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Abstract

The effectiveness of various treatments in enhancing the
adsorption capacity of zeolite for the removal of Cu?*and
Pb?* and methylene blue dye (MB) was studied and the
results were used to construct a working water filtration
prototype for wastewater treatment. Clinoptilolite was
treated with either citric acid (zeo-C) or sodium dodecyl
sulfate (zeo-S) or a combination of both (zeo-CS). The
zeolite adsorbent dose was kept at 10 g/L for the
adsorption of MB dye and Cu?* and Pb?* ions. The most
effective adsorbent was zeo-S, followed by zeo-CS,
followed by zeo-C. The adsorption equilibrium data for
zeo-S fitted well to Langmuir isotherm. Subsequently, a
prototype consisting of a floating device and ‘tentacles’
that contain zeo-S was constructed. 3 different ways to
contain zeo-S was tested to investigate the best way to
contain zeolite in order to maximise adsorption: stainless
steel metal infusers (MI), teabags (TB) and a hybrid
combination of MI and TB designs where one tea bag was
placed inside a tea infuser (HY). The HY design had the
highest adsorption capacity in adsorbing heavy metal ions
and MB due to its ability to contain 2 layers of zeolite,
thus increasing the number of monolayer adsorption sites
exposed to the adsorbate solution. Zeo-s is found to be a
very viable, low cost and effective adsorbent that can be

built into a sustainable wastewater treatment device.

1. Introduction

One of the main contributors to water pollution is
improperly treated discharge of industrial wastewater. It
contains pollutants, like heavy metal ions and textile dyes,
which can give rise to many negative implications if not
properly treated. For example, the discharging of toxic
dye effluents into the aqueous environment takes up
dissolved oxygen needed by aquatic life and is toxic to
microbial organisms and potentially carcinogenic to
mammals [1]. The heavy metal ions cause detrimental
health effects - Cu?* ions inhibit Na* channels on human
epithelial cells [2] and Pb?* ions disrupt synaptic activity

in human bodies [3]. While several alternatives such as

activated carbon have been studied, they are not cost-
effective for use in rural communities where water
pollution and untreated wastewater discharge is more

extensive. [4]

Zeolite is a low-cost adsorbent that has been extensively
used in gaseous exchange studies [5-7]. Studies have also
reported the effectiveness of zeolite in organic dye
removal [8-10] and heavy metal ion removal [11-13] from
wastewater. Furthermore, several treatment methods to
optimise the adsorption capacity of zeolites using organic
surfactants [10, 14] and acids [15, 16] have been studied.
Organic surfactant treatment reduces the surface tension
of the liquid, thereby potentially allowing dye and heavy
metal ions to penetrate the microporous surface of the
zeolite more effectively. In particular, sodium dodecyl
sulfate (SDS) treated adsorbents have been proved to be
the most effective surfactant for cationic dye adsorption
in the study by Jin et al. [10]. Acid treatment potentially
increases the amount of Bronsted acid sites on zeolite
surfaces [10] and dealuminates the zeolite structure [15].
Notably, citric acid (CA) has relatively high stability
among acids, and significantly improved the adsorption
capacity of zeolite [16, 17]. However, little has been done
to comparatively analyse the different treatment methods
to increase zeolite’s adsorption capacity and translate its
theoretical adsorption effectiveness into working

prototypes.

This study aims to compare the effectiveness of various
treatments in enhancing the adsorption capacity of zeolite
and utilise the findings to construct a working wastewater
treatment prototype. Clinoptilolite was chosen to be
studied as it is the most abundant and naturally occurring
zeolite. Its good resistance to temperature and ionizing
radiations also makes it suitable to construct a sturdy
prototype. In this study, clinoptilolite was treated with
either CA or SDS or a combination of both to adsorb
common heavy metal ions, Cu?* and Pb?*, and methylene
blue dye (MB). A working water filter was then
constructed using the treated zeolite with the highest

adsorption capacity.



2. Materials and Method

Preparation of Zeolite

High purity zeolite containing 90-95% clinoptilolite was

purchased from Hydrolab®, washed with distilled

water and oven dried at 100 °C for 24 h before being
pounded and sieved to particles with a size range of 500-
2000 pm. This zeolite was then treated with 3% SDS or
0.3 M CA or a mixed solution of 3% SDS solution and 0.3
M CA. After 24 hours of treatment with shaking at 250
rpm, the zeolite was washed with distilled water and oven
dried at 100 °C for 24 h. The SDS treated zeolite, CA
treated zeolite, SDS and CA treated zeolite and untreated
zeolite were labelled as zeo-S, zeo-C, zeo-CS and zeo-U
respectively. The pH of all zeolite was maintained at

approximately 6.

Characterisation of zeolite
A Joel, JSM-6010LA analytical scanning electron

microscope was used to study the morphology of zeo-S,
zeo-C, zeo-CS and zeo-U. BET (Brunauer—-Emmett—
Teller) analysis of resolution 0-50 nm was done using
Quantachrome Autosorb 1 analyzer in a certified lab
(Latech Scientific Supply, Singapore) to study the pore
size, pore volume and pore surface area of the zeolite

samples.

Preparation of Adsorbate
Cu?*and Pb?* solutions of concentrations 200, 400, 600,

800 and 1000 ppm, and MB solutions of concentrations
40, 80, 120, 160 and 200 ppm were prepared by diluting
from 10 000 ppm stock solution. The UV-Vis
Spectrophotometer, Shimadzu UV-1240, was used to
measure the absorbance value of MB solutions at 665 nm
which corresponds to the maximum absorbance of MB to
plot a calibration curve. The R? values for the calibration

curves were kept above 0.995.

Adsorption Studies

First, the effect of initial concentration of adsorbate on the
adsorption capacity of zeolite was studied. 0.4 g of zeolite
was added to 40 ml of adsorbate at the varied

concentrations of heavy metal ions and dyes as stated

above and shaken for 2 hours at 250 rpm. At the end of
the studies, adsorbent was filtered off from the adsorbate.
The initial concentration (C) and final concentration (Co)
after adsorption of Cu?* and Pb?* solutions were measured
using the PerkinElmer Atomic Absorption Spectroscopy
(AAS) machine while that of MB was measured via the
Spectrophotometer at 665 nm and compared against the
calibration curve for final concentration. The percentage
adsorption was calculated by [C, - C] / C, X 100%.

The same adsorbent to adsorbate ratio was then used in
the equilibrium studies where equilibrium concentration
(Ce) and equilibrium adsorption capacity of zeolite (Qe)
were measured with the contact time of 24 hours. The
results were analysed the same way as the prior
concentration studies. The following linearised equations
were used to fit our results from this study into the
isotherms:

Langmuir Isotherm: Ce/Qe = (1/K)Qm+ Ce/Qm
Freundlich Isotherm: Log(Q.) = log(Kg) + 1/n (Iog(Ce))

Filtration Prototype design and testing

A device was designed to contain zeo-S which will be
used to treat untreated polluted water. The prototype
consists of multiple tentacle-like features each containing
zeolite substrate. These ‘arms’ are attached to a floating
material which allows the prototype to experience neutral
buoyancy, allowing our prototype to move along with the
water currents smoothly such that it can be removed once
zeo-S are fully saturated. The design is modelled after the
biostructure of sea anemones, and the device, similar to
the filter feeding mechanism of sea anemones [18, 19],
filters untreated wastewater and ‘feeds’ on adsorbates via
its ‘arms’. It is designed to meet the following criteria:
adjustability of the length of each individual arm to adapt
to different depths of water or varying densities of
pollutants, ease of replacing used zeolites in the device,
cost effectiveness, adaptability of device possibly by
designing it to be an extension of existing structures such
as floating platforms, as well as sustainability such that

there is no disruption of aquatic ecosystems.
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Figure 1 Types of prototype designs tested: (from Left to
Right) Teabags (TB), Stainless Steel metal tea infusers
(MI), Hybrids (HY)

3 different ways to contain the zeolite were tested:
Stainless steel metal infusers (MI), teabags (TB) and a
Hybrid combination of MI and TB designs to form 2
layers of zeolite, where one tea bag was placed inside a
tea infuser (HY) were each attached to a pool float. The
pool float was made of recycled granulated closed cell
foam and measured approximately 15 by 25 cm. The Ml
and TB designs each held 1.5 g of zeo-S, while the HY
design had each component containing 0.75 g of zeo-S
separately. Figure 1.1 shows the 3 different

options that were tested to find out the best prototype
design that would maximise adsorption by zeo-S. 2
samples of each design were made, with one batch acting
as controls with no zeolite. The samples were placed
inside beakers containing 40 ppm MB solution and 200
ppm Cu?* and Pb?* combined solution and shaken for 24
h at 150 ppm.

3. Results and Discussion

Characterisation of zeolite

As seen from Table 2, zeo-C has the largest surface area
(36.1 m?/g), followed by zeo-U (29.8 m?/g) and zeo-C
(25.2 m?/g). This suggests that the adsorption capacity of
zeo-C is the largest due to a larger adsorption site
available for the adsorbate molecules. The mean pore
diameter of zeo-S (17.2 nm) is the largest, followed by
zeo-U (14.7 nm) and zeo-C (13.3 nm). This corroborates
with the SEM images of zeolite. In Figure S1, zeo-S
appears to be the most porous with its micropore being the
most well-defined, thereby also potentially contributing to
an increased surface area for a larger number micropores
to adsorb the pollutant molecules. On the other hand, zeo-

C seems to have extensive coating with a smoother and

even texture, with less-defined micorpore. This extensive
coating caused by acid treatment could have filled up the
zeolite’s natural pore structure, resulting in a smaller

micropore diameter.

Table 2 Surface area, pore volume and mean pore

diameter of zeo-U, zeo-C and zeo-S

Type of zeolite zeo-U zeo-C zeo-S

BET surface area (m?/g) 29.8 36.1 25.2

BJH Adsorption average 14.7 13.3 17.2

pore diameter (nm)

Effect of concentration and varying treatment of zeolite

on removal of MB, Cu?* and Pb?* ions

As seen from Figure 3, amongst the four types of zeolites,
zeo-S was the most effective at removing MB, with
adsorption capacity of 13.6 mg/g, which is double of that
of zeo-CS (7.81 mg/g) and zeo-U (7.18 mg/g) and triple
of that of zeo-C (4.42 mg/qg). Its high adsorption capacity
can be explained by SDS’ anionic nature due to its SO*
group, which is complementary to the positively charged
MB molecule as seen in Figure 3. This allows zeo-S to
have a greater affinity for MB dye molecules. SDS treated
zeolite by Jin et al. [10] showed similar adsorption
capacities to zeo-S, within the range of 12-13 mg/g for
MB .

Figure 3 Molecular structure of SDS (left) and MB
(right)
Also, in Figure 4, the largest rate of increase in adsorption
capacity was observed at the highest initial concentration
of MB, possibly due to the largest driving force of dye
molecules to overcome limited mass transport of MB onto

zeolite adsorption sites [10].
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Figure 4 Effect of concentration and varying treatment
of zeolite on removal of MB dye in 2h. Error bars

represent standard deviation for technical triplets.

As seen from Figure 5, zeo-S was the most effective at
removing Pb?* ions, with adsorption capacity of 47.6
mg/g, followed by zeo-CS (35.9 mg/g), zeo-U (33.6
mg/g) and zeo-C (28.3 mg/g). Zeolite samples adsorbed
about 65-70% less Cu?* ions as compared to Pb?* ions at
the 5 different initial concentrations. As seen from Figure
5, zeo-S was still the most effective at removing Cu?* ions
with the highest adsorption capacity of 14.2mg/g in a 200
ppm solution, followed by zeo-CS (8.80mg/g), zeo-C
(6.08mg/g) and zeo-U (7.36mg/g).
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Figure 5 Effect of concentration and varying treatment
of zeolite on removal of Pb?* ions (left) and Cu?* ions
(right) in 2h. Error bars represent standard deviation for

technical triplets.

Zeo-C consistently achieves the lowest adsorption
capacity. This is most likely due to the room temperature
0.3M CA treatment which failed to decationise zeolite to
exchange zeolite’s unstable cations with H* ions, thus not
making zeolite porous enough to allow for greater
adsorption capacity. CA treatment at higher temperatures
should be considered for future work. This correlates with
the BJH Adsorption average pore diameter trend which
shows that zeo-C has the smallest pore diameter, thus
reducing its adsorption capacity. This also aligns with the
SEM images, as the micropores should be clogged, thus

reducing the pore size available for adsorbate molecules.

Isotherms

Both the Langmuir and Freundlich adsorption isotherms
describe the adsorption mechanism of the interaction of
MB molecules, Cu?* and Pb?* ions on the surface of
zeolite. As seen from Figure S2, the adsorption isotherm
of zeolite can be fitted onto the Langmuir model for all 3
adsorbates, with correlation coefficient R? > 0.96. This
corroborates with a study on zeolite that found its MB
adsorption mechanism to be in accordance with the
Langmuir model [20] and a study on clinoptilolite where
it experienced a similar fit to the Langmuir model for the
adsorption of heavy metal ions such as Cu®*, Zn?*, Fe®*
and Mn?*, [21]

Hence, the adsorption mechanism of zeolite confirms the
4 assumptions of the Langmuir model:

1. The MB molecules, Cu?* and Pb%*ions are
adsorbed at definite sites on the surface of
zeolite.

2. Each site can accommodate only one MB
molecule or Cu?* and Pb?*ion (monolayer).

3. The area of each site is a fixed quantity
determined solely by the geometry of the
surface.

4. The adsorption energy is the same at all the

adsorption sites.

Compared to studies with experimental data that also fit
the Isotherm model, zeo-S has a higher maximum

adsorption capacity (Qm) for Cu? (21.1 mg/g) than



natural zeolite (3.37 mg/g). Zeo-S also has a higher Qm
for MB (20.1m mg/g) as compared to zeolite fly ash (14.3
mg/g) [22] and silica (11.2 mg/g) [23]. Zeo-S has a
significantly higher Qp, for Pb?* (75.2 mg/g) as compared
to activated carbon synthesised from sea-buckthorn
stones (25.9 mg/g) [24] and commercial activated carbon
(23.4 mg/g) [25]. Overall, zeo-S has performed better
across the 3 adsorbates as compared to the other

treatments.

Effect of prototype design on the adsorption of MB

From Figure 6, all 3 prototypes show similar adsorption
capacities ranging from 19.6 mg/g to 19.7 mg/g.
However, the hybrid design shows the highest adsorption
capacity of 19.7 mg/g. As the prototype follows the
Langmuir Isotherm, the hybrid prototype’s formation of a
double layer model (with the steel mesh forming one and
the tea bag forming another inner layer) may allow the
zeolite to adsorb a greater amount of dyes as a greater

number of monolayers are present.
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Figure 6 Bar graph showing the effect of prototype
design on the adsorption of MB dye. Error bars
represent standard deviation for technical triplets.

Effect of prototype design on the adsorption of Pb2+ and

Cu2+ ions

From Figure 7, all 3 prototypes show similar adsorption
capacities of Pb2+ and Cu2+ions ranging from 18.9 mg/g
to 19.0 mg/g. The hybrid design shows the highest
adsorption capacity of 19.0 mg/g. From the graph, it can
be observed that in both TB and MI designs, the
adsorption capacity of Pb?* ions (19.0 mg/g), is almost
twice as much as Cu?* ions (10.1 mg/g, 9.75 mg/g). In HY
design, the difference between adsorption capacities of
Pb?* (19.0 mg/g) and Cu?*ions (17.1 mg/g) is much less
significant as there is a notable increase in the adsorption

capacity of Cu?* ions. When compared to Figure 5, it can

be seen that the adsorption capacity values are similar in
both combined and single ion solutions and the pattern of
adsorption capacities across the heavy metal ions remain
the same. The viability of the prototype is proven by the
combined solution of Pb?* and Cu?* displaying similar
adsorption capacities to single solution adsorption

capacities.
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Figure 7 Bar graph showing the effect of prototype
design on the adsorption of Pb?* and Cu?* ions. Error
bars represent standard deviation for technical triplets.

4. Conclusion

In this study, zeo-S, zeo-C and zeo-CS has been
successful in adsorption of MB and heavy metal ions,
with zeo-S having the highest adsorption capacity for
Pb?*, Cu?* and MB. The adsorption of MB and heavy
metal ions onto zeo-S fits the Langmuir isotherm,
indicating that the zeolite adsorption is a monolayer
coverage. 3 variations of zeolite prototypes were
constructed and their varying adsorption capacities were
tested with a combined Ph?* and Cu?* solution and MB
solution. The HY design had the highest adsorption
capacity for the adsorption of all 3 pollutants. The results
of this study yields the possibility of developing an
electrokinetic remediation device [26] that incorporates
natural minerals such as zeolites as well as other soil
remediation and industrial wastewater treatment devices.
More study can also be carried out in optimising the
treatment processes for the zeolites to customise their
adsorption capacities of various adsorbates as required by
different polluted water bodies, such as but not limited to
the concentration of SDS treatment and the temperature

of the acid treatment.
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