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Abstract 15 

The objective of this work was to characterize the produced activated carbons based on 16 

Phoenix dactylifera rachis (date palm rachis: RP) using steam with different burn-off values 17 

(45, 55 and 65%), and then use those carbons to eliminate BEZAKTIV Red S-MAX (RS), a 18 

commercial textile dye. The characterization of the carbons was carried out by analyzing N2 19 

adsorption-desorption, SEM, FTIR, TGA/SM, Boehm titration and pHPZC. The specific 20 

surface area S2D-NLDFT was 500, 646 and 507 m²/g for the activated carbons PRAC45, 21 

PRAC55and PRAC65, respectively. The Box-Behnken design (BBD) of experiments was 22 

applied to determine the influence of burn-off (A), initial concentration (B) and pH of the 23 

solution (C) for the RS dye elimination from the aqueous system. The significant interactions 24 

between the factors were AB and BC with p-value < 0.05. The RS dye adsorption 25 

experiments were examined by applying the kinetic and isotherm models, and by studying 26 

temperature and pH effect. It was found that the RS adsorption followed the pseudo-second-27 

order (R² > 0.99) and the removal data were well fitted to the Langmuir isotherm model. The 28 

Langmuir maximum adsorption capacity Qm of RS dye was 198 mg/g for PRAC55. The 29 

regeneration of the carbons using thermal treatment was tested, and it revealed that the 30 

specific surface area S2D-NLDFT and the RS adsorption capacity Qm increased after the 31 

regeneration to 965 m²/g and 56.3 mg/g, respectively, for PRAC55. The Phoenix dactylifera 32 

rachis adsorbents could eliminate industrial wastewater (IW) which contains BEZAKTIV 33 

dyes with an adsorption rate superior to 55%.       34 

Keywords: Phoenix dactylifera rachis, Adsorption, Box–Behnken design, Regeneration, 35 

Dyestuff wastewater treatment 36 

  37 
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Graphical Abstract 38 

 39 

1 Introduction 40 

Recently, the increase of the water source contaminated by domestic and industrial discharge 41 

is due to the development of industries and human civilization. The generated waste from this 42 

development, causes the pollution of water resources [1]. Several industries such as textile, 43 

plastic, cosmetics, agri-food, and pharmaceutical industry produce a wastewater which 44 

contains a large quantity of residual dyes [2, 3]. The textile industry is related to the word 45 

population growth that is about 8 billion which creates a large demand for clothing. This 46 

situation is responsible for the evolution of this industry which generates a lot of waste, in 47 

particular, wastewater. A production unit consumes approximately 1.6 million liters of water 48 

per day to produce 8,000 kg of fabric, 24% of the consumed water goes to the dyeing and 49 

printing sections [4]. The textile industry uses approximately 700,000 tons of dyes annually 50 

with a fixation rate on fabrics of 85 to 90%, the rest ends up in the aquatic system [5]. Most 51 

dyes and their by-products have toxic effects on the aquatic system and are harmful to the 52 

health of humans and animals such as carcinogenic and mutagenic effects [6]. The treatment 53 

of wastewater from this industry has then become a primordial necessity in producing 54 

countries. 55 

Several technologies have been employed for the removal of dyes from aqueous wastewater 56 

such as photo-catalytic [7], precipitation  [8], membrane filtration [9], biological method [10], 57 

ion exchange [11], and adsorption [12]. The cited methods have advantages such as removal 58 

efficiency and disadvantages such as the cost of the investment. The adsorption method is 59 

preferable among these methods for its cost, dye removal efficiency, ease of process 60 
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implementation [13], not generating toxic compounds, and its simplicity in the generation of 61 

adsorbents [14]. To eliminate dyes from aqueous solution, various adsorbents are used such as 62 

biosorbent, chitosan, clay, zeolite and activated carbon [15]. The last one i.e., activated carbon 63 

is frequently used for its ability to adsorb dyes and for its physical and chemical 64 

characteristics such as high surface area, porosity, thermal stability and surface chemistry 65 

[16]. The cost of producing commercial activated carbons, regenerating and using them in 66 

large-scale dye-contaminated water treatment operations has been raised despite their 67 

mentioned characteristics; hence, we need to produce low cost and effective activated carbons 68 

from inexpensive and abundant precursors [17]. 69 

Currently, various agricultural wastes such as  apricot stones [18], argan nutshells [19], waste 70 

tea [20], corncob [13], barley straw [21], and rice husk [22]have been valorized by producing 71 

activated carbons. They make these wastes useful as adsorbents. Thereby, several activation 72 

methods have been reported in the literature, including chemical activation using KOH [22], 73 

H3PO4 [23] and K2C2O4 [24], physical activation using CO2 [25] and steam [20], and the 74 

combined method using CO2/CaCO3 or K2CO3  [26]. Phoenix dactylifera rachis, is an 75 

agricultural waste from the harvest of dates, which is found in abundance in the palm groves 76 

of the Algerian desert. In the past, date palms were used as windbreaks in agricultural plots 77 

inside the oasis, but currently their use is limited to firewood. The conversion of Phoenix 78 

dactylifera rachis is a recovery approach which consists of producing low-cost adsorbents. 79 

Several research works have been elaborated to fabricate activated carbons from date palm 80 

rachis by applying chemical activation using KOH [27] and H3PO4 [28] while steam 81 

activation is interesting because it limits the use of harmful chemicals.  82 

This study is a continuation of the previous works [29, 30]. In the said study, the activated 83 

carbons were produced using pyrolysis under N2 followed by physical activation using steam. 84 

Matter and energy balances were carried out during this fabrication process. The aim of the 85 

current study is to apply the produced carbons based on Phoenix dactylifera rachis to remove 86 

a BEZAKTIV Red S-MAX (RS): a commercial dye which is used by Algerian sewing thread 87 

manufacturers. The chemical structure of the RS dye hasn’t been mentioned by the producing 88 

company (BEZEMA, Switzerland), and it considered this specification as know-how. The 89 

carbons were characterized using physical and chemical methods such as adsorption-90 

desorption of N2, scanning electron microscope (SEM), Fourier-transform infrared 91 

spectroscopy (FTIR), Thermogravimetric Analyzer (TGA) under helium analysis coupled 92 

with mass spectrometry (SM) and Boehm titration, pH of point of zero charges (pHPZC). The 93 

optimization of independent variables such as Burn-off of the activated carbons (BO%), initial 94 

dye concentration (C0), and pH solution were designed by Box–Behnken (BBD) as response 95 

surface methodology (RSM). Then, the RS dye adsorption ability was examined by analyzing 96 

adsorption kinetic, adsorption isotherm, temperature effect, pH effect and thermodynamic 97 

parameters. The reuse of the adsorbents was also tested through thermal process in order to 98 

evaluate the porosity of the carbons and the RS adsorption capacity after the thermal 99 

treatment. The application of the carbons to remove real industrial wastewater was also 100 

examined. Finally, the obtained results were compared with those from the Ziziphus jujube 101 

stones study.  102 
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2 Experimental section 103 

2.1 Adsorbents synthesis 104 

The activated carbons tested in this work were prepared in the previous study [30]. Date palm 105 

rachis was used as biomass to produce activated carbons by a physical process using steam 106 

(H20 (g)) with different burn-off rates varying from 45 to 65%. First, the biomass was dried at 107 

105°C for 24h, ground, and sifted (retained size 500-1000µm). Then, the pyrolysis step was 108 

realized by introducing the selected biomass in a controlled reactor (800°C) to obtain gas, 109 

condensable products, and char. Finally, the solid material was activated with steam by 110 

introducing the amount of char in the activation-controlled reactor (800°C) to produce 111 

activated carbons. According to their burn-off, the obtained materials were named PRAC45, 112 

PRAC55, and PRAC65.     113 

2.2 Adsorbents characterization 114 

The adsorption – desorption of N2 at 77 K was carried out with a Micromeritics ASAP2020 115 

adsorption instrument. Before the analysis, the adsorbents were outgassed for 12 h at 300 °C. 116 

The specific surface areas were determined using the BET (completed with the Rouquerol 117 

correction) and the 2D-NLDFT models. The micropore volumes and pore size distributions 118 

were calculated using the 2D-NLDFT model: this model can actually avoid overestimation of 119 

the specific surface area by the BET model for microporous solids. 2D-NLDFT calculations 120 

were realized using the software SAIEUS, with a corrugation parameter λ = 4.25 and an 121 

integration range from 0.4 nm to 29.3 nm. 122 

The activated carbons' surface morphology was analyzed using a scanning electron 123 

microscope analyzer (Quanta FEG 120 650 electron microscope). The electron acceleration 124 

voltage is fixed at 10 kV. The observations are performed in secondary electron mode. The 125 

working distance is around 10 mm. 126 

The surface chemistry of the samples was determined via Fourier-transform infrared 127 

spectroscopy (FTIR- 4200, Jasco). This analysis was applied to the biomass, the activated 128 

carbons before and after dye adsorption, and the regenerated carbons. 129 

The activated carbons' surface functions were determined using TGA analysis (Evolution 130 

1750 Setaram® thermobalance) under Helium gas coupled with mass spectrometry (Pfeiffer® 131 

GSD 301C Vaccum Omnistar). The oxygenated functions present on the surface of the 132 

carbons degrade during TGA measurements by releasing in a range of temperatures: CO2 (100 133 

– 650°C) and CO (350 – 1000°C) [31, 32] , based on the chemical nature of the function.  134 

The activated carbons' surface functions have been quantified using the Boehm titration 135 

method [33]. According to the protocol, NaOH (0.05 N) neutralizes phenolic, carboxyl, and 136 

lactone groups (acidic groups); Na2CO3 (0.05 N) neutralizes carboxyl and lactone groups; 137 

NaHCO3 (0.05 N) neutralizes only carboxyl groups; whereas, HCl (0.05 N) neutralizes the 138 

basic groups.  139 
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The pH titration method was applied to identify the prepared samples’ point of zero charges 140 

(pHPZC). The experiment was carried out following the protocol [34], and the value of pHPZC 141 

was estimated by intercepting the pHfinal vs. pHinitial curve with the pHinitial = pHfinal line.    142 

2.3 Box-Behnken design 143 

This study's design of experiments was carried out based on response surface methodology 144 

(RSM). In the literature, several experimental designs were applied to optimize various 145 

operating parameters in the adsorption study, such as Central Composite Design [35], 146 

Fractional Factorial Design [36], Taguchi [37], and Box-Behnken Design [38]. And, it was 147 

found that the latter can optimize better the adsorption models [39, 40].  148 

The adsorption of BEZAKTI Red S-MAX (RS) by the prepared adsorbents based on date 149 

palm rachis and activated by steam was designed by Box-Behnken design (BBD) to optimize 150 

and evaluate three independent factors: Burn-off of the activated carbons (A), dye 151 

concentration (B), and pH solution (C). The design of the experiment contains three different 152 

levels, i.e., (-1) for the low value, (0) for the medium value, and (+1) for the high value, as 153 

summarized in Table 1.  154 

Table 1: Summary of the selected factors and their levels in BBD 155 

Variable Factor Low (-1) Medium (0) High (+1) 

Burn-off (%) A 45 55 65 

Concentration (mg/L) B 10 45 100 

pH C 2 6 10 

A second-order polynomial model was performed to estimate the RS adsorption as depicted in 156 

the following equation (1). 157 

                 
            (1) 

where,   is the response, the experimental adsorption capacity of RS,    is the model 158 

constant,    is the linear coefficient,     is the quadratic coefficient, and     is the interaction 159 

coefficient, while    and    are the independent variables (A, B, and C). The selected 160 

experimental design and the response values are regrouped in Table 2 (15 runs). 161 

  162 



1 
 

Table 2: The experimental data of RS adsorption capacity of the activated carbons 163 

Run 
Burn-off (%) 

(A) 

C (mg/L) 

(B) 

pH 

(C) 

Qe (mg/g) 

Response 

1 45 10 6 6.4 

2 65 10 6 9.0 

3 45 100 6 49.0 

4 65 100 6 70.1 

5 45 55 2 24.3 

6 65 55 2 31.2 

7 45 55 10 34.0 

8 65 55 10 39.5 

9 55 10 2 6.4 

10 55 100 2 50.0 

11 55 10 10 8.2 

12 55 100 10 63.8 

13 55 55 6 36.0 

14 55 55 6 37.0 

15 55 55 6 35.0 

2.4 Adsorption experiments 164 

The RS dye adsorption onto Date palm rachis carbons was tested in batch mode following the 165 

cited conditions in Table 2 (A: Burn-off (%), B: Dye concentration (mg/L), and pH solution). 166 

The experimental batch was carried out in a series of test tubes containing 10 mL of dye 167 

solution in contact with 10 mg of adsorbent at 25°C. The test tubes were agitated for 24 h, and 168 

the residual dye concentration was determined using a UV-Vis spectroscopy instrument 169 

(Jasco 630). Therefore, the same protocol was adopted in the adsorption study of RS dye with 170 

different conditions of dye concentration, contact time, and solution temperature. Hence, the 171 

activated carbon's adsorption capacity Qe (mg/g) at equilibrium and the rate RS dye uptake 172 

(Removal %) were estimated using equations (2) and (3): 173 

   
        

 
 (2) 

          
       

  
      (3) 
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where           and           are the initial and equilibrium RS dye concentration, 174 

       is volume of dye solution, and        is the weight of absorbent.  175 

2.5 Recycling experiment 176 

The recycling of date palm rachis carbons was realized by using desorption and thermal 177 

processes. The desorption experiment was carried out by following the protocol which 178 

describing in detail in [30]. For the thermal process, a mass of spent activated carbon was 179 

dried and introduced into an electrical vertical furnace under N2 flow. After 15 min, the 180 

reactor temperature rose for 10K/min until 673K was reached. Then, the temperature was kept 181 

constant for 1 h followed by a cooling step up to ambient temperature.  The recycled carbons 182 

were analyzed by the adsorption-desorption of N2 and FTIR methods. Then, they were applied 183 

to adsorb RS dye solution (100 mg/L) in order to compare the adsorption capacity of the 184 

synthesized carbons and the regenerated ones after 24 h of contact time.   185 

3 Results 186 

3.1 Textural properties analysis 187 

The textural proprieties of the activated carbons PRAC45, PRAC55, and PRAC65 were 188 

evaluated from nitrogen adsorption-desorption isotherm at 77 K (Figure 1 (a), (b) and (c)) 189 

using a Micromeritics ASAP 2020. The obtained results of the collected data are regrouped in 190 

Table 3. As can be observed in Figure 1 (a), (b) and (c), all the carbon’s adsorption-desorption 191 

isotherms rise significantly at low relative pressure indicating the microporous character of 192 

the samples. Moreover, the knee of the N2 isotherm becomes gradually more open from the 193 

relative pressure P/P0 of 0.5 and forms a hysteresis loop which indicates the development of 194 

the mesoporosity by capillary condensation. The samples show a variation between types I, II, 195 

and IV.  Type I characterizes the microporous adsorbents [41] in the relative pressure range 196 

values from 0 to 0.42 while, the presence of hysteresis loop during the desorption stage can be 197 

related to the mesoporous texture. Types II and IV can be assigned to the porosity of the 198 

examined biomass. Gonzalez et al. [42] have observed that the use of steam as an activating 199 

agent with burn-off superior to 50% converts micropores to mesopores.  The textural 200 

proprieties of the carbons (Table 3) were determined by the BET surface model and 2D-201 

NLDFT heterogenous surface model [43] analyzing the obtained data by SAIEUS software. 202 

From Table 3, the S2D-NLDFT was 500, 646, and 507 m²/g for PRAC45, PRAC55, and 203 

PRAC65, respectively. As can be seen, the SBET rises with the increase of the burn-off rate 204 

until reaching 646 m²/g (burn-off = 55%); then, it decreases slightly until 507 m²/g for burn-205 

off value of 65%. This could be explained by the fact that the increase in the burn-off rate 206 

leads to the porous structure's formation rate that exceeds that of destruction generated from 207 

the pore enlargement [44]. Thereafter, the pore enlargement becomes a dominant effect after a 208 

long period of gasification by steam while pore deepening and new pore formation become 209 

minor activities [41]. Hence, the increase in burn-off value affects the porosity of the 210 

adsorbent by producing more mesopores. The total pore volume and micropore volume were 211 

analyzed using the 2D-NLDFT model. The obtained results revealed that the total volume 212 

increased from 0.383 to 0.522 cm
3
/g and the micropore volume decreased from 50 to 33%, 213 
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with an increase in the burn-off rate from 45 to 65%. This can be explained by the fact that 214 

the augmentation in activation duration (i.e., burn-off rate) causes the enlargement of 215 

micropores resulting from the destruction of the walls between the adjacent pores [44]. The 216 

pore size distribution was evaluated by analyzing the N2 isotherm using the 2D-NLDFT 217 

model (Figure 1 (d)). As can be noted, the pores of the examined samples are primarily 218 

located in the range of micropore (pore size < 2 nm); however, the rate of mesopore volume 219 

rises with the increase of the burn-off rate. Ruey-Shin and Al [45] observed this phenomenon 220 

in the physical activation of bagasse by using CO2.      221 

Table 3: Textural properties of the synthetized materials PRAC45 and PRAC55. 222 

Textural properties PRAC45 PRAC55 PRAC65 

BET surface area (m
2
/g) 583 629 608 

2D-NLDFT surface area (m
2
/g) 500 646 507 

Total pore volume (cm
3
/g) 0.383 0.486 0.522 

Micropore volume [d < 2 nm] (cm
3
/g) 0.192 0.204 0.170 

Mesopore volume [d > 2 nm] (%) 50 58 67 
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Figure 1 : (a), (b) and (c) N2 Adsorption-desorption isotherms of PRAC45, PRAC55 and 

PRAC65, (d) Adsorbent’s pore diameter distribution. 
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3.2 Surface properties  223 

The PRAC45 and PRAC55 were selected to evaluate the influence of the burn-off rate on 224 

different parameters. The visualization of sample surface morphologies has been realized 225 

using SEM, as depicted in Figure 2, revealing some information regarding activated carbons 226 

pore shape. Thereby, a skeleton remaining from the biomass after the steam activation process 227 

is observed from Figure 2.     228 

 229 

  

Figure 2 :  The SEM images of PRAC45 (a) and PRAC55 (b). 

The FTIR spectra of biomass (Phoenix dactylifera rachis), PRAC45, and PRAC55 before and 230 

after RS dye contact and their regenerated carbons are presented in Figure 3. The band of 231 

3660 cm
-1

 can be assigned to O–H stretching vibrations of the hydroxyl group (alcohol, 232 

phenol, and absorbed water) [21]. The peaks in the range of 3000-2900 cm
-1

 are attributed to 233 

the C-H stretching vibration of aliphatic groups [46]. The observed peaks at 1400 cm
-1

 can be 234 

related to the methyl and aromatic vibrations of the sp
2
 carbon (C=C). The peaks at 1240 cm

-1
 235 

correspond to the -C-OH stretching vibration; whereas, the broad peaks at 1060 cm
-1

 are 236 

related to C–O–C bending vibrations. Thus, the peaks reported at 880 cm
-1

 could be assigned 237 

to the aromatic out of plane C-H bending [47, 48]. The thermal treatment of the biomass using 238 

pyrolysis - gasification process, and the regeneration process of the used carbons have not a 239 

significant impact on the surface chemistry of the materials. This behavior was noted also in 240 

the derived carbons from Ziziphus jujube stones [30]. However, a decrease in the intensity of 241 

the peaks in the FTIR analysis was observed in the spectra of the carbons.   242 
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Figure 3: The FTIR spectra of PRAC45 (a) and PRAC55 (b). 245 
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The result of the coupled technique of thermogravimetric analysis and mass spectrometry 246 

TGA/SM were illustrated in Figure 4. Each material’s graphical representation contains TGA, 247 

dTG, and mass spectrometry of CO (m/Z=28 uma) and CO2 (m/Z=44 uma) spectra. As can be 248 

seen, a loss of mass of 0.8% and 1.2% for PRAC45 and PRAC55, respectively, has been 249 

observed at region of 100°C. This could be assigned to the adsorbed water on the samples’ 250 

surface. The subsequent mass loss i.e. from 200°C to 800°C could be attributed as follows: (i) 251 

from 200°C to 350°C ‒ the carboxyl groups could be related to the emission of carbon 252 

monoxide CO ; (ii) from 350°C to 800°C ‒ also the carboxyl groups could be assigned to the 253 

emission of carbon dioxide CO2 [31, 32]. Thus, the increase of the loss of mass of PRAC45 254 

(21.4%) and PRAC55 (30.9%) was observed with the increase of the burn–off rate (%). 255 

Moreover, the decomposition temperatures were above 500°C, which confirms that there 256 

were mainly basic functions. The observed CO peak around 800°C is certainly attributed to 257 

these basic functions. The materials’ character was confirmed by Boehm titration study.     258 
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Figure 4: The TGA/SM spectra of PRAC45 (a) and PRAC55 (b). 261 

Surface oxygen groups and measurement of surface pH were calculated in order to obtain 262 

quantitative information about the functional groups present on the absorbents’ surface. The 263 

results were summarized in Table 4. The pHPZC value of PRAC45 and PRAC55 were 11.3 and 264 

11.5, respectively, showing the basic character of the materials. The gasification using H2O 265 

produces basic adsorbents. Y.J Zhang et al. [41] has obtained similar results with the 266 

activation of bamboo chips by steam (pHPZC= 9.97 ±0.03). These results are consolidated by 267 

the Boehm titration study. Consequently, the acidic and basic groups of PRAC45 and 268 

PRAC55 were presented in detail in Table 4. The contents of basic groups were greater than 269 

that of acidic groups (carboxyl, lactonic and phenolic) indicating that the physical activation 270 

using steam led to basic adsorbents. Furthermore, the more burn-off value is, the more the 271 

content of basic and acidic groups is.     272 

  273 
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Table 4: Chemical properties of the carbons surface 274 

Chemical properties PRAC45 PRAC55 

Carboxylic groups (mmol/g) 0.250 0.025 

Lactonic groups (mmol/g) 0.050 0.475 

Phenolic groups (mmol/g) 0.025 0.075 

Total surface acidic groups (mmol/g) 0.235 0.575 

Total surface basic groups (mmol/g) 2.300 2.375 

pHPZC 11.3 11.5 

3.3 BBD model analysis 275 

In this study, the effect of burn-off (%) activated carbons, dye concentration (mg/L), and pH 276 

dye solution was applied at different levels for the adsorption of RS. Table 2 illustrates the 277 

obtained responses from the experiments of the parameter’s effects on the removal of RS dye. 278 

The results were analyzed using the BBD response surface methodology. A quadratic 279 

polynomial model has been selected to develop the empirical relationship between Qe (the 280 

response) and adsorption parameters. Furthermore, the analysis of variance by ANOVA test 281 

was evaluated for the significance of the regression model and the dye adsorption resulting 282 

data are regrouped in Figure 5 illustrated the comparison between the experimental and 283 

predicted models for RS adsorption capacity. From this plot, a straight line with very little 284 

difference in the actual and predicted plot was observed which indicates also a good-fitted 285 

model. 286 

Table 5. The model is considered as significant in the ANOVA test result if the F-value is 287 

more than 5 and the p-value is less than 0.05 [49]. In this case, the F-value of the model is 288 

96.95 which implies that the model is significant, and the p-values are less than 0.05, 289 

indicating that the model terms are also significant. From Figure 5 illustrated the comparison 290 

between the experimental and predicted models for RS adsorption capacity. From this plot, a 291 

straight line with very little difference in the actual and predicted plot was observed which 292 

indicates also a good-fitted model. 293 

Table 5, A, B, C, C², AB, and BC are significant model terms, and those with p-value > 0.05 294 

were excluded from the model. The Regression equation is given by the following equation 295 

(4): 296 

                                                           

                           
(4) 



1 
 

As can be seen in Figure 5 illustrated the comparison between the experimental and predicted 297 

models for RS adsorption capacity. From this plot, a straight line with very little difference in 298 

the actual and predicted plot was observed which indicates also a good-fitted model. 299 

Table 5, the adjusted and predicted R² values are higher than 0.94, indicating a good 300 

correlation between predicted and experimental values. Furthermore, the Adequate Precision, 301 

which measures the signal-to-noise ratio greater than 4 (28.199), indicates that the model is 302 

desirable and the signal is adequate [50]. The reproducibility of the model is deduced from the 303 

CV% parameter, and it was found to be less than 10% (7.69%) which is considered as 304 

acceptable. Moreover, the intensity sequence of the independent variables was: B > A > C as 305 

can be deduced from the F-values [51]. Figure 5 illustrated the comparison between the 306 

experimental and predicted models for RS adsorption capacity. From this plot, a straight line 307 

with very little difference in the actual and predicted plot was observed which indicates also a 308 

good-fitted model. 309 

Table 5: Analysis of variance (ANOVA) for the removal of RS dye. 310 

   Source 
Sum of 

Squares 
Df Mean Square F-value p-value Remark 

Model 5620.07 9 624.45 96.95 < 0.001 Significant 

Linear 5450.07 3 1816.69 594.23 < 0.001  

A: BO (%) 162.90 1 162.90 53.28 < 0.001 Significant 

B: C (mg/L) 5146.05 1 5146.05 1683.25 < 0.001 Significant 

C: pH 141.12 1 141.12 46.16 < 0.001 Significant 

Square 47.95 3 15.98 5.23 0.033  

A² 5.79 1 5.79 1.89 0.211 Insignificant 

B² 7.36 1 7.36 2.41 0.165 Insignificant 

C² 30.64 1 30.64 10.02 0.016 Significant 

2-Way  

Interaction 
122.05 3 40.68 13.31 0.003  

AB 85.56 1 85.56 27.99 0.001 Significant 

AC 0.49 1 0.49 0.16 0.701 Insignificant 

BC 36.00 1 36.00 11.78 0.011 Significant 

Error 21.40 7 3.06    

Lack-of-Fit 19.21 3 6.40 11.71 0.019  

Pure Error 2.19 4 0.55    

Total 5641.47 16     

Std. 

Deviation 
2.53   R² 0.9966  

Means 32.92   
Adjusted 

R² 
99.13  
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C.V% 7.69   
Predicted 

R² 
94.49  

    
Adequate 

Precision 
28.199  

 311 

 312 

Figure 5: Plot of the relationship between the predicted and actual values of RS adsorption 313 

capacity (mg/g). 314 

3.4 Effect of two parameters on RS Dye adsorption 315 

The two-way interaction between independent parameters was determined, as noted in Figure 316 

5 illustrated the comparison between the experimental and predicted models for RS 317 

adsorption capacity. From this plot, a straight line with very little difference in the actual and 318 

predicted plot was observed which indicates also a good-fitted model. 319 

Table 5. The interaction effect of the burn-off rate of the adsorbents (A) and dye 320 

concentration (B) was significant with p-value = 0.001 (Figure 5 illustrated the comparison 321 

between the experimental and predicted models for RS adsorption capacity. From this plot, a 322 

straight line with very little difference in the actual and predicted plot was observed which 323 

indicates also a good-fitted model. 324 
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Table 5); whereas, the interaction between the burn-off rate of the adsorbents (A) and pH 325 

solution (C) remained constant. The plots of 3-dimensional (3D) response surfaces and 2-326 

dimensional (2D) contour for the interaction and effects of burn-off rate (A) and dye 327 

concentration solution (B) on RS dye adsorption capacity Qe (mg/g) were depicted in Figure 328 

6 and Figure 7, respectively. As shown in Figure 6 and Figure 7, the adsorption capacity 329 

increases (from 6.4 mg/L to 70.1 mg/L) by increasing burn-off rate from 45% to 65% and the 330 

dye concentration from 10 mg/L to 100 mg/L. This can be attributed to the increase of the 331 

total pore volume (cm
3
/g) and the mesopore volume rate % from 50% to 67% with the rise of 332 

the burn-off rate % from 55% to 65%. Ruey-Shin and Al. [45] used steam to activate bagasse 333 

biomass with several burn-off rates to adsorb basic dye Astrazon Red F3BL(BR22), and acid 334 

dye Telon Blue ANL (AB25) found that the adsorption capacity augments with the 335 

augmentation of the burn-off rate from 80.6% to 91.3%. Furthermore, it was noted from 336 

Figure 6 and Figure 7 that the highest RS dye adsorption capacity was attainted at the 337 

condition of: burn-off of 65% and initial dye concentration of 100 mg/L.   338 

Another significant interaction was determined between RS dye concentration (B) and pH 339 

solution (C) with p-value = 0.011 (Figure 5 illustrated the comparison between the 340 

experimental and predicted models for RS adsorption capacity. From this plot, a straight line 341 

with very little difference in the actual and predicted plot was observed which indicates also a 342 

good-fitted model. 343 

Table 5). The plots of 3-dimensional (3D) response surfaces and 2-dimensional (2D) contour 344 

for the interaction and effects of dye concentration solution (B) and pH solution (C) on RS 345 

dye adsorption capacity Qe (mg/g) were showed in Figure 8 and Figure 9, respectively. As 346 

shown in those figures, the RS dye adsorption capacity was augmented by increasing the pH 347 

solution until the value of 70.1 mg/g was reached in a dye concentration of 100 mg/L and pH 348 

of 10. This can be interpreted by increasing the surface accessible to adsorption at basic pH. 349 

Yu Kuang and Al. [52] reported similar results in the adsorption of Methylene Blue onto 350 

activated carbon. 351 
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 352 

Figure 6: 2D contour for the interaction between burn-off rate (A) and dye concentration so-353 
lution (B). 354 

 355 

 356 

Figure 7: 3D response surface plot of the combined burn-off rate of adsorbents (A) and dye 357 

concentration (B). 358 
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 359 

Figure 8: 2D contour for the interaction between RS dye concentration (B) and pH solution 360 

(C). 361 

. 362 

 363 

Figure 9: 3D response surface plot of the combined RS dye concentration (B) and pH solu-364 

tion (C). 365 
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3.5 Adsorption kinetic 366 

The RS adsorption depends on the adsorbate concentration and time contact.  A series of 367 

adsorption experiments at different initial concentration of RS dye (10, 50 and 100 mg/L) 368 

were carried out by varying time from 0 to 1440 min. Figure A and B (Supplementary 369 

material) illustrated the RS dye removal rate (%) vs. contact time min). As can be seen 370 

clearly, both materials had the same behavior of adsorption. Thus, the removal rate decreases 371 

from 82% to 55% with the augmentation of initial RS dye concentration from 10 mg/L to 100 372 

mg/L using PRAC55. This could be explained by the fact that, at lower concentration, more 373 

active sites in the surface of the materials were accessible for the adsorption process. 374 

However, a lower adsorption rate was observed at higher concentration. This could be 375 

attributed to the increase of electrostatic repulsion forces between the adsorbed RS dye 376 

molecules in the material surface and RS dye in the solution [28]. Moreover, the equilibrium 377 

time of the RS dye adsorption process was attained after 1440 min of contact.  378 

Furthermore, the obtained data were examined by many kinetic models such as the pseudo-379 

first-order, pseudo second-order, and Elovich models, and the results were regrouped in   380 
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Table 6. The normalized standard deviation Δq% has been applied to determine the 381 

acceptability of the employed model to explain the RS uptake process.  Δq% is calculated 382 

from the following relation (5): 383 

     
 

     
  

             

      
 

    

   
      (5) 

where n is the number of data points, Qe, exp, and Qe, cal are the experimental and measured 384 

adsorption capacities, respectively. 385 

The calculated kinetic parameters are presented in   386 
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Table 6. As can be seen, for both activated carbons PRAC45 and PRAC55, the determination 387 

coefficients (R²) calculated from the pseudo second-order were close to the unity, and the 388 

Δq% values were smaller than those calculated by applying the models of pseudo-first-order 389 

and Elovich. This indicates that the pseudo second-order could fit well the adsorption of RS 390 

dye using the examined activated carbons. In the literature, the good fit of the second-order-391 

model means that the driving force is proportional to the available fraction of the active sites 392 

of the adsorbent, and the mechanism adsorption is a chemisorption type [53]. The Elovich 393 

model assumes that the activation energy rises with the evolution of the time of adsorption.   394 
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Table 6 (R² and Δq%) showed that this model is insufficient to describe well the RS dye 395 

adsorption onto the examined carbons.   396 

  397 
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Table 6: Adsorption kinetic parameters of PRAC45 and PRAC55 for adsorption of RS. 398 

   

Pseudo-first order model 

               
  

Pseudo-second order model 

   
    

  

       
 

 

Elovich kinetic model 

   
 

 
         

 
C0(mg L-1) Qe,exp Qe,cal K1 R

2
 Δq%  Qe,cal K2 R

2
 Δq%  α β R

2
 Δq% 

PRAC45 

10 6.4 3.2 0.0113 0.979 25.4  6.8 0.0026 0.999 3.4  0.87 1.04 0.964 10.6 

50 34.1 27.2 0.0094 0.998 10.0  39.4 0.0002 0.999 7.9  0.60 0.13 0.980 10.8 

100 45.1 25.5 0.0074 0.964 21.7  46.3 0.0003 0.988 1.4  4.22 0.15 0.989 4.0 

PRAC55 

10 8.2 4.8 0.0166 0.973 20.5  8.8 0.0023 0.999 3.5  2.03 0.89 0.968 9.8 

50 36.1 20.7 0.0083 0.987 21.2  38.2 0.0083 0.998 3.0  2.24 0.17 0.989 5.0 

100 55.1 27.2 0.0064 0.996 25.2  55.6 0.0064 0.999 0.5  4.33 0.12 0.994 4.6 

K1 (1/min): the rate constant of the pseudo-first-order adsorption; K2 (g/(mg min)): the rate constant of the pseudo-second-order adsorption ; 399 

α (mg/(g.min)): the initial adsorption rate; β (g/mg): the desorption constant. 400 

  401 
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The adsorption mechanism of RS dye uptake by applying PRAC45, and PRAC55 was carried 402 

out on series of steps which stars from the mobility of RS dye molecules from aqueous 403 

solution to the pores and surface of the examined materials. The aim of this step is to cheek if 404 

the intraparticle diffusion is the rate limiting for the adsorption of RS dye on PRAC45 and 405 

PRAC55. The Qe (mg/g) vs. t
0.5

 (min)
0.5

 was illustrated in supplementary materials. As can 406 

be noted, three steps were observed in this study. Firstly, a mass of RS dye molecules was 407 

transformed from the bulk solution to external surface of the carbons. Secondly, the fast step 408 

is followed by the intraparticle diffusion step which is considered as the rate limiting step. 409 

Finally, the adsorption became slow gradually until forming an equilibrium stage which 410 

means a maximum adsorption. The three parameters such as Ki, Ci and R² were summarized 411 

in Table 7. From the Table, the Ki values decrease with the increase of adsorption step 412 

progress. The thickness of the boundary layer; represented by Ci grows with the adsorption 413 

step progress which indicates a higher adsorption capacity [54]. However, the value of Ci in 414 

the second stage was non-null (C2 ≠ 0) for all examined tests which signifies that intraparticle 415 

diffusion was not the only rate-limiting step [55].   416 

Table 7 : Intraparticle diffusion constants of PRAC45 and PRAC55. 417 

Intraparticle diffusion model 

            

 
RS 10 mg/L RS 50 mg/L RS 100 mg/L 

 
PRAC45 PRAC55 PRAC45 PRAC55 PRAC45 PRAC55 

Ki (1) 0.410 0.567 1.620 2.032 2.772 3.632 

C1 0.023 0.022 0.373 0.660 0.870 0.255 

R² (1) 0.999 0.999 0.992 0.970 0.972 0.998 

       

Ki (2) 0.059 0.238 0.797 1.390 0.866 1.203 

C2 4.719 3.638 11.476 6.299 19.023 23.465 

R² (2) 0.998 0.985 0.973 0.995 0.986 0.995 

       

Ki (3) 0.009 0.023 0.128 0.275 0.209 0.518 

C3 6.059 7.408 29.110 26.024 37.045 35.882 

R² (3) 0.999 0.759 0.999 0.915 0.999 0.961 

Ki (mg/g min0.5): the intraparticle diffusion rate constant; C: the thickness of the boundary 418 

layer.  419 

 420 
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3.6 Adsorption isotherm 421 

In this work, five widely applied isotherm models (Langmuir, Freundlich, Temkin, Sips and 422 

Redlich–Peterson) were analyzed in order to fit the equilibrium of the collected experimental 423 

data. The objective of this part is to obtain information about the type of solute-surface 424 

interaction and the effect of the adsorbate concentration on the adsorbent surface at a given 425 

temperature.   426 

The Langmuir adsorption isotherm was applied to determine the maximum adsorption 427 

capacity (Qmax). This model assumes that the adsorption of RS dye on the surface of the 428 

activated carbon is a monolayer type [56]. Moreover, the dimensionless separation factor (RL) 429 

is calculated from the following equation (6): 430 

   
 

      
 (6) 

where KL is the Langmuir isotherm constant and C0 is the initial adsorbate concentration. The 431 

RL value reveals the nature of the adsorption either: irreversible (RL = 0), favorable (0<RL< 432 

1), linear (RL = 1), or unfavorable (RL> 1) [56]. The plots of Rl vs. RS dye initial 433 

concentration were presented in Figure 10. As can be seen, the RL values for the elimination 434 

of RS dye by PRAC45 and PRAC55 were less than the unity which indicates that the 435 

adsorption was favorable [20]. Freundlich isotherm assumes that the adsorption of RS dye on 436 

the surface of the material is a multilayer type, i.e., heterogenous surface with distribution of 437 

active sites [57]. The Temkin isotherm was investigated in order to study the adsorption 438 

potential of the adsorbed and adsorbent solution. This model has a factor, which studies the 439 

interaction of the materials (PRAC45 and PRAC55) and the RS dye aqueous solution [58]. To 440 

compare these models, two statistical parameters were estimated in order to better understand 441 

the behavior of dye molecules with respect to the adsorbents; the determination coefficient 442 

(R²) and the average percentage error (APE%). R² can be utilized to determine the good fit 443 

between the model and the obtained results while APE% can be used to compare the 444 

predicted and the experimental value of maximum adsorption capacity. The APE% value was 445 

obtained following equation (7): 446 

      
   

                                

                 
    

   

 
      

(7) 

where N is the number of experimental data. The calculated parameters from the isotherm 447 

adsorption study were summarized in Table 8. As can be observed, the adsorption data 448 

obtained from date palm rachis could be fit better by the Langmuir model; R² > 0.98 when 449 

compared with those obtained from Freundlich, Temkin, Sips and Redlich–Peterson models. 450 

In addition, the Langmuir model showed lower APE% values compared also with the 451 

examined models, indicating that the adsorption of RS dye was carried out by forming a 452 

monolayer on the surface of the examined carbons [59]. The maximum adsorption capacity of 453 

Langmuir was 169 and 198 mg/g for the adsorption of RS dye onto PRAC45 and PRAC55, 454 

respectively. This may be due to the specific surface area of the cited adsorbents; S2D-NLDFT = 455 
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500 and 646 m²/g for PRAC45 and PRAC55, respectively). The more the S2D-NDFT is, the 456 

more the Qm is. Otherwise, the maximum adsorption capacity was also estimated by Sips 457 

model (3 parameters), but it was found that APE% Sips superior to APE% Langmuir, confirming 458 

that the Langmuir model describes well the RS adsorption process.  459 
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Figure 10: Separation factor, RL vs. RS dye Initial concentration using PRAC45 and PRAC55 461 

as adsorbents. 462 

   463 

464 
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Table 8: Isotherm’s parameters calculated from Langmuir, Freundlich, and Temkin models 465 

 PRAC45 PRAC55 

Langmuir     
      

       
 

Qm (mg/g) exp 169 198 

KL (L/mg) 0.0058 0.0119 

R
2
 0.985 0.982 

APE% 6.5 4.0 

Freundlich         

 
  

KF (mg/g (L/mg)
1/n

) 3.6 9.2 

n 1.65 1.95 

R
2
 0.960 0.948 

APE% 6.7 16.5 

Temkin     
  

  
         

KT (L/mg) 0.174 0.283 

bT (J/mg) 106.4 79.1 

R
2
 0.853 0.891 

APE% 18.1 22.4 

Sips     
      

 

       
  

Qm (mg/g) exp 141 166 

KS (L/mg)
 m

 0.0084 0.0177 

m 1.192 1.332 

R
2
 0.976 0.986 

APE% 12.4 14.3 

Redlich–Peterson     
     

        
 

 

KRP (L/g) 0.754 1.751 

aRP (L/mg)
 β

 4.37 10
-5

 4.09 10
-4

 

β 1.792 1.546 

R
2
 0.981 0.985 

APE% 11.8 10.2 
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qe (mg/g): the amount of adsorbed dye; Ce (mg/L): the equilibrium concentration of dye 466 

solution; Qm (mg/g): the maximum adsorption capacity; KL (L/mg): the Langmuir adsorption 467 

constant; KF: the adsorption capacity of the adsorbent; n: heterogeneity factor; KT (L/mg): 468 

the adsorption capacity; bT (J/mol): Temkin constant which is related to the heat of sorption. 469 

KS (L/mg) m is the Sips equilibrium constant; m is y the dimensionless heterogeneity factor 470 

(0≤m≤1), m=1 ⟹homogeneous adsorption process. KRP (L/g) and β are the Redlich Peterson 471 

constants, β = 1 ⟹ Langmuir isotherm, β ≈ 0 ⟹ Freundlich isotherm. 472 

3.7 Temperature effect 473 

By mixing 10 mg of carbon with 10 mL of RS dye (100 mg/L), it was possible to measure the 474 

impact of solution temperature on RS dye uptake. The solid/liquid system was mixed under 475 

the following conditions: 24 h of contact time and pH solution of 6.3 at temperatures of 298, 476 

308 and 318 K.  Figure 11 illustrates the effect of the temperature on the solid/liquid system. 477 

It is clear that the adsorption capacity rises from 39.3 and 58.7 mg/g to 76.8 and 91.6 mg/g 478 

with the augmentation of the solution temperature from 298 to 318K for PRAC45 and 479 

PRAC55, respectively. This indicates that the adsorption of RS dye onto the examined 480 

materials was an endothermic process. This could be due to the increase in the mobility of the 481 

RS dye molecules accompanied by a decrease in the viscosity of the solution, which generates 482 

an augmentation in the molecule's rate of diffusion through the external boundary layer and 483 

the internal pores of the carbon [60]. A similar trend has been mentioned in the literature [61].    484 
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Figure 11: The solution temperature effect on the RS dye adsorption onto PRAC45 and 486 

PRAC55. 487 



29 
 

3.8 pH effect 488 

The influence of pH solution was studied in order to evaluate its impact on the elimination of 489 

RS dye using PRAC45 and PRAC55. This effect was examined from pH 2 to pH 10 applying 490 

the following conditions: 10 mg of carbon, 10 mL of RS dye solution and 100 mg/L of initial 491 

dye concentration at 25°C. The pH solution was adjusted by using solutions of HCl and 492 

NaOH 0.1 N. As shown in Figure 12, the adsorption capacity of RS dye grew from 35 and 50 493 

mg/g to 50 and 63.9 mg/g (for PRAC45 and PRAC55, respectively) with the increase of pH 494 

until pH 4. Then, no change is observed. The seen decrease in RS adsorption at pH 2 could be 495 

attributed to the competition between RS molecules and the H
+
 ions surplus in the solution for 496 

the active sites on the date palm rachis adsorbents [62]. And, the number of negative sites 497 

augments with the increase of pH solution which makes the sites suitable for adsorption [63]. 498 

Similar behavior has been reported for the removal of methylene blue by Wishal et. al [64]. 499 
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Figure 12: Effect of pH on the adsorption of RS dye. 501 

3.9 Thermodynamic study 502 

The thermodynamic study was carried out by determining the adsorption thermodynamic 503 

parameters such as Gibbs free energy change (ΔG°), enthalpy change (ΔH°) and entropy 504 

change (ΔS°). The said parameters were measured following the equations (8) and (9): 505 

            (8) 

             (9) 
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Equation (8) and Equation (9) can be expressed as Equation (10): 506 

     
    

  
 

   

 
 (10) 

   
  

  
 (11) 

Where KC is the equilibrium constant, Qe (mg/g) is the equilibrium concentration of RS dye 507 

on adsorbent and Ce (mg/L) is the concentration by equilibrium, T absolute temperature (K), 508 

and R is the universal gas constant (8.314 J/mol. K). The thermodynamic parameters were 509 

acquired from the plot of ln KC vs. 1/T, and they have been regrouped in Table 9. The 510 

negative values of ΔG° reveal that the adsorption of RS dye on the activated carbons is 511 

spontaneous; whereas, the positive values of ΔH° (64.34 and 80.17 kJ/mol for PRAC45 and 512 

PRAC55, respectively) indicate that the adsorption phenomenon is endothermic. Furthermore, 513 

the positive values of ΔS° show an increase in randomization or disorder [65]. Similar 514 

behavior was also observed by other researchers [55]. 515 

Table 9: The RS adsorption thermodynamic parameters of PRAC45 and PRAC55. 516 

 ΔH° 

(kJ/mol) 
ΔS° (J/mol) 

ΔG° (kJ/mol) 

R² 

 
298 K 308 K 318 K 

PRAC45 64.34 212.4 -1.077 -1.210 -3.165 0.997 

PRAC55 80.17 271.6 -3.286 -3.286 -6.317 0.995 

3.10 Recycling of date palm rachis adsorbents  517 

The aim of this part is to study the RS desorption process then the porosity and the adsorption 518 

capacity of the spent activated carbons after the thermal treatment. For the desorption process, 519 

the distillated water was used as desorption medium; however, it was found that the 520 

desorption of RS dye was negligible after 24 h of contact time. Whereas, several parameters 521 

in the thermal process were tested such as the BET surface area, 2D-NLDFT surface area, 522 

total volume pore volume, micropore volume and FTIR analysis before and after thermal 523 

treatment. The loss in material after recycling process was also tested. Table 10 summarized 524 

the obtained results. It was found that the surface area of the samples increases considerably 525 

after thermal treatment for both materials from 500 and 646 m²/g to 985 and 865 m²/g for 526 

PRAC45 and PRAC55, respectively. The pore volume was also augmented from 0.383 and 527 

0.486 cm
3
/g to 0.569 and 0.618 cm

3
/g for PRAC45 and PRAC55, respectively. This could be 528 

explained by the fact that the thermal treatment of the activated carbon generates a release of 529 

volatile matter from the sample. This leads to an increase in the porous structure which will 530 

be more developed than that of the activated carbon before its regeneration [21]. Moreover, 531 
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the adsorption capacity of RS dye increases slightly from 45.1 and 55.1 mg/g to 45.7 and 56.3 532 

mg/g for PRAC45 and PRAC55, respectively. This is due to the augmentation of the 533 

micropore and mesopore volume of the recycled carbons. On the other side, the mass loss of 534 

the material could be explained by releasing matter as gases i.e., H2O, CO2, CO, H2, … [66]. 535 

The FTIR spectra of regenerated carbons are presented in Figure 3. As can be seen, no 536 

significant modification of surface chemistry has been observed after the thermal treatment of 537 

the materials. 538 

Table 10: Parameters PRAC 45 and PRAC55 regeneration 539 

 PRAC45 PRAC55 

Before recycling   

RS adsorption after 24h (mg/g) 45.1 55.1 

BET surface area (m
2
/g)  583 629 

2D-NLDFT surface area (m
2
/g) 500 646 

Total pore volume (cm
3
/g) 0.383 0.486 

Micropore volume (%) (d < 2 nm) 50 42 

   

After recycling   

RS adsorption after 24h (mg/g) 45.7 56.3 

Loss in material % 22  20 

BET surface area (m
2
/g)  883 814 

2D-NLDFT surface area (m
2
/g) 985 865 

Total pore volume (cm
3
/g) 0.569 0.618 

Micropore volume (%) (d < 2 nm)  54 44 

3.11 Comparative study and the adsorption of dyestuff wastewater 540 

The goal of this part is to compare RS dye adsorption ability from materials based on two 541 

biomasses; i.e., Ziziphus jujube stones [30] and Phoenix dactylifera rachis. The comparative 542 

study was carried out for the carbons that are activated only by steam and under the same 543 

conditions (burn-off rate, pyrolysis and activation parameters). Thus, different factors have 544 

been examined, including specific surface area (S2D-NLDFT), RS dye maximum adsorption 545 

capacity Qm (mg/g), total pore volume (cm
3
/g), micropore volume (%), and total surface of 546 

acidic and basic groups (mmol/g). Table 11 summarized the obtained results. As can be 547 

observed, the Ziziphus jujube stones carbons possess the higher values of the specific surface 548 

area, total pore volume and micropore volume, but they present the lowest values of the 549 

maximum adsorption capacity Qm. On the other hand, the Phoenix dactylifera carbons adsorb 550 
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better the RS dye (Qm= 198 mg/g for PRAC55) while they have specific surface areas lower 551 

than that of the Ziziphus jujube stones carbons. This could be related to the number of the 552 

basic groups of the Phoenix dactylifera carbons which were superior to those of Ziziphus 553 

jujube stones carbons.  554 

Furthermore, the adsorption of real dyestuff wastewater which contains RS dye and other 555 

range dyes of BEZAKTIV was examined in this comparative study. The solution was 556 

collected from the industrial dye bath after the sewing thread dyeing process, while the 557 

dyestuff wastewater treatment was described in detail in [30]. The percentage of industrial 558 

wastewater removal (IW%) obtained from the utilization of the examined activated carbons 559 

(after 48h of contact time) was used as comparative parameters, and the results were 560 

illustrated in Table 11.  As can be seen, the Phoenix dactylifera rachis carbons eliminated 561 

better the real wastewater than the Ziziphus jujube stones ones. The IW% reached 55.2% and 562 

68.2% using PRAC45 and PRAC55, respectively, which could be explained by the high 563 

number of basic groups of the Phoenix dactylifera rachis materials. This result is in agreement 564 

with the RS adsorption study.    565 

Table 11: Comparative study between the Ziziphus jujube stones and Phoenix dactylifera 566 

rachis activated using steam. 567 

 

JSAC45 [30] JSAC55 [30] PRAC45 PRAC55 

S2D-NLDFT (m²/g) 1095 1075 500 646 

Qm (mg/g) 106.1 113.3 169.0 198.0 

IW% (after 48h of contact time)  39.3 41.8 55.2 68.2 

Pore volume (cm
3
/g) 0.489 0.471 0.383 0.486 

Micropore volume (%) 72.6 76.2 50.0 42.0 

Total surface acidic groups (m mol/g) 0.275 0.450 0.235 0.575 

Total surface basic groups (m mol/g) 0.725 0.925 2.300 2.375 

Total surface groups (mmol/g) 1.000 1.375 2.535 2.950 

4 Conclusion 568 

In the present work, the date palm rachis carbons were characterized by physicochemical 569 

methods. The obtained results indicated that the S2D-NLDFT was 500, 646 and 507 m²/g for 570 

PRAC45, PRAC55 and PRAC65, respectively. Boehm titration and pHPZC showed that the 571 

carbons have a basic character. Response surface methodology by the Box–Behnken model 572 

was employed to examine the role and effect of three parameters .i.e. carbon burn-off (%), 573 

initial RS dye concentration (mg/L), and pH solution for BEZAKTIV Red S-MAX removal. 574 

The results showed significant interactions between AB (carbons burn-off x initial RS dye 575 

concentration, p-value = 0.001), and BC (initial RS dye concentration x pH solution, p-value 576 

= 0.011). The kinetic and isotherm adsorption were investigated, revealing the very good fit 577 

of the pseudo-second-order equation, and Langmuir models. The maximum RS dye 578 
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adsorption capacity was found 198 mg/g by using PRAC55. The thermodynamic study 579 

revealed that the adsorption process was endothermic. The recycling of the spent activated 580 

carbons was carried out using thermal treatment. It was found that the regeneration process 581 

increases the specific surface area (S2D-NLDFT) of the carbons (PRAC45: from 500 to 985 582 

m²/g). The carbons were also applied to eliminate industrial wastewater, and the adsorption 583 

rate (IW%) was 55.2% and 68.2% using PRAC45 and PRAC55, respectively. Therefore, the 584 

Phoenix dactylifera materials could be classified as effective adsorbents for the removal of 585 

Red S-MAX dye. 586 
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