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ABSTRACT

This study aimed to investigate the feasibility of using biochar derived from waste kelp biochar (KB)
to remove Cr(IIl) from aqueous solutions. Scanning electron microscopy-energy-dispersive X-ray
spectroscopy analysis revealed that KB could successfully adsorb Cr(IlI), while Fourier transforms
infrared spectroscopy characterization suggested that electrostatic interaction was the major mecha-
nism for the adsorption of Cr(III) on KB. Kinetic and isotherm studies on Cr(III) adsorption revealed
that the pseudo-second-order kinetic model and the Langmuir model could adequately explain the
adsorption of Cr(IlI) on KB. The maximum adsorption capacity of KB for Cr(IIl) was found to be
39.16 mg/g, while 91.13% of Cr(III) removal could be achieved by adding KB to aqueous solutions with
an initial Cr(III) concentration of 25 mg/L at 0.9 g/L. Our experiments on cation competition demon-
strated that the presence of Ca*" could markedly inhibit the adsorption of Cr(Ill) by KB, although the
inhibition was not observed with the presence of K*, Na*, and Mg?* in the solution. When monovalent
anions such as C;H,O,COO" and CH,COO™ were present in the solution, they reacted with Cr(III) to
form stable complexes, thereby reducing the removal efficiency of Cr(IIl). On the other hand, the . of
PO? and SO?" did not cause any inhibition in the adsorption of Cr(III).
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1. Introduction

Heavy metal pollution in water bodies has a critical nega-
tive impact of human activities on the environment, which is
rapidly expanding with the rapid development of the human
economy [1]. This type of pollution not only harms the envi-
ronment but also human health. For instance, the valence of
chromium (Cr) mainly contains 2 species of trivalent Cr(III)
and hexavalent Cr(VI), which can mutually convert each
other in the environment. They are both harmful to human
health. Cr(IIl) has a teratogenic effect, while Cr(VI) is nearly
300-times more carcinogenic, mutagenic, and toxic than
Cr(III) [2]. Chromium possesses the features of accumulation
and biologic chain concentration, and therefore it can migrate
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to the soil in an ionic state and accumulate among various
organisms such as vegetables and seafood [3]. As a result,
Cr can easily bio-enrich into animals and plants, and, subse-
quently, enter the human body, endangering human health.
Hence, it is extremely necessary to remove heavy metals
from wastewaters before discharging it into the environment.

Various processes, including chemical [4], physical [5],
and biological [6], have been applied to remove heavy metals
from polluted water. Among these, biosorption techniques
are the most common and cost-effective ones, which can be
attributed to the fact that biological adsorbents are environ-
ment-friendly and abundant [7]. One of the most popular
biological adsorbents is biochar —a material generated from
biomass after pyrolysis [8,9]. Biochar offers the advantages
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of (i) low-cost, (ii) wide range of materials, (iii) high poros-
ity, (iv) large specific surface area, and (v) thermal stability
[1,9] for usage. In addition, biochar is almost similar to pure
carbon. When adsorbed saturated biochar is scientifically
buried underground, it does not disappear for hundreds of
thousands of years, which indicates that carbon sequestra-
tion into the soil helps slow down the phenomenon of global
warming. Owing to these advantages, biochar has aroused
the widespread interest of researchers. In recent years, vari-
ous raw materials have been used for preparing biochar and
removing heavy metals. Agricultural wastes such as wood
[10], straw [11], and pericarp [12] are the most commonly
used raw materials for biochar. Furthermore, sewage sludge
[13,14], chestnut shells [15], yak manure biochar [16], and
marine macro-algae [17] also serve as raw materials for pre-
paring biochar. Since the surface of biochar derived from
marine macro-algae has a high pH value and various oxy-
gen-containing functional groups, it is considered to possess
a high potential for adsorbing cationic heavy metals from
aqueous solutions [17]. China is one of the most abundant
marine algae resources in the world. Large-scale exploitation
and the utilization of algae, in processes such as food, cos-
metics, and chemical production, originated in the 1950s and
1960s. Incidentally, marine macro-algae are widespread on
a large scale. There are many un-fresh, abandoned marine
macro-algae that are difficult to dispose. It would thus be
of great significance to transform these raw, abandoned
marine macro-algae into renewable resources. Not only in
China, Japan and Korea also have marine algae-producing.
Especially in Korea, it was reported that nearly 68,000 tons
amount of algae in 2016 were obtained producing a lot of
waste [17]. In addition, due to the growing environment and
flaky fiber structure of waste kelp, its surface has a high pH
value, various oxygen-containing functional groups, and
numerous hollow holes after pyrolysis [17]. Therefore, waste
kelp can be considered as an effective material for the prepa-
ration of biochar for application in adsorption of Cr from
wastewater.

In the present study, waste kelp was selected as the raw
material for biochar preparation, and, subsequently, the
performance of the prepared biochar to adsorb Cr(III) from
an aqueous solution was investigated. The main purpose
of this study was (i) to study the characteristics of biochar
derived from marine macro-algae kelp and (ii) to evaluate its
potential in removing Cr(III) from aqueous solutions. First,
the physical, chemical, and morphological characteristics of
biochar, produced by marine macro-algae kelp, were char-
acterized. Secondly, various factors that affect the adsorption
capacity of Cr(III) by kelp biochar (KB), including reaction
time, initial pH, Cr(Ill) concentration, competitive ion, and
biochar dosage, were evaluated. Finally, the adsorption
kinetics model and the isotherms model of Cr(III) by KB
were developed for the application.

2. Materials and methods
2.1. Materials

The raw biomass waste kelp for biochar production
used in this study was collected from Qinhuangdao city,
China. The procedure for preparing KB was as follows:

(1) the collected waste kelp was washed thoroughly and
dried at the room temperature for 24 h, followed by exsic-
cated at 70°C for 12 h in a drying oven; (2) crushing the
dried kelp to 0.18-1.7 mm-diameter particles using mortar;
(3) the crushed dried kelp was pyrolyzed in tube furnace.
In the furnace, an appropriate amount of dried kelp was
added and heated at 100°C for 2.0 h, after which the heat-
ing temperature was raised to 500°C at the rate of 7.0°C/
min; this temperature was maintained at this value for 2.0 h.
Eventually, the system was cooled down to room tempera-
ture. During this procedure, nitrogen gas was constantly fed
to the furnace at a rate of 2,500 mL/min to prevent the igni-
tion of organic matter in the furnace; (4) the extracted KB
was cleaned with deionized water and dried at 70°C-80°C
in the drying oven for 12 h, then sealed in a bag for further
use [18]. The aqueous solution used in the experiments was
prepared by dissolving CrCl, into distilled water. The cat-
ion stock solutions (5.0 g/L) was used to prepare the work-
ing solutions and was composed of KCl, CaCl,, NaCl, and
MgCl, in distilled water. Similarly, the stock solutions of
individual anions (C;H,0,COO-, CH,COO-, POY, and SO)
present in the Cr(Ill) solution were prepared by feeding
C,H,0,COONa, CH,COONa, Na,HPO,12H,O, and Na,SO,
to distilled water. All chemicals used in the study were of
analytical grade.

2.2. Characterization of the surface properties

The adsorption saturated biochar [Cr(IIl) concentra-
tion, 25 mg/L; initial pH, 3.5; KB dosage, 0.4 g/L; reaction
time, 420 min] was collected and dried in an oven at 80°C
for 12 h. The physical appearance of the surface of the raw
and saturated KBs was observed under a scanning elec-
tron microscopy-energy-dispersive X-ray spectroscopy
(SEM-EDS; JSM-6701F, Japan). Moreover, to determine
the presence of the functional groups on the characteristic
surface of raw and saturated KBs, especially the presence
of oxygen-containing functional groups, Fourier transform
infrared spectrometer (FTIR; Bruker Vertex 80V, USA) was
used to characterize the adsorbents.

2.3. Cr(11I) adsorption experiments

The procedures of the adsorption kinetics experiment
were as follows: first, 500 mL of the aqueous solution with
an initial Cr(IIl) concentration of 25 mg/L and an initial pH
of 3.5 was fed to a 1,000 mL beaker placed on a magnetic stir-
rer, followed by the addition of KB at a dosage of 0.8 g/L.
Next, the mixed solution was stirred for 660 min and 5.0 ml of
the samples were withdrawn from the flask at different time
intervals and filtered through a 0.22 um filter for the determi-
nation of Cr(IIl) concentration. Finally, the experimental data
were fitted with the pseudo-first-order and second-order
models.

The adsorption isotherm experiment was performed in
the following manner: initially, 50 mL of the aqueous solu-
tion with different initial Cr(III) concentrations (5-40 mg/L)
and an initial pH of 3.5 was added to a 100 mL beaker, to
which KB was fed at a dosage of 0.8 g/L. Subsequently, the
mixed solution was stirred for 420 min, and 10 mL of the
samples were removed at the end of the reaction, followed
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by filtering through a 0.22 um filter for the Cr(IIl) analysis.
Finally, the experimental data were fitted with the Langmuir
and Freundlich models.

The operating procedures of the influencing experi-
mental conditions were similar to those of the adsorption
isotherm experiment. As for the effect of initial pH on Cr(III)
removal, the initial concentration of Cr(IIl) in the solution
was 25 mg/L, while the initial pH ranged from 1.0 to 8.0.
Furthermore, investigations were performed to determine
the effect of the individual cation (K*, Ca*, Na*, and Mg?*)
present in the Cr(III) solution on the adsorption by KB. For
this purpose, solutions with a Cr(III) concentration of 25 mg/L
and individual cation concentrations of 0.0-60.0 mg/L were
used. Similarly, the effects of 4 types of anions (C;H,0,COOr,
CH,COOr, POY, and SOZ) on the removal of Cr(Ill) by KB
were also investigated. In this experiment, the concentra-
tions of anions varied from 0.0 to 6.0 mmol/L. In addition,
the effect of KB dosage (0.4-1.6 g/L) on the removal of Cr(III)
by KB was investigated at an initial Cr(III) concentration of
25 mg/L and an initial pH of 3.5.

In this study, the Cr(Ill) concentration was measured
using an atomic absorption spectrophotometer (WFX-120;
China). The calculation formulas of the capacity and effi-
ciency of Cr(III) adsorbed on KB are given in Egs. (1) and (2),
respectively, as follows:
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where g, is the adsorption capacity of Cr(Ill) on biochar
(mg/g), A represents the adsorption efficiency (%) of Cr(III)
by biochar, C, and C, represent the initial and equilibrium
concentrations (mg/L) of Cr(IIl), respectively, V is the volume
of the aqueous solution (L), and m is the mass (g) of biochar.

3. Results and discussion
3.1. Characterization of adsorbent materials
3.1.1. Surface features and interior structure

The functional groups on the surface of biochar play a
key role in metal adsorption. The formation of these func-
tional groups mainly depends on the use of specific biomass
and pyrolysis temperature [1]. Fig. 1 depicts the FTIR pat-
terns of KB before and after Cr(IlI) adsorption, suggesting
that their spectra were almost similar, albeit the intensity
changes were different and band shifts were numerous. The
oxygen-containing functional groups such as -OH, C=0O,
and C-O were observed before and after the KB adsorption
[19], and these functional groups can thus play an important
role in the binding of heavy metals to biochar [6]. Biochar
has broadband at 3,470-3,330 cm™', which can be attributed
to the vibration of the -OH group [20]. In some cases, the
—-OH group acts as the main binding site for metals owing
to the high electronegativity of O. Under this condition,
H is released to form the hydrophilic O. Fig. 1 further shows
that the -OH broadband after KB adsorption was narrower
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Fig. 1. FTIR spectra of KB before and after Cr(III) adsorption.

than that before adsorption, which suggests that Cr(III) had
occupied the adsorption sites of the -OH group. Owing
to the presence of carboxylic acid and nitrogen deriva-
tives, the peak at 1,604 cm™ before adsorption was C=O
stretching [21], but after the adsorption of Cr(III), the peak
position moved to 1,589 cm™ [22]. The corresponding peak
at 1,434 cm™ corresponded to C=C, and the position of the
peak after the adsorption of Cr(Ill) moved to 1,419 cm™.
The peak at 1,089 cm™ was attributed to C-O stretching
caused by alcohol, ester, ether, and phenol, and moved to
1,064 cm™ after the adsorption of Cr(Ill). The appearance
of the 870 cm™ peak represents the C—H bond of the aro-
matic or vinyl group and no change in the peak position was
observed after the adsorption of Cr(Ill). Although the sites
of the peaks of 578 and 455 cm™ are unknown functional
groups, one can observe from the figure that the sites of the
peaks after the adsorption of Cr(III) have obvious changes,
which are 570 and 485 cm™ respectively. Comparison of
the FTIR spectra of KB before and after Cr(III) adsorption
shows that the -OH, C=0, C=C, and C-O groups were
involved in the binding of Cr(IIl) to biochar, suggesting the
involvement of several oxygen functional groups in the KB
to serve as the potential adsorption sites for heavy metals.

3.1.2. Surface morphology and BET of KB

The SEM images of KB before and after Cr(IIl) adsorp-
tion are shown in Fig. 2. The KB in Fig. 2a reveals the cav-
ity distribution with an asymmetric size. The magnified KB
(Fig. 2b) has a porous surface with a honeycomb structure
and a large pore of size 50-500 nm, which can be utilized as
a micropore and mesopore adsorbent. After Cr(Ill) binding,
the surface of KB was found to be partially covered by some
substance (Fig. 2c). Compared with that in Fig. 2¢, this cover
in Fig. 2d was observed more clearly, which further suggests
that Cr(IIT) may be successfully adsorbed on the KB surface.
Furthermore, the EDS measurements of KB before and after
Cr(III) adsorption were performed to evaluate the chemical
composition changes on the KB surface (Table 1). The EDS
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Fig. 2. SEM images of KB (a,b) before adsorption and (c,d) after adsorption.

Table 1

EDS characterization and textural characteristics results of KB before and after adsorption and literature comparison

Biochar Elemental composition O/C molar Textural characteristics
(%, in mass) ratio
C O] S Cr Barrett-Joyner— Adsorption
Halenda pore surface  capacity
area (m*/g) (mg/g)
KB (before adsorption) 64.39 25.32 0.5 0 0.39 14.94 -
KB (after adsorption) 64.49 27.65 0.46 1.26 0.43 17.05 22.63
Biochar made of rice [22] 47.8 10.3 0.5 - 0.23 46.9 1.11 (Hg")
Biochar made of tobacco [22] 423 15.0 0.5 - 0.35 23.9 3.4 (Hg"

results reveal that C (64.39 wt.%) and O (25.32 wt.%) were the
main elements on the KB surface without any trace of Cr(III).
After the adsorption of Cr(III), as seen in Table 1, the Cr(III)
element appeared on the surface of KB, which further corrob-
orates the removal of Cr(III) by the KB. As observed in Table 1,
KB has a higher O/C (oxygen/carbon) ratio as compared to
traditional rice and tobacco biochar [22]. The O/C ratio can
be used as a hydrophilic index. Therefore, a high O/C ratio
indicates that an aqueous solution can easily permeate into
biochar, which is conducive to the adsorption of Cr(III) on KB.

In addition, as seen in Table 1, in comparison to the bio-
char made of rice and tobacco, KB has the lowest surface area

and the highest adsorption capacity of 22.63 mg/g for Cr(III),
which suggests that the surface area is not the decisive factor
for a high adsorption rate. The high adsorption capacity of
KB may be related to the functional groups and charges pres-
ent on the surface. After adsorbing Cr(IIl), the surface area
increased from 14.94 to 17.05 m?/g, which implies that Cr(III)
was successfully adsorbed by KB.

3.2. Adsorption kinetics and mechanism

The change in the adsorption efficiency of Cr(Ill) on
the KB over time is shown in Fig. 3. As in the figure, in
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Fig. 3. Adsorption kinetics of chromium adsorption by biochar.

the initial 240 min, the adsorption capacity of Cr(IIl) on
the KB rapidly increased with an increase in time. The
rapid adsorption of Cr(III) at this stage may be attributed
to the existence of a high driving force for the rapid trans-
fer of Cr(IIl) onto the surface of the adsorbent particles as
well as the possibility of the presence of uncovered surface
areas and unoccupied active sites on the adsorbent [23,24].
After 240 min, the adsorption rate of Cr(Ill) progressively
decreased, probably due to the decrease in the availability
of the uncovered surface area and the remaining active sites
and the decrease in the driving force, which resulted in a
longer time requirement by Cr(IIl) for entering the inner
pores of the adsorbent particles [25,26]. The adsorption pro-
cess of Cr(III) at different reaction times noted in this study
was consistent with that in the study of Huang et al. [27].
Based on the results and analysis, the process of adsorption
of Cr(IIl) by the KB can be divided into 3 stages: (i) the rapid
adsorption stage at the first 240 min, (ii) the slow adsorption
stage during the next 240420 min, and (iii) the equilibrium
stage after 420 min. With the increase in time, the 3 stages
were also discovered in the phosphate adsorption by wheat
straw biochar [27].

To evaluate the dynamic behavior of Cr(III) adsorption
on KB, the kinetic models of pseudo-first-order (Eq. (3))
and second-order (Eq. (4)) [28] were used to fit the experi-
mental data. When the adsorption process is pure physical
adsorption, it can be described by the pseudo-first-order
kinetic model. However, when it exists as chemical adsorp-
tion, which mainly involves the transfer or sharing of elec-
trons, the pseudo-second-order kinetic model can describe it
adequately. As follows [29]:

g.=q.(1-¢*) 3)
kgt

9= @
+k,q,t

where g, is the adsorption capacity of Cr(IIl) at the time ¢ on
biochar (mg/g), g, is the adsorption capacity at the equilibrium

state (mg/g), t is the adsorption time (min), and k, and k,
are the rates constant of the pseudo-first-order dynamic
model (min™) and the rate constant of pseudo-second-order
dynamic model (g mg™ min™), respectively.

In this study, the fitting results of pseudo-first-order and
pseudo-second-order models are summarized in Table 2. As
observed from this table, the pseudo-second-order kinetic
model has higher values of coefficient constant R* (>0.99)
than the pseudo-first-order kinetic model (R?* > 0.97), sug-
gesting that the pseudo-second-order kinetic model has a
better fitting effect and can better describe the adsorption
of Cr(IlT) on KB. The fitting result of pseudo-second-order
kinetic model also proves that the adsorption mechanism of
Cr(III) on KB is not only attributed to electrostatic adsorp-
tion but also chemical adsorption. The high pH at the sur-
face of KB may explain chemical adsorption. Furthermore,
the chemical adsorption may be related to the surface
charge of KB [30].

3.3. Adsorption isotherms

Fig. 4 illustrates the adsorption isotherm of Cr(IIl) on
KB. As observed in Fig. 3, with an increase in the initial
concentration of Cr(Ill), the adsorption capacity of Cr(Ill)
also progressively increased, which suggests that the con-
centration gradient was the driving force of Cr(III) adsorp-
tion on KB. Higher concentration indicates more opportu-
nities to bind the adsorption sites of KB with Cr(III) ions,
which in turn improves the success rate of adsorption. At
the tested concentration range, the adsorption capacity of
Cr(IlI) was found to increase rapidly at the Cr(IIl) concen-
tration of 5-20 mg/L, followed by a slower increase at the
concentration of 20-40 mg/L. The above increase may be
due to an increase in the Cr(IIl) concentration. Thus, the
Cr(Ill) adsorption on the KB gradually approached sat-
uration, and the availability of the adsorption sites on the
surface of KB rapidly decreased. As seen in Fig. 4, at the
Cr(III) concentration of 30-40 mg/L, the adsorption capacity
of Cr(Ill) reached 25 mg/g. The adsorption isotherm for
hydrogel has been reported by Jiang et al. and displayed a
similar phenomenon to our study [31], indicating that the
contaminant concentration is a vital factor for the adsorp-
tion process. In the literature, Pan et al. [32] reported that the
Cr(Il) adsorption capacities of activated carbon, rice straw
char, canola straw char, soybean straw char, and peanut
straw char were 5, 13, 15, 18, and 24 mg/g, respectively, at
the Cr(III) concentration of 1-200 mg/L.

Table 2
Parameters of kinetic models for the adsorption of Cr(III) on
the KB

Models Parameters Value
Pseudo-first-order model q, (mg/g) 19.09
k, (min™) 0.01
R? 0.97
Pseudo-second-order model g, (mg/g) 22.66
k,(gmg?min™)  0.05x 107
R? 0.99
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Fig. 4. Adsorption isotherms of Cr(Ill) adsorbed by biochar at
540 mg/L.

To characterize the adsorption equilibrium of Cr(III)
by the KB, the Langmuir and Freundlich models [33] were
applied to fit the experimental data. The Langmuir isotherm
model (Eq. (5)) states that the uniform distribution of adsorp-
tion sites and adsorption energy are the same and that each
adsorption site allows the adsorption of only one molecule,
neglecting the interaction between the adsorbates. Therefore,
the Langmuir isotherm model is usually applied to describe
monolayer adsorption, as follows [34].

q,bC
— m [4 5
= 140C, ©)

where g, and g are the adsorption capacity at the equilib-
rium state and theoretical maximum adsorption capacity
(mg/g), respectively; b is the Langmuir parameter to evaluate
the affinity of Cr(Ill) ion toward biochar (L/mg), and C, is the
equilibrium concentration of the adsorbate (mg/L).

The linear form of the Freundlich isotherm model is
given as follows:

q,=K.C" (6)

where g, is the adsorption capacity at the equilibrium state
(mg/g), K. is the Freundlich parameter (L/mg), which indi-
cates the affinity of KB to an adsorbate ion. C, is the equi-
librium concentration of the adsorbate (mg/g), and n is the
empirical constant to evaluate the adsorption strength of
adsorbent. The Freundlich adsorption isotherm assumes the
non-uniform adsorption sites, the different surface energy of
adsorbent, and the change in the adsorption heat with the
surface coverage. Therefore, the Freundlich model is used
to describe the multilayer adsorption behavior of a typical
heterogeneous surface [2].

In this study, the nonlinear fitting of experimental data
by the Langmuir and Freundlich models was performed, and
the fitting results are shown in Fig. 4 and Table 3. Both the
illustrations confirm that the Langmuir isothermal model
yielded a much better result (R* > 0.95), which fitted the data

Table 3
Parameters of the adsorption isotherm model for the adsorption
of Cr(III) on the KB

Models Parameters Value
q, 39.16

Langmuir isotherm model b (L/mg) 0.05
R? 0.95
K, 415

Freundlich isotherm model n 1.95
R? 0.89

in comparison to that of the Freundlich isothermal model
(R*>0.89). These observations suggested that the Langmuir
isothermal model can better represent the adsorption behav-
ior of Cr(III) on the KB as compared to the Freundlich isother-
mal model, which in turn indicates that KB adsorption was
monolayer adsorption and that all of the adsorption sites had
an equal solute affinity. The maximum adsorption capacity
of Cr(Ill) by the KB at the equilibrium was 39.16 mg/g, which
was higher than that of Cr(IIl) by the peanut straw biochar
(24 mg/g) [32]. Moreover, the n constant of the Freundlich
isotherm represents the adsorption affinity of Cr(Ill) in a
solution onto the KB. In this study, the value of n was >1.0,
which suggests that the adsorption isotherm is characterized
by favorable heterogeneous adsorption. This result is consis-
tent with that reported by Liu et al. [35].

3.4. Effect of initial pH

The effects of initial pH on Cr(IIl)-removal efficiency and
solution pH are shown in Fig. 5a. The removal efficiency of
Cr(III) had no significant change at the initial pH of 1-2, but
it rapidly increased to 86.53% when the initial pH increased
from 3 to 4, and then remained stable at around 85% at the
initial pH > 4.0. At a low initial pH, the corresponding low
removal capacity of Cr(IIl) can be attributed to the inhibi-
tion of the high concentration of H', which may affect the
adsorption of Cr(Ill) by the active sites on the competitive
adsorbent material [36]. In addition, H"has a great affinity for
several complex and ion exchange sites. With an increase of
pH, the H' concentration decreased, and the active sites of KB
increased, which are conducive to the adsorption of Cr(III)
[37]. Moreover, anion containing the oxygen functional
group can form a surface complex with Cr(IIl) on biochar.
Furthermore, with increasing initial pH, the dissociation
of acidic functional groups also increases, which enhances
the complexation between Cr(III) and the functional group
anions, thereby increasing the specific adsorption of Cr (III)
by biochar [32]. Furthermore, it was observed that, at the
tested initial pH range, the solution pH after the reaction
increased slightly, which may be due to the pH buffer capac-
ity of the biochar [38]. Fig. 5b displays the point of zero
charges (pH,,.) to be 2.71. When the pH < pH,,, the surface
charge became positive, leading to an electrostatic repulsion
to positively charged Cr(III), which may explain the lack of
adsorption of Cr(IIl) on KB at pH 1-2. However, a progres-
sive increase in the adsorption of Cr(III) at pH > 3 may be
attributed to the presence of a negative surface charge, which
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Fig. 5. Effect of pH on adsorption of Cr(Ill) by KB (a) and zeta
potential of KB at different pH (b).

creates an electrostatic attraction for positively charged
Cr(Ill) [39]. Therefore, the adsorption mechanism may be
caused by electrostatic interaction and complexation with
the functional groups, as also reported by Gutiérrez-Valtierra
et al. [40].

3.5. Effect of cations

The experimental results for the adsorption of Cr(III)
on the KB in the presence of K, Ca*, Na*, and Mg?* indi-
vidually are shown in Fig. 6. From this figure, it can be
observed that, when the K*, Na*, and Mg?* were present in
the solution, these metal cations had almost no effect on the
removal of Cr(IIl) by the KB with the cation concentration
increasing from 0 to 60 mg/L. However, when Ca*" was pres-
ent in the solution, the removal efficiency of Cr(IIl) by the
KB decreased rapidly from 72.50% in the absence of Ca* to
52.92% in the presence of 60 mg/L of Ca* ion. The effect of
the presence of K*, Na*, and Mg?* has two possible explana-
tions. First, the KB could adsorb Cr(III) and 3 other cations
simultaneously, which implies that the adsorption capacity
of KB was sufficiently strong and there was no competitive
adsorption point among the several ions. Second, the affin-
ity of the KB to Cr(III) was higher than those of K*, Na*, and
Mg?* ions in the solution [41]. As a result, the removal rate of
Cr(III) remained stable in the presence of the three cations.
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Fig. 6. Effect of cation on adsorption of Cr(III) by KB.

On the other hand, in the presence of Ca?*, the reduction
in Cr(Ill)-removal efficiency may be partly due to the sup-
pression of the attraction between it and the surface of KB,
which is the screening effect of surface charges caused by
the concentration of Ca?* [42]. In addition, the increase in the
concentration of Ca* may reduce the number of adsorption
sites and the affinity of the adsorbent materials.

3.6. Effect of anions

Various anions such as citrate (C,;H,O,COO"), acetate
(CH,COO), phosphate (PO}), and sulfate (SOZ) are often
found present in wastewater, which may interfere with the
adsorption of Cr(Ill) by KB. Fig. 7 shows the influence of
anion species on Cr(Ill) removal by the KB. From the fig-
ure, one can infer that, when the polyvalent anions PO}~
and SO are present in a solution, no obvious effect occurs
on the removal efficiency of Cr(IIl) by the KB. However,
the removal efficiency of Cr(Ill) decreased significantly in
the presence of monovalent organic anions. For example,
the removal efficiency of Cr(Ill) decreased from the initial
72.5% to 9.67% and then to 1.66% when the CH,COO-and
C,H,0,COO" concentrations increased from 0 to 1 mmol/L,
respectively. Fig. 7 also demonstrates that the inhibitory
effect of C;H O,COO- on the adsorption of Cr(IIl) by KB was
stronger than that of CH,COO~. Furthermore, the increase in
the monovalent anion concentration could reduce the activ-
ity coefficient of Cr(III) and the chance of collision between
KB and Cr(III) [43].

3.7. Effect of adsorbent dosage

The results for the effect of KB dosage on the removal
of Cr(Ill) are shown in Fig. 8. This figure elucidates that,
when the dosage of KB increased from 0.4 to 0.9 g/L, the
removal efficiency of Cr(III) increased sharply from 21.12%
to 91.13%, while the adsorption amount increased from
13.20 to 26.70 mg/g. This increase can be further expounded
by mentioning that an increase in the amount of adsorbent
increases the surface and pore volume of the adsorbent
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Fig. 8. Effect of KB dosage on adsorption of Cr(III) by KB.

material, thereby providing more functional groups and
more active adsorption sites that in turn increase the Cr(IlI)-
removal efficiency [23]. On the other hand, when the amount
of the KB increased from 0.9 to 1.6 g/L, only a slight change
was noted in the Cr(IIl)-removal efficiency, although a sharp
decrease was noted for the adsorption capacity from 26.70
to 15.65 mg/g. The decrease in the Cr(III) adsorption capac-
ity may be attributed to overcrowding caused by an exces-
sive concentration of the adsorbent [44], which resulted in
the formation of aggregates or precipitation of particles.
Eventually, by considering the results and analysis, it can
be confirmed that 0.9 g/L of KB dosage was optimal for the
optimal removal of Cr(IIl) by the KB.

4. Conclusion

In the present paper, we studied the removal of Cr(III)
from an aqueous solution using biochar derived from
waste kelp. The following conclusions were drawn.

The FTIR analysis revealed the presence of a large
number of oxygen functional groups in KB, which provides

potential adsorption sites for the adsorption of Cr(III).
The SEM-EDS characterization demonstrated that KB as
an adsorbent has a high potential ability. The investiga-
tion results of the adsorption isotherms confirmed that
the maximum adsorption capacity of Cr(II) by the KB was
39.16 mg/g. Furthermore, KB had a strong adsorption effect
on Cr(Il) at pH > 3, where the electrostatic interaction and
complexation were effective mechanisms of Cr(III) adsorp-
tion. When K*, Ca?, Na*, and Mg*" were individually pres-
ent in the solution, only the presence of Ca*" inhibited the
adsorption of Cr(Ill) on the KB. However, the presence of
the polyvalent anions PO} and SOZ had no effect on the
removal of Cr(III), whereas the presence of the monovalent
anions C,;H, O,COO- and CH,COO" had an obvious inhibi-
tory effect on KB adsorption of Cr(III). When the dosage of
KB was 1.0 g/L, the removal efficiency of Cr(III) by the KB
reached 91.13%. Therefore, the present study suggests that
KB is an effective adsorbent for removing Cr(III) from an
aqueous solution.
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