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� Rice husk bio-char was effective on
Malachite green removal from
aqueous.
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depended strongly on carboxylic
groups.
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� Bio-char produced with ethanol at

low temperature favored Malachite
green adsorption.
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The byproduct (bio-char) from liquefaction of rice husk with water, water/ethanol (V/V, 5:5), or ethanol
as the solvent at 260–340 �C was characterized in terms of its elemental composition, thermogravimetric
characteristics, surface area and pore size distribution, morphology, and oxygen-containing functional
group composition. The liquefaction bio-char produced with water (WBC) or water/ethanol (WEBC) as
the solvent was rich in phenolic groups and bio-char with ethanol as the solvent (EBC) was rich in car-
boxylic and lactonic groups. Dye adsorption results indicate that the liquefaction bio-char was effective
on cationic Malachite green (MG) removal from aqueous solution, but was not on anionic Methyl orange.
It was also shown that the MG adsorption behaviors depended strongly on the oxygen-containing
functional groups especially carboxylic groups. EBC (adsorption capacities, 32.5–67.6 mg g�1) was more
effective on MG adsorption than WBC and WEBC. The adsorption equilibrium, kinetic, thermodynamic,
and mechanism analysis indicate that electrostatic attraction was the major force for MG adsorption onto
the bio-char. The MG adsorption kinetic fitted Pseudo-second-order model well and the isotherm can be
well described by Langmuir, Freundlich, and Temkin models. The RH bio-char (byproduct) produced from
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liquefaction could be served as potential low-cost adsorbent for cationic dye removal from aqueous
solution.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction production of effective adsorbent, and to gain an insight into the
Dyes, representing an important class of pollutants among
others, are often discharged in the form of colored wastewater
by textile industries, pulp mills, and dye manufacturing industries.
Many of these colored compounds are toxic, posing great potential
threat to aquatic lives and human beings [1]. Adsorption is one of
the most effective methods for dye removal from aqueous solu-
tions [2,3]. Activated carbon is currently the most commonly and
widely used adsorbent for the adsorption of pollutants such as
dye from liquid effluents, due to its large surface area, multi-
porous structure, and thermo-stability [2,4].

However, due to the rising production costs of commercially
available activated carbon, researchers are seeking the feasibility
of using various low-cost adsorbents derived from natural materi-
als, industrial solid wastes, agricultural byproducts, and biosor-
bents as the precursors [3,5]. Among these precursors,
agricultural byproduct rice husk (RH) has received rising attention
with the advantages of low cost, inherited prominent properties to
be used as precursor, and the abundance and availability especially
in developing countries [6]. RH based adsorbents have been
reported to have good performances for removal of a wide variety
of organic [7,8] and inorganic pollutants [9] dissolved in aqueous
media. These RH based adsorbents were most commonly produced
by physical and chemical activation [4,8].

Recently, liquefaction, a low temperature (250–350 �C) and high
pressure (5–20 MPa) process with solvent participation (including
hydrothermal liquefaction which use water as the solvent), which
was commonly used for bio-oil (main product) production, has been
taken into account for potential effective adsorbent (bio-char) pro-
duction [10,11]. Specifically, the RH is one of the commonly used
raw material for bio-oil production by liquefaction [12], and the
byproduct (bio-char) produced by hydrothermal liquefaction (sol-
vent: water) from RH was proven to be effective on its adsorption
of lead, copper, and phenol, especially when the char was activated
[10,13]. Liu et al’s study also showed that bio-char produced by
hydrothermal liquefaction had better performance on copper
removal than pyrolysis bio-char because of the abundant functional
groups on the surface of liquefaction bio-char [11]. These prominent
performances might most probably due to the insightful advanta-
geous surface chemistry rather than the porosity. Liquefaction
bio-char is often produced with very small surface area and pore
volume, but is rich in surface functional groups [11,14]. Surface
functional groups can provide possible affinities for the target pollu-
tants and the favorable surface chemistry could be of greater impor-
tant than a high porosity [15]. Note liquefaction bio-char was found
to be abundant in oxygen-containing functional groups such as
hydroxyl and carboxyl groups [11,14]. These functional groups
could afford primary adsorptive forces between the adsorbent and
cationic adsorbate. Liquefaction bio-char (byproduct) might be
developed to be effective on removal of cationic organic or inorganic
compounds.

Liquefaction solvent and temperature could have drastic impact
on the content profile of oxygen-containing functional groups on
liquefaction bio-char, but few studies have been done. In this
study, RH based bio-char, the byproduct produced from liquefac-
tion with different solvent at different temperature in Ref. [12],
was characterized and applied for dye removal from aqueous solu-
tion in order to find an appropriate solvent and temperature for the
adsorption mechanism of the bio-char. It is expected that this work
will enhance the utilization of the byproduct (bio-char) of liquefac-
tion and promote the development of liquefaction in industry.
2. Materials and methods

2.1. Bio-char production

RH bio-char (byproduct) was produced with water, 5:5 water/
ethanol, or ethanol as the solvent at 260–340 �C [12]. Briefly,
thermochemical liquefaction of RH was carried out in a 500 mL
autoclave reactor (GSHA-0.5, China). In each experiment, the reac-
tor was loaded with about 8.0 g RH and 100 mL solvent (water,
ethanol, or water/ethanol mixture of ratio 5:5), with temperature
then raised to the desired levels (260, 300, or 340 �C) and main-
tained for 20 min [12]. Afterwards, the reactor was cooled down
to the room temperature. Then the solid/liquid products were
rinsed by washing the autoclave with water and diethyl ether,
separately, and then filtered under vacuum to separate the solid
and liquid products. The filtrate was further evaporated to obtain
the main product bio-oil, which was reported in detail in Ref.
[12]. The solid product (byproduct bio-char) was recovered and
dried in an oven at 105 �C for 24 h and then ground to less than
75 lm and kept in a desiccator for use. Bio-char obtained with
water (WBC), ethanol (EBC), and 5:5 water/ethanol (WEBC) as
the solvent at 260 �C was labeled WBC260, WEBC260, and
EBC260, respectively. In the same way, bio-char produced at
300 �C (340 �C) was labeled WBC300 (WBC340), WEBC300
(WEBC340), and EBC300 (EBC340), respectively.
2.2. Characterization of samples

The elemental (C, H, N) analysis was performed with an
Elemental Analyzer (Elementar, Vario EL III, Germany). The pH of
samples was measured in a suspension of 1:10 sample/deionized
water using a combination electrode after 1 h shaken [16]. The
measurement of the point of zero charge (pHPZC) of the bio-char
was determined according to Ref. [14]. Briefly, the pH of 20 mL
0.01 M NaCl solution in a closed vessel was adjusted to a value
from 3 to 10 with 0.1 M HCl or 0.1 M NaOH. Then, 0.10 g bio-char
was added and the solution pH after 24 h of agitation was mea-
sured. The point of zero charge is the point where the curve
DpH = pH (final) – pH (initial) = 0 [14].

The oxygenated acidic groups of samples were determined
using the Boehm’s titration [17,18]. Prior to measurement, the
bio-char samples were equilibrated with dilute HCl solution (pH
2) for 3 d, followed by washing with deionized water until no Cl�

existed in effluent as detected by AgNO3 [19]. A dried char sample
(0.2 g) was mixed with 25 mL of the 0.05 M solution of sodium
bicarbonate (NaHCO3), sodium carbonate (Na2CO3), sodium
hydroxide (NaOH), and sodium ethoxide (C2H5ONa). The sample
suspensions were shaken at a speed of 150 rpm at 25 �C for 48 h.
The excess of base in 5 mL of the filtrate was titrated with
0.05 M HCl. Total acidity and the contents of oxygen-containing
functional groups were calculated on the basis of assuming that
NaHCO3 neutralizes carboxyl groups only, Na2CO3 neutralizes car-
boxyl and lactonic groups, NaOH neutralizes carboxyl, lactonic, and



Table 1
Proximate analysis and elemental compositions of rice husk and its liquefaction bio-
chars.

Sample pH Asha (%) Elemental compositionb (%)

C H O c N H/C d O/C d

RS 5.62 14.77 43.06 6.08 46.60 4.26 1.69 0.81
WBC260 6.73 24.54 69.15 6.99 19.35 4.51 1.21 0.21
WEBC260 6.50 25.22 51.74 5.57 37.63 5.07 1.29 0.55
EBC260 6.33 28.25 58.69 6.94 29.65 4.72 1.42 0.38

a Ash yields are on a dry basis.
b Elemental composition is on a daf basis.
c By difference, O = 100 – CAHAN.
d The mole ratio of H to C (H/C) and O to C (O/C).
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phenolic groups, NaOC2H5 neutralizes all acidic groups including
carboxyl, lactonic, phenolic, and carbonylic groups [16,17,19].
Each sample was analyzed twice.

Thermogravimetric analysis (TGA) of bio-chars was performed
with an integrated thermal gravimetric analyzer (EXSTAR, TG/
DTA 7300, Japan) by heating from room temperature to 800 �C
with a constant heating rate of 10 �C min�1 at nitrogen (purity of
99.99%) flow rate of 100 mL min�1. The functional groups and sur-
face properties of samples were examined by Fourier transform
infrared (FT-IR) spectra (WQF-410, China) at room temperature
in the wavelength range of 400–4000 cm�1 and X-ray photoelec-
tron spectrometer (XPS) techniques (Thermo Fisher 158
Scientific-K-Alpha 1063, UK) with high-resolution spectra binding
energies. The surface morphology was studied by scanning elec-
tron microscope (SEM, FEI-Quanta200, Holland). The Brunauer–
Emmett–Teller (BET) specific surface area and pore size were
determined with a N2 adsorption–desorption isotherm measured
at 77 K using a Quantasorb SI instrument (Quantachrone, USA).

2.3. Batch sorption experiment

Typical anionic Methyl orange (MO) and cationic Malachite
green (MG) dyes were selected for bio-char adsorption experiment.
The detailed information of MO and MG used in this study is given
in Table S1. The effect of some important parameters on removal of
MG studied include adsorbent dosage (0.25–2.0 g L�1), contact
time (1–720 min), pH (3–10, adjusted with 0.1 M HCl or 0.1 M
NaOH), temperature (30–60 �C), and initial adsorbate concentra-
tion (20–120 mg L�1).

For each adsorption study, a 20 mL volume of a dye solution of
known initial concentration was mixed with a known amount of
adsorbent. The resulting suspension was then shaken at a constant
speed of 150 rpm until equilibrium. After the attainment of sorp-
tion equilibrium, samples were centrifuged at 8000 rpm and the
supernatant were analyzed using an Ultraviolet–Visible (UV–
Visible) spectrophotometer (Shimadzu, Model UV-200S, Japan) at
wavelength values of 510 and 618 nm for MO and MG,
respectively.

The adsorption capacity (qe, mg g�1) was calculated from the
difference between the initial and equilibrium dye concentrations
according to the following equation:

qe ¼ VðCo � CeÞ=m ð1Þ

where Co is the initial dye concentration (mg L�1), Ce is the equilib-
rium dye concentration (mg L�1), V is the volume of the liquid phase
(mL) and m is the mass of the adsorbent (mg).

The adsorption experiments were repeated in triplicate and the
average values were reported with differences generally <5%.

2.4. Theories

In order to analyze and design an adsorption process, different
adsorption isotherm and kinetic models, and thermodynamic
equations were applied to fit the experimental data to find ade-
quate models to predict isotherm, kinetic, and thermodynamic
data. The different theoretical models or equations are tabulated
in Table S2.

3. Results and discussions

3.1. Characterization of liquefaction bio-char

3.1.1. TGA analysis
The RH bio-char yields during liquefaction were in the

sequence: EBC (48.8% at 260 �C, 41.3% at 300 �C, and 33.6% at
340 �C) > WEBC (25.1% at 260 �C, 21.7% at 300 �C, and 22.4% at
340 �C) > WBC (30.2% at 260 �C, 14.8% at 300 �C, and 10.5% at
340 �C), and the increasing liquefaction temperature reduced the
bio-char yields [12]. As seen in Fig. S1, Weight loss of the RH sam-
ple mainly occurred between 200 and 500 �C, and the amount of
solid residue left after 800 �C was around 21.42%. The reaction zone
(200–418 �C) mainly corresponded to hemicellulose–cellulose
degradation while the zone (418–700 �C) mainly corresponded to
lignin decomposition [20]. The weight loss of the liquefaction
bio-char was mainly between 270 and 500 �C. The obviously higher
weight loss of RH between 200 and 350 �C than those of liquefac-
tion bio-chars suggests that the hemicellulose–cellulose between
200 and 350 �C would have reacted with the solvent (water and/
or ethanol) to produce bio-oil, water, and gas product after
liquefaction. The high molecular hemicellulose–cellulose and most
of the lignin were resided to produce the bio-chars after the
reaction.

3.1.2. Proximate analysis and elemental compositions
As shown in Table 1, the ash yields of the liquefaction bio-chars

were relatively higher than that of RH due to that RH lost large part
of its volatile compound during liquefaction. The relative element
contents showed the loss of oxygen and the enrichment of carbon,
which were resulted from the condensation and carbonization
reactions of raw RH, respectively. The mole ratios of H/C and O/C
of bio-chars decreased obviously compared to those of RH, indicat-
ing the involvement of demethylation (loss of CH3) and decar-
boxylation (loss of CO2) during liquefaction, respectively [21,22].
At the same time, oxygen-containing bio-oil components like phe-
nolic compounds, ketones, and esters were formed [12,22].

3.1.3. Surface area and morphology
As shown in Table 2, the surface areas of bio-chars were extre-

mely low (8.2–21.7 m2 g�1) although it was relatively higher than
that of RH. The surface areas obtained here were comparable to
those of liquefaction bio-chars obtained in other studies [10,14].
The low surface area and pore volume may be related to pore
blockage due to the presence of organic matter [16]. Among these
bio-chars, WEBC260 had relatively higher surface area and pore
volume than those of EBC260 and WBC260, respectively. EBC260
had a lower pore volume than WBC260 although its surface area
was a bit higher. Nevertheless, both RH and its bio-chars were
mesoporous material because their average pore size fall between
2 and 50 nm (for mesopores) as classified by the International
Union of Pure and Applied Chemistry (IUPAC) [23]. Additionally,
it may be supposed that these bio-chars belong to the Type IV
adsorption isotherms and the hysteresis loop observed in the iso-
therms (Fig. 1) was associated with capillary condensation taken
place in the mesopores of the bio-chars [14,23]. By possessing
small dimensions, the bio-char may provide a good approximation
of the entire surface area available for the adsorption of the lower
weight molecular compounds [24].



Table 2
BET and XPS analyses and Boehm’s titration of rice husk and its liquefaction bio-chars.

Sample BET analysis XPS analysis

Surface area (m2 g�1) Average pore size (d, nm) Vtotal, (P/Po = 0.99) (cm3 g�1) C1s(1) C1s(2) C1s(3) C1s(4)
CAC/CAHX (eV/%) CAO (eV/%) C@O (eV/%) O@CAO (eV/%)

RS 1.5 7.1 0.002 284.7/77.8 286.3/7.0 287.1/7.4 288.2/7.8
WBC260 8.2 21.7 0.044 284.6/62.4 286.3/25.8 287.1/8.8 288.4/3.0
WEBC260 21.7 18.8 0.102 284.3/53.3 286.3/43.1 287.1/0.2 288.5/3.4
EBC260 9.2 8.0 0.018 284.7/82.5 286.1/1.5 287.1/5.8 288.2/10.2

Sample Oxygen-containing functional groups (meq g�1) Total acidity pH PZC

Carboxylic Lactonic Phenolic Carbonylic

RS 1.26 0.25 0.94 0.67 3.12 –
WBC260 0.18 0.22 1.25 0.56 2.21 6.64
WEBC260 0.58 0.14 2.20 0.00 2.92 6.52
EBC260 1.42 0.68 0.32 0.25 2.67 6.40
WBC300 0.12 0.26 0.62 0.15 1.15 6.75
WEBC300 0.42 0.26 0.82 0.12 1.62 6.61
EBC300 1.12 0.48 0.32 0.40 2.32 6.57
WBC340 0.20 0.42 0.50 0.04 1.16 7.06
WEBC340 0.22 0.32 0.78 0.04 1.36 6.66
EBC340 0.80 0.56 0.25 0.36 1.97 6.65
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It is shown in Fig. S2 that noticeable structural changes had
taken place during the liquefaction process. The raw RH had rela-
tively smooth surface, while the bio-chars had rough surface with
porous structure on the surface particularly for WBC260 and
WEBC260. The sizes of cavities in particles of WBC260 and
WEBC260 were larger and cell walls were thinner compared to
the EBC260, which was in accordance with the pore size results
from BET analysis. The changing morphological structure of the
bio-chars compared to RH indicates that the chemical reactions
occurred with water or water/ethanol as solvent might be more
intense than those with ethanol. Thus, liquefaction with water or
water/ethanol as solvent resulted in lower bio-char yields than
with ethanol as reported in Ref. [12].
3.1.4. Boehm titration
Table 2 presents the contents of total acidity and oxygen-con-

taining functional groups from the Boehm’s titration. The raw RH
was abundant in oxygen-containing functional groups like car-
boxylic, phenolic, and carbonylic groups, while WBC and WEBC
were rich in phenolic groups, and EBC was rich in carboxylic and
lactonic groups. Part of the carboxylic and carbonylic compounds
in RH might have reacted with water to produce the phenolic
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Fig. 1. Nitrogen adsorption–desorption isotherms of rice husk and its liquefaction
bio-chars.
compounds, and thus phenolics dominated bio-oil was obtained
when water was used as the solvent [12]. However, when ethanol
was used as the solvent, carboxylic compounds would be easier to
react with ethanol and promote the production of esters. Thus,
higher contents of esters were found in bio-oil produced with etha-
nol as the solvent [12]. In addition, the increase of liquefaction
temperature had a negative effect on carboxylic and phenolic
groups. That is to say, the increasing reaction temperature might
accelerate the reaction between carboxylic (phenolic) compounds
of RH and the solvent water and/or ethanol.

3.1.5. XPS analysis
XPS was performed on representative bio-chars (Fig. S3 and

Table 2). Deconvolution of the C1s peak for both RH and its bio-
chars showed the presence of more than one peak, corresponding
to different carbon-based functional groups. The main peak at
284.3–284.7 eV was likely to be a graphitic structure related to
CAC/CAHX [16,25]. The other peaks at around 286.1–286.3,
287.1, and 288.2–288.5 eV can be presumably attributed to CAO
(alcohol and/or ether), C@O (carbonyl), and O@CAO (carboxylic
acid and/or ester), respectively [16,25]. Liquefaction with water
and water/ethanol as the solvent caused a reduction in the CAC/
CAHX peak from 77.8% (RH) to 62.4% (WBC260) and 53.3%
(WEBC260), respectively, indicating the loss of volatile compounds
and a resultant increase of surface hydrophobicity [16]. An incre-
ment of CAC/CAHX peak (from 77.8% to 82.5%) was seen when
ethanol was used as the solvent, resulting in an increasing surface
hydrophilicity of EBC260. The peek areas of CAO, C@O, and
O@CAO in raw RH were almost in a comparable level. However,
the C@O and O@CAO contents of WBC and WEBC were reduced
and CAO increased, while those of EBC had opposite trends. The
XPS analysis was found to be a well verification of the Boehm’s
titration results in Section 3.1.4.

3.1.6. FT-IR analysis
As shown in Fig. S4(a), several structural differences between

RH and bio-chars can be observed from the FT-IR spectra. The band
in the range of 3000–3445 cm�1 represents the OAH stretching
vibration [26]. The peaks at 2925 cm�1, 2858 cm�1, and
1455 cm�1 were assigned to ACH2 groups [26]. The bands at
1512 cm�1 and 1649 cm�1 represent C@C stretching vibration of
lignin and C@O stretching, respectively [26]. The bands at
1159 cm�1 and 1041 cm�1 can be assigned to the alcohol CAO
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and CAOAC of cellulose [26]. While the band at 1396 cm�1 can be
assigned to carboxylate groups [27,28]. The changes in bands in the
range of 1000–1400 cm�1 (CAO) and the band at 1649 cm�1 (C@O)
indicate that the oxygen-containing functional groups might have
experienced some chemical reactions during liquefaction as also
identified in the Boehm’s titration and XPS studies. The presence
of aromatic CAH (802 cm�1) on the surface of bio-chars suggests
the involvement of condensation during the liquefaction.

When comparing EBC260-NaHCO3 (NaHCO3 neutralizes car-
boxyl groups only) to EBC260 (Fig. S4(b)), it is suggested that the
bands at 1602 and 1649 cm�1, 1087 and 1115 cm�1, and 3124
and 3175 cm�1 became weak and can be assigned to C@O, CAO,
and OAH of carboxylic compounds, respectively. The bands at
1681 and 1696 cm�1 and 802 cm�1 also became weak when
EBC260-Na2CO3 (Na2CO3 neutralizes carboxyl and lactonic groups)
was compared to EBC260-NaHCO3, and the bands at 1681 and
1696 cm�1 can be assigned to C@O of lactonic compounds. The
bands at 1018 and 1159 cm�1 and 3278 cm�1 showed weaken
trends when EBC260-NaOH and EBC260-NaOC2H5 were compared
to EBC260-Na2CO3, indicating that they may be assigned to CAO
and OAH of alcohol and/or phenolic compounds, respectively.

3.2. Adsorption studies

3.2.1. Adsorption of cationic and anionic dyes on bio-chars
Typical cationic (MG) and anionic (MO) dyes were selected as

model organic pollutants to test their adsorption potentials by
liquefaction bio-char with different characteristics. The adsorption
capacities of MG and MO in Fig. 2 indicate that these RH based
liquefaction bio-chars were only effective on cationic dye MG
removal. Note the MO adsorption capacities of all bio-chars were
all below 6 mg g�1, and the liquefaction solvent and temperature
differences had negligible effect on adsorption performances, the
surface chemistry (the abundance of functional groups) of the
chars may be of little meaning for MO removal. Thus, the adsorp-
tion of MO might probably be attributed to physical adsorption.
Whereas, the liquefaction solvent and temperature differences of
the bio-chars drastically affected the adsorption of MG.
Specifically, the EBC showed better performances than WBC and
WEBC. In addition, the increment of liquefaction temperature
resulted in a reduced MG adsorption capacity, which might
because of the drastic differences of oxygen-containing functional
groups between these bio-chars. EBC260 was found to be the most
effective adsorbent for MG removal and its abundance in oxygen-
containing functional groups especially the carboxylic groups
could probably be the decisive reason [8,29].

In order to obtain an insight into the adsorption mechanism of
MG on RH bio-chars, WBC260, WEBC260, and EBC260 were
selected for a deep-in adsorption experiment.

3.2.2. The effect of pH
The values of rate constant demonstrate that adsorption

strongly depends on pH of solution and the point of zero charge
(pHpzc) of adsorbent [30]. As seen in Table 2, the pHpzc of high-tem-
perature bio-chars was higher than the low-temperature ones,
which might be due to that low-temperature bio-chars had a
greater number of acid oxygen functional groups [30]. The pH
(Table 1) of the bio-chars was almost the same as the pHpzc, mean-
ing their advantage of direct use without the adjustment of pH. As
seen in Fig. 3, the adsorption capacity of MG at higher pH was
higher than that at lower pH, which may be explained by the sur-
face charge of the bio-chars. The surface functional groups (mainly
oxygen-containing groups) linked to the H+ at lower pH, making
these groups in-accessible for MG (cationic), while the deprotona-
tion of functional groups such as carboxylic acids at higher pH pro-
vided increasing chance for these groups to co-ordinate with MG
and resulted in a higher adsorption capacity [10,31]. The
deprotonation may become more obvious at pH higher than 7.5
(higher than the pHpzc), especially for WBC260 and WEBC260,
which may result from the deprotonation of phenolic compounds.
However, the increment of adsorption capacity at pH higher than
9.0 would probably be due to the alkaline fading of MG for that
MG turns into a carbinol base at a basic pH (Fig. 3) [32].

3.2.3. Effect of contact time
The effect of contact time on adsorption of MG was investigated

and the results were shown in Fig. 4. The adsorption of MG
increased with rise in contact time up to 120 min and the further
increase of contact time did not enhance the dye adsorption pro-
cess obviously. The adsorption rapidly occurred at the initial stage
(before 45 min) because of the increment of availability of active
binding sites [33]. In the later stage, the adsorption became an
attachment-controlled process due to less available sorption sites
[33].

3.2.4. Effect of initial dye concentration
As shown in Fig. 5, the adsorption capacity increased with the

increasing initial dye concentration and hardly increased at higher
concentrations. At lower initial concentrations, the increasing
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concentration acted as increasing driving force for MG to overcome
all mass transfer resistances between the aqueous and solid phase
[33,34], providing a higher contact probability between bio-chars
and MG, and resulted to an increasing adsorption capacity
[10,33]. At relatively higher concentrations, the limited number
of active sites on bio-chars could become saturated at a certain
concentration, resulting in the very limited increment in adsorp-
tion capacity [33].
3.3. Adsorption mechanism

3.3.1. Kinetic studies
Adsorption rate constants for the MG were calculated by using

the three mentioned kinetics in Table S2, which were used to
describe the adsorption mechanism. As the adsorption kinetic
parameters shown in Table S3, the relatively high R2 values and
the comparable theoretically calculated qe values indicate that
Pseudo-second-order model successfully described the kinetics of
MG adsorption by bio-chars. The adsorption kinetic of the MG
could probably be described by a pseudo second-order chemical
reaction [35]. Generally, several adsorption steps involved in the
adsorption dynamics: (i) the migration of the adsorbate molecules
through the solution onto the surface of the adsorbent (film diffu-
sion, or the boundary layer diffusion); (ii) the migration of the
adsorbate molecules to the interior regions of the adsorbent (par-
ticle diffusion, or the intraparticle diffusion); and (iii) the sorption
on the interior surfaces of the pores of the adsorbent (sorption).
One or any combination of the three steps may be rate limiting
[24,33]. Chemisorption (chemical reaction) may take place when
the cationic MG could be involved by valency forces through shar-
ing or the exchange of electrons between bio-char and MG [35].

The kinetic results were also analyzed and fitted to the Weber’s
the intra-particle diffusion model (Table S2) in order to elucidate
the diffusion mechanism. Table S3 shows the C values (intercept)
were not equal to zero, indicating the coexistence of external film
and intra-particle diffusions during the adsorption process [36].
Fig. 4 indicates that the adsorption of MG followed three-step pro-
cesses with the rapid initial adsorption controlled by the boundary
layer diffusion (film diffusion) due to readily abundant and avail-
able active sites on the adsorbent surface; and with the period of
the slower uptake being the intraparticle diffusion; and finally,
with the equilibrium stage attained due to the saturated adsorp-
tion sites [33,36].
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3.3.2. Isotherm studies
The adsorption data of MG on bio-chars with different surface

chemistry under various temperatures were fitted by using
Langmuir, Freundlich, and Temkin models (expressed in Table S2).
All these bio-chars can be well described by these three models as
the parameters tabulated in Table S4 shown. The Langmuir model
is a generally accepted model for the determination of theoretical
specific area [24,37]. It can be found that the Langmuir isotherm
had relatively higher correlation coefficient (R2) than the other
two isotherms, which indicates that the adsorption of MG on bio-
chars was likely to be monolayer and that the distribution of active
sites on the adsorbent was homogeneous [38,39].

Freundlich and Temkin models can also fit well with the experi-
mental data. Table S4 displays that the values of heterogeneity fac-
tor n of Freundlich model were more than 1 for all bio-chars at
different temperatures, indicating that the adsorption was favor-
able [24,39]. Note that Temkin adsorption isotherm considers
chemical adsorption process (chemisorption) of an adsorbate onto
the adsorbent [24]. The well fitness by Temkin model suggests that
irreversible coulombic attraction and ion exchange might be the
Table 3
Thermodynamic parameters of Malachite green adsorption onto RH liquefaction bio-
chars.

Sample Temp.
(�C)

DSo

(kJ mol�1 K�1)
DHo

(kJ mol�1)
DGo

(kJ mol�1)

WBC260 30 0.10 24.03 �7.39
40 �8.67
50 �9.23
60 �10.67

WEBC260 30 0.16 40.71 �7.74
40 �9.37
50 �10.58
60 �12.68

EBC260 30 0.18 44.38 �8.81
40 �10.94
50 �12.76
60 �14.04
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Fig. 6. Fourier transform infrared (FT-IR) spectra of E260
mechanism for MG adsorption by these liquefaction bio-chars
[35]. It could be possible that coulombic attraction of MG (cationic)
occurred due to the creation of a negative charge by the deprotona-
tion of oxygen-containing functional groups like carboxylic groups
on the bio-char surface [35].

Additionally, the MG adsorption capacities under temperatures
of 30–60 �C increased against the increment of adsorption tem-
perature (Fig. S5), indicating that increasing adsorption tempera-
ture favored the adsorption process.

3.3.3. Thermaldynamic studies
In order to determine the thermodynamic adsorption behavior,

the thermodynamic parameters – Gibbs free energy change (DGo),
enthalpy (DHo), and entropy (DSo) were estimated using equilib-
rium constants as a function of temperature related by Eqs. (8)
and (9) expressed in Table S2. The slope and the intercept of plot
between ln Kd and 1/T (Fig. S5) are used to evaluate DHo and
entropy DSo, respectively. The adsorption process of MG by the
liquefaction bio-chars were endothermic in nature as indicated
by the positive values of DHo [24,33] and verified by the fact that
MG uptake increased with the increment of adsorption tempera-
ture (Fig. S5). The negative values of DGo shown in Table 3 confirm
the spontaneity of the adsorption of MG on these bio-chars and
that the adsorption was more favorable with increasing tempera-
ture [24,33]. Moreover, the positive values of DSo imply that the
adsorption phenomenon was endothermic and the increment of
randomness at the solid/solution interface increased during the
adsorption process [24,36].

3.3.4. FT-IR studies
To understand the involvement of the functional groups on the

bio-char surface, EBC260 before and after MG adsorption were
examined by FT-IR spectroscopy (Fig. 6). The C@C stretching of
the benzene ring on MG was supported by the peaks at 1475 and
1585 cm�1. The aromatic tertiary amine and tertiary amine CAN
stretching vibrations of MG corresponded to 1388 cm�1 and
1166 cm�1, respectively [25]. As seen in Fig. 6, FT-IR spectra of
MG loaded EBC260 showed some drastic differences when
2500 3000 3500 4000
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compared to the raw EBC260. The strengthened peaks at
1388 cm�1 (overlapped by the 1396 cm�1 peak of EBC260) and
1166 cm�1, and the presence of peaks at 1585 cm�1 could well
define the appearance or adsorption of MG on EBC260.

The MG adsorption mechanism may include electrostatic
attraction, p-p interaction, and hydrogen bond, and also Van Der
Waal attraction. Electrostatic attraction may probably be regarded
as the main adsorption force note that bio-char was only effective
on positively charged MG (Fig. 2) and MB (MB adsorption results
were similar to those of MG as seen in Fig. S6) removal, but not
on negatively charged MO (Fig. 2), and that the deprotonation of
functional groups at higher pH resulted in the increment of adsorp-
tion capacity (Fig. 3). Additionally, the peaks at 1649 cm�1 and
1396 cm�1 corresponding to C@O and CAO of carboxylic groups
slightly shifted (to 1654 cm�1) and strengthened a lot, respectively
(Fig. 6), which may be attributed to electrostatic attraction
between negative charged carboxylate anion and positive charged
MG [40]. Thus, carboxylic groups may be the most responsible
electrostatic-attraction force donor for MG adsorption as also
reported in Refs. [41,42]. Indeed, carboxylic groups favor MG
adsorption as the net linear increase of MG uptake against the
increment of the number of carboxylic groups indicated in Fig. S7.

In addition, the changes in peaks observed at 1115 cm�1,
1649 cm�1, and the band between 3100–3200 cm�1 were indica-
tive of stretching vibration of CAO, C@O, and OAH bonds of car-
boxyl groups, which may due to the hydrogen bonding between
carboxylic acids or their esters and MG [40]. Note that the peak
at 1041 cm�1 corresponding to CAO of alcohols and/or phenolics
slightly shifted to 1052 cm�1 and that OAH of hydroxyl groups
(3100–3200 cm�1) also shifted after adsorption of MG, the partic-
ipation of hydroxyl groups (hydrogen bonding between hydroxyl
groups and MG) would also exist during MG adsorption [40].
Finally, the changes of the peaks at 802 cm�1 (aromatic CAH),
2925 cm�1 (aliphatic CAH, shifted to 2931 cm�1), and 1512 cm�1

(aromatic C@C, shifted to 1515 cm�1) suggest the involvement of
p–p interaction during MG adsorption [25].

4. Conclusions

The byproduct (bio-char) from liquefaction of rice husk dis-
played different surface chemistry in terms of the contents of oxy-
gen-containing functional groups. WBC and WEBC were rich in
phenolic groups and EBC was rich in carboxylic and lactonic
groups. The MG adsorption capacities of the bio-chars depended
strongly on the oxygen-containing functional groups especially
carboxylic groups. Electrostatic attraction was believed to be the
major adsorption mechanism. The MG adsorption kinetic can be
fitted well by Pseudo-second-order model and the isotherm well
described by Langmuir, Freundlich, and Temkin models. EBC
(adsorption capacities of 32.5–67.6 mg g�1) was more effective
than WBC and WEBC on MG removal from aqueous solution when
the adsorbent was used as received (without pH adjustment). Note
that both the bio-oil and bio-char yields with ethanol as the sol-
vent were high [12], ethanol would be more feasible for both
bio-oil and bio-char production than water or water/ethanol mix-
ture in liquefaction.
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