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Abstract
Purpose Sulfamethazine (SMT) is increasingly detected in
environmental matrices due to its versatile use as antibiotics.
We aimed to investigate the benefits and roles of steam acti-
vation of biochars with respect to SMT sorption kinetics and
equilibrium sorption.
Materials and methods Biochars were produced from
burcucumber plant and tea waste using a pyrolyzer at a tem-
perature of 700 °C for 2 h. The biochar samples were treated
with 5 mL min−1 of steam for an additional 45 min for
post-synthesis steam activation. The SMT sorption on the un-
modified and steam activated biochars were compared.
Results and discussion The time taken to reach equilibrium
was significantly less for steam activated biochars (∼4 h) than
non-activated biochars (>24 h). Up to 98 % of SMT could be
removed from aqueous solutions by steam activated biochars.
The sorption kinetic behaviors were well described by the
pseudo-second model and SMT sorption rates of steam acti-
vated biochars (k2 ∼ 1.11–1.57 mg g−1 min−1) were

significantly higher than that of the unmodified biochars
(k2 ∼ 0.04–0.11 mg g−1 min−1) because of increased availabil-
ity of accessible porous structure with averagely larger pore
diameters. Moreover, the equilibrium sorption on the unmod-
ified biochars was significantly influenced by increasing solu-
tion pH (∼30–50 % reduction) because of speciation change
of SMT, whereas steam activated biochars manifested much
stronger sorption resilience against pH variation (∼2–4 % re-
duction only) because the enhanced porosity offset the effect
of unfavorable electrostatic repulsion.
Conclusions The observed features of steam activated bio-
chars would render their applications more versatile and reli-
able in field throughout changeable environmental conditions.

Keywords Antibiotics . Charcoal . Designer biochar .

Engineered biochar . Sorption kinetics

1 Introduction

Veterinary pharmaceuticals including antibiotics, antipara-
sitics, and anti-inflammatory medicines are produced in large
quantities and widely applied all over the world (Thiele-Bruhn
2003; Boxall et al. 2004). These antibiotics are deployed to
support the health and growth of animals; however, wide-
spread detection of residual antibiotics in the environment
has been reported, causing land contamination and posing
health risk to non-target animal species and human receptors
(Margalida et al. 2014; Ok et al. 2011). The commonly en-
countered contamination pathways are throughmanufacturing
process of antibiotics, treatment of animals, and disposal of
carcasses, urine, feces, and unused products (Kim et al. 2011;
Margalida et al. 2014). Sulfamethazine (SMT) is commonly
used in swine and cattle livestock industry to control diseases
as well as in livestock feeds. Recent investigations have
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shown frequent detection of SMT in soils and waters. For
example, recorded SMT values in swine manure include
0.01–29 mg kg−1 in China, 0–7.2 mg kg−1 in Germany
(Hamscher et al. 2002). and 3.3–8.7 mg kg−1 in Switzerland
(Haller et al. 2002). respectively. In recent years, outbreaks of
foot-and-mouth disease in China and Korea led to the culling
of hundreds of thousands of pigs/cattle and burial of massive
amounts of carcasses in soil, from which SMT may leach out
and arouse significant environmental concerns (Aust et al.
2010; Lim et al. 2014). Considering chemistry of SMT, it is
hydrophilic and ionizable antimicrobial chemical consisting
of nonpolar core and multiple polar functional groups (amine
and sulfonamide groups) (Thiele-Bruhn 2003). These specific
properties of SMT make the immobilization of SMT more
complex than other non-ionizable organic compounds in the
natural environment.

In recent years, biochar has been highlighted as an excel-
lent sorbent to remediate organic and inorganic contamination
in soil as well as enhance soil quality and fertility (Ahmad et
al. 2014; Tsang and Yip 2014; Rinklebe et al. 2015; Zhang et
al. 2015). It can be produced by thermal pyrolysis of organic
feedstocks under limited supply of air (Lehmann and Joseph
2009; Mohan et al. 2014). Biochar produced by optimal
pyrolysis conditions and suitable modifications displayed
promising sorption capacities for both inorganic and organic
contaminants (Rajapaksha et al. 2015; Wang et al. 2015). In
particular, our previous work indicated that the biochar
derived from burcucumber (an invasive plant biomass) and
tea waste can effectively immobilize SMT and mitigate its
potential leaching in soil (Rajapaksha et al. 2014; Vithanage
et al. 2014).

It should be noted that lignocellulosic biomass (e.g.,
burcucumber) generally requires higher pyrolysis tempera-
tures (600–700 °C) to produce microporous biochar with high
surface area (Rajapaksha et al. 2015). Such biochar would
possess highly aromatic and well-organized carbon layers,
but have fewer hydrogen- and oxygen-containing functional
groups due to dehydration and deoxygenation of biomass
(Uchimiya et al. 2011; Ahmad et al. 2014). These surface
characteristics are good for sorption of hydrophobic organics
but show lower ion exchange capacities (Tsang et al. 2007;
Liu et al. 2008; Novak et al. 2009). which may limit its
applicability for polar and ionizable antibiotics such as SMT.
Steam activation process could be employed to modify the
biochar after synthesis because this could increase its sorption
capacity for SMT by 55 % to approximately 35 mg g−1

(Rajapaksha et al. 2014, 2015). In general, physical modifica-
tion of biochar by using steam as an oxidizing agent is con-
sidered relatively simple and economically feasible in
large-scale applications.

The objectives of this study are to evaluate the advantages
and roles of steam activated biochars using kinetic parameters
and sorption resilience at varying pH as performance

indicators in comparison with those of unmodified biochars
produced from lignocellulosic burcucumber and tea waste.

2 Materials and methods

2.1 Biochar production and modification

Biochars were produced from burcucumber plant and tea
waste using a pyrolyzer (N11/H Nabertherm, Germany) under
a limited supply of air. A pyrolysis temperature of 700 °C was
maintained for 2 h. For post-synthesis steam activation, bio-
char samples were treated with 5 mL min−1 of steam for an
additional 45 min. Biochars produced from burcucumber
(BBC) and tea waste (TWBC) were designated as BBC-700,
BBC-700S, TWBC-700, and TWBC-700S, respectively. The
letter BS^ represents steam activated biochars. Elemental com-
positions (C, H, N, S, and O) of biochars were determined by
dry combustion, using an elemental analyzer (model EA1110,
CE Instruments, Milan, Italy). The moisture, mobile matter,
ash, and residual matter contents were determined as de-
scribed before (Ahmad et al. 2012; Rajapaksha et al. 2015).
The pH of biochars was determined in deionized water (1 g/
5 mL). Brunauer–Emmett–Teller (BET) specific surface area,
total pore volume, and pore diameter were determined using a
gas sorption analyzer (NOVA-1200; Quantachrome Corp.,
Boynton Beach, FL, USA).

2.2 Sorption kinetic experiments

Kinetic studies were conducted at four different pH values of
3, 5, 7, and 9 (i.e., representing natural pH range in soils and
waters) under ammonium phosphate and ammonium
acetate-buffered conditions, at initial SMT concentrations of
10 mg L−1 (Yang et al. 2009; Vithanage et al. 2014). A sorbent
dose of 1 g L−1 was used for all sorption experiments at an
ionic strength of 0.1M (adjusted by ammonium chloride). The
samples were shaken at 100 rpm for 10 selected time intervals
(from 0.1 to 96 h) at 25 ± 1 °C. Samples were taken at
appointed time intervals and were filtered through Whatman
0.45-μm filters into amber color vials prior to high perfor-
mance liquid chromatography (HPLC) analysis. The amount
of SMT sorbed at any time was calculated from mass balance
between initial and final SMT concentrations.

2.3 Data analysis

The SMT concentrations in aqueous solutions (20 μL) were
determined using a HPLC system (SCL-10A, Shimadzu,
Tokyo, Japan) equipped with an auto-sampler (SIL-10 AD,
Shimadzu) and a UV–vis detector (SPD-10A, Shimadzu). A
reverse-phase Sunfire C18 column (4.6 mm × 250 mm,
Waters, USA) was employed in a column oven (CTO-10AS;
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Shimadzu, Japan). The mobile phase A was composed of
HPLC grade water and formic acid (99.9:0.1 v/v), while mo-
bile phase B was HPLC grade acetonitrile and formic acid
(99.9:0.1 v/v). Mobile phase A of 70 % together with 30 %
mobile phase B was then maintained for 20 min. The absor-
bance was measured at 265 nm.

The sorption kinetics of SMT on unmodified and steam
activated biochars were fitted with several kinetic models in-
cluding pseudo-first order, pseudo-second order, intra-particle
diffusion, and Elovich equations, respectively. The
pseudo-first order equation which is based on solid capacity
(also known as the Lagergren equation) can be expressed as
Eq. (1), assuming non-dissociating molecular adsorption (Ho
andMcKay 1998; Lagergren 1898). Its integrated form can be
obtained using the boundary conditions t = 0 to t = t and qt = 0
to qt = qt (Eq. (2)).

dq

dt
¼ k1 qe−qtð Þ ð1Þ

log qe−qtð Þ ¼ logqe−
k1t

2:303
ð2Þ

Where qt is an amount adsorbed per gram of adsorbent at
time t (mg/g), qe is an amount adsorbed per g of the adsorbent
at equilibrium (mg/g); k1 is Lagergren rate constant (min−1);
and t is time (min). The kinetic parameters, correlation coef-
ficients (R2), and chi square values (χ2) were obtained from
plot of log(qe − qt) against t.

The pseudo-second order equation (Eq. (3)) and its inte-
grated form (Eq. (4)) are expressed as follows (Ho andMcKay
1999).

dq

dt
¼ k2 qe−qtð Þ2 ð3Þ

t

qt
¼ 1

k2qe2
þ t

qe
ð4Þ

Where qt is an amount adsorbed per gram of adsorbent at
time t (mg/g); qe is an amount adsorb per g of the adsorbent at
equilibrium (mg/g); k2 is a pseudo second order constant of
sorption (mg/g-min); and t is time (min).

The intra-particle diffusion equation describes the sorption
as diffusion controlled process that its rate is dependent upon
diffusion into the pore system of a spherical particle, which is
expressed as Eq. (5) (Wu et al. 2009):

qt ¼ k idt1=2 þ C ð5Þ

Where qt is mass adsorbed per gram of adsorbent at time t
(mg/g); kid is an intra-particle diffusion rate constant (mg/
g-min0.5); C is boundary layer effect (mg/g).

The Elovich equation describes chemical sorption on a sol-
id surface without desorption of the products, and hence the
rate decreases with time due to an increase in surface

coverage, which can be expressed as Eq. (6) (Ho and
McKay 2002; Wu et al. 2009):

qt ¼
1

β
ln αβð Þ þ 1

β

� �
lnt ð6Þ

Where α is the initial sorption rate (mg/g-min) and β is the
sorption constant (unitless).

3 Results and discussion

3.1 Steam activated biochars

Table 1 shows the physico-chemical properties of biochars.
Tea waste biochar (TWBC-700) and burcucumber biochar
(BBC-700) had contrasting properties (Table 1), reflecting
their differences due to the biomass type. Total C content
was higher in TWBC-700 (85.1 %) than BBC-700 (69.4 %),
while ash content was much lower for TWBC-700 (10.9 %)
compared to BBC-700 (43.7 %). This indicated tea waste as a
precursor that contain a higher carbonaceous content whereas
invasive burcucumber plant had a larger amount of inorganic
minerals and non-combustible lignocellulosic structure that
remained as ash after pyrolysis. As a result, TWBC-700
(342.2 m2 g−1) displayed a notably higher surface area than
BBC-700 (2.31 m2 g−1), signifying that the properties of

Table 1 Physico-chemical characteristics of unmodified and steam
activated biochars

BBC-
700

BBC-
700S

TWBC-
700

TWBC-
700S

Elemental compositions (wt%)

C 69.4 50.6 85.1 82.4

H 1.31 1.6 1.98 2.06

O 24.5 44.9 8.88 11.6

N 4.61 2.54 3.92 3.89

Molar H/C 0.23 0.39 0.28 0.29

Molar O/C 0.26 0.67 0.08 0.11

Proximate analysis (wt%)

Moisture 0.33 2.12 4.23 1.40

Mobile matter 13.6 13.2 16.8 18.6

Resident matter 42.4 14.1 68.1 63.2

Ash 43.7 70.7 10.9 16.7

Physical properties

Surface area
(m2 g−1)

2.31 7.10 342.2 576.1

Pore volume
(cm3 g−1)

0.008 0.038 0.022 0.109

Pore diameter (nm) 6.780 8.393 1.756 1.998

BBC-700 burcucumber biochar at 700 °C, BBC-700S steam activated
burcucumber biochar at 700 °C, TWBC-700 tea waste biochar at 700 °
C, TWBC-700S steam activated tea waste biochar at 700 °C
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invasive plant-derived biochar may need to be improved for
wider potential applications.

Steam activation improved the physical properties and sur-
face chemistry of these biochars. The surface areas of
TWBC-700S (576.1 m2 g−1) and BBC-700S (7.10 m2 g−1)
were significantly increased by 68 and 207 %, respectively.
Such increase was probably attributed to the enlarged pore
volumes in tea waste biochars (TWBC-700S, 0.109 cm3 g−1;
TWBC-700, 0.022 cm3 g−1) and burcucumber biochars
(BBC-700S, 0.038 cm3 g−1; BBC-700, 0.008 cm3 g−1) due
to steam activation. Steam activation may act as a
second-stage partial gasification of biochars which can be ef-
fective for creating new porosities and increasing surface area,
which in turn significantly increased the sorption capacity
(Lima et al. 2010; Rajapaksha et al. 2015).

It was also important to note that, after steam activation,
total O contents were increased from 8.88 to 11.6 %
(TWBC-700S) and from 24.5 to 44.9 % (BBC-700S), respec-
tively. Simultaneously, total C contents were decreased from
85.1 to 82.4 % and from 69.4 to 50.6 % for TWBC-700S and
BBC-700S respectively. The ash contents were increased
from 10.9 to 16.7 % for TWBC 700-S and while the increase
was 43.7 to 70.7 % for BBC-700S, respectively. These com-
positional changes reflected that the steam activation could
remove the trapped volatile products of pyrolysis and result
in partial devolatilization of biochar (Demirbas 2004; Manyà
2012; Chia et al. 2015). Moreover, the molar ratios of O/C and
H/C were increased by steam activation, especially for
burcucumber biochars due to its lignocellulosic structure.
This was in agreement with the suggested reactions of steam
activation (Lussier et al. 1998). an initial exchange of oxygen
from the water molecule to the carbon surface site creates
surface oxide and hydrogen gas, which oxidizes the carbon
surface to form surface hydrogen complexes. Thus, steam
activation not only enhanced the porosity of biochars but also
decreased the hydrophobicity and increased the polarity of the
biochar surface, both of whichmay facilitate the time taken for
SMT sorption and pH resilience.

3.2 Enhanced SMT sorption kinetics

As shown in Fig. 1a, the sorption rate of SMT was initially
fast, reflecting a large number of vacant sites available for
sorption (Guo et al. 2013). followed by a slower sorption
process until approaching a plateau gradually. The time taken
to reach equilibrium was less for steam activated BCs (∼4 h)
than non-activated BCs (>24 h). The enhanced sorption kinet-
ics of steam activated biochars could be attributed to the en-
largement of pore sizes indicated by the increase in pore di-
ameters as shown in Table 1 (from 1.756 to 1.998 nm in tea
waste biochars and from 6.780 to 8.393 nm in burcucumber
biochars, respectively). Steam activation was found to be ef-
fective for creating new porosities and enlarging diameters of

smaller pores (Chia et al. 2015; Lima et al. 2010). thereby
facilitating the accessibility of internal pores in biochar and
accelerating the sorption. This improvement was particularly
notable for tea waste biochar (Fig. 1a) which may be due to a
majority of its micropores (<2 nm diameter) (Rajapaksha et al.
2014) because water moves much slower in micropores rela-
tive to macropores and mesorpores. In contrast, burcucumber
biochars contained substantial mesopores (2–50 nm diame-
ters) that allowed faster sorption kinetics and the increment
by steam activation was less prominent (Rajapaksha et al.
2015). In addition, there was an apparent distinct increase of
SMT sorption onto steam activated biochars, of which the
equilibrium solid phase concentration followed the order of
TWBC-700S > BBC-700S > BBC-700 > TWBC-700.

The best fit kinetic model was selected by considering the
calculated correlation coefficient (R2) and chi-squares (χ2)
values. The estimated kinetic parameters of SMT sorption at
pH 5 for all biochars are listed in Table 2. The kinetic data
were best described by the pseudo-second order model
(Fig. 1b). Besides, the calculated equilibrium sorption (qcal)
by pseudo-second order model were comparable to experi-
mentally measured equilibrium sorption (qexp), corroborating
that it was the best model to describe the SMT sorption kinet-
ics (Table 2). A good fitting of pseudo-second-order kinetic
model suggested that there were abundant sorption sites
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Fig. 1 Sulfamethazine (SMT) sorption kinetics on tea waste biochar at
700 °C (TWBC-700), steam activated tea waste biochar at 700 °C
(TWBC-700S), burcucumber biochar at 700 °C (BBC-700), steam acti-
vated burcucumber biochar at 700 °C (BBC-700S) at pH 5: a sorption
data; b pseudo-second order kinetic model fitting
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available on the surface and that the initial concentration of
SMT was low compared to the sorption capacity of the bio-
chars (Azizian 2004; Ho 2006; Zhang et al. 2015; Zhu et al.
2015). The pseudo-second order constant of SMT sorption
(k2) derived from the pseudo-second order model showed an
increase from 0.04 mg g−1 min−1 in TWBC-700 to
1 .57 mg g− 1 m in− 1 i n TWBC-700S , and f rom
0.11 mg g−1 min−1 in BBC-700 to 1.11 mg g−1 min−1 in
BBC-700S, respectively. This suggests that SMT sorption by
steam activated biochars was 1 to 2 orders of magnitude faster
than non-activated biochars. The initial sorption rate at pH 5
was in the order of TWBC-700S > BBC-700S > BBC-700 >
TWBC-700. This illustrated the effectiveness of steam activa-
tion for enhancing SMT sorption kinetics.

In contrast, pseudo-first order model was not appropriate to
describe the experimental data as it showed highχ2 values and
discrepancy between the calculated and measured equilibrium
sorption (Table 2). As pseudo-first-order kinetics is most ap-
plicable when the initial concentration is high compared to
surface coverage (Azizian 2004; Ho 2006; Zhu et al. 2015).
the observed non-compliance implies that surface sites on the
steam activated biochars are far from saturation. On the other
hand, the intra-particle diffusion model and Elovich model

also provided satisfactory fitting to the SMT sorption data on
all the biochars studied (Table 2). This may offer indirect
evidence of intra-particle diffusion into the polymeric matrix
of biochars and decreasing sorption rate with an increase in
surface coverage (Ho and McKay 2002; Wu et al. 2009).
However, it should be remarked that a conformity of kinetic
data to a particular equation (where more than one kinetic
models may fit well as shown in this study) does not suffi-
ciently verify the underlying assumptions of rate-limiting
steps or sorption mechanisms (Sparks 1999; Benjamin 2002;
Tsang et al. 2007; Liu et al. 2008) because the observed sorp-
tion kinetics would reflect both transport processes and chem-
ical reactions (Sposito 2004). Nevertheless, the steam activat-
ed biochars obviously demonstrated a faster SMT sorption
because of increased availability of accessible porous struc-
ture with averagely larger pore diameters. This suggests the
use of a shorter reaction time or smaller reactor volume that is
critical in engineering applications.

3.3 Sorption resilience at varying pH conditions

Since SMT exists as a cationic (SMT+), neutral (SMT0), an-
ionic (SMT−) under different pH conditions (Teixidó et al.

Table 2 Fitted parameter values
of sorption kinetic models at pH 5 Pseudo-first order model

qexp (mg g−1) qcal (mg g−1) k1 (min−1) R2 χ2

BBC-700 9.16 3.00 0.02 0.974 120.9

TWBC-700 5.50 2.32 0.03 0.755 67.7

BBC-700S 9.67 1.53 0.35 0.846 149.9

TWBC-700S 9.95 2.77 1.56 0.850 4.05

Pseudo-second order model

qexp (mg g−1) qcal (mg g−1) k2 (mg g−1 min−1) R2 χ2

BBC-700 9.16 9.33 0.11 0.993 1.41

TWBC-700 5.50 5.71 0.04 0.992 2.38

BBC-700S 9.67 9.69 1.11 1.00 0.06

TWBC-700S 9.95 10.03 1.57 1.00 0.18

Intra-particle diffusion model

kid (mg g−1 min−0.5) C R2 χ2

BBC-700 0.82 5.20 0.817 0.67

TWBC-700 0.37 2.50 0.879 0.15

BBC-700S 0.92 7.43 0.618 0.57

TWBC-700S 2.78 6.30 0.686 0.45

Elovich model

α β R2 χ2

BBC-700 430.7 0.98 0.969 0.12

TWBC-700 106.9 0.60 0.973 0.05

BBC-700S 4.27 × 105 0.68 0.836 0.29

TWBC-700S 1.42 × 104 0.95 0.688 0.30

Coefficients of determinations (R2 ) and chi-squares values (χ2 )
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2011). it is important to evaluate the sorption resilience of
steam activated and non-activated biochars at varying pH
values that are environmentally relevant. Figure 2 shows the
effect of initial pH values of 3, 5, 7, and 9 on SMTequilibrium
sorption, where different species of SMT would dominate
over the studied pH range. In view of the two pKa values of
SMTat 2.07 and 7.49 (Qiang and Adams 2004). cationic form
(SMT+) was prevalent at acidic pH values of 3 and 5. Since the
biochars accommodated electron-rich surface that was favor-
able for cation-π bonding (Ahmad et al. 2014). SMT sorption
was less affected by pH change in an acidic range, especially
for steam activated biochars that provided much larger surface
area (Fig. 2a). However, when the solution pH was increased
to 7 and 9, it was seen that the SMT sorption onto
non-activated biochars significantly decreased because the
neutral (SMT0) and anionic (SMT−) forms were the dominant
species, respectively. In this alkaline pH range, increasing
electrostatic repulsion between SMT species and negatively
charged biochar surface resulted in the observed suppression
on equilibrium sorption by approximately 3 mg g−1

(TWBC-700, from 10 to 7 mg g−1, ∼30 % reduction;
BBC-700, from 6 to 3 mg g−1, ∼50 % reduction).

It is interesting and important to note that steam activated
biochars manifested much stronger sorption resilience against
pH variation (Fig. 2b). In spite of the same speciation change
of SMT across a pH range from 3 to 9, the observed decrease

in equilibrium sorption was only approximately 0.2 mg g−1 on
TWBC-700S (from 10.1 to 9.9 mg g−1, ∼2 % reduction) and
0.5 mg g−1 on BBC-700S (from 9.9 to 9.5 mg g−1, ∼4 %
reduction), respectively. Therefore, steam activation of bio-
chars not only enhanced their sorption kinetics and capacities
but also rendered SMT sorption onto them more resilient and
steady in a pH-variable environment because the enlarged
surface area and pore volume mitigated or even offset the
effect of unfavorable electrostatic repulsion. These added
values of steam activated biochars would make their applica-
tions more versatile and reliable in paddy field under seasonal
and changeable environmental conditions (Frohne et al.
2015).

4 Conclusions

Antibiotics have been widely applied and led to increasing
detection in the environment. The adsorption kinetics of
SMT on unmodified and steam activated biochars was well
described by pseudo-second order model. It was shown that
steam activated biochars were more effective than unmodified
biochars in terms of sorption kinetics and capacity as well as
resilience against pH variation. Higher surface area and pore
volume of steam activated biochars could overcome the unfa-
vorable electrostatic repulsion in alkaline pH range. These
kinetic results suggest that steam activation is an effective
approach to enhance the performance of biochars for the re-
moval of SMT from water.
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