
Facet-dependent adsorption of safranin dye and phosphate 
ions by synthesized hematite nano-rods derived from 

natural Lateritic iron ore; steric and energetic investigation

Journal: New Journal of Chemistry

Manuscript ID NJ-ART-09-2024-004152.R1

Article Type: Paper

Date Submitted by the 
Author: 16-Oct-2024

Complete List of Authors: Mostafa, Dina; Beni-Suef University, Environmental Science and 
Industrial Development Department
Shehata, Nabila; Beni-Suef University, Environmental Science and 
Industrial Development Department; Beni-Suef University, Renewable 
Energy Science and Engineering Department
Shaban, Mohamed; Islamic University of Madinah, Department of Physics
Alqhtani, Haifa; Princess Nourah bint Abdulrahman University, Biology
Allam, Ahmed; Imam Muhammad Ibn Saud Islamic University, 
Department of Biology; Beni Suef University, Department of Zoology
Abukhadra, Mostafa; Beni Suef University Faculty of Science, 

 

New Journal of Chemistry



1

1 Facet-dependent adsorption of safranin dye and phosphate ions by synthesized hematite nano-rods 
2 derived from natural Lateritic iron ore; steric and energetic investigation
3 Dina Mostafa1, Nabila Shehata1,2, Mohamed Shaban3٭, Haifa A. Alqhtani4, Ahmed A. Allam5, 6; Mostafa R. Abukhadra7٭

4 1Environmental Science and Industrial Development Department, Faculty of Postgraduate Studies for Advanced Sciences, Beni-Suef University, Beni-Suef, Egypt5 2Renewable Energy Science and Engineering Department, Faculty of Postgraduate Studies for Advanced Sciences, Beni-Suef University, Beni-Suef, 62511, Egypt6 3Department of Physics, Faculty of Science, Islamic University of Madinah, Madinah 42351, Saudi Arabia7 4Department of Biology, college of Science, Princess Nourah bint Abdulrahman University, P.O. BOX 84428, Riyadh 11671, Saudi Arabia8 5Department of Biology, College of Science, Imam Mohammad Ibn Saud Islamic University, Riyadh 11623, Saudi Arabia9 6Department of Zoology, Faculty of Science, Beni-suef University, Beni-suef 65211 Egypt.10 7Materials Technologies and their Applications Lab, Geology Department, Faculty of Science, Beni-Suef University, Beni suef City, Egypt.11 Corresponding author Email٭: Abukhadra89@Science.bsu.edu.eg (M.R.A.),

12 Abstract: 

13      Natural lateritic iron was subjected to a morphological transformation process based on a simple alkaline 

14 hydrothermal treatment process, producing well-developed hematite nanorods (HM24). The rods display 

15 mesoporous properties (4.2 nm average pore diameter) and significant surface area (141.5 m2/g). The 

16 developed nanorods were applied as enhanced adsorbents for phosphate ions (PO4
3-) and safranin dye (SFR) 

17 considering the changes in the exposed crystalline face. The recognized results revealed that the modified 

18 form with its nanorod morphology and different exposed face (012) displays better uptake performance for 

19 both PO4
3- (148 mg/g) and SFR (211.4 mg/g) than the raw sample and numerous investigated adsorbents in 

20 the literature. This was reported considering the experimental conditions at (pH: 5 for PO4
3- and 8 for SFR; a 

21 temperature: 30 oC; volume: 100 mL; concentration: 350 mg/L; duration: 24 h; and dose: 0.4 g/L). The 

22 advanced isotherm assessments, based on the derived monolayer model and statistical physics concepts, 

23 reveal the enrichment of the rods with active site densities of approximately 84.8 mg/g for SFR and 38.8 mg/g 

24 for PO4
3-. Each of these sites can be filled with 3 molecules of SFR and 5 ions of PO4

3-, suggesting multi-ionic 

25 interactions and vertical configurations of these adsorbed pollutants. The energetic investigations (less than 40 

26 kJ/mol) suggest that the active sites of HM24 uptake both SFR and PO4
3- through various physical 

27 mechanisms. This might include electrostatic attractions, hydrogen bonds, and van der Waals forces. These 

28 mechanisms exhibit spontaneous and exothermic properties considering the findings of the thermodynamic 

29 functions (enthalpy, entropy, and internal energy). The structure also exhibit marked recyclability to be reused 

30 six times with significant capacity.

31 Keywords: Laterite, hematite, nano-rods, adsorption, pollutants, advanced equilibrium

32 Introduction:

33 The main concern facing contemporary society is the pollution of potable water and the safety of its 

34 populations [1, 2]. The World Health Organization (WHO) has issued a serious warning, projecting severe 

35 water shortages for more than 50% of the global population by 2025 [2, 3]. Industrial, agricultural, and mining 

36 operations release a wide range of water pollutants, including bacteria, herbicides, hazardous metals, toxic 

37 fertilizers, pharmaceutical residuals, and dyes [4, 5]. The release of the industrial and agricultural effluents that 
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38 are enriched in soluble phosphate ions (PO4
3-) into the water supplies, specifically closed lakes, at 

39 concentrations higher than 0.05 mg/L seriously affects the quality of the water and aquatic environments. The 

40 uncontrolled and random discharge of phosphate as a water pollutant facilitates the uncontrolled growth of 

41 phytoplankton and algae, leading to the emergence of eutrophication [8, 9]. Furthermore, the wide application 

42 of synthetic dyes in numerous sectors such as textiles, paper, plastics, and leather as vital pigments is 

43 associated with extensive release of such organic compounds into the aquatic ecosystem [10, 11]. Annually, 

44 an estimated 700,000 tons of such dyes are projected to be released into the surrounding rivers and aquatic 

45 ecosystems [12]. A significant number of marketed dyes are highly toxic and very resistant to biodegradation, 

46 leading to adverse impacts on ecosystems and human health [3, 12]. Safranin (SFR) is a water-soluble basic 

47 azine dye that is widely used for printing textiles, staining, microbiological verification, medication, and food 

48 packaging [13, 14]. The complex structure and durability of SFR represent the main challenge and difficulty 

49 during its biological decomposition [14]. The organic structure of the dye exhibits a destructive effect on the 

50 nucleic acid that exists in bacteria in addition to its carcinogenic properties. Prolonged or short-term exposure 

51 of human beings to SFR may result in numerous adverse health effects, including irritation of the eyes, lips, 

52 tongue, and stomach, as well as nausea, emesis, and gastrointestinal distress [13, 15].

53 Numerous studies have established that advanced oxidization, ozonation, flocculation, adsorption, 

54 nanofiltration, membrane separation, biological decomposition, ion exchange, and coagulation are effective 

55 techniques for removing many types of contaminants [1, 7, 16]. Blocked membranes may impede the 

56 functioning of filtration systems by effectively plugging their interior pores. This results in an increase in the 

57 required pressure and energy consumption, significantly shortens the membranes' lifespan, and significantly 

58 increases the cost of the technique. Nevertheless, it is advisable to employ adsorption methods in order to 

59 minimize the detrimental impacts of the resultant chemical byproducts throughout the oxidization and catalytic 

60 decomposition activities [17, 18]. A number of investigations have demonstrated that adsorption by novel 

61 materials is an affordable, effective, reliable, effortlessly, readily available, and reusable method for eliminating 

62 diverse species of water contaminants [19, 20]. Several factors, including production costs, fabrication 

63 procedures, precursor availability, adsorption efficiency, recyclability, retention velocity, sustainability, uptake 

64 specificity, safety, and reactivity, influence the selection of a suitable absorbing material [21, 22]. Therefore, 

65 researchers have conducted a thorough evaluation to produce novel adsorbents using easily accessible and 

66 economically feasible constituents frequently encountered in Earth's resources [1, 23, 24]. The use of well-
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67 established adsorbents obtained from earth's resources, such as various minerals and rocks, is strongly 

68 recommended due to their significant environmental and economic benefits [25].

69 Iron oxide nanoparticles possess a distinctive set of qualities that distinguish them from various 

70 nanomaterials [26]. These qualities include their high reactivity, visible light absorption efficiency, adsorption 

71 performance, chemical and mechanical stability, biological compatibility, and surface area, in addition to the 

72 affordable prices and significant abundance within the Earth's resources. Furthermore, they demonstrate 

73 remarkable magnetic properties, excellent conductivity, and facilitate easy separation and recovery [26, 27, 

74 28]. Such properties demonstrated their applicability in a number of applications, including fertilizers, anti-virus 

75 agents, adsorption and advanced oxidation water purification, as well as soil remediation [27, 29]. Hematite (α-

76 Fe2O3) is a highly stable iron oxide derivative that exhibits n-type semiconductor characteristics. Hematite was 

77 studied extensively as a functional ingredient for various environmental along with industrial uses, serving as 

78 both an adsorption agent and a catalyst [26, 30]. Numerous factors, including production procedures, 

79 morphological properties, used precursors, and precipitation reagents, greatly influence the structural, 

80 physicochemical, and textural characteristics, as well as the activities of iron oxides [31]. 

81 Metal oxide-based nanostructures' morphology and structural configurations significantly influence their 

82 chemo-adsorption and catalytic performance, and applying morphological modifications can effectively 

83 enhance these technical properties [32]. Previous studies have shown that hematite nanoparticles with 

84 controlled and improved shapes, such as nanosheets, nanorods, nanospheres, and cauliflowers, have better 

85 physical and chemical properties [30]. 1D nanorods have attracted significant attention because of their 

86 uniform geometry, unique structure, and outstanding technical characteristics in a wide range of uses [33, 34]. 

87 Regrettably, the majority of the techniques used to produce one-dimensional (1-D) materials include 

88 expensive raw materials that are mostly chemicals, surfactants, templates, and high synthesis temperatures. 

89 As a result, it is critical to use simple and cost-effective techniques that operate at moderate temperatures, as 

90 well as readily available raw materials. The hydrothermal approach has gained considerable attention due to 

91 its ability to precisely control the microstructure, morphology, crystallite size, and physiochemical properties of 

92 materials at the nanoscale [33, 35]. Moreover, the reactive nature of hematite nanostructures exhibits 

93 significant facet dependency, which is intricately linked to the markedly different ionic configurations, resulting 

94 in varied Fe-O binding topologies, active site quantities, and surface charge characteristics [26, 36].

95 Therefore, the presented study here involved the synthesis of well-developed hematite nanorods from 

96 natural iron raw material as geological lateritic iron ore through facile alkaline hydrothermal treatment steps at 
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97 mild temperature conditions as low cost and a naturally based structure of high natural availability. The 

98 obtained hematite nanorods were assessed as potential adsorbents for inorganic phosphate ions (PO4
3-) and 

99 organic synthetic safranin dye (SFR) from the water resources and the aquatic environment. The adsorption 

100 properties and mechanism were monitored based on the effect of the essential experimental factors, common 

101 kinetic models, classic isotherm studies, and other equilibrium models derived from the statistical physics 

102 theory and the corresponding steric and energetic parameters.  

103 2. Experimental Work

104 2.1. Materials

105 Natural iron precursor was delivered as lateritic iron ore from El-Gedida area, Bahariya Oasis, Western 

106 Desert, Egypt. The sample chemically composed of 96.73% Fe2O3 as the main content in addition to other 

107 impurities represented essentially by 1.64% SiO2 and 0.72% Al2O3. NaOH with a purity of over 98% was 

108 purchased from Sigma-Aldrich in Egypt. The adsorption experiments involved safranin-O synthetic dye (≥ 

109 85%; Sigma-Aldrich), together with phosphate standard solution (1000 mg/L; Sigma-Aldrich) as the primary 

110 sources of the polluted solutions.

111 2.2. Synthesis of hematite nano-rods

112 The raw iron ore was crushed and ground by ball mill for 4 h obtaining fine powder with size range from 

113 25 to 60 µm. Certain weight of the ground product (15 g) was pulverized within alkaline solution of NaOH (100 

114 mL; 0.4 M) under continuous stirring for 2 h at room temperature. After that, the mixture was transferred into 

115 hydrothermal synthesis reactor of Teflon lined stainless steel autoclave and then treated thermally for 24 hours 

116 at 100 oC using electrical and digital muffle furnace with temperature elevation rate 5 oC per minute. After this 

117 stage, the autoclave was cool down to the room temperature and the hydrothermally treated particles were 

118 extracted by centrifugation for 15 min at rotation speed of 300 rpm. Then, the product was washed, rinsed, 

119 and dried for 5 h at 80 oC.  The dried product was labeled as HM24 and kept for the further characterization 

120 and applications steps. 

121 2.3. Characterization instruments

122 The mineral phases and crystallographic properties were examined and explored by utilizing X-ray 

123 diffraction (XRD) patterns produced by the PANalytical-Empyrean X-ray diffractometer. The range of values 

124 for the 2 Theta angles determined with the diffractometer is between 0 and 70°. A Fourier transform infrared 

125 spectrometer (FTIR-8400S; Shimadzu) that possesses a 400–4000 cm−1 determining range was employed in 

126 addition to the energy dispersive X-ray (EDX) investigation of elemental contents to establish the changes in 
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127 the functioning chemical groups across the production processes. The exterior properties of the produced 

128 structures were studied by applying a Gemini Zeiss Ultra 55 scanning electron microscope. Before 

129 examination, the outer surfaces of the products under exploration had been coated with a thin film of gold 

130 through the spraying process. The porosity of HM24 along with the exact surface area have been determined 

131 employing a surface area analyzer (Beckman Coulter SA3100) after expelling any gases out of the material 

132 being examined. The measurements were successfully accomplished by employing the conventional 

133 isotherms for N2 adsorption and desorption.

134 2.4. Adsorption studies

135 Experimental adsorption studies of PO4
3- as well as SFR were conducted in batches. The experimental 

136 parameters that were evaluated were the following: pH (pH 2–8), time span of the reaction (15–1440 min), 

137 amount of HM24 (0.4 g/L), and dissolved contents of the tested pollutants (50–350 mg/L) under three different 

138 operational temperature values (30 oC, 40 oC, and 50 oC) and particular volumes (100 mL). Three rounds were 

139 conducted for each test, and the averages of the obtained findings were consistently used in the calculations, 

140 with standard deviations below 3.4% (PO4
3-) and 4.9% (SFR). The achieved uptake capacities (Qe) of both 

141 SFR and PO4
3- were calculated employing Equation 1. The remaining PO4

3- ions were quantitatively 

142 determined using the Dionex DX-120 ion chromatography instrument. The remaining contents of SFR were 

143 quantified employing a UV-Vis spectrophotometer using a detecting wavelength of 521 nm. 

144 Qe (mg/g) =
(Co ― Ce)V

m                   (1)

145 2.5. Conventional and modern equilibrium investigations 

146          The adsorption of SFR and PO4
3- using HM24 has been described using well-established traditional 

147 kinetics, classic equilibrium, and updated isotherm investigations in accordance with the theoretical statistical 

148 physics hypothesis (Table S1). The kinetic and conventional isotherm modeling have been assessed 

149 employing the non-linear fitting levels of the retention data of SFR and PO4
3-. The evaluation implemented the 

150 parameters of the coefficient (R2) (Eq. 2) and Chi-squared (χ2) (Eq. 3). The nonlinear fitting qualities with the 

151 modern isotherm models' descriptive equations and the remediation results of SFR and PO4
3- have been 

152 examined using the determination coefficient (R2) and root mean square error (RMSE) (Eq. 4). The variables 

153 m′, p, Qecal, and Qeexp in the equation correspond to the outcomes of SFR and PO4
3- sequestration, 

154 parameters affecting the sequestration reaction, predicted capacities of ions sequestration, and determined 

155 capacities of ions sequestration, respectively.    

156 R2 = 1 ―
∑(𝑄𝑒, 𝑒𝑥𝑝 ― 𝑄𝑒, 𝑐𝑎𝑙)2

∑(𝑄𝑒, 𝑒𝑥𝑝 ― 𝑄𝑒, 𝑚𝑒𝑎𝑛)2        (2)
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157 χ2 =
(𝑄𝑒, 𝑒𝑥𝑝 ― 𝑄𝑒, 𝑐𝑎𝑙)2

Qe, cal
                 (3)

158 RMSE =
∑m

i=1(Qecal ― Qeexp)2

m′ ― p
      (4)

159 3. Results and discussion

160 3.1. Characterization of the adsorbent

161 The structural properties of both raw iron oxide and the modified version were assessed based on their 

162 XRD patterns (Fig.1). The obtained pattern of raw samples reveals its nature as ɑ-hematite with typical 

163 rhombohedral crystal lattice (JCPS Cd. No. 33-0664; ICDD No. 01-079-0007). The identification diffraction 

164 peaks were identified at 24.5o (012), 33.5° (104), 35.9° (110), 41.2o (113), 49.7o (024), 54.5o (116), 62.7o (214), 

165 and 64.3o (300) (Fig.1A) (JCPS Cd. No. 33-0664). After the modification step, the obtained patterns 

166 demonstrate no changes in the identified hematite phase but exhibit remarkable indications about its impact 

167 on the structure properties of the sample (Fig.1B). The peaks displayed observable reduction in their 

168 intensities and sometimes some peaks can be hardly detected in addition to remarkable deviation to lower 

169 positions. The main peaks were deviated to 24.05o, 33.17°, 35.6°, 40.8o, 49.3o, 54.2o, 62.3o, and 63.8o 

170 demonstrating either reduction in the crystallite size or lattice deformation (Fig.1B). Nevertheless, hematite 

171 crystals with completely different exposed facets exhibit changes in their peak strengths. The presented 

172 patterns show noticeable reduction in the intensities of (110) and (104), the main peaks, in the modified form 

173 of HM24 compared to the original sample. These observations indicate that the modified crystals have 

174 different exposed faces [26, 36]. Also, the determined average crystallite size demonstrates such structural 

175 impact as the size reduced from 18 nm for raw sample to 13.3 nm for HM24.

176  

177

178

179

180

181

182
183 Fig.1. XRD patterns of raw lateritic iron ore (A) and prepared hematite by alkaline modification (HM24) (B)

184 The inspected FT-IR spectra also reveal considerable indications about the structural changes during 

185 the alkaline modification of natural iron ore (Fig.2).  The spectrum of raw ore shows no indications about the 
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186 OH groups either those corresponding to adsorbed water molecules or the structural OH of iron hydroxide 

187 forms. The marked bands around 428 cm-1 (Fe-O-Fe) and 525 cm-1 (Fe-O) revealed the existence of the 

188 hematite phase (Fe2O3) (Fig.2A) [37, 38]. The marked band at about 889 cm-1 (Fe-O) might give indications 

189 about the existence of goethite mineral [39]. The detectable bands around 798 cm-1 and 1005 cm-1 signified 

190 the Si(Al)–O groups which are corresponding to the existed silicate or clay impurities (Fig.2A) [37, 40]. The 

191 impact of the alkaline modification process appeared significantly in the inspected FT-IR spectrum of HM24. 

192 The spectrum declared the existence of numerous new bands corresponding to the hydroxyl groups (3399 cm-

193 1, 3097 cm-1, and 1640 cm-1) (Fig.2B) [39]. This demonstrating the hydration effect of the modification 

194 reactions and changes in then exposed crystal facets. Moreover, the corresponding bands of the iron bearing 

195 chemical groups showed remarkable increment in their intensities as well as their broadness and considerable 

196 shift from their original positions. The identification bands of hematite were deviated to 436 cm-1 (Fe-O-Fe) and 

197 553 cm-1 (Fe-O) (Fig. 2B). This declared the structural impact of the modification process on the crystal 

198 structure of hematite.   

199

200

201

202

203

204
205 Fig.2. FT-IR spectra of raw lateritic iron ore (A) HM24 particles (B)

206 The modification step also affected significantly the morphological features of the hematite grains 

207 (Fig.3). The SEM images of the inspected hematite grains within the used lateritic iron ore appeared as 

208 massive and agglomerated particle sometimes appeared with irregular topography (Fig.3A). This irregular 

209 topography can be described as coating layer of nano-grains possesses flakey, longitudinal, and elliptical 

210 shapes (Fig.3B). By conducting the alkaline modification step, the SEM images of HM24 revealed the 

211 significant morphological transformation of the modified hematite into well-developed nano-rods with estimated 

212 length range from 100 nm to 250 nm and diameter range from 10 nm to 50 nm (Fig.3C and D). Such 

213 morphological feature can significantly impact the surface area, reactivity, and exposed active sites and in 

214 turns the adsorption performance of hematite.
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215

216

217     

218

219

220

221

222

223
224 Fig.3. SEM images of raw iron ore (A and B) and synthetic HM24 grains (C and D)

225 Texturally, the properties of synthesized HM24 particles were evaluated based on their nitrogen 

226 adsorptiopn/desorption isotherm curve (Fig. 4). The curve can be classified as a type IV isotherm according to 

227 the basics of the International Union of Pure and Applied Chemistry (IUPAC). Additionally, the curve exhibits a 

228 noticeable hysteresis loop of type H3 from P/P0 = 0.50 to 1 [41]. Such criteria reflect the existence of the 

229 mesoporous structure of HM24, which can be assigned to the non-rigid aggregation or slit-shaped pores [41]. 

230 The size distribution curve reflected the formation of the pores, with sizes ranging from 1.7 nm up to 9.2 nm, 

231 and the majority of pore diameter concentrates around 3.4 nm, while the average pore diameter is 4.5 nm (Fig. 

232 4). Regarding the measured specific area, the synthetic HM24 possesses an execllent value equal to 141.5 

233 m2/g. This qualifies the synthetic strucrure to be applied effectively, either as an adsorbent for water 

234 contaminants or as a heterogeneous catalyst, in addition to other applications as a drug delivery system or as 

235 catalyst support, considering its porosity and significant surface area.

236

237

238

239

240

241
242
243 Fig.4. The nitrogen adsorption/desorption isotherm curve and pore size distribution properties of HM24
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244 3.2. Adsorption results

245 3.2.1. Effect of pH

246 The pH of the water-based solution under study strongly influences the main surface charges and 

247 ionization properties of the dissolved chemical compounds [16]. The experimental pH effect was monitored 

248 over a variety of pH values spanning between 2 and 8. The remaining variables were maintained at precise 

249 levels: a reaction duration of 120 minutes, a temperature of about 30 oC, a studied volume of 100 mL, a 

250 contaminants level of 100 mg/L, and a HM24 dose of 0.4 g/L. The adsorption analysis for SFR shows a 

251 notable increase as greater pH values are examined, attaining a pH of 8 (83.4 mg/g) (Fig.5). Across the pH 

252 range that was investigated, the water-soluble SFR dye was detected and classified as cationic molecules. 

253 Furthermore, the predicted deprotonation of the functional groups distributed throughout the surface of HM24 

254 under more basic conditions leads to the entire saturation of the outermost layer in hydroxyl ions that carry 

255 negative charges. Therefore, the high pH conditions offer a favorable setting for strong electrostatic attractive 

256 forces to occur in place between the water-soluble contaminants (SFR) and the exterior surface of HM24 [20, 

257 42, 43].

258 Depending on the adjusted pH, phosphate ion adsorption displays different behaviors. The greatest 

259 elimination value was detected at a pH of 5, with a binding effectiveness of 44.9 mg/g. Nevertheless, the 

260 efficacy of HM24 diminished above pH 5 until pH 8 (Fig. 5). Investigation of the ionization properties of water-

261 soluble phosphate considering different pH limitations reflected significant changes. Under acidic conditions 

262 with a pH of less than 3, phosphate was categorized as a neutral variety (H3PO4). At pH values ranging from 3 

263 to 6, it was present in its acidic H2PO4
- form. Under conditions of neutrality and alkalinity, when the pH 

264 exceeds 6, phosphate exists in two more acidic forms, namely HPO4
2- and PO4

3- [7, 44]. Under acidic 

265 conditions, HM24 exhibited limited uptake efficacy according to its ionization tendencies of phosphate and 

266 protonation/deprotonation features of hematite within the evaluated pH values. The reason for this 

267 phenomenon may be attributed to the hydrogenated outermost surface of HM24, which displays a low 

268 electrostatic attraction for the neutral phosphate (H3PO4). As the pH rose, the electrostatic attraction forces 

269 progressively intensified, resulting in enhanced uptake for the dominant acidic phosphate forms (H2PO4
-) 

270 inside the solution under such a pH range. The consequence was a notable augmentation in the recognized 

271 effectiveness of HM24 up to a pH of 5. Moreover, the deprotonation of HM24 at pH values higher than pH 5 

272 resulted in an abundance of chemical groups with net negative charges. These groups possess notable 

273 repulsive properties towards previously established phosphate forms, specifically HPO4
2- and PO4

3- [8, 45]. 
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274 Measurements of the pH level at the zero point charges (pH(pzc)) have supported the prior findings. The 

275 measured values of pH (pzc) following PO4
3- and SFR uptake were 7.6 and 6.2, respectively. Above these 

276 boundaries, the surficial charges are mostly negative, resulting in SFR's electrostatic attraction. Furthermore, 

277 at pH levels lower than these thresholds, the exterior charges across the adsorbent tend to be positive, which 

278 promotes PO4
3- ions uptake [46, 47, 48].

279

280

281

282

283

284

285

286
287 Fig.5. The experimental effect of the solutions pH on the uptake behaviors of SFR and PO4

3- by HM24 (duration: 120 minutes; a 

288 temperature: 30 oC; volume: 100 mL; concentration: 100 mg/L; and dose: 0.4 g/L)

289 3.2.2. Contact time

290 An analysis was conducted to assess the adsorption characteristics of HM24 with regard to the efficacy 

291 of eliminating PO4
3- and SFR. The examination encompasses a testing range from 14 to 1440 minutes. After 

292 verifying the levels of essential parameters, including the level of contaminants (100 mg/L), temperature (30 

293 oC), volume (100 mL), pH (5 for PO4
3- and 8 for SFR), and quantity (0.4 g/L) at fixed values, we evaluated the 

294 specific impact of distinct time periods. All over the experiments, the effectiveness of HM24 in removing PO4
3- 

295 and SFR showed a significant increase in both the quantity of ions adsorbed and their experimental uptake 

296 rates. Moreover, it is crucial to acknowledge that the time frame of the experiments significantly influences the 

297 detectable enhancements in the recognized uptake properties, attaining about 480 minutes (Fig. 6A). 

298 Nevertheless, there were no notable changes or improvements seen in the rate of elimination of PO4
3- and 

299 SFR ions or the amount of these ions adsorbed after the stated contact durations. Previous findings suggest 

300 that HM24 can serve as an adsorbent for PO4
3- and SFR, reaching its maximum stability after a specific 

301 duration of 480 minutes. Under such equilibration conditions, the adsorption qualities of HM24 for PO4
3- and 

302 SFR were measured to be 81.8 mg/g and 121.4 mg/g, respectively (Fig. 6A). In the early phases of the 

303 evaluation, substantial improvements in the adsorption rates of SFR and PO4
3- using HM24 adsorbent were 

304 observed along with larger amounts of held ions. The detected improvements were ascribed to the extensive 
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305 presence of both active and free sites throughout the HM24 surface [49]. With the extension of the 

306 examination's time, the number of unoccupied sites decreased significantly. The prolonged adsorption of PO4
3- 

307 and SFR, which consumes the previously described sites and reduces the overall number of unoccupied sites, 

308 is the primary factor contributing to this response. Consequently, there was a drastic decrease in the rates by 

309 which the PO4
3- and SFR ions adsorbed after a certain duration. Furthermore, the use of HM24 resulted in 

310 modest enhancement or consistent characteristics in PO4
3- and SFR adsorption, indicating a state of 

311 equilibrium. By completely filling all the existing active functional sites and preventing further adsorption of 

312 PO4
3- and SFR on its exterior, HM24 identifies its equilibrium phases [50].

313 3.2.3. Kinetic studies

314 3.2.3.1. Intra-Particle diffusion behavior

315 The examination of intra-particle diffusion characteristics may be used to illustrate the mechanistic 

316 stages and adsorption characteristics of PO4
3- and SFR employing HM24. Figure 6B displays three distinct 

317 sections of the presented curves, each with different slopes. The analyzed curves exhibit spatial 

318 displacements relative to their initial positions, indicating the simultaneous presence of multiple adsorption 

319 mechanisms in addition to the diffusion mode of PO4
3- and SFR [7, 51]. The processes generally consist of 

320 three main phases: (1) interactions between dissolved ions and the unbound uptake sites distributed across 

321 the outer surfaces of HM24 (boundary or external adsorption); (2) the layered adsorption processes (internal 

322 adsorption) in conjunction with the diffusion properties of the dissolved chemicals; and (3) the influence of 

323 equilibrium or saturating situations [52]. The preliminary results of this study indicate that the external uptake 

324 mechanisms are the primary mechanisms responsible for the binding of PO4
3- and SFR to the interface of 

325 HM24, which were the most significant pathway consistently detected at all stages of the adsorption activities 

326 (Fig. 6B). The effectiveness of adsorbing PO4
3- and SFR during this stage relies on the total number of sites 

327 situated across the interfaces of HM24 [18]. The efficacy of further layered or internal adsorption methods was 

328 immediately confirmed by increasing the duration until all exterior sites were completely occupied (Fig. 6B) 

329 [52, 53]. Moreover, this step incorporates the effects of PO4
3- and SFR diffusion mechanisms. After the 

330 establishment of equilibrium situations, the last processes of PO4
3- and SFR adsorption via HM24 exert the 

331 substantial impact. These findings show that PO4
3- and SFR, successfully adsorbed, occupied all available 

332 sites [54, 55]. Molecular and interionic attraction processes expedite the elimination of PO4
3- and SFR 

333 throughout this phase [18].

334
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335

336

337

338

339

340

341

342

343

344
345

346
347 Fig.6. The experimental effect of the contact time on the uptake behaviors of SFR and PO4

3- by HM24 (A), the intra-particle diffusion 

348 curves of the adsorption processes (B), fitting of the SFR uptake behaviors with the kinetic models (C), and fitting of the PO4
3- uptake 

349 behaviors with the kinetic models (D) (pH: 5 for PO4
3- and 8 for SFR; a temperature: 30 oC; volume: 100 mL; concentration: 100 mg/L; 

350 and dose: 0.4 g/L)

351 3.2.3.2. Kinetic modeling

352              In order to investigate the time-dependent impacts and comprehend physical mechanisms such as 

353 mass transfer pathways as well as chemical-based pathways that regulate absorption efficacy, it is imperative 

354 to model the kinetics of the uptake reactions [56]. The kinetics of PO4
3- and SFR removal activities were 

355 analyzed employing conventional pseudo-first-order (P.F.) and pseudo-second-order (P.S.) numerical models. 

356 The P.F. model was used to elucidate the correlation between the rates at which the PO4
3- and SFR ions 

357 completely occupy the interaction binding sites, in addition to their entire quantities. The P.S. principles may 

358 highlight the link between the characteristics of analyzed adsorbents across a specific period of time. The 

359 correlation between the pollutants adsorption tendencies and the inspected two kinetic models has been 

360 assessed by implementing nonlinear fitting variables that correspond to their relevant equations. The best 

361 levels of fitting were determined by the analysis of correlation coefficients (R2) and Chi-squared (X2) values 

362 (Table 1; Figs. 6C and D). The R2, in conjunction with the X2 data, demonstrates that the basic hypotheses of 

363 the P.F. model provide a better explanation for the adsorption characteristics of PO4
3- and SFR employing 

364 HM24 than the evaluated P.S. concept. The outcomes derived from the numerical simulation of the P.F. model 

365 indicated that the predicted quantities of PO4
3- and SFR that can be adsorbed by HM24 are 87.4 mg/g and 
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366 126.7 mg/g, respectively. These values closely matched the experimentally obtained quantities when 

367 compared to the P.S. model's results. The established consistency corroborates the previously acquired 

368 findings, which emphasize the better suitability of the P.F. hypothesis regarding the kinetic analyses (Table 1). 

369 According to P.F. theoretical terms, the main factors contributing to the adsorption of PO4
3- and SFR using 

370 HM24 include physical processes, particularly van der Waals forces and electrostatic attractions [57, 58]. The 

371 analyzed fitting factors additionally reveal a considerable similarity with the P.S. model; nevertheless, a better 

372 degree of match can be achieved utilizing the P.F. model. Previous studies have shown that several chemical 

373 mechanisms, including hydrogen bonding, complexation, and hydrophobic interactions, are likely to either 

374 enhance or have a negligible impact on the adsorption of PO4
3- and SFR using HM24 [54, 57]. Physical 

375 approaches may generate successive uptake layers over the earlier-formed layers of the chemically adsorbed 

376 PO4
3- and SFR ions [59].

377 Table.1. The mathematical parameters of the evaluated kinetic models (pH: 5 for PO4
3- and 8 for SFR; a temperature: 30 oC; volume: 

378 100 mL; concentration: 100 mg/L; and dose: 0.4 g/L)

379

380

381

382

383 3.2.4. Starting concentration

384 The analysis here investigated the impact of initial PO4
3- and SFR concentrations on the maximum 

385 elimination activities as measured by HM24, together with the corresponding equilibrium conditions, across the 

386 evaluated range from 50 to 350 mg/L. The other essential parameters affecting the elimination of PO4
3- and 

387 SFR were maintained fixed at certain values, including a total volume equal to 100 mL, a period of 24 hours, a 

388 dose of 0.4 g/L, and temperatures ranging from 303 K to 323 K. A correlation has been found between 

389 elevated concentrations of PO4
3- and SFR ions and the detected rise in their adsorbed amounts using HM24 

390 (Fig. 7A and C). Increasing the concentration of PO4
3- and SFR ions in a specific volume significantly improves 

391 soluble chemicals' diffusion, driving forces, and mobility properties. This enhancement augmented the ability 

392 to interact with larger amounts of the existing active sites that are easily accessible on the exterior of HM24. 

393 Therefore, the effectiveness of adsorbing PO4
3- and SFR using HM24 was significantly improved relative to the 

394 tested contents of PO4
3- and SFR [60]. Nevertheless, this correlation can only be observed until specific 

395 contents of both PO4
3- and SFR. Beyond such concentrations, raising the starting levels of PO4

3- and SFR 

Kinetic models
Models Parameters SFR PO4

3-

K1 (min-1) 0.0064 0.0047
Qe (Cal) (mg/g) 126.7 87.4
R2 0.97 0.97Pseudo-First-order
X2 1.6 1.3
k2 (g mg-1 min-1) 3.72 X 10-5 3.57 X 10-5

Qe (Cal) (mg/g) 156.6 112.1
R2 0.95 0.95

Pseudo-Second-order

X2 0.3 2.2
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396 doesn't seem to have a positive impact on their binding performances to the interface of HM24. Determining 

397 the equilibrium situations facilitates significantly in determining the highest adsorption performances of PO4
3- 

398 and SFR by HM24. The highest adsorption capacities of PO4
3-  were determined to be 208.5 mg/g at a 

399 temperature of 303 K, 182.2 mg/g at 313 K, and 152.6 mg/g at 323 K (Fig. 7A). The measured values for SFR 

400 were 146.8 mg/g at 303 K, 125.4 mg/g at 313 K, and 103.8 mg/g at 323 K (Fig. 7B). The observed decrease in 

401 the uptake effectiveness of PO4
3- and SFR using HM24 with raising the examined temperatures suggests that 

402 the reactions under investigation possess exothermic characteristics.

403

404

405

406

407

408 Fig.7. the experimental effect of the starting concentrations on the uptake behaviors of SFR (A) and PO4
3- (B) by HM24 (pH: 5 for PO4

3- 

409 and 8 for SFR; a temperature: 30 oC; volume: 100 mL; duration: 24 h; and dose: 0.4 g/L)

410 3.2.5. Classic isotherm models

411 Traditional equilibrium analyses for the conducted adsorption processes have been performed in order 

412 to evaluate the dispersion of water-soluble pollutants throughout the aqueous solutions alongside the 

413 incorporated adsorbent at concentrations higher than the equilibrium level. Conventional equilibrium modeling 

414 approaches have a significant impact on illustrating the effective mechanisms. The frequently used isotherm 

415 functions provide important insights into three factors: (a) the sorbate's selectivity towards the adsorbent's 

416 reactive interfaces; (b) the theoretical amount of soluble chemical ions that could potentially interact with these 

417 interfaces; and (c) the maximal adsorption capacities. The present investigation analyzes the equilibrium 

418 properties of PO4
3- and SFR by evaluating their bonding aspects using the Langmuir (Fig. 8A and B), 

419 Freundlich (Fig. 8C and D), and Dubinin-Radushkevich (D-R) (Fig.8E and F) isotherm theories. The degree of 

420 alignment between the assumed equilibrium hypotheses stated in the aforementioned models and the 

421 measurable adsorption behaviors of PO4
3- and SFR were evaluated through non-linear regression methods. 

422 The analysis included the examination of the correlation coefficient (R2) and the Chi-squared (X2) 

423 measurements. The investigation of R2 and X2 indicates that the HM24 particles tend to adsorb the PO4
3- and 

424 SFR ions according to Langmuir's hypothesis rather than the Freundlich concept (Table 2). The mentioned 
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425 equilibrium behavior suggests that PO4
3- and SFR display consistent and homogeneous behaviors during their 

426 uptake by reacting sites that are distributed on the interfaces of HM24. As a result, the adsorbed PO4
3- and 

427 SFR ions form a single layer or monolayer of their ions on HM24's surface [58, 61]. Furthermore, the analysis 

428 showed that HM24 particulates had favorable adsorption behaviors for PO4
3- and SFR, as evidenced by the 

429 RL values that are under 1 [18, 51]. The theoretical investigation's results demonstrated that PO4
3- has 

430 predicted maximum adsorption capacities (Qmax) of 211.4 mg/g at 303 K, 187.5 mg/g at 313 K, and 161.5 mg/g 

431 at 323 K. The values for SFR were estimated as follows: 148.1 mg/g at 303 K, 128.6 mg/g at 313 K, and 105.7 

432 mg/g at 323 K (Table 2). 

433

434

435

436

437

438

439

440

441

442

443

444

445
446 Fig.8. Fitting of the adsorption results by HM24 with Langmuir model (SFR (A) and PO4

3- (B)), Freundlich model (SFR (C) and PO4
3- 

447 (D)), D-R model (SFR (E) and PO4
3- (F)), and advanced monolayer model of one energy site (SFR (G) and PO4

3- (H)) (pH: 5 for PO4
3- 

448 and 8 for SFR; a temperature: 30 oC; volume: 100 mL; duration: 24 h; and dose: 0.4 g/L)

449 The equilibrium parameters of the D-R model provide a comprehensive understanding of the energy 

450 variations exhibited by HM24 nanoparticles throughout the removal processes of PO4
3- and SFR, irrespective 

451 of the particle's levels of heterogeneity or homogeneity. Examining the results of the D-R modeling provides 

452 essential details about the free adsorption energy (E) and its significance for understanding the key 
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453 mechanisms, whether physical or chemical in nature. The uptake mechanisms may be categorized into three 

454 separate groups based on their energetic levels: < 8 kJ/mol, from 8 to 16 kJ/mol, and above 16 kJ/mol. At 

455 these energy levels, the main mechanisms comprised mostly of prominent physical, weak chemical, and/or 

456 complicated interactions between physical and chemical processes and strong chemical activities in order 

457 [55]. The observed values of energy (E) for PO4
3- and SFR uptake processes using HM24 were found to be 

458 below the set energy limits for the physical processes (less than 8 kJ/mol) (Table 2).

459 Table.2. the estimated mathematical parameters of the studied classic equilibrium models (pH: 5 for PO4
3- and 8 for SFR; a 

460 temperature: 30 oC; volume: 100 mL; duration: 24 h; and dose: 0.4 g/L)

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476
477 3.2.6. Advanced isotherm models

478 The use of statistical physics methods to model the equilibrium characteristics of adsorption reactions 

479 could provide a comprehensive examination of these processes' distinctive characteristics. The mathematical 

480 models used in the present investigations assess the interactions between external reactive chemical groups 

481 that function as interacting binding sites throughout the absorbent's interface and water-soluble pollutants. The 

482 mathematical equations utilized in this study provide reliable calculated parameters that precisely reflect the 

483 main mechanistic processes, encompassing both energetic and steric factors. The steric parameters included 

Models 303 K 313 K 323 K
Classic isotherm models

Qmax (mg/g) 211.4 187.5 161.5
b(L/mg) 6.90 E-5 1.43 E-4 3.77 E-5
R2 0.99 0.99 0.99

Langmuir model

X2 0.07 0.005 0.14
1/n 0.77 0.59 0.59
kF (mg/g) 218.7 196.8 173.1
R2 0.98 0.99 0.99

Freundlich model

X2 0.13 0.04 0.27
β (mol2/KJ2) 0.044 0.054 0.107
Qm (mg/g) 210.3 180.3 155.5
R2 0.99 0.98 0.98
X2 0.19 0.51 0.73

SFR

D-R model

E (KJ/mol) 3.4 3.04 2.16
Qmax (mg/g) 148.1 128.6 105.7
b(L/mg) 1.39 E-7 5.27 E-8 2.20 E-9
R2 0.99 0.99 0.99

Langmuir model

X2 0.009 0.059 0.010
1/n 0.380 0.445 0.435
kF (mg/g) 152.4 138.5 117.4
R2 0.98 0.98 0.98

Freundlich model

X2 0.15 0.47 0.47
β (mol2/KJ2) 0.012 0.0220 0.032 
Qm (mg/g) 159.7 139.4 119.6 
R2 0.99 0.99 0.99

PO4
3-

X2 0.33 0.38 0.39
D-R model

E (KJ/mol) 6.45 4.76 3.95
Advanced isotherm model

n 2.49 2.22 2.39
Nm (mg/g) 84.86 84.54 67.44
Qsat (mg/g) 211.4 187.5 161.5
C1/2 (mg/L) 46.8 54.1 70.2

SFR Monolayer model of 
one energy site

ΔE (kJ/mol) -6.92 -7.52 -8.46
n 3.81 3.76 4.33
Nm (mg/g) 38.88 34.14 24.40
Qsat (mg/g) 148.0 128.6 105.7
C1/2 (mg/L) 63.2 85.7 99.8

PO4
3- Monolayer model of 

one energy site

ΔE (kJ/mol) -4.2 -3.54 -3.25
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484 in the computations are Nm, which quantifies the total quantity of occupied adsorption sites across the 

485 interface of HM24. Furthermore, the calculations include the quantification of the number of chemical ions 

486 adsorbed (n) by just one receptor and the determination of the maximum uptake efficiencies of PO4
3- and SFR 

487 using HM24 when it attains its full saturation (Qsat). The energetic aspects are internal energy (Eint), entropy 

488 (Sa), uptake energy (E), and free enthalpy (G). The previously mentioned hypotheses of the established 

489 models have been assessed using non-linear regression analyses. A successful completion of the prior 

490 investigations was achieved by using multivariable nonlinear regression algorithms in conjunction with the 

491 Levenberg-Marquardt iterative approach. Following the obtaining of matching degrees, the adsorption 

492 responses of PO4
3- and SFR by HM24 were evaluated and characterized. The substantially corresponding 

493 model, the monolayer model of a single active site considering the fitting degree (Fig. 8G and H; Table. 2), 

494 was used to complete the assignment. Table 2 displays the calculated variables as fitting parameters for the 

495 used model.

496 3.2.6.1. Steric properties

497 3.2.6.1.1. Number of adsorbed ions per site (n)

498 The mathematical analysis of the n function provides enough data with regard to the arrangement 

499 properties of the immobilized PO4
3- and SFR ions across the exterior surface of HM24. The significance of this 

500 includes both the vertical and horizontal arrangements. Moreover, these findings are very significant in 

501 understanding the processes that regulate binding reactions, such as multiple dockings or interactions. The 

502 uptake of one PO4
3- and SFR ion via multiple uptake sites is significantly affected by the presence of multi-

503 anchorage or multi-docking processes. As a result, the binding mechanisms have values below 1 and indicate 

504 the ions' horizontal positioning. Conversely, behaviors with magnitudes above 1 indicate the existence of PO4
3- 

505 and SFR in non-parallel arrangements, in conjunction with a vertical orientation. Multi-ionic actions typically 

506 control the removal pathways for such systems, allowing a single site to accommodate several ions [55, 62]. 

507 The calculated quantities of n, which indicate the aggregate number of ions bound to a single uptake site onto 

508 the exterior of HM24, range from 2.22 to 2.49 for SFR and 3.76 to 4.33 for PO4
3- (Fig. 9A and B). The overall 

509 number of PO4
3- and SFR ions adsorbed into each site exceeds 1. Therefore, multi-ionic interacting 

510 mechanisms successfully achieved the binding of PO4
3- and SFR. Each single uptake site within the HM24 

511 particulates had the ability to accommodate multiple ions, which were organized in vertical configurations and 

512 non-parallel characteristics. Each one of the receptors across the exterior interface of HM24 could effectively 

513 accept a maximum of 3 SFR ions and 5 PO4
3- ions. The computed n values of HM24 for PO4

3- and SFR exhibit 
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514 a decline as the operating temperature increases from 303 K to 313 K, followed by a further increase as the 

515 temperature rises toward 323 K (Fig. 9A and B). These results show that the active chemical groups or 

516 adsorption sites change depending on the temperature settings, either becoming active or inactive [62, 63]. 

517 Furthermore, conducting the experiments at 323 K significantly improves the aggregation characteristics of 

518 PO4
3- and SFR, as evidenced by the rise in their n levels.

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537 Fig.9. changes in the steric and thermodynamic functions during the uptake of PO4
3- and SFR by HM24 including the number of 

538 adsorbed ions per site (SFR (A) and PO4
3- (B)), active sites density (SFR (C) and PO4

3- (D)), saturation adsorption capacity (SFR (E) 

539 and PO4
3- (F)), entropy (SFR (G) and PO4

3- (H)), internal energy (SFR (I) and PO4
3- (J)), and enthalpy (SFR (K) and PO4

3- (L)) (pH: 5 

540 for PO4
3- and 8 for SFR; a temperature: 30 oC; volume: 100 mL; duration: 24 h; and dose: 0.4 g/L)

541 3.2.6.1.2. Density of the active sites (Nm)

542 A quantitative determination of the overall amount of sites filled with PO4
3- and SFR (Nm) throughout 

543 the interactive interfaces of HM24 particulates could potentially be accomplished by assessing the density of 

544 the active uptake sites for PO4
3- and SFR (Fig. 9C and D). The values that were determined for Nm at different 
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545 temperatures for SFR are 84.86 mg/g at 303 K, 84.5 mg/g at 313 K, and 67.44 mg/g at 323 K (Fig. 9C). The 

546 determined values for PO4
3- are 38.88 mg/g at a temperature of 303 K, 34.14 mg/g at 313 K, and 24.4 mg/g at 

547 318 K (Fig. 9D). The observed Nm values corresponding to the adsorption activities of SFR are higher than 

548 those that were reported for PO4
3-, thereby elucidating its better adsorption properties. This result provides 

549 more evidence for the presence of other chemical groups within the surface of HM24 particles that exhibit an 

550 excellent capacity to interact chemically and form complexes with the SFR dye's molecular structure. The Nm 

551 values for PO4
3- and SFR exhibit temperature-sensitive reversible variations (Fig. 9C and D). The observed 

552 trends are consistent with the estimated variations in n, as the most significant aggregating properties of PO4
3- 

553 and SFR are observed under elevated temperature conditions, leading to a reduction in the total number of 

554 filled sites. Temperature's influence on the activity levels of pre-existing uptake sites could explain the reported 

555 behavior [1, 64]. The analysis highlights the negative effects of rising temperatures on the extent of occupied 

556 sites, which is illustrated by the deactivation of specific operating sites or the reduction in the duration of time 

557 needed for these sites to effectively adsorb and retain PO4
3- and SFR. Previous studies have attributed 

558 comparable trends to the assumed diffusion of adsorbed ions or their desorption from the surface of HM24. 

559 The reduction in saturation limitations of heated fluids led to the development of the desorption behavior [65].

560 3.2.6.1.3. Adsorption capacity at the saturation state of (Qsat)

561 The completely saturated adsorption properties of HM24 (Qsat) present the optimal PO4
3- and SFR 

562 uptake capacities, together with the highest tolerance levels. The estimated value of Qsat is affected by two 

563 primary factors: the designated density of occupied sites (Nm) and the overall number of PO4
3- and SFR ions 

564 bound per site (n). HM24 exhibits maximum adsorption capabilities for SFR of 211.4 mg/g at 303 K, 187.5 

565 mg/g at 313 K, and 161.5 mg/g at 323 K (Fig. 9E). The maximum adsorption capacities of PO4
3- were 

566 determined to be 148 mg/g at 303 K, 128.6 mg/g at 313 K, and 105.7 mg/g at 323 K (Fig. 9F). The detrimental 

567 effects of temperature indicate the exothermic characteristics of the PO4
3- and SFR uptake processes using 

568 HM24. These results demonstrate that greater uptake temperatures promote more thermal collisions, which 

569 reduces the efficiency of PO4
3- and SFR adsorption [62]. Furthermore, Qsat's temperature-dependent 

570 observable traits show similarities to the behavior characterized by Nm rather than n (Fig. 9E and F). The 

571 findings indicate that the total amount of interacting sites, rather than the individual binding value of each 

572 individual receptor, is the key factor influencing the efficacy of PO4
3- and SFR adsorption via HM24. 

573 3.2.6.2. Energetic properties

574 3.2.6.2.1. Adsorption energy
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575 The quantified energy fluctuations (ΔE) during the adsorption processes of PO4
3- and SFR may provide 

576 valuable insights into the fundamental mechanisms, regardless of their association with chemical or physical 

577 reactions. Physical mechanisms show energies below 40 kJ/mol, whereas chemical pathways reveal energetic 

578 levels over 80 kJ/mol. These binding energies serve as a significant criterion for classifying different 

579 mechanistic responses of physical processes. The physical interactions presented include hydrogen bonding 

580 (energy < 30 kJ/mol), dipole bonding interactions (energy range 2–29 kJ/mol), van der Waals forces (energy 

581 range 4–10 kJ/mol), electrostatic attraction (energy range 2–50 kJ/mol), and hydrophobic bonding (energy = 5 

582 kJ/mol). The calculation of the uptake energy levels (ΔE) for PO4
3- and SFR was conducted using Equation 5. 

583 This equation employs the solubility PO4
3- and SFR (S), the gas constant (R = 0.008314 kJ/mol·K), the levels 

584 of PO4
3- and SFR under half-saturation conditions of HM24, and an established temperature (T) [66]. 

585 ∆𝐸 = 𝑅𝑇 𝑙𝑛
𝑆
𝐶       (5)

586 For SFR, the adsorption energies range from -6.9 to -8.46 kJ/mol, and for PO4
3-, they range from -3.25 

587 to -4.2 kJ/mol (Table 2). These ranges are within the established limits for physisorption mechanisms. The 

588 quantified values for PO4
3- and SFR suggest that hydrogen bonding, electrostatic attraction, dipole 

589 interactions, and van der Waals forces are the principal mechanisms facilitating their removal using HM24. 

590 The negative values of ∆E indicate that the binding reactions of PO4
3- and SFR by HM24 were exothermic.

591 3.2.6.2.2. Thermodynamic functions

592 3.2.6.2.2.1. Entropy

593 The entropy (Sa) corresponding to the adsorption operations of PO4
3- and SFR employing HM24 

594 clearly illustrates the ordered and disordered properties of their exterior interfaces whenever subjected to 

595 different levels of PO4
3- and SFR ions, as well as various temperature conditions. The attributes of Sa were 

596 demonstrated by using the results derived from Equation 6, which included the previously determined values 

597 for Nm and n, together with the expected levels of PO4
3- and SFR during the half-saturation phases (C1/2). 

598
𝑆𝑎

𝐾𝐵
= 𝑁𝑚 𝑙𝑛 1 +

𝐶
𝐶1

2

𝑛

― 𝑛
𝐶

𝐶1
2

𝑛

 

𝑙𝑛
𝐶

𝐶1
2

1 +
𝐶

𝐶1
2

𝑛      (6)

599 The analysis of the resultant graphs reveals a notable decrease in entropy degrees (Sa) upon the 

600 adsorption of PO4
3- and SFR utilizing HM24, especially at higher concentrations (Fig. 9G and H). Observations 

601 reveal a discernible reduction in the disorder features of HM24 interface when levels of analyzed PO4
3- and 

602 SFR increase. The entropy factors additionally reveal the enhancement in the effective docking of PO4
3- and 

603 SFR to the vacant and active binding sites situated on the HM24 surface, regardless of low initial 
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604 concentrations [64, 66]. The maximal entropy values for the adsorption of SFR were estimated under 

605 equilibrium concentrations of 51.4 mg/L (303 K), 58.8 mg/L (313 K), and 68.5 mg/L (323 K) (Fig. 9G). The 

606 equilibrium levels of PO4
3-, that correspond to the maximum degree of entropy, were 67.3 mg/L at 303 K, 78.9 

607 mg/L at 313 K, and 85.7 mg/L at 323 K (Fig. 9H). Such equilibrium readings are substantially approximated by 

608 the concentrations obtained following the HM24 half-saturation phases. Thus, the existence of leftover binding 

609 sites hinders the docking of additional ions. Furthermore, the significant reductions observed in the evaluated 

610 entropy levels indicate a substantial decline in the number of available sites, together with a marked drop in 

611 the mobility and diffusion properties of the PO4
3- and SFR ions [67].

612 3.2.6.2.2.2. Internal energy and free enthalpy 

613 The study evaluated the internal energy (Eint) associated with the binding interactions of PO4
3- and SFR 

614 using HM24, along with the free enthalpy (G), taking into account the variations in PO4
3- and SFR levels, as 

615 well as the operational temperatures on these properties. The assessment was performed using Equations 7 

616 and 8, which derived the results based on the predetermined values for Nm, n, and C1/2, together with the 

617 translational partition (Zv) [63].

618
𝐸𝑖𝑛𝑡

𝐾𝐵𝑇 =  𝑛 𝑁𝑚  

𝐶
𝐶1/2

𝑛
 𝑙𝑛

𝐶
𝑍𝑣

1 +
𝐶

𝐶1/2

𝑛 ―  
𝑛 ln

𝐶
𝐶1/2

 
𝐶

𝐶1/2

𝑛

1 +
𝐶

𝐶1/2

𝑛     (7)

619
𝐺

𝐾𝐵𝑇 =  𝑛 𝑁𝑚

ln
𝐶
𝑍𝑣

1 +
𝐶1/2

𝐶
𝑛       (8)

620 The examined fluctuations in Eint in terms of the removal process of PO4
3- and SFR using HM24 exhibit 

621 negatively signed values. The results showed a significant reduction in Eint whenever the temperature 

622 increases from 303 K to 323 K (Fig. 9I and J). This investigation confirms the spontaneous and exothermic 

623 properties of both ions' adsorption reactions using HM24. The enthalpy assessments and activities display 

624 similar characteristics and criteria corresponding to those of the internal energy behaviors. The G data exhibit 

625 negative trends and demonstrate a reversible relationship with the specific uptake temperature (Fig. 9K and 

626 L). This signifies a decrease in feasibility characteristics and corroborates the exothermic nature and 

627 spontaneous features of the adsorption reactions of PO4
3- and SFR ions employing HM24.

628 3.2.7. Recyclability 

629 The reusing and recycling effectiveness of HM24 as an adsorbent is a critical factor in determining its 

630 properties for realistic and large-scale wastewater treatment applications. The leftover HM24 particles, 

631 acquired after post-adsorption studies with PO4
3- and SFR, were washed with distilled water for 10 minutes. 
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632 The washing procedure was executed four times. The purified HM24 particles were carefully dried inside an 

633 electric oven at 50 °C for 8 hours before being used again for subsequent adsorption repeated cycles. The 

634 reusable adsorption studies for PO4
3- and SFR were conducted under specified conditions: pH 5 for PO4

3- and 

635 pH 8 for SFR, HM24 dosage of 0.4 g/L, content levels of 350 mg/L, contact duration of 24 hours, temperature 

636 of 303 K, and a volume of 100 mL (Fig. 10). The outcomes of the five recycling trials reveal the remarkable 

637 stability and reusability of HM24 particles for efficient application in removal processes over all five rounds 

638 (Fig. 10). The quantities of SFR adsorbed during the analyzed cycles are: 208.5 mg/g (Cycle 1), 208 mg/g 

639 (Cycle 2), 205.3 mg/g (Cycle 3), 200.1 mg/g (Cycle 4), 193.7 mg/g (Cycle 5), and 101.5 mg/g (Cycle 6) (Fig. 

640 S1). The uptake capacities of PO4
3- were 146.8 mg/g (Cycle 1), 145.5 mg/g (Cycle 2), 140.7 mg/g (Cycle 3), 

641 136.3 mg/g (Cycle 4), 130.8 mg/g (Cycle 5), and 122.3 mg/g (Cycle 6) (Fig. 10). The continuous formation of a 

642 complex between the absorbed ions and the chemical structure of hematite could explain the dramatic 

643 decrease in the efficacy of HM24 with repeated use. Also detection of the leached iron content demonstrate 

644 the high stability of the structure within the studied pH levels, the iron content is less than less than 0.01 mg/L 

645 at pH 5 (after the uptake of PO4
3-)  and below the detection limit at pH 8 (after the uptake of SFR). Such 

646 results also signify environmental value of the product within the studied pH range as it will not result in 

647 secondary forms of contaminants as byproducts [68, 69].

648

649

650

651

652

653

654

655

656 Fig.10. The recyclability properties of HM24 during the uptake of PO4
3- and SFR for six cycles (pH: 5 for PO4

3- and 8 for SFR; a 

657 temperature: 30 oC; volume: 100 mL; concentration: 350 mg/L; duration: 24 h; and dose: 0.4 g/L)

658 3.2.8. Comparison study

659 The measured adsorption characteristics of HM24 as an adsorbent for PO4
3- and SFR were compared 

660 with the recognized results for different types of organic and ion-organic adsorbents. The results indicated the 

661 better adsorption qualities of the HM24 compared with the majority of materials listed in Table S2. As a result, 

662 the synthetic structure functions well as a cost-effective and environmentally friendly adsorbent for the 
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663 practical treatment of wastewater that contains a variety of soluble organic and inorganic chemical 

664 contaminants. The structure is less expensive than the specified adsorbents, and its uses may attain greater 

665 removal effectiveness with small dosages and in brief timeframes.       

666 Conclusion: 

667     Well-developed hematite nanorods were simply produced by alkaline modification for natural lateritic iron 

668 ore. The obtained rods displayed changes in the exposed crystalline face, mesoporous structure (4.2 nm), and 

669 significant surface area (141.5 m2/g). The obtained rods were applied as enhanced adsorbents for PO4
3- and 

670 safranin dye (SFR) with uptake capacities of 148 mg/g and 211.4 mg/g, respectively. The results demonstrate 

671 that the morphological transformation and associated change in face exposure have a significant effect on the 

672 uptake performance of modified hematite compared to natural lateritic iron. The steric results revealed a 

673 higher abundance of SFR selective active sites (84.8 mg/g) than PO4
3- (38.8 mg/g). The phosphate ions tend 

674 to aggregate into the interface of hematite with a degree (n = 5) higher than SFR (n = 3), which implies multi-

675 ionic interactions and vertical orientation of the adsorbed ions. The energetic studies and thermodynamic 

676 parameters demonstrate the uptake of the two pollutants by spontaneous, physical, and exothermic 

677 mechanisms. The simplicity of the synthesis, along with cost considerations, raw material availability, uptake 

678 performances, and recyclability, suggests the application of this structure in the practical remediation of 

679 agricultural and industrial wastewater. 
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