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ABSTRACT

Ciprofloxacin (CIP), a common antibiotic, is widely detected in wastewater and soil. This study pro-
poses a novel method for preparing activated carbon with corn stalks pre-treated with silage (AC-
S). This study examined physical characteristics of activated carbons with N, adsorption/desorption,
scanning electron microscopy, X-ray diffraction, Fourier transform infrared spectroscopy (FTIR), and
Boehm titration. Adsorption of CIP was enhanced by activated carbon. Laboratory experiments were
conducted to investigate adsorption kinetics, equilibrium isotherms, and influence of chemical char-
acteristics of solution (i.e., pH and ionic strength. Both kinds of activated carbon—prepared with corn
stalks (AC) and AC-S featured surface areas of more than 700 m?/g. Although total pore volume of AC
(1.178 cm?®/g) was higher than that of AC-S (0.4681 cm?/g), microspore proportion of AC-S reached 60%,
which was considerably higher compared with that of AC (24%). AC-S exhibited a faster increasing rate
in a portion of microspore surface area than AC. FTIR and Boehm titration indicated that AC-S con-
tained higher amounts of surface-acidic functional groups, namely, carboxyl, phenolic, and hydroxyl.
Adsorption experiments agreed well with pseudo-second-order and Langmuir models. Maximum
adsorption capacity of CIP on AC-S reached 407.75 mg/g, which was 26.2% higher than that of AC.
Results showed that possible mechanisms for CIP adsorption on AC-S may include hydrophobic inter-

action, chemical adsorption, electrostatic attraction, and n—n EDA interaction.

Keywords: Activated carbon; Adsorption; Ciprofloxacin; Corn stalk; Silage pretreatment

1. Introduction

Antibiotics are routinely administered to animals and
humans to protect them against bacterial infections; they
were recently recognized as emerging environmental con-
taminants [1]. A typical antibiotic, Ciprofloxacin (CIP) is a
fluoroquinolone class antibiotic with broad-spectrum anti-
bacterial activity and satisfactory sterilizing effect [2]. As
CIP cannot be thoroughly adsorbed and metabolized by

*Corresponding author.

the human body, most residues are discharged into sewage
systems by excretion [1]. To date, CIP is widely detected in
coastal areas [3], soil [4], wastewater, and underground and
surface waters [5]. According to Peng et al. [6], around 22 tons
of fluoroquinolone entered wastewater via sludge in Guang-
zhou in 2007. CIP concentration reached between 0.007 and
0.002 nmol/g in two marine aquaculture areas of the Pearl
River Delta [3], and its maximum concentration measured
0.20 nmol/L in marine waters of a coast in China [7]. Accu-
mulation of CIP in the environment can produce antibiotic
resistant bacteria, which may result in hard-to-treat diseases
and potential risks to human health and ecosystem [8].

1944-3994 / 1944-3986 © 2017 Desalination Publications. All rights reserved.
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Adsorption is a common and effective method for
eliminating CIP from wastewater. Among commercial
adsorbents, activated carbon is one of the most widely
used in wastewater treatment plants due to its high
adsorption capacity and low cost. Numerous references
reported adsorption of CIP by activated carbon and
preparation of activated carbon using date palm leaflets
[9], specific bamboos [10], and wetland plants, such as
Cyperus alternifolius [11]. However, few studies were con-
ducted on the use of activated carbon prepared from corn
stalks (AC) to adsorb CIP. Adding modifiers, such as urea
[12], guanidine phosphate [13], and organic acids [14], is
a popular way for improving adsorption capacity of acti-
vated carbon. However, such addition can increase cost of
preparation and result in production of pollutants during
modification. Therefore, studies should develop an envi-
ronment-friendly and cost-effective modification method.

Corn is one of the most important crops in the world,
particularly in China [15]. Annual worldwide production
of corn approximately reaches 520 million tons [16]. How-
ever, corn stalks are usually left in fields after harvest with-
out utilization. In China, most corn stalks are burnt in situ,
causing severe air pollution. Some researchers once used
corn stalks and corn cob with H,PO, or acrylic as modifier
to prepare activated carbon; the prepared activated carbon
can effectively remove heavy metals, such as chromium and
cadmium, with a removal rate of 16.0%-99.2% [17,18]. AC
can also effectively remove Direct Red 23 [19]. Therefore, as
a raw material for activated carbon, corn stalks can provide
an alternative recycling method and reduce air pollution
to some extent [20]. A previous study [21] demonstrated
that owing to its high nutritional content, corn stalks can
be used in preparing silage to feed animals. Silage was also
applied in biogas production. For example, researchers [22,
23] studied effects of trace elements on biogas production
based on a model substrate for maize silage. Silage is an
ideal way of improving rate of corn stalks usage. Ensiling
features many advantages, including low-cost produc-
tion, long-term storage, and ease of operation. Some acidic
functional groups can also be produced during ensiling,
which can enrich such groups on surfaces of prepared acti-
vated carbon. Therefore, silage-activated carbon not only
improves usage of biological straw in a low-cost manner
but also promotes environmental protection. Nevertheless,
at present,using corn stalks with silage pre-treatment (AC-
S) is hardly considered in production of activated carbon.

Table 1
Main characteristics and structure of CIP
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This study aims to introduce the use of AC-S as raw
material in producing activated carbon. Performed evalu-
ations determined characteristics of activated carbon and
adsorption capability of CIP in terms of kinetics and equi-
librium. This paper provides a novel method for prepa-
ration of activated carbon and improved utilization ratio
of corn stalks. As a new approach which does not require
addition of chemical modification agents, the proposed
method can save energy and is cost-effective; these proper-
ties bear significance in preventing environmental pollution
by antibiotics.

2. Materials and methods
2.1. Materials

Chemical reagents used in experiments were of analyti-
cal grade. CIP hydrochloride (purity of 97.5%-102.0%) was
supplied by Sangon Biotech (Shanghai, China); its charac-
teristics are listed in Table 1. All solutions were prepared by
suitable dilution with deionized water.

2.2. Activated carbon preparation

Corn stalks were obtained from Anjia Farmland in
Jinan, Shandong Province. Corn stalks were cut into 20-30
mm pieces with moisture content of 45%-60%. Half of corn
stalks were dried, whereas the rest were used for silage.
Processing methods, which include chopping, compacting,
and sealing, can improve silage quality [22]. AC-S were
mounted directly in a silage jar then compacted. Sealed
with mud, the silage jar was stored in the dark at 15-20°C
for fermentation. After 20 d, the silage jar was opened
and checked to determine whether corn stalks developed
the following characteristics: yellow and green, soft and
slightly wet, and smelled the same as alcohol. When these
characteristics were confirmed, then silage process was con-
sidered successful.

Dried corn stalks and corn stalk silage were both
ground and sieved into particles with sizes of 15 and 30
mm, respectively. Samples were soaked in 85 wt% H PO, at
a mass ratio of 2:1 (H,PO,:Stalks) for 10 h at 20°C. Samples
were then carbonized at 450°C for 1 h in a muffle furnace.
After cooling at room temperature, carbonized samples
were thoroughly washed with deionized water until pH of
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filtrate was close to neutral. Then, samples were dried for 12
h at 105°C. Finally, AC and AC-S were sorted with standard
160/200 mesh sieves (Model 8200).

2.3. Characterization

Brunauer-Emmett-Teller (BET) surface area and pore
structure of the activated carbon were determined by N,
adsorption—desorption at 77 K using a surface area ana-
lyzer (Quantachrome Corporation, USA). Scanning electron
microscopy (SEM) (JEOL, JSM-6700F, Japan) was employed
to analyze surface morphology of carbon. Fourier trans-
form infrared spectroscopy (FTIR) was determined using
a FTIR spectrometer (VERTEX70 spectrometer, Bruker Cor-
poration, Germany) at a wavelength range of 400-4000 cm™
with background subtraction. Surface functional groups
were measured using Boehm titration [24].

Point of zero charge (PZC) was determined as follows [25]:
a series of 0.01 M NaCl solutions were adjusted to different pH
values (from 2 to 11), as measured by a pH meter (pH S-3C,
Shanghai, China), using HCl acid. Then, 0.15 g of dry carbon
was placed in 50 mL solutions, and final pH was measured
after 48 h of agitation. When addition of samples did not cause
changes in pH value, samples were labeled as pH

pzc”

2.4. CIP adsorption

For adsorption kinetic experiments, 0.4 g of activated
carbon (AC or AC-S) were mixed with CIP (200 mg/L,
1000 mL) in a beaker with initial pH of 6.04. Kinetic prop-
erties were studied by measuring contact equilibrium
time. Supernatant was filtered and sampled by using 0.45
pm membrane at different time intervals. Adsorption
isotherm experiments were performed at 30+1°C with
CIP concentration from 100 mg/L to 1000 mg/L. Serial
experiments were performed by agitating samples (20 mg)
in CIP solution (200 mg/L, 50 mL). Effect of pH on CIP
removal was studied at pH 2.0-7.0 after adjustment by 0.1
M NaOH and 0.1 M HCI solution. Effect of ionic strength
on CIP solutions was evaluated at different ionic strengths
(0-0.5 M Na(l) in CIP solution (200 mg/L).

For all experiments, CIP concentration in water samples
was determined using a UV-visible spectrophotometer (UV-
754, Shanghai) at 275 nm after filtrating through a 0.45 nm
membrane. Removal efficiency and adsorption capacity of
CIP on activated carbon, Q (mg/g), were calculated accord-
ing to Egs. (1) and (2), respectively [26,27]:

— (CO - Ce)V

W 1)

QE

Removal efficiency (%) = % %x100% 2)

0

where C, and C, represent the initial and equilibrium con-
centrations of CIP in aqueous solution (mg/L), respectively;
V refers to volume (L) of solution; and W (g) corresponds to

mass of adsorbent used.

3. Results and discussion
3.1. Physical characteristics of adsorbents

Pore structure bears significance in adsorption perfor-
mance of activated carbons. Fig. 1 shows N, adsorption and
desorption isotherms and pore size distribution of AC and
AC-S. For AC, adsorption and desorption isotherms did not
overlap but formed a wider hysteresis loop due to capil-
lary condensation. According to classification of adsorption
isotherm by IUPAC [28], adsorption isotherm belonged
to Type IV, suggesting one or more steps in adsorption
isotherms. For AC-S, adsorption type was categorized as
monolayer adsorption (I), which was similar to the Lang-
muir isotherm. As shown in Table 2, BET surface area of
AC measured 1091.223 m?/g, which was higher than that
of AC-S (741.63 m?/g). However, surface area alone was
insufficient for evaluating adsorbents [29,30]. In AC, total
pore and micropore volumes totaled 1.178 and 0.283 cm®/g,

Adsorbed volume (cm /g)
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Fig. 1. Pore size distributions (N, adsorption/desorption iso-
therms (inset)) for AC and AC-S.

Table 2
Textural and chemical characteristics of activated carbon

Activated carbon AC AC-S
Syp(m?/g) 1091.22 741.63
S . (m?*/g) 583.92 579.80
S it Sppr (%) 53.5 782
v, (cm’/g) 1.178 0.468
V. (cm®/g) 0.283 0.281
Vi V., (%) 24.00 60.00
D, (nm) 4.32 2.53
Carboxyl (mmol/g) 0.636 0914
Lactone (mmol/g) 0.071 0.057
Phenolic (mmol/g) 1.107 1.371
Total acidic (mmol/g) 1.814 2.342
pH 6.13 5.76

pzc

S,.» BET surface area; S, , external surface area;
S, . microspore surface area; V, , total pore volume;

tot
V . microspore volume; DP, the mean pore diameter.
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respectively. Meanwhile, in AC-S, total pore and micropore
volumes reached 0.4681 cm?/g and 0.281 cm?®/g, respec-
tively. S_. /S,., and V. /V _ values of AC totaled 53.5%
and 24%, respectively, which were much lower than those
of AC-S (78.2% and 60%), thus indicating that AC-S con-
tained relatively more micropores (0.35-2 nm). Surface
functional groups generated by silage pretreatment blocked
some macropores in AC-S, thus forming more micropores.
This result was confirmed by average pore diameters of two
samples; average diameters measured 4.32 and 2.53 nm for
AC and AC-S, respectively.

Fig. 2 shows SEM and X-ray diffraction (XRD) pat-
terns of AC and AC-S. AC (Fig. 2a,b) featured a smooth
surface, whereas AC-S showed an irregular surface even
at higher amplification factors (Fig. 2c,d). SEM images of
AC-S illustrated the presence of surface functional groups,
which were attached to AC-S in accordance with scanning
electron micrographs. XRD patterns of AC and AC-S also
differed: AC-S presented fewer prominent peaks, indicat-
ing a different crystal structure. The strong peak (2) was
due to stacking structure of aromatic layers [31]. AC-S also
yielded peaks at 35°,39.5°, and 40.5°, with intensities higher
than those of AC in composites. This result suggested that

Intensity (arbitrary unit)

2theta (degree)

Fig. 2. SEM micrographs of AC (A, B) and AC-S (C, D), and XRD
patterns.

crystallite size of AC-S decreased in composites due to
silage pretreatment [32].

Fig. 3 shows representative FTIR spectra of AC, AC-S,
AC-CIP, and AC-S CIP. Results showed that AC and AC-S
shared significantly similar FTIR spectra, suggesting sim-
ilar functional groups in the two adsorbents. The peak at
3419 cm™ is possibly hydroxyl (-OH) or phenolic hydroxyl
absorption peak [33]. Another peak at 1559 cm™ can be
attributed to carbonyl (-C=0) double-bond region [34]. As
carboxyl vibration was suggested to fall within the range of
1366 cm™ to 1400 cm™, the amount of carboxyl group sig-
nificantly increased in AC-S after silage pretreatment [33].
Parts of spectra at 1000-1300 cm™ were ascribed to C-O sin-
gle bonds [35]. Although AC and AC-S both featured the
same surface functional groups, AC-S contained more acid
groups, coinciding with results of Boehm titration (Table 2).
Total acid group of AC-S measured 2.342 mmol/g, which
was much higher than that of AC (1.814 mmol/g), espe-
cially for carboxyl, which was 1.5 times higher in AC-S
(0.914 mmol/g) than in AC. Therefore, silage pretreatment
enhanced surface acidity of AC-S. AC-S demonstrated
lower transmittance than AC at other wavelengths, sug-
gesting that AC-S contained more surface oxygen-contain-
ing functional groups than AC [36].

According to Fig. 4, pH  values of AC and AC-S
reached 6.13 and 5.76, respectively. When pH < pH

pzc’
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Fig. 3. Fourier transform infrared spectra of AC, AC-CIP, and
AC-S, AC-S-CIP.
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Fig. 4. The points of zero charge (PZC) onto AC and AC-S.
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activated carbons were protonated with a positive charge,
whereas in pH > pH_ , adsorbents were deprotonated with
a negative charge. Carabineiro et al. [37] demonstrated that
activated carbons with more acid groups and oxygen-con-
taining groups constantly showed lower pH__, accounting
for lower pH_ of AC-S than AC. AC-S yielcfed more total
acid groups, which significantly influenced adsorption of
CIP, as discussed in Section 3.4.

3.2. Adsorption kinetic

Three kinetic models, pseudo-first-order, pseudo sec-
ond-order, and intraparticle diffusion were applied to fit
experimental data to analyze adsorption kinetics.

The pseudo-first-order kinetic model is expressed as
follows:

Q=Q.(1-¢™) 3)

where Q and Q, correspond to amounts of CIP adsorbed at
equilibrium and at time ¢ (min), respectively; and k, (min™)
represents constant rate of the pseudo-first-order model.

The pseudo-second-order kinetic model is represented
as follows:

Gt b \
o k@0 @
where k, (g/mg min) refers to constant rate of pseudo-sec-

ond-order adsorption.
Intraparticle diffusion model is expressed as follows:

Q =kyt?+C (5)

where k. (mg/g min~/?) stands for intraparticle diffusion
rate constant; and C represents thickness of boundary layer.

Fig. 5 displays results. Rapid adsorption was caused by
hydrophobic interaction between pollutant and adsorbent
in water. During the first 130 min, adsorption capacity of
AC increased faster than AC-S. This phenomenon can be
explained by faster physical adsorption in comparison
with chemical adsorption. According to Fig. 5, adsorption

450
400 « AC
350 o ACS
300 ) ;
S 250 —— AC pseudo-second-order fit
? —— AGC-S pseudo-second-order fit
£ 200
g wl e
—-=- AC pseudo-first-order fit
100 —-—- AC-S pseudo-first-order fit
504
0 A - T T T
1000 1500 2000 2500
t (min)

Fig. 5. Adsorption kinetics fitted by pseudo-first order and pseu-
do-second-order models (C, = 200 mg/L; carbon dosage = 0.4
g/L; pH = 6.04; temperature = 30 = 1°C).

rate of AC was higher than that of AC-S. Specifically, AC
reached adsorption saturation within 300 min, with max-
imum adsorption capacity of 323.70 mg/g. Conversely,
AC-S required more time to saturate, whereas its adsorp-
tion capacity (407.75 mg/g) was much higher than that of
AC. This result can be attributed to more adsorption sites
present on adsorbents, resulting in CIP adsorption on exter-
nal carbon surface. With processing of adsorption, available
adsorption sites on external surface significantly lessened,
and thus, CIP required more time to diffuse and adsorb on
the internal surface. As such, adsorption became difficult as
the number of vacant sites decreased, and a repulsive force
formed between solute molecules on solid surface and in
bulk phase [34]. Another probable reason was that AC-S
featured more acid groups, which resulted in time-depen-
dent adsorption capacity. This result suggested that at the
initial stage, adsorption was controlled by physical adsorp-
tion, whereas chemical adsorption dominated the latter
stage. Time for adsorption equilibrium was also related to
initial concentration of CIP [38].

Intraparticle diffusion model based on the Weber and
Morris theory can reflect linear regression between Q,
versus t'/? and intercept C. Zero value of C indicates that
adsorption is controlled only by intraparticle diffusion. In
this process, regression was linear with non-zero C value,
suggesting that adsorption followed intraparticle diffusion
in addition to pseudo-second-order kinetic model. Simi-
larly, C values can provide insights into thickness of bound-
ary layer. Higher intercept led to more significant boundary
layer effect [39]. Intraparticle diffusion equation was used to
analyze CIP adsorption by activated carbon in three stages:
the initial stage, which was attributed to rapid external dif-
fusion and surface adsorption; gradual adsorption stage,
where intraparticle diffusion represented the rate limiting
step; and the third region, which was the final equilibrium
stage, in which intraparticle diffusion decelerated due to
extremely low pollutant concentration. Accordingly, both
surface adsorption and intraparticle diffusion affected AC
and AC-S adsorption on CIP (Table 3).

Table 3 lists all kinetic parameters and correlation coef-
ficients. Maximum adsorption capacities of AC and AC-S
measured 323.70 and 407.75 mg/g, respectively. The crite-
rion for applicability of these models was based on respec-
tive correlation coefficient (R?) and agreement between
experimental and calculated value of Q. Compared with
pseudo-first-order and intraparticle diffusion, the pseu-
do-second-order model proved to be a better fit for AC
and AC-S with higher R? value (>0.999). Maximum adsorp-
tion capacity obtained from experiments was similar to
the value obtained using the pseudo-second-order kinetic
model. Carabineiro et al. [29] reported similar experimen-
tal results, in which the pseudo-second-order kinetic model
was considered more suitable for CIP adsorption on adsor-
bent from aqueous solution.

3.3. Adsorption isotherms

Three isotherms, namely, the Langmuir, Freundlich,
and Tempkin isotherms, were applied to analyze sorption
of AC and AC-S. Fig. 6 displays adsorption ability of CIP
on activated carbon. With increase in CIP concentration,
mass transfer pressure of adsorption within adsorbents
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Table 3
Parameters of kinetics models for CIP adsorption

Kinetic models Parameters AC AC-S
Pseudo- k,(1/min) 25x 25x
first-order 10° 107

Q. (mg/g) 43.63 17693

R? 0.6535 0.9426
Pseudo- k, (1/min) 2 x 4 x
second-order 10+ 10°

Q. (mg/g) 324.68 41494

V,(mg/(g min)) 2562 792

R? 0.9999 0.9997
Intraparticle  k,(mg /(gmin™?) 13.29 1799 First stage
diffusion C 167.38 80.14

R? 0.8551 0.9666

k,(mg/(g min™?) 163 579  Second

281.63 244.51 stage

R2 0.5054 0.9547
k 4 (M /(gmin™?) 048 113  Third
C 304.70 355.69 stage
R2 0.4848 0.9819

Q.,, (mg/g) 323.10 407.75
C, =200 mg/L; Carbon dosage = 0.4 g/L; pH = 6.04.

= 300- o ACS
AC Langmuir model
200+ — AC-S Langmuir model
—-—- AC Freundlich model
100+ —-—- AC-S Freundlich model
0 T T T T
0 200 400 600 800 1000

C, (mg/L)

Fig. 6. Sorption isotherms of CIP for AC and AC-S fitted by Lang-
muir model (solid lines) and Freundlich model (dash lines) (C,
=200 mg/g; carbon dose = 0.4 g/L; pH = 6.04; temperature = 30
+1°C).

increased. Increasing pressure enhanced internal diffusion
of activated carbons, thereby increasing adsorption capac-
ity. Adsorption isotherms described the interaction between
CIP and adsorbents. As shown in Table 4, adsorption of CIP
onto AC and AC-S fit well the Langmuir isotherm model
with highest values of R* (0.9818, 0.98509, respectively)
among all isotherms. According to the Langmuir isotherm
[40], adsorption was uniform, and each site only accepted
one CIP molecule without further adsorption at that site.
The Langmuir isotherm is used for monolayer adsorption
on specific homogenous sites with finite number of identi-
cal sites. The linear equation is given by:

C 1 c 1

e

— = ) +
Qe Qmax K L Qmax

where Q, (mg/g) represents the amount of adsorbate
adsorbed per unit mass of adsorbent at equilibrium; C,
(mg/L) corresponds to equilibrium concentration at differ-
ent initial concentrations; Q  (mg/g) refers to maximum
adsorption capacity; K, (L/mol) stands for Langmuir con-
stant, which indicates adsorption rate; and R, is an essen-
tial feature of Langmuir isotherm, which is defined by the
following:

1
R, =
LS 15C, @

(6)

where C, (mg/L) corresponds to initial concentration of
CIP; R, refers to isotherms that can be irreversible (R, = 0),
favorable (0 < R, < 1), linear (R, = 1), or unfavorable (R, > 1).
Based on the linear form of Langmuir isotherm model
(Table 4), values of K, and Q  _were obtained from the inter-
cept and slope of the plot of C,/q, versus C, respectively.
Results showed that adsorption favored AC and AC-S.
Calculated R, was between 0 and 1, indicating preferential
adsorption of CIP on activated carbon. The value for CIP
adsorption onto AC-S was slightly lower than that of AC,
indicating that modification of AC-S improved adsorption.
The Freundlich [41] isotherm is an empirical equation
with no assumptions. The linear equation is as follows:

InQ, =InK, + llnCe ®)
n

where K, (L/mol) is the Freundlich constant.

Parameters of Freundlich isotherm model include K,
and 1/n (capacity and intensity of adsorption); they were
calculated from the intercept and slope of the linear plot of
In Q, versus In C,, respectively. The value of 1/n indicates
effect of concentration on adsorption capacity. Usually, a
smaller 1/n value indicates better adsorption of activated
carbon. When 1/n lies between 0.1 and 0.5, activated carbon
is easily adsorbed; when 1/n>2, activated carbon is difficult
to adsorb. As shown in Table 5, 1/n values of AC and AC-S
reached 0.18 and 0.13 respectively, revealing favorable
adsorption in both experiments.

The Tempkin [42] isotherm relates adsorbents and
adsorbate; heat of adsorption decreases throughout adsorp-
tion. The equation is as follows:

Q. =B InK, +B InC, )

B=RT/h (10)
where K, represents the equilibrium binding constant; R
(8.314 J/mol K) refers to the universal gas constant; and T
(K) is absolute solution temperature.

The Langmuir isotherm was the most suitable isotherm.
In Langmuir isotherm fitting, R*> values approximately
reached 1, which was higher than R? values calculated
using the other two isotherms. Observed k, values showed
that adsorbent preferred binding acidic ions and that spe-
ciation predominated on sorbent characteristics when ion
exchange was the predominant mechanism in adsorption
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Table 4
Constants of adsorption isotherms for CIP adsorption

Isotherm models Constants AC AC-S
Langmuir Q, (mg/g) 617.28 671.14
b (L/mg) 0.0151 0.0213
R, 0.06-0.30 0.01-0.23
R? 0.9818 0.9851
Freundlich K, (mg/g) (L/mg)"" 175.19 255.84
1/n 0.18 0.13
R? 0.9376 0.9485
Tempkin K, 1.8218 2.0404
B 339334  40.3427
R? 0.9027 0.8995

of CIP. Results also suggested that Langmuir isotherm was
more suitable for characterizing adsorption of activated car-
bon under different initial concentrations of CIP. Monolayer
adsorption was observed in this study.

3.4. Effect of ionic strength on CIP adsorption

Wastewater with antibiotics often contains various salts,
which lead to high ionic strength that affect adsorption.
Adsorption experiments evaluated effects of ionic strength
with various salts in wastewater. Fig. 7a presents CIP adsorp-
tion data on water with different ionic strengths (0.1 and 0.5
mol/L as NaCl). As shown in Fig. 7a, the amount of absorbed
CIP changed slightly with increase in NaCl concentration,
indicating that ionic strength hardly affected CIP adsorption.
Maximum adsorption capacities of AC and AC-S measured
362.64 and 406.91 mg/g at NaCl concentration of 0.1 mol/L,
respectively. Given that AC-S was not affected by salinity in
the test, this type of activated carbon may be widely used in
industrial wastewater for CIP adsorption.

3.5. Effect of solution pH on adsorption

Previous studies reported that solution pH plays a sig-
nificant role in adsorption of activated carbon [43]. Fig. 7b
shows effect of solution pH on adsorption. In the tested pH
range (from pH 2 to pH 7), AC and AC-S exhibited pH-de-
pendent CIP adsorption. As previously mentioned, pH
of AC and AC-S reached 6.13 and 5.16, respectively, and
were negatively charged. Among all pH values included
in experiments, pH _ was related to contents of surface
groups. When pH of solution reached below 6.1 (pK,,), CIP*
was the main component in solution due to protonation of
the amine group. When pH value fell between 6.1 and 8.7
(pK.,), CIP’ served as primary component of solution. When
pH of solution measured above 8.7, CIP- dominated the
solution. Charge on activated carbon surface was converted
from positive to negative as initial pH increased from 2 to 7.
Therefore, at low pH values (2-4.5), electrostatic repulsion
occurred between activated carbons and CIP. Competition
between CIP*and H* for adsorption sites on activated car-
bon possibly resulted in lower adsorption capacity in com-
parison with that at higher pH conditions. When solution
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(C,=200 mg/g; carbon dose = 0.4 g/L; temperature = 30 + 1°C).
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Fig. 8. Effect of initial pH on the removal of CIP by AC and AC-S
(C,=200 mg/g; carbon dose = 0.4 g/L; temperature = 30 + 1°C).

pH was between 5 and 6.1, electrostatic attraction between
adsorbent and CIP° dominated, and mechanism of CIP
removal from solution was partly cationic exchange. As
pH increased,electrostatic interaction probably weakened,
as hydrophobic interaction was enhanced. Under optimum
condition of pH 5.77, adsorption capacities reached 349.35
and 407.09 mg/g for AC and AC-S, respectively.

When pH > 7.5 [44], CIP precipitates, and adsorption
capacity is overestimated. As such, only pH values ranging
from 2 to 7 were considered in this study. Fallati et al. [45]
reported that CIP features different solubilities under differ-
ent pH values, and maximum solubility of initial CIP concen-
tration measured 110 mg/L at pH = 7.5. This result showed
lower affinity to activated carbon. This study avoided using
pH value at 7.5, at which CIP? is in the highest concentration,
and CIP features the lowest affinity. In polar solvents, CIP
solubility decreases withformation of intramolecular hydro-
gen bonds between molecules of the compound.

CIP adsorption onto AC and AC-S involved strong
interactions between CIP in water and surface groups
in molecular structure. Given the numerous electronic
sites, CIP can be easily protonated [30]. Amino group is a
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Table 5
Comparison of CIP adsorption capacity by different carbon
Activated source carbon Suer S,./Sper  (mg/g) Experimental conditions Modification Reference

(m*/g) (%) pH  T(°C) Adsorbent Initial CIP

dosage(g/L) concentration
(mg/L)

Palm leafs 244 - 4002 6 25 04 100 [9]
Arundodonax Linn 1568 55.8 30000 60 25 1 400 [37]
porous resins MN-150 8153 469 80.00 55 30 0.34 100 [38]
porous resins MN-202 11558  60.3 9988 55 30 034 100 [38]
carbon xerogel 617.0 0.0 80.02 6.5 25  0.05 10 [20]
carbon nanotubes 2840 0.0 100.00 5 25 0.05 10 [20]
corn stalk 1091.2  53.5 32310 576 30 04 200 no This study
silage pre-treated corn stalk ~ 741.6 ~ 78.2 40775 6.04 30 04 200 no This study

stronger electron-donating group than -OH [46]. Amino
groups of CIP molecules can be positively charged under
acidic conditions and achieve electronic coupling [30]. CIP
features a benzene ring and two heterocyclic rings. How-
ever, fluorine in the benzene ring, with its strong electronic
adsorption ability, can easily provide electron vacancies in
the benzene ring as n-electron acceptors. The rich electronic
region, which can be used as n-electron donor via n—t EDA
interaction, can cause extremely strong adsorption in acti-
vated carbon [47].

Amino groups of CIP molecules can be protonated by
H*in solution, whereas some acid groups of AC and more
acid groups of AC-S can be deprotonated by silage pretreat-
ment. AC-S contained more acid groups, contributing to
stronger adsorption capacity of AC-S than AC.

3.6. Comparison of characteristics

Table 5 lists adsorption capacities and other character-
istics of CIP on different adsorbents. The activated carbon
prepared in this work (AC-S) showed the highest adsorp-
tion capacity (407.75 mg/g) compared with those prepared
from palm leafs and Arundo donax Linn. For AC-S, the pro-
portion of micropore volume in specific surface area was
significantly high, and appearance of micropores in other
activated carbons was far less than this proportion. AC-S
was more efficient in terms of adsorption of CIP. AC-S is
also more cost-effective as modifying agents are not needed
during modification. Therefore, modifying activated carbon
developed from corn stalks with novel silage pre-treatment
is a promising approach for treatment of CIP in wastewater.

4. Conclusions

This study proposed a novel silage pre-treatment
method for developing activated carbon from corn stalks.
AC-S presented more micropores and irregular surface
compared with ACs. Adsorption capacity of CIP by AC-S
increased, and equilibrium data were more suitable for
Langmuir and pseudo-second-order models. Batch exper-
iments revealed that adsorption capacity of CIP increased
with increasing initial concentration, contact time, and pH

values. Adsorption mechanisms include hydrophobic inter-
action, chemical adsorption, electrostatic attraction, and
n—n EDA interaction.
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