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Abstract
The study evaluated the adsorption of two antibiotics by four engineered adsorbents (hypercrosslinked resin MN-202, macroporous
resin XAD-4, activated carbon F-400, and multi-walled carbon nanotubes (MWCNT)) from aqueous solutions. The dynamic results
demonstrated the dominant influence of pore size in adsorption. The adsorption amounts of antibiotics on XAD-4 were attributed to the
hydrophobic effect, whereas steric hindrance or micropore-filling played a main role in the adsorption of antibiotics by F-400 because
of its high microporosity. Aside from F-400, similar patterns of pH-dependent adsorption were observed, implying the importance of
antibiotic molecular forms to the adsorption process for adsorbents. Increasing the ionic concentration with CaCl2 produced particular
adsorption characteristics on MWCNT at pH 2.0 and F-400 at pH 8.0, which were attributed to the highly available contact surfaces
and molecular sieving, respectively. Its hybrid characteristics incorporating a considerable portion of mesopores and micropores made
hypercross linked MN-202 a superior antibiotic adsorbent with high adsorption capacity. Furthermore, the adsorption capacity of
MWCNT on the basis of surface area was more advantageous than that of the other adsorbents because MWCNT has a much more
compact molecular arrangement.

Key words: adsorption; resin; carbon nanotubes; pore size; surface area

DOI: 10.1016/S1001-0742(12)60215-0

Introduction

Antibiotics are used extensively in human and veterinary
medicine for disease control and in livestock feed. In-
evitably, they are discharged into aquatic environments
via domestic wastewater effluent with concentrations in
the µg-per-liter range, from disposal of expired pharma-
ceuticals, and excretion as original or metabolized forms
(Ternes et al., 2004). Some researchers have demonstrated
the removal of antibiotics using natural adsorbents such as
humic substances (Richter et al., 2009), organic materials
(Kahle and Stamm, 2007a), clay minerals (Thiele-Bruhn et
al., 2004; Gao et al., 2005; Kahle and Stamm, 2007b), and
soils (Kurwadkar et al., 2007; Sanders et al., 2008; Braschi
et al., 2010). In these previous studies, adsorption was
primarily driven by specific mechanisms involving cation
exchange (Richter et al., 2009) and surface complexation
reactions (Thiele-Bruhn et al., 2004; Gao et al., 2005;
Kahle and Stamm, 2007a) (H-bonding and other polar
interactions) between multifunctional antibiotic molecules

* Corresponding author. E-mail: liaimin99@vip.163.com

and corresponding interactive sites of the adsorbents.
Antibiotics speciation and the surface charge density of ad-
sorbents are the most important determinants of adsorption
(Thiele-Bruhn et al., 2004; Kurwadkar et al., 2007; Sanders
et al., 2008; Braschi et al., 2010). However, the relative
importance of surface area and pore size in the adsorption
of antibiotics on these adsorbents has not been evaluated.

Due to their large surface areas and controllable pore
size distributions, engineered adsorbents such as carbon
nanotubes, activated carbons, and porous resins have
shown great potential in removing undesirable organic
contaminants from aqueous solutions. Among them, car-
bon nanotubes are considered to be a good choice because
their structures are well defined and their surfaces are
relatively uniform in contrast to activated carbon and
porous resins (Yang et al., 2010). Engineered carbon
nanotubes are extensively employed to remove emerging
organic contaminants from aqueous media and tend to
adsorb antibiotics very strongly (Ji et al., 2009a, 2010a;
Oleszczuk et al., 2009; Zhang et al., 2010). A mechanism
involving electrondonoracceptor interactions and cation-π
bonding between the compounds and the surface of carbon
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nanotubes has been proposed in previous studies. Although
activated carbon and porous resins have been persistently
utilized in treating and recovering wastewater (Valderrama
et al., 2011), studies addressing antibiotics adsorption by
activated carbon and resins are still scarce (Choi et al.,
2008; Ji et al., 2009b, 2010b; Domı́nguez et al., 2011),
thereby limiting the knowledge needed to assess their
adsorption capacities and explore their applications. More-
over, the mechanism and adsorption behavior of antibiotics
onto engineered adsorbents under the same conditions are
largely unknown. Removing antibiotics from water using
engineered adsorbents requires a deep understanding of
adsorption interactions and the relative importance of their
surface areas and pore sizes in the adsorption process.

The objective of the present study is to investi-
gate the adsorption behavior and predominant factors
controlling the adsorption of antibiotics to well-known
engineered adsorbents. Hypercrosslinked resin MN-202,
macroporous resin XAD-4, coal-based granular activated
carbon Filtrasorb-400 (F-400), and multiwalled carbon
nanotubes (MWCNT) were selected as adsorbents. Two
commonly used antibiotics, sulfapyridine (SPY) and sul-
fadimethoxine (SDM), were examined as adsorbates in
batch adsorption experiments. SPY and SDM have similar
water solubility and pKa,1 (2.3 vs. 2.4), but different
partition coefficients Kow (logKow values were 0.35 vs.
1.63) and pKa,2 (8.4 vs. 6.0) (Gao et al., 2005; Sanders et
al., 2008). They are amphoteric molecules and may also
undergo pH-dependent speciation reactions, which sug-
gests that the distribution coefficient of ionizable species
is a more relevant parameter. Therefore, pH is expected
to be a key chemical factor affecting the adsorption of
sulfonamides to engineered adsorbents. The effects of
solution chemistry conditions (pH, ionic strength, and
temperature) on adsorption were evaluated. The present
study is the first focusing on the adsorption of sulfonamide
antibiotics to different well-known engineered adsorbents.

1 Materials and methods

1.1 Adsorbates and adsorbents

SDM and SPY (99%) were obtained from Sigma-Aldrich
Chemical Co. (Shanghai, China) and used as received.
Water used in the study was purified by distillation.

Commercially available resin MN-202 was supplied
by the Shanghai Office, Purolite International Co., Ltd.
Commercial resin XAD-4 (Rohm-Haas Co., USA) and
granular F-400 (Calgon Carbon Co., USA) were pur-
chased from the Shanghai reagent vendors. The carbon
nanotubes (outer diameter 8–15 nm, length 20 µm, inner
pore diameter, 3–4 nm purity > 95 wt.%) were obtained
from Chengdu Organic Chemicals Co., Ltd., Chinese
Academy of Sciences. Nitrogen adsorption and desorp-
tion experiments were carried out at 77 K to determine
the surface properties of the adsorbents. The Brunauer-

Emmett-Teller (BET) surface area was calculated from
adsorption-desorption isotherms using the standard BET
equation. All calculations were performed automatically
by an accelerated surface area and porosimeter system
(ASAP 2010, Micromeritics, USA).

1.2 Adsorption assay

An adsorbent (0.05 g) was introduced to a series of 150 mL
conical flasks, and 100 mL of sulfonamides in an aqueous
solution was added to each flask. The flasks were then
completely sealed and placed in an incubator shaker (New
Brunswick, Model G25) at a pre-set temperature and a
shaking speed of 130 r/min. The pH of the solution was
adjusted using 0.01 mol/L HCl or NaOH. In the ionic
strength experiments, adsorption was performed using
background solutions of 0%, 1%, 3%, 5%, 7%, and 9%
NaCl and CaCl2 (mass concentration). To obtain kinetic
data and determine the time required for equilibrium to
occur after adsorption, 100 mL of sulfonamide solution
was introduced to a series of 150 mL conical flasks.
The initial concentration of sulfonamide was 100 mg/L;
this was shaken with 0.05 g of adsorbent and sampled
at different time intervals at 303 K. The concentrations
of SDM and SPY in the solutions were quantified after
equilibrium using HPLC with an ultraviolet detector at
361 and 367 nm, respectively. The mobile phase was
composed of a phosphoric acid/acetonitrile mixture (83:17,
V/V) and the flow rate was 1 mL/min. The detection limits
were set at 0.05 mg/L. Adsorption data were collected in
triplicate for the pH and salt concentration experiments
and in duplicate for all other experiments. The adsorption
capacity, qe (mg/g), was calculated using Eq. (1):

qe = V(C0 −Ce)/m (1)

where, C0 (mg/L) is the initial sulfonamide concentration,
Ce (mg/L) is the residual sulfonamide concentration at
equilibrium, V (L) is the volume of solution, and m (g) is
the mass of dry adsorbents.

2 Results and discussion

2.1 Characteristics of the adsorbents

Four adsorbents with different physicochemical properties
were characterized. The BET surface area of MN-202
(1155.8 m2/g) was the largest, while those of XAD-4,
F-400, and MWCNT were 880, 877.8, and 174.0 m2/g,
respectively. The two resins showed a similar average
pore diameter (5.19 and 5.8 nm), larger than the other
two adsorbents. The pore structure of F-400 and XAD-4
presented a distinct difference; the former had the largest
micropore area (761.8 m2/g) and the lowest average pore
diameter (2.27 nm), whereas the latter presented the largest
average pore diameter and the least micropore area (39.0
m2/g), indicating that F-400 and XAD-4 dominate the
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micropore and mesopore regions, respectively. Following
the literature (Yang et al., 2007, 2010), the MWCNT used
in the present experiment had an elemental carbon content
of +99.8%; its surface was hydrophobic without any
functional groups, consistent with that of the macroporous
resin XAD-4.

2.2 Adsorption kinetics

Figure 1 compares the adsorption kinetics of sulfonamides
between the four adsorbents at pH of 2.0. Both SDM
and SPY demonstrated relatively fast sorption kinetics on
XAD-4 and MWCNT. Apparent equilibrium was reached
in about 48 hr, but 80%–95% of the total adsorbed
compounds were achieved during the initial 20 hr. The
adsorption of SDM and SPY by MN-202 and F-400 was
characterized by two processes of different kinetics: as
a fast initial adsorption to the surface mesopores and
macropores, followed by a slow diffusion into micropores.

To evaluate the kinetic adsorption mechanism, the
pseudo first-order, pseudo second-order, and intra-particle
diffusion models were tested. Only the pseudo second-
order model provided the best match for all experimental
data.

t
qt
=

1
k1 q2

e
+

t
qe

(2)

where, qe (mmol/g) and qt (mmol/g) are the amounts
of sulfonamides adsorbed at equilibrium and time t (hr),
respectively; and k1 (g/(mmol·hr)) is the pseudo second-
order rate constant. The plots show that the regression
coefficients are higher than 0.988 for all adsorbates and
adsorbents (Table 1).

The values of the constant k1 for SDM and SPY adsorp-
tion onto XAD-4 and MWCNT were clearly greater than
those onto MN-202 and F-400, which may directly relate
to the adsorption rate and the parameters t80. Adsorbate
molecules may be able to fit into the macropore surface
faster than wedge into the micropore area; sulfonamides
cannot enter small micropores smoothly. Therefore, the ad-
sorption diffusion of the molecules within the micropores
of MN-202 and F-400 is expected to be very slow, and
because of their high microporosity, the equilibrium time
for MN-202 and F-400 was greater than those for XAD-
4 and MWCNT. In contrast, XAD-4 and MWCNT had
ordered, open pore structures, thus allowing rapid solute
diffusion into them. The fact that all the values of k1 of SPY
were greater than those of SDM certified the importance of
pore size in the rate-limiting step, because the molecular
surface area of SPY (65.6 Å2) is less than that of SDM
(80.1 Å2).

Oleszczuk et al. (2009) suggested that the kinetics of
organic compounds following the pseudo second-order
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Fig. 1 Adsorption kinetics of sulfapyridine (SPY) and sulfadimethoxine (SDM) on the basis of amount of adsorption (a) and adsorption coefficients (b)
on the four adsorbents at 303 K and pH 2.0; the initial concentration are all 100 mg/L.

Table 1 Calculated pseudo second-order adsorption rate constants for SDM and SPY

Adsorbents SDM SPY
qe (mmol/g) k1 (g/(mmd·hr)) r2 t80 (hr) qe (mmol/g) k1 (g/mmol·hr)) r2 t80 (hr)

MN-202 0.732 0.121 0.997 45.3 0.757 0.229 0.999 23.1
XAD-4 0.632 0.887 0.999 7.1 0.371 12.1 0.999 0.889
F-400 0.597 0.098 0.988 68.3 0.716 0.141 0.994 39.7
MWCNT 0.296 3.724 0.999 3.6 0.197 17.6 0.999 1.16

qe is the amounts of sulfonamides adsorbed; k1 is the pseudo second-order rate constant; t80 is the time needed to reach 80% of the adsorption capacity.
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model is controlled by a chemisorption process. In ad-
dition to the limiting effect of diffusion mechanisms, the
main impetus in adsorption may come from adsorption
interactions between the sulfonamides and the surface of
the adsorbents. Considering the obvious disparity in the
molecular weight of SPY and SDM, adsorption coeffi-
cients (Kd = qe/Ce, L/g) were used to evaluate adsorption
strength instead of adsorption amounts. After equilibrium,
the adsorption coefficients Kd of SPY onto MN-202, XAD-
4, and MWCNT were all less than those of SDM (Fig. 1b),
which could be attributed to the contributions of the
hydrophobic effect and hydrogen bonding. The strength
of hydrophobic interaction depends on the partition coeffi-
cient (Kow) of adsorbates, while that of hydrogen-bonding
interaction depends on the solute hydrogen-bonding ac-
ceptor and/or donor ability. Sulfonamide contains several
moieties capable of engaging in hydrogen bonding as ac-
ceptors (e.g., -SO2

−, -OCH3, pyrimidine N) or donors (e.g.,
anilinic N, sulfonamidic N). The additive effect of multiple
hydrogen bonds between adsorbates and adsorbents could
improve adsorption affinity (Gao and Pedersen, 2010). The
partition coefficient (Kow) and hydrogen-bonding accep-
tors of SDM molecules are greater than those of SPY,
consistent with their adsorption coefficients Kd. In terms
of SDM and SPY on XAD-4, their ratio of Kow (19.1)
is almost the same as that of Kd (18.4), indicating the
predominant contribution of the hydrophobic effect. In
addition, resin XAD-4 is composed of styrene divinyl-
benzene copolymers, which are hydrophobic in character
and possess no ion-exchange capacity (Kujawski et al.,
2004). Although several interactions were observed in the
adsorption of sulfonamides to XAD-4 resin, the important
contribution of the hydrophobic effect to the adsorption is
incontrovertible. In contrast, the value of Kd for SPY on F-
400 is greater than that of SDM, which negatively relates
to their molecular surface area. Thus, the contribution
of steric hindrance or micropore-filling is indisputable in
sulfonamide adsorption by micropore-activated carbon F-
400 (Costa et al., 1988; Wibowo et al., 2007).

In addition to the hydrophobic effect and hydrogen
bonding, the existence of π-π electron donoracceptor in-
teractions and/or cation-π bonding (cationic sulfonamide)
between the sulfonamide molecules and the surface of the
adsorbents is reasonable (Ji et al., 2009a, 2010a; Oleszczuk
et al., 2009). The two tested sulfonamide antibiotics each
possess one benzene ring and one aromatic heterocyclic
group. The sulfonamide group between them has a strong
electron withdrawing ability, causing the two aromatic
rings to be electron-depleted and hence serve as effective
π-electron acceptors. Electrostatic interaction between the
pyrimidine ring and/or anilinium moieties of sulfonamide
molecules and functional groups on the surface of MN-202
and F-400 are also conceivable (Tolls, 2001; Rabie et al.,
2007). In comparison to traditional hydrophobic organic
chemicals, sulfonamide adsorption (SA) is relatively more

complicated because it may exist as three types of species
at different pH levels, namely SA+, SA0, and SA−. The
cationic species (SA+) dominates at lower pH values, the
neutral form (SA0) is the principal species at pH values
between pKa,1 and pKa,2, and the anionic species (SA−) is
the main form at higher pH values.

2.3 Effects of pH

The adsorption of sulfonamides is related to the ionization
of amphoteric sulfonamides (Sukul et al., 2008). When
the pH increased from 1 to 12, SDM and SPY presented
different tendencies in terms of the amounts adsorbed onto
the four adsorbents (Fig. 2), indicating the importance of
species in adsorption. The percentage of each ionic form of
sulfonamides can be expressed as a function of pH and pKa
(Schwarzenbach et al., 1993). Different species of SPY and
SDM from pH of 1.0 to 12.0 were calculated (Table 2).

At pH 6 4.0, the percentages of cationic forms (SDM+

and SPY+) and neutral forms (SDM0 and SPY0) are
the main species in the aqueous solutions. In this stage,
the amounts of SDM and SPY adsorbed onto the four
adsorbents remained almost constant (Fig. 2). At pH >
5.0, the percentage of the anionic form of SDM− notably
emerges (9.07%) while the percentage of SPY− at pH 7
approaches 4%. The observed effects of pH on adsorption
correlate well with the pH-regulated distribution of the
protonated species of sulfonamides. As shown in Fig. 2,
the adsorption amounts of SDM and SPY decreased with
the increase in their percentages of anionic form.

To quantitatively identify the contribution of different
species to the overall sulfonamide adsorption, the follow-
ing empirical models can be used to calculate adsorption
coefficients for individual SPY and SDM species using
SPSS 17.0 (Zhang et al., 2010):
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Fig. 2 Relation between pH values and adsorbed amounts of SDM and
SPY onto the four adsorbents at 303 K. Initial concentrations = 100 mg/L.
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Table 2 Species percentage of the two sulfonamides at different pH values

pH 1.1 2.0 3.0 3.9 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0

SDM+ (%) 95.2 71.5 20.0 3.0 0.23 0.01 0 0 0 0 0 0
SDM0 (%) 4.8 28.5 79.9 96.2 90.7 49.99 9.1 0.99 0.1 0.01 0 0
SDM− (%) 0 0 0.1 0.8 9.07 50 90.9 99.01 99.9 99.99 100 100

SPY+ (%) 94.1 66.6 16.6 2.5 0.2 0.02 0 0 0 0 0 0
SPY0 (%) 5.9 33.4 83.4 97.5 99.76 99.58 96.2 71.5 20.1 2.5 0.3 0.03
SPY− (%) 0 0 0 0 0.04 0.40 3.8 28.5 79.9 97.5 99.7 99.97

Kd = K+d δ
+ + K0

dδ
0 1 ≤ pH ≤ 4 (3)

Kd = K0
dδ

0 + K−d δ
− 5 ≤ pH ≤ 12 (4)

where, Kd (L/g) is the overall adsorption coefficient, and
K+d , K0

d, and K−d are the adsorption coefficients for cationic,
neutral (including zwitterionic), and anionic sulfonamides,
respectively. The terms δ+, δ0, and δ-denote the percent-
ages of cationic, neutral, and anionic sulfonamides at a
certain pH, respectively. The contributions of negatively
charged sulfonamide species at pH 6 4.0 and positively
charged sulfonamide species at pH > 5.0 were neglected
because of their much lower percentage.

As shown in Table 3, the adsorption coefficients of
anionic sulfonamides (K−d ) on MN-202, XAD-4, and
MWCNT are much lower than those of neutral (K0

d) and
cationic (K+d ) species, and the values of K0

d are nearly
the same as those of K+d . This may be attributed to the
deprotonation on the sulfonamide group, which could sig-
nificantly decrease the π-withdrawing ability and hydrogen
bonding of the group, suppressing their interactions with
the surface of adsorbents (Zhang et al., 2010). Considering
the higher percentages of neutral and cationic species,
their contribution to the overall adsorption is much harder
to ignore. Compared with the other adsorbents, MN-202
exhibits a prominent adsorption capacity toward the two
adsorbates SDM and SPY. All the values of K0

d and K+d
for MN-202 are much greater than those of the other
adsorbents, which could be ascribed to its high specif-
ic surface area and bimodal pore size distribution. The
hypercross linked resin MN-202 presents not only high
microporosity, which is similar to that of F-400, but also
analogous macroporosity, similar to that of XAD-4. The

suitable pore size distribution makes MN-202 a superior
sulfonamide adsorbent with high adsorption capacity.

For activated carbon F-400, the effects of pH on the
adsorbed amounts of sulfonamides are different from the
other adsorbents. Its adsorption coefficients for anionic
sulfonamides (Kd

−) remain at higher values compared with
the others, illustrating that the adsorption mechanism of
sulfonamides on F-400 might be dependent on pore size.

2.4 Effects of ion concentration

Figure 3 displays the effects of ionic strength (NaCl,
CaCl2) on SDM adsorption on the four engineered ad-
sorbents. At pH 8.0, the trends are evident, and SDM
adsorption with NaCl and CaCl2 increases with the ionic
concentration, except for that of F-400 with CaCl2. SPY-
adsorbed amounts increase with the increase in ionic
concentration at pH 8.0, which could largely result from
the well-known salting out effect (Zhou et al., 2006),
where the solubility of SDM in water is decreased when
NaCl and CaCl2 are added to it. In the salting out effect,
the decrease in solubility of SDM in water facilitates the
diffusion of more SDM to the surface of the adsorbents and
an increase in adsorption amount. Previous studies have
also reported that increasing ionic strength facilitates the
adsorption of ionic compounds to carbonaceous adsorbents
because of the electrostatic screening of the surface charge
brought about by the counterion species added (Vinu et
al., 2006; Fontecha-Cámara et al., 2007). Moreover, Ca2+

may simultaneously bind with negatively charged SDM
and interact either with negative charges or π electrons
of the adsorbents via cation-π bonding (Oleszczuk et al.,
2009). However, for SDM adsorption to F-400 with CaCl2,
the molecular sieving effect may occur either because the
available pore width is narrower than the molecular size
of the Ca+-SDM− complex or because the shape of the
pores does not allow these molecules to penetrate into the

Table 3 Calculated adsorption coefficients for three species of SPY and SDM

1.0 6 pH 6 4.0 5.0 6 pH 6 12.0
SDM SPY SDM SPY

K+d (L/g) K0
d (L/g) R2

adj K+d (L/g) K0
d (L/g) R2

adj K0
d (L/g) K−d (L/g) R2

adj K0
d (L/g) K−d (L/g) R2

adj

MN-202 67.0 ± 1.6 85.6 ± 1.5 0.999 17.6 ± 1.3 15.8 ± 1.1 0.992 28.8 ± 3.3 0.6 ± 1.4 0.907 17.3 ± 0.8 0.4 ± 0.8 0.984
XAD-4 20.7 ± 1.5 23.0 ± 1.4 0.994 1.6 ± 0.3 2.3 ± 0.3 0.969 8.2 ± 0.3 0.5 ± 0.1 0.991 2.8 ± 0.1 0.2 ± 0.1 0.985
F-400 5.8 ± 0.3 5.1 ± 0.3 0.995 8.3 ± 0.4 6.7 ± 0.4 0.996 4.3 ± 0.6 2.6 ± 0.2 0.962 7.4 ± 0.7 3.2 ± 0.7 0.943
MWCNT 1.5 ± 0.1 1.6 ± 0.1 0.998 0.6 ± 0.1 0.7 ± 0.1 0.984 1.3 ± 0.01 0.1 ± 0.01 0.992 0.8 ± 0.01 0.1 ± 0.01 0.983
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Fig. 4 Schematic diagram of possible molecule arrangement on the surface of the four adsorbents with different potential adsorption sites.

micropores of F-400 (Bandosz, 2006).
At pH 2.0, SDM adsorption with NaCl and CaCl2

remained almost constant with the increase in ionic con-
centration, except for that of MWCNT with CaCl2. An
increase in ionic strength would interfere with the cation-
π bonding between the cationic sulfonamide (predominant
under pH 2.0) and the surface of adsorbents due to the
electronic screening of cationic species by the added cation
(Na+ and Ca2+), even though the salting out effect still
contributes positively to the adsorption process. Currently,
the adsorption sites of MN-202, XAD-4, and F-400 are
known to exist mainly at the pore surface, including two-
dimensional slit pores and three-dimensional cross-linked
spaces. In comparison, the adsorption sites of MWCNT
may be on the external surface, peripheral grooves at the
boundary of bundles, interstitial pore spaces between the
tubes, and inner cavities. The significant differences among
their structural characteristics can be further explained by

the molecular arrangement on their surfaces. An attempt
to evaluate the occupied area per adsorbed SDM molecule
(Am) according to Eq. (5) was made:

Am =
S BET ×310.3

Aabs ×NA
(5)

where, SBET (m2/g) is the BET surface area of adsorbents,
310.3 is the molecular weight of SDM, NA is the Avogadro
constant, and Aabs (g/g) is the amount absorbed at pH 2.0.

The values of Am obtained from Eq. (5) were 309.7 Å2

(MN-202), 243.4 Å2 (XAD-4), 350.4 Å2 (F-400), 104.5
Å2 (MWCNT without salt), and 55.8 Å2 (MWCNT with
CaCl2). This result can be understood from the following
two aspects: (1) the availability of surface area on the
adsorbents is different. The three porous adsorbents have
a much larger BET surface area than MWCNT. However,
not all the surfaces of the porous adsorbents were acces-
sible to SDM because SDM molecules are larger than
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N2 molecules, which were used to measure surface area;
(2) according to the calculated results and the maximal
projection area of the SDM molecule (80.1 Å2), the SDM
molecules adsorbed to the surface of MWCNT are much
more close-knit compared with those of other adsorbents
(Fig. 4).

Moreover, the molecular arrangement changes from
being mono-layer to bi-layer at pH 2.0 with the addition of
CaCl2, probably because the presence of Ca2+ ions affected
the adsorption potential of the sulfonamide molecules
to the surface of MWCNT by modifying the activity
coefficient of sulfonamides. The different effects of ionic
strength observed between Na+ and Ca2+ are likely caused
by the different abilities of these ions in hydrating, ion
pairing, and undertaking complexion in the adsorption
process.

2.5 Adsorption isotherms

Adsorption isotherms plotted as adsorbed concentration
(qe, mg/g adsorbent) versus aqueous-phase concentration
(Ce, mg/L) at equilibrium are shown in Fig. 5 (pH = 2.0).
All isotherms were nonlinear when the qe vs. Ce values
were plotted on linear coordinates. Therefore, three widely
used nonlinear isotherm models, the Freundlich, Lang-
muir, and Dubinin-Radusckevich models, were employed
to fit the experimental data (nonlinear regression) with
Origin 7.5 Software (OriginLab Corporation). Only the
Langmuir model provided the best fit for all experimental
data.

qe =
KLqmCe

1 + KLCe
(6)

where, KL (L/mg) is the adsorption equilibrium constant,
which determines the affinity of the adsorbent for the solute
and corresponds to the strength of the adsorption; and
qm (mg/g) is the maximum amount of adsorbate per unit
weight of the adsorbent to form a complete monolayer on
the surface. The Langmuir isotherm equation is derived
from simple mass kinetics that assumes the occurrence
of chemisorption, which corresponds to the hypothesis of
the pseudo second-order model in the dynamic experiment
(Subramanyam and Das, 2009). The Langmuir model fits
most of the adsorption data very well (R2 > 0.99).

The Langmuir isotherm assumes that the adsorption free
energy is independent of both the surface coverage and the
formation of a monolayer when the solid surface reaches
saturation (Janoš et al., 2003). As calculated above, all the
occupied areas per molecule adsorbed on the surface of
the adsorbents were greater than their maximal projection
area, corresponding to the basic idea behind the Langmuir
model on the coverage of the surface by a monomolecular
layer. The capacity of the MN-202 (qm) was found to be
the highest of the adsorbents studied. XAD-4 exhibited an
adsorption capacity of 217 mg/g, which is clearly higher
than that of F-400 (178 mg/g) at pH 2.0. Meanwhile,
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Fig. 5 Adsorption isotherms of SDM by MN-202, XAD-4, F-400 and
MWCNT at 303 K and pH 2.0. Inset is adsorption isotherms after surface
area normalization.

the capacity of F-400 (qm) was much greater that that of
XAD-4 at pH 8.0. Significant differences were observed
among the adsorption isotherms, as qe was expressed on
surface area instead of on mass basis. After the normal-
ization of the surface area (Fig. 5, inset), the isotherms of
SDM on MWCNT increased at pH 2.0, while that at pH 8.0
was still lower than the others. Therefore, available contact
surfaces in the MWCNT were the greatest, able to play a
dominant role in the adsorption. MWCNT also provided
a cleaner and more cost-effective alternative method by
adjusting the aqueous phase pH, and applying weakly
acidic conditions in adsorption and basic conditions in
desorption (Ji et al., 2009a). Moreover, the selectivity and
efficiency of adsorption to MWCNT can be improved by
adjusting the pore size distribution and surface area. The
current work presents data beneficial in exploring the po-
tential application of engineered adsorbents in associated
wastewater treatment.

3 Conclusions

The present work investigated the influence of the main
factors potentially controlling antibiotics adsorption to
engineered adsorbents: molecule size and partition coef-
ficients Kow and pKa of adsorbates; specific surface area
and pore size of adsorbents; and dynamics and solution
chemistry. The results demonstrated that the adsorption of
antibiotics to engineered adsorbents is mainly controlled
by the specific surface area and pore size of adsorbents
along with solution pH values. On a mass basis, the
adsorption capacities of MN-202 are higher than those of
the other adsorbents due to the hybrid characteristics of the
hypercross linked resin, namely, a considerable portion of
mesopores and a large quantity of micropores. The results
obtained under acidic conditions indicated that MWCNT
is more advantageous than the other adsorbents in terms
of adsorption capacity as qe was expressed on surface area
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instead of on mass basis. This was due to the ordered, open
pore structures of MWCNTs, mesoporous pores, and much
more close-knit molecular arrangement on its surface. The
present results highlight the importance of considering the
surface area and pore structure of engineered adsorbents in
predicting the influencing factors in adsorption.
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