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a b s t r a c t
In this study, a flat sheet of electrospun activated carbon nonwoven nanofiber (ACN) based on 
polyacrylonitrile polymer was fabricated and characterized by Fourier-transform infrared spectros-
copy, scanning electron microscopy (SEM), and Brunauer–Emmett–Teller (BET). The SEM analysis 
showed that the prepared ACN mat consisted of long and bead-free nonwoven nanofibers with an 
average diameter of 600  nm. The BET analysis of ACN showed that the pores were mesoporous 
pores with a size of 3.7  nm and a specific surface area of 450  m2/g. The obtained ACN was used 
to evaluate the removal of methylene blue (MB) dye from aqueous medium water using batch and 
flow-through modes. In batch mode, ACN reveals a removal efficiency of up to 90% at the optimum 
parameter conditions (i.e., pH 7, 100 mg adsorbents, 10 mg/L initial concentration, and room tem-
perature). The adsorption process was well described by the Freundlich isotherm and pseudo-sec-
ond-order kinetic model with the highest 24.7 mg/g MB dye adsorption capacity. To investigate the 
effectivity of the ACN nonwoven sheet in a continuous adsorption system, a novel flow-through cell 
was designed for using nonwoven nanofiber sheets as an adsorbent. The innovative design allows 
the feed solution to flow within the nanofiber assembly and thus provides a more reachable sur-
face area and longer residence time. Adsorption experiments showed characteristic breakthrough 
actions in the flow-through process. The breakpoint period was 40 min to treat 25 mL/h of MB dye 
solution (10 mg/L) in the flow-through system using one layer of 6 cm of ACN mat. In addition, it 
was found that breakpoint time increased as feed flow decreased, the bed height increased, and the 
number of ACN mat layers increased due to increasing adsorption sites.
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1. Introduction

The dye-related industries (e.g., textiles, food, dyeing, 
printing, and tanning industries) are continuously discharg-
ing an immense amount of dye waste into the aquatic envi-
ronment, which has become a significant threat to human 
health and the environment [1]. Dyes are commonly regarded 
as hazardous and also carcinogenic [2]. Methylene blue (MB) 
is a basic cationic dye that is highly soluble in alcohol and 

water. Excessive doses of methylene blue have been reported 
to cause diarrhea, vomiting, nausea, gastritis, abdominal 
and chest pain, extreme headaches, a lot of sweating, mental 
fatigue, and methemoglobinemia [3]. As a result, it is essen-
tial to remove MB dye from the contaminated wastewater 
streams before discharge to the environment.

Nowadays, physical, chemical, and biological treatment 
methods have been widely used to extract MB from aque-
ous solutions, including membranes [4], photocatalytic 
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degradation [5], electrochemical degradation [6], oxidative 
degradation [7], and adsorption [8–12].

Adsorption, among other methods, has the advantages 
of simple operation, low cost, abundant adsorbent materials, 
high performance, and fast recycling [13,14]. Large spectra 
of adsorbent materials have been studied in MB removal 
from agricultural waste materials to advanced nanomateri-
als. Banana peels, pumpkin peels, grapes, pomelo, tomatoes, 
cucumber, kaffir lime, and dragon fruit are some examples 
of agricultural waste materials that have been converted to 
activated carbon and assessed for MB removal [15]. Recently, 
nanomaterials have gained more interest in adsorption 
research due to their unique properties compared to con-
ventional materials [16,17]. Nanomaterials can be used in 
adsorption in several ways, such as nanoparticles, nano-
tubes, and nanofibers, and can absorb dyes, metal ions, and 
organic and inorganic contaminants [18]. In particular, poly-
mer nanofibers have been considered for water treatment 
in the last few years. Such nanofibers are directly produced 
using an electrospinning technique and have many attractive 
features such as large surface area, small pore size, and a 
small fiber diameter of less than 500 nm [19].

Electrospun nanofibers have recently been considered 
for the removal of MB dye. Polyacrylonitrile (PAN) nanofi-
bers were used after carbonization by inert gas (i.e., argon) 
and then oxidation by a mixture of H2SO4/HNO3 [20]. The 
oxidized electrospun carbon nanofibers were tested in batch 
mode in MB adsorption. Poly(styrene-co-acrylonitrile) elec-
trospun nanofibers enhanced with carbonaceous materials 
(i.e., graphite and carbon nanotubes) were examined in batch 
mode adsorption of MB [21]. Electrospinning and surface 
modification was applied to the development of deacetyl-
ated cellulose acetate (DA) nanofiber membrane modi-
fied with polydopamine (PDA) and tested for the removal 
of methylene blue from aqueous solution using a batch 
experiment [22].

All previous studies focused on testing electrospun 
nanofibers as a dye adsorbent in batch mode operation. 
Batch experiments in adsorption research are so important 
for understanding the process of isotherm and kinetics. On 
the other hand, the analysis of adsorption efficiency in con-
tinuous mode is of great importance because it reflects the 
real conditions in the industry and also provides valuable 
information for the upscaling of the process. In our previous 
research, continuous flow through the system with a custom-
ized design module was used to test the efficiency of elec-
trospun-activated carbon nanofibers (ACN) in the adsorp-
tion of emulsified oil [19].

In this research, MB dye was adsorbed on ACN using 
a new flow-through system developed for nonwoven sheet 
adsorbent. The innovative design allows the feed solution 
to flow within the nanofiber assembly and thus provides 
a more accessible surface area. The effect of feed flow rate, 
the height of the ACN mat, and the number of ACN layers 
was investigated.

2. Materials and methods

2.1. Chemicals and materials

Methylene blue dye (MB) from Sigma-Aldrich was used 
for the preparation of the adsorbate solution. Polyacrylonitrile 

(PAN) powder was purchased from Scientific Polymer 
Products, Inc., (MW avg. 150,000), and dimethylformamide 
(DMF) as a solvent from Acros Organics to prepare the 
adsorbent materials. The solution pH was adjusted with HCl 
(0.1  M) and sodium hydroxide (NaOH) (0.1  M), both were 
purchased from Fisher Scientific.

2.2. Fabrication of adsorbent mat

The polymeric solution for the electrospinning method 
was prepared by dissolving 16%  wt. PAN in DMF solvent 
with mechanical mixing at 60°C for a couple of hours. The 
electrospinning process as described in our previous work 
[18,23] created a precursor nanofiber nonwoven. The poly-
mer solution was applied to a grounded collector drum 
18 cm apart, rotating at 70 rpm, using a 20 gauge needle, uti-
lizing a high voltage of 25 kV.

Sequential thermal treatments convert PAN nanofibers 
to carbon nanofibers. In an air atmosphere, the nanofibers 
were stabilized in a muffle furnace (Carbolite) at 270°C 
for 1  h. The stabilized nanofiber mat was carbonized for 
2 h in a tube furnace by heating at 650°C for 2 h in a tube 
furnace (Lindberg/Blue M, Thermo Scientific) in an inert 
nitrogen gas.

The ramp rate of carbonization was 3°C/min. The electro-
spun carbonized nanofibers (ECNFN) were then triggered by 
steam in the same furnace in an inert nitrogen environment 
at 750°C for 1 h at a steam flow rate of 60 g/h. The rate of 
activation of the ramp was 5°C/min. The electrospun-acti-
vated carbon nanofibers (ACN) adsorbent was the material 
generated after activation. To optimize the properties of the 
ACN produced, the conditions used for the mat manufac-
turing process in this work were chosen according to our 
previous study [19].

2.3. Adsorbent characterizations

Field emission scanning electron microscopy (SEM, JEOL 
JSM 6335F) was used to investigate the surface morphol-
ogy and fiber size of the fabricated nonwovens. The aver-
age fiber size of thirty separated fibers was calculated using 
ImageJ software (National Institutes of Health, USA). The 
adsorption characteristics of the mat were evaluated using 
the Brunauer–Emmett–Teller (BET) and Barrett–Joyner–
Halenda (BJH) models by the surface area and pore size ana-
lyzer (Micromeritics Instrument Corporation). Functional 
groups on the prepared nanofibers were analyzed using 
Fourier-transform infrared spectroscopy (FTIR; Perkin Elmer 
Spectrum RX1 FTIR Spectrometer) and were recorded in 
the wavenumber range of 500–4,000  cm–1 with a resolution 
of 4 cm–1.

2.4. Adsorption experiments

2.4.1. Batch adsorption experiments

A stock solution of 50 mg/L of MB dye concentration was 
prepared and various concentrations were collected from a 
sequence of dilutions. Solutions of 0.1 M NaOH and 0.1 M 
HCl were used to adjust the pH of the solutions. Batch tests 
were conducted using 100  mg of ACN in 250  mL of MB 
solution with an initial concentration of 10 mg/L in a beaker 
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using a magnetic stirrer at room temperature. The control 
method (without adsorbent) was performed to ensure that 
the dye was not ingested into the walls of the beaker. The 
dimensions of the nonwoven coupons of the ACN were 
3 by 3  cm. More information on the setup of the tests has 
been provided in our previous work [19].

The pH influence was investigated by varying pH val-
ues within the range of 3–9. The initial concentration influ-
ence was determined by selecting an initial concentration of 
MB between 10 and 30 mg/L. The effect of the agitation rate 
was studied at 200, 300, and 400  rpm values. The effect of 
the adsorption parameters has been elevated by changing 
one factor at a time while keeping the others constant.

The residual dye concentration was analyzed by UV-Vis 
spectrophotometer at a wavelength of 650  nm. Percent of 
removal was calculated using the following equation:
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�
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where C0 and Ce are the initial and final concentrations of MB 
dye (mg/L), respectively. During the experiment, the con-
centrations of dye were measured at different time intervals. 
The amount of adsorption at time t (qt) (mg/g) was calcu-
lated using the following equation:
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where Ct is the concentration of MB dye in the solution at 
time t (mg/L), m is the mass of ACN adsorbent (g), and V is 
the volume of solution (L).

2.4.2. Fixed bed experiments

A column study was conducted using a cross-section 
flow system as shown in the schematic diagram in Fig. 1. The 
system included a flow cell, a syringe pump (KD Scientific), 
a monolithic quartz glass cell for flow-through measure-
ment, and a UV detector (Model GENESYS 10S UV-Vis) to 
detect dye concentration in on-line permeate flow using 
VISION lite software.

The cross-section flow adsorption cell concept seen in 
Fig. 2 is a novel concept that enables the feed solution to 
move across the cross-section of the nonwoven mat. The 
designed adsorption cell was composed of two similarly 

sized sections of visible acrylic material (12  cm in height, 
6  cm in width, and 1 cm in thickness). One of the sections 
has a flow entrance with a diameter of 3 cm. The location of 
the exit point is in the downstream portion of the cell. The 
idea of this design allows a high depth of bed without the 
need to stack hundreds of coupons on top of each other. A 
3 cm × 6 cm mat was fixed between the two sides of the flow-
through adsorption cell. A thin gasket and Teflon tape were 
used as guides to fix the channel height at the thickness of 
the ACN sheet. The cell was sealed using screws.

3. Results and discussion

3.1. Adsorbent characterizations

The ACN membrane sheet was characterized by SEM 
for the observation of the surface and cross-section mor-
phologies presented in Fig. 3A and B, respectively. Activated 
carbon nanofibers obtained from PAN are long and bead-
free with a nonwoven structure. The cross-section mor-
phology image showed an ACN mat thickness of 150  µm. 
Furthermore, Fig. 3C presents the ACN histogram using the 
ImageJ analysis software. It can be seen that the nanofiber 
diameter was between 450 and 750 nm, confirming the uni-
formity of the nanofiber size of the fabricated ACN with an 
average diameter of 600 nm.

Fig. 4A presents the N2 adsorption isotherm of the 
fabricated ACN as the relative pressure (P/P0) increases. 
Adsorption isotherm ACN applies to moderate N2 adsorp-
tion at P/P0  <  0.1 and persistent rise in N2 adsorption with 
an improvement across the area of 0.1 < P/P0 < 0.9.

The International Union of Pure and Applied Chemistry 
(IUPAC) categorized adsorbent pores into three groups: 
micropores (diameter  <  2  nm), mesopores (2–50  nm), and 
macropores (>50 nm) [24]. Thus, depending on the form of 
the N2 adsorption isotherm curve, ACN is graded as Type 
II by IUPAC, reflecting micro and mesopore structures 
compatible with our previous work [19,25].

Fig. 4B presents BJH adsorption average pore diameter 
showing that ACN has pores of a diameter between 1.7 and 
180  nm in which pore sizes are predominantly micro and 
mesoporous. 85% of the overall pore volume comes from 
micro and mesoporous pores with a diameter ranging from 

 
Fig. 1. Schematic diagram of the flow-through adsorption 
system.

 
Fig. 2. Schematic graph of the flow-through module design.
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approximately 1.7–50  nm. The average pore depth, surface 
area, and overall pore volume of ACN were 3.7 nm, 450 m2/g, 
and 0.056448  cm3/g, respectively. BJH adsorption average 
pore width was 2.67 nm.

To determine the surface features of the ACN adsorbent 
mat, the FTIR spectrum curve was carried out in a range of 
400–4,000 cm–1 as shown in Fig. 5A. The main functional peak 
groups are 1,160; 1,235 and 1,573.8 cm–1 for the (O−H bond 
in the phenolic group) and carbonyl groups due to steam 
activation [18,26]. The peak at 1,590 and 1,737.8 cm–1 are for 
the groups C=N and C=O [27]. A small peak of 2,927  cm–1 

was assigned to the symmetrical stretching vibration of 
C–H [24]. Fig. 5B shows the surface feature of ACN after 
MB dye adsorption, most of the surface functional groups in 
the adsorbent disappeared or decreased due to the cat ion 
group of MB dye adsorption.

3.2. Batch adsorption experiments

3.2.1. Effect of pH

The initial pH of the adsorbate solution has a significant 
effect on the ionization degree of the adsorbent molecule 

  
 

(C) 

(A) (B)

Fig. 3. Morphology characterization of activated carbon nanofibers: (A) scanning electron microscopy surface morphology images, 
(B) scanning electron microscopy cross-section images, and (C) distribution of fiber sizes.
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and the adsorbent properties [28]. The effect of the initial pH 
of MB dye adsorption on ACN (Fig. 6) was studied by adjust-
ing the precise values of the initial pH solution: 3.0 to 9.0 by 
adding a few drops of hydrochloric acid (0.1 M) or sodium 
hydroxide (0.1 M). The efficacy of MB dye removal on ACN 
showed a clear increase from 30 to more than 90%, with the 
initial pH values increasing from 3 to 7. However, at pH 
more than 7, the MB dye adsorption significantly decreased 
to 20% at pH = 9.

To understand the adsorption mechanism, it is import-
ant to determine the zero charge point (pHpzc) which is an 
indicator of the pH sensitivity and the type of surface active 
sites of the used adsorbent material. The (pHpzc) corresponds 
to the pH value for which the net charge of the adsorbent 
surface is zero because the adsorption depends not only on 

the Van der Waals forces but also on the electrostatic attrac-
tions. The (pHpzc) was determined by a simple electrochemi-
cal method [2], by adding 50 mL of sodium chloride (0.05 M) 
to a series of beakers, the pH of each was adjusted to precise 
values of pHi from 2 to 12, then 50 mg of ACN adsorbent was 
added to each beaker. The samples were agitated at ambient 
temperature for 48 h and then the final pH was measured to 
represent the pHf. The pHpzc is the point where the (pHf–pHi) 
is equal to zero.

The value of pHpzc of the used ACN adsorbent was 7.1, 
which means that the ACN surface at pH < 7.1 is positively 
charged and the H+ ions present at high concentrations 
compete with the cationic MB dye molecules on the ACN 
surface for active sites and resulting in the repulsion of the 
cationic molecules. However, the ACN surface at pH  =  7.1 

 
Fig. 5. Fourier-transform infrared spectrophotometer of the activated carbon nanofibers surface (A) before dye adsorption and 
(B) after dye adsorption.
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is negatively charged and the MB dye cations are easily 
adsorbed to negative charges of the OH– group on the surface 
of the ACN by electrostatic attraction forces. Beyond this pH 
value, the removal efficiency decreased sharply due to the 
presence of additional OH– ions in the solution that hindered 
the diffusion of MB dye cations. The maximum uptake of the 
MB dye on the ACN was at 7 ± 0.1 pH, which was selected 
as the optimum value in all experiments.

3.2.2. Effect of agitation rate

Fig. 7 displays the impact of the agitation speed on 
dye removal. The percentage of dye removal increases 
with an increase in agitation speed. The same behavior 
was observed for MB dye adsorption by other researchers 
using carbonized bamboo leaves powder treated with citric 
acid [29]. It demonstrates the impact of the external mass 

transport resistance on the kinetics of the adsorption pro-
cess. Raising the rotating speed conforms to a rise in the 
Reynolds number and Sherwood number resulting in a 
higher mass transfer coefficient. The used stirrer speed in 
the batch experiments in this study was 300 rpm which was 
good for efficient dye removal.

3.2.3. Effect of contact time and dye concentration

Fig. 8 illustrates the removal of MB dye by ACN over-
time at 25°C at different initial MB dye concentrations. For 
the different initial concentrations of dye, the plot shows an 
increase in the percentage of dye removal over time. At the 
initial concentration of MB dye 10 mg/L, the removal of MB 
increased sharply to 85% at 5  h, and then the rise became 
gradual and finally reached 90% at 7 h of contact time.

The dynamics for higher initial concentrations have 
been distinct. For the initial MB dye concentrations of 20 
and 30  mg/L, the adsorbent surface reached an adsorbate 
equilibrium concentration of 11% and 7%, respectively, at 
a contact time of 30  min. Most sorption sites are occupied 
early because the initial concentration is high.

3.2.4. Adsorption isotherm

Adsorption isotherms are crucial for optimizing the use 
of adsorbents when describing the distribution of adsorbates 
and the interaction between adsorbates and adsorbents. 
Besides, adsorption isotherms are important for the determi-
nation of the equilibrium concentrations of adsorbate in the 
solid phase (qe) and the liquid phase (Ce) [30,31]. Adsorption 
isotherms in liquid and solid phases are often used as 
Langmuir and Freundlich isotherm models.

The Langmuir isotherm has been extensively used to 
explain single-solute systems by assuming localized adsorp-
tion on the external surface of the adsorbent without inter-
action between molecules adsorbed on neighboring sites. 
This model assumes that the adsorption process homoge-
neously takes place at different sites that produce a single 

 

Fig. 6. Effect of the initial pH solution on the adsorption pro-
cess. All tests were conducted at 25°C, initial dye concentra-
tion of 10 mg/L, 100 mg activated carbon nanofibers, agitation 
rate of 300 rpm, and 250 mL solution.

 

Fig. 7. Effect of agitation rate on the process of adsorption. All 
experiments were carried out at 25°C, 100  mg activated car-
bon nanofibers, 10  mg/L initial concentration of methylene 
blue dye, 250 mL solution, and 7 pH.

 
Fig. 8. Effect of the initial methylene blue dye concentration in 
the adsorbate solution on the adsorption process. All exper-
iments were performed at 25°C, 100  mg activated carbon 
nanofibers, 300 rpm agitation rate, and 250 mL solution.
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absorbing layer [32]. The linear form of the Langmuir iso-
therm can be described in the following equation:

C
q q b

C
q

e

e

e� �
1

max max

	 (3)

where qe is a solid phase dye concentration at equilibrium 
(mg/g), qmax is the maximum adsorption capacity (mg/g) and 
b is the Langmuir isothermal equilibrium constant associated 
with adsorption energy (L/mg) [39]. Such values can be found 
by plotting Ce/qe against Ce. A higher b value is a criterion for 
the propensity of the adsorbate to adsorb the active sites of 
the adsorbent surface reflecting higher adsorption strength. 
In the current research, the adsorption method suits well 
with the Langmuir model with a correlation coefficient of 
R2 > 0.99. Also, the high value of b (as seen in Table 1) shows 
the high affinity of the MB dye molecules to the ACN non-
woven mat. Also, the adsorption efficiency and usability of 
the Langmuir equation can be evaluated using the separation 
factor (RL) value estimated by the following equation:

R
bCL � �
1

1 0

	 (4)

where RL values between 0 and 1 indicate favorable adsorp-
tion, while RL  =  0, RL  =  1, and RL  >  1 indicate irreversible, 
linear, and unfavorable adsorption processes, respectively. 
The RL value in this study was 3.3 × 10–3, indicating a favor-
able adsorption process.

The Freundlich isotherm model is an empirical equa-
tion that can be applied to multilayer adsorption, assuming 
heterogeneous active sites on the surface of the adsorbent. 
This means that an increase in the concentration of adsor-
bate leads to an increase in the concentration of adsor-
bate on the adsorbent surface. The linear form of the 
Freundlich isotherm model is written as follows:

ln ln lnq K
n

Ce f e� �
1 	 (5)

where Kf and 1/n are the Freundlich isotherm constants indi-
cating the extent of the adsorption and the degree of surface 
heterogeneity of the non-linearity between the concentra-
tion of the solution and the adsorption, respectively.

Table 1 describes the fitting parameters of the Langmuir 
and Freundlich equations for the adsorption of the MB dye 
molecules to the ACN sheet. The low value of Kf indicates 
the low adsorption rate, while the value of 1/n between 0 
and 1 indicates unfavorable adsorption [33–35]. As a con-
sequence, the MB dye adsorption on the ACN is fitted with 

the Langmuir isothermal model, which means that mono-
layer adsorption occurs under the experimental conditions 
of this study.

3.2.5. Adsorption kinetics

Adsorption kinetics is important to predict the rate of 
adsorption and to establish an effective treatment method 
based on the adsorption process. Pseudo-first-order and 
pseudo-second-order models are most widely used to 
explain the adsorption kinetics. The following expression can 
be used for the pseudo-first-order model:

ln lnq q q k te t e�� � � � 1 	 (6)

where qt is the amount of dye adsorbed at time t (mg/g), k1 is 
the pseudo-first-order constant (h–1). The rate of the pseu-
do-first-order model is influenced by the quantity of dye 
molecules adsorbed at equilibrium.

The other kinetic model is the pseudo-second-order 
model which is given as follows:

t
q k q

t
qt e e

� �
1
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where k2 is the rate constant of the second-order equation 
(g/mg·h).

The kinetics parameters of the pseudo-first-order and 
pseudo-second-order models of MB dye adsorption are 
shown in Table 2. Correlation coefficients, R2 for pseu-
do-first-order, and pseudo-second-order models were 0.979 
and 0.985, respectively.

3.3. Fixed-bed adsorption

3.3.1. Flow rate effect

Results for different feed flow rates are shown in Fig. 9 
with one layer of 6 cm ACN bed height and an inlet dye con-
centration of 10  mg/L. Fig. 11 indicates an increase in the 
slope of the break-through curve with the feed flow rate. 
By using a feed flow rate of 75  mL/h, the concentration of 
MB dye in the water in the outlet water stream reached the 
initial concentration faster than using a feed flow rate of 50 
or 25 mL/h. The residence time of the dye molecules in the 
nanofiber mat was too short to occupy all the adsorption 
sites contributing to an earlier breakthrough stage.

Using this new design of the flow-through adsorption 
cell has helped to allow the feed solution to flow through 
the cross-section of the ACN mat along the direction of the 

Table 1
Langmuir and Freundlich isotherm constants and error analysis

Langmuir Freundlich

qmax (mg/g) 13.6986 Kf (mg/g) 2.57
b (L/mg) 30.4167 1/n 0.0354
R2

L 0.9997 R2
F 0.9870

Table 2
Pseudo-first-order and pseudo-second-order kinetic models 
constants and error analysis

Pseudo-first-order Pseudo-second-order

qe,cal (mg/g) 23.0116 qe,cal (mg/g) 25.5102
k1 (h–1) 0.4928 k2 (g/mg·h) 0.03851
R2

1 0.9793 R2
2 0.9842
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nanofibers within the nonwoven structure. As a result, the 
surface of the nanofibers was completely exposed to the dye 
solution. Most of the dye molecules were adsorbed at the 
adsorption sites along the nanofiber surface of the ACN. 
When the adsorption sites were occupied, the dye molecules 
began to discharge with the effluent.

3.3.2. Bed height effect

To evaluate the effect of bed height on MB dye removal 
in the flow-through system, the height of the ACN mat was 
changed. As shown in Fig. 10, using 3, 6, and 9 cm of ACN 
mat led to a marked difference in breakthrough time. The 
increase in bed height, which is directly related to bed mass, 
makes it easier to handle a greater amount of feed solution. 
When the height of the bed increases, more resident time 
in the bed and more adsorption sites are available for dye 
adsorption on nanofiber surface s resulting in enhanced 
efficiency of dye removal.

3.3.3. Number of layers

The number of ACN layers reflects the thickness of the 
mat membrane. Fig. 11 demonstrates the change in the con-
centration of permeate dye over time using 1 and 3 layers 
of ACN. Using more layers of ACN, improved the efficiency 
of the removal of the dye and increased the breakthrough 
time. The noticeable improvement in efficiency can be 
explained by an increase in the fiber quantity in the beds 
and adsorption sites.

4. Conclusion

In this research, it has been confirmed that electrospun 
ACN nonwoven membrane derived from PAN can be used 
effectively for methylene blue (MB) dye adsorption from 
wastewater. The fabricated nonwoven nanofibers are long, 
bead-free, and smooth with unique properties such as high 
specific surface area (i.e., 450  m2/g) and micro and meso-
porous structure and thus they exhibit a high efficiency for 
MB dye removal. In batch experiments, the MB dye removal 
rate is highly dependent on the initial pH value. The max-
imum adsorbing rate of the MB dye on the ACN was on 
a pH of 7.1 which was selected as the optimal value with 
achieving a 90% removal percentage. MB dye removal fits 
well with the Langmuir isotherm and pseudo-second-order 
models.

The new design flow-through cell was used to study 
the flow-through performance characteristics of the ACN 
membrane sheet to remove MB dye from wastewater. The 
results showed a significant impact on the MB dye removal 
efficiency of the bed height, the number of ACN membrane 
layers, and the flow rate. At a 10 mg/L of initial MB dye con-
centration, 6 cm of bed height, 3 layers of ACN membrane 
mat, and a flow rate of 25  mL/h, the break-through point 
was 1  h. the efficacy of MB dye removal using the new 
flow-through cell increases with increasing the height and 
number of adsorbent sheets due to increasing the adsorp-
tion sites and the contact time. It is found that the novel 
design packed bed is an effective method to use the ACN 

Fig. 9. Impact of flow rate on flow-through adsorption pro-
cess through activated carbon nanofibers mat (6 cm of 1 layer). 
All experiments were conducted at 25°C, with an initial 
methylene blue dye concentration of 10 mg/L and a pH of 7.

 
Fig. 10. Effect of bed height on flow through the adsorption 
process. All tests were performed at 25°C with a feed flow 
rate of 25 mL/h, an initial methylene blue dye concentration of 
10 mg/L, and a pH of 7.

 
Fig. 11. Effect of numbers of activated carbon nanofibers layer 
on flow through the adsorption process. All experiments were 
conducted at 25°C, 6  cm of activated carbon nanofibers, the 
feed flow rate was 25 mL/h, initial methylene blue dye concen-
tration of 10 mg/L, and pH 7.
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membrane sheet for MB dye removal from water in a flow-
through system. It is recommended to study the efficiency of 
this new design in removing other pollutants such as heavy 
metals, oil, phenol, and other organic contaminants.
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