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Abstract 17 

The magnesia-pullulan composite (MgOP) achieved effective fluoride removal in 18 

previous research. In the present study, an acid-base titration experiment was conducted to 19 

investigate the properties of MgOP surface and further explore the mechanism of fluoride 20 

adsorption on MgOP. Results showed that the presence of chloride ions could improve 21 

fluoride adsorption on MgOP; however, additional nitrate ions had negligible impacts. A 22 

diffuse layer model and chemical equilibrium software (Visual MINTEQ 3.1) were used to 23 

simulate the acid-base titration data. The effects of initial pH values on the rate of fluoride 24 

uptake by MgOP were also studied. Moreover, aluminum salts were added to the fluoride 25 

solution with MgOP for the pH neutralization of treated water, in which aluminum chloride 26 

was preferred. 27 

Keywords: magnesia-pullulan composite, defluoridation, adsorption, surface complexation, 28 

pH neutralization 29 
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1. Introduction 31 

Trace amounts of fluoride (0.4–0.6 mg/L) in drinking water are beneficial for human 32 

health [1]. However, long-duration exposure to drinking water containing more than 1.5 33 

fluoride mg/L may result in diseases such as skeletal fluorosis and cancer [2]. Notably, the 34 

disorder caused by fluorosis is not reversible and has no medical treatment [3]. The World 35 

Health Organization (WHO) has determined that the fluoride concentration in drinking water 36 

should be maintained below 1.5 mg/L [4]. Nevertheless, there are still over 200 million 37 

people who are exposed to drinking water contaminated by fluoride [5, 6]. For this reason, an 38 

efficient and effective technique for fluoride removal is urgently needed. 39 

Compared to other methods (e.g., precipitation-coagulation process and membrane 40 

hybrid system), adsorption for fluoride removal from water has attracted considerable 41 

attention due to its low cost, high stability, and simple operation and design [7, 8]. Magnesia 42 

(MgO) has been widely investigated as an adsorbent to remove fluoride because: (1) it 43 

presents high defluoridation capacity; (2) its cost is low; and (3) the high pHzpc of MgO 44 

(12.1-12.7) can enhance the fluoride adsorption because of electrostatic attraction when the 45 

pH value of solution is lower than that of the isoelectric point [9, 10]. However, several 46 

drawbacks may negatively affect its application for the fluoride removal such as minimum, 47 

equilibrated time of 60 min [11]. More importantly, to support the transfer of inert water 48 

through the small passages and interstices between the MgO particles, greater back pressure 49 

is needed for fine porosity necessitates [11]. Therefore, recent efforts have been directed 50 

towards MgO modification to address the disadvantages [9, 12-14]. From the previous study 51 

[15], a new adsorbent was developed by calcining pullulan and MgO, in which pullulan (a 52 

biocomposite) can increase the accessibility of the adsorbate-binding sites due to abundant 53 

hydroxyl groups existing in its saccharide unit. Results derived from the batch experiment of 54 

fluoride adsorption confirmed that the magnesia-pullulan composite (MgOP) (i.e. adsorbent) 55 
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had higher adsorption capacity of fluoride and shorter equilibrium time when compared to the 56 

other similar adsorbents [13, 16, 17]. Moreover, even though many modified MgO adsorbents 57 

have high adsorption capacity for fluoride ions, the adsorption performance is seriously 58 

influenced by increasing pH [12-14, 16-18]. By contrast, effective fluoride removal through 59 

MgOP can be achieved over a wide pH range (3-12). This can increase the practical 60 

application prospects of MgOP for the fluoride removal. Besides, the regenerate efficiency of 61 

fluoride-loaded MgOP can be up to 99% [19], which is much higher than that of the similar, 62 

modified MgO adsorbents [9, 13, 14]. The preparation process of MgOP is also simpler when 63 

compared to other similar adsorbents [13]. However, the pH of treated fluoride solution 64 

increased to >10.0, probably due to the presence of oxide in the MgOP, which is consistent 65 

with other modified MgO adsorbents [9, 14]. This may negatively affect the fluoride 66 

adsorption by MgOP because the additional acid solution may be needed for the pH 67 

neutralization of treated water.  68 

For this reason, to neutralize the pH of treated water, aluminum salts were preferred as 69 

an assistant substance to be added into the fluoride solution along with MgOP since: (i) they 70 

have amphoteric property, which can effectively buffer pH of treated fluoride solution; and 71 

(ii) their modified forms could also remove fluoride from water [20], which indicates that the 72 

addition of aluminum salts may have insignificant impacts on the defluoridation efficiency of 73 

MgOP. It should be noted here that the reaction between fluoride and aluminum in water may 74 

follow the pathway: firstly, fluoride is adsorbed by aluminum hydroxide (Al[OH]3) followed 75 

by formation of Al-F-OH precipitates [21]. Moreover, the effects of pH on the adsorption rate 76 

of fluoride ions were explored. In this paper, another main objective is to investigate the acid-77 

base surface properties of MgOP to determine the pH effects on fluoride adsorption. This 78 

would be important when, for example, the pH of fluoride solution to be treated was elevated. 79 

Surface complexation models (SCMs) are typically used to explore the interaction between 80 
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the solutes and functional groups on the surface of an adsorbent, as well as how pH affects 81 

the adsorption process [20, 22, 23]. In the present study, a diffuse layer model (DLM) as the 82 

SCM was utilized to simulate the acid-base titration data with the help of the chemical 83 

equilibrium software Visual MINTEQ 3.1 (https://vminteq.lwr.kth.se/). The DLM needs 84 

fewer simulation parameters than other similar models [24], resulting in simpler calculation 85 

process and more accurate results.  86 

2. Experimental Section 87 

2.1. Preparation of MgOP  88 

According to the previous study [19], 8 g of MgO (Sinopharm Chemical Reagent Co., 89 

Ltd, Shanghai, China) and 12 g of pullulan (Shandong Freda Biotechnology Co., Ltd, Linxi, 90 

China) were firstly added into a 1000-mL polypropylene beaker in the weight ratio of 2:3, 91 

along with 400 mL of deionized water (ddH2O). The mixture was stirred for 24 h at room 92 

temperature and then dried in a drying oven at 105 °C for 12 h. Subsequently, the compound 93 

was calcined in a muffle furnace at 450 °C for 2 h. The resulting material (i.e., MgOP) was 94 

ground into powder and sieved to obtain 0.074-mm diameter particles. The prepared MgOP 95 

was sealed in a hermetic plastic bag for later use. 96 

2.2. Acid-base titrations 97 

The acid-base surface characteristics of MgOP were conducted in a 1000-mL 98 

polypropylene beaker at room temperature. First, 2 g of MgOP was soaked in 1000 mL of 99 

CO2-free ddH2O for 24 h to fully hydrate MgOP and produce a MgOP suspension. Then, a 100 

background electrolyte was added to the MgOP suspension at different concentrations (0.001, 101 

0.05, and 0.1 mol/L). A 2 mol/L of acid solution was added to adjust the pH of the MgOP 102 

suspension. As a result of this, the pH of MgOP suspension could be quickly decreased with 103 

insignificant changes in the total volume of MgOP suspension. However, the pH of the MgOP 104 

suspension should be strictly controlled above 2 to avoid the possible dissolution of MgOP. It 105 
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should be noted here that the pH value of arbitrary starting point should be much smaller than 106 

the zero point of charge (pHzpc = 10.7) [15]. Furthermore, the pH value of MgOP suspension 107 

was moderately increased by adding 0.1 mol/L sodium hydroxide (NaOH) solution. Each step 108 

was considered stability when the pH variation was less than 0.005/min.  109 

In the titration process, the beaker containing the MgOP suspension was placed on a 110 

magnetic stir plate (XK78-1, Jianyan Xinkang Medical Instrument Co., Ltd., Jianyan, China), 111 

and a pH probe (pHS-3C, Shanghai REX Instrument Factory Co., Ltd., Shanghai, China) was 112 

inserted into the suspension to monitor the pH changes. Moreover, nitrogen gas was 113 

continuously supplied in the MgOP suspension to prevent absorption of atmospheric carbon 114 

dioxide. In this acid-base titration study, sodium nitrate (NaNO3) and sodium chloride (NaCl) 115 

solutions were used as the background electrolytes because the effects of nitrate and chloride 116 

ions on the fluoride adsorption by MgOP were smaller when compared to other coexisting 117 

anions [15, 19]. Besides, the corresponding acid solutions for adjusting pH were nitric acid 118 

(HNO3) and hydrochloric acid (HCl). The titration data obtained without fluoride ions were 119 

utilized by DLM to calculate the intrinsic acidity constants of MgOP. All titration 120 

experiments also were conducted in the absence of MgOP to obtain the “blank” data for 121 

comparison. 122 

2.3. Adsorption experiments 123 

A standard stock solution of fluoride ions (1000 mg/L) was prepared by dissolving 124 

sodium fluoride (NaF) in the ddH2O. Working fluoride solutions were achieved by diluting 125 

the standard stock solution. The pH of the fluoride solutions was adjusted by adding 0.1 126 

mol/L of NaOH and HCl solutions. The effects of aluminum salts on fluoride adsorption were 127 

examined using 50-mL polypropylene tubes that contained aluminum salts, MgOP and 128 

fluoride solutions. In the experiment, the tube was shaken in a thermostatic shaker at 150 rpm 129 

and 25 °C, after which the mixture was centrifuged at 3000 rpm for 20 min. Then the 130 
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supernatant was filtered through a 0.45-μm membrane filter (Tianjin Jinteng Experimental 131 

Equipment Co. Ltd., Tianjin, China) for the later measurement. The resulting fluoride 132 

concentrations were determined using an ion meter and ion selective electrodes (Shanghai 133 

branch pXS-215, Tianda Instrument Shanghai, Co., Ltd., Shanghai, China). The pH was 134 

measured using the pH meter. The concentration of Al3+ ions was monitored by the 135 

spectrometric method using pyrocatechol violet (Shanghai INESA Scientific Instrument Co., 136 

Ltd., Shanghai, China).  137 

The adsorption isotherms, kinetics and thermodynamics also were investigated to 138 

determine fluoride adsorption by MgOP in the presence of Al3+ ions. All experiments were 139 

repeated three times at least under identical conditions with using the data’s standard 140 

deviations. The defluoridation capacity of MgOP was calculated using Equation (1) [25]: 141 

𝑞            (1) 142 

where qt (mg/g) is the defluoridation capacity of MgOP at time t (min); C0 and Ct (mg/L) are 143 

the initial and remaining concentrations of fluoride ions at time t, respectively; V (L) is the 144 

volume of fluoride solution; and W (g) is the dry weight of MgOP. 145 

 146 

 147 

 148 

 149 

 150 

 151 

 152 

 153 

 154 

 155 
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3. Results and discussion 156 

3.1. Acid-base surface chemistry of MgOP 157 

158 

 159 

Fig. 1. The surface acid-base titration plots for MgOP with (a) NaCl and (b) NaNO3 as the 160 

background electrolyte (CMgOP = 2 g/L, temperature = 25 °C, “I” represents the ionic strength 161 

of the solution, and “blank” reflects the surface acid-base titration experiment conducted 162 

without MgOP). 163 

 164 
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From Fig. 1, the added OH- ions were involved in three reactions during the titration 165 

process: pH neutralization of the MgOP suspension; reactions with the functional groups on 166 

the MgOP surface; and pH elevation of the MgOP suspension. In contrast, the added OH- 167 

ions were only involved in the pH neutralization in the absence of MgOP (i.e., the blank 168 

experiment). Besides, MgOP showed better buffering capacity for pH with increasing 169 

concentrations of Cl- because Cl- ions could facilitate the surface complexation of MgOP. 170 

Consequently, the added OH- ions may prefer to react with functional groups on the MgOP 171 

surface rather than to neutralize pH. By contrary, the surface reactions of MgOP were 172 

negatively affected by NO3
- and most added OH- ions were thereby involved in pH 173 

neutralization. In this scenario, an increased concentration of NO3
- may weaken the surface 174 

reactions of MgOP. 175 

 176 

 177 

 178 

 179 

 180 

 181 

 182 
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 183 

 184 

Fig. 2. Gran plots of MgOP with (a) NaCl and (b) NaNO3 as the background electrolyte 185 

(CMgOP = 2 g/L, temperature = 25 °C, “I” represents the ionic strength of the solution, “blank” 186 

reflects the surface acid-base titration experiment conducted without MgOP, and “G” 187 

represents the values of the Gran function). 188 

 189 

In this study, Gran plots were used to analyze the MgOP titration data (Fig. 2) and the 190 

Gran function (G) was determined by Equations (2) and (3) [26, 27]: 191 
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on the acidic side (pH < 7): 10010)( 0   pH
bata VVVG     (2) 192 

on the alkaline side (pH > 7): 10010)( 8.13
0  pH

batb VVVG     (3) 193 

where V0 (mL) is the initial volume of the solid suspension; and Vat and Vb (mL) are the total 194 

volumes of the added acid and alkaline solutions, respectively. Linear regression analysis of 195 

the Gran plots yielded values for Veb1 and Veb2, which are the intersections of the regressions 196 

of the Gran plots with the X-axis. The values of Veb1 and Veb2 indicated different reactions 197 

that added OH- involved in the MgOP suspension: (a) pH neutralization (VNaOH < Veb1); (b) 198 

reactions with functional groups on the MgOP surface (Veb1 < VNaOH < Veb2); and (c) pH 199 

elevation (VNaOH > Veb2). Thus, Veb1 could be considered as the zero point of titration [28], 200 

before which most OH- ions were involved for the pH neutralization instead of the surface 201 

reactions of MgOP. 202 

The total concentration of protons consumed in the titration process (TOTH) was 203 

calculated using Equation (4): 204 

𝑇𝑂𝑇𝐻  (mol/L)        (4) 205 

where Cb (mol/L) is the concentration of NaOH solution. Besides, the density of active 206 

surface sites (Ds) (sites/nm2) and concentrations of surface active sites (Hs) (mmol/L) can be 207 

deduced from the Gran plots using Equations (5) and (6): 208 

𝐻       (5) 209 

𝐷            (6) 210 

where (Veb2 - Veb1)sample and (Veb2 - Veb1)blank represent sampled and blank data, respectively; S 211 

(m2/g) and Cs (g/L) are the specific surface area and concentration of MgOP, respectively; 212 

and NA (mol-1) is Avogadro’s constant (6.022 × 1023).  213 

 214 

 215 
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Table 1  216 

Titrated parameters and site concentrations of MgOP 217 

Background 
electrolyte 

Ionic Strength 
(mol/L) 

Veb1 (mL) Veb2 (mL) 
Veb2-Veb1 

(mL) 
Ds (sites/nm2) Hs (mmol/L) 

NaCl 

0.001 
samplea 1.027 1.745 0.718 

4.68 0.511 
blankb 0.987 1.194 0.207 

0.05 
samplea 4.798 5.224 0.426 

2.14 0.234 
blankb 3.661 3.853 0.192 

0.1 
samplea 2.790 3.140 0.350 

1.86 0.203 
blankb 0.659 0.806 0.147 

NaNO3 

0.001 
samplea 3.487 4.050 0.563 

1.64 0.179 
blankb 0.817 1.201 0.384 

0.05 
samplea 0.807 1.140 0.533 

1.62 0.177 
blankb 1.109 1.265 0.356 

0.1 
samplea 1.592 2.151 0.559 

1.61 0.176 
blankb 1.146 1.529 0.383 

a “sample” indicates the surface acid-base titration experiment conducted with MgOP. 218 

b “blank” indicates the surface acid-base titration experiment conducted without MgOP. 219 

 220 

From Table 1, the values of Veb1 with NaNO3 as the background electrolyte were greater 221 

than those with NaCl as the background electrolyte, which indicated that more added OH- 222 

ions were involved in the pH neutralization of MgOP suspension in the presence of NaNO3. 223 

Moreover, the values of (Veb1-Veb2)sample were higher than those of (Veb1 - Veb2)blank with either 224 

NaCl or NaNO3 as the background electrolyte. This confirmed both the occurrence of 225 

MgOP’s surface complexations and its buffering capacity for pH. More importantly, Ds and 226 

Hs were larger with NaCl as the background electrolyte than those with NaNO3 as the 227 

background electrolyte. This is because the presence of Cl- ions could increase the number of 228 

active adsorption sites on the surface of MgOP. However, increasing concentrations of Cl- 229 

may also inhibit the generation of active adsorption sites and thereby decrease the values of 230 
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Ds and Hs. In contrast, there were negligible changes in the Ds and Hs at different 231 

concentrations of NaNO3 since NO3
- ions had insignificant effects on the number of active 232 

adsorption sites on the MgOP surface. To sum up, low concentrations of Cl- could promote 233 

the formation of active sites on the MgOP surface and thereby improve the fluoride 234 

adsorption while the presence of NO3
- insignificantly influenced the fluoride adsorption on 235 

MgOP. These results also agreed with findings in the previous study [15]. 236 

The following hypothesis was made for the modeling purposes: (i) most adsorption sites 237 

of MgOP are hydroxyl groups; (ii) there are no interactions between two different adsorption 238 

sites on the MgOP surface; and (iii) one adsorption site can only bind with one cation [29, 239 

30]. The MgOP could be activated to form the surface active hydroxyl groups (≡SOH) and 240 

the protonation and deprotonation reactions may thus occur in the acid and alkaline 241 

environments as indicated by Equations (7) and (8), respectively [28]: 242 

protonation: ≡ 𝑆𝑂𝐻 𝐻 ↔≡ 𝑆𝑂𝐻        (7) 243 

deprotonation: ≡ 𝑆𝑂𝐻 ↔≡ 𝑆𝑂 𝐻        (8) 244 

where ≡SOH, ≡SOH2
+ and ≡SO- represent neutral, positively charged, and negatively 245 

charged hydroxyl groups on the MgOP surface, respectively; and H+
(s) is the concentration of 246 

H+ ions on the surface of MgOP. The equilibrium constants of the protonation and 247 

deprotonation were calculated by Equations (9) and (10): 248 

         (9) 249 

                     (10) 250 

where pKa1 and pKa2 are the equilibrium constants of protonation and deprotonation, 251 

respectively;  is the proton activity on the MgOP surface;  and 252 

represent activities of original, protonated and deprotonated hydroxyl groups on the 253 

𝑝𝐾𝑎1 log
≡ 𝑆𝑂𝐻2

≡ 𝑆𝑂𝐻  𝐻 𝑠
 

𝑝𝐾𝑎2 log
≡ 𝑆𝑂  𝐻 𝑠

≡ 𝑆𝑂𝐻
 

{H+}s {≡SOH}, {≡SOH2
+} 

{≡SO-} 
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MgOP surface, respectively. 254 

 255 

Table 2  256 

Surface intrinsic constants of MgOP 257 

Background electrolyte NaCl NaNO3 

Ionic strength (mol/L) 0.001 0.05 0.1 0.001 0.05 0.1 

pK1 6.387 6.477 6.749 6.935 6.849 6.994 

pK2 -6.388 -6.388 -6.068 -6.048 -6.348 -5.938 

 258 

According to the DLM, the equilibrium constants of protonation and deprotonation of 259 

MgOP were calculated using Visual MINTEQ 3.1 software (Table 2). The values of pKa1 260 

were greater than those of pKa2 at all ionic strengths of the two background electrolytes, 261 

which meant it was more easily for MgOP to bind with H+ than OH- ions. As a result of this, 262 

the pH of treated water was increased. Furthermore, the values of pKa1 increased at higher 263 

concentration of Cl- ions because more positively charged hydroxyl groups were generated on 264 

the MgOP surface. Consequently, the fluoride adsorption on MgOP was improved because of 265 

electrostatic attraction. In contrast, minor changes in the values of pKa1 were observed when 266 

NaNO3 was served as the background electrolyte since NO3
- ions negligibly affected the 267 

number of active adsorption sites on the MgOP surface and the fluoride adsorption on MgOP. 268 

In addition, the DLM was used to simulate the titration data and results showed the DLM 269 

could describe the titration process well (R2 > 0.99).  270 

3.2. Effect of initial pH on fluoride adsorption rate 271 

MgOP (0.1 g) was added to test tubes containing 50 mL of fluoride solution (10 mg/L). 272 

The initial pH values of fluoride solution were adjusted to 3, 5, 7, 9 and 11 to evaluate the 273 

effects of initial pH values on fluoride adsorption rate (Fig. 3). Since the pseudo second-order 274 

kinetic model was proved to have high goodness-of-fit for the fluoride adsorption on MgOP 275 
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[15], the model was utilized to simulate the present process and its equation is described 276 

below: 277 

                    (11) 278 

where qem is the equilibrated defluoridation capacity estimated by the pseudo second-order 279 

kinetic model; qt (mg/g) is the defluoridation capacity at time t (min); and k2 (g/mg·min) is 280 

the rate constant of the pseudo second-order kinetic model. From Table 3, results show that 281 

the model could well simulate the fluoride adsorption on MgOP (R2 > 0.999). The adsorption 282 

rates (k2) of fluoride at various initial pH values were present in this order: pH = 3 (0.3630 283 

g/mg·min) > pH = 5 (0.1194 g/mg·min)> pH = 11 (0.1138 g/mg·min) > pH = 9 (0.0520 284 

g/mg·min) > pH = 7 (0.0353 g/mg·min). Therefore, increasing concentration of H+ or OH- 285 

ions could increase the rate of fluoride adsorption on MgOP, most probably because of the 286 

hydroxyl groups on the surface of MgOP. As discussed in Section 3.1, positively and 287 

negatively charged hydroxyl groups could be generated on the MgOP surface under the acid 288 

and alkaline environments, respectively, while a neutral environment caused the formation of 289 

non-charged hydroxyl groups. Compared to the non-charged hydroxyl groups, the positively 290 

and negatively charged hydroxyl groups have higher affinity for fluoride adsorption. More 291 

importantly, the positively charged hydroxyl groups could more easily adsorb fluoride anions 292 

than the negatively charged hydroxyl groups due to electrostatic attraction. Notably, the pH 293 

values may not affect the total number of hydroxyl groups on the MgOP surface, so the 294 

equilibrated defluoridation capacity of MgOP was negligibly varied over a wide initial pH 295 

range (3 to 11).  296 

 297 
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 298 

Fig. 3. Effects of initial pH on the adsorption rate of fluoride on MgOP (CMgOP = 2 g/L, C0 299 

fluoride = 10 mg/L, temperature = 25 °C). 300 

 301 

Table 3 302 

Pseudo second-order kinetic model constants for the pH-dependent experiment 303 

Adsorption 
model 

Parameters pH = 3 pH = 5 pH = 7 pH = 9 pH = 11 

Experimental 
dataa 

qe (mg/g) 4.964 4.914 4.822 4.856 4.899 

pseudo second-
order kinetics 

qem (mg/g) 4.995 5.003 5.008 5.051 4.998 

k2 (g/mg·min) 0.3630 0.1194 0.0353 0.0520 0.1138 

R2 1.000 0.9996 0.9995 0.9993 0.9996 
a The experimental data represent the equilibrated defluoridation capacity (qe). 304 

 305 

3.3. Effect of aluminium salts on the fluoride adsorption 306 

3.3.1. Effect of weight ratios of MgOP/aluminium salts  307 

MgOP (0.1 g) and 50 mL of fluoride solution (30 mg/L) were mixed in the test tubes. To 308 

reveal the effects of aluminium salts on fluoride adsorption by MgOP, aluminum nitrate 309 
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(Al[NO3]3), aluminum chloride (AlCl3) and aluminum sulfate (Al2[SO4]3) were added to the 310 

tubes at various weight ratios of MgOP to aluminum salts (1:1, 1:2, 1:3, 2:1 and 3:1). As 311 

shown in Fig. 4, increasing quantity of aluminum salts facilitated the pH neutralization of 312 

treated fluoride solutions, but slightly reduced the defluoridation capacity of MgOP. 313 

Specifically, the equilibrated defluoridation capacities of MgOP were reduced from 14 mg/g 314 

in the absence of aluminum salts to 10–13.5 mg/g in the presence of aluminum salts [15]. It 315 

should be noted here that the addition of aluminum salts may cause the formation of Al(OH)3 316 

flocs/precipitates which can adsorb some of the fluoride ions. The discussion about the 317 

fluoride adsorption in the presence of aluminum salts was conducted in Section 3.3.2. 318 

Besides, using aluminum for the pH neutralization may not cause additional costs in the 319 

wastewater treatment because aluminum salts are commonly employed as flocculants in the 320 

process.  321 

 322 

Fig. 4. Effect of aluminum salts on the fluoride adsorption of MgOP at different MgOP-to-323 

aluminum salts ratios (CMgOP = 2 g/L, C0 fluoride = 30 mg/L, temperature = 25 °C). 324 

 325 

The ability of aluminum salts to neutralize pH of treated fluoride solution followed the 326 



  18 

order: Al(NO3)3 > AlCl3 > Al2(SO4)3. Based on WHO guidelines [4], the standard for NO3
- 327 

ions in drinking water is stricter than that for SO4
2- and Cl-. Moreover, AlCl3 is widely used as 328 

a flocculant in water treatment and the presence of Cl- ions could improve the fluoride 329 

adsorption on MgOP as discussed in Section 3.1. Thus, AlCl3 was preferred to be used to 330 

neutralize pH of treated fluoride solution in this study. When the weight ratios of MgOP to 331 

AlCl3 were 1:1 and 1:3, the equilibrated defluoridation capacities of MgOP were 12.1 and 332 

12.7 mg/g, respectively, while the corresponding pH values of treated solution were 8.15 and 333 

8.75. Therefore, an increased MgOP:AlCl3 weight ratio may not significantly affect the 334 

equilibrated defluoridation capacity of MgOP and pH neutralization of treated fluoride 335 

solution. For this reason, the MgOP:AlCl3 weight ratio of 1:1 was utilized in subsequent 336 

experiments.  337 

Furthermore, > 0.2 mg/L of Al3+ ions in drinking water may detrimentally influence the 338 

human health, so the concentrations of Al3+ in treated water were tested at the MgOP:AlCl3 339 

weight ratio of 1:1, initial fluoride solution of 10-30 mg/L and reaction time of 90 min. 340 

Results suggested the concentrations of Al3+ in treated water were less than 0.2 mg/L, which 341 

indicated that it is safe to use AlCl3 for the pH neutralization of treated water at such ratio. 342 

3.3.2. Effect of contact time 343 

To further understand the effects of AlCl3 on fluoride adsorption, the fluoride adsorption 344 

on MgOP in the presence of AlCl3 was examined as a function of contact time (5, 10, 15, 20, 345 

25, 30, 40, 50, 60, 70, 80 and 90 min). Test tubes containing 0.1 g each of MgOP and AlCl3 346 

and 50 mL of fluoride solution with different initial fluoride concentrations (10, 15, 20 and 25 347 

mg/L) were shaken, which was then used to measure remaining fluoride concentration and 348 

pH of treated water.  349 

 350 
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 351 

Fig. 5. Fluoride adsorption on MgOP in the presence of AlCl3 as a function of time and initial 352 

fluoride concentration (CMgOP = 2 g/L, temperature = 25 °C, pH = 7.0, “Ct” represents the 353 

concentrations of fluoride ions in solution). 354 

 355 

The kinetic curves (Fig. 5) for initial fluoride concentrations of 10, 15, 20 and 25 mg/L 356 

had similar trends. It is logical for the fluoride concentrations of treated water to have the 357 

minimum value at equilibrium. However, the minimum concentration of fluoride was 358 

observed before equilibrium, which was attributed to the complexation and dissociation 359 

between Al3+ and F- ions. In the aquatic environment, when fluoride and aluminum ions come 360 

in contact, aluminum ions can avidly bind with fluoride ions to form an aluminofluoride 361 

complex (AlFx) as described by the Equations (12) and (13) [31, 32]. The chemical 362 

interaction between Al3+ and F- can only occur in an acidic environment because alkaline pH 363 

may lead to dissociate AlFx. 364 

≡ 𝐴𝑙𝑂𝐻 𝐻 ↔ 𝐴𝑙𝑂𝐻   365 

≡ 𝐴𝑙𝑂𝐻 𝐹 ↔ 𝐴𝑙𝐹 𝐻 𝑂  366 

≡ 𝐴𝑙𝑂𝐻 𝐹 ↔ 𝐴𝑙𝐹 𝑂𝐻                   (12) 367 
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Simultaneously, the dissociative aluminum ions can also react with fluoride ions as shown 368 

below: 369 

𝐴𝑙 𝐹 ↔ 𝐴𝑙𝐹   370 

𝐴𝑙 2𝐹 ↔ 𝐴𝑙𝐹   371 

𝐴𝑙 3𝐹 ↔ 𝐴𝑙𝐹   372 

𝐴𝑙 4𝐹 ↔ 𝐴𝑙𝐹   373 

𝐴𝑙 5𝐹 ↔ 𝐴𝑙𝐹   374 

𝐴𝑙 6𝐹 ↔ 𝐴𝑙𝐹                    (13) 375 

 376 

With the help of Visual MINTEQ 3.1 software, the possible reactions between Al3+ and 377 

F- ions in the present research are presented in Fig. 6.  378 

 379 

 380 

Fig. 6. Forms of aluminum ions in the fluoride adsorption process at pH range 4–8. 381 

 382 

In the beginning, some fluoride ions reacted with Al3+ ions to form AlFx (Fig. 6). 383 

However, the ability of Al3+ ions to bind fluoride ions gradually became weakened at pH > 6. 384 

As a result of this, fluoride ions bound with Al3+ ions may release from AlFx to the solution, 385 
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increasing the fluoride concentrations. Simultaneously, the adsorption ability of Al(OH)3 386 

flocs/precipitates for may also lose efficacy at pH > 6. Hence, pH = 6 was the critical point 387 

for the fluoride adoption in the presence of Al3+. The effects of contact time on pH of treated 388 

fluoride solution were investigated (Fig. S2) and results showed that the pH reached 6 at 40 389 

min at the initial fluoride concentrations of 10 and 15 mg/L, which was also the time that the 390 

minimum value of remaining fluoride concentration occurred (Fig. 5). Similar patterns were 391 

also observed at 25 min when the initial fluoride concentrations were 20 and 25 mg/L. 392 

4. Conclusions 393 

Results from this research justify the following main conclusions.  394 

(1) MgOP can more easily adsorb H+ ions than OH- ions, which result in the pH 395 

elevation of treated fluoride solution. Furthermore, the presence of Cl- improves fluoride 396 

adsorption on the MgOP while fluoride adsorption is insignificantly affected by NaNO3 as the 397 

background electrolyte. 398 

(2) The adsorption of H+ and OH- ions on MgOP can only influence the electrical 399 

charges of hydroxyl groups on the MgOP surface, but not the total amount of these groups. 400 

Consequently, the equilibrated defluoridation capacity of MgOP is independent on pH. 401 

(3) AlCl3 could effectively neutralize the pH of treated fluoride solution. The reaction 402 

between Al3+ and F- ions may decrease the equilibrated defluoridation capacity of MgOP to a 403 

value that is slightly less than its maximum value.  404 
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