Environmental Science and Pollution Research (2018) 25:31486-31496
https://doi.org/10.1007/s11356-018-3071-2

RESEARCH ARTICLE

@ CrossMark

Roles of hydrophobic and hydrophilic fractions of dissolved organic
matter in sorption of ketoprofen to biochars

Lin Wu' - Ningwei Yang' - Binghua Li? - Erping Bi'

Received: 8 February 2018 /Accepted: 27 August 2018 /Published online: 10 September 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

Hydrophobic acid (HoA) and hydrophilic neutral (HiN) are two major fractions of dissolved organic matter (DOM). Their role in
the sorption of ketoprofen (KTP) to wheat straw-derived biochars pyrolyzed at 300 °C (WS300) and 700 °C (WS700) was
investigated to further probe the mechanisms responsible. WS700 has much higher pore volume and specific surface area (SSA)
than WS300. Loading of HoA and HiN resulted in surface coverage of biochars. HoA with larger molecular size led to more pore
blockage of biochars than HiN. Higher HoA binding affinity also caused a stronger competition with KTP on biochars. These
factors reduced the accessibility of sorption sites for KTP, and significantly inhibited KTP sorption to biochar of lower SSA (i.e.,
WS300) by HoA. Water solubility (Sy,) of KTP was slightly enhanced (3%) in the presence of HoA. In contrast, the presence of
HiN reduced (22%) S, of KTP. The decreased S,, of KTP by HiN exerted a more dominant influence than its competitive and
loading effects, thus led to apparent enhanced sorption of KTP, especially to biochar of higher SSA (i.e., WS700). The results
demonstrated the diverse effects of HoA and HiN on KTP sorption, which is helpful in understanding pharmaceutical-DOM-
biochar interactions and environmental behaviors of pharmaceuticals.

Keywords Ketoprofen - Biochar - Sorption - Solubility - Dissolved organic matter (DOM) - DOM fractions
Abbreviations WS700 Wheat straw-derived biochar at 700 °C

KTP Ketoprofen DOM  Dissolved organic matter
WS300 Wheat straw-derived biochar at 300 °C DOC Dissolved organic carbon

Highlights

* Loading of HoA and HiN resulted in surface coverage and pore
blockage of biochars.

* HoA has larger molecular size and higher binding affinity to biochars
than HiN.

» Competition of HoA significantly inhibited KTP sorption to biochar of
lower SSA.

* HiN could enhance KTP sorption to biochars by reducing solubility of
KTP.

* KTP sorption enhancement by coexisting HiN is pronounced on biochar
of higher SSA.

Responsible editor: Philippe Garrigues

< Erping Bi ' School of Water Resources and Environment, Beijing Key
bi@cugb.edu.cn Laboratory of Water Resources and Environmental Engineering, and
. MOE Key Laboratory of Groundwater Circulation and
Lin Wu Environmental Evolution, China University of Geosciences
wulinline@163.com (Beijing), Beijing 100083, China
Ningwei Yang

ningweiv@ 126.com Beijing Water Science and Technology Institute, Beijing 100048,

Chi
Binghua Li na

libinghua75@163.com

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-018-3071-2&domain=pdf
mailto:bi@cugb.edu.cn

Environ Sci Pollut Res (2018) 25:31486-31496

31487

HoA Hydrophobic acid

HiN Hydrophilic neutral

HPLC  High performance liquid chromatography
SSA Specific surface arca

SEM Scanning electron microscope
Introduction

In recent years, anti-inflammatory pharmaceuticals are
emerging organic pollutants, which have gained increasing
public and scientific attention due to their wide presence in
the environment and potential risk to human health (Fick
et al. 2009; Stuart et al. 2012; Yang et al. 2017). Sorption
is an important process that controls the transport and envi-
ronmental risks of these organic pollutants (Doucette 2003;
Metzelder et al. 2018). Recent studies have indicated that
biochar, which is produced by heating biomass under
oxygen-limited conditions and widely used as a soil amend-
ment, plays a significant role in sorption of organic pollut-
ants (Jin et al. 2016; Kumari et al. 2014; Zhang et al. 2017).
Pyrolysis temperature is a key factor that influences the
nature of biochar and its sorption properties for organic
pollutants (Xiao et al. 2014). Typically, biochar produced
at relatively low temperatures is not fully carbonized and
sorption of neutral organic pollutants to it is controlled by
absorption (i.e., partition) (Chen et al. 2008; Chen et al.
2012a). Biochar produced at high temperatures is well car-
bonized and adsorption interactions (e.g., 7t-7t interactions
and H-bond) are the main sorption mechanisms for organic
pollutants (Kah et al. 2017; Keiluweit and Kleber 2009).

Dissolved organic matter (DOM) is widely present in
the environment. Sorption of pharmaceuticals by biochar
applied to soil might be greatly affected by soil DOM (Oh
et al. 2016; Pan et al. 2013). Previous studies have shown
that DOM can decrease or enhance sorption of organic
pollutants to carbonaceous materials on account of its
varied interactions with them, including competition for
sorption sites (Shimabuku et al. 2014) and binding with
organic compounds (Bedard et al. 2014). As DOM is a
diverse and complex mixture of compounds, it can be
fractionated based on its hydrophobic characteristics
(Straathof and Comans 2015). The proportion of hydro-
phobic and hydrophilic fractions varies in different DOM
samples, which is mainly caused by the difference in or-
igin, maturity level, storage time, and concentration of
DOM (Chefetz et al. 1998). It was reported that hydro-
phobic acid (HoA) and hydrophilic neutral (HiN) are two
major fractions of DOM (Maoz and Chefetz 2010; Xue
et al. 2009; Yang and Bi 2017), which might control the
binding of organic pollutants to DOM. For example, HoA
plays an important role in governing the sorption of tri-
azine herbicides by DOM (Ilani et al. 2005).

The fractionation scheme of DOM based on its hydro-
phobic characteristics has provided valuable mechanistic
information on the interaction between DOM and organic
pollutants. For instance, binding of pyrene to hydrophobic
neutral and HoA fractions is controlled by nonspecific
interactions and specific 7t-7t interactions, and the higher
binding of hydrophobic neutral fraction is mainly because
of its greater hydrophobicity, aromaticity, and large mo-
lecular size (Mei et al. 2016; Polubesova et al. 2007).
Among the hydrophilic fractions, the hydrophilic acid
fraction exhibits the highest sorption affinity for carba-
mazepine, probably due to its bipolar characteristics
(Maoz and Chefetz 2010). However, research on the roles
of various hydrophobic and hydrophilic fractions of DOM
extracted from soil in sorption of organic pollutants by
different sorbent is quite limited (Chen et al. 2011), and
urgently needed to clarify the overall binding properties.

Ketoprofen (KTP) is a nonsteroidal anti-inflammatory and
analgesic drug. It is introduced primarily after medication via
urinal or fecal excretion into sewage treatment plants, where it
is not eliminated efficiently due to its lipophilic and biologically
persistent characteristics (Xu et al. 2009). KTP was frequently
detected in wastewater effluents and surface waters at levels
ranging from nanogram per liter up to microgram per liter and
has raised potential concerns (such as the enhanced toxicity of
chemical mixtures and development of antibiotic-resistant bac-
teria) in recent years (Tixier et al. 2003). In addition to the
occurrence in aquatic environments, KTP can also be intro-
duced into agricultural soil via treated wastewater irrigation.
Biochar applied to soil thus has the potential to sequester
KTP due to its high sorption capacity. Previous research has
shown that there is a positive relationship between KTP sorp-
tion and the organic carbon content of the soils and sediments
(Jozsef et al. 2012; Xu et al. 2009). In addition, dissociation of
KTP would decrease its sorption due to the low hydrophobicity
of anionic species (Wu et al. 2017). However, influence of
hydrophobic and hydrophilic fractions of DOM on KTP sorp-
tion to biochars has not been studied, which is important in
gaining a better understanding of KTP-DOM-biochar interac-
tions and environmental behaviors of KTP.

The purpose of this study was to identify the roles of
hydrophobic and hydrophilic fractions of DOM in sorp-
tion of KTP to biochars. HoA and HiN were selected as
representative hydrophobic and hydrophilic fractions of
DOM, respectively. DOM fractions (i.e., HoA and HiN)
and biochars with different degrees of carbonization were
prepared and characterized. Batch experiments on KTP,
HoA, and HiN sorption to biochars in both single solute
and bisolute systems, and dialysis bag experiments of
KTP sorption to HoA and HiN were carried out.
Dissolved organic carbon from biochars and solubility of
KTP in different solutions were also examined. Sorption
data was fitted by suitable models and discussed.
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Materials and methods
Chemicals

KTP (> 98.0%) was purchased from Tokyo Chemical Industry
(Japan). Selected physicochemical properties of KTP are pre-
sented in Table 1. Stock solution was prepared by dissolving
KTP in methanol from Fisher Chemical Company (Fair Lawn,
NJ). The stock solution was diluted with ultrapure water to get
the appropriate KTP standard solution for the preparation of
standard samples. The solution remained clear after dilution.
Acetic acid and NaCl were purchased from Beijing Chemical
Works (Beijing, China).

DOM fractionation and characterization

DOM was extracted from natural humus soil collected from
Yimeng mountain, China, as a representative natural DOM.
The soil was sieved (2 mm) and mixed with deionized water at
a ratio of 1 g:10 mL, then the mixture was shaken (175 rpm,
2541 °C) for 24 h. The suspension was then centrifuged
(3000 rpm, 30 min), and the supernatant was filtered through
0.45 um filters (Millipore, Bedford, MA, USA) and used as
DOM solution. HoA and HiN were isolated from the natural
humus soil-derived DOM using a published method (Engel
and Chefetz 2015; Leenheer 1981). In brief, the DOM solu-
tion was acidified to pH 2.0 with 6.0 M HCl and loaded onto a
glass column containing XAD-8 resin (Sigma, USA). HoA
was displaced from the resin with 0.1 M NaOH. The remain-
ing unsorbed hydrophilic fractions were loaded onto a cation
exchanger Amberlyst-15 (Shanghai Aladdin Reagent Co.
Ltd., China) and an anion exchanger Amberlyst A-21
(Shanghai Aladdin Reagent Co. Ltd., China) in sequence.
HiN was eluted while the other fractions were retained on
the resin. The flow rate was less than 10 pore volumes per
hour through the glass column. For purification, HoA and
HiN were then dialyzed (100 Da, dialysis bags, Union
Carbide Corporation, USA) against deionized water for 48 h
(change water every 4 h) to remove salts and impurities
(Haham et al. 2012).

The concentration of dissolved organic carbon (DOC) in
HoA and HiN was determined using a total organic carbon
(TOC) analyzer (TOC-3210, Shimadzu, Japan). HoA and HiN
were stored at 4 °C and diluted to the appropriate concentra-
tions for further experiments. The freeze-dried HoA and HiN
were analyzed for C, H, N, and O contents with a Thermo
Scientific FLASH 2000 CHNS/O Elemental Analyzer. The

total acidity of HoA and HiN was determined using a titration
procedure (Christensen et al. 1998). Ultraviolet absorption of
HoA and HiN solution at 465 (E4) and 665 (Es) nm was
measured using a Shimadzu UV-1800 spectrophotometer.
The ratios of the measured absorption values (E4/E4 ratios)
were calculated to evaluate the aromaticity, molecular weight,
and polarity of the samples (Peuravuori and Pihlaja 1997).
The hydrodynamic diameters of HoA and HiN were measured
by a dynamic light scattering (DLS) method using a
ZetaPALS instrument (Brookhaven Instrument Co., USA).
Briefly, HoA or HiN solution (30 mg L") was poured into a
cuvette until the cuvette was filled to the brim. The instrument
was operated at 25 £ 1 °C with measuring angle of 90° to the
incident beam. Atomic force microscopy (AFM) was used to
investigate the conformation of HoA and HiN. Briefly, the
freshly cleaved muscovite surface was dipped into HoA and
HiN solution (30 mg L") to allow sorption of HoA and HiN
molecules. The muscovite samples were then placed into de-
ionized water to remove weakly sorbed particles, followed by
air drying. The samples were then analyzed using a tapping
mode AFM (Dimension Icon, Bruker Co., USA). The scan-
ning speed was maintained at 1.00 Hz. The charge properties
of HoA and HiN were determined by zeta potential measure-
ments, which were conducted at pH 3.0, 4.0, 5.0, 6.0 7.0, 8.0,
and 9.0 (with concentration of 30 mg L") using a Nano-Z
Zetasizer (Malvern Instruments Ltd.).

Biochar preparation and characterization

Two biochars were produced from wheat straw at 300 and
700 °C (referred to as WS300 and WS700, respectively) as
described in a previous study (Wu et al. 2017). They were
chosen as sorbents representing different degrees of carboni-
zation. In brief, wheat straw was placed in a ceramic pot,
covered with a fitting lid, and torrefied (at 300 °C) or pyro-
lyzed (at 700 °C) in a muffle furnace under oxygen-limited
conditions for 6 h to prevent calcination of the biomass in the
presence of oxygen. For demineralization, the charred resi-
dues were treated with 1.0 M HCI for 24 h. The acid was then
removed by rinsing the biochars with deionized water until the
rinse water reached a pH of 7.0. The biochars were then oven-
dried overnight at 80 °C, passed through a 0.38 mm mesh, and
stored in foil covered bottle at room temperature (25+1 °C)
for subsequent experiments.

The specific surface area (SSA) of biochars was measured
by N, gas adsorption-desorption at the liquid N, temperature
using a Micromeritics ASAP 2020 M + C (USA). The

Table 1 Selected
physicochemical properties of
KTP

Compound  CAS number

KTP 22071-15-4 HO

*From SRC Physprop Database
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multipoint Brunauer-Emmett-Teller (BET) analysis of the ad-
sorption data points was employed to calculate the SSA. The
total pore volume (Vpore) Was determined from a single-N,
adsorption point at a relative pressure of 0.95. Elemental (C,
H, N) analyses were conducted using an Elementar vario EL
(Germany). A scanning electron microscope (SEM, S-4800,
Hitachi, Japan) was used to determine the inner structure and
morphology of biochars. The elemental composition, SSA,
Vpore» and SEM images of biochars loaded with HoA and
HiN were also obtained. In brief, the HoA and HiN solution
(30 mg L !) was decanted into 20 mL brown glass vials with
pre-weighed biochars. Initial solution pH was adjusted to 5.0
using 1.0 M HCI and NaOH. Samples were pre-equilibrated
with solid-to-water ratios similar to the sorption experiments.
After that, the suspensions were centrifuged at 3000 rpm for
15 min. The residues were rinsed with deionized water and
then freeze-dried for measurement.

Sorption experiments

Both batch and dialysis bag sorption experiments were con-
ducted to determine the sorption coefficients according to the
different sorbate-sorbent interactions. Sorption of KTP, HoA,
and HiN to biochars was conducted by a batch equilibrium
method. The 20 mL of sorbate solution (0.01 M NaCl as
background electrolyte in ultrapure water) was added into
20-mL brown glass vials after containing biochars (0.02 g of
WS300 or 0.003 g of WS700). For KTP isothermal experi-
ments, initial concentrations of KTP were 2, 8, 15, 25, 35, and
45 mg L' with addition of 0 or 30 mg L' HoA or HiN
(Table 2). For the sorption experiments of HoA and HiN to
biochars, initial concentrations of HoA or HiN were 5, 15, and
30 mg L' with addition of 0 or 30 mg L™ KTP. For sorption
experiments of KTP, HoA, and HiN to biochars, initial solu-
tion pH was adjusted to 5.0 using 1.0 M HCI and NaOH. The
solution pH was also monitored at the end of the experiments
and no significant change (within 0.5) was observed. The
sample vials were placed on a reciprocal shaker in the dark

Table 2 Conditions of batch sorption experiments of KTP, HoA, and
HiN to WS300 and WS700 at pH 5.0

Primary (+secondary) sorbate  C; " (mg LY Ci. Secb (mg LY
KTP 2,8, 15,25, 35,45 0
KTP (+HoA) 2,8,15,25,35,45 30
KTP (+HiN) 2,8,15,25,35,45 30
HoA 5,15,30 0
HoA (+KTP) 5,15, 30 30
HiN 5,15,30 0
HiN (+KTP) 5, 15,30 30

? Initial primary sorbate concentration

® Initial secondary sorbate concentration

at 175 rpm and 25+1 °C for 7 days to reach the apparent
equilibrium. After centrifugation (3000 rpm for 15 min for
WS300 and WS700, and 12,000 rpm for 10 min for WS300
in succession), the supernatants were taken for further analy-
sis. For samples containing HoA or HiN, the supernatants
were filtered through 0.45-um filters (Millipore, Bedford,
MA, USA) before measuring. No obvious solute loss (less
than 5%) by the filters was detected.

Sorption coefficients of KTP to HoA and HiN were
determined through dialysis bag sorption experiments
(Maoz and Chefetz 2010). Dialysis bags (100 Da, Union
Carbide Corporation, USA) were boiled in distilled water
for 10 min, and washed sequentially with ethanol and
distilled water before use. The 10 mL of 30 mg L'
HoA or HiN solution (0.01 M NacCl as background elec-
trolyte) was placed in the dialysis bags. The dialysis bags
containing HoA or HiN were placed in 40-mL brown
glass vials containing 20 mL of 30 mg L' KTP solution
(0.01 M NaCl as background electrolyte). Initial solution
pHs were adjusted to 3.0, 5.0, 7.0, and 9.0 by 1.0 M HCI
and NaOH. The vials were placed on a reciprocal shaker
in the dark at 175 rpm and 25+1 °C for 7 days. The
amount of KTP sorbed to HoA and HiN was determined
as the KTP concentrations inside the dialysis bags minus
the concentration outside the dialysis bags. KTP sorption
to the dialysis bags was negligible (< 1%).

The final methanol volume in fractions from KTP stock
solution was kept at <0.1% (v/v) to avoid co-solvent effects.
All experiments were run in duplicate. Blank samples without
biochar were regularly run to account for the minor solute loss
(such as degradation and sorption to the glass walls) (<3%).
KTP concentration was determined using a high performance
liquid chromatography (HPLC) with a 4.6 x 150 mm reverse
phase XDB-C18 column and the UV detector set to 257 nm
(HPLC, Shimadzu Corp, LC-20AT, Japan). The mobile phase
was methanol-water (70:30, v:v) adjusted to pH 3.0 using

acetic acid. The flow rate was 1.0 mL min .

Dissolved organic carbon from biochars

The possible dissolution of DOC from WS300 and WS700 at
different pHs ranging from 3.1 to 11.6 was measured to assess
its effect on KTP sorption. To this end, biochars were mixed
with background solution without KTP on a reciprocal shaker
in the dark at 175 rpm and 25+ 1 °C for 7 days. The solid-to-
water ratios were identical to those used in sorption experi-
ments. Then, the vials were centrifuged as described above,
followed by filtering the supernatants through 0.45-pum micro-
fiber filters (Millipore, Bedford, MA, USA). The DOC con-
centrations in the supernatants were measured by a TOC ana-
lyzer (TOC-3210, Shimadzu, Japan). No obvious DOC loss
(< 5%) by the filters was detected.
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Solubility tests

Solubility (Sy, mg Lfl) of KTP was examined in different
solutions under experimental conditions (pH 5.0, 0.01 M
NaCl as background electrolyte). An excess of solid KTP
was added to solutions with and without HoA or HiN
(30 mg L"), then the vials were shaken (175 rpm, 25+
1 °C) for 24 h, centrifuged (3000 rpm for 15 min), and ana-
lyzed. Duplicates were measured for all the samples.

Data analysis

Sorption coefficients (Ky, L kg ') were calculated as:
Kq=Cs/Ce (1)

where Cy(mg g ') is the amount of sorbate sorbed per unit
mass of sorbent and Co(mg L") is the equilibrium aqueous
concentration of sorbate.

Sorption isotherms were fitted with the Freundlich model
(Eq. 2), Langmuir model (Eq. 3), and the Dubinin-Astakhov
model (Eq. 4):

C, = KpC." (2)
Cs = QmKLCe/(1 +KLCe) (3)
logCs = 10g0,,~((RTIn(Sy/C.))/E)" (4)

where Kr(mg" ~"L"g ") is the Freundlich affinity coefficient,
n is the Freundlich parameter reflecting the nonlinearity of
sorption (nonlinearity increases as n deviates from 1.0),

Om(mg g ") is the maximum sorption capacity, Ki (L mg ")
is the affinity constant, R [8.314 x 10> kJ mol ' K™'] is the
universal gas constant, 7 (K) is the absolute temperature, £
(kJ mol ) is the correlating divisor (commonly used to eval-
uate an average adsorption affinity), and b is a fitting
parameter.

Results and discussion
Characterization of DOM fractions and biochars

Elemental analysis demonstrated a greater N content in HiN
than that in HoA (Table 3). Higher H/C ratio was observed for
HiN than that for HoA (1.7 versus 1.2). In addition, HiN
exhibited a lower C/N ratio (10.0 versus 27.7 in HoA). The
atomic ratio results indicated that HiN may be rich in peptide-
containing compounds like proteinaceous materials with dis-
tinct aliphatic nature (Leenheer 1981; Polubesova et al. 2007).
The total acidity of HoA was higher than that of HiN (Table 3),
which corresponded to its inherent acidic characteristics and
indicated appropriate fractionation procedures.

The ultraviolet absorption measurement results showed
that the E4/E¢ ratio of HoA was higher than that of HiN
(Table 3), suggesting that HoA had a higher molecular
weight, more complicated molecular structure (polyphe-
nol-humic structure), and higher degree of aromaticity
(Chefetz et al. 1998; Engel and Chefetz 2015). It can also
be seen from the DLS measurement results (Fig. 1a) that
the peaks of particle size distribution of HiN and HoA
appeared at 117 and 195 nm, respectively. This indicated
a generally increasing molecular size from HiN to HoA.

Table 3 Properties of DOM

fractions and biochars with and DOM fraction

Properties of DOM fractions®

without loaded HoA and HiN

C@® H@® N@&) O@%) Total acidity (mmol gy E4/Eg
HoA 39.86 3.83 1.68 38.63 13.52 18.59
HiN 39.07 5.54 456 33.65 7.06 443
Biochar” Properties of Biochars

C@®  H®% N@® 0% SSAm g Voore (e’ g 1)
WS300 64.88¢  4.10¢ 0.70¢ 30.32 6° 0.008
WS300HoA 63.58 3.71 1.74 30.97 5 0.003
WS300HiN 63.96 4.00 151 30.53 5 0.005
WS700 67.82¢ 213 0.77¢ 29.28 605¢ 0.421
WS700HoA 62.54 2.62 0.88 33.95 501 0.186
WS700HIN 62.58 3.19 0.83 33.40 454 0.295
*From (Yang and Bi 2017)

®Biochars with loaded HoA and HiN were abbreviated as WS300HoA/WS700HoA and WS300HiN/

WS700HiN, respectively

¢ Determined by mass balance on ash-free basis

9From (Wu et al. 2017)
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Fig. 1 Intensity-based particle 120
size distribution (a), zeta potential (@)
(b), and AFM images (¢ and d) of 100 -
HoA and HiN (30 mg L™"). For Q
<

the measurement of particle size = 80
distribution and AFM images of .‘;'
HoA and HiN, initial solution pH 5 60
was adjusted to 5.0 by 1.0 M HCl =
and NaOH = 40

20

---HiIN —HoA

(b) ©HoA

8HiN

1
n

The AFM image of HoA also showed larger particles
compared with that of HiN (Fig. 1c, d), which was con-
sistent with DLS measurements. In addition, zeta poten-
tials of HoA and HiN decreased with increasing pH (Fig.
1b), and ranged from —5.96 to — 14.10 mV and —7.21 to
—12.20 mV, respectively. The negative zeta potential
values demonstrated that HoA and HiN were negatively
charged under the experimental conditions.

From WS300 to WS700, the C content slightly increased
while the H and O contents slightly decreased (Table 3). The
elemental changes resulted from the higher carbonization
degree of biochar at higher pyrolysis temperature, which
was consistent with the loss of O-containing surface func-
tional groups and dehydration and decarboxylation reac-
tions (Baldock and Smernik 2002; Wu et al. 2017).
Moreover, WS300 prepared at lower temperature was not
fully carbonized. It could contain both noncarbonized and
carbonized phase allowing partition and adsorption process
(Chen et al. 2012a). When the pyrolysis temperature in-
creased to 700 °C, the noncarbonized phase of biochar al-
most disappeared (Chen et al. 2012b). WS700 was mainly
composed of carbonized phase. In addition, owing to the
destruction of volatile organic components (e.g., aliphatic
alkyl and ester groups shielding the aromatic structure)
(Chen and Chen 2009; Keiluweit et al. 2010), WS700 had
much higher SSA and V. than WS300 (Table 3 and
Fig. 2a, d), and thus could provide more sorption sites.
These physicochemical properties suggested that WS700
was more hydrophobic and aromatic compared with
WS300 in which more functional groups and amorphous
structures were preserved. The SSA and Vo of biochars

87.0 nm

0nm

400.0 nm

decreased after loading of HoA and HiN (Table 3 and Fig.
2), suggesting that HoA and HiN caused surface coverage
and pore blockage of biochars. Since HoA had relatively
larger molecular size than HiN, it would exert more pore
blockage of biochars, and thus resulted in a higher decrease
of Vi,ore (Table 3).

Interactions of DOM fractions with biochars and KTP

More HoA and HiN were sorbed to biochars with increasing
concentrations of them (Fig. 3). WS700 with higher SSA and
Vpore clearly had higher sorption capacity for HoA and HiN
than WS300. The max sorption capacity of WS700 was 32.17
and 18.83 times higher than that of WS300 for HoA and HiN,
respectively. When KTP was added to the DOM solution for
simultaneous sorption, sorption capacity of HoA and HiN to
biochars decreased by 14.0-58.3% and 12.0-62.9%, respec-
tively (Fig. 3). The results indicated that DOM fractions and
KTP could compete for the same sorption sites of biochars.
Since KTP was reported to interact strongly with the carbon-
ized phase (i.e., condensed polyaromatic structures) of bio-
chars (Wu et al. 2017), the carbonized phase could also be
the main sorption domain for DOM fractions.

It can also be seen that binding affinity of HoA to WS700
was significantly higher than that of HiN (Fig. 3). The sorption
capacity of WS700 for HoA was 2.23-3.32 times higher than
that for HiN. The characterization results demonstrated that
HoA had higher degree of aromaticity than HiN. Thus, there
would be stronger specific interactions (such as 7-7t interac-
tions) (Lerman et al. 2013) between HoA and carbonized
phase of biochars. This was also supported by the larger

@ Springer
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5.0kV 3.5mm x10.0k

5.0kV 3.6mm x20.0k

Fig.2 SEM images of WS300 (a), WS300 with loaded HoA (b) and HiN (c), WS700 (d), and WS700 with loaded HoA (e) and HiN (f). Magnification

and acceleration voltage of the SEM are shown at the bottom of the panels

EHoA OHoA+KTP (2) WS300
1.5 - HiN HiN+KTP

C, (HoA/HiN) (mg g')

40
B HoA OHoA+KTP (b) WS700
SHiN OHiN+KTP

30 -

10 A

C, (HoA/HiN) (mg g)
~
<>

o | IS [
5 15 30
C, (HoA/HiN) (mg L)

Fig.3 Sorption of HoA and HiN to biochars with and without addition of
30 mg L™ KTP in solution. Cj is the initial concentration of HoA or HiN.
Initial solution pH was adjusted to 5.0 by 1.0 M HCI and NaOH. The
background electrolyte was 0.01 M NaCl

@ Springer

HoA and HiN sorption differences on WS700 than that on
WS300 (Fig. 3), which could be due to the higher proportion
of carbonized phase of WS700. In a previous study, DOM
adsorptive fractionation by clay soil was elucidated (Avneri-
Katz et al. 2016). The results showed that the HoA was pref-
erentially sorbed by soil among the hydrophobic and hydro-
philic fractions of DOM with up to 70% of total adsorbed
carbon, which was in accord with observations of higher
HoA sorption by biochars in this study.

Results of dialysis bag sorption experiments showed that
KTP binding to HoA and HiN in solution at pH 3.0-9.0 was
negligible with the sorption amounts measured generally
equal to zero (data not shown). Meanwhile, the solubility test
results (Fig. 4) showed that S, of KTP was slightly enhanced
(3%) in the presence of HoA, whereas S, of KTP decreased
(22%) in the presence of HiN. The partition coefficient of
solute from the aqueous phase to DOM-containing solution
can also be reflected by the solubility enhancement in the
presence of DOM, assuming a partition-like interaction
(Chiou et al. 1986). The small increase or even decrease in
S, of KTP indicated that association of KTP with DOM frac-
tions in solution was very weak. This was in accordance with
the results of dialysis bag sorption experiments. The reasons
can be explained as follows.

HoA and HiN were negatively charged to some extent (Fig.
1b). At the same time, a previous study determined that KTP
molecules (78%) existed as anionic species at pH 5.0 since the
H* dissociated from -COOH group (Wu etal. 2017). Thus, the
weak binding between DOM fractions and KTP could result
from the electrostatic repulsion between negatively charged
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Fig. 4 Solubility of KTP in different solutions at 25+ 1 °C. Solution pH
was 5.0. Concentration of HoA and HiN was 30 mg L™". The background
electrolyte was 0.01 M NaCl. The error bars representing standard errors
are very short and cannot be seen

DOM fractions and anionic species of KTP. In addition, com-
petition from water molecules gathered around HiN
(Pignatello 2012) may make it difficult for KTP to interact
with HiN. This also decreased the number of free water mol-
ecules available to hydrate KTP, and consequently led to ob-
vious reduction in S, of KTP. Since HoA, by definition, was
more hydrophobic than HiN, it could have a relatively higher
binding affinity with KTP, and therefore slightly enhanced S,
of KTP. Overall, however, the binding interactions between
DOM fractions and KTP were very weak. Previous research
also showed that binding of some pharmaceuticals (ibuprofen,
carbamazepine, and sulfapyridine) to DOM in solution was
insignificant (Haham et al. 2012; Hernandez-Ruiz et al. 2012),
which was consistent with this study.

Effects of DOM fractions on KTP sorption to biochars

For the control samples without addition of HoA or HiN,
sorption of KTP to WS700 was significantly higher than that
to WS300 due to more available sorption sites of WS700
(Fig. 5 and calculated Ky values in Table 4). Since KTP sorp-
tion isotherms to both WS300 and WS700 were highly non-
linear with »n values varying from 0.07-0.16 (Table 4), parti-
tion of neutral species (22% at pH 5.0) of KTP to
noncarbonized phase could be insignificant, and KTP sorption
to biochars was dominated by adsorption. In addition, sorption
affinity of neutral species to biochars was higher than that of
anionic species due to the higher hydrophobicity of the former
as identified in the previous study (Wu et al. 2017).

The released DOC amount was < 3.15% of total biochar
C. Assuming that the sorption coefficient of KTP to the
released DOC (Kpoc) was as high as that to the original
biochars (K,.), KTP sorption to the released DOC only
accounted for less than 3.15% of the total organic carbon
in biochars. Furthermore, a previous study showed that the
K, values of naphthalene to biochars at C,, of 0.4 solubility

3
(a) WS300
o
of
E
© 0 - A Control
OHIN
1 OHoA
0 10 20 30 40 50
C, (mg L)
100
(b) WS700
T
o0
£
> A Control
20 + OHiN
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Fig. 5 Effects of HoA and HiN on KTP sorption isotherms to biochars.
Each of the duplicate treatments is plotted. The black lines are the
Freundlich model fitting results. Initial solution pH was adjusted to 5.0
by 1.0 M HCI and NaOH. Initial concentration of HoA and HiN was
30 mg L™". The background electrolyte was 0.01 M NaCl

(Zhang et al. 2015) were 1.3—-10.2 times of the Kpoc value
of naphthalene between dissolved humic acid and water
(Pignatello et al. 2006). Therefore, it is reasonable to deduce
that effect of KTP sorption to the released DOC from bio-
chars was negligible.

Results of HoA and HiN effects on KTP sorption showed
that addition of HiN in solution enhanced KTP sorption to
WS300 and WS700, according to the Freundlich model
(Fig. 5). The calculated Ky values of KTP to WS300 and
WS700 at C, of 20 mg L™" increased by 23% and 39%, re-
spectively, after addition of HiN (Table 4). However, sorption
of KTP to biochars was inhibited when HoA was added to
solution (Fig. 5). Compared to controls, the calculated Ky
values at C, of 10 and 20 mg L™ decreased by 15.6-48.5%
and 13.7-48.2%, respectively, after addition of HoA (Table 4).
Correspondingly, the calculated Q,, values in Langmuir and
Dubinin-Astakhov models also showed consistent trends
(Table 4). The observed different effects of HiN and HoA on
sorption of KTP to biochars indicated that they could play
diverse roles. The possible reasons are discussed below.

When HoA or HiN was added to the solution system, their
loading to biochars reduced the SSA and V. of biochars
(Table 3). In addition, competitive sorption of KTP and
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Table 4  Fitting results of isotherm models for KTP sorption to biochars in solution with and without addition of HoA or HiN (30 mg-L™") at pH 5.0
Sample Biochar Freundlich model

Kr mg™ L7 g™l n R? RMSE? Ky (L kg yatC.(mg L™

10 20

Control WS300 0.89 0.16 0.85 0.13 130.26 72.98
Control WS700 42.82 0.07 0.88 1.82 5055.92 2657.69
HoA WS300 0.45 0.17 0.95 0.03 67.14 37.82
HoA WS700 33.55 0.10 0.94 1.19 4265.80 2292.81
HiN WS300 0.68 0.32 0.97 0.07 143.71 90.01
HiN WS700 51.05 0.12 0.94 2.92 6785.78 3696.39
Sample Biochar Langmuir model

Om (mg g™ K (Lmg™") R? RMSE*
Control WS700 53.19 4.70 0.71 2.85
HoA WS700 47.62 1.47 0.91 1.53
HiN WS700 72.46 3.83 0.72 6.22
Sample Biochar Dubinin-Astakhov model

Om(mg g™h E (kJ mol ) b R? RMSE*
Control WS700 94.00 337.09 0.33 0.86 1.72
HoA WS700 51.08 33.85 1.60 0.93 1.10
HiN WS700 100.88 57.47 0.76 0.92 291

*RMSE = \/ lyn (f itted—measured)?,  is the number of data points

DOM fractions on biochars occurred (Fig. 3). These factors
reduced the accessibility of sorption sites for KTP, thus result-
ed in the inhibitory role of HoA in KTP sorption to biochars
(Fig. 6). Since HoA had higher binding affinity to biochars for
occupying sorption sites than HiN, it would therefore exert
stronger inhibitory effects on KTP sorption to biochars. This
was further demonstrated by the reduction in both Kj and £
fitting parameters (Table 4), indicating the decreased sorption
affinity due to the binding of DOM fractions to biochars.
Similarly, the study of Zhang et al. (2015) reported humic acid
coating on biochars resulted in pore blockage and surface
coverage of biochars, thus weakening the sorption of

Fig. 6 Schematic diagram for Sorption

KTP sorption to biochars as lecreas

affected by HoA and HiN. This is decreased
—

an illustrative representation not
drawn to scale

HoA solution

@ Springer

naphthalene to biochars. Moreover, inhibition of KTP sorp-
tion to WS300 (48.2-48.5%, calculated form the K4 values in
Table 4) by HoA was observed to be higher than that to
WS700 (13.7-15.6%). This could be because WS300 had
fewer sorption sites for KTP compared with WS700 due to
its smaller SSA; thus, HoA binding to WS300 exerted a great-
er influence on KTP sorption.

The increased KTP sorption with addition of HiN in solu-
tion indicated that the competition and loading effects of
DOM fractions were not the only factors affecting KTP sorp-
tion to biochars. Recent research showed that the sorbent load-
ed with DOM could provide new sorption sites and facilitate

Sorption
increased

O Neutral KTP @ Anionic KTP
ANAJ HoA A~ HiN “-..w Competition

KTP solubility
increased (3%o)

KTP solubility
decreased (22%)

HiN solution
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sorption of organic compounds (Gonzélez-Pradas et al. 2005).
However, as mentioned above, binding interactions between
DOM fractions and KTP in this study were very weak due to
their specific physicochemical properties. Thus, the loaded
DOM fractions on biochar surfaces were not likely to serve
as new sorption sites for KTP.

Solubility is a governing factor in pollutant removal by
sorption (Peng et al. 2012). After excluding the factor of
DOM fractions as new sorption sites for KTP, it was inferred
that the increase in KTP sorption with addition of HiN could
be due to the reduction in S, of KTP in HiN solution (Fig. 4).
As mentioned before, HiN would not like to bind with KTP,
thereby forcing its approach to the solid biochars. Contrary to
HoA (slightly improved S, of KTP), the enhancement effects
of HiN on KTP sorption by reducing Sy, of KTP could exert a
more dominant influence than its competitive and loading
effects, thus leading to its apparent positive role in KTP sorp-
tion to biochars (Fig. 6). A previous study (Engel and Chefetz
2016) also showed the substantial influence of DOM on S, of
pollutant and its sorption. However, in that study, DOM sig-
nificantly enhanced S, of lamotrigine (by up to ~70%), and
this led to its decreased sorption to carbon nanotubes.
Moreover, the KTP sorption enhancement by HiN was more
obvious on WS700 (34.2-39.1%, calculated form the Ky
values in Table 4) than that on WS300 (10.3-23.3%). This
could be due to the greater number of sorption sites on
WS700 with higher SSA. Therefore, since addition of HiN
reduced the S, of KTP, more KTP can be sorbed to WS700
resulting in a higher degree of sorption enhancement. The
impact of HiN on S, of KTP indicates that HIN may have
major effects on the mobility of such pollutant in the aquatic
environment. Therefore, more attention should be paid to such
changes in solubility when evaluating sorption of organic pol-
lutants in environmental systems.

Conclusions

Loading of HoA and HiN reduced the SSA and V. of bio-
chars. HoA also caused stronger competition with KTP on
biochars than HiN due to its higher binding affinity. These
factors resulted in the inhibitory role of HoA in KTP sorption
to biochars by reducing the accessibility of sorption sites. The
inhibition of KTP sorption by HoA was significant for biochar
with lower SSA. S, of KTP was slightly enhanced (3%) in the
presence of HoA, whereas S, of KTP decreased (22%) in the
presence of HiN. The role of HiN by reducing Sy, of KTP
could exert a more dominant influence than its competitive
and loading effects, thus enhanced KTP sorption, especially
to biochar of higher SSA. The findings from this study indi-
cated that HoA and HiN could exert varied roles in sorption of
KTP, as well as other pharmaceuticals or compounds with
similar structure, to biochars, which deserves more attention.
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