
Introduction 

Water is the most valuable natural resource on the planet, with 
resources that are among the most important. It is a fundamental 
component of sustainable growth in all civilizations (Baaloudj 
et al. 2022). The quality and quantity of water are critical 
(Gökku et al. 2016). Although water covers more than 71% 
of the Earth’s surface, only 2.5% of it is considered fresh 
water, and only 0.002% is thought to be accessible to humans 
(Benrighi et al. 2021).

Water is a limited resource that is constantly being 
contaminated by dangerous chemicals from Water is a limited 
resource that is constantly being contaminated by dangerous 
chemicals from human activities such as agricultural runoff, 
poor sanitation, and industrialization (Khan et al. 2019, 
Benrighi et al. 2021). The rapid advancement of science and 
technology has led to the production of a large number of 
chemical compounds by the chemical industry (Abdel-Ghani et 
al. 2007). These hazardous compounds are being released into 

the environment at an increasing rate, and their concentrations 
are rising (Boyd et al. 2020). Agricultural waste is one source 
of water pollution, and waste management strategies are being 
developed that use waste as a substitute for traditional materials 
(S.S. Owoeye et al. 2019). 

Palm trees are members of the Arecaceae family of 
evergreen plants. Each date palm tree produces approximately 
40 kg of burnable waste per year. Date palm waste is 
typically burned on farms or disposed of in landfills, causing 
environmental pollution in date-producing countries. For 
the long-term utilization of date palm biomass, a variety of 
physiochemical, thermal, and biochemical technologies are 
available. Date palm also has a high volatile solid content 
and a low moisture content. Because of these factors, date 
palm residues are an excellent biomass resource in date-palm 
producing countries (Faiad et al. 2022). A date garden has 
an average economic life of 40 to 50 years, but some can be 
productive for up to 150 years (Chao et al. 2007). The date 
palm requires special care during its lifespan. The offshoot 
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Abstract: This study describes the creation of a low-cost silica material using a silicate extract as a precursor. This 
precursor is made from inexpensive palm frond waste ash through a simple calcination process at 500°C and a green 
extraction with water. Nitrogen adsorption-desorption, FTIR analyses, and transmission electron microscopy were 
used to characterize the samples. The surface area of the obtained mesoporous silica ash material was 282 m2/g1, 
and the pore size was 5.7 nm. For the adsorption of copper ions, an excellent adsorbent was obtained. The 
maximum copper ion adsorption capacity of this inexpensive silica ash-based adsorbent for removing heavy 
metal ions Cu(II) from aqueous solutions was 20 mg/g, and the eff ect of pH, temperature, and time on its 
adsorption capacity were also investigated. In addition, The adsorption isotherms were fi tted using Langmuir 
and Freundlich models, and the adsorption kinetics were evaluated using pseudo-fi rst-order and pseudo-second-
order models

The results demonstrated that the synthesized adsorbent could eff ectively remove heavy metal ions from 
aqueous solutions at pH levels ranging from 2 to 5. The adsorption isotherms followed the Langmuir model, 
and the kinetic data fi t the pseudo-second-order mode well. The thermodynamic results Negative values of G° 
indicate that the adsorption process was spontaneous, and negative values of entropy S° indicate that the state of 
the adsorbate at the solid/solution interface became less random during the adsorption process. According to the 
fi ndings, prepared silica from palm waste ash has a high potential for removing heavy contaminating metal ions 
Cu (II) from aqueous solutions as a low-cost alternative to commercial adsorbents.
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should be removed, and dead or defective fronds should be 
removed yearly, resulting in approximately 20 kg of waste 
per year from just one date palm. According to some studies, 
Saudi Arabia alone generates more than 200,000 tons of date 
palm biomass each year (Zafar et al. 2021). Date palm wastes 
include fronds, offshoots, dried frond bases (karab), and date 
pits. Local farmers say they usually collect and burn this 
waste. A small portion of the waste is shredded and combined 
with other biowaste to be used as animal feed, or it is left to 
decompose naturally and used as fertilizer. 

The primary goal of this article is to demonstrate the 
benefits of processing date palm waste. Researchers have 
studied and approved the efficiency of date palm waste as an 
adsorbent in various desalination applications, including the 
removal of heavy metals such as zinc, cadmium (Hosseinkhani 
et al. 2014), copper (Al-Ghouti et al. 2010), and lead (Badawi 
et al. 2021) these heavy metals have polluted natural water 
resources as a result of the Industrial Revolution, and the 
WHO has established safe maximum levels of each metal 
in drinking water. Many researchers have investigated the 
ability of date palm waste to absorb heavy metals, with 
a particular focus on the fronds. The fronds are found around 
the trunk in two spirals, one left-handed and one right-
-handed, and each mature frond has a rachis, leaflets, and 
thorns (Kushairi et al. 2019). The aerial part of the oil palm 
tree, which consists of the petiole and the leaflet, makes up 
the palm fronds. The petiole, or woody part, accounts for over 
70% of the total weight of the frond, while the leaflet weighs 
less than 30%. Therefore, the proportion of petiole and leaflet 
portions determined by frond age at harvest is the dominant 
factor determining the fiber composition of maturing oil palm 
fronds (Ng, S.K. et al. 2003). 

Silicon dioxide (SiO2), also known as silica, is 
a fundamental material and a valuable inorganic multipurpose 
chemical compound. In nature, silica is found as quartz, sand, 
or flint, and it can also be found in agricultural waste like palm 
ash. These wastes must be properly disposed of, or they will 
cause a major environmental sustainability issue. For example, 
according to (Chea Chandra,et al. 2007) the significant amount 
of this waste presents an opportunity for producing silica for 
industrial purposes

Even though the production of silica from agricultural 
waste is lower than that of quartz or sand, it can still be used 
to meet industrial demands. Adsorption is one of the best 
approaches because it effectively opens up new avenues for 
addressing pollution issues. Adsorption is generally preferred 
for heavy metal ion removal due to its high efficiency, ease 
of handling, availability of various adsorbents, and cost 
effectiveness (Kimbrough et al. 1999, and Lin and Juang, 
2002). 

To that end, the goal of this study is to demonstrate an 
applied and novel method of using silica ash produced 
from palm fronds for the purification and removal of heavy 
metal-polluted water sources, as well as the best treatment of 
environmental pollution issues by using eco-friendly and more 
safe methods for human life and economic benefit. FTIR, SEM, 
and BET were used to characterize the resulting material. The 
effect of several factors on the preconcentration process was 
investigated, including shaking time, metal ion concentration, 
ligand mass, and solution pH.

Materials and Method
Materials and Chemicals
Chemicals
Chemical reagents like oxalic acid and copper nitrate Cu 
(NO3)2 were purchased from a chemical reagent company. All 
of the reagents were analytical grade.    

Materials 
Many leaching agents, such as HCl, HNO3, and H2SO4, are 
used in hydrometallurgical extraction techniques to control 
conditions such as burning temperature and time. However, 
the majority of these agents pollute the environment. Organic 
acids such as citric, acetic, and oxalic acids can be appealing 
leaching agents if the leaching is done at a moderately acidic 
pH. ( Habbache et al. 2009). Extraction and functionalization of 
silica from palm fronds were obtained locally in this study by 
collecting palm tree leaves in Sharoura City, Najran, Kingdom 
of Saudi Arabia.

Instrumentation and characterization
Spectrophotometric measurements were taken using a Perkin-
-Elmer Lambda 35 spectrophotometer with 1.0 cm3 quartz 
cells and a scan speed of 8 nm/sec. The pH was measured 
with a Jenway 3305 pH meter and a glass-calomel electrode 
assembly accurate to 0.01 pH units, calibrated using buffer 
solutions with pH values of 4.0 and 10.0, prepared by 
dissolving buffer capsules in second-generation de-ionized 
water. A Jenway 1000 magnetic stirrer was used to stir the 
solutions. The surface functional groups of the samples were 
also determined.

Nitrogen (N2) adsorption-desorption isotherms at 77.5 K 
were measured using a NOVA 2200e surface area and pore size 
analyzer (Quantachrome Instruments). The sample’s specific 
surface area was calculated using the BET (Brunauer-Emmett-
-Teller) method, and the pore size distribution was examined.

Preparation of Silica adsorbent
This study looked into the extraction and functionalization 
of silica from palm using oxalic acid as a leaching reagent. 
Local palm fronds and leaves were collected from trees in 
Sharoura City, Najran, Saudi Arabia. The leaves were cleaned 
with distilled water, dried for several hours, and then cut into 
small pieces. The sample was milled into a soft powder using 
an electric blender, then sieved and stored in a plastic vessel 
until used in the experiments. Weighing 10 g of palm frond 
powder (with an average particle size of 75 m) and adding it 
to a 500 ml beaker contains a specific concentration of oxalic 
acid solution. The beaker was placed on the hot plate with 
the magnetic stirrer, and the temperature of the solution was 
raised to 70°C. The recorded reaction time was 90 minutes. 
Following the acid leaching process, the palm ash was rinsed 
with distilled water at room temperature to remove the ash’s 
citric acid content. The materials were dried in the oven at 
60°C for two hours before being combusted in the furnace at 
800°C for 30 minutes.

Adsorption Isotherm 
Batch experiments were conducted with 0.5 g of palm frond 
silica ash and 100 mL of Cu (NO3)2 solutions, with initial 
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Cu (II) concentrations ranging from 100 to 400 mg/L. These 
were added to various conical flasks, and the adsorption took 
place for 24 hours at 70°C under normal pH conditions with 
continuous stirring. The equilibrium adsorption capacities of 
palm silica ash for Cu (II) were calculated using the following 
equation: 

  (1)

where qe is the equilibrium adsorption capacity (mg/g); C0 
and Ci are the initial and equilibrium concentrations (mg/L) 
of the Cu2+ solution, respectively; v is the volume of the initial 
solution (L) used for sorption; and W is the weight of the 
adsorbent (g).

Kinetic Adsorption
The kinetic reaction occurred and the equilibrium time was 
determined utilizing 0.5 g of sorbent at 70°C. The adsorption 
time varied from 30 to 120 min. The kinetics adsorption was 
estimated by two kinetic models: the pseudo-first-order model 
and pseudo-second-order model. 

Results and Discussion
FTIR spectroscopic studies
The samples’ functional group changes were determined 
using FTIR. The extracted silica FTIR spectra were analyzed 
according to the steps shown in Fig. 1 (Umeda et al 2010). The 

main characteristic peaks at 500–1590 and 490–510 cm were 
assigned to (Si-O-Si), (Si-OH), and (Si-O-Si), respectively 
(Fernandes et al. 2016). Cu (II) spectrum showed a main 
characteristic peak at 500 cm, and the formation of a metal 
oxygen bond caused the peak to appear at around 2360 cm. The 
presence of metal coordination was confirmed by a strong band 
at 500 cm, which corresponds to C-O-Cu stretching vibration 
(Blitz et al. 2007). Additionally, a band at 1650 cm appeared. 

Scanning Electron Microscope (SEM)
Palm frond waste samples were fixed on a glass plate with 
petroleum wax, and a thin film of gold was sprayed for SEM 
analysis. In the vacuum chamber of the gold depositing 
machine, gold particles were deposited on the surface of the 
palm frond. Special conductive liquids were used to make the 
glass plate conductive as well. Figure 3 shows scanning electron 
micrographs of palm frond surfaces before they were burned 
and converted to ash. The results revealed that the surface of 
the palm frond was rough and undulating (Figure 2a). After 
calcination, the morphology of palm frond ash was significantly 
destroyed, and asperities on its surface were almost completely 
removed (Figure 2b) shows the morphology of silica prepared 
from pretreated palm fronds and (Figure 2c) shows the ) silica 
ash after adsorption of cu (II).

Nitrogen Adsorption Desorption Analysis
It can be seen in Fig. 3 that the N2 adsorption isotherm of the 
functionalized silica gave a hysteresis loop in the range of p/p0 
values between 0.6 and 0.8, which is associated with capillary 

Fig. 1. FTIR of: (A) Activated silica ash free, (B) Cu (II)

Fig. 2. SEM images of (a), palm frond (b) SiO2 (c) silica ash after adsorption of cu (II)

(a) (c)(b)
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condensation, a characteristic of mesoporous materials. This 
demonstrates that the silica is a mesoporous material with 
pores that are less than 50 nm in diameter, according to the 
International Union of Pure and Applied Chemistry (Das, et 
al. 2017) Using BET analysis, the surface area, pore size, and 
pore volume of the functionalized silica were determined to be 
236.36 m2/g, 0.105 cm3/g, and 6.18 nm, respectively. 

Adsorption Isotherms
At a constant temperature, isotherms show the equilibrium 
relationship between the amount of adsorbate adsorbed on the 
adsorbent surface and its concentration in the solution. There are 
numerous adsorption models in the literature that can be used to 
fit experimental adsorption data. When the adsorption process 
reaches an equilibrium state, the adsorption isotherm shows 
how the adsorption molecules are distributed between the liquid 
and solid phases. Fitting the isotherm data to different isotherm 
models is an important step in finding a suitable model that can 
be used for design purposes (Li et al. 2013). Figure 4 depicts 
the equilibrium adsorption isotherm of Cu (II) ions onto palm 
silica ash. It shows a vertical increase at low concentrations and 
a horizontal plateau at higher concentrations, indicating that the 
adsorbed amount increases only slightly at higher concentrations. 

The adsorption capacity at equilibrium (qe) increased from 
2 mg/g to 6.7 mg/g as the initial Cu (II) concentration increased 
from 10 to 400 mg/L, as shown in Fig. 4. When the Cu (II) 
ion concentration was 30 mg/L, the highest value of 7.1 mg/g 
was obtained, which decreased to 5.9 mg/g at 400 mg/L. The 
mass transfer driving force increased with initial concentration, 
resulting in increased adsorption of Cu (II) ions (Syafiqa et al. 
2021). Similarly, (KKIU et al. 2013) determined the adsorption 
effect of neem leaf powder on Cu (II) (NLP). Their findings 
revealed that the adsorption capacity increased with the initial 
Cu (II) ion concentration until it reached a maximum, then 
decreased due to active group saturation. This is consistent with 
the findings of the current study.

Effect of pH on the adsorption performance of Cu(II)
Figure 5 depicts the effect of solution pH on the adsorption of 
Cu onto silica ash. Since Cu precipitation is expected when 
the pH exceeds 5.0, the test is performed in the pH range of 
2.0 to 9. As shown in Fig. 5, the adsorption capacity of Cu (II) 
increased as the pH increased, indicating that the pH value has 
a significant impact on the adsorption performance of Cu (II). 
The copper ion adsorption performance on silica ash is poor 
when pH is less than 4.0.

Fig. 3. Adsorption/desorption isotherm of the functionalized silica. Inset: The pore size distribution

Fig. 4. Eff ect of initial concentration of Cu (II) ions 
on adsorption onto silica surface at equilibrium

Fig. 5. Eff ect of pH on Cu adsorption on palm silica ash 
surface
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353 K to 5.41 mg/g at 373 K. When the adsorbent degraded, it 
changed the surface chemistry of the sorbent, which increased 
the availability of active functional groups and decreased 
heavy metal ion adsorption. Furthermore, as temperatures 
rose, the bonds shifted, favoring the desorption process (Sharaf 
and H. Hassan, 2014). The thickness of the boundary layer 
decreased as the temperature increased because metal ions 
escaped from the surface into the solution phase, limiting the 
adsorption capacity (El-Araby, et al. 2017). Similar findings 
were obtained by (Aksu et al. 2005), who reported that the 
equilibrium uptake capacity of Cu (II) ions using dried sugar 
beet pulp as a sorbent decreased from 24.6 to 12.3 mg/g as 
temperature increased from 25 to 45°C.

Effect of time on adsorption of Cu(II)
Figure 8 shows the relationship between Cu (II) adsorption 
capacity and time, as well as the relationship between Cu 
adsorption efficiency and time. As shown in Fig. 8, the 
adsorption capacity and efficiency of Cu (II) increased over 
time. The adsorption of Cu by palm silica ash can be divided 
into two stages: the first reaction stage, which lasted from 
the beginning to the 30th minute, and the second stage. 
The first-stage reaction was primarily surface adsorption, 
which increased adsorption capacity and efficiency while 
also making the adsorption reaction very fast. The second 
reaction stage was dominated by gradual adsorption, and 

Effect of mixing speed on adsorption 
When the pH of silica ash is 6.0, the maximum amount of 
Cu adsorption occurs. At low pH values, the water contains 
a high concentration of hydrogen ions, which can cause the 
functional group of the adsorbent to be protonated, resulting 
in the Cu not being completely adsorbed. The hydrogen ions 
that were originally combined with the functional groups on 
the mesoporous silica ash material will gradually detach as the 
pH rises. As the number of adsorption sites that can be used 
to adsorb Cu increased, so did the adsorption capacity. As 
a result, the optimal pH value for removing Cu from aqueous 
solution was found to be between 3 and 6. 

Effect of adsorbent dosage on Cu (II) adsorption
The Cu (II) removal percentage increased rapidly as the 
adsorbent dosage was increased from 1 to 4 g/100 mL, reaching 
98% at the 4 g/100 mL dosage (Fig. 7). The removal efficiency 
gradually reached adsorption equilibrium at a dosage of 
2 g/100 mL, and there was no further increase in Cu (II) 
adsorption with increasing adsorbent dosage. Adsorbent 
dosage is an important factor in determining an adsorbent’s 
adsorption potential at a given initial concentration. The 
variation in adsorption capacities at different adsorbent dosages 
could be attributed primarily to the available adsorption sites. 
More active sites and surface area of the adsorbent became 
available for adsorption as the adsorbent dosage increased. 
The increased adsorbent dosage had no effect on adsorbate 
uptake once the adsorption reached equilibrium because it 
added unavailable sites (Elsayed et al. 2020, Mahmudi et al. 
2020). Furthermore, while increasing the adsorbent dosage 
increased the interference of the adsorbent surface among the 
active groups, the equilibrium concentration of Cu(II) was 
lower. This was due to the driving force being too low for the 
adsorbate to diffuse into the adsorbent surface and be adsorbed. 
These findings are consistent with previous research (Park D, 
et al. 2008).

Effect of Temperature
Cu (II) ion adsorption onto silica produced from palm ash was 
studied at 343 K, 353 K, and 373 K with an initial solution 
concentration of 40 mg/L. As presented in Fig. 8, as the 
temperature increased from 343 to 373 K, the adsorption of Cu 
(II) metal ions onto palm silica ash increased from 5.83 mg/g at 

Fig. 6. Eff ect of mixing rate on adsorption of Cu (II) 
on palm silica ash surface

Fig. 8. Eff ect of contact time on Cu (II) adsorption, 
0.25 g/100 mL on palm silica ash surface

Fig. 7. Eff ect of adsorbent dosage of Cu (II) adsorption 
on palm silica ash surface
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The Langmuir isotherm’s essential properties can be 
expressed in terms of a dimensionless equilibrium parameter 
(RL) (Ofomaja and Ho. 2007). The following is the definition 
of this parameter:

  (3)

here Ci is the initial concentration of Cu (II). The RL value 
indicates that the adsorption is unfavorable: RL > 1; linear: RL 
= 1; favorable: 0 < RL < 1; or irreversible: RL = 0. Table 1 lists 
the Langmuir and Freundlich isotherm model parameters and 
correlation coefficients for the adsorption of Cu (II) ions on 
palm silica ash. RL was found to be 0.0037, 0.00018, 0.00012, 
and 0.0092. These results emphasized that the Langmuir 
isotherm was the best at describing the adsorption of Cu (II) 
ions on the silica produced from palm silica ash. The values 
of RL were in the range of 0–1, which indicated that the 
adsorption of Cu (II) metal cations onto the silica produced 
from palm silica ash was favorable ( El-Araby, et al. 2017). 

Freundlich Isotherm 
The Freundlich isotherm is an experimental model in which 
qe represents the amount adsorbed per amount of adsorbent 
at equilibrium (mg/g), Ce represents the equilibrium 
concentration (mg/L), and Kf and n are Freundlich constants 
that correspond to adsorption capacity and adsorption 
intensity, respectively. They are also affected by the adsorbate. 
The Freundlich equilibrium constants Kf and n are obtained 
by plotting ln qe versus log Ce, which results in a straight 
line with slope n. If n falls between 1 and 10 (1/n is less than 
1), they are also influenced by the adsorbate. The Freundlich 
equilibrium constants Kf and n are obtained by plotting ln 
qe versus log Ce, which yields a straight line with slope n. 
n values within the range of 1–10 are considered favorable 
for adsorption, where n > 1 is the most common and explains 
the distribution of active centers on the surface or any factor 
that produces a decrease in adsorbent-adsorbate interaction 
with increasing surface density. If n is between 1 and 10 (1/n 
is less than 1), it indicates a physical adsorption of metal ions 
onto the silica fume ash.

In the present study, n was between 1 and 10, which 
indicated the physical adsorption of metal ions onto the silica 
fume ash. It had a value of 4.67, and KF had a value 1.91, as 
shown in Fig. 10 and Table 1. Freundlich constants KF and n 
were calculated using equation (4) and are listed in Table 1. 
The magnitude of n gives a measure of the favorability of 
adsorption.

The logarithmic form of the Freundlich model (Freundlich, 
et al. 1906) is represented by the following equation: 

  (4)

Adsorption Kinetics
Several adsorption kinetic models such as the pseudo first-
-order and pseudo second order models have been used to 
understand the characteristics and mechanism of adsorption, 
as well as the rate-limiting step during the adsorption process 
(Taha, et al. 2017). 

the adsorption reaction was relatively slow. It gradually 
reached equilibrium after 90 to 120 minutes. Because the 
mesoporous material palm silica ash contains a large number 
of active sites and has a high mass transfer driving force in 
the early stages of adsorption, Cu can be easily adsorbed by 
palm silica ash. However, over time, a large amount of Cu 
accumulates on the surface of palm silica ash, reducing the 
number of active sites and impeding Cu movement, resulting 
in nonlinear adsorption.

Adsorption Isotherms
The adsorption isotherms were obtained using two isotherm 
models: the Langmuir and Freundlich models. These two 
models were appropriate for the adsorption process of Cu2+ on 
the silica produced from palm silica ash, as shown in Figs. 9 
and 10. The data results are listed in Table 1. The isotherm 
equations that determined the adsorption process utilized 
the R2 values as correlation coefficients. The Langmuir and 
Freundlich isotherm models were used in this research. 

Langmuir Isotherm
The Langmuir isotherm assumes homogeneous adsorption, 
whereas the Freundlich isotherm is an experimental 
equation used to depict heterogeneous systems. The results 
demonstrated that the Langmuir model outperformed the 
Freundlich model for the adsorption investigated in this 
study. This suggested that the adsorption process was 
a homogeneous one. The maximum Cu2+ adsorption capacity 
was 18.51 mg/g, which was higher than or comparable 
to previously published data (Table 1). When Ce/qe was 
plotted against Ce, a straight line with a slope of 1/qe was 
obtained, as shown in Fig. 9. The results for the adsorption 
of Cu (II) ions onto silica produced by palm silica ash were 
well fitted using the Langmuir isotherm, as indicated by 
a correlation coefficient R2 of 0.97. The slope and intercept 
were used to calculate the Langmuir constants b and qmax, 
which were related to the adsorption energy and maximum 
adsorption capacity, respectively. The Langmuir isotherm, 
which indicates monolayer adsorption, is represented by the 
following equation (Langmuir et al. 1916):

  (2)

Fig. 9. Langmuir isotherm adsorption of Cu (II) onto silica 
surface
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The pseudo-first-order model was suggested by 
(Gupta,et,al. 2001). The linear form of the pseudo-first-order 
model is expressed as follows:

  (5)

where qe and qt (mg/g) are the amounts of Cu (II) ions adsorbed 
onto silica extracted from palm waste ash at equilibrium and 
time t, respectively; and K1 (min−1) is the rate constant of the 
pseudo-first-order kinetic model. A straight line was obtained 
by plotting ln (qe-qt) against time. This straight line was used 
to determine -K1, correlation coefficient R2, and the theoretical 
value of qe. Although the plot was linear and the calculated 
value (qe, calc.) and experimental value (qe, exp.) were not 
in agreement with each other, the values of the correlation 
coefficient for the pseudo-first-order kinetic model were 
smaller than those of the pseudo-second-order kinetic model. 
Thus, the adsorption kinetics for the pseudo-first-order kinetic 
model were poor, as shown in Fig. 11 and Table 2.

Pseudo-second-order reaction
the pseudo-second-order kinetic model of adsorption is 
dependent on the chemical reactions that occur during the 
chemisorption process, which involve the exchange of 
electrons between the adsorbate and adsorbent as a result of 
valence forces (Ang,et al. 2013). The equilibrium adsorption 
was evaluated using the following relationship:

  (6)

where K2 is the rate constant (g/mg min) of the pseudo-second-
-order kinetic model. The straight-line plots of t/qt against t 

Fig. 10. Freundlich isotherm adsorption of Cu (II) 
onto silica surface

Fig. 11. Pseudo-fi rst-order plot for adsorption of Cu (II) 
ions onto silica surface

Fig. 12. Pseudo-second -order plot of adsorption of Cu (II) 
ions onto silica surface

Table 1. Parameters of Langmuir and Freundlich isotherms 
for adsorption of Cu (II) ions onto silica surface

Isotherm model Evaluated parameters of isotherm

Langmuir
qmax (mg/g) b (L/mg)  R2

18.51 0.56 0.97

Freundlich
n Kf R2

1.91 0.93 4.67

Table 2. Cu (II) sorption capacities in comparison with those 
of sorbents in other studies

sorbents 
Adsorbent

Adsorption capacity
Cu (II) (mg/g)

Water Research, 32(4) 
(1998) 1314–1322

Red mud 19.72 Desalination, 229 (2008) 
170–180

Soybean 
straw 5.40 Sep. Purif. Technol., 54 

(2007) 187–197

(Fig. 12) were used to determine the values of k2 and qe, calc. 
This model was more likely to predict the behavior over the 
whole contact time range. As listed in Table 3, the R2 value 
for the pseudo-second-order kinetic model was very close to 
or even equal to unity. Moreover, the calculated equilibrium 
adsorption capacity values (qe, calc.) were very close to the 
experimental (qe, exp.) values, which indicated that the 
Cu(II) ion adsorption process onto palm silica ash obeyed the 
pseudo-second-order model kinetics at all the initial Cu(II) 
concentrations.

Thermodynamic Parameters
The thermodynamic parameters that determined the process 
were the changes in the standard enthalpy (H°), standard 
entropy (S°), and standard free energy (G°) due to the transfer 
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of a unit mole of solute from the solution onto the solid–liquid 
interface. The values of H° and S° were calculated using the 
following equations:

  (7)

  (8)

where R is the universal gas constant (8.314 J/(mol.K)); T (K) 
is the absolute temperature in Kelvin, and Kc is the linear 
adsorption distribution coefficient, which is defined as follows: 
Kc = Co/Ce, where Co and Ce (mg/L) are the initial adsorbate 
concentration and concentration of the adsorbate remaining in 
the liquid phase at equilibrium, respectively. ΔG° is the free 
energy of adsorption, ΔH° (kJ/mol) is the enthalpy change, and 
ΔS° (J/(mol. K)) is the entropy change. The values of H° and 
S° were calculated from the slope and intercept of the plot for 
log K versus Temp in Kelvin and it is shown in Figure 13.

The data for the thermodynamic parameters were collected 
and listed in Table 4. The negative value of ΔH° shows that the 
adsorption was exothermic in nature. In addition, the negative 
value of ΔS° indicates that the adsorption reaction may be an 
associative or dissociative mechanism. A negative value for 
ΔS° shows that an associative mechanism was involved in the 
adsorption process. The adsorption in such a case was through 
the formation of an activated complex between the adsorbate 
and adsorbent )Aregawi et al.2013). The sign for the entropy 
ΔS° value showed that the state of the adsorbate at the solid/
solution interface during the adsorption process became less 
random (ΔS° < 0) or more random (ΔS° > 0) (Tran et al. 2016), 
as well as a reduction in the degrees of freedom for the Cu (II) 
ions in the solution. A negative value of ΔG° indicated that 
the adsorption process was spontaneous, whereas a positive 
value for ΔG° with increasing temperature indicated that the 
adsorption was non-spontaneous, and that the spontaneous 
nature of the adsorption was inversely proportional to the 
temperature.

Conclusion 
High-purity silica ash was prepared from palm frond waste 
ash using oxalic acid as an organic leaching agent instead 
of inorganic acid. The chemical and structural properties of 
the silica ash were characterized through various methods, 
revealing a specific surface area, pore volume, and pore size 
of 236.36 m2/g, 0.105 cm3/g, and 6.18 nm, respectively.. The 
adsorption performance of silica ash for removing Cu from 
aqueous solutions was then investigated Silica ash demonstrated 
excellent cycle adsorption performance with a dosage of 
0.5 g/L, an initial Cu concentration 40 mg/L, an optimum 

Fig. 13. Eff ect of temperature on thermodynamic behavior 
of adsorption of Cu (II) ions onto silica surface

Table 3. Kinetic parameters and correlation coeffi  cients of two kinetic equations for diff erent initial Cu (II) ion concentrations 
on silica surface

Metal ion qe.exp 
mg/g

First-order
kinetic mode

Second-order
kinetic mode

Cu (II) 7.1
qe,cal (mg/g)

mg/g
K1 
min R2 qe,cal 

mg/g
K2

g/gmin R2

2.11 0.01 0.98 7.23 0.01 0.99

Table 4. Thermodynamic parameters for adsorption of Cu (II) 
onto silica surface

∆S° 
(J/mol·K)

∆H° 
(kJ/mol)

∆G° 
(kJ/mol) T (K)

-4290 -93. 3

-7268 343
-7914 353
-8006 363
- 7565 373

pH of 9.0, an equilibrium adsorption time of 120 min, and 
a chemisorption mechanism following pseudo-second-order 
kinetics. Cu adsorption capacity increased with temperature, 
with an ideal reaction temperature of 360°C. Adsorption 
was governed by both the Langmuir and Freundlich models, 
with the maximum theoretical adsorption capacity based 
on the Langmuir model being 18.51 mg/g. The adsorption 
performance of silica ash mesoporous materials was superior 
Although only Cu was investigated in this study, future studies 
are expected to explore the removal of mixed heavy metals 
from real wastewater. Overall, this study confirms that silica 
ash from palm fronds is a reliable and low-cost adsorbent for 
effectively removing Cu from wastewater. Its high surface area 
also makes it promising for various applications, including 
catalysts and adsorbents.
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