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Abstract

Climate change due to the air pollution is actually one of the largest environmental challenges worldwide. Preparation and
development of stable and highly efficient nanocomposite membranes remain a significant goal because of its enormous
importance of controlling the environment. This study investigated a simple synthesis of poly (vinyl alcohol)/graphene oxide
(PVA/GO) nanocomposite membrane for air pollutant remediation. The chemical and physical structures, morphologies,
and conductivities were investigated as a function of the GO loading. The objective of the present study was to evaluate the
efficiency of novel PVA/GO membranes in the removal of both formaldehyde (FA) as a pollutant VOCs model and SO, as a
model of greenhouse gases. Furthermore, the purpose of this study is to identify good predictors for selecting the appropriate
optimal GO content in GO/PVA nanocomposites that exhibit higher air pollutant removal performance as well as design an
economical GO/PVA nanocomposite air purification system for removal of the air pollutants in the field. To our knowledge,
field application of GO/PVA nanocomposite volatile organic compound (VOCS) filters and control of SO, gas pollutants
from indoor air has not yet been realized. The nanocomposite membranes with an optimum GO content exhibited higher
removal performance for the FA gas pollutant, this enhancement reached 90% in the laboratory scale. However, during
the application in the field, it showed 75% FA removed from the indoor air. These new nano-membranes reveal also wide
efficiencies of SO, removal (80%) when applied in the field. Therefore, this filter system proved an excellent efficacy in the
removal of air pollutants and could be more promising in various industrial applications.
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1 Introduction

Air pollution and climate change are strongly related. The
current challenge is air pollution, regarding not only of its
effect on climate change but also its influence on human
health, mortality and morbidity. Air pollutants include the
air particles, toxic gases, and volatile organic compounds
(VOCs). These pollutants affect the health of human and
have destruction impacts to the environment, which con-
tribute to the global warming. Indoor air pollutants are a
very grave problem since the indoor air is usually 2 to 5
times more polluted than the outdoors. Nowadays, the peo-
ple spend up to 80% of their time being at home. Hence,
the quality of indoor air requires much more attention. For-
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powers, inorganic gaseous pollutants have been increasingly
emitted over the recent decades and have become one of the
major challenges of the modern societies.

Sulfur dioxide (SO,) has been widespread emitted into
the atmosphere from the fossil fuel burning in the indus-
try; recently it has become the main challenge owing to its
negative impact on the environment and human beings [6,
7]. Therefore, control its exposure in both industrial and
a residential environment is essential. The Governments
have put international goals to regulate the climate change,
decrease the air pollutants and to improve the quality of air.
Indeed, rising concerns about the quality of the air have led
to developing a new ecological technology and materials.
Recently, to reduce, eliminate and to solve the problems of
air pollution, numbers of chemical, physical and biological
techniques have been created to remediate successfully the
pollutants [8—12]. Among the diverse, convenient technolo-
gies, the adsorption is broadly utilized and considered as
an easy and simple method and it can efficiently eliminate
various types of pollutants from the air [13-16].

Traditional adsorbents like the activated carbons (ACs)
have been broadly utilized for pollutant control attributed
to the implementation easiness. However, these adsorbents,
especially ACs are not efficient to sufficiently remove cer-
tain VOCs types with a lower molecular weight like FA[17,
18]. Creation of practical and effective new adsorbents
from carbon-based materials has recently been augmented.
In recent years, a significant attention has paid to graphite-
based materials such as graphene, graphene oxide (GO),
and reduced graphene oxide (rGO) as additives in water
purification membranes[19, 20]. They are ease of fabrica-
tion, chemically ease to functionalization, and have high
mechanical strength. Among them, a single-layer GO is a
two-dimensional (2D) atom-thick material that has demon-
strated a great potential for water separation membranes. In
particular, GO nano-sheets contain surface groups and edges
such as oxygen moieties (carboxyl, -COOH, epoxy, —O—,
and hydroxyl, -OH groups) that can be invested in fabri-
cating nanocomposite membranes with excellent properties
such as high chemical stability, high hydrophilicity, and anti-
bacterial properties. The application of functional graphene
as an adsorbent for air pollutants has been proposed. How-
ever, most studies have concentrated on the NH; adsorption
by using GO and metal oxides modified composites. Few
studies have also examined the removal of sulfur compounds
and VOC:s via adsorption.

GO nanocomposites were previously fabricated as GO/
PVA membranes, but a new approach is to select a suitable
optimal GO content in GO/PVA nanocomposites that exhib-
its higher air pollutant removal performance and develop-
ment of an effective and economical GO/PVA nanocompos-
ite air purification system in the field. To our knowledge, the
application of GO/PVA nanocomposite filters for controlling
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VOC and SO, gas pollutants from indoor air has not yet been
realized. Additionally, the new filter can be seen as a green
system: by using a small amount of GO in the PVA mem-
brane and improving the efficiency of the pollutant removal
filter device, the filter determines the key points of growth
management and work, and has an economical design with
less energy consumption. It increases filter equity and ulti-
mately reduces exposure to indoor air pollutants by main-
taining filter performance [21-23]

The present study aims to investigate the preparation of
new PVA/GO nanocomposite membranes by simple tech-
niques, to fully characterize the nano-membrane samples,
and finally, to study the removal efficiency of these novel
PVA/GO nano-membranes for formaldehyde (as a pollutant
model of VOCs) and SO, (as a model of greenhouse gases)
airborne pollutants in the laboratory scale and field.

2 Experimental Details
2.1 Preparation of PVA/GO Nanocomposite Films

The graphene oxide (GO) nano-sheets were prepared based
on our previous work[24, 25], as a modified Hummer's
method was utilized. A clear solution of 1% w/v PVA poly-
mer was obtained using Milli Q deionized water with con-
tinuous mechanical stirring at 1000 rpm. Then, the desired
amount of GO nano-sheets were suspended in 10 ml of
deionized water using a Tip sonicator for 10 min then added
drop by drop to the polymer solution with continues stir-
ring in order to obtain a homogenous mixture. The obtained
polymer/GO solution was sonicated for 20 min to get a fine
dispersion. The PVA and PVA/GO solutions of same volume
were casted in polypropylene dishes of the same diameter.
The casted solution was inserted in a hot air oven kept at
60 °C for 3 days to dry, and a fine PVA/GO nanocomposite
film was obtained. The PVA/GO nanocomposite films con-
tain GO with concentrations 0 wt.%, 3 wt.%, 6 wt.%, 9 wt.%,
12 wt.%, and 15 wt.%, hereafter we labelled the samples
with respect to their GO content as PO, P1, P2, P3, P4, and
P5, respectively.

2.2 Lab Scale Screening Performance
of the Prepared PVA/GO Nanocomposite
Membranes: Formaldehyde Gas as a Pollutant
Model

The removal performance of PVA/GO nanocomposite mem-
branes was evaluated in the laboratory scale by the batch
experiment of FA contaminated air mixture. The prepared
membranes were kept in contact with FA gas at 25 °C for
73 h to reach a concentration of the equilibrium extent.
Before starting the removal step, the inlet FA concentration
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in the gaseous phase was determined to be 100 ppm. This
initial concentration was selected because many recent stud-
ies investigated that the exposure to high doses (> 100 ppm)
of FA vapor can provoke salivation, cramps, vomiting, and
death of the tested animals. Sampling and measurement
of FA concentrations were performed by a colorimetric
technique (Spectrophotometer, PerkinElmer) reported by
the National Institute for Occupational Safety and Health
(NIOSH) Method 3500 [20].

2.3 Application of the New PVA/GO Nanocomposite
Membranes in the Field for Indoor Air Control

Figure 1 shows the schematic diagram of the filter system
designed for this study. To investigate the removal of FA
and SO, gas pollutants from the indoor air in the field by
the prepared GO membranes, a cylinder-type column filter
(8 cm internal diameter X 12 cm height) was constructed. A
stream of indoor air passes from the top of the filter by an air
pump, which operated at a fixed flow rate of 2 L min™' using
an air flow meter at the atmospheric pressure and ambient
temperature (25 °C). The central section of the new filter is a
stainless-steel cylindrical mesh with a diameter smaller than
that of the principal frame, thus this design allows passing
the air via the filter for treatment. The GO membrane mate-
rial is steady over the central cylinder; a sponge was utilized
in both side portions (top and bottom) of the filter that helps
to keep the efficiency, extends the filter life, and prevents
the dust to pass and block the filter sites. The performance
of this new filter was investigated for the removal of FA and
SO, pollutant gases from the indoor air. Prior to starting the
experiment, a blank experiment was performed using the
same designed filter system with PVA membrane/zero GO
system to evaluate the removal capacity of the sponge and
PVA membrane. The blank system has no removal efficiency

Fig.1 Schematic diagram of the
air filter system designed using
new PVA/GO nanocomposite
membranes for this study

for both FA and SO, pollutants. The air samples were then
collected over 3 days through the empty designed reactor
system for determining the initial FA and SO, gas concen-
trations in the indoor air. Samples were collected during the
experiment time by withdrawing air with a constant flow rate
(2 L min~!, for 72 h) via a bubbler with a volume of 100 mL
involving the gas absorbent solution. The air samples were
collected and analyzed with and without using the new GO
membranes according to the previous reports using an Ultra-
violet/Visible (UV/VIS) spectrophotometer (NOVASPEC
4049 Spectrophotometer LKB BIOCHROM)[26, 27]. The
new GO membrane system was utilized to evaluate and con-
trol FA and SO, for 3 consecutive days.

2.4 Characterization

For the FT-IR analysis, a Bruker Optics Vertex 80 FT-IR
spectrometer (Germany) in the reflection mode of the atten-
uated total reflection unit (ATR-diamond crystal) is used.
Raman spectra were recorded using confocal Raman Micro-
scope, WiTec alpha 300R-Germany, with an excitation laser
source of 532 nm and power of SmW. The crystallographic
features of the PVA/GO nanocomposites were conducted
by means of the X-ray diffraction (XRD) traces in reflec-
tion mode with PANalytical X'pert, Netherlands using CuK
line (A=1.540 A) source in the diffraction 20 angular range
10-80. The absorbance of nanocomposite membranes was
conducted in the wavelength range 190-2500 nm utiliz-
ing a double beam spectrophotometer (SP, V-570, JASCO,
Japan). For electrical measurements, the PVA or PVA/GO
sheets were sandwiched between two electrodes in Alpha-
A Analyzer-Technologies GmbH & Co. KG. The measure-
ments were achieved in the frequency range of v=10"' to
107 Hz and at room temperature. The surface image mor-
phology and stoichiometry of polymer nanocomposites were
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achieved by field emission scanning electron microscope
which is attached with energy dispersive X-ray (FESEM,
Quanta 250 FEG, USA).

3 Results and Discussion
3.1 FTIR Analysis

The functionalization and interaction of GO with PVA
polymers were examined by FT-IR analysis displayed in
Fig. 2a. The spectrum of the pure PVA exhibits bands
at 3300 cm™', 2900 cm™', 1730 cm™, 1256 cm™' and
1090 cm™!, which are assigned to O-H, C-H, C=0 stretch-
ing vibrations, C—H bending, and C-O stretching, respec-
tively[28]. Loading the PVA matrix with GO slightly alters
the spectra; few changes can be recorded. For instance,
the intensity of the whole spectral bands is diminished.
Regarding the band revealing the O—H stretching vibra-
tion, it is slightly downshifted and broadens. These find-
ings may be attributed to a degradation in the hydrogen
bonding among the hydroxyl groups in PVA chains and

Transmittance (a.u)

4000 3000 2000 1000
Wavenumber (cm™)

Intensity (a. u)

3000 2500 2000 1500 1000 500
Raman Shift (cm'l)

Fig.2 a FTIR spectra and b Raman spectra of the PVA and PVA
loaded with GO at different concentrations
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instead, it suggested that GO canceled the hydrogen bond-
ing among the PVA chains by inserting another way of
interaction as the oxygen functional groups of GO and the
hydroxyl groups on the polymer can do [29-31].

3.2 Raman Analysis

The Raman spectra of pure PVA and PVA/GO nano-
composite membranes are shown in Fig. 2a. The Raman
spectra of pure PVA exhibits the bands corresponded to
stretching and deformation vibrations of C—H and O-H
group vibrations at 2913, 1440 cm™', and 1137 cm™!
respectively [30-32]. In the case of GO, it is well known
that two main bands are expected in the Raman spectrum;
the G band at 1600 cm™" and the D band at 1332 cm™". The
G band demonstrates the C—C bond stretching vibration of
graphite materials, while the D band ascribed to structural
disorder or defects in graphene nanolayers [30-32]. It is
also expected to observe a band at a doubling of the fre-
quency of the D band (at 2656 cm™') as so-called 2D band,
describing a second-order two phonon [33].

Here, in the GO/PVA nanocomposites spectra, the 2D
band disappeared. This is due to the presence of the oxy-
genated functional groups on the surface of the GO like
the carboxyl functional groups; they adhere well with PVA
matrix along the hydroxyl groups [34]. There is a change
in the shape and intensity of D and G bands in the com-
posites with the increase of GO content. This may be due
to the change in the elastic constant of the harmonic oscil-
lator, containing GO/PVA, which is related to the charge
transfer between the GO and PVA[30]. The broadening
of the PVA peak in the nanocomposites with increasing
GO content can be attributed to the association of GO and
PVA matrix with hydrogen bonding formation [30].

3.3 X- Ray Diffraction Analysis

The XRD spectrum of PVA/GO nanocomposite for differ-
ent concentrations of GO loading is illustrated in Fig. 3.
For pure PVA, a characteristic peak at 19.68° is observed,
which is attributed to the crystalline phase of the PVA pol-
ymer of (101) plan[35]. When the PVA is loaded with GO,
the XRD pattern of the sample contains a higher concen-
tration of GO is similar to that of the PVA as no additional
peaks for GO is seen. Yet, the intensity of the (101) peak
is increased. This suggests that the GO fillers do some
changes in the crystalline phase of the PVA matrix. Also,
this indicates that the GO nanofillers are well dispersed in
the PVA matrix at the molecular phase.
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Fig.3 XRD diffraction pattern of samples: neat PVA (P0) and that
loaded with higher concentrations of GO (P5)

3.4 Morphological Structure and EDS Analysis

Scanning electron microscopy (SEM) used to study the
surface morphology for PVA/GO before and after testing

as air filters as shown in Fig. 4. The micrographs of PVA/
GO before exposing to the contaminant (Fig. 4a) revealed
smooth well dispersed GO particles in the polymeric matrix
without any grooves or aggregations. While Fig. 4b, which
represents PVA/GO film after removal of contaminant shows
adequate changes in the morphological structure due to the
interaction with contaminants and the EDS analysis confirms
the presence of sulfur ions in the polymeric matrix.

3.5 Optical Analysis

Identifying the optical properties and possible electronic
transitions inside PVA/GO nanocomposite membranes can
be acquired via UV-Vis spectroscopy. Figure 5a presents
the absorption spectrum for PVA /GO membranes at dif-
ferent concentrations in the range from 190 to 2500 nm of
wavelength.

For the pure PVA, the spectra exhibited a band located
about 270 nm which can be ascribed to n-n" electronic tran-
sition of the carbonyl group of PVA (C=0)[36-38]. Upon
filling with GO, the absorption enhances and hence the
transparency decreases. The position of the peaks for all
amounts of GO filler to the PVA shifts towards red wave-
lengths, which may give an indication of the decrement of
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Fig.4 SEM images of the surfaces of a PVA/GO nanocomposite with higher concentration (P5) before using as filter and b after using as filter;

note their relevant EDS spectra are ¢ and d, respectively
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the band gap energy. In the absorption coefficient (a) repre-
sentation versus incident energy (hv) as illustrated in Fig. 5b,
this shift can be inspected better, where o is computed from
Eq. 1.

2.303 2.303 1,
o =——A()=——log <7> (1)

here I and I are the intensity of both incident and transmit-
ted light, respectively, while A and d define the absorbance,
and thfilm thickness, respectively.

The absorption coefficient (a) is related to the optical
band gap (Eg) via Tauc's relation [39]:

a(E)=p(E-E,)" )

p is an energy-independent constant and E denotes the
energy of incident photons and y defines the index of the
nature of transition (= 1/2, 3/2 for direct transition, and 2 and
3 for indirect transition based on whether they are allowed or
forbidden, respectively). To determine the band gap energy
(E,), plots of (ahv)? as a function of photon energy is rep-
resented in Fig. 5c. The E, of PVA is 5.55 eV which is well
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consistent with previously reported data [40]. For all sam-
ples, the E, values decrease steeply with the incorporation
of GO from 5.55 t0 4.8, 4.6, 2.67, 2.4, and 1.32 eV, respec-
tively. The reduction of the band gap energy may happen as
a result of forming of new energy levels in the space charge
area and/or refer to the increase of the localized states [41].

For the fabrication and design of any optoelectronic or
related devices, knowing the relation between the refractive
index (n) and the band gap energy (E,) is necessary. Some
models have been imposed to find a proper relation, e.g.,
Moss[42], Kumar and Singh [43], and Reddy[44] as the fol-
lowing relations:

Moss n = 1/95/E, = 3.12{/E, 3)

Kumar and Singh, k = 3.3668, ¢ = — 0.3224 4)

Reddy n = 1/12.417/(E, - 0.365) 5)
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The obtained values of the refractive index n using these
models are plotted as a sample function and depicted in
Fig. 5d. While the band gap decreases with increasing GO
content, the refractive index increases with increasing GO.

3.6 Electrical Properties

The dielectric permittivity €’ of pure PVA and those loaded
with different concentrations of GO measured at 30 °C
are illustrated in Fig. 6a. It is obvious that, the values of &'
enhance with increasing GO. It is clear that the &’ highly
increases at low frequencies, which refers to the electrode
polarization effects.

The dielectric permittivity € of pure PVA and those
loaded with different concentration of GO measured at 30 °C
are illustrated in Fig. 6a. It is obvious that, the values of &’
enhances with increasing GO. It is clear that the &' highly
increases at low frequencies which refers to the electrode
polarization effects.

Upon incorporation of GO in the PVA matrix, an addi-
tional interfacial polarization effects are expected to arise
up [45, 46]. In a system of multicomponent, interfacial
polarization is aroused as a building physical barrier, which
impedes the charge, which was observed by other [47]. Fig-
ure 6b shows the frequency dependence of the conductivity
o’ of PVA/GO nanocomposite membranes. The conductivity
increases with frequency, which changes from power-law
dependence to the other; it is almost frequency independ-
ent exhibits (a plateau like) at low frequency. It follows
the power law relation 6 =A (14 ®°), ® defines the angu-
lar frequency, A is a frequency independent parameter and
b is a power law exponent. The b <1 values are existed,
i.e., an electronic hopping process governs the conduction
mechanism [48]. It is also visualized that the conductiv-
ity boosts upon filling with GO. Such enhancement may be

7 T T T T T T T
m PO
® P1 (a)
6 A P2 i
¢ P3
5 < P4 1
4:‘ ® P5
=5 '4{5‘

10 10° 103 10° 107
Freq. [HZ]

c' [s/cm]

due to setting up more conduction paths connecting the GO
particles.

3.7 Screening of the Removal Performance
of the Development of PVA/GO Nanocomposite
Membranes

To test the removal potential of the prepared GO nano-mem-
branes, a lab experiment was conducted using high FA con-
centration (100 ppm). The prepared membranes were kept in
contact with FA gas at 25 °C for 72 h to attain an equilibrium
level. The efficiency of the prepared GO membranes was
examined as represented in Fig. 7. In this scaled-up using
high inlet FA concentration (100 ppm), the obtained results
were even better where all prepared GO membranes revealed
a considerable removal capacity of FA gas pollutant. The
membrane efficiency via FA removal from the gaseous phase
was in the following order: PS5 > P4 >P3 > P2. This trend
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Fig.7 Lab scale screening performance of the prepared GO nano-
membranes for formaldehyde gas removal

10

107
10°
10-11
10-13 ¥ ¥ L ! ! o L
10" 10" 10° 10° 107
Freq. [HZ]

Fig.6 Dielectric permittivity &' (a) and real part of the conductivity ¢’ (b) of PVA and PVA/GO nanocomposites at different concentrations
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coincided with the required amounts of GO nano-sheets that
were added to the homo-polymer mixture to form the pre-
pared GO membranes. The removal efficiency of this system
towards FA was 80% for P35, 74% for P4, 55% for P3, and
48% for P2 with a GO content of 2%, 3%, 7% and 12%,
respectively. The FA adsorption did not proceed with a high
performance when a small GO amount was used due to the
limited number of GO adsorption sites. In certain regards,
some adsorbents show a good efficiency in controlled con-
ditions of initial target gas concentration at an unrealistic
elevated level. These materials could proceed very poorly
in the practical conditions when using a concentration is
not as high as the experimental one and a competition with
other pollutants in the field was carried out. To prevent such

m Formaldehyde indoor air concentration

(@)

challenge, the use of novel materials in the field is important
to evaluate the adsorbent performance. In the next section,
the novel GO nano-membranes were utilized with a real
stream of indoor air to compare their performance.

3.8 Field Application of the New Development
of PVA/GO Nanocomposite Membranes
for Indoor Formaldehyde Pollutant Control

The performance of GO nanocomposite membranes for
the FA removal is depicted in Fig. 8a. The inlet FA con-
centrations during the treatment period were not constant
and varied during this period, this can be explained by the
fact that FA and other pollutants such as SO, gas depend
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Fig.8 a Formaldehyde concentration in the indoor air before (blue)
and after using the new GO nanocomposite membranes (P2-P5), b
average concentrations of formaldehyde gas removal from the indoor
air during a treatment period of 80 h using the new prepared PVA/GO
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nanomaterial membranes (P2-P5), and ¢ formaldehyde removal effi-
ciency from the indoor air during the treatment period using the new
prepared PVA/GO nanomaterial membranes (P2-P5)
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on the activities of humans. The findings indicated that
upon passing indoor FA gas through all prepared GO mem-
brane filters, FA rapidly decreased due to its adsorption
onto the GO membranes. However, among all filters, the
indoor FA removal efficacy was the highest with PS5 mem-
brane filter, while becoming less significant as the loading
amount of GO over the membranes decreased in the order
of P5>P4>P3>P2.

It was found that the FA concentration in the inlet indoor
air greatly decreased and reached 6.8 ug m™>, which repre-
sent nearly V4 of the initial concentration (25 ug m~>) within
the first 5 h of treatment. In the second exposure period
(8 h), the FA concentration values in the treated air after
passing through PS5 membrane and the untreated inlet air
samples were decreased from 24 to 5.8 ug m~>, approxi-
mately the same of the first 5 h treated period. After 12 h and
24 h of the treatment using P5, the results showed that the
FA concentrations in both samples were decreased from ~22
to~5 ug m~>. The additional application of P5 filter in the
second and third day (after 48 h and 72 h) indicated that the
P5 membrane is still able to remove extra pollutants and FA
gas concentration decreased from~ 14 to~4 ug m=. The FA
adsorption via GO filters could be probably performed by
both physisorption and chemical adsorption [49]. Moreo-
ver, the high porosity and specific surface area of GO pro-
moted the physical capture of FA molecules. The prepared
GO samples involved also several oxygen containing func-
tional groups. The FT-IR spectrum exhibited a broad peak
and high-frequency area around 3200 cm™! and 1735 cm™!,
which were attributed to both the O—H stretching mode and
C=0, indicating the presence of -COOH group on the GO
surface (Fig. 2). Likewise, the -OH and —COOH groups of
GO may react with the FA pollutant in the indoor air. It
should be pointed out that the most stable adsorption struc-
ture of the FA is when it interacts with the O atoms of GO
surface via its H atom to form H-bonds [49, 50]. In addition,
various studies cited that the polar VOCs usually prefer to
interact with the polar materials, like the surface of GO.
Hence, GO can easily go an interaction with VOCs towards
polar functional groups present on the GO surface [51-53].
Because FA is a polar compound and GO exhibits strong
hydrophilic characters due to the oxygen containing groups,
the polar FA was efficiently adsorbed by the new prepared
GO nano-membranes.

Figure 8b shows the performance of the new PVA/GO
carbonaceous nanomaterial membranes, including the
decrease in FA gas concentration during an experimental
time of 80 h. Upon passing indoor air via the GO filter, the
FA sharply decreased in the first stage for all GO nano-
membranes used. Then the removal capacity was gradually
decreased. The comparison between the adsorption perfor-
mances of the prepared GO nanomaterial membrane samples
showed that P5 membrane revealed the strongest adsorption

capacity towards the removal of FA gas among all prepared
GO nano-membranes. Similarly, Esrafili and Dinparast [49]
reported that GO has an excellent adsorption capacity for
FA.

The high removal efficacy can be explained on the basis
of that Graphene has a large theoretical specific surface area
and Graphene oxide has several oxygen-containing func-
tional groups such as—OH, -COOH, and epoxides on its sur-
face, indicating their potential for the adsorption processes.
Generally, the most important GO characteristics of its lay-
ered configuration and negatively charged surfaces can play
a significant role in adsorption. GO and its modified forms
are good adsorbents for the removal of toxic gases. Their
adsorption mode is varied from other carbons in which the
porosity plays an efficient role in adsorption.

To study the system performance of the PVA/GO mem-
brane filters, FA gas removal efficiency was calculated and
represented in Fig. 8c. The performance of the GO nano-
membranes showed that the P5 filter revealed a better per-
formance than the other studied GO membranes. It was
found that approximately 73%, 58%, 45%, and 33% of FA
removal efficiency reached within 5 h of the treatment for
PS5, P4, P3 and P2, respectively. In the next exposure peri-
ods, the removal efficiency was slightly increased to reach
its maximum values of 77%, 63%, 53%, and 45% for P35,
P4, P3 and P2, respectively. It was assumed that the use of
new prepared PVA/GO nanocomposite membranes led to
enhance the adsorption performance. Similarly, Sun et al.
[54] supposed that the composite formation with GO aug-
mented the adsorption capacity of n-hexane by 93%. Gener-
ally, graphene-based materials enhance the surface and the
forces of interaction with small molecules, like FA and etha-
nol, particularly when exist in composite forms, leading to a
high adsorption capacity. In other reports, the higher surface
area, porosity, and available oxygen containing functional
groups of Cu-BTC@GO composite led to a high adsorption
performance of ethanol (635 mg g_l) [55]. Meanwhile, the
existence of COOH and OH groups on the GO surface can
increase the H-bonds and the forces of van der Waals dur-
ing the VOCs adsorption [56]. Furthermore, the competing
adsorption between VOCs and water vapor strongly affects
the adsorption processes. Otherwise, the presence of oxy-
gen-containing groups on the GO surface gives the compos-
ite high hydrophilic characters. In this sense, removing these
groups generates more sp> carbon atoms on the adsorbent
that would reduce the reaction between the water vapor and
adsorbent; leading to an increase in the VOCs adsorption
onto the GO based adsorbents [57]. It was assumed that vari-
ous factors were capable of improving the efficiency of GO
composites via VOCs removal, like (1) high surface area;
(2) increased surface functional groups of the GO, which
tends to augment the adsorption of the target pollutant on the
composite surface, and (3) generating the polarity attributed
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to the O-based functional groups, which facilitates the polar
pollutant adsorption.

3.9 Field Application of the New Development
of PVA/GO Nanocomposite Membranes for SO,
Indoor Air Pollutant Control

Sulfur dioxide is one of the significant air pollutants in
the management of gas waste due to the high temperature
required for removing it. Owing to its high stability against
corrosive gases, carbon-based adsorbents are favorably used
for adsorbing SO,. Indeed, the experimental conditions of
temperature and pressure in which the adsorption process
is taken place, having fundamental importance, not only in

(a)

SO2 indoor air concentration g p2

mP3 P4

SO, concentration (ug/m?3)

Experiment period (h)

(c) mP2
90 -

80
70

60
50

40

SO, removal efficiency %

30

20 -

wP3

terms of performance, but also in terms of costs. The current
study developed new PVA/GO nanocomposite membrane
filters that can remove SO, at room temperature. The perfor-
mance of these filters for indoor SO, removal is represented
in Fig. 9a. The results indicated the ability of all tested filter
samples to adsorb the indoor SO, gas pollutant.

In general, GO samples have higher specific surface
areas and folded arrays that could improve the pollutant
adsorption by physisorption. However, the adsorption is a
function of not only the porosity and geometry, but also the
chemical constituents. Generally, the appropriate balance
between surface area, hydrophobicity, and functional groups
of GO nanocomposite membranes is an excellent concern
for improving the adsorption of diverse toxic gases. It was

mP5

C/C;

100

Experiment period (h)

oP4 mP5

T

24 48 72

Experiment period (h)

Fig.9 a Sulfur dioxide concentration in the indoor air before
(Orange) and after using the new PVA/GO nanocomposite mem-
branes (P2-P5), b average concentrations of SO, gas removal during
the experimental time of 80 h using the new prepared PVA/GO nano-
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found that the removal performance was the highest with P5
membrane filter while it was less important as the loading
quantity of GO over the PVA membrane decreased in the
order of P5>P4>P3>P2.

The results showed that the SO, concentration in the inlet
indoor air decreased to reach more than the half (4.7 ug m™=)
of the initial concentration (12 ug m~>) within the first 5 h of
the treatment. During an exposure period of 8 h, the values
of SO, in both the treated air after passing via PS5 mem-
brane and the untreated inlet indoor air (without filter) were
decreased from 10.9 to 3.8 ug m~>. After 12 h of the treat-
ment using P5, the SO, concentrations in both samples were
reduced from ~ 10 to~2.8 ug m~>. During a treating period
of 24 h, more concentration of SO, gas decreased from 11.5
to 3 ug m~>, whereas, during the next two days (48 h and
72 h), the PS5 membrane was still capable of removing more
SO, gas pollutant and the SO, concentration was diminished
to attain~3 ug m=>.

Figure 9b shows the decrease in SO, gas concentration
during the experimental time of 80 h using the prepared
PVA/GO nanomaterial membranes. The performance of
GO nanomaterial membranes showed the same trend of
FA gas removal; this means that in the first stage, the SO,
gas concentration in the indoor air rapidly decreased for
all GO membranes used, and then the removal capacities
gradually decreased until reached a constant mode. This
higher SO, adsorption by GO samples at the beginning is
presumed to be attributed to either the high concentration
of oxygen based functional groups that are readily acces-
sible to the pollutants as the air stream passed over the
membranes or due to the high specific surface area of GO.
With the continuous passing of the contaminated air, the
GO active sites were saturated and led to no additional
removal of pollutants. Among all the prepared membranes,
P5 membrane revealed the strongest adsorption capacity
for SO, gas pollutant. These results coincided with Yiik-
sek et al. [58] who revealed the proficient performance of
GO incorporated with PVA filters for the adsorption of
SO, gas. Similarly, Babu et al. [59] studied the adsorp-
tion of SO, at lower pressure and noticed that GO bound
SO, only by the physisorption process. The existence of
O-based functional groups, particularly the C=0 groups

augmented the SO, adsorption by GO composite mem-
branes. Li et al. [60] observed also that the presence of
C=0 groups increased the SO, adsorption from a multi-
component mixture containing SO,, NO, chlorobenzene
and H,O vapors onto ACs. Understanding the role of vari-
ous O-based groups on the GO surface, functionalities are
the key to the capture accomplishment of SO,. Several
studies have pointed out that the role of oxygen containing
groups is efficient on the SO, adsorption [61]. Yang et al.
[62] cited that the -OH groups within the pores selectively
fasten SO, by forming H-bonds that are strengthened by
the weaker phenyl C-H:--O=S=0 links surrounding the
pores.

The results depicted in Fig. 9c show the SO, gas removal
efficiency using the prepared GO membranes. The perfor-
mance test of the GO membrane filters shows that the P5
filter demonstrated a better performance than the other GO
membranes. It was found that removal efficiencies of almost
63%, 55%, 40%, 29% of SO, for PS5, P4, P3 and P2, respec-
tively, were evaluated within 5 h of the treatment. In the
next exposure periods, the efficiency of SO, removal was
slightly elevated to reach 75%, 68%, 64%, and 55% for PS5,
P4, P3 and P2, respectively. Several reports investigated that
GO and graphene based materials as well as their high sur-
face areas are proficient factors in the adsorption of SO, and
toxic gases [61-63]. The high surface area and the appropri-
ate functionalities due to the O-based groups are the key to
developing the prepared GO membranes for air pollutant
adsorption. Moreover, the surface of GO enriched with nega-
tively charged and layered structures plays also a significant
role in the adsorption. Consequently, the new prepared PVA/
GO nanocomposite membranes can attract as much attention
as a proficient matrix for the adsorption of air pollutants,
due to their characteristics, including high surface area, high
functional groups, and high chemical and thermal stabilities.

As a comparison, Table 1 shows the amount of gaseous
pollutants adsorbed on the prepared GO/PVA composites
(present work) and previously reported amounts using vari-
ous GO adsorbents. As can be seen, the pollutant adsorption
capacity of the prepared GO materials is of the most signifi-
cant value compared to that observed using other adsorbents
(Table 1).

Table 1 Comparison of

. . Adsorbents Gaseous pollutants Adsorption capac- References
adsorption capacity of gaseous ity (%
ity (%)

pollutants between prepared

PVA/ GO membranes and other PVA/GO Formaldehyde (Lab. experiment) 90 Present work

studies PVA/GO Formaldehyde (field experiment) 75 Present work
PVA/GO SO, (field experiment) 80 Present work
rGOMWKOH Acetaldehyde 30 [64]
GO/MIL-101 Acetone 91.5 [65]
ZIF-8/GO Toluene 87 [66]

@ Springer



3400 Journal of Inorganic and Organometallic Polymers and Materials (2023) 33:3389-3401

Our innovations include investigating environmental
viability assessments through governmental examination
of filter removal efficiency, demonstrating higher perfor-
mance in removing multiple air pollutants, and improv-
ing indoor air quality with different types of pollutants
(VOCs and gases), including in field reuse to purify the
air. Moreover, its durability and long-term benefits, as well
as its simple design and economical creation of filters,
have no negative impact on the environment. Addition-
ally, according to environmental viability assessments, the
design of PVA/GO nanocomposite membranes follows a
recyclable product approach, making PVA a non-toxic and
biodegradable material, making it an eco-friendly choice
for several applications.

4 Conclusions

This study provides a development of PVA/GO nanocom-
posite membranes with new carbon materials, high sur-
faces, and various O-based groups. Such nanocomposite
membranes could be utilized as adsorbents to effectively
eliminate several pollutants, like FA and SO,. Adsorp-
tion of the latter pollutants depends upon the amount, high
surface area, and the functional groups of the GO mem-
brane. It was concluded that the new prepared PVA/GO
nanocomposite membranes resulted in the enhancement
of pollutant adsorption efficiency. The performance of the
GO membrane filters showed that the PS5 filter was the
best adsorbent for FA and SO, removal which shows 90%
for formaldehyde in laboratories experiment while exhib-
its 75% removal in indoor experiments. Interestingly, the
proposed new PVA/GO nanocomposite filter is a promis-
ing system for treating the indoor air containing various
gaseous pollutants in the field; hence it can be applied in
many industrial applications.
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