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Abstract

Textile industrial wastewater is an important contributor to water pollution. Thus, it is crucial
to minimize contaminants in industrial waste before releasing it into the environment.
Methylene blue (MB) is commonly found in textile industry wastewater and can present
significant risks to human health and the environment. The purpose of this work was to use
y-irradiation to modify diatomaceous earth (DE) to eliminate MB from textile wastewater.
The effects of different doses of y-irradiation on diatomaceous earth adsorption capacity
were investigated. The structure and properties of modified diatomaceous earth were
characterized using scanning electron microscopy (SEM), Fourier transform infrared
spectroscopy (FTIR), Braeuer-Emmett—Teller (BET) (for surface area), x-ray diffraction
(XRD), and x-ray fluorescence (XRF). The adsorption isotherm and kinetics of samples
were also investigated. The adsorption behavior of textile dyes on DE samples was carried
out using a UV-Vis spectroscopy technique. Adsorption of the textile dyes onto modified
DE was studied by batch adsorption techniques to determine the optimum conditions at a
temperature of 30°C. The factors of this experiment were contact time (30, 60, 90, 120,
150, and 180 min) with diffrent gamma radiation dose levels: 0 kGy (control), 5 kGy, 10
kGy, 20 kGy, and 30 kGy. The results showed that modified diatomaceous earth had a
high adsorption capacity for the textile dye, with removal efficiencies ranging from 82-96%
within 30 min. The maximum adsorption capacity of y-irradiated DE was 14.9 mg g~'. This
indicates that y-irradiation of DE may enhance the adsorption rate. It could be a cost-
effective and environmentally friendly approach for treating wastewater polluted with textile
dyes.
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1. Introduction

Nowadays, major environmental problems are brought on by water contamination. This
causes a health risk for humans and other organisms that use the water, as well as a
decrease in the amount of oxygen in the water, which impacts the sustainability of animal
life because oxygen is required for aquatic plant photosynthesis (Lakshmi et al., 2018;
Memon et al., 2020). Most of the toxins in the water are due to human activity, whether it
be household wastewater from washing, cooking, and other activities, or industrial
wastewater from various chemicals. The textile industries are significant water consumers,
generating a substantial volume of effluents daily at various stages of textile processing
(Thamaraiselvan & Noel, 2015; Nagaraju et al., 2016). Several kinds of hazardous
compounds were found in textile wastewater, with an average daily discharge of 200 L/kg
of fabric (Kant, 2012; Holkar et al., 2016). When released directly into the environment or
water, some textile dyes have the potential to have negative, long-lasting consequences
on ecosystems (Robinson et al., 2001). Therefore, it is crucial to remove these colors from
industrial effluents before releasing them into the environment. Methylene blue (MB) is a
cationic dye commonly employed in the textile industry due to its low cost and easy
availability. Prolonged and high-dose exposure to MB may lead to vomiting, anemia, and
hypertension. MB has the ability to generate a highly reactive singlet species known as
singlet molecular oxygen. This species, particularly at higher concentrations, can cause
damage to DNA structures and can even enter the food chain. Approximately 5% of this
dye is used for coloring, while the remaining 95% is discarded as waste (Albadarin et al.,
2017; Pathania et al., 2017; Rizqi & Purnomo, 2017).

In order to control and treat wastewater before releasing it into water sources, there
is a need for pollution standards and the development of new technology. Although there
are many methods for treating metal in industrial wastewater, one very common method is
the sorbent adsorption method. It prompted numerous researchers to pay attention and
attempt to develop inexpensive adsorbents to increase efficiency using various techniques.
As an alternative to more expensive sorbents such as bentonite, cheaper alternatives such
as waste sludge, maine, algae (Ulva lactuca and Sargassum), bagasse fly ash, and almond
peel have been tried. Activated carbon has been considered a common adsorbent
appropriate for removing numerous contaminants because of its high capacity and
adaptability; however, the cost of this adsorbent occasionally restricts its broad use and
makes it commercially undesirable (Crini et al., 2019). An excellent adsorbent should
possess an appropriate amount of capacity together with a large surface area, exhibiting
both thermal and chemical stability. It should be readily accessible, cheap, sustainable,
and easily regenerated, while also demonstrating high selectivity for the target substances.
Diatomaceous earth (DE) is a silica rock composed of the fossilized skeletal remains of
single-celled aquatic algae called diatoms, with a rigid skeleton made of hydrated silica
(opal). It has unique advantages and desirable properties, such as low density, high
permeability, low thermal conductivity, high adsorption capacity, high porous with high
specific surface area and low-cost material (Bessedik et al., 2002; He et al., 2018). As a
result, DE should work well as the base of an adsorbent.

Several studies demonstrated that diatomaceous earth had a remarkable capacity
to remove many different kinds of pollutants (Salman et al., 2016; Alkan et al., 2018; Ma et
al.,, 2020) and even its waste was employed in the adsorption process. The adsorption
capacity of this adsorbent can be improved through modification methods leading to an
increase in its removal efficiency (Akafu et al., 2019). So far, improvement of the
adsorption properties DE with gamma-irradiation has not yet been studied. The purpose of
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this work was to use y-irradiation on diatomaceous earth to improve its ability to eliminate
MB from textile wastewater. The structure and properties of modified diatomaceous earth
were investigated. Besides, the effects of different doses of y-irradiation on diatomaceous
earth adsorption capacity were studied to find the optimum doses of y-irradiation for
enhancing adsorption capacity and removal percentage. Additionally, the adsorption
isotherms and kinetics were determined to assess the potential suitability of the adsorbent
for future commercial applications.

2. Materials and Methods

2.1 Materials

Natural diatomaceous earth (DE) was collected from Mae Tha District, Lampang. MB
(Figure 1) and acidic/basic solution using in this study were supplied from Merck, Germany.
The chemical composition of the diatomite is given in Table 1. Nitric acid (HNO3s, 65%)
used in this experiment was purchased from RCI Labscan, Ireland. All chemicals except
diatomaceous earth were of reagent grade and used as received. Deionized water was
used throughout this study.
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+

Figure 1. The structure of methylene blue

Table 1. Wavelength dispersive x-ray fluorescence (WDXRF) analysis of the DE and
modified DE (concentrations in wt%)

Concentrations (%)

glmmilﬁi DE DE 5 kGy DE10kGy DE20kGy  DE 30 kGy
Naz0 0 0.52 0.8 0.48 0.37
MgO 0.37 0.32 0.3 0.31 0.34
Al2Os 10.15 9.96 9.98 9.99 10.08
SiO2 82.28 82.53 82.1 82.39 82.27
K20 217 212 2.1 216 222
Ca0 0.61 0.54 0.55 0.58 0.61
TiO2 0.65 0.67 0.67 0.63 0.62
Fe;0s 3.34 3.29 3.31 3.38 3.44
Rb20 0.02 0.02 0.02 0.01 0.02
Sro 0.01 0.01 0.0095 0.01 0.01
10, 0.01 0.01 0.04 0.05 0.01
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2.2 Diatomaceous earth preparation and irradiation

An acid-leaching stage was employed as a pretreatment method for the diatomite, aiming
to eliminate trace amounts of impurity minerals prior to the extraction of silica. A 10 g
sample of raw diatomaceous earth was subjected to leaching in a 100 mL solution of 2.2
M HNOs3 at a temperature of 60°C for a duration of 3 h, with constant stirring at 750 rpm.
The dispersion was then subjected to filtration, followed by multiple washes of the diatomite
residue using deionized water. Subsequently, the residue was dried in an oven at a
temperature of 110°C overnight (Figure 2).

Pre-treatment of diatomaceous
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Figure 2. Process of diatomaceous earth preparation and gamma irradiation

The modified DE was produced by placing DE paste to various dosages of gamma
irradiation ranging from 5 to 30 kGy at the Thailand Institute of Nuclear Technology in
Nakhon Nayok, Thailand. The modified DE samples were designated as DE, DE 5 kGy,
DE 10 kGy, DE 20 kGy and DE 30 kGy, following different conditions.

2.3 Characterization

The crystal structure and crystallite sizes of the DE was examined using X-ray diffraction
(XRD) analysis. The XRD analysis was performed using a diffractometer (D8 Advance,
Bruker AXS GmbH, Germany) with Cu Ka radiation. The diffractometer was operated at a
current of 40 mA and a voltage of 40 kV. The analysis was conducted in the 26 range of
10-90, with a scanning speed of 0.2° min~'. The chemical composition of the DE was
analyzed using X-ray fluorescence (XRF) technique. A scanning electron microscope
(SEM-EDS, SU5000, Hitachi, Japan) was used to examine the surfaces and morphological
features of the DE samples. Surface properties analysis was conducted utilizing a
Micromeritics 3Flex apparatus equipped with N2 adsorption and desorption capabilities.
The Brunauer-Emett-Teller (BET) equation was employed to determine specific surface
areas by analyzing adsorption isotherms and the BJH (Barrett-Joyner-Halenda) method
was used to analyze the pore size distribution of mesoporous materials, particularly in the
2-50 nm range. It calculates pore sizes using nitrogen adsorption and desorption
isotherms. The total pore volume is often estimated from the nitrogen adsorbed at a relative
pressure (P/P,) of 0.9, where P is the system pressure and P, is the saturation vapor
pressure of nitrogen. Fourier transform infrared spectroscopy (FTIR) was conducted using
a Perkin Elmer Spectrum Spotlight 300 instrument. The spectroscopy covered the range
of 4000 to 400 cm~" with a resolution of 4 cm™1.
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2.4 Batch adsorption experiments

The adsorption process was conducted using 100 mL of MB solution with a concentration
of 250 mg/L and 1.5 g of diatomite, for both the raw and modified samples. The mixture
was stirred for 30 min at room temperature in a beaker flask. Five milliliter samples were
collected at various intervals over 180 min and transferred to separate cuvettes for settling.
The time intervals were: 0, 30, 60, 90, 120, 150 and 180 min. This small sample volume
ensured that the volume of MB solution remained constant throughout the experiment. The
concentrations of MB were determined using a UV-Vis spectrophotometer at 665 nm. The
following formula was employed to determine how much MB was adsorbed into each
adsorbent sample (Mohseni-Bandpi et al., 2016; Touina et al., 2021):

: . _Co-C4 (1)
Adsorption efficiency = . x 100
0

o= Co'Cex V (2)
g M
where e is the amount of dye adsorbed on the adsorbent at equilibrium (mg/g), Co and Ce
are the initial and equilibrium of dye concentration (mg/L) in solution, respectively. V is the
volume of solution (L), and M is the weight of adsorbent (g).

3. Results and Discussion

3.1 Adsorbents characterization

FE-SEM examination was performed to examine the surface morphology of both un-
irradiated and y-irradiated DE samples before the adsorption of MB. This analysis is
depicted in Figure 3. The pretreatment sample was irregular, rough, and heterogeneous.
The initial diatoms showed a cylindrical structure with a length of 15-20 yum and an internal
pore diameter of about 1-2 um. Smaller fragments having a tubular shape with a length of
< 5 um were also noticed in the Figure. The presence of macro-porosity and micron-scale
features facilitates efficient reactant diffusion and physical separation processes. These
structural characteristics contribute to an enhanced surface area, which improves the
adsorption capacity and overall methylene blue (MB) removal efficiency (Jia et al., 2008).
Furthermore, Figure 3(a-e) demonstrated that there was no change in the morphology of
the DE. The presence of smaller fragments suggests potential for increased surface area
and enhanced adsorption capabilities. Additionally, the consistent morphology after
gamma irradiation indicated the stability of the diatomaceous earth structure under these
conditions.

XRD patterns of diatomaceous earth, DE 5 kGy, DE 10 kGy, DE 20 kGy and DE
30 kGy are shown in Figure 4. The results identified that the raw diatomaceous earth was
predominantly amorphous SiO2 which is consistent with the quartz phases. The diffraction
peaks at 20.95°, 26.75°, 36.54°, 39.46°, 42.44° 50.13°, and, 59.95° corresponded to
JCPDS no. 86-1630. The small diffraction peaks of 19.62° and 40.24° found were
consistent with the montmorillonite phase with the chemical composition of sodium
aluminum silicate hydroxide hydrate (JCPDS no. 12-0232). The experimental results
showed that gamma irradiation had no significant effect on the crystal structures of the
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Figure 3. FE-SEM of DE with gamma radiation dose levels (a) DE, (b) DE 5 kGy, (c)
DE 10 kGy, (d) DE 20 kGy and (e) DE 30 kGy
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Figure 4. XRD patterns of DE with gamma radiation dose levels: (a) DE, (b) DE 5 kGy,
(c) DE 10 kGy, (d) DE 20 kGy and (e) DE 30 kGy
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modified diatomaceous earth samples. Similarly, the surface morphology of DE and
modified DE exhibited either minimal changes or a slight reduction in surface features,
indicating that gamma irradiation does not significantly alter the material’s overall structure.

Table 1 provides a summary of the chemical composition of both DE and modified
DE. The analysis shows that the primary constituent of natural diatomite was SiOz,
accounting for an average of 82%, followed by Al203, Fe203, and K20, respectively.
Additionally, Na2O was detected as a minor constituent in the modified DE, indicating that
gamma irradiation induced significant changes in the chemical structure and composition
of materials. When DE containing sodium silicates or sodium salts is exposed to gamma
radiation, the radiation can break chemical bonds and cause decomposition or
transformation of these compounds. For instance, gamma rays were shown to provide
enough energy to break the Si-O or Na-O bonds in sodium silicate, leading to the release
of Na,O (Hsiao et.al, 2019; Rautiyal et.al, 2021). This was particularly noticeable in the DE
sample irradiated at 10 kGy, where Na,O was found in larger, more significant quantities
than in other samples. The presence of Naz0 in the modified DE suggests that irradiation
at 10 kGy may have led to the incorporation of sodium into the structure. This alteration
could potentially impact the sorption properties and applications of the modified DE
compared to natural DE.

FTIR approach was employed for confirming the existence of the functional groups
in the DE before being used as a dye adsorbent. The spectra obtained from the FTIR
analysis are presented in Figure 5. These results agreed with the corresponding XRD and
XRF data. There were no significant variations in the exact positions of the primary
characteristic bands. The characteristic peaks of DE were clearly indicated at 790 and 1070
cm-' after reviewing the analysis data. Siloxane (-Si—O-Si-) stretching was found to be a
broad and strong peak detected at 1070 cm™' of DE 10 kGy, confirming the correctness of
the compound (Galzerano et al., 2020). Other bands at 790 cm~" were also characteristic
of silica; the first one may be related to the stretching vibration of Al-O-Si (Vassileva et al.,
2011). However, it is also possible to attribute it to the deformation of O-H or the presence
of free silica and/or symmetric stretching of Si-OH (Khraisheh et al., 2004; Inchaurrondo et
al.,, 2016). Variations in these peaks signify interactions between the dyes and silanol
groups, which can be interpreted as adsorption on neutral sites (Rytwo et al., 2002). On
the other hand, the second band is assigned to the bending vibrations of Si-O-Si (Yu et al.,
2015). These results suggest that the compound analyzed is likely a form of silica with
possible presence of Al-O-Si and Si-O-H. Further investigation may be needed to confirm
the exact composition of the sample.

The possible mechanisms of dye adsorption onto the surface of diatomite are
characterized by siloxane groups distributed throughout the silica matrix, as illustrated in
Figure 6. The high energy ionizing radiation of gamma rays may lead to siloxane group
(Si—O-Si-) bridges forming on the diatomite surface (Bakhsh, 2021). These bridges
provided active sites for the adsorption of MB from aqueous solutions (Mohamed et al.,
2019), indicating an electrostatic attraction between the positively charged MB and the
negatively charged diatomite surface.

The specific surface area of the natural DE compared with modified DE decreased
from 28.69 m?/g to 22.51 m?/g. The specific pore volume remained unchanged, and the
average pore size also increased from 9.73 to 14.53 nm. By comparing the different
samples of DE, it is obvious that DE's porous structure and physicochemical properties
improved after gamma-irradiation surface modification as shown in Table 2. The average
crystallite sizes of the DE, DE 5 kGy, DE 10 kGy, DE 20 kGy and DE 30 kGy were
calculated as 11.91-58.16 nm using Debye—Scherrer's equation. The study also
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Figure 5. FT-IR spectra for the DE and modified DE
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Figure 6. The possible adsorption mechanisms of MB onto DE surface
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Table 2. Surface properties and crystallite size of natural DE and modified-DE

Catalyst Specific Pores Volume Pore Size Crystallite
Surface Area (cmd/g) (nm) Size
(m?/g) (nm)
DE 28.69 0.05 9.73 58.16
DE 5 kGy 25.34 0.03 10.86 20.11
DE 10 kGy 24.83 0.06 12.95 11.91
DE 20 kGy 26.81 0.06 12.17 17.27
DE 30 kGy 22.51 0.06 12.81 24.84

demonstrated that the average crystallite size of the modified DE increased with increasing
dose of gamma radiation. The sorption capacities of the modified DE increase up to a
certain radiation dose (10-20 kGy), but at 30 kGy the efficiency significantly drops.
Similarly, when the radiation dose exceeded 10 kGy, the adsorption capacity gradually
decreased, which could be due to a crosslinked reaction induced by gamma irradiation. It
resulted in a more rigid, high crystallinity, and porosity decrease (Wang et al., 2019). This
reduced porosity led to the decrease in the material's ability to adsorb synthetic
wastewater.

3.2 Effect of y -irradiation and contact time on the sorption properties

The experiment used gamma radiation to evaluate the adsorption of MB by modified DE.
The adsorption trends of MB dye onto DE samples were studied across a time range of 30
to 180 min, as shown in Figure 7(a). It was found that the 10 kGy modified DE sample
achieved equilibrium with MB. After 30 min, 97% of the MB dye was adsorbed. When the
gamma radiation dose was increased to 30 kGy, there was no adsorption of MB dye at a
concentration of 250 ppm. The adsorption capacity of MB on modified DE with gamma
radiation doses of 0, 5.10, 20 and 30 kGy is shown in Figure 7(b). It was found that the DE
and modified DE, except for DE30 kGy, had the ability to adsorb MB dye at 14.85, 14.87,
14.92 and 14.87 mg/g at the contact time of 180 min.

To determine the gamma irradiation effects on the sorption properties of DE,
samples were treated at 0, 5, 10, 20 and 30 kGy. During the first 30 min, the adsorption
percentages rose. However, from 60 to 180 min, the gains were sluggish, particularly for
the all treated samples. After this time, no remarkable increase was witnessed, and the
adsorption rate stayed steady. Thus, 90 min was chosen as the equilibrium time with 97%
dye removal for DE, DE 5 kGy and 20 kGy, respectively. The adsorption equilibrium time
for DE 10 kGy was established within 30 min, resulting in a quick removal of approximately
97%, as shown in Figure 8. This was because adsorbing gamma photons from the Co-60
onto DE would result primarily in Compton scattering and the formation of irradiation
products due to water radiolysis (Daniels & Puri, 1986; Spinks & Woods, 1990). Compton
scattering generates energetic dispersed electrons that are expected to shift mobile
cations, and to some degree, framework atoms from their initial positions. This implies that
the Na* ions, as indicated in Table 2 of the XRF data, together with other positively charged
ions that were initially bound to the active sites of DE, may be neutralized by the incoming
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Figure 7. Adsorption of MB by DE and modified DE (a) % removal and
(b) adsorption capacity vs. contact time
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Figure 8. Effects of y-irradiation on adsorption efficiency of DE and modified DE at 30 min

electrons. This electron transfer process could potentially lead to the reduction of Na* ions
and other positively charged ions, resulting in a neutralization of the active sites on DE.
Overall, this mechanism may play a crucial role in the removal of contaminants from water.
As aresult, these ions can get detached from the modified DE surface, causing the surface
to acquire a higher negative charge. This results in a fast adsorption rate due to
electrostatic attraction between the positively charged MB and the negatively charged
diatomite surface. Moreover, these phenomena are especially likely to occur with gamma
irradiation to DE, which causes the release or movement of Na* ions within the sample (Gili
& Olegario, 2020). It included a significant quantity of exchangeable Na*, which was the
reason the improvement in fast adsorption was extremely obvious within 30 min.

10
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3.3 Adsorption kinetics

The kinetics of MB adsorption were investigated at a temperature of 30°C.
Because kinetics may explain the adsorption mechanism and rate, all experiments
were conducted at a constant temperature. The pseudo-first-order and pseudo second-
order kinetic models for the MB adsorption process on DE and modified DE are illustrated
in Figures 9a and b, respectively. The linear representations of both models are as follows:

In(q‘3 -qy ) =Inq, -kt (3)

t 1 t (4)
= 5 +
d¢ kade de

Where ge and gt are the adsorption amounts of MB (mg/g) at equilibrium and time (min),
respectively, C is a constant (mg/g) and k1(1/min), k2 (g/mg.min) and kair (mg/g.t°5) are the
rate constants of the pseudo-first-order, pseudo-second-order adsorption and intraparticle
diffusion, respectively.
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Figure 9. Kinetic model for adsorption of MB by DE and modified DE amount
(a) pseudo-first order and (b) pseudo-second order

The constants generated from linear and non-linear models for pseudo-first-order
and pseudo-second-order kinetics are summarized in Table 3. The kinetics of MB
adsorption onto DE were analyzed using a pseudo-first-order kinetic model. It was found
that the adsorption of MB onto the adsorbents was less favorable due to the disagreement
between the calculated value and the experimental data. The pseudo-second-order kinetic
model demonstrated the strongest correlation coefficient value (R? = 0.9999) for DE 10
kGy, utilizing a linear form that more effectively described the mechanism of the
interactions involved in the adsorption process for MB. Furthermore, this kinetic model
suggests that a chemisorption mechanism controlled the dye adsorption process. Figure 8
demonstrates a comparison between pseudo-first and pseudo-second order kinetic models
for the adsorption of MB onto DE at different gamma irradiation doses (0, 5, 10, 20, 30

11
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Table 3. Comparison of pseudo-first and pseudo-second orders, calculated and
experimental (ge), adsorption rate constants and intraparticle diffusion for adsorption of MB
by modified DE

Sample qge(exp) Pseudo-first Order Model Pseudo-second Orders
ge(cal) ki R? ge(cal) k2 R?
DE 14.85 102.03 - 0.8020 14.88 0.013 0.7127
0.0002
DE 5kGy 14.875 1.96 - 0.6264 15.38 0.013 0.9990
0.0001
DE 10 14.925 0.75 - 0.9461 15.02 0.046 0.9999
kGy 0.0001
DE 20 14.875 2.98 - 0.8106 15.48 0.010 0.9992
kGy 0.0001
DE 30 0 0 0 0.8928 0 0.0003 0.8890
kGy

kGy). The results indicate that the pseudo-second order model is the most suitable for
modeling the adsorption of MB onto DE. The pseudo-second-order kinetic model provides
a better fit to the experimental data compared to the pseudo-first-order model, indicating
that the adsorption of MB onto DE followed a chemisorption mechanism. These findings
indicate that the most significant factor that determines the rate of the adsorption process
is the formation of chemical bonds between the dye molecules and the surface of DE
sample.

4. Conclusions

In the present study, diatomaceous earth modified by gamma irradiation was used for MB
adsorption from model textile wastewater. The results were compared to the natural
diatomaceous earth. Under optimum conditions, the results confirmed that the DE 10 kGy
was a suitable adsorbent with a higher percentage of MB removal (97 %) within 30 min
compared to the untreated irradiation sample (0% of MB removal). Equilibrium of the
optimally modified DE was reached after a contact time of 30 min. The adsorption kinetics
of MB molecules onto DE were accurately described using a pseudo-second-order kinetic
model. The comparison of surface morphology through FE-SEM and the material structure
indicated that gamma irradiation had no significant effect on the modified diatomaceous
earth samples. However, irradiating an appropriate dose of y-rays onto the surface of the
DE sample created a large number of Na* ions, allowing for improved adsorption rate. This
suggests that low dose y-irradiation on DE could increase its maximum adsorption
capability and adsorption rate, making it a cost-effective and environmentally friendly
method for treating textile-polluted wastewater.
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