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rsenic, is one of the most harmful elements to human health that continuously causes a 
threat to the world. Arsenic is found in combined form in rocks under the earth's surface 
and when it dissolves, it contaminates groundwater. The current research synthesized 

iron oxide nanoparticles (Fe2O3-NPs) and aluminum oxide nanoparticles (Al2O3-NPs) for 

removal of arsenic (As) (˅) from an aqueous medium and characterized the synthesized material 
by different analytical techniques such as FT-IR spectroscopy and XRD spectroscopy. The results 
show successful synthesis of Fe2O3-NPs and Al2O3-NPs. Furthermore, the synthesized material 
was used as an adsorbent for extraction of as (V) from water. The effect of different parameters 
such as pH, temperature, contact time, and adsorbent dose on the adsorption process was 
investigated. The adsorption efficiency was determined by Fe2O3-NPs at about 20 mg/g and 
Al2O3-NPs at 19.5 mg/g. The quantitative removal of as (V) from industrial water required a 
minimum amount (0.2 g) of Fe2O3-NPs and Al2O3-NPs. various kinetic and isotherms were 
investigated in the current study. The result showed that the obtained data for Fe2O3-NPs was 
more fitted to Pseudo second order kinetic and Freundlich equation, while for Al2O3-NPs the 
data was more fitted to Pseudo second order kinetic and Elovich model equation, which confirms 
the interaction among as (V) and adsorbents. Thermodynamic parameters were also investigated 
which shows the process is spontaneous and endothermic. This model was used to estimate the 
site energy distribution for each adsorbent. Thermodynamic parameters were also investigated 
which shows the non-spontaneous and endothermic nature of the adsorbent. According to the 
results of the analysis of the approximate site energy distribution, adding Fe2O3 and Al2O3-NPs 
to arsenic decreased the area under the frequency distribution curve of the sorption site energies, 
which in turn decreased the number of sorption sites that were open to arsenic. This might be 
explained by the hydrophobic interaction between synthesized materials and arsenic being 
reduced due to the blocking of the Fe2O3 and Al2O3-NPs hydrophobic surface. 
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Introduction 
In the 20th century, the most common element in the crust of the earth is arsenic. It 

occupies about 0.00005 % surface of the earth. Arsenic (As) is a carcinogenic and poisonous 
metalloid that enters the aqueous system via both natural and artificial sources [1]. Many 
contaminants found in water streams have been identified to be hazardous and damaging to both 
the environment and human health. Arsenic is a high-priority hazard among them. Inorganic and 
Organic As species are found mainly in two oxidation states that are as (V) including arsenic acid, 
arsenic Penta oxide, arsenate, dimethyl arsenic acid (DMAA), and monomethyl arsenic acid 
(MMAA) in the rocks and soils, water, air, plants, and animals in their natural habitats. As can be 
released into the environment via volcanic activity, weathering of rocks and minerals, and forest 
fires, among others. The discharge of arsenic into the environment is also due to anthropogenic 
activity. Arsenic can be found in wood preservatives, paints, pharmaceuticals, dyes, metals, and 
semiconductors. Arsenic is also produced as a result of agricultural applications (pesticides, 
fertilizers), fossil fuel combustion, mining, smelting, landfilling, and other industrial activities [2]–
[4]. Humans are affected by arsenic contamination which can cause cerebrovascular and 
cardiovascular diseases, lung, skin, and bladder disorders as well as gastrointestinal problems. 
Presence of excess amounts of as (V) in drinking water cause several health issues which engulfed 
various countries including the United States. In 1993 World Health Organization (WHO), need 
to protect people against the effects of long-term, chronic exposure to drinking water (WHO, 
2001), and modifications in the WHO's arsenic standard for drinking water (WHO, 2001), the 
United States Environmental Protection Agency (US EPA) has dropped the current maximum 
contaminants level for arsenic in drinking water from 0.05 mg/L (50 ppb) to 0.01 mg/L (10 ppb), 
(US EPA, 2003). The standard concentration for As in drinking water is 10 µg/L reported by the 
latest standards  Environmental Protection Agency (EPA) [5]–[7]. To comply with the EPA 
proposed arsenic standard, numerous smaller drinking water treatment plants are required for 
additional treatments. Individual ground wells and other small-scale water systems are common 
in arsenic-endemic areas, and scientists have recently focused on producing techniques that are 
both cost-effective and practical for their desired purposes.  For the removal of As (V) from an 
aqueous environment, various techniques have been used as Adsorption, Precipitation-
coagulation, membrane technology (reverse osmosis and nanofiltration), and so on [7]. But 
adsorption is becoming an attractive and promising technology among others because of its 
simplicity, cheaper pollution control method, ease of operation and handling, sludge-free 
operation, and regeneration capacity.  

Iron and aluminum-based adsorbents have been considered one of the best small-scale 
arsenic removal techniques [6]. For the design of adsorbers, detailed information on equilibrium 
data is required [8]. The adsorption equilibrium provides basic physicochemical information for 
evaluating the applicability of sorption operations as a unit operation. The sorption equilibrium is 
commonly described by an isotherm equation, whose parameters indicate the surface 
characteristics and affinity of the sorbent at a certain temperature and pH. As a result, for the 
effective design of adsorption contact processes, an exact mathematical description of the 
equilibrium isotherm is required [9]. Adsorption is a relatively inexpensive technique for separating 
a small number of hazardous substances from vast quantities of solution. These advantages have 
driven numerous researchers to utilize adsorption to remove arsenic from drinking water. The 
following materials are used as adsorbents for removal from an aqueous environment i.e., 
Activated alumina, manganese green sand, granular ferric hydroxide, soil, and mud [7], [10]. Table 
1. illustrated the different adsorbents along with their maximum adsorption capacities. This article 
illustrates the adsorption of as (V) by iron (Fe2O3) and aluminum (Al2O3). 
Material And Methods 

In the current research work, all the chemicals and reagents were used of analytical grade. 
FeCl3.6H2O (Sigma Aldrich), Al(NO3)3·9H2O, Al2(SO4)3·18H2O, distilled water, urea 
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(CO(NH2)2),. Iron(III) chloride hexahydrate (FeCl3, 6H2O), ammonia hydroxide (NH4OH), 
ethanol (C2H6O),  NaOH, and HCl (37%) were obtained from Merck, KGaA Darmstadt 
(Germany). Throughout experiments distill water was used [11] [12] [13]. 

Table 1. Adsorptive removal of as (˅) via different adsorbents along with their maximum 
adsorption capacities (Qmax). 

S. No. Adsorbent Type Qmax(mg/g) References 

1. Zirconium oxide 32.4 [11] 

3. ZrO (OH)2/CNT 124.6 [12] 

4. TiO2 cluster 124.0 [13] 

5. TiO2 nanoparticles 150.0 [14] 

6. rGO-TiO2/Fe3O4 150.0 [15] 

7. Alumina/cigarette soot carbon 96.9 [16] 

8. Aluminum-magnesium oxide 912.0 [17] 

10. Ceria-GO 212.0 [18] 

11. Cerium–iron mixed oxide 216.72 [19] 

12. Iron-cerium bimetal oxide 216.72 [20] 

13. Al2O3 90 [21] 

14. Iron-manganese oxide 77.0 [22] 

15. GO-MnFe2O4 207.0 [23] 

16. Fe-Cu binary oxide 82.7 [24] 

17. Al-Mg oxide 133.0 [25] 

18. Akageneite 1.79 [26] 

19. Fe2O3 0.616 [27] 

20. Goethite 0.33 [28] 

21. Hydrous ferric oxide 1.34 [29] 

22. Iron oxide-coated sand 0.0055 [30] 

23. Fe(III) loaded resin  0.80 [31] 

24. Ce(IV) doped iron oxide 0.93 [32] 

25. Natural iron ores 0.0053 [33] 

26. Magnet. modified zeolite 0.93 [34] 

27. Fe-hydroxide coated alumina 0.212 [35] 

28. Sand-red mud columns 0.013 [36] 

29. Fly ash 0.0026 [37] 

Synthesis of iron oxide nanoparticles (Fe2O3-NPs) 
The Fe2O3-NPs were synthesized via the chemical precipitation method [14][15][16]. 

Initially, 0.05 M aqueous solution of FeCl3.6H2O were prepared in distilled water, stirred 
magnetically for 40 min at 353 K temperature, and then 1 M NaOH solution was added dropwise 
until the pH reached the value of 11, and the mixture was heated up to 353 K temperature and 
finally magnetic stirring for 4 h [18][19][20] The resulting precipitations were collected, centrifuged 
at 4000 rpm, washed with distilled water and ethanol three times and dried at 353 K, and finally 
calcined at 973 K temperature for 4 h [21][22][39]. 
Synthesis of iron oxide nanoparticles (Fe2O3-NPs) Process Flow Diagram 
Synthesis of aluminum oxide nanoparticles (Al2O3-NPs) 

The aluminum oxide (Al2O3-NPs) was synthesized via a chemical precipitation technique. 
Initially, Al2(SO4)3.18H2O and Al(NO3)3.9H2O (10 m.mol/L:0.5 m.mol/L) solutions were 
prepared in distilled water, respectively.[23][24][25] And then urea CO(NH2)2 was added to the 
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solution up to CO(NH2)2 and Al3+ ratio to 100 [26][27]. Then, the mixture was stirred for 30 min. 
Then heat the mixture to 368 K temperature under vigorous stirring for 4 h.[28][29][30][31] The 
resulting precipitations were collected, centrifuged at 4000 rpm, washed with distilled water and 
ethanol three times, and then dried at 333 K and finally, calcined at 973 K temperature for 4 h 
[32][33][40]. 
Synthesis of aluminum oxide nanoparticles (Al2O3-NPs) Process Flow Diagram 
Characterization of synthesized as Fe2O3-NPs and Al2O3-NPs 

The synthesized material (Fe2O3-NPs and Al2O3-NPs) was characterized by different 
analytical techniques such as FT-IR and XRD spectroscopic techniques. For FT-IR spectroscopic 
techniques, the sample (required quantity) was mixed with KBr (IR grade) and then evaluated 
using an FT-IR spectrometer at room temperature in the 4000–500 cm-1 range [34]. The X-ray 
diffractometer was employed for analysis with the following scanning parameters: CuK radiations, 
scanning speed of 0.1°/sec, scanning range 2 of 5 to 80°, tube voltage of 40 kV, and current of 20 
mA [35]. 
Adsorption studies of as (v) onto synthesized material as Fe2O3-NPs and Al2O3-NPs 

Batch adsorption experiments were carried out in triplicate to remove as (V) from the 
aqueous system. For this purpose, a standard solution of as (V) (1000 mg/L) was prepared by 
dissolving disodium arsenate (HAsNa2O4) in distilled water [36]. The dilution formulas are 
described in Equation 1. Were used to prepare the working standards as (V).  

𝐶𝑐 𝑉𝑐 = 𝐶𝑑 𝑉𝑑          (1) 
Where C and V are the concentration and volume, while "c" and "d" are the concentrated 

and diluted solution, correspondingly. 
We Investigated various parameters for the maximum removal of as (V) Using Fe2O3-NPs 

and Al2O3-NPs. The parameters include pH, adsorbent dose, temperature, and time. For the effect 
of pH, 0.5 mg/L As (V) solution was taken in 250 mL of various conical flasks. To adjust pH 0.1 
M HCl and NaOH were used in the as (V) solution. 0.2 g adsorbent Fe2O3-NPs were added to 
each conical flask and shaken for 30 minutes at room temperature at speed of 200 rpm. After 
shaking the supernatant was centrifuged for 15 min and allowed to stable for 10 minutes and then 
dilute approximately [37][38] The obtained transparent supernatant solution was analyzed using 
Atomic Adsorption Spectroscopy (AAS). The same procedure was repeated for As (V) removal 
via Al2O3-NPs and determined the amount of as (V) adsorbed onto the synthesized materials by 
using the following equation (2). 

𝑞𝑒 (𝑚𝑔/𝑔) =
𝐶𝑜−𝐶𝑒

𝑊
× 𝑉     (2) 

Where, Co and Ce (mg/g) show the initial and final concentration of as (V), W (g) shows 
the weight adsorbent as Al2O3-NPs and Fe2O3-NPs, while V (L) shows the volume of solution. 
Similarly, using Equation 3. calculated percent adsorption. By plotting, graph pH vs. qe/% 
adsorption determined the optimum pH of the solution 

%𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =
𝐶𝑜−𝐶𝑒

𝐶𝑜
× 100             (3) 

For the contact of time, 0.1 L of 0.5 mg/L As(V) solution was taken in 250 mL of various 
conical flasks with pH 7 and 0.2 g adsorbent Fe2O3-NPs was added to each conical flask, and 
shake the mixture for various intervals of time (2 to 40 min) at room temperature with shaking 
speed of 200RPM. The remaining steps were the same as those mentioned above, and data was 
plotted time vs. qe/percent adsorption. The same procedure was repeated for (V) adsorption onto 
Al2O3-NPs at pH 8. For the effect of temperature, 0.1 L 0.5 mg/L As(V) solution was taken in 
250 mL of various conical flasks with pH 7 and 0.2 g adsorbent Fe2O3-NPs was added to each 

conical flask, and shake the mixture for 30 min at various temperatures between 10 and 85 ᵒC with 
shaking speed of 200 rpm. The remaining steps were the same as mentioned, and data was plotted 
temperature vs. qe/percent adsorption. The same procedure was repeated for (V) adsorption onto 
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Al2O3-NPs at pH 8. For the effect of the adsorbent dose, 0.1 L of 0.5 mg/L As (V) solution was 
taken in 250 mL of various conical flasks with pH 7 and 0.2 g adsorbent Fe2O3-NPs was added to 
each conical flask, and shake the mixture for 30 min at room temperatures with different adsorbate 
concentration (0.05 g to 1 g) with shaking speed of 200 rpm. The remaining steps were the same 
as those mentioned above, and data was plotted temperature vs. qe/percent adsorption. The same 
procedure was repeated for (V) adsorption onto Al2O3-NPs [pH: 8; time: 20 min; room 
temperature]. 
Calculation of site energy distribution  

The distribution of adsorption site energies, which can be determined from the theoretical 
isotherm represents the measured equilibrium data, is one of the premises of isotherm models. 
The following is representation of the general integral equation for the adsorption of arsenic onto 
Fe2O3-NPs and Al2O3-NPs: 

𝑞𝑒(𝐶𝑞𝑒) =  ∫
+∞

−∞
𝑞ℎ(𝐸, 𝐶𝑞𝑒)𝐹(𝐸)𝑑𝐸 (4) 

or 

𝐹(𝐸) =  
−𝑑𝑞𝑒 (𝐸∗)

𝑑𝐸∗
 (5) 

Where Ce denotes the equilibrium concentration of sorbate in the liquid phase in (mg/L), 
qe (Ce) denotes the total solute sorption to the sorbent in (mg/g), qh (E, Ce) denotes the isotherm 
over sorption sites with sorption energy E (mg/g), and F(E*) denotes the frequency of sites with 
homogeneous energies between the solute and solvent for a given sorption site. Since the value of 

negative infinity (-∞) will not have any physical significance, it is believed that the range of energies 

is from 0 to infinite (∞) (4).  
Because this problem is challenging to solve and because there isn't a single general 

analytical solution, Condensation approximation, or Cerofolini's asymptotically correct 
approximation, as indicated in eq. (6) was employed for simplification. Using a variety of isotherm 
models, including the Freundlich, Langmuir, Langmuir-Freundlich, and Dubinin-Ashtaknov 
isotherm models, this technique was utilized to determine the estimated site energy distribution. 

Ce = Cse (−
𝐸−𝐸𝑠

𝑅𝑇
) = Cse (−

𝐸∗

𝑅𝑇
) (6) 

As is the lowest physically realizable sorption energy (J/mol), R is the universal gas 
constant (J/mol-K), T is the absolute temperature (K), and E* is the difference between sorption 
energies at Ce and Cs (J/mol) where Cs is the solute's solubility in the solvent (mg/L). 
Results And Discussions 
Characterization Of Synthesized Material 

The materials such as Fe2O3-NPs and Al2O3-NPs were synthesized via the chemical 
precipitation method. By using Fourier Transform Infrared (FT-IR) Spectroscopy, X-Ray 
Diffraction (XRD) spectroscopy synthesized material was characterized. The FT-IR study of the 
synthesized Fe2O3-NPs yielded results in the 400–4000 cm-1 wavenumber region, identifying both 
the chemical bonds and functional groups (Figure 1.). The synthesized Fe2O3-NPs show different 
peaks in their FTIR spectra at 517, 621, 1020, 1612, and 3435 cm-1. Due to the vibrational intrinsic 
stretching of the metal-oxygen bond vibrations (in this case, Fe-O), two distinct peaks appeared 
at 517 cm-1 and 621 cm-1, confirming the synthesis of Fe2O3-NPs were iron oxide [41], [42]. Due 
to the asymmetric stretching of Fe-O, a slightly smaller peak at 1020 cm-1 was observed. Indicating 
the bending vibration of absorbed water and surface hydroxyl (-OH) groups, the absorption peaks 
at 1612 cm-1 and 3431 cm-1 [43] may have been caused by the usage of NaOH in the synthesis of 
the Fe2O3-NPs [44]–[48]. These results were further confirmed by the previous publication, which 
indicated that the synthesized of NPs were iron oxide.  

Figure 1. illustrates the solid phase FTIR spectra of a- and Al2O3-NPs in the 400–4000 cm-

1 range. As a result, the stretching and bending vibrations of adsorbed water molecules are 
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responsible for the absorption peaks at 3447 sm-1 and 1617 cm-1 for amorphous and 3451 cm-1, 
and 1630 cm-1 [49], respectively. In amorphous, the broad extending peak at 811 cm-1 is caused by 
the Al-O vibration of (AlO4) [50].  

The synthesized Fe2O3-NPs as shown in Figure 2. were evaluated for structure and 
crystallinity using X-ray diffraction (XRD) crystallography. The diffraction peak in the XRD 
pattern of the hydrothermally produced Fe2O3-NPs was easily identified as being rhombohedral 
(hexagonal), which denotes the lattice parameter. Using a graphite crystal, the incident X-ray 
wavelength was monochromatized at 0.154 nm. The peaks observed at 2θ range of 24.15° (012), 
33.10° (104), 35.53° (110), 40.59° (113), 49.49° (024), 54.11° (116), 57.32° (018), 62.4° (214), 63.9° 
(300), 72.1° (1010) and 75.4° (220), which confirm the crystalline structure corresponding to the 
Fe2O3-NPs [51], [52]. These results were consistent with that of the reported studies. As previously 
reported, the standard values of the peaks for magnetite and maghemite were found to be 35.43° 
and 35.62°, respectively. In the current study, the synthesized Fe2O3-NPs had a diffraction angle 
of 35.53° (110), which was closer to the magnetite index than the maghemite index [43], [44]. This 
result indicated that in the synthesized iron oxide NPs, maghemite lattice predominated over 
magnetite (Fe3O4) lattice. Finally, it is clear from the XRD peaks that the Fe2O3-NPs were 
synthesized. 

Figure 2. illustrates the XRD patterns of samples Al2O3-NPs. In the case of Al2O3-NPs, 
XRD investigation showed a succession of diffraction peaks at 2 of 32.52, 37.62, 39.63, 45.95, 
61.08, and 67.07, which are corresponding to the crystal planes (220), (311), (222), (400), (511), 
and (440), respectively. Likely related to a pure cubic structure of -Al2O3 were all the diffraction 
peaks [42], [53]. 
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Figure 1. FT-IR spectrum of synthesized materials such as Fe2O3-NPs and Al2O3-NPs 
The synthesized adsorbent as Fe2O3-NPs, the adsorption ability was evaluated at various 

pH values ranging from 1.0 to 11.0 with a (˅) concentration of 80 mg/L. The investigations [54], 
[55] revealed that the adsorption process increased as pH increased. It is obvious that pH 

significantly affects the amount of as (˅) that adhere to the surface of Fe2O3-NPs. At pH 7.0, As 

(˅) adsorption was at its highest as shown in Figure 3. Which was considered the optimum 

adsorption process conditions. At pH 7.0 the as (˅) adsorption was observed about 21 mg/g 
(52.5%), respectively. After the adsorption procedure, the final pH of each solution was measured, 
and it was found that the final pH of the solution was lower than the initial value. This study shows 

that as (˅) was adsorbed onto Fe2O3-NPs using an exchange process. Additional studies, was 

focused on keeping the pH at 7.0. Furthermore, adsorption of as (˅) onto Al2O3-NPs was also 
investigated and the result shows (Figure 3.) that adsorption increased with pH increased up to 
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pH 8. The maximum adsorption at pH 8 was about 20.5 mg/g and 51.5% and finally, it was 

considered optimum pH of as (˅) onto Al2O3-NPs. 
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Figure 2. Ft-ir spectrum of synthesized materials as (a) fe2o3-nps (b) al2o3-n adsorption 

was studied as (˅) onto the synthesized materials as (a) fe2o3-nps(b) al2o3-nps 
The adsorption efficiency of the synthesized material was studied with the influence of 

various time intervals [56], [57]. It was observed that practically all of the data obtained were 
comparable indicating that the adsorption process increases with time. Time has a great effect on 
adsorption. Finally, results show that equilibrium was achieved after 20 min using Fe2O3-NPs. At 

equilibrium, the as (˅) adsorption was obtained at about 21.5 mg/g which is 53.75% as shown in 

Figure 3, respectively. Therefore, the optimum adsorption time for as (˅) was considered to be a 
time of 20 min. 

Furthermore, the adsorption efficiency of the Al2O3-NPs with various time intervals was 
investigated. It was observed that practically all of the data (Table 3.5) obtained were comparable, 
indicating that the adsorption process increases with time. The results show that equilibrium was 
achieved using Al2O3-NPs with about 19.5 mg/g which is 48.75% as shown in Figure 3. Therefore, 

the optimum adsorption time for as (˅) adsorption onto Al2O3-NPs was considered to be a time 
of 20 min. 

Adsorption experiments for as (˅) adsorption onto Fe2O3-NPs was carried out at various 
temperatures to examine the effect of temperature [58]. It was determined that all of the results 
(Table 3.5) were varies with s temperature changes. This proves that the Fe2O3-NPs adsorption 
capacity has a significant effect on temperature. The results show that the maximum adsorption 

using Fe2O3-NPs is (˅) adsorption with about 20.45 which is 50% at 25oC temperature. Finally, 
the optimum temperature for an adsorption experiment was considered to 25oC. 

Also, Adsorption experiments as (˅) adsorption onto Al2O3-NPs was carried out at various 
temperatures to examine the effect of temperature. It was discovered that all of the results were 
varies with temperature changes. The results show that the maximum adsorption using Al2O3-NPs 

for as (˅) adsorption with about 18.75 which is 48.75% at 25oC. Finally, the optimum temperature 
for an adsorption experiment was considered to 25oC. 

The adsorption capability of the Fe2O3-NPs was determined using various adsorbate 
concentrations ranging from 20 mg/L to 100 mg/L. The results indicate that when adsorbate 
concentration increased the adsorption capacity significantly increased while percent adsorption 
decreased (Figure 3.). In the adsorption processes, this is the usual behavior. The results show that 

the maximum adsorption using Fe2O3-NPs for as (˅) adsorption with about 20 which is 50% at 
25oC temperature. The relationship between as(V) concentration and percent adsorption is that a 
decrease as adsorbent dose increases because the availability of the active sites decreased. 
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Figure 3. Illustrates the Adsorption of as (˅) (onto Fe2O3-NPs at (a1) effect of pH (b1) effect of 
time (c1) effect of temperature (d1) effect of adsorbate concentration) (onto Al2O3-NPs at (a2) 

effect of pH (b2) effect of time (c2) effect of temperature (d2) effect of adsorbate concentration. 
Also, the Adsorption capability of Al2O3-NPs was investigated at various temperatures to examine 
the effect of temperature. The result shows that the maximum amount of as (V) adsorption at 40 
mg/L concentration of as (5) solution. At this concentration, the adsorption was recorded about 

15.5 mg/g which is 77.5% at 25oC temperature. Finally, the optimum concentration for as (˅) 
adsorption was considered to be 40 mg/L, respectively (Figure 3). 
Application to the real sample 

Adsorption of as (˅) from actual samples was also examined. Three actual samples, 
including tap water, well water, and river water were used for this study. According to the findings, 

all the samples containing 100 mg/L As (˅) were used to adsorbed as (˅) at the ideal conditions 

as mentioned above. The result shows in Figure 4. that maximum removal of as (˅) was observed 
in tap water because of minimum interfere species, as interfere species increases the adsorption 
decreases. 

 
Figure 4. Adsorption of as (v) in real sample  
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Kinetic Studies 

Adsorption models/kinetics, equilibrium, and thermodynamic studies for as (v) 
adsorption onto Fe2O3-NPs and Al2O3-NPs 

Various theoretical investigations were carried out to illuminate the nature of adsorption 
and potential adsorption mechanisms [51], [52]. Applied the adsorption data to well-known 
adsorption equations and models for analysis purposes as: 

Pseudo-first-order (PFO) equation; 𝑙𝑜𝑔(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔 𝑞𝑒 −
𝐾1𝑡

2.303
  (4) 

Pseudo-second order kinetic (PSK) equation; 
𝑡

𝑞𝑡
=  

𝑡

𝑞𝑒
−

1

𝐾2𝑞𝑒
2 (5) 

Intraparticle diffusion (IPD) equation; 𝑞𝑡 =  𝐾𝑖𝑛𝑡𝑡
1

2⁄ + 𝐶   (6) 

Dubinin-Radushkevich adsorption (DRA) equation;𝑞𝑡 =  
1

𝛽
ln(𝛼𝛽) +

1

𝛽
ln𝑡  (7) 

Where qt (mg/g) shows the adsorption capacity at time (t), qt (mg/g) shows the adsorption 
capacity at equilibrium, K1(min-1) is the rate constant of pseudo-first-order kinetic adsorption, K2 
(g/mg/min) is the rate constant of the pseudo-second-order kinetic equation, Kint (mg/g/min1/2) 
is the rate diffusion equation constant, C is the intercept related to the thickness of the boundary 
layer and α and β is the Elovich coefficients shows the initial rate (mg/g.min), the extent of the 
surface coverage and activation energy for adsorption. Based on high values of the linear 
regression coefficient (R2), as seen in Table 2. the results indicate that the data was successfully 
fitted in the pseudo-second-order kinetic model. As a result, it can be seen that the rate of 
adsorption was directly related to the square of the number of empty spots and that the ionic 
interaction or ion-exchange mechanism appears to be in charge of the adsorption process. The 
mechanism of pseudo-second-order kinetic adsorption primarily consists of two steps: the 
external diffusion step, in which as (V) molecules move from the bulk of the solution to the 
external surface of Fe2O3-NPs and Al2O3-NPs, and the adsorption step in which adsorbate 
molecules adhere to the adsorbent surface, likely as a result of ionic interaction. 

The following model/equation [52] was used for the equilibrium analysis: 

Freundlich model/equation; 𝑙𝑜𝑔𝑞𝑒 = 𝑙𝑜𝑔𝐾𝐹 +  
1

𝑛
𝑙𝑜𝑔𝐶𝑒 (8) 

Langmuir model equation; 
𝐶𝑒

𝑞𝑒
=  

1

𝐾𝐿
+ 

𝑎𝐿𝐶𝑒

𝐾𝐿
  (9) 

Temkin model equation; 𝑞𝑒 =  𝐵𝑇𝑙𝑛𝐴𝑇 +  𝐵𝑇𝑙𝑛𝐶𝑒 (10) 

Dubinin-Radushkevich models equation; 𝑙𝑛𝑞𝑒 = 𝑙𝑛𝑄𝑚 − 𝐾𝜀2 (11) 
Where, C0 (mg/L) and Ce (mg/L) stand for the initial and equilibrium concentrations, 

respectively. Qe (mg/g) and qm (mg/g) stand for maximum adsorption capacity and equilibrium 
capacity, respectively. The RL separation factor, which has no dimensions, is used to assess the 
viability of adsorption within a certain concentration range. The binding energy constants for the 
Langmuir and Freundlich models are denoted by the letters kL and kF, respectively. The constant 
AT (L/g) is the equilibrium binding constant corresponding to the maximum binding energy, Qm 
(mg/g) is the theoretical saturation capacity, K (mol2/kJ2) is a constant for the adsorption energy, 
and BT (mg/g) is related to the adsorption capacity of an adsorbent. The Polanyi potential 
represents by ε, which is calculated by the following equation/model. 

𝜀 =  𝑅𝑇𝑙𝑛 (1 +  
1

𝐶𝑒
)   (12) 

Based on high values of the linear regression coefficient (R2), as shown in Table 3. the data 
are better suited in the Freundlich adsorption model for Fe2O3-NPs, while for Al2O3-NPs the data 
are more fitted to Temkin model/equation. Because this model works well for a very 
heterogeneous surface, it is reasonable to assume a heterogeneous surface with a non-uniform 
distribution of heat of adsorption throughout the surface. When the adsorption center of an 
adsorbent is fully used, the Freundlich equation application predicts that the adsorption energy 
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will drop exponentially. The maximal adsorption capacity (L/g) and bonding strength (L/g), 
respectively, are correlated with KL and aL. KL/aL is the numerical equivalent of the theoretical 
monolayer adsorption capacity (Qo, mg/g). 

𝑄𝑜 =  
𝐾𝐿

𝑎𝐿
   (13) 

The separation factor (RL)(g/L), may be used to describe the fundamental properties of 
the Langmuir adsorption model; where Ci (mg/L) is the initial concentration of as (5) in the 
solution. The value of RL shows whether the isotherm is irreversible (RL = 0), linear (RL = 1), 
unfavorable (RL > 1), or favorable (0< RL< 1). Advantageous adsorption is indicated by RL values 
between 0 and 1. The current study values of RL are greater than 0 and less than 1, which 
supported the finding that (5) adsorption onto Fe2O3-NPs and Al2O3-NPs is favorably shown in 
Figure 5. 
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Figure. 5. RL values affect the (5) concentration of (a) Fe2O3-NPs (b) FAl2O3-NPs 

The following equation has been used to calculate the thermodynamic data such as change 
in Gibbs free energy (Go), change enthalpy (Ho), and change entropy (So) for the adsorption of 
arsenic.  

KD =  
qe

Ce
   (14) 

KD (L/g), which stands for adsorption distribution constant The Van't Hoff equation's 
linear version provides the KD and temperature (T) relation. 

𝑙𝑛𝐾𝐷 =  −
∆𝐻𝑜

𝑅𝑇
+ 

∆𝑆𝑜

𝑅
  (15) 

The ΔG° value can be found by using the correlation as; 

∆𝐺𝑜 =  𝛥𝐻𝑜 −   𝑇𝛥𝑆𝑜  (16) 
Go, Ho, and So were calculated based on the data gathered and are given in Table 4. The 

adsorption process is non-spontaneous, endothermic, and involves the ion-exchange mechanism; 
as shown by the positive Go value. Additionally, the strong adsorption capability at low 
temperatures is demonstrated by the reduction in G° values as temperature rises. Raising the 
temperature causes the as (V) molecules to travel more quickly, causing them to flee from the solid 
medium and enter the liquid one. As a result, there will be less (V) adsorption. KD values also 
suggested a similar trend. The endothermic character of the adsorption process is demonstrated 
by the positive values of H° shown by Fe2O3-NPsand negative values shown by Al2O3-NPs which 
confirm that the reaction is exothermic, confirming that the adsorption might be more 
advantageous at lower temperatures and establishing the physisorption phenomena. The positive 
value of S° determined during the sorption of as (V) onto synthesized material demonstrates the 
enhanced randomness at the solid-liquid interface (a: 0.0073211; b: 8.44 × 10-3kJ/K.mol).  
Analysis of adsorption site energy distribution  

The energy of the adsorption site was determined by calculating the adsorption isotherms 
of arsenic adsorption onto Al2O3-NPs and Fe2O3-NPs at temperatures of 283, 298, 313, 328, 343, 
358 K, as shown in Figure 2, With the increase of temperature, the adsorption capacity of 
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synthesized materials was decreased accordingly. The results reveal that arsenic adsorption on 
synthesized Fe2O3-NPs was exothermic, and it was the same as the adsorption process of arsenic 
on Al2O3-NPs. The results were shown in Table 33 as being well matched by the Langmuir-
Freundlich model (Eq. (14)) for the arsenic adsorption process on Fe2O3-NPs with a high R2 of 
0.99537, while arsenic adsorption onto Al2O3-NP R2 value is more fitted for Temkin-Langmuir 
model. The same n values obtained at different temperatures demonstrate that the surface 
heterogeneity was constant over the whole temperature range under investigation. The site energy 
E can be calculated using isotherm modeling and Equation 6. Figure 30 and Figure 31 show the 
equilibrium Arsenic adsorption capacity at various temperatures. The E* value decreases as arsenic 
adsorption on synthesized materials increases. This suggests that arsenic was first adsorbed to 
high-energy adsorbed sites and then to low-energy adsorbed sites.  

In Figure. 32 the energy distribution of the arsenic adsorption sites for QM, and at various 
temperatures on synthesized materials calculated using the Langmuir-Freundlich model (Eq. (9)) 
is depicted. The site energy was used to describe the forces that interact between arsenic and 
synthesized materials to comprehend the surface energy heterogeneity and adsorption affinity of 
Al2O3-NPs and Fe2O3-NPs at various temperatures. The surface energy inhomogeneity of 
synthesized materials might be understood by the width of the site energy distribution. Following 
the weighted mean formula (), the average site energies (E) of arsenic adsorption on Al2O3-NPs 
and Fe2O3-NPs were determined. 

∪ (𝐸 ∗) =
∫ 𝐸∗.𝐹(𝐸∗)𝑑𝐸∗

+∞
−∞

∫ 𝐹(𝐸∗)𝑑𝐸∗
+∞

−∞

 (7) 

Combining the equations (5, 6, 7) would get the weighted mean. 

𝑈(𝐸 ∗) =
𝑅𝑇𝑛𝑥

𝛼
ln (𝛽𝐶 + 1) (8) 

The average site energy and adsorption affinity generally exhibited a positive 
association. By computing Equation 8., the energy of the adsorption sites for as adsorption onto 
Fe2O3-NPs at 298, 313, 343 K calculating to 35.1, 32.2, and 26 kJ/mol, while as adsorption onto 
Fe2O3-NPs at 298, 313, 343 K calculating to 32.3, 26.3 and 21.1 kJ/mol respectively. The average 
site energy of synthesized material was affected by solution temperature in the following ways. 
The primary mechanism of arsenic adsorption of its interactions with adsorbent. This was the 
polar interaction between electron-rich (donors) and electron-deficient (acceptors). When arsenic 
was adsorbing on Al2O3-NPs and Fe2O3-NPs, the -acceptors were regarded as electron-deficient 
-systems (arsenic), and the -donor was acting as an electron-rich aromatic -system (Al2O3-NPs and 
Fe2O3-NPs). The intensity of -electron donors and -receptors would typically rise with a 
compound's increased polarizability and associated structure. Temperature improves the 
polarizability of static dipoles as well as making the adsorbent (Al2O3-NPs and Fe2O3-NPs) and 
the adsorbate (arsenic) more active donors and acceptors of electrons and increasing the affinity 
of adsorption. It showed that the average site energy increases little as the temperature rises.  
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Table.2. Kinetics equation/model parameters for adsorption isotherm of as (5) onto 
Fe2O3-NPs and Fe2O3-NPs. 

Table 3. Kinetics equation/model parameters for adsorption isotherm of as (5) onto 
Fe2O3-NPs and Fe2O3-NPs. 

Kinetics equation Parameters Unit Values 
(Fe2O3) 

Values 
(Al2O3) 

Freundlich equation  Kf 
(Experimental) 

mg/g 21.5 19.5 

Kf (Theoretical) mg/g 7.034 6.014 

1/n 1/min 0.29898 0.30558 

N L/g 3.345 3.272 

R2 - 0.81366 0.80645 

Langmuir equation qe (Experimental) mg/g 22.5 18.5 

qe (Theoretical) mg/g 22.19 27.538 

KL L/g 6.182 1.861 

RL … 0.00161-
0.00802 

0.0054-
0.02761 

aL L/mg 0.2786 0.06758 

R2 - 0.99537 0.91973 

Temkin equation BT (experimental) mg/g 21.5 19.5 

BT (calculated) mg/g 13.7268 11.98498 

AT L/g -4.195 -0.39676 

BT J/mol 180.49 206.72 

R2 - 0.98636 19.5 

Dubinin-Radushkevich (D-R) 
 equation 

Qm(experimental) mg/g.min 21.5 19.5 

Kinetics equation Parameters Unit Values 
(Fe2O3) 

Values 
(Al2O3) 

PF order equation 
 

qe 
(Experimental) 

mg/g 21.51 19.50 

qe 
(Theoretical) 

mg/g 21.5 19.51 

K1 1/min -0.03137 -0.01725 

R2 - 0.23326 -0.05038 

PS order equation qe 
(Experimental) 

mg/g 21.5 19.5 

qe 
(Theoretical) 

mg/g 21.901 19.79 

K2 g/mg.min 0.067 0.11 

H mg/g.min 30.97 41.83 

R2 - 0.99994 0.99993 

IPD equation Kint mg/g.min1/2 0.78778 0.62408 

C - 17.11359 16.16468 

R2 - 0.80057 0.62154 

Elovich equation Α mg/g.min 4.091 4.03 

β mg/g 0.6920 0.8422 

R2 - 0.9318 0.80466 
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 Qm(calculated) mg/g 19.85 23.05 

K mol2/kJ2 1.516 x 10-5 -28.95715 

R2 - 0.9362 0.88761 

Table 4. Some thermodynamic parameters of as (V) adsorption onto (a) Fe2O3-NPs 
and (b) Al2O3-NPs 

Temperat
ure 
(Kelvin) 

ΔGo(a) 
(kJ/mol) 

ΔGo (b) 
(kJ/mol) 

ΔHo 
(kJ/mol) 

ΔSo (kJ/K.mol) 

283 1.573 1990.13 (a) 
5.7× 10-4 

(b) 
-0.49271 

(a) 
0.0073211 

(b) 
8.44×10-3 298 1.609 2027.42 

313 1.634 2052.3 

328 1.659 2064.31 

343 1.684 2084.28 

358 1.699 2104.73 

Conclusion 
The synthesized iron oxide nanoparticle (Fe2O3-NPs) and aluminum oxide 

nanoparticle (Al2O3-NPs) was synthesized through the precipitation method and found to be 
efficient removal of as (V) from an aqueous medium. The results show that as (V) was the 
adsorption process was affected by pH, contact of time, temperature, and initial concentration 
of adsorbate dose. The maximum removal of as (V) was obtained for Fe2O3-NPs at pH: 7, 
temperature: 25oC, initial concentration of as (V): 40 mg/L, and contact of time: 30 min, 
which confirms the existence of interaction between Fe2O3-NPs and as (V). Besides, the 
maximum removal of as (V) was obtained for Al2O3-NPs at pH: 8, temperature: 25oC, initial 
concentration of as (V): 40 mg/L, and contact of time: 20 min, which confirms the existence 
of interaction between Fe2O3-NPs and as (V). The synthesis of Fe2O3-NPs and Al2O3-NPs 
was confirmed via different analytical techniques such as FT-IR and XRD spectroscopy. 
Various kinetic and isotherms were investigated in the current study. The result indicated that 
the obtained data for Fe2O3-NPs was more liked to Pseudo second order kinetic and Langmuir 
model/equation, while Al2O3-NPs shows Pseudo second order kinetic and Temkin 
model/equation, which confirms the interaction among as (V) and adsorbents. 
Thermodynamic parameters were also investigated which shows the non-spontaneous and 
endothermic. Thus, both nanoparticles govern as (V) adsorption. However, Fe2O3-NPs 
perform better adsorption as compared to Al2O3-NPs of as (V). Furthermore, both materials 
can be used to reduce the amount of as (V) in wastewater to levels lower than those 
recommended by WHO and USEPA. The adsorption process was found very quick which 
boosts industrial application. 
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