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In the present research, we report the results of a systematic study on the adsorption properties of folic acid (FA) over functionalized
single walled carbon nanotubes (SWCNTSs) using the various factors, such as adsorbent dose, contact time, temperature, and initial FA
concentration. Our results reveal that SWCNTs is an excellent adsorbent for folic acid, with an adsorption percentage of up to 76.2% at
initial folic acid concentration of 20 ppm and temperature of 298.15 K. Interpreting equilibrium isotherms on the basis of various
adsorption models, including Freundlich and Langmuir, shows that the Langmuir model can describe the adsorption process better than the
other one. To further examine the adsorption behavior, we perform thermodynamic calculations which indicate that the adsorption reaction
of FA onto SWCNTs is an exothermic and spontaneous procedure in the temperature range of 298.15-313.15 K. Based on our experiments

, the functionalized SWCNTs are expected to be a potential efficient adsorbent and also can be used as a suitable drug delivery vehicle

within biological systems.
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INTRODUCTION

Folic acid (FA) is an essential vitamin belonging to the
B-vitamin group (B9). It consists of a pterin ring (PT)
system, a p-amino-benzoic acid (PABA) portion, and
glutamic acid (Glu) (Fig. 1). The human body cannot
synthesize glutamate or p-aminobenzoic acid that is why the
enrolling folic acid from food is necessary. To reduce the
risk of serious birth defects of the brain and spina (such as
brain anencephaly), folic acid is consumed mainly as part of
a healthy diet. It may also be used as a supplement for the
prevention of Alzheimer's disease, high blood pressure,
protecting against neoplasia in ulcerative colitis, and some
psychiatric disorders [1-4]. Low molecular weigth of FA is
one of the featurs that render it an attractive ligand for
targeting cell membranes and enhancing CNTs endocytosis
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by the folate receptor [5-7].

Different substrates have been proposed as adsorbent in
adsorption processing of drug molecules, such as activated
carbon, [8] silica, [9] and boron nitrides [10]. In most cases,
the adsorbents have diameter in the range of submicron to
micron and large internal porosities to ensure adequate
the diffusion
limitation within the particles leads to decrease the available

surface area for adsorption. However,

capacity and the adsorption rate.
important and interesting to develop an adsorbent with a

Accordingly, it is

large surface area to volume ratio, a small diffusion
resistance, and a high capacity for molecular adsorption.

The stability of SWCNTSs results in some drawbacks in
integrating the nanotubes with the current technology. The
extraordinary structural, mechanical, physicochemical, and
electronic properties of SWCNTs make this species
particularly favorable for basic science studies and practical
applications. SWCNTs have high potential in the field of
biomedical, biomaterials, drug adsorbent, drug delivery
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Fig. 1. The molecular structure of folic acid (FA).

systems, and even deliver therapeutic products [11-14]. Due
to their large specific surface area along with remarkable
optical, mechanical, and electrical properties, carbon
nanotubes have been used as carriers for drug delivery [15,
16]. However, this huge potential can redound to effective
usages, if SWCNTs are functionalized by different groups.
Functionalization of SWCNTs is carried out by two
different methods including the covalent and non-covalent
linkages. There are many reports in the literature on the
functionalization of nanotubes. For example, SWCNTs have
been functionalized by carboxyl group [17], NH,, phenol,
thymine, CONH, groups [18], etc. for various applications.

Yang and et al. [19] functionalized SWCNTs with -
CONH-C¢H»-NH;" and then used them as a DNA carrier.
Poly ethylene glycol as a modifier in poly ethylene
(PEGylated
MWCNTs) acts as a class of drug delivery system and
supports drug releasing and adsorbing [20].

In this paper, we investigate the performance of
functionalized SWCNTs in loading of folic acid as a
molecular model [21-23]. Initially, SWCNT undergo
oxidation process to become SWCNT-COOH. The next

step, the carboxylated group of SWCNT reacts with oxalyl

glycolated multi-walled carbon nanotubes

chloride, and subsequently resultant product reacts with
alcohol or amine, such as 1,4-phenylenediamine
(CeH4(NHy),), to form SWCNT-CONH-C¢H4-NH.,.

Finally, we use experimental observations to investigate
the effect of some factors such as adsorbent dose,
temperature, contact time, and initial concentration of folic
acid on the adsorption efficiency of SWCNTSs. In this
regard, the Langmuir and Freundlich isotherm models are
evaluated to explain the adsorption behavior.
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MATERIALS AND METHODS

Materials

SWCNT-COOH with 2.73 wt% of COOH (outer
diameter 1-2 nm; length about 5-30 nm, and specific surface
area, SSA > 380 m” g') was purchased at purity greater than
95% from US Research Nanomaterials, Inc. Folic acid
(C1oH,sN704, molecular weight, 441.3975 g mol™), Oxalyl
chloride ((COCI),, molecular weight, 126.93 g mol™), and
1,4-phenylenediamine ((CgH4(NH3),, molecular weight,
108.1 g mol™") with high purity were supplied by Merck,
Germany.

Chemical Functionalization of SWCNT-COOH

0.06 g of MWCNTs COOH in 50 ml dimethyl formamide
(DMF) was sonicated for 30 min in a bottom flask. Then, 10
ml oxalyl chloride was added into the mixture while stirring
at -10 °C for 2 h under nitrogen gas. The resulting mixture
was stirred at room temperature for 12 h followed by
heating at 70 °C for 12 h to remove the excess of oxalyl
chloride. After adding 0.06 g of acylated SWCNTSs to 50 ml
DMF, 1,4-phenylenediamine (9 ml) was reacted to the
mixture and sonicated for 45 min to produce SWCNT-
CONH-(C¢H4)-NHo,.

Batch Adsorption Experiments

Batch adsorption experiments were carried out to
determine adsorption isotherms and thermodynamic
properties for the adsorbed folic acid molecule over
functionalized single walled carbon nanotube. First, a stock
solution was prepared by dissolving 0.5 g folic acid in 500

ml double distilled water. The variation of folic acid
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Table 1. Effect of Contact Time, Temperature, Adsorbents Dose and Initial Adsorbate Concentration on the
Adsorption Percentage of Folic Acid over SWCNTs

Effect contact time Effect of temperature Effect of dose Effect of concentration
Time  Adsorption T Adsorption Dose Adsorption  Concentraion  Adsorption
(min)  percentage (K percentage (2) percentage (mg 1) percentage
10 4523 298 75.88 0.025 43.56 2 45.12
20 55 303 69.24 0.05 54.57 5 5433
30 62.45 308 62.67 0.075 64.23 15 70.63
40 6731 313 60.45 0.1 76.11 20 76.2
50 72.12 - - 0.15 75.79 25 7623
60 76.86 - - - - - -
70 76.79 - - - - - -
80 77.32 - - - - - -
concF:ntration Versus. time in .the aqueous solution was ey-c.) v @)
monitored under various conditions such as CNTs doses 9e m

(0.025, 0.05, 0.075, 0.1, 0.15 g) and initial folic acid
concentrations (2, 5, 10, 15,20 and 25 mg 1’]).

The pH of solution was adjusted by adding 0.1 M
phosphate buffer saline (PBS) solution. Adsorption
experiments were conducted in 250 ml glass flask
containing 0.10 g of the adsorbent and 100 ml of folic acid
solution with the initial concentration of 20 mg I"'. The
mixture was shaken in a thermostatic orbit shaker at 180
rpm for different periods of time and at wvarious
temperatures (298.15, 303.15, 308.15 and 313.15 K). After
a certain time, the samples were filtered using a 0.22 pm
membrane.

The filtrates were immediately analyzed by UV-Vis
spectrophotometer (Varian Cary 300) to determine the folic
acid concentration. The adsorption percentage, A, and
adsorption capacity at equilibrium, ¢, (mg g'), were
calculated by the Egs. (1) and (2):

jxlOO

Adsorption, % = (CO_C“ (1)

Sy
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where ¢ and ¢, (mg I'") are the initial and equilibrium
concentration of FA in solution, respectively, V (1) is

solution volume, and m (g) is adsorbent mass.
RESULTS AND DISCUSSION

Effect of Contact Time

Aiming to optimize the contact time of adsorption, 0.1 g
of adsorbent (functionalized SWCNTs) was added to 100 ml
of folic acid solution with concentration of 20 mg 1" at 25
°C. The obtained results from FA adsorption over the
adsorbent show that the percentage of adsorbed molecule is
increased with increasing the contact time (Table 1) and the
time of 60 min is sufficient to achieve equilibrium (Fig. 2
and Table 1). Accordingly, 60 min contact time is selected
as the equilibrium time for adsorbent functionalized
SWCNT in all experiments.
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Fig. 2. Effect of contact time: Initial FA concentration =20 mg I'', pH = 7, adsorbent dose = 0.1 g,
contact time = 60 min, and temp. =25 °C.
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Fig. 3. Effect of CNTs dose on adsorption percentage: Initial FA concentration =20 mg 1", pH=7,

temp. = 25 °C, contact time = 60 min.

Effect of Adsorbent Dose

To study the effect of functionalized SWCNT quantity
on the adsorption of folic acid, the experiments are carried
out under the conditions described in previous section with
contact time of 60 min and a range of functionalized
SWCNT dose (0.025, 0.05, 0.075, 0.1 and 0.15 g) (Fig. 3).
Increase in adsorbent dose from 0.025 to 0.1 g brings up
about 33% enhancement of the adsorption percentage onto
functionalized SWCNT, from 43.56% to 76.11%. So, 0.1 g
of functionalized SWCNT could be used as an appropriate
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dose in the next experiments of this work (Table 1). After
optimum dose, all active sites are entirely exposed and the
adsorbent surface is saturated.

Effect of Temperature on Molecule Adsorption

The adsorption experiments were performed at fixed
initial concentration of folic acid, 20 mg I"!, adsorbent dose
of 0.1 g, and pH = 7, while varying temperature, 298.15,
303.15, 308.15 and 313.15 K, to investigate the effect of
temperature on

the adsorption behavior. Figure 4
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Fig. 4. Effect of temperature on percentage of adsorption: Initial FA concentration =20 mg "', pH =7,

adsorbent dose = 0.1 g, contact time = 60 min.
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Fig. 5. Effect of initial FA concentration on percentage of adsorption: CNTs dose = 0.1 g, contact time = 60

min, temp. = 25 °C.

demonstrates adsorption percentage of folic acid as a
function of temperature.

As reported in Fig. 4 and Table 1, the adsorption of folic
acid onto adsorbent shows a ~15% decrease, from 75.88%
to 60.45%, with increasing temperature. This phenomenon
can be explained by the fact that the adsorbent sites are
more active at lower temperatures. In this situation, the
contact between the adsorbate molecule and the adsorbent
active site is sufficient, leading to an increase in adsorption
efficiency.
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Effect of Initial Folic Acid Concentration

We get ahead the strategy applied in the previous stages
to study the effect of initial concentration of folic acid on its
adsorption over single-walled carbon nanotube. 0.1 g of
nanotube is added to 100 ml of folic acid solution with
initial concentration varying between 2 to 25 mg I at pH =
7 and 25 °C.

As shown in Fig. 5 and Table 1, ~31% enhancement of
the percentage of folic acid adsorption, from 45.12% to
76.2%, takes place through increasing the initial folic acid
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Fig. 6. The linearized Langmuir (a), Freundlich (b) isotherm of FA adsorption onto SWCNTs.

concentration from 2 to 25 mg I'. The percentage
adsorption at higher
increasing trend. At higher concentrations, all folic acid

concentration levels shows an
molecules present could interact with the binding sites, and
thus the percentage of adsorption is higher than those at
lower initial folic acid concentrations. In this condition,
higher adsorption yield is due to the saturation of adsorption

sites [24-26].

Adsorption Isotherms

One of the most important investigations to optimize the
design of an adsorption process is to establish the adsorption
isotherm. Adsorption isotherm studies are done using
different initial folic acid concentrations ranging from 2-25
mg I, with adsorbent dose 0.1 g at T =25 °C and pH =7.

Equilibrium data of adsorption process can be analyzed
on the basis of Freundlich, [27] and Langmuir [28] models.
The Langmuir isotherm is valid for monolayer adsorption
on a surface with homogeneous binding sites, equivalent
sorption energies, and no mutual interaction between
adsorbed ions. The Langmuir isotherm is represented by the
following equation:

KLqmcc

_ (Langmuir model)
¢ 1+Kc,

3)

Equation (3) can be transformed into a linear equation as
follow:
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1=( 1 jl L L (Linear Langmuir model) (4)
g \Kign)c. 4n

where ¢, (mg g') is the maximum adsorption capacity
corresponding to complete monolayer coverage, Ki (1 mg™)
is the Langmuir constant including the affinity of binding
sites, and ¢, (mg I'") is the equilibrium solute concentration.

The values of Langmuir parameters introduced in
equation 4, ¢, and Kj, are determined from the intercept
and the slope of the linear plots of 1/q. against 1/c.,
respectively (Fig. 6a).

The Freundlich equation is an empirical approach to
describe heterogeneous surface, in which it is assumed that
the adsorption occurs at sites with different adsorption
energies. This isotherm is applicable to both monolayer
(chemisorption) and multilayer (physisorption) adsorptions.
It can be described as follows:

ge=Kr Ce]/n

(Freundlich model) %)

(6)

Ing_ = (1)inc, +Ink, (Linear Freundlich model)
e n ¢

The Freundlich constants, K¢ (I g') and n that indicate
relative capacity and adsorption intensity, are calculated
from the slope and intercept of plots of Ing. vs. Inc.,
respectively. Figure 6b shows the linearized Freundlich
adsorption isotherm of FA molecule. Obtained isotherm
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Table 2. The Langmuir and Freundlich Adsorption Isotherm Parameters for Adsorption of Folic
Acid onto SWCNTs

Isotherm model Langmuir Freundlich
qm I<L KF
] ] R? n ] R?
parameters (mg g> ) (1 mg» ) (1 mg» )
4.139 0.169 0.9985 0.547 1.430 0971

Table 3. The Separation Factor or Equilibrium Parameter RL for
Adsorption of Folic Acid onto SWCNTs Adsorbent

Initial folic acid concentration Separation factor Ry,
(mg 1)

2 0.747

5 0.542

10 0371

15 0.282

20 0228

25 0.191

Table 4. Thermodynamic Parameters for Folic Acid Adsorption onto SWCNTs

Temperature Ko AG® AH° AS°
(K) (kcal mol™) (kcal mol)  (cal moI' K™
298 3.149 -0.679
303 2250 -0.487
308 1.680 0317 -9.074 -28.23
313 1528 -0.263
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0 T

0.00315 0.0032

parameters and correlation coefficients are reported in Table
2.

Comparison of correlation coefficients, R?, for
Langmuir and Freundlich models, (0.998 and 0.971),
confirms that the Langmuir model can be a proper approach
in all conditions.

The basic features of the Langmuir isotherm [28] can be
expressed by means of a dimensionless constant related to
the separation factor, Ry, which is defined as,

! ()

T 1+K ¢,

L

The equilibrium parameter R was observed to be between 0
and 1, therefor, the adsorption process is quite favorable.
The calculated R; values are tabulated in Table 3.

Adsorption Thermodynamics

Thermodynamic parameters are determined in the
temperature range of 298.15-313.15 K, at initial FA
concentration of 20 mg 1" to find whether the reaction
occurs spontaneously or not. The desired parameters,
including Gibbs free standard energy (AG°), standard
enthalpy (AH®), and standard entropy (AS°) are calculated
using the following equations [29-31]:

®)

0.00325

0.0033 0.00335 0.0034

T KL
Fig. 7. InK, vs. 1/T plot for the thermodynamic parameters.
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AG’ = -RTIK, (€))

AG® = AH® - T AS° (10)

K, = -ALL, AS (11)
R T R

where the equilibrium constant values, Ko, are obtained by
plotting In(qe/c.) vs. q. and extrapolating q. to zero, and
subsequently, AH® and AS° parameters, are determined from
the slope and intercept of the plot of InK, vs. 1/T using the
Eq. (11) (Fig. 7). The values of Ky, AG®°, AH® and AS°
parameters are reported in Table 4.

Based on the results (Table 4), the negative values of
AG® at different temperatures reveal that the adsorption
reaction occurs spontaneously. The decrease in AG® with
the temperature decrement reflects a more energetically
favorable adsorption at lower temperatures [32]. The
negative value of AH® indicates that the interaction of folic
acid adsorbed on SWCNTs is an exothermic process, which
is the reason for the increase in adsorption at lower
temperatures. In addition, the negative value of the standard
entropy change, AS°, shows a random decrease at adsorbent-
adsorbate interface during the adsorption of FA onto
SWCNTs [33].

CONCLUSIONS

In this article, we report the results of a detailed
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experiment searching for the vital factors, including
adsorbent dose, contact time, and temperature, that are
responsible for the changes in the adsorption ability of
SWCNTs to adsorb FA.

Each part of the study conducted to explore the
influence of the above mentioned factors through fixing the
other conditions, and their influences on the adsorption
behavior of folic acid are identified by analyzing the
adsorption isotherms and thermodynamic properties. On the
basis of the experimental results the amount of adsorbed
molecule on functionalized SWCNTs is increased with time.
It was found that maximum adsorption takes place after 60
min, and after which, no change was observed in the
adsorbed amount. In addition, maximum adsorption was
observed at adsorbent dose of 0.1 g. Based on the results,
after optimum dose, all active sites are entirely exposed and
the adsorption on the surface is saturated.

The Langmuir isotherm model indicated the best fits to
predict the adsorption for FA onto SWCNTs, and
thermodynamic parameters obtained from the adsorption
process revealed spontaneous and exothermic nature of
phenomenon. Furthermore, the results confirmed that the
decrease in AG~ with the decrease in temperature represents

a favorable adsorption at lower temperatures.
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