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Abstract
In this study, the crosslinking of PVA nanofiber was increased using solvent vapor treatment. Then, Fe3O4 nanoparticles 
were synthesized by a simple hot water technique and composited with the nanofiber. The study focuses on applying the 
modified PVA nanofibers to remove malachite green (MG) from water using different pH, contact times, and dye initial 
concentrations. The surface morphology of the nanofiber was determined using SEM, FTIR, and XRD techniques. SEM 
showed that the crosslinking was increased, and Fe3O4 nanoparticles appeared as agglomerates on the surface of the 
nanofiber. The removal percentages at optimal pH and contact time were 99.76%, and 99.5%, respectively. Thereafter, 
kinetics was studied by the linear pseudo-first order, pseudo-second order, Elovich equation, and Intraparticle diffusion 
models. Results demonstrated that the adsorption kinetics follow the pseudo-second order. Moreover, the adsorption 
isotherm was discussed using Langmuir and Freundlich equations. The Langmuir equation best described the adsorp-
tion with R2 value of 0.9771, and the maximum removal was 128.205 mg/g. As a result, the MG dye molecules covered the 
PVA nanofiber/Fe3O4 nanoparticles in a monolayer and homogenous coverage. The results of this study are significant 
for industries’ wastewater treatment as they provide a potential solution for the removal of MG dye from textile, paper, 
cosmetics, food, and aquaculture industries’ wastewater.
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1. Introduction
Population growth and industrial development have 

resulted in water pollution, which is one of the most seri-
ous problems nowadays. Many types of pollutants may 
cause water pollution, but toxic organic pollutants have 
become a severe problem to the human environment and 
cause serious health issues due to their hazardous effects, 
chemical stability, and difficulty to remove.1 One type of 
these organic contaminators is water-soluble organic dyes 
that show extensive applications in industries like paints, 
textiles, plastic products, and so on. Organic dyes can 
change the color and properties of water even at low con-
centrations because of the existence of aromatic com-
pounds and heavy metals in their structures.2,3 Also, they 
can reduce the transmission of light in aquatic systems, 
eventually decreasing the efficiency of the photosynthesis 
process of aquatic plants.4,5 In addition, the accumulation 

of dyes in animals and plants can result in skin irritation, 
allergic dermatitis, mutations, and cancer, thus being 
harmful to the brain, kidneys, liver, central nervous sys-
tem, and reproductive system in living organisms. There-
fore, dyeing wastewaters are the riskiest wastewaters and 
are hard to purify.6,7 Moreover, malachite green (MG) dye, 
which is the chemical structure seen in Figure 1: (a), is a 
tri-phenyl methane cationic dye that has been widely em-
ployed in industries for dyeing purposes. On the other 
hand, oral consumption of MG is harmful due to the pres-
ence of nitrogen in its chemical structure and would be 
carcinogenic for both humans and animals.8 Various phys-
ical, chemical, and biological techniques may be used for 
MG dye removal from wastewater, for instance, advanced 
oxidation processes, nanophotocatalysis, ceramic mem-
brane separation,9 electrochemical techniques,10 and aero-
bic granular sludge.11 Also, adsorption is widely used 
among these techniques and could be a predominant 
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method, since it’s simple, economical, flexible, and easily 
implemented. The high efficiency of adsorption and the 
development of practical processes require the complete 
and fast adsorption of coloring materials by adsorbents. 
For that reason, chemical or physical modifications in ad-
sorbents are beneficial to increase the kinetics and capacity 
of adsorption. In addition, the nanofiber’s structural mor-
phology has attracted considerable attention in various 
applications and fields. Electrospinning is a widely used 
technique to generate nanofibers with a broad range of 
characteristics and advantages. Porous webs of nanofibers 
with different sizes and shapes can result from this tech-
nique, which modifies and promotes the nanofiber’s prop-
erties and applications.12–14 For instance, porous struc-
tures have high specific surface area and can be used in oil 
clean up, and catalysis, grooved structures have surfaces 
with parallel lines and can be used in tissue engineering,12 
branched structures have large porosity, tiny diameters, 
excellent biological properties, and thermal insulation and 
can be utilized in air filtrations, energy storage and har-
vesting, photocatalysis, and oil cleanup.13 Also, crimped 
fibers that have spring-like behavior, notable surface area, 
and remarkable biological and piezoelectric properties are 
applied in tissue engineering, energy harvesting, wound 
dressing, drug delivery, and textile.14 One of these modifi-
cations is the use of nanoparticles to increase the process 
of adsorption.15,16 In general, nanoparticles have attracted 
wide interest recently because of their high efficiency, low 
consumption of energy, large surface area, catalytic poten-
tial, and high reversibility.17 Specifically, iron nanoparti-
cles have acquired massive scientific and technological  
attention as they have shown an outstanding capacity for 
the remediation of the environment.18 For example, iron 
nanoparticles have been utilized for the removal of chlo-
rinated organic materials,19–21 dyes,22–24 heavy metals 
from water,25 and nuclear contaminants degradation.26 
Furthermore, numerous ways have been applied for the 
synthesis of nanoparticles, such as gas condensation which 
was the first method to prepare nanoalloys and crystals, 
vacuum deposition, chemical precipitation, and electro-
deposition.27 Each of these methods may include many 
drawbacks like being specific to a few numbers of metals, 
being expensive, or requiring elevated temperatures that 
minimize their application. However, recently a simple 
process of using only hot water has been demonstrated as 
an alternative and novel method to produce iron nanopar-
ticles. Unlike the previous methods, hot water treatment 
(HWT) can be applied to plentiful materials and requires 
depressed temperatures and low-cost equipment. It is cat-
alyst-free, has a high yield of production, as well as is envi-
ronment-friendly because it uses water as the main mate-
rial that is non-toxic and safe to use.28 In this study, 
polyvinyl alcohol (PVA) nanofiber, Figure 1: (b), was used 
as a membrane for the adsorption of MG dye in aqueous 
solutions after it was modified by two steps. Firstly, im-
proving the mechanical properties, specifically increasing 

the crosslinking of the nanofiber through solvent vapor 
treatment (SVT). Secondly, synthesizing Fe3O4 nanoparti-
cles from Fe metal powder by hot water treatment (HWT) 
and composite these nanoparticles to the previously cross-
linked PVA nanofiber to ensure efficient dye isolation from 
water. Recent studies have shown that the mechanical 
strength of nanofiber mats can be enhanced by the solvent 
vapor technique without changing the dimension or the 
membrane morphology of the mats. Also, it is less aggres-
sive for fiber welding. In this technique, nanofiber mats are 
exposed to solvent vapors at a particular temperature ac-
cording to the solvent used, thus, the solvent vapor will 
facilitate fusion between fibers at their junction points and 
increase the crosslinking. In this instance, better adhesion 
between fibers can be achieved by utilizing solvents with 
high boiling points. Moreover, the crosslinking of the 
modified nanofibers will increase in a short time, and the 
porous structure of the alleged membranes can be con-
trolled easily.29–33

Figure 1: (a) chemical structure of malachite green (MG), (b) poly-
vinyl alcohol (PVA)

2. Materials and Methods
2. 1. Chemicals and Reagents

PVA nanofiber was purchased from Inovenso, N, 
N-Dimethylformamide (DMF), iron (Fe) powder, and 
Malachite green were from BDH Chemicals, NaOH from 
Sigma-Aldrich, and HCl was supplied by Ricca Chemical 
Company.

2. 2. Solvent Vapor Ttreatment (SVT)
Small coupons (approximately 9 cm × 3 cm) of PVA 

nanofiber mats were prepared and placed on the top of a 
petri dish (D = 9 cm). DMF (3 mL) was used as a solvent and 
placed in a beaker sealed properly with the petri dish that 
contains the nanofiber coupon. The solvent was then evapo-
rated on a hot plate stirrer at a temperature of 40 °C for 3 
hours. After treatment, that sample was air dried for 24 hours 
to remove all solvent residual before further treatment.29

2. 3. Hot Water Treatment (HWT)
At first, Fe metal powder was prepared for hot water 

treatment by removing native iron oxides that act as impu-
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rities and other organic contaminants using sanding paper 
polishing process. Then, the Fe powder was cleaned with 
acetone and deionized water (DI). The pre-washed Fe 
powder, along with the thermally treated PVA nanofiber 
membrane, was added to a glass beaker containing ul-
trapure DI water and then placed on the hot plate at a tem-
perature of 75 °C for 1.5 hours with stirring. This temper-
ature was selected as the standard temperature for water in 
this experiment, according to Nawzat. Saadi et al.25 Also, 
one hour was defined as the critical time for the complete 
formation of Fe3O4 nanoparticles, but we increased the 
time to 90 min. At last, the composited nanofiber mem-
brane was rinsed with DI water several times and air dried 
overnight, then delivered for SEM (Thermo Fisher Phen-
om Pro G6) and XRD (Bruker D8-Discover) to study the 
morphological, crystallographic, and chemical composi-
tion, respectively. On the other hand, Fourier transform 
infrared spectroscopy (FTIR) was performed for the water 
samples of the HWT as well as from the modified mem-
brane for the study of the presence of Fe3O4 nanoparticles 
in both.

2. 4. MG Adsorption Studies
The batch operations of adsorption were studied for 

MG by taking the experimental conditions: pH, contact 
time, and effect of concentration. Firstly, the influence of pH 
was tested in the range (5.0–9.0) that was adjusted using 0.1 
M NaOH and 0.1 M HCl solutions. A pH meter (JENWAY 
3505) was also used for the measurements of the pH. The 
study of the pH effect was carried out using the adsorbent 
0.003g and MG dye solution 5 ml of 10 mg/L concentration. 
The solutions were then stirred for 1 hour at room tempera-
ture. The MG absorbance was measured by using a UV-vis-
ible spectrophotometer (JANEWAY 7315) at 618 nm, which 
is the maximum absorbance wavelength of MG.34  The ex-

periment of contact time for adsorption of MG was investi-
gated, and the kinetic studies were performed at optimal 
circumstances: pH 8.0, adsorbent weight 0.003g, and 5 ml of 
MG solution 10 mg/L concentration. The batch tests were 
accomplished at room temperature with various time con-
tacts (5, 10, 15, 20, 25, 30, 35, 40, 45, and 50) min.

Moreover, the impact of initial concentrations on 
MG adsorption was carried out by mixing and stirring 5 
ml of different MG initial concentrations (10, 20, 30, 40, 
and 50) mg/L with pH 8 and 0.003 g of adsorbent for 20 
minutes at room temperature until reached equilibrium.6

The following equation is used for calculating the 
(qe) value, which is the equilibrium adsorption capacity 
and the removal percentage (R%) of MG.35

� (1)

� (2)

where; Ci= Initial concentration of MG (mg/L)
Ce= equilibrium concentration of MG (mg/L) in the solution.
V = Volume of dye solution (L)
W = adsorbent mass (g).	

3. Results and Discussion
3. 1. �Characterization of PVA Nanofiber/

Fe3O4 Nanoparticles
3. 1. 1. SEM

In this study, the morphology of the modified PVA 
nanofiber before and after both treatments, SVT and 
HWT, was investigated by scanning electron microscopy 
(SEM). Figure 2: (a), shows the PVA mats before treat-
ments, while, Figure 2: (b), represents the morphological 
and conformational changes that happened on the matt 

Figure 2: SEM of (a) untreated PVA nanofiber, (b) PVA nanofiber after SVT, (c) formation of PVA nanofiber/ Fe3O4 nanoparticles by HWT
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after SVT when the mats were exposed to DMF vapor for 
3 hours. It is obvious from the figures that in both 15µm 
and 50µm the crosslinking among the nanofibers has in-
creased. Furthermore, a significant swelling has appeared 
on nanofibers, that may occur as a result of the absorbance 
of an amount of solvent vapor by nanofibers as there is an 
affinity of nanofibers to solvent. Also, Figure 2: (c), indi-
cates the presence of iron oxide Fe3O4 nanoparticles on the 
PVA nanofiber surface that have irregular shapes that ad-
sorb like aggregates on the nanofiber surface. The forma-
tion of different particle sizes may be a result of the ag-
glomeration of nanoparticles on different sides of 
nanofiber during the sample preparation.36 The mecha-
nism by which Fe3O4 nanoparticles are present on the na-
nofiber’s surface can be explained by a combination of the 
Fe3O4 nanoparticle’s growth and deposition processes. In 
the first process, iron oxide ions can form on the Fe pow-
der surface during HWT, release into the water, and then 
grow on the nanofiber, forming nanoparticles. This pro-
cess, which is called plugging, is explained in more detail 
in the previous study.25 In the deposition process, Fe3O4 
nanoparticles grown on Fe metal powder can be detached 
from the powder surface and re-deposited on nanofibers.

3. 1. 2. �Characterization of Fe3O4 Nanoparticles by 
(FTIR)

Fourier transform infrared spectroscopy (FTIR) 
gives information on nanoparticle structures from the 

Fe3O4 nanoparticle’s bond vibrational modes. Although 
it is incapable of quantifying the generated nanoparti-
cles precisely in the samples, it provides a qualitative 
identification of the proportion of the produced nano-
particles. Figures 3 (a), and (b), show the infrared spec-
tra of Fe3O4 nanoparticles presented in water samples 
after HWT and PVA nanofiber/Fe3O4 nanoparticles, 
respectively. To indicate the presence of Fe3O4 nanopar-
ticles, the range of 800–400 cm–1 was a characteristic of 
the Fe–O bond. In Figure 3: (a), Fe3O4 showed charac-
teristic peaks at 469 cm–1 and a maximum peak at 569 
cm–1 with a shoulder at 745 cm–1 which was attributed 
to surface oxidation.37–39 Besides, Figure 3: (b), repre-
sents the formation of Fe3O4 on PVA nanofiber and 
shows additional peaks in the spectral range 501–575 
cm–1 with a broad spectrum at 723 cm–1 while no peaks 
appeared around the 400 cm–1 region. Moreover, the 
two peaks observed at 616 cm−1 and 636 cm–1 identify 
FeTh–O–FeOh stretching vibrations on PVA nanofiber, 
where, FeTh is iron tetrahedral and FeOh is iron octahe-
dral. The appearance of the broadband at 3397 cm–1 
corresponded to the O–H group stretching vibrations, 
2966 cm–1 was the peak for the C–H bond, and the 1088 
cm–1 peak referred to the Fe–O–C bond.40 The decrease 
in peak intensity in PVA nanofiber/Fe3O4 nanoparticles 
suggests the interaction between (C–H) and (O–H) 
groups of the nanofiber with Fe3O4 nanoparticles and 
indicates the well dispersion of the nanoparticles on the 
surface of the PVA nanofiber. 41

Figure 3: (a) FTIR spectrum of Fe3O4 nanoparticles in water samples synthesized by simple HWT, (b) FTIR spectrum of PVA nanofiber/ Fe3O4 
nanoparticles synthesized by simple HWT
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3.1.3 �Characterization of Fe3O4 Nanoparticles by 
X-ray Diffraction (XRD)

 The XRD charts of the Fe3O4 nanoparticles and 
composite with PVA nanofiber were compared and shown 
in Figure 4. The spectra of XRD of the nanoparticles 
showed three diffraction peaks of 11.46, 15.85, and 149.15. 
Also, the XRD pattern of PVA nanofiber/Fe3O4 nanoparti-
cles showed four peaks of 14.26, 54.10, 43.99, and 347.66. 
These peaks confirm the formation of Fe3O4 nanoparticles 
in both samples as related to (JCPD98-026-3010).42 The 
two XRD spectra show two sharp peaks that appeared with 
2θ of 72.565 and 72.515, which are identical to those of 
reference and indicate the presence of Fe3O4 nanoparti-
cles. These data also detected that the nanoparticles have 
crystalline and spinel structures.

Figure 4: XRD diffraction of Fe3O4 nanoparticles compared to PVA 
nanofiber /Fe3O4 nanoparticles

3.2 Effect of pH
It is substantial to examine the impact of pH on the 

adsorption of MG because pH has an essential role in ad-

sorption capacity. It has an influence on the surface charge 
of the adsorbent, the tendency of the existent compounds 
in the solution to ionize, the adsorbent’s active sites func-
tional groups dissociation, and also the solution dye chem-
istry.43 MG has pKa of 10.3 which protonates under acidic 
conditions and deprotonates at higher pH values and a 
high positive charge is detected on the dye molecule at 
lower pH due to its protonation.44,45 Also, it was perceived 
in this study that the adsorption is strongly dependent on 
pH and the superior adsorption was on pH 8 with a top 
removal rate of 99.76% which means that the electrostatic 
interactions between MG dye and the adsorbent are strong 
on this pH value that result in a high adsorption capacity. 
On the other hand, under acidic conditions low adsorp-
tion rates are observed and that is due to the excess availa-
bility and high concentrations of positive charge resulting 
from H+ protons and cationic dye molecules in the solu-
tion. Furthermore, the surface of the membrane may be 
positively charged, causing repulsions with the cationic 
dye molecules and decreasing the removal rates. The pH 
effect on the adsorption capacity of MG on PVA nanofib-
er/ Fe3O4 nanoparticles was examined over pH values (5.0, 
6.0, 7.0, 8.0, and 9.0) using 0.1N NaOH, and 0.1N HCl 
solutions to adjust pH. Figure 5 explains the amount of 
removal of MG as a function of pH for the adsorbent ini-
tial concentration of 10 mg/L. The adsorption capacity was 
high at pH 8, but at lower pH values (4–7) the adsorption 
was low, and at pH 9 it decreased again.

3. 2. Effect of Contact Time
Figure 6 exhibits the time effect on the removal of 

the MG dye process. It’s shown that the percentage of the 
removal of MG kept increasing with time until the maxi-
mum removal of color was seen at 20 min, with a maxi-
mum removal of 99.5%. The process of adsorption was fast 
from the beginning to 20 minutes when the removal of dye 
was achieved, which resulted from the attraction of charg-
es on the adsorbent surface to MG dye. After that, the ad-

Figure 5: The effect of pH on MG adsorption on PVA nanofiber/ Fe3O4 nanoparticles
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sorption capacity dropped significantly at 25 min, became 
steady, and reached equilibrium at 45 min, when no more 
dye removal was noted. Therefore, 20 minutes was chosen 
as the maximum time for MG adsorption on PVA nanofib-
er/ Fe3O4 nanoparticles.

3. 3. Adsorption Kinetic Studies
Four kinetic models evaluate the process of adsorp-

tion and interpret the kinetic results to examine the kinet-
ics of the mechanism of adsorption and select the opti-
mum conditions of the operation. Pseudo-first-order, 
Pseudo-second-order equations, as well as, Elovich, and 
Intraparticle diffusion equations, were applied and repre-
sented as the following equations respectively.46–49

3. 4. 1. Pseudo-first-order Model
� (3)

Where; qe represents the adsorption capacity at equi-
librium (mg/g), qt represents the adsorption capacity at 
time (t) (mg/g), t means time (min), and k1 is defined as 
the Lageragren rate constant of adsorption (min–1). The qe 
and k1 values were determined from the intercept and the 
slope of the linear equation of ln (qe − qt) against t as shown 
in Figure 7, and found to be 0.018, and 0.005, respectively. 
Also, the correlation coefficient for this kinetic model 
which represents the R2 value was 0.4147.

3. 4. 2. Pseudo-second-order Model

The pseudo-second-order model was then analyzed 
and given by the following equation:

� (4)

Here, k2 is known as the rate constant of adsorption 
(g/mg min) for pseudo-second-order. Also, for this model, 
k2 and qe were found from the slope and the intercept of 
the linear plot of (t/qt) against t, as shown in Figure 8, and 
found to be 9.12, and 16.55, respectively, while the R2 value 
for pseudo-second-order was 1.00. These results refer to 
the fact that the MG dye adsorption onto the modified 
membrane follows the pseudo-second-order model. This 
denotes that the chemical adsorption (chemisorption) of 
Fe3O4 nanoparticles on PVA nanofiber is the rate deter-
mining step, and the total rate of the adsorption process of 
MG may be controlled by the chemical attraction between 
the adsorbent and adsorbate.50

Figure 8: Pseudo-second-order kinetic model of adsorption of MG 
on PVA nanofiber/Fe3O4 nanoparticles

3. 4. 2. Elovich Kinetic Model
Elovich kinetic model for the adsorption of MG was 

also studied, which usually can be expressed as in equation 
5 and is dependent on the adsorption capacity qt plot ver-
sus ln t (Figure 9). This equation was first used in studying 
the kinetics of chemical adsorption of gasses on the sur-
face of solids, however, it has also been successfully applied 

Figure 6: The effect of contact time on MG adsorption on PVA nanofiber/ Fe3O4 nanoparticles

Figure 7: The pseudo-first-order kinetic model of adsorption of 
MG on PVA nanofiber/Fe3O4 nanoparticles
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for the solute adsorption from liquid solutions.51

� (5)

Where; the parameter a (mg/g min) is the initial 
sorption rate, and b (g/mg) is the extent of surface cover-
age and activation energy for chemical adsorption. The 
values are determined and displayed in Table 1.

Figure 9: Elovich kinetic for the adsorption of MG on PVA nanofib-
er/Fe3O4 nanoparticles

3. 4. 4. Intraparticle Diffusion

The intraparticle diffusion study is the most widely 
applied model for the identification mechanism in the 
process of adsorption, which is indicated as follows: 52

� (6)

Where; Kdif refers to the rate constant of the intrapar-
ticle diffusion (mg/g min), BL is the intercept that points to 
the boundary layer thickness (mg/g). The qt plot against 
t1/2 is represented in Figure 10. The value of Kdif =0.0008 
mg/g min, BL =16.569 mg/g, while the R2 values for the in-
traparticle diffusion is 0.866. The intercept value is directly 
proportional to the effect of the boundary layer, the higher 
the intercept value, the greater the effect the boundary lay-
er has. By other means, the amount of the adsorbate on the 
boundary layer rises.53

3. 5. Effect of Initial Concentration of MG
Adsorption studies with different initial concentra-

tions of 10 to 50 mg/L were carried out to calculate PVA 

nanofiber/Fe3O4 nanoparticles adsorption capacity to-
wards MG dye. The initial concentration of the dye plays 
an influential role in the adsorption capacity of the adsor-
bent. In this experiment, it was clear from the results that 
the adsorption capacity of the adsorbent increased with 
the increase of the initial concentration of dye from 10 to 
50 mg/L. The relationship of the adsorption coefficient (qe) 
against initial concentrations is given in Figure 11. Ad-
sorption isotherms, on the other hand, are graphical rep-
resentations that indicate the interaction of adsorbate mol-
ecules with adsorbent and provide information on 
proceeding with the adsorption system.54

Figure 11: The effect of concentration on MG on PVA nanofiber/
Fe3O4 nanoparticles

Two well-known adsorption mathematical equa-
tions were used to interpret the equilibrium adsorption 
data. The first one was the Langmuir model, and the sec-
ond was the Freundlich model, which is widely utilized to 
describe adsorption behavior. The Langmuir equation is:

Table 1: kinetic parameters of adsorption of MG on PVA nanofiber/Fe3O4 nanoparticles

	 Pseudo-first-order				   Pseudo-second-order

R2	 K1	 qe (calc.)	 R2	 K2	 h	 qe (calc.)
0.4147	 0.005	 0.018	 1	 9.12	 2500	 16.55

	 Elovich model			  Intraparticle diffusion

R2	 α	 β	 R2	 Kdif	 BL	
0.8129	 2.7182	 666.6	 0.866	 0.0008	 16.569	

Figure 10: Intraparticle diffusion for the adsorption of MG on PVA 
nanofiber/Fe3O4 nanoparticles
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� (7)

Here, qe is the equilibrium adsorption capacity of the 
adsorbent (mg/g), b is the Langmuir adsorption constant 
(L/mg), qm is the maximum capacity of the adsorbent 

(mg/g) and Ce is the equilibrium MG concentration in 
solution (mg/L). Moreover, heterogeneous adsorption sys-
tems can be described by the linear form of the Freundlich 
equation, which is represented as the following equation:

� (8)

Figure 12: (b) Freundlich plot indicating the linear change of ln qe on ln Ce.

Figure 12: (a) Langmuir plot indicates the linear change of 1/qe with 1/Ce

Table 3: Maximum adsorption capacity (qm) of MG dye onto different reported adsorbents.

Adsorbent	 qm (mg/g)	 Adsorbent dose/ dye volume	 Reference
		  (g/ml)

Alg-Fe3O4 NPs	 47.84	 0.03 g/ 50 ml	 6

PVA NF/Fe3O4 NPs	 128.205	 0.003g/ 5 ml	 This study
Coal fly ash / CoFe2O4	 90.9	 0.6 g/ 150 ml	 58

Wood apple shell	 35.84	 0.15 g/ 1000 ml	 59

Zein/Graphene oxide	 86.95	 0.01 g/ 10 ml	 60

CNF-Ag NPs	 142.8	 0.01 g/ 20 ml	 61

Au-NP-AC	 140.85	 0.015 g/ 50 ml	 62

Fe-Zn-PVA NCs	 92.59	 0.02 g/ 50 ml	 63

Fe3O4/ Sawdust Carbon	 41.66	 0.2–1 g/100ml	 64

Table 2: Adsorption isotherm constants for PVA nanofiber/Fe3O4 nanoparticles

	 Langmuir			   Freundlich

R2	 b (L/mg)	 qm (mg/g)	 R2	 kf (mg/g)	 n
0.9771	 3.39	 128.205	 0.9692	 169.76	 1.3460
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Where; Kf is the Freundlich constant (mg/g), n is the 
heterogeneity factor, and qe and Ce are described above. 
55,56 The values of qm and b were acquired from the inter-
cept and slope of the linear plot of 1/qe against 1/Ce (Figure 
12: a), while kf and n values were calculated from the inter-
cept and slope of the linear plot of ln qe versus ln Ce (Figure 
12: b), respectively. Table 2 lists the constants and coeffi-
cients of Langmuir and Freundlich adsorption isotherms. 
The results show that the data of equilibrium adsorption 
isotherms fit well in both Langmuir and Freundlich linear 
equations. The R2 value in Langmuir was 0.9771, and in 
Freundlich was 0.9692. These two values are close, but they 
are more fitted to Langmuir, and according to the Lang-
muir equation, the MG molecules adsorption happens on 
the surface of the homogeneous adsorbent as monolayer 
coverage.57 According to the Langmuir equation, the max-
imum adsorption capacity of PVA nanofiber/ Fe3O4 nano-
particle towards MG dye was calculated to be 128.205 
mg/g, which indicates a higher capacity than the previous-
ly stated adsorbents (Table 3). Moreover, the n value of 
1.3460 means that the adsorption of MG on PVA nanofib-
er/Fe3O4 nanoparticle is a favorable process.

4. Conclusions
To conclude, the significance of this study is to com-

posite PVA nanofiber with iron oxide nanoparticles by 
simple hot water treatment, which is a simple and efficient 
technique. This study proves that the PVA nanofiber/ 
Fe3O4 nanoparticles membrane is very efficient, and the 
preparation process is highly economical. This newly syn-
thesized material can be used as an adsorbent to remove 
MG dye from contaminated water. The study shows that 
the quantity of the adsorbed dye depends on the pH, ad-
sorbent contact time, and initial dye concentration. Fur-
thermore, the removal of dye is rapid, and the maximum 
removal is at 20 minutes then dropped to be steady and 
reach equilibrium. The adsorption rate follows pseu-
do-second-order kinetics and the Langmuir model of ad-
sorption isotherm. Thus, the main advantage of PVA na-
nofiber/ Fe3O4 nanoparticles is that the maximum 
adsorption capacity is in progress compared with other 
studies and the adsorption rate is fast. Also, the method of 
preparation is very appropriate and practical. Our results 
showed that utilizing the HWT to integrate PVA nanofiber 
with Fe3O4 nanoparticles modified and improved the 
crosslinking of nanofiber. Also, the enhanced removal per-
centage of MG dye is promising for an effective, low-cost, 
eco-friendly alternative method for the removal of MG 
dye from several industries wastewater.
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Povzetek
Študija opisuje uporabo hlapov topil za obdelavo in povečano zamreženje PVA nanovlaken. S preprosto tehniko vroče 
vode so bili sintetizirani nanodelci Fe3O4 v kompozitu z nanovlakni. Študija se osredotoča na uporabo modificiranih 
PVA nanovlaken za odstranjevanje malahitno zelene (MG) iz vode pri različnih pH, kontaktnih časih in začetnih kon-
centracijah barvila. Površinska morfologija nanovlaken je bila določena s tehnikami SEM, FTIR in XRD. SEM je poka-
zal, da se je zamreženje povečalo, Fe3O4 nanodelci pa so se pojavili kot aglomerati na površini nanovlaken. Odstotek 
odstranjevanja pri optimalnem pH in kontaktnem času je bil 99,76 % oziroma 99,5 %. Nato smo proučevali kinetiko z 
linearnimi modeli psevdo-prvega reda, psevdo-drugega reda, Elovicheve enačbe in modela notranje difuzije. Rezultati so 
pokazali, da kinetika adsorpcije sledi psevdo-drugemu redu. Poleg tega smo adsorpcijsko izotermo potrjevali z uporabo 
Langmuirjeve in Freundlichove enačbe. Langmuirjeva enačba je najbolje opisala adsorpcijo z vrednostjo R2 0,9771, naj-
večja odstranitev pa je bila 128,205 mg/g. Posledično so molekule barvila MG prekrile nanovlakna PVA/nanodelci Fe3O4 
v enoslojni in homogeni plasti. Rezultati študije so pomembni za čiščenje odpadne vode v industriji, saj zagotavljajo 
možno rešitev za odstranitev barvila MG iz odpadne vode v tekstilni, papirni, kozmetični, živilski in ribogojni industriji.
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