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ABSTRACT

Polyacrylonitrile (PAN) precursor beads-shape with uniform particle size was prepared by phase
inversion method and used for dye removal from aqueous solution. The morphology, diffraction
patterns, pore size distribution, and chemical structure of the prepared PAN precursor beads were
confirmed by scanning electron microscopy, X-ray diffraction analysis, physisorption analyzer, and
Fourier-transform infrared spectroscopy, respectively. The structure of the prepared PAN precur-
sor beads contains a porous structure with many large finger-like defects. The pores on the sur-
face appear to be linked to those inside the bead. Malachite green (MG) dye was used as a model
contaminant to investigate the prepared PAN precursor beads’ adsorption capacity. The effect of
different adsorption parameters, such as initial dye concentration, adsorbent dosage, pH of the solu-
tion, rotational speed, and temperature, were investigated. The effective pH was 7 and the process
reached equilibrium in 5 h. Maximum dye elimination was 97% under optimal conditions: PAN
dosage was 0.4 g, rotational speed was 200 rpm, initial concentration was 10 mg/L, and the tempera-
ture was 15°C. The adsorbent was regenerated and reused for MG dye adsorption showing a good
removal up to 81% after the fifth run. The Langmuir and Freundlich adsorption models were used to
characterize the equilibrium isotherms, and the former was ideally suited. Kinetic analysis showed
that MG dye adsorption on PAN precursor bead followed a pseudo-second-order. The thermody-

namic study has demonstrated that adsorption is a spontaneous and endothermic process.
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1. Introduction

Industrial wastewater contains many organic and inor-
ganic contaminants that have to be purified before being
discharged to the environment, including dyes. Dyes pres-
ent in the effluents of various industries such as textile,
wool, leather, silk, papers, pulps, inks, cosmetics, pharma-
ceutical, and food industries [1,2]. Over the last decade,
industrial growth has contributed to the rise of dye pro-
duction; approximately 7 x 10° ton/y are used worldwide,
where the textile industry consumes 2/3 of the dyes [3]. The
main problem with dyes is the large number and quantity
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and the chemical structure of some dyes, making them sta-
ble and non-biodegradable [4]. Some dyes, including mal-
achite green (MG), are hazardous and detrimental even
at low concentrations; it harms the aquatic organisms by
changing the color of the water, consequently reducing the
penetration of the light and reducing the photosynthesis
of aquatic plants [5]. MG which is known as Aniline green,
or diamond green, is a green crystal cationic dye soluble in
water with the chemical formula (C,;H,N,Cl) as shown in
Fig. 1 [6]. The MG dye is mainly used in the coloring of cot-
ton, wool, paper, leather, and acrylic industries [6-8]. It is
also used as a pH indicator due to its color changes from
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Fig. 1. Malachite green (MG) dye structure [6].

yellow (at low pH) to green (at high pH) [9]. Although MG
dye is prohibited by the US Food and Drug Administration
for application in animals used for human consumption,
it is still being used in some countries due to its low cost
and availability [5]. MG effluent is harmful that can cause
eye and skin irritation, nausea, and diarrhea. Also, respi-
ratory issues arise as the effluent contaminants are inhaled
when they evaporate [9]. It can also irritate and harm the
immune and nervous systems of marine creatures [10,11].

Various methods have been used to remove dyes before
discharging, including physicochemical and biological
processes such as membrane filtration [12], photocatalytic
[13,14], biodegradation [15,16], and adsorption [17,18].
Adsorption is one of the most promising and effective
techniques for contaminants removal from wastewater,
including dyes, due to the ease of the process, high reliabil-
ity, and applicability for large-scale wastewater treatment
[19,20]. Adsorbents are of strong technical importance due
to their possibilities to bind with particular pollutants, as
well as achieving a high degree of purification, especially
of wastewaters with low pollutant concentrations because
of their characteristics, including a wide variety of com-
plex surfaces, special pores, and tunable pores surface
properties [21-23].

Various porous materials, including carbon-based nano-
adsorbents, have been demonstrated as efficient adsorbents
for dye removal in terms of either adsorption capacity or
adsorption kinetics. However, attributable to the high
costs of activation and regeneration, researchers are con-
tinuously searching for developing cost-effective adsor-
bents [24]. MG dye was removed from water using vari-
ous materials, including wood apple shell [25], saklikent
mud [26], bio-polymer [27], and polyaniline-Alstonia
scholaris leaves composite [9]. Also, polymeric adsor-
bents were used to remove MG dyes such as cyclodextrin
polymer powder [28], imprinted polymers [29], and poly
(styrene-co-acrylonitrile) nanofiber [30].

To achieve high MG dye adsorption performance,
adsorbent materials must have favorable physicochemical
characteristics that depend on the raw materials” proper-
ties and the preparation parameters [31]. The mesoporous
structure is also a critical characterization of the adsorbent
to enhance the adsorption capacity. Although powder-type
adsorbent has high adsorption capacity due to its high sur-
face area and short diffusion distance to the adsorption
site, fine powder causes a significant pressure drop lead-
ing to an operational problem in the adsorption system.
Thus, in adsorbent columns, shaped adsorbent materials
(such as beads) are preferred because they can be easily
separated and handled [32].

This work deals for the first time with preparing poly-
acrylonitrile based precursor beads adsorbent for effective
removal of MG dye from aqueous water. Polyacrylonitrile
(PAN) precursor beads were synthesized by the phase
inversion method using polyacrylonitrile polymer as a
precursor. The synthesized PAN precursor beads have
a uniform particle size of 3 mm with a well-developed
mesoporosity. The effects of dye’s initial concentration,
adsorbent dosage, pH of the solution, rotation speed,
and temperature have been studied. Kinetic, isothermal,
thermodynamic properties, and adsorbent regeneration
have also been investigated. The MG dye reduction was
based on Langmuir isotherm and pseudo-second-order
kinetic analysis. The thermodynamic properties showed a
spontaneous and endothermic adsorption mechanism.

2. Materials and methods
2.1. Materials
Malachite green hydrochloride dye (MG) ((C,,H,N,Cl),

M.wt 346 g/mol) was purchased from Sigma—Ale;iclzi USA.
Polyacrylonitrile (PAN) ((C,H,N)n, Mwt 150,000 g/mol)
was purchased from Macklin, China. Dimethylformamide
(DMF) was ordered from Solvochem, UK. All chemicals
were used without any further purification. HCL and
NaOH from Sigma-Aldrich, USA. (1 M) were used for

adjusting the pH of the adsorbate solution.

2.2. Precursor beads synthesis

A specific amount of PAN was dissolved in DMF to
prepare 16 wt.%PAN/DMF solutions under continuous
stirring in a water bath at 60°C until a homogeneous light
yellow mixture has been obtained. After the mixture was
rested to allow air bubbles to escape, it was placed in a
10 ml plastic syringe and dropped into a coagulation bath.
Distilled hot water at 80°C was used as the external coag-
ulant medium. When the polymeric solution (PAN/DMF)
contacted the coagulant medium (hot water), spherical
precipitates were formed. The precursor beads were left
in DI water for 2 d to remove the residual solvent, and the
phase inversion complete. Finally, it was left to be dried
at room temperature for 2-3 d, and the result was 3 mm
size of soft white color bead-shape as shown in Fig. 2.

2.3. Precursor beads characterization

Scanning electron microscopy (SEM) images of
PAN precursor beads samples were characterized using
field emission scanning electron microscopy (FESEM,
JEOL 6335F) to determine the surface and cross-section
morphologies. The crystalline characteristics of the samples
were examined by X-ray diffraction (XRD) (model: DY5238
ID 205521) instrument with 20 range from 0° to 80° and
scan rate 2 (°/min) using Cu-Ka as a radiation source.
Nitrogen adsorption/desorption isotherms of PAN prepared
beads were obtained from the Physisorption Analyzer
(Micromeritics Instrument Corporation). The samples were
first degassed at 150°C for 2 h and then analyzed for nitrogen
sorption at 77 K. The specific surface area was determined



O. Abd Al-Qader Mahmood, B.1. Waisi / Desalination and Water Treatment 216 (2021) 445455 447

-

£
“

|
b |
F

Fig. 2. Digital photo image of PAN-based precursor beads.

by applying the Brunauer-Emmett-Teller (BET) formula
while the total pore volume and pore size distribution were
calculated by the Barret-Joyner-Halenda (BJH) method.
The Fourier-transform infrared spectroscopy (FTIR) test was
conducted using a Nicolet iS10 FTIR (Thermo Scientific) to
clarify PAN prepared beads” surface chemistry. In addition,
the point zero charge (pH ) that represents the adsorbent
surface was determined, as mentioned by others [33]. NaCl
(0.1 M) was prepared and adjusted at different pH values
ranging from (2-9). A 50 mL of the solution was placed in a
closed Erlenmeyer flask, and 0.15 g of PAN-based beads pre-
cursor was added. Then the samples were agitated at room
temperature at 200 rpm for 48 h. The point zero charges
(pH,,) is the point where the final pH - initial pH = 0.

2.4. Batch study

A stock solution of 1,000 mg/L MG dye was prepared
by dissolving a sufficient MG quantity in a specific distilled
water volume. The desired concentrations of adsorbate were
prepared by diluting the stock solution with distilled water.
The pH value was measured using the pH meter ((pH-200)
model). Dye concentrations were measured using a UV/
Vis spectrophotometer (Thermo Scientific Genesys 10S)
at a wavelength of 618 nm [2].

The equilibrium batch study was employed to investi-
gate the impact of the initial dye concentration, pH of the
solution, adsorbent amount, rotational speed, and tem-
perature. All batch experiments (except those to evaluate
the variables) were carried out using 50 mL of 10 mg/L dye
and 0.4 g beads at room temperature (15°C) and neutral
pH. All the samples were placed in a shaker (Karl Kolb,
Germany) at a constant oscillation of 200 rpm. The pH
of the solution varies (3-10) to find the most effective pH
value for; removing MG, diluted HCl, or NaOH was used
to adjust the pH of the solution. The dose of PAN precursor
beads (0.2-1) g was used to evaluate the adsorbent effect.
Different initial concentrations of the dye (5-25) mg/L were

used to indicate the adsorbate effect. The speed of rota-
tion in the range of (100-300) rpm was used to detect the
mixing rate effect. Control experiments (without the use
of adsorbent) were conducted to ensure that the glass of
beakers did not induce the reduced concentration of dye.

The samples were extracted from the solutions at vari-
ous intervals (15, 30, 45, and 60) min then every hour until
equilibrium was reached. Dye concentration was measured
before and after adsorption using a UV-VIS spectropho-
tometer. Each experiment was repeated three times, and
an average value was used in the calculations.

3. Results and discussion
3.1. Precursor beads characterization

The SEM images of the surface and cross-section mor-
phologies of PAN-based precursor beads are displayed
in Fig. 3. It is obvious in Fig. 3a that the surface is rough
with spacing ridge-and-valley morphology. The pores are
not obvious on the surface shell due to the rough mor-
phology of the surface. However, the cross-section image
in Fig. 3b clearly shows a uniform and highly porous
inner-surface structure inside the beads. As one moves
away from the surface, the structure comprises porous
morphology with several large finger-like holes, as shown
in Fig. 3c. The pores on the surface seem to be intercon-
nected with those in the inner part of the bead. This mor-
phological feature can be explained by the precipitation
mechanism dominated by instantaneous liquid-liquid
demixing induced by the external coagulation medium [34].

XRD reflects the diffraction pattern of precursor PAN-
based beads. As shown in Fig. 4, the XRD patterns have a
main diffraction peak at around 20 = 17°, which is cor-
responding to the plane (100) of a hexagonal structure
(related to C=N) [35]. Another peak is around 20 = 25.2°
that is corresponding to ladder polymer (which is related to
the C=N group). It is fitting to the characteristic cyclization
and aromatization structures of the (0 0 2) planes [36].

The specific surface area and the pore volume of PAN
precursor beads were determined by the N, adsorption/
desorption method. Fig. 5a shows a steep increase of N,
adsorption capacity as the relative pressure (P/P,) increased
demonstrating type II adsorption isotherm according to
the IUPAC classification. Fig. 5b shows PAN precursor
beads samples displayed noticeable peaks in the range
of 1-20 nm, which mainly indicates a mixture of micro-
porous and mesoporous structure PAN-based precursor
beads. Based on the above characterization results, PAN-
based precursor beads were successfully synthesized
using the phase inversion method. The PAN precursor
beads’ pore volume and BET surface area were found to
be 0.07 cm?®/g, and 25 m?/g, respectively.

The infrared spectra (FTIR) depicted in Figs. 6a and
b show the functional groups on the solid surface of the
prepared PAN precursor beads before and after MG dye
adsorption, respectively. The observed peaks on the sur-
face chemistry of the clean PAN beads at 1,062.7; 1,234.4;
1,737.8 and 2,241.2 cm™ are assigned for -COOH group,
O-H bending, stretching C=O group and stretching C=N
band [37-39]. The peak at 2,930 and 3,650 cm™ are due to
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Fig. 3. SEM images of PAN-based precursor beads (a) surface morphology (magnification is 50 X), (b) cross-section (magnification is

50 X), and (c) high magnification (1,000 X).
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Fig. 4. XRD spectra of PAN-based precursor beads.
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Fig. 5. (a) Nitrogen adsorption/desorption isotherm and
(b) pore size distribution of PAN-based precursor beads.

aliphatic C-H stretching and free hydroxyl group [40,41].
Other peaks were observed in 1,370 and 1,450.4 cm™ are ali-
phatic-CH group [42]. After MG dye adsorption on the PAN
beads, most of the surface functional groups in the adsorbent
were vanished or decreased due to the +N ammonium ion
group of MG dye adsorption.

The plot of zero-point pH measurement is shown in
Fig. 7. The results indicated to negative charge surface of
PAN precursor beads and it becomes positively charged
below the zero point charge (pH , =7.2).

3.2. Dye removal dynamic study
3.2.1. Effect of initial pH

The adsorption mechanism is pH-dependent, includ-
ing pH effects on both adsorbent and adsorbate. The
initial pH affects the adsorbent’s surface charge and the
dissociation of the ions present in the solution. The pH
also influences the chemical structure of the dye and
thus the color intensity. Therefore, the impact of pH on
MG dye has been studied in the range of 3-10. Solutions
of 10 mg/L MG dye concentration were prepared at var-
ious pH values without adsorbent and left for 2 h. The
initial absorbance was measured at 618 nm; then, the
absorbance was measured again after 2 h. It was noted
that there was no pH effect over the range 4-7. However,
the color removal was more than 55% at other values, and
the color vanished completely at pH10. The reduction in
color caused by pH is attributed to occurring changes
in the chemical structure of the dye solution. Mall et al.
observed similar pH effects on MG dye [43].

Fig. 8 shows MG response at different pH values,
using 10 mg/L dye, 0.4 g precursor beads at T = 15°C, and
200 rpm. The removal percentage at pH 3 was 87% and
increased to 97% as the pH value increased to 7. As the
results revealed, the removal of dye improved as the pH
increased. At lower pH levels, the solution contains posi-
tively charged ion H" and the dye molecules interact with
the adsorption sites. The (Pszc) value was 7.2, and at a pH
valuelower thanpH_, the surface of the adsorbent becomes
positively charged, and electrostatic repulsion occurs [47].
Other researchers have reported similar results [44-46].
The maximum adsorption capacity and removal percentage
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Fig. 7. Point of zero charges (pH,,) of PAN-based precursor
beads.

at pH 7 were 1.369 mg/g and 97%, respectively. As a result,
pH 7 was selected as an optimum for the batch experiments.

3.2.2. Effect of mixing rate

Various agitation speeds of 100-300 rpm have been
used to detect the effect of the mixing rate on adsorption as
shown in Fig. 9. As the rate of mixing increased, the rate of
removal percentage increased. At a high agitation rate, the
thickness of the boundary layer between the solid and the
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Fig. 8. Effect of pH (C, = 10 mg/L; 0.4 g beads; 200 rpm;
T=15°C; t=5h).
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Fig. 9. Effect of agitation speed (C, =10 mg/L; 0.4 g beads; pH 7;
T=15°C).

solution is thin. Low resistance to mass transfer and increased
the mobility of molecules resulting in rapid removal [48].

3.2.3. Effect of initial dye concentration

Batch experiments with different initial dye concentra-
tions 5-25 mg/L include the removal percentage at pH =7,
0.4 g adsorbent, 200 rpm, and 15°C are shown in Fig. 10.
At the beginning of the MG adsorption process, the per-
centage removal was rapid then gradually decreased as
time progressed to attain equilibrium after 300 min. After
30 min of adsorption and using an initial dye concentra-
tion of 10 mg/L, the dye removal percentage was 57% and
reached about 96% at equilibrium time. It is also observed
that the percentage removal of MG dye decreased from 96%
to 78% at equilibrium as initial dye concentration increased
to 25 mg/L because the dye molecules compete with each
other to reach these sites, thus limiting removal. A sim-
ilar result had been obtained from other works [49,50].
After 3 h, the removal was 81.45% and 95.44%. After 1 h,
the removal slightly increased to 95.5% and 85% for 5
and 25 mg/L initial concentrations, respectively, which is
attributed to the reduction in the usable active sites and
the electrostatic repulsion between the adsorbent and the
bulk solution [51]. On the other hand, the adsorption capac-
ity has increased as the adsorbate has increased. The high
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Fig. 10. Effect of contact time at a different initial dye concen-
tration (pH =7; 0.4 g beads; 200 rpm; T = 15°C).

initial concentration of MG provides the concentration gra-
dient that generates the driving force to overcome the mass
transfer resistance between the dye and the adsorbate [2,51].

3.2.4. Effect of adsorbent dose

The effect of various PAN doses 0.2-1 g on the MG
dye is shown in Fig. 11. The result revealed that the
removal percentage increased as the PAN-based beads
dose increased from 0.2 to 1 g. This increase is due to
the increase of the surface area resulting in increasing the
vacant site up to a specified limit for a fixed number of the
dye molecules [21,22]. In contrast, the adsorbed amount
per unit mass dropped when the PAN-based beads dose
increased. Since the adsorbent dosage is an essential fac-
tor that expresses the adsorption capacity at a specific
dye concentration, 0.4 g was chosen as the optimum
adsorbent dose. The removal percent and the adsorption
capacity were 97.13% and 1.457 mg/g, respectively.

3.2.5. Regeneration study

The PAN-based beads were regenerated with 6 M of
HCI solution. The regeneration was based on the opti-
mum condition. The used beads were placed in a 50 ml
Erlenmeyer flask and agitated at room temperature for
4 h. The beads were then washed with distilled water to
remove the excess acid and left to dry at room tempera-
ture. Fig. 12 presents a comparison of the pure and regen-
erated beads. It is observed that a slight reduction in effi-
ciency reached 90% after 2 runs compared to the pure
beads 97%. After 5 runs, the removal decreased to 81%;
this might be attributed to the active sites are occupied
with the MG dye resulting in removal reduction.

3.3. Isotherm study

The adsorption isotherm of any adsorption system is
expressed as the curve of the amount of adsorbed molecules
on the adsorbent surface. Fig. 13 presents the adsorption
capacity and the dye concentration at equilibrium at differ-
ent temperatures. The most common model used to describe
the equilibrium adsorption of MG dye is Freundlich and
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Langmuir isotherms. The Langmuir isotherm states that
all the adsorption sites on the surface of the adsorbent
are identical and uniform adsorption energies at the sites.
A monolayer of adsorbed molecules covers the adsorbent’s
surface, and there is no interaction between the adsorbed
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molecules on the adsorbent surface. The Langmuir adsorp-
tion isotherm can be given by the following equation [52]:

¢__ 1 .G )
qe KL X qmax qm

In the equation above C, (mg/L) and g, (mg/g) are the
concentration of the molecules on the surface at equilibrium
and at any time, respectively. q__represents the maximum
adsorption capacity (mg/g), and K, represents the Langmuir
constant (L/mg).

The characterization of the Langmuir model can be
described by the dimensionless separation factor (R):
R, = 0 irreversible, R, =1 linear, 0 < R, <1 favorable, R, > 1
unfavorable [53].

1
RL_1+(KLXCO) @

The Freundlich isotherm is an empirical model used to
characterize heterogeneous systems. It suggests an interac-
tion between the adsorbed molecules and the non-uniform
binding sites of the adsorbent; this model is demonstrated
by Eq. (3) [54].

Ing, =InK, +1><1an (3)
n

where g, (mg/g) represents the amount of adsorbed mole-
cules to the adsorbent surface at any time. C, (mg/L) is the
equilibrium concentration. K, (mg/g) is the Freundlich expo-
nent, which indicates the adsorption capacity. Freundlich
constant (1) represents the surface heterogeneity, and
high-value (higher than 1) refers to favorable adsorption.

To validate the fitness of the better model, beside the
correlation coefficient (R?), the residual root mean square
error (RMSE) value was also evaluated using the following
equation [55]:

RMSE = \/Nl—li(qmw " Hecal )2 @

i=1

where N represents the number of experimental results.
The smaller RMSE and higher R* values demonstrate a
better model match.

The Langmuir isotherm data are listed in Table 1
and Fig. 14a, while Freundlich isotherm is shown in Table 2

and Fig. 14b. The results revealed that the adsorption of
MG was suited to the Langmuir isotherm, where the R?
values are 0.908, 0.982, and 0.994 at 15°C, 25°C, and 35°C,
respectively. R, was between 0 and 1, which revealed that
the adsorption process was favorable. The Freundlich expo-
nent (1) with a high value of 8-11 also indicated that the
adsorption was favorable. Similar results were reported that
the removal of MG dye was fitted to Langmuir isotherm
[50,56]. The maximum adsorption capacity obtained was
2.632 mg/g at 15°C.

3.4. Kinetic study

The adsorption takes place in three steps: the transfor-
mation of the adsorbate molecular to the adsorbent sur-
face, internal diffusion to the adsorption sites, the surface
diffusion. The kinetic study was designed to understand
the mechanism of dye adsorption. Two of the most com-
monly applied kinetics have been used, pseudo-first-order
[Eq. (5)] [57] and pseudo-second-order [Eq. (6)] [58].

K
In(q —q)=Ing —| —1_ |x¢ 5
n(qf qt) . (2.0303]>< ©®)
t 1 t
L ©)
9, K,xq g,

where g, is adsorption capacity at equilibrium (mg/g), and
g, is the adsorption capacity at any time (mg/g). The time is
t in min while K, and K, are pseudo-first-order (min™) and
pseudo-second-order (g/mg min).

The values of q, K|, and K, can be identified by plotting
In(q, — g,) vs. t for pseudo-first-order and t/q, vs. t for pseu-
do-second-order. The results are shown in Fig. 15, and the
estimated values for both models are listed in Table 3.

Pseudo-second-order because R? values of the pseudo-
second-order model can express the adsorption of MG
dye is close to unity. The g values obtained from the
pseudo-second-order are much closer to the actual val-
ues than pseudo-first-order values. Nethaji et al. [59] has
found similar results for MG dye adsorption.

3.5. Thermodynamic study

The thermodynamic parameters, that is, Gibbs free
energy change (AG°®), standard enthalpy change (AH®), and
standard entropy change (AS°), are attributed to the tran-
sition mole of solute from the aqueous solution onto the

Table 1 Table 2

Langmuir adsorption isotherm of MG dye at different Freundlich adsorption isotherm of MG dye at different

temperatures temperatures
Temp. (K) R, q,(mg/g) K (L/mg) R RMSE Temp. (K) n K, (mg/g) R? RMSE
288 0.012 2.612 7.979 0991  0.0412 288 8.475 1.992 0.971 0.0326
298 0.010 2.614 7.66 0.989  0.0394 298 11.236 2.034 0.930 0.0389
308 0.004 2.617 16.608 0.996  0.0161 308 9.259 2.153 0.873 0.0633

RMSE - root mean square error.

RMSE - root mean square error.
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Table 3
Kinetic parameter at different concentrations

Pseudo-first-order

Pseudo-second-order

Cone. Tactuat

(mg/L) (mg/g) g, (mg/g) K, (min") R RMSE q.,(mg/g) K, (g/mgmin) R? RMSE
25 2.535 1.7824 0.0099 0.962 0.0858 2.7196 0.0147 09938  2.1296
20 2.051 1.9769 0.0138 0.862 0.2618 2.2075 0.0139 09891  3.6299
15 1.722 1.3932 0.0115 0.932 0.1495 1.8349 0.0189 09918  3.6142
10 1.479 0.7162 0.0115 0.914 0.1587 1.5083 0.0589 0.9986  1.9471
5 0.694 0.2269 0.0101 0.803 0.2208 0.6774 0.3124 09997  2.0886

RMSE — root mean square error.

liquid-solid interface. These parameters are determined
to find the effect of temperature on the adsorption process
using the following equations:

AG =-RTInK )
AG =AH —-TAS (8)

where T and R are the temperature and the ideal gas con-
stant (8.314 J/mol K). While K is the equilibrium constant,
that can be expressed by the following equation.

K:% )

Se

where C, and C, are the equilibrium concentration of dye
ions on the adsorbent (mg/L) and in the solution (mg/L).
The change in standard enthalpy (AH°) and change in
standard entropy (AS°) can be calculated using the Van't
Hoff equation by plotting InK vs. 1/T (Fig. 16). The values
of both AH® and AS° can be obtained from the slope and
the intercept, respectively.

AS°
RT R

(10)

The results showed a positive value of the enthalpy
(16,337.01 J/mol), confirming that the process is endother-
mic, which means increasing the removal percentage of
MG dye with rising the temperature as shown in Fig. 17;
a similar result has been found by other researchers [60,61].

The positive value of entropy (74.87 J/mol) suggests
that some structural changes might occur due to the inter-
action between the dye and the fractional group on the
beads; it also referred to an increase of randomness in the
solid-solution interface [62].

The Arrhenius equation was used to assess the adsorp-
tion activation energy, which is defined as the required min-
imum energy to proceed with the reaction. The activation
energy was calculated using the following formula [63]:

InK, =InA —i

RT (11)

where K, and A (g/mol) are pseudo-second-order con-
stant and Arrhenius constant, respectively. The tempera-
ture (T) is in K, while R is the gas constant (8.314 J/ mol K).
The activation energy (E) (kJ/mol) indicates the nature
of adsorption and how molecules attach to the adsorbent
physically or chemically. Low values (5-40 kJ/mol) refers
to physisorption [54], while higher values (40-800 kJ/
mol) points to chemisorption [60]. The value of activation
energy (23.8445 k/mol) is lower than 40 kJ/mol, referring
to MG dye’s physisorption on PAN precursor beads.
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Fig. 15. (a) Pseudo-first-order and (b) pseudo-second-order models at different initial concentrations.
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Fig. 17. Temperature effect (C, = 10 mg/L; 0.4 g beads; pH = 7;
200 rpm).

4. Conclusion

Polyacrylonitrile precursor beads were synthesized
using the phase inversion method, and then they were
tested to remove MG dye. The specific surface area and
average pore diameters were 25 m?/g and 6 nm, respectively.

Different adsorption parameter was studied to conduct its
effect on dye removal such as pH, initial dye concentration,
PAN dosage, rotating speed, and temperature. The optimum
condition were (pH =7, C, = 10 mg/L, B, = 0.4 g, 200 rpm,
T = 15°C) the dye removal and the adsorption capacity
were 97%, 2.6315 mg/g, respectively. The adsorbent was
regenerated with HCl and tested at the optimum condition.
The result showed a slight decrease in the removal up to
5 runs. The dye removal is fitted to Langmuir isotherm. The
kinetic study showed that the removal could be expressed
by pseudo-second-order. The thermodynamic properties
revealed that the process is endothermic and spontaneous.
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