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ARTICLE INFO ABSTRACT

Keywords: Dyes are among the toxic contaminants that significantly impact water ecosystems. A biomaterial
Zizyphus spina-christi seeds prepared from Zizyphus Spina-Christi seed (ZSCS) to remove methylene blue (MB) and methyl
Isotherm

violet (MV) from an aqueous solution was investigated. Several techniques have been used,
including FTIR, SEM, EDX, XPS, and TGA, to characterize the physical and chemical properties of
ZSCS. The effect of various parameters such as pH, adsorbent dosage, contact time, temperature,
and initial dye concentration on the adsorption process were studied. The ZSCS adsorbent showed
efficient MB and MV dye adsorption with Langmuir adsorption capacity of 666.66 and 476.19
mg/g, respectively, at experimental condition [(pH = 6; time = 30 min; T = 45 °C, dye con-
centration: 500 mg/L, and adsorbent dose = 0.6 g/L for MB and 1 g/L for MV dye)]. Kinetic and
isotherm models were applied to fit the experimental outcomes. The result showed that ZSCS
showed an ultrafast absorption process with a high removal efficiency of MB and MV within 5 min
indicating its effective adsorption properties. The Langmuir isotherm model was the most suitable
model for describing the adsorption of MB and MV dyes on ZSCS. The pseudo-second-order model
kinetic fits better to MB and MV adsorption onto ZSCS than other models, suggesting that the
adsorption mechanism followed chemisorption. Our results could offer an efficient cost-effective
approach for dye removal from wastewater.

Methyl violet
Methylene blue
Mechanism

1. Introduction

The global challenge of insufficient drinking water has arisen because of extensive industrialization and urbanization, continually
jeopardizing water resources [1]. The water scarcity issue extends beyond the availability of water resources; it is increasingly
associated with water quality degradation resulting from toxic pollution and human interventions in the water cycle and natural
processes [2-4]. Various industries, such as textiles, cosmetics, and food, released effluents, influencing water environments. With the
increasing overall demand for water, there is a continuous rise in worldwide wastewater production, emphasizing the necessity for
effective purification methods [5]. Water pollution stemming from dyes has emerged as a significant global concern in recent years,
attracting widespread attention [6]. There are more than 100,000 diverse industrial organic dyes and pigments, with overall pro-
duction reaching several tons annually [7-9]. Therefore, the environmental impact is exacerbated by the spilling of dyes into the water
ecosystem during both manufacturing and practical use, posing substantial challenges [10,11]. Dyes are classified into three
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categories: cationic, anionic, and nonionic. Among these dyes, cationic dyes are more toxic than anionic dyes [12]. These dyes often
contain carcinogenic substances or pose toxic risks to the health of humans and other living organisms [8,13-16]. The global water
quality is further compromised, as wastewater contaminated with dyes is deemed harmful to ecosystems, human health, and aquatic
environments [17]. Its adverse effects on humans and animals underscore the urgent need for proper attention and management.

Among the cationic dyes, methylene blue (MB) and methyl violet (MV) are extensively utilized and are presently acknowledged as
the most prevalent and perilous dyes [18,19]. These dyes are widely utilized in dying and textile industries for coloring [20].
Generally, MB and MV are difficult to biodegrade, highly soluble in water, and carcinogenic, posing a threat to human health and
aquatic life [21]. Direct contact with these dyes can cause permanent damage to humans and animals, along with additional severe
effects due to its toxicity [22]. High levels of MB and MV can disrupt the metabolism of microalgae and interrupt photosynthesis
processes, leading to instability in the aquatic ecosystem [23-25]. In humans, MB and MV are able to cause various health issues such
as allergies and cancer [26]. Consequently, there is significant environmental concern regarding treating effluents contaminated with
such dyes that are hard to remove from wastewater using conventional methods [27].

However, various technologies, including photocatalytic degradation [28,29], adsorption [30-32], biological treatment [33],
detoxification [34], and electrochemical degradation [35] have been employed to cope with dyes in aqueous media. One of the best
approaches is to use adsorption, a separation process that involves increasing the number of chemical components at the surface of a
solid [36]. It is considered an effective and preferred approach for reducing the concentration of pollutants in wastewater due to its
affordability, simple design, efficient pollutant removal, easy operation, and availability. Many materials are employed for the
adsorption methods. Among these materials, agricultural byproducts are widely used due to their accessibility, eco-friendly, cost--
effectiveness, minimal processing time, and cheaper and abundantly available materials [37-40]. Several agricultural byproducts,
such as Citrus sinensis leaf [41], potato peel [42], almond shell [43], pine tree leaves [44], garlic peel [45], and walnut shells [46], have
been implemented in the adsorption processes.

Ziziphus spina-christi (ZSC) can be a promising choice as an adsorbent due to its availability and affordability [47,48]. ZSC is native
to regions in the Middle East, having adapted to arid and semi-arid environments. It is known for its hardiness in challenging con-
ditions; the plant’s fruit is also utilized in traditional medicine [47,48]. Numerous studies indicate that the ZSC byproducts can be
implemented to remove heavy metals and dyes from aqueous solutions. A group of researchers pointed out that activated carbon
prepared using Ziziphus spina-christi seed (ZSCS) successfully removed malachite green dye [49] manganese [47]. Although ZSCS
with activated carbon method is widely used, it is still not commonly affordable. Hence, the focus should be shifted toward exploring a
cost-effective biomaterials product. Another study showed that the ZSCS could remove cadmium [48] from an aqueous solution
without implementing further materials. However, there needs to be more emphasis on removing MB and MV using ZSCS.

In this context, the primary goal of our research is to shed light on an effective method for removing MB and MV from wastewater
effluent. We will explore a cost effective elimination of MB and MV in an aqueous solution using ZSCS, a biomaterial byproduct. The
adsorption capacity and removal efficiency of the new adsorbent in eliminating MB and MV from aqueous solutions under optimal
operating conditions are assessed. The experimental findings will be subjected to thermodynamics, equilibrium, and kinetic processes
to elucidate the attributes of the adsorption mechanism.

2. Materials and methods
2.1. Materials

Hydrochloric acid (37 %, Scharlau lab, Spanish), sodium hydroxide (98 %, Polskie Odczynniki Chemiczne (Gliwice, Poland),
acetone (99.5 %, Panreac Sintesis, Barcelona, Spain), Ethanol (99.9 %, Scharlau lab, Spanish), methylene blue (Laboratory-stain for
microscopy C.1.NO. 52015, India), methyl violet (Loba Chemie, Mumbai, India).

2.2. Sample preparation

A 10 g of the seeds were grinded using a jaw crusher and then washed through a filter (0.45 pm, Dorsan) using 500 ml distilled
water to eliminate impurities. The filter was dried at 60 °C for 24 h in an oven, and then the material cumulated on the filter was
collected and sifted by successive sieves (JVLAB, 250 pm). First, the standard solution of MB with 1000 ppm concentration was
prepared using 1 g of dye placed in a 1 L standard beaker (Schott, Germany). Second, a 50 ppm standard solution was prepared, and
then pH was adjusted to 7 using 0.1M hydrochloric acid and 0.1M sodium hydroxide, monitored by a pH device (JENWAY model 3510
pH Meter). Third, 0.05 g of the adsorption substance, ZSCS, was added to 50 ml of the solution prepared in the previous step. Fourth, it
was put in a water bath (GFL model 1086) for 24 h at 25C with 200 speed shaking. Fifth, the solution was filtered by a paper filter (0.45
pm, DORSAN), and the concentration of MBD was measured using Ultraviolet and Viable light (UV-VIS) (PerkinElmer model Lambda
365) at 663 nm wavelength.

2.3. Instrument

Fourier transform infrared spectroscopy (FTIR, Nicolet 6700, USA) was used to analyze the functional groups in the 400-4000 cm-1
range using the KBr disc method with 32 scans. Analysis was conducted in the range of 5-100° 20. Thermogravimetric analysis (TGA)
was performed using a Mettler Toledo GA/SDTAS851 instrument to evaluate the thermal stability of ZSCS. TGA analysis was conducted
over a 30-1000 °C temperature range with a heating rate of 20 °C/min under a dynamic nitrogen (N») atmosphere. X-ray
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Fig. 1. FTIR spectra of ZSCS adsorbent before and after dyes adsorption.

photoelectron spectroscopy (XPS) analysis was performed using a JPS-9200 XPS spectrometer manufactured by JEOL. Scanning
electron microscopy (SEM) was used to magnify the sample surface from 1 to 20 pm using the JSSM-7100F instrument by JEOL. The zeta
potential of ZSCS was obtained by a Zetasizer Nano ZS instrument (Malvern, UK).

2.4. Batch adsorption experiments of dyes

Batch adsorption experiments were performed in aqueous solutions to evaluate the ability of ZSCS adsorbent to remove MB and MV
dyes from aqueous mediums. The influence of various parameters such as amount of the adsorbent (0.4-6 g/L), pH (2-10), contact
time (5-120 min), temperature (25-45 °C), and initial MB and MV dye concentrations (50-500 mg/L) were investigated. Generally,
0.4 and 1 g/L of the ZSCS adsorbent were added to the 50 ml of MB (50 mg/L) and MV (50 mg/L) solutions, respectively, (separately
and in individual containers). NaOH and HCl were utilized to fix the pH of the solutions at desired value. Thereafter, the samples were
placed in a temperature-controlled shaker at 100 rpm for 120 min. Then, the adsorbents were separated from the solutions, and the
residual MB and MV dyes were determined by Ultraviolet and Viable light (UV-VIS) (PerkinElmer model Lambda 365) at Amax = 584
nm for MV dye and Apax = 663 nm for MB dye. The removal efficiency (%R) and adsorption capacity (mg/g) were determined ac-
cording to Egs. (1) and (2), respectively.

Co — Ce

%R=
’ Co

x 100 @

\%
qe = (Co — Ce) o 2
where C, (mg/L) and C, (mmg/L) represent the initial and final concentration of dyes, V(L) denotes the volume of solution, and m (g)
denotes the amount of ZSCS adsorbent.

3. Results and discussion
3.1. Characterization of adsorbent

FTIR spectra of the ZSCS adsorbent is shown in Fig. 1. The prepared ZSCS powder adsorbent presented characteristics bands at
3307, 2928, 2850, 1729, 1615, 1511, 1431, 1365, 1312, 1233, and 1019 ecm ™! attributed to tannins, phenols, protein, alkaloids,
saponin, glycosides, and flavonoid molecules in ZSCS powder [50,51]. In detail, the broadband at 3307 cm ™! is due to the stretching
vibration of overlapping ~-OH with -NH present in the above molecules [52]. The absorption bands at 2928, 2850, 1729, and
1615-1511 cm™ ! were attributed to stretching vibration of asymmetrical v(C-H), symmetrical v(C-H) methyl group, and v(C=0) in
carboxylic acid. The two bands at 1615 and 1511 are attributed to v(C=C) stretching in aromatic rings [52]. The other bands at 1431,
1365, 1312, 1233, and 1019 cm ™! are due to C-H asymmetric deformation, —-CHj scissoring, C-N, C-O, and C-O-C stretching in tannins,
protein, Alkaloids, Saponin, Glycosides, Flavonoid, molecules [52]. After the adsorption of MB and MV on the ZSCS adsorbent, it was
observed that all the bands decreased in intensity with slight shifts indicating the bending of the dyes on the surface adsorbent. In
detail, the intensities of the bands at 3307 and 1729 cm ™! for the ~-OH/-NH and ~COOH groups were reduced and shifted to (3312
em™}, 1725 em™Y) and (3307 em™}, 1726 cm™Y) after the adsorption of MV and MB, respectively. This is due to the electrostatic
attraction between the cationic MV and MB molecules and the negative charge of COO- on the ZSCS adsorbent. In addition, the C=C
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Fig. 2. SEM images of untreated ZSCS (a) treated ZSCS (b), EDX analysis of ZSCS adsorbent.

bond intensity decreased after dyes due to n—r interactions between dye molecules and aromatic rings in the ZSCS sorbent. Overall, the
low density of functional groups after adsorbed dyes confirmed the successful adsorption of MV and MB dyes on the ZSCS adsorbent
surface via n-7 interactions, electrostatic interaction, and hydrogen bonding.

The surface morphology of raw ZSCS and processed ZSCS powder was analyzed by SEM, as shown in Fig. 2. It was observed that the
surface of the ZSCS powder showed rough surfaces with many cavities (Fig. 2b), which reflects the higher dye absorption compared to
the surface form of raw ZSCS, which showed smooth surfaces (Fig. 2a). The elemental analysis of ZSCS adsorbent was analyzed by EDX
analysis, as shown in Fig. 2¢. EDX spectrum showed major element compositions for carbon (53.4 %) and oxygen (43.7 %) with traces
of elements such as silicone (1.7 %), calcium (1.0 %), magnesium (0.1 %), and iron (0.1 %).

The thermogravimetric analysis (TGA) curve of ZSCS powder is presented in Fig. 3a. The entire heat range was divided into three
stages, namely 25-100 °C, 100-450 °C, and 450-1000 °C. The total weight loss was ~90 % at temperatures between 25 °C and
1000 °C. In the first stage, a weight loss of ~5 % was observed in the temperature between 25 and 180 °C due to moisture loss in the
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Fig. 3. TGA curve (a) and XPS wide survey spectra of ZSCS adsorbent (b).
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Fig. 4. Influence of pH on the adsorption of MB (a) and MV (b) [(C, = 50 mg/L; time = 1440 min; T = 25 °C, and adsorbent dose = 1 g/L)]. Zeta
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adsorption of MB (c) and MV dye(d) on ZSCS adsorbent [(C, = 50-500 mg/L; time = 30 min; pH = 6; T = 25-45 °C, and adsorbent dose = 0.6 g/L
for MB and 1 g/L for MV dye)].

ZSCS powder. The main degradation occurred between the temperatures 100-450 °C with ~67 % weight loss attributed to the
decomposition of chemical components of ZSCS sample such as lignin, tannins, phenols, protein, alkaloids, saponin, glycosides, and
flavonoid molecules. In the third stage, there is an 18 % weight loss between the temperatures 450-1000 °C due to the degradation of
lignin [47]. The surface elemental composition of ZSCS powder was analyzed by X-ray photoelectron spectroscopy, and the results are
presented in Fig. 3b. Survey spectra of the sample showed three peaks at 285.3, 400, and 532.4 eV attributed to C 1s, N 1s, and O 1s,
respectively.

3.2. Adsorption parameters

3.2.1. Effect of pH

The effect of pH on the adsorption rate of MB and MV dye on the ZSCS adsorbent was tested by varying pH values over the range of
2-10 at constant parameters (C, = 50 mg/L, time = 1440 min, adsorbent dose = 1 g/L, and T = 25 °C), as shown in Fig. 4a and b. The
results revealed that the adsorption rate of MB and MV dyes significantly increased from 66.80 % to 99.30 % for MB and 66.20 %-—
97.96 % for MV with increasing the pH from 2 to 4 and then became constant with further increases of pH from 4 to 10 increased. The
zeta potential of ZSCS material is pHz,. = 3.8, as shown in Fig. 4c. This indicates that the surface of ZSCS is positively charged at pHp
< 3.8 and negatively charged at pHzp. > 3.8. When pHzpe < 3.8, the adsorption capacities of MB and MV were low, due to the
competition of the dye with H' ions and cationic dyes for the active site above the surface of the adsorbent in an acidic solution,
moreover, the increase of adsorption capacity at pH = 3.8 is due to the participation of reaction n—r interactions and H binding in dye
absorption. The increase in removal efficiency and adsorption capacity at pHzp. > 3.8 can be attributed to the adsorption of dyes via
electrostatic interaction between the negative charge of the surface adsorbent and the positive charge of the cationic dyes in addition to
the two mechanisms mentioned above. The maximum adsorption capacity of ZSCS towards MB and MV efficiency for MB and MV dyes
was 49.65 and 48.95 mg/g, at a pH range of 4-10, respectively. There was no significant difference between the removal rate at pH 4 to
10. Therefore, pH 6 was chosen as the optimal pH for future experiments. Similar results have been reported on the influence of pH on
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and plots of Temkin isotherm for the adsorption of MB (e) and MV (f) onto the ZSCS adsorbent.

the adsorption of MB and MV by kaolin/CuFe;04 nanocompos [53] and bran sawdust/Fe304 composite [19].

3.2.2. Effect of adsorbent dosage

The effect of the amount of ZSCS on the adsorption of both MB and MV dyes was studied by varying the adsorbent dosage from 1 to
6 g/L under the parameter conditions (C, = 50 mg/L, time = 1440 min, pH = 6; and T = 25 °C), as mentioned in Fig. 5a. The results
showed that the removal efficiency of MB and MV dyes improved from (98.02 % and 91.12 %) to (99.26 % and 97.48 %) with the
increase of the ZSCS adsorbent from 0.4 to 0.6 g/L and from 0.4 to 1 g/L, respectively, and then became constant with an increase in
the amount of ZSCS to 6 g/L. The increase in adsorption capacity with growing adsorbent dose is due to the active availability of many
sites on the surface of the ZSCS adsorbent [54,55]. However, this result revealed that an increase in the amount of ZSCS reduces the
quantity of MB and MV adsorbed on ZSCS due to the adsorption capacity (mg/g) being inversely proportional to the amount of ZSCS in
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Table 1
Isotherm parameters for the adsorption of MB and MV on ZSCS adsorbent.
Adsorbent T Qe exp. (mg/ Langmuir Freundlich Temkin
K
® Qm (mg/ Ky (L/ R? K, (mg/g) (L/ n R? AL/ brQ/ B R?
g) mg) mg)'/" mg mole)
MB 298 628.83 625 0.162 0.9932 17.619 3.968 0.955 4.36 26.12 94.8 0.9691
308 631.5 666.66 0.130 0.9932 19.985 4.545 0.982 2.50 23.45 112.7 0.9573
318 643 666.66 0.132 0.9933 27.771 8.474 0.934 2.98 27.82 101.0 0.9664
MV 298 336.3 344.82 0.086 0.9887 9.106 4.739 0.954 1.97 44.62 55.5 0.9403
308 387.36 400 0.076 0.9707 9.487 4.566 0.964 6.49 75.65 34.9 0.8924
318 434.75 476.19 0.069 0.9149 10.485 4.291 0.888 1.43 35.48 79.2 0.8844

the calculated adsorption capacity equation (Eq. (2)) [56,57]. Similar results have been reported on the influence of adsorbent dosage
on the adsorption of methylene blue by Paspalum maritimum (PMT) [58]. Therefore, 0.6 g/L for MB dye and 1 g/L for MV dye were
selected as the optimal adsorbent dosage for future experiments.

3.2.3. Effect of contact time

The influence of contact time on the percentage removal of MB and MV dyes onto ZSCS adsorbent was examined at different in-
terval times (5-120 min) under the parameter conditions (C, = 50 mg/L, T = 25 °C, adsorbent dose = 0.6 g/L for MB and 1 g/L for MV,
and pH = 6), as shown in Fig. 5b it was observed that 98.62 % and 97.46 % MB and MV can be removed within 5 min, suggesting the
ultra-fast adsorption process of both MB and MV dyes from the aqueous solutions. Then, the removal efficiency of MB and MV dyes was
increased slightly from 98.62 % to 99.16 % for MB dye and from 97.46 % to 97.74 % for MV dye when contact time increased from 5 to
30 min. The further increase of equilibrium time to 120 cannot enhance the MB and MV dye adsorption. This is due to the accumulation
of MB and MV dye on the surface of the adsorbent, as well as the saturation of the adsorption sites [59]. Therefore, these findings
suggest that the ZSCS adsorbent can adsorb MB and MV dye. Similar results have been reported on the influence of contact time on the
adsorption of methylene blue by Paspalum maritimum (PMT) and Cyanthilium cinereum (L.) H. Rob [58]. Thus, 30 min was selected as
the optimal equilibrium time for future experiments.

3.2.4. Effect of initial dye concentration and temperature

The influence of initial MB and MV dye concentrations on the adsorption process of MB and MV dye was tested in concentrations
ranging from 50 to 500 mg/L at three temperatures, 298, 308, and 318 K, and constant parameter conditions (time = 30 min, pH = 6,
and adsorbent dose = 0.6 g/L for MB dye and 1 g/L for MV), as shown in Fig. 5¢ and d. Results showed that the MB and MV adsorbed on
ZSCS adsorbent improved from 82.56 to 48.70 mg/g to 622.83 and 336.3 mg/g, with an increase in the initial concentration of MB and
MV dye from 50 to 500 mg/L, respectively, at 298 K. The improvement of ZSCS adsorption capacity at higher dye concentrations is due
to the increased driving force for mass transfer from the solution to the surface of the ZSCS adsorbent. Fig. 6a shows the influence of
different temperatures (298-318 K) on MB and MV adsorption efficiencies. As the temperature increased from 298 to 318 K, the
quantity of MB and MV adsorbed on adsorbent increased slightly from 622.83 to 643 mg/g for MB dye and from 336.3 to 434.75 mg/g
for MV dye at 500 mg/L, respectively, suggests that the adsorption of MB and MV onto adsorbent is endothermic. The increase in
adsorption capacity with increasing temperature is likely due to the activation of the adsorption site and the high mass transfer rate
from the bulk solution to the ZSCS surface [60]. A similar conclusion has been reported by Tong et al. (2016) and Sadiku et al.(2022)
for the adsorption of methyl violet dye onto a-Fe;O3@Porous hollow carbonaceous microspheres [61] and halloysite nano-clay [18],
respectively.

3.3. Adsorption isotherm

Three linear isotherm models, namely Langmuir (Eq. (3)), Freundlich (Eq. (4)), and Temkin (Eq. (5)) were employed to evaluate the
adsorption performance of the ZSCS towards MB and MV removal. The above models are expressed in the following equations:

C. G, 1

e I 3

qe Qn bQn 3
1

In qezanf+Hln C. “4)

qe= RT / b'[' ln(ATCe) (5)

where g and qp, are the amounts of MB and MV adsorbed at equilibrium and maximum per unit weight of adsorbent (mg/g),
respectively, Ce (mg/L) is the MB and MV dye concentration at equilibrium; K, and Ky are Langmuir and Freundlich adsorption
equilibrium constant. At is the Temkin equilibrium constant (L/g) corresponding to the maximum binding energy, br (J/mol) is
Temkin’s constant (related to heat of adsorption). The linear isotherm model is represented in Fig. 6(a-f), and the isotherm data
parameters with their coefficients of determination (R?) are listed in Table 1. Based on the highest value of R? (R? > 0.99) for both MB
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Fig. 7. Plot of pseudo-first-order for the adsorption of MB (a) and MV (b), plots of pseudo-second-order for the adsorption of MB (c) and MV (d), and
plot of Elovich kinetics for the adsorption of MB (e) and MV (f) onto the ZSCS adsorbent.

and MV dyes, the Langmuir isotherm model was the best-fitting isotherm model for describing the adsorption of MB and MV dye on
ZSCS, indicating that the adsorption process is monolayer adsorption with a maximum adsorption capacity of 666.66 for MB dye and
476.19 mg/g for MV dye. According to the Temkin isotherm model Fig. 6e and f, the values of by were greater than At values for both
adsorptions of MB and MV indicating good interactions between dyes and ZSCS (Table 1). These results are in agreement with previous
studies on the removal of methylene blue and methyl violet dyes using Hagenia abyssinica leaf powder (HALP) [62] and Raw date

seeds [63], respectively.

3.4. Adsorption kinetics

To determine the proposed adsorption mechanism of MB and MV dye adsorption onto ZSCS, three kinetic models, namely, pseudo-
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Table 2
Kinetic parameters for the adsorption of MB and MV on ZSCS adsorbent.
Dye C, (mg/ Qe,exp. (mg/ Pseudo-first-order Pseudo-second-order Elovich
L) ) - .
& e, ca (mg/  K;(1/min)  R? ez, ca. Mg/ K (g/mg- R’ a(mg/gmin) B (mg/g) R?
g) g) min)
MB 50 82.56 0.414 0.026024 0.442 82.64 0.29282 1 39.62258181 0.012205 0.8279
MV 50 48.99 0.647 0.008982 0.9756 49.26 0.124876 1 24.05947373 0.020678 0.7949
3.5
(a)
3
y = -1195.9x + 6.9767
2.5 R?=0.9979 y = -260.73x + 2.8961
3 = o R2=0.9761
o o —e
£ -— N
=15 '
y = -626.88x + 3.6952
1 eMB 300 mg/L R?=0.9881
oMB 400 mg/L
0.5
oMB 500 mg/L
0
0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 0.0034
YT
25
(b) y =-3497.5x + 13.247
R?=0.9996
2 y =-3857.9x + 14.105
R2=0.9942
15
4
=
1
oMV 300 mg/L
0.5 ® MV 400 mg/L y = -5565.4x + 19.366
R2=0.9919
oMV 500 mg/L
0
0.0031 0.00315  0.0032 0.00325 0.0033 0.00335 0.0034
1T

Fig. 8. Plot of In Kc versus 1/T for the adsorption of MB (a) and MV (b) onto the ZSCS adsorbent.

first-order (PFO) (Eq. (6)), (pseudo-second-order (PSO), (Eq. (7)), and Elovich (Eq. (8)) were applied. The aforementioned models are
expressed in the following equations:

klt
log(ge — g:) =log q. — 3303 6)
t 1 t
g_ 1 .t 7
qt k2qe2 qe ( )
q:=1/pIn(1 +apt) (8)

where, g, and q; (mg/g) are the amount of MB and MV adsorbed at equilibrium and time per unit weight of adsorbent, respectively, and
k1 (1/min) and k2 (g/mg*min) are the adsorption rate constants of PFO and PSO models, respectively. a and f represent the initial
adsorption rate and the desorption coefficient, respectively. The fitting kinetic model is represented in Fig. 7, and Table 2 shows the
parameters of kinetic data with their coefficients of determination (R?). Based on the highest value of the R?, the pseudo-second-order
model is the best-fitting kinetic model to describe the adsorption of MB and MV dye onto ZSCS. Additionally, the calculated adsorption
capacity value by PSO (82.64 mg/g) is very close to the experimental value of adsorption capacity (82.56 mg/g), indicating chemi-
sorption may be contributed to the adsorption of both MB and MV dyes on ZSCS. According to the Elovich model (Fig. 7e and f), the
value of « was higher than p indicating a higher adsorption rate than desorption. A similar conclusion has been reported by Sadiku et al.
(2022) and Tong et al. (2016) for the adsorption of MV dye onto halloysite nano-clay [18], and a-Fe;Os@Porous hollow carbonaceous
microspheres [61], respectively.

3.5. Adsorption thermodynamics
The values of thermodynamic parameters, including standard free energy change (AG®), standard enthalpy change (AH®), and
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Table 3
Thermodynamic parameters for the adsorption of MB and MV on ZSCS adsorbent.
Dye Concentration MG dye AH° (kJ/mol) AS° (J/mol.K) AG° (kJ/mol)
298 K 308 K 318K
MB 300 9.94 58.00 —7.35 -7.90 —8.51
400 217 24.07 —5.00 —5.26 —5.48
500 5.21 30.72 -3.95 —4.22 —4.57
MV 300 29.07 110.13 -3.75 —4.82 —5.95
400 32.07 117.26 —-2.91 -3.95 —5.26
500 46.27 161.00 -1.78 -3.16 —5.01

Electrostatic
interaction
*HN

MB and MV dye adsorption

N

S
l Hydrogen ?L' ---HO
bondinu

Electrostatic
interaction

o Hydrogen
Q’\c“' bonding
e 3 \Q
/ \g\"

Fig. 9. Proposed adsorption mechanism of MB and MV dyes onto ZSCS adsorbent.

standard entropy change (AS®), were calculated by the following equations (9) and (10):

AG°= —RT InKc ©
AH® AS°

where T is the absolute temperature (K), R (8.314 J mol~* K1), and Kc is the thermodynamic equilibrium constant, equal qe/ce. The
values of AH® and ASo were calculated from the plot of In Kc versus 1/T, as shown in Fig. 8a and b. The thermodynamic parameters are
listed in Table 3. A positive value of AH® change suggests that the adsorption of MB and MV dye by ZSCS is endothermic. Additionally,
the AHo values ranged from 2.17 to 9.94 kJ/mol and from 29.07 to 46.27 kJ/mol, which are in the AH° range for physisorption and
chemisorption, respectively. A negative value of AG® change indicates that the adsorption of MB and MV dye by ZSCS is thermody-
namically feasible and spontaneous. A positive value of AS® change reflects the increase of randomness in the adsorption system during
the MB and MV adsorption onto ZSCS. A similar conclusion has been reported by Belete Geremew and Dagme Zewde (2022) [62].

3.6. Adsorption mechanism

The adsorption mechanism of MB and MV dyes on ZSCS surfaces depends on the nature of the surface charge of both adsorbent and
absorbate. It can determine the interaction occurring between dyes (MB and MV) and ZSCS surface through the FTIR analysis of the
ZSCS surface before and after the adsorption of MB and MV dyes. In addition, the effect of different parameters such as point zero
charge of ZSCS and solution pH on the adsorption process were taken into consideration to explain the MB and MV adsorption
mechanism, as shown in section 3.2.1. According to the FTIR analysis, the bands of functional groups such as — OH/-NH, -COO-, and
C=C decreased in intensities from (3307, 1729, and 1615- 1511 cm’l) to ((3312, 1725, and 1605-1511 cm’l) and (3307, 1726, 1605-
1511 cm™Y) after adsorption of MB and MV, respectively, confirmed that these surface functional groups are responsible for the
adsorption of both dye molecules via n—r interactions, electrostatic interaction, and hydrogen bonding, as shown in Fig. 9.
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Table 4

Comparison of maximum adsorption capacity of ZSCS adsorbent toward adsorption of MB and MV dyes with different adsorbents.
Adsorbent MB, Qpax (Mg/g) MV, qmax (mg/g) Reference
MGO@TETA@MACS 247.37 - [8]
CHt@MgO 252 - [91
Fe30,@GO@AHSA 286.4 - [16]
Modified rice husk (MRH) - 154.49 [26]
Hagenia abyssinica leaf powder (HALP) 68.96 [62]
Porous carbon cross-linked zeolite nanocrystals - 108.7 [64]
DTTS-POP - 229.2 [65]
Multi-carboxylic magnetic gel (MMG) 458.7 400.0 [66]
Date seeds - 59.5 [67]
Ziziphus spina-christi seed (ZSCS) 666.66 476.19 This study

3.7. Comparison with other adsorbents

The comparison of the obtained results in the present study with some recent studies for the removal of MB and MV dyes is shown in
Table 4 [8,9,16,26,62-66]. It can be observed that the ZSCS displays a high adsorption capacity of 666.66 for MB and 476.19 mg/g for
MV dye at 318 K compared to other adsorbents. The high adsorption capacity of the MB and MV in comparison with other adsorbents is
attributed to the presence of the rich oxygenated compound and aromatic rings over the ZSCS surface, revealing that ZSCS can be
considered a viable adsorbent for the removal of MB and MV dyes from aqueous solutions.

4. Conclusion

In this investigation, a cost-effective and readily available bio-absorbent was developed using ZSCS to eliminate MB and MV from
aqueous solutions. The adsorption efficiency of ZSCS is significantly higher for MB removal compared to MV. The pH substantially
affects the adsorption rate with the optimal pH 6. The maximum adsorption capacity of ZSCS for MB and MV dyes is 666.66 and
476.19 mg/g at 318 K, respectively. The amount of ZSCS adsorbent also influences the adsorption of MB and MV dyes, with 0.6 g/L for
MB dye and 1 g/L for MV dye as the optimal dosage. It was found that 98.62 % and 97.46 % of MB and MV were removed within 5 min.
The Langmuir isotherm model was the most suitable model for describing the adsorption of MB and MV dyes on ZSCS. Meanwhile, the
pseudo-second-order model kinetic fits better to MB and MV adsorption onto ZSCS than other models, suggesting that the adsorption
mechanism followed chemisorption.
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