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AbstractBiochar has considerable sorption efficiency for organic pollutants; however, the effect of physicochemical
characteristics and their alteration by environmental conditions on the sorption mechanism is still unknown. We inves-
tigated the pH-dependent sorption of simazine on Miscanthus biochar produced at two pyrolysis temperatures (400
and 700 oC; hereafter B-400 and B-700) under two different electrolytes and interpreted the sorption mechanism. The
surface charge density (SCD) decreased more in B-400 than in B-700 at higher pH due to more deprotonation of acidic
functional groups (AFGs), but greater decreases were observed in B-700 than in B-400 from pH 2 to pH 3 as a result
of alkali salts deposition. The decrease in KF with increasing pH showed that simazine sorption decreased as van der
Waals forces because the surface of biochar carried a greater negative SCD, which repulses simazine molecules due to
the enhanced deprotonation of AFGs. At a given pH, KF was lower in CaCl2 than in NaCl due to the formation of
larger metal-biochar complexes, resulting in enhanced blocking of pores available for simazine sorption. We believe
that knowledge of the pH-dependence of SCD and accessibility of biochar pores could help better interpret the behav-
ior of simazine-like pollutants in soil and aquatic environments.
Keywords: Simazine, Electrolyte, Biochar, Sorption, Isotherm, pH, Cation Valence

INTRODUCTION

Biochar is a carbonaceous material produced through pyrolysis
of various forms of agricultural biomass under oxygen-limited con-
ditions [1,2], resulting in diverse physicochemical characteristics
(PCs). Agricultural biomass and pyrolysis temperature (PT) are key
factors that determine the PCs of biochar [3,4], since thermal de-
composition of specific molecular structures in agricultural biomass
requires specific PTs [5,6]. As cellulose degrades at 220-315 oC, hemi-
cellulose degrades at 315-400 oC and lignin degrades at >400 oC [5,6]
during pyrolysis, increased PT causes an increase in aromatic C
structures on the surface of plant-derived biochar [7] due to pro-
gressive polymerization [8]. As a result, biochar produced by pyrol-
ysis at different PTs will have different specific surface area (SSA)
and surface hydrophilicity/hydrophobicity properties; thus, biochar
can serve as a cost-effective [9,10], environmentally sound solution
in the effective remediation of organic pollutants under various envi-
ronmental conditions [11,12]. However, the efficiency of remedia-
tion using biochar has not been fully investigated, or understood, in
terms of the interactions of organic pollutants with various types
of biochar due to insufficient knowledge of the PCs of biochar; thus,
adverse effects or unprecedented results have frequently been re-
ported in recent investigations [13-15]. Therefore, understanding
the sorption mechanisms of biochar for organic pollutants in rela-

tion to the PCs of biochar is a prerequisite for interpreting the inter-
actions between organic pollutants and biochar in real environments.

Under various environmental conditions, the relationship be-
tween the PCs of biochar and sorption mechanisms may vary, de-
pending mainly on pH and background electrolyte, and this differ-
ence in turn affects the interactions of organic pollutants with bio-
char [16,17]. Acidic functional groups (AFGs) on the surface of
biochar are mainly responsible for the remediation of organic pollut-
ants [18,19], and their concentrations can be measured by Boehm
titration, which quantifies carboxylic, lactonic and phenolic acidic
groups [20]. Since each oxygen-containing AFG has a negative loga-
rithmic acid dissociation constant (pKa), when the pH is higher
than the pKa, it is negatively charged due to deprotonation [21,22].
Moreover, the surface charge density (SCD) of biochar becomes
more negative with increasing pH, since further increases in pH
deprotonate carboxylic (pKa�4.4), lactonic (pKa�8.2) and pheno-
lic (pKa�10) acidic groups [23]. When the pH is lower than the
point of zero net charge (PZNC), the surface of biochar is positively
charged, and the degree of protonation decreases with increasing
pH; otherwise, the surface is negatively charged [24,25]. As a con-
sequence, charged biochar can repel neutral organic pollutants but
attract charged organic pollutants [26,27]. Concurrently, charged
biochar can interact with background electrolytes, which affect the
ionic atmosphere of the solution, to achieve electrostatic stabiliza-
tion [28]. Therefore, understanding the behavior of simazine and
biochar across an environmental pH range with varying background
electrolytes is necessary to study the mechanism of simazine sorp-
tion to the surface of biochar. However, despite current knowledge
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regarding the effect of pH and background electrolytes on the sorp-
tion mechanism, the interactions of simazine molecules on the
surface of biochar remain largely unknown due to the heterogene-
ity of biochar [17].

Simazine [2-chloro-4,6-bis(ethylamino)-s-triazine] is a herbicide
that has lone-pair electrons in its nitrogen-containing heterocyclic
structure that inhibits the photosynthetic electron transport pro-
cess in annual grasses and broadleaf weeds [29]. Due to its remark-
ably efficient weed control, simazine has been widely used as a
nonselective herbicide since its introduction in 1956 [30]. How-
ever, recent evidence has shown that simazine poses threats to the
environment and to human health because of its persistence and
accumulation, resulting from its low solubility and non-volatility
[30]; triazines can cause hormonal disruption and damage to the
kidneys and thyroid [31,32]. Therefore, the removal or remedia-
tion of simazine from polluted soils is urgent; nevertheless, the
pH-dependence of the sorption mechanism of simazine to bio-
char needs to be better understood to properly assess the risks and
threats from the environmental problems associated with simazine
under natural environmental conditions. At pH values below its
pKa of 1.7 [30], simazine, which is an organic base, is positively
charged due to protonation, while it is neutral above this pKa [33];
thus, the sorption mechanisms of simazine to biochar are pH-depen-
dent. Therefore, knowledge of the behavior of simazine and bio-
char across at least the surrounding environmental pH and back-
ground electrolyte conditions is essential to interpret the sorption
mechanisms of simazine to biochar and develop suitable remedia-
tion technology for real environments.

We hypothesized that changes in PT alter the surface morphol-
ogy and charge characteristics of biochar and that the PT-driven
sorption behavior of biochar varies with pH, cation valence (CV)
and their interaction in background electrolyte solution, thus chang-
ing the sorption capacity and mechanism of simazine sorption to
biochar. Here, we tested this hypothesis by interpreting the effects
of pH, CV and their interactions on PT-driven simazine sorption.
We conducted batch sorption isotherms of simazine to Miscanthus
biochar produced at two different PTs (400 and 700 oC) under dif-
ferent pH and CV conditions in background electrolyte solutions,
fitted the experimental sorption data to sorption isotherm mod-
els, measured the SCD and morphological characteristics of bio-
char before and after treatment, and analyzed the effect of pH, CV
and their interaction on simazine sorption to biochar.

MATERIALS AND METHODS

1. PCs of Biochar
Biochar was produced from Miscanthus feedstock at different

PTs (400 and 700 oC) (hereafter, B-400 and B-700, respectively) to
distinguish the PCs based on thermal decomposition, which oc-
curred below or above a PT of 500 oC [34-36]. The rate of heating
was approximately 10 oC min1, and the target temperatures were
maintained for 1 h for the completion of pyrolysis under N2 gas
purging. Biochar was ball-milled (MM400, Retsch, Germany) and
sieved through a 106-m mesh to minimize the size effects [17]. The
SSA was determined using the Brunauer-Emmett-Teller (BET) iso-
therm with N2 and CO2 gas adsorbates because N2 (ASAP 2010,

Micromeritics, USA) is sorbed only on micro-pores (>1.5 nm),
while CO2 (BELSORP-mini II, Microtrac BEL, Japan) is sorbed on
both micro- and nano-pores (<1.5 nm) [37]. Biochar particles were
separated into three fractions (<25, 25-53 and 53-106 mm) using
Analysette 3 pro (Fritsch, Germany). The mass percent of carbon (C),
hydrogen (H), nitrogen (N) and sulfur (S) was analyzed using an
elemental analyzer (Flash 2000, Thermo, USA), and that of O (oxy-
gen) was calculated by subtracting %C, %H, %N and %S from 100%.

The AFGs were determined by Boehm titration [38,39]. Since
the results of Boehm titration can be affected by dissolved salts, bio-
char was pretreated with dilute HCl at pH 2 for three days followed
by washing with deionized water until the AgNO3 test for Cl ions
was negative and then oven dried at 80 oC for 24 h [40]. After pre-
treatment, biochar (0.2 g) was added to 20 mL of 0.05 M of three
base solutions (NaHCO3, Na2CO3 and NaOH) for 24 h and shaken
on a flask shaker at 160 rpm (DS-300L, Dasol, Korea). Then, bio-
char suspension was separated by centrifugation (MF-600 plus,
Hanil, Korea) for 40 min at 4,000 rpm. Ten milliliters of the super-
natant was back-titrated with 0.01M HCl using an automatic titrator
(702 SM Titrino, Metrohm, Switzerland). The AFGs were estimated
on the assumption that 0.05M NaHCO3 neutralizes carboxyl groups,
0.05 M Na2CO3 neutralizes carboxyl and lactonic groups, and 0.05
M NaOH neutralizes carboxyl, lactonic and phenolic groups.

Ash content of biochar was estimated by the combustion method,
in which the residual weight was measured after heating at 750 oC
for 6 h [41]. The electrical conductivity (EC) and pH were mea-
sured in a 1 : 20 (w/v) biochar/water suspension with an EC meter
(Orion 3 star, Thermo, USA) and a pH meter (Orion 3 star, Thermo,
USA) after shaking for 1.5 h [42]. The PZNC was determined using
the pH drift method [43]. Approximately 60 mg of biochar was
mixed with 20 mL of 0.05 M CaCl2, and the pH was adjusted using
0.5 M HCl or 0.5 M NaOH. Then, the sample was shaken for 24 h
on a flask shaker at 160 rpm. The pH was measured with a pH
meter and plotted against the initial pH, with the PZNC taken at
the equal point between the initial and final pH. The concentra-
tion of inorganic elements was analyzed using X-ray fluorescence
(XRF) (S4 Pioneer, Bruker, USA).
2. SCD and Morphological Characteristics of Biochar

All reagents were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The SCD of biochar was measured by the potentiometric
titration method [44]. To achieve complete protonation of AFGs,
biochar (1 g) was added to 100 mL of 0.05 M CaCl2 solution in a
250 mL Duran laboratory glass bottle sealed with a PTFE cap, and
the mixture was equilibrated by shaking on a vial shaker (DS-300L,
Dasol, Korea) at 160rpm for three days at 25±0.5 oC. During equili-
bration, the suspension was adjusted daily to pH 2 using 1 M HCl
solution, and then 0.01M NaOH solution (titrant) was added drop-
wise to the acidic suspension (pH 2) using an automatic titrator to
raise the pH to 11. The volume of titrant consumed and the corre-
sponding pH were recorded in 10 s intervals during the titration.
A blank titration was repeated without biochar to correct for the
volume of titrant consumed. The SCD, 0, H (C m2), was calcu-
lated from the points on the titration curve as follows:

(1)H  OH  
CNaOH Vb   Va 

s  V 
------------------------------------
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(2)

where H+ and OH (mol m2) are the concentrations of H+ and
OH on the surface of biochar, respectively, CNaOH (mol L1) is the
concentration of titrant, Vb and Va (L) are the volumes of titrant
added in the blank and analyte (biochar) titrations, respectively, s
(m2 kg1) is the SSA,  (kg L1) is the mass concentration, V (L) is
the total volume of the solution, and F (C mol1) is the Faraday
constant.

The morphology and elemental composition of biochar after
simazine sorption at different pH values and CVs in background
electrolyte solutions were analyzed with a field emission-scanning
electron microscope (FE-SEM) (AURIGA, Carl Zeiss, Germany)
equipped with an energy dispersive X-ray spectroscopy (EDS) detec-
tor (Bruker Nano GmbH, Berlin, Germany). For FE-SEM analy-
sis, biochar samples were placed in a forced-air oven (DS-80-2, Dasol,
Korea) at 80 oC for at least 48 h and then mounted on an alumi-
num stub using double-sided conductive copper tape. The micro-
scope was operated at an accelerating voltage of 10 kV, and the
working distance was set at 10 nm from the final lens at varying
magnifications.
3. Sorption Isotherm Experiment

All reagents were purchased from Sigma-Aldrich (St. Louis, MO,
USA), and an aqueous standard solution of simazine was pre-
pared by diluting the simazine stock solution in methanol (99.8%
purity) [17]. Five milliliters of the simazine stock solution (20 mg
L1) was mixed with 10 mL of 0.2 M NaCl or 0.1 M CaCl2 solu-
tion and biochar (0.2 g) in a 30 mL amber glass vial with a Teflon-
lined cap to prevent photodegradation of simazine [30]. The pH
was adjusted to 3.5, 7.5 and 10 using 1 M HCl or 1 M NaOH, and
distilled water was added to make a total volume of 20 mL; the
final solution contained simazine (5 mg L1, the maximum solu-
bility), NaCl (0.1 M) and CaCl2 (0.05 M). Each sample was equili-
brated by shaking on a flask shaker at 160 rpm for 81 h at 25±
0.5 oC, and the pH was readjusted daily during equilibration. Each
mixture was filtered through a 0.45-m nylon membrane filter to
separate simazine from biochar matrix. For the determination of
simazine concentrations, 10 mL of each filtrate was shaken vigor-
ously after adding 2 mL of hexane, and one milliliter of superna-
tant was transferred to a 2 mL amber vial with a rubber cap for
GC analysis. To ensure the quality of the data collection (accuracy
and precision), all batch sorption experiments were performed in
triplicate according to the US Environmental Pretention Agency
(US EPA) [45].

The simazine concentration was measured using a gas chromato-
graph with micro-electron capture detector (GC-ECD) (6890N,
Agilent Technologies Inc., USA) with a silica capillary column
(HP-5, 0.32 mm i.d.×30 m×0.25m) [46]. The inlet and detector
temperatures were 250 oC and 300 oC, respectively, and the carrier
gas was N2 with a flow rate of 1.2 mL min1 under constant flow
mode. The oven temperature was set as follows: initial temperature
of 50 oC (held for 1 min), 20 oC min1 to 150 oC (held for 4 min),
3 oC min1 to 230 oC (held for 1 min), and finally 10 oC min1 to
300 oC (held for 5 min). The total analysis time per sample was
50 min and the retention time for simazine was 19 min. All cali-
brations were performed in ChemStation (Agilent, USA). To guar-

antee the stability of GC-ECD measurements, the instrument
calibration was performed by analyzing the standard simazine solu-
tions and plotting the relative response factors of analyte in each
batch sorption experiment.
4. Data Calculation and Fitting

The concentration of simazine sorbed on biochar (qeq, mg kg1)
was calculated from the difference between the initial and equilib-
rium concentrations of simazine in solution (Eq. (3)):

(3)

where C0 and Ceq are the initial and equilibrium concentrations of
simazine (mg L1) in solution, respectively, V is the volume of solu-
tion (L), and m is the mass of biochar (kg).

The sorption isotherm results constructed at pH 3.5, 7.5 and 10
were fitted to the Langmuir and Freundlich isotherm models to
simulate the sorption process of simazine to biochar [39,47]. The
Langmuir model, which describes ideal monolayer adsorption, is
expressed as follows (Eq. (4)):

(4)

where qmax is the maximum sorption capacity (mg kg1) and KL is
a constant related to energy (L mg1). The linear form of the Fre-
undlich model, which describes nonideal sorption in multilayers
and is based on heterogeneous surfaces with non-uniform distri-
bution energy, is expressed as follows (Eq. (5)):

(5)

where KF is the equilibrium constant indicating sorption capacity
(mg kg1 (mg L1)n) and 1/n is the sorption intensity.

To assess the applicability of the sorption isotherm model, the
percent normalized standard deviation (q) was calculated as fol-
lows [48,49] (Eq. (6)):

(6)

where qexp and qcal are the measured and estimated amounts of
simazine sorbed on biochar for each data point (mg kg1), respec-
tively, and n is the number of experimental measurement data points.
5. Statistical Analysis

Data were analyzed using the general linear model (GLM) pro-
cedure in SPSS software (SPSS Inc., Version 25.0, Chicago, IL, USA).
The effects of two factors (pH and CV) and their interaction on
the fitting parameters for the Freundlich and Langmuir isotherms
were evaluated for each biochar, B-400 and B-700. Two-way analy-
sis of variance (ANOVA) of a completely randomized design with
three replications per treatment was performed to test for signifi-
cant differences among the treatment means within each factor
and for interactions between factors. The least significance differ-
ence (LSD) test at the significance level of p<0.05 was used to sep-
arate means.

0, H   F H   OH 

qeq  
C0   Ceq  V

m
-------------------------------

qeq  
qmax KL Ceq 

1 KL Ceq 
-----------------------------

qeq  KF  
1
n
--- Ceqlogloglog

q 100 x
i1

n qexp  qcal

qexp
---------------------

 
 

i

2

n  1
-------------------------------------------
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RESULTS AND DISCUSSION

1. PCs of Biochar
The SSA was estimated at 5.6 m2 g1 for micro-pores and 191.6

m2 g1 for nano-pores in B-400, and 236.3 m2 g1 and 57.2 m2 g1,
respectively, in B-700 (Table S1). Previous investigations on Mis-
canthus biochar reported that SSA of biochar increased with in-
creasing PT [11,50]. The SSA of micro-pores of this biochar sharply
increased from 10.97 to 443.92m2 g1 by increasing PT from 300 oC
to 700 oC, while that of nano-pores gradually decreased from 110.83
to 11.04 m2 g1 [51]. An increase in SSA of micro-pores with a
concurrent decrease in SSA of nano-pores with increasing PT can
be explained by progressive volatilization of specific molecular struc-
tures such as cellulose, hemicellulose and lignin, leading to forma-
tion of channel structures of larger pore-size and thereby increasing
the quantity of micro-pores [6,52]. The percentage of particles hav-
ing a given equivalent diameter (<25m, 25-53m and 53-106
m) was 14.7, 52.8 and 32.5% for B-400, and 5.6, 62.0 and 22.4%
for B-700, respectively.

Some atomic ratios could be used to characterize the aromatic-
ity, hydrophobicity and polarity of biochar [17], and the ratio of
(O+N)/C, O/C and H/C can be proxies of polarization, carbon-
ization and hydrophilization of biochar, respectively [58,59]. In this
study, the ratios of the corresponding values at higher PT (B-700)
were lower than those at lower PT (B-400) (Table S1). In other
words, the ratio of (O+N)/C, O/C and H/C of Miscanthus biochar
decreased from 0.37 to 0.25, 0.36 to 0.24 and 0.05 to 0.01, respec-
tively, as a result of increased C and decreased H, O, N and S con-
tent. With the decrease in the ratio of (O+N)/C, O/C and H/C, we
inferred that polarity and the hydrophilicity of biochar decreased
while aromaticity increased due to increased carbonization [18,53].
Previous investigations reported that Miscanthus biochar pro-
duced at 400 oC had the atomic ratio of (O+N)/C, O/C and H/C
ranged from 0.26 to 0.48, 0.26 to 0.48 and 0.05 to 0.09, while the
respective ratios of biochar produced at 700 oC ranged from 0.08
to 0.09 and 0.07 to 0.08, and were 0.02 [16,19,61].

The transformation of agricultural biomass during pyrolysis
alters the molecular structures of biochar in various ways [20] and
further modifies its properties through thermal degradation of eas-
ily decomposable oxygen-containing molecular structures [20,21].
With an increase in PT, the ash content increased from 8.8 (B-
400) to 11.6% (B-700), and the EC increased from 0.21 to 0.53 dS
m1 (Tables S1 and S2). The ash content of biochar increased due
to the release of volatiles [53], while the EC increased as a result of
non-volatiles remaining after pyrolysis [54]. Therefore, the ash con-
tent indicates the concentration of inorganic constituents, while
the EC represents total concentration of dissolved salts or total
amount of dissolved ions resulting from thermal decomposition of
agricultural biomass [8,9]. From those relations, we infer that inor-
ganic and alkali salts that were combined with the volatile bio-
mass structures containing C, H, O, and N began to separate from
the agricultural biochar feedstocks, and that more nonvolatile inor-
ganic and alkali salts were deposited more in B-700 during ther-
mal decomposition [10,11]. As more alkali salts were deposited at
higher PT, the pH of B-700 (10.5) was higher than that of B-400
(9.0). Since solution-pH determines the net surface charge of the

sorbent, biochar can have positively and negatively charged surfaces
for hydrophilic interactions at a given pH [55]. This means that
the net surface charge of B-400 and B-700 is positive at circum-
neutral pH, with more positive charges at the surface of the latter
[56].

The acidity of B-400 and B-700 was measured at 0.150 and 0.013
mmol g1 for carboxylic acid groups, 0.167 and 0.125 mmol g1

for lactonic acid groups, and 0.421 and 0.013 mmol g1 for pheno-
lic acid groups, respectively, as observed in our previous study [56],
and the decrease in the acidity of surface functional groups with
increasing PT was due to volatilization of oxygen-containing struc-
tures [15,64]. The results of XRF spectra confirmed more deposi-
tion of inorganic salts in B-700 than in B-400 (Table S2). Con-
centration of Si was 1.61% for B-400 and 2.35% for B-700, as a
result of Si-accumulation due to pyrolysis, which was higher than
that of biochar feedstock (0.60%). However, concentrations of K,
Ca, P, Mg, S, Al and Fe in both biochar were below 1%.
2. SCD of Biochar

The positive SCD of Miscanthus biochar decreased from 0.08 to
0.06 C m2 for B-400 and from 0.05 to 0.01 C m2 for B-700 as
pH increased (Fig. 1). The positive biochar SCD was associated
with the concentration of oxygen-containing AFGs; progressive
thermal decomposition caused polarization and hydrophilization
of biochar [57,58], resulting in a decreased proportion of AFGs
and SCD in B-700 (Table S1).

In both B-400 and B-700, the SCD remarkably decreased at pH
values of 4 to 5, 7 to 8, and above 10 (Fig. 1), which corresponded
to the pKa values of carboxylic (pKa=4-5), lactonic (pKa=7-8) and
phenolic (pKa=10) functional groups, respectively [23]. However,
a decrease in SCD of biochar was also observed in the pH range
between 2 and 3, in which the pKa values of surface AFGs are not
applicable; this decrease could be explained by the interaction of
deposited alkali salts with H+ ions in solution, leading to electro-
static stabilization [59,60]. Kloss et al. and Tran et al. reported that
the positive SCD of biochar decreased with increasing pH and
that the decreasing effect was diminished with increasing PT as a

Fig. 1. Surface charge density (SCD) of Miscanthus biochar produced
at two pyrolysis temperatures of 400 oC (B-400) and 700 oC
(B-700) as a function of pH determined by potentiometric
titration in 0.05 M CaCl2 solution.
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result of a reduction in deprotonated surface AFGs, which reduced
polarization and hydrophilization [61,62]. Therefore, we believe
that deprotonation of AFGs and deposition of alkali salts on the
surface of biochar are the main causes of the reduction in SCD
with increasing pH [59,61]. Thus, a greater reduction in the posi-
tive SCD of biochar at higher pH values was due to a progressive
deprotonation of biochar AFGs in pH ranges that include the pKa

values of surface AFGs (Table S1) and to enhanced deposition of
inorganic and alkali salts on the biochar (Table S2).
3. Effect of pH and CV in Background Electrolyte Solutions
on Simazine Sorption

The sorption isotherms constructed at pH values of 3.5, 7.5 and
10 under different background electrolyte conditions were fitted to
the Langmuir and Freundlich isotherms (Fig. 2), and the fitting
results indicated that the Freundlich model yielded a better fit of

Fig. 2. Simazine sorption isotherms fitted to the linear Freundlich model in 0.1 M NaCl (rectangles) and 0.05 M CaCl2 (triangles) for B-400
((a)-(c), indicated on the left side with solid symbols) and B-700 ((d)-(f), indicated on the right side with open symbols) at three pH
values of 3.5, 7.5 and 10. The mixture was agitated at 160 rpm for 81 h at room temperature of 25±0.5 oC.

simazine sorption to biochar than the Langmuir model, as was
evident from higher mean R2 and lower mean q on the fitted
parameters (Table 1). Yuan et al. showed that the Freundlich model
well described the alteration in SCD due to protonation and/or
deprotonation of AFGs on biochar surface in the sorption process
of carbaryl and atrazine [12,63]. Sun et al. reported that the inter-
action of fluridone with biochar was altered by changes in pH due
to the alteration in the SCD of biochar, which affects the sorption
mechanism in terms of H-bonding and/or van der Waals forces
[64]. Therefore, we interpreted the pH-dependent sorption mech-
anism of simazine on biochar in terms of the PCs of biochar, since
electrostatic interactions between H-bonding and hydrophobic in-
teractions such as van der Waals forces and pore-filling mecha-
nisms create heterogeneity in biochar [36].

As pH increased from 3.5 to 10, the constant KF decreased from



Interactive effect of pH and cation valence on simazine sorption to Miscanthus biochar 461

Korean J. Chem. Eng.(Vol. 37, No. 3)

645.7 to 501.2 in 0.1 M NaCl solution (ionic strength=0.1) and
from 537.0 to 363.1 in 0.1 M CaCl2 solution (ionic strength=0.15)
for B-400, while their counterparts for B-700 decreased from 501.2
to 338.8 and from 537.0 to 275.4, respectively (Table 1). A decrease
in KF with increasing pH could be explained by the decrease in
sorption strength between sorbate and sorbent [65], since an in-
crease in the negativity of the SCD of biochar due to progressive
deprotonation of AFGs at a pH above 1.7 (the pKa of simazine)
[28] increases electrostatic repulsion with neutral simazine mole-
cules [18,66]. Wang and Lemley observed a decrease in the sorp-
tion strength of ametryn to soil with increasing pH due to en-
hanced electrostatic repulsion (lower KF) [65], and Rajapaksha et
al. demonstrated that KF (a proxy of sorption capacity) of sulfa-
methazine sorption decreased with increasing pH as electrostatic
repulsion increased [47].

Even though lower KF was expected for B-400 due to its lower
SSA and to more deprotonation at the surface (Table S1), KF of B-
700 for simazine sorption was invariably lower than the corre-
sponding value of B-400 at a given pH and CV, indicating that
CV-driven alterations in pore space morphology may predominate
over pH-driven deprotonation of AFGs at the surface acidic sites.
Therefore, we inferred that the reduction of simazine sorption can
be predominantly attributed to greater blocking of the entrance to
internal pores due to the formation of larger metal-biochar com-

plexes [67,68], even though progressive deprotonation with increas-
ing pH increases electrostatic repulsion between neutral simazine
molecules and biochar [69,70]. In addition, decreases in KF with
increasing pH were greater in Ca2+ electrolyte than in Na+ electro-
lyte for both B-400 and B-700 (Table 1), indicating that Ca2+ ions
compete with simazine molecules to a greater extent for the bind-
ing sites of biochar than Na+ ions. Changing CV from Na+ to Ca2+

caused the formation of larger metal-biochar complexes that blocks
to a greater extent the entrance of internal pores (Fig. 3).

An increase in CV resulted in a decrease in KF of biochar at a
given pH and PT, with a greater decrease at higher pH values
(Table 1). However, CV-driven changing patterns of KF with pH
were different between B-400 and B-700. The patterns of decreas-
ing KF with increasing pH were parallel under both electrolyte
conditions for B-400; however, the two patterns crossed at the mid-
dle pH (7.5) for B-700, indicating a significant interactive effect of
pH and CV on KF for B-700 (Fig. 2). The KF values of B-700 in
Ca2+ solution were higher at pH 3.5 and lower at pH 10 than their
counterparts in Na+ solution. On the other hand, pH affected the
strength of simazine sorption (1/n) while CV did not. However, a
significant interaction between pH and CV was observed for B-
700 but not for B-400 (Table 1). Lee et al. identified that at least
two dominant sorption mechanisms of simazine occur at multi-
ple types of binding sites on biochar: a strong sorption process due

Table 1. Linear Freundlich and Langmuir sorption isotherm parameters for simazine sorption on Miscanthus biochar produced at two
pyrolysis temperatures of 400 oC (B-400) and 700 oC (B-700) obtained at three pH values in 0.1 M NaCl and 0.05 M CaCl2 solutions,
with the results of two-way analysis of variance (ANOVA) showing the significance of the effects of two factors and their interaction
on each isotherm parameter. The mixture was shaken at 160 rpm for 81 h at 25±0.5 oC

Linear Freundlich isotherm Langmuir isotherm
Biochar Cation valence pH logKF 1/n R2

q KL qmax R2
q

B-400

Na+
3.5 2.81 (0.03) 0.36 (0.03) 0.96 1.6 14.7 (1.2) 565.6 (15.7) 0.99 4.5
7.5 2.77 (0.03) 0.44 (0.04) 0.94 1.5 05.2 (0.5) 593.3 (22.9) 0.99 6.1
10 2.70 (0.03) 0.42 (0.05) 0.91 1.7 04.4 (0.5) 557.4 (3.90) 0.98 6.1

Ca2+
3.5 2.73 (0.02) 0.23 (0.02) 0.96 1.9 46.0 (20.3) 423.3 (33.6) 0.76 23.3
7.5 2.64 (0.00) 0.50 (0.01) 1.00 1.1 2.2 (0.3) 615.6 (36.2) 0.98 08.5
10 2.56 (0.00) 0.47 (0.01) 1.00 0.3 1.9 (0.2) 552.2 (27.4) 0.98 04.5

ANOVA
Cation valence *** n.s. n.s. n.s.
pH *** ** n.s. **

Cation valence x pH n.s. n.s. n.s. **

B-700

Na+
3.5 2.70 (0.02) 0.17 (0.01) 0.99 0.4 137.0 (53.6) 413.1 (25.3) 0.75 15.6
7.5 2.67 (0.01) 0.25 (0.02) 0.97 0.8 16.2 (2.3) 444.2 (14.8) 0.96 06.9
10 2.53 (0.00) 0.31 (0.00) 1.00 0.3 04.5 (0.7) 413.5 (18.9) 0.98 06.6

Ca2+
3.5 2.73 (0.02) 0.26 (0.01) 0.99 1.0 27.2 (3.7) 453.5 (14.6) 0.97 08.8
7.5 2.60 (0.01) 0.16 (0.01) 0.96 1.6 073.9 (23.3) 368.1 (17.3) 0.75 24.7
10 2.44 (0.01) 0.33 (0.02) 0.97 1.1 02.8 (0.5) 384.8 (18.7) 0.94 06.8

ANOVA
Cation valence ** n.s. n.s. n.s.
pH *** ** n.s. n.s.
Cation valence x pH ** * n.s. n.s.

***: Significant at p<0.001 level; **: Significant at p<0.01 level; *: Significant at p<0.05 level; n.s.: not significant (p>0.05).
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to electrostatic attraction in the lower sorption range and a weak
sorption process via hydrophobic attraction in the higher sorp-
tion range [56].

Overall, an increase in CV lowered KF, and the corresponding
decrease at a given pH was greater for B-700 than for B-400. This
phenomenon can be explained by the formation of larger metal-
biochar complexes (Fig. 3) that blocks to a greater extent the en-
trances of the intramolecular pore spaces available for simazine
sorption [67,68] at more deprotonated (negatively charged) acidic
sites on biochar (Table S1) [26]. Previous studies have shown that
the PCs of a sorbent are altered by changing the background elec-
trolyte ions. Largeot et al. demonstrated that the size (hydrated
radius) of the background electrolyte changed the pore size of bio-
char-derived carbon by affecting the formation of metal complexes
[71], and Gabelich et al. showed that the effective SSA of clay avail-
able for sorption was lower than that measured by using BET anal-
ysis due to the interactions of carbon with background electrolyte
ions [72]. We could infer then that environmental factors such as

pH and CV in background electrolyte solutions affect the strength
and mechanism of simazine sorption at the surface of biochar by
altering the PCs of biochar. Therefore, we concluded that progres-
sive deprotonation of AFGs on the surface of biochar with increas-
ing pH and the blockage of biochar intra-pores by the deposition
of metal complexes due to increasing CV may be the main mech-
anism for a decrease in KF in response to increasing pH and CV
in background electrolytes.
4. Effect of Pore Structure of Biochar on Simazine Sorption

As pH increased from 3.5 to 10, the deposition of Na+ or Ca2+

on the surface of biochar increased for the two types of biochar
(Fig. 3); the concentrations of the relevant ions increased from
0.67 to 3.69 in NaCl solution and 0.41 to 1.56 in CaCl2 solution
for B-400 and from 0.24 to 0.56 and 0.29 to 0.54 for B-700 in the
corresponding electrolyte solutions, respectively (Table S3). An in-
crease in Na+ or Ca2+ on the surface of biochar can interrupt the
sorption of simazine due to the formation of metal-biochar com-
plexes, since negative surface charge developed from progressive

Fig. 3. FE-SEM/EDS images of (a) morphology (black), (b) C (yellow), (c) O (orange), (d) Si (blue), and (e) Na (purple) or Ca (red) for two
types of biochar produced at 400 and 700 oC (B-400 and B-700, respectively), obtained after simazine sorption at pH 3.5 and 10 in
0.1 M NaCl or 0.05 M CaCl2 solutions.
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deprotonation of AFGs interact with cations in electrolyte solutions.
This causes the blocking of the pore spaces available for simazine
sorption in response to increasing pH and CV in the background
electrolyte solution, resulting in different sizes of hydrated radii in
the ionic atmosphere of the solution [73,74]. The SEM morphol-
ogy images showed the accumulation of Na+ or Ca2+ on the bio-
char surface to a greater extent with increasing pH and CV (Fig. 3).
In particular, the amount of simazine sorbed on biochar was higher
in Na+ electrolyte solution than in Ca2+ electrolyte solution (Fig. 2).

Despite higher deposition of Na+ or Ca2+ on B-400 than on B-
700 (Fig. 3), since the formation of metal-biochar complexes was
greater in B-400 than in B-700 due to higher concentration of AFGs
on the surface, the sorption of simazine was also greater in B-400
(Fig. 2). This relationship can be explained by the fact that the
pores of B-700, which had more large pores available for simazine
sorption (Table S1), were more blocked than those of B-400, as a
result of increased pore-filling mechanism [75]. For this reason, less
simazine was sorbed on B-700 than on B-400 despite its higher
SSA (Table S1). Therefore, we confirmed that the amount of
simazine sorbed on biochar is a function of altered PCs of bio-
char under varying pH and CV conditions in a background elec-
trolyte solution. Under circumneutral pH regions in soil-water
systems, the neutral species of simazine may bind mainly to the
hydrophobic sorption sites of biochar through van der Waals forces
and the pore-filling mechanisms; however, it can bind to its hydro-
philic sorption sites through intermolecular interactions such as
H-bonding (a relatively minor mechanism) [76].
5. Environmental Effects of Biochar on Ionizable Organic Pol-
lutant Remediation

In general, the sorption of ionizable organic pollutants to bio-
char involves three possible mechanisms: - electron donor-
acceptor (EDA) interactions, van der Waals forces, and weak H-
bonding [76,77]. EDA interactions describe the binding of elec-
tron-donor molecules (organic pollutants) to electron-acceptor sites
(aromatic C in biochar) [12], while H-bonding occurs between
positively charged organic pollutants and the negatively charged
surface of biochar [12], and van der Waals forces involve the bind-
ing of sorbate molecules to biochar without covalent or ionic bond-
ing [78]. In our previous study, we found that two types of biochar
binding sites responded independently to changing pH and/or PT:
strong sorption occurred in the lower sorption range due to EDA
and/or H-bonding interactions, and relatively weak sorption oc-
curred in the higher sorption range due to van der Waals forces
[56].

However, the relative contribution of each of these mechanisms
to the sorption of ionizable organic pollutants, such as simazine, to
biochar varies with environmental factors such as pH and CV in
the background electrolyte solution, since these factors alter the
PCs and SCD of biochar and ionizable organic molecules, as ob-
served in this study. Therefore, we can explain the mechanisms for
simazine sorption to biochar in terms of pH and CV and their
interactions. Under the acidic pH conditions below its PZNC, the
positively charged surface of biochar interacts with neutral simazine
molecules via H-bonding, van der Waals forces and the pore-fill-
ing mechanism. However, an increase in pH causes more electro-
static repulsion of neutral simazine due to more deprotonation of

AFGs at respective pKa. On the other hand, changing to a higher
CV in a background electrolyte solution can lead to greater block-
ing of the entrance to intra-structural pores due to the formation
of larger metal-biochar complexes. Therefore, we observed de-
creased sorption capacity (KF) of biochar for simazine in both B-
400 and B-700 as pH and CV increased (Table 1) due to increased
repulsive van der Waals forces and pore-filling mechanism.

As pH and CV of the surrounding electrolytic solution affect
the morphological and physicochemical characteristics of biochar,
we presumed that the behavior of simazine sorption to biochar
and the relative contribution of each factor and their interactions
to KF of biochar for simazine were different between B-400 and B-
700. In this study, we also found that KF of biochar was invariably
lower in B-700 than in B-400 at any combination of the levels of
two factors (Table 1), even though the former had higher SSA and
lower AFGs than the latter (Table S1). Besides, even though greater
decreases in KF for simazine were expected for B-400 due to more
deprotonation at the surface acidic sites and to its lower SSA, the
entire sorption capacity (KF) was lower in B-700. From these rela-
tions, we can deduce that CV-driven pore-filling mechanisms
dominate over pH-driven repulsive van der Waals forces in con-
trolling the sorption affinity and capacity of biochar for simazine,
when pH and CV are concerned.

Therefore, we believe that the PCs of biochar should be consid-
ered in order to effectively control ionizable organic pollutants that
are positively, negatively or neutrally charged depending on proton-
ation or deprotonation [24,79]. For example, the negatively charged
surface of biochar due to progressive deprotonation of surface
AFGs with increasing pH above its PZNC attracts cation species
or positively charged ionizable organic pollutants to achieve elec-
trostatic stabilization, but repulses negatively or neutrally charged
ionizable organic pollutants through electrostatic repulsion [16,24,
66]. In addition, our results clearly revealed that CV of the back-
ground electrolyte solution is another key factor affecting the pH-
dependent sorption of ionizable organic molecules to a variable-
charge sorbent. Thus, an understanding of the PCs and charge
behavior of biochar and ionizable organic pollutants under vari-
ous environmental conditions is a prerequisite to assessing the effi-
cacy of remediation and its environmental risks in real environments
such as soils and nearby waters.

CONCLUSIONS

We hypothesized that pH and CV in a background electrolyte
solution would determine the behavior of the sorption of simazine
(containing lone-pair electrons) to biochar (carrying variable SCD)
by altering the charge behavior and surface morphology of biochar,
and the sorption response would be different depending on PT
because PT governs pore space morphology and surface charge
behavior of biochar. We tested this hypothesis by interpreting the
effects of pH, CV and their interactions on PT-driven simazine sorp-
tion. Fitting of experimental data of simazine sorption to the Fre-
undlich model obviously showed that KF of biochar for simazine
decreased as pH and CV increased due, respectively, to increased
electrostatic repulsion for neutral simazine molecules with increas-
ing pH and, predominantly, to more inhibition of internal pore
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entrances with increasing CV. The pH-driven decreases in KF were
greater with Ca2+ ions (higher CV), while CV-driven decreases
were greater at higher pH values. However, we also observed invari-
ably lower KF of biochar in B-700 than in B-400 at any given com-
bination of the levels of pH and CV, even though higher KF was
expected for the former from its higher SSA and lower AFGs at
the surface. This discrepancy means that increasing CV contrib-
utes to a greater extent to decreased KF than increasing pH. From
these relations, we deduced that CV-driven alterations in pore space
and surface morphology predominate over pH-driven van der Waals
forces in controlling the sorption affinity and capacity of biochar
for simazine, where pH and CV are concerned. The results con-
firmed our hypothesis by revealing that changing CV alters the
surface coverage available for simazine sorption and the blocking
of the entrance to internal pore space, while pH governs protona-
tion/deprotonation of AFGs, and that CV predominates over pH
in controlling the behavior of simazine (containing lone-pair elec-
trons) sorption to biochar (carrying variable SCD). Therefore, we
believe that our approach and findings will contribute to a more
comprehensive understanding of the sorption mechanisms and
behavior of ionizable organic pollutants (variable-charge sorbates)
to the surface of biochar (variable-charge sorbent) and help better
interpret their environmental occurrence, behavior, transport and
fate under natural soils and nearby water environments.
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Table S1. Physicochemical characteristics of Miscanthus biochar pyrolyzed at two temperatures of 400 oC (B-400) and 700 oC (B-700)

Biochar

Specific
surface areaa

(m2 g1)
Elemental compositionc (%) Atomic ratioc Acidic functional groupsd

(mmol g1)d Ashe

%
ECf

(dS m1) pHf PZNCg

Micro-
poresb

Nano-
poresb C H O N S (O+N)/C H/C O/C Carboxylic Lactonic Phenolic

B-400 005.6 191.6 70.5 3.5 25.3 0.6 0.02 0.37 0.05 0.36 0.150 0.167 0.421 08.80 0.21 09.0 08.84
B-700 236.3 057.2 79.2 1.1 19.2 0.4 0.02 0.25 0.01 0.24 0.013 0.125 0.013 11.60 0.53 10.5 10.00

aSpecific surface area (SSA) was estimated based on the results obtained from BET isotherms using N2 (N2-BET) and CO2 (CO2-BET).
bThe SSA of micropores was equal to the N2-BET results, while that of nanopores was calculated by subtracting the CO2-BET results from
the N2-BET results.
cElemental composition was measured using an elemental analyzer, and the atomic ratio was calculated.
dAcidic functional groups were measured by Boehm titration.
eAsh content was estimated by the combustion method.
fEC and pH were measured with an EC meter and a pH meter, respectively.
gThe point of zero net charge (PZNC) was estimated by the pH drift method.

Table S2. XRF results of dried Miscanthus and biochar pyrolyzed at two temperatures of 400 oC (B-400) and 700 oC (B-700)

Components
Dried Miscanthus B-400 B-700

Mass percent (%)
CH2 99.90 97.00 95.70
Si 00.60 01.61 02.35
K 00.05 00.68 00.98
Ca 00.11 00.22 00.30
P 00.04 00.17 00.23
Mg 00.05 00.15 00.22
S 00.02 00.04 00.05
Al 00.01 00.03 00.05
Fe 00.01 00.02 00.03
Cl 00.08 00.02 00.06
Mn 00.01 00.02 00.02
Zn 00.00 00.00 00.01
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Table S3. FE-SEM/EDS elemental analysis results for two types of biochar produced at 400 and 700 oC (B-400 and B-700) obtained after
simazine sorption at pH 3.5 and 10 in 0.1 M NaCl or 0.05 M CaCl2 solutions

Elemental concentration (%)
Biochar Cation valence pH C O Si Na+ or Ca2+

B-400
Na+ 3.5 73.08±22.42 24.01±8.05 2.24±0.14 0.67±0.19

10 68.32±21.41 23.34±8.46 4.65±0.14 3.69±0.72

Ca2+ 3.5 72.88±22.69 25.30±9.03 1.41±0.19 0.41±0.12
10 69.02±21.41 27.65±9.59 1.77±0.17 1.56±0.24

B-700
Na+ 3.5 77.74±24.05 19.15±6.83 2.87±0.33 0.24±0.12

10 80.29±25.03 17.63±6.67 1.52±0.19 0.56±0.18

Ca2+ 3.5 80.34±25.03 16.88±6.39 2.49±0.26 0.29±0.11
10 74.91±23.34 19.02±6.99 5.53±0.65 0.54±0.13
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