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Abstract
Two different classes of drugs were selected to test the adsorption capacity of car-

bon nanofibers as a greener new generation alternative adsorbent in simulated
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gastric and intestinal fluids. Kinetics of the promethazine and trimethoprim
adsorption were analyzed using Lagergren first order and Pseudo second order
models. Intraparticle diffusion graphs were also plotted to discuss the adsorption
mechanism. Kinetic data showed the significance of boundary layer effect for
both of the drugs and the presence of intraparticle diffusion as the other rate con-
trolling step for the promethazine adsorption. Giles isotherms showed the high
affinity of drug molecules to the adsorbent. Maximum adsorption capacity of
drugs was calculated using Langmuir model as 18.35 and 41.15 mg/g for trimetho-
prim and 95.24 and 80.65 mg/g for promethazine in simulated gastric fluid (SGF)
and simulated intestinal fluid (SIF), respectively. Trimethoprim adsorption was
under favor of hydrophobic interaction and 7-7 dispersion interactions while
promethazine adsorption was through cation exchange where the electrostatic
attraction is an important force with the contribution of dispersion interactions.
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1 | INTRODUCTION

by using simulated gastric and intestinal medium were
summarized below.

Xenobiotic exposure knowingly or accidentally is a real
risk which can lead to fatal poisoning. Poisoning owing
to drug overdose is one of the leading emergent cases
among the hospital admissions.! Many drugs in use do not
have specific antidotes for the treatment. It is essential to
prevent the further absorption of drug if the antidote is
unavailable. Gastrointestinal adsorbents such as activated
carbon play the key role for the decontamination of toxic
effects of the xenobiotics from the body.” However, there
is only a number of studies on the adsorption kinetics and
capacity of a specific adsorbent for known drugs in simu-
lated gastric and intestinal fluids and there is no study on
the adsorption performance of CNF in simulated gastric
and intestinal fluids. Previous adsorption studies carried

Sah et al. have investigated in vitro diazepam adsorp-
tion by activated charcoal and the effect of pH besides the
presence of ethanol using simulated gastric and intestinal
fluids. They have reported that activated charcoal has the
capacity to adsorb sufficient amounts of diazepam belongs
to benzodiazepines class which is among the major drug
types responsible for self-poisoning in the world.® Ste-
fan et al. have studied the influence of internal structure
of the adsorbents on diazepam adsorption in simulated
intestinal fluid (SIF) and reported the higher adsorption
capacity of activated carbon than mineral clay since the
activated carbon has a pore volume which is much higher
than the one of the mineral clay. Another important result
is the uptake of diazepam by both adsorbents decreases
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in the presence of ethanol.* Regmi et al. have reported
in vitro adsorption of dextromethorphan syrup which is
an over-the-counter antitussive drug using activated char-
coal in simulated gastric and intestinal fluids. They have
showed that the use of activated charcoal might be the
most effective approach for the dextromethorphan over-
dose treatment.” Nabais et al. have tested one of the
most widely used antidepressant drugs, fluoxetine removal
capacity of activated carbons, and activated carbon fibers.®
Commercial activated carbon was also tested for metami-
zole sodium (dipyrone) adsorption in simulated gastric
and intestinal fluids at the temperature of human body in
one of our previous studies. Results showed the fast and
effective adsorption of activated carbon for the metamizole
sodium which usually causes mild toxicity in the case of
overdose which occurs mainly at home by the oral route
in relation to a considerable number of suicide attempts.”
Wang et al. have prepared and used processed montmoril-
lonite clays for the adsorption of polychlorinated biphenyls
which have been detected as prevalent environmental con-
taminants in water, food and biota.? Wang et al. have
used zwitterionic montmorillonites for the simultaneous
detoxification of aflatoxin Bl and zearalenone from sim-
ulated gastrointestinal tract and demonstrated the ability
of zwitterionic montmorillonites for the detoxification of
mycotoxins with different polarities.” Rasheed et al. mod-
ified the bentonite clay using orange peels extract and
used as mycotoxins’ binder in simulated gastrointestinal
fluids and reported the adsorption capacity for the myco-
toxins after modification.'” There are also few studies
that reported the development of enterosorbents for toxin
adsorption.''"13

Concordantly, this study was designed to test the adsorp-
tion capacity and to understand the adsorption mechanism
of carbon nanofibers (CNF) for selected drugs in simu-
lated gastric fluids (SGF) and SIF. Promethazine (PM) and
trimethoprim (TMP) were selected as model drugs from
different classes. PM is a phenothiazine derivative acts as
an antihistamine and used to treat allergy, nausea and
sleep difficulty. PM may also be used for sedation for anx-
iety. It is a frequently used drug and overdose cases were
reported related to suicide attempts during pregnancy.'*
TMP belongs to antibiotic class and is used primarily for
urinary tract infections besides any susceptible aerobic
bacterial species. It is used for the treatment of various
bacterial infections in combination with sulfamethoxazole
(TMP/SMX) as co-trimoxazole. However, it is necessary
to recognize the potential of TMP to cause anaphylaxis
which is a severe, systemic allergic reaction carrying a high
mortality risk."”

Commercial CNF which was supplied as a greener
advanced material alternative in its raw form was used
as adsorbent for PM and TMP removal in SGF and SIF.

SALIHI ET AL.

CNF is a nanosized fiber form material with a hollow core
and sp?-based atomic order as subsequent graphene lay-
ers. CNF has a potential for a wide range of applications
from pharmaceutical industry to high technology elec-
tronics for being flexible, conductive and porous. It is a
candidate to be new generation green material of future
for bioapplications.'*?° Adsorption capacity and types of
the interactions of CNF surface with drug molecules were
revealed in this study. Results of the current study showed
the feasibility of CNF to be used in the conditions of SGF
and SIF.

2 | MATERIALS AND METHODS

2.1 | Materials and characterization

PM hydrochloride (purity >98%) and TMP (purity >98%)
were obtained from Sigma and used as received. Molec-
ular structure and properties of drugs were given in
Table 1. CNF has a conical shape and was obtained from
Sigma-Aldrich (Merck, 719811) as a greener alternative
commercial product and was used in powder form. Char-
acterization data of CNF was obtained from the supplier
and approved before the adsorption studies. Properties
and characterization of CNF were reported in elsewhere.?’
Briefly, CNF used is pyrolitically stripped and comprised
of conical platelets. The structure of CNF is carbon basis
(>98%) with an average diameter of 130 nm. Average pore
volume of CNF is 0.12 cm?/g and average pore diameter is
89.3 A. CNF has an average specific surface area of 54 m?/g
with a PHPZC value of 4.9.°° CNF was washed using dis-
tilled water to clean the impurities and dried in the oven
at 100°C for 1 day. Total 1 L of distilled water was used
for washing 10 g of CNF with the help of a magnetic stir-
rer. Morphology of CNF was scanned with SEM (Scanning
Electron Microscope).

2.2 | Adsorption experiments

Batch adsorption process was conducted using CNF as
adsorbent and selected drug molecules (PM and TFP) as
adsorbates seperately. Batch adsorption process depends
on the contact of adsorbent material with adsorbate
solutions with known concentrations during known time
intervals. Shaking and fixed temperature were applied
during the adsorption process. Calculations were done
depending on the differences of the concentrations of
the adsorbate solutions before and after the adsorption.
The details of the experimental arrangements were given
below. Adsorption experiments were done in SGF and SIF
at 37°C which is the temperature of human body. Stock
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TABLE 1 Molecular structure and properties of drugs
Molecular structure
PM HaC., .CHs
N
* HCI
CHj3
L0
S
TMP NH,
OCHj3
N
|
HzN)\N/ OCHj,
OCHj3
a2I
b22
C23
d24

solutions of PM and TFP were prepared in SGF (pH =
1.2) which contains NaCl and concentrated HCI (pepsin
omitted) and SIF (pH = 7.5) which contains NaH,PO, and
NaOH (without pancreatin). Adsorbent/adsorbate ratio
was found by conducting preliminary studies and the same
ratio was used for all adsorption experiments. Time to
reach equilibrium was studied using 0.005/0.01 g CNF and
25 mL of drug solutions (50 mg/L). Samples were taken
during and after the adsorption at predetermined intervals
followed by filtering. Absorbances of the sample solutions
were measured by using a UV-Visible spectrophotometer
(Shimadzu). Thereafter, 25 mL of drug solutions with a
known concentration between 5 and 50 mg/L were shaken
with 0.01 g CNF in 100 mL light-tight glass erlenmeyer
flasks at 37°C during the equilibrium time (1 h for PM and
30 min for TMP) using a thermostatic shaker with a water
bath. Samples were seperated from CNF with 0.45 um
microfilters. Concentrations of the drug solution samples
were measured using spectrophotometer at 302 nm for PM
and 278 nm for TMP. Calibration curves prepared initially
were used to calculate the concentrations of the samples.
Effect of the pH study was done by using drug solutions
prepared at various pHs between 1.2 and 11 using the same
experimental arrangement. Blank tests were done without
the adsorbent. All experiment series were conducted at
least three times under identical conditions. The amount
of adsorption (q, mg/g) was found with the Equation (1)
below:

(Co—C)V

q="——"" M

Co (mg/L) shows the concentration of the sample
solutions before the adsorption, C (mg/L) shows the con-
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Molecular

weight Water
(g/mol) pKa solubility
320.88 9.12 Very soluble®
290.32 7.3 400 mg/L¢

centration of the sample solutions after the adsorption, V
shows the volume which is 25 mL and w is the mass of
CNF which is 0.01 g. % Adsorption was calculated using
the Equation (2) below:

(Co—=0)
C,

0

Adsorption% = X 100% 2)

3 | RESULTS AND DISCUSSION

Decontamination capacity of conical shaped carbon based
nanofibers (CNF) was evaluated using PM and TMP in
simulated gastric and intestinal fluids (SGF and SIF). Elec-
tron microscopy is used to characterize the structure of the
materials at the small scale. SEM images were recorded to
see the morphology and dimensions of the fibers and given
in Figure 1. Nanoscale fibrous structure of the material is
seen in both SEM images.

In vitro adsorption experiments were conducted at 37°C
using constant amounts of CNF in SGF and SIF. Influ-
ence of shaking time on the capacity of adsorption was
worked to determine the time to reach equilibrium. Influ-
ence of time on the PM adsorption was shown in Figure 2A
and equilibrium time was found to be 1 h as seen from
the figure. Although the equilibrium time is 1 h, it is seen
that more than 50% of the whole adsorption capacity was
achieved in 5 min when the adsorbent dose increased to
10 mg (Figure 2B) in this process. Equilibrium time for
TMP was found to be 30 min (Figure 3A) but an impor-
tant amount of the adsorption occured in the first 5 min
(Figure 3B) similarly to the PM adsorption. Results showed
the fast adsorption of both drugs on CNF and the time to
reach equilibrium was not changed with pH of the media.
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FIGURE 1 SEM images of carbon nanofibers (CNF).
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FIGURE 2 Effect of time on the (A) PM concentration; (B) % Adsorption of PM adsorption on CNF.
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FIGURE 3 Effect of time on the (A) TMP concentration; (B) % Adsorption of TMP adsorption on CNF.

Lagergren first order and Pseudo second order equations
were used to model the kinetics of adsorption. Intra-
particle diffusion model was applied to understand the
adsorption mechanism. Kinetic models were used to cal-

culate the parameters given in Table 2. g. shows the
quantity of adsorption at equilibrium; q is the quantity of
adsorption at any time ¢; and k;, k,, k4 are the kinetic con-
stants. Adsorption of the both drugs was suited to Pseudo
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TABLE 2 Adsorption kinetics data for drug adsorption on CNF
Lagergren first order modelin (9,  Pseudo second order Intraparticle
—q) =Inq, — k;t model: = kl ~ + Lt diffusiong = k, £/
q 2 e
CNF k(') g, (mg/g) F k, (g/mgh) g, (mg/g) R’ kq R’
PM 5mg 2.27 73.63 0.924 2.52x1077 93.46 0.984 75.22 0.982
10 mg 4.69 43.42 0.748 4.49x1078 94.34 1.000 25.11 0.966
TMP 5mg 12.67 11.52 0.406 7.16x107% 45.77 0.999 - -
10 mg 21.38 58.97 0.939 4.08x10~° 69.98 0.999 - -
0.020 ~—#=5mg —¢+—10mg 0.035 ——S5mg —®—10mg
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FIGURE 4 Kinetic plots of Pseudo second order model for the PM and TMP adsorption on CNF.
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FIGURE 5

second order model (see Figure 4 for the graphs). Intra-
particle diffusion graphs were given in Figure 5. Intra-
particle diffusion constant (kp) was calculated for PM
adsorption using this linear part of the graph. Plots show
the presence of intraparticle diffusion step for the adsorp-
tion of PM on CNF (Figure 5A). Linear parts do not cross
the origin of the plot showing that there is one more step
other than intraparticle diffusion to control the rate of
this adsorption process. Figure 5B shows the intraparti-
cle diffusion model for TMP adsorption. On the contrary,
intraparticle diffusion was not observed for TMP. The step
that controlling the TMP adsorption rate is the diffusion
through boundary layer.?>-

Intraparticle diffusion lots for the PM and TMP adsorption on CNF.

Total 0.01 g CNF and 25 mL of drug solutions (5-50
mg/L) were used to conduct the equilibrium exper-
iments at 37°C in SGF and SIF during 1 h which is
equilibrium time for PM and 30 min for TMP. Equi-
librium data were used to plot the Giles isotherms
(Figure 6). g shows the adsorption quantity at equi-
librium in mg/g. Giles isotherms of PM and TMP
adsorption are all H-type considering to Giles clas-
sification. H-type of the Giles isotherm shows high
affinity between CNF and drugs and it is a special
type of L-type Giles isotherm. Both PM and TFP
molecules showed high affinity to the surface of the
adsorbent.””%8
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Giles isotherms of the PM and TMP adsorption on CNF in SGF and SIF.

TABLE 3 Model fitting of the isotherms of the adsorption of PM and TMP on CNF
Langmuir model < = é A % Freundlich modellng = Ink + n InC
q
Q (mg/g) b (L/g) R? k n R?
TMP SGF 18.35 1.59 0.995 14.09 0.21 0.942
SIF 41.15 1.29 0.993 21.43 0.29 0.974
PM SGF 95.24 1.02 0.999 37.10 0.44 0.858
SIF 80.65 1.05 0.996 33.25 0.37 0.970
025 SGF SIF 60 —&—SGF —o—SIF
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FIGURE 7 Langmuir isotherms of the PM and TMP adsorption on CNF in SGF and SIF.

Equilibrium data of the PM and TMP adsorption was
modeled using the isotherm equations and the constants
of the isotherms were given in Table 3. Langmuir model
(Figure 7) fitted better to the adsorption processes of
both of the drugs in SGF and SIF. The Langmuir model
shows a monolayer coverage during the localized adsorp-
tion and that the molecules of the adsorbates do not
locate vertically where they do not compete with the sol-
vent molecules strongly?”* Q is the Langmuir equation
constant and shows the maximum adsorption capacity.
Adsorption capacity of CNF for TMP in SGF was found
to be 18.35 mg/g and the capacity was increased to 41.15
mg/g in SIF. Adsorption capacity was found to be higher
in the case of PM which is 95.24 mg/g in SGF and 80.65

mg/g in SIF. As a comparison, adsorption capacity of acti-
vated carbon for metamizole sodium was found to be
185.19 and 161.29 mg/g in SGF and SIF, respectively. The
adsorption capacity increased with decreasing pH in this
previous study where electrostatic interactions were the
driving force with a possible contribution of 7-7 disper-
sion interactions.” The results found in this current study
showed the potential of CNF in order to be used as a
greener alternative advanced material.

According to the results, maximum adsorption capacity
for TMP in SIF was found to be much higher than the one
in SGF. On the other hand, maximum adsorption capac-
ity for PM in SGF was found to be partially higher than
the one in SIF. Effect of pH on the adsorption capacity is
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Influence of solution pH on the adsorption of

an important parameter to disclose the possible interac-
tions between drug molecules and CNF surface taking into
account the altering surface charges of CNF and specia-
tion of the drug molecules in the solution depending on
the pH. Influence of the pH of the adsorption medium was
investigated to further understand the mechanism of the
adsorption processes (Figure 8). Experiments were con-
ducted at various pHs between 1.2 and 11. TMP adsorption
on CNF was increased importantly with the increase in the
pH. pKa of TMP is 7.3 as given in Table 1. TMP molecules
present in the solution as cationic species at the pHs lower
than 7.3 and neutral species at the pHs higher than 7.3.
In addition to this, pHpzc of CNF is 4.9 showing the sur-
face of CNF is positively charged at the pHs lower than
4.9 and negatively charged at the pHs higher than 4.9. So,
the adsorption of cationic TMP molecules onto the cationic
CNF surface can be explained by hydrophobic interaction
and 7z-7r dispersion interactions. Because there is an elec-
trostatic repulsion between positive charges. Surface of
CNF becomes negatively charged when the pH increases
and electrostatic repulsion disappears in the basic medium
hence the adsorption quantity was increased.’®>"*? In the
case of PM, adsorption quantity was decreased initially
when the pH increases followed by an increase at the basic
pHs. The increased adsorption at the acidic pHs is due
to cation exchange which becomes more favorable as a
result of increased positive charges on CNF surface at pH
1.2. Adsorption quantity is moderate at the pHs around
pHpzc of CNF indicating the important contribution of 7z-7r
dispersion interactions. Cationic PM molecules are pulled
by the negatively charged CNF surface by electrostatic
attraction forces which become effective at the alkaline
pHs hence the adsorption quantity was found to be higher
importantly.?%33-3
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Carbon materials are efficient adsorbents for the organic
molecules.® Carbon based materials such as CNF
become prominent expecially for pharmaceutical and
biomedical applications for being green and environ-
mentally friendly materials besides their high degree
of biocompatibility.’"#> Adsorption method keeps its
advantages such as being economical and easy to handle
for the removal of organic and inorganic species from
various environments.****> Adsorption capacity of carbon
nanofibers (CNF) was tested for two different types of
drugs in SGF and SIF. H type Giles isotherms showed the
high affinity of drug molecules to CNF surface. Adsorption
capacities of CNF were calculated using the Langmuir
model as 18.35 and 41.15 mg/g for TMP; and 95.24 and
80.65 mg/g for PM in SGF and SIF, respectively. Results
found showed the feasibility of CNF as an alternative com-
mercial gastrointestinal adsorbent. CNF showed moderate
adsorption capacity for TMP and high adsorption capacity
for PM. Results also enlighten that CNF can be used to
remove drugs for other potential applications such as
wastewater treatment which is consistent to our previous
studies done using CNF.?® Adsorption kinetics followed
the Pseudo second order model for both of the drugs. Plots
of intraparticle diffusion demonstrated that PM adsorp-
tion has the intraparticle diffusion step as rate controlling
step with the boundary layer effect. However, the rate con-
trolling step for TMP adsorption is the diffusion through
the boundary layer. Hydrophobic interaction and 7-7
dispersion interactions played role on the TMP adsorption
while cation exchange and electrostatic attraction is
important along with the dispersion interactions for PM
adsorption.
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