equipped with a quartz reaction tube
(450 cm® of reaction chamber), which was connected
to a nitrogen source and a water trap to collect fumes
(see Fig. S2). The system was closed, and the reactor
was purged for 10 min with a flow of 100 mL/min of
N,. To assess the effect of the temperature and resi-
dence time on the adsorption behavior, a simple 2°
factorial design with a central point was carried out as
indicated in Table 1. In summary, the temperature of
the reactor was increased at a rate of 10 °C/min up to
the desired temperature of 400 °C, 500 °C, or 600 °C,
where it was held for 1, 1.5, or 2 h.

After cooling, the carbon sample was removed from
the tube, and one of the two different rinsing procedures
was applied: (1) rinsing with DI water up to a neutral pH
or (2) further demineralization with a 1% w/w HCI
solution until no Cr or Zn leaching was detected. The
letters “w” and “h” were assigned to the materials’
names to indicate the respective rinsing procedure.

The rinsing step is essential for stabilizing the mate-
rial and for the recovery and reutilization of ZnCl,.
Performing a simple rinsing procedure with water en-
abled us to analyze the nature of the chromium products
that were produced (and deposited) on the carbon ma-
terials after pyrolysis and which could be removed
during a demineralization process with acidic solutions.

2.4 Methods for the Characterization of Carbonaceous
Materials

2.4.1 Elemental Analysis

Zinc and chromium contents were determined after acid
(20% HCI v/v) digestion of the carbon material by
atomic emission spectroscopy in an inductively coupled
plasma spectrometer (Varian 730-ES). Emission wave-
lengths were 267.716 nm for Cr and 213.857 nm for Zn.
Ash content was determined by calcinating the carbon
material at 600 °C for 2 h.

@ Springer
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Table 1 Experimental conditions, nomenclature, and yield of the materials synthetized

Sample name Carbonization temperature (°C) Residence time (h) Yield (%)
CRI1 400 2.0 483
CR2 400 1.0 50.7
CR3 500 1.5 533
CR4 600 1.0 52.4
CR5 600 2.0 35.0

2.4.2 X-ray Diffraction Analysis

Powder X-ray diffractograms were obtained in the
Bragg-Brentano geometry in a Bruker D8 Advance,
equipped with a Lynx Eye detector, using a Cu Ko
irradiation source (1.5406 A) and a step size of 0.02°.
Diffractograms were indexed with the PDF-4+ database
from the International Center for Diffraction Data.

2.4.3 XPS

XPS analyses were performed by using a K-alpha sur-
face analysis from Thermo Fisher Scientific. An inci-
dent monochromated Al Ko X-ray beam source
(1486.6 eV) was employed. The diameter of the irradi-
ated sample was 400 pum, and the residual pressure was
2% 10™° mbar. The electron energy analyzer was oper-
ated with a pass energy of 100 eV.

2.4.4 Microscopic Observations

Microscopic observations were made in a FEI HELIOS
NANOLAB 600 scanning electron microscope (SEM)
operated at an acceleration voltage of 5 keV. Elemental
mapping was obtained in a Quanta 250 (FEI) micro-
scope at an acceleration voltage of 25 keV.

2.4.5 Specific Surface Area

The specific surface area of selected materials was col-
lected in an Accelerated Surface Area and Porosimetry
System ASAP 2020 (Micromeritics) with N, analysis
gas. Before analysis, about 0.15 g of sample was
degassed for 4 h at 120 °C. The surface area was
calculated with the Brunauer-Emmet-Teller equation

(SET)-
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2.4.6 Fourier Transform Infrared Spectroscopy

Infrared spectroscopy analyses were carried out in a
Nicolet i1S10 in attenuated total reflectance (ATR) mode.
Before analysis, samples were dried at 100 °C for 24 h
and were ground to a fine powder in an agate mortar and
placed onto a diamond crystal. Sixty-four scans were
collected and averaged. Analyses were corrected for
environmental moisture and CO,.

2.4.7 Surface Charge Distribution

Surface charge distribution was obtained from the po-
tentiometric titration of the materials in a Mettler Toledo
T70. The procedure was as follows: 0.1 g of sample was
contacted with 50 mL of a 0.1 M NaCl electrolytic
solution and maintained under stirring for 12 h. After,
the solution was bubbled with N, for 15 min and 0.1 M
HCI added until the pH was acidified to 3. Finally, the
suspension was titrated with 0.1 M NaOH solution up to
a pH of 11. The solution was continually saturated with
N, to avoid interference due to CO, dissolution. The
surface charge distribution was determined as ions re-
leased from the surface of the sample. This is calculated
as the difference in volume of NaOH necessary to reach
a certain pH value in the sample and in a blank (without
material), using the following formula:

C x (Vm—Vb)
m

IR = (1)

where IR is the concentration of protons released or
adsorbed from the surface of the materials (mmol/g);
V. 1s the volume of NaOH required to achieve a certain
pH value (mL); V,, is the volume of NaOH in a blank
experiment necessary to achieve the same pH value as
the sample (mL); m is the mass of the sample (g) and C
is the concentration of the electrolyte solution (mmol/L).
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2.5 Adsorption Experiments

For batch adsorption experiments, 50 mg of the adsor-
bent was contacted with 30 mL of a 100 mg/L solution
of AB dye. The experiments were maintained at the
desired temperature and pH for 7 days, to ensure equi-
librium. The pH was regulated by daily adjustments
with 0.1 M NaOH and/or 0.1 M HNOj; as needed. After,
a 1 mL aliquot was collected from the experiments. The
concentration of the dye was determined in a UV-vis
Thermo Scientific Evolution 300 spectrometer, with the
analysis wavelength set at 460 nm corresponding to the
maximum adsorption peaks as shown in Fig. S3a.

The adsorption amount was calculated by a mass
balance in the adsorbent reactor with the following
equation:

Q = (CO_Ceq) X V/m (2)

where Q is the equilibrium concentration of the dye on
the adsorbent (mg—adsorbate/g—adsorbent); C,, is the
starting concentration (mg/L); C is the final adsorbate
concentration at equilibrium (mg/L); V is the added
volume of the adsorbate solution (mL), and m the mass
of the adsorbent (mg).

Adsorption isotherms were obtained for selected ma-
terials. The same procedure was followed, varying the
concentrations of the dye solution in the range of 10—
1000 mg/L. Adsorption data were adjusted to the
Freundlich (Eq. 3) and Langmuir (Eq. 4) isotherms,
and the goodness of fit was estimated with the R* and
average relative error (ARE) (Eq. 5) parameters (Foo
and Hameed 2010).

1/n
Qeq = KF X (CeQ) / (3)
Qeq = Qmax X b X Ceq/(l + b x Ceq) (4)
100 Qeq,meas_Qeq‘calc

ARE == 037, (5)

Qeq,meas

where Q4 is the equilibrium adsorption capacity at the
equilibrium concentration, Ceq; K is the Freundlich
constant and # is the heterogeneity factor; Oy, is the
monolayer capacity and b is the Langmuir constant.

The effect of temperature on the adsorption capacity
of the carbons was studied at 15, 25, and 35 °C, and the
effect of pH was studied at the pH values of 6, 7, and 8.

3 Results and Discussion
3.1 Characterization of the Precursor

The thermobalance analysis determined the moisture
content of the CTLS to be 56.9%. Figure 1a shows
the ash, Cr,03, and C, H, O, N, and S contents of the
CTLS, and Fig. 1b displays its FT-IR absorbance
spectra. Ash accounts for 4.6%, mostly as Cr,O3
(dry basis); therefore, chromium content was estimat-
ed to be 3.15%. The elemental analysis shows that
CTLS contain 41% carbon, 18% nitrogen, 5.7% hy-
drogen, 26.9% oxygen, and 1.0% sulfur. The compo-
sition and particularly the content of chromium are in
agreement with other studies on leather wastes (Ola
and Nesrine 2010; Swarnalatha et al. 2009; Yilmaz
et al. 2007), demonstrating the feasibility of replicat-
ing the process described here in other facilities gen-
erating CTLS wastes. The FT-IR spectrum of the
CTLS shows bands that can be related to nitrogen-
containing groups at 3293 cm ' and 3039 cm ™' due
to vibrations of N-H, as well as the ones at 1629,
1529, and 1234 cm”! that correspond with amide (I,
II, and III) vibrations. Other bands can be attributed
to CH, (2911 cm ', 1443 cm™ '), OH (1333 cm V),
and C=0 (1032 cmfl) (Malea et al. 2010).

The thermogravimetric analysis of the CTLS and
CTLS-ZnCl,-impregnated samples is provided in
Fig. 2. The decomposition of the CTLS started at a
temperature of about 175 °C (below that temperature
any weight loss can be attributed to dehydration) and
ended at about 300 °C. The DTGA demonstrated two
marked decomposition peaks at 230 °C and 263 °C.
Previous work indicates that during the pyrolysis of
CTLS, the first decomposition peak corresponds to
the removal of nitrogen-containing compounds and
the further production of NH;, HCN, HNCO, and
other hydrocarbons, whereas the second peak corre-
sponds with the production of CO, (Fang et al. 2018).
In the DTGA of the ZnCl,-impregnated sample, there
can be observed a small initial decrease in the pre-
cursor weight, followed by a decomposition peak at
216 °C. It is well known that ZnCl, acts as a
dehydrating agent by linking to hydroxyl groups of

@ Springer
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Fig. 1 CTLS characterization of a elemental composition and b FT-IR spectrum

the biopolymer chain, and upon heating catalyzes
their cleavage, therefore, the first decomposition
weight can be attributed to ZnCl,-catalyzed dehydra-
tion. The second decomposition peak was at 412 °C
with a shoulder at 350 °C. The second peak of loss
weight can be attributed to carbon gasification from
labile carbons of the new carbon network and also to
volatilization of unreacted ZnCl, (see Nieto-Delgado
et al. 2011). Based on this weight loss profile, the
temperatures selected for the preparation of the ma-
terials were in the range of 400—600 °C.

3.2 Characterization of Carbonaceous Adsorbents

After carbonization, the percentage of recovered mate-
rial (yield) was calculated. The results are provided in
Table 1. As expected, the most severe synthesis condi-
tions (in CRY) resulted in the highest loss of the precur-
sor, since less than 40% of the material was recovered.
Longer activation times resulted in a higher burn-off,
particularly at higher activation temperatures.

Zinc and chromium contents, as well as the ash
residue of the carbon materials (with both rinsing

Fig. 2 Weight (TGA—dotted 100 1.2
line) and derivative weight e — CTLS-DTGA I
(DTGA—solid line) loss of A N i pe— CTLS-TGA I
chrome-tanned leather shavings H . I
(CTLS) and chrome-tanned y 80 :-\1:- --------- CTI‘S+ZnC|2-TGA I !
leather shavings impregnated | %"_‘-.\ - CTLS+ZnC|2 -DTGA |
with zinc chloride at a mass ratio -'-_ .

of 1:1 (CTLS + ZnCl,)

Weight loss [%]

[0./%] ss0] 1yBlam aAneAusq
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procedures, i.e., DI water and HCI), are presented in
Fig. 3. The zinc content (Fig. 3a) of the materials was a
function of the rinsing procedure. By calculating the
mass balance of Zn, it can be seen that with the water
rinsing procedure, about 77.3% of the starting ZnCl,
was removed (and later recovered); however, with the
HCI rinsing solution, the zinc was mostly removed, as
evidenced by the dramatic decrease from about 6—-15%
to 0.15-0.59%. Chromium (Fig. 3b) was not markedly
sensitive to either rinsing procedure; all materials were
kept below 1.5% content, due to the lower solubility of
Cr particles. Since precursor material contained about
3.15% of Cr, it is reasonable to assume that a consider-
able amount of Cr is lost during pyrolysis, since lower
amounts of Cr were observed in the materials
synthetized at the higher temperatures.

Although the water rinsing procedure eliminated a
large amount of the inorganic content, the materials still
possessed a substantial amount of ash (Fig. 3c), proba-
bly due to the abundant presence of Zn. The acidic
treatment removed this ash, diminishing its content to
about 10-15% in all the materials. Although this content
might appear to be high, other mineral carbons have
shown similar or even higher ash contents (Linares-
Solano et al. 2000; Van Dyk et al. 2009).

X-ray diffraction patterns are shown in Fig. 4. Signals
related to graphite are observed at 20 angles 26°, 43°,
46°, and 55° (Chen et al. 2004). Peaks related to ZnCl,
(JCPDS 06-0532) are mainly observed in the samples
rinsed with DI water and are due to unreacted Zn that
remained from the activation procedure. If the activation
reaction of zinc chloride is driven by a dehydration
effect during carbonization, one can conclude that not
enough water was present to allow all of the ZnCl, to
react.

After HCI rinsing (“h-series” of Fig. 4), the zinc is
mostly removed (as described earlier), and the peaks
related to chromium oxides, as well as graphite signals,
are more noticeable. The analysis of the “h-series” of
samples demonstrated the presence of several chromium
oxides in various oxidation states, such as CrO [(311) at
36 20 and (400) at 63.4 20], Cr,O5 [(012) at 25 26,
(104) at 34 20, (110) at 38 26, (210) at 45 26, and (116)
at 54 20], and CrO, [(110) at 28-29 20, (101) at 36-38
26, (200) at 41 2 0, (210) at 4546 26, and (211) at 57—
58 20]. It is important to mention that none of the
chromium oxides were detected in the hexavalent state.
Although, Cr(VI) species were not detected by the XRD
measurements, it is still possible that some particles are
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Fig. 3 Inorganic content of the materials. a Zinc. b Chromium. ¢
Ash. Rinsing procedures are indicated as (w) DI H,O and (h) 1%
HCl

amorphous or too small to diffract. For that reason, XPS
analysis was performed on sample CR3-h, with Fig. 5
representing the high-resolution spectra in the Cr 2p3/2
region. crt species (Cr,O3 and Cr(OH);) were identi-
fied according to references (Biesinger et al. 2011) and
(Aronniemi et al. 2005) and confirmed by the satellite
peak at ca. 585 eV. The presence of Cr®" is negated, as
the characteristic peak at 579.3 eV was not observed.
The atomic percentages of C, N, O, and Cr were calcu-
lated and are shown in Table S1 in the Supplementary
Information. The absence of detected Cr(VI) species

@ Springer
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Fig. 4 X-ray diffractograms of studied materials. Rinsing proce-
dures are indicated as (w) DI H,O and (h) 1% HCI, respectively

was due to the low pyrolysis temperature applied and
the lack of an oxygen-rich atmosphere.

A table of the detected phases on each material
(Table 2) compares how the synthesis and rinsing con-
ditions influenced the presence of the various phases.
Here, there is an important observation: when producing
these kinds of materials, several phases with mixed
oxidation states are deposited onto the carbons, and then
later, some particles are removed in subsequent demin-
eralization step(s). Therefore, even when chromium ox-
ide particles are not detected in the demineralized car-
bons, they could have been formed and released as
fumes or during the rinsing steps. The possible produc-
tion of Cr(VI) during pyrolysis is a factor that must be
considered when producing materials like those de-
scribed here, and it will be part of our future work.

To assess the distribution of zinc and chromium
within the prepared carbon materials, scanning electron
micrographs of CR3 and CR4 materials were obtained.

@ Springer
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CR3 is the “central point” of the experimental design,
while CR4 has the highest Cr and Zn contents before
HCI rinsing (CR4-w) and the lowest ash contents after
HCl rinsing (CR4-h). SEM images of selected materials
are provided in Fig. 6. Materials CR3-w and CR4-w are
shown in Fig. 6 a and b, respectively. Both materials
displayed the presence of large cumulates of particles
with cavities, that on occasion, seemed to be blocked by
particles. An elemental mapping of CR3-w (Fig. S4)
corroborated the presence of ZnCl, residual particles on
its surface. Chromium and oxygen signals were difficult
to map due to a broad dispersal within the material and a
low image resolution; however, the indication is that
chromium is widely distributed as small particles.

The HCl-rinsed materials had a different structure.
On the CR3-h material (Fig. 6¢), the presence of small,
round nanoparticles of about 100 nm, and large particles
of about 380 nm, was detected. It is interesting to note

Table 2 The main

phases detected on the Material Phases

synthetized materials by

XRD analysis CRI-w CrO,-CrO
CR1-h ND
CR2-w Cr,0;-CrO,-CrO
CR2-h -CrO
CR3-w ZnCl,-Cr,03-CrO,
CR3-h CrO
CR4-w ZnClL-Cr,05-CrO,
CR4-h CrO
CRS5-w CrO,-CrO
CR5-h CrO
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Fig. 6 Microscopic analysis of the surface of the materials. a
SEM image of CR3-w. b SEM image of CR4-w. ¢ SEM image
of CR3-h. d Zoom of indicated area in ¢. e SEM image of CR4-h. f

that at a higher magnification (Fig. 6d), it seems like
large microparticles are indeed formed by cumulates of
small nanoparticles. A histogram of 100 particles

N
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o o
L
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0 50 150 250 350 450 550 650
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Histogram showing the particle diameter distribution of ¢. g His-
togram showing the particle diameter distribution of e

observed in Fig. 6¢ showed an obvious unimodal distri-
bution with a peak particle size between 200 and 250 nm
(Fig. 6f). The SEM mapping (Fig. S5) of this sample
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(CR3-h) indicated a uniform distribution of chromium
particles. The image of CR4-h (Fig. 6e) revealed fewer
inorganic particles and a striated surface that resembles
the typical micro-groove structure of cow hide with
round pores. The histogram revealed particle sizes be-
tween 50 and 150 nm (Fig. 6g).

The surface area of the selected materials is depicted
in Table 3. For all materials, the surface area was low;
the highest obtained was 439 m*/g in the material syn-
thesized at the highest temperature (600 °C) for
1 h (CR4-h). Preparation with longer activation times
resulted in a collapse of the pore structure and thus
decreased the surface area achieved. Only the materials
produced at 600 °C were activated; therefore, higher
temperatures are conducive to achieving a proper pore
development, which is of particular interest when con-
sidering that these temperatures are at the upper limit for
preventing chromium oxidation. Additionally, it is clear
that demineralization is a necessary step to achieve a
proper pore development.

There are a few studies that have reported the trans-
formation of CTLS into activated carbons, and in which
both physical and chemical activation methods were
employed; a brief compilation of highlighted works is
provided in Table 4 (Kantarli and Yanik 2010; Kong
etal. 2013a, b; Louarrat et al. 2017; Manera et al. 2018;
Oliveira et al. 2008, 2011; Yilmaz et al. 2007). It is clear
that higher surface areas result from high temperature
pyrolysis/activation treatments. However, such condi-
tions might have the disadvantage of favoring the for-
mation of hazardous Cr(VI) particles. The maximum
surface areas obtained in this study are comparable to
other studies that used similar pyrolysis temperatures
with chemical and physical activation methods. In some
studies, no information about chromium content or com-
position was provided. In this study, the characterization

Table 3 BET surface

area of selected materials Sample Sper (m*/g)
CR1-h 0.3
CR2-w 0.6
CR3-w 45
CR3-h 0.5
CR4-w 33
CR4-h 439
CR5-w 228
CR5-h 294

@ Springer

results indicate that there is a complex redox process
occurring during pyrolysis that most likely is affected
not only by pyrolysis temperature but also the holding
time, and later by the demineralization step.

Notwithstanding the described discussion above, the
surface area, chromium particle size, and surface charge
distribution of the materials presented here can be ad-
vantageous properties for specific applications, like dye
adsorption/oxidation from aqueous solution. AB dye
structure is shown in Fig. S3b; it possesses 5 aromatic
rings and 3 azo bonds, and a molecular size of 3.29 nm
(Piccin et al. 2017), and therefore can be removed with
low surface area materials, such as the ones described
here. It must be mentioned that the adsorption of dyes
from aqueous solutions is not only determined by the
pore structure but also by the presence of chemical
groups and their influence on the development of sur-
face charge.

Figure 7 presents the FT-IR spectra of the prepared
materials, where the presence of several surface func-
tional groups including hydroxyl, carbonyl, carboxylic,
nitro compounds, and other oxygen groups, such as
chromene, was deduced. The band at 1388 cm ™' in the
“w-series” of materials is due to ZnCl, (see Fig. S6 in
Supplementary Information). The presence of bands
was discrete in the “h-series” of materials; however,
the vibrations of carboxylic and carbonyl groups were
still detected. The band observed between 597 and
599 cm ! can be indexed as Cr,0s (either Cr-O bending
or deformation of O-Cr-O) (Brown et al. 1968). This
band was present in both the “w-series” and “h-series”
of materials, again corroborating that the HCI treatment
was successful in removing ZnCl,, but retaining some
chromium particles, which lend acidic functional groups
to the material surface. Table 5 summarizes the wave-
number range and assignation of the observed bands.
Oxygen moieties can also be due to the presence of
naturally occurring oxygen groups (e.g., carboxylic,
lactonic, and phenolic) on the activated carbons
(Bandosz and Ania 2006). Their presence comes from
the dehydration effect of ZnCl, and oxygen chemisorp-
tion (from the precursor material).

The bands at around 1580-1620 cm ™' can be attrib-
uted to the C=C stretching of the conjugated aromatic
rings in the carbons. The presence of certain bands can
be correlated with the temperature at which the materials
were synthesized. The band at around 2860 cm |, usu-
ally attributed to C-CHj3 vibrations, was present only in
the low-temperature carbonized materials. Vibrations
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Table 4 Summary of highlighted works reporting the production of activated carbon from CTLS, including the physical and chemical

activation methods

Carbonization Activation conditions Observations Author
conditions
450 °C and Physical activation of HCI-demineralized Surface areas up to 800 m?/g. No (Y1lmaz et al.
600 °C carbons with CO, at 900 °C for 4-10 h information on chromium content 2007)
and size. Ash content of 16.2%
850 °C Physical activation with Surface areas up to 889 m*/g. Ash (Oliveira
CO, at 850 °C content of 6.9%. Mix of Cr(IIl)/Cr(VI) et al. 2008)
particles
450 °C and Chemical activation with H;PO4 Surface areas up to 821 m%/ g. (Kantarli and
600 °C for2 h and ZnCl, of demineralized CTLS No information about Cr content or size Yanik
2010)
850 °C for 0.5 h Physical activation with CO, for 0.5-2.0 h Surface area of 889 mz/g. Cr(VI) particles (Oliveira
were formed etal. 2011)
Microwave Chemical activation with H4P,04 Surface areas up to 638.5 m*/g. No (Kong et al.
pyrolysis information about Cr speciation or 2013b)
content was provided
Carbonization at  Physical activation with steam at 700, Surface areas of 360493 m*/g with (Kong et al.
450 °Cforl h 750, 800, and 850 °C. Chemical activation with steam activation and 92-494 m2/g 2013a)
H4P,07 heated at 400, 450, and 500 °C for 1 h with H4P,0O5 activation. No information
about Cr speciation or content was provided
Carbonization at Physical activation with a steam flow of 0.1 mL/min Surface area of 4991 m*/g. No information (Louarrat
500 °Cforl h  at 850 °C about Cr speciation or content was provided etal. 2017)

Carbonization at  Physical activation with CO, at 900 °C for 2 h
450 °C

Carbonization at Chemical activation with ZnCl,
400-600 °C

Surface areas up to 800 m?/g. No information ~ (Manera et al.
about Cr speciation or content was provided 2018)

Surface areas up to 439 m?/g with mixed This study
particles of Cr(Il), (III), and (IV) oxides

of nanometric size

attributed to nitrogen compounds are linked with the
formation of several nitrogen-containing groups. Since
the precursor material contains high amounts of organic
nitrogen, it is expected that nitrogen surface groups will
be attached to the material surface after pyrolysis. Typ-
ically, carbons produced at a low temperature result in
the formation of lactams, imides, and amines, with a
slightly acidic nature (Bandosz and Ania 2006).
Surface charge distribution is shown in Fig. 8. The
surface of the water-washed materials was positive, with
a steep decline observed in the charge distribution at
acidic pH values, which is likely due to a dissolution of
ZnCl, particles. The fact that dissolution at acidic values
(lower than pH 5) was observed indicates that the “w-
series” of materials were not stable at such pH condi-
tions. On the contrary, the “h-series” of materials had
surfaces with an acidic pHpzc of lower than 6. This shift
in the surface charge distribution is due to the acidic
groups that become available with the removal of the
ZnCl, particles. The negatively charged surface can also
be linked to either acidic surface groups (probably

oxygen moieties, since they are naturally present on
activated carbons) (Bandosz and Ania 2006) or to the
release of protons from hydrated chromium oxide parti-
cles (bridge O-groups are more acidic than terminal
hydroxyls) (Degenhardt and McQuillan 1999).

3.3 Adsorption Experiments

In order to differentiate between adsorbent materials, an
adsorption screening experiment was carried out utiliz-
ing the same starting concentrations of AB dye (100 mg/
L) for both the “w- and h-series” materials. We are
aware that water-rinsed materials still possess a consid-
erable amount of ZnCl,, which make them unsuitable
for water treatment; however, we wanted to analyze the
contribution of their inorganic content and/or surface
charge on the uptake of dye, which would help to
elucidate the adsorption mechanism. During the adsorp-
tion experiments of the “h-series” materials, no leaching
of zinc or chromium was detected, which corroborates
their stability, at least for our experimental conditions.
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Fig. 7 FT-IR of synthetized samples. The most important vibra-
tion wavenumbers are marked in the figure. Rinsing procedures
are indicated as (w) DI H,O and (h) 1% HCI

The results of the screening adsorption experiments are
depicted in Fig. 9. The best performing materials were
CR3-w (19.12 mg/g) and CR4-w (18.79 mg/g). Since
the common factor of these materials is their surface
charge, one can conclude that for the uptake of this dye,
the development of a positive surface charge was more
important than the development of a porous network.
For the demineralized carbons, the best performance
was measured in CR2-h, which had a capacity that
was about 36% lower (12.11 mg/g) than that of the
aforementioned “w-materials.” The low surface area of
this material indicates the minor contribution of this
factor for dye uptake.

We selected the three best performing adsorbents
from our screening experiment for obtaining adsorption
isotherms at “standard conditions,” which are shown in
Fig. 10. The results of the fittings of all isotherms to the

@ Springer

Table 5 Range of FT-IR vibrations and their possible assignment

Wavenumber range Possible assignment

(em™")
597-599 (Cr-0)
1027-1032 s (=C-0-C) ethers
(C-0O) carboxylic acids, phenols, and
alcohols
1104-1162 (C-O-C) ethers
(C-0O) phenols and alcohols
1200-1264 s (C-0-C) ethers
(C-0) alcohols, carboxylic acid
1364-1376 (Zn-Cl) zinc chloride
(C-0O) phenols and alcohols
(O-N) nitro compounds
1979-1980 s (C=0) esters
1580-1620 (C=C) aromatic ring
1400-1420 (CH,, CHj3) from precursor
2883-2910 (C-CH,, C-CH3;) from precursor
1.6
1.2 1
0.8 A
0.4
0.0
S 0.4 1 N
3 \
e :
é ......... CR 1 _h
104 | CR2-h
0.5 -
0.0
-0.5 -
-1.0 T
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Fig. 8 Surface charge distribution of the synthetized materials,
with sample rinsing protocol “w” (DI H,O) on the top and “h”
(1% HCI) on the bottom
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20

Hw
mh

CR1 CR2 CR3 CR4 CR5
Fig. 9 Results of the screening adsorption experiments of Acid
Black 210, on the synthetized materials. Starting concentration of
dye was 100 mg/L; experiments were maintained at pH 7 and
25°C

Langmuir and Freundlich equations are compiled in
Table 6. In most cases, the best fit was obtained with
the Freundlich equation (based on the R* and ARE
values). Both CR3-w and CR4-w demonstrated similar
adsorption capacities, though the latter was slightly
lower. Their maximum (experimental) adsorption ca-
pacities were 44.4 mg/g and 42.3 mg/g, respectively.
The isotherm of CR2-h was slightly below than that of
the previous materials; however, at the highest concen-
trations, the difference between this material and the
water rinsed was of about 15%.

In an effort to make an objective comparison of the
performance of our materials with those commercially
available, we obtained the adsorption isotherm (Fig. 10)
of a well-known material for water treatment: Filtrasorb®
400 (F400). The F400 out-performed the materials in terms
of adsorption capacity at an arbitrarily chosen equilibrium
concentration of 500 mg/L. of AB dye; the capacity of
F400 was higher than that of CR3-w, CR4-w, and CR2-h
by 87, 76, and 114%, respectively.

It is important to mention that F400 is a material that
has been designed for water treatment and possesses a
surface area several times higher than our materials
(Arcibar-Orozco et al. 2012). If the effective surface
coverage (adsorption capacity per-surface-area unit) is
considered, the materials CR3-w, CR2-h, and CR4-w
have capacities of 8.8, 55.6, and 13 mg dye/m?, respec-
tively, which is considerably larger than that of F400
(0.09 mg dye/m?). Also, when low equilibrium concen-
trations (of about 100 mg/L) are compared, there is not
much of a difference (about 2.5 mg/g) between the
CTLS adsorbents and the commercial carbons.

The effect of temperature was analyzed on CR3-w,
and the respective adsorption isotherms are depicted
in Fig. 11a. Apparently, there is no obvious effect on
the adsorption capacity caused by temperature. It is
well known that a temperature increase can cause a
change in adsorption capacity, depending on the par-
ticular adsorbate-adsorbent system in aqueous solu-
tion. Small molecules that adsorb by means of elec-
trostatic interactions, such as fluoride, decrease their
capacity as the temperature rises due to the increase
in kinetic energy that can make adsorbed molecules
less susceptible to remain adsorbed (Ldpez
Valdivieso et al. 2006). On the other hand, there are
examples of other adsorbates, such as dyes (Pathania
et al. 2017), in which adsorption is an endothermic
process favored at higher temperatures. Of course,
this is not a rule, as temperature effect can also be
linked to other factors such as solubility and material
stability. In our study, it appears that the differences
in the adsorption isotherms in the range of 15-35 °C
can more likely be attributed to the materials’ hetero-
geneity than the temperature effect itself. For this
reason, classical thermodynamic parameters were
not obtained. The lack of a marked effect can be
explained by the low energies that imply the van
der Waals-like electrostatic interactions are not being
affected by temperature. This is not a surprising
finding since the studies of dye adsorption have re-
ported discrete effects of capacity in low temperature
ranges (around 20 °C) (Bao and Zhang 2012;
Ciobanu et al. 2014; He and Hu 2011).
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O ’ [ B
o ® r§Fi0
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. Qads=5.92*Ceq"26 Il CR3-w
B @ CR2-h
® (,05=1.88"Coq 21
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Ceq [mg/L]
Fig. 10 Acid Black 210 adsorption isotherms on the selected
materials. The lines represent the Freundlich model; the equation

for which is shown in the plot. Experiments were carried out at
25°C and pH 7
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Table 6 Parameters of Freundlich and Langmuir models and the results of the fitting parameters

Sample Isotherm model

Langmuir Freundlich

Omax (mg/g)  b(L/mg) R ARE (%)  Kg (mglg) (I/mg)'"  »n R ARE (%)
CR3-w (pH 6) 36.474 0.019 0.918 28.768 5.496 3.346 0.989 11.997
CR3-w (pH 7) 45.035 0.014 0.929 22.096 5919 3.268 0.994 2.632
CR3-w (pH 8) 67.207 0.009 0.922 29.179 5214 2.663 0.981 7.111
CR3-w (pH 10) 811.951 0.000 0.892 148.517 0.001 0.595 0.973 38.503
CR3-w (15 °C) 57.013 0.007 0.938 26.378 3.372 2.434 0.995 5.574
CR3-w (25 °C) 45.035 0.014 0.929 22.096 5919 3.268 0.994 2.632
CR3-w (35 °C) 46.972 0.015 0913 16.573 5.583 3.104 0.939 26.782
CR2-h 49.592 0.006 0.894 37.971 1.880 2.126 0.907 28.328
CR4-w 47.924 0.013 0.967 22.533 4.798 2.860 0.994 6.328
400 150.214 0.002 0.987 15.421 1.422 1.574 0.997 9.738

On the other hand, pH had an evident effect on the
adsorption capacity of CR1-w. The isotherms
(Fig. 11b) demonstrated a higher capacity at a pH of
8 than at 7 and 6. This effect could be attributed to the
greater presence of the dissociated species of the AB
dye at this pH and also to the fact that the surface
remained positively charged up to this pH. This effect
can be better appreciated when adsorption was car-
ried out at a high pH (10) in which the dye and the
material have a negative charge, and surface repul-
sion makes the adsorption unfavorable up to high
concentrations. In this material, no satisfactory ad-
justment to the Langmuir or Freundlich models was
achieved due to its nonfavorable form (see Table 6).

a
50 o« &
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4 Conclusions

In this work, we demonstrated that it is possible to prepare
activated carbons from a residue of the tanning industry,
chrome-tanned leather shavings (CTLS), by using a low
temperature, ZnCl,-activated process. Resultant materials
have chromium contents below 2%, with particles of
different sizes (some of them in the nanoscale range) and
with surface areas ranging between negligible and 439 m*/
g. Utilizing X-ray diffraction, different chromium oxides
were detected. Through a simple water rinsing, it was
possible to detect oxygen chromium particles of oxidation
states (II), (III), and (IV), indicating that during pyrolysis
there is a complex redox process occurring. By using an
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Fig. 11 Adsorption isotherms of CR3-w. a Temperature effect. b pH effect
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acidic treatment, some of these particles, especially those
of Cr(IV), were removed. XPS analysis confirmed the lack
of Cr(VI) species in the acid-treated samples. This study
points out that even though it might not be detected in
demineralized carbons, chromium particles can be pro-
duced during the carbonization stage, which is an impor-
tant factor to consider. At the conditions selected for this
study, no chromium(VI) oxides were detected/formed in
the carbon materials. Changes in the surface area as a result
of the pyrolysis conditions, as well as the presence of both
positive and negative sites due to O/Zn/Cr contents,
allowed for the adsorption of a bulky azo dye, such as
Acid Black 210. The prepared materials displayed a higher
affinity, and about 50% of the adsorption capacity, of a
commercial activated carbon (F400) for AB dye. Temper-
ature had a negligible effect in the range 15-35 °C, which
also demonstrated the stability of the materials under en-
vironmental conditions. Maximum adsorption capacity
was obtained at pH 8, which is a result of the dye speci-
ation and surface charge distribution of the materials at this
pH.

The surface coverage in the CTLS materials was better
than in the F400, indicating a better exploitation of the
surface. Both zinc and chromium contents provided reac-
tive adsorption sites and were factors that induced a surface
charge distribution on the carbons and hence their adsorp-
tion capacity. This work demonstrated that it is possible to
synthesize adsorbent carbon materials with chromium
nanoparticles that are capable of removing a large-sized
dye, such as AB, while repurposing a nonprofitable resi-
due. However, special attention must be put on the syn-
thesis conditions of this type of material in order to prevent
Cr oxidation during pyrolysis.
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