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ABSTRACT

In this study, ecofriendly and economic carboxy-terminated plant fibers (PFs) were used as adsorbents
for the effective in-syringe solid phase extraction (IS-SPE) of fluoroquinolone (FQ) residues from water.
Based on the thermal esterification and etherification reaction of cellulose hydroxy with citric acid (CA)
and sodium chloroacetate in aqueous solutions, carboxy groups grafted onto cotton, cattail, and corncob
fibers were fabricated. Compared with carboxy-terminated corncob and cotton, CA-modified cattail with
more carboxy groups showed excellent adsorption capacity for FQs. The modified cattail fibers were
reproducible and reusable with relative standard deviations of 3.2%—4.2% within 10 cycles of adsorption-
desorption. A good extraction efficiency of 71.3%—80.9% was achieved after optimizing the extraction
condition. Based on carboxylated cattail, IS-SPE coupled with ultra-performance liquid chromatography
with a photodiode array detector was conducted to analyze FQs in environmental water samples. High
sensitivity with limit of detections of 0.08—0.25 pg/L and good accuracy with recoveries of 83.8%—111.7%
were obtained. Overall, the simple and environment-friendly modified waste PFs have potential appli-
cations in the effective extraction and detection of FQs in natural waters.

© 2022 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Fluoroquinolones (FQs), a type of broad-spectrum bactericides
that inhibit DNA synthesis, are commonly used for the treatment of
human and livestock pathogenic infections [1—3]. However, only a
few FQs can be metabolized by organisms, and more than 70% of FQs
are excreted into the environment in the form of prototypes [4]. FQ
residues exhibit strong resistance to degradation because of the high
chemical stability of C—F bonds. The discharge and long-term expo-
sure to antibiotics can lead to drug resistance and environmental
toxicity [5—8]. FQs have been identified as pharmaceuticals and per-
sonal care products pollutants. The European Union and North
America have banned the use of ciprofloxacin (CIP) in aquaculture.
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The use of pefloxacin, ofloxacin, lomefloxacin (LOM), and norfloxacin
has been prohibited in animal breeding [1,9]. Some reports have
detected FQ residues in sewage sludge, hospital wastewater, and
surface water [10]. Therefore, it is essential and pressing to monitor
and remove FQ residues in natural waters to protect the health of
living beings and ensure environmental safety.

Effective adsorbents are required for the enrichment and separa-
tion of targets prior to instrumental analysis due to low concentra-
tions of FQs and matrix interference. Adsorbents also play an
indispensable role in FQs removal. The adsorption method is more
economical and feasible than oxidation, photocatalysis degradation,
and membrane filtration in removing FQs [11—14]. Currently, metal
organic frameworks (MOFs) [15], covalent organic frameworks (COFs)
[16,17], molecularly imprinted polymers (MIPs) [18], and carbon-
based materials [10] have been used for the adsorption of FQ pollut-
ants from the aquatic environment. For example, Zhou and co-
workers [19] prepared ionic liquid (IL)-COOH/Fe304@Zr-MOFs for the
selective detection and adsorption of FQs. First, Fe304 nanoparticles
were synthesized and modified using dopamine to provide sites for
Ui0-67 growth. Then, IL-COOH was introduced into Fe304@Zr-MOFs.
Jiang et al. [16] prepared zwitterionic COFs through the solvothermal
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method at 120 °C for 72 h and used the COFs to remove FQs. Tan et al.
[20] synthesized MIP-coated mesoporous carbon nanoparticles
through a series of chemical reactions consisting of Stober synthesis,
vinyl-functionalization, and polymerization to remove FQs from wa-
ter. The developed materials exhibited good adsorption characteris-
tics for FQs, but the synthesis of adsorbents involves multi-step
reactions, expensive raw materials, and polluting organic solvents. To
meet the high demand for environmental applications of waste from
biomass resources, it is urgent to explore economical, environmental-
friendly, and feasible methods to fabricate adsorbents based on waste
fiber resource for the adsorption of FQs.

Plant fibers (PFs), such as corn stalk, cotton, and wood, are
derived from biomass and have gained great interest for the
adsorption of pollutants in the ecosystem due to their biodegrad-
ability, high specific surface area, sustainability, and abundant
modified hydroxy group content [21—23]. Native PFs exhibit weak
adsorption capacity, which is merely based on the interaction of
hydroxy with the target compound. Surface modification was car-
ried out to synthesize functionalized cellulose fibers to enhance
their adsorption capacity [24]. Surface modification involves
grafting functional groups on the surface of PFs through a series of
chemical reactions, such as sulfonation, phosphorylation, polymer
grafting, carboxylation, and carboxymethylation [21,25,26]. Car-
boxy groups can be efficiently introduced to PFs using carboxyla-
tion and carboxymethylation methods. Notably, compared with
2,2,6,6-tetramethylpiperidine-1-oxyl selective oxidation [27] and
succinic anhydride esterification using pyridine [28], two simple,
feasible, and green methods have been reported for random car-
boxy modification in aqueous solution based on the esterification
between the hydroxy of PFs and citric acid (CA) [29], as well as on
the etherification of hydroxy and sodium chloroacetate
(CICH2COONa) [30]. Currently, carboxylated wood [31] and bamboo
fibers [32] prepared using the hydrothermal method are used for
adsorbing tetracycline and lead (II). Carboxymethylated wood fi-
bers are also used for removing Cu?* [33,34]. It is necessary to
explore the variety of carboxy-modified PFs and more applications
for waste resources.

Here, two methods based on CA and CICH,COONa were imple-
mented for the carboxy modification of PFs (Scheme 1). Carboxyl-
ated PFs were prepared by thermochemical esterification of
PFs—OH with citric anhydride induced by CA. Carboxymethylated
PFs were obtained after alkalization, etherification, and acidifica-
tion of PFs. The readily-available and cellulose-rich cotton, corncob,
and cattail fibers were chosen to be functionalized as potential
adsorbents. Corncob and cattail are normally discarded or burned,
causing environmental pollution. Using such waste resources for
potential applications in environmental remediation is of great
significance. According to the possible hydrogen bondings
(=N—H---0 and —O—H- - -0), Lewis acid-base (PF—COOH to piper-
azine ring), and electrostatic interactions between FQs and the
modified fibers [10], the synthesized materials were packed in
plastic needle tips for extraction and removal of FQs. Chemical in-
formation on the FQs is shown in Fig. S1. The carboxylated cattail
was comparable with a commercial cation exchange resin in the
adsorption of FQs. The applicability of the synthesized adsorbent
was evaluated by using it to extract FQs from river water, wetland
water, and pond water. The environment-friendly modified fibers
are expected to be utilized in the extraction of FQs in natural water.

2. Experimental
2.1. Chemicals and materials

Enoxacin sesquihydrate (ENO), levofloxacin (LVFX), CIP, gati-
floxacin (GAT), LOM, sulfamethazine (SMT), and ibuprofen (IBU)

792

Journal of Pharmaceutical Analysis 12 (2022) 791-800

were bought from Yuanye Biotechnology Co., Ltd. (Shanghai,
China). Bisphenol A (BPA) was obtained from Macklin Biotech-
nology Co., Ltd. (Shanghai, China). Anhydrous CA and CICH,COONa
were purchased from Aladdin Chemistry Co., Ltd. (Shanghai, China).
High performance liquid chromatography (HPLC) grade trimethyl-
amine, formic acid, phosphoric acid (H3PO4), sodium hydroxide
(NaOH), hydrochloric acid (HCI), and acetic acid were bought from
Kermel Chemical Reagent Co., Ltd. (Tianjin, China). Phenolphthalein
was supplied by Tianxin Fine Chemical Development Center
(Tianjin, China). HPLC grade methanol (MeOH) and acetonitrile
(ACN) were obtained from Prochrom Technology Co., Ltd. (Beijing,
China) and Fisher Scientific Co., Ltd. (Waltham, MA, USA), respec-
tively. The 723 cation exchange resin was purchased from Jingbo
Biotechnology Co., Ltd. (Xi'an, China). Ultrapure water was pro-
duced by a SIM-T10UV system from Fly Science Co., Ltd. (Beijing,
China). Corncob, cattail, and cotton were supplied by Huashaoying
Town (Hebei, China), Boxing County (Shandong, China), and
Yangxue Sanitary Material Factory (Heze, China), respectively. The
river water, wetland water, and pond water were collected from the
Wei River (Xianyang, China), the Xin Wei Sha Wetland Park (Xia-
nyang, China), and a pond in the Western China Science and
Technology Innovation Harbor (Xianyang, China).

2.2. Instrumentation and chromatographic conditions

Field emission scanning electron microscopy (FESEM) analysis
was studied by a MAIA3 LMH scanning electron microscope (Wal-
tham, MA, USA). X-ray photoelectron spectroscopy (XPS) was per-
formed on an ESCALAB 250Xi spectrometer (Thermo Fisher
Scientific Inc., Waltham, MA, USA) using a monochromatized Al Ko
source (hv = 1486.6 eV). Element analysis for C, H, N, and O was
determined using a Euro EA3000 analyzer (Milan, Italy). Fourier
transform infrared spectroscopy (FT-IR) spectra were recorded us-
ing a Bruker VERTEX70 spectrometer (Waltham, MA, USA). Analy-
tes quantification was carried out on a Shimadzu LC 2040C 3D ultra-
high performance liquid chromatography (UPLC) system (Tokyo,
Japan) with a photodiode array (PDA) detector and 40 uL of the
sample loop. The separation was carried out using a Cig column
(75 mm x 2.0 mm i.d.) with a 2.2 um particle size from Shimadzu
(Tokyo, Japan) at 30 °C. The mobile phase consisted of (A)
25 mM H3PO4 aqueous solution (pH was adjusted to 3.0 with tri-
methylamine) and (B) ACN. The gradient program was as follows:
0—9 min, 10.5%—14% B; 9—10 min, 14%—10.5% B; and 10—13 min,
10.5% B. The flow rate was maintained at 0.3 mL/min. The wave-
length number was set as 278 nm and the injection volume was
10 pL.

2.3. Synthesis of modified cotton, corncob, and cattail

2.3.1. Activation of PFs

Five grams of cotton was put in 400 mL of 0.1 M NaOH while
stirring for 2 h to remove hemicellulose and inorganic composites.
After washing with 300 mL of ultrapure water thrice, the cotton
was immersed in 400 mL of 0.1 M HCl while stirred for 30 min to
remove residual NaOH and neutralize CFs—ONa. The pretreated
cotton was again washed with 300 mL of ultrapure water thrice and
was dried at 60 °C. Corncob and cattail were smashed and were
sieved through a 24-mesh (850 + 29 pm) and a 50-mesh sieve
(355 + 13 um) to obtain a 355—850 pm particle size. Ten gram of
corncob particles was treated with 150 mL of 0.1 M NaOH while
stirring for 2 h. After washing with ultrapure water thrice, the
corncob was put into 150 mL of 0.1 M HCl while stirring for 30 min.
Then, the corncob was washed with ultrapure water and dried at
80 °C. Ten g of sieved cattail was successively immersed in 250 mL
of 0.1 M NaOH and 0.1 M HCI while stirring for 2 h and 30 min,
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Scheme 1. Scheme of the (A) carboxylation and (B) carboxymethylation processes.

respectively. It was then washed thrice with 300 mL of ultrapure
water and dried at 60 °C.

2.3.2. Carboxymethylation of PFs

Based on the alkalization, etherification, and acidification of PFs,
carboxymethyl groups were grafted onto the PFs. Briefly, 0.8 g each
of activated cotton, corncob, and cattail were added into 40 mL of
0.1 M CICH,COONa with 5% NaOH and were reacted for 2 h at 60 °C
[35]. The residues obtained were washed successively with 60 mL
of 2 g/L acetic acid and ultrapure water and dried at 60 °C.

2.3.3. Carboxylation of PFs

Activated cotton (1 g), corncob (4 g), and cattail (2.5 g) were
soaked in 50 mL of 0.5 M CA. The reaction system was kept at 50 °C
for 24 h to form citric anhydride. After that, the temperature was
raised to 120 °C for 90 min [36]. The carboxy groups were grown on
the PFs through the thermochemical esterification of PFs—OH with
citric anhydride. After washing with ultrapure water and drying at
60 °C, carboxylated cotton, corncob, and cattail were obtained.

2.4. Contents of carboxy groups

The carboxy contents of activated PFs, carboxylated PFs, and
carboxymethylated PFs were determined by titration. Briefly, 0.25 g
of fiber was put in 30 mL of 0.01 M NaOH stirring for 1 h. Then,
10 mL of the filtrate was titrated against 0.01 M HCI with phenol-
phthalein as indicator. The carboxy concentration of the fiber was
calculated according to Eq. (1).

(eNaoH X VNaoH) — 3(CHa % Vua)
m

(1)

CcooH =

where ccooy (mmol/g) is the concentration of the fiber (mmol/g),
and m (g) is the mass of fiber. cnaoy and cycp (mol/L) are the con-
centrations of NaOH and HCl, respectively. Vnaon (mL) is the volume
of the NaOH solution and V¢ (mL) is the volume of HCl solution
used to titrate the sample.
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2.5. In-syringe solid phase extraction (IS-SPE) procedure

The activated, carboxymethylated, and carboxylated PFs were
synthesized for the extraction of FQs. 15 mg of each was packed in a
cone-shaped plastic needle hub attached to a 20 mL syringe. The
packed adsorbents were preconditioned using 7.5 mL of MeOH and
40 mL of ultrapure water at a flow rate of 1 mL/min by a syringe
pump. A total of 10 mL of the sample solution at pH 7 containing the
analytes was continuously pushed through the needle hub using a
syringe pump at a flow rate of 1 mL/min. Then, 400 uL of the
desorption solvent with 1% formic acid:ACN (9:1, V/V) was used to
desorb FQs at a flow rate of 120 pL/min. A total of 10 pL of the eluent
was injected into the UPLC system for analysis.

2.6. Determination of breakthrough for FQs

The breakthrough of the FQs was determined to investigate the
removal performance of the adsorbent. A small amount of the
adsorbent (15 mg) was packed in the plastic needle hub. Then, the
aqueous sample solution with 40.5 pg/L ENO, 49.5 ng/L LVFX,
41.4 pg/L GAT, 40 pg/L CIP, and 54.6 pg/L LOM was loaded through
the micro-column at a flow rate of 1 mL/min using a syringe pump.
A 200 pL of outlet sample was collected at 6 min intervals and 10 pL
of the solution was analyzed using the UPLC system. The loading
was stopped when the outlet sample had the same concentration
as the sample solution of FQs. The ratio of the outlet concentration
(c¢) to the initial concentration (cg) versus time was plotted to
obtain the breakthrough curve. The points at c;/co = 10% and ¢/
co = 90% were referred to as the “point of breakthrough” and the
“point of exhaustion,” respectively. The amount of FQs adsorbed by
the adsorbent (q, ug/g) was calculated according to Eq. (2) [37].

¢
e C
[(-5)e
0 Co
where u (mL/min) is the flow rate, t. (min) is the exhaustion time,
and m (mg) is the mass of the adsorbent.

ucp
m

(2)

2.7. Sample preparation of the real samples prior SPE

The collected water samples, 250 mL each of river water,
wetland water, and pond water, were slowly passed through the
column (30 cm x 4 cm i.d.) packed with 30 g of 723 cation exchange
resin (10 cm in height). Activation of the cation exchange resin is
provided in the Supplementary data. The three water samples were
adjusted to pH 7.0 using 10 M NaOH and were filtered through a
0.45-pm polyethersulfone (PES) membrane.

3. Results and discussion
3.1. Characterization

The morphology of the PFs was characterized using FESEM and
the results are shown in Fig. 1. The surface of cotton was smooth
and no impurities were observed before or after modification (Figs.
1A—C). Figs. 1D—F shows that carboxymethylated and carboxylated
cattail had almost the same appearance as unmodified cattail.
Abundant stripes and ravines were observed on the surface of
cattail fibers, which is beneficial for grafting functional groups. The
surface of corncob (Fig. 1G) was also rough with widespread folds,
whereas the folds on carboxymethylated and carboxylated corncob
(Figs. 1H and I) became round and raised. This could be due to the
corncob getting swollen with NaOH solution during the activation
process, leading to the surface of the corncob being raised and
thicker.
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The functional groups on the fibers were identified using FT-IR.
The FT-IR spectra of unmodified, carboxymethylated, and carboxyl-
ated fibers shown in Fig. 2A appear to display similar patterns. The
cotton, corncob, and cattail consisted of cellulose, hemicellulose,
lignin, extractives, and ash [38—41] (Table S1). Accordingly, after the
modification, the characteristic carboxy bands overlapped with their
own adsorption peaks. The common adsorption bands at 3338, 1726,
1249, and 1033 cm ™! indicated the existence of cellulose, hemicel-
lulose, and lignin [42]. The bands appearing at 3338 and 1033 cm ™!
were ascribed to the stretching vibration of —-O—H and —C—0—C—on
the cellulose molecular chain, respectively. The bands at 1726 and
1249 cm™! were assigned to the stretching vibration of —C=0 and
—C—0 of the carboxylic groups [43], respectively. After modification,
the bands at 1726 and 1249 cm™! of corncob increased slightly,
whereas they increased significantly on cattail and cotton, indicating
that the carboxy groups were grafted on the fibers.

The crystalline structure of the fibers before and after modifi-
cation was investigated using X-ray diffraction (Fig. 2B). The crys-
talline index (CI) was calculated using Eq. (3) [44].

(3)

where, g and I, are the intensities of the crystalline structure at
22.0° and the amorphous region at 19°, respectively. As shown in
Fig. 2B, the common peaks at 14.5°, 16.7°, around 22° (22.5° for
cattail and corncob, and 22.8° for cotton), and 34.5° for cotton and
corncob correspond to planes 101, 110, 200, and 004 of cellulose 1.
After functionalization, the tiny peaks for cellulose II at 12.0° and
20.0° on carboxymethylated cotton were observed and corre-
sponded to planes 110 and 210 [45], respectively. The trans-
formation from cellulose I to cellulose Il might have been caused by
the high concentration of NaOH used in carboxymethylation. The
intensity of the CI of modified cotton, corncob, and cattail fibers
decreased (Table S2). The reduction in the number of hydrogen

Unmodified

Cotton

Cattail

Corncob

Carboxymethylated
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bonds was attributed to esterification and etherification of hydroxy
groups led to less crystallization [28].

The elemental composition and chemical states were confirmed
through element analysis and XPS analysis. Results are shown in
Table S3 and Fig. 3. The peaks in the full-scan spectrum of
carboxylated cattail were assigned to O1s, N1s, and C1s (Fig. 3A),
whereas the minor peak corresponding to F1s was observed after
the adsorption of FQs (inset of Fig. 3A). The high-resolution spec-
trum of C1s could be deconvoluted into three peaks assigned to
C—C (284.8 eV), C—0 (286.3 eV), and C=0 (288.1 eV) (Fig. 3B). The
high-resolution spectrum of N1s could be split into N—H (400.0 eV)
and C—N (401.5 eV) [46] (Fig. 3C). After adsorption, no obvious shift
in the binding energies was observed in the C1s and N1s spectra.
The O1s spectrum could be separated into C—0 (531.4 eV) and C=0
(532.8 eV). With the adsorption of FQs, the binding energies of C—0
and C=O shifted to 531.0 and 532.5 eV (Fig. 3D), respectively,
which might have been caused by the existence of hydrogen bonds
between FQs and the adsorbent.

3.2. Contents of carboxy groups

Cotton, cattail, and corncob are mainly composed of cellulose,
hemicellulose, and lignin. According to the thermal esterification
and etherification reactions between the cellulose hydroxy and CA/
CICHCOONa, carboxy groups were grafted onto the surface of
cotton, corncob, and cattail. The contents of the carboxy groups
were identified using titration. The amounts of carboxy in carbox-
ylated and carboxymethylated cotton were 0.651 and 0.473 mmol/
g, respectively. The amounts of carboxy in carboxylated and car-
boxymethylated corncob were 0.759 and 0.627 mmol/g, respec-
tively. The carboxylated and carboxymethylated cattail contained
0.906 and 0.848 mmol/g of carboxy, respectively. The amount of
carboxy on the fibers grafted by CA (carboxylation) was larger than
on the fibers grafted by CICH,COONa (carboxymethylation), indi-
cating that modification using CA was more efficient for grafting

Carboxylated

Fig. 1. Field emission scanning electron microscopy (FESEM) images at 10 um of unmodified (A) cotton, (D) cattail, and (G) corncob; carboxymethylated (B) cotton, (E) cattail, and

(H) corncob; and carboxylated (C) cotton, (F) cattail, and (I) corncob.
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Fig. 2. (A) Fourier transform infrared (FT-IR) spectra and (B) X-ray diffraction patterns

carboxy groups. After carboxylation, cattail with a high content of
hemicellulose and lignin had the highest carboxyl content. Corncob
and cattail exhibited higher carboxy grafting than cotton, which
could be attributed to their rough surface and abundance of hy-
droxy groups that provided more grafting sites.

3.3. Extraction study of FQs

A total of 10 mL of the aqueous sample solution with 40.5 pug/L
ENO, 49.5 pg/L LVFX, 41.4 pg/L GAT, 40 pg/L CIP, and 54.6 pg/L LOM
was loaded to investigate the extraction performance of FQs using
modified PFs. To enhance extraction capacity, different modified
fibers were evaluated. Moreover, various factors affecting extrac-
tion efficiency, such as adsorbent amount, sample solution flow
rate, pH, desorption solvent, eluent volume, and eluent flow rate,
were investigated.

3.3.1. Screening of adsorbents

The activated, carboxymethylated, and carboxylated cotton,
corncob, and cattail fibers were used for IS-SPE of FQs. Fig. 4 shows
that the extraction efficiency (EE, %) of carboxylated fibers was
greater than that of carboxymethylated fibers, whereas the EE of
carboxymethylated fibers exceeded that of activated fibers. The
higher content of carboxy in fibers grafted using CA enhanced the
hydrogen bonding effect, leading to better EE. The extraction capac-
ities of the activated fibers were found in the descending order of
cattail > corncob > cotton, which could be attributed to the unique
structure of the fibers. The high hemicellulose and lignin content of
cattail provided stronger hydrogen bonding and van der Waals in-
teractions. Considering superior extraction capacity, the carboxylated
cattail was used as the optimal adsorbent for the extraction of FQs.

3.3.2. Optimization of IS-SPE procedure

The effect of the adsorbent (carboxylated cattail) amount on the
extraction capacity (represented by the peak area) varying from 5
to 25 mg was investigated. As shown in Fig. 5A, the extraction ca-
pacity increased sharply when the amount of carboxylated cattail
increased from 5 to 10 mg, whereas the extraction capacity
increased slightly within the range of 10—25 mg. Therefore, 10 mg
of carboxylated cattail was almost enough for IS-SPE of FQs in the
sampling. 15 mg was used for the following extraction based on the
comprehensive consideration of the EE and adsorbent amount.
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of unmodified, carboxymethylated, and carboxylated cotton, cattail, and corncob.

The flow rate of the sample solution has an effect on the mass
transfer of analytes in extraction. A low flow rate will consume
extraction time while a high flow rate will save extraction time but
can cause partial targets to flow out directly without contact with
the adsorbent. The effect of sampling flow rate ranging from 0.5 to
2.5 mL/min is shown in Fig. 5B. The extraction capacity remained
almost constant when the flow rate of the sample increased from
0.5 to 1 mL/min. Extraction capacity decreased continuously with
the increase of the flow rate. Therefore, the sampling flow rate was
set at 1.0 mL/min.

The pH, which affects the charge distribution of the adsorbent
and the state of targets, has a major influence on the extraction
performance. Acid compounds dissociate in anionic form when
pH > pKa and exist in neutral or cation state at pH < pKa. However,
the relationship between the charge state of basic compounds and
pH is opposite to that of acidic compounds. FQs, as amphoteric
compounds, consist of two ionizable functional groups, the car-
boxylic group (pK,1 5.0—6.4) and the amino group of the piperazine
moiety (pKaiz 7.6—9.0) [1,19] (Fig. S1). As shown in Fig. 5C, the
optimal extraction capacity was obtained at pH 7. Most FQ mole-
cules were zwitterionic at pH 7, and carboxylated cattail was
neutral or negatively charged. Therefore, the Lewis acid-base
interaction between FQs and the adsorbent was enhanced. The
extraction capacity increased within the range of pH 4—7. FQs
changed from cation/neutral to anion form and the adsorbent
changed from cation to neutral, leading to the decrease of elec-
trostatic repulsion. Both the adsorbent and the FQs were negatively
charged when pH > 7, which increased the electrostatic repulsion.
Hence, the pH of the sample solution was adjusted to 7.

After extraction, desorption solvents were screened to elute the
analytes. ACN:water (1:9, V/V) with different proportions of formic
acid was investigated to desorb FQs. Formic acid was added to
destroy the electrostatic interaction between FQs and carboxylated
cattail. As shown in Fig. 5D, as formic acid content increased from
0% to 1.5%, the extraction capacity increased and then remained
constant. Therefore, ACN:1.0% formic acid aqueous solution (1:9, V/
V) was chosen to desorb FQs in the desorption.

The effect of eluent volume on extraction capacity ranging from
100 to 500 pL was investigated. As shown in Fig. 5E, the total
amount of FQs in the sampling was certain. As the eluent volume
increased, the amount of targets per unit eluent decreased gradu-
ally, leading to the decrease of extraction capacity. High sensitivity
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spectrum (695—680 eV)), and high-resolution spectra of (B) C1s, (C) N1s, and (D) O1s before and after adsorption.

was obtained with small volume eluents, which could cause
incomplete desorption. Conversely, a large volume would make
desorption complete but reduce the sensitivity. Therefore, consid-
ering the total extraction amount and sensitivity of FQs, 400 puL was
used to desorb FQs in subsequent experiments. After elution,
repeated desorption was conducted to investigate the residual
amount of FQs on the carboxylated cattail. FQs in the second eluent
were less than the limit of detection (LOD) (Fig. S2), indicating that
desorption was adequate.

The eluent flow rate affected the mass transfer in the desorption
of FQs, which was similar to the sampling flow rate. Fig. 5F shows
that no obvious change was observed in the extraction capacity
when the eluent flow rate increased from 40 to 120 pL/min. The
variation of eluent flow rate had hardly any effect on the extraction
capacity. To shorten the extraction time, a flow rate of 120 pL/min
was chosen to elute FQs in the desorption process.

3.3.3. Adsorption selectivity

To verify the selective performance of carboxylated cattail, the
adsorptions of SMT, LVFX, IBU, and BPA onto carboxylated cattail
were tested. The adsorption conditions and analytical methods for
adsorbing SMT, BPA, and IBU are illustrated in the Supplementary
Data. As shown in Fig. S3, BPA with hydroxy group and IBU with
carboxylic group were not adsorbed by the carboxylated cattail, and
only a small amount of SMT (2.2% of EE) that contained amino and
sulfonamide groups and a pyrimidine ring was adsorbed. However,
the adsorbent showed excellent adsorption capacity for LVFX
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(84.8% of EE) that contained quinolone and piperazine moieties.
Adsorption depends on the intermolecular interactions between
the adsorbent and the target species. The low adsorption capacity
could be ascribed to the weak intermolecular interactions between
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Fig. 4. Extraction performance of unmodified, carboxymethylated, and carboxylated
cotton, cattail, and corncob for fluoroquinones. GAT: gatifloxacin; LOM: lomefloxacin
hydrochloride; CIP: ciprofloxacin; LVFX: levofloxacin; ENO: enoxacin sesquihydrate.
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the carboxylated cattail and the analytes. Based on stronger
hydrogen bonding, electrostatic interaction and Lewis acid-base
interaction, most of the LVFX was adsorbed by carboxylated cat-
tail. This indicated that carboxylated cattail was selective toward
LVFX and other similar FQs.

3.4. Extraction and removal performance

The extraction and removal performances were evaluated using
the EE (%) and adsorption amount (pg/g), respectively. The sampling
solution (10 mL) with 40.5 pg/L ENO, 40 pg/L CIP, 49.5 ug/L LVEX,
54.6 ng/LLOM, and 41.4 pg/L GAT was loaded onto the micro-column
under optimal extraction conditions to calculate EE. The EE was
calculated from the ratio of the extraction amount to the initial
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amount. The EE was 71.5% for ENO, 78.3% for LVFX, 73.8% for CIP,
71.3% for LOM, and 80.9% for GAT. The hydrogen bonding (—N—H---O
and —O—H- - -0), Lewis acid-base (PF—COOH to piperazine ring), and
electrostatic interactions between FQs and carboxylated might lead
to high EE. The unique structure of cattail and its high hemicellulose
and lignin contents contributed to enhancing the hydrogen bonding
and van der Waals interactions. The higher EE of LVEX and GAT could
be attributed to the stronger hydrogen bonding effects caused by
oxygenated heterocycles of LVFX and methoxy of GAT.

To investigate the breakthrough volume for FQs, the sample
solution was loaded continuously and the outlet solution was
collected for analysis. The adsorption amount was calculated using
Eq. (2), which was based on the breakthrough curve (Fig. S4). The c;
increased as time progressed and was equal to cg until saturation.
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The breakthrough time was about 5 min. The long exhaustion time
was 162 min for ENO, 144 min for LVFX, 162 min for CIP, 156 min for
LOM, and 138 min for GAT, demonstrating that the adsorbent
exhibited rapid adsorption, followed by a slow balancing process
for FQs. The adsorption amounts were 67.2 ng/g for ENO, 84.8 ng/g
for LVFX, 45.8 pg/g for CIP, 97.6 ng/g for LOM, and 59.0 ug/g for GAT.
The higher accumulated adsorption amount of LVFX and LOM
could be because the two molecules preferentially occupied the
adsorption sites on the carboxylated cattail. Although the satura-
tion absorption of LVFX and LOM affected the adsorption amounts
of the other FQs, the results indicated the potential for the
simultaneous removal of five FQs using carboxylated cattail.
Overall, the high EE and adsorption capacity demonstrated that
carboxylated cattail was capable of successfully adsorbing FQs
from aqueous solutions.

3.5. Reproducibility and reusability

The reproducibility of carboxylated cattail was performed to
investigate the stability of the modification method. Under optimal
extraction conditions, carboxylated cattail samples from the same
batch and from seven batches were employed for the extraction of
FQs (n = 3). The results suggested that good reproducibility was
obtained with relative standard deviations (RSDs) of 2.9% for ENO,
3.7% for LVFX, 2.3% for CIP, 3.2% for LOM, and 3.4% for GAT in intra-
batch, and RSDs of 6.6% for ENO, 5.9% for LVFX, 8.9% for CIP, 6.0% for
LOM, 5.8% for GAT in inter-batch.

The reusability of the adsorbent was tested by performing the
extraction of FQs over multiple usage cycles. After each round of
extraction, 1 mL of aqueous ACN:1% formic acid (1:1, V/V) and 40 mL
of ultrapure water were successively loaded through the cartridge
at a flow rate of 100 pL/min and 1 mL/min, respectively, to remove
the residual analytes. The results are presented in Fig. S5. Results
showed that there was no obvious variation in the extracted
amounts of FQs within 10 extraction cycles and had RSDs of 3.4% for
ENO, 3.8% for LVFX, 3.2% for CIP, 4.2% for LOM, 3.6% for GAT. This
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indicated that the adsorbent had good reusability. The good
reproducibility and reusability ensured the stability of carboxylated
PFs in the preparation and application.

3.6. Analytical performance

The carboxylated cattail packed IS-SPE was used to analyze the
trace FQs coupled with UPLC-PDA. To validate the analytical per-
formance of the proposed method, the LOD and limit of quantifi-
cation (LOQ), linear range, and repeatability were determined.
Blank river water samples spiked with different concentrations of
FQs were tested for the extraction of FQs and the results are in
Table 1. The LODs based on signal to noise ratio (S/N) of 3 were
within the range of 0.08—0.25 pg/L and LOQs (S/N = 10) were within
the range of 0.26—1.00 ug/L. Satisfactory linearity was within the
range of 0.5—100 pg/L with the correlation coefficient varying from
0.9992 to 0.9996. The repeatability was evaluated by three parallel
extractions from samples containing 20 ug/L of FQs, and the RSDs
were found to be within the range of 4.1%—5.7%. These results
indicated that the developed method for the analysis of trace FQs
possessed high sensitivity, good linearity, and repeatability.

To evaluate the extraction performance of the current method,
the comparison with other reported methods is shown in Table 2
[1,4,9,19,47,48]. Compared to the methods employing restricted
access media-molecularly imprinted nanomaterial [47], MIP [4],
and hyper-crosslinked strong anion-exchange polymer resins [48],
higher sensitivity and lower required amounts of adsorbent were
achieved using the proposed method and the adsorbent. The
sensitivity was slightly lower than that of the methods employing
ILs/Fe304@Zr-MOFs [19] with high-resolution mass spectrometry
detector, tris(4-aminophenyl)amine-tris(4-formylphenyl)benzene-
COFs with mass spectrometry [1], and commercial polymer cation
exchange material [9]. Interestingly, the green preparation method
proposed in the current work is feasible and reproducible and
boasts a solvent-free consumption. Therefore, the facile carboxyl-
ation of PFs is significant in the recycling of plant fibers waste.

Table 1
Analytical performance of IS-SPE-UPLC-PDA method to detect fluoroquinolones (FQs) in the river water.
Analytes LOD (ug/L, SN = 3) LOQ (ug/L, SIN = 10) Linear range (ug/L) Correlation Calibration equation RSD (%, n = 3,
coefficient (R?) concentration: 20 pg/L)
ENO 0.08 0.26 0.5—-100 0.9993 y=(1125.2 + 28.6)x + 29.5 + 2.4 4.1
OFL 0.15 0.50 0.5-100 0.9995 ¥y =1(963.7 + 12.7)x + 199.7 + 17.2 5.7
CIP 0.08 0.26 0.5—-100 0.9992 y = (1479.7 + 12.7)x + 280.6 + 17.1 4.1
LOM 0.10 0.34 0.5—-100 0.9996 y =(842.2 + 3.8)x + 2045.2 + 69.5 5.0
GAT 0.25 1.00 1.0-100 0.9994 y=(4413 +4.7)x + 161.3 £ 0.2 5.7

IS-SPE-UPLC-PDA: in-syringe solid phase extraction-ultra-performance liquid chromatography-photodiode array detector; LOD: limit of detection; S/N: signal to noise ratio;
LOQ: limit of quantitation; RSD: relative standard deviations; ENO: enoxacin sesquihydrate; OFL: ofloxacin; CIP: ciprofloxacin; LOM: lomefloxacin; GAT: gatifloxacin.

Table 2

A comparison between carboxylated cattail packed IS-SPE-UPLC-PDA and other reported methods for determination of FQs.
Method Analyte Adsorbent Preparation method Matrix Adsorbent LOD Refs.

amount (mg)

SPE-LC/MS/MS CIP and GAT TAPA-TFPB-COFs Solvent synthesis Water and meat 100 0.03-0.09 ng/L [1]
SPE-HPLC-UV CIP MIP Solvothermal method =~ Water 10 0.11 pg/L [4]
DMSPE-LC-HRMS  CIP and OFL PCX Commercial adsorbent Serum and urine 20 0.02-0.03 pg/L [9]
MSPE-HPLC-DAD  OFL, CIP, and GAT ILs/Fe304@Zr-MOFs  Solvothermal method ~ Water 5 0.02 ug/L [19]
DSPE-HPLC-UV OFL and GAT RAM-MIPs Solvothermal method  Milk and river water 20 0.93-1.31 pg/L [47]
SPE-HPLC-UV ENO, CIP, and LOM HXLPP-SAX Solvothermal method  Milk 60 2.80-3.90 ng/g [48]
IS-SPE-UPLC-PDA  ENO, GAT, LVFX, CIP, and LOM Carboxylated cattail Hydrothermal method River water 15 0.08-0.25 pug/L  This work

IS-SPE-UPLC-PDA: in-syringe solid phase extraction-ultra-performance liquid chromatography-photodiode array detector; LOD: limit of detection; DMSPE: dispersivemicro
solid phase extraction; LC-HRMS: liquid chromatography-high resolution mass spectrometry; CIP: ciprofloxacin; OFL: ofloxacin; PCX: polymer cation exchange material;
MSPE: magnetic solid-phase extraction; HPLC: high performance liquid chromatography; DAD: diode array detection; GAT: gatifloxacin; ILs: ionic liquid; MOFs: metal organic
frameworks; SPE: solid phase extraction; LC-MS/MS: liquid chromatography tandem mass spectrometry; TAPA-TFPB-COFs: the COFs synthesized by tris(4-aminophenyl)
amine (TAPA) and tris(4-formylphenyl)benzene (TFPB) as monomers; DSPE: dispersive solid phase extraction; UV: ultraviolet; RAM-MIPs: restricted access media-molec-
ularly imprinted nanomaterials; ENO: enoxacin sesquihydrate; LOM: lomefloxacin; HXLPP-SAX: hypercrosslinked strong anion-exchange polymer resins; LVEX: levofloxacin.
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Table 3
Spiked recoveries of fluoroquinolones (FQs) in the river water, wetland water, and pond water (n = 3).
Analytes Spiked (ng/L) River water Wetland water Pond water
Determined Recovery (%) Determined Recovery (%) Determined Recovery (%)
concentration (pg/L) concentration (pg/L) concentration (pg/L)
ENO 0 — — — — — —
5 56+ 02 111.0 46 +0.1 92.8 42+ 04 83.8
40 425+ 24 106.3 404 +15 101.1 371+ 1.1 92.8
80 842 + 0.9 105.3 81.5+29 101.8 81.5+29 101.8
LVEX 0 - - — — — —
5 53+02 105.3 52+02 104.7 53 +0.2 105.1
40 43.7 + 2.7 109.2 411+ 19 102.8 423 +1.2 105.8
80 850+ 1.1 106.2 81.7 + 4.2 102.1 81.7 + 4.2 102.1
CIpP 0 — — — — — —
5 53+0.1 105.0 45 +0.1 90.8 43 +03 85.0
40 423 £23 105.7 40.0 + 1.3 99.9 355+ 0.7 88.9
80 83.7+0.7 104.7 812 +27 101.5 81227 101.5
LOM 0 — — — — — —
5 49 + 0.2 98.5 48 +0.1 95.7 5.1 = 0.01 102.7
40 409 + 3.1 102.2 40.7 + 1.8 101.8 445 + 2.5 1113
80 82.7 +2.1 1034 80.0 + 4.6 100.0 80.0 + 4.6 100.0
GAT 0 — — — — — —
5 56+03 111.7 45+04 89.6 47 +0.3 94.7
40 436 + 2.5 108.9 40.5 + 2.0 101.3 413 + 1.1 103.1
80 854+ 0.6 106.8 81.1 £33 101.4 81.1 £33 101.4

ENO: enoxacin sesquihydrate; LVFX:

Time (min)

Fig. 6. Chromatograms of (a) river water, (c) wetland water, and (e) pond water spiked
with 40 pg/L fluoroquinolones (FQs) before extraction. Chromatograms of (b) river
water, (d) wetland water, and (f) pond water spiked with 40 pg/L FQs after extraction.
ENO: enoxacin sesquihydrate; LVFX: levofloxacin; CIP: ciprofloxacin; LOM: lome-
floxacin hydrochloride; GAT: gatifloxacin.

3.7. Application to real-life samples

The developed IS-SPE-UPLC-PDA method was performed to
trace FQ residues in the natural water samples. No FQs were
detected in the river water, wetland water, and pond water. The
recoveries in the three water samples were determined by spiking
5, 40, and 80 pg/L of FQs to validate the accuracy of the developed
method. As listed in Table 3, good recoveries were achieved lying
within the range of 83.8%—111.7%. The typical chromatograms ob-
tained are shown in Fig. 6. The FQ peaks significantly increased and
no other compound was detected after the extraction. Therefore,
the proposed method was accurate and reliable for the sensitive
determination of FQs in natural water samples.

4. Conclusion

In the present work, carbohydrate-rich cotton, corncob, and cat-
tail fibers were carboxylated using a simple hydrothermal reaction.
The CA-modified carboxyl cattail exhibited the highest carboxyl

levofloxacin; CIP: ciprofloxacin; LOM: lomefloxacin; GAT: gatifloxacin; —: not detected.

content, which endowed the cattail fiber superior adsorption per-
formance for the extraction of FQs from water samples. Strong
hydrogen bonding, Lewis acid-base interactions, and electrostatic
interactions acted as the main adsorption mechanisms. The prepa-
ration method was verified to be replicable and the prepared
adsorbent was reusable in multiple adsorption cycles with RSDs
<4.2%. Coupled with the detection of UPLC-PDA, the carboxylated
cattail packed IS-SPE exhibited high sensitivity (0.08—0.25 pg/L),
good repeatability (RSD < 5.7%) and accuracy (83.8%—111.7% recov-
ery) for the analysis of trace FQs in river water, wetland water, and
pond water. The economical and green carboxyl-modified PFs can be
applied to the adsorption of FQ antibiotics in water samples. More-
over, the modified corncob and cattail fibers used for the adsorption
of drug pollutants have great significance in further recycling waste
from biomass resources.
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