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Abstract

Dissolved organic matter plays a critical role in affecting sorption properties of biochar for organic contaminants. In this study,
dissolved humic acid (DHA) as a representative of dissolved organic matter and oak sawdust-derived biochar as a sorbent
were prepared and characterized. Roles of DHA in sorption of benzotriazole (BTA), an emerging organic contaminant, to
biochar in different electrolyte solutions were investigated. The results revealed the dual roles of DHA in BTA sorption to
biochar. On the one hand, DHA can compete for sites and/or block pores available for BTA to inhibit the adsorption of BTA
to biochar. On the other hand, the sorbed DHA on biochar can serve as additional partitioning phase to promote the parti-
tion of BTA. The finding was in accordance with the site energy distribution analysis of BTA sorption that the site energy
of the highest occurring frequency in the DHA-BTA system was lower than that in the DHA-free system (3.41-10.4 versus
13.1-20.1 kJ mol™!). The variation in apparent BTA sorption to biochar affected by DHA was thus a combination of changes
in both its partition and adsorption properties. A modified Dual-mode model including the aqueous concentration of DHA
was proposed to predict the effect of DHA on BTA sorption to biochar in different electrolyte solutions, which showed good
prediction performance with most BTA sorption coefficient (K, L g~') deviations within 0.1 log unit.

Highlights

¢ A model was proposed to predict the effect of dissolved e Site energy distribution was introduced to verify the roles
humic acid (DHA) on benzotriazole (BTA) sorption to of DHA in BTA sorption to biochar.
biochar.

e The dual roles of DHA in promoting partition but inhibit-
ing adsorption of BTA to biochar were revealed.
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1 Introduction

Benzotriazole (BTA), one kind of important industrial
auxiliary chemicals, is widely used as a corrosion inhibi-
tor, UV absorber, antifreeze and antifogging agent (Wagner
et al. 2020). More recently, BTA was regarded as a class
of emerging environmental organic contaminants, and it
has been detected in municipal wastewater, surface water,
groundwater, soils and sediments at levels ranging from ng
L~! to mg L™! or from ng kg™! to mg kg~! (Kahle et al.
2009; Kowalska et al. 2019; Zhang et al. 2011). Due to its
omnipresence, BTA was proposed to be an indicator of
anthropogenic contamination in the environment (Kahle
et al. 2009; Shi et al. 2019). Since BTA can cause potential
hazards to microorganisms, fish, plants, invertebrates and
terrestrial mammals in different environmental media and
induce long-term negative effects in ecosystems (Alotaibi
et al. 2015; He et al. 2019; Liang et al. 2017), it has aroused
a widespread public concern.

Sorption is a critical process influencing the transport,
degradation and bioavailability of contaminants in the envi-
ronment. Previous research has focused on the sorption of
BTA to soils, peat, compost and metal oxides. Specifically,
sorption of BTA to peat and compost with a high organic
carbon content was greater than that to various soil matrices,
suggesting the dominant role of soil organic matter rather
than materials in controlling BTA sorption (Breedveld et al.
2003; Jia et al. 2007). Sorption mechanisms of BTA were
proposed to involve some specific interactions (such as n-x
interactions and hydrogen bonding) according to the type of
sorbent (Hart et al. 2004; Xu et al. 2010). Furthermore, the
variation in solution chemistry (such as pH and ionic type)
would alter BTA sorption mechanisms by affecting specia-
tion of BTA and surface properties of sorbent (Bi et al. 2007,
Xing et al. 2016), which should be paid more attention to
in the prediction of its environmental behaviors. However,
reports on sorption of BTA to biochar, an important compo-
nent of the soil carbon pool, are rare.

Biochar is produced from pyrolysis of different biomass
wastes under oxygen-limited conditions. The use of biochar
has attracted increasing interest as a sustainable means of
improving soil quality, carbon sequestration and pollution
control (EI-Naggar et al. 2019; Jin et al. 2016; Wu et al.
2020b). Recent studies showed that biochar can contribute
considerably to the overall sorption of organic compounds
in soil on account of its higher sorption capacity compared
to some natural organic matter (Accardi-Dey and Gschwend
2003). The nature and sorption properties of biochar are
mainly controlled by the pyrolysis temperature. Increase in
pyrolysis temperature often results in the enhanced surface
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area, pore volume and carbonized fraction of biochar (Kei-
luweit et al. 2010; Xiao et al. 2014). Sorption mechanisms
of biochar for neutral aromatic compounds changed from
absorption-dominant (i.e., partition-dominant) at low pyrol-
ysis temperatures to adsorption-dominant at higher pyrolysis
temperatures (Chen et al. 2012; Lu et al. 2020). Usually, the
adsorption of aromatic compounds to biochar is driven by
©-1 interactions, along with a pore filling mechanism (Kah
et al. 2017; Keiluweit and Kleber 2009).

New evidence presents the fact that the sorptive activities
of biochar for organic contaminants can be strongly influ-
enced by coexisting dissolved organic matter (DOM) in the
environment (Zhang et al. 2015). It was found that DOM
reduced sorption of organic contaminants to carbonaceous
materials via competition or hindering the accessibility of
adsorption sites (Engel and Chefetz 2016; Wu et al. 2018a).
In addition, the competition may vary under different condi-
tions since sorption of DOM to solid phase can be affected
by different types of cations (Kalbitz et al. 2000). On the
contrary, DOM sorption can modify the surface character-
istics of sorbent and provide additional active sites, lead-
ing to enhanced sorption of organic compounds (Lian et al.
2015; Wu et al. 2018b, 2020a). So far, it remains difficult
to draw a proper conclusion on the roles of DOM in sorp-
tion of organic contaminants including BTA because of the
observed coexisting enhancing and suppressing effects. Spe-
cifically, biochar sorption for BTA can involve both partition
and adsorption due to the mixtures of noncarbonized and
carbonized phase in sorbent (Xing et al. 2016). The effect
of DOM on sorption of BTA to biochar would come from
that on both partition and adsorption, which may be quite
different due to the diverse roles of DOM. Furthermore,
site energy distribution analysis was often used to describe
sorption on heterogeneous surfaces (Li et al. 2021; Shen
et al. 2015). Estimation of site energy distribution of sorb-
ent for target organic compounds as affected by DOM might
be helpful for the analysis of sorption mechanism from the
standpoint of energy.

The aims of the present study are to demonstrate the
hypothesis that the effect of DOM on sorption of BTA to
biochar comes from its diverse roles in partition and adsorp-
tion, and develop a quantitative approach to predict the effect
of DOM on BTA sorption. To this end, DOM and biochar
were prepared and characterized. Batch experiments on
DOM and BTA sorption to biochar, and dialysis bag experi-
ments on BTA sorption to DOM in deionized water, NaCl
and CaCl, solutions were conducted. The site energy distri-
bution was determined to analyze the interactions between
BTA and biochar as affected by DOM. Based on the charac-
terization, experimental results and site energy distribution
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analysis, the effect of DOM on BTA sorption to biochar
was elucidated. A model to predict the DOM effect on BTA
sorption was also proposed.

2 Materials and methods
2.1 Chemicals

BTA (C¢HsN3, > 99% purity, CAS number: 95-14-7) was
bought from Dr. Ehrenstorfer GmbH (Augsburg, Germany).
It has an octanol-water partition coefficient (Log K ) of
1.44 (SRC PhysProp Database), a pK, of 8.6 (estimated
by MarvinSketch 16.2.22) and a water solubility of 19.8 g
L~!. Stock solution of BTA was prepared by dissolving it
in methanol (HPLC grade) obtained from Tedia Company
(USA). HCI, NaOH, NaCl and CaCl, were purchased from
Beijing Chemical Works (China). Deionized water was used
in all experiments.

2.2 Preparation and characterization of biochar
and DOM

The biochar was produced from oak sawdust by slow pyroly-
sis. Briefly, the oak sawdust was sealed in a crucible and
then put into a muffle furnace. The carbonization tempera-
ture was raised to 500 °C at a speed of 5 °C min~! and held
for 6 h. After 6 h of heating, the furnace was turned off and
the sample was allowed to cool naturally to room tempera-
ture. Then, the carbonized samples were treated in 1.0 M
HCI for 24 h to remove the minerals. Following a thorough
washing with deionized water until to neutral pH, to remove
dissoluble matter at the same time, the residues were dried
at 110 °C for 24 h to obtain biochar. The generated biochar
was ground and sieved through a 100-mesh screen and then
stored in a glass jar at room temperature (25+1 °C).

Humic acid, a representative of natural organic matter
possessing aromatic rings substituted with hydroxyl and
carboxyl groups, was used to prepare DOM (Li et al. 2019).
Humic acid (49.8% C, 3.13% H, 1.32% N and 25.2% O)
was bought from Sinopharm Chemical Reagent Co., Ltd.
(China). Dissolved humic acid (DHA) was prepared using a
modified method (Wu et al. 2020a). In brief, a mass of 5 g
of humic acid was dissolved in one liter of deionized water.
The mixture was stirred with a glass rod to facilitate disso-
lution. The supernatant was collected and filtered through
a 0.45 pm sterilized membrane. The extract was stored at
4 °C and diluted to desired concentrations for subsequent
experiments.

The contents of C, H, O and N of biochar were ana-
lyzed by an Elementar vario EL (Germany). Ash content
was determined as described previously (Chen et al. 2012).
The biochar sample was placed in an open-top crucible in

a muffle furnace. The temperature was raised to 800 °C at
5 °C min~! and then held for 4 h. The furnace was allowed
to cool to room temperature. Ash referred to the residue
remaining in the crucible. The functional groups of biochar
were characterized by Fourier transform infrared (FTIR)
spectral analysis in the 4000-600 cm™' region using a
Thermo Electron NeXus 8700 Spectrophotometer (Waltham,
MA, USA) with pressed KBr pellets. The specific surface
area and pore size distribution of biochar were measured
with N, adsorption/desorption at liquid nitrogen temperature
by a Micromeritics ASAP 2020 M + C (USA). The pH value
at the point of zero charge (pH,,,) of biochar was determined
by the pH drift method (Yang et al. 2004). Briefly, a mass
of 0.06 g of biochar was added to 20 mL of 0.005 M CaCl,
solution with pH ranging from 2.0 to 8.0 in sealed brown
glass vials. The vials were shaken at 175 rpm for 24 h to
reach equilibrium. Then, the final pH of the solution was
determined and compared with the initial pH. The pH,, was
identified as the pH value at the intersection of a measured
curve with the pHg,.; = PHj i line.

The size distribution of DHA was determined via
dynamic light scattering (DLS, Brookhaven ZetaPALS
instrument) with an angle of 90 degree to the incident
beam. The conformation of DHA was characterized by
atomic force microscopy (AFM, Scanning Peak Microscopy,
Dimension Icon, Bruker, USA) with a scanning speed of
1.00 Hz. The charge properties of DHA were evaluated by
a Nano-Z Zetasizer (Malvern Instruments Ltd.) at different
pH values (3.0-9.0). The concentration of DHA was 30 mg
L~! in the characterization.

2.3 Sorption experiments

Sorption of DHA to biochar was investigated by perform-
ing batch sorption experiments. A mass of 0.03 g biochar
was placed in 40 mL brown glass bottles and then 30 mL
of sorbate solution was added. The solid/liquid ratio was
chosen to reach approximately 20-80% removal rate of
sorbate through pre-experiments. The concentrations of
DHA in different solutions (deionized water, 0.01 M NaCl
or 0.01 M CacCl, background electrolyte) ranged from 0
to 14 mg-L~!. The initial solution pH was adjusted to
6.0+0.1 with 0.1 M HCI and/or NaOH. The samples were
shaken in a horizontal thermostatic shaker (QYC2112) at
175 rpm and 25 +1 °C in the dark to achieve sufficient
reaction as described previously (Wu et al. 2020a) and
held for 3 d to reach sorption equilibrium. Subsequently,
the samples were centrifuged (3000 rpm for 10 min) and
the supernatants were filtered through a 0.45 pm sterilized
membrane. Finally, the aqueous DHA concentration was
determined. All experiments were performed in duplicate.
No obvious solute loss (<2%) by the sterilized membrane

@ Springer



15 Page 4 of 13

Biochar (2022) 4:15

was detected. Blanks without biochar were set to deter-
mine the minor loss (< 1%) of solute in degradation or
sorption by glass bottles.

Sorption of BTA to DHA was measured through dialy-
sis bag experiments (Li et al. 2019). Before use, the dialy-
sis bags (100 Da, Union Carbide Corporation, USA) were
boiled and rinsed with ethanol and deionized water to
remove surface impurities. The average molecular weight
of DHA used in this study was determined to be 919 Da
by gel permeation chromatography. Thus, sorption of
BTA to DHA fractions with molecular weight less than
100 Da can be neglected. A volume of 10 mL of various
solutions (deionized water, 0.01 M NaCl or 0.01 M CaCl,
background electrolyte) containing 8.1 mg L~! DHA was
added into dialysis bags. The dialysis bags were put in
40-mL brown glass bottles. A volume of 20 mL of vari-
ous solutions containing 30 mg L™! BTA was added to the
bottles. The initial solution pH was adjusted to 6.0+0.1
by 0.1 M HCI and/or NaOH. The bottles were placed in a
horizontal thermostatic shaker at 175 rpm and 25+ 1 °C in
the dark for 4 days to reach equilibrium. The concentration
of DHA-bound BTA was determined by the concentration
difference between inside and outside of the dialysis bags
(Pan et al. 2008). Negligible (< 1%) sorption of BTA to
the dialysis bags was observed.

Sorption of BTA to biochar was studied by the above-
described batch equilibrium method with a solid/liquid ratio
same as that of DHA sorption to biochar in order to make
their sorption results comparable and facilitate the analysis.
The initial BTA concentrations in various solutions (deion-
ized water, 0.01 M NaCl or 0.01 M CaCl, background elec-
trolyte) with and without DHA (5.6 or 8.1 mg-L™") were in
a range from 20 to 100 mg-L~'. The volume of methanol in
solution was kept within 0.1% (v/v) to avoid organic solvent
effects. The initial solution pH was adjusted to 6.0+0.1 with
0.1 M HCI and/or NaOH. The samples were placed in a
thermostatic shaker (175 rpm, 25+ 1 °C) for 4 days to reach
sorption equilibrium. The following procedures were the
same as those of sorption experiments of DHA to biochar.

2.4 Analytical methods

BTA was determined by a high performance liquid chroma-
tography (HPLC, Shimadzu Corp, LC-20AT, Japan) with
an Eclipse XDB-C18 column (150 mm X 4.6 mm, Agilent)
and UV detector at 254 nm. The mobile phase was metha-
nol-water (50:50, v:v) with a flow rate of 0.7 mL-min~'. The
concentration of DHA was determined by a total organic
carbon analyzer (Shimadzu model 3210, Japan) in the form
of dissolved organic carbon. The amount of NaOH used in
adjusting solution pH was monitored by measuring Na™*
using ion chromatography (Dionex DX-120).
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2.5 Data analysis

DHA sorption data were fitted by the Initial Mass isotherm
(Eq. (1)) as suggested by the previous research (Nodvin
et al. 1986).

Q,=mX;,—r (1)

where Q; (mg g~ 1) is the amount of substance released
to (negative value) or removed from (positive value) the
solution concerning the mass of biochar, m is the regres-
sion coefficient denoting the fraction of substance sorbed
by biochar, X; (mg g~ ") is the initial amount of substance
in solution concerning the mass of biochar and r (mg g™
is the intercept of the Initial Mass isotherm.

Sorption coefficient (K, L g~!) of DHA by biochar was
calculated following Eq. (2):

Ky =(m/(1 —m)V/M (@)

where V (L) is the volume of solution and M (g) is the
mass of biochar.

Sorption isotherms of BTA were fitted by the Dual-
mode model (Eq. (3)), Freundlich model (Eq. (4)) and
Dubinin-Astakhov model (Eq. (5)):

C,=K,C,+0,K.C,/(1+K,.C,) 3)
C, = K;C" @)
long = IOng - ((RTln(SW/Ce))/E)V (5)

where C; (mg g”!) and C, (mg L") are equilibrium
solid-phase and aqueous-phase concentrations of solute,
respectively, K, (L g~ ') is the partition domain coefficient,
Q,, (mg g~!) is the maximum adsorption capacity, K . (L
mg~') is the affinity constant, Ky (mg'=™ L" g71) is the
affinity coefficient, n is the exponent indicating the non-
linearity of sorption, R (8.314x 107 kJ mol~' K~!) is the
universal gas constant, 7 (K) is the absolute temperature,
S,, (mg LY is the solubility of solute, E (kJ mol™') is the
correlating divisor and v is a fitting parameter.

K, of BTA by biochar was calculated by Eq. (6):

Kd = Cs/Ce (6)

The sorption coefficient of BTA to DHA (Kppa, L g7))
was calculated by Eq. (7):

Kpua = 10° (Ch/cf)/CDHA (7

where C, (mg L1 and C; (mg L' are the concen-
trations of DHA-bound BTA and freely-dissolved BTA,
respectively, and Cpy, (mg L™') is the aqueous DHA
concentration.
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The site energy distribution [F(E*)] was gained by dif-
ferentiating C (E*) to E* (Carter et al. 1995).

F(E %) = —dC,(E %)/dE * 8)

where E* (kJ mol™!) is the sorption energy difference at
C,and §S,,.

The correlation between the sorption energy and C, can
be calculated as:

C, =S, exp(—E = /RT) )

Therefore, Eq. (10) was derived from Egs. (5), (8) and (9)
as suggested by previous studies (Shen et al. 2015; Zhang
et al. 2012).

F(E %) = In(10)vE™"E %"~! 10U08Cn=E"Ex") (10)

3 Results and discussion
3.1 Characteristics of biochar and DHA

The contents of C, H, N, O and ash in biochar were 73.88,
2.77, 1.99, 16.95 and 3.28%, respectively. The H/C and
O/C ratios of biochar were 0.45 and 0.17, respectively. The
results indicated that the biochar still contained a certain
amount of plant organic residues with plenty of oxygen-
containing functional groups. FTIR spectra indicated that
the peak observed at 3422 cm™' was attributed to the O-H
stretching vibration (Fig. 1a). The asymmetric C-H stretch-
ing (3065 cm™") indicated the aliphatic functional groups.
The peak at 1597 cm™" was ascribed to aromatic C=C
stretching and C =0 stretching of conjugated ketones and
quinones. The band of C=0 in carboxyl and ester groups
appears at the wavenumber of 1693 cm™!, and the band at
around 1384 cm™! was assigned to the stretching of car-
boxylate groups in heterogeneous macromolecular materi-
als (Chen et al. 2012). The peak at around 1268 cm™! was

0.015

assigned to aromatic C-O and phenolic -OH stretching. C-H
bending for aromatic out-of-plane deformation appeared at
around 882, 821 and 758 cm™! (Chen et al. 2008). Biochar
had a specific surface area of 85.3 m*g~! and an average
pore size of 2.57 nm (Fig. 1b). The pH,,. of biochar was
estimated to be about 2.8 (Fig. 1c). Thus, the surfaces of
biochar were negatively charged at pH values higher than
2.8 due to the dissociation of carboxyl and hydroxyl groups.

The DLS measurements showed that DHA particle sizes
had a lognormal distribution with the major peak appeared
at 152 + 15 nm (Fig. 2a). The AFM image (Fig. 2b) showed
some irregular strip and spongelike structures, indicating
formation of aggregates of DHA molecules. Moreover, some
molecules with smaller apparent size can also be seen in
the image. The image also showed some uniform and tiny
particles, which indicated a portion of relatively uniform
DHA molecules (Fig. 2b). Thus, the AFM image was con-
sistent with DLS measurements, providing more information
on conformation and structure of DHA. The negative zeta
potential values ranging from — 11.3 to — 17.2 mV (Fig. 2¢)
indicated that DHA was negatively charged in the experi-
mental system.

3.2 Sorption of DHA to biochar

Sorption data of DHA to biochar in different solutions were
fitted well by the Initial Mass isotherm (Fig. 3). Addition
of electrolytes facilitated the sorption of DHA. The calcu-
lated K, value of DHA to biochar increased by 38 and 25%,
respectively, after addition of Na* and Ca** (Fig. 3). The
reason for the increased DHA sorption was assumed to arise
from the changed interactions between DHA and biochar
with addition of electrolytes. Sorption mechanisms of DHA
to biochar mainly involved hydrogen bonding, hydropho-
bic and n-m interactions (Bhatnagar and Sillanpii 2017;
Lian et al. 2015). At experimental conditions (pH 6.0), both
DHA and biochar surfaces were negatively charged (Fig. 1c
and Fig. 2¢). Addition of Na* or Ca*" could screen the

(a) C=C C=0 =~ (b) ()
1597 £
1.0} C-H c 0012 |
< 6 r
o
o 08F T
3] c=0 ‘€ 0009 t 3
C : -_—
s 1693 Aromatic o T 4
o 06F C-H ° £
3 bending g 0006 | w
S 04¢f “ee2 3 f
< A 9 2 :
|§21 o 0.003 !
4 s 5 | pH,.=2.8
A D_ :
00 . s v s s . 0.000 -0 0 -
4000 3600 3200 28002000 1600 1200 800 1 10 100 1000 0 2 4 6 8
Wavenumber (cm™) Pore diameter (nm) Initial pH
Fig. 1 FTIR spectra (a), pore size distribution (b) and determination of the pH,. (¢) of the biochar
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Fig. 2 Intensity-based particle size distribution (a), AFM image (b) and zeta potential (¢) of DHA
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Fig.3 Sorption isotherms of DHA to biochar in different solutions.
The solid lines represent the Initial Mass isotherm fitting results

electrostatic repulsion among the segments of DHA mol-
ecules, and thus resulted in a denser DHA macromolecular
structure (Pan et al. 2008). This helped DHA molecules bet-
ter contact the biochar surfaces, and they can be more easily
sorbed. At the same time, Na* and Ca®* in solution could
decrease the repulsive force between DHA and biochar by
neutralizing the negative charges. Test results showed that
the concentration of introduced Na* from pH adjustment in
DHA solution was 300 mg'L_]. Thus, DHA sorption to bio-
char in deionized water could also be facilitated by such an
amount of Na* due to the fact that additional Na* enhanced
DHA sorption (Fig. 3).

Lower amount of DOM was released from biochar in
CaCl, solution compared with that in NaCl solution and
deionized water (0.165 versus 0.815/0.716 mg g~! accord-
ing to the calculated r values of the Initial Mass isotherm)
(Fig. 3). This may be because, compared with monovalent
cation Na™, bivalent cation Ca>* bound to negatively charged
biochar surfaces could serve as bridges in DOM sorption
to biochar as reported in previous studies (Li et al. 2017,
MacKay and Canterbury 2005). It should be noted that the
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Fig.4 Sorption of BTA to DHA in different solutions determined by
dialysis bag sorption experiments. Initial concentrations of DHA and
BTA are 8.1 and 30 mg L™, respectively

calculated amount of DOM released from biochar was less
than 0.12% of the total biochar C. In addition, the added
exogenous DHA amount in experimental systems was about
6.5 to 58 times higher than the released DOM amount from
biochar. Thus, it is reasonable to infer that effect of released
DOM from biochar on DHA sorption was limited.

3.3 Sorption of BTA to DHA

According to the results of dialysis bag sorption experi-
ments (Fig. 4), sorption of BTA to DHA in NaCl solution
showed a decrease (22%) compared with that in deionized
water. However, BTA sorption to DHA in CaCl, solution
was quite higher than that in deionized water with Kppa
value increasing by 4.52 times. DHA was proposed to be
amphiphilic in nature, and it can form regions similar to
detergent micelles in aqueous phase (Ragle et al. 1997; Wu
et al. 2010). Under experimental conditions (pH 6.0), some
carboxyl and hydroxyl functional groups of DHA were
deprotonated, and the molecules were negatively charged.
The molecules were stretched due to the inter- or intramo-
lecular repulsion. But the weakly condensed aromatic rings
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with plenty of attached alicyclic and aliphatic structures can
still exist as hydrophobic domain, which were also identified
as discrete hydrophobic region (Pan et al. 2007). For neutral
organic compounds such as BTA, hydrophobic and #-r inter-
actions with the hydrophobic domain are mainly responsible
for sorption to DHA (Longstaffe et al. 2013; Pan et al. 2007;
Zhu et al. 2004). In this way, sorption of BTA to DHA in
deionized water was observed (Fig. 4).

The conformation of DOM is sensitive to changes of salt
concentration and cation valence, which affects its interac-
tions with organic contaminants (Pan et al. 2008; Ragle et al.
1997; Schlautman and Morgan 1993). As salts were added,
the negative charges of DHA were neutralized and inter-
and intramolecular repulsions decreased, and consequently
the aggregation of DHA molecules were promoted. Though
larger hydrophobic domains for BTA can be formed due
to the gathering of separated hydrophobic microenviron-
ment, the Kpy decreased after addition of Na* (Fig. 4).
Therefore, a more compressed form of aggregates could
be formed. Hence, Ky, decreased owing to the low avail-
ability of sorption sites. The results of previous research
on this subject indicated that these effects may be quite
complex. Similarly, it was found that sorption of polycyclic
aromatic hydrocarbons (perylene, pyrene and anthracene)

40 —
(a) Deionized water
. 30r
o
o
E
O"' 20
Coha(mg L)
AQ A8.1
10 1 1 1 1 1 1
0 10 20 30 40 50 60 70
Ce (mg L)
40
(c) 0.01 M CaCl,
‘Tm 30
)]
E
n
O
20
Coha(mg L)
o0 56 m38.1
10 1 1 1 1 1 1
0 10 20 30 40 50 60 70

Ce (mg L)

Cs(mg g™

Qm, B1a (Mg g7)

by DHA generally decreased with increasing ionic strength
(0.001-0.1 M NaCl) (Schlautman and Morgan 1993). The
reason was mainly due to the decrease in size of hydropho-
bic sites, also known as hydrophobic cavities where van
der Waals forces between DHA and organic compounds
can happen as a portion of the whole hydrophobic interac-
tions. Thus, the inability of organic molecules to enter the
reduced-size hydrophobic cavities caused the sorption inhi-
bition. Furthermore, it seemed unlikely that the salting-out
effect would have a strong impact on BTA-DHA interactions
because of the relatively low ionic strength (0.01 M).

On the other hand, divalent cations like Ca®* enable
bridging of negatively charged groups of DHA and then
cause the DHA macromolecules to coil (Pan et al. 2008).
The self-coiling process and aggregation between DHA
molecules can form large hydrophobic regions, leading to a
more favorable partitioning and ©- interaction environment
(Longstaffe et al. 2013; Pan et al. 2007). Therefore, BTA
sorption was remarkably enhanced (Fig. 4).

3.4 Effect of DHA on BTA sorption

Sorption isotherms of BTA to biochar in different solutions
can be well fitted by the Dual-mode model (Fig. Sa—c and

40
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Fig.5 Isotherms of BTA sorption to biochar in different solutions (a—c), and correlations of the calculated K, and Q,, of BTA with O, of DHA

(d). The solid lines in panels a—c are the Dual-mode model fitting results
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Table 1), demonstrating that both partition and adsorption
contributed to the sorption. In addition, high nonlinearity of
the isotherms was observed with Freundlich n values vary-
ing from 0.267 to 0.381 (Table 1), especially at low BTA
concentrations. The nonlinearity at low concentrations was
ascribed to adsorption interactions (such as n-x interactions)
between BTA and biochar sites with high activity (e.g., aro-
matic structures) (Hart et al. 2004; Keiluweit and Kleber
2009). At moderate to high concentrations, the adsorption
gradually became saturated and the partition in noncarbon-
ized phase of biochar (Chen et al. 2008) resulted in an appar-
ent linear isotherm.

Variations in the partition and adsorption components of
biochar in different solutions were assessed using the parti-
tion coefficient (K,) and the maximum adsorption capacity
(Q,,) from the Dual-mode model, respectively. As can be
seen in Table 1, the Q,, in deionized water (24.8 mg g h

decreased with addition of Na* (22.1 mg g~!) or Ca**
(23.8 mg g™"). The K,, in deionized water (0.144 L g™")
decreased with addition of Na* (0.101 L g_l) but increased
with addition of Ca®* (0.220 L g"). After addition of DHA,
the K, increased from 0.144 L g7 't00.171 L g7! in deion-
ized water, from 0.101 L g~! to 0.224 L g~! in NaCl solu-
tion and from 0.220 L ¢~! t0 0.307 L ¢! in CaCl, solution.
While, the Q,, increased from 24.8 mg g~' to 25.5 mg g™!
in deionized water and from 22.1 mg g~! to 27.4 mg g~!
in NaCl solution, but decreased from 23.8 mg g~! to
14.1 mg g~" in CaCl, solution. These observations indicated
that partition and adsorption of BTA to biochar changed
with variation in solution chemistry (such as different cati-
ons and DHA). The phenomenon can be attributed to the
following reasons.

As the biochar surfaces were negatively charged at
experimental conditions (pH 6.0), they had a strong

Table 1 Sorption parameters of BTA to biochar fitted by different isotherm models

Solution Coua® Dual-mode model
K,(Lg™" Q,, (mgg™ K, (Lmg™h) R? RMSE®
Deionized water 0 0.144 24.8 0.313 0.959 1.23
0.01 M NaCl 0 0.101 22.1 0.313 0.957 0.900
0.01 M CaCl, 0 0.220 23.8 0.465 0.988 0.629
0.01 M CaCl, 5.6 0.180 22.7 0.345 0.994 0.445
0.01 M CaCl, 8.1 0.307 14.1 0.605 0.983 0.841
Deionized water 8.1 0.171 25.5 0.325 0.984 0.771
0.01 M NaCl 8.1 0.224 274 0.211 0.968 1.27
Solution Coua® Freundlich model
Ky (mg!=" 1" g7 n R? RMSEP
Deionized water 0 9.66 0.297 0.971 1.27
0.01 M NaCl 0 9.18 0.267 0.975 0914
0.01 M CaCl, 0 10.9 0.289 0.997 0.473
0.01 M CaCl, 5.6 9.14 0.310 0.993 0.536
0.01 M CaCl, 8.1 6.45 0.381 0.952 1.50
Deionized water 8.1 9.99 0.306 0.992 0.744
0.01 M NaCl 8.1 8.45 0.375 0.970 1.20
Solution Cpua? Dubinin-Astakhov model
Q,, (mgg™ E (kJ mol™") v R? RMSE®
Deionized water 0 38.3 25.5 4.22 0.953 1.37
0.01 M NaCl 0 49.1 27.5 2.08 0.972 0.830
0.01 M CaCl, 0 54.9 27.3 247 0.989 0.684
0.01 M CaCl, 5.6 97.3 23.7 1.47 0.992 0.553
0.01 M CaCl, 8.1 137 19.8 1.37 0.975 1.12
Deionized water 8.1 81.1 253 1.75 0.992 0.620
0.01 M NaCl 8.1 207 18.6 1.24 0.962 1.17

3DHA concentration (mg-L™")
PRMSE (root mean squared error) = SQRT( (Zf;l (Csfirea — C cmeasured) ) /N ) N is the number of data points
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appetency for the added Na*™ or Ca’* by electrostatic
attraction. As a result, the biochar’s exterior was cov-
ered by the cations. Hence, the hydration of cations could
block BTA access to sites on biochar surfaces (Chen et al.
2007), leading to a slight decrease in Q,, of BTA. The
variation in K, after addition of cations probably resulted
from the potential altered partition domains as described
above.

Several observations for effect of DOM on sorption of
organic pollutants by biochar have been reported, includ-
ing competition for adsorption sites, pore blockage by
DOM coating and provision of extra sorption sites or par-
titioning phase for organic pollutants (Lian et al. 2015;
Wu et al. 2018a; Zhang et al. 2015). The increased Kp
after addition of DHA was directly attributed to enhanced
partitioning of BTA into DHA covered on biochar, which
was supported by the observed results of BTA sorption to
DHA (Fig. 4). Since the sorbed amount of DHA to bio-
char apparently increased in CaCl, solution (Fig. 3), the
decreased Q,, of BTA in CaCl, solution after addition of
DHA can be due to the competition of DHA for sorption
sites and/or pore blockage by DHA coating. As a mat-
ter of fact, the size at major peak of DHA particle size
distribution was remarkably higher than the average pore
size of biochar (152 + 15 nm versus 2.57 nm) (Figs. 1b
and 2a). Thus, the competition and pore blockage from
DHA decreased the availability of sites for BTA, leading
to the inhibitory role of DHA in BTA adsorption to bio-
char. This was further proved by the reduction in K and
E values from Freundlich and Dubinin-Astakhov models,
respectively (Table 1), demonstrating the decreased sorp-
tion affinity of BTA due to DHA sorption to biochar.
The adsorption interaction of BTA with DHA could be
neglected when compared with its sorption to biochar.
The slightly increased Q,, of BTA in deionized water and
NacCl solution after addition of DHA was presumably due
to the higher exposed surface area after dispersion by
DHA (Pan et al. 2013). Similarly, this effect was con-
sidered to cause the slightly increased sulfamethoxazole
sorption to biochar at low DHA concentrations (< 10 mg
LY (Lian et al. 2015).

To further verify the mechanisms, the sorbed amount
(Q,) of DHA to biochar was calculated according to the
Initial Mass isotherm parameters (Fig. 3), then poten-
tial relationships of K, and Q,, of BTA with Q; of DHA
were examined. From Fig. 5d, a strong positive correla-
tion between KP of BTA and Q, of DHA, and a negative
correlation between Q,, of BTA and Q, of DHA were
observed. The results further confirmed that the sorbed
DHA on biochar can not only serve as partitioning phase
to promote the partition of BTA but also compete for sites
and/or block pores available for BTA to inhibit its adsorp-
tion. The variation in apparent BTA sorption to biochar

affected by DHA was thus a combination of changes in
both its partition and adsorption properties.

3.5 Site energy distribution analysis

Identifying site energy distribution of BTA sorption
to biochar can provide useful information on sorption
mechanisms. In both DHA-free and DHA-BTA systems,
E* decreased sharply with an increase of BTA loading
(Fig. 6a—c), which could be understood by the fact that
BTA occupied the high-energy sorption sites of biochar
first, and then transferred to the low-energy sorption sites.
In this experimental system, the high-energy sorption sites
of biochar for BTA can be the aromatic structures allowing
specific interactions (such as n-n interactions) as discussed
above. The noncarbonized phase of biochar was consid-
ered as the low-energy sorption sites for partition. This
was supported by the calculation based on the Dual-mode
model fitting results (data not shown) that contribution of
adsorption to the total sorption decreased while that of
partition increased with an increase of BTA loading.

The site energy distribution curves of BTA sorption
with and without DHA addition showed similar features
(Fig. 6d—f). With the increase of E*, F(E*) increased to
reach a maximum, and then gradually decreased to near
zero. This demonstrated that BTA was primarily adsorbed
to sites with high energy at low concentrations and inter-
acted with sites with low energy at high concentrations.
However, distinct differences between the energy distribu-
tion with and without DHA addition were also observed.
The peak of site energy distribution curves was indicated
as F(Ey*), meanwhile, the site energy (E,*) at the peak
position showed the highest occurring frequency. The two
parameters can provide valuable information in describ-
ing solute-sorbent interactions (Li et al. 2021; Shen et al.
2015). The energy distribution curve of BTA sorption
with DHA addition showed lower E* (3.41-10.4 versus
13.1-20.1 kJ mol~") and higher F(Ey*) (4.09-16.1 versus
2.35-2.88 mol mg kJ~! g7!) than those without DHA addi-
tion (Fig. 6d—f). Therefore, BTA tended to occupy more
toward the relatively low-energy sites with the coexistence
of DHA. While for the none-DHA system, BTA tended to
occupy more toward the relatively high-energy sites. This
was also consistent with the DHA effects on BTA sorption
as identified by the above interpretation because DHA can
provide additional partitioning phase (low-energy sites)
for BTA but decrease the high-energy sites by competing
for adsorption sites and/or blocking pores available for
BTA. As the sorption energies of adsorption and partition
were different, the same E* for BTA sorption with and
without DHA addition may not reliably indicate the same
sites on biochar. Therefore, quantitative analysis on the
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Fig.6 Dependence of site energy on BTA loading (a—c) and site energy distribution of BTA (d—f). In panels d—f, solid lines denote site energy
distribution within the range of experimental data and dashed lines denote site energy distribution beyond the range of experimental data

energy distribution was averted and only the variation of
Ey* affected by DHA was assessed.

3.6 Prediction of BTA sorption affected by DHA
Due to the fact that DHA can play diverse roles in par-
tition (promoted) and adsorption (inhibited) of BTA to

biochar as stated before, an improved model (Eq. (11))
modified from the Dual-mode model was put forward to

@ Springer

better describe BTA sorption affected by DHA according
to the observed relationships (Fig. 5d).

C, = (aCpya +1)K,C, + (bCpys +1)0,K,C,/ (1 + K, C,)

an

where a and b indicate fitting parameters under the DHA
effect.

The Microsoft Excel Solver tool was used to calculate

the parameters in Eq. (11) according to the sorption data
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in Fig. 5a-c. Subsequently, the predicted K, values of BTA
were derived from Eq. (6) and then compared to the experi-
mental values. It can be seen from Fig. 7 that the proposed
model displayed a good performance in describing BTA
sorption to biochar under the DHA effect. Specifically, most
deviations between the measured and predicted K, values
were less than 0.1 log unit. Thus, the proposed model can
be used as an effective way in predicting sorption of BTA to
biochar in different solutions affected by DHA.

4 Conclusions

This study emphasized that DHA can pose diverse roles in
partition and adsorption of BTA to biochar. On the one hand,
adsorption of BTA was inhibited by DHA due to its competi-
tion for sites and/or pore blockage of biochar. On the other
hand, partition of BTA was promoted by DHA since the
sorbed DHA on biochar can provide additional partitioning
phase for BTA. This was verified by the site energy distri-
bution analysis of BTA sorption that the site energy of the
highest occurring frequency decreased from 13.1-20.1 to
3.41-10.4 kJ mol~! with addition of DHA. Sorption of BTA
to biochar in different electrolyte solutions affected by DHA
can be well predicted by an improved Dual-mode model
including the aqueous concentration of DHA, with most K,
(L g7!) deviations within 0.1 log unit. Further studies will
be required to evaluate the above discussed concept to other
contaminants, sorbents with different degrees of carboni-
zation, and DOM (e.g., different fractions extracted from
natural soils) to better understand the organic contaminant-
DOM-biochar interactions.
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