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ARTICLE INFO ABSTRACT

Edited by Dr Muhammad Zia-ur-Rehman Investigating the effect of presoaking, as one of the most important physical factors affecting the adsorption
behavior of biochar, on the adsorption of heavy metals by modified or non-modified biochar and presoaking
mechanism is still an open issue. In this study, the water presoaking effect on the kinetics of cadmium (Cd)
adsorption by rice husk biochar (produced at 450 °C, B1, and at 600 °C, B2) and the rice husk biochar modified
with magnesium chloride (B1 modified with MgCl,, MB1, and B2 modified with MgCl,, MB2) was investigated.
Furthermore, the effect of pH (2, 5, and 6), temperature (15, 25, and 35 °C), and biochar particle size (100 and
500 um) on the kinetics of Cd adsorption was also investigated. Results revealed that the content of Cd adsorbed
by the presoaked biochar was significantly higher than that by the non-presoaked biochar. The highest Cd
adsorption capacity of MB2 and MB1 was 98.4 and 97.6 mg g~ !, respectively, which was much better than that of
B1 (7.6 mg g 1) and B2 (7.5 mg g~ 1). The modeling of kinetics results showed that in all cases pseudo-second-
order model was well-fitted (R®>0.99) with Cd adsorption data. The results also indicated that the highest Cd
adsorption values were observed at pH 6 in presoaked MB1 with size of 100 pum as well as at the temperature of
35 °C in presoaked MB2, indicating the optimum conditions for this process. The presoaking process was not
affected by biochar size and pH, and the difference in adsorbed Cd content between presoaked biochars and non-
presoaked ones was also similar. However, the temperature had a negative effect on presoaking. The presoaking
process decreased micropores (<10 um) in the biochars but had no effect on biochar hydrophobicity. Therefore,
presoaking, which could significantly increase Cd adsorption and reduce equilibrium time by reducing the mi-
cropores of biochars, is suggested as an effective strategy for improving the efficiency of modified biochars or
non-modified ones in the adsorption of contaminants (Cd) from aquatic media.
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1. Introduction

With the rapid development of industrial activities, a large amount of
wastewater containing heavy metals is discharged to environment,
which has resulted in a number of serious health problems (Joseph et al.,
2019; Kumar et al., 2021). The presence of cadmium, Cd(II), in aquatic
ecosystems has become an important environmental concern world-
wide. Due to its non-degradable properties and tendency for bio-
accumulation in the food chain, Cd poses a severe threat to the entire
ecosystem (Khan et al., 2020). Therefore, developing a promising and
effective technology to remove Cd from aqueous solution is of great
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significance for water safety and public health. Several methods (e.g.,
adsorption, chemical precipitation methods, advanced oxidation, elec-
trochemical methods, and bioaccumulation) have been successfully
applied to treat heavy metals including Cd (Deng et al., 2021; Khan
et al.,, 2020; Zhang et al., 2021). Among them, the adsorption is an
important clean technology in the treatment process (Yadav et al.,
2021).

Adsorbents such as carbon nanomaterials, activated carbon, gra-
phene materials, and biosorbents have been adopted to remove metals
from aqueous environments (Agarwal and Singh, 2017), but these ma-
terials have high costs and complicated operations (Chen et al., 2018).
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Biochar as a new efficient and inexpensive material has been widely
applied for the remediation of environmental pollutants (Lucaci et al.,
2019). It is prepared by pyrolysis and carbonization of agricultural
wastes under limited oxygen or anaerobic conditions (Wang et al.,
2019), and thus has the advantages such as rich functional groups, high
exchangeable cation, large specific surface area, and porous structure
(Agarwal and Singh, 2017; Qiu et al., 2021). Due to abundant feedstocks
and simple preparation method, biochar has been regarded as an
effective adsorbent with acceptable low cost and is widely applied to
remove heavy metals from various environments (Jiang et al., 2012; Qiu
et al., 2021). However, pristine biochar has usually a limited capacity to
adsorb contaminants from aqueous solutions due to the low surface area
compared with activated carbon (Tan et al., 2016). Therefore, biochar
modification is necessary to increase the metal adsorption capacity. The
modification methods include chemical modification, physical modifi-
cation, loading with mineral oxides, and magnetic modification (Nacem
et al., 2019; Nnadozie and Ajibade, 2020; Rajapaksha et al., 2016).
Compared with pristine biochars, the metal-modified biochars can
significantly enhance the properties of functional groups (-COOH, —-OH,
and —-C=0), surface specific areas, pore structures, and cation exchange
capacity (CEC) (Ding et al., 2016; Wang et al., 2019), and thus can
provide more adsorption sites for heavy metals (Ding et al., 2016).
Recently, magnesium (Mg)-modified biochars have received more
attention due to their low toxicity and high adsorption capacity for the
removal of heavy metals from aquatic media (Creamer et al., 2018; Deng
etal.,, 2021; Wu et al., 2021; Yin et al., 2021). Mg-modified biochars are
mainly coated with the particles of MgO and Mg(OH),, which are
different products produced under different pyrolysis conditions
(Creamer et al., 2018).

Biochar characteristics are affected by biochar production conditions
and feedstock type (Kloss et al., 2012). For example, an increase at py-
rolysis temperature causes a decrease in aliphatic chains of matrix and
CEC and an increase in the specific surface area and aromatic moieties of
the biochar (Kloss et al., 2012). The change of raw materials also makes
the prepared biochar have different physicochemical properties, thus
affecting the efficiency of biochar (Aran et al., 2016; Zhang et al., 2021).
In addition, the experimental conditions also have an important role in
determining the efficiency of biochar in metal adsorption (Berslin et al.,
2021). Several scientists investigated the effect of pH, ionic strength and
ionic competition for the removal of heavy metals from aqueous media
to achieve the best conditions for a highly efficient process. In a study
conducted on the removal of Cd from an aqueous solution, the maximum
amount of Cd adsorption was observed at pH 7, and the decrease in the
ionic strength of the solution limited the interaction of the ions in the
solution (Park et al., 2017). Similarly, in another study (Xiao et al.,
2017), the highest amount of Cd adsorption was reported at slightly
acidic pH and low ionic strength. According to these researchers, the
electrostatic repulsion between the adsorbent material and the adsor-
bate material is reduced and the proton competition is also limited.

Physical separation of biochar particles from aqueous solutions is
always known as one of the most important challenges in the application
of biochar in aqueous environments (Huang et al., 2021). Magnetization
has been proposed as an efficient method to solve this problem, such as
functionalizing rice straw biochar with iron compounds (Huang et al.,
2021). Although all biochar production conditions are necessary to
achieve good results in water decontamination applications, another
important factor to consider is the possibility of improving the physical
contact of biochar with aqueous solutions. In fact, the adsorption of ions
on biochar requires intimate contact of the solid phase with the liquid
phase (Brown et al., 2018). Since biochar is a porous and partially hy-
drophobic material (Gray et al., 2014), both the external and internal
surfaces of biochar are required to achieve the best metal adsorption
conditions. In addition, the surface character of an absorbent can affect
the rate of adsorption, and the equilibrium of the adsorption process can
occur in a shorter time with suitable affinity (Brown et al., 2018),
allowing to reduce process time.
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It seems that water presoaking is one of the most important physical
factors in adsorption, which can affect the absorption behavior of ad-
sorbents by improving the physical properties of adsorbents such as
surface area, pore distribution, hydrophobicity, and creation of pores
(Gao et al., 2019; Zhai et al., 2020). For example, Ai et al. (2021), by
investigating the effect of water soaking on the mechanical properties
and structure of coal, found that water soaking changes pore structure,
surface properties, and pore connectivity of the coal. In a similar study,
Soedarmanto et al. (2020) reported that water soaking after pyrolyzing
changed the surface area and pore structure of activated carbon. In
another study (Yi et al., 2022), soaking coal in water also increased pore
number, pore size, and pore development. Also, the surface activity of
coal and the content of functional groups such as aromatic ether, hy-
droxyl and methylene groups were affected by water soaking (Vi et al.,
2022). These studies show that presoaking can improve the physical
contact of adsorbent with adsorbate. Therefore, presoaking seems to be
an effective way to enhance adsorption capacity of biochar. Despite the
importance of presoaking in the adsorption process, little attention has
been paid to the effect of presoaking on metal adsorption kinetics in
modified or unmodified biochars. In addition, the mechanism of pre-
soaking in changing the behavior of biochar is not clear. Accordingly,
this study was conducted to investigate: (i) the effect of biochar pre-
soaking on Cd adsorption kinetics in MgCly-modified and unmodified
rice husk biochars; and (ii) the effect of pH, particle size of biochar, and
temperature on the presoaking process.

2. Materials and methods
2.1. Biochar production and its modification

Rice husks, as main agricultural wastes in north of Iran, were used as
feedstocks. The feedstocks were obtained from Astana rice processing
factory (Gillan province, Iran), passed through a 10-mesh sieve, and
dried at 70 °C for 24 h. To produce MgCl,-modified biochar (MB), 2.5 L
of 1 M MgCls solution was added to 500 g rice husk, and stirred for 24 h
and dried at 70 °C for 48 h. The MgCl, non-treated or treated rice husks
were then heated in a muffle oven at 450 °C (Biochar 450 °C, B1) or at
600 °C (Biochar 600 °C, B2) under oxygen-free conditions under argon
flow (10 cm® min~Y) for 2 h. After cooling, the biochars were washed 10
times with distilled water to remove residual basic cations, and after
each step, the electrical conductivity (EC) was measured to reach an EC
value of < 1.5 dS m™. Finally, modified and unmodified biochars were
dried and passed through a 500-um sieve and kept in closed containers
for further experiments. To study the effect of biochar particle size on Cd
adsorption, an aliquot of the biochars (Table S1) was ground to 100 um
before the experiment.

2.2. Biochar characterization

For pH and EC analysis, 5 g of biochar was suspended in 50 mL of
deionized water and shaken at 120 rpm for 24 h. After shaking, the pH of
the suspensions was measured immediately, whereas EC was measured
after 20 min without further shaking. To determine ash content, the
samples were dried at 105 °C and weighed, then heated for 6 h in a
muffle oven at 750 °C in the presence of air. Finally, the weight of res-
idues was measured, and the percentage of ash was determined from the
following Eq. 1 (Singh et al., 2017).

Welght residue after 750 °C

%Ash = -
weight;sg ¢ gried

x 100 (€8]

Total Cd content in the biochar samples was determined using the
method reported in a previous study (Singh et al., 2017). Briefly, 0.2 g of
biochar was placed in a digestion tube. Then, the samples were heated at
650 °C for 8 h. After cooling, 4 mL of HNO3 was added to the samples
and heated at 120 °C for 2 h, afterwards 4 mL of H,O, and 1 mL of HNO3
were added to tubes and heated at 80 °C for 2 h. After digestion, 6 M HCl
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was added to tubes and kept at room temperature for 24 h. Finally, the
samples were filtered (Whatman No. 41) and the concentration of the
element was measured using ICP-MS (PerkinElmer NexION® 350D).
Pore volume and surface area of biochar samples were measured by Nz
adsorption-desorption gas-volumetric analysis at nitrogen boiling point
(Micromeritics ASAP 2020 Plus). The pH of the point of zero charge
(pHp,c) was measured according to a previous study (Faria et al., 2004).
In brief, 0.15 g biochar was added to closed 100 mL Erlenmeyer flasks
containing 50 mL 0 £0.01 M NaNOs with pH adjusted between 2 and 12.
Fourier transform infrared (FTIR) was used to determine the functional
groups using a Vector 22 by Bruker, equipped with Globar lamp and
DTGS detector and by considering 128 scans with a resolution of 4 cm ™!
in the range of 400-4000 cm ™. The total content of carbon, nitrogen,
sulfur, and hydrogen in the biochar samples was determined using an
elemental analyzer (Elementar UNICUBE). The oxygen content was
determined from the difference of the total mass of carbon, nitrogen,
sulfur, hydrogen and ash from the total mass of biochar. The physical
properties and morphology of the surface of biochars were evaluated
using scanning electron microscopy (SEM-EDX) with a ZEISS EVO 50
XVP with LaBg source, equipped with detectors for secondary electrons
collection and an Energy Dispersive X-ray Spectrometry (EDS) probe for
elemental analyses. The samples were covered with a chromium layer
thickness of ~5 nm (Emitech K575X sputter coater equipped with a film
thickness monitor and Cr target) before the analysis to prevent any
charge.

2.3. Biochar presoaking and its evaluation

After washing, the biochars were dried for 24 h at 7 °C and cooled in
a desiccator. Then, 10 mL of distilled water was added to the centrifuge
tubes containing 0.5 and 0.2 g of unmodified and modified biochars,
respectively. The biochars were completely immersed in water for the
set time (0.5, 1, 2, 4, 8, 16, 24, and 48 h).

The hydrophobicity of the biochars was determined by using the
method of ethanol drop penetration. The biochars were presoaked for
16 h with distilled water at 25 °C, and then air-dried. The presoaked or
non-presoaked biochar (10 g) was placed in a plate (3 cm depth x 5 cm
diameter) and a droplet of ethanol solution (0.2,0.04, 0.8, 1, 2, and
3.5 M) was added to the surface of the biochars. Finally, drop penetra-
tion time was measured and the biochars were classified according to a
previous method (Kinney et al., 2012). In this method, the samples were
classified based on the lowest ethanol concentration that the droplet
penetrated (<10 s). The samples were classified as hydrophilic (<1 M),
hydrophobic (1-2 M), strongly hydrophobic (2-3.5 M), and extremely
hydrophobic (>3.5 M).

A water adsorption test was also conducted to evaluate the effect of
presoaking on the pores of biochars. The biochars were presoaked for
16 h with distilled water at 25 °C, and then air-dried. The presoaked or
non-presoaked air-dried biochar (2 g) was placed in 20 mL tubes, then
transported into an isolated compartment and maintained for 10 days in
equilibrium with a vapor pressure of KClI solutions (with osmotic pres-
sures 20 and 30 bar). These solutions were prepared according to Van’t
Hoff’s Eq. 2 (Van’t, 1888). Finally, the moisture content of the biochar
and the difference in adsorbed water between the presoaked or
non-presoaked biochar were calculated:

1= —iMRT 2

Where I1, R, T, M, and i are osmotic pressure (bar), the universal gas
constant, absolute temperature (K), molar concentration, and Van’t
Hoff’s factor of solute, respectively.

By using Eq. 3, the average pore diameter of the biochars at the os-
motic pressures equivalent to 20 and 30 bar was calculated:

03

D
h

3)

Ecotoxicology and Environmental Safety 257 (2023) 114932

Where, D (cm) and h are biochar pore diameter and matric potential
(cm), respectively (Jabro and Stevens, 2022).

2.4. Adsorption experiments

The kinetics experiments were conducted on (P) presoaked or (NP)
non-presoaked adsorbents (biochars) in three replicates. During the
presoaking process, 10 mL distilled water was added to centrifuge tubes
containing 0.5 or 0.2 g of non-modified or modified biochars, respec-
tively, and left in contact for 0.5, 1, 2, 4, 8, 16, 24, and 48 h. At the next
step, 10 mL of Cd solution at pH 6 (400 mg L™* of Cd for non-modified
biochar and 2000 mg L™} for modified biochar) was added to presoaked
biochars at the prior step, and the samples were shaken at room tem-
perature (25 + 1 °C) for 0.5, 1, 2, 4, 8, 16, 24, and 48 h.

To study the kinetics of Cd adsorption by non-presoaked biochars,
0.5 or 0.2 g of the unmodified or modified biochar was placed in
centrifuge tubes containing 20 mL of Cd solution (200 mg L™} of Cd for
unmodified biochar experiment and 1000 mg L~ for modified biochar
experiment) and the samples were shaken at 25 + 1 °Cfor 0.5, 1, 2, 4, 8,
16, 24, and 48 h.

To investigate the effect of temperature and pH on Cd adsorption
kinetics in non-modified biochars, the suspension pH was adjusted to 2,
5, and 6 and shaken at 15+ 1 °C, 25 +1 °C, and 35 + 1 °C, respec-
tively, for previously mentioned contact time intervals. After each
contact time, presoaked and non-presoaked biochar samples were
centrifuged at 4000 rpm and filtered (Whatman No. 41) and the residual
concentration of Cd in the solution was determined by ICP-MS. The
adsorbed Cd was calculated from the difference between the initial
concentration and the equilibrium concentration. Finally, Eq. 4 (pseudo-
first order) (Lagergren S, K, 1898), Eq. 5 (pseudo-second order) (Ho and
McKay, 1999), and Eq. 6 (intraparticle diffusion) (Weber, Morris, 1963)
were used to model Cd adsorption kinetics:

ki
—a) =1 -
log( q. —q:) = logq. 5 0303° ()
t 1 t
S _° 5)
@ kg q.
g =kgf+c (6)

Where qe, ¢, and q; are the amount of Cd (mg g™ ') adsorbed, respec-
tively, at the equilibrium, at time zero, and at time t (h), and k;, ko, and
kq are the constant rate of pseudo-first-order (h’l), pseudo-second-order
(gm~! g7t h™Y), and intraparticle diffusion (mg g~ h=%-%), respectively.

2.5. Statistical analysis of data

After confirming the normality of the data by Kolmogorov-Smirnov
test, the experimental data were analyzed using the SAS v.9.1 (SAS
Institute Inc., Cary, NC). Reported data are the average of three repli-
cates. To estimate the significant differences among some experimental
treatments, Duncan’s multiple range test (p < 0.05) was applied.

3. Results and discussion
3.1. Biochar characterization

The main properties of the biochars are reported in Table 1. With
increasing pyrolysis temperature, the carbon content increased and the
percentage of oxygen and H, and the atomic ratio of H to C and O to C
decreased, indicating that the loss of hydrogen and oxygen from the
matrix increases during the pyrolysis temperature (Angin, 2013; Zhang
et al., 2015). It can also be observed that Mg was successfully loaded
onto modified biochars and their element compositions and pore
structures changed (Table 1). The ash content, EC, pH, %0, %H, and the
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Table 1

Properties of modified and non-modified rice husk biochars.
Parameter Bl B2 BM1 BM2
C (%) 50.5 53.5 41.2 38.0
H (%) 2.8 1.7 3.8 2.7
0O (%) 16.2 12.1 20.6 18.4
N (%) 0.68 0.49 0.63 0.49
S (%) 0.024 0.018 0.022 0.019
H/C 0.056 0.032 0.093 0.071
o/C 0.32 0.27 0.49 0.48
pH (1:10) 7.4 7.7 8.2 8.6
EC (uS m™Y) 387 273 1215 1405
PHype 5.8 6.0 8.5 9
BET Surface area (m> g’l) 28 195 66 231
Micropore volume (cm3 g’l) 0.011 0.085 0.017 0.081
Ash (%) 30 32.98 33.8 40.4
Total Cd (mg kg~ ') 0.05 0.05 0.06 0.07

B1, rice husk biochar produced at 450 °C; B2, rice husk biochar produced at
600 °C, MB1, husk biochar produced at 450 °C and modified with MgCl,; and
MB2, husk biochar produced at 600 °C and modified with MgCl,.

atomic ratio of H to C and O to C of the biochars increased after modi-
fication. However, the carbon content of the biochars decreased after
modification. Similar trend was found in a previous study (Deng et al.,
2021). The increase in ash content, EC and pH can be attributed to the
adsorption and precipitation of magnesium on the surface of biochar
after biochar modification. Also, the ratio of oxygen and hydrogen in
modified biochar was significantly higher than that of unmodified bio-
char, indicating that Mg-modified biochars help to maintain H and O
content and increase oxygen functional groups, as well as increase the
hydrophilicity of Mg-modified biochars (Creamer et al., 2018; Xu et al.,
2017), all of which are favorable to heavy metal adsorption. FTIR
analysis (Fig. 1) also confirms that the increase in oxygen and hydrogen
content is due to the formation of hydroxyl and carboxyl functional
groups in the modified biochars.

The pHyp results (Table 1) showed that the pHyp. values in B1 and B2
were in the acidic range (pH,pc < 7), while the pHyp. values in MB1 and
MB2 were in the basic range (pHgp. > 8.5), indicating that Mg-modified
biochars contain more alkaline functional groups (such as hydroxyl and
phenol) and can be favorable for heavy metal adsorption. Similar trend
was also found in the previous studies (Deng et al., 2021; Nguyen et al.,
2022; Sun et al., 2019).

The results of the surface area and pore volume analysis of the bio-
chars demonstrated that the surface area and volume of the micropores

1.0 |

2 ¢« C- O carbonat,H20

0.6 -

Transmittance (%)

04

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)
Fig. 1. : FTIR analysis of non-modified biochars (B1 and B2) and modified

biochars (MB1, and MB2). The spectra were shifted to facilitate the observation
of the curves.
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increased with increasing the pyrolysis temperature (Table 1). With
increasing the pyrolysis temperature from 450 to 600°C, surface area
increased by 235% and 119% in unmodified biochars and modified
biochars, respectively. Similar results were also reported in a previous
study (Shen et al., 2019). The increase in pyrolysis temperature causes
the creation of channels, the degradation of lignin and hemicelluloses
and the release of CH4 and Hj (volatile gases), which greatly increases
the surface area (Zhang et al., 2015). Also, the surface area of the bio-
chars increased from 28 to 66 m? g~* and from 195 to 231 m? g~ ! after
modification at temperature of 450 and 600 °C, respectively (Table 1).
Shi et al. (2019) also reported similar results on rice husk biochar. These
authors showed an increase in biochar surface area from 0.63 to
193.1 m? g ! following an increase in pyrolysis temperature from 300 to
700°C. They also reported that modification has a significant effect on
the biochar surface area. In the study of Chen et al. (2014), biochar
modification also caused an increase in the specific surface area from
25.4 to 67.6 m? g~'. In the present study, with enhancing pyrolysis
temperature from 450 to 600°C, the volume of the micropores increased
from 0.011 to 0.085 cm® g~ and from 0.017 to 0.081 ecm® g™! in un-
modified biochar and modified biochar, respectively. This confirms that
only a small effect of MgCl, modification on the microporosity of the
systems is visible while increasing pyrolysis temperature could enhance
the volume of the micropores 7-8 times. This increase in the volume of
the micropores during pyrolysis can be attributed to the rupture of
cellulose and hemicellulose (Chatterjee et al., 2020). In the study of
Deng et al. (2021), the pore structure properties of biochar were
improved by modification, and the specific surface area for Mg-modified
biochar increased from 12.68 (non-modified biochar) to
52.41-174.29 m? g~ 1. These researchers attributed this increase in the
surface area and pore volumes of modified biochars to the improvement
of the pore structure when the biochar was impregnated with magne-
sium oxide particles.

FTIR analysis of modified or non-modified biochars is shown in
Fig. 1. An intense and large signal related to the stretching of O-H groups
interacting via H bonding was present in the spectra of all biochars at
3400 cm ', while a narrow signal centered at 3700 em™ !, due to iso-
lated Si-OH functional groups, was present only in the spectra of the
modified biochars, indicating the effect of modification on increasing
the number of OH groups and consequently the hydrophilicity of the
biochars. The same result was also reported in a previous study (Quan
et al.,, 2020). In another study, a new strong adsorption peak was
observed in 3469 cm ™! in magnesium-modified corn biochar, which was
attributed to Mg (OH), formation at the surface of the biochar (Deng
et al., 2021). In MB2, three peaks were clearly observed below
3000 cm ™!, indicating the presence of aliphatic carbon chains
(stretching of C-H moieties). Additionally, carbonate-like groups, which
are derived from atmospheric CO5 interaction with the basic surface of
biochars, and physisorbed water molecules were also evidenced in the
spectra in the range of 1800-1200 cm™!. Intense bands were present for
carboxyl, ketone, C = C, and C = O groups at 1428, 1580 cm’l, and
1099 cm ™, respectively. Similar results were also reported in a previous
study (Teng et al., 2020). Also, the Si-O-Si spectroscopic feature was
observed at 1000 cm ™! in all biochars (Fig. 1), which was slightly shifted
by modification procedure that can be attributed to the presence of
inorganic silica in the rice husk (Usman et al., 2016; Xiao et al., 2017). In
all cases, the modification appears to have introduced polar
oxygen-containing functionalities to the biochar surface.

SEM images showed structures similar to plant tissues at the B1 and
B2 surfaces (Fig. 2). With increasing pyrolysis temperature from 450 to
600°C, the irregularity of surfaces increased and some macroporosity in
the structure was created. Biochar modification also increased the ir-
regularity and porosity of the structures, as the MB1 and MB2 showed
irregular shapes and rough surfaces. The surface morphology of MB1
biochar exhibited a smoother aspect than that of MB2. Also, the porosity
and the extension of pores in MB2 were higher than those in MB1
(Fig. 2a and b).
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Spectrum 1 Spectrum 1

Spectrum 1

Fig. 2. : SEM-EDS images of (a), B1; (b), B2; (c), MB1; and (d), MB2. B1, biochar produced at 450 °C; B2, biochar produced at 600 °C, MB1, biochar produced at
450 °C and modified with MgCl,; and MB2, biochar produced at 600 °C and modified with MgCls.
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The results of the EDS analysis confirmed the presence of a high
magnesium content (>12%) on biochars (Fig. 2). It was probably in the
form of MgO, which was also confirmed in a previous study (Yin et al.,
2021). The ratios of O to C calculated using the EDS results for the
modified samples of MB1 and MB2 were 0.78 and 0.60, respectively,
which are quite different and generally higher than the values obtained
from the elemental analysis (0.48 and 0.49, respectively). The results
also indicated an increase in oxygen content in the modified samples, as
also observed by Akram et al. (2022), and confirm the FTIR results,
which indicated the formation of oxygen-containing functionalities after

(@)

Adsorbed Cd (mg g™
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biochar modification. Furthermore, since EDS analyzes the surface of
the particles and reflects the information related to the surface, it can be
concluded that the increase in oxygen content shown is related to the
surface or the outermost layers of the biochar. According to the results
mentioned above, Mg-modified biochars can provide more adsorption
sites for heavy metal.
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Fig. 3. : Effect of biochar size (500 um, S1, and 100 um, S2) on Cd adsorption kinetics in (a) unmodified biochars and (b) modified biochars. P, presoaked biochar;
NP, non-presoaked biochar; B1, biochar produced at 450 °C; B2, biochar produced at 600 °C, MB1, biochar produced at 450 °C and modified with MgCl,; and MB2,

biochar produced at 600 °C and modified with MgCl,.
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3.2. Effect of experimental conditions on biochar presoaking process

3.2.1. Effect of biochar size

The effect of biochar size and biochar presoaking on Cd adsorption
was investigated at 500 um size (S1) and 100 um size (S2). The results
showed that, by reducing the biochar particle size from 500 to 100 ym in
modified and unmodified biochars, the adsorption of Cd by these bio-
chars increased significantly. However, biochar size reduction from 500
to 100 um did not significantly change the Cd adsorption rate by pre-
soaked and non-presoaked biochars. This shows that reducing biochar
size does not have a remarkable effect on the presoaking process. Ac-
cording to Fig. 3, the presoaking process changed the distribution of
micropores (diameter less than 10 um) in the presoaked biochars.
Grinding the biochar to reduce the size of the biochar will not probably
change the micropore distribution. Also, the effect of presoaking on Cd
adsorption was more evident than the size effect, as Cd adsorption in P-
B1-S1 was close to that in NP-B1-S2 (Fig. 3). The effect of presoaking on
Cd adsorption increased with increasing contact time from 0.5 to 6 h,
and after 6 h this effect decreased. Therefore, the maximum effect of
presoaking was determined between 4 and 6 h. Also, both biochar size
reduction and biochar presoaking had a greater effect on Cd adsorption
in modified biochars compared to unmodified biochars, which could
explain the high Cd adsorption capacity of modified biochars. The
optimal size of biochar for Cd removal in both presoaking and non-
presoaking conditions was determined to be 100 um.

The time to reach the equilibrium was reduced from 24 to 12h
(except for BM2) by presoaking and decreasing biochar size (Fig. 3). The
increased Cd adsorption and reduced equilibrium time were presumably
due to the creation of new pores and the increase of the specific surface
area in smaller particles. Smaller particles are also more conductive and
have higher densities of functional groups at the external pores (Jin
et al., 2022), which can increase the biochar reactivity and the amount
of Cd adsorption. Another possible mechanism for increasing the Cd
adsorption by smaller particles is the formation of graphite-like struc-
tures and nanostructures (Song et al., 2019). Jin et al. (2022) also re-
ported a positive correlation among biochar size, graphite structures and
functional groups. Smaller particles had more graphite-like structures
and functional groups (Jin et al., 2022). Therefore, the biochars with
smaller particles were more active and had higher Cd adsorption rates
than biochar with larger sizes. According to the above results, the
reduction of biochar size mainly led to the increase of the specific sur-
face area and the formation of graphite-like structures, which reduced
the presoaking effect by increasing the physical contact. On the other
hand, biochar size reduction led to the formation of new pores and
nanostructures, which increased the effect of presoaking. Therefore,
biochar size reduction, although it increased adsorption, did not affect
the presoaking process.

3.2.2. Effect of temperature

The effect of presoaking on the Cd adsorption kinetics in non-
modified biochars and modified ones at different temperatures is
shown in Fig. 4. At all temperatures, Cd was adsorbed in presoaked
biochars more than non-presoaked biochars and the effect of presoaking
process on Cd adsorption decreased with increasing reaction tempera-
ture and contact time. The difference of adsorbed Cd by presoaked and
non-presoaked biochars decreased with increasing temperature from
15° to 35°C, as this trend was more evident in B1 and BM1. In both
unmodified and modified biochars, the highest Cd adsorption was
observed in presoaked biochars at 35°C and the lowest Cd adsorption
was observed in presoaked biochars at 15°C. Also, the greatest effect of
presoaking on Cd adsorption was observed at the period of 6-8 h, and
the difference of Cd adsorption between presoaked and non-soaked
conditions decreased after 8 h, then it was minimized at 24 h. The
amount of Cd adsorbed by modified biochars was higher than that by
unmodified biochars at all temperatures. Also, the increase of Cd
adsorption during the presoaking process was higher in modified
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biochars than in unmodified biochars, which was related to the high
adsorption capacity of modified biochars. The time to reach equilibrium
was reduced from 48 h at 15°C to 24 h at 35°C with presoaking and
increasing temperature. Considering the presoaking temperature and
time, the optimal adsorption of Cd by presoaked biochars was obtained
at 35 °C. An increase in temperature is known to decrease the density of
the suspension, which increases the rate of diffusion of solutes into the
external and internal pores, which affects adsorption and reduces the
time to reach equilibrium (Srivastava et al., 2007; Srivastava et al.,
2006). On the other hand, it is known that the increase in temperature
increases the hydraulic conductivity of biochar pores, which is
explained by the decrease in water viscosity and the increase in pore
volume (Saha and Tripathi, 1979; Yang et al., 2022). As a result, the
transfer of Cd solution to biochar pores (especially micropores) is
facilitated, and more internal surfaces will be in contact with Cd ions,
and subsequently Cd adsorption increases. This could explain the
decrease of the presoaking effect with increasing temperature in this
study. In general, two driving forces are involved in the adsorption
process; enthalpy (AH) and entropy (AS) of reaction (Brown et al.,
2018). Previous studies reported that the enthalpy of the Cd adsorption
process is small and positive, indicating that the adsorption is endo-
thermic (Sheela and Nayaka, 2012). It has also been reported that the
entropy of the Cd adsorption is positive due to the increase in
randomness at the interface between particles and the solution (Wang
etal., 2017). At the expense of AS and AH, the AG is a negative value. In
a previous study, Xiang et al. (2018) measured AG values for the Cd
adsorption at temperatures of 25, 35 and 45 °C, which were — 8612,
— 8901, and 9.191 kJ mol !, respectively. Therefore, the Cd adsorption
process is a non-spontaneous and endothermic reaction. Accordingly, as
also shown in a previous study (Zhou et al., 2014), Cd adsorption should
be increased with increasing temperature.

3.2.3. Effect of pH

In this study, the effect of biochar presoaking on Cd adsorption was
examined at pHs 2, 5, and 6. According to this assay, the difference in Cd
adsorbed by presoaked and non-presoaked biochars at different pHs was
similar and the presoaking process was not affected by pH change. This
confirms that the presoaking process is a physical modification. Also, the
results of the water adsorption test confirmed the fact that the pre-
soaking process was a physical reaction and was not affected by pH
changes (Tables 2 and 3). As shown in Fig. 5, Cd adsorption increased
dramatically as pH increased from 2 to 6. However, presoaking had a
strong effect on Cd adsorption by B1, B2, MB1, and MB2. In addition, Cd
adsorption by presoaked biochars at pH 3 and 5 was higher than that by
non-presoaked biochar at pH 5 and 6. This shows that the effect of
presoaking on Cd adsorption was greater than pH effect on Cd adsorp-
tion. At all contact time intervals, Cd adsorption was significantly higher
in presoaked biochars than non-presoaked ones. At all pHs, the
adsorption of Cd by modified biochars was higher than that by non-
modified biochars and the lowest and highest adsorption of Cd were
observed in MB2 and B1 at the same pHs (Fig. 5). This can explain the
strong effect of presoaking on Cd adsorption by modified biochars. Ac-
cording to the results mentioned above, the maximum adsorption of Cd
was observed in the presoaked status at pH 6. According to Wang et al.
(2021), the significant increase in Cd adsorption as well as the increase
in pH from 2 to 6 can be related to the decrease in the competition be-
tween protons and Cd ions on the biochar surface. According to previous
studies, changes in pH also affect both the properties of the adsorbent
and the properties of the adsorbate (Usman et al., 2016). The main effect
of pH on the surface of biochar is protonation and deprotonation of
functional groups such as carboxyls, hydroxyls, and phenols. Increasing
pH increases Cd adsorption for deprotonation of functional groups,
which increases negative charge density on biochar surfaces and reduces
competition between protons and Cd ions on adsorption sites (Usman
et al., 2016). On the other hand, pH is also an important parameter that
affects ion speciation and consequently ion adsorption (Wen et al.,



B. Abolfazli Behrooz et al.

Adsorbed Cd (mg g‘l)

()

Ecotoxicology and Environmental Safety 257 (2023) 114932

—&@— P-BI-TI15
—8— P-B1-T25
—a&— P-B1-T35
—w—NP - Bl -TI15
—&—NP - BI - T25
—a&—NP -B1 - T35
—»— P-B2-TI5
—8— P-B2-T25
—ge— P -B2-T35
—®—=NP-B2-TI5
—==NP - B2 -T25
—t+—NP-B2-T35

100 =

jele]
=]
1

Adsorbed Cd (mg g™)
ES 3

20

40

50

—&— P-MBI-TIS
—&— P-MBI-T25
—&— P-MBI-T35
—¥—NP - MBI - T15
~—0—NP - MBI - T25
—<&—NP - MBI - T35
—»— P-MB2-TIS
—&— P-MB2-T25
== P -MB2-T35
—&—NP -MB2-TI5
~—3=NP - MB2 - T25
~=——=NP - MB2 - T35

20

30
Time (h)

40 50

Fig. 4. : Effect of temperature on Cd adsorption kinetics in biochars. P, presoaked biochar; NP, non-presoaked biochar; B1, biochar produced at 450 °C; B2, biochar
produced at 600 °C, MB1, biochar produced at 450 °C and modified with MgCl,; and MB2, biochar produced at 600 °C and modified with MgCl,. T15, T25, and T35

are temperature at the 15, 25, and 35 °C, respectively.



B. Abolfazli Behrooz et al.

Table 2
Hydrophobicity property of non-modified and modified biochars.
Biochar Presoaking  Molarity of Drop penetration Category
Type ethanol drop (M) time (s)
Bl P 0.2 <1 Hydrophilic
NP 0.2 7.6 Hydrophilic
B2 P 0.2 <1 Hydrophilic
NP 0.2 5.2 Hydrophilic
MB1 P 0.2 <1 Hydrophilic
NP 0.2 4.1 Hydrophilic
MB2 P 0.2 <1 Hydrophilic
NP 0.2 2.9 Hydrophilic

P, presoaked biochar; NP, non-presoaked biochar; B1, biochar produced at
450 °C; B2, biochar produced at 600 °C, MB1, biochar produced at 450 °C and
modified with MgCl,; and MB2, biochar produced at 600 °C and modified with
MgCly.

Table 3
Effect of different osmotic pressures on water content of non-modified and
modified biochars.

Biochar Type = Presoaking  Water content Difference in adsorbed water
(g or cm® water g~'  between P and NP biochar (g
biochar) or cm®)

Osmotic pressure (bar)
20 bar 30 bar 20 bar 30 bar
Bl P 0.055 0.052 0.022 0.017
NP 0.099 0.087

B2 P 0.055 0.053 0.028 0.022
NP 0.11 0.099

MB1 P 0.092 0.086 0.026 0.019
NP 0.121 0.11

MB2 P 0.13 0.12 0.026 0.017
NP 0.27 0.236

P, presoaked biochar; NP, non-presoaked biochar; B1, biochar produced at
450 °C; B2, biochar produced at 600 °C, MB1, biochar produced at 450 °C and
modified with MgCl,; and MB2, biochar produced at 600 °C and modified with
MgCly.

2022). Wang et al. (2022) also observed that the adsorption of antibi-
otics on biochar decreases with decreasing pH due to the protonation of
the functional groups and the creation of a positive charge.

3.3. Adsorption kinetics

The results of Cd adsorption kinetics on modified and unmodified
biochars showed that rapid adsorption occurred in less than 1 h, fol-
lowed by slower adsorption up to 24 and 48 h. Finally, the adsorption
reactions in modified and unmodified biochars reached equilibrium
after 24 and 48 h, respectively (Fig. 6). Similar results were also
observed in a previous study (Xiao et al., 2017). At the rapid step, 43%,
48%, 49%, and 35% of Cd were adsorbed in non-presoaked B1, B2, BM1,
and BM2, while in presoaked B1, B2, BM1, and BM2, 59.08%, 58.3%,
58.1%, and 45% of Cd adsorption occurred at this step. This indicates
that presoaking improved the rate of Cd adsorption at the rapid step,
which was confirmed by reduction of equilibrium time in presoaked
treatments. It seems that the presoaking process improves the pore
connectivity, the enlargement of pores, and the hydraulic conductivity
of pores (Yi et al., 2022; Zhai et al., 2020). Following this process, a
larger volume of Cd-containing solution entered the pores and more sites
were available for cadmium adsorption, and accordingly, the rate of
cadmium adsorption increased in the fast phase. As shown in Fig. 6, the
effect of presoaking on Cd adsorption first increased with increasing
contact time, and the maximum effect of presoaking was observed be-
tween 4 and 6 h. It decreased after 6 h and reached a minimum when the
adsorption reaction reached equilibrium. It seems that in the early days,
all the pores were not yet filled with water, and after 4-6 h, most of the
biochar pores were saturated with water and the maximum effect of
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presoaking was observed. After 6 h, almost all the pores were saturated
with water and the difference of Cd adsorbed between pre-soaked and
non-soaked biochar decreased. Similar results were also reported in a
previous study (Ai et al., 2021).

The values of Cd adsorption in the equilibrium status for B1, B2, MB1
and MB2 were 7.6, 7.5, 97.6 and 98.4 mg g, respectively, and for non-
presoaked B1, B2, MB1 and MB2 were 7.33, 7.14, 93.9 and 95 mg g},
respectively. The highest and lowest adsorbed Cd were observed in
presoaked MB2 and non-presoaked B2 (Fig. S1 and S2). Cadmium
adsorption in presoaked biochars was significantly higher (p < 0.05)
than that in non-presoaked ones (Fig. S1 and S2). This could be due to
more effective adsorbate/adsorbent contact in presoaked biochars,
where the hydrophobicity of the samples is at least partially reduced
(Gray et al., 2014). Also, the effect of presoaking on Cd adsorption was
more evident in modified biochars (MB1 and MB2) than unmodified
biochars (B1 and B2). This can be attributed to the high adsorption ca-
pacity in modified biochars compared to unmodified biochars.

Pseudo-first order, pseudo-second order, and intraparticle diffusion
models were used to model Cd adsorption kinetics (Table 4). Among
these three models, the pseudo-second order model showed the highest
correlation coefficient (RZ > 0.99) and well simulated the results of the
Cd adsorption process in modified and non-modified biochars. Li et al.
(2017) also found that the sorption kinetics of Cd(II) on BC-MnOy fol-
lows a pseudo-second-order model, and the main mechanisms involve
cation exchange and cation-I1 bonding. In another study, Ifthikar et al.
(2017) reported that magnetic biochar adsorbed Pb(II), which is
well-described by a pseudo-second-order model; the adsorption mech-
anisms involve electrostatic attraction, ion exchange, complexation and
precipitates. The adsorption equilibrium values obtained from the
pseudo-second-order model were very close to the experimental results,
and indicated that chemisorption in the form of cation exchange, pre-
cipitation, and inner sphere complexes is probably the main process
controlling Cd adsorption in the biochars (Usman et al., 2016). Liu and
Fan (2018) also pointed out that the precipitation with minerals is the
main process in the removal of Cd by wheat straw biochar, and surface
complex process plays an important role in this regard. Also, the
pseudo-first order model was well fitted (R? > 0.91) with the kinetics
data, which shows that mass transfer is also one of the important pro-
cesses in Cd adsorption on the biochar surface. The intraparticle diffu-
sion model compared with pseudo-first order and pseudo-second order
model was not well fitted with Cd adsorption data, which indicates that
the intra-particle diffusion or film diffusion is not a rate-limiting step in
Cd adsorption by the biochars. Therefore, intra-particle diffusion has a
lesser role than chemisorption. Accordingly, it can be concluded that
chemisorption and mass transfer are the important factors controlling
Cd adsorption process (Fulazzaky, 2011; Gao et al., 2019; Khan et al.,
2020; Kotodynska et al., 2012).

3.4. Action mechanism of presoaking process

Hydrophobicity experiment was performed in the range from 0.2 to
3.5 M ethanol solution. According to the classification of Kinney et al.
(2012), all biochars were classified in the hydrophilic group (Table 2).
Also, there was little difference between presoaked biochars and
non-presoaked ones in terms of drop penetration time. Although both
presoaked biochars and non-presoaked ones were classified in the hy-
drophilic group, biochar micropores might be hydrophobic. Similar re-
sults were also reported in a previous study (Rasa et al., 2018).

Water adsorption test was carried out to explain what happened in
pores during biochar presoaking. According to Table 3, the water con-
tent in the matric potential 20 and 30 times was higher in non-presoaked
biochars biochar than in presoaked biochars. The average pore diameter
at the osmotic pressures equivalent to 20 and 30 bar was calculated to be
15 and 10 um, respectively. In addition, the water content at 30 bar
osmotic pressure was higher in non-presoaked biochars than presoaked
biochars, indicating that the micropores of the biochar (< 10 um) in
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at the 2, 5, and 6, respectively.

non-presoaked biochars were more than those in presoaked biochars,
and consequently micropores were reduced by presoaking. The reduc-
tion of micropores can be attributed to the micropores that have been
destroyed or even turned into macropores due to the change in tar dis-
tribution and the swelling phenomenon during presoaking (Rasa et al.,
2018), which causes the reduction of micropores in non-presoaked
biochars and confirms the reason. In addition, throat size, as an
important factor in pore hydraulic behavior, was affected by changes in
pore size, which can impact the rate of diffusion in micropores. Ai et al.

10

(2021) also reported that soaking coal in water changes the pore
structure and turns micropores into macropores. Rasa et al. (2018)
announced that the ratio of throat size to pore size decreases with
decreasing pore size and there is an inverse relationship between throat
effect and pore size. According to the obtained results, the main mech-
anism of presoaking was found to be the change in the micropore size. It
is known that the pore scale, solute transport and hydraulic properties of
porous media are controlled by pore size distribution and pore topology
(Ai et al., 2021; Nimmo, 2004; Vogel and Roth, 2001). Based on the
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results mentioned above, it can be concluded that presoaking can
enhance Cd adsorption by the biochars by improving hydraulic property
and increasing the interaction of internal surfaces of biochar with Cd
solution.

4. Conclusions
In this study, the effect of presoaking on Cd adsorption was per-

formed over a range of pH, temperature, and biochar particle size. Ac-
cording to the obtained results, presoaking biochars had a significant

effect on Cd adsorption by non-modified or modified rice husk biochars.
This effect was also decreased with increasing contact time. The opti-
mum conditions for Cd adsorption by biochars included pH 6, temper-
ature 35 °C, and particle size 100 um. However, presoaking provided
conditions where optimal Cd adsorption was achieved at a lower pH and
temperature in the coarser size (500 um) biochar. It was also found that
presoaking, by reducing the micropores of biochar, enhanced biochar
contact with the external solution, and presoaked biochars could reach
the equilibrium at shorter time. The presoaking effect was more evident
at lower temperatures in the biochars with coarser particles. With
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Table 4
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Data of kinetics model fitting for Cd adsorption in modified and non-modified rice husk biochars.

Biochar type Presoaking Pseudo first order Pseudo second order Intraparticle diffusion
status
Qe ky R? Qe ky R? Qe Kq R?
(mgg™) () (mg g™ (mg~'g"'h ) (mg g™
Bl NP 7.37 0.115 0.98 7.289 0.132 0.99 8.09 0.71 0.91
P 7.56 0.171 0.99 7.65 0.129 0.99 8.51 0.577 0.75
B2 NP 7.11 0.167 0.91 7.11 0.135 0.99 7.95 0.729 0.91
P 7.52 0.182 0.99 7.52 0.131 0.99 8.34 0.555 0.77
MB1 NP 94.01 0.235 0.99 94.82 0.01 0.99 108.5 9.39 0.77
P 97.7 0.252 0.98 97.16 0.01 0.99 109.6 7.66 0.73
MB2 NP 94.35 0.184 0.98 95.35 0.101 0.99 111.6 11.42 0.78
P 98.45 0.196 0.98 98.42 0.009 0.99 113.4 10.75 0.76

P, presoaked biochar; NP, non-presoaked biochar; B1, biochar produced at 450 °C; B2, biochar produced at 600 °C, MB1, biochar produced at 450 °C and modified

with MgCl2; and MB2, biochar produced at 600 °C and modified with MgCI2.

decreasing the particle size in biochars and increasing temperature, the
effect of presoaking also decreased. Because increasing temperature
requires energy, it is also more difficult to separate fine-sized biochars
from aqueous media. Accordingly, presoaking biochar prior to use ap-
pears to be an effective way to increase the adsorption of heavy metals
(e.g., Cd) by modified or unmodified biochars and reduce the time to
reach equilibrium, making the heavy metal adsorption process more
efficient.
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