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A B S T R A C T

Removal of Cr(VI) from aqueous solution by biochar obtained from landscaping waste of camphor branch was
investigated in order to find new material in producing carbon-based sorbent. Cr(VI) removal efficiency experi-
ments revealed that the optimum pyrolysis temperature of camphor branch was 350 �C (CBB350) and an initial
solution pH at 2.0 was favorable for Cr(VI) removal. The characteristics and mechanism of CBB350 on Cr(VI)
removal were studied via Brunauer - Emmett - Teller nitrogen adsorption method, the scanning electron micro-
scope equipped with energy dispersive X-ray spectroscopy, Fourier transform infrared spectroscopy, X-ray
photoelectron spectrometer and kinetic analysis. The results suggested that Elovich equation was best fitted the
complex reaction process with fitting correlation coefficient above 0.94, which prompted that the chemical re-
action was the control step, the concentration of Cr(VI) decreased sharply at the beginning of the reaction and the
removal rate was accelerated in high temperature. The removal mechanism was supposed that the vast bulk of
Cr(VI) was reduced to Cr (III) through electrostatic interaction or form new stable inorganic ions and hexa-
coordinate complexes chemically adsorbed on the surface of camphor branch biochar, a fraction of Cr(VI) was
reduced to Cr (III) species retained or discharged in the solution and the rest Cr(VI) was directly adsorbed on the
adsorbent.
1. Introduction

Heavy metal pollution, a threat to our food safety and human health,
which has increased being a global environmental problem, are mainly
derived from human activities such as smelting, mining and electronic
manufacturing [1]. Hexavalent chromium [Cr (VI)], which has strong ac-
tivity, can infiltrate into groundwater, surface water and soil, then gather
in plant roots and accumulate in the food chain to the human body, is one
of the main sources of water pollution [2]. The National Institute for
Occupational Safety and Health (NIOSH, United States) considers all
hexavalent chromium compounds to be occupational carcinogens [3]. The
treatment methods [4, 5, 6, 7] are reported to use on Cr (VI) removal
including ion exchange, chemical precipitation, activated carbon adsorp-
tion andmembrane separation. Among all these methods, activated carbon
adsorption method is widely used due to its simple applying process, high
efficiency and economic feasibility [6]. Biochar, a carbon-based adsorbent
similar as activated carbon, has notable advantages to replace activated
carbon on Cr (VI) removal [8, 9]. The raw materials such as wheat straw,
corn straw, maize straw, coconut shell, ramie residue, beet tail residue,
pineapple peel residue and sweet lime peel were found highly effective to
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remove Cr(VI) from aqueous solution [2, 10, 11, 12, 13, 14, 15, 16, 17, 18],
while high effective and low-cost local materials has been developed
rapidly nowadays. Camphor tree (Cinnamomum camphora (L.) Presl.), an
evergreen tree native to southeast Asia, was widely planted throughout
tropical and subtropical regions worldwide as an excellent urban greening
tree, street tree and court shade tree. Abundant landscaping waste of
camphor tree, which is mainly used in the low-value products resulting in
secondary pollution to the environment [19], could be applied in high
value field. Xue et.al. [20] reported that camphor tree waste biochar was
effective on hexavalent uranium [U(VI)] removal from waste water. Shang
et.al. [21,22] found that camphor waste biochar was a promising H2S
adsorbent with distinctive properties. Hu et.al. [23] reported that camphor
leaves biochar performed high ciprofloxacin adsorption capacity, the
adsorption mechanism was supposed to physical adsorption and chemi-
sorption involving intense π-π stacking interaction, electrostatic interaction
and cation exchange interaction.

The aims of the present studywere tofind out the possibility of camphor
tree branch biochar as an adsorbent on Cr(VI) removal from aqueous so-
lution, batch sorption experiments onpyrolysis temperature, initial solution
pH and contact time and temperature were conducted. Meanwhile, the
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Figure 1. Effect of pyrolysis temperatures on Cr(VI) removal at pH 2 and re-
action temperature 65 �C for 20 h.
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characteristics of camphor branch biochar before and after Cr(VI) removal
were observed by Brunauer - Emmett - Teller (BET) nitrogen adsorption
method and the scanning electronmicroscope (SEM) equippedwith energy
dispersive X-ray spectroscopy (EDS). The removal mechanism was secured
using Fourier transform infrared spectroscopy (FTIR) and X-ray photo-
electron spectrometer (XPS) analysis and the kinetics models.

2. Materials and methods

2.1. Sample preparation

Landscaping waste of camphor tree (Cinnamomum camphora (L.)
Presl.) was obtained from a landscape of Shanghai, China. The received
camphor branch was cut into small pieces, washed with deionized water
and naturally dried first then put into the oven at 60 �C for 24 h in case
any rest moisture remained. The dried pieces were pyrolyzed in a muffle
furnace under a limited - oxygen atmosphere at 300, 350, 400, 450 and
500 �C for 2 h with the heating rate of 5 �C/min. After natural cooling,
the carbonized sample was ball milled and sieved through a 100-mesh
sieve. The obtained camphor branch biochar (named as CBB) was
stored in a gas-tight plastic container for further use.

2.2. Cr (VI) removal experiment

The analytical reagent grade K2Cr2O7 (>99%) was dissolved in
deionized water for preparing 1000 mg/L hexavalent chromium as stock
solution, which was used to prepare 50 mg/L Cr(VI) solution for exper-
iments. Sodium hydroxide and hydrochloric acid solutions were used for
pH adjustment. The concentration of Cl� was about 0.01 mol/L in the
solution, which is much lower than the competitive interaction concen-
tration between Cr2O7

2-/CrO4
2- and Cl� [24, 25].

The prepared sample (0.1 g) was weighed and put into a plastic bottle,
25mL of initial 50 mg/L Cr(VI) solution at pH 2.0 was added as well.
Then the sealed bottle was kept into a mechanical shaker at the shaking
temperature of expected 45, 55, 65 �C separately. After shaking, aliquots
of solution samples were taken out at proper time intervals (0.5, 1, 1.5, 2,
2.5, 3, 3.5, 4, 4.5, 5, 20 h), and the solution from each adsorption
experiment was filtered through 0.45 μm syringe filter (Pall Corporation,
United States), the leaching solution and the solid were collected sepa-
rately for further Cr(VI) concentration analysis.

The yield rate and removal efficiency of camphor branch biochar for
Cr(VI) were calculated as follows:

Biochar yield rate (%) ¼ MT�100/M0

R(%) ¼ (C0 – Ct)�100/C0

where MT (g) was the mass of biochar pyrolyzed at the temperature T; Mo
(g) was the total mass of biomass; R (%) was the removal efficiency; Co
was the initial Cr(VI) concentration; Ct was the Cr(VI) concentration at
the time t.

2.3. Chromium analysis

The concentration of Cr(VI) was analyzed by measuring the absor-
bance of the purple complex of hexavalent chromium with 1,5-diphenyl-
carbohydrazide at 540 nm using a UV spectrophotometer (INCEE, MC-
105H, China). The detection limit of this method was 0.01 mg/L. The
total concentration of Cr was determined by inductively coupled plasma
mass spectrometry (ICP-MS, PerkinElmer nexion, USA). The concentra-
tion of Cr (III) in aqueous solution was calculated by mass balance be-
tween the total Cr and Cr(VI) concentration.

2.4. Biochar characterization

QuadraSorb (Quantachrome Instruments, USA) with the Bru-
nauer–Emmett–Teller (BET) nitrogen adsorption method at 77.3 K was
2

used to test surface area, total pore volume and average pore diameter of
camphor branch biochar before and after reaction with Cr(VI). The scan-
ning electron microscope (SEM, Hitachi S-4800, Japan), equipped with
energy dispersive X-ray spectroscopy (EDS) was used to observe the sur-
facemorphology of camphor branch biochar before and after reaction with
Cr(VI). Fourier transform infrared spectroscopy (FTIR, Nicolet iS5, Thermo
Electron Corporation, USA) was used to analyze the surface functional
groups of camphor branch biochar before and after reaction. The Thermo
ESCALAB 250XI X-ray photoelectron spectrometer (XPS) was applied for
analyzing the surface binding and elemental speciation, and the high-
resolution spectra of Cr 2p was collected. Thermo Avantage XPS soft-
ware was used to analyze the surface chemical for Cr 2p narrow scan.

3. Results and discussion

3.1. Effect of biochar pyrolysis temperature

The yield rate of camphor branch biochar decreased sharply from
71.5 to 32.4 wt. % when increasing pyrolysis temperature from 300 to
500 �C, which was similar with other researchers observed [16, 26] and
the probable reason was that molecular bond breaking, alienation and
small molecule polymerization, the proportion of nitrogen and hydrogen
decreased from dehydration reaction and thermal degradation of vola-
tiles in low molecular weight liquids and gases, and then the carbon
tended to aromatize with the increasing pyrolysis temperature.

The influence of pyrolysis temperature on Cr(VI) removal was
compared in the solution of initial Cr(VI) concentration 50 mg/L at pH
2.0 and reaction temperature 65 �C for 20 h. As shown in Figure 1, the
efficiency of camphor branch biochar pyrolyzed at 300 �Cwas lower than
350 �C, that probably because the high degree of lignification of camphor
branch requiring high pyrolysis temperature to carbonize so as to form
certain pores to be used for Cr(VI) adsorption. Meanwhile, when the
camphor branch biochar pyrolyzed at 500 �C, the removal efficiency was
low, with the probably reason that biochar surfaces became less polar,
fewer polar functional groups existed on the surface of the biochar [9]
and more aromatic with the loss of O� and H� containing functional
groups [27], such as H/C, O/C and (O þ N)/C [13]. Thus, the biochar
pyrolyzed at 350 �C which demonstrated 100% Cr(VI) removal efficiency
and higher capacity was used for further experiments and characteriza-
tion, and the samples before and after Cr(VI) removal were named as
CBB350 and CBB350–Cr separately.

3.2. Effect of initial solution pH

The influence of initial solution pH varied from 1.0 to 7.0 was
demonstrated in this study because the point of zero charge of camphor



Figure 3. Effect of reaction temperature at pH 2.0 on Cr(VI) removal by
CBB350 biochar.

Y. Xiao et al. Heliyon 8 (2022) e10328
branch biochar dramatically affected the Cr(VI) adsorption [28] and
Cr(VI) tended to reduce to Cr (III) at acidic solution [13]. As shown in
Figure 2, the initial pH of the aqueous solution was extremely important
for Cr(VI) removal by CBB350 and the removal efficiency was highly
depended on pH changes. Removal efficiency was much low while the
initial pH ranged from 3.0 to 7.0 and increased quickly at pH of 1.0 and
2.0 at the reaction temperature of 65 �C for 20 h. This result was
consistent with other studies presented [29, 30], with the probable
reason that the surface functional groups of the carbon-based materials
were more protonated at lower pH value, and led to the strong electro-
static attraction on free chromate ions. Meanwhile, ion OH� could pre-
vent the transformation of chromium ions adsorbing and reacting with
functional groups on the surface of the biochar [11, 13]. Additionally, at
acidic pH, the hexavalent chromium species as Cr2O7

2-, HCrO4
- and

H2CrO4 were converted into Cr3þ by obtaining electrons from the sorbent
and appreciably deprotonated to form chemical bonds on the surface of
camphor branch biochar [16, 24, 31]. The Cr(VI) was removed
completely at pH 2.0 at the reaction temperature of 65 �C for 20 h as
shown in Figure 2. Hence, pH 2.0 was taken as the optimal value for
further Cr(VI) removal experiments.

3.3. Effect of reaction temperature and kinetic analysis

Since the effect of reaction temperature on Cr(VI) removal efficiency
and adsorption properties of the bio-sorbent was limited and not signif-
icantly different from 25 to 45 �C [29], which was also confirmed in our
tests for the comparison of 30 and 45 �C, thus higher temperature of 55
and 65 �C were conducted at pH 2.0 in this study in order to secure the
reaction temperature influences on Cr(VI) removal by CBB350. Figure 3
indicated that the higher reaction temperature would speed up the Cr(VI)
removal process from 45 to 65 �C, and the removal efficiency came to
60% at 65 �C for 3 h, and achieved 100% for 20 h. At 55 �C, the removal
efficiency also achieved almost 100% for 20 h, as well as above 50% for 3
h and above 70% at 45 �C for 20 h. Moreover, the adsorption rates were
very rapid and demonstrated not so significant difference for the first 0.5
h, and the final Cr(VI) concentrations in the solution were 13.25, 3.05
and 0 mg/L at reaction temperature 45, 55 and 65 �C separately for 20 h.
Since the pH value of the solution often change after the reaction, which
would affect the adsorption behaviors of pollutants on adsorbents, the
final pH values were tested and the obtained pH values of the solution
after reactionwere 2.7� 0.05. The increasing pH value indicated that the
Hþ in the acidic solution was consumed at the process of Cr(VI) reduc-
tion, while some alkaline materials such as potassium releasing from the
camphor branch biochar [13].
Figure 2. Effect of pH on Cr(VI) removal at pH 2 and reaction temperature 65
�C by CBB350 biochar.
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In order to forecast the Cr(VI) removal control steps and the adsorp-
tion mechanism of camphor branch biochar, four simplified kinetic
models of intra particle diffusion model, pseudo-first order model,
pseudo-second order model and Elovich model [16, 18, 32], which were
based on the mass balance principle, Langmuir adsorption isotherm and
Temkin adsorption isotherm, are selected to fit the data as shown in
Table 1. The correlation coefficient (R2) expressed the difference between
the fitting results and the experimental results and the higher R2 of the
kinetic equation indicated better fitting with the actual reaction process.
The R2 of the Elovich equation,which could describe the chemisorption in
a complex situation, was highest at each reaction temperature, indicating
that chemisorption was dominant in the process of removing Cr (VI) from
waste liquid by camphor branch biochar. That meant the chemisorption
was the control step, the internal diffusion and external mass transfer
were not dominant in the complex process. From the parameters of Elo-
vich, initial adsorption rate (a)wasmuch higher in high temperature at 65
�C, with the initial adsorption rate of 43.5281 mg/(g�min), which meant
the higher temperature accelerated the adsorption process at the begin-
ning. Meanwhile, according to pseudo-second order equation, which also
described chemisorption as other researchers reported [16, 29], the Cr
(VI) capacity at equilibrium was promoted with 23.9701 mg/g at 65 �C,
higher than that at 45 and 55 �C.

3.4. Characteristics of camphor branch biochar before and after reaction
with Cr(VI)

SEM-EDS, BET and FTIR were used to find out the surface charac-
teristics of camphor branch biochar before and after Cr(VI) removal, in
order to further investigate the Cr(VI) removal mechanism.

3.4.1. Surface character and micro morphology
Compared with the surface character and micro morphology of

CBB350 and CBB350–Cr performed by SEM-EDS and BET, the surface
morphology (Figures 4a and 4b) suggested that the surface of the
adsorbent after external morphology adsorption was smoother than that
before adsorption and the pores distributed on the surface of the samples
were mainly micro pores, the EDS results (Figures 4c and 4d) also indi-
cated that Cr was successfully adsorbed on the surface of the biochar. The
surface area, average pore size and average pore volume of CBB350–Cr
were relatively decreased (Table 2) after reaction, which indicated that
chromium was absorbed filling the pores on the surface of the biochar.

The main element composition of the adsorbent was listed in Table 2,
the carbon content of camphor branch biochar was about 69.7% and the
oxygen content reached 27.38%, indicating that the sample was a
carbon-based adsorbent, and there were a large number of oxygen-



Table 1. Kinetic equation and the parameters of the models.

Reaction
Temperature (�C)

Intra particle diffusion
Qt ¼ kpt1=2 þ C

Pseudo-first order
dQt

dt
¼ k1ðQe � Qt Þ

Pseudo-second order
dQt

dt
¼ k2ðQe � Qt Þ

Elovich
dQt

dt
¼ ae�bQt

kp C R2 Qe k1 R2 Qe k2 R2 a b R2

45 1.3226 7.3823 0.5725 16.7375 0.3796 0.8750 18.8579 0.0270 0.9394 20.7589 0.2630 0.9791

55 1.6386 9.3319 0.5958 19.0292 0.4885 0.7949 21.9425 0.0292 0.9069 25.0528 0.2495 0.9401

65 1.7145 10.7339 0.5291 20.4748 0.5624 0.8526 23.9701 0.0294 0.9444 43.5281 0.2158 0.9926

R2: fitting correlation coefficient; Kp: intra-particle diffusion rate constant, mg/(g⋅min1/2); Qe: Cr (VI) capacity at equilibrium, mg/g; C: the constant related to the
boundary layer, mg/g; k1: pseudo-first order adsorption rate constant (min�1); k2: pseudo-second order adsorption rate constant, g/(mg⋅min); a: Elovich initial
adsorption rate, mg/(g⋅min); b: Elovich desorption constant, g/mg.

Figure 4. SEM-EDS spectra of camphor branch biochar before and after reaction (a/c: CBB350; b/d: CBB350–Cr).
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containing functional groups on the surface, which was conducive to the
chemisorption of the adsorbent. In addition, some phosphorus, potas-
sium and calciumwere existed on the surface of camphor branch biochar.
After reaction, carbon and phosphorus were decreased in small amounts
because of chromium adsorbed on the sorbent, all potassium dissolved
into the solution as the available potassium ion released to the aqueous
solution [17], which was confirmed from the EDS spectra in Figures 4c
and 4d. The increasing content of oxygen was supposed to
oxygen-containing hexavalent chromium species adsorbed from the
aqueous solution.

In addition, as shown in Table 2, the average pore size of CBB350 was
7.65 nm, the average pore volume was 0.0064 cm2/g, and the specific
surface area was 3.36 m2/g, indicating that there were many micro pores
in the adsorbent, which might provide more active sites for chromium
adsorption. Figure 5 showed the N2 adsorption and desorption isotherm
of camphor branch biochar at 77.3 K. According to the classification of
Table 2. Elemental content and surface character of camphor branch biochar before

Sample Main elemental content (%)

C O P K Ca Cr

CBB350 69.67 27.38 1.61 0.86 0.48 0

CBB350–Cr 64.04 29.56 1.19 0 0.86 3.69
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six types of nitrogen adsorption curves of International Union for puri-
fication and chemical applications (IUPAC) [33], camphor branch bio-
char belongs to type I isotherm, that is, when the relative pressure is low,
the nitrogen adsorption capacity rises rapidly and reaches saturation. As
revealing from Figure 5, the quantity of nitrogen adsorption was
decreased with increasing desorption after camphor branch biochar
reacted with Cr(VI), which meant that chromium was successfully
adsorbed on the surface, concurrently reducing the average pore size, the
average pore volume and the specific surface area of CBB350–Cr
(Table 2).

3.4.2. Functional groups analysis
The FTIR spectra of camphor branch biochar before and after Cr (VI)

removal is shown in Figure 6 and visible peak changes are explored for
functional groups. The functional group at 780 cm�1 was detected as
aromatic C–H compounds [16], the functional group at 1211.28 cm�1
and after reaction.

Surface area (m2/g) Average pore size (nm) Average pore volume (cm3/g)

3.3586 7.6506 0.0064

3.3352 7.6022 0.0063



Figure 5. N2 adsorption and desorption isotherm.
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was related to –CO compounds, the peaks observed at 1451.75, 1511.78,
1606.13 and 1696.71 cm�1 could be assigned to C ¼ O and C ¼ C aro-
matic compounds, the functional group at 2925.63 cm�1 were supposed
to –CH2, –CH3 compounds [17]. The broad peak at 3347.51 cm�1 was
observed indicating the existence of bonded –OH hydroxyl compounds
[16]. Part of the wave peak shifted, showing that the load of chromium in
the solution to camphor branch biochar changed the wavelength of the
absorption peak. Peaks areas of most peaks decreased sharply indicating
chemical reaction occurred on the surface of the adsorbent after Cr (VI)
removal. Functional groups presented on camphor branch biochar
including Si–O, –CH2, –CH3 and C¼ O were reserved on Cr (VI) removal,
which were consistent with the results of other researchers reported [12,
13, 30]. Thus, Carboxyl, hydroxyl, –CH2 and –CH3 groups on the surface
of camphor branch biochar played an important role in Cr (VI) removal.
3.5. Reduction of Cr(VI) to Cr (III)

The concentration of total chromium, Cr (VI) and Cr (III) in the solu-
tion after reaction at 55 �C was monitored in each 30 min for the first 5 h
to secure the Cr (VI) reduction in the reaction process as shown in
Figure 7. The Cr (VI) concentration dramatically deceased from the
beginning, and about 94% of Cr (VI) was removed with the initial con-
centration of 50 mg/L for 20 h, while Cr (III) increased as the result of Cr
(VI) reduction, and the final concentrations of Cr (VI) and Cr (III) were
3.05 and 16.76 mg/L separately at 55 �C for 20 h. However, the con-
centration of total chromium in the simulated waste liquid decreased
slowly, which confirmed that some Cr (VI) in the solution was reduced to
Figure 6. FTIR spectra for camphor branch biochar before and after reaction.
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Cr (III) when contactingwith camphor branch biochar, part of Cr (VI) and
Cr (III) were adsorbed on the surface and a fraction of them was released
from the surface into the solution.

Cr (VI) was generally unstable in the solution of pH 2.0 and Cr (III)
was always the dominant state. Meanwhile, the camphor branch biochar
was able to adsorb Cr (VI) but was ineffective on Cr (III) adsorption [17],
thus 16.76 mg/L Cr (III) has remained in the solution for 20 h. Another,
the concentration of Cr (VI) decreased rapidly within the first 2 h,
accompanying by the rapid increase of Cr (III) concentration, which
indicated that Cr (VI) was rapidly reduced to Cr (III) or adsorbed on the
surface of camphor branch biochar. When the reaction time came to 2.5
h, the concentration of Cr (III) in the waste liquid reached equilibrium,
indicating the conversion reaction was relatively weaker, the continuing
decrease of Cr (VI) concentration in the solution was supposed to be
adsorbed on the surface of camphor branch biochar.

To further understand the valence state of Cr bound on camphor
branch biochar, full scan XPS spectra for samples before and after reac-
tion and narrow scan spectra of Cr 2p were detected as shown in Figure 8.
Thermo Avantage XPS software was used to analyze the surface chemical
of Cr 2p scan. The binding energy varied significantly between 570 - 595
eV, and a large number of characteristic peaks of Cr appeared near the O
1s peak after reaction. Both Cr (VI) and Cr (III) were detected on the
surface of camphor branch biochar after reaction. The binding energy of
575.8–576.5 eV assigned to Cr (III) oxide phase, 577.0–580.0 (Cr 2p3/2
orbitals) assigned to Cr (III) and its hydrated forms [17]. And for Cr (VI)
species as HCrO4

-, Cr2O7
2-, CrO3, and H2CrO4, binding energy was ex-

pected above 579 eV (Cr 2p1/2 orbitals) [34]. The binding energy of Cr
2p3/2 orbitals at 577.41 and 580.1 eV was attributed to Cr (III) with the
main state Cr(OH)3, CrCl3, Cr2O3, [Cr(H2O)5]3þ and Cr (III) complexes
[35], and the small peak of Cr 2p1/2 orbitals at 587.08 eV indicated the
presence of Cr (VI) with the main state Cr2O7

2- [36].
As the reduction of Cr (VI) to Cr (III) was obviously detected in the

solution during the removal process, the similar chemical reaction was
obtained on the surface of the camphor branch biochar. Atomic contents
for Cr 2p1/2 and Cr 2p3/2 which represented as Cr (VI) and Cr (III) could
be identified from chemical analysis via Thermo Avantage XPS software.
The atom contents for Cr (VI) and Cr (III) were 32.1 and 67.9% separately
and the Cr (III)/Cr (VI) ratio of Cr 2p scan peaks on the surface of
camphor branch biochar were more than twice indicating double Cr (III)
adsorbed on the biochar surface than Cr (VI). Another, abundant Cr (VI)
was reduced to Cr (III) retained or discharged in the solution. The
probable reaction process was that once Cr(VI) ions came to camphor
branch biochar, part of the anionic ions was adsorbed on the surface
through electrostatic interaction without reduction; part was reduced to
Cr (III) ions adsorbed in porous biochar to form new compounds; part
Figure 7. Cr (VI) reduction in aqueous solution at pH 2 and reaction temper-
ature 55 �C by CBB350 biochar.



Figure 8. XPS spectra of camphor branch biochar before and after reaction (a: CBB350; b: CBB350–Cr).

Figure 9. Cr (VI) removal mechanism diagram.
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was reduced to Cr (III) ions and deprotonated in the solution; and the rest
Cr(VI) formed new complexes adsorbed on the surface of the sorbent.

3.6. Cr (VI) removal mechanisms

The mechanism of Cr(VI) removal from aqueous solution by camphor
branch biochar was explored and the Cr (VI) removal mechanism diagram
was supposed as Figure 9 by kinetic analysis and characteristics of
camphor branch biochar before and after Cr(VI) reaction via BET, SEM-
EDS, FTIR and XPS. Kinetic analysis demonstrated that chemisorption
was the control step. Initial Cr(VI) adsorption rate was greatly increased at
higher reaction temperature (Table 1), which accelerated the adsorption
process. Once Cr(VI) ions came in contact with camphor branch biochar,
the concentration of Cr(VI) decreased sharply within 2 h, most of the
Cr(VI) reduced to Cr (III) as the states Cr(OH)3, Cr3þ and Cr2O3 through
electrostatic interaction or form new stable inorganic ion as [Cr(H2O)5]3þ

and hexa-coordinate complexes [35] on the surface of active sites of
camphor branch biochar; part of Cr(VI) reduced to Cr (III) retained or
discharged in the solution; the rest Cr(VI) adsorbed as species of HCrO4

-,
Cr2O7

2-, CrO3 and H2CrO4 [36] on the surface of camphor branch biochar.

4. Conclusions

The biochar pyrolyzed from landscaping waste camphor branch was
effective on hexavalent chromium removal from contaminated aqueous
solution. The optimum pyrolysis temperature was 350 �C for camphor
branch, which was revealed from the Cr(VI) removal efficiency at tem-
peratures from 300 to 500 �C. The pH was a key factor of Cr(VI) removal,
the removal efficiency was higher depending on the lower initial pH
values of the solution and the optimum pH 2.0 was performed in this
6

study. SEM-EDS and BET data suggested that the surface character and
micro morphology were changed and the pores distributed on the surface
of CBB350 were mainly micro-pores; high oxygen content indicated a
large number of oxygen-containing functional groups on the surface.
FTIR spectra showed that carboxyl, hydroxyl, –CH2 and –CH3 groups on
the surface of camphor branch biochar played an important role in Cr
(VI) removal. Kinetic analysis indicated that Elovich equation was best
fitted the complex reaction process, which prompted that the chemical
reaction was the control step, the concentration of Cr(VI) decreased
sharply at the beginning of the reaction and the removal rate was
accelerated in high reaction temperature. XPS analysis illustrated that the
Cr(VI) adsorbed as species of HCrO4

-, Cr2O7
2-, CrO3 and H2CrO4 or

reduced to Cr (III) as the states Cr(OH)3, Cr3þ and Cr2O3 through elec-
trostatic interaction or form new stable inorganic ion as [Cr(H2O)5]3þ

and hexa-coordinate complexes adsorbing on the surface of active sites.
The probable Cr(VI) removal mechanismwas supposed as three steps: (1)
The vast bulk of Cr(VI) was reduced to Cr (III) as the states Cr(OH)3, Cr3þ

and Cr2O3 through electrostatic interaction or forming new stable inor-
ganic ions such as [Cr(H2O)5]3þ and hexa-coordinate complexes adsor-
bed on the active sites of camphor branch biochar surface; (2) Part of
Cr(VI) reduced to Cr (III) species retained or discharged in the solution;
(3) A fraction of Cr(VI) as species of HCrO4

-, Cr2O7
2-, CrO3 and H2CrO4

adsorbed on the active sites. The camphor branch at low temperature
pyrolysis could be the low-cost and effective carbon-based sorbent for Cr
(VI) removal from aqueous solution. Recently other kinds of adsorbents
such as novel cysteine-doped PANi@faujasite composite, magnetic S-
doped Fe–Cu–La trimetallic oxides, chemically modified dormant
Aspergillus niger spores and so on were researched on Cr (VI) removal
from aqueous solution, and the maximum adsorption capacity was
excellent [37, 38, 39]. Further new kinds of modified biochar and the
sorbent generation should be considered to study in the future.
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