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ABSTRACT

Cationic and anionic forms of cellulose were synthesized by introducing quaternary ammo-
nium groups and carboxyl groups, respectively, to the skeleton of cellulose from flax noil.
Batch adsorption experiments were carried out to explore the removal of ciprofloxacin (CIP)
from aqueous solution using the cationic and anionic cellulose (cationic flax noil cellulose
(CCEN) and anionic flax noil cellulose (ACFN)) obtained as adsorbents. The adsorbents
were characterized by FTIR spectroscopy, X-ray photoelectron spectroscopy (XPS), XRD
measurements, and SEM. The effects of various parameters including adsorbent dose, con-
tact time, pH, and temperature on the adsorption performance were investigated. The
adsorption data were analyzed using non-linear kinetics and isotherms models. FTIR, XPS,
and XRD studies confirmed that the cationic and anionic groups had been successfully
bound to the cellulose molecules after functionalization. SEM images showed that the sur-
face morphology changed substantially after modification. Adsorption was dependent on
solution pH, suggesting an electrostatic interaction mechanism. Under identical conditions,
the adsorption capacity of CCFN for CIP was higher than that of ACFN. Adsorption of CIP
onto CCEFN was endothermic whereas adsorption onto ACFN was an exothermic process.
The adsorption behavior of CIP on both adsorbents closely fitted a pseudo-second-order
kinetic model, an intra-particle diffusion model, and the Langmuir isotherm. A thermody-
namic analysis showed that adsorption was spontaneous and favorable.
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1. Introduction

Antibiotics are a group of substances that can
effectively inhibit the growth of pathogens or other
active materials [1]. At present, a large number of
antibiotics are used not only to treat human and ani-
mal diseases but also widely in poultry feeding and
aquaculture. Antibiotics play a very important role in
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disease prevention and growth promotion. Fluoro-
quinolones have been the antibiotics mostly applied to
human therapy and veterinary treatment [2]. How-
ever, extensive use of antibiotics has resulted in their
frequent detection in the final effluents of wastewater
treatment plants (WWTPs). Many commonly used
antibiotics do not biodegrade readily and conse-
quently persist in the environment. The presence of
antibiotics has been associated with a variety of
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adverse effects, including acute and chronic toxicity,
micro-organism resistance, or effects on human health
of endocrine-disrupting chemicals [3]. Moreover, these
residues could threaten surface water quality and even
that of groundwater as a result of leaching from agri-
cultural fields [4].

Ciprofloxacin (CIP) is a zwitterionic antibiotic cate-
gorized as a second-generation fluoroquinolone of
high use, which can effectively act against a wide
range of gram-negative and gram-positive bacteria [5].
In addition, as the increasing of its use, large quanti-
ties of effluents containing CIP have been discharged
into the environment. The excessive existence of CIP
in the aquatic environment can lead to increased
antibiotic resistance among bacteria and deleterious
effects on water quality [6]. The emergence of resis-
tance in bacteria can result from a direct one-step
selection of resistant clones at the site of infection or
an indirect two-step process in which antibiotic-
resistant commensal bacteria are first selected in the
natural ecosystems of humans [7]. Therefore, the
removal of CIP from water has become an increas-
ingly important and necessary task.

Several conventional methods, including adsorp-
tion, electrochemical removal, photolytic and photocat-
alytic treatments, oxidation, ozonation and peroxone
processes, and biological treatment have been investi-
gated [8,9]. Adsorption is an efficient treatment
method for the removal of antibiotics from pharma-
ceutical wastewater. Activated carbon, with its large
surface area and well-developed porous structure, has
been widely used to remove organic and inorganic
pollutants from aqueous solution. However, due to
economic consideration, the use of activated carbon
for wastewater treatment is often restricted. Recently,
many other non-biomaterials have been used for the
purification of pharmaceutical wastewater, such as
montmorillonite [10], kaolinite [11], goethite [12], and
magnetite [13]. However, there have been few studies
on the use of biomass materials as adsorbents to
remove antibiotics from pharmaceutical wastewater.

Cellulose, a low-cost, widely resourced, non-toxic,
biodegradable, and renewable raw biomaterial, also
can be chemically modified through reactions of the
active hydroxyl groups on the glucose units [14]. Flax
noil (FN) is the main byproduct of flax fiber separa-
tion by hackling. FN is a natural and sustainable bio-
material and its main component is cellulose [15].
Thus far, the use of FN as an adsorbent for purifying
sewage has not been studied. To utilize FN as an
adsorbent, further separation and chemical modifica-
tion are necessary.

The objective of this study was to investigate
the adsorption behavior of CIP on two different
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bioadsorbents. Cationic and anionic forms of FN were
assembled using N,N-dimethyl-1-dodecylamine and
citric acid as modifying agents. FTIR spectroscopy,
X-ray photoelectron spectroscopy (XPS), XRD
measurements, and SEM were used to characterize the
adsorbents. The effects of various parameters, includ-
ing the adsorbent dose, contact time, pH, and temper-
ature, on the adsorption performance were studied.
The kinetics, isotherms, and thermodynamics were
also investigated in detail.

2. Experimental
2.1. Materials

Epichlorohydrin and citric acid (CA) were
purchased from Kemiou Chemical Reagent Co., Ltd
(Tianjin, China). N,N-Dimethyl-1-dodecylamine
(C14H31N; 98% pure; My = 213.4) was obtained from
Heowns Chemical Reagent Co., Ltd (Tianjin, China).
CIP Hydrochloride Monohydrate (CIP, C;7H;sFN3O3-
HCI-H,O, My =367.80) with a purity higher than
98.0% was purchased from Tokyo Chemical Industry
Co., Ltd (TCI China). Its molecular structure is shown
in Fig. 1. All other chemicals and reagents were of
analytical grade and without further purification.

2.2. Adsorbents preparation
2.2.1. Separation and purification of FN

FN obtained from Harbin Linen Textile Co., Ltd
(Harbin, China) was used as a raw material for adsor-
bent preparation. The FN was washed several times
with tap water to remove dust and other impurities
and then air-dried. Cellulose was separated through
alkali pretreatment method, as reported in previous
study [16]. Then, the obtained cellulose was bleached
to remove the residual lignin according to the previ-
ous method [17]. Finally, the dry cellulose was ground
into small particles with a size of 80-120 mesh for
further modified process (CFN).

2.2.2. Preparation of cationic flax noil cellulose

Ten grams of CFN powder and 250 mL of 20 wt%
NaOH solution was added into the three-neck round
bottom flask and stirred at room temperature for 2 h
to obtain the activated cellulose. Then the solution
was removed and 250 mL of 10 wt% NaOH solution
and 240 mL of epoxy chloropropane were added. The
mixture was heated to 65°C in a water bath and stir-
red for 6 h. Then the solution was removed by filter-
ing, and 40 v/v % of N,N-Dimethyl-1-dodecylamine
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Fig. 1. The molecular structure of CIP.
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in isopropanol (100 mL) was added to the residue and
the mixture was heated to 80°C agitated for 3 h. The
product was filtered and washed with anhydrous
ethanol to remove the residential N,N-Dimethyl-1-do-
decylamine, followed by 0.1 M NaOH, 0.1 M HCI to
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adjust the solution pH around 7, and then by a plenty
of distilled water. The cationic flax noil cellulose
(CCFN) was dried in an oven at 60°C for 12h.
Synthetic reaction for the CCFN is shown in Fig. 2.

2.2.3. Preparation of anionic flax noil cellulose

CEN powder (20 g) and 200 mL of 0.8 mol/L citric
acid solution were added to a reaction vessel and stir-
red for 30 min; then the mixture was ventilated with
drying at 50°C for 24 h and was next heated up to
120°C for 120 min to accomplish esterification. After
cooling, the mixture was washed with distilled water
to remove the residual citric acid. Then the solution
was removed by filtering, and 0.1 mol/L NaOH solu-
tion (200 mL) was added to the residue and the mix-
ture was stirred for 60 min. Finally, the product
(anionic flax noil cellulose (ACFN)) was washed with
distilled water to neutral pH and dried in an oven at
60°C for 12 h. Synthetic reaction for the ACFN is
shown in Fig. 3.

2.3. Adsorbents characterization

FTIR spectra of the samples were obtained on a
Nicolet 6700 spectrometer (Thermo Fisher Scientific
Co., Ltd, MA, USA). Measurements were done in
attenuated total reflection mode at a resolution of
4 cm™'. The XPS experiments were performed with a
K-Alpha XPS analyzer (Thermo Fisher Scientific Com-
pany, USA). The nitrogen content (N %) was mea-
sured on an element analyzer (EA 3000, Arvator,
Italy). XRD patterns of the samples were obtained
using a D/max-2200 diffractometer (Cu-K, target,
40 kV, 30 mA) operated at 1,200 W (Rigaku, Japan).
The morphology of the samples was observed after
coated with a gold layer under a Quanta 200 scanning
electron microscope (Philips-FEI Co., Ltd. The Nether-
lands). The Brunauer-Emmett-Teller (BET) pore struc-
ture parameters of samples were measured using a
JW-BK132F instrument (JWGB Sci. & Tech. Co., Ltd,
Beijing, China). Zeta potentials of adsorbents at differ-
ent pH solution were measured using a zetasizer nano
ZEN3600 equipment (Malvern instrument company,
UK), the measurements were repeated at least three
times. The points of zero charge (pHp,.) of CCFN and
ACFN were measured by means of the previous
method.

2.4. Batch adsorption studies

Batch adsorption experiments were performed to
determine the ability of adsorbents to remove CIP
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from aqueous solutions in a water bath oscillator. In
each adsorption experiment, a certain amount of
adsorbent and 50 mL of CIP solution were added into
a 250 mL conical flask shaken at 120 rpm. The influ-
ences of adsorbent dose, contact time, and tempera-
ture on the adsorption performances were
investigated. The effects of pH on the adsorption of
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CIP by CCFN and ACFEN were also determined. The
pH values were adjusted in the range from 3 to 10 by
adding a few drops of NaOH or HCI solution. After
adsorption, the adsorbents were separated from aque-
ous solution using a centrifuge at 4,000 rpm for
10 min. The residual CIP concentrations were mea-
sured by an ultraviolet—visible (UV-vis) spectropho-
tometer (UV-2600, Shimadzu, Kyoto, Japan) at
Amax = 275 nm. Each batch experiments were repeated
three times. The removal efficiency (R, %), the adsorp-
tion capacities at equilibrium (g., mg/g), and at time ¢
(9, mg/g) were calculated using the following
equations:

R = (Co — C1)/Co x 100% (1)
ge = (Co—Ce) x V/M 2)
gt =(Co—Cy) x V/M 3)
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where Co, Ce, and C; (mg/L) are the CIP concentration
of the initial solution, the residual solution at equilib-
rium, and at time f, respectively. V is the volume of
CIP solution and M is the mass of adsorbent.

2.5. Kinetics studies

In this study, nonlinear models of pseudo-first-
order kinetic, pseudo-second-order kinetic, and Elo-
vich were used in predicting the adsorption process of
CIP onto CCEN and ACFN. The intra-particle diffu-
sion model was also investigated. The kinetics of
adsorption was determined by analyzing the CIP
adsorbed from aqueous solution at various time inter-
vals. The four kinetic models are given as follows [18]:

Pseudo-first-order kinetic model:

G = qe(1— ™) )

Pseudo-second-order kinetic model:

gt =kag?’t/(1 + kyget) 5)

Elovich model:

qe =In(1 + «pt)/f 6)

The intra-particle diffusion model:

g =kt* +C @)

where g, and g, (mg/g) are CIP adsorption capacity at
equilibrium and time f (min). k; (1/min) and k; (g/
(mg min)) are rate constants of pseudo-first-order and
pseudo-second-order, respectively. a is the initial
sorption rate (mg/(gmin)) and S is the desorption
constant (g/mg) of the Elovich model. k; is the intra-
particle diffusion rate constant (mg/(g min®?)) and C
is a constant (mg/g).

The Arrhenius equation was used to calculate the
activation energy of the adsorption:

In kz = —Ea/RT + In ko (8)

where E, (kJ/mol) is the activation energy of the
adsorption. k, (g/(mg min)) is the rate of constant of
the pseudo-second-model. R is the gas constant
(8.314J/(mol K)). T (K) is the absolute temperature.
The value of E, is evaluated by plotting In k; vs. 1/T.

D. Hu and L. Wang | Desalination and Water Treatment 57 (2016) 28436-28449

2.6. Isotherms studies

In this study, four adsorption isotherms were used
to fit the adsorption of CIP onto the two different cel-
lulose types of CCFN and ACEN. The non-linear fit-
ting models were presented as follows [19]:

The Langmuir model:

Je = qm Ka Ce/(l + Ka Ce) (9)
Ry =1/(1 + K, Cp) (10)
The Freundlich model:

de = kF Ci/nF (11)
The Temkin model:

e = B In AT Ce, B = RT/bT (12)
Sips model:

Je = qm K, CY/"/(1 4+ K, CU/™) (13)

where g, (mg/g) is the maximum adsorption capac-
ity, K, (L/mg) is the Langmuir adsorption constant.
The value of R; indicates whether the adsorption
behavior is favorable or unfavorable: unfavorable
(Ry. > 1), linear (Ry = 1), favorable (0 < Ry < 1), or irre-
versible (Rp. =0) [20]. kr (mg' /" /(gL™"") is the
Freundlich constant and #nF is the heterogeneity factor.
B is the Temkin constant which is related to heat of
adsorption, Ay (L/mg) is the equilibrium binding
constant. K; (L/mg) is the Sips constant and n is the
Sips model exponent.

2.7. Thermodynamic studies

Thermodynamic parameters of CIP adsorption
onto CCFN and ACEN including standard free energy
change (AG®), standard enthalpy change (AH®), and
standard entropy change (AS°) were determined by
the following equations:

AG® = —RTIn Ky4 (14)
Kd = qe/Ce (15)
In Kg = —AH°/RT + AS°/R (16)
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where R is the universal gas constant (8.314]/
(Kmol), and Ky is the equilibrium constant for the
adsorption at standard temperature and pressure. AH"
and AS° were obtained from the slope and intercept of
the linear plot of In K4 vs. 1/T.

2.8. Statistical analysis

Three parallel experiments were tested, and data
were analyzed by the one-way analysis of variance
(ANOVA) through the SPSS software and differences
among mean values were processed by the Duncan’s
multiple-range tests. Significance was defined at
p-values of <0.05.

3. Results and discussion
3.1. Characterization of adsorbents

FTIR spectra of CFN, CCFN, and ACFN are shown
in Fig. 4(a). For CFN, the bands at 3,310 and
2,893 cm™! are attributed to the O-H stretching vibra-
tion of the hydroxyl groups and the C-H stretching
vibration of the —-CH,- groups, respectively. A series
of bands at 1,162, 1,108, 1,053, and 1,025 cm™ ! corre-
spond to -C—O-C- bonds in the anhydroglucose unit
of the cellulose molecule [21]. The spectrum of CCFN
shows characteristics similar to CFN except for some
slight differences. After modification with quaternary
ammonium groups, the O-H stretching vibration
bands weakened, broadened, and shifted to
3,336 cm\; however, the intensity of the -CH,- group
increased; moreover, a new peak at 1,454 cm™!
appeared and is attributed to C-N vibrations of
-N*(CHs5)sCl™. All of these changes indicate that the
quaternary ammonium group was successfully
attached to the CFN skeleton. As shown in Fig. 4(b),
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the peaks at 401.70 eV in the XPS spectrum further
proved that CCFN contains nitrogen in quaternary
valence states [22].

In the ACEN spectrum, a decrease in intensity of
the O-H peak indicated CA reacted with the hydroxyl
groups on CEN [23]. Moreover, new peaks at ~1,731
and 1,581 cm™' were attributed to the absorption
vibrations of the ester groups and carboxylate groups,
respectively [24]. All of these changes indicate that
carboxylic anions were introduced into the CFN mole-
cule after modification with citric acid.

Furthermore, the degrees of substitution of CCFN
(N%: 2.03%) and ACEN (O%: 2.69%) obtained from
elemental analyses were 0.42 and 0.45, and calculated
according to the previous method [25], respectively,
which further support the above results.

The XRD patterns of CFN, CCFN, and ACFN are
shown in Fig. 4(c). The XRD pattern of CFN displays
the typical cellulose I structure at 26 = 16.24°, 22.76°,
and 34.67°. In the CCFN pattern, characteristic peaks
disappeared and new peaks occurred at 20.24°. The
crystalline structure of CFN had evidently changed,
which indicates that the hydrogen bonds of the origi-
nal CFN were broken during the modification process.
The XRD pattern obtained for ACFN has characteris-
tics that are similar to CFN except for the increased
intensity, which indicates that the crystallinity of CFN
was significantly affected by CA modification. This is
because the CA molecule can penetrate the amor-
phous regions and produce crosslinks between the cel-
lulose wunits, thus resulting in an increase in
crystallinity [26].

The SEM images of CFN, CCFN, and ACEN are
shown in Fig. 5. CEN has a structure similar to a bam-
boo joint. After modification, the surface morphology
obviously changed and the bamboo joint structure dis-
appeared. The surface of CCFN was coarse and rough.
The prepared ACFN appeared to have a uniform
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Fig. 4. (a) FTIR spectra of CFN, CCFN, and ACEN, (b) N 1s spectrum of CCFN and (c) XRD patterns of CFN, CCFN, and

ACFN.
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Fig. 5. SEM images of CFN, CCFN, and ACFN.

wrinkled structure. Moreover, the values of Sggr are
4.35 and 3.90 m?/g for CCFN and ACFN, respectively.
The values of pore size are 5.19 and 5.18 nm for CCEN
and ACEFN, respectively. These results are consistent
with the SEM observations. Furthermore, the values of
pore sizes are lower than that of CIP molecule size
(29.97 nm) reported by Li et al. [27]. These BET pore
structure parameters are not the key factor for CIP
adsorption in this study.

3.2. Effects of solution pH

The effects of solution pH on CIP adsorption onto
CCFN and ACEN were studied in the pH range of 3—
10 (Fig. 6(a)). Adsorption capacity increased with

(@)™

+— CCFN
« ACFN

increasing pH and reached a maximum value at pH 7
and decreased sharply with increasing pH above 7.
CIP (pKsy =6.1, pKy, =8.7) exhibits pH-dependent
speciation in its different forms as a cation (<6.1),
zwitterion (6.1-8.7), and anion (>8.7) [28]. The pH,,.
values of CCFN and ACFN were 741 and 6.32,
respectively (Fig. 6(b)). For CCFN, a higher positive
charge developed on its surface at pH values below
PHy., and this positive charge decreased at pH values
above pHp,.. For ACFN, a lower negative charge
developed on its surface at pH values below pHp,.,
and this negative charge increased at pH values above
pHp.c- The above results are in agreement with results
from the zeta potential test (Fig. 6(c)). For CCEN, the
possible adsorption mechanism for the adsorption of
CIP is shown in Fig. 7. At pH<6.1 there was
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Fig. 6. (a) Influence of pH on the adsorption of CIP onto CCFN and ACFN (dosage=0.4g/L; t=10h; C =80 mg/L;
V =50 mL), (b) point of zero charge of CCFN and ACEFN, (c) zeta potential curves vs. pH of CCFN and ACEFN, (d) influ-
ence of contact time on the adsorption of CIP onto CCFN and ACFN (dosage =0.4 g/L; C=80mg/L; V =50mL;
pH = initial pH), (e) influence of dosage on the adsorption of CIP onto CCFN and ACFN (C =80 mg/L; V =50 mL;

pH = initial pH; f = 10 h).
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Fig. 7. The possible adsorption mechanism for the adsorp-
tion of CIP onto CCFN.

electrostatic repulsion between the -NHj groups of
CIP and the quaternary amino groups of the CCEN,
resulting in low adsorption capacity. Upon increasing
the pH but keeping it still below 7.41, the numbers of
-NH; groups decreased while the numbers of -COO~
groups increased, thereby increasing the adsorption
capacity. At higher pH values, competition from the
OH" ions played a major role and resulted in reducing
the adsorption capacity. For ACEN, the possible
adsorption mechanism for the adsorption of CIP is
shown in Fig. 8. At lower pH values, some of the
-COO" groups were transformed into -COOH groups,
so that the low adsorption capacity was due to a
decrease in the electrostatic attraction between the
-NH; groups of CIP and the -COO™ groups of the
ACEN [29]. With increasing pH, the adsorption mech-
anism was mainly controlled by the electrostatic
attraction, resulting in increasing adsorption capacity.
However, under alkaline conditions, the numbers of
-NH; groups decreased while the numbers of -COO~
groups increased, thereby decreasing the electrostatic
attraction and increasing the electrostatic repulsion.
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Moreover, competition from the OH™ ions also
occurred during the adsorption process.

3.3. Effects of contact time

The effects of contact time on CIP adsorption onto
CCFN as well as ACFN are shown in Fig. 6(d). The
adsorption rate was rapid during the first 60 min; sub-
sequently, it decreased gradually and reached equilib-
rium at 120 min, indicating that a shaking time of 10 h
was sufficient for the other adsorption experiments. The
high adsorption rate in the first stage may be due to a
high driving force, which causes CIP molecules to
transfer rapidly to the surface of the adsorbents, along
with the availability of numerous active binding sites.
The decrease in adsorption rate may be attributed to the
reduced numbers of remaining active sites and the
increasing numbers of long-range transformations onto
the surface of adsorbent. It is obvious that the equilib-
rium adsorption capacity by CCFN was higher than
that of ACFIN.
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3.4. Effects of adsorbent dose

The effects of CCFN and ACFN dosage on the
removal efficiencies and adsorption capacities of CIP
were investigated (Fig. 6(e)). Increasing the adsorbent
dose resulted in greater removal efficiency (R) and a
decrease in the adsorption capacity. The positive cor-
relation between adsorbent dose and removal effi-
ciency can be related to the number of available
adsorption active sites, which increases by increasing
the adsorbent dose [30]. The R values remained
nearly constant above a dose of 0.1 g/L; this phe-
nomenon is due to the non-availability of adsorption
active sites and the establishment of equilibrium
between adsorbent and adsorbate. The negative corre-
lation between adsorbent dose and adsorption capac-
ity can be attributed to the decrease in total surface
area of the adsorbent available to CIP molecules
resulting from overlapping or aggregation of adsorp-
tion sites [31].
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3.5. Adsorption kinetics

The fitted curves and parameters for the three
types of adsorption kinetics are presented in Fig. 9
and Table 1, respectively. The correlation coefficients
of pseudo-second-order kinetics were higher than
those of the other types of kinetics. Moreover, the cal-
culated values of g Were closer to the experimental
data, indicating that the removal of CIP by CCFN and
ACFEN fitted pseudo-second-order kinetics best.
Pseudo-second-order kinetics suggests that the adsorp-
tion process of CIP might be controlled by valence
forces through the sharing or exchange of electrons
between CIP and CCFN or ACFN [32]. The k, values
of CCFEN are higher than those of ACFN at the same
temperature, indicating that the time required to reach
an equilibrium state is shorter with CCEN than
ACFN [33].

In order to investigate the potential rate-controlling
steps, including diffusion and chemical or physical
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G
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Fig. 9. Adsorption kinetics of CIP on CCFN and ACFN: (a) pseudo-first-order kinetic model, (b) pseudo-second-order
kinetic model, (c) Elovich model and (d) intra-particle diffusion model.
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Table 1
Kinetics parameters on the adsorption of CIP onto CCFN and ACFN

CCEN ACFN

Kinetics 303.15K 313.15K 323.15K 303.15K 313.15K 323.15K
Pseudo-first-order
kq 0.061 0.072 0.070 0.057 0.047 0.049
e cal 180.92 184.49 189.74 165.34 140.05 120.41
rR? 0.7644 0.7045 0.7074 0.7465 0.7599 0.7715
Pseudo-second-order
k> 0.016 0.019 0.021 0.017 0.016 0.014
e cal 188.67 191.10 196.85 173.08 147.63 126.73
R? 0.9982 0.9925 0.9929 0.9945 0.9904 0.9941
Elovich model
a 56.87 84.06 144.80 90.25 60.43 40.95
B 0.10 0.12 0.13 0.12 0.099 0.095
R? 0.8054 0.8022 0.8133 0.8278 0.8442 0.8345
Intra-particle diffusion
ki 7.99 8.46 9.80 9.42 9.32 7.96
R? 0.9346 0.9668 0.9555 0.9526 0.9838 0.9729
kip 1.25 1.41 1.64 1.83 1.74 1.50
R? 0.9209 0.8740 0.8849 0.9266 0.9182 0.9226
kis 0.18 0.19 0.21 0.23 0.22 0.20
rR? 0.9365 0.9375 0.8589 0.9998 0.8662 0.9999
Je,exp 188.13 190.81 196.61 172.85 146.91 126.31
reactions, the experimental data were also assessed  3.6. Adsorption isotherms
using the intra-particle diffusion model, as shown in The non-linear adsorption isotherms of CIP

Fig. 9(d) and Table 1. The intra-particle diffusion
curves are not linear over the entire time and could be
separated into three linear portions for both adsor-
bents in the adsorption process. The first stage was
the fastest and was attributed to the diffusion of CIP
through the bulk solution to the external surfaces of
CCFEFN and ACFN. Moreover, the first stage did not
pass through the origin, suggesting that intra-particle
diffusion was not the only rate-controlling step, but
that this stage was also affected by a multiple layer
diffusion process. The second stage corresponded to a
gradual adsorption stage. The third stage was the
slowest, due to the lower adsorbate concentration,
resulting in a lower driving force [34].

The activation energies (E,) for the adsorption pro-
cess can be calculated by the Arrhenius equation to be
11.10 and 7.87 kJ/mol for the CCFN and ACFN adsor-
bents, respectively. Generally, low E, values
(<42 kJ/mol) indicate a diffusion-controlled process
[35]. Accordingly, the adsorption behaviors are con-
trolled by a multiple layer diffusion process for CIP
adsorption and are evidently physical.

onto CCFN and ACEN at different temperatures are
presented in Fig. 10 and the fitted results are given
in Table 2. All isotherms exhibit nonlinear character-
istics, and a higher R* value implies the applicability
of Langmuir and Sips isotherms compared with
Freundlich and Temkin isotherms. The Langmuir iso-
therm is usually used to describe monolayer adsorp-
tion. The Sips isotherm is a combined form of the
Langmuir and Freundlich expressions deduced for
predicting the behavior of heterogeneous adsorption
systems [36]. At low adsorbate concentrations, it
reduces to the Freundlich isotherm while, at high
concentrations, it predicts a monolayer adsorption
capacity characteristic of the Langmuir isotherm. The
Langmuir and Sips models gave a better fit to
the equilibrium adsorption data obtained from the
adsorption experiments, indicating that the adsorp-
tion of CIP onto CCFN and ACFN occurs via a
homogeneous monolayer process. Moreover, the
range of R; values was 0-1, suggesting that CIP
adsorption onto the CCFN and ACFN adsorbents
was favorable. On the other hand, the higher values
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Fig. 10. Adsorption isotherms of CIP on CCFN and ACFEN: (a) Langmuir model, (b) Freundlich model, (c) Temkin model

and (d) Sips model.

of kg (40.31, 44.70, 47.27) for CCEN than for ACFN
(39.42, 39.30, 30.03) obtained by the Freundlich model
also indicated that CCFN has a higher adsorption
capacity and affinity for CIP molecules than ACFN.
Furthermore, the 1/np values of the Freundlich
isotherm were higher than 1.0 for all temperatures,
suggesting that it is favorable for CIP adsorption onto
CCFN and ACEN.

The Langmuir maximum adsorption capacities of
CIP on CCFN at different temperatures were about
230.02, 230.98, and 238.70 mg/g, which are higher than
the corresponding values on ACFN (217.91, 176.63,
and 156.96 mg/g). At condition of pH value, CCFN
possesses a positive charge in aqueous solution, con-
tributing to the ionic interaction between CCFN and
CIP. Therefore, upon cationic modification of CFN a
higher adsorption capacity was obtained for CCEN as
compared to ACFN (anionic modification) in the pre-
sent study. Moreover, the comparison of the maximum
adsorption capacity (4max) of various adsorbents for
CIP is shown in Table 3. The adsorption capacity of
CEN has been greatly improved through the modifica-
tion of the process. The maximum adsorption capacity

for CIP on CCEN or ACEN is much higher, indicating
that CCFN and ACEN are highly efficient for removing
CIP from aqueous solutions.

3.7. Thermodynamic studies

Thermodynamic parameters are presented in
Table 4. The positive and negative values of AH" indi-
cate that the adsorptions of CIP on CCFN and ACFN
are endothermic and exothermic adsorption processes,
respectively. The absolute values of AG® increased
with temperature, implying that higher temperature
was favorable for the adsorption of CIP on CCEN, and
more the adsorption tendency was opposite on ACEN,
which agreed with the AH" results. The higher abso-
lute values of AG® for the CCEN adsorbent verify the
feasibility and spontaneity of the adsorption process
with a higher affinity of CIP for CCEN than ACFN
[42]. The adsorption process of CIP onto CCEN and
ACFN was classified to be a physical process by the
absolute values of AH" (<40 kJ/mol) [43]. Furthermore,
the positive values of AS® mean that the adsorption is
spontaneous and favorable.
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Table 2
Isotherm parameters on the adsorption of CIP onto CCFN and ACFN

CCEN ACFN
Isotherms 303.15K 313.15K 323.15K 303.15K 313.15K 323.15K
Langmuir model
Gm 230.02 230.98 238.70 217.91 176.63 156.96
K, 0.089 0.10 0.11 0.11 0.089 0.076
rR? 0.9996 0.9990 0.9989 0.9981 0.9990 0.9996
Ry, 0.12 0.11 0.10 0.11 0.12 0.14
Freundlich model
1/ng 0.40 0.38 0.37 0.39 0.36 0.34
kg 40.31 44.70 47.27 39.42 39.30 30.03
rR? 0.9632 0.9618 0.9499 0.9521 0.9456 0.9598
Temkin model
Ar 0.85 1.05 1.10 0.83 1.06 0.71
B 49.25 50.18 50.89 47.94 37.56 34.69
R? 0.9963 0.9956 0.9819 0.9924 0.9876 0.9921
Sips model
Gm 234.63 236.36 239.11 211.96 170.40 151.90
K 0.092 0.11 0.12 0.094 0.068 0.054
1/n 1.02 0.97 0.94 1.05 1.07 1.09
R? 0.9996 0.9993 0.9987 0.9980 0.9996 0.9999
e 183.25 188.79 196.51 174.61 148.38 126.47
Table 3
Comparison of maximum adsorption capacity (§max) of various adsorbents for CIP
Adsorbents Adsorption isotherm Jmax (Mg/g) Refs.
CEN Langmuir 12.32-15.13 This work
CCEN Langmuir 230.02-238.70 This work
ACFEN Langmuir 156.96-217.91 This work
Grapheme oxide/calcium alginate Langmuir 28.59-66.25 [37]
Goethite Langmuir 33.2-49.9 [38]
Kaolinite Langmuir 6.3 [11]
Aerobic culture Langmuir 37.9 [39]
MIP-NIP Langmuir 11.53 [9]
Carbon xerogel Langmuir 112 [40]
Carbon nanotubes Langmuir 135 [40]
Carbon adsorbent from data palm leaflets Langmuir 104.2-133.3 [41]
Modified coal fly ash Langmuir 1.443-1.580 [20]
Table 4

Thermodynamic parameters for adsorption of CIP onto CCFN and ACFN

AG” (k] /mol)
Adsorbents AH" (kJ/mol) AS° (J/(mol K)) 303.15 K 313.15 K 323.15 K

CCEN 9.90 49.09 —4.98 —5.47 —5.97
ACFN -17.11 47.42 —2.74 -2.25 -1.79




28448

4. Conclusion

In this study, batch adsorption experiments were
carried out to investigate the removal of CIP from
aqueous solution using cationic and anionic cellulose
from FN as adsorbents. The effects of various parame-
ters such as adsorbent dose, contact time, pH, and
temperature on the adsorption performance were
investigated. The adsorption data fit well with the
pseudo-second-order kinetic model and intra-particle
diffusion model. The low E, values of 11.10 (CCFN)
and 7.87 kJ/mol (ACFN) indicate the adsorption pro-
cess is diffusion-controlled. The isotherm adsorption
data fit the Langmuir and Sips models well, suggest-
ing that the adsorption of CIP onto CCFN and ACFN
occurs via a homogeneous monolayer process. Ther-
modynamic studies indicated that the adsorption is
spontaneous and favorable, and the adsorption of CIP
on CCEN is an endothermic process while that on
ACEFN is an exothermic process.
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