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ABSTRACT: Acid−base properties exert important influences
on biochar’s practical application as a soil amendment or
contaminant sorbent. In this paper, a model with independent
acidic/basic sites coexisting on a biochar surface is proposed to
account for the acid−base behavior of biochar derived from two
invasive species (Spartina alterniflora and water hyacinth).
Modeling results show that a three-site model with two acidic
sites and one basic site can reflect the acid−base behavior of
biochar, increasing pyrolysis temperature results in the change in
concentration (basic sites increase successively, while acidic sites
decrease first and then increase) and strength (individual site
dependent) of acidic and basic sites. Both the concentration and
strength of the sites play important roles in the acid−base
behavior of biochar. Theoretical simulations based on modeling results demonstrate that both surface net and local charge should
be considered when electrostatic interaction is responsible for the biochar’s environmental behavior. The site modeling
procedure proposed in this study constructs a bridge between macroscopic pH and microscopic sites and is useful to describe the
acid−base behavior of biomass and biomass-derived biochar.
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■ INTRODUCTION

Biochar, a form of black carbon (BC) generated from biomass
thermochemical decomposition,1 has received considerable
interest in recent years due to its confirmed roles in soil
amendment and carbon sequestration, as well as contaminant
sorption.2−5 Biochar can exhibit significant physicochemical
differences due to diverse biomass feedstock and pyrolysis
conditions, of which pyrolysis temperature is a key determi-
nant.6−8 Therefore, information regarding the transition in the
structure and features of biochar generated under varying
pyrolysis temperatures can provide significant insight into the
selection and tailoring of biochar with properties beneficial for
various purposes, for example, soil fertilization and contaminant
sorption.
A recently proposed formation mechanism indicates biochar

experiences dehydration, oxidation, and condensation/aroma-
tization successively,8 with structures evolving from heat-altered
biopolymers over an amorphous mixture of heat-altered
biopolymers and polyaromatic structures and finally toward
graphite-like microcrystallite with increasing charring temper-
ature.7 It was revealed that physical and chemical properties of
biochar, such as aromaticity,6 hydrophobicity,2 polarity,7

recalcitrance index (R50),
9 specific surface area,6,7 surface pH,2

and cation exchange capacity,8 change monotonically with an
increase in pyrolysis temperature or attain a maximum/

minimum at a certain critical temperature. Gradual change in
sorption behavior toward organic contaminants by biochar with
pyrolysis temperature has been detected4,6,10,11 in sorption
isotherms (from linear to concave-downward), isotherm
modeling (from dual absorption−adsorption model to exclusive
adsorption model), and sorption mechanisms (from partition
into noncarbonized organic medium to adsorption on
carbonized phase), as well as sorption kinetics (from fast to
low and then to fast). Regarding heavy metals immobilization,
shifts in the sorption mechanism from cation exchange and
complexation with oxygenated functional groups to chemical
precipitation and cation−π bonding with electron-rich
graphene-like aromatic structures were also reported.12,13

Acid−base properties exert a significant impact on the
performance of biochar acting as a soil amendment or
contaminant sorbent,2,5,12,14−16 but only sparse information is
available in theliterature elucidating the evolution of the acid−
base character pertaining to pyrolysis temperature. Although
macroscopic information on biochar acid−base properties, for
example, surface pH and total acidity/basicity, has been
reported by some researchers,2,10,11 microscopic information,
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such as the nature, abundance, and strength of acidic/basic
sites, is also important but very limited in the literature. In this
work, a model assuming independent acidic and basic sites
coexisting on the surface is proposed to account for the acid−
base behavior of biochar prepared over a wide temperature
range. On the basis of the results from modeling, we pay further
attention to the extent of surface ionization and the state of
surface charging in given situations (e.g., a specific pH or
sample mass concentration) and theoretically apply the
principle of mass titration (MT)17 and potentiomentric mass
titration (PMT)18 for pHpzc determination of biomass and
biomass-derived biochar.

■ EXPERIMENTAL SECTION
Preparation of Samples. Two invasive species, Spartina

alterniflora (SA) and water hyacinth (WH, i.e., Eichhornia crassipes),
were employed for biochar preparation. SA and WH were harvested
from Chongming Island and Songjiang River, respectively, in
Shanghai, China. The collected materials were tap water washed,
sun dried, oven dried at 60 °C, and ground to pass through a 0.15 mm
sieve to serve as raw biomass (SA 60, WH 60). The biochar sample
was obtained by batch pyrolyzation of raw biomass under desired
temperature (from 200 to 700 °C with increments of 100 °C) for 2 h
and cooled to room temperature under nitrogen flow. More detailed
information on the biochar production procedure is available in the
Supporting Information. Pyrolysis products (referred as SA 200−700
and WH 200−700, number represents pyrolysis temperature) were
crushed and sieved to less than 0.15 mm for further use. For removing
soluble species, as suggested by Tsechansky and Graber,19 all samples
were washed with 0.05 M NaOH (20 g of sample per liter) by
constant stirring for 24 h, rinsed with deionized water to a stable pH,
dried at 80 °C for 48 h, and ground and sieved to less than 0.15 mm.
Then, samples were further washed with 0.05 M HCl (12 g of sample
per liter) with subsequent stirring, water rinsing, drying, grinding, and
sieving similar to NaOH treatment. Both the original and base/acid-
treated samples were employed for potentiometric titration.
Fourier transform infrared (FTIR) spectroscopy was employed to

evaluate the surface functional group chemistry of the samples. The
sample was mixed with KBr (potassium bromide) at a ratio of 1:100
(w/w) and pressed into a film. Infrared spectra were collected by a
Thermo Scientific FTIR 380 spectrometer for wave numbers 400−
4000 cm−1 at a scanning resolution of 4 cm−1.
Potentiometric Titration. Fifty milliliters of 0.1 M NaCl as the

background electrolyte was placed in a titration vessel, thermostated at
25 °C, stirred magnetically, and bubbled with humidified N2 (40 mL
min−1) to eliminate atmospheric CO2 interference. With the spurge of
N2, aqueous pH rose gradually, and a stable value of approximate 8
(hereafter referred to as pH*) was reached in 2 h. Then, samples (0.2
g) were introduced and equilibrated with an electrolyte solution for 24
h. After equilibrium, a stable pH was recorded as pHzpt (the pH at the
zero point of titration, that is, pH of suspension prior to addition of
protons or hydroxyls).20 If pHzpt < pH*, the suspension was acidified
with HCl to a pH of approximately 3; otherwise, NaOH was used to
increase pH to approximate 11. After a new quasi-stable equilibrium
was achieved (hereafter called the titration start point), titration was
conducted by adding small increment of either HCl or NaOH. A stable
pH (pH variation less than 0.01 per minute) at each addition of titrant
was recorded for further model fitting. The experimental pH window
of titration was limited to between 3 and 11 to avoid strong buffering
from water outside this region.21

Titration data (pH as a function of titrant volume) were
transformed in terms of charge balance in the titration system and
reported as the change in sample surface charge (ΔQ) between
titration point (Q) and titration start point (Q0) according to eq 1. A
detailed derivation procedure of eq 1 is given in the Supporting
Information.
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where Q is the charge of sample surface at any point of titration (mmol
g−1). Q0 is the sample charge corresponding to titration start point
(mmol g−1). [H+]0 and [OH−]0 are proton and hydroxyl
concentrations in suspension at titration start point (mol L−1),
respectively. V0 is the volume of suspension at titration start point
(mL). Nt is the concentration of HCl or the negative value of NaOH
concentration (mol L−1). V is the cumulative addition volume of
titrant (mL). [H+] and [OH−] are proton and hydroxyl concentrations
at the titration point corresponding to titrant volume V (mol L−1). M
is the mass of sample (g).

Surface Ionization Model. The surface site can be amphoteric,
acidic, or basic. Although the surface model with amphoteric sites and
pure acidic sites is extensively employed in the literature,22,23 a model
with independent acidic and basic sites coexisting on the surface seems
more realistic.24−26 In this work, a nonelectrostatic discrete site model,
based on a linear combination of completely independent acidic and
basic sites, is assumed to characterize the complexity on thesample
surface. Ionizations of the basic site, Bi, and acidic site, HAj, are
represented by the following chemical equilibria.
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Positive charges result from the protonation of basic sites, while
negative charges are caused by the dissociation of acidic sites. The
strength of the acidic site (HAj) is described by its acidity constant
(pKHAj), and the strength of the basic site (Bi) is characterized by the
constant of its conjugate acid (pKBiH

+).27 Either the acidity or basicity
constant fully describes the protolysis property of an acid−base pair.
The stronger the acidity of an acid is, the weaker the basicity of its
conjugate base is, and vice versa.28

In terms of mass action expressions (eqs 2 and 3) and mass balance,
the surface net charge can be obtained from the sum of the local
positive/negative charges
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where bi and aj are the concentrations of the ith basic site and the jth

acidic site (mmol g−1), respectively. Notably, Q is high at the low edge
of the pH window and low at the upper pH boundary.

By fitting ΔQ data to the postulated model based on eqs 1 and 4,
the concentration (C) and equilibrium constant (pKa) of an individual
site, as well as Q0, can be estimated. It should be noted that the
resulting pKa values are conditional or apparent rather than intrinsic
because electrostatic effects were neglected in this model.

■ RESULTS AND DISCUSSION
pHzpt of Samples. pHzpt represents the pH of the sample

suspension prior to titrant addition. The shift of biochar pHzpt
with respect to pyrolysis temperature provides global
information on its acid−base behavior. The samples’ pHzpt
values (original and base/acid treated) are compiled in Table
S1 of the Supporting Informatin and are shown graphically in
Figure 1. For the original samples, raw biomass is acidic (SA
60) or neutral (WH 60) in nature. Oxygen-free pyrolysis results
in an increase in pHzpt, that is, from pH 8.65 at 200 °C to 9.90
at 500 °C for SA and from 8.69 at 200 °C to 9.79 at 500 °C for
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WH. However, the maximal pHzpt values for both the SA
(10.15) and WH (9.81) series occurred at 600 °C rather than
700 °C. After the base/acid treatment, all samples become
acidic with a pHzpt shift with pyrolysis temperature in a manner
similar to the original ones. The highest pHzpt for both the
original and base/acid-treated WH series occurred at 600 °C,
while that for the original and base/acid-treated SA series
occurred at 600 and 500 °C, respectively, indicating the
significant influence of the soluble species on acid−base
behavior. Even though a gradual upward trend in pH with
pyrolysis temperature is common for biochar,29−31 higher pHzpt
values achieved at the moderate instead of highest temperature
have also been reported.2,32,33 A possible explanation for this
phenomenon is the decrease in concentration of Lewis base
edge sites at higher temperature, which leads to low basicity
and low pH.34

ΔQ(pH) of Samples. Both the original and base/acid-
treated samples were employed for potentiometric titration.
and the resultant titration data were transformed to ΔQ(pH)
curves (Figure 2). It should be noted that ΔQ in eq 1 is a
measure of the net excess charge upon a reference level (i.e.,
charge of the sample at the titration start point in this study). A
positive ΔQ indicates charge excess, while a negative variation
shows a charge deficiency relative to the reference level. From
Figure 2, all ΔQ(pH) curves except SA 60 for the original
samples (Figure 2 a, c) lie in positive region, while those from
base/acid-treated samples (Figure 2 b, d) fall in a negative
region over the entire pH domain examined. Diverse ΔQ(pH)

curves related to pyrolysis temperature illustrate the existence
of a varied acidity/basicity for both the original and base/acid-
treated samples. The distinction between the ΔQ(pH) curves
of the original and base/acid-treated samples suggests a
significant impact of the soluble species and emphasizes the
necessity to remove them before titration.19 Therefore, only the
ΔQ(pH) values of base/acid-treated samples were employed
for subsequent modeling.

Modeling Procedure. For further insight into the biochar
acid−base behavior, model fitting was carried out to
quantitatively compare ΔQ(pH) and to estimate the detailed
picture of the acidic/basic sites’ distribution, abundance, and
strength. In this process, we progressively increased the number
of active sites and adjusted the partition of the acidic/basic sites
to obtain the best result that can represent the simplest
mathematical relation and provide an adequate description for
the experimental phenomena. During ΔQ(pH) fitting, several
acidic/basic site combinations produced equally good fits,
which posed a great challenge for model selection. To choose
appropriate acidic/basic site combinations, we assumed that
these acidic/basic sites were placed in pure water (pH 7) and
calculated equilibrium pH (pHcal) according to the following
charge balance equation
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where m is the mass percentage of sample, for example, m = 0.4
in this experiment.
On the basis of the trend that pHzpt changes with pyrolysis

temperature and the principle that the deviation between pHcal
and 7.0 (pH for pure water) is close to that between pHzpt and
pH*, a set of combinations of acidic/basic sites were selected
(Table S1, Supporting Information) and are shown graphically
in Figure 3.

Analysis of Modeling Results. Site Distribution. Model
fitting shows that generally a three-site model is good enough
to describe the titration data for all base/acid-treated samples
(Figure 2 b, d). When a three-site model is selected, there are
four types of a partition model of acidic and basic sites: three-
acidic-site model, two-acidic-site−one-basic-site model, one-
acidic-site−two-basic-site model, and three-basic-site model.
Modeling results show that the pHcal values of a three-acidic-
site model are too low and inconsistent with the experimental
pHzpt values. The pHcal values of a one-acidic-site−two-basic-
site model are essentially basic (pHcal > 7), which is
contradictory with acidic pHzpt (pHzpt < pH*). The pHcal
values of a three-basic-site model are also basic and higher than
that of a one-acidic-site−two-basic-site model. Only the pHcal
values of a two-acidic-site−one-basic-site model are relatively
reasonable compared with the experimental pHzpt values Thus,
a two-acidic-site−one-basic-site model is selected for all
samples (Figure 3). As shown, an alternative reason for the
exclusion of the pure acidic or basic sites is the too low or high
pHcal values in terms of our modeling procedure.

Site Concentration. The concentration of the individual site,
total acidic sites (Ta), and total basic sites (Tb) are shown in
Figure 3 a and c. SA 60 and WH 60 have the highest Ta and
lowest Tb compared to their pyrolysis products. With increasing
pyrolysis temperature, Tb increases consecutively, while Ta
decreases to a minimum at a critical temperature (500 °C in

Figure 1. pH of sample suspension (pHzpt) for original (a) and base/
acid-treated (b) SA and WH series. Acid/base definition of samples is
as follows: acidic when pHzpt < pH*, neutral when pHzpt ≈ pH*, and
basic when pHzpt > pH*.
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this work) and then rises, which is consistent with experimental
observation reported elsewhere.10,33 Biochar surface acidity is
usually caused by carboxyl groups (also in the form of their
cyclic anhydrides), phosphonate, lactones or lactols, phenolic
hydroxyl groups, and carbonyl groups (in the form of either
isolated or arranged in quinone-like fashion).23,35,36 Although
most acidic sites would not withstand carbonization at high
temperatures, some acidic sites might be formed as a result of
oxygen chemisorption and subsequent oxidation in moisture air
at room temperature,37,38 which may account for the variation
of Ta with pyrolysis temperature. Even though the origin of the
surface basicity on the carbon materials is still under discussion,
several basic sites are proposed, that is, oxygen-containing
compounds (e.g., pyrones, chromenes), oxygen-free basic site
(Cπ), nitrogen-containing groups (e.g., pyridines), superoxide
ion (O2

−), unsaturated valence, and inorganic matter.25,39,40 In
addition, the basicity on the carbon surface can also be ascribed
to the redox reaction involving both pyrones39 and delocalized
electrons from the graphene sheet.41 The increase in Tb can be
attributed to both the elimination of acidity and the generation
of basicity.42 Examples include the foillowing: (1) The
destruction of acidic groups decreases biochar acidity and
therefore eliminates the neutralization effect of these sites to

biochar basicity. (2) Thermal decomposition of oxygenated
acidic groups forms active sites capable of fixing oxygen in the
form of ether, which can rearrange with existing carbonyl
groups to generate basic functional groups such as pyrones and
chromenes. (3) The removal of oxygen from the carbon surface
will delocalize free electrons associated with the basal planes of
the carbon surface, allowing them to behave as Lewis base sites.

Site Strength. Besides site concentration, site strength is also
an important contributor to acid−base reactivity. According to
the definition mentioned above, the smaller the pKa of an acidic
site is, the stronger its acidity is, and the greater the pKa of a
basic site is, the stronger its basicity is. To homogenize the
relationship between pKa and acidity/basicity, we propose an
index “strength factor (SF)” as follow: SF = −pKa for an acid,
and SF = pKa for a base. Thus, the greater the SF is, the
stronger the acidity/basicity is.
SF values of an individual site for each sample are shown in

Figure 3 b and d. For both series, raw biomass exhibits three
sites: a strong acidic site (SF = −4.20 for SA 60 and SF = −3.92
for WH 60), a weak acidic site (SF = −10.43 for SA 60 and SF
= −9.97 for WH 60), and a moderate basic site (SF = 7.29 for
SA 60 and SF = 6.66 for WH 60). Low and moderate
temperature (200−400 °C) pyrolysis weakens both acidic and

Figure 2. Experimental titration data reported as change in charge as a function of pH (ΔQ(pH)) transformed according to eq 1 in the text for
original (a, c) and base/acid-treated (b, d) SA and WH series. Model fitting was carried out for base/acid-treated samples only.
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basic sites with more degrees for acidic sites. Further increasing
the pyrolysis temperature (500−700 °C) leads to the
enhancement in both acidic and basic sites except SA 700.
The strength of acidic sites can be weak (SF < −9), moderate
(−9 < SF < −5), or strong (SF > −5); however, the basic site is
moderate or weak (SF < 9). The presence of strong basic sites
(SF > 9) usually results in basic pHcal (pHcal > 7) in terms of
our modeling results. In fact, approximately half of the
combinations with two acidic sites and one basic site show
basic pHcal despite that Ta is much higher than Tb, indicating
that the strength rather than the concentration of the basic site
is more significant for determining acid−base reactivity.
Some acidic sites in the literature can be exemplified as

carboxyl (pKa = 1.7−4.7), phosphonate (pKa = 6.1−6.8),
lactones or lactols (pKa = 6.37−10.25), and phenolic hydroxyls
(pKa = 9.5−13).23,26,35 Basic sites receive less attention than
acidic ones, and the nature and strength of them are still a point
of debate. A possible origin of basic sites on carbon materials
has been stated above, while the information about their pKa

values is very limited. Existing works have reported the
presence of some basic sites with different strengths. For
example, Contescu et al.41 revealed a continuous basic pKa

distribution on a coconut-based carbon with three basic sites, a

weak (pKa 4−7), a moderate (pKa 8.4−8.6), and probably a
strong one (pKa > 9.5). Similarly, by a continuous approach,
Pagnanelli et al.25 reported the existence of a basic site with pKa

= 5.2 on a carbonized olive pomace. In addition, a basic site
corresponding to pKa = 7.02 on a low-functionalized activated
carbon was considered as arene centers (Cπ site).43 On the
other hand, a theoretical calculation suggested that pKa of
pyrones varied in a large interval (0−12).39 The pKa values of
basic sites obtained in this manuscript fall in the range of the
basic strength mentioned above and could deepen the
understanding of the versatility of the strength of basic sites
on biochar surfaces.
We cannot delineate unequivocal chemical identities to each

site based on pKa values alone because the structural diversity
and complicated hierarchy of inter/intramolecular interactions
usually make pKa values vary in a wide range.21,44 Therefore,
FTIR was employed to identify the possible functional groups
on the biochar. FTIR spectra (Figure S1, Supporting
Information) reveal the existence of acidic sites as phenolic
groups (1000−1200 cm−1), quinones (1550−1680 cm−1),
carboxylic acids (1120−1200, 1665−1760, 2500−3300 cm−1),
and lactones (1160−1370, 1675−1790 cm−1), and basic sites as

Figure 3. Site distribution, concentration, and strength factor (SF) for base/acid-treated SA (a) and WH (b) series. Strength factor (SF) is defined as
follow: SF = −pKa for an acid and SF = pKa for a base.
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cyclic ethers (1025−1141 cm−1) and pyrones (1450−1640
cm−1).7,45,46

Charge at the Titration Start Point (Q0). In the proposed
model, Q0 is the surface charge at the titration start point. A
positive Q0 is derived from protonated basic sites and a negative
Q0 from dissociated acidic sites. It should also be noted Q0
includes the charges caused by strong acidic/basic sites, which
can fully deprotonate or protonate within the experimental pH
range. Therefore, it is only possible to estimate the amount
rather than the strength of these sites from above model.
As shown in Table S1 of the Supporting Information, Q0 of

all samples is positive, and the shift with pyrolysis temperature
is qualitatively in agreement with that of Tb. On the basis of the
estimated concentration and strength of each site and eq 4, we
calculated Q0 (Q0

cal) at pH 3 (Table S1, Supporting
Information). Q0

cal is generally lower than Q0 acquired by
ΔQ(pH) fitting, demonstrating that additional charge sources
from sites with low pKa (<3) are outside the experimental pH
window.
Theoretical Simulation Based on Modeling Results.

With the knowledge of (C, pK) pairs for surface sites, it is
possible to predict how (C, pK) pairs influence surface charge
as well as the extent of surface ionization. Moreover, we applied
the principle of MT and PMT to theoretically verify the
reliability of the proposed model.
Surface Net Charge. Surface net charges as a function of pH

for the SA and WH series corresponding to 0.4% mass
concentration are illustrated in Figure 4. The pH where net
charge approaches zero is designated as theoretical point of
zero charge pHtpzc (Table S1). As shown, the variation of pHtpzc
with pyrolysis temperature is consistent with that of pHcal.
A careful inspection of charge curves (Figure 4) shows that

net charge (Q) increases with temperature at low pH values
(e.g., pH 0−3) ,while first rises (60−500 °C) and then drops
(500−700 °C) at high pH values (e.g., pH 11−14). At low pH
values, net charge (positive) stems mainly from the protonation
of basic sites, and thus, its change is in agreement with basic site
concentration. At high pH values, on the other hand, net charge
(negative) comes dominantly from the dissociation of acidic
sites, and its change coincides with acidic site concentration. At
intermediate pH values, net charge (positive, negative or null)
is the competitive results of the acidic site’s dissociation and
basic site’s protonation. Therefore, no obvious relationship
between net charge and the concentration of active sites can be
observed.
Figure 4 also shows that pH can greatly influence the net

charge for a given sample, that is, the closer the pH approaches
pHtpzc, the smaller the net charge, and the further the pH is
away from pHtpzc, the greater the net charge. This information
is helpful for understanding electrostatic interaction between
biomass/biochar samples and charged species.
Surface Local Charge. In view of the model we adopted, the

species that contribute to surface local charge are BiH
+ and Aj

−.
As indicated by eq 4, surface local charge depends on the
concentration and pKa of the acidic/basic site as well as
environmental pH. Thus, different samples (i.e., with different
concentrations and pKa values of surface sites) may show
different surface local charges. We take SA 400 and WH 500 as
representatives to present the change of local charge with
respect to pH (Figure 5), and the information on other samples
is available in Figure S2 of the Supporting Information. For SA
400, when pH approaches pHtpzc, not only is the net charge
close to zero, but also the local charge is very low. In the case of

WH 500, on the other hand, both local positive and negative
charges are high even at pHtpzc. The existence of a local charge
even at pHtpzc is necessary because it supplies hydrogen ions to
establish the final equilibrium pH.47 Consequently, besides net
charge, local charge can provide additional insight into the
interaction between samples and cations/anions caused by
electrostatic attraction/repulsion.

Theoretical Application of MT and PMT. Solid pH is
actually the pH of a solid suspension, which usually changes
with its mass concentration. However, solid pHpzc is intrinsic
and thus independent of mass concentration. The classical MT
method proposes that the limiting or asymptotic solid pH as a
function of mass concentration is pHpzc.

17 The later-developed
PMT presumes that the pH corresponding to the common
intersection point of potentiometric curves with different mass
concentration is pHpzc.

18 On the basis of MT and PMT
principles and eq 5, we carried out theoretical pH calculations
in terms of MT with a graphical proof following PMT for the
determination of pHpzc across a mass concentration range of
0.01−20%.17,48
Results (Table S2, Supporting Information) show that the

calculated equilibrium pHcal approaches pHtpzc with an increase
in mass concentration. In addition, it seems that MT is more
sensitive when pHtpzc is further away from neutrality. A
previous model with one amphoteric site17,48 or two
independent acidic and basic sites24 showed the validity of
MT for pHpzc determination. The model adopted here
assuming several independent acidic/basic sites seems more

Figure 4. Variation in surface net charge as a function pH
corresponding to 0.4% mass concentration for SA (a) and WH (b)
series (base/acid treated).
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practical for a heterogeneous solid surface and can be
considered as an extension of MT validation. In accordance
to Figure 5, surface net charges as a function of mass
concentration for SA 400 and WH 500 are displayed in Figure
6, and other samples are shown in Figure S3 of the Supporting
Information. As observed, net charge curves with different mass
concentrations intersect at the same pH value, that is, pHtpzc,
which is consistent with PMT. Likewise, the net charge at the
point of pHtzpc is independent of mass concentration and is
always zero; however, the net charge for other pH values
increases with increasing mass concentration. Theoretical
simulation of PMT demonstrated that pHpzc does not depend
on the surface ionization model and electrostatic model.18 The
results shown here indicate that PMT is also suitable for pHpzc
determination of biomass49 and its charred counterparts, which
is biochar.
Emphasis on pHzpt, pHcal and pHtpzc. The relationship

between pHzpt, pHcal, and pHtpzc in this manuscript should be
well understood. pHzpt is an experimental pH of sample
suspension and reflects the acid−base reactivity of the sample.
pHcal is the calculated equilibrium pH assuming that acidic/
basic sites are immersed in pure water with the purpose of
helping the model selection. pHtpzc is the pH when the surface
net charge approaches zero on the basis of modeling results and
can be theoretically linked with pHcal by the MT method.
However, because of the difference between pHzpt and pHcal,
theoretical pHtpzc is not necessarily the actual pHpzc of the
samples. Although we cannot get perfect agreement between

pHzpt and pHcal (and more efforts should be made to improve
the surface model and modeling procedure), at least the
consistency of their change with pyrolysis temperature can to
some degree provide the basis for interpreting the acid−base
behavior of biochar. Furthermore, the theoretical pH
calculation of MT indicates that the pHzpt of the concentrated
suspension is perfectly adequate to represent pHpzc.

Environmental Significance. Results from this study
reveal that the degree of ionization of surface sites and the
amount of surface net/local charge on biochar vary with
environmental pH in a manner much too complex to be
adequately described by a single isolated parameter pHpzc or a
condensed inventory based on a global classification scheme
(Boehm method). For fully understanding biochar acidity/
basicity, the knowledge of site concentration is not sufficient,
and the acidic/basic constant of each site is also essential.
By using the approach established in this study, a full picture

of the distribution, concentration, and strength of the individual
acidic/basic sites on biochar surfaces can be depicted, and
detailed acid−base behavior of the biochar can also be
estimated. Briefly, the results from site modeling can be used
to achieve following goals: (1) to predict surface net charge and
local charge at a specified pH and solid concentration, (2) to
predict the extent of surface ionization and the concentration of
charged/uncharged species at a specified pH and solid
concentration, (3) to predict equilibrium pHcal for a specified
solid concentration and theoretical pHtpzc, and (4) to predict

Figure 5. Variation in surface local charge as a function of pH
corresponding to 0.4% mass concentration with SA 400 (a) and WH
500 (b) (base/acid treated) as representatives.

Figure 6. Variation in surface net charge as a function of mass
concentration (0.01−20%) with SA 400 (a) and WH 500 (b) (base/
acid treated) as representative.
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the amount of solid to be added into ambient media (such as
water, soil) for achieving a desired pH. The former two are
helpful to understand the interaction between biochar and
charged species (e.g., heavy metal cations/anions and ionizable
organic compounds),2,14,15 and the latter two are meaningful
for biochar’s practical application acting as an environmental
pH modifier.
This study indicates that pyrolysis temperature can affect

both the concentration and strength of acidic/basic sites on
biochar surfaces. Detailed information on individual acidic/
basic sites can provide significant insight into the optimization
of biochar production and guide its practical application for
special purposes. For example, according to our results, if the
alkalinity of biochar (from both inorganic matter and other
origins of basicity as mentioned previously, with the former
being more important) is desired,38 pyrolysis would be
performed at 600 °C because at this temperature the basicity
of biochar is high (relative to lower temperatures) and stable
(relative to higher temperatures).
The two species employed in this work, Spartina alterniflora

and water hyacinth (Eichhornia crassipes), have invaded many
countries (e.g., China and United States) of the world50 and
have led to severely social, economic, and ecological problems
in local areas. Therefore, converting these invasive plants into
valuable biochar can improve the invasive plant management
and alleviate ecological and environmental concerns caused by
them. As indicated by other researchers,6−8 both biomass
feedstock and pyrolysis conditions exert important influence on
biochar’s physicochemical properties. Therefore, one cannot
expect that the information on the distribution, concentration,
and strength of acidic/basic sites obtained from this study is
generalized to other biomass types. However, we believe the
approach proposed in this research is useful to describe acid−
base behavior, and future investigations of various types of
biomass and its derived biochar will help to refine the presented
methodology.
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F.; Zajac, J. Influence of morphology and crystallinity on surface
reactivity of nanosized anatase TiO2 studied by adsorption techniques.
2. solid-liquid interface. J. Phys. Chem. C 2013, 117, 4459−4469.
(23) Volesky, B. Biosorption and me. Water Res. 2007, 41, 4017−
4029.
(24) Carrott, P. J. M.; Ribeiro Carrott, M. M. L.; Estevao Candeias,
A. J.; Prates Ramalho, J. P. Numerical simulation of surface lonisation
and specific adsorption on a two-site model of a carbon surface. J.
Chem. Soc., Faraday Trans. 1995, 91, 2179−2184.
(25) Pagnanelli, F.; Mainelli, S.; Toro, L. New biosorbent materials
for heavy metal removal: Product development guided by active site
characterization. Water Res. 2008, 42, 2953−2962.
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