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ABSTRACT

Cd(II) and Cr(VI) are highly toxic heavy metal ions, which commonly coexist in industrial waste-
water. In this study, simultaneous removal of Cd(Il) and Cr(VI) by a bamboo-based oxidized biochar
(BZ-APS24h) was investigated. The biochar was modified by ZnCl, and oxidized with (NH,),S,0,,
and its structures as characterized by SEM, BET, elemental composition and X-ray photoelectron
spectroscopy. Batch adsorption experiments for Cd(II) and Cr(VI) were carried out to explore the
effects of oxidation time, pH, contact time, temperature and coexisting ions on its adsorption pro-
cess. The results showed that the BZ-APS24h exhibited excellent adsorption performance for the
removal of Cd(II) (0.27 mmol/g) and Cr(VI) (0.65 mmol/g). The adsorption data were fitted well
with pseudo-second-order model and Langmuir isotherm. The pH of the solution had a great influ-
ence on the adsorption process. The coexistence of Cd(II) and Cr(VI) affected the equilibrium pH
after adsorption, and synergistic adsorption was also observed.
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1. Introduction

With the rapid development of industry, more and more
industrial wastewater has been discharged into the environ-
ment directly. Cd(Il) and Cr(VI) are the common highly toxic
heavy metals, which widely exist in printing and dyeing
wastewater, electroplating wastewater and other industrial
wastewater [1,2]. Cadmium has adverse effects on human
health, including pulmonary insufficiency, renal dysfunc-
tion, cancer, disease and hypertension [3]. Cadmium exists
in water mainly in the main form of Cd(Il) (Cd*). Unlike
cadmium, the main forms of chromium in aqueous solution
are Cr(III) (Cr*, Cr(OH);) and Cr(VI) (HCrO,, CrOF, Cr,02)
[4,5], and Cr(VI) is approximately 100 times highly toxic than
Cr(III) [6]. Cr(VI) is easily adsorbed by the human body,

* Corresponding author.

and has a great toxicity to human kidney, stomach and liver
[7]. Cd(ll) and Cr(VI) ions are both extremely toxic metals
that usually exist simultaneously in electroplating, paint pig-
mentations, and printing and dyeing, and wastewater [8,9].
The co-occurring pollutants exhibit complicated interactions
in adsorption behaviors [10]. Thus it is important to remove
these heavy metals before discharging into environment.
Existing methods for removal of Cr(VI) and Cd(Il) from
water include chemical precipitation [11,12], membrane fil-
tration [13,14], ion exchange [15,16], adsorption [17] and
biological processes [18,19]. Adsorption method is known to
be an easy, low cost and high efficiency method for the treat-
ment of heavy metals such as Cd(II) and Cr(VI) [20]. Surface
adsorption is mainly dominated by electrostatic interaction,
hydrogen bonding, m-1t stacking and pore-filling [21]. In the
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adsorption method, the selection of adsorbent is decisively
important. Widely-used adsorbents such as biochar, zeolites,
and molecular sieves generally have a large specific surface
area. Among them, biochar derived from biomass has been
proved to be a universal adsorbent for heavy metal because
of its favorable physicochemical properties and relatively
low cost [22-24]. Moso bamboo is abundant, especially in
Asia. It is characterized by the rapid growth (getting mature
within 3-5 years only) compared with other plants, and
thus is regarded as cheaply available biochar material [25].

However, most of the biochar have low surface area
due to the lack of porous structure. In order to overcome
this shortcoming, ZnCl, is generally used as a surface active
agent to increase the specific surface area and the adsorp-
tion ability of biochar [26]. The higher specific surface area
also allows the biochar surface to have a higher positive
charge, which facilitates the adsorption of various anions
(e.g., Cr,0r, CrOF, NO; and POZ) [27]. Biochar not only
has a porous structure but also has some oxygen-containing
functional groups on its surface. These oxygen-containing
functional groups provide a prevalence of negative charges
on the biochar which have the ability to adsorb cations
(e.g., Cu*, Cd*, Pb* and Ni*) [28]. Although the surface
of biochar contains a certain amount of oxygen-containing
functional groups, the number of the functional groups is
small. Therefore, the oxygen-containing functional groups
can be introduced to the surface of the biochar by oxidation
method [29].

At present, there are many studies on the adsorption
of Cd(II) or Cr(VI) by biochar [30,31], but these biochar
were commonly used to remove Cd(II) or Cr(VI) separately
rather than simultaneously [32]. Because the adsorption
potentials of Cd(II) and Cr(VI) are different, this becomes
the main factor restricting their simultaneous adsorption.
In previous studies, simultaneous removal of Pb(II) and Cr(VI)
by a novel sewage sludge-derived biochar immobilized
nanoscale zero-valent iron (SSB-nZVI) was reported [33].
However, the change of pH in the process of adsorption is
often neglected. Furthermore, the presence of one metal ion
in the solution may affect the adsorption of another metal
ion. Hence, it is crucial to study the interaction of two ions
in adsorption.

In this work, Cd(II) and Cr(VI) were selected as two rep-
resentative heavy metals. The bamboo-based biochar was
prepared, which was then modified by ZnCl, and oxidized
by (NH,),S,0, solution for the removal of Cd(II) and Cr(VI).
The main objectives of this paper are: (1) to assess the pro-
duction and surface properties of bamboo-based oxidized
biochar; (2) to evaluate the removal of Cd(II) and Cr(VI)
under different conditions; (3) to explore the possibility of
Cd(I) and Cr(VI) simultaneous adsorption; (4) to study the
interaction between Cd(II) and Cr(VI) during adsorption;
(5) to demonstrate the adsorption mechanism of the pre-
pared biochar for removal of Cd(II) and Cr(VI) in water.

2. Materials and methods
2.1. Preparation of oxidized biochars

The feedstock for the production of biochar was wil-
low residues pruned from moso bamboo. Moso bamboo

obtained in Aichi prefecture, Japan, was cut into chips
(8 mm x 10 mm X 5 mm, W X L. X T) and was used as a
precursor for preparation of the adsorbent.

The bamboo chips were dried in an oven at 110°C for
1 h. In this study, using the ZnCl, as an activator, the pre-
pared bamboo chips were impregnated with ZnCl, solution
at a ratio of 3 g-ZnCl,/g-bamboo, and then the mixture was
dried in an oven at 110°C overnight. The resulting mixture
was pyrolyzed for 1 h at 500°C under N, atmosphere in
a tubular furnace. The prepared biochar was placed in 1 M
HCl solution and stirred for 1 h, rinsed in a Soxhlet extractor
for 24 h, and dried overnight at 110°C. The obtained sam-
ples were referred to as BZ.

The prepared biochars were oxidized in order to load
the oxygen-containing functional groups. Using (NH,),S,0,
solution as an oxidant, BZ (1.0 g) was added into 0.6 kg/L
(NH,),S,0, solution (50 mL) in a flask, and placed in 30°C
water for continuously stirring for 6-48 h. After that, the
resulting samples were filtered and washed with hot deion-
ized water for several times until the filtrate pH became
neutral, followed by drying in an oven at 110°C overnight.
The obtained samples were referred to as BZ-APSxh, where
x is the number of hours for oxidation.

2.2. Characterization

The specific surface area (S, o
and micropore volume (V. ) of the prepared biochar were
calculated based on N, adsorption/desorption isotherms
at -196°C using Belsorp-mini II (MicrotracBEL, Co. Ltd.,
Japan) surface area analyzer. The surface morphology of
the biochar was observed by Hitachi 5-4800 SEM (Hitachi,
Japan). The elemental composition of C, H and N of the
adsorbents was determined with PerkinElmer 2400 II
(PerkinElmer Japan, Co. Ltd., Japan), and O content was
obtained by difference. X-ray photoelectron spectroscopy
(XPS) analysis was performed using an ULVAC-PHI Model-
1800 spectrometer. FTIR spectrophotometer (IRAffinity-1,
SHIMADZU, Japan) was used to analyze surface func-
tional groups of adsorbents. The concentrations of Cr(VI)
solution and Cd(II) solution after batch experiments were
determined with atomic adsorption spectrometer novAA300
(Analytik Jena AG, Germany).

), mesopore volume (V__ )

2.3. Batch adsorption

Batch Cr(VI) adsorption experiments were conducted
to examine the adsorption and reduction performance of
the prepared biochar as adsorbents. Potassium dichromate
(KCr,0O,) and cadmium nitrate (Cd(NO,),) were used for
preparing the stock solution of Cr(VI) and Cd(II). All batch
experiments were carried out in Erlenmeyer flasks. A 0.02 g
of the BZ-APS was put into a flask containing 20 mL of solu-
tion (Cr(VI) and/or Cd(Il)) with various initial concentrations.
The flasks were agitated in a water bath shaker at 25°C by
the speed of 100 rpm. Sampling and filtration were carried
out after a certain contact time. The adsorbed amount of
Cr(VI) and Cd(II) on biochar at the equilibrium was calcu-
lated by the following equation:

Q.=(c,-c)¥ 1)

m
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where m (g) is the mass of the biochar, V (L) is the volume
of the Cr(VI) and Cd(II) solution, C, (mmol/L) represents the
initial concentration of Cr(VI) and Cd(Il), C, (mmol/L) is the
adsorption equilibrium concentration of Cr(VI) and Cd(II).

The effect of oxidation time of the oxidized biochar on
the removal of Cr(VI) and Cd(II) was determined by using
BZ-APS6h, BZ-APS12h, BZ-APS24h and BZ-APS48h at
concentrations of 1 g/L in a mixed solution of Cr(VI) and
Cd(II) under natural pH condition (pH 6). The concentrations
of Cr(VI) and Cd(II) in solution were 4 mmol/L each.

The effect of solution pH on Cr(VI) and Cd(II) adsorp-
tion was examined by mixing 20 mg of adsorbent with
20 mL of 1.5 mmol/L Cr(VI) and Cd(II) solution. The mixed
solution had different pH values, ranging from 2 to 7.
The initial pH of phosphate solution was adjusted by 0.1 M
HCl and 0.1 M NaOH.

To study the adsorption isotherms, 20 mg of the BZ-APS24h
was mixed with 20 mL of either Cr(VI) (0.1-7.7 mmol/L)
or Cd(II) (0.1-2.2 mmol/L) at natural pH (pH 6), and then
shaken at 100 rpm for 24 h at 25°C, 35°C and 45°C. Finally,
the adsorption isotherms for Cr(VI) and Cd(II) were fitted
to two isotherm models as follows.

The Langmuir isothermal adsorption model is a theoret-
ical model assuming that the adsorbents were adsorbed in
monolayer on the uniform surface of the adsorbent. The lin-
ear form of Langmuir equation can be given as follows:

C 1

e

Qe B XmKL (2)

1
where Q, (mmol/g) is the adsorbed amount of Cr(VI) and
Cd(I) at equilibrium, C, (mmol/L) is the equilibrium con-
centration of Cr(VI) and Cd(II) in the solution, X, (mmol/g)
is the monolayer maximum adsorption capacity, and K
(L/mmol) is the Langmuir constant related to adsorption energy.

The linear form of Freundlich equation is:

L

InQ, :anF+llnCe 3)
n

where K, is the Freundlich constant and 1/n is the hetero-
geneity factor. The greater the value of n is, the better the
adsorption performance will be.

To study the kinetics of the adsorption process, 0.1 g of
the BZ-APS24h was mixed with 20 mL of 4 mmol/L Cr(VI)
solution and 4 mmol/L Cd(II) solution under natural pH
(pH 6), followed by shaking at 100 rpm.

In the interaction experiment of Cd(II) and Cr(VI), adsorp-
tion experiments were carried out by adding BZ-APS24h to a
Cr(VI) solution containing a Cd(II) solution with concentra-
tion of 0-400 mg/L and a Cd(II) solution containing a Cr(VI)
solution with concentration of 0—400 mg/L. The initial pH
of all solutions was 6.

3. Results and discussion
3.1. Physicochemical characteristics of biochars

The elemental composition of oxidized biochar with
different oxidation time is shown in Table 1. It can be seen
from the table that the oxygen content of the non-oxidized

Table 1
Elemental composition of each prepared biochar

C (%) H (%) N (%) 0" (%)
BZ 90.4 15 0.2 7.9
BZ-APS6h 76.2 1.2 0.2 224
BZ-APS12h 75.0 1.2 0.2 236
BZ-APS24h 72.9 1.3 0.2 25.6
BZ-APS48h 68.3 14 0.2 30.1

“Calculated by difference.

BZ is 7.9%. After 6-48 h of oxidation, the content of oxygen
in biochar increases proportionally from 22.4% up to 30.1%.
This indicates that oxygen functional groups would be
loaded with the increase of oxidation time, on the biochar.

The morphologies of the BZ and the BZ-APS24h prepared
are shown in Fig. 1. It could be seen that nearly no porous
structure was observed from a smooth surface of the BZ.
The surface of the BZ-APS24h had a relatively fluffy porous
structure, which was rougher than that of the BZ. This may
be attributed to the destruction of the surface structure of
oxidized biochar.

The nitrogen adsorption-desorption isotherm curve
of the BZ-APS24h is shown in Fig. 2, and a type I isotherm
was observed, which indicates the mainly microporous struc-
ture existence. The specific surface area (BET) and micro-/
mesoporous structure of the biochar are shown in Table 2.
It can be seen that the surface of the biochar before and after
oxidation differed greatly. With the increase of oxidation
time, the specific surface area of oxidized biochar decreased
from 1,726 to 928 m?/g, and total pore volume decreased
from 1.61 to 0.47 cm’/g. This principally is due to the fact
that with increase of oxidation time, more oxygen-containing
functional groups were loaded to the surface of biochar.
But the plugging pore structure by increase of these func-
tional groups is conducive to the removal of Cd(II).

The functional groups on oxidized biochar were ana-
lyzed by XPS. As shown in Fig. S1, the survey spectrums of
BZ and BZ-APS24h present two peaks, Cls and Ols energy
levels, respectively. Detailed XPS survey of the regions for
Cls of BZ and BZ-APS24h is shown in Fig. 3. For the Cls
XPS spectrum of the BZ, a strong peak appeared at 285.4 eV,
which is attributed to C-C (77%), and the other peaks
located at 286.7 and 288.4 eV are assigned to the C-O (13%)
and C=0 (6%), respectively. After oxidation, the C-O (21%)
and C=0O (12%) peaks of the BZ-APS24h contain obvious
increment compared with BZ. This indicates that the func-
tional groups on the surface of oxidized biochar are mostly
—COOQOH, with a small amount of -OH.

3.2. Effect of initial oxidation time

From Tables 1 and 2, it can be known that the increase
of oxidation time caused the increase of surface functional
groups on the oxidized biochar, so their adsorption capac-
ity for Cr(VI) and Cd(II) should be different. Fig. 4 shows
the adsorption capacity of Cr(VI) and Cd(II) with different
oxidation time. It was observed that when oxidation time
increased from 6 to 24 h, the adsorption capacity of Cr(VI)
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Fig. 1. SEM images of BZ (a) and BZ-APS24h (b).

and Cd(Il) increased; when the oxidation time increased
from 24 to 48 h, the adsorbed amount of Cd(Il) remained
unchanged, but the adsorbed amount of Cr(VI) decreased.
Meanwhile, the equilibrium pH of the solution decreased
with the increase of oxidation time of biochar. The existence
of chromium in the solution after adsorption was measured
as shown in Fig. 4a. This shows that the adsorption per-
formance of oxidized biochar for mixed solution of Cr(VI)
and Cd(II) reached the highest point when the oxidation
time was 24 h. At the same time, the existence of chromium
in the solution after adsorption was measured as shown in
Fig. 4b. It can be inferred that the remaining chromium in
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Fig. 2. Nitrogen adsorption isotherm of BZ-APS24h.

the solution was mainly Cr(VI), and no Cr(VI) was reduced
to Cr(III) under these conditions.

3.3. Effect of solution pH

Initial solution pH has a significant impact on the
removal efficiency of Cr(VI) and Cd(Il) in aqueous solution.
Cadmium species are found to be present in deionized water
in the forms of Cd*, Cd(OH)*, Cd(OH)?, Cd(OH),(s), etc [34].
Cd?* begins to precipitate when pH > 7, thus, the effect of
pH was studied within the range from 2 to 7. The effects of
solution pH on Cr(VI) adsorption, Cd(Il) adsorption and
co-adsorption of Cr(VI) and Cd(II) with oxidized biochar
BZ-APS24h samples were investigated as shown in Fig. 5.

For adsorption of Cr(VI), the adsorbed amount of Cr(VI)
on BZ-APS24 decreased as pH increased from 2 to 7. This
is because the solution pH value significantly affected
the structure of the adsorbents, the surface charges of the
adsorbent and the surface-reactive functional groups in the
solution. Cr(VI) exists in different ionic forms in aqueous
solution. When solution pH is greater than 6, it presents
as CrOZ; when pH is ranging from 1.0 to 6.0, it exists as
Cr,02 and HCrO; [35], which are favorably adsorbed by
BZ-APS24h at low pH because of the electrostatic attraction.
When the initial pH was from 2 to 6, equilibrium solution

Table 2

Textural and surface properties of each prepared biochar
Sample Sper (M/g) Vot (cM7/8) V icro (CM17/8) V neso (CM/8)
BZ 1,726 1.61 1.55 0.06
BZ-APS6h 1,484 1.06 1.02 0.04
BZ-APS12h 1,352 0.95 0.93 0.02
BZ-APS24h 1,120 0.62 0.61 0.01
BZ-APS48h 928 0.47 0.45 0.02
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Fig. 3. XPS survey spectra of BZ (a) and BZ-APS24h (b).

pH was found to increase. Increase in pH can be explained
by solute-sorbent binding reactions. When the oxo groups
on the surface of the biochar are in contact with the solution,
the following reaction occurs [36]:

C,0+HCrO, +2H,0 - C,0,H,CrO;, + 20H" 4)

CrO> +2H" - Cr,0> +H,0 )

On the contrary, for adsorption of Cd(II) alone, the
adsorbed amount increased as the pH increased from 2 to 5.
When the initial pH was changed from 5 to 7, the equilibrium
pH of the solution dropped to 3.54, while the adsorption
amount did not significantly change. In the adsorption pro-
cess of Cd(II) on biochar, Cd(II) ions were exchanged with
protons on the surface carboxy group or other functional
groups of the oxidized biochar, causing the decrease in
the solution pH; when the pH of the solution dropped to a
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Fig. 4. (a) Simultaneous removal of Cd(II) and Cr(VI) by different
materials and (b) the forms of chromium after adsorption.

certain level, the ion exchange was no longer progressed.
Through the adjustment of the equilibrium pH of the solu-
tion by adding NaOH to the solution, the effect of equilib-
rium pH on the adsorption amount of Cd(II) was obtained,
as shown in Fig. 5c. It can also be seen from Fig. 5c that the
equilibrium pH had a greater effect on Cd(II) adsorption than
initial pH. As the equilibrium pH increased, the adsorbed
amount of Cd(Il) increased. The higher pH may lead to the
transformation of ~-COOH groups present in the biochar into
—-COO, which was conductive to the adsorption of Cd*".

Fig. 5d shows the effect of initial pH in mixed solution
of Cr(VI) and Cd(II). It could be clearly seen that the co-
adsorption of Cd(II) and Cr(VI) was the same as adsorption
of the Cr(VI) or Cd(II), and the pH change before and after
adsorption was not significant. With the increase of the initial
pH, the adsorbed amount of Cd(Il) in the mixed solution
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Fig. 5. (a) Effect of initial pH value on Cr(VI) removal, (b) effect of initial pH value on Cd(II) removal, (c) effect of equilibrium pH value
on Cd(II) removal and (d) effect of initial pH value on Cd(II) and Cr(VI) simultaneous removal.

gradually increased, while the adsorbed amount of Cr(VI)  Cd(Il) and Cr(VI) adsorption equilibriums can be reached
gradually decreased. Usually, the pH in natural water is  within 180 min in Cd(II) solution, Cr(VI) solution and mixed
about 6. Therefore, the initial pH value of 6 was selected for  solution of Cd(II) and Cr(VI) mixed solution. As shown in
the further studies on Cr(VI) and Cd(II) ions adsorption. Figs. 6al and a2, for the removal of Cd(Il) alone, the pH
of the solution dropped from 6.1 to 3.3 since the start of
adsorption is due to the exchange of Cd* and H' ions during
adsorption. When the adsorption reached equilibrium, the

The contact time between the adsorbate and the adsor-  pH of the solution tended to be stable at 3.3. In contrast, it
bent is an important factor affecting the water treatment.  can be seen from Figs. 6b1 and b2 that for the removal of
It can be seen from Fig. 5 that the pH of the solution changes  Cr(VI) alone, the pH of the solution first decreased from 6.1
with the adsorption, so it is important to study the change to 5.5 and then gradually increased to 5.7, which was a less
of pH with time during the adsorption process. Fig. 6 shows  significant change compared with the adsorption of Cd(II)
the time course of removal efficiency of Cr(VI) and Cd(Il)  alone. In the mixed solution of Cd(II) and Cr(VI), Fig. 6cl
together with the change of pH. It can be seen that both the  indicates that both Cr(VI) and Cd(II) were well adsorbed,

3.4. Effect of contact time and adsorption kinetics



B. Chu et al. / Desalination and Water Treatment 168 (2019) 269-281

1.0
(a1)
08 |
S 06 |
©
IS
E
g 04
I‘ " mmmgian
0.2
O-D 1 L
0 200 400 600
Time (min)
1.0
(b1)
08
A
@0-6 Aﬁ A A R A
e M
€ 04
(e}
0.2
0.0 & L L
0 200 400 600
Time (min)
1.0
(c1)
0.8 A , A a4 A
A A
CHY
[s]
E .
= [ I | |
02 ACr(VI)
mCd(ll)
00 1 1
0 200 400 60C
Time (min)

pH;

pH;

pH;

275

(a2)

0 200 400 600
Time (min)
(b2)
e ® ® o 0 0o o
0 200 400 600
Time (min)
(c2)
]
o ©
L o ©® e © [ ]
0 200 400 600
Time (min)

Fig. 6. Effect of contact time: (al) changes in adsorption quantities in Single Cd(II) removal, (a2) changes in solution pH for single
Cd(II) removal, (b1) changes in adsorption quantities for single Cr(VI) removal, (b2) changes in solution pH for single Cr(VI) removal,
(c1) changes in adsorption quantities for Cd(II) and Cr(VI) simultaneous removal, and (c2) changes in solution pH for Cd(II) and
Cr(VI) simultaneous removal.



276

and Fig. 6¢2 indicates that the pH of the solution dropped
rapidly from 6.1 to 4.4 within 20 min, then gradually rose
to 5.0 from 20 to 480 min. This is mainly due to that the
adsorption of cadmium first led to a decrease in pH, and
then the adsorption of chromium caused the rise of pH.

To test the adsorption kinetics in this experiment, the
pseudo-first-order kinetic and pseudo-second-order kinetic
are expressed as Egs. (6) and (7),

In(Q,-Q,)=InQ, —kt (6)
L ~ L @)
Qt kZQe Qe

where Q is the adsorbed amount of Cd(Il) and Cr(VI) at
equilibrium (mmol/g), Q, is the adsorbed amount of Cd(II)
and Cr(VI) (mmol/g) at time t (min). k, is the rate constant of
the pseudo-first-order model (1/min), k, is the rate constant
of the pseudo-second-order model (g/mmol min). The results
of the kinetic analysis are shown in Tables 3 and 4.

The pseudo-first-order model has lower correlation coef-
ficient (R* compared with that of the pseudo-second-order
models, and all R? values are greater than 0.99 for pseudo-
second-order models. This indicates that the pseudo-second-
order kinetic model is more appropriate than pseudo-first-
order kinetic model in describing the adsorption process
of Cd(II) and Cr(VI) onto BZ-APS24h. These facts suggest
that the adsorption behavior is mainly governed by diffusion
control mechanism in Cd(Il) solution, Cr(VI) solution and
mixed solution of Cd(II) and Cr(VI) [37,38].

3.5. Equilibrium adsorption isotherms

The adsorption isotherms of individual Cr(VI) and Cd(II)
on BZ-APS24h are shown in Fig. 7. Langmuir and Freundlich
models were applied to investigate the adsorption process
of Cr(VI) and Cd(II) at 25°C, 35°C and 45°C. The differ-
ent isotherm constants determined are shown in Tables 5
and 6. The Langmuir model was more fitted than the

Table 3
Kinetic parameters for single Cd(II) and Cr(VI) adsorption

B. Chu et al. / Desalination and Water Treatment 168 (2019) 269-281

Freundlich model, with R? ranging from 0.989 to 0.998 for
the BZ-APS24h. The Langmuir isotherm is usually used to
describe the mono-layer adsorption on a homogenous sur-
face. Therefore, the adsorption of Cr(VI) and Cd(Il) on the
BZ-APS24h should be monolayer, showing uniform surface
properties [39].

By comparing the maximum adsorption capacity (X, )
at different temperatures, it can be seen that the adsorption
amount of Cd(II) decreased with the increase of temperature,
and the maximum adsorption amount of Cr(VI) increased
with the increase of temperature. This indicates that the
adsorption of Cr(VI) by oxidized biochar is an endothermic
reaction, while the adsorption of Cd(II) is an exothermic reac-
tion. This result is consistent with the previous reports [40,41].

3.6. Mutual influence of Cd(1I) and Cr(VI)

Fig. 8a shows the results of adsorption experiments for
Cr(VI) solution containing different concentrations of Cd(II).
As the Cd(IT) concentration in the solution increased from 0
to 400 mg/L, the adsorbed amount of Cr(VI) increased from
0.62 to 0.97 mmol/g, and the equilibrium pH dropped from
5.5 to 4.1. This may be due to that the adsorption of Cd(II)
led to a decreased solution pH that was favorable for the
adsorption of Cr(VI), so the presence of Cd(Il) is beneficial
to the adsorption of Cr(VI) on oxidized biochar. Similarly,
the solution pH rose due to the adsorption and reduction of
Cr(VI), as the Cd(II) concentration in the solution increased
from 0 to 400 mg/L, the equilibrium pH went up from 3.0 to
5.3, and the adsorbed amount of Cr(VI) increased from 0.28
to 0.79 mmol/g, as shown in Fig. 8b. This indicates that the
presence of Cr(VI) is contributed to the adsorption of and
Cd(1I), this is because the adsorption of Cr(VI) results in the
increase of solution pH, and the increase of pH is favorable
for the adsorption of Cd(II).

3.7. Possible adsorption mechanism

The oxygen functional groups of biochar play a vital
role in the adsorption process. The adsorption of Cd(II) onto

Pseudo-first-order

Pseudo-second-order

Qe kl Qe kz
(mmol/g) (min™) R? (mmol/g) (g/mmol min) R?
Cd(n) 1.34 0.07 0.766 0.26 0.67 0.996
Cr(VI) 1.78 0.06 0.812 0.60 3.25 0.997
Table 4
Kinetic parameters for simultaneous Cd(II) and Cr(VI) adsorption
Pseudo-first-order Pseudo-second-order
Q, (mmol/g) k, (min™) R? Q, (mmol/g) k, (g/mmol min) R?
Cddn 1.42 0.24 0.964 0.47 0.52 0.999
Cr(VI) 2.76 0.14 0.721 0.84 0.19 0.999
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Table 5
Langmuir and Freundlich adsorption isotherm parameters of Cd(Il) in aqueous solutions
Langmuir model Freundlich model
Temperature X  (mmol/g) K, (L/mmol) R? Kf([mmol/g][mmol/L])” 1/n R?
25°C 0.27 33.9 0.998 0.022 0.27 0.787
35°C 0.21 28.5 0.996 0.027 0.16 0.944
45°C 0.15 25.6 0.989 0.012 0.09 0.916
1.2 6 1.0 6
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Fig. 8. Mutual influence of coexisting Cd(II) and Cr(VI): adsorption of Cr(VI) (a) and Cd(II) (b).

the BZ-APS24h mainly depends on the oxygen functional
groups. As shown in Fig. 9, the FTIR analysis reveals the sur-
face functional groups of prepared biochar. The peak located
at about 1,612 and 3,564 cm might assign O=C-O and -OH
[42], respectively. It can be seen that the peak of -COOH on
BZ-APS24h was larger than that on BZ. After the simultane-
ous adsorption of Cd(Il) and Cr(VI), the peaks at -COOH

and -OH of BZ-APS24h became larger. This is due to the
strong oxidability of Cr(VI), and the surface of biochar was
oxidized in the process of adsorption.

In order to determine the adsorption mechanism, XPS
analysis of BZ-APS24h after Cr(VI) and Cd(II) adsorption
was performed. As shown in Fig. 10a, the Cd3d5 spectrum
was divided into only one peak in 406 eV, which indicates
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that Cd(II) was adsorbed on the surface of biochar by Cd*
ions. As shown in Fig. 10b, for the removal of Cr(VI), two
peaks appeared at 577.8 and 580.4 eV in the Cr2p3/2 region,
which might be due to Cr(VI) and Cr(III), respectively [43].
It was found that most of Cr existed in the form of Cr(III)
rather than Cr(VI) on the BZ-APS24h surface. The existence
of Cr(Ill) is originated from the reduction of Cr(VI) by the ©
electrons of the carbocyclic six-membered ring [44]. Based
on the analysis in Fig. 6, it can be concluded that the adsorp-
tion rate of Cd(II) was faster, so Cd*" was first exchanged
with H* of the -COOH on the surface of the BZ-APS24h,
resulting in a drop in the pH of the solution. At the same
time, due to the drop in pH of the solution, which became
conducive to the adsorption of Cr(VI). The adsorption of
Cr(VI) was also carried out simultaneously. A portion of
Cr(VI) was directly adsorbed on the surface of biochar,
and another portion of Cr(VI) was reduced to Cr(III). OH-
ions are released during the reduction and adsorption of
Cr(VI), and the H' ions released during Cd(II) adsorption
are neutralized.

4. Conclusion

In summary, oxidized biochar (BZ-APS24h) was success-
fully prepared using bamboo. The prepared BZ-APS24h is
rich in oxygen-containing functional groups and reserves a
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Fig. 10. XPS survey spectra of Cd3d5 (a) and Cr2p3/2 (b) for the BZ-APS24h after adsorption.
Table 6
Langmuir and Freundlich adsorption isotherm parameters of Cr(VI) in aqueous solutions
Langmuir model Freundlich model
Temperature X, (mmol/g) K, (L/mmol) R? Kf([mmol/g] [mmol/L])" 1/n R?
25°C 0.65 8.36 0.998 0.20 0.17 0.976
35°C 0.76 9.43 0.998 0.28 0.19 0.972
45°C 0.86 11.19 0.997 0.35 0.21 0.934
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high specific surface area. The BZ-APS24h exhibited excel-
lent adsorption performance for the removal Cd(Il) and
Cr(VI), with adsorption capacity of 0.65 mmol/g (33.8 mg/g)
for removal of Cr(VI) removal, and 0.27 mmol/g (30.3 mg/g)
for removal of Cd(II) at 25°C. BZ-APS24h is capable of simul-
taneously adsorbing Cd(II) and Cr(VI) in a mixed solution of
Cd(II) and Cr(VI). The pH of the solution has a great influ-
ence on the adsorption process. Cd(II) adsorption causes a
decrease in pH, while adsorption of Cr(VI) causes an increase
in pH. Acidic pH is favorable for the adsorption of Cr(VI),
while neutral pH is favorable for the adsorption of Cd(II).
The coexistence of Cd(II) and Cr(VI) can promote the adsorp-
tion of the other ion. Thus, BZ-APS24h is demonstrated to
be an excellent adsorbent for simultaneous removal of Cd(II)
and Cu(VI) from aqueous solution.
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