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Abstract—Biochar has received considerable attention as an eco-friendly bio-sorbent; however, multifarious character-
istics caused by pyrolysis and feedstock pose difficulties in its application. We characterized the pH-dependent sorp-
tion of the pesticide simazine on Miscanthus biochar produced at two pyrolysis temperatures (400 and 700 °C; hereafter
B-400 and B-700). The specific surface-area (SSA) of the micro- and nanopores, elemental composition, surface acid-
ity and infrared spectra were determined. The SSA was greater in B-700 than in B-400, and the former had greater SSA
in micro-pores and lower SSA in nanopores than the latter. During pyrolysis, the single-bond structures of the feed-
stock were converted to aromatic structures, and further pyrolysis led to ligneous structures. Alterations in pore struc-
ture and concave-up Scatchard plot corroborated the presence of two sorption mechanisms: electrostatic attractions
(S.) and hydrophobic attractions (S,). Decreases in maximum sorption in the g, with increasing pH was due to
decreased S, via deprotonation of carboxylic groups on biochar, while those in the g, ;; with increasing pyrolysis tem-
perature were due to decreased Sy, resulting from pore structure deformation. We believe that our approach, which
addresses the pH-dependence of charge density of sorbate and sorbent, could contribute to a better understanding of

the behavior of simazine.
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INTRODUCTION

Biochar, which is a carbon-rich material produced through pyrol-
ysis of various feedstocks under diverse circumstances [1], has
received increased attention because of its applications to wastewa-
ter treatment, global warming mitigation, soil fertility improve-
ment, pollution remediation, agricultural waste recycling and carbon
sequestration [2-4]. Many attempts have been made to study bio-
char application; however, unexpected or inconsistent results have
frequently occurred in in situ application, while laboratory experi-
ments have shown great potential [5,6]. Main causes of discrepan-
cies arise from complex characteristics and a lack of understanding
of the fundamental mechanism [7,8].

Recent studies showed that feedstock and pyrolysis predomi-
nantly determine biochar characteristics [9,10]. Of various pyroly-
sis parameters, pyrolysis temperature (PT) is a key factor that
governs the characteristics of biochar [8], because thermal decom-
position of specific molecular structures needs specific tempera-
tures [11,12]. Previous studies revealed that the cation exchange
capacity, pH and surface area of biochar alters dramatically around
500 °C [10,13,14]. Therefore, thermal decomposition determines
not only pore-geometry and specific surface-area (SSA) but also
distinctive hydrophobic and hydrophilic surfaces [15-17].

Structural and chemical transformations during pyrolysis ren-
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der biochar a promising biosorbent for inorganic/organic pollut-
ants. High sorption capacity of biochar is due to the presence of
oxygenated functional groups and inorganic residue fractions for
inorganic pollutants [18-21] and associated with aromatic compo-
sition of its porous structures for organic pollutants [22,23]. Since
the nature of the surface charge is due to the presence of acidic/
basic functional groups in biochar, it is a function of solution-pH
and point-of-zero net charge (PZNC) of the sorbent [24]. There-
fore, knowledge of pH-dependent sorption is a prerequisite to under-
standing the sorption mechanism for inorganic/organic pollutants
[25,26]. Despite extensive investigations, the mechanisms responsi-
ble for the effect of solution-pH on the sorption of sorbates to sor-
bents are not well-understood due to their heterogeneity.

Changes in acidic functional groups on the surface of activated
carbons can lead to significant changes in the sorption mechanisms
for organic pollutants [25,27]. Therefore, acidic and basic functional
groups present on biochar surface play a central role by attracting
charged ions [20] or repelling hydrophobic organic pollutants [28].
Since oxygen-containing carboxylic, lactonic, and phenolic func-
tional groups are particularly responsible for sorption behavior of
biochar [29], knowledge of the effects of changes in these func-
tional groups on sorption mechanisms will contribute to under-
standing of the interaction of organic pollutants with various types
of biochar.

Simazine [2-chloro-4,6-bis(ethylamino)-s-triazine] is a herbicide
that has lone-pair electrons in its structure. Recent evidence sug-
gests that simazine poses a threat to ground and surface water
quality [30,31] due to its low solubility in water and comparative
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nonvolatility [32]. Under acidic pH conditions below the negative
logarithmic acid dissociation constant (pK,), simazine is positively
charged due to protonation. Otherwise, it behaves as a neutral
organic pollutant under the pH above pK, [33,34]. When the pH
is lower than PZNC, the sorbent surface is positively charged and
the degree of protonation decreases with increasing pH; other-
wise, the surface is negatively charged [35]. Therefore, the behav-
ior of simazine across the environmental pH range is necessary to
study mechanistic simazine sorption to the surface of a sorbent that
has a certain PZNC.

Sorption mechanisms between inorganic sorbates and metal-
based sorbent can be determined using X-ray- and electron-based
methods [36,37]; however, these methods are not applicable to
sorption between organic pollutants and organic sorbents because
organic pollutants are easily decomposed under the radiation of
X-rays and electrons [38]. As alternatives, several theoretical iso-
therms have been employed to interpret the sorption mechanisms:
Langmuir, Freundlich and Dubinin-Radushkevich isotherms. Par-
ticularly; the Dubinin-Radushkevich isotherm can formulate adsorp-
tion following a pore-filling mechanism to predict sorption at
homogeneous and heterogeneous surfaces [39]. Therefore, com-
parison of the fitting results obtained from sorption isotherms can
enable prediction of sorption mechanisms of an organic sorbate
onto the homogeneous or heterogeneous surface of the sorbent.

Our objectives were to identify differences in the physicochemi-
cal characteristics of Miscanthus biochar produced at two different
PTs, predict the behavior of simazine in the environment, inter-
pret the pH-dependent mechanism of simazine sorption to bio-
char using three isotherm models and Scatchard plot analysis, and
present a comprehensive approach to assessing and predicting the
fate and behavior of simazine.

MATERIALS AND METHODS

1. Physicochemical Characteristics of Biochar

Two types of biochar were produced from a Miscanthus feed-
stock at different PTs (400 and 700°C) (hereafter, B-400 and B-
700), which is lower or higher than 500 °C [10,13,14]. The rate of
heating was approximately 10°C min”', and the target tempera-
tures were maintained for 1 h for the completion of pyrolysis under
N, gas purging. Biochar was ball-milled (MM400, Retsch, Ger-
many), and sieved through a 106-pum mesh to minimize size-effects
[40]. We performed size fractionation using Analysette 3 pro (Fritsch,
Germany) to identify the fractions of <25 um, 25-53 um and 53-
106 pm, respectively. The SSA of biochar was determined using
the Brunauer-Emmett-Teller isotherm with two gas adsorbates: N,
(ASAP 2010, Micromeritics, USA) for nanopores (<1.5nm) and
CO, (BELSORP-mini II, Microtrac BEL, Japan) for both nano-
and micropores (>1.5 nm) [9,41]. The PZNC was determined using
the pH drift method [35].

Carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) were
analyzed using an elemental analyzer (Flash 2000, Thermo, USA).
Oxygen (O) was calculated by subtracting each percent of C, H, N
and S from 100% [10]. Acidic functional groups of biochar were
determined by Boehms titration [42,43]. Biochar was pretreated
with dilute HCI (pH 2) to minimize side-effects [44], and then added

to each 20 mL of three bases of 0.05M solutions (NaHCO;, Na,-
CO;, and NaOH) on a flask-shaker at 160 rpm for 24 h. Each mix
was centrifuged using an MF-600 centrifuge (Hanil, Korea) at 4,000
rpm for 40 min. Ten milliliters of each supernatant was back-titrated
with 0.01 M HCI using an automatic titrator (702 SM Titrino,
Metrohm, Switzerland). Yield content was calculated by dividing
the weight of biochar after pyrolysis by the weight of biochar feed-
stock before pyrolysis, and ash content was determined after the
combustion of the samples at 750 °C [45,46].

Fourier-transform infrared (FI-IR) spectra of biomass and its
derived biochar were obtained using an IR Tracer-100 FT-IR spec-
trometer (Shimadzu, Japan) equipped with a MIRacle attenuated
total reflectance (ATR) accessory (Piketech, USA) with a ZnSe
crystal plate at an incidence angle of 45° [11]. The resolution was
set to 4cm™’, and the spectral range covered the 4,000-650 cm ™.
Sixty-four scans were collected for each measurement, and ATR
correction and smoothing were applied to minimize the differ-
ence in penetration depth. Concentration of inorganic elements was
measured by X-ray fluorescence (XRF) spectrometer (S4 Pioneer,
Bruker, USA) with power settings of 4 kW under a helium purge.
Apparent density of biochar was measured following the ASTM
D-285 procedure.

2. Batch Sorption Experiments

We conducted four batch experiments: sorption kinetics (Method
S1), degradation kinetics (Method S2), speciation (Method S3),
and sorption isotherms (Methods S4 and S5). All reagents were
purchased from Sigma-Aldrich (USA), and concentrations of
simazine and CaCl, were 5mg L' (maximum solubility) and 0.05
M, respectively [40]. The pH was adjusted daily with 0.1 M HCI
or 0.1 M NaOH for degradation kinetics, and with 1M HCI or
1M NaOH for sorption isotherms. Each sample was allowed to
equilibrate in a 30 mL amber glass vial with a Teflon-lined cap on
a vial-shaker at 160 rpm for 81 h under controlled room tempera-
ture (25 °C) conditions, and each mix was filtered through a 0.45-
pm nylon membrane filter. For sample extraction, 2 mL of hex-
ane was injected into 10 mL of each filtrate. One milliliter of super-
natant was transferred into a 2mL amber vial with a rubber cap
for GC analysis (Method S6). All experiments were performed in
triplicate.

3. Data Analysis and Fitting

A formulation that simulates simazine speciation was proposed
based on the Henderson-Hasselbalch equation (Eq. (1)) [47], with
the pKa of simazine (1.7) [47].

pH=pKa-+log([SI/[HS']) (€]

where [S] and [HS'] are the concentrations of neutral and proton-
ated simazine (mol L"), respectively. Concentration of simazine
sorbed (q,,, mg kg ') was calculated from differences between the
initial and equilibrium concentrations in solution (Eq. (2)):

_(C=C)xV "

eq m
where C, and C,, are the initial and equilibrium concentrations of
simazine (mg L) in solution, and m (kg) and V (L) are the mass
of sorbent and volume of solution, respectively.
Percent simazine recovery (Eq. (3)) was obtained by extracting
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the sorbed simazine using methanol [48], and 98-103% (data ex-
cluded).
(C,,+C.)

Recovery=-—1—= C 2% 100 (3)
0
where C,, is the concentration (mg L") after methanol-extracted.
A first-order kinetics (Eq. (4)) was applied to describe the deg-
radation of simazine [49].

InC,=InCy—ky -t @

where C, is the concentration (mg L) at time t (h) and ky, is the
rate constant (mg L"'h™") at 1/t. Isotherm results at pH values (3, 6
and 9) were fitted to the Langmuir, Freundlich, and Dubinin-
Radushkevich isotherm [39,50].

The Langmuir model is expressed as follows:

-K;-C
_ Dmax KL eq (5)

L= (14K, -C,)
where K is a constant (L mg ") related to energy, and q,,,, is the
maximum sorption capacity (mg kg ).

The Freundlich model is expressed as follows:

9eq= K- Clén (6)
where K; (mg kg '(mg L™")™) and 1/n are the equilibrium con-
stants indicative of the sorption capacity and intensity, respectively.

The Dubinin-Radushkevich model, which describes non-ideal
adsorption by heterogeneous surface energies, is expressed as fol-
lows [51]:

9eq= Dmax e @)

1
F:R~T~ln(l+a) ®)
where S is related to mean sorption energy (mol’ kJ ), F is the
Polanyi potential, R is the gas law constant (k] mg' K™*), and T is
absolute temperature (K). This model serves as a proxy to check
whether sorption follows physisorption or chemisorption. The E,
indicates the free energy changes (k] mol™') when one mole of
ions is transferred into infinite space from its sorbent space during
sorption, serving as a criterion to distinguish between physisorp-
tion and chemisorption (Eq. (9)).

E=—0 ©

S (2 X ﬂ
To compare the applicability of the model, the percent normal-
ized standard deviation (Aq) was calculated as follows [52]:

qexE — qml) j|2

qexg i

x| (10)

where q,,, and q,, are measured and calculated amount of simazine
sorbed on biochar (mg kg ™) for the number of experimental points
().

Scatchard plot (Eq. (11)) is used to evaluate the affinities of bind-
ing sites for a particular sorption [53,54].

qe 1 qmﬂx
C_;Z:_<K_d)qeq+K_ds (11)
where K, is the dissociation constant (mg L") of the binding site.
Lower K indicates involvement of more active sites for sorption
[53]. A plot that deviates from linearity means the presence of more
than one type of binding site, while a linear plot assumes that the
binding sites are identical and independent [39,55].

RESULTS AND DISCUSSION

1. Physiochemical Characteristics of Biochar

The SSA was estimated at 5.6 m’ g ' for micro-pores and 191.6
m’ g for nanopores in B-400, and 236.3 and 293.5m’ g, respec-
tively, in B-700 (Table 1). Previous investigations on Miscanthus
biochar reported that SSA of micropores ranged from 2.4 to 381.5
m’ g, and sharply increased in PT range between 400 and 600 °C
[56]. Luo et al. [57] and Han et al. [17] ascribed this SSA increase
to progressive volatilization of cellulose, hemicellulose and lignin
as temperature increased, since volatilization causes formation of
channel structures with larger pore-size, increasing total SSA. The
percentage of particles having a given equivalent diameter (<25 pm,
25-53 um and 53-106 um) was 14.7, 52.8 and 32.5% for B-400,
and 5.6, 62.0 and 22.4% for B-700, respectively.

Numerous studies on biochar have related some molar elemen-
tal rations such as (O+N)/C, H/C and O/C to polarization, car-
bonization and hydrophilization, respectively [58,59]. In this study,
B-400 had a (O+N)/C of 0.37, O/C of 0.36 and H/C of 0.05,
whereas B-700 had 0.25, 0.24 and 0.01, respectively, due to in-
creased C and decreased H, N, O and S contents [60], indicating
decreased polarization and hydrophilization and increased carbon-
ization with increasing PT. Previous studies have shown that Mis-
canthus biochar produced at 400 °C had a (O+N)/C ranging between
0.26 and 0.48, O/C between 0.26 and 0.48, and H/C between 0.05
and 0.09, while those produced at 700 °C had the respective ratios
ranged from 0.08 to 0.09, 0.07 to 0.08, and was 0.02 [16,61]. The
yield and ash content of biochar were 31.0 and 8.8 for B-400, and

Table 1. Physicochemical characteristics of Miscanthus biochar produced at two pyrolysis temperatures at 400 °C (B-400) and 700 °C (B-700)

Specific surface area  Elemental composition L Acidic functional group

> Atomic ratio 1
, (m*g™) (%) (mmol g~) . Yield Ash
Biochar i N OV PZNC %) (%)

- - 0 ()

cro ano H O N S (0+N) H/C O/C Carboxylic Lactonic Phenolic Total
pores pores C

B-400 5.6 1916 705 3.5 253 0.6 0.02 037 005 036 0.150 0.167 0421 074 88 310 88

B-700 2363 2935 792 11 192 04 002 025

0.01 0.24 0.013 0.125 0.013 015 100

260 11.6

“PZNC denotes the point-of-zero net charge
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26.0 and 11.6 for B-700, respectively.

The PZNC was determined as 8.8 for B-400 and 10.0 for B-700,
thus indicating that more alkalines, metal oxides and minerals were
released from the latter, causing the development of more posi-
tively charged sites at a given pH [62]. Since solution-pH determines
its net surface charge, biochar can have positively and negatively
charged surfaces for hydrophilic interactions at a given pH [63].
This means that net surface charge of B-400 and B-700 is positive
at circumneutral pH, with more positive charges at the surface of
the latter. The acidity of B-400 and B-700 was measured at 0.150
and 0.013 mmol g ' for carboxylic acid groups, 0.167 and 0.125
mmol g for lactonic acid groups, and 0.421 and 0.013 mmol g '
for phenolic acid groups, respectively, and the decrease in the acid-
ity of surface functional groups with increasing PT was due to vol-
atilization of oxygen-containing structures [15,64]. The XRF results
of B-400 and B-700 revealed that each concentration of Si, K, Ca,
B, Mg, S, Al and Fe was below 1%. Concentrations of Si were
0.60% for biochar feedstock, 1.61% for B-400 and 2.35% for B-
700, as a result of Si-accumulation due to pyrolysis (Table S1).

2. Structural Transformation of Biochar

Compared with biochar feedstock, the bands representing vibra-
tions for polysaccharide, aliphatic, ester, phenol and carbohydrate
structures disappeared during pyrolysis, while those indicating
double bonds of aromatic C=C (1,596 cm ') and carbonyl C=0O
(1,695cm™") [10] appeared in B-400, but completely disappeared
in B-700 (Fig. 1), leaving only lignin C=C (1,540 cm ') and Si-
containing structures (1,200-900 cm™"). Relative intensities of bio-
char peaks were lower at higher PT (700 °C) due to the formation
of ring-structured lignin C=C and concomitant decreases in car-
bonyl C=0 and aromatic C=C (Fig. 1), creating larger pores (Table
1). This was corroborated by the scanning electron photomicro-
graph (SEM) images (Fig. S1). We therefore observed the decrease
in the acidity of surface functional group with increasing PT and
the related structural transformation to aromatic structures (Table 1).

In both biochars, the band indicating Si-O-Si and Si-O vibra-

Lignin . . i
I 0.1 C=C 1540 $i-0-Si and Si-0 1094
4 A 5001004
H ' +
B-700 ; P
@ Aromatic | Cellulose
= C=C 1596 : C-0-C 11}11 oo Aro
o Carbonyl &' A matic
= . ' : : T
= iy LN C-H 810
= c=0 I625 N /\ i X
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< [B-400 i C-D1008 By
____ i Phenolic : 4 APolysactharide
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C=01734 | ] Carboh)_fdrale G f \
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Fig. 1. Stacked ATR FT-IR spectra of dried Miscanthus and bio-
char produced at 400 °C (B-400) and 700 °C (B-700). Arrows
and numbers indicate the frequency of the vibration mode
in the molecular structure.

tions appeared at 1,094 cm™" [21]. The XRF spectrograms of bio-
char also corroborated Si-accumulation and mineral deposits (Table
S1). Xijao et al. [65] reported an accumulation of Si-containing
structures and a concurrent decrease in single bonds among C, S
and O atoms in biochar with increasing PT. Therefore, we inferred
that pyrolysis caused conversion of single-bond structures of Mis-
canthus feedstock into aromatic structures with Si-accumulation.
Further pyrolysis to 700 °C led to the formation of ligneous struc-
tures with mineral salt deposits, increasing SSA due to the increase
in micro-pore (larger pore) volumes (Fig. 1 and Table 1).

Apparent density of biochar increases with increasing activa-
tion during pyrolysis due to the collapse of pores [66], and was
0.43 Mg m’ for B-400 and 0.48 Mg m™* for B-700. The SEM pho-
tomicrographs (Fig. S1) and XRF spectrograms (Table S1) sup-
ported the accumulation of mineral salts on biochar surface, sug-
gesting a probable contribution of mineral surface moieties of bio-
char to simazine sorption. However, since sorption distribution
coefficients (K,) for triazine onto mineral surfaces in the literature
were very low [67] and the mineral fractions of our Miscanthus
biochar were low (3.0% for B-400 and 4.3% for B-700) (Table S1),
we disregarded the contribution of mineral surfaces of biochar to
the sorption of simazine.

3. Sorption Kinetics, Speciation, and Degradation

Although sorption equilibrium was reached within 24h for
both biochar (Fig. S2), we conducted all batch experiments for
81h to guarantee the achievement of equilibrium under various
experimental conditions. The mole ratio of neutral to protonated
simazine species was 0.60 at pH 1.9, and increased to near unity at
pH 5; this increasing pattern fitted well to theoretical calculation
using the Henderson-Hasselbalch equation (Fig. 2). Rates of simazine
degradation (ky,) were 0.012 at pH 1.0 and 0.032h™" at pH 12.1,
while its degradation did not occur across the two pH extremes
(2.0<pH<10.0) (Fig. 2). Therefore, we disregarded degradation and
protonation of simazine across working pH ranges (3.5<pH<10).

Simazine degrades abiotically through chemical and photolytic
processes [68]; however, the possibility of photodegradation was

1.0 } i i A3 S {o.0s

1 0.01

5
1

2 08 1 0.04

5

= 0.6 A Protonated simazine (5°) 10,03 £
= Neutral simazine (S) =
2 A Experimental data —
g 04} ok, { 0.02

-

e

=

I

-

0.00

Fig. 2. Molar fraction of protonated (gray dashed line) and neutral
(gray solid line) simazine calculated using the Henderson-
Hasselbach equation and of neutral simazine obtained from
batch experiments (solid triangle) as a function of solution
pH and the first-order degradation kinetics (k) of simazine
estimated by varying the pH (solid circle with a line).
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disregarded by encapsulation of simazine samples with airtight
amber vials. Simazine remains stable in neutral pH range, but
becomes unstable under extremely acidic or alkaline conditions.
Simazine has been known to undergo hydrolytic dechlorination
due to protonation of lone-pair electrons on the N atom in the
aromatic ring structure and subsequent cleavage of C-Cl bond due
to electron deficiency under acidic conditions and to the direct
nucleophilic substitution of Cl by OH under alkaline conditions

[69,70].

4. Sorption Isotherm
Equilibrium sorption data were fitted to the Langmuir and Fre-
undlich isotherms to identify the sorption mechanisms of simazine
onto biochar, and to the Dubinin-Radushkevich isotherm to esti-
mate E,. Fitted isotherm parameters indicated that simazine sorp-
tion data obtained at three set pH values of 3, 6 and 9 fitted best to
the Freundlich model (Fig. 3) in terms of average R* and Aq (Table
2). In this pH region, simazine molecule remains undegraded, while
surface acidity of biochar changes at pH 4-5 due to its carboxylic
acid groups and at pH 7-8 due to its lactonic acid groups [29].

1500

Sorbed simazine concentration (mg kg")

1200

g

g

300

et al.

From the Dubinin-Radushkevich isotherm plots, the isotherm
constant  was calculated as 0.1021 for B-400 and 0.1392 for B-
700; the maximum sorption capacity (q,,,,) was 1,154.5 and 856.9
mg kg !, respectively. The corresponding mean free energy (E,)
was calculated as 1.72-2.92 k] mol™ for B-400 and 1.46-2.54 k] mol™
for B-700, thus indicating that the sorption of simazine to biochar
followed physisorption. Relatively high values of E, indicate enthalpy-
related sorption, while relatively low values indicate entropy-related
sorption [39]. If E lies between 0-8 kJ mol ', the sorption process
follows physisorption, while a value of E, between 8-16kJ mol ™'
indicates chemisorption [71]. In general, q,,,,, and E, decreased with
increasing pH and PT, while the isotherm constant increased
(Table 2). Based on the results, we infer that the sorption of simazine
occurs at heterogeneous sorption sites of biochar surface with a
non-uniform distribution of sorption energy, and this inference
was well predicted by the results of previous studies [18,40].

Decrease in K (a proxy of sorption capacity) of the Freundlich
model from 1,104 to 546 for B-400 and from 643 to 427 in B-700
with increasing pH (Table 2) indicated that the sorption capacity

- a (b)
o “(,)/ O pH3.0
=" O pHSS
-~ - A pH9.0
e _-= T —— Freundlich e
s - ‘/’ ..-"""_F'.--""'
/ -7 D Sty
ane - ity W
/- //1 - -7 ="
Yu — - -
12 % ® pH30 “A “a
o, P 0h- B
v m pHSS il
Vs A pH9.0 o
i(/ —— Freundlich ,‘5 4
'
0 1 2 3 40 1 2 3 4

Equilibrium simazine concentration (mg L'l)

Equilibrium simazine concentration (mg L)

Fig. 3. Fitting of the Freundlich isotherm to each dataset of simazine sorption obtained at three set pH values [3.0 (circle), 5.5 (rectangle) and
9 (triangle)] for (a) B-400 and (b) B-700.

Table 2. Isotherm parameters for sorption of simazine on the Miscanthus biochar produced pyrolysis temperatures at 400 °C (B-400) and
700 °C (B-700). The biochar dosage was 2.5, 5.0, 7.5 and 10 g L' with 5mg L' simazine at pH 3.0, 5.5 and 9.0, and the mixture was
agitated at 160 rpm for 81 h at 25 °C. The value in parentheses indicates the standard error of the fitted result

Langmuir isotherm

Freundlich isotherm

Dubinin-Radushkevich isotherm

Biochar pH - . 2
K, Qnax R Aq K 1/n R Aq B Qrnax E; R Aq

(03_602) ((1):;1;1) (1592309) 090 163 (1613(_)3) (%2293) 096 103 83%529) (1231621) 292 083 187

B-400 ( 05256) ((l)ii) (1£475()2) 0.96 7.42 (8201333; 8;;348; 0.99 5.35 8)%729) (1110252) 252 091 10.3
(0?6(;) (gj(l)) (1763635) 085 145 (56426_:) (%?60) 088 125 (%.10679) ?fgs 172 076 168

(03.602) (é:gg) (1109%19) 085 117 (64413..9(; 3)3()792) 091 9.10 (%%7; ?1981; 254 078 133
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Fig. 4. Scatchard plot (y-axis: the ratio of biochar-bound simazine to free simazine, q.,/C,,; x-axis: q.,) showing two types of sorption mecha-
nism between simazine and biochar obtained at: (a) pH=3.8 (solid circle) and (b) pH=7.7 (solid triangle) for B-400, and (c) pH=3.6
(open circle) and (d) pH=7.9 (open triangle) for B-700. Data points represent experimental results. Solid lines represent electrostatic

interaction; dashed lines denote hydrophobic interaction.

of biochar would vary with pH, posing a challenge to our presump-
tion that hydrophobic interactions would be a dominant process
for simazine sorption to biochar surface. To date, few attempts
have been made to predict the pH-dependent sorption-behavior
of organic pollutants on biochar surface. Yang et al. [35] reported
that the maximum sorption of diuron occurred at pH 2.5, while
ametryne showed its maximum sorption at pH 4.0. Zheng et al.
[40] demonstrated that simazine sorption gradually decreased
with increasing pH. Jia et al. [25] observed that K of oxytetracy-
cline sorption to maize-straw-derived biochar varied with solution-
pH. Previous investigations on the sorption of organic pollutants with
ionizable functional groups suggested that their sorption capacity
decreases with increasing pH due to electrostatic repulsion between
ionizable organic pollutants and biochar [72,73]. In our study, how-
ever, neutral simazine remained undegraded over a wide pH range
from 3 to 10 (Fig. 2).

Contrary to our presumption that the sorption capacity of bio-

char would increase due to an increase in SSA [61,74], our results

clearly show that the mean value of the parameters related to sorp-
tion capacity (K and q,,,) of biochar decreased with increasing
PTs (Table 2), while SSA increased (Table 1). In particular, the val-
ues of Ky and q,,,,, also decreased (Table 2) as more pH-dependent
sorption sites were deprotonated with increasing pH and PT [75],
resulting in decreased sorption of neutral simazine (Fig. 3).

5. Scatchard Plot Analysis of Simazine Sorption

Estimates of the fitted values of E, (Table 2) indicated simazine

sorption followed an entropy-related physisorption. Concave-upward
Scatchard plots indicated the presence of two classes of binding
sites with differing K, and/or involvement of at least two sorption
processes (Fig. 4). Nonlinear Scatchard plots indicate involvement
of more than one sorption process [55]. The nonlinearity may
imply the presence of two types of binding sites having different
affinities for the simazine sorption. Therefore, we calculated K,
and q,,,, for two sorption sites: the lower sorption-range (type-L)
and the higher sorption-range (type-H). The suffixes after K, and
ey indicate the lower and higher sorption-ranges.

Increasing pH increased K,; from 0.007 to 0.105mg L™ and
Quax, from 287.5 to 296.5mg kg ' for B-400, and from 0.027 to
0.048 mg L' and from 313.5 to 355.1 mg kg for B-700. However,
Ky increased in B-400 but decreased in B-700, while g,z
decreased (Fig. 4). In contrast, increasing PT decreased K ;; from
0242 t0 0.196 mg L™ and q,,,,,.; from 558.8 to 511.9 mg kg '; how-
ever, K, ; responded oppositely to pH, while q,,,..; increased (Fig. 4).

From these relationships, we infer that pH affected simazine
sorption more in the lower sorption-range, while sorption affinity
of biochar decreased as pH increased. In contrast, PT affected more
in the higher sorption-range, lowering q,,,, and raising sorption
affinity of biochar at higher PT. Therefore, we deduced that K,
responded sensitively to pH in the lower sorption-range, which
causes change in the electrostatic field, while K, ; was responsible
for simazine sorption associated with changes in surface and pore-
structure modification caused by PT changes (Table 1) in the higher
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sorption-range. Therefore, increases in pH decreased K, ; more in
B-400 than in B-700 (Table 1), while increases in PT decreased
K.z more at higher pH than at lower pH. Estimates of the fitted
K and g, indicated that the maximum sorption (the sum of .1
and q,,,..x;) of simazine decreased as pH and/or PT increased (Fig. 3).

Three possible binding mechanisms are involved in the sorp-
tion of simazine onto biochar surface: van der Waals (vdW) forces,
77 electron donor-acceptor (EDA) interactions, and weak H-
bonding [76]. Based on the Scatchard plot analysis, we could ascribe
strong electrostatic attraction (S,;) to a dominant sorption mecha-
nism in the lower sorption-range [77], and a relatively weak hy-
drophobic attraction (S,,) to another process that governs in the
higher sorption-range [78], since the EDA or H-bonding interac-
tions are responsible for S, and the vdW interactions explain S,
[79,80]. As a result, we found that two types of binding sites of bio-
char responded independently to changing pH and/or PT.

6. Sorption Mechanism

Based on the physicochemical characteristics of biochar and
batch sorption results, we addressed two questions about simazine
sorption in response to changes in pH and PT. The first question
is the causal relationships for decrease g, with increasing pH
(Fig. 4). At pH 3.6 or 3.8 (almost pK,+2), simazine behaves as a
neutral molecule, causing strong S,,, with positively charged bio-
char while weakening the contribution of S,.. Increase in pH to 7.7
or 7.9 induces deprotonation of acidic carboxylic groups, decreas-
ing sorption affinity of biochar to neutral simazine due to increased
negative charge densities on biochar surface, which therefore de-
creases q,,, due to increased electrostatic and/or hydrophobic
repulsion [58]. However, despite increased Ky, Q. slightly in-
creased, indicating the presence of attractive electrostatic interac-
tions as surface negativity increased [81]. This phenomenon was
corroborated by the experimental sorption data that were fitted to
the Freundlich model (Fig. 3). Therefore, we concluded that pH is
a major factor that governs simazine sorption through S, that
controls deprotonation of acidic functional groups of biochar and
protonation of simazine.

Second, we observed that q,,, decreased with increasing PT
(Table 2), while SSA increased (Table 1). This observation is not
consistent with previous results that the sorption of organic pollut-
ants to biochar increased as SSA increased [58,59]. In this study,
we found that SSA increased with pore-size enlargement due to
pore-structure deformation during pyrolysis as PT increased (Table
1). Increase in PT induced deformation of smaller pores to more
open-structured larger pores that may provide more accessible
sorption sites (Table 1), leading to increased biochar sorption affin-
ity at a given pH. However, increases in PT decreased maximum
sorption over a higher sorption-range (q,,,...x;), while the affinity of
biochar for simazine increased, indicating possible unstable simazine
sorption favoring desorption in large micro-pores prior to sorp-
tion-desorption equilibrium. Lian et al. [82] observed that during
the sorption/desorption process, desorption of organic pollutants
was less hindered in relatively smaller nanopores with turbostratic
and partly compartmentalized structures. However, simazine sorp-
tion to biochar in lower sorption-range (q,,..;) increased with PT
(Fig. 4), and this increase was due to S, [82]. However, PT-induced
deformation of pore-structure resulted in overall decrease in q,,,.
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and this deduction agrees well with experimental sorption data
(Fig. 3). Therefore, we also concluded that PT is a dominant fac-
tor that governs simazine sorption through S, due to deforma-
tion of smaller pores to open-structured pores.

CONCLUSIONS

We hypothesized that pH would determine the surface charge
density of biochar and simazine that alters the response of simazine
sorption, and this response would vary with PT. Pyrolysis resulted
in conversion of single bond structures of Miscanthus feedstock
into aromatic structures with Si-accumulation, and further pyroly-
sis at 700 °C led to the formation of ligneous structures with min-
eral salt deposits and increased SSA due to an increase in micropore.
Alterations in pore-structures and surface-minerals of biochar
with concave-upward Scatchard plots corroborated the existence
of at least two dominant sorption mechanisms with multiple types
of binding sites: strong sorption process due to electrostatic attrac-
tion and weak sorption process via hydrophobic attraction. Over-
all, q,,, decreased as pH and PT increased. Decreases in qy.;
with increasing pH could be explained by decreases in S, due to
progressive deprotonation of acidic functional groups, decreasing
positively charged surface of biochar. However, decrease in qy..q
with increasing PT was due to decrease in Sy, resulting from pro-
gressive deformation of pore-structure. The results confirmed our
hypothesis that solution-pH and PT differently affect the sorption
of simazine containing lone-pair electrons onto the surface of bio-
char with variable surface charge density. We believe that our ap-
proach and findings would contribute to a more comprehensive
understanding of the sorption mechanisms of ionizable organic
pollutants (sorbate) to the surface of biochar (variable-charge sor-
bent) that would help better interpret their transport and fate
under natural soil conditions.
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Method S1: Sorption Kinetics

The sorption kinetics was measured without pH adjustment. A
concentrated simazine solution was prepared by mixing 5mL of a
standard stock solution with methanol (20mg L") and distilled
water (15mL) in the vial to make 5mg L™ as the initial simazine
concentration. The simazine solution was mixed with 0.2 g of bio-
char, and the suspension was allowed to equilibrate in a 30 mL
amber glass vial with a Teflon-lined cap on a vial-shaker (DS-300L,
Dasol, Korea) at 160 rpm without adjusting the pH. The mixture
was shaken for 0.5, 1, 2, 6, 12, 24, 48, 72, 96 and 185h under
room temperature (controlled to 25°C). Each mix was filtered
through a 0.45-um nylon membrane filter. For sample extraction,
2 mL of hexane was injected into 10 mL of each filtrate. One milli-
liter of supernatant was transferred into a 2 mL amber vial with a
rubber cap for GC analysis (Method S6). All experiments were
performed in triplicate.
Method S2: Degradation Kinetics

The pH-dependent simazine degradation was measured across
pH ranges from 1 to 12 to obtain time-course variations in simazine
concentration. A concentrated simazine solution was prepared by
mixing 5mL of a standard stock solution with methanol (20 mg
L") and distilled water (15mL) in the vial to make 5mg L ™" as
the initial concentration. The pH was adjusted daily with 0.1 M
HCl or 0.1 M NaOH. The simazine solution was allowed to equili-
brate in a 30 mL amber glass vial with a Teflon-lined cap on a vial-
shaker (DS-300L, Dasol, Korea) at 160 rpm under controlled room
temperature (25 °C) conditions. The initial pH values were set at 1,
2,4,6, 8,10, 11 and 12, and we collected sample at 1, 12, 24 and
81 h. The pH was measured at the start and end of each pH-run
without adjusting the pH during agitation. For sample extraction,
the pH of solution was adjusted to pH 7 to minimize speciation
effect on extraction, and 2 mL of hexane was injected into 10 mL
of each filtrate. One milliliter of supernatant was transferred into a
2 mL amber vial with a rubber cap for GC analysis (Method S6).
All experiments were performed in triplicate.
Method S3: Speciation

The pH-dependent speciation of simazine was measured from
pH 2 to 12 (2 pH intervals). A concentrated simazine solution was
prepared by mixing 5 mL of a standard stock solution with metha-
nol (20mg L) and distilled water (15mL) in the vial to make
5mg L' as the initial concentration. The simazine solution was

Table S1. X-ray fluorescence (XRF) spectroscopy results of dried
Miscanthus feedstock and biochar produced at 400 °C (B-
400) and 700 °C (B-700)

Dried Miscanthus B-400 B-700

Element
Weight percent (%)

CH, 99.9 97.0 95.7
Si 0.60 1.61 2.35
K 0.05 0.68 0.98
Ca 0.11 0.22 0.30
P 0.04 0.17 0.23
Mg 0.05 0.15 0.22
S 0.02 0.04 0.05
Al 0.01 0.03 0.05
Fe 0.01 0.02 0.03
Cl 0.08 0.02 0.06
Mn 0.01 0.02 0.02
Zn 0.00 0.00 0.01

allowed to equilibrate in a 30 mL amber glass vial with a Teflon-
lined cap on a vial-shaker (DS-300L, Dasol, Korea) at 160 rpm under
controlled room temperature (25°C) conditions. We performed
two sets of triplicate for the hexane extraction. The pH in a set of
triplicate was adjusted to pH 7, and the pH of another set of tripli-
cate was not readjusted. Two mL of hexane was injected into 10
mL of each filtrate. One milliliter of supernatant was transferred
into a 2 mL amber vial with a rubber cap for GC analysis (Method
S6). One set adjusted to pH 7 was used for analysis of the total
concentration of simazine, and the other set with no pH adjust-
ment was for the concentration of neutral simazine.
Method $4: Sorption Isotherm

Five milliliters of simazine stock solution (20 mg L") and 5 mL
of 0.2M CaCl, were mixed with different concentrations (2.5, 5,
7.5,and 10 g L") of biochar. The mix was allowed to equilibrate in
a 30 mL amber glass vial with a Teflon-lined cap on a vial-shaker
(DS-300L, Dasol, Korea) at 160 rpm under controlled room tem-
perature (25°C) conditions. The pH of the sample was adjusted
daily to 3, 5.5 and 9 using 1 M HCl or 1 M NaOH. For sample
extraction, the pH of solution was adjusted to pH 7 to minimize
speciation effect on extraction, and 2 mL of hexane was injected



Fig. S1. Scanning electron micrographs of Miscanthus biochar produced at 400 °C (B-400) and 700 °C (B-700). All images were recorded

with a probe current of 15.5kV.
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Fig. S2. Sorption kinetics of simazine to Miscanthus biochar pro-
duced at 400 °C (B-400; solid circle) and 700 °C (B-700; open
circle). The initial pH of simazine solution was 4.5, and the
final pH of the mixture was 7.9 for B-400 and 9.6 for B-
700. The initial concentration of simazine was 5 mg L™

into 10 mL of each filtrate. One milliliter of supernatant was trans-
ferred into a 2 mL amber vial with a rubber cap for GC analysis
(Method S6). All experiments were performed in triplicate.
Method S5: Sorption Isotherm for Scatchard Plot Analysis
The simazine stock solution (20 mg L"), distilled water and the
background solution (0.2 M CaCl,) were mixed up to make differ-
ent concentration of simazine (0.5, 1, 2, 3, 4 and 5mg L") with
constant ionic strength (0.05M CaCl,). The mix was allowed to
equilibrate in a 30 mL amber glass vial containing 0.2 g of the bio-

char with a Teflon-lined cap on a vial-shaker (DS-300L, Dasol,
Korea) at 160 rpm under controlled room temperature (25 °C) con-
ditions. The samples were shaken for 81h, and the pH was daily
readjusted using 1 M HCl or 1 M NaOH. The target pH of the
sample was 3.5 and 7.5. For sample extraction, the pH of solution
was adjusted to pH 7 to minimize speciation effect on extraction,
and 2 mL of hexane was injected into 10 mL of each filtrate. One
milliliter of supernatant was transferred into a 2mL amber vial
with a rubber cap for GC analysis (Method S6). All experiments
were performed in triplicate.
Method S6: Simazine Analysis

Samples were injected into a gas chromatograph equipped with
a micro-electron capture detector (GC-u4ECD) (6890N, Agilent
Technologies Inc., USA). A silica capillary column (HP-5, 0.32 mm
1d.x30 mx0.25 pm) was used [1]. The inlet temperature was main-
tained at 250 °C and operated in split-mode with a 1 mL sample
injection-volume using an autosampler. The GC oven-temperature
was initially set to 50 °C with a hold-time of 1 min, and then raised
to 150 °C at 20 °C min"' with a hold-time of 4 min, to 230°C at 3°C
min " with a hold-time of 1 min and finally to 300 °C at 10 °C min™
with a final hold-time of 2.5 min. Total analysis-time per sample
was 50 min, and the retention-time was 19 min. The #ECD was
kept at 300 °C. All calibrations were performed in ChemStation

(Agilent, USA).
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