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ABSTRACT

In this study, sodium alginate (SA), dimethyl dodecyl betaine (BS), and chitosan (CS) were used for
single, binary, and ternary modifications on the surface of semi-carbonized fibers (Sf) prepared using
acrylic fiber. Batch method was used to investigate the adsorption characteristic of oxytetracycline
(OTC) on the tested materials, and the effects of pH, temperature, and ionic strength on oxytetra-
cycline adsorption were compared. The structural particularities of the tested materials was stud-
ied using scanning electron microscopy (SEM) and Fourier-transform infrared spectroscopy (FTIR).
Results showed that: (1) Langmuir model can better fitted the adsorption isotherms of OTC than
Henry and Freundlich models, with the maximum adsorption capacity (q,) maintained at 16.11-
65.25 mmol/kg. The g, of oxytetracycline presented the trend of ternary > binary > single modifica-
tion. (2) In the pH range of 1-9 and ionic strength range of 0.01-0.5 mol/L, the adsorption amount
of OTC on different modified Sfs increased first and then decreased with increasing pH and ionic
strength, reaching the maximum value at pH 5 and ionic strength of 0.1 mol/L. (3) OTC adsorption
on different modified Sfs increased with the increase in temperature, and the adsorption was a spon-
taneous, endothermic, and entropy-increasing process, which conformed to the pseudo-second-order
kinetic equation. (4) SEM and FTIR results proved that the modifiers were modified on the surface
and that they changed the surface properties of Sf. The adsorption amount of OTC on 100SA/BS/
CS-Sf still reached about 50% of the original material after three times of regeneration.

Keywords: Semi-carbonized fiber; Oxytetracycline; Chitosan; Dimethyl dodecyl betaine; Sodium
alginate

1. Introduction

Rapid societal change has posed difficulties to the aquatic
environment, with new pollutants altering, growing, and
frequently being found at higher-than-predicted concen-
trations [1]. Due to the aquaculture industry’s recent rapid
growth, antibiotics are frequently employed to cure and pre-
vent animal infections, and their usage is on the rise [2,3].

However, the abuse of antibiotics poses a significant threat
to the ecological environment because their metabolites,
which cannot fully disintegrate in the animal body, penetrate
the environment of surface waters and result in catastrophic
water contamination [4]. Antibiotic resistance is induced
in pathogenic bacteria, and it leads to major environmen-
tal issues, making it one of the most pressing issues in the
water environment. Antibiotics also alter the structure and
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function of microbial communities in the ecosystem [5]. The
typical tetracycline antibiotic oxytetracycline (OTC) is used
in huge amounts because of its low cost, effective perfor-
mance, and low toxicity, and its presence in natural waters is
importantly increasing [6].

Antibiotics may currently be removed effectively through
biological degradation, membrane separation, adsorption,
and enhanced oxidation. Due to its usually straightforward
operation, effective therapeutic effect, and lack of produc-
tion of harmful metabolites, adsorption is typically used
to adsorb antibiotics in polluted water [7]. The commonly
used antibiotic adsorbents include carbon materials, poly-
mers, minerals, and nanomaterials [8-11]. However, some
of the materials have a more restricted range of applications
because of their prolonged preparation time, challenging
manufacturing method, and high production costs. People
have started looking for less expensive and more efficient
adsorption materials, including waste products from daily
life, (e.g., peanut shells, pomelo peels, and wheat straws)
[12-14], to replace the expensive adsorbents. Carbon mate-
rials have drawn considerable attention recently due to their
substantial surface area and superior adsorption capabili-
ties. Hu et al. [15] used bagasse to produce biochar with the
advantages of low cost, simple process, and high adsorp-
tion efficiency, and the maximum adsorption capacity of the
biochar carbonized at 500°C for sulfamethoxazole and cipro-
floxacin antibiotics could be up to 53.3 and 54.5 mg/g, respec-
tively. Yu et al. [16] modified biochar with potassium acetate
and obtained a specific surface area (1,147.80 m?g) higher
than that of pyrolyzed biochar. The adsorption of OTC by
the modified biochar could reach 165 mg/g at the solution
pH of 3-8. Zhou et al. [17] prepared two kinds of unmodi-
fied and phosphoric acid-modified biochar and used them to
remove amoxicillin in water. The phosphoric acid-modified
biochar adsorbed 50 mg/L amoxicillin, the adsorption equi-
librium could be reached within 60 min, and removal effi-
ciency of amoxicillin was as high as 96.0%, and the maximal
adsorption capacity was as high as 198.8 mg/g at 65°C.

The modified biochar has more good adsorption sites
for antibiotics, and it demonstrated improved antibiotic
adsorption [18]. It also has more effective sites for antibiotic
adsorption. Composite modification improves the perfor-
mance of carbon-based materials more effectively than the
modifiers employed alone or in combination [19]. The straw
biochar modified with sodium bicarbonate and melamine
had a superior adsorption capacity for tetracycline. It can
remove tetracycline quickly and efficiently in a short time
and the maximum adsorption amount reached 347 mg/g
[20]. Ma et al. [21] prepared sludge biochar modified with
Fe/Zn, H,PO,, and a combination of the two (Fe/Zn + H,PO,).
The results showed that the Fe/Zn + H,PO,-modified bio-
char with high adsorption capacity is a promising adsorbent
for fluoroquinolones and other antibiotics. Three antibiot-
ics in water, namely, ciprofloxacin, norfloxacin, and ofloxa-
cin, showed excellent adsorption performance, with max-
imum adsorption capacities of 83.7, 39.3, and 25.4 mg/g,
respectively [21].

Fibers are effective adsorbent materials due to their
porous structure and large surface area. Studies found that
fiber materials have a faster adsorption rate and higher
adsorption capacity for heavy metal ions [22]. When used

for adsorption of pollutants, carbonized fiber has the advan-
tages of a large surface area, abundant pore structure and
active sites, broad spectrum, sustainability, and degrad-
ability. The adsorption capacity of carbonized fibers could
be greatly improved if multiple composite modification is
carried out. Few related studies and reports on this topic
were published. In the present work, sodium alginate (SA),
dimethyl dodecyl betaine (BS), and chitosan (CS) were used
for single, binary, and ternary modifications on the surface
of semi-carbonized fiber (Sf) prepared using acrylic fiber.
Batch method was used to investigate the adsorption char-
acteristic of OTC on the tested materials, and the effects of
pH, temperature, and ionic strength on oxytetracycline
adsorption were compared. The structural particularities of
the tested materials was studied by using scanning electron
microscopy (SEM) and Fourier-transform infrared spec-
troscopy (FTIR). This research aims to provide a theoretical
basis for the development of composite-modified carbonized
fibers for the adsorption of antibiotic contaminants.

2. Materials and method
2.1. Experimental materials

BS (purchased from Tianjin Xingguang Auxiliary Factory,
China, analytic reagent), SA (purchased from Chengdu
Cologne Chemical Co., Ltd., China, analytic reagent), and CS
(purchased from Shanghai Yuanye Biotechnology Co., Ltd.,
China, analytic reagent) with 90% purity were used as the
modifiers. The molecular formula of the three modifiers is
shown in Fig. 1.

Acrylic fiber was soaked in deionized water for 24 h and
subsequently decolorized using ethanol. After decoloriza-
tion, the raw material was placed in a muffle furnace at 300°C
and stored in an anaerobic environment for 2 h. Following
cooling, the material was ground through a 60-mesh screen
to obtain Sf. A certain weight of Sf was prepared for single
modification, slowly added to the prepared BS (CS and SA
are similar) solution with a Sf/water ratio of 1:10, and then
dispersed by ultrasound at 60°C for 3 h. The samples were
centrifuged at 4,800 rpm for 20 min, and the supernatant
was separated. After being washed three times with deion-
ized water, the samples were dried at 60°C for 12 h and then
passed through a 0.25 mm sieve. BS-modified Sf (BS-Sf),
CS-modified Sf (CS-Sf), and SA-modified Sf (SA-Sf) were
obtained. The binary and ternary modifications were the
same as the single modification, in which singly modi-
fied Sf was modified by other two modifiers individually
and simultaneously. Then, CS-modified BS-Sf (BS/CS-Sf),
SA-modified BS-Sf (SA/BS-5f), CS-modified SA-Sf (SA/CS-5f),
CS-modified SA/BS-Sf (SA/BS/CS-Sf) could be obtained.

The dosage of BS, SA, and CS were calculated using

Eq. (1):
% R
W =mxCECxM x10 xz (1)

where W (g) is the quantity of modifier. m (g) represents the
mass of the material that will be modified. CEC (mmol/kg)
denotes the cation exchange capacity of Sf. M (g/mol) refers
to the molecular mass of the modifier. R is the modified
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Fig. 1. Molecular structural formulas of BS (a), SA (b), and CS (c).

proportion. b stands for the content of the modifier prod-
uct (mass fraction).

The test contaminant OTC was purchased from Sigma, USA,
with a purity of 99.9%. The hygromycin molecule has three
pKa (pK, = 3.57, pK, = 7.49, pK, = 9.44) [23]. At pH < 5.5,
oxytetracycline is mainly present as cations and amphoteric
ions, at 5.5 < pH < 8.7, it is mainly present as amphoteric
ions and amidated anions, and at pH > 8.7, amidated and
divalent anions are predominant [24].

2.2. Experimental design

The structural particularities of the tested materials was
studied by using SEM and FTIR detection. The concentra-
tions of OTC were set to ten concentration gradients of 0, 0.3,
0.6, 1.2, 3, 6, 12, 18, 24, and 30 mg/L. The temperature was
set to 25°C, the pH of the solution was set to 5, and the ionic
strength was set to 0.1 mol/L of NaCl.

Temperature is set at 25°C, 35°C and 45°C (pH value of
the solution: 5; ionic strength: 0.1 mol/L). pH values are set
at 1, 3, 5, 7 and 9 (initial solution temperature: 25°C; ionic
strength: 0.1 mol/L). Ionic strength was set at 0.01, 0.1, 0.2
and 0.5 mol/L (pH value of the solution: 5; initial solution
temperature: 25°C).

The adsorption time was set as 5, 10, 30, 60, 120, 180,
240, 300, 360, 480, and 720 min. The temperature was set as
25°C, the pH value of the solution was set as 5, and the ionic
strength was set as 0.1 mol/L of NaCl.

2.3. Experimental methods

Sger were analyzed using a multipoint Brunauer—
Emmett-Teller method through the Gold APP V-Sorb 2800P
analyzer (Ultrametrics, Beijing, China). SEM was performed
using the Japanese Hitachi 5-4800 scanning electron micro-
scope. FTIR analysis was performed on the Nicolet iS50
type Fourier-transform infrared spectrometer (Thermo
Fisher, Massachusetts, USA).

The batch equilibrium method was used for OTC
adsorption. A total of 0.1000 g of the sample was weighed
in nine 50-mL plastic centrifuge tubes to which 20 mL of
oxytetracycline solutions with different concentration gra-
dients were respectively added. The samples were oscil-
lated at 20°C and 200 rpm for 12 h at constant temperature

and centrifuged at 4,800 rpm for 10 min [18]. The concen-
tration of the OTC in the supernatant was determined by
high-performance liquid chromatography (Thermo Fisher,
Massachusetts, USA) with the wavelength of 273 nm, and the
equilibrium adsorption amount was calculated by the sub-
traction method. All the above measurements were substi-
tuted into the standard solution for analytical quality control.

2.4. Data processing

Equilibrium adsorption capacity was calculated accord-
ing to Eq. (2).
V x (co - ce)

q.= )

m

where ¢, and ¢, are the initial concentration and equilibrium
concentration of OTC in solution, respectively (mmol/L).
V refers the volume of oxytetracycline solution added
(mL). m is the mass of the tested sample (g). g indicates the
equilibrium adsorption capacity of oxytetracycline on the
tested sample.

The Langmuir, Freundlich, and Henry model were used
to fit the adsorption isotherm of oxytetracycline, as shown
in Egs. (3)-(5).

q,.bc
= m e 3
e 1+bc, ®)
9. =k, 4)
q,=Kc, (5)

where g is the maximum adsorption amount of oxytetracy-
cline for the tested sample, mmol/kg; b and n are the appar-
ent equilibrium constant of oxytetracycline adsorption on
the tested sample for the measurement of adsorption affin-
ity. k is a parameter related to the adsorption capacity. K
represents the distribution coefficient of oxytetracycline in
solid phase adsorbent and solvent, and also represents the
OTC binding capacity of the tested sample to a certain extent.

Parameter K in the Henry model is equivalent to the
apparent adsorption constant of equilibrium constant,
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and called the apparent thermodynamic parameters [25]
Egs. (6)—(8):

AG =-RTInK (6)
aH=R| DL || KL @)
L-T, KT,

where AG is the standard free energy change (kJ/mol), R is
a constant (8.3145 J/mol-K), T is the adsorption temperature
(T, =298.16 K, T, =318.6 K), AH is the enthalpy of adsorption
process (kJ/mol), and AS is the entropy change of adsorp-
tion process (J/mol-K).

The pseudo-first-order and pseudo-second-order kinet-
ics equation models were used to simulate the adsorp-
tion process of oxytetracycline on the tested materials [26].
The kinetics equations were defined as Eqs. (9)—(10):

where g, (mmol/kg) is the adsorption capacity corresponding
to the adsorbent at time t; k, (min™) and k, (mmol/kg-min) are
pseudo-first-order and pseudo-second-order reaction rate
constants, respectively; t is the adsorption time (min).
CurveExpert 1.4 fitting software was used in isothermal
fitting, and Origin 2022 was adopted to improve data plot-
ting. The data were expressed as the means with standard
deviation, and different letters indicate significant differ-
ences among various amendments. Analysis of variance
was performed to determine the effects of amendments,
followed by Tukey’s honestly significant difference test.
Differences of P < 0.05 were considered significant.

3. Results and discussion

3.1. Isothermal adsorption of oxytetracycline on different
modified Sfs

The adsorption isotherms of OTC on each modified Sf
under the conditions of 25°C, pH 5, and ionic strength of
0.1 mol/L are shown in Fig. 2a—d. The OTC adsorption capac-
ity of the different modified Sfs increased with the increase

ln(q -q ):lnq — kit (9) in equilibrium concentration, showing L-shaped adsorp-
¢ ¢ tion curves. The Langmuir, Henry, and Freundlich models
; 1 ¢ were used to fit the adsorption isotherms of OTC by the
—=——t— (10)  modified Sfs (Table 1), and the fitting correlation reached a
9 .k a. highly significant level (P < 0.01). The fitting effect of the
12 12
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Fig. 2. Adsorption isotherms of oxytetracycline by 100% (a,b) and 200% (c,d) modified Sfs.
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Table 1
Fitting parameters by Langmuir, Henry, and Freundlich models
Tested samples Langmuir model Henry model Freundlich model
q, b r K K, T k n r

Sf 16.11 14.47 0.9952** 163.82 - 0.9871** 97.43 1.17 0.9935**
100BS-Sf 21.25 14.93 0.9914** 231.56 1.41 0.9855** 127.04 1.19 0.9903**
100Cs-Sf 36.49 9.22 0.9909** 279.35 171 0.9877** 218.87 1.07 0.9886**
100SA-Sf 47.00 7.70 0.9960** 311.78 1.90 0.9945** 245.85 1.06 0.9952**
100BS/CS-Sf 53.96 9.55 0.9990** 444.68 2.71 0.9975** 333.74 1.07 0.9983**
100SA/CS-5f 57.76 10.15 0.9943** 508.47 3.10 0.9931** 218.49 1.07 0.9983**
100SA/BS-Sf 60.46 12.31 0.9949** 643.64 3.93 0.9932** 510.97 1.06 0.9938**
100SA/BS/CS-Sf 65.25 13.06 0.9951** 741.49 4.53 0.9936** 595.10 1.05 0.9940**
200BS-5f 19.01 15.81 0.9915** 212.59 1.30 0.9816** 124.11 117 0.9866**
200CS-sf 21.30 14.08 0.9959** 220.64 1.35 0.9891** 127.21 117 0.9935**
200SA-Sf 35.88 8.32 0.9837** 249.37 1.52 0.9812** 194.80 1.07 0.9821**
200BS/CS-Sf 52.66 6.44 0.9942** 298.06 1.82 0.9930** 254.47 1.04 0.9933**
200SA/CS-Sf 56.61 7.74 0.9973** 384.30 2.35 0.9962** 304.73 1.06 0.9967**
200SA/BS-Sf 57.24 9.87 0.9978** 490.18 2.99 0.9963** 380.62 1.06 0.9969**
200SA/BS/CS-Sf 60.40 10.80 0.9901** 567.21 3.46 0.9887** 454.88 1.05 0.9892**

Note: **indicates significance at P = 0.01 level (r = 0.765 at P = 0.01 when the degree of freedom f=8).

Langmuir model was better than that of the Freundlich
and Henry models, indicating that the adsorption of OTC
on the modified Sfs highly conformed to the Langmuir
model. The maximum adsorption capacity (g,) values of
OTC on the modified Sfs were 16.11-65.25 mmol/kg, rank-
ing in the order of ternary > binary > single > non-modifi-
cation, which is consistent with the trend of adsorption
isotherms in Fig. 2. This result indicated that BS, CS, and
SA modifications increased the OTC adsorption capac-
ity of Sf, consistent with the result of previous studies on
single and composite modifications [27].

The adsorption amounts of OTC on different modified
Sfs were 1.32-4.05 (100% modification) and 1.18-3.75 (200%
modification) times higher than that on raw Sf, indicat-
ing that the organic phase on the Sf surface partly affected
the adsorption of oxytetracycline. The parameters k of the
Freundlich model and K of the Henry model followed the
same trend as the g, of the Langmuir model. The adsorp-
tion affinity (1) of the Freundlich model was lower than the
b of the Langmuir model. These results indicated that the
test materials had homogeneous surfaces, the adsorption
sites on the material surface were uniformly distributed,
and the adsorption was monolayer adsorption [28]. The
adsorption amount of the material used, which was a kind of
antibiotic adsorption material with good performance, was
several times higher than of those of nanohydroxyapatite
and Mg-loaded amphoteric clay [29,30].

3.2. Effect of pH and ionic strength oxytetracycline adsorption

The adsorption amount of OTC on each modified Sf
increased first and then decreased with the increase in pH
when the pH was in the range of 1-9 (Fig. 3a—d), reaching the
maximum at pH 5. When the pH increased from 1 to 5, the
adsorption amount of OTC on the modified Sfs increased by
61.28%-244.47% (100% modification) and 41.29%-214.13%

(100% modification). The pH of the solution had a great
influence on the antibiotic adsorption, may be due to the
existence of antibiotics in the aqueous solution. oxytetracy-
cline has three different pKa, and it exists in three different
main forms under different pH conditions: cationic OTC*
(pH < 3.57), neutral molecule OTC? (pH between 3.57 and
9.44), and anionic OTC- (pH > 9.44) [31]. Therefore, under
pH 5, antibiotics can be combined with modified Sfs by cat-
ion exchange and hydrophobic bond. With increasing pH,
the proportion of negative charge in the antibiotic molecule
increased, and the adsorption decreased gradually [32].

When the ionic strength changed from 0.01 to 0.5 mol/L,
the adsorption amount of oxytetracycline on the modified
Sfs increased first and then decreased (Fig. 4), reaching the
peak value at 0.1 mol/L. When the ionic strength increased
from 0.01 to 0.1 mol/L, the adsorption amounts of OTC on
the modified Sfs were 1.01-1.21 (100% modification) and
0.91-1.17 (200% modification) times higher than that on
Sf, mainly due to the low electrolyte content in the solu-
tion when the ion concentration is 0.01-0.1 mol/L. With the
increase in ion concentration, the electrical conductivity
of the solution enhanced, and the Na* content in the solu-
tion gradually increased; the surface charge of the tested
samples was compressed to form a negative compressed
double-electron layer structure [33], which changed the
electrostatic potential of the adsorption surface of the mod-
ified Sfs and led to the increase in the adsorption amount of
oxytetracycline. Considering that the concentration of NaCl
in the solution was too high, oxytetracycline was not easily
released, making the antibiotics less soluble, which also led
to a decrease in the amount of oxytetracycline adsorbed.

3.3. Influence of temperature on oxytetracycline adsorption

The influence of temperature on the adsorption of OTC by
different modified Sfs is shown in Fig. 5. As the temperature
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Fig. 3. Effect of pH on oxytetracycline adsorption by 100% (a,b) and 200% (c,d) modified Sfs.

increased from 15°C to 45°C, the adsorption amount of oxy-
tetracycline by the modified Sfs increased, indicating a posi-
tive temperature effect. The adsorption amounts of OTC by
single, binary, and ternary modified Sfs increased by 11.85%-
67.56%, 8.67%-15.87%, and 8.61%-9.49%, respectively. The
thermodynamic parameters of oxytetracycline adsorption by
different modified Sfs are shown in Table 2. The Gibbs free
energy variation (AG) of Cd(Il), Pb(Il), and Zn(Il) adsorp-
tion by different modified Sfs under the conditions of 15°C
and 45°C were less than 0, thus indicating that the adsorp-
tion process was spontaneous. Furthermore, the spontaneity
was stronger at 45°C under the same treatment. The enthalpy
change (AH) of metal ion adsorption on the modified Sfs was
positive, indicating that the adsorption process was endo-
thermic, and temperature increase was conducive to their
adsorption of OTC, which is consistent with the positive tem-
perature effect shown in Fig. 5.

As the temperature increased, the rate of diffusion of
oxytetracycline molecule in the solution increased, and
the chance of contact between OTC and the modified Sfs
increased [34]. A higher temperature corresponds to a better
adsorption effect of the modified Sfs on oxytetracycline. The
results can be mainly attributed to the chemical reaction of
ion exchange and complexation [35]. The entropy changes
(AS) of OTC adsorption in all tested Sfs were greater than

0, indicating that the adsorption process was an entropy-in-
creasing reaction, mainly due to the different oxytetracy-
cline adsorption mechanisms of the modified Sfs, leading
to increased system confusion [36]. The adsorption process
may involve physical (electrostatic attraction) and chemical
reactions (complexation, ion exchange, and precipitation).

3.4. Adsorption kinetic characteristics of oxytetracycline by
different tested materials

The adsorption kinetics curves of OTC on different
modified Sfs are shown in Fig. 6. At the early stage of
adsorption, the adsorption removal of oxytetracycline by
the test materials was rapid, and the adsorption amount
increased dramatically. Then, the adsorption rate decreased
slowly as the adsorption proceeded. It finally reached equi-
librium at 120 min, because in the early stage of adsorption,
the test material was filled with a large number of adsorp-
tion sites, and OTC was rapidly adsorbed onto the surface
of the modified Sfs. With the increase in the adsorption of
oxytetracycline on the material surface, the adsorbed sites
reached saturation, the OTC molecules migrated from
the surface to the interior. With the increase in resistance
to diffusion, the rate of growth of the amount of adsorp-
tion gradually reduced.
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Fig. 5. Effect of temperature on oxytetracycline adsorption by 100% (a) and 200% (b) modified Sfs.

The adsorption kinetic curves of oxytetracycline on the
modified Sfs was simulated using pseudo-first-order, pseu-
do-second-order, and Elovich kinetic equation models, and
the fitting parameters of the adsorption kinetics are shown
in Table 3. The adsorption kinetics of OTC conformed to the
pseudo-second-order kinetic equation. The R? values of the
pseudo-second-order kinetic equation for oxytetracycline
adsorption were higher than those of the pseudo-first-order
and Elovich kinetic equations. These results showed that the
adsorption of OTC by the modified Sfs was primarily driven
by chemisorption, consistent with the observed tempera-
ture effect. The equilibrium adsorption quantities obtained
by the pseudo-second-order kinetic equations were larger
than the equilibrium adsorption quantities calculated by the
pseudo-first-order and Elovich kinetic equations and closer
to the experimentally measured equilibrium adsorption
amounts. This result indicated that the pseudo-second-or-
der kinetic can describe the roles of pore filling, covalent
bond formation, and electron exchange, which could reflect

the adsorption of charcoal fiber materials to oxytetracycline
quite effectively [37].

3.5. SEM and FTIR analysis of test materials

The SEM images of the different modified Sfs are shown
in Fig. 7a-d. The original Sf had a smooth surface and a
compact structure. After being modified by SA, the surface
of SA-Sf became rough and loose. The degree of roughness
and looseness on the surface of SA/BS-Sf further increased,
and SA/BS/CS-Sf had remarkable roughness and looseness.
The surface modification obviously demonstrated on the
structural level and morphological traits of Sf. The most
noticeable morphological and structural modifications of
the material were those made by ternary modification, fol-
lowed by binary and single modifications, consistent with
the variation of the g . The FTIR spectra of the different
modified Sfs are shown in Fig. 7e. After single and com-
posite modifications, the structural groups in the different
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Table 2

Thermodynamic parameters of oxytetracycline adsorption

Tested samples

Langmuir model

Henry model

Freundlich model

AG (KJ/mol)  AH AS AG (kKJ/mol)  AH AS AG (KJ/mol)  AH AS

W (kJ/mol) (kJ/mol-K) W (kJ/mol) (kJ/mol-K) W (kJ/mol) (kJ/mol-K)
Sf -28.16 -31.16 8.75 108.27 -27.54 -30.63 8.48 125.02 -26.93 -29.85 8.21 121.97
100BS-Sf -29.06 -32.42 9.63 111.87 -28.20 -30.96 7.45 123.73 -27.65 -30.90 8.88 126.77
100CS-Sf -29.60 -32.46 8.07 102.88 -28.89 -31.26 6.30 122.13 -29.03 -31.85 7.41 126.44
100SA-St -29.82 -3241 7.16 98.10 -29.02 -31.61 6.82 124.39 -29.26 -31.82 6.69 124.75
100BS/CS-Sf -30.55 -33.01 6.47 97.11 -29.45 -32.03 6.69 125.43 -29.88 -32.28 6.19 125.15
100SA/CS-St -30.81 -33.28 6.45 97.33 -29.63 -32.22 6.69 126.04 -28.82 -31.15 6.20 121.54
100SA/BS-Sf -31.05 -33.50 6.35 97.45 -29.99 -3249 6.39 126.26 -30.50 -32.92 6.09 126.99
100SA/BS/CS-Sf -31.69 -34.14 6.14 98.31 -30.58 -33.06 6.21 127.68 -31.17 -33.58 5.94 128.81
200BS-Sf -23.03 -25.13 6.96 104.07 -2843 -30.85 6.53 121.31 -27.88 -30.32 6.70 120.00
200CS-Sf -22.89 2484 6.54 102.12 -28.59 -31.26 7.12 123.94 -28.07 -30.39 6.34 119.40
200SA-Sf —21.50 -23.30 6.42 96.90 -29.18 -31.73 6.68 124.45 -28.93 -31.25 6.17 121.80
200BS/CS-Sf -20.80 -22.55 6.44 94.54 -29.60 -31.78 5.66 122.38 -29.46 -31.82 6.15 123.57
200SA/CS-Sf -21.10 -22.81 6.18 94.70 -29.44 -32.05 6.77 125.66 -29.75 -32.06 5.97 123.97
200SA/BS-Sf -21.48 -23.37 6.73 97.90 -30.06 -32.39 5.96 125.01 -30.08 -32.58 6.36 126.48
200SA/BS/CS-Sf -21.80 —23.57 6.22 97.27 -30.30 -32.68 6.04 126.12 -30.61 -33.00 6.00 127.05
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Table 3
Fitting parameters of adsorption kinetics for oxytetracycline
Tested samples Pseudo-first-order kinetic equation Pseudo-second-order kinetic equation Elovich equation
g, (mmol/kg) R? g, (mmol/kg) R? g, (mmol/kg) R?

St 5.47 0.8987** 5.55 0.9967** 4.86 0.7737**
100BS-Sf 6.66 0.9105** 6.79 0.9960** 2.74 0.8250**
100CS-Sf 7.04 0.7246** 7.15 0.9389** 3.75 0.9188**
100SA-Sf 7.69 0.8793** 7.87 0.9888** 2.06 0.8282**
100BS/CS-Sf 8.63 0.8849** 8.87 0.9849** 1.60 0.8453**
100SA/CS-5f 9.14 0.9002** 9.41 0.9876** 1.38 0.8303**
100SA/BS-5f 9.66 0.9758** 9.91 0.9885 ** 1.43 0.7554**
100SA/BS/CS-5f 10.03 0.9636** 10.3 0.9936** 1.33 0.7767**
200BS-Sf 6.20 0.8964** 6.32 0.9919** 3.13 0.8258**
200Cs-Sf 6.41 0.8510** 6.52 0.9828** 3.28 0.8474**
200SA-Sf 6.88 0.8903** 7.01 0.9959** 2.88 0.8219**
200BS/CS-Sf 7.53 0.8738** 7.70 0.9849** 2.15 0.8158**
200SA/CS-Sf 8.22 0.8766** 8.44 0.9850** 1.70 0.8423**
200SA/BS-Sf 8.79 0.8409** 9.05 0.9722** 1.45 0.8675**
200SA/BS/CS-Sf 9.20 0.8057** 9.51 0.9545** 1.27 0.8842**

Note: **indicates significance at P = 0.01 level (r = 0.765 at P = 0.01 when the degree of freedom f=8).

—Sf '
- - -SA-Sf ,
SA/BSSf | L’
SA/BS/CS-Sf|

Intensity (a.u.)

T T - T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 7. Scanning electron microscopy images of Sf (a), 100SA-5f (b), 100SA/BS-Sf (c), 100SA/BS/CS-5f (d), and Fourier-transform infra-

red spectroscopy (e) of the four materials

modified Sfs showed no position variance of characteristic
peaks, but the characteristic peak intensity was observably
higher than that of raw Sf. The vibration wave number
of about 1,300 cm™ can be attributed to C-O single bond,
indicating the presence of alcohol, phenol, ether, carboxylic
acid, and lipid [36]. The wave number of around 3,400 cm™
demonstrated an O-H stretching vibration absorption peak.
The absorption peak of the wave number of around 1,632
and 2,900 cm™ were mainly the characteristic peak of C=C
and C-H stretching vibration. The peak intensities of mod-
ified Sfs at C=C, O-H, and C-H were stronger than those
of raw Sf, whereas the intensities of other absorption peaks
were similar to those of raw Sf.

3.6. Reusability of test materials

After the OTC-adsorption experiment, Sf, 100SA-Sf,
100SA/BS-Sf, and 100SA/BS/CS-Sf were regenerated with
5% nitric acid and ethanol with a regeneration time of 2 h.
The mass loss of different materials and adsorption amount
of OTC after three times of regeneration are shown in
Fig. 8a and b, respectively. The mass loss of different mate-
rials reached 6.87%-10.86% after the first regeneration.
With increased regeneration time, the mass loss of different
materials gradually decreased, and the loss rate of the third
regeneration was about 5.66%-7.58%. After one regeneration,
the amount of OTC adsorbed onto different materials can
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Fig. 8. Regeneration properties of the tested materials.

still reach about 70% of that on the non-regenerated mate-
rials. With increased regeneration time, the OTC adsorp-
tion amount decreased, and the decrease rate on 100SA/BS/
CS-Sf was larger than that on the other materials. 100SA/BS/
CS-Sf is a good cyclic- adsorption material whose adsorp-
tion effect can still reach about 50% of the original material
after three times of regeneration, and had better regenerative
capacity than that of amphoteric clay-loaded biochar [38].

4. Conclusion

In this study, the resource utilization of acrylic fiber was
successfully realized, with high adsorption performance.
Langmuir model can better fitted the adsorption isotherms
of OTC than Henry and Freundlich models, with the g,
maintained at 16.11-65.25 mmol/kg. The g, of OTC pre-
sented the trend of ternary > binary > single modification.
The adsorption amount of OTC on different modified Sfs
increased first and then decreased with increasing pH and
ionic strength, reaching the maximum value at pH 5 and
ionic strength of 0.1 mol/L. OTC adsorption on different
modified Sfs increased with the increase in temperature, and
the adsorption was a spontaneous, endothermic, and entro-
py-increasing process, which conformed to the pseudo-sec-
ond-order kinetic equation. SEM and FTIR results proved
that the modifiers were modified on the surface and that they
changed the surface properties of Sf, and 100SA/BS/CS-5f is a
good cyclic-adsorption material.
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