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Abstract In this work, a novel potential adsorbent, citric acid
(CA)-modified biochar, named as CAWB, was obtained from
water hyacinth biomass by slow pyrolysis in a N, environ-
ment at 300 °C. The CA modification focused on enhancing
the contaminants adsorption capacity of biochar pyrolyzed at
relatively low temperature. Over 90 % of the total methylene
blue (MB) could be removed at the first 60 min by CAWB,
and the maximum MB adsorption capacity could reach to
395 mg g_l. The physicochemical properties of CAWB was
examined by FTIR, XPS, SEM, and BET analysis. The results
indicated that the additional carboxyl groups were introduced
to the surface of CAWB via the esterification reaction with
CA, which played a significant role in the adsorption of MB.
Batch adsorption studies showed that the initial MB concen-
tration, solution pH, background ionic strength, and tempera-
ture could affect the removal efficiency obviously. The ad-
sorption process could be well described by the pseudo-
second-order kinetic model and Langmuir isotherm.
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Thermodynamic analysis revealed that the MB adsorption on-
to CAWB was an endothermic and spontaneous process. The
regeneration study revealed that CAWB still exhibited an ex-
cellent regeneration and adsorption performance after multiple
cycle adsorptions. The adsorption experiments of actual dye
wastewater by CAWB suggested that it had a great potential in
environmental application.

Keywords Biochar - Water hyacinth - Citric acid -
Modification - Adsorption - Dye wastewater

Introduction

Synthetic dyestuffs have been an important class of pollutants,
which are extensively utilized in many fields such as textiles,
paper, plastic, leather, cosmetics, food processing, wool, and
printing (Yagub et al. 2014). The residual dyes in the waste-
waters have posed a serious threat to the environment due to
their high visibility, recalcitrance, and adverse effects on both
the aquatic biota and human health (Mahmoud et al. 2012).
Various physical, chemical, and biological removal tech-
niques such as membrane separation process, coagulation,
electrochemical and chemical precipitation, chemical oxida-
tion, and aerobic or anaerobic microbial degradation have
been used widely for the decontamination of dyestuffs in
wastewater before their release into the environment
(Annadurai and Lee 2002). Among these methods, adsorption
has been recognized as one of the most effective, versatile, and
innocuous technology for the treatment of dye-contaminated
effluent (Sun et al. 2013). Activated carbon is often considered
to be the most commonly used adsorbent for the decoloriza-
tion of dyes in wastewater when compared to the other adsor-
bents such as agricultural solid wastes (Feng et al. 2012),
industrial by-products (Gulnaz et al. 2004), and inorganic
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materials (Auta and Hameed 2012). However, activated car-
bon is still regarded as an uneconomic adsorbing material due
to its expensive sources of raw materials and the high cost
associated with its activation process (Yang and Qiu 2010).

Biochar, which has high specific surface area, excellent
macroporous structure, enriched functional groups on its sur-
face, as well as a lower cost of feedstocks and production
process, appears to be an ingenious alternative to activated
carbon (Tan et al. 2015). However, the original biochar still
has limited removal ability to the dyes and other contaminants
in wastewater, which limits its application to a certain extent.
To enhance the adsorption capacity of biochar, many re-
searchers prepared the biochar at high pyrolysis temperature.
Mahmoud et al. obtained the kenaf fiber biochar with im-
proved pore structure by HCI treatment after pyrolyzing at
1000 °C, which could be used to remove methylene blue from
wastewater (Mahmoud et al. 2012). The iron oxide amended
rice husk biochar charred at 950 °C was used to adsorb arse-
nate due to its high specific surface area in the study of Cope
et al. (2014). Harikishore Kumar Reddy and Lee (2014) also
prepared a CoFe,04-modified biochar at 950 °C for Pb>" and
Cd** removal from aqueous solution. In addition, tempera-
tures at 600 °C and above are extensively chosen to prepare
the original biochar in many other researches (Burhenne and
Aicher 2014; Wang et al. 2013a). Higher pyrolysis tempera-
ture may lead to higher adsorption capacity of contaminants
onto the biochar by improving the physicochemical properties
of biochar like specific surface area, pore structure, and cation
exchange capacity (Ahmad et al. 2012). But on the other hand,
it could cause the loss of yield and surface functional groups,
and higher energy consumption during the preparation, which
may diminish the biochar’ s advantages of cost-effectiveness
and resource conservation (Shen et al. 2012). Therefore, it is
urgent and necessary to specifically aim at effectively improv-
ing the adsorption capacity of the biochar prepared at relative-
ly low temperature.

Citric acid (CA) could be applied to modify the surface of
various bioadsorbents by introducing additional carboxyl
groups onto their surfaces, which may enhance their dye ad-
sorption capacity (Marshall et al. 1999; Wang et al. 2014;
Zhou et al. 2014; Zou and Zhao 2011). Sajab et al. produced
CA-modified kenaf core fibers via esterification, which
showed higher methylene blue adsorption capacity
(131.6 mg g ') when compared with untreated kenaf core
fibers (Sajab et al. 2011). In another research, Zou et al. re-
ported that the CA-treated pine sawdust could be used as an
effective adsorbent, of which the methylene blue removal ca-
pacity (111.46 mg g ') could be increased significantly by CA
modification (Zou et al. 2013). As for the application of bio-
char modification, CA could be used as a macropore creating
agent in the pretreatment of Zn-modified biochar by fabricat-
ing the macropores via thermal decomposition to provide
more inner space for ZnCl, according to the study conducted
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by Kong et al. (2014). As yet, CA has never been used as a
surface modification agent impregnated on the surface of the
biochar to enhance its adsorption capacity of contaminants by
improving the quantity and composition of functional groups.
Water hyacinth (Eichornia crassipes), as one of the worst
aquatic plants and the most aggressive invasive species in the
world, has been a serious problem around the world due to its
rapid spread and uncontrolled growth (Malik 2007). The con-
version of the biomass of this invasive species into biochar for
adsorbing pollutants in water could be a feasible and sustain-
able strategy for management of water hyacinth (Masto et al.
2013). Methylene blue (MB) is accepted as a model com-
pound for determining adsorption capacity of contaminants,
particularly organic dyes onto various adsorbents in liquid-
phase adsorption (Zhang et al. 2010). In this study, water
hyacinth biomass-derived biochar through slow pyrolysis in
a N, environment at 300 °C was modified by CA to enhance
its adsorption ability for MB from aqueous solution at the first
time. A series of laboratory experiments, including character-
ization experiment and batch sorption experiment, were car-
ried out to investigate the physicochemical properties and MB
adsorption mechanisms of the CA-modified biochar. It is our
overarching objective of this work to explore a new highly
efficient and cost-effective adsorbent with high adsorption
capacity, less energy consumption, and low production cost
that can be widely utilized in water contaminant removal.

Materials and methods
Materials

All chemicals in this work were of analytical grade without
any further treatment. Citric acid was purchased from Tianjin
Hengxing Chemical Reagent Co., Ltd. (Tianjin, China).
Methylene blue (C3;H,7N3Na,09S3) was produced by
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
MB stock solution was prepared by dissolving it into ultrapure
water (18.25 MQ cm ). The working solutions were prepared
by diluting the MB stock solution with ultrapure water to
certain concentration as required in each experiment. River
water was obtained from Xiangjiang River in Changsha,
Hunan province, China. The actual dye wastewater with an
MB concentration of 236 mg L' and pH of 8.1 was collected
from a textile mill in Changsha, Hunan Province, China.

Preparation of CA-modified biochar

The water hyacinth in this work was obtained from Changsha,
Hunan Province, China, and washed with ultrapure water for
several times and the stems separated and dried at 60 °C for
48 h. The dry biomass was crushed into powder and then
pyrolyzed in a tube furnace at 300 °C with a heating rate of
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5 °C min ' under N, atmosphere for 2 h. Two grams of the
powered water hyacinth biochar (WB) was added into 100 mL
of 0.6 mol L™ CA solution and stirred at 300 rpm for 2 h at
room temperature (25 + 2 °C). The CA-impregnated biochar
was dehydrated at 60 °C for 24 h, then heated to 120 °C and
kept for 90 min before cooling down to room temperature.
The obtained biochar modified by CA (CAWB) was washed
with ultrapure water for several times to remove excess CA
and finally dried at 60 °C for 24 h. The detailed preparation
process of CAWB described above is shown in Fig. 1.

Characterization of WB and CAWB

Scanning electron microscopy (SEM) (JSM-7001F, Japan) was
used to examine the surface morphology of the prepared mate-
rials. The surface functional groups on the materials were ver-
ified by Fourier transform infrared spectrum (FTIR) (Nicolet
5700 spectrometer). Surface chemical composition of the sam-
ples was characterized with an ESCALAB 250Xi x-ray photo-
electron spectrometer (XPS) (Thermo Fisher, USA). Brunauer,
Emmett, and Teller (BET) analysis was carried out to measure
the specific surface area and the pore volume of the samples by
using gas (N,) adsorption-desorption with a gas sorption ana-
lyzer (Quantachrome Quadrasorb SI, USA).
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Fig. 1 Scheme for the preparation of CA-modified biochar
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Bach adsorption experiments

All the adsorption experiments in this work was conducted by
adding 50 mg of the adsorbent to 50 mL of MB solution in a
100-mL conical flask, and the mixture was placed on a me-
chanical shaker (SHY-2A, China) at 130 rpm for the designat-
ed time at the needed temperature. The effect of biochar pro-
duction temperature on the removal efficiency of MB was
studied by adding the adsorbents resulted from different tem-
peratures to 200 mg L' MB solutions at pH 10.0, 30 °C for
24 h. The effect of initial MB concentration in the solutions
was investigated by mixing CAWB with various concentra-
tions of MB solutions (100, 200, 300, 400, 500, and
600 mg L") at pH 10.0 for 24 h. To explore the influence of
initial pH of MB solution, 0.1 mol L™ of HCl and NaOH was
used to adjust the initial pH of the solutions. The adsorbent
was added to the 300 mg L' MB solutions with a series of
different pH (2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0) at 30 °C
for 24 h. The effect of ionic strength was studied by adding
CAWSB to the 200 mg L' MB solutions containing different
concentrations of NaCl (0.001-0.5 mol L™") at pH 10.0, 30 °C
for 24 h. The samples were filtered to measure the MB con-
centrations using a UV-vis spectrophotometer (UV-2250;
Shimadzu Corporation, Japan) at a wavelength of 665 nm
after filtration of the solution.
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Adsorption kinetics of MB onto CAWB were measured
with 300 mg L™ at pH 10.0, 30 °C. The residual concentra-
tions of MB in the solutions were determined at various time
intervals (5, 10, 30, 60, 120, 180, 360, 720, 900, 1080, 1440,
and 2880 min). MB adsorption isotherms and thermodynamic
analysis were achieved at different MB concentrations (50,
100, 200, 300, 400, 500, 600, and 800 mg L") at pH 10.0
and at temperatures of 30, 40, and 50 °C, respectively. The
samples were then filtered and the MB concentrations were
analyzed spectrophotometrically by the same method. Several
sequential adsorption-desorption experiments were conducted
to verify the feasibility of regenerating CA-modified biochar.
The adsorbent loaded with MB was filtered and washed for
several times with ultrapure water to remove unadsorbed MB.
The resulting adsorbent was added into 50 mL of 0.1 mol L™
HCI and shaken at 130 rpm under 30 °C for 12 h. The regen-
erated adsorbent was filtered, dried at 60 °C for 24 h, and then
reused to adsorb MB as described above.

Application of CAWB to real dye wastewater

The study on environmental application of CAWB to actual
industrial effluent was investigated by adding 50 mg of
CAWRB to 50 mL of industrial effluent collected from a textile
mill in Changsha and to the MB solutions prepared with ul-
trapure water and river water with the same MB concentration
of 236 mg L' and the same pH of 8.1 at 30 °C for 24 h. The
samples were then filtered and the MB concentrations were
analyzed by the same method above.

Results and discussion
Characterization of WB and CAWB
FTIR

The FTIR spectroscopy could be utilized to determine the
changes in the surface functional groups of the biochar during
the CA treatment. The spectra, as seen in Fig. 2, displayed a
number of adsorption peaks indicating the complex nature of
the adsorbent. It could be obviously found that two new peaks
appeared at 1438.7 and 1702.9 cm ' after CA treatment, re-
spectively. The former band was assigned to the stretch vibra-
tion of C—O associated with the carboxyl group, indicating
that additional carboxyl groups were introduced onto the sur-
face of the biochar by the esterification reaction with CA
(Qian and Chen 2014). This hypothesis was confirmed by
the latter band which was assigned to the C=O0 stretch of ester
carbonyl group generated in the esterification reaction (Chen
etal. 2011a). Furthermore, it could be seen that there existed a
significant increase in the intensity of the band at 1621.9 cm !
which was associated with a region of the ionized coordinated
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Fig. 2 FTIR spectra of a WB, b CAWB, and ¢ CAWB with MB

and the ionized non-coordinated COO ™ group form of the
carbonyl from the surface carboxyl group, verifying the intro-
duction of additional carboxyl groups (Dong et al. 2011). The
broad adsorption peak at 3434.7 cm™', which was indicative
of hydroxyl vibrations, did not become weak after modifica-
tion, demonstrating that the introduction of carboxyl groups
happened without the cost of decreasing the hydroxyl groups
on the biochar surface (Tong et al. 2011). The band at
1107.0 cm ™" corresponding to C—O—H asymmetric bending
vibration shifted to 1234.3 cm™' which was assigned to C—
O-H symmetric bending vibration after the esterification re-
action with CA, indicating the change of C—O—H groups dur-
ing the modification process (Leyva-Ramos et al. 2012).

The FTIR analysis could also reveal the adsorption
mechanism involved in the removal of MB by CAWB
via comparing the spectrum before and after adsorption.
As seen from Fig. 2, there was a little and negligible
change between the spectrum a, b, and ¢ at the adsorption
peaks located at 1388.5 and 2927.4 c¢m™', which
corresponded to the bending and stretch vibration of C-H
bond, respectively. Nevertheless, it was obvious to find that
the 3423.2 and 1620.0 cm™' peaks, corresponding to the
hydroxyl group and carbonyl from the carboxyl group of
CAWB, shifted to a lower frequency at 3421.3 and
1602.6 cm', respectively, with diminished peak intensity
after the MB adsorption. These changes may be due to the
specific interactions between hydroxyl and carboxyl groups
with MB molecules. This analysis result was consistent
with previous works (Inyang et al. 2014). Moreover, it
could be seen from spectrum c that a new peak appeared
at 1492.7 cm™' corresponding to C=N stretching of MB
molecule after MB adsorption, verifying that the MB was
adsorbed to the surface of CAWB (Low et al. 2004).
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XPS

To further understand the changes of the chemical composi-
tion on the biochar surface during CA modification, XPS
analysis was performed, and the results are shown in Fig. 3.
As seen from Fig. 3a, the surface principal element contents
such as carbon (C), oxygen (O), and nitrogen (N) of WB were
72.36,23.08, and 4.56 %, respectively, whereas these element
contents of CAWB were 69.51, 26.69, and 3.80 %, respective-
ly, as seen from Fig. 3b. A higher O1s/Cls atomic ratio after
modification indicated an increase in the total amount of
oxygen-containing functional groups on the surface of
CAWB, which may be due to the introduction of carboxyl
groups during the CA treatment (Qian and Chen 2014). In
addition, the O1s/Cls atomic ratio could be used to reveal
the surface hydrophilicity of the carbon material (Chen et al.
2011b), and the higher O1s/C1s atomic ratio of CAWB denot-
ed that it had a higher affinity to water. This might affect the
adsorption of aqueous organic contaminants such as MB
(Ahmad et al. 2014). Furthermore, Fig. 3c reflected the Cls
XPS spectra of WB, which could be well curve-fitted into
three peak components at approximately 284.7 eV (C—C),
286.4 eV (C-0), and 287.8 eV (C=0), respectively. The
Cls XPS spectrum of CAWB, according to Fig. 3d, could
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be deconvoluted into four peaks at the binding energy of
284.8 eV (C-C), 286.5 eV (C-0), 287.8 eV (C=0), and
289.2 eV (O-C=0) (Jing et al. 2014). We could easily find
that a new peak appeared at 289.2 eV which was attributed to
ester groups after CA modification. This may be owing to the
esterification reaction between the hydroxyl groups of the bio-
char surface and the carboxyl anhydrides dehydrated from CA
(Wang et al. 2013b). The proposed modification mechanism
mentioned above is displayed in Fig. 4. As seen from Fig. 4,
additional carboxyl groups were introduced on the surface of
the biochar by the thermochemical reaction of CA with bio-
char hydroxyl groups, leading to a greater amount of carboxyl
groups. This could be verified by the enhanced peak height
signal at the binding energy of 287.8 eV in Fig. 3¢ which
represented the C=O0 in carboxyl groups when compared with
Fig. 3d. It should be noted that the further heating may not
further increase but cause a detrimental effect on the carboxyl
group content due to the additional dehydration and multi-
point cross-linking reaction, as demonstrated in Fig. 4
(Wang et al. 2013b). Consequently, the control of reaction
conditions such as the temperature and time of the thermo-
chemical reaction are the key parameters to ensure the modi-
fied effect during the modification process. These two param-
eters in the heating process, temperature and time, in this work
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Fig. 3 XPS survey spectra of a WB and b CAWB; Cls XPS spectra of ¢ WB and d CAWB
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Fig. 4 The proposed mechanism of a ideal CA modification of biochar and b multi-point cross-linking reaction caused by further heating

were set as 120 °C and 90 min, respectively, which were
reasonably selected by conducting several comparison testing
and comparing the modified effect in the previous research
works (Mao et al. 2010; Wang et al. 2013b).

SEM and BET

The surface morphologies of the pristine biochar (WB)
and CA-treated biochar (CAWB) are displayed in the
SEM images. Figure Sa reflects that there existed multiple
holes on the surface of WB to form a rough and hetero-
geneous surface, leading to a high surface area of WB. By
comparing with Fig. 5b, it could be obviously found that
the surface of the material became smoother and more
homogeneous after CA modification. Table 1 presents the
results of BET analysis, such as specific surface area, total
pore volume, and average pore size of the CAWB, which
suggested that the CA treatment may cause a detrimental
effect to the surface area of the biochar. As could be seen
from Table 1, the specific surface area and the total pore
volume decreased by 38.6 and 32.6 %, respectively,
whereas the average pore size increased from 4.842 to
5.319 nm. The residual organic matter such as lignin after
pyrolysis at 300 °C could be solubilized and washed off
by CA during the CA treatment, which could account for
the increase in the average pore size and the change in
surface morphology before and after CA treatment (Kong
et al. 2014). The specific surface area and the total pore
volume did not increase with the enhancement of the av-
erage pore size due to the pore blockage by adsorbed CA
molecules which have a small molecular size and could
casily access the pore structure of the biochar (Chen et al.
2003). Therefore, N, has less affinity during its sorption
process, leading to a reduced data of surface area and pore
volume of CAWB compared to WB. This was consistent
with the studies reported by Chen et al. (2003) and Pitsari
et al. (2013). It should be noted that the adsorption capac-
ity of MB onto CAWB did not decrease but was
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significantly improved after CA treatment due to the intro-
duction of carboxyl group on the surface of the biochar.
This result may indicate that the functional groups play a
more important role than specific surface area in the MB
adsorption process.

SEI  5.0kv  X10,000 1pm WD 13.1mm

1pm WD 13.1mm

SEI  5.0kv X10,000

Fig. 5 Scanning electron micrographs of a WB and b CAWB
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Table 1  BET analysis parameters of WB and CAWB
Specific surface Pore volume Average
area (m2 gfl) (cm3 gfl) pore (nm)
WB 93.00 0.1126 4.843
CAWB 57.08 0.0759 5.319

Adsorption studies
Effect of pyrolysis temperature

The effect of pyrolysis temperature on the removal efficiency
of MB onto WB and CAWB is shown in Table 2. As shown in
Table 2, the removal efficiency of MB onto WB decreased
from 65.7 to 37.0 % with increasing pyrolysis temperature
from 300 to 500 °C, mainly due to the decrease of polar
functional groups such as hydroxyl and carboxyl on the sur-
face of WB (Kim et al. 2013). These decreased hydroxyl
groups on the surface of WB at higher pyrolysis temperature
led to fewer introductions of additional carboxyl groups to the
surface of WB via less esterification reaction with carboxyl
anhydrides dehydrated from CA, causing a decrease of MB
removal efficiency from 99.1 to 61.1 %. This result verified
that the introduced carboxyl groups played an important role
in the removal of MB by CAWB.

Effect of initial MB concentration

The effects of initial MB concentration on the adsorption ca-
pacity and removal efficiency of MB onto WB and CAWB are
displayed in Fig. 6. It could be found from Fig. 6 that the
adsorption capacity and removal efficiency of the WB were
significantly improved after CA treatment. This was due to the
introduction of carboxyl groups by CA modification, which
could serve as additional sites for MB adsorption onto the
biochar surface. With the increase of initial MB concentration
from 100 to 600 mg L', the amount of MB removed by
CAWB at equilibrium increased from 99.5 to 372.4 mg g ',
while the MB removal efficiency showed an opposite trend
and decreased from 99.5 to 62.1 %. A higher initial MB con-
centration could provide a significant driving force to over-
come the transfer resistances of MB between the solid and
aqueous, which could explain the positive relationship be-
tween the amount of MB adsorbed by CAWB at equilibrium

Table 2  Effect of pyrolysis temperature on MB adsorption efficiency
of WB and CAWB

Pyrolysis temperature 300 °C 400 °C 500 °C
WB 65.7 % 46.7 % 37.0 %
CAWB 99.1 % 713 % 61.1 %
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Fig. 6 Effect of initial MB concentration on adsorption capacity and
removal efficiency of MB onto WB and CAWB

and the initial concentration of MB (Hameed et al. 2008).
However, the total available binding sites on the surface of
CAWB were limited for certain CAWB dosage; therefore, the
MB removal efficiency decreased along with the increase of
the initial MB concentration.

Effect of solution pH

The pH of the solution is considered to be an important con-
trolling parameter, which could significantly affect the adsorp-
tion process. The analysis of the effect of pH could be a useful
tool to investigate the mechanism involved in MB adsorption
onto CAWB. The effects of the initial pH of MB solutions on
the adsorption of MB onto WB and CAWB are shown in
Fig. 7. As seen from Fig. 7, the removal efficiency of
CAWB was poor at lower initial pH and increased obviously
with the increase of solution pH, then reached the maximum
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Fig. 7 Effect of initial solution pH values on MB removal by WB and
CAWB
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removal efficiency of 97.07 % at pH 10.0. Thus, the initial
solution pH 10.0 was selected for further experiments. At low
pH values, the surface of CAWB may be positively charged
due to the protonation of the surface functional groups such as
hydroxyl and carboxyl groups, which was verified to be the
important functional groups involved in the adsorption of MB
in the FTIR analysis above. Additionally, the excess H" and
H;0" ions may compete with dye cations (MB™) for the same
binding sites (Gong et al. 2008). Therefore, the lower adsorp-
tion efficiency at low pH was due to the electrostatic repulsion
presented between the dye cations and the positively charged
surface of CAWB. When the pH of MB solution increased, the
competition between the protons and dye cations for the ad-
sorption sites available on CAWB surface was weakened.
Moreover, the hydroxyl and carboxyl groups were
deprotonated and more binding sites could be released at
higher pH value. The electrostatic attraction that occurred be-
tween the dye cations and negatively charged surface of
CAWRB at high pH could account for the increase of MB
adsorption onto CAWB. These results indicated that the elec-
trostatic attraction might be an important mechanism for MB
removal, which was similar to the conclusions made in previ-
ous studies on MB adsorption (Hameed et al. 2008).

Effect of ionic strength

The influence of NaCl concentrations was investigated to de-
termine the effect of background ionic strength of MB adsorp-
tion onto CAWB, and the result is shown in Fig. 8. As seen
from Fig. 8, it was concluded that the MB adsorption onto
CAWB was dependent on the concentration of NaCl because
the adsorption efficiency of CAWB decreased from 99.1 to
75.3 % as the concentration of NaCl increased from 0.001 to
0.1 mol L™". The decrease might be due to the competition of

WB
CAWB

)

100

777

B (o2} o}
o o o
1 | |

Removal efficiency (%)

N
o
|

0 0001 0005 001 005 0.1 05
Concentration of NaCl (mol L™)

Fig. 8 Effect of different NaCl concentrations on MB removal by WB
and CAWB
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Fig. 9 Kinetics of MB adsorption onto CAWB at 30 °C
(volume = 50 mL; initial MB concentration = 300 mg L™'; pH = 10.0,
contact time = 5-2880 min)

Na" with the positively charged MB for the same adsorption
sites on the negatively charged surface of CAWB. This result
confirmed the involvement of electrostatic attraction in the
MB adsorption onto CAWB, which was consistent with the
analysis of the effect of pH above. However, there existed a
slight increase of the adsorption of MB when the NaCl con-
centration reached 0.5 mol L™ in comparison with
0.1 mol L™", which might be due to the aggregation of MB
molecules induced by salt ions (Ma et al. 2012).

Adsorption kinetics

The effect of contact time on MB removal by CAWB is
displayed in Fig. 9. As seen from Fig. 9, the adsorption of
MB by CAWB was rapid within the first 60 min, and it should
be noted that over 70 and 90 % of the total MB was removed
at the time of 5 and 60 min, respectively. The rapid adsorption
in this stage may be attributed to the sufficient active binding
sites on the surface of CAWB. After the rapid adsorption
stage, the removal rate decreased gradually and achieved equi-
librium after 12 h.

Both pseudo-first-order and pseudo-second-order models
were applied to investigate the adsorption mechanism of MB
onto CAWB. The two models could be expressed by the fol-
lowing equations respectively:

g, = q.(1-¢™") (1

Table 3  Kinetic parameters for adsorption of MB onto CAWB

Pseudo-first-order Pseudo-second-order

Gen (gmg ' min) "k, (min") R?
0.002 0.99

Ger (mgg) k (min") R’
270.35 0262 097 27535
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Fig. 10 Langmuir isotherm (solid line) and Freundlich isotherm (dash
line) for the adsorption of MB onto CAWB (MB solution
volume = 50 mL; adsorbent dose = 50 mg; initial MB
concentration = 50-800 mg L pH = 10.0; contact time = 24 h;
T=130, 40, 50 °C)

(2)

_ kzqﬁf
"= M+ hagyt)

where ¢, and ¢, are used to represent the amount of MB re-
moved by CAWB at equilibrium and time ¢, respectively
(mg g "), and k, and k, are the adsorption rate constants
(min~") of the first order and second order, respectively.
These parameters of two kinetic models as mentioned above
are summarized in Table 3.

As could be obviously seen from Table 3 that the experi-
mental data in this study were better fitted by the pseudo-
second-order model (R* = 0.99) than the pseudo-first-order
model (R = 0.97). Additionally, the value ¢, (275.35 mg g ")
calculated by the pseudo-second-order model was more equal
to the experimental value (280.10 mg g ') than the pseudo-
first-order one (270.35 mg g '). The fact that the
pseudo-second-order model was more suitable for describing
MB adsorption process indicated that the removal of MB by
CAWB was dominated by chemisorption, involving chelating
reaction and ion exchange between the adsorbent and adsor-
bate (Sun et al. 2013).

Adsorption isotherms

Adsorption isotherms are significant in describing how the
adsorbate interacts with adsorbents, which are critical for us
to optimize the use of adsorbents. To better explain the equi-
librium characteristics of the MB adsorption onto CAWB,
Langmuir (Eq. (3) and Eq. (4)) and Freundlich (Eq. (5)) iso-
therm models were applied to simulate the experimental data.
Their governing equations are expressed as follows:

quLce
= —— 3
qe 1+ Kice (3)
R = 1 (4)
REY )
g, = Krc)" (5)

where ¢, and c, are the initial and equilibrium concentrations
of MB in aqueous solution (mg L"), and g¢,, denotes the
maximum adsorption capacity obtained from Langmuir mod-
el. Ky is the Langmuir equilibrium constant related to interac-
tion energies (L mg ). Ry, as the dimensionless constant sep-
aration factor of Langmuir equation, is used to indicate wheth-
er the adsorption equilibrium is favorable (0 < Ry < 1) or
unfavorable (R > 1). Kr and n denote the Freundlich affinity
coefficient and Freundlich linearity constant.

The equilibrium isotherms for MB adsorption by CAWB at
different temperatures (30, 40, and 50 °C) are displayed in
Fig. 10. The relative isotherm parameters are shown in
Table 4. As seen from Table 4, the Langmuir model has better
R values (0.992, 0.992, and 0.995) than the Freundlich model
(0.850, 0.832, and 0.808) at all temperatures, which was con-
sistent with the previous researches (Zeng et al. 2015). The
result confirmed the monolayer coverage of MB and the ho-
mogenous distribution of a finite number of active binding
sites on the surface of CAWB (Yao et al. 2013). The values
Ry, in the adsorption of MB by CAWB at all temperatures
(0.0019, 0.0016, and 0.0015) were less than 1 and greater than
0, which verified that the adsorption process of MB onto
CAWB was favorable. Moreover, the K value increased with
the increase in temperature, which was related to the affinity
of binding sites, indicating that the MB adsorption onto
CAWB was an endothermic process and it was favorable for
the adsorption at higher temperature due to the increase in

Table 4 Langmuir and

Freundlich isotherm parameters T(°C) Langmuir model Freundlich model

for adsorption of MB onto

CAWB gn(mgg)  KiLmg) R Ry Ke(Lmg)  n R
30°C 84.87 0.02 0.992 0.0019 11.28 3.03 0.850
40°C 94.38 0.03 0.992 0.0016 14.79 3.23 0.832
50 °C 96.18 0.10 0.995 0.0015 2535 4.01 0.808
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Table 5 Comparison of the

maximum MB adsorption Adsorbents Adsorption capacity ~ References
. . -1
capacity of various adsorbents (mgg)
CAWB 395 This study
Rice husk activated carbon 343.5 Kannan and Sundaram (2001)
Rattan sawdust activated carbon 294.12 Hameed et al. (2007)

Graphene-coated cotton wood biochar

Cationic surfactant-modified water hyacinth biochar

174 Zhang et al. (2012)
103.2 Sumanjit et al. (2015)

collision frequency between CAWB and MB (Sumanjit et al.
2015). Nevertheless, there exists little difference between the
calculated maximum adsorption capacities at different temper-
atures, which indicated that CAWB could also be an effective
adsorbent in aqueous solution at relatively low temperature.
Table 5 summarizes the maximum adsorption capacity of
CAWB with various adsorbents in previous studies. As could
be seen from Table 5, CAWB showed an excellent MB re-
moval ability compared to many other adsorbents (Hameed
etal. 2007; Kannan and Sundaram 2001; Sumanjit et al. 2015;
Zhang et al. 2012).

Thermodynamic analysis

Whether adsorption was endothermic or exothermic could be
defined by thermodynamic parameters such as enthalpy AH’,
entropy AS°, and Gibbs free energy AG’. These parameters
could be obtained by the following equations:

AG® = -RTK" (6)
AH®  AS°
lnko = RT + T (7)

where R is the gas constant 8.314 J mol ' K™!, 7' (K) is the
absolute temperature in Kelvin, and K° could be calculated by
plotting In(g./c,) versus c, and extrapolating ¢, to zero. From
the linear plot of AG, the values of AH® (kJ mol ") and AS°
(kJ mol™" K™") could be obtained from the slope and intercept.

In this study, the adsorption experiments were carried out at
different absolute temperatures of 303.15 K (30 °C), 313.15K
(40 °C), and 323.15 K (50 °C). The results of thermodynamic
studies are shown in Table 6. The negative value of AG® at all
temperatures verified the feasibility and spontaneous nature of
the MB adsorption process onto CAWB. Furthermore, when
the temperature increased from 30 to 50 °C, the Gibbs free

energy AG® decreased from —3.546 to —3.931 kJ mol ', indi-
cating that the adsorption process was more spontaneous at
higher temperature (Gan et al. 2015).

The positive value of AH° (2.284 kJ mol ") verified the
endothermic nature of the adsorption of MB onto CAWB,
which was consistent with the above conclusions of adsorp-
tion isotherms analysis. The positive value of AS° reflected the
affinity of the CAWB for MB and suggested the increase of
randomness at the solid-solution interface during the MB ad-
sorption process (Kotodynska et al. 2012). We could draw the
conclusion that the MB adsorption onto CAWB was an endo-
thermic and spontaneous process, which was consistent with
the results obtained in the adsorption isotherms study.

Regeneration analysis

Regeneration of exhausted adsorbent could make the treat-
ment process more economical and sustainable. To realize
the regeneration, 0.1 mol L™' HCI was used as the eluent to
desorb the MB loaded on CAWB in this study. It could be seen
from Fig. 11 that the eluent performed well in desorbing the
adsorbed MB, verifying the electrostatic attraction mechanism
of MB adsorption, since HCI could corrupt these bonds be-
tween dye cations and negatively charged surface of CAWB
(Dotto et al. 2015). Furthermore, the removal efficiency of
MB onto reused CAWB was still over 85 % at the fifth cycle,
after decreasing gradually from 97.1 % with the increase of
cycles. The decreasing tendency of the removal efficiency
may due to the weakness of polar functional groups and the
decrease of specific surface area of CAWB (Gan et al. 2015).
After multiple cycle adsorptions, the CAWB still exhibited an
excellent regeneration and adsorption performance, indicating
that the adsorbent could be used as a cost-effective adsorbent
for dyes decontamination.

Table 6 Thermodynamic

parameters for MB adsorption In &° AG” (K mol ') AH’ AS° R
onto CAWB (kImol™)  (kImol ' K™

30°C 40°C  50°C  30°C 40 °C 50 °C

1407 1442 1463 3546 3754  -3.931 2284 19.25 0.99
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Fig. 11 Five sequential adsorption-desorption cycles of CAWB for MB
removal (volume = 50 mL; adsorbent dose = 50 mg; initial MB
concentration = 300 mg L pH = 10.0; contact time = 24 h; 7= 30 °C)

Application of CAWB to actual dye wastewater

To realize the environmental application of CAWB, it is vital
to demonstrate the adsorption efficiency of the adsorbent to
real dye wastewater. We compared the treatment effects of
CAWB on wastewater and MB solutions prepared with ultra-
pure water and river water. The results are shown in Table 7. It
could be found that the adsorption capacity for MB in real
wastewater onto CAWB (228.1 mg L") was slightly lower
than that of MB in ultrapure water (234.8 mg L") and river
water (232.2 mg L") but still reflected a high removal ability
to the MB in aqueous solution. The slight decrease in adsorp-
tion capacity of MB in real industrial effluent may be attrib-
uted to the competition of adsorption sites available on
CAWRB surface between MB cations and some other contam-
inants or inorganic ions present in the wastewater, such as Na*
(Kaushik and Malik 2013). It could be seen from Table 7 that
CAWB exhibited a high adsorption capacity in the removal of
MB in the real dye wastewater, which verified its feasibility of
environmental application in the dye wastewater treatment. In
the disposal of dye-contaminated effluent by CAWB, the
widespread and overgrown water hyacinth could be used as
a sufficient feedstock for biochar preparation. CA modifica-
tion of water hyacinth biochar after pyrolyzing at 300 °C

Table 7 Comparison of the treatment effects of CAWB in various
water samples

Water samples Adsorption Removal
capacity (mg g ") efficiency
Dye wastewater 228.1 96.7 %
River water 2323 98.4 %
Ultrapure water 234.8 99.5 %

could greatly enhance the MB adsorption capacity of the ad-
sorbent with low energy consumption. The excellent reusabil-
ity of the CA-modified biochar may further reduce the appli-
cation cost. Consequently, CAWB demonstrated a great po-
tential in the decontamination of dye wastewater.

Conclusions

A novel effective adsorbent was successfully prepared via CA
modification of water hyacinth biomass-derived biochar,
which demonstrated an excellent ability to remove MB in
aqueous solution. The mechanism of MB adsorption onto
CAWRB involved the specific interactions between hydroxyl
and carboxyl groups on the surface of CAWB with MB mol-
ecules, and electrostatic attraction between the dye cations and
negatively charged surface of CAWB. CA modification could
significantly enhance the MB removal ability of biochar by
increasing the adsorption sites on the surface of the biochar
due to the introduction of additional carboxyl via esterification
reaction. Furthermore, the removal capacity could also be en-
hanced by the increase of initial MB concentration, solution
pH, and temperature. The adsorption process of MB onto
CAWB was better fitted by the pseudo-second-order kinetic
model and Langmuir adsorption model. The exhausted adsor-
bent could be effectively regenerated by 0.1 mol L' HCI and
maintain ideal removal ability to MB after multiple cycle ad-
sorptions. When applied in the removal of MB in the actual
dye wastewater, CAWB still exhibited a high adsorption effi-
ciency. We believe that the CA-modified biochar derived from
water hyacinth could be a new cost-effective and
environment-friendly adsorbent for wide utilization in dye
removal. To realize the more extensive application of this
adsorbent, the investigations of its adsorption efficiency to
other contaminants are needed in our further research.
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