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Abstract   11 

The present research work focused on the activated carbon (AC) preparation from dates waste 12 

followed by its surface modification by incipient wetness impregnation using different metals: 13 

Ca, Co, Mg and Al. The obtained results showed that the AC-Al presented the best removal 14 

efficiency of the fluoride. The prepared activated carbons (AC) and (AC-Al) were 15 

characterized by several techniques. The optimization study of the AC-Al impregnation 16 

conditions was investigated by varying the impregnation time and the Al loading. Batch 17 

experiments were carried out to investigate the effect of certain operating parameters on the 18 

removal percentage. Several isotherm models were applied. 19 
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Introduction 24 

In the region of the Algerian northern Sahara, encompassing Ouargla, Ghardaia, Touggourt, 25 

El Oued, Biskra and Hassi Messaoud, peoples in the eastern region consume groundwater 26 

from the terminal complex with a fluoride concentration above the World Health 27 

Organization standard (WHO) 1.5 mg.L
-1 

[1]
 
and will exceed 3 to 4 mg.L

-1 
[2]. These waters 28 

are usually the only source for these regions [3]. The origin of the fluoride contamination in 29 

the main aquifers of the region is still not clear. In small doses in drinking water (0.5-1.5 30 

mg.L
-1

), fluoride promotes the dental and bones health. However, fluoride concentrations of 31 

1.5 to 4 mg.L
-1 

were responsible of the dental fluorosis [4] which is often appears as a change 32 

in tooth enamel, provoking dark patches [5]. This phenomenon is known as "Darmous" in the 33 

southern Algeria or " Mottled Enamel" in the Anglo-Saxon countries [2]. In addition, 34 

concentrations higher than 4 mg.L
-1

, will cause the loss of the teeth and the bone fluorosis 35 

characterized by an hyper calcification of the bones. Skeletal fluorosis and possibly cancer 36 

have been diagnosed for fluoride concentrations above 10 mg.L
-1 

[4]. A large percentage of 37 

inhabitants of the southern Algeria are affected by the endemic fluorosis with its two forms, 38 

dental and bone [6]. The Pasteur Institute reported this problem of the fluorosis firstly in 39 

1932. Several surveys have been carried out, among them, those performed by the INSP 40 

(National Institute of Public Health) in 1980, which have revealed the appearance of the 41 

endemic fluorosis epidemic in the eastern part of the northern Sahara (El-Oued, Touggourt, 42 

Ouargla) [6]. This problem does not affect merely the south of Algeria, the vast region of 43 

India and some other countries such as Pakistan, Argentina, India, Korea, Russia, China, 44 

Mexico, Iran and part of Africa [7] are also affected by the high content of fluoride in the 45 

groundwater resources. Therefore, the reduction of the fluoride level in the water source at 46 

admissible concentrations is decisive to protect the public health. Many techniques have been 47 

applied for the fluoride removal from water. Several classical methods of fluoride removal 48 
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were used such as adsorption, reverse osmosis, precipitation, electrodialysis and ion 49 

exchange…etc. Adsorption has always been recommended as the cost effective and 50 

convenient method [8]. Different adsorbents were used for the fluoride removal, especially 51 

activated carbon and nanotubes, Zeolithes, activated alumina, bone char, clays  and resins [8]. 52 

Among the adsorbents, activated carbon is the most used because of its high surface area, 53 

highly microporous structure and easy availability [9]. Nevertheless, activated carbon has a 54 

relatively low adsorption capacity for anionic compounds especially if they are very soluble 55 

and reactive like the fluoride. Therefore, recent investigations have focused on modifying 56 

activated carbons surface with different metal oxides and hydroxides such as Aluminum [10], 57 

Iron [8], Calcium [11], Magnesium, Manganese [12] and some rare earth metals such as 58 

Zirconium [12] and Lanthanum [8]. These investigations have proved to be interesting for 59 

enhancing significantly the fluoride adsorption efficiency. Indeed, the surface modification 60 

will lead to the formation of new functional groups on the activated carbon surface, which 61 

will have a high affinity for fluoride anions leading to the improvement of the adsorption 62 

process efficiency. The aim of the present study is to prepare an activated carbon from date 63 

stems, which is an available agricultural waste in Algeria, with its surface modification by 64 

incipient wetness impregnation using different metals (Ca, Co, Mg and Al). Indeed, fluoride 65 

has high affinity for this metals which have acceptable cost compared to the rare earth metals 66 

which are insoluble under wide pH ranges [12]. In addition, the use of the date stems is not 67 

mentioned in the literature as a precursor for fluoride adsorption. This new material's 68 

adsorption efficiency, referred by AC-Al, has been verified by its application to remove 69 

fluoride from aqueous solutions.  The new material was characterized and tested for fluoride 70 

removal in batch system. Study of the impregnation conditions and the effect of certain 71 

operating parameters, in particular the contact time, the pH solution, the dose of adsorbent 72 
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and the initial concentration of fluoride on the adsorption capacity of the new material, has 73 

been tested. Isotherm analysis was also discussed.  74 

 75 

Materials and methods 76 

Chemicals  77 

Zinc chloride (ZnCl2) used in this study was provided from VWR Chemicals. Calcium Nitrate 78 

hydrate (Ca(NO3)2,H2O), Cobalt Nitrate hexahydrate (Co(NO3)3,6H2O), Magnesium Nitrate 79 

hexahydrate (Mg(NO3)3,6H2O) and Aluminum Nitrate nonahydrate (Al(NO3)3,9H2O) were 80 

obtained from Alfa Aesar, Germany. The Sodium fluoride (NaF, 99%) was obtained from 81 

Merck, Germany. The solution pH was adjusted by using the solution of HCl or NaOH, 82 

procured by Sigma-Aldrich. Ultrapure water (resistivity ≥ 18 MΩ.cm) which was produced 83 

from a Milli-Q system was used for all solutions preparations.  84 

 85 

Preparation of the modified activated carbon 86 

Dates stems were collected, washed, dried and crushed to get sizes smaller than 2.00 mm 87 

diameter. The sample was chemically activated using ZnCl2 as dehydrating agent followed by 88 

thermal activation. For the chemical activation, about 150 g of dried precursor were mixed 89 

with the aqueous solution of ZnCl2 (weight of activating agent/weight of raw material of 2/1) 90 

and stirred during 4 h at 70 °C.  After the impregnation step, the sample produced was dried at 91 

105 °C for 24 h to remove the water content. Then, the dried sample was pyrolyzed at 600 °C 92 

for 2 hours in a tubular high-temperature furnace (Nabertherm tube RT) under high purity 93 

nitrogen (99.99%) atmosphere and with a flow rate of 10 mL.min
-1

. Then, the sample was 94 

cooled down to room temperature, rinsed many times with hydrochloric acid solution (0.1 M) 95 

and distilled water. Finally, the sorbent called (AC) was dried at 105°C overnight [13]. The 96 

latter was separately impregnated by different metals such as Ca, Co, Mg and Al. Metals 97 
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catalysts were prepared by incipient wetness impregnation with a metal charge of 5 (wt.%). 98 

The required amount of Ca(NO3)2,H2O, Co(NO3)26H2O, Al(NO3)39H2O and Mg(NO3)36H2O 99 

[14] was dissolved in a minimum volume of water. Then, the solutions were mixed neatly 100 

with 0.95 g of AC powder overnight at room temperature. The samples were rinsed with 101 

deionized water for many times to eliminate the excess of the selected cationic ions. The 102 

rinsed samples were dried overnight at 105 °C and stored in airtight bottle for the following 103 

use. The final products obtained are referred (AC-Y) where Y corresponds to the metal Ca, 104 

Co, Al and Mg. 105 

 106 

Characterization of the adsorbent 107 

The specific surface area and the pore size distribution of the activated carbons were 108 

determined from the nitrogen adsorption isotherms at the temperature of liquid nitrogen (77.5 109 

K) using a Micromeritics ASAP 2020 equipment. The pore distribution was calculated from 110 

the adsorption isotherms using the density functional theory (DFT). In order to study the 111 

effect of aluminum modification on the AC structure, X-ray diffraction (XRD) studies were 112 

carried out using Bruker D8 X-ray diffractometer, with Cu K irradiation. The different bonds, 113 

present in the AC and AC-Al were determined using Fourier transformed infrared 114 

spectroscopy (FTIR). FTIR was performed using Bruker Vertex 60 at room temperature in the 115 

wave number range of 400–4000 cm
−1

. A Field Emission Scanning Electron Microscopy 116 

(FESEM) using Zeiss Ultra Plus equipment combined with a system of analysis for energy 117 

dispersive X-ray spectroscopy EDS was used to investigate the morphology characteristics of 118 

the raw precursor and the activated carbons AC, AC-Al. The samples are coated with carbon 119 

to ensure sufficient conductivity. In addition, the elementary chemical composition of 120 

samples was obtained using an energy dispersive X-ray analyzer (EDS).XPS analysis was 121 

conducted using the ESCA-3400 Shimadzu and Al K alpha X-ray source (1486.6 eV), 122 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 
 

although XPS pattern deconvolution was obtained with the use of a nonlinear least-square 123 

curve-fitting program (XPS-PEAK software 4.1). Zeta potential was determined using a 124 

Malvern zeta sizer nanoZS setup and the samples were prepared by dispersing 0.1 g of 125 

adsorbents in 10 mL of distilled water. 126 

 127 

Optimization of the impregnation conditions for AC-Al 128 

Optimal conditions for the AC-Al preparation were determined by varying the impregnation 129 

time (0.5, 1, 2, 3, 4, 24 and 48 h) and the Al loading (1, 3, 5, 7 and 10 (wt. %)). So, at room 130 

temperature, 5 g of the AC was added to an aqueous solution of Al(NO3)3,9H2O with known 131 

concentration and at a fixed impregnation time.Then, the product obtained was washed and 132 

dried overnight at 105 °C. The modified materials were referred as AC–AlX where X 133 

represents the aluminum content (weight percent).  134 

 135 

Fluoride adsorption experiments  136 

The prepared materials (modified AC) were tested for fluoride adsorption. The stock solution 137 

of fluoride was prepared by dissolving a fixed dose of the NaF salt in 1 L of pure water. All 138 

experiments were performed in batch system. 0.025 g of the modified AC was added to 25 139 

mL of the solution with 10 mg.L
-1

 of fluoride. The experiments were run in Erlenmeyer 140 

flasks, stirred in an orbital shaker at fixed speed of 125 rpm, temperature of 25 °C and pH of 141 

6.15. The samples were carried out at equilibrium time and then filtered using syringe filters. 142 

The concentration of fluoride ions (F
-
) in the adsorption experiments was checked though the 143 

fluoride ion using ion chromatographic (761 Compact IC, Metrohm). The adsorption 144 

percentage of fluoride “Rt,e”(%) and the adsorption capacity “qt,e“ (mg.g
-1

) were  calculated as 145 

follows: 146 

0 ,

,

0

( )
100

t e

t e

c c
R

c


                            (1) 147 
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0 ,

,

( )t e

t e

c c
q V

m


                 (2) 148 

Where, C0 is the initial fluoride concentration (mg.L
-1

), Ct,e the fluoride concentration at time t 149 

or at equilibrium (mg.L
-1

), V the volume of the solution (L) and m the mass of the adsorbent 150 

(g). 151 

 152 

Results and discussion 153 

Characterization of the adsorbent 154 

Textural properties 155 

The characterization results of the activated carbons AC and AC-Al5 are presented in Table 1. 156 

The table gathers surface areas, pore sizes, volumes and distributions of the pores of the 157 

prepared activated carbons. Thus, the AC without surface modification presents an important 158 

porosity that was created during the calcination step, with a high specific surface area (1341  159 

m
2
.g

-1
). This value decreased for the modified activated carbon AC-Al5 (561 m

2
.g

-1
) 160 

suggesting a good binding of Aluminum on the AC surface. Therefore, the size and volume of 161 

the pores of the AC-Al5 were smaller than those of the AC. According to DFT model, the 162 

pore distribution results reveal that the modified activated carbon contains a higher percentage 163 

of micropores (diameter smaller than 2 nm) than the unmodified activated carbon respectively 164 

46 and 26 %. On the other hand, a mesoporous (diameter from 2 to 50 nm) texture (74%) is 165 

predominant for the AC without modification. 166 

 167 

X-ray diffraction studies 168 

The XRD patterns were comparatively the same before and after impregnation, indicating the 169 

stable amorphous structure of the AC after impregnation (see Fig. 1). The XRD data analysis 170 

of the powder of the both activated carbons shows the broad noncrystalline peaks at 2θ of 25° 171 

and 43° [15].The broader reflections were found in the range of 10-30° [16]. For the AC-Al5, 172 
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no peaks corresponding to Al or any other form of Al were detected. This can be attributed to 173 

the existence of the aluminum in the amorphous phase [17]. 174 

 175 

FTIR analysis 176 

The FTIR spectra can supply valuable information about the chemical composition of the 177 

materials. Fig.2 illustrates the apparent spectrums of the AC and AC-Al5. Thus, for the AC 178 

spectrum, the large band appearing between ~ 3600 – 2500 cm
-1 

is relating to the hydrogen 179 

bonded OH [18]. The weak peaks at 2171 and 541cm
-1

, 2121 cm
-1

 and 2057 cm
-1

, and 180 

1687cm
-1

 correspond respectively  to the C-O bending vibration [19,20], C≡C stretching 181 

vibrations in alkyne groups [21, 22] and C=O band of carboxylic acid  [23] respectively. The 182 

sharp peak at 1562 cm
-1

 can be associated to bending vibrations of H-O-H [24]  and the band 183 

at 1164 cm
-1

 can be attributed to the C–O–C stretching vibration [25]. After chemical 184 

modification of the AC, FTIR spectra were modified with apparition of new bands, while 185 

other bands disappeared, shifted or decreased in intensity. The peak at 2354 cm
-1

 can be 186 

related to OH stretch from strong H-bonded-COOH [26]. Due to Al impregnation, the band at 187 

1562 cm
-1

 related to the H-O-H vibration shifted to 1576 cm
-1

. Besides, the other peaks 188 

showed the small shift from 2171 to 2177 cm
-1

 (C-O) [27], from 2122 to 2119 cm
-1

 (C≡C 189 

stretching vibration) [28] and from 1687 to 1700 cm
-1

 (C=O stretch of the carboxylic acid 190 

group) [29]. The peak of 541 cm
-1

 showing C–O vibration disappeared after modification. 191 

The results indicate the appearance of peaks, which have not been identified by the 192 

unmodified activated carbon (AC) spectrum. The new bands at 1525, 1313 and 531cm
-1

 were 193 

attributed to Amide II (N-H deformation and C-N stretching) [30], Amide III (N–H, C–N) 194 

[31] and Al-O stretching vibration [32] respectively. The obtained results prove the presence 195 

of aluminum on the AC surface and can be clearly confirmed by the FESEM-EDS and XPS 196 

analysis of the AC-Al5. 197 
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 198 

Emission Scanning Electron Microscopy FESEM–EDS 199 

The Surface morphology of the raw date stems and the activated carbons AC and AC-Al5 200 

were investigated by FESEM and illustrated in Figs 3(a-b), 3(c-d) and 3(e-f), respectively. 201 

Contrary to the raw date stems, which exhibit rough surface morphology without porosity, the 202 

AC and AC-Al5 surfaces show clearly the well-developed pores and the complex 203 

disorganized surface structures of different open pore sizes. So, it appears that the external 204 

surface of the activated carbon is full of cavities, as the result of the chemical agent 205 

evaporation during the carbonization step, leaving the space occupied by the ZnCl2 [33]. The 206 

EDS analysis was performed for both the activated carbons AC and AC-Al5. From the results 207 

gathered in Table 2, we notice that the AC includes a rich amount of C, O, and relatively 208 

median levels of inorganic components, such as Na, Si, P, S, Cl, Zn and Fe. The SEM-EDS 209 

analysis of the AC-Al5 (Table2), showed the addition of Al on the AC surface, which 210 

confirms the successful incorporation of the aluminum. 211 

 212 

X-ray photoelectron spectrometer (XPS) 213 

XPS analysis were used to evaluate the surface chemistry of the different AC-AlX produced. 214 

From the Fig 4.a, the peak centered at around 284.77 eV corresponds to the carbon C 1s from 215 

the C=C bond [34] and it can be also assigned to the adventitious carbon contamination from 216 

the ambient atmosphere. Although, this peak is generally referred to graphitic carbon [35]. 217 

For the AC-Al5, the peak observed at 398.94 eV from the Fig 4a, is assigned to the nitrogen 218 

N 1s and is deconvoluted, as illustrated from the Fig 4b, in three peaks associated to tertiary 219 

nitrogen N-(C)3 (398.94 eV) [36], amino functional groups R-NH2 (400.92 eV) [37] and 220 

oxidized nitrogen NO2 groups (406.30 eV) [38]. Finally, from the Fig 4c, we notice that the 221 

peak at around 74.64 eV attributed to Al 2p in Al-O bond, confirmed the presence of the 222 
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aluminum (Al2O3 form) at the AC surface [39]. Moreover, as shown in table 3, the aluminum 223 

content loading of the AC increased from 0.32 to 1.49 % with an increase in the theoretical 224 

charge of aluminum from 1 to 10 % respectively. Finally, XPS analysis confirmed the FTIR 225 

results and the modification in aluminum content clearly affect the surface properties leading 226 

to the improvement of the fluoride adsorption capacity. 227 

 228 

Zeta potential 229 

Zeta potential describes the potential difference between the dispersion medium and the 230 

stationary layer of the fluid bound to the dispersed particle. It will characterize the surface 231 

charge and the acidity of the adsorbent surfaces. The negative value of the AC Zeta potential 232 

(-1.66 mV) (Fig.5) is mainly due to the presence of negative functional groups on the AC 233 

surface such as phenolic group (–OH), ketonic group (C=O) and carboxylic group (–COOH). 234 

As the fluoride ion is also negatively charged, the activated carbon surface is repelled and the 235 

adsorption capacity was limited. The zeta potential of the AC-Al5 obtained (+20.62 mV) 236 

indicates the positively charged surface, which is favorable for the fluoride adsorption by 237 

electrostatic interactions. After the fluoride adsorption, the zeta potential of the AC-Al5 had 238 

negative value (-5.91 mV) confirming that the fluoride anions were adsorbed on the AC-Al5. 239 

 240 

Optimization of the impregnation conditions of the AC 241 

Effect of the impregnation agent on the fluoride removal 242 

The selectivity study was performed based on the selection of the better adsorbent, which 243 

leads to the highest fluoride adsorption. In accordance with the obtained results, the activated 244 

carbon impregnated with aluminum (AC-Al5) presented significantly better adsorption 245 

percentage (80%) compared to Ca, Mg and Co impregnated ones (5 - 15 %). As can be seen 246 

from Fig.6, an improvement of fluoride removal from 2 to 80 % was noted respectively for 247 
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the AC and AC-Al5. It is clear, from Fig.6 that the preferential chemical species impregnation 248 

for fluoride adsorption follows the order of Al > Co > Ca > Mg. This may be ascribed to the 249 

stronger specific interactions between Al
3+

 and F
-
 than Co

+2
 and F

-
, Ca

+2
 and F

-
 and Mg

2+
 and 250 

F
- 
which will probably attributed to the number of the positive charges. In addition, aluminum 251 

could provide more active sites for complexation or ligand exchange with fluoride (such as 252 

AlF3(aq)) compared with other metals [40]. 253 

 254 

Effect of the impregnation time on the fluoride removal 255 

Different AC-Al5 sorbent with different impregnation times (from 0.5 to 48 h) were prepared 256 

to define the best condition of synthesis. It is clear from Fig.7 that the increase of the 257 

impregnation time from 0.5 to 2 h, leads to an enhancement in the fluoride removal from 65 258 

to 80 % respectively. This result may be attributed to the increase of the fixed aluminum on 259 

the AC surface with impregnation time, which allows the fixation of more fluoride anions. 260 

However, the raise in impregnation time up to 2 h of contact has no significant effect on the 261 

fluoride removal, which revealed that the equilibrium state was established. Similar results 262 

have been also obtained by other studies [41]. Therefore, an impregnation time of 2 h is 263 

taking as the optimal value for the aluminum loading study. 264 

 265 

Effect of the aluminum loading on the fluoride removal 266 

The effect of Al loading on the fluoride removal efficiency was investigated within a range 267 

from 1 to 10 (wt.%). As shown in Fig. 8a, the maximum fluoride removal was achieved at a 268 

maximum value of 80 % for an Al loading of 5 % (AC-Al5 sorbent). However, a decline of 269 

the fluoride removal with a progressive increase of Al loading more than 5 % was noted. The 270 

low efficiency for both AC-Al7 and AC-Al10 will be attributed to the deficit of available 271 

active sites required for the fluoride removal related to the pore blockages [42]. Indeed, 272 
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according to the XPS analysis results, we have noted that the aluminum adsorption percentage 273 

on the AC decreased from 20 to 14 % when Al loading exceeds 5 % (Fig 8b) leading to the 274 

fluoride removal decrease. 275 

 276 

Parametric study of the fluoride adsorption on the AC-Al5 277 

Effect of contact time 278 

Fig 9 presents the results obtained from the study of the effect of contact time on the fluoride 279 

removal by adsorption on the AC-Al5. The fluoride is rapidly adsorbed in the first 5 -10 min, 280 

then the adsorption increased slowly until reaching equilibrium in about 1 h. The first step of 281 

adsorption is fast, because the fluoride was adsorbed onto the external surface due to the 282 

availability of Al active sites. When the external surface is saturated, the fluoride ions are 283 

transferred to the inner surface via the pores. This interne transfer takes a relatively long 284 

contact time. 285 

 286 

Effect of pH 287 

Generally, the pH of the aqueous solution is an essential parameter effecting the adsorption 288 

process. For  this  study,  the  initial  pH  values  were  varied  from 3 to 12 keeping constant 289 

all other parameters (adsorbent mass =1g, [F
−
]o = 10 mg.L

-1
 and T = 25 °C). From the results 290 

presented in Fig. 10a, we note that the fluoride removal percentage was high (85 %) and 291 

stable within a pH range from 5 to 10. Hence, this result is useful for its use for the 292 

wastewater treatment, which generally has a wide range of pH levels, ranging between 6 and 293 

9. For pH values lower than 5 or higher than 10, the removal efficiency fell sharply. Allalou 294 

and al., obtained similar results for the nitrate adsorption onto surfactant modified activated 295 
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carbon [13]. The significant decrease of the fluoride removal for alkaline pH is possibly due 296 

to the competition between fluoride anions (F
-
) and hydroxyl ions (OH

-
) on the adsorbent 297 

surface. In the other hand, below pH 5, the efficiency removal decrease may be attributed to 298 

the protonation of the fluoride ion and the formation of weakly ionized hydrofluoric acid. 299 

Such results are consistent with the results of other researchers who investigated the fluoride 300 

adsorption on other activated carbons [43]. In other hand, the equilibrium pH values were 301 

measured after fluoride adsorption on the AC-Al5 at different initial pH values (Figure 10b). 302 

Upon adsorption experiments, the pH equilibrium values significantly decreased for the initial 303 

pH values between 5–10. The results showed that the effective initial pH for fluoride removal 304 

was between 5 and 10 in this study. In view of the effective and stable rate of defluoridation 305 

and the free pH of the fluoride solution (around 6.15), there was no further adjustment of the 306 

solution pH, for the following experiments. 307 

 308 

Effect of the adsorbent dose 309 

The adsorbent dose has a significant impact on the adsorption process. The effect of this 310 

parameter on the fluoride removal was shown in the Fig.11 within a range from 0.2 to 4 g.L
-1

. 311 

The initial fluoride concentration and solution pH were fixed respectively to 10 mg.L
-1 

and 312 

6.15. In accordance with the Fig.11, the fluoride removal percentage increased significantly 313 

from 29 to 90 % when the adsorbent level rises from 0.2 to 1.5 g.L
-1

.This may be explained 314 

by the fact that the active sites availability increases with the adsorbent amounts leading to the 315 

improvement of the fluoride adsorption. Furthermore, the fluoride removal was almost 316 

constant when the adsorbent dose was higher than 1.5 g.L
-1

. This result may be attributed to 317 

the overlapping of the active sites at higher doses and thus the effective surface area decreases 318 

[15]. 319 

 320 
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 321 

Effect of the fluoride initial concentration and isotherms modeling 322 

The effect of the initial fluoride concentration on the adsorption process was performed for 323 

the concentrations ranging from 5 to 30 mg.L
-1

 at ambient temperature (25 °C), free pH and 324 

adsorbent dose of 1.5 g.L
-1

. As shown in Fig.12, the fluoride removal efficiency decreased 325 

from 94 to 57 % by increasing the initial concentration of fluoride from 5 to 30 mg.L
-1

. The 326 

decrease in fluoride adsorption will be due to the deficit of the active sites needed for the high 327 

fluoride initial concentrations. The better efficiency in fluoride removal, at low levels, is 328 

related with the availability of active sites for less fluoride ions on the adsorbent surface [43]. 329 

The equilibrium is established during adsorption between the amount of fluoride adsorbed on 330 

the adsorbent (qe) and the fluoride remaining in solution (Ce). The isothermal data of the 331 

adsorption are primarily important to predict the adsorption process. Several nonlinear 332 

isotherms models such as the two parameters (Langmuir, Freundlich and Temkin) and the 333 

three-parameters (Sips and Redlich–Peterson) adsorption models were used to study the 334 

equilibrium isotherms of fluoride adsorption on the AC-Al5. The equilibrium adsorption 335 

isotherms were investigated through the application of Langmuir (Eq. 3), Freundlich (Eq. 5) 336 

and Temkin (Eq. (6), Sips (7) and Redlich–Peterson (8) equations.  337 

The Langmuir theory suggests that the adsorbate covers a monolayer over a homogeneous 338 

adsorbent surface. The Langmuir equation is expressed as follow: 339 

max

(1 )

L e
e

L e

q K C
q

K C



                                                                                             (3) 340 

eq (mg.g
-1

) is the fluoride adsorption capacity at equilibrium, maxq (mg.g
-1

) the theoretical 341 

maximum adsorption capacity, eC (mg.L
−1

) the equilibrium fluoride concentration and LK  342 
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(L.mg
−1

) the Langmuir constant. Another essential parameter of the model is a dimensionless 343 

constant known as the Webber and Chakkravorti Separation Factor ( LR ): 344 

1

(1 )
L

L e

R
K C




                                                                             (4) 345 

A more profound interpretation reveals that the RL value indicates either unfavorable 346 

adsorption (RL>1), linear (RL=1), favorable (0 <RL< 1) or irreversible (RL=0). The Freundlich 347 

equation is an empirical equation, which indicates that molecules are adsorbed on 348 

heterogeneous surfaces in mono or multi layers and can be expressed as: 349 

1/ Fn

e Fq K Ce                              (5) 350 

FK [(mg.g
-1

) (mg.L
-1

)
-1/n

] is the Freundlich constant and nF, the heterogeneity factor. The nF 351 

values > 1 reflect favorable adsorption conditions [44]. The Temkin isotherm is based on an 352 

indirect interaction adsorbate/adsorbent and is represented with the following equation:  353 

ln( )e T eq B A C                                                                                                    (6) 354 

Where,
T

RT
B

b
  and bT (J.mol

-1
) is the Temkin constant associated with the adsorption heat 355 

and AT, the equilibrium bond constant (L.g
-1

), R (8.314 J.mol
-1

.K
-1

) is the gas constant, T (K), 356 

the absolute temperature. The nonlinear Sips isotherm is the combination of Langmuir and 357 

Freundlich isotherms. The equation of the model is given as follow: 358 

( )

(1 )

s

s

n

s s e
e n

S e

q K C
q

K C



                  (7) 359 

qs, KS and nS are the Sips constants. KS (L.g
-1

) is related to the adsorption energy and ns 360 

reveals the heterogeneity of the system. The Redlich–Peterson isotherm contained three 361 

adjustable parameters into an empirical isotherm. This equation is commonly used like a 362 
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compromise between Langmuir and Freundlich systems as illustrated in the following 363 

expression: 364 

(1 )

RP e

R e

K C
qe

a C 



                                               (8) 365 

KRP, aR and β are the Redlich–Peterson isotherm constants, where, 0≪ ≪ 1. 366 

 367 

Error Functions 368 

A variety of error functions is available in the literature to evaluate the validity of the 369 

adsorption isotherms models with the experimental data. Indeed, the only use of the 370 

regression coefficient R
2
 is not enough for isothermal data analysis, since the experiment 371 

results may have high R
2
. Consequently, the result for the residue analysis must be diagnosed. 372 

In this study, the residual root mean square error (RMSE) and the Reduced Chi-squared ( 2

red )
  

373 

were introduced in order to evaluate the fit of the isotherms equations to the experimental 374 

results. The smaller the error value, the more suit the curve fit. The calculated error functions 375 

expressions can be described as : 376 

2

,exp ,

1

1
( ) ( )

N

i i cal

i

RMSE q q
N p 

 


               (9) 377 

2

,exp ,2

1

( )N
i i cal

red

i

q q

N P








            (10) 378 

Where N is the number of data experimental points, p is the number of isotherm model 379 

parameters, qi,exp is the qi experimental value, qi,cal, the qi value estimated by the isotherm 380 

model. The graphs using the non-linearized isotherm models equations are shown in Fig.13. 381 

Table 4 gathered the different constants of the five isotherm models, R
2
, RMSE and Reduced 382 

Chi-squared ( 2

red ) values. The results obtained for the application of the two parameters 383 
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isotherm models, showed clearly that the Temkin and Langmuir models were more suitable to 384 

fit the experimental data than the freundlich model with the lowest values for the error 385 

functions. The qmax and KL values estimated from the Langmuir equation were 13.03 mg.g
-1

 386 

and 0.91 L.mg
-1

, respectively. Additionally, the RL values are inside the validity range, 387 

indicating the favorable fluoride adsorption on the AC-Al5 (Table 5). The obtained values of 388 

the Temkin parameters AT=11.61 L.g
-1

 and B = 0.0025 kJ.mol
-1

, indicate that the fluoride 389 

adsorption on the AC-Al5 occurred by physisorption. The bonding energy value, which is < 8 390 

kJ.mol
-1

, confirmed this mechanism. Moreover, as indicated in table 4, the value of the 391 

Freundlich parameter “nF” is higher than 1, indicating the favorable adsorption. Otherwise, 392 

the three parameters isotherm models R-P and Sips, provide a good fit (R
2 

= (0.97, R
2 

= 0.96), 393 

RMSE = (0.584, 0.636) and 2

red = (0.3414, 0.405)), respectively. Hence, the R-P and sips 394 

models combine the expressions of Langmuir and Freundlich and it is generally known to 395 

represent well the adsorption on heterogeneous surfaces. In comparison with previous data 396 

already published in literature, the fluoride adsorption capacity of the AC-Al5 sorbent was 397 

much better than other adsorbents (Table 6). 398 

 399 

Conclusion  400 

A novel material laws successfully produced by surface modification of an activated carbon 401 

prepared from date stems by fixing different metals: Ca, Co, Mg and Al onto the activated 402 

carbon (AC) surface. Indeed, the surface modification applied to the produced activated 403 

carbon had a positive effect on the fluoride removal efficiency from water. The highest 404 

fluoride removal was obtained for Al compared to the others impregnated metals. From the 405 

characterization results of the AC-Al5, it was observed that aluminum is principally present in 406 

the form of Al2O3. Furthermore, the results of the nitrogen adsorption volumetric analysis 407 

reveal BET surface areas of 1341 m
2
.g

-1
 and 561 m

2
.g

-1
 respectively for the AC and AC-Al5, 408 
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suggesting a good fixation of aluminum on the AC surface. On the other hand, the fluoride 409 

removal was found to be dependent on the impregnation operating parameters. The optimal 410 

removal (80 %) was achieved for the impregnation time = 2 h and aluminum loading = 5 (wt. 411 

%). The adsorption experimental results showed that fluoride adsorption on the AC-Al5 was 412 

rapid and reached the equilibrium within 1 h of contact time. In addition, the fluoride removal 413 

efficiency was found to be dependent on the operating parameters (initial solution pH, AC-Al 414 

dose and initial fluoride concentration).On the other hand, this study shows that the fluoride 415 

adsorption efficiency is independent of the solution pH in the wide range of pH values (5.0 - 416 

11.0). The Langmuir, Temkin, Sips and Redlich-Peterson isotherm models fit adequately the 417 

experimental data. The qmax value estimated from the Langmuir model was found to be equal 418 

to 13.03 mg.g
-1

. The results of the present study revealed that the produced AC-Al5 is a 419 

promising material for the water treatment by removing anionic compounds particularly 420 

fluoride. 421 

 422 
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Table 1.  Surface area, pore volume, pore size and pore distribution of the AC and AC-Al5. 

BET DFT pore distribution 

 

Sample 

Surface area 
(m

2
.g

-1
) 

Pore 

volume 
(cm

3
.g

-1
) 

Pore 

size(nm) 

Micropores 
(%) 

Mesopores 
(%) 

Macropores 
(%) 

AC 1342 1.213 3.488 26 74 0 

AC-Al5 561 0.392 2.742 46 54 0 

 

 

Table 2.  EDS analysis of AC and AC-Al5 

Sample C 
(wt. %) 

O 
(wt. %) 

Al 
(wt. %) 

Si 
(wt. %) 

P 
(wt. %) 

S 
(wt. %) 

Cl 
(wt. %) 

Zn 
(wt. %) 

Fe 
(wt. %) 

Na 
(wt. %) 

Mg  
(wt. %) 

AC 71.37 15.53 - 0.38 0.13 0.48 1.05 7.75 2.52 0.78 - 

AC-Al5 34.04 33.85 20.11 0.67 0.34 0.92 2.73 5.57 1.01 - 0.76 

 

 

Table 3.  XPS analysis of the aluminum-modified activated carbon (AC-Al) with different Al 

loading. 

Sample   Elemental composition (wt. %) 

  C 1s O 1s Al 2p N 1s N 1s A N 1s B Cl 2p 

AC-Al1  91.10 7.26 0.32 0.35 0.36 0.23 0.39 

AC-Al3  87.98 9.55 0.72 0.32 0.36 0.66 0.41 

AC-Al5  84.78 12.07 1.02 0.35 0.45 0.89 0.44 

AC-Al7  83.19 13.21 1.16 0.37 0.38 1.23 0.47 

AC-Al10  80.91 15.03 1.49 0.34 0.37 1.48 0.39 

 

 

 

 

 

 

 

 

Table



 
 

 

Table 4.  The Langmuir, Freundlich, Temkin, Sips and Redlich– Peterson parameters of the 

fluoride adsorption isotherms. 

Isotherm models Parameters Values 

Langmuir R
2
 

RMSE 
2

red  

qmax (mg.g
-1

) 

KL 

0.972 

0.581 

0.337 

13.031 

0.912 

Freundlich R
2
 

RMSE 
2

red  

nF 

KF 

0.931 

0.908 

0.825 

3.309 

6.071 

Temkin R
2
 

RMSE 
2

red  

AT (L.mg
−1

) 

bT (J.mol
−1

) 

0.977 

0.525 

0.276 

11.614 

979.436 

Sips R
2
 

RMSE 
2

red  

qs 

Ks 

ns 

0.966 

0.636 

0.405 

13.932 

0.798 

0.851 

Redlich– Peterson R
2
 

RMSE 
2

red
 

KRP 

aR 

β 

0.971 

0.584 

0.341 

15.81 

1.524 

0.905 

 

 

Table 5. Separation factor for different initial concentrations of fluoride. 

C0 (mg.L
-1

) 5 10 15 20 25 30 

RL 0.7633 0.5061 0.3541 0.1798 0.1099 0.0872 

 

 

 

 

 

 

 



 
 

 

 

Table 6.  Adsorption capacities for fluoride using different adsorbents. 

Adsorbents qmax (mg.g
-1

) References 

AC-Zr 5.4 [8] 

Lanthanum–carbon 9.98 [42] 

Aluminum–cerium double-metal 

impregnated activated carbon 

3.05 [17] 

Zirconium-impregnated Camellia 

seed biochar 

11.04 [45] 

Aluminum impregnated coconut 

fiber ash 

3.192 [46] 

Aluminum impregnated carbon 1.07 [47] 

Aluminum–modified activated 

carbon (AC-Al)   from dates 

stems 

13.03 This study 
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Fig. 1. Comparative XRD data for Activated carbons AC and Al-AC5. 

Fig. 2. FTIR spectra of AC and AC-Al5. 

Fig. 3. FESEM micrographs for (a, b) raw date stems, (c, d) AC and (e, f) AC-Al5. 

Fig. 4. (a) XPS survey spectrum of AC-Al at different aluminum loading, (b) N 1s XPS 

spectrum of AC-Al5 and (c) Al 2p XPS spectrum of AC-Al at different aluminum loading. 

Fig. 5.  Zeta potential of AC, AC-Al5 and AC-Al5 (after adsorption) 

Fig. 6. Results for fluoride removal of modified AC with different metal ions. (AC-Y) dose = 

1 g, T = 25 °C, pH = 6.15, [F
−
] = 10 mg.L

−1
. 

Fig. 7. Effect of the impregnation time of the AC with Aluminum solution on the fluoride 

removal. (AC-Al5) dose = 1 g, T = 25 °C, pH = 6.15, [F
−
] = 10 mg L

−1
. 



Fig. 8. (a) Effect of the Aluminum loading on the fluoride removal during the AC 

impregnation and (b) effect of the Aluminium loading on aluminum impregnation yield. (AC-

Al) dose = 1g, T = 25 °C, pH = 6.15, [F
−
] = 10 mg.L

−1
. 

Fig.9. Effect of contact time the fluoride removal. Adsorbent dose = 1 g, T = 25 °C, pH = 

6.15, [F
−
] = 10 mg.L

−1
. 

Fig.10. (a) Effect of pH on the fluoride removal and (b) equilibrium pH after adsorption. 

Adsorbent dose = 1 g, T = 25 °C, [F
-
] = 10 mg.L

−1
. 

Fig.11. Effect of adsorbent dose on the fluoride removal. [F
−
] = 10 mg.L

−1
, pH = 6.15, T = 25 

°C. 

Fig.12. Effect of initial concentration on the fluoride removal. T = 25 °C, pH = 6.15, 

Adsorbent dose = 1.5g. 

Fig. 13. Comparative experimental and theoretical adsorption isotherms. Adsorbent dose = 

1.5 g, pH = 6.15, T= 25 °C 

 

 

 

 

 

 


