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Electrochemical and optical protocols for the
detection and removal of an antibiotic drug
rifaximin from wastewater

Ifra Riffat and Afzal Shah @ *

Improper disposal of pharmaceutical drugs is increasing the pollution level of water reservoirs which in turn
adversely impacts the ecosystem. The current study presents an electrochemical scaffold that comprises
a glassy carbon electrode modified with amino-functionalized multiwalled carbon nanotubes (NH,-
fMWCNTSs) for the detection of a pharmaceutical drug rifaximin in wastewater. Electrochemical
impedance spectroscopic characterization revealed efficient charge transport through the modified
electrode surface. Square wave voltammetry was employed for probing the electro-oxidation of
antibiotic rifaximin. Under optimized experimental conditions, the designed sensor demonstrated the
qualities of sensitivity, repeatability, and reproducibility as required for the practical applicability of the
sensing device. After the detection of a contaminant, its removal from water is imperative. In this regard
an adsorption method using ZnO nanoparticles as adsorbents was developed that led to the removal of
rifaximin from wastewater. At lower adsorbate concentration, adsorption was found to occur according
to the Langmuir model while at higher concentration adsorption data followed the Freundlich model.

rsc.li/rsc-advances

1. Introduction

Pharmaceuticals have prolonged the life span of mankind and
enhanced the quality of life by improving public health and
well-being." However, careless discharge of pharmaceutical
effluents from industries and hospitals contaminates water
resources. The current pandemic has enormously increased the
usage and release of pharmaceuticals in water bodies.>® Such
water contaminants cause adverse effects even if present
in ng L™".* Some drugs such as antibiotics are extensively used.
As a result, they are the dominant contaminants of effluents
released from pharmaceutical industries, especially in coun-
tries where drug disposal regulations are not strictly followed.
Misuse of antibiotics along with the resulting development of
antimicrobial resistance is considered the top 10 threat to
global health that modern society faces nowadays.® Pharma-
ceutical compounds show different solubility and stability in
water. Some drugs and their metabolites are extremely persis-
tent and remain in aquatic environments for a long time.®
Therefore, it is imperative for the trace-level detection of such
drugs and to develop methods for eliminating these effluents
from water reservoirs. In this regard, the current work is focused
on the detection of an antibiotic rifaximin and its removal from
wastewater. A number of research teams are engaged in devel-
oping protocols for rifaximin detection. For instance, Abdellatef
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The rate of rifaximin adsorption over ZnO nanoparticles followed pseudo-second-order kinetics.

et al., developed a method that detected rifaximin up to a LOD
of 967 mM.” Similarly, Barzani et al., employed a boron-doped
diamond electrode for the detection of rifaximin with a LOD
of 178 mM.? Khezerloo et al., also detected rifaximin up to
a LOD of 250 nM by using a modified GCE.” However, the
literature survey reveals a lack of effective protocols for more
sensitive sensing of rifaximin and its removal from wastewater.
Therefore, the current work presents a carbon nanotube-based
modified GCE and ZnO nanoparticles for achieving the two
objectives of detection and removal of rifaximin with an LOD of
1.47 nM and adsorptive scavenging capacity of about 85% by
NPs.

Carbon nanotubes (CNTs) are an appealing choice for
scientists worldwide. They are utilized in electrochemical
sensors owing to their good electrical conductivity. The unique
conjugated system, enormous active sites, and efficient electron
transfer pathways in CNTs make them ideal materials for the
designing of electrochemical sensors. The introduction of
specific functionalities in CNTs enhances their electrocatalytic
role. Selective functionalization of CNTs not only promotes the
dispersibility of CNTs but also imparts distinctive features to
their structure.'™ Amino functional groups can be attached
either covalently or non-covalently to the surface of CNTs."
Based on these considerations the current work utilizes amino-
functionalized multiwalled carbon nanotubes (NH,-/MWCNTsS)
for the modification of GCE. The resulting modified electrode
demonstrates excellent sensing attributes for responding to
rifaximin in wastewater.
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Drugs have been widely used in recent years to improve the
health of humans and animals. In the last few decades, phar-
maceuticals have been recognized as emerging pollutants.
Recent studies reveal that the COVID-19 pandemic has resulted
in an increase in waste production up to an average of 102.2% in
public and private hospitals."* Some drugs are considered
hazardous pollutants because of their harmful consequences to
the environment.** Various methods are used for the removal of
pharmaceutical effluents from water reservoirs. We adopted an
adsorption approach for rifaximin removal from wastewater
using ZnO NPs as adsorbent. Their excellent candidature for
adsorption can be attributed to the large number of adsorptive
sites on their surfaces. The small size of ZnO NPs enables the
rapid transportation of drug molecules to the surface of NPs,
resulting in an accelerated rate of adsorption.*® The process of
adsorption lowers the concentration of drugs in wastewater,
thus reducing their adverse effects on human health and the
environment. To the best of our knowledge, this is the first
report on nanomolar detection and 85% adsorptive removal of
rifaximin from wastewater by NPs.

2. Experimental

Electrochemical measurements such as square wave voltam-
metry (SWV), cyclic voltammetry (CV), and electrochemical
impedance spectroscopy (EIS) were carried out using Multi-
Channel Metrohm Autolab (Galvanostat/Potentiostat) (Utrecht,
The Netherlands). The structural properties of the ZnO NPs
were investigated by using an X-ray diffractometer Phillips
X'Pert Pro 3040/60. The optical and adsorption characteristics
were analyzed using a Shimadzu 1700 UV-Vis spectrophotom-
eter. The BRUKER Platinum ATR Fourier transform infrared
(FTIR) spectrometer was used for FTIR analysis of the NPs.
Rifaximin, nitrate hexahydrate, potassium hex-
acyanoferrate, and functionalized multi-walled carbon nano-
tubes were obtained from Sigma-Aldrich and used as received.

The sol-gel approach was adopted for the synthesis of ZnO
NPs. A 0.1 M solution of zinc nitrate was prepared by dissolving
a stoichiometric amount into 50 mL water which was stirred for
15 minutes to get a clear solution. NaOH solution (1 M) was
then dropwise added to zinc nitrate hexahydrate solution while
being continuously stirred. The mixture was then heated to 60 ©
C to promote precipitation, and this temperature was kept
constant. White precipitates were obtained which were washed
using distilled water and ethanol, followed by overnight oven
drying at 70 °C. Finally, Zn(OH), was calcinated at 500 °C for 4 h
to obtain white-colored ZnO NPs.

Sensor for rifaximin detection was prepared by modifying
GCE with NH,-fMWCNTs. The surface of GCE was first thor-
oughly cleaned by physicochemical methods. The GCE was
rubbed on a nylon pad in the pattern of digit 8 over water-
alumina slurry to remove any impurities from its surface. The
GCE was then thoroughly cleansed by sonication in a mixture of
water, acetone, and ethanol for 15 minutes and then dried at
ambient conditions. It was then subsequently subjected to
electrochemical cleaning in which consecutive cyclic voltam-
mograms were recorded in the potential window of 0.1-0.5 V
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until consistent results were obtained. This step was carried out
to remove any kind of oxidizable impurity present on the elec-
trode surface. A three electrodes system comprising working,
auxiliary (platinum wire), and reference (silver/silver chloride)
electrodes was utilized for electrochemical measurements. SWV
was conducted to assess the ability of the designed sensor to
detect rifaximin and compare its response with that achieved
for rifaximin at the bare GCE. To investigate the modifier's
charge transfer ability, EIS and CV were performed on modified
GCE by employing potassium ferricyanide as a redox probe. The
adsorptive removal of rifaximin from wastewater was monitored
by UV-Vis spectroscopy. For adsorption studies, the experiment
was conducted under specific conditions, including an adsor-
bent concentration of 6 mg, a rifaximin solution volume of 25
mL, and a medium of pH 7. At regular intervals, aliquots of the
solution were taken out, and UV-Vis spectra were recorded to
monitor the adsorption process.

3. Results and discussion

3.1. Architectural analysis of ZnO NPs

The optical (band gap), structural (crystal structure), and
morphological (particle shape) characteristics of the synthe-
sized ZnO NPs were evaluated by UV-Vis spectroscopy, XRD, and
FTIR analysis. ZnO NPs showed absorption maxima at 367 nm.
The Tauc plot ascertained the band gap of ZnO NPs with a value
of 3.24 eV. The crystallite size of ZnO was analyzed by XRD as
depicted in Fig. 1a. All the identified peaks correspond well with
JCPDS 36-1451. These peaks may be ascribed to particular
crystallographic planes and the peak at (101) plane shows the
hexagonal wurtzite structure of NPs.'® The average crystallite
size was determined by employing the Debye-Scherrer
formula.”

KA
b= G cos 8 ()

where D represents the average crystallite size, K the crystallite
shape factor, 8 the FWHM, A the X-ray wavelength, and 6 the
diffraction angle. The average crystallite size of ZnO was found
to be 17.25 nm.

The presence of functional groups in synthesized nano-
particles was assessed by FTIR spectroscopy. FTIR spectrum of
the ZnO is illustrated in Fig. 1b. FTIR spectroscopy was used to
study the vibrational band of ZnO NPs. The transmittance peak
at 677 cm™ ' represents the stretching vibrational mode of the
Zn-0 bond of NPs.” The peak at 1739 cm ™' corresponds to the
stretching vibration of the C=0 group while the peak origi-
nated at 1366 cm " can be related to the C-O stretching
vibration.*®

3.2. Electrochemical characterization

In voltammetric measurement, the surface area is a crucial
factor in deciding the performance of an electrochemical
sensor. Therefore, for surface area determination of the elec-
trode cyclic voltammograms of the 5 mM solution of the redox
probe K;[Fe(CN)q] were recorded at the bare and NH,-fMWCNTSs

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD pattern and (b) FTIR spectrum of ZnO NPs.

modified GCE at a scan rate of 100 mV s~ '. Cyclic voltammo-
grams shown in Fig. 2a reveal that the signals of the redox probe
at NH,-fMWCNTSs/GCE shift to lower potentials as compared to
the response at bare GCE, accompanied by a substantial rise in
peak current. The active surface area of GCE and NH,-
/MWCNTSs/GCE with values of 0.02 and 0.08 cm? were evaluated
from anodic peak current according to the method reported in
the literature.>*** Thus, CV data reveal that NH,-/MWCNTs/GCE
has a 4 times higher surface area than the bare GCE. Moreover,
the amplified electrocatalytic efficiency of NH,-fMWCNTs/GCE
is evident from the intense peak current and lower peak-to-
peak separation of the redox probe in comparison to the
response at the bare GCE.

Electrochemical impedance spectroscopy (EIS) was employed
to probe the interfacial behavior of the modified and bare GCEs.
The EIS spectrum shown in Fig. 2b has a semicircular part at
a high-frequency region due to the kinetics of the redox reaction
and a linear part at a low frequency due to mass transfer imped-
ance. The diameter of the semicircular segment represents the
charge transfer resistance (R.), and the length of the linear
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Fig. 2

segment inclined at 45 degree is due to the diffusion-controlled
Warburg impedance (Zy). R represents resistance to the trans-
fer of electrons at the electrolyte-electrode interface while Z,
corresponds to diffusion processes in the electrolyte. The EIS
measurements were performed using 5 mM K;[Fe(CN)g] in 0.1 M
KCl as a supporting electrolyte, whereas the variation in frequency
ranged from 1 MHz to 0.1 Hz by maintaining an amplitude of
10 mV. Fig. 2b demonstrates the Nyquist plots using data obtained
at the bare and NH,-fMWCNTSs/GCE. The R, for bare GCE indi-
cates 5250 Q interfacial resistance between bare GCE and the
corresponding electrolyte. A significantly lower R, value (683 Q)
after modification of GCE with NH,-fMWCNTs indicates facile
charge transfer at the modified electrode surface. Randles' equiv-
alent circuit comprising resistors, constant phase element, and
Warburg impedance (Rs, R, CPE, and Z,) fitted to the experi-
mental data. The significant decrease in the R, and CPE values
from 5250 Q and 1.40 pF to 683 Q and 0.12 pF indicate lower
impedance to the charge transport through the weaker electrical
double layer, thus satisfying the requirements for efficient charge
transfer as required for quickly responding sensing device.
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(a) Cyclic voltammograms of 5 mM Kz[Fe(CN)g] at the bare and NH,-fMWCNTs/GCE recorded in 0.1 M KCl solution; (b) Nyquist plots using

EIS data obtained at the bare and NH,-fMWCNTs modified GCEs using 5 mM Kz[Fe(CN)gl solution with 0.1 M KCl as supporting electrolyte.
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Fig.3 (a) Cyclic voltammograms of rifaximin at different scan rates; (b) plot between peak current vs. scan rates; (c) plot of log /, as a function of

log v; (d) plot between peak current vs. square root of scan rate.

Cyclic voltammetry is a highly promising electrochemical
technique that gives information about the nature of electro-
chemical reactions, whether they are controlled by adsorption
or diffusion. To assess the nature of the reaction, it is essential
to record cyclic voltammograms at different scan rates. The
nature of the reaction can be identified by plotting log values of
scan rate and peak current. The influence of various scan rates
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Fig. 4
the concentration range of 0.1-0.9 uM.
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on the current signal of rifaximin was studied by varying the
potential scan rate from 25 mV s~ to 125 mV s~ '. Fig. 3a shows
that the peak current intensity of oxidation of rifaximin
increases steadily with an increase in scan rate. Moreover, the
shifting of peak potential to a higher value is suggestive of the
irreversible nature of the electrooxidation of rifaximin.”> The
slope value (0.91) of the plot between log I, vs. log v (Fig. 3c)

21 (b)

I (nA)

0.0 0.2 0.4 0.6 0.8 1.0

Concentration (uM)

(a) Square wave voltammograms obtained at NH,-fMWCNTs/GCE for various concentrations of rifaximin; (b) linear calibration curve in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SWVs of rifaximin showing the reproducibility of the designed
sensing platform (NH,-fMWCNTs/GCE).

indicates that the oxidation process of rifaximin at NH,-
/MWCNTs/GCE is mainly controlled by adsorption.”® This
argument is further supported by the greater regression coeffi-
cient (R*) value of the plot between peak current and scan rate
(Fig. 3b) as compared to the plot between peak current and
square root of scan rate (Fig. 3d).

3.3. Analytical application of the designed sensing platform

Square wave voltammograms (SWVs) of various concentrations
of rifaximin (0.06-80 uM) were obtained at NH,-/MWCNTSs/GCE
in the medium of pH 7. The recorded SWVs are shown in
Fig. 4a. The shoulder appearing at higher concentrations may
be due to the oxidation of dimers or oligomers. The calibration
plot for the lower concentration of rifaximin is depicted in
Fig. 4b. The limit of detection (LOD) and limit of quantification
(LOQ) were calculated by using eqn (2) and (3).**
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Here, m represents the slope value estimated from the calibra-
tion plot and ¢ the standard deviation calculated from the peak
current value of the blank (eighteen runs). The LOD and LOQ
for the rifaximin at the designed sensor were found to be
1.47 nM and 4.90 nM respectively.

3.4. Reproducibility and repeatability of NH,-/MWCNTs/
GCE

The stability of the designed sensing scaffold was tested in
terms of repeatability and reproducibility by square wave
voltammetric analysis. The SWVs of rifaximin under optimal
conditions were recorded to evaluate the stability of the
designed sensor. For this purpose, different GCEs of the same
size were modified with the same amount of NH,-fMWCNTs,
and the as-prepared sensors were employed for recording
voltammetric signals of a fixed concentration of rifaximin. No
prominent change in the oxidation signal of rifaximin
ensured the reproducibility of the designed sensing scaffold
as depicted in Fig. 5. To test the repeatability of the sensing
platform, NH,-fMWCNTs/GCE was submerged in rifaximin
solution for different time intervals, and then square wave
voltammetric measurements were run to assess its stability.
No obvious variation in the intensity of the peak current up to
36 hours demonstrated the stability of the electrode modifier.
This can be attributed to its low solubility in an aqueous
medium that prevents its leaching from the surface of the
transducer and thus maintains the signal intensity of rifax-
imin over time.

The selectivity of NH,-fMWCNTs for antibiotics depends
upon various factors such as chemical functionalities present in
specific drugs, nature of antibiotics, presence of the competing
group, and electrochemical parameters such as nature of sup-
porting electrolytes (concentration or pH of solution), deposi-
tion time as well as deposition potential. The chemical
structures of antibiotics vary either in functional groups or in
chemical moieties attached to the core structure. Therefore, due
to variations in the nature of chemical makeup, every antibiotic
has its own specific oxidation/reduction potential. Hence NH,-

30 . . e ains
LOD = 22 (2) JMWCNTs are selective for a specific antibiotic. Similarly, the
m nature of supporting electrolytes significantly influences the
100 oxidation/reduction behavior of antibiotics, thus variation of
LOQ = o (3) electrolyte leads to modification in the intensity and shape of
the redox signal of drugs. Moreover, the choice of a suitable
"
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(a) Calibration plot between absorbance and concentration of rifaximin; (b) monitoring time-based adsorptive decrease in rifaximin
concentration using UV-Vis spectroscopy; (c) kinetic analysis of the adsorption of rifaximin following pseudo

2" order kinetic model.

RSC Adv, 2024, 14, 22867-22876 | 22871


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04309j

Open Access Article. Published on 19 July 2024. Downloaded on 12/6/2025 12:47:30 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
350
(a) Intra particle diffusion 0.2 (2) 1st order
3004 R*=0.91 * R*=0.88
Slope =4.2x + 77.2 —0.44 *
2504 —0.64
~0.8+
b 2004 °
ED Q101
= 1504 <l
= - -1.44
1004 ~1.6
-1.8
50+
2.0+
0 10 20 30 40 50 0 0 i . i
0 500 1000 1500 2000
t'? (min)"? t (min)
Fig. 7 (a) Intra-particle diffusion model (b) first order model.
A 2.6
1.2 (a) Langmuir Isotherm (b) Freundlich Isotherm
R’ =098 R’=0.95 2.54 R’ =097
1.04 y=0.007x — 0.047 y =0.037x — 1.2 1 y=62x-175
* 2.44
0.8+ 2.34
3 *
%o 6 ot ] *
N’
o go 2.14
T 0.4+ = e
&} -
0.24 1.94
1.84
0.0
L] L L} L L) 1‘7 L L L) L) L) L L] L L
10 20 30 40 50 60 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
C, (mg/L) 1/1ogC,
1(0) Temkin Isotherm

R*=0.95

*
* y =-109.4x +523.7

; *
*

gy p——————————
22 24 26 28 30 32 34 3.6 38 40 42
In C

€

Fig. 8 Different isotherms for adsorption of drugs (a) Langmuir adsorption isotherm; (b) Freundlich adsorption isotherm; (c) Temkin adsorption

isotherm.

22872 | RSC Adv, 2024, 14, 22867-22876

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04309j

Open Access Article. Published on 19 July 2024. Downloaded on 12/6/2025 12:47:30 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 1 Parameters evaluated from different adsorption isotherms

Adsorption
isotherms Parameters Values
Langmuir Gm 134 (mgg ™)
Ky, 0.15 (L mg ™)
R, 0.087
Freundlich Ky 56.23 (mg g )
N 0.16
Temkin A 98.2 (Lg ™)
B 109 (J mol )
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Fig. 9 The % removal of rifaximin with time using UV-Vis spectro-
scopic data.

supporting electrolyte for getting the best redox response for
specific antibiotics also leads to the selectivity of NH,-
fMWCNTs for antibiotics in a specific electrolyte.

Lot NPs

Fig. 10 Schematics of rifaximin adsorption by the adsorbent ZnO NPs.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Literature reveals that various analytical techniques such as
high-performance  liquid chromatography or mass
spectrometry,>>¢ capillary electrophoresis,”” spectrophoto-
metric method,”® and infrared spectroscopy® have been used
for the determination of rifaximin in tablets, as a pharmaceu-
tical product in serum, human plasma, and urine samples.*
However, the consumption of organic solvents, costly equip-
ment, long time taking protocols, and complicated procedures
prompt researchers for alternate methods. Therefore,
researchers try to develop easy, simple, rapid, and selective
methods for the detection of rifaximin. With this consideration
electrochemical techniques hold great promise as an alternate
analytical tool because of their easy fabrication, efficient
responsiveness, selectivity, and sensitivity.

3.5. Adsorptive removal of rifaximin from wastewater

ZnO nanoparticles were used for the adsorptive removal of
rifaximin. The time-based adsorption of rifaximin over ZnO NPs
and the corresponding decrease of the drug molecules in
wastewater were monitored by using UV-Vis spectroscopy. First,
a calibration curve was made for the known concentrations of
the rifaximin solution versus its absorbance using UV-Vis
spectroscopy as depicted in Fig. 6a. Adsorption of rifaximin
was monitored by using UV-Vis spectroscopy by taking readings
after specific time intervals. Subsequently, by using a calibra-
tion plot the drug's absorbance was transformed into its
concentration (ppm). To investigate the maximum drug
removal efficiency of ZnO NPs the following equation was used.
e @
where g, is the maximum adsorption capacity (mg g~ '), C; and
C. correspond to the initial and equilibrium concentrations of
the drug (mg L") respectively, W represents the dose of NPs (g),
and V denotes the volume of solution (L).
Various kinetics models were used to investigate the
phenomena of transfer of mass between solid and liquid

N

Rifaximin

Hydrogen :
honding _

o) NPs

J
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phases. Likewise, adsorption isotherms were used to acquire an
understanding of the mechanism of adsorption. ZnO NPs were
added to the solution of the drug to facilitate the adsorption of
rifaximin. Then the solution was carefully covered to ensure the
prevention of any reaction that may occur due to light. The
experiment was conducted under specific conditions, including
an adsorbent concentration of 6 mg, a drug volume of 25 mL,
a pH of 7, and a contact time of 35 hours. At regular intervals,
samples were withdrawn for recording their UV-Vis spectra as
shown in Fig. 6b that helped to monitor the adsorption process.

For the analysis of the adsorption rate constant, various
kinetic models such as the pseudo-second-order kinetics
(Fig. 6¢), intraparticle diffusion model (Fig. 7a), and first-order
kinetics model (Fig. 7b) were employed. Among the three
kinetic models, the data fitted well in the pseudo-second-order
kinetics model with a rate constant k, of 0.00284 g mg ™' min .

The equation for pseudo-second-order kinetics in the linear
form is presented below.

t 1 t
—= 4+ — 5
qe qum2 Gdm ( )

The equation for the intra-particle diffusion model is given
below.

ge = kpilllz + Ci (6)

The equation for first-order kinetics is given below.

G
lnE0 = —kt (7)
where C, represents the initial concentration of the drug and C;
shows the concentration of the drug at different time
intervals.

To understand the nature of the adsorbent's surface
(whether homogeneous or heterogeneous) and the potential
interaction between the adsorbate and adsorbent molecules the
spectroscopic adsorption of the drug was fitted into different
isotherm models, ie., Langmuir, Freundlich, and Temkin.
Their corresponding expressions are given below.*'>

1
log g. =log Kp + ——F— 8
0g 4 og K¢ + n(log C.) (8)
C. 1 C.
== 4+ = 9
qe quL qm ( )
ge=BlnA+BlnC (10)

where g. represents the adsorption capacity at a specific time,
gm denotes the maximum adsorption capacity. C. corresponds
to the concentration of rifaximin at time ¢, K and Kj, represent
the Freundlich and Langmuir constants respectively, B = RT/b,
and 4 is the equilibrium binding constant.

Essential features of adsorption can be explained by using
a dimensionless parameter which is derived from the Langmuir
constant known as the separation factor R; as given in eqn
(11).%
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Rl=— ——
LT 11k,

(11)
where “C,” is the analyte's initial concentration (mg L™*). The
process of adsorption is favorable if the value of Ry, is between
0 to 1, if the value is greater than 1 it means adsorption is
unfavorable, and if the value is 0 it corresponds to irreversible
adsorption.

Fig. 8 depicts the different isotherms that were utilized for
the analysis of the adsorption of rifaximin. It was noticed that
Langmuir adsorption isotherm provided the most accurate fit
for the data when the concentration of adsorbate is low and
Freundlich adsorption isotherm was best fitted at the higher
concentration of adsorbate. While the Temkin isotherm was
fitted for the entire concentration range. The existence of many
adsorption sites and dynamic interactions on the surface might
be the cause of this unusual adsorption behavior. At the higher
concentration of adsorbate, the Freundlich isotherm was fol-
lowed, indicating that there is multilayer adsorption because of
the occupancy of sites. On the other hand, lower concentration
leads to monolayer adsorption which depicts that Langmuir
isotherm was followed. This occurred because of the changing
nature of interactions between adsorbate and adsorbent at
different concentrations. Temkin isotherm was consistently
fitted on the whole concentration range, and it accounts for the
changes in heat of adsorption. The values of various parameters
which were obtained from different adsorption isotherms have
been given in Table 1.

The removal efficiency was calculated by using the following
formula.

G -C

% removal = % x 100

i

(12)

where C; is the initial concentration of the drug and C. is the
concentration of the drug at different time intervals. Fig. 9
shows the % removal of rifaximin with time.

3.5.1. Proposed mechanism of adsorption of rifaximin.
Adsorption is a surface phenomenon that entails molecules
only on the surface of the adsorbent by various interactions
such as electrostatic interactions, van der Waals forces, H-
bonding, and w-7 interactions between the adsorbate and the
adsorbent.*” The possible interactions between rifaximin and
ZnO NPs are H-bonding or m-m interactions as evident from
their structure. The small size of NPs provides a large number of
active sites for the adsorption of rifaximin at the surface of the
adsorbent thus reducing the concentration of adsorbate. A
proposed adsorption mechanism of rifaximin by ZnO NPs is
depicted in Fig. 10.

ZnO NPs are widely used due to their environmental benign
characteristics and effectiveness for adsorbing a wide range of
drugs from water bodies. The remarkable adsorption capabil-
ities of ZnO NPs can be attributed to their high stability and
large number of adsorptive sites owing to their boosted surface
area, which makes them excellent candidate for adsorption.
ZnO causes no secondary pollution owing to its environmentally
benign nature and it is preferred because of its cost-
effectiveness, abundant availability of its precursor and easy

© 2024 The Author(s). Published by the Royal Society of Chemistry
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synthesis route. Literature survey reveals only one report for the
removal of rifaximin from wastewater by adsorption tech-
nique.** Our adsorbent shows a maximum adsorption capacity
of 134 mg g~ " in neutral medium. While the reported adsorbent
is effective in acidic medium with an adsorption capacity of only
30.12 mg g 1.

4. Conclusions

A selective and stable voltammetric sensor was prepared by
modifying GCE with NH,-fMWCNTs for the sensitive detection
of rifaximin. The electrode modifier resulted in fast charge
transport through the modified electrode leading to improved
sensitivity for rifaximin detection as evidenced by an LOD value
of 1.47 nM. The repeatability and reproducibility experiments
ensured the stability of the sensing layer over the transducer
surface. An adsorptive method for the removal of rifaximin was
developed using ZnO NPs. Adsorption of rifaximin followed
Langmuir isotherm at a lower concentration of adsorbate and
Freundlich isotherm at a higher concentration of adsorbate.
The current wastewater treatment technology can be extended
for the monitoring and treatment of other pharmaceutical
waste-based emerging contaminants.
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