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Abstract:
The depletion of freshwater resources emphasizes the significance of water desalination, while the high energy consump-
tion and operating costs associated with existing desalination methods necessitate the search for cost-effective solutions.
Therefore, this study presents a unique and innovative solution by employing advanced materials, specifically the combi-
nation of graphene oxide (GO)-based covalent organic frameworks (COF) and hexadecyltrimethylammonium bromide
(HDTMA)-modified Iranian natural zeolite in the desalination of Caspian Sea water and well water in the Dark area of
Isfahan. In this regard, GO was synthesized using Homer’s modified method and subsequently functionalized with COF and
the clinoptilolite zeolite was modified with HDTMA. A series of 28 column experiments were carried out using response
surface methodology (RSM) to examine the elimination of electrical conductivity (EC), sodium (Na+), potassium (K+),
calcium (Ca2+), magnesium (Mg2+), and chloride (Cl−) under the influence of five operational parameters: initial salinity
(7.3−9.6 ds/m), flow rates (1−5 mL/min), GO amounts (0−30 mg), HDTMA quantities (0−13 g), and COF quantities
(0−30 mg). The results revealed that the initial salinity concentration had the most significant impact on the reduction of
EC, Na+, K+, and Mg2+. Conversely, the quantities of COF had the greatest influence on the reduction of Ca2+. Regarding
Cl−, the interaction between HDTMA and salinity exhibited the most notable effect. Overall, this study highlights the
potential of utilizing GO and HDTMA-modified Iranian zeolite for desalination purposes, offering a promising approach
for addressing water scarcity and salinity challenges in arid regions.
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1. Introduction

In arid and semi-arid regions, like the country of Iran, wa-
ter scarcity is an unavoidable reality where limited water
resources are contested by agricultural, domestic, and indus-
trial demands. On the other hand, high levels of salinity in
water can cause numerous issues across the three sectors of
drinking, industry, and agriculture (Amiri et al. 2015; Banda
et al. 2023). Consequently, the demand for desalination of
brackish and seawater has dramatically increased to miti-
gate these challenges. The process of desalination involves
removing dissolved salts and other minerals from brackish
or seawater to render it suitable for human consumption

or industrial use (Aende et al. 2020). Several methods,
including reverse osmosis, multi-stage flash, multi-effect
distillation, electrodialysis, and ion exchange have garnered
significant attention in desalination process (Abushawish
et al. 2023). In light of the drawbacks and limitations asso-
ciated with many existing methods, especially in the context
of agricultural purpose, researchers are currently directing
their focus towards the development of more cost-effective
alternatives.

Adsorption is a highly practical and economically fea-
sible method for removing a range of pollutants. These
pollutants include heavy metals (Amiri et al. 2018; Rezaei-
Aghdam et al. 2022), dyes (Bahrami et al. 2020), herbi-
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Figure 1. Experimental setup for column tests.

cides (Amiri et al. 2020), chemical oxygen demand (COD),
and total dissolved solids (TDS) (Amiri et al. 2019). This
can be achieved by utilizing activated carbon (Amiri et
al. 2019; Amiri et al. 2020) or other low-cost adsorbents
such as agricultural wastes (Ungureanu et al. 2023), bio-
apatite based materials (Amiri 2022), and zeolite (Amiri
et al. 2019; Moghanjooghi et al. 2022). Graphene is often
regarded as a ”wonder material” due to its exceptional char-
acteristics, such as high thermal and electrical conductivity,
superior mechanical strength, and a significant specific sur-
face area. The properties mentioned above make graphene
and its derivatives highly attractive materials for a broad
spectrum of applications, spanning from electronics and
energy storage to biomedicine and environmental remedi-
ation (Yusaf et al. 2022; Joya-Cárdenas et al. 2022). The
unique structure of GO grants it a high surface area and
abundance of active sites, rendering it an efficient adsor-
bent for diverse pollutants, including heavy metals, organic
compounds, and dyes (Sherlala et al. 2018; Mouhtady et
al. 2022). Ongoing research is focused on enhancing the
effectiveness and sustainability of GO for water purification
applications. In addition, zeolites, which are crystalline
aluminosilicates recognized for their unique attributes such
as a substantial surface area, notable porous texture charac-
teristics, and a high CEC (Solinska and Bajda 2022), have
been effectively employed in various applications. These
applications include the elimination of both organic and

inorganic contaminants (Amiri et al. 2019) as well as desali-
nation processes (Wibowo et al. 2017; Sasani et al. 2021).
Rostamian et al., conducted a study on the utilization of

biochar derived from rice husk for water desalination (Ros-
tamian et al. 2015). The findings showed that raising the
temperature during the production of biochar from 400 to
800°C had a beneficial impact on the structure by promot-
ing the development of cavities and increasing its specific
surface area. Wibowo et al., employed modified clinop-
tilolite zeolites as an adsorbent to reduce seawater salinity
(Wibowo et al. 2017). Thermal activation at 225°C for 3
hours enhanced the adsorption capacity without the need for
any reagents. The findings of the study demonstrated a sig-
nificant salinity reduction of 4.8%, corresponding to 51.43
mg/g. Wan Azelee et al., successfully created a desalination
membrane with exceptional permeability and selectivity by
integrating a thin film layer that incorporates a hybrid mate-
rial of multiwalled carbon nanotubes and titania nanotubes
(MWCNT-TNT) for desalination (Azelee et al. 2017).
Wang et al. conducted a study to enhance the desalination
performance of DUT-67 as a water-stable metal-organic
framework (MOF), by incorporating varying amounts of
GO to produce DUT-67/GO composites (Wang et al. 2023).
The study found that the mesoporous structures present in
composite materials are advantageous for efficient mass
transportation. Out of all the composites tested, the DUT-
67/GO with 24 wt% GO addition had the highest water

Table 1. Chemical analysis of used saline water.

Source Cl HCO3 CO3 Mg Ca Na P pH EC
(dS/m)

mg/L

7.3 7.55 487.9 998.6 512 362.1 0 915 2275 Well water
9.6 7.85 1428.3 1312 384 622.1 0 1952 2765 Caspian Sea
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Figure 2. SEM images of Iranian Natural Zeolite in (a) 10 µm, and (b) 5 µm; and synthesized GO in (c) 500 nm, and (d)
300 nm.

uptake and mass transfer coefficient. According to Lian et
al., GO has a water uptake capacity of up to 0.58 g g−1,
which is significantly greater than that of silica gel (Lian
et al. 2018). Zahed et al. conducted a study on the desali-
nation of saline water using GO as an adsorbent (Zahed
et al. 2018). They synthesized GO through both the Hum-
mers and modified Hummers methods. The resulting GO
was functionalized with chitosan. The study found that
the modified Hummers method produced GO with a higher
adsorption capacity for sodium ions than GO synthesized
via the Hummers method. Furthermore, sodium adsorption
capacity was improved upon functionalizing the GO with
chitosan. Sadeghi et al. investigated the potential use of
zeolite clinoptilolite for removing nitrate, phosphate, and
salt from agricultural drainage water (Sadeghi et al. 2022).
The study demonstrated that nitrate, phosphate, and salt
ions were removed 63%, 39%, and 79%, respectively.
Reverse osmosis is not a cost-effective method for desali-
nating saline water, particularly for the agriculture sector,

which is the largest water consumer in the world. This is
due to the method’ high energy requirements and associated
costs, necessitating the use of alternative desalination meth-
ods. The GO and natural zeolite have been successfully
examined for their effectiveness in adsorption dyes, nitrate,
and heavy metals (Joya-Cárdenas et al. 2022; Mouhtady
et al. 2022; Halouane et al. 2017; Wu et al. 2020). How-
ever, there is insufficient research on the capacity of these
adsorbents for desalinating saline water. Therefore, this
study offers a unique and innovative solution by utilizing ad-
vanced materials, specifically the combination of graphene
oxide-based covalent organic frameworks (COFs) and hex-
adecyltrimethylammonium bromide (HDTMA)-modified
Iranian natural zeolite, to address the challenge of desali-
nating water in arid and semi-arid regions. In this regard,
RSM-CCD model was employed to optimize the effect of
operational parameters in the desalination process using GO
and modified Iranian natural zeolite on Caspian Sea water
and Isfahan well water.
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Figure 3. The FTIR spectra of (a) Iranian natural zeolite and
HDTMA-modified Iranian natural zeolite, as well as (b) GO
and GO-COF.

2. Material and methods

2.1 HDTMA-modified Iranian natural zeolite
In this study, clinoptilolite zeolite sourced from the Firoozk-
ouh mine, located in the northeast of Firouzkooh township
in Iran, was employed. The natural zeolite was subjected
to multiple washes with boiling distilled water until the
water passing through it became clear. Following that, it
was dried in an oven overnight at 100°C . The resulting
dried powder was then sieved to obtain a particle size of
0.5− 0.8 mm. The chemical composition of the Iranian
clinoptilolite zeolite was obtained as follows (wt%): SiO2
= 68.04; Al2O3 = 10.1; Fe2O3 = 2.05; TiO2 = 0.42; CaO =

1.06; MgO = 1.35; Na2O = 4.31; K2O = 1.4; lost of ignition
(LOI) = 10.82. The hexadecyltrimethylammonium bromide
(HDTMA) surfactant is frequently employed for zeolite
modification. The adsorption of HDTMA cations onto the
zeolite surface occurs in different configurations, such as a
monolayer, or double layer, depending on the surfactant con-
centration (Solinska and Bajda 2022). In previous studies,
it has been established that a fully double-layered surfactant
can be achieved when the ratio of adsorbed HDTMA to the
external CEC of zeolite is 2:1 (equivalent to 200% ECEC)
(Li and Bowman 1997). To determine the maximum ratio
of salts adsorbed to HDTMA, the natural zeolite underwent
various modifications using HDTMA at levels equivalent
to 100, 150, 200, 250 and 300% of its ECEC. The ECEC
of natural zeolite was found to be 70 mmol kg−1 according
to Ming and Dixon (Ming and Dixon 1987). In this regard,
a reciprocating shaker was used to mix 60 g of natural ze-
olite and 180 ml of 23, 35, 47, 58, and 70 mM HDTMA
solution in 250-ml centrifuge bottle for a duration of 24
hours at 150 rpm. Afterwards, the mixture was subjected
to centrifugation at 5000 rpm for a duration of 20 minutes.
Subsequently, the concentration of the HDTMA solution in
the supernatant was analyzed using an HPLC method. The
targeted HDTMA treatment level was successfully achieved
as evidenced by the constant equilibrium HDTMA con-
centration of 0.35 mM after reaching 200% of its ECEC.

2.2 Preparation of graphene oxide

Homer’s modified method was used for the synthesis of
graphene oxide, following the procedurea reported by
Paulchamy et al. (Paulchamy et al. 2015). Briefly, 2 g
of graphite and 2 g of sodium nitrate were mixed with 90
ml of sulfuric acid in an ice bath. Subsequently, 12 g of
potassium permanganate was added gradually to the mix-
ture, followed by the gradual addition of 184 ml of water.
The ice bath was removed after a duration of 120 min, and
the mixture was stirred for an additional 120 min at a tem-
perature of 35°C. The mixture was then heated to 98°C
and stirred for 120 min additional minutes after cooling
to room temperature. Following treatment with 40 ml hy-

Figure 4. XRD analysis of GO.
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Table 2. Experimental design for four independent variables and observed response rates for salinity parameters.

Response variable Independent input parameters
Cl Mg Ca K Na EC HDTMA+Z COF GO Q Salinity No

mg/L mg/L mg/L mg/L mg/L ds/m g mg mg mL/min ds/m .
700 142 208 333.24 -158.326 1.13 (0+13) 0 0 1 7.3 1

612.5 100 166 308.28 -104.386 1.09 (0+13) 0 0 5 7.3 2
787.5 151/6 212 358.1 -25.656 1.55 (0+13) 0 15 1 7.3 3
490 154 216 358.1 -25.656 1.1 (0+13) 0 15 5 7.3 4

787.5 113.2 176 407.46 25.594 1.6 (0+13) 0 30 1 7.3 5
700 127.6 180 407.46 99.714 1.32 (0+13) 0 30 5 7.3 6
595 186 134 1307.69 -73.034 1.88 (0+13) 0 0 1 9.6 7
490 156 104 1270.75 -36.294 1.61 (0+13) 0 0 5 9.6 8
560 165.6 120 1196.37 -36.297 1.27 (0+13) 0 15 1 9.6 9

577.5 132 100 1196.37 -36.297 1.07 (0+13) 0 15 5 9.6 10
525 182.4 132 1158.93 -0.004 1.58 (0+13) 0 30 1 9.6 11
455 144 104 1121.32 -0.004 1.34 (0+13) 0 30 5 9.6 12
1330 41 111 349.4 69.946 0.95 (0+13) 0 0 1 7.3 13

1312.5 34 104 323.77 21.978 0.9 (0+13) 0 0 5 7.3 14
1575 46.2 62 1182.17 283.473 2.25 (0+13) 0 0 1 9.6 15
1540 38.4 56 1144.09 221.157 2 (0+13) 0 0 5 9.6 16
980 68 141 401.37 21.978 0.97 (6.5+6.5) 0 0 1 7.3 17

962.5 65.2 136 375.26 -2.444 0.95 (6.5+6.5) 0 0 5 7.3 18
1277.5 109.2 79 1259.4 124.398 1.9 (6.5+6.5) 0 0 1 9.6 19
1190 103.2 72 1220.6 124.398 1.82 (6.5+6.5) 0 0 5 9.6 20
1050 58 156 323.77 93.492 1.35 (13+0) 0 15 1 7.3 21
1015 47 147 298.39 46.108 1 (13+0) 0 15 5 7.3 22
1225 70 156 323.77 162.378 1.74 (13+0) 0 30 1 7.3 23
1155 61 145 298.39 116.746 1.5 (13+0) 0 30 5 7.3 24
945 46 156 323.77 46.108 1.15 (13+0) 15 0 1 7.3 25
875 38 151 298.39 -2.444 1.05 (13+0) 15 0 5 7.3 26
1015 70 176 323.77 69.946 1.1 (13+0) 30 0 1 7.3 27
975 62 163 298.39 46.108 0.95 (13+0) 30 0 5 7.3 28

drogen peroxide, the mixture was washed with a solution
of hydrochloric acid and deionized water. The resulting
sediment was centrifuged and dried under vacuum at 25°C.

2.3 Graphene oxide-based covalent organic frameworks

To ensure better distribution of 1.5 g of GO in a 5 mL
dioxane solvent, the mixture was placed in a 25 mL flask
and subjected to ultrasonication for 30 minutes. This pro-
cess not only facilitated the improved dispersion of GO

Figure 5. Surface plots for interaction of (a) GO∗Salinity and (b) HDTMA∗Salinity on Dsalination.
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Table 3. Variance analysis of the response surface model for
EC reduction capacity.

Parameter P-value t-value
Salinity 0.0044 3.5

GO 0.0243 2.58
COF 0.2842 1.12

HDTMA 0.0039 -3.56
Q 0.912 -0.11

GO×Salinity 0.0043 -3.51
GO×GO 0.0384 2.32

COF×COF 0.3333 -1.01
HDTMA×Salinity 0.0025 3.8

HDTMA×GO 0.1048 1.75
HDTMA×HDTMA 0.4516 0.78

Q×Salinity 0.8333 -0.22
Q×GO 0.2569 -1.19

Q×COF 0.9686 -0.04
Q×HDTMA 0.9507 0.06

throughout the solution but also enhanced the separation
of individual GO sheets from one another. Simultaneously,
a 0.136 g (0.74 mmol) amount of cyanuric chloride (CC)
was dissolved in a 10 mL flask containing 2 mL of dioxane
solvent. The resulting solution was then placed on a stirrer
and maintained under nitrogen gas. Similarly, another 10
mL flask was prepared for the reaction. It contained 0.22 g
(1.1 mmol) of 1,4-oxydianiline (ODA) and sodium hydrox-
ide (0.088 g, 2.2 mmol of sodium hydroxide dissolved in 4
mL of deionized water). This flask was also placed on the
stirrer under nitrogen gas. After a designated period, the
dispersion of GO in dioxane solvent, along with the two
other solutions prepared simultaneously, was combined and
transferred into a 50 mL balloon. The balloon was sealed
with nitrogen to maintain an inert atmosphere. The resulting
mixture was then subjected to ultrasonication for 30 min-
utes, followed by stirring at room temperature for 6 hours.
The reaction mixture was then filtered and subsequently
dried under reduced pressure. The resulting precipitate was
then washed multiple times using methanol and water. Fi-
nally, it was dried under vacuum conditions. The reaction
product obtained is a white powder, exhibiting an efficiency
of approximately 85% (Li et al. 2022; Zhang et al. 2022).

2.4 Concentration measurement
The concentrations of Sodium (Na+) and potassium (K+)
were measured using a Flame Photometer (Corning 410,
USA). The concentrations of calcium (Ca2+), magnesium
(Mg2+), and chloride (Cl−) were determined using the titra-
tion method and following standard analytical procedures
(Greenberg et al. 1992). Additionally, the pH of the samples
was measured using a pH meter (Metrohm, 827 pH Lab,
Switzerland), while the electrical conductivity (EC) was
measured using an EC meter (Hanna HI9835, USA).

2.5 Analytical techniques
The functional groups in adsorbents were investigated using
a Jasco FT/IR-680 instrument (USA) within the range of

400−4000 cm−1 to determine their composition. To create
the pellets, a mixture was prepared by combining 2% of
the adsorbents (based on weight) with 100 mg of potassium
bromide. The surface morphology of the adsorbents was ex-
amined using a SEM (TESCAN Vega 3, USA). Furthermore,
the average pore size, and BET surface area of adsorbents
were determined by conducting N2 adsorption-desorption
isotherms at a temperature of -196°C and a relative pres-
sure of 0.98. These measurements were carried out using a
Bel-sorp mini II instrument (Japan).

2.6 Data analysis
Two methods exist for studying and optimizing the influence
of operational factors in the adsorption process. The first
method is known as ”one-variable-at-a-time,” which can
be a time-consuming and expensive task. In this method,
the user must sequentially change one variable factor while
keeping the other factors constant. The second one, known
as the multivariable statistical method, is utilized for the
optimization of the operational factors (Bahrami et al. 2020;
Amiri 2022). In order to optimize the removal of salts from
both Caspian Sea water and well water in the dark area of
Isfahan, RSM-CCD model was utilized using MINITAB
version 16 software. RSM-CCD is a powerful approach
that can be employed to examine the interrelationships and
cooperative properties among significant parameters at var-
ious levels. In the RSM-CCD model, the experimental
data were subjected to regression analysis to fit them into a
second-order polynomial equation.

y = b0 +
k

∑
i=1

bixi +
k

∑
i=1

biix2
ii +

k

∑
i=1

k

∑
j=i+1

bi jxix j + ε (1)

In this Eq, the predicted response is denoted by y, whereas
xi and x j represent the independent factors. The constant co-
efficient is represented by b0, and the regression coefficients
for linear, quadratic, and interaction effects are represented
by bi, bii, and bi j. The statistical error is denoted by ε , and
k represents the number of patterns.

Table 4. Variance analysis of the response surface model for
sodium reduction.

Parameter P-value t-value
Salinity 0.0017 4.04

GO 0.0001 6.01
COF 0.0913 -1.84

HDTMA 0.5665 -0.59
Q 0.1548 1.52

GO×Salinity 0.0001 -5.49
GO×GO 0.3505 0.97

COF×COF 0.071 1.98
HDTMA×Salinity 0.0001 5.97

HDTMA×GO 0.0016 -4.04
HDTMA×HDTMA 0.0035 -3.63

Q×Salinity 0.3031 -1.08
Q×GO 0.8466 -0.2

Q×COF 0.5358 0.64
Q×HDTMA 0.0003 -5.06
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Figure 6. Surface plots for interaction of (a) Q∗HDTMA; (b) HDTMA∗GO; (c) HDTMA∗Salinity; and (d) GO∗Salinity;
on Na+ reduction.

2.7 Saline water samples

To simulate natural conditions, we utilized water from two
distinct sources: the Caspian Sea and a well located in the
dark area of Isfahan. These sources were chosen due to
their varying concentrations of salinity, cations, and anions.
Table 1 presents the chemical analysis results for the waters
employed in this study.

2.8 Dynamic adsorption experiments

For the column test, a piston with an inner diameter of 1.5
cm and a height of 13 cm was utilized. The piston serves
as a means to control the movement and flow of the fluid
within the column during the experiment. A porous sheet
was employed to seal the bottom of the column, ensuring
that only water could exit while effectively preventing the
adsorbent material from escaping the column. To create the
first type of column, we evenly distributed 13 g of either
natural zeolite or its modified form inside the column, effec-
tively filling a height of 7 cm. To construct the second type
of column, we prepared a pack consisting of two layers of
filter paper. Each layer contains either 15 or 30 mg of GO
or its modified form. Then, the prepared pack was inserted
into the column, with 5.6 g of zeolite-based material posi-
tioned at the bottom of the pack, followed by 6.5 g of zeolite

placed above it. This arrangement ensures proper layering
within the column. The saline water was introduced into
the column in a downward direction using peristaltic pump
(Miclins, India) with a consistent flow rate of either 1 or 5
mL min−1 as shown in Figure 1. This uniform flow rate
ensures that the water passes through the column steadily
and consistently during the adsorption process. Finally, the
desired ion concentration in the solution that passes through
the column can be measured using standard methods.

3. Results

3.1 Characterization
Based on Figures 2a and 2b, it can be observed that Iranian
clinoptilolite zeolite exhibits a morphology characterized
by the presence of coarse particles with irregular shapes and
sizes. SEM images effectively illustrate the unevenness and
roughness observed in the zeolite particles, attributable to
their crystalline structure and the presence of diverse sur-
face features. According to Figures 2c and 2d, the surfaces
of GO exhibit a relatively smooth appearance with minimal
roughness. The smoothness is attributed to the presence of
oxygen-containing functional groups introduced through the
oxidation process, which enhances the hydrophilicity and
results in a smoother surface compared to pristine graphene

2251-7227[https://dx.doi.org/10.57647/j.jap.2023.0702.15]
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Table 5. Variance analysis of the response surface model for
potassium reduction.

Parameter P-value t-value
Salinity 0.0001 6.68

GO 0.0001 10.07
COF 0.0626 -2.05

HDTMA 0.0001 8.43
Q 0.5117 0.68

GO×Salinity 0.0001 -12.38
GO×GO 0.0606 2.07

COF×COF 0.1789 1.43
HDTMA×Salinity 0.0001 -7.93

HDTMA×GO 0.0001 -6.02
HDTMA×HDTMA 0.0007 -4.55

Q×Salinity 0.2425 -1.23
Q×GO 0.5281 0.65

Q×COF 0.832 0.22
Q×HDTMA 0.2663 -1.17

(Sherlala et al. 2018; Mouhtady et al. 2022). Figure 3a dis-
plays the FTIR spectra of the Iranian clinoptilolite zeolite
in its pristine state, and after modification with HDTMA.
The presence of two peaks at about 3600−3400 cm−1 can
be attributed to the OH stretching vibrations of molecular
water (Solinska and Bajda 2022). Within the 1100− 460
cm−1 spectral region, the observed bands corresponded to
the vibrations of AlO4 and SiO4, which are indicative of
the zeolite framework (Solinska and Bajda 2022). Upon
modification, the FTIR spectra exhibited the emergence of
two distinct peaks at 2924 cm−1 and 2852 cm−1. These
peaks can be attributed to the asymmetric and symmetric
stretching vibrations, respectively, of the hexadecyl chain of
HDTMA (Guan et al. 2010). The observed shift in the peak
positions can be associated with an increase in the disorder
of the hexadecyl group of the surfactant molecules. This in-
crease in disorder may result from the incomplete saturation
of the zeolite’s surface by HDTMA (Guan et al. 2010). Fig-
ure 3b depicts the FTIR spectra of the GO before and after
functionalization with organic-covalent frameworks. The
FTIR spectra of the prepared GO demonstrate successful
functionalization with various oxygen-containing functional
groups. The spectra confirm the presence of the C-O bond
in the alkoxy group (1062 cm−1), while the band observed
at 1402 cm−1 indicates the stretching specifically associated
with the C-O bond in the epoxy groups. The stretching vi-
bration bands corresponding to the C=C bond in unoxidized
carbons are observed in the region of 1617 cm−1, while the
C=O bond of the carboxyl group is observed in the region
of 1719 cm−1. A distinct peak at 3368 cm−1 is observed,
indicating the presence of hydroxyl groups (O-H) attributed
to water molecules (Sherlala et al. 2018). The successful
grafting of the triazine polymer network onto the GO sheets
has been thoroughly documented by the FTIR analysis, as
shown in Figure 3b. The stretching band observed in the
region of 1602−1577 cm−1 is a distinct characteristic of
the C=N bond, as clearly depicted in the Figure. This obser-
vation provides strong confirmation of the incorporation of

triazine groups into the polymer structure on the surface of
GO. The stretching vibration band corresponding to the N-H
bond is observed in the region of 1577 cm−1, while the C-O
bond is observed in the region of 1213 cm−1. The absence
of a strong and wide band in the region of 3500− 2500
cm−1 can be attributed to the formation of an ester group
resulting from the bond between cyanuric chloride and the
carboxylic acid groups. Additionally, the band observed
in the region of 3387 cm−1 is one of the distinctive char-
acteristics of the N-H group, specifically of the first type
(Li et al. 2022; Zhang et al. 2022; Zaefizadeh et al. 2011).
The BET surface area and average pore diameter of Iranian
clinoptilolite zeolite were found to be 15.9 m2/g and 19.4
nm, respectively. In contrast, GO exhibited values of 48.4
m2/g for surface area and 5.1 nm for average pore diameter.
The XRD analysis of GO as shown in Figure 4 reveals a
distinct peak at 2θ = 10−12°, suggesting the existence of
a well-organized structure. The amorphous nature of GO is
confirmed by the absence of sharp diffraction peaks in its
XRD pattern.

3.2 Maximizing desalination capacity through optimiza-
tion of adsorbent composition

The maximum desalination capacity was achieved by uti-
lizing a RSM-CCD test plan. Four independent input pa-
rameters that influenced the response variable, namely the
amount of zeolite (Z) and zeolite modified with a HDTMA
(13 g of zeolite or 13 g of HDTMA-modified zeolite, or 5.6
g of zeolite and 5.6 g of HDTMA-modified zeolite), initial
salinity of the passing water (7.3 and 9.6 ds/m), inlet flow
rate (Q) (1 and 5 mL/min), amount of GO (15 and 30 mg),
and the amount of graphene oxide functionalized with a
covalent organic framework (COF) (15 and 30 mg), were
selected. A total of six response variables were taken into
consideration, which included the concentrations of Na+,
K+, Ca2+, Mg2+, Cl−, and EC in the drainage water. The
experimental design is presented in Table 2.

Table 6. Variance analysis of the response surface model for
calcium reduction.

Parameter P-value t-value
Salinity 0.0001 -5.48

GO 0.7176 0.37
COF 0.0281 2.5

HDTMA 0.0073 -3.23
Q 0.9613 0.05

GO×Salinity 0.7013 0.39
GO×GO 0.0367 -2.35

COF×COF 0.2308 -1.26
HDTMA×Salinity 0.1041 1.76

HDTMA×GO 0.0153 2.82
HDTMA×HDTMA 0.1882 1.4

Q×Salinity 0.5973 -0.54
Q×GO 0.6553 0.46

Q×COF 0.817 -0.24
Q×HDTMA 0.3961 0.88
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Figure 7. Surface plots for interaction of (a) GO∗Salinity; (b) HDTMA∗Salinity; and (c) HDTMA∗GO; on K+ reduction.

3.3 EC
The RSM-CCD model demonstrated a high determination
coefficient of 93.9%, indicating a strong correlation be-
tween the response and independent variables. Additionally,
the P-value of 0.0001 further highlights the model’s signif-
icance in expressing this relationship, as it is well below
the threshold of 0.05. The analysis of variance (ANOVA)
was employed to analyze the results, as presented in Table
3. Based on the P-values for each variable in Table 4, it
indicates that a quadratic relationship has been established
between the response and the significant variables. The
adequacy of RSM-CCD fits is indicated by a large t-value,
whereas the significance of the regression coefficients is
demonstrated by p-values lower than 0.05 (Amiri 2022).
The relationship between the reduction in EC and the corre-
sponding independent variables is outlined below:

EC =−0.38+0.22S−0.21Z+0.064 ·G+0.007G2−
0.009GS+0.023SZ

(2)

In this case, the primary salinity variable of the passing
water is represented by the letter S (measured in dS/m),
the flow variable is denoted by the letter Q (measured in
mL/min), the graphene oxide variable is indicated by the
letter G (measured in mg), the functionalized graphene ox-
ide variable is represented by the letter C (measured in mg),
and the amounts of HDTMA is denoted by the letter Z (mea-
sured in g). The significance of the regression model values
was assessed using the p-value. A negative sign in Eq. 2
denotes an antagonistic effect of the variables, suggesting
that an increase in these factors will lead to a decrease in EC.
Furthermore, a positive sign indicates a synergistic effect,
suggesting that an increase in these factors will result in an
increase in EC. Based on this relationship and the coeffi-
cients associated with each variable, it can be concluded
that the initial salinity of the passing water has the most
pronounced positive effect on desalination. Furthermore,
increasing the amount of HDTMA while decreasing the
amount of zeolite results in a reduction in the extent of de-
salination.
Three-dimensional surface plots were utilized, as demon-
strated in Figure 5, to visualize the manifestation of re-
sponses at different levels of independent variables. When

the amount of GO is increased in lower initial salinity, de-
salination improves. However, in higher initial salinities, a
higher quantity of GO adsorbent has a negative effect on
desalination (Figure 5a). Figure 5b shows that as the initial
salinity of the incoming water increases, the amount of de-
salination also increases. Furthermore, as the concentration
of HDTMA-modified zeolite increases at lower initial salin-
ity, the level of desalination decreases; conversely, at higher
initial salinity, the degree of desalination increases.

3.4 Na+

Na+ is the primary cation responsible for water salinity,
and its high concentration is the most significant factor that
restricts the utilization of saline water resources. Table 4
presents an analysis of the capacity of zeolite and GO, as
well as their modified forms with HDTMA and COF to
adsorb sodium. The coefficient of determination was cal-
culated to be 98.47%, and the P-value was determined to
be 0.0001 (< 0.05), highlighting the significant relation-
ship between the response variable and the independent
variables, thus emphasizing the significance of the model.
Based on the P-values provided in Table 4 for each variable,
a quadratic relationship has been established between the re-
sponse variable and the significant variables. The following
equation describes the relationship between the amount of
sodium reduction and the effective independent variables.

Na+ =389.15+32.77S+19.04G−1.88GS+4.66SZ−
0.257ZG−0.92Z2 −1.62QZ

(3)

To examine the impact of independent variables on sodium
reduction, three-dimensional surface plots were generated
by varying two parameters while keeping the other three
parameters constant. Figure 6a illustrates that sodium ad-
sorption decreases as the flow rate increases. Moreover,
an increase in the amount of HDTMA leads to an in-
crease in sodium adsorption. The interactive effect of GO
and HDTMA-modified zeolite on the removal efficiency
of sodium is shown in Figure 6b. At lower amounts of
HDTMA, the sodium concentration decreases with an in-
crease in GO. However, as the amount of HDTMA reaches
its optimum value, the impact of GO diminishes, and its
effect becomes negligible. As illustrated in Figure 6c, in-
creasing the amount of HDTMA up to 6.5 g, in conjunction
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Table 7. Variance analysis of the response surface model for
magnesium reduction.

Parameter P-value t-value
Salinity 0.017 2.77

GO 0.4703 0.75
COF 0.9259 0.09

HDTMA 0.6313 -0.49
Q 0.667 0.44

GO×Salinity 0.5365 -0.64
GO×GO 0.5134 -0.67

COF×COF 0.5987 0.54
HDTMA×Salinity 0.2516 -1.2

HDTMA×GO 0.2411 1.23
HDTMA×HDTMA 0.5265 0.65

Q×Salinity 0.3958 -0.88
Q×GO 0.7846 0.28

Q×COF 0.8745 -0.16
Q×HDTMA 0.5009 0.69

with a rising salinity concentration, led to an enhancement
in the removal of Na+ ions. Figure 6d indicates that at
lower salinity levels, there is a decrease in sodium concen-
tration with an increase in GO. However, as the salinity
level increases, the influence of GO diminishes.

3.5 K+

Table 5 illustrates the potassium adsorption capability of
zeolite, GO, and their modified forms. The coefficient of
determination was found to be 99.96%, indicating a high
degree of correlation. Additionally, the P-value was cal-
culated to be 0.0001 (< 0.05), emphasizing the model’s
significance in capturing the relationship between the re-
sponse between the response variable and the independent
variables. By considering the P-values presented in Table 5
for each variable, a quadratic relationship has been estab-
lished. The following equation describes this relationship,
expressing the amount of potassium adsorption in relation
to the effective independent variables:

K+ =−2713.42+418.34S+23.94G+47.21Z−
3.19GS−4.66SZ−0.287ZG−0.869Z2 (4)

According to Table 5, only three input factors, namely ini-
tial salinity, the amounts of GO and HDTMA, are found to
be significant and can impact the levels of potassium in the
effluent water.
Figures 7a and 7b demonstrate that as the initial salinity
of the incoming water increases, the amount of potassium
adsorption also increases. However, the influence of GO
and HDTMA on the reduction of potassium is diminished
at high initial water salinity. Conversely, at low initial salin-
ity, an increase in GO and HDTMA up to 12 mg and 6.5
g, respectively, leads to an increase in potassium adsorp-
tion. However, further increases in these adsorbents have an
adverse effect on potassium reduction. In other words, be-
yond a certain threshold, increasing the quantity of GO and
HDTMA-Z may result in a diminishing or even negative im-
pact on the reduction of potassium. This suggests that there

is an optimal dosage range for these adsorbents where their
effectiveness in reducing potassium concentration is max-
imized. Beyond that range, increasing the amount of GO
and HDTMA may not yield the desired results and could
potentially hinder the reduction process. Figure 7c demon-
strates that both GO and HDTMA-Z exhibit significant
reductions in potassium concentration. However, HDTMA-
Z outperforms GO in terms of its effectiveness in potassium
reduction. HDTMA-Z possesses a layered structure with
intercalated surfactant molecules. This structure provides
an advantageous environment for the adsorption of potas-
sium ions between the layers, facilitating stronger and more
efficient binding. On the other hand, GO has a relatively flat
and less organized structure, limiting its ability to accom-
modate potassium ions with the same level of effectiveness.

3.6 Ca2+

Calcium is a prevalent element found in the majority of
natural waters, and its concentration is influenced by the
geological composition of the areas it traverses. As a result,
the water in the Dark region of Isfahan contains a signif-
icantly higher amount of calcium compared to the water
in the Caspian Sea. This discrepancy can be attributed to
the types of rock formations present in each region, which
directly affect the calcium content in the respective water
sources. Table 6 evaluates the calcium adsorption capabili-
ties of zeolite, GO, and their modified forms. The model’s
determination coefficient was 95.95%, indicating a strong
ability to explain the relationship between the response and
independent variables. Additionally, the associated P-value
of 0.0001, which is less than the significance level of 0.05,
further highlights the statistical significance of the model.
Based on the P-values presented in Table 6, a quadratic rela-
tionship has been established between the response variable
and the significant independent variables. The following
equation depicts the relationship between the amount of

Table 8. Variance analysis of the response surface model for
chlorine reduction.

Parameter P-value t-value
Salinity 0.0361 -0.7

GO 0.3766 0.92
COF 0.0057 -3.36

HDTMA 0.0421 -0.57
Q 0.3651 -0.94

GO×Salinity 0.1311 -1.62
GO×GO 0.1269 1.64

COF×COF 0.0163 2.79
HDTMA×Salinity 0.0093 3.1

HDTMA×GO 0.1074 -1.74
HDTMA×HDTMA 0.0427 -1.53

Q×Salinity 0.5416 0.63
Q×GO 0.9999 0

Q×COF 0.9946 0.01
Q×HDTMA 0.3829 0.91
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Figure 8. Surface plots for interaction of HDTMA∗GO on
Ca++ reduction.

calcium reduction and the influential independent variables:

Ca++ =445.61−32.98S+3.99C−17.84Z−
0.067G2 +0.133ZG

(5)

Table 6 reveals that three input factors, namely initial salin-
ity, the amounts of COF and HDTMA, have been identified
as significant in determining the levels of calcium in the
effluent water. The analysis indicates that COF (covalent
organic framework) exhibits a synergistic effect on calcium
reduction, meaning that an increase in the amount of COF
leads to a greater reduction in calcium levels in the efflu-
ent water. On the other hand, both HDTMA and salinity
demonstrate an antagonistic effect on calcium reduction.
This implies that higher levels of HDTMA or salinity can
hinder or reduce the effectiveness of calcium reduction, re-
sulting in lower reductions in calcium concentration in the
effluent water.
According to Table 6, the interaction effect between
HDTMA and GO has been identified as the only factor
with a significant impact on calcium reduction. This sug-
gests that the combined presence or interaction between
HDTMA and GO influences the reduction of calcium levels
in the system. The underlying mechanisms for this interac-
tion could be attributed to various factors. HDTMA-Z and
GO may have complementary adsorption characteristics or
surface properties, leading to improved calcium adsorption
capacity when used together. Additionally, the interaction
between HDTMA-Z and GO may create a more favorable
environment or enhanced binding sites for calcium ions,
facilitating their removal from the system. As illustrated in
Figure 8, an increase in GO concentration coupled with a
decrease in HDTMA concentration leads to an enhancement
in calcium reduction. Indeed, the zeolite adsorbent with-
out surfactant demonstrates better performance in removing
calcium from saltwater.

3.7 Mg2+

Table 7 presents data on the adsorption capacity of magne-
sium using different materials, including zeolite, graphene

oxide, and their modified forms. The model used to ana-
lyze these relationships yielded a determination coefficient
of 95.05% and a P-value of 0.0001 (< 0.05). These sta-
tistical results highlight the significance of the RSM-CCD
in effectively expressing the relationship between the re-
sponse variable and the independent variables. According
to Table 7, the individual and interaction effects of the in-
put parameters, except for initial salinity, did not exhibit a
significant impact on magnesium reduction. This implies
that the variations in these parameters, both individually
and in combination, did not result in significant changes
in the reduction of magnesium levels. However, the find-
ings indicate that there is a positive correlation between the
initial salinity of the input water and the adsorption of mag-
nesium. Higher salinity corresponds to an increase in the
concentration of dissolved ions in the water. This increased
ionic strength can enhance the electrostatic attraction be-
tween magnesium ions and the adsorbent material, thereby
promoting greater magnesium absorption.

3.8 Cl−

Table 8 presents the adsorption capacities of chlorine by
various materials, including zeolite, GO, HDTMA-modified
zeolite, and COF-modified GO. The RSM-CCD used in the
analysis achieved a determination coefficient of 96.67% and
a P-value of 0.0001 (< 0.05), indicating the model’s signifi-
cance in expressing the relationship between the response
variable and independent variables. The statistical analysis
of Table 8 suggests that a quadratic relationship has been es-
tablished between the chlorine reduction and the significant
independent variables as follows:

Cl− =943.23−36.69C−28.85S−21.36Z+0.941C2−
1.96Z2 +12.26ZC

(6)

As illustrated in Figure 9a, increasing the amount of
HDTMA up to 6.5 g, in conjunction with a rising salin-
ity concentration, led to an enhancement in the removal
of Cl− ions. As depicted in Figure 9b, by increasing the
amount of COF from 0 to 15 g, there was a decrease in the
removal of chlorine. However, with a further increase in
the amount of COF from 15 to 30 g, the amount of chlorine
removal increased. This Figure also indicates that the rate
of chlorine removal remains unchanged with an increase in
the flow rate.

4. Discussion
The objective of this study was to assess the performance
of a combination of GO-based COF and HDTMA-modified
Iranian natural zeolite as an innovative approach to address
the challenge of desalinating water from the Caspian Sea
and well water in the Dark area of Isfahan. The column,
which comprised 13 g of HDTAM-modified zeolite and
30 mg of GO, exhibited the highest desalination capacity
of 23.84% for well water in the Dark region of Isfahan.
Likewise, for Caspian Sea water, the highest desalination
capacity of 23.43% was achieved utilizing 13 g of HDTAM-
modified zeolite. According to the findings of Xu et al. it
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Figure 9. Surface plots for interaction of (a) HDTMA∗Salinity and (b) COF∗Q on chlorine reduction.

was observed that the presence of negatively charged sur-
face functional groups on GO facilitated the desalination
of water (Xu et al. 2020). In a separate study conducted
by Nguyen and Beskok (Nguyen and Beskok 2019), it
was demonstrated that charged nanoporous graphene mem-
branes possess significant potential in reverse osmosis de-
salination systems, leading to improved performance. Paul
et al. demonstrated that the utilization of acid-treated and
Ca(OH)2-conditioned natural zeolites has proven to be an
effective method for filtering sodium ions from saline water
and potash brine-spiked groundwater (Paul et al. 2017). In a
study conducted by Sadeghi et al., the potential application
of zeolite clinoptilolite for the removal of nitrate, phosphate,
and salt from agricultural drainage water was investigated
(Sadeghi et al. 2022). The findings of the study revealed that
nitrate, phosphate, and salt ions were successfully removed
by 63%, 39%, and 79%, respectively.
Calcium and magnesium are crucial elements for plant
growth and are prevalent in natural systems. The calcium-to-
magnesium ratio is a significant parameter used to assess the
quality of irrigation water. When the calcium-to-magnesium
ratio drops below one, particularly in saline conditions, it
negatively impacts the physical and chemical properties
of the soil. This imbalance disrupts the nutritional equi-
librium, leading to a decline in plant performance (Filippi
et al. 2021). The repeated occurrence of droughts and ex-
cessive exploitation of groundwater resources have resulted
in a significant decline in both water level and quality. This
decline includes a pronounced increase in salinity levels
and, in certain cases, a relative rise in the concentration of
magnesium ions. In the Dark area of Isfahan, the calcium-
to-magnesium ratio is greater than one, indicating a lower
risk of magnesium-imbalanced soil. However, it is impor-
tant to note that the calcium content in the water of this area
exceeds the permissible limit. On the other hand, in Caspian
Sea water, the calcium-to-magnesium ratio is less than one.
This implies that utilizing this water for agriculture with-
out proper desalination measures is not feasible due to the
unfavorable ratio for crop growth (Filippi et al. 2021). The
highest calcium reduction of 84.37% for well water was
achieved by combining 13 g of zeolite with 15 mg of GO.

Similarly, for Caspian Sea water, the utilization of 13 g of
zeolite resulted in a calcium reduction rate of 69.79%. In
the case of well water, employing 13 g of zeolite led to the
highest magnesium reduction rate of 79.41%. Likewise, for
Caspian Sea water, the highest magnesium reduction rate of
60.54% was obtained using 13 g of zeolite. Aghakhani et al.
examined the effectiveness of various combinations of peat,
activated carbon, zeolite, anionic resin, and cationic resin
in removing salinity ions from aqueous media (Aghakhani
et al. 2011). The study findings confirmed that the use of
cationic resin resulted in higher desalination ability of the
drainage water compared to anionic resin. Furthermore, the
combination of cationic resin with peat was determined to
be the most effective choice.
Desalination using HDTMA-modified Iranian natural ze-
olite can be categorized into three steps: (1) adsorption;
HDTMA modification enhances the adsorption capacity of
natural zeolite by introducing hydrophobic properties. (2)
ion exchange; the HDTMA cations present on the surface of
the zeolite attract and undergo an exchange process with the
ions in the saline solution. (3) diffusion; the movement of
ions from saline water to the zeolite surface occurs through
a diffusion process. The desalination mechanism of GO-
COF primarily relies on two key steps: adsorption and ion
transport. The functional groups present on the GO-COF
surface facilitate the adsorption of ions through electrostatic
interactions and other binding forces. Furthermore, within
the framework of GO-COF, a transport mechanism takes
place, allowing ions to move through the interconnected
pores and channels present in the material’s structure.
To compare the operation costs of GO-based COF and
HDTMA-modified Iranian natural zeolite, several factors
need to be considered. These factors include the cost of
starting materials, synthesis or modification processes, en-
ergy consumption, and any additional operational expenses.
GO can be relatively expensive, depending on the source
and quality. The synthesis of COF generally involves mul-
tiple steps and may require specific reagents, which can
contribute to the overall cost. The energy required for syn-
thesis and any subsequent activation processes should be
considered. Operational expenses may include maintenance
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or replacement costs for the system, which necessitates
an investigation into adsorbent recovery and regeneration.
On the other hand, natural zeolite is generally more cost-
effective when compared to GO. The cost of modifying
zeolite with HDTMA will depend on the reagents used and
any additional treatments required.

5. Conclusions
This research successfully identified an optimal column
configuration by utilizing graphene oxide and zeolite
adsorbents as well as their modified forms, for efficiently
removing cations and anions responsible for salinity.
The results indicated that increasing the flow rate from
1 mL/min to 5 mL/min generally resulted in reduced
desalination. Conversely, an increase in the initial salinity
of the incoming water led to an increase in the degree of
desalination. The column consisting of 13 g of zeolite
modified with HDTAM and 30 mg of GO achieved the
highest desalination capacity of 23.84% for well water in
the Dark region of Isfahan. Similarly, for Caspian Sea
water, the highest desalination capacity of 23.43% was
obtained using 13 g of zeolite modified with HDTAM. The
combination of 13 g of zeolite modified with HDTAM and
30 mg of GO achieved the highest sodium reduction of
16.22% for well water. Similarly, for Caspian Sea water,
the highest sodium reduction of 21.57% was obtained using
13 g of zeolite modified with HDTAM. The combination
of 13 g of zeolite and 15 mg of GO achieved the highest
calcium reduction of 84.37% for well water. Similarly,
for Caspian Sea water, the highest calcium reduction of
69.79% was obtained using 13 g of zeolite. In the case of
well water, the utilization of 13 g of zeolite resulted in the
highest magnesium reduction rate of 79.41%. Likewise,
for Caspian Sea water, employing 13 g of zeolite led to
the highest magnesium reduction rate of 60.54%. The
highest chlorine reduction rates of 58.46% and 56.96%
were achieved for well water and Caspian Sea water,
respectively, by utilizing 13 g of zeolite modified with
HDTAM. The combination of 13 g of zeolite and 30
mg of GO resulted in the highest potassium reduction
rate of 83.51% for well water. Similarly, the column
consisting of 13 g of zeolite achieved the highest potassium
reduction rate of 91.5% for Caspian Sea water. The
combination of both low-cost and high-cost materials offers
the potential to not only reduce the price of desalination
but also increase the adsorption capacity of the final
product. This approach offers the advantage of achieving
cost-effectiveness while simultaneously enhancing the
efficiency of desalination processes. However, the main
limitations and challenges of the study include the high cost
associated with the production and utilization of graphene
oxide-based COF, the long-term stability and durability
of adsorbents, decreased performance due to variations in
water chemistry and composition, as well as the lack of
practical implementation and large-scale desalination.
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