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Abstract.

Multiwalled carbon nanotubes (MWCNTSs) were first oxidized (O-CNTSs) to introduce carboxylic group and then

further functionalized (F-CNTs) with m-phenylenediamine, which was confirmed by FTIR and SEM. It was used as an effective
adsorbent for the adsorptive removal of diclofenac drug from water. Under optimum conditions of pH 6, stirring speed 600 rpm,
the maximum adsorption capacity obtained was 532 mg g which is superior to the values reported in literature. The adsorption
was quite rapid as 25 mg L drug solution was adsorbed in only 3 minutes of contact time with 10 mg of adsorbent dose. The
adsorption kinetics and isotherms were studied using various models to evaluate the adsorption process. The results showed that
the data best fit in Kinetics pseudo-second order and Langmuir isotherm model. Furthermore, the oxidized and functionalized
MWCNTs were applied on gram-negative Escherichia coli and gram-positive Staphylococcus aureus using agar disc diffusion
assay to validate their anti-microbial activity. Results were unique as both oxidized and functionalized MWCNTSs were equally
active against both E. coli and S. aureus. The newly synthesized F-CNTs have great potential in water treatment, with their dual
action of removing drug and pathogens from water, makes it potential applicant to save environment.
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1. Introduction

Pharmaceuticals are produced to save human life from
many deadly diseases. However, prolonged presence of a
pharmaceutical in water makes it an emerging pollutant
which causes hazardous effect on living beings. Since
pharmaceutical drugs are generated to affect the target parts
of body or cells and are prescribed with precaution about
their doses and quantity. Higher or improper dosage of these
can cause certain severe side effects or even lead to death.
Nowadays, the excessive presence of pharmaceutical drugs
in water bodies which could be due to hospital effluents or
pharmaceutical industrial waste becomes a serious problem
for whole ecosystem (Patel et al. 2019). Various
pharmaceutical drugs like aspirin, paracetamol, etc., are
used in hospitals as first aid or to cure different diseases.
Diclofenac sodium is the most popular drug that used as
pain killer. The chemical name of Diclofenac is 2-(2, 6-
dichloranilino) phenylacetic acid and it is an anti-
inflammatory drug which is used to reduce inflammation
and help in relieving pain. Diclofenac with its high
consumption rate and poor degradation can’t be removed
completely by simple wastewater treatment plants. So, it
easily passes in river water, ground water, etc., which is
used for drinking purpose. Its high amount has detrimental
effect on human health.

Diclofenac in human body affects kidney attributed to
Ischaemia induced by inhibition of prostaglandin synthesis
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resulting in tubular necrosis. It can cause serious
hepatotoxicity (Liver damage). Diclofenac also has adverse
effect on aquatic species such as endocrine disruptor in
Daphnia magna. It can destroy the eggs of fishes (Lonappan
et al. 2016). Since the pharmaceutical removal is difficult it
became a challenge for researchers to find an effective
method for its removal. There are various methods such as
membrane filtration (Ouyang et al. 2019), electro-
coagulation (Ensano et al. 2019), oxidation (Kanakaraju et
al. 2018), photocatalytic degradation (Mestre and Carvalho
2019), adsorption (Ighalo and Adeniyi 2020) etc. which are
used to remove the pharmaceuticals from wastewater.
Adsorption is the most common method which is low cost,
effective and easily combines with wastewater treatment
plants. There are various adsorbents like activated carbon
(Mansour et al. 2018), alumina (Chauhan et al. 2020), silica
(Barczak et al. 2020), cellulose (Raicopol et al. 2019) and
chitosan (Pereira et al. 2020), which shows good removal of
pharmaceuticals but suffers certain limitations like low
capacity and high cost. Nowadays, nanomaterials like metal
oxide nanoparticles, silica nanoparticles, chitosan nano-
particles and carbon nanotubes-based nanoparticles are used
for pharmaceutical removal (Saxena et al. 2020). Carbon
nanotubes (CNTs) are the most popular adsorbent due to
their large surface area, high adsorption capacity, stability
and ease of modification. These inherent unique properties
of CNTs offer an exciting platform to enable significant
research opportunities (Ebrahimi and Mahmoodi 2018).
Surface functionalization of CNTs with different modifying
agents or organic moieties improves its hydrophilicity and
makes it biocompatible for biomedical applications.
Functionalization further facilitates the complex formation
capability of CNTs, thereby enhancing its selectivity
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(Mousavi and Janjani 2018). The Functionalized CNTs have
high tendency to form complex with inorganic pollutants
such as metal ions (Tiwari et al. 2017) as well as with
organic pollutants like dyes (Saxena et al. 2020) and thus
help in their removal from water. The effect of
functionalized CNTs on plants was also observed by
Dasgupta-Schubert et al. (2017), which indicates that
functionalization improves the sensitivity of CNTSs.

Most pharmaceuticals are water soluble and hence
difficult to detect. Various Detection techniques like High
pressure  liquid  chromatography  (HPLC), Gas-
chromatography-mass spectroscopy (GC-MS), Liquid-
chromatography-mass spectroscopy (LC-MS), and UV-
visible Spectroscopy (Siddiqui et al. 2017, Atole and Rajput
2018) are used for the detection of pharmaceuticals. All
these techniques are good in detection of pharmaceuticals
but have drawbacks like high operational cost, use of
organic solvents, trained user. Among them, UV-visible
Spectroscopy is fast, cheap, accurate, reliable and easy to
handle technique. It does not require special training to
operate.

Apart from organic pollutants which have harmful effect
on human beings, the biological pollutants such as bacteria,
virus, microbes (pathogens) are also responsible for various
kinds of disease in living organisms. There are various
nanoparticles like silver (Supraja et al. 2018), zinc oxide
(Supraja et al. 2017a), that show antimicrobial properties
and also used in biomedical applications (Supraja et al.
2017b). It has also been known that carbon-based
nanomaterials exhibit high antimicrobial activity. The
surface area and size of carbon nanomaterials are significant
parameters affecting their antibacterial activity; that is,
increasing the surface area of the nanoparticles by
decreasing their size leads to improve their activity for
interaction with bacteria. Staphylococcus aureus (S. aureus)
is a human pathogen that causes both community-acquired
and nosocomial infections (Mohanty et al. 2007). The range
of diseases caused by this bacterium encompasses wounds
and soft tissue infections to endocarditis and septic shock.
Staphylococci commonly occur on the surface of the skin
and at all the natural openings on the human body. Skin
infections with S. aureus include furuncles, impetigo,
cellulites, carbuncles and staphylococcal toxin induced
scarlet fever. Lung and airway infections may also result in
abscesses in the lung. Bacterial membranes are abundant in
the anionic surface phospholipids, have high negative trans
membrane potential and lack cholesterol. It has been
proposed that aggregation of carbon-based nanomaterials
may cause membrane damage in bacteria due to an
oxidative stress. It was reported that direct cell contacts
with CNTs influenced the cellular membrane integrity,
metabolism processes and morphology of Escherichia coli
(E. coli) (Verma et al. 2015). Kang et al. (2007) provided
the first proof that showed carbon nanotubes have strong
antimicrobial activity on E. coli. (Dizaj et al. 2015). Disc
Diffusion Assay is a standardized technique for performing
antimicrobial susceptibility, as it has the ability to test
multiple antimicrobial agents on each bacterial isolate
(Biemer 1973).

In this paper, m-phenylenediamine functionalized

MWCNTSs have been synthesized and used as an adsorbent
for the adsorptive removal of Diclofenac from water as well
as to evaluate their biological efficacy by anti-microbial
disc diffusion assay. The modifier m-phenylenediamine is
used previously as Mg/Al layered double hydroxide-poly
(m-phenylenediamine) composite for removal of diclofenac
using HPLC-UV technique (Xiong et al. 2019). The
advantage of using m-phenylenediamine is that, it provides
functional groups which facilitates the fast adsorption. So,
m-phenylenediamine was used to functionalize MWCNTSs
(F-CNTs) by a simple synthetic route. The method and
detection technique utilized were simple batch method and
UV-visible spectrophotometer, which is less expensive than
HPLC and also doesn’t require hazardous organic solvents.
The adsorption capacity obtained is much higher (532 mg g
1) in comparison to other nanoadsorbents reported in
literature. The amount of adsorbent used was also quite less
(10 mg) which makes the process more economical. As per
literature survey, the dual action of proposed F-CNTSs, as an
adsorbent for removal of diclofenac as well as its
antimicrobial activity in water has been reported first time
in this paper.

2. Experimental section
2.1 Materials and method

Multiwalled carbon nanotubes and Diclofenac sodium
drug was purchased from Sigma Aldrich. Modifier m-
phenylenediamine was purchased from Thomas baker.
Phosphate buffer of pH 7 was supplied by Merck. HCI and
NaOH were also of analytical grade. Ultrapure Milli-Q
water was used for solution preparation and dilution.
Nutrient agar, nutrient broth, and Gentamycin were
purchased from Hi-Media Laboratories Pvt. Ltd. (Mumbai,
India). Agar was obtained from SRL, India.

2.2 Instrumentation

The detection of concentration of diclofenac was done
using Cary 60 UV-Visible Spectrophotometer Agilent
Technologies. The pH of solutions was adjusted with the
help of pH Meter model LI-614 ELICO India. The FTIR
was recorded on PerkinElmer FT-IR spectrophotometer of
Model Spectrum RX-1 with 16 scans, 4 cm resolution and
in range 400-4000 cm™). SEM was recorded with model
FEI Quanta 200F scanning electron microscope. The
ultrapure water used was of Milli-Q Millipore.

2.3 Chemical modification of Multiwalled carbon
nanotubes

The chemical modification of MWCNTs was done
according to our previously published method (Bajaj et al.
2021). Briefly, pristine MWCNTs were added to the
solution of concentrated HNOs: H,SOs (1:3) and
ultrasonicated for 2 h to get the oxidized MWCNTs (O-
CNTs). Further modification of O-CNTs with m-
phenylenediamine was conducted by suspending OCNTs
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and m-phenylenediamine in phosphate buffer of pH 7 and
mixture was stirred at 45°C for 2 days. Then m-
phenylenediamine functionalized MWCNTSs (F-CNTs) were
filtered, dried and stored in desiccator.

2.4 Adsorption experiment

The adsorption experiment was carried out by first
preparing the standard calibration curve of diclofenac at 275
nm using diluted standard solution of diclofenac (1000 mg
LY. In adsorption experiments, first the optimization of
parameters like contact time, pH, stirring speed and initial
drug concentration was carried out by adding 50 mL of 25
mg L diclofenac solution in 100 mL conical flask. Then 10
mg of F-CNTs were added and solution was stirred for 1-
10 min. After that the solution was filtered using syringe
filter of 0.2 um pore size. The remaining concentration of
diclofenac in filtrate was determined using UV-Visible
Spectrophotometer. Under optimum conditions the Kinetics
and isotherm experiments were performed with 100 mL of
different initial drug concentrations (10-100 mg L) and 10
mg adsorbent. All experiments were carried out at room
temperature.

The adsorption capacity and drug removal efficiency
were calculated using Egs. (1)-(2) given below:

Adsorption Capacity, g, = w 1)
ici — (CO_Ce)
Drug removal efficiency, % = S %100 (2)
0

Here, g. is the adsorption capacity (mg g), C, and C.
are initial and equilibrium drug concentrations (mg L)
respectively, V is the volume of drug solution (L) and m is
the amount of adsorbent (g).

2.5 Desorption experiment

The desorption of diclofenac from the surface of F-
CNTs was performed as; after adsorption, the drug
saturated adsorbent was filtered through Whatman 42 filter
paper and dried. After that the drug saturated F-CNTs was
treated with 50 mL of various eluents/desorbing agents at
600 rpm stirring speed, 3 min contact time at room
temperature. The eluent that gave maximum desorption
percentage was further analysed by changing volume and
time.

2.6 Antimicrobial disc diffusion assay

2.6.1 Preparation of bacterial culture media

The bacterial culture media was grown according to the
modified procedure reported before (Verma et al. 2015). An
appropriate  amount of nutrient broth was dissolved
according to manufacturer’s instruction. Broth was
autoclaved at 121°C, 15 psi pressure for 20 min. Bacterial
cultures from mother inoculum was taken in 1:100 ratios
and added to the above sterile nutrient broth. The flask was
incubated at 37°C overnight in the orbital shaker incubator.
The turbidity of media was directly proportional to the
growth of the culture.
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Fig. 1 FTIR spectra of (a) O-CNTs and (b) F-CNTs

Absorbance was measured at 600 nm by a UV
spectrophotometer and colony forming unit (CFU/mL) was
calculated as a ratio between the optical density and
CFU/mL, given below as

10D = 0.8 x10° CFU/mL.

2.6.2 Disc diffusion assay

All the glassware and prepared media were autoclaved.
E. coli (DH5a) and S. aureus were used as test bacterial
strains representing Gram-negative and Gram-positive
bacteria, respectively. The bacterial suspension was grown
in nutrient broth at 37°C overnight. The antibacterial
susceptibility of modified MWCNTSs was evaluated using
the Kirby Bauer method. The bacterial cultures were
thoroughly mixed with soft agar and poured on a LB agar
plate. The plates were then divided into sections and sterile
discs of 5 mm diameter were placed on each section loaded
with 20 pL of the sample (oxidized MWCNTs (O-CNT),
functionalized MWCNTs (F-CNTs), and pristine
MWCNTSs) dispersed in distilled water, Gentamycin
(positive control) and Distilled water (negative control),
respectively; The zone of inhibition (ZOI) was measured
after incubating the plates were further incubated overnight
at 37°C.

3. Results and discussion
3.1 Characterization

The characterization of modified MWCNTs was done
using FTIR and SEM analysis.

FTIR: The oxidation and modification of MWCNTSs was
confirmed by Fourier transform infrared (FTIR)
spectroscopy. The peaks at 3332, 2910, 1747, 1305 and 980
cm? represent O-H, C-H, C=0, C-C, C-O stretching of O-
CNTs (Fig. 1(a)). The peaks get shifted and new peaks
appeared on modification of O-CNTs with m-
phenylenediamine. The peaks at 3315, 1732, 1621, 1425,
and 1256 cm shows N-H, C=0 stretching, N-H bending,
C=C stretching, C-N stretching respectively. The specific
peak at 1521 cmis a characteristic peak of CONH bending
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Fig. 2 SEM image of (a) pristine MWCNTS; (b) O-CNTs and (c) F-CNTs
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Fig. 3 The effect of (a) contact time; (b) pH; (c) stirring speed; (d) temperature; (e) adsorbent dosage and (f) initial

drug concentration

which appeared due amide bond formation between -COOH
group of O-CNTs and NH; group of m-phenylenediamine
(Fig. 1(b)) (Bajaj et al. 2021).

SEM: The structure and morphology of O-CNTs and F-
CNTs was confirmed by scanning electron microscopy
(SEM). As shown in Figs. 2(a)-2(c) the diameter of carbon
nanotubes increases and get thicker on functionalization
with  -COOH group in O-CNTs and with m-
phenylenediamine group in F-CNTs. This can also be
verified with the size as in pristine (18-20 nm), O-CNTs
(20-25 nm) and F-CNTs (22-28 nm).

3.2 Optimization of adsorption parameters

Optimization of adsorption parameters was done to
check the effect of various parameters which influences the
adsorption. The optimization was necessary to get the
maximum result in minimum time and chemicals.

3.2.1 Effect of contact time

The effect of contact time was studied from 1-10 min.
The result obtained shown in Fig. 3(a), revealed that the
adsorption of Diclofenac was very fast and >95% got
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adsorbed within 3 min. After 3 min the increase was gradual
and become constant as equilibrium reached. The study was
continued till 10 min.

3.2.2 Effect of pH

The effect of pH was studied from 6-10 and it was found
that the maximum adsorption occurred at pH 6 and after
that it decreases as shown in Fig. 3(b). The pH was studied
from 6 onward because before pH 6 the diclofenac solution
became turbid due to formation of water insoluble non-
dissociated acid. The reason for decrease in drug removal
efficiency with increasing pH is the generation of negative
charge on the surface of adsorbent and repulsive interaction
occurs (Barczak et al. 2018).

3.2.3 Effect of stirring speed

It is the important parameter as the stirring speed
decides the interaction of adsorbent with drug. The result in
Fig. 3(c), shows that as the stirring speed increases from
200-600 rpm the drug removal efficiency increases from
94.4 to 95.9 %, which is due to the faster approach of drug
molecules towards the adsorbent. On further increase in
stirring speed decreases the efficiency (89.6 %) as it starts
hindering the interaction.

3.2.4 Effect of temperature

Temperature is an important parameter in the adsorption
process. The effect of temperature on adsorption of
diclofenac on F-CNTs was studied in range of 25°C to 65°C
as shown in Fig. 3(d). The result indicated that the increase
in temperature had a negative effect on adsorption of
diclofenac as the drug removal percentage decreases from
95.9% to 59.2% as temperature increased from 25°C to
65°C. This shows that the adsorption of diclofenac on F-
CNTs is exothermic in nature. Since maximum adsorption
was obtained at 25°C, it was chosen as an optimum
temperature.

3.2.5 Effect of amount of adsorbent

The adsorbent dose has also significant effect on
adsorption process. The adsorbent dose study was carried
out in range of 5 mg-25 mg as shown in Fig. 3(e). The
result indicated that initially the percentage removal
increases from 50 % to 95.9 % as adsorbent dose increased
from 5 mg to 10 mg which was due to the reason that more
amount of adsorbent provides more surface area for
adsorption and thus more will be the adsorption or greater
will be the percent removal. Further increase in adsorbent
dosage from 15 mg to 25 mg the percentage removal
reached >99 % due to more vacant sites as provided by
more amount. Since, 10 mg showed >95% adsorption, it
was chosen as an optimum amount of the adsorbent (Wan et
al. 2021).

3.2.6 Effect of initial drug concentration

The effect of initial drug concentration was studied from
10-100 mg L. It can be seen clearly in Fig. 3(f) that as the
initial concentration of drug increases from 10 to 100 mg L
the drug removal efficiency decreases from 98.0 to 51.8 %.
The decrease was obvious as all the vacant sites on

adsorbent surface get exhausted as the concentration of drug
increases.

However, the adsorption capacity increases from 99.6 to
532.0 mg g* with increase in initial concentration of drug
from 10-100 mg L.

3.3 Adsorption kinetics

The kinetics of adsorption of diclofenac on F-CNTs was
studied using different models such as, pseudo first order,
pseudo second order, intraparticle diffusion and fractional
power models as given by Egs. (3)-(6) respectively.

(i) Pseudo first order model

In(q. — q.) = Inq. — K; t (3)

Here, the terms g. and g: represents adsorption capacity
at equilibrium and time t. K; is the rate constant of pseudo
first order model.

(ii) Pseudo second order model
ot + ! t 4)
@ K, a2 q.
The term K3 is the rate constant of pseudo second order
model.
(iii) Intraparticle diffusion model

ql’ = KP t1/2 + C (5)

The term K is rate constant of intraparticle diffusion, C
is a constant that shows thickness of the boundary layer.
The adsorption is said to be intraparticle diffusion
controlled if the plot between g and t* is a straight line and
passes through the origin.

(iv) Fractional power model

logq, = logK +vlogt (6)

The terms k and v are constants of fractional power
model and their value can be obtained from slope and
intercept. The fractional power model represents diffusion
control process and said to be fit well if the value of v is less
than 1 (Wang and Guo 2020).

The plots of contact time of diclofenac adsorption on
F-CNTs, pseudo first order, second order, intraparticle
diffusion and fractional power models are given in Figs.
4(a)-4(e). The kinetics parameters calculated from the plots
are given in Table 1. The result reveals that the kinetics of
diclofenac sodium adsorption on F-CNTs followed pseudo
second order model as the value of correlation coefficient
(R?) is 0.99 for both 50 and 100 mg L drug solution. It can
also be confirmed by the value of calculated adsorption
capacity (Qca) Which is in close agreement with
experimental value (Qexp). The intraparticle model showed
multilinear plot which indicates that the adsorption is not
controlled by intraparticle diffusion only but other
processes are also involved (Hu et al. 2017). The poor R?
value of fractional model also indicates that it is not
adequate model to explain adsorption process (Turner et al.
2015). These results conclude that the adsorption of
diclofenac on F-CNTs is a chemisorption process in which
adsorption efficiency is directly proportional to number of
available vacant sites on the surface of nanoadsorbent.
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Table 1 Kinetic parameters of pseudo first order, second order, Intraparticle diffusion and fractional power models

Pseudo first order model

Initial drug concentration Oexp Ocal K1 R2
(mg L™) (mg g*) (mg g?) (min™)
50 411.0 242.1 0.0739 0.9534
100 532.0 336.3 0.0576 0.9756
Pseudo second order model
Initial drug concentration Oexp Ocal K2 R2
(mgL™M) (mg g*) (mg g") (g mg'* min)
50 411.0 416.7 0.0009 0.9980
100 532.0 526.3 0.0005 0.9954
Intraparticle diffusion model
Initial drug concentration Kp1 Ci R Kp2 C2 R,2
(mg L) (mgg*min'?)  (mgg?) ' (mgg'min'?) (mgg?) ?
50 75.837 54.88 0.9332 9.0171 330.97 0.9106
100 90.789 59.11 0.9373 18.629 353.41 0.9523
Fractional power model
Initial drug concentration % k kv R?
(mg L™) (min*) (mg g?) (mg g*min™)
50 0.2279 168.38 38.37 0.9415
100 0.2601 184.29 47.93 0.9515
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Fig. 4 Kinetics of (a) diclofenac with F-CNTSs; (b) pseudo first order; (c) pseudo second order; (d) intraparticle
diffusion and (e) fractional power model
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Fig. 5 Adsorption Isotherm models (a) Langmuir; (b) Freundlich; (c) Temkin; (d) Elovich and (e) Redlich Peterson

for adsorption on F-CNTs

3.4 Adsorption isotherm

The adsorption isotherm can be explained using
different models like Langmuir, Freundlich, Temkin,
Elovich and Redlich Peterson isotherm. The isotherm
models Langmuir and Freundlich reveal the pattern of
adsorption whether it is monolayer or multilayer. The
Temkin model shows that heat of adsorption decreases
linearly as the adsorption takes place. The Elovich model
assumes that there is an exponential increase in adsorption
sites as adsorption takes place and denotes the multilayer
adsorption. The Redlich Peterson model is the combination
of the Langmuir and the Freundlich models and helps in
differentiation between homogeneous and heterogeneous
system. The adsorption isotherm was studied using these

five models which are expressed by Egs. (7)-(12)
respectively.
(i) Langmuir isotherm model
C 1
- Ce ©

— = +
de Amax KL
The terms Qmax represents the maximum adsorption

capacity. C. and q. represents the final equilibrium
concentration and capacity. The K is Langmuir constants.

1
Ry = (1+ K, Co) ®

qmax

The other important factor in the Langmuir isotherm
model is R. If value of R_ lies between 0 to 1 it shows

favourable adsorption. If it’s more than 1 it shows
unfavourable adsorption.
(ii) Freundlich isotherm model
1
logq, = logKp + - logC, 9)

Ke is the Freundlich constant and 1/n is adsorption
intensity. The value of 1/n determines whether the
adsorption is favourable (0 < 1/n<1), unfavourable 1/n>1
and irreversible (1/n=1).

(iii) Temkin isotherm

g. = 2.303 (B logK; + B logC,) (10)

Kr and B are constants which can be calculated from the
slope and intercepts of plots of geversus log Ce. Kris the
binding energy constant and B is also a constant represents
heat of adsorption.

(iv) Elovich isotherm

de
2.303 q,,
Ke is the Elovich constant and gm represents the Elovich

maximum adsorption capacity.
(v) Redlich-Peterson isotherm

log L _ logKe qm — (12)
Ce
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log Z—e = BlogC, — logA (12)

The term A and g are constants, which can be obtained
from the intercept and slope of plot between log Ce/qe
versus log Ce. The value of g generally lies between 0 and 1.
If the value of £ is close to unity it shows that the
adsorption favours Langmuir and if it is approaching O
which means adsorption follows Freundlich (Al-Ghouti and
Da’ana 2020, Ayawei et al. 2017).

The isotherm parameters are given in Table 2 and plots
of Langmuir, Freundlich, Temkin, Elovich and Redlich
Peterson are given in Figs. 5(a)-5(e). The model which can
be used to describe adsorption process can be decided using
the value of correlation coefficient R% The best fit of
various models based on their correlation coefficient (R?)
are Langmuir > Redlich Peterson > Temkin > Elovich >
Freundlich. The plot of Langmuir is a straight line and the
value of R?> 0.99 which means the adsorption is monolayer.
The calculated value of adsorption capacity is also in favour
of Langmuir model. The other parameter like the value of
Rc also lies between 0 and 1 which indicates favourable
adsorption (Leone et al. 2018). The value of 1/n is 0.2678
which is between 0 and 1, also indicates favourable
adsorption.

The value of £ in Redlich Peterson model is also 0.7321
which is close to 1 which also favours Langmuir model.
The poor R? value of Freundlich and Elovich model
suggests that the adsorption was not multilayer. Hence it
can be concluded that the adsorption of diclofenac on F-
CNTs followed Langmuir model and is monolayer.

3.5 Adsorption mechanism

The possible interaction between diclofenac and
nanoadsorbent can be explained on the basis of different
types of possible forces like n-n interaction and H-bonding
as shown in Fig. 6. The n-n interaction can be possible as
CNTs have many m-electrons due to sp? hybridized carbon
atoms and the modifier m-phenylenediamine has aromatic
ring structure which contains multiple n-bonds. The
diclofenac also has aromatic ring which has n-bonds so it
can interact with both CNTs and modifier. H-bonding is
also possible between oxygen carrying carboxyl group of
diclofenac and H atoms of nanoadsorbent (Liang et al.
2019).

3.6 Desorption study

The choice of desorbing agent/eluent is important for
rapid desorption. The desorption of adsorbed diclofenac on
F-CNTs was carried out by different eluents or desorbing
agents as shown in Fig. 7. The adsorption of 50 mL
diclofenac was carried out in 3 min. of contact time at 600
rpm stirring speed. Under similar conditions, the desorption
experiments were performed using 50 mL of eluent, stirred
at 600 rpm for 3 min. Initially, deionized water was taken as
eluent and as the results shown in Fig. 7 indicated the
desorption percent was only 5.91 %. After that 0.1 mol L*
HCI was used that showed even less desorption, i.e., 3.05
%, which confirmed that the acids are not an option for the

Table 2 Adsorption Isotherm model parameters

Isotherm model Parameters Values
Qexp (Mg 97) 532.0
gmax (Mg g% 555.6
Langmuir model KL 0.7199
RL 0.0137
R? 0.9981
Kr 210.6
Freundlich model R? 0.8496
1/n 0.2678
B 72.94
Temkin model Kr 3251
R? 0.9678
o 106.38
Elovich model Ke 1.075
R? 0.8946
A 210.6
Redlich Peterson model s 0.7321
R? 0.9769
N;
00
T
Q:IH, NH . QNH,
2
-.3,‘ _'S'_'z‘ Ty
-1 Interaction
Na
2 o s,
H-bonding
. Na
D% NH,
Diclof Sodium m-phenylenediamine

Fig. 6 Possible mechanism of Interaction between
Diclofenac and F-CNTs

desorption of diclofenac. After that a series of eluents such
as ethanol, methanol, acetonitrile, 0.1 mol L* NaOH were
applied and it was observed that the maximum desorption
was obtained from 0.1 mol L NaOH, i.e., 52.39 %. Since
single eluents were not sufficient for complete desorption of
diclofenac, combination of two eluents were used. The
combination of ethanol and water in ratio 1:1 v/v gave only
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Fig. 7 Desorption efficiency of eluents for the desorption of diclofenac from F-CNTs

9.15 %. Since the maximum desorption obtained from 0.1
mol L* NaOH, therefore its combination with ethanol,
methanol was tried and the result of ethanol and 0.1 mol L
NaOH (1:1, v/v) showed 14.1 % desorption, while the
combination of methanol and 0.1 mol L NaOH showed
better desorbed of 33.19 %. Since, none of the above-
mentioned desorbing agents were capable of complete
desorption of diclofenac, different approach was taken into
consideration, i.e., effect of other parameters such as
volume of eluent, concentration of eluent and time of
desorption.

3.6.1 Effect of volume, concentration of desorbing
agent and time on desorption

To further verify the effect of volume, concentration and
time on desorption of diclofenac, the desorbing agent which
gave the maximum desorption percent in 3 min, i.e., 0.1
mol L NaOH was chosen. Initially the concentration of
NaOH was increased to 0.2 mol L but the desorption
percentage decreased to 40.24 %. Then the volume of 0.1
mol L NaOH was doubled to 100 mL, but the desorption
percent decreased drastically to 20.6 %. Then the time was
first increased to 30 min and decreased to 1 min 30 seconds
but no significant difference was observed. Hence it can be
concluded from the above discussions that the adsorption of
diclofenac on F-CNTs was through strong and irreversible
chemical bonds. Since most of the sites on adsorbent
surface were covered with diclofenac its reuse was difficult
to achieve. Similar observations of the desorption of
diclofenac using different eluents/desorbing agents were
reported in literature by many researchers (Liu et al. 2017,
Hu et al. 2019).

3.7 Antimicrobial activity

The antimicrobial activity of the MWCNTSs against both
gram negative E. coli and gram-positive S. aureus is
summarized in Table 3. The results of the disc diffusion
assay indicate higher antimicrobial activity of O-CNTs at all

concentrations, when compared to F-CNTs. No ZOIl was
observed in case of pristine MWCNTs (Fig. 8).

These findings can be explained on the basis of the
interaction of the pristine and modified MWCNTSs with the
cell wall of the bacteria. The O-CNTs and F-CNTSs are polar
in nature as compared to pristine MWCNTS. It has been
proposed that aggregation of carbon-based nanomaterials
may cause membrane damage in bacteria due to an
oxidative stress. It was reported that direct cell contacts
with CNTs influenced the cellular membrane integrity,
metabolism processes and morphology of E. coli. (Dizaj et
al. 2015, Biemer 1973, Rawat et al. 2014). We infer that the
pronounced polarity and presence of functional groups
allows both O-CNTs and F-CNTs to show increased
antimicrobial activity. It can be predicted that the functional
groups further increase their affinity for adsorption of
bacteria. The higher antimicrobial activity of O-CNTs
towards both E. coli and S. aureus could be attributed to
intercalation of the carboxyl groups with the bacteria,
causing structural damage and oxidative stress, (Rawat et
al. 2014) eventually leading to death (Fig. 8). The F-CNTs
showed reduced activity towards both gram positive and
negative bacteria. The F-CNTs were unable to penetrate the
thick wall of gram-positive bacteria, hence exhibited
reduced activity when compared to gram negative bacteria.
But the enhanced antimicrobial activity observed at 140 mg
mL? could probably be attributed to the availability of
higher amide groups reacting with cell wall of the gram-
positive bacteria.

3.8 Comparison with other adsorbents

The efficiency of any adsorbent depends on its structure
and adsorption capacity. The comparison of F-CNTs with
various other nanoadsorbents in terms of adsorption
capacity along with experimental conditions like pH and
amount of adsorbent is given in Table 4. The result showed
that adsorption capacity of F-CNTs for diclofenac was 532
mg g* which is quite better than the other nanoadsorbents
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Fig. 8 Antimicrobial activity of (A) O-CNTs of various
concentrations against E.coli and S.aureus (B) F-CNTs of
various concentrations against E.coli and S.aureus

Table 3 ZOl of O-CNTs and F-CNTs at different
concentrations against E. coli and S. aureus

Solid Phase Zone of Inhibition (mm)
Sample .
Extractant E.coli S.aureus

Positive (Gentamycin) 7 8
- Negative (Water) Nil Nil
Pristine MWCNTSs Nil Nil
35 mg mL*! 1 2
O-CNTs 70 mg mL? 1 5
140 mg mL1 4 6
35 mg mL*! 1 1
F-CNTs 70 mg mL* 1 1
140 mg mL?! 5 4

reported in Table 4. The amount of F-CNTs used is 0.2 g L
which is the least in comparison to other nanomaterials. The
reason for high adsorption capacity is the presence of
modifier m-phenylenediamine as with pristine MWCNTSs
the adsorption capacity was only 85 mg g? The
modification improves the capacity as can be seen amino-
functionalized cellulose nanocrystals/chitosan and amine
functionalized chitosan coated magnetic nanoparticles with
capacity of 444.44 and 469.48 mg g* respectively.

4. Conclusions

* The proposed functionalized nanomaterial showed fast
drug adsorption >95 % in 3 min of contact time and high
adsorption capacity, 532 mg g, which is much higher in
comparison to other reported Nanomaterials.

* The kinetic study was performed on pseudo first order,
second order, intraparticle diffusion and fractional power
models and the results revealed that the data fits well in
pseudo second order kinetic model with R? > 0.99. This
indicates that adsorption is chemisorption.

Table 4 Comparison of adsorption capacity of m-
phenylenediamine-CNTs for Diclofenac with other

nanoadsorbents
Amount of Adsorption
Adsorbents adsorbent pH  Capacity Ref.
(gLh (mg g?)
(Gil etal.
MWCNTSs 5.0 7.0 8.50 2018)
Activated carbon (Silveira
|mpregnated iron 24 7.0 81.66 et al. 2020)
oxide nanoparticles
Graphene oxide (Van Tran
magnetic nanocomposite 0.74 4.0 3240 et al. 2020)
Amino-functionalized (Hu et al
cellulose nanocrystals/ 1.0 45 44444 ’
- 2019)
chitosan
Amine-functionalized .
chitosan coated magnetic 0.4 45  469.48 (Liang et
. al. 2019)
nanoparticles
Poly(methacrylic
acid)/Montmorillonite (Khan et al.
Hydrogel 1.4 2.0 152.86 2020)
Nanocomposite
Titanate nanosheet—_ 15 70 90,52 (Wamba et
pozzolan nanocomposite al. 2019)
F-CNTs 0.2 6.0 5320 Thisstudy

+ The isotherm study was done on Langmuir,
Freundlich, Temkin, Elovich and Redlich Peterson models.
The data obtained showed best fitting in Langmuir model
which means monolayer adsorption. The value of R_ which
is less than unity also indicated favourable adsorption. The
result was further supported by the factor f of Redlich
Peterson model, whose value is 0.7321 which also favours
Langmuir isotherm.

« The adsorption capacity calculated by both pseudo
second order Kinetic and Langmuir model is in close
agreement with experimental value.

 Furthermore, both, the O-CNTs and F-CNTs exhibit
mild antibacterial activity towards gram positive and gram-
negative bacteria. The antimicrobial activity may be due to
preventive effects occurring in the presence of COOH
groups on the surface, and the redox activity of the carbonyl
(C=0) group. The F-CNTs have too may surface groups
that may actually inhibit catalytic activity because of steric
hindrance as exhibited by reduced antimicrobial activity. In
O-CNTs, the prevalence of COOH groups could possibly
enhance the activity. The increased electro-chemical activity
at the C=0 sites incudes the electronic transfer generally
depending on acid-base properties. The COOH and OH
groups have electron-donating properties, i.e., capable of
distributing the oxygen functional groups resulting in
enhanced reactivity.

» The desorption of diclofenac from the surface of F-
CNTs was also performed using various desorbing agents
such as methanol, ethanol, acetonitrile, NaOH, etc. The
results showed that the maximum desorption was obtained
using 0.1 mol Lt NaOH. However, it was difficult to achieve
the complete desorption due to strong and irreversible
chemical interaction between diclofenac and F-CNTs.

« Such modified nanoadsorbents have great potential in
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water treatment, with their dual action of removing
diclofenac drug and pathogens from water samples. Since,
functionalized MWCNTSs showed antimicrobial activity and
also has high tendency to adsorb drug it can be used in drug
delivery applications.
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