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Research on biochar for removal of dyes has been a hot topic because of its excellent eco-friendly and
economical properties. In this study, leather shavings biochar (LSB) with high adsorption capacity was
prepared and tested with Congo red as a model dye for adsorption. The research results show that the
as-prepared biochar exhibits a porous structure, with a high specific surface area (2365 m? gfl), and it
would be beneficial for removing Congo red from effluents. More interestingly, adsorption capacity of
LSB for Congo red was enhanced by chromium compounds on the surface of biochar through chelation

and electrostatic interactions. Chelation occured between the chromium compounds and amino groups
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Accepted 7th August 2018 of Congo red. Adsorption data for Congo red on the biochar were successfully described by Langmuir

isotherm and the pseudo-second order kinetics model. Langmuir maximum adsorption capacity of LSB

DOI: 10.1039/cBra06370b at 30 °C reached 1916 mg g, which is much higher than that of conventional activated carbon (AC).
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Introduction

Water is crucial for life and human social development. However,
there are large quantities of dye effluents from textile, leather,
paper, rubber, plastic, and dye manufacturing industries.* Toxic
diazo dyes pose a serious risk to the ecosystem and even human
health. Nowadays, Congo red (1-naphthalene sulfonic acid, 3,30-
(4,40-biphenylenebis(azo)) bis(4-amino-)disodium salt, C;,H,,-
NgOeS:Na,, CR) is still a typical anionic diazo dye extensively used
in industries due to its excellent surface adhesion and inexpen-
siveness.” CR, a well-known carcinogen and can be metabolized
to benzidine, causes an allergic reaction.’ Various types of water-
treatment techniques, including adsorption,* coagulation,® pho-
todegradation,® chemical oxidation’ and electrochemical oxida-
tion,® have been reported. Among these techniques, adsorption is
an efficient and convenient way to remove dyes. Many advanced
adsorbents are constantly being developed.*™*

Biochar, a solid carbonaceous product of biomass carbon-
ization with little or no oxygen,* has received much attention
due to its abundant surface pores and functional active sites.
Feedstock for biochar includes vermicompost,'® Korean
cabbage waste,* poplar catkins,” durian rind,*® rice straw,"
bamboo,* palm oil*, rice husks,” and cattle manure.>”> More-
over, achieving specific surface area and high adsorption
capacity is always important in development of an efficient
adsorbent.”® Therefore, we focused on leather shavings,
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Recycling experiment shows that LSB has a potential market for removing Congo red.

containing Cr,0; disposed from tanning industries, as adsor-
bents. First, leather shavings are waste matter, whose handling
is challenging for the manufacturers. The usage of this waste
may contribute to disposal management of disposal, which is in
agreement with the “3R” principles, “reduce, reuse and recycle”.
Second, metallic compounds show excellent adsorption
capacity for CR, such as MgO/SiO,,** Al,0;,*® CaCO3,** and ZnO-
modified compounds.’ Moreover, -NH, groups is typically
present as a functional group in adsorbents for the adsorption
of heavy metals.>*?® This indicates that we can effectively the
chromic oxide content in the leather shavings for the adsorp-
tion of CR, which has -NH, groups. Lastly, cost of metallic
compounds usually limits their use as adsorbents, while leather
shavings are cheap and abundant disposals.

Therefore, in this study, chromium-containing biochar from
leather shavings was fabricated. This leather shavings biochar
(LSB) exhibited superb adsorption capacity for removing CR
from aqueous solution. Adsorption process of LSB well-fitted
with the Langmuir isotherm and the pseudo-second order
kinetics model. Results of X-ray photoelectron spectroscopy
(XPS), Fourier transform infrared (FT-IR) spectroscopy, and the
comparison of adsorption of Congo red and Methyl orange
indicated that the reaction between chromium and CR plays an
important role in the adsorption process. Thus, LSB would be
a promising candidate for practical applications.

Experimental
Materials

CR (analytical reagent) used in this study was purchased from
Tianjin Fu Chen Chemical Reagent Factory, China.

RSC Adv., 2018, 8, 29781-29788 | 29781


http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra06370b&domain=pdf&date_stamp=2018-08-22
http://orcid.org/0000-0002-6016-8687
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra06370b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008052

Open Access Article. Published on 22 August 2018. Downloaded on 1/20/2026 1:51:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Hydrochloric acid (HCl, 35.0-37.0%), potassium hydroxide
(KOH, 98.0%) and sodium hydroxide (NaOH, 98.0%) were
purchased from Beijing Chemical works, China. Activated
carbon (AC) used in this study was purchased from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China).

Biochar preparation

Leather shavings obtained from the industry were oven-dried at
60 °C, and then crushed and pretreated in air to eliminate
impurities from the leather and introduce oxygen. The obtained
fragments were first pre-carbonized at a specific temperature for
1 h using a tube furnace (ZSK 1200, Beijing, China). After pre-
carbonization, the obtained products were mixed with KOH at
weight ratio 1 : 1, followed by carbonization process at different
temperatures (750 °C and 900 °C) under nitrogen condition.
Heating rate was adjusted to 10 °C min~* and temperature was
maintained at the peak for 1 h for complete carbonization.
Finally, the leather shavings biochar was washed with boiled
deionized water seven times to remove the activator and then
dried in an oven. The biochar samples obtained according to the
carbonization temperatures were labeled as LSB750 and LSB900.

Sample characterization

Surface morphologies of the adsorbents were characterized by
scanning electron microscopy (SEM) using HITACHI S-4800.
Energy dispersive spectroscopy (EDS) results were obtained
using a scanning electron microscope (FEI Quanta650). N,
adsorption-desorption isotherms were obtained on a Micro-
meritics ASAP 2020 instrument. Specific surface area and pore
size distribution were calculated by Brunauer-Emmett-Teller
(BET) and Non-Local Density Functional Theory (NLDFT)
methods, respectively. X-ray diffraction (XRD) patterns were
recorded using a D/max 2500 V X-ray diffractometer. Elemental
compositions and binding energies of the adsorbents were
determined using X-ray photoelectron spectroscopy (XPS,
Thermo Fisher Scientific USA ESCALAB-250) and XPS Peak
program (for spectra evaluation). Fourier transform infrared (FT-

IR) spectroscopy was performed in the range of 400-4000 cm ™.

Adsorption experiments

Batch experiments were carried out with the LSBs (LSB750 and
LSB900) and AC. Specific dye concentrations of CR were prepared
and ~10 mg adsorbent was weighed. Then, both were added into
a 25 mL vial with a stopper. First, the influence of aqueous pH
ranging from 6 to 10 was investigated. Adsorption isotherms were
obtained, for the batch experiments using a thermostatic shaker
at the initial pH. Influence of temperature was evaluated by
adjusting the temperature at three different values: 30 °C, 40 °C
and 50 °C. Once equilibrium was established, suspensions were
centrifuged for 3 minutes at 10 000 rpm, and the supernatant was
used to analyze dye concentration.

Adsorption isotherm models

In order to determine the CR adsorption ability of the adsor-
bents during the adsorption process, two well-known
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parameter-based equilibrium isotherm models, the Langmuir
and Freundlich models, were applied.

Equilibrium adsorption capacity of the adsorbents for CR
was calculated by eqn (1):

ge =V x (Cy— C)lm (1)

where g. (mg g~ ') is the amount of adsorbate adsorbed at
equilibrium, C, (mg L") and C. (mg L") are CR concentrations
of the initial and equilibrium aqueous phases, respectively, V(L)
is the volume of solution, and m (g) is the mass of adsorbent. C.
(mg L") was determined using a UV-vis spectrometer (TU-1810,
Beijing, China) at 497 nm for CR.

Langmuir isotherm, describing the adsorption on planar
surfaces as well as monolayer adsorption, is given by eqn (2):

Celge = Celgm + 1(krLgm) (2)

where g, (mg ¢~ ") is the maximum amount of CR adsorbed,

and k;, (L mg™") is the sorption equilibrium constant.
Freundlich model, describing the adsorption on heteroge-

neous surfaces and multilayer adsorption, is expressed by eqn (3):

log ¢. = log kg + 1/nlog C, (3)

where kp (mg g~ ") is the relative adsorption capacity, and 7 is
a parameter related to linearity.

Adsorption kinetic models

To evaluate the rate controlling mechanism of CR adsorption
onto the adsorbents, two kinetic models were applied. Lagerg-
ren pseudo-first order kinetics model is given by eqn (4):

log(¢e — ¢)) = log ge — k11/2.303 4)

The Lagergren pseudo-second order kinetics model is
described by eqn (5):

tlg, = 1lkage> + tlge (5)

where ¢, (mg g~ ') represents amount of adsorbate adsorbed at
a predetermined time, ¢ (min), k; (min~") is the pseudo-first
order rate constant, and k, (g mg ' min ") is the pseudo-
second order rate constant.

The effect of intraparticle diffusion resistance on adsorption
can be evaluated by the eqn (6):

q = kigt"* + 1 (6)

where kiq (mg g~ min®?) is the rate constant of intraparticle
diffusion. Values of I provide the information regarding the

thickness of boundary layer.

Results and discussion
Morphologies of LSBs

Scanning electron microscopy (SEM) was used to reveal the
structures of LSBs. As shown in Fig. 1a, surface of AC is intact

This journal is © The Royal Society of Chemistry 2018
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Fig.1 (a, c and e) SEMimages and (b, d and f) TEM images of (a and b)
AC, (c and d) LSB750 and (e and f) LSB90O0.

and smooth, while LSB750 (Fig. 1c) and LSB900 (Fig. 1e) show
a rough porous surfaces. The porous structure of LSB suggested
a larger surface area than that of AC for dye interaction.> EDS
mapping (Fig. S1T) demonstrates that the elements in LSBs are
mainly C, Cr and O. The elemental mapping demonstrates the
homogeneous distribution of chromium on the surface of bio-
char, with crystalline structures, which is consistent with the
transmission electron microscopy (TEM) results for LSB750
(Fig. 1d) and LSB900 (Fig. 1f). Pore density of LSB slightly
increased upon increasing the carbonization temperature from
750 °C to 900 °C; however, both surfaces were neatly arranged
and interconnected. These large-scale pores were conducive to
mass diffusion.” This indicated that the transfer of Congo red
into porous adsorbents might occur.

Structure of LSBs

Specific surface area and porosity of LSBs and AC were studied
by nitrogen adsorption-desorption measurements (Fig. 2a and
S2at). According to the IUPAC classification,* isotherms of the
materials conform to the typical type I isotherm, which is
inclined to the Y axis at the low-pressure region, indicating
a microporous or micro-approximately mesoporous structures.
The fast-growing nitrogen adsorption curves indicated molec-
ular monolayer adsorption or microporous multilayer adsorp-
tion. After P/P, > 0.4, a hysteresis loop was observed for LSB900,
where capillary condensation and inhomogeneous adsorption

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) N, adsorption/desorption isotherms, (b) pore size distribu-
tions (PSD), (c) XRD measurements, and (d) XPS spectra of LSB.

had occurred, indicating the existence of mesopores.** Based on
Table 1, BET surface areas followed the trend of AC < LSB750 <
LSB900, while the specific surface area of LSB900 was high (up
to 2365.00 m*> g~ '). Additionally, when LSB900 and AC have
approximately the same micropore surface area, micropore
volume, and average pore diameter, the only difference between
them is in the external surface area, which suggests that mes-
opores are more conducive to adsorption of CR. Pore size
distribution (PSD) analysis (Fig. 2b) reveals that the LSBs have
a micro-/mesoporous structure. The micropores and small
mesopores are generated from KOH activation.’* PSD analysis
of AC is shown in Fig. S2b.t As shown in Fig. 2c, X-ray diffrac-
tion (XRD) results indicated that the surface of LSB contains
chromium crystals. The valence state of chromium in the bio-
char should be trivalent because carbon in biochar is a reducing
agent. X-ray photoelectron spectroscopy (XPS) confirms that the
elements on the LSB surface are C, O, Cr, and N. Hence, biochar
is beneficial to the adsorption for CR due to its rich active sites.

Adsorption for CR

Effect of pH on adsorption capacity. As shown in Fig. 3a,
changes in g¢,, at different pH are not significant for AC.
However, the pH of the CR solution had an influence on CR
adsorption of biochar. Adsorption of CR by LSB900 increased
from pH 6.0 to 8.0 and then declined slightly from pH 8.0 to
10.0. The adsorption capacity of LSB750 reached a peak value at
pH 7.0 with a similar trend as LSB900, except for the slight
difference at pH 8.0. As the dye solution is neutralized by
positive ions, a significant difference between adsorption abil-
ities of LSB750 and LSB900is observed. The adsorption capacity
for CR of LSB900 is higher than that of LSB750, and both are
higher than that of AC. The adsorption capacity for CR of AC in
this experiment is higher than the calculated g,, because the
initial solution concentration was kept much higher than g, to
show diffusion mechanism. However, in approximately neutral
pH, weight loss of chromium in the biochar reached

RSC Adv., 2018, 8, 29781-29788 | 29783
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Table 1 Results of nitrogen adsorption—desorption analysis for the adsorbents

Adsorbents SBETa (mz gil) Smicrob (mz gfl) Vmicroc (Cm3 gil) DPd (nm)
AC 1221.67 714.48 0.37 2.24
LSB750 1974.12 1023.87 0.51 2.04
LSB900 2365.00 823.27 0.34 2.28

“ Sger: specific surface area. b S icror micropore surface area. ¢ Vijcro: micropore volume. d Dy,: average pore diameter.

a b
( )2000 ( )2400
1500 1800f  +Z=
~ R . ~ 4//"
7 \ " / -
o0 L ]
E 1000 51200 //. ° . AC
= —s—AC = / o LSB750
s00l ——LSB750( 600} / LSB900
LSB900 4 —— Langmuir
0 0 - — ;Freundlich)
6 7 8 9 10 0 400 800 1200
H (mg L
(C) 20 P (d) Ce(mg L")
100} ) oot
/(,a———r—.—‘
e = AC >
~ 80 7= o LSB750 ~ 750 é = AC
e LSB300 oo Y o LSB750
%ﬂ .41 — — Pseudo-first order Eﬂ 50 4 LSB900
; 40_" Pseudo-secm:d order ;‘3
,‘V/h_/—_! 257 /
0 . . R R 0 R R . . .
0 6 12 18 24 0 1 2 3 4 5
Time(h) t*(h"?)
Fig. 3 (a) Effect of aqueous pH; plot of (b) Langmuir and Freundlich

isotherm models, (c) pseudo-first order and pseudo-second order
kinetics, and (d) intraparticle diffusion kinetics for adsorption capacity
of the adsorbents towards CR.

a minimum value (0.008 mg~ " L), which is below the maximum
allowable emission standard of total chromium (2 or 5 mg L™ )
in surface water.”***** As pH of CR solution is at ~7.0,* the
following experiment was performed without adjusting the pH
of aqueous solution.

Adsorption isotherms

Two adsorption models of Langmuir and Freundlich were
employed to evaluate the adsorption isotherms of the adsor-
bents for CR adsorption. The related parameters were calcu-
lated by regression analyses, as shown in Table 2, and the plot of
g versus C. for the adsorption of CR onto adsorbents at 30 °C is
shown in Fig. 3b. Maximum adsorption capacity of LSBs for CR
increases with the increase in carbonization temperature, and
the adsorption capacity of the LSB is much higher than that of

AC. The g, values of the state-of-the-art adsorbents are listed in
Table 3, showing that the LSBs have comparative high adsorp-
tion capacities for CR. The g, values for LSB750 and LSB900 are
~18 (1594.79 mg g ') and ~22 times (1916.56 mg g ') higher
than that for AC (85.32 mg g~ ), respectively. By comparing their
correlation coefficient (R*) values (Table 2), it is more reason-
able to describe these adsorption isotherms by the Langmuir
isotherm model. The Langmuir isotherm model demonstrates
that the removal of CR on LSB is more likely monolayer
adsorption. According to BET results of these carbon materials,
the increase in surface area from AC to LSB750 is much higher
than that from LSB750 to LSB900. The changes in adsorption
capacity follow a similar trend, which suggests that chemi-
sorption would be the main driving force for the removal of CR.

Therefore, the adsorption of CR onto the LSB might be due to
(1) active sites formed during the carbonization process, (2)
high specific surface area from the porous structure of LSB, and
(3) chemical bonding between chromium compounds and CR.

Adsorption kinetics

Fig. 3c and Table 4 present plots and parameters of the pseudo-
first order and pseudo-second order kinetics of CR adsorption.
Higher R value of pseudo-second order model for LSB indicates
the existence of chemisorption in the adsorption process.** On
the contrary, the adsorption ability of AC effectively fits pseudo-
first order model. The adsorption equilibrium time of LSBs is
about 24 h, which is shorter than that of AC.

Intraparticle diffusion model was also investigated to iden-
tify the diffusion mechanism and rate controlling process.'” As
shown in Fig. 3d and Table 5, the plots of g, versus ¢* for all
adsorbents were not linear over the entire time range, and can
be separated into two linear regions. This indicates that two
functional modes exist in the adsorption of CR on LSB.*” The
first linear plot might be because of external surface adsorption,
in which CR diffuses through the aqueous phase to the external
surface of adsorbent, and the adsorption rate is high. UV-visible
absorption spectra recorded after 4 h adsorption time of the
absorbents for CR (200 ppm), as shown in the Fig. S3a,} reveals

Table 2 Langmuir and Freundlich model parameters for adsorption of CR by adsorbents

Langmuir isotherm

Freundlich isotherm

Adsorbents gm (mg g™ k, (L mg™) R? kr (mg g™) n R

AC 85.32 0.026 0.9831 14.19 3.18 0.8387
LSB750 1594.79 0.048 0.9870 309.63 4.61 0.8878
LSB900 1916.56 0.050 0.9963 541.13 4.49 0.9031
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Table 3 Congo red adsorption capacities on various adsorbents
Adsorbents Adsorption capacity (mg g~ ") Reference
Hierarchical porous ZnO-Al,O; microspheres 397 40
Mesoporous ZrO, fiber 103.46 41
Hierarchical flower-like nickel(r) oxide microspheres 534.8 42
Hierarchical bristle-grass-like NH,Al(OH),CO;@Ni(OH), 426 43
Porous Fe(OH);@cellulose hybrid fibers 689.65 13
CaCO; microspheres (MSs) 99.6 23
Gold-magnetic nanocomposite loaded on activated 43.88 44
carbon
Magnetic mesoporous carbon 445.294 45
Activated carbon electropositive amine 319.39 46
Carbon-containing bone hydroxyapatite 329.0 47
Bamboo hydrochars 33.7 20
Spindle-like boehmites 427.4 48
Korean cabbage 1304 4
LSB900 1916 This work
LSB750 1594 This work
Table 4 Parameters of kinetic models for the adsorption of 100 mg L~ Congo red on adsorbents

Pseudo-first-order Pseudo-second-order
Adsorbents k; (min™") ge (mg g™ R’ k, (g mg~" min™?) g. (mgg™) R?
AC 0.10 40.59 0.9311 3.92 x 10° 7.80 0.9102
LSB750 0.19 46.11 0.9865 9.80 x 10° 104.17 0.9990
LSB900 0.22 42.73 0.9013 11.30 x 10° 121.65 0.9996

that LSB has fast adsorption rate and easily decreases the
aqueous CR concentration. Furthermore, SEM images of the
adsorbents after adsorption (Fig. S3b-df) showed rough
surfaces, suggesting the adsorption of CR on the external
surface in low concentrations. The second linear region refers to
the gradual adsorption stage, in which the intraparticle diffu-
sion starts to slow down and plateau because intraparticle
diffusion is limited by the maximum system adsorption
capacity.’** Two processes of adsorption and different linear
plots indicate that the speed of CR uptake is related to the
specific surface area of the adsorbent.*® However, the two plot
regions for adsorption of AC are similar, which indicates that
AC might have only one mode of CR adsorption.

Adsorption thermodynamics

Temperature is an important factor for adsorption. As temper-
ature increases, the rate of diffusion of adsorbate molecules
across the external boundary layer and internal pores of the
adsorbent particles increases.” Thermodynamic parameters

Table 5 Kinetic constants of intraparticle diffusion model for the
adsorption of Congo red on adsorbents

(Table 6), including adsorption free energy (AG), adsorption
enthalpy (AH) and adsorption entropy (AS) are calculated by the
following eqn (7) and (8):

AG = —RTIn ko (7)
In ko = —AH/RT + AS/R (8)

where k, is the adsorption equilibrium constant, which is the ratio
of the equilibrium concentration of the dye ions on adsorbents to
the equilibrium concentration of the dye ions in solution. R (8.314
J mol™' K™') is universal gas constant and T (K) is temperature.
Plot of In k, versus 1/T should give a linear line, where values of AH
(k] mol™ ") and AS (J mol ' K ') can be calculated from the slope
and intercept of van't Hoff plots, respectively.

Negative values of AG indicate that adsorption of CR on the
adsorbents is spontaneous, while positive AH values indicate the
endothermic nature of the adsorption.”* This further confirms
that the adsorption of CR on the LSBs was not only a physical

Table 6 Thermodynamic parameters for the adsorption of CR on
adsorbents at different temperatures

—AG (k] mol ™)

AH AS
Adsorbents ki L R? kin I, R? Adsorbents 303K 313K 323K (kfmol™') (Jmol 'k
AC 7.94 1.82  0.8888  9.93  —4.37  0.9409 AC 1.16 1.92 2.67 21.74 75.57
LSB750 19.29  40.29  0.9707  5.76 73.11  0.9200 LSB750 3.72 4.55 5.40 21.74 84.02
LSB900 27.22 2861  0.9617  2.82 86.63  0.7993  LSB900 4.33 4.78 5.23 9.26 44.84

This journal is © The Royal Society of Chemistry 2018
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adsorption process, but also a chemical adsorption process.*
Positive AS values indicate the increased randomness at the
adsorbent/solution interface during adsorption for Congo red.

Possible adsorption mechanisms

FT-IR spectra of biochar, biochar-CR and CR (Fig. 4a and b) were
analysed to identify the prevailing chemical bond transformations
between CR and surface of the adsorbents. Biochar-CR was treated
with ethanol prior to analysis. As shown in Fig. 4a, peaks of
biochar-CR at 2908, 1223, 1056 and 800-500 cm ™' reveal a reduced
intensity of adsorption compared to that of biochar.” This result
conforms to the study reported by Yang et al,'® which clearly
indicates the existence of chemical adsorption in this adsorption
process. In addition, the peaks at 3432 cm ' (Fig. 4a) and
3467 cm™ ! (Fig. 4b) indicate stretching vibration of O-H of biochar
before adsorption and N-H of CR, respectively.*»** The peak of
biochar-CR was broadened, which indicated that hydrogen bonds
form between the O-H groups of biochar and the -NH, groups of
CR.” In other words, CR adsorption on LSB occurs via chemical

(a) (b)
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Fig. 4 FT-IR spectra of (a) adsorbents and adsorbents-CR, (b) Congo
red; XPS spectra of Cr2p from (c) LSB750 and LSB750-CR, (d) LSB900O
and LSB750-CR; (e) total XPS spectra of S2p of LSB; and (f) five time
recycling of the adsorbents for CR.

Table 7 Elemental compositions of adsorbents and adsorbents-CR

Sample (wt%) Cis N1s O1ls Cr2p S2p
LSB750 74.504 1.557 19.382 4.556 —
LSB750-CR 70.082 5.273 18.343 4.838 1.465
LSB900 75.738 2.667 14.156 7.439 —
LSB900-CR 70.220 5.242 15.409 7.451 1.678
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adsorption. XPS measurements were also performed on biochar-
CR (Fig. 4c and d). Based on Table 7, C contents of biochar
increased, while O contents decreased, with the increase in
carbonization temperature. This result indicated that dehydration
and decarboxylation possibly occurred with the increase in
carbonization temperature during the carbonization process.” Cr
contents are 4.556 and 7.439 wt% for LSB750 and LSB900,
respectively. The increase in Cr contents of biochar shows that
chromium compound residue increased with the increase in
carbonization temperature from 750 °C to 900 °C. Moreovetr, after
adsorption, Cr contents do not change significantly, which shows
the stability of biochar in aqueous medium.

Due to -N=N- and -SO;  groups of CR (Scheme 1), the
increase in N and S contents of LSB after adsorption illustrates
the effective removal of CR. Taking the Cr2p;, curve as an
example for LSB750 and LSB900 (Fig. 4c and d, respectively), the
peak observed at around 576.6 eV corresponds to the charac-
teristic binding energy of Cr** species.***° After adsorption, this
peak shifted in Cr2p spectra, and binding energy peaks of both
LSB750 (Fig. 4c) and LSB900 (Fig. 4d) decreased by 0.44-0.6 eV,
although the error in XPS measurements is about 0.2 eV.>” That
indicates that the formation of new bonds occurred. Consid-
ering the introduction of CR, the most possible new bond can
be Cr-N, whose corresponding peak is located at around 574.8
or 575.8 eV.*® This conforms to the decrease in binding energy
of LSB before and after adsorption due to a chemical reaction
between Cr and CR. This result clearly conforms to a new peak
at around 166.8 eV, assigned to S2p after adsorption (Fig. 4e).*?

Furthermore, we found that the adsorption capacity of LSB
for Methyl orange (MO, Scheme 2 and Fig. S4t), which also has
-N=N-and -SO;" groups, is lower than that for CR. However,
AC has higher adsorption capacity for MO (Table 8) than for CR.
Comparison of adsorption capacities of LSBs and AC along with
structures of CR and MO show that -NH, groups of CR might be
a significant factor towards improvement of the CR adsorption
capacity of biochar. This again shows the possibility of a reac-
tion between chromium of biochar and -NH, groups of CR.

After adsorption, we calcined the adsorbents at 350 °C for 3 h to
remove CR. As shown in Fig. 4f, after five times recycling, the
adsorption capacity of LSBs decreased but is still higher than that
of AC, which changes only slightly. This also proves that the
interaction between chromium and -NH, groups on CR is chela-
tion,” which cannot be broken by calcination at low temperatures.

NH,

Scheme 1 Molecular structure of Congo red.
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Table 8 Langmuir parameters for adsorption of MO by adsorbents

Langmuir isotherm

Adsorbents gm (mg g™ k, (Lmg ™) R*

AC 420.17 —0.0178 0.9946
LSB750 729.93 0.0227 0.9953
LSB900 847.46 0.0291 0.9995

Overall, based on results described above, a possible
adsorption mechanism of CR on LSB was deduced. When CR
molecules come in contact with the adsorbent surface, the high
specific surface area of biochar provides rich active sites. Elec-
trostatic interactions occurred between biochar and -NH,
groups of CR molecules. Moreover, the chelation between
chromium compounds and -NH, groups of CR molecules also
manifested a significant impact on adsorption capacity for CR.

Conclusions

In summary, leather shavings biochar (LSB) derived from
leather shavings has a high adsorption capacity for CR. LSB
exhibited a porous structure with a large specific surface area. A
high CR adsorption capacity of 1916 mg g ' was achieved at
neutral pH conditions at 30 °C. Through adsorption kinetics
and mechanism investigations, it was revealed that biochar
essentially immobilized the dye via chelation between the
chromium compounds and -NH, of CR and electrostatic
interactions. Therefore, the nature of the removal of CR is
a combination of physical and chemical adsorption. This bio-
char proved to be a simple, highly efficient, inexpensive and
environmentally-friendly material, which has potential for
versatile applications.
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