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Abstract
This study focuses on the removal of three model compounds, classiﬁed as emerging persistent organic pollutants
(Em-POPs), from water using a modiﬁed version of natural Australian zeolite. Following a series of subsequent
treatments and vacuum deposition of graphene oxide (GO), both chemical and physical properties of the adsorbent
were characterized. The GO-coated zeolite was tested for the removal of methylene blue (MB), disperse blue 26
(DB26), and sodium ﬂuorescein (NaFn). Results show excellent removal capability for MB and DB26 dyes and
decent removal for NaFn when compared to commercially available products such as granular activated carbon.
Regeneration of the adsorbent showed virtually no loss in adsorptive performance after two cycles, with MB and DB26.
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Highlights

•
•
•
•
•

Natural clinoptilolite-rich zeolite was successfully enhanced with graphene oxide to enhance surface properties.
The vacuum graphene oxide coated zeolite was a successful method for deposition.
Adsorption performance was improved by modiﬁcation of the adsorbent for select dyes.
The vacuum graphene oxide coated zeolite is competitive with other adsorbent materials on the market.
Thermal stability of the precursor material is preserved throughout the treatment process.

INTRODUCTION
Detection of many toxic and synthetically produced compounds in natural waters and other water
supplies calls for improved methods for their removal due to their adverse health effects on
humans and the ecosystem (Savage & Diallo 2005; WHO 2011). Out of the many compounds of interest, emerging persistent organic pollutants (Em-POPs) have been receiving a great deal of attention in
recent years. This issue is particularly concerning for developing countries where locals consume and
This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying,
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utilize untreated water, but is prevalent all around the world (Wania & MacKay 1996; Ongley et al.
2010; Cincinelli et al. 2016; Rigét et al. 2016; Pozo et al. 2017; Unyimadu et al. 2017).
There are many compounds classiﬁed as POPs with varying levels of toxicity and volatility. Some
common POPs include dyes, dioxins, furans, and polychlorinated biphenyls (PCBs), to name a few
(Ritter et al. 2010; Yu et al. 2013). The most important attribute shared by all POPs is that they are persistent and that they are organic. These compounds are typically halogenated, usually with chlorine,
containing highly stable C-Cl bonds. The increase in number of stable C-Cl bonds in a molecule also
increases its resistance to degradation, in turn rendering them persistent in the environment (Ritter
et al. 2010). PCBs for instance can remain in the environment for decades with minimal degradation.
Health hazards among POPs vary from molecule to molecule and it can be difﬁcult to assign them
to speciﬁc POP subgroups. Their toxicities are also variable, some are much less toxic than others
while some can cause death from acute exposure (Ritter et al. 2010). Other common symptoms for
POPs exposure include reproductive issues, endocrine disruption, diabetes, cardiovascular problems,
and cacogenic responses (Ritter et al. 2010; Alharbi et al. 2018). Additionally, not all POPs exhibit
these symptoms nor are these the only symptoms that can present themselves. One major issue
behind POPs is that they bio-accumulate which can lead to high concentrations over time depending
on exposure frequency and concentration (Alharbi et al. 2018).
Zeolite is a clay-based mineral that is both naturally occurring and can be synthetically produced.
Both these materials have been proven to be an effective adsorbent in many studies (Khalid et al.
2004; Motsi et al. 2009; Mihaly-Cozmuta et al. 2014). The naturally occurring material is typically
cheaper to obtain, however contains more imperfections in the zeolite lattice. This can be resolved
by various treatment methods to achieve similar features of the synthetically produced variety. Two
of the most important characteristics to consider include surface area and pore size because both features deﬁne the physical surface to which an adsorbate molecule can adsorb to. One successful
method for tailoring natural zeolite includes acid treatment, which was shown to increase the surface
area and decrease pore size (Silva et al. 2019, 2020).
In previous research, natural Australian zeolite (clinoptilolite) was coated with graphene oxide
(GO) to enhance the surface properties of the material for the removal of cadmium from water showing adsorption capacities up to 720 mg·g1 (Silva et al. 2020). Others have explored similar materials,
including one that used the same raw materials used in this research, reporting adsorption capacities
of 67.56 mg·g1 for rhodamine b and 50 mg·g1 for arsenic (Yu et al. 2013; Khatamian et al. 2017). In
this study, natural Australian zeolite is modiﬁed to enhance the surface properties by acid treatment,
which will be followed by vacuum deposition of GO in aqueous solution. This study will serve as preliminary research for the removal of Em-POPs from water using an engineered natural porous
material for three Em-POPs model compounds: methylene blue (MB), disperse blue 26 (DB26),
and sodium ﬂuorescein (NaFn). It is expected that the combination of acid treatment followed by
GO deposition will increase the surface area of the material which will also help to improve the
material’s adsorption capabilities. It is also expected that MB will have a higher afﬁnity to the adsorbent material due to ionic attraction between the positively charged MB and the negatively charged
GO. Understanding how charge effects the adsorption capabilities will help in ﬁne-tuning the engineered material for removal of Em-POPs for future study. These dyes were also selected in the interest
of using fewer toxic materials in addition to being relatively simple to analyze.

METHODS
Zeolite preparation

Australian natural zeolite (diameter: 0.7–1 mm, chemical composition: 68.26% SiO2, 12.99% Al2O3,
4.11% K2O, 2.09% CaO, 1.37% Fe2O3, 0.83% MgO, 0.64% Na2O, 0.23% TiO2) was provided by
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Zeolite Australia Ltd. GO was produced from natural graphite powder (SP-1, Bay Carbon, MI, USA)
using the modiﬁed Hummers’ method (Mao et al. 2011). The GO suspension with a concentration of
2.5 g·mL1 was prepared by dispersing the prepared GO powder into deionized (DI) water with the
assistance of ultrasonication for 10 min (Branson M1800 Ultrasonic Cleaner, 40 kHz). Other chemicals used in this study were sulfuric acid reagent grade 95–98% (Sigma Aldrich, USA) and ethylalcohol anhydrous (Electron Microscopy Sciences, USA), granular activated carbon (GAC, coconut
carbon, Nichen #11268). Eighty grams of the natural zeolite was sonicated ten times in 15-minute
intervals at 37 kHz in 1 L of deionized (DI) water, replacing the water between each interval. The zeolite was submerged in a 1:10 w/v ratio of DI water and microwaved to a low boil, repeating ten times
and rinsing three times between each interval. Next, the zeolite was dried in an oven at 100 °C for
24 hours. This material will be referred to as clean zeolite throughout the paper. The clean zeolite
was then added to a three-neck round-bottom ﬂask with 460 mL of DI water and 40 mL of sulfuric
acid using boiling chips. The necks of the ﬂask were plugged with a rubber stopper, a punctured stopper containing a thermometer, and a Vigreux column. This was left on a heating mantle set to 90 °C
for 12 hours. The ﬂask was drained and the zeolite was rinsed using denatured anhydrous ethyl alcohol. The acid-treated zeolite was then placed in a beaker and dried at 100 °C for 24 hours. This dry
material will be called acid-treated zeolite throughout the rest of this paper. Next, 15 g of acid-treated
zeolite was mixed with 15 mL of 2.5 mg·mL1 GO solution in a beaker. The mixture was ﬁltered using
a vacuum-driven ﬁlter at 25 mm Hg for 10 minutes. The material was dried in an oven at 100 °C for
24 hours, and this will be called the vacuum GO (VGO)-coated sample.
Zeolite characterization

Raman spectra were acquired on a Raman Microscope (Horiba Scientiﬁc Xplora Plus) with a 532 nm
laser excitation, holographically ruled 1,800 grooves mm1 grating, using 100  magniﬁcation. All
Raman spectra were corrected for relative intensity using NIST SRM 2245. Fourier transform infrared
spectroscopy (FTIR) spectra were recorded using an FTIR (Shimadzu, IRTracer-100) with an attenuated total reﬂectance (ATR) accessory (MIRacle 10, Single reﬂection ATR) with a resolution of 4
between 4,000 and 250 cm1. Laser power at the sample was 100 to 250 mW. Spectral processing
was performed with LabSolutions IR. Thermogravimetric analysis (TGA) (Shimadzu Simultaneous
DTA-TG Thermoanalyzer) used a heating rate of 5 °C min1 in air to a maximum temperature of
600 °C. The morphology and composition of the zeolite particles were characterized using scanning
electron microscopy (SEM). Samples were mounted with conductive silver paste (EMSdiasum,
12686-15) on SEM stubs at 5 kV. The fabricated product was characterized by the determination of
pore volume, surface area, and pore diameter using an automated gas sorption analyzer (Quantachrome autosorb iQ2) with ultra-high purity nitrogen gas. The surface area (SBET), pore size, and
total pore volume distribution were determined by N2 adsorption isotherm with relationship between
N2 adsorbed value at standard conditions (V) and the partial pressure (p/p0) under 196 °C (ASAP
2020, Micromeritics Inst. Corp.). Samples were pre-treated by degassing at 150 °C for 2 hours, to
remove adsorbed species. Pore size distributions were obtained by using the Barrett–Joyner–
Halenda (BJH) method. Surface area calculations used the Brunauer–Emmett–Teller (BET) equation.
Crystal structural features were determined using X-ray diffraction (XRD) (Bruker AXS).
Column adsorption and regeneration experiments

Column experiments were performed to assess the adsorption capabilities of the zeolite. Experiments
were set up to utilize a 1.5 cm diameter column, 20 cm in length (Synthware), 10 cm bed height, with
a mini-pump (Control Company mini-pump, variable ﬂow). A cotton gauze layer of about 1 cm was
placed at the bottom of the column to prevent the zeolite from clogging the stopcock. One liter of
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tap water was ﬂushed through the columns or until the efﬂuent pH was 7 + 0.5. The columns were
conducted with a ﬂow rate of 0.08 (+0.03) mL·s1 with monitoring of pH of all efﬂuent. MB,
DB26, and NaFn were used as model compounds for these subsequent experiments at 40 mg·L1 concentrations. These compounds were selected as model compounds with different charge properties of
cationic, anionic, and non-ionic organic molecules. Columns were run for a total of 16 pore volumes,
deﬁned by the void space between the adsorbent and the column. MB and DB dye samples were analyzed using a UV Vis Spectrophotometer (Evolution) and the NaFn was analyzed using a Synergy H4
Hybrid Reader equipped with Gen5 2.04 software. All tests were conducted in triplicate. Solution
volume was deﬁned by taking the sum of all of the aliquot concentrations following the removal efﬁciency equation as follows:

R (%) ¼

C0  Ce
 100
C0

(1)

where C0 and Ce are the dye concentrations (mg·L1) in the aqueous phase before and after sorption,
respectively.
The regeneration of the material containing the absorbed dyes was undertaken in a rotary furnace
(STTR-1200C-3-12, SentroTech) for 5 hours at 550 °C without rotation. The material was placed in a
ceramic boat prior to loading it inside the furnace. Adsorption performance for MB and DB26 dyes
were examined after each of the three regeneration cycles. Experiments were run in triplicate for MB,
except for the ﬁnal replicate on the third regeneration cycle. The regeneration experiments for DB26
were repeated in duplicate. Removal efﬁciency was calculated according to Equation (1).

Zeta potential analysis

Zeta potential was examined for all three dye solutions and for the surface of the VGO zeolite. The
dyes were prepared at 40 mg/L concentrations in the pH range of 3.5 and 7.5, which were then
measured on a Malvern Zetasizer Nano using a DTS 1070 cuvette. The VGO zeolite was added to
three separate beakers containing 20 mL of DI water and the pH of the solution was adjusted to
be within the range used for the dye solutions. All the VGO zeolite was added to the cuvette and
was ﬁlled with the pH adjusted solution. All pH adjustments were made using sodium hydroxide
and hydrochloric acid solutions.

Quantiﬁcation of GO

To assess the loss of GO during ﬁltration, material was column leached with deionized water (60 mL).
The efﬂuent was ﬁltered (Whatman 0.2 μm pore size 25 mm diameter; 25 mm Hg; Supelco). GO solutions were ﬁltered onto membranes as calibration standards. Calibration standards and the samples
were dried at room temperature for 24 hours. Membranes were mounted onto aluminum specimen
mounts (Ted Pella INC, Hitachi M4) using double-sided carbon adhesive tabs (Lift-N-Press). The
membranes were grounded to the mount using a strip of conductive double-sided copper tape
(3 M). Two nanometers of iridium were surface coated using a sputter coater (Emitech, K575X)
and analyzed by scanning electron microscope (Hitachi S-4800). Semi-quantitative comparisons of
the images of the various mounts were made to determine the maximum potential concentration of
GO per sample solution.
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RESULTS AND DISCUSSION
Characterization of zeolite

Spectral data obtained from Raman (Figure 1) conﬁrm the presence of GO on the surface of the
sample. This can be conﬁrmed by the presence of the predominant G peak at 1,580 cm1 and the
D peak at 1,340 cm1 (Yang et al. 2009). The spectra for the clean zeolite show a considerably different spectra in the GO region, which may be attributed to zeolite blocking by the deposited GO or
because of the variation in the zeolite composition. Another study that examined the Raman spectra
of GO-coated zeolite found very similar results (Yu et al. 2013). The G and D bands provide important
information about the structural order of GO; these correspond to the disorder and stacking of the
nanosheets. The E2G vibrational mode of ﬁrst order Raman scattering is represented by the G band
while the D band is attributed to the disorder and asymmetric bonding throughout the graphitic
plane (Sutar et al. 2012).

Figure 1 | Raman spectra of the clean zeolite and the VGO-coated zeolite. The data conﬁrm the presence of GO on the surface
of the zeolite at the end of the treatment process.

Information about the zeolites IR active bands were examined using FTIR with an ATR conﬁguration. The most signiﬁcant peak that appears in IR spectrum corresponds to SiO2 at 1,205 cm1.
Figure 2(a) shows the IR spectra of the GO-coated zeolite before and after TGA. The signal ﬂux is
likely due to variability among replicates and samples, the relative ratios remained the same. One
peak around 2,400 cm1 was found in the GO-coated sample that disappeared after TGA indicating

Figure 2 | (a) FTIR of GO-coated zeolite before and after TGA showing that the treated material retains the same thermal
properties as the precursor material at 600 °C. (b) FTIR of the GO-coated zeolite and its precursor materials showing a slight shift

at 1,200 cm 1 indicating the dealumination of zeolite.
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water evaporation. Peaks associated with GO were not observed in the IR region and this may be due
to either the amount of GO deposition or the GO itself. These data suggest that the zeolite does not
lose its thermal stability throughout the coating method.
This however does not suggest that the zeolite was not substantially altered throughout the treatment
process. Figure 2(b) shows a slight shift in the peak around 1,200 cm1 to higher wavelengths, indicating a change in between the clean zeolite and the acid-treated zeolite. This has been reported by other
authors to be a result of dealuminating the zeolite (Garcia-Basabe et al. 2010). FTIR results are also in
agreement with the TGA data and conﬁrmed that zeolite retained its thermal stability.
Changes in crystallinity were not observed by X-ray diffraction. It was suspected that any changes
would likely occur as a result of dealumination from acid treatment which was not the case. It is likely
that any slight differences result from experimental error.
Results from TGA analysis in Figure 3 show only slight variation between the different stages of GO
deposition. The clean and acid-treated zeolite particles lost 1–2% more of their masses compared to
the vacuum-coated zeolite. This conﬁrms that the treated zeolite is still able to retain most if not all of
its thermal stability throughout the various stages of treatments. The data suggest that the GO remains
on the surface after being exposed to temperatures up to 600 °C. Other studies found similar results
and one reported that combustion begins to occur at temperatures closer to 650 °C (Guadagno
et al. 2015; Sharma et al. 2018). Thermal stability of GO was not affected within the range of temperature of our study.

Figure 3 | TGA of clean, acid-treated, and VGO-coated zeolite samples.

Detailed analysis of the surface features was carried out by SEM to conﬁrm macroscopic observations about the evenness of GO using the vacuum coating method. Figure 4(a) shows the

Figure 4 | (a) SEM image of acid-treated zeolite. Sharp features can be observed. (b) SEM image of GO-coated zeolite. The large
darker sheet-like areas of the image correspond to the deposition of GO on the surface of the zeolite.
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features of the acid-treated sample where sharp ridges and rough surface can be seen. The vacuum
GO-coated zeolite shows these features as well, but also includes dark islands of GO unevenly scattered across the surface (Figure 4). High magniﬁcation of the GO-coated regions show wrinkly
features, indicating the presence of GO sheets. Figure 4(b) also shows substantially more charging,
which is likely due to the electron beam ‘lighting up’ the edges of the GO sheets (Zhou et al.
2016). These dark spots were not observed in the acid-treated or clean zeolite (not shown) samples.
Aside from the highly visible GO islands, it is likely that there are more GO-coated regions than can
be seen; the main issue in resolving an image of GO by SEM is due to the low electron density of
carbon. The secondary electrons can penetrate through the GO sheets to the substrate, where only
the substrate can be seen (Hassink et al. 2015). The deposition is undoubtedly non-uniform, an observation that can be conﬁrmed both macroscopically and microscopically.
The surface area and the pore size of the samples were determined using gas sorption analysis. This
information allows the analyst to determine the theoretical surface to which an adsorbate molecule
can bind. Achieving the highest possible surface area is, therefore, fundamentally important because
it will help deﬁne the physical limits of adsorption. The VGO-coated zeolite sample had a surface area
of 89.4 m2·g1 and pore size of 5.95 Å, which was similar to results found for the acid-treated sample
with a surface area of 86.13 m2·g1 and pore size of 30.47 Å (single sample measurements for both).
The raw zeolite and clean zeolite samples show much lower surface areas and larger pore sizes than
the VGO sample. The average surface area for the raw material was 13.15 m2·g1 with an average
pore size of 76.37 Å, the clean zeolite had an average surface area of 10.56 m2·g1 with an average
pore size of 81.91 Å (both measured in triplicate). Acid treatment simultaneously increases the surface
area and decreases the pore size of the material to 81.55 m2/g and 29.90 Å, respectively. From the
data obtained, the VGO-coated sample showed that the majority of the pores fall below 20 Å, and
are classiﬁed as micropores according to the International Union of Pure and Applied Chemistry
(IUPAC) classiﬁcation of pores. The decrease in pore size for the VGO sample can be attributed to
pore blocking by GO. The adsorption and desorption isotherms (not included in this paper) show
the best correlation to hysteresis of the type 4, which supports pore blocking. Under the IUPAC classiﬁcation of hysteresis loops, the type 4 adsorption branch is a combination of types 1 and 2; the type 2
isotherm is associated with pore blocking. The surface area for the VGO-coated zeolite shows a substantial increase departing from the raw material, shown in Figure 5. These data suggest that the
method of vacuum coating was successfully able to enhance the zeolite surface area and reduce
the pore size.

Figure 5 | Gas sorption data for raw, clean, acid-treated, and VGO-coated zeolites. This graph shows the correlation between
each step in the fabrication process and how it impacts the surface area and porosity; results reported as single measurements.
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Data obtained using model compounds MB, DB26, and NaFn showed favorable results for the
VGO-coated zeolite samples (Figure 6). When running columns with MB, the GO-coated zeolite
only slightly outperformed the clean zeolite and the GAC sample with removal percentages of 100,
98, and 99%, respectively. Columns with DB26 still showed good results for the GO-coated zeolite,
however the overall adsorptive performance was reduced for all three adsorbent materials. The
removal percentages for VGO-coated zeolite, clean zeolite, and GAC were 68, 6, and 67%, respectively. While the VGO-coated zeolite exhibited higher removal than the clean zeolite when running
columns with NaFn, the GAC performed the best (with removal percentages of 63, 14, and 76%,
respectively). The best results for dye removal using the VGO zeolite were obtained by MB, then
DB26 and NaFn, respectively. It is highly likely that this is due to the ionic nature of the dyes, MB
is cationic and therefore better able to bind to the negatively charged GO. Removal efﬁciency is
decreased for the non-ionic DB26 and further decreased for NaFn. Breakthrough curves can be
found in Figure 6 in addition to pH records throughout the experiments. Adjustments in pH of the
VGO-coated zeolite could lead to signiﬁcant improvements in the performance of the adsorbent
(Bailey et al. 1968; Kim 2010). The pH trends for the column experiments were variable across all
three dyes, ranging roughly from 3 to 7. The lowest pH values come from the MB experiments
(close to pH ¼ 3.5), the highest was obtained from NaFn (slightly over pH ¼ 5), and the pH values
for the DB26 trials were slightly less (pH ¼ 5). The changes in pH are likely due to equilibrium
being reached in the column following the initial contact of adsorbate and adsorbent. Change in
pH is most profound for the NaFn experiment where there is an initial increase in pH for the ﬁrst
three pore volumes, until it gradually decreases afterwards. A similar trend can be observed in the
breakthrough curves for the DB26 and NaFn columns, where the removal efﬁciency is initially

Figure 6 | (a) Breakthrough curve showing MB passing through a GO-coated zeolite column with corresponding pH values for
each sample. Minimal initial breakthrough followed by complete retention shows that the adsorptive potential for this dye is
very high. (b) Breakthrough curve showing DB penetration through a GO-coated zeolite column with corresponding pH values
for each sample. Initial breakthrough was moderate. However, since later samples in the column show a very low concentration, the overall retention of the dye was within a similar range to GAC. (c) Breakthrough curve showing NaFn passing through
a GO-coated zeolite column with corresponding pH values for each sample. Concentrations of the samples were elevated
throughout and showed adsorptive performance slightly lower, but comparative to what would be expected for GAC.

Downloaded from http://iwaponline.com/h2open/article-pdf/3/1/416/863729/h2oj0030416.pdf
by guest

424

H2Open Journal Vol 3 No 1
doi: 10.2166/h2oj.2020.010

reduced before it is improved after the third pore volume. Further testing at various pH conditions and
concentrations would be needed in order to fully understand this trend.
Results from the MB columns showed high removal for all three adsorbents; however, each
material is different. Both the VGO zeolite and GAC are amphoteric carbon-based materials with
hydroxyl-rich surfaces that can be either protonated or deprotonated. Zeolites naturally contain a
higher amount of negatively charged functional groups at the surface, requiring treatment for the
inclusion of more positive groups. The data obtained for DB26 from the VGO zeolite and GAC columns show substantially higher removal than for clean zeolite, and a similar trend can be observed for
NaFn. The results suggest that electrostatic interactions signiﬁcantly inﬂuence the adsorption of these
dyes and is supported by zeta potential analysis.
The zeta potential for all three dyes at 40 mg/L (pH ∼3.5, 4, and 7) were tested in addition to the
VGO zeolite (Figure 7). Methylene blue, a cationic dye, showed a positive increase in zeta potential at
a pH slightly above 4, while the opposite occurs for the VGO zeolite at relatively similar pH values.
The lowest zeta potential values were obtained from the DB26 samples with the lowest value of
51.5 mV and is substantially less than the results obtained for NaFn. Comparing these results to
the data obtained from the column experiments reveals a correlation between zeta potential and
dye adsorption. The DB26 samples showed the lowest zeta potential values and the lowest removal
for clean zeolite. While both the VGO zeolite and GAC can become protonated or deprotonated,
the clean zeolite does not contain nearly as many positive sites to attract the negative charge.
While still negatively charged, results for the NaFn and clean zeolite show improvement where the
removal was more than doubled. The zeta potential trend for NaFn was substantially less negative
than for the DB26 column.

Figure 7 | The data from the zeta potential results for MB, DB26, NaFn, and VGO zeolite at varying pH.

In addition to electrostatic interactions, the surface area and pore size of the adsorbents have a substantial impact on adsorption properties. Departing from the clean zeolite, the surface area is
increased when the material is acid treated and is further increased after GO deposition. The increase
in surface area occurs while the pore size is decreased as a result of dealumination in the acid treatment step, followed by pore blocking from GO coating. Increasing surface area is critical for optimum
adsorption performance because it will also increase the amount of adsorbate able to bind to the surface of the adsorbent. The data show that GO deposition not only increases surface area, but also
suggests that it improves adsorption through a process dominated by electrostatic interactions at optimal pH.
In most of the regeneration trials that were performed using either MB or DB26 dyes, adsorptive
performance is retained for at least two subsequent regenerations as shown in Figure 8. Based on
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Figure 8 | Regeneration results from using the VGO-coated zeolite using DB26 and MB dyes. The adsorbent shows better
removal of MB than DB26. Data for the third cycle using MB were not available.

the trend shown, it is believed that the material would also likely retain its properties for three or more
regenerations, however further testing would be needed to conﬁrm this. This indicates that this
material is resistant to high temperature treatments for thermal regeneration and can be reused. Furthermore, these results show potential for this material to be used as a commercial adsorbent.

CONCLUSIONS
Results from zeolite characterization show improved features departing from the original material.
Both Raman and SEM analysis of the VGO-coated sample conﬁrms the deposition of GO on the surface of the zeolite. FTIR shows that the material was successfully dealuminated by acid treatment in
addition to the material retaining its thermal properties throughout the treatment process. This was
also complemented by TGA results which showed that the material retained most if not all its original
thermal stability. XRD did not show any changes in the material’s structural order, which would have
been expected for acid-treated samples. Gas sorption analysis showed that acid treatment followed by
VGO deposition both increases the surface area and reduces the pore size. The overall process was
successful in its efforts to improve surface features to enhance adsorption performance.
Adsorption experiments show that the VGO-coated zeolite can be a competitive adsorbent for MB
and DB26 dyes. While the material was able to remove 63% of NaFn, the GAC sample performed
slightly better by 13% higher removal. Regeneration of the adsorbent shows that at least two cycles
are possible for MB and DB26 dyes, however further examination is needed to determine the limitations of the adsorbent. Results from zeta potential analysis indicate that electrostatic interactions
play a critical role in the adsorption process. Additionally, this adsorbent must be tested with EmPOPs to fully understand the potential of this material for this application. The VGO-coated zeolite
shows promise as a suitable adsorbent for the removal of model compounds MB and DB26 and therefore for the removal of Em-POPs as well.
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