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Abstract 
In this study, a facile method was developed to synthesize a new composite via the 
impregnation of rutile (TiO2) nanoparticles (Rt) into H2O2–modified anthracite (MAn). This 
new rutile(TiO2)/modified anthracite (Rt/MAn) adsorbent was characterized and 
employed as an outstanding and cost‒effective material to remove malachite green (MG) 
dye at 25 - 55 °C. This adsorbent displayed the highest removal efficiency (96.2 %) as 
compared to its individual components MAn (49.8 %) and Rt (71.4 %) at pH 8.0.  The 
experimental adsorption of MG onto Rt/MAn at equilibrium were satisfactorily fitted to the 
Freundlich equation and a multilayer statistical physics model at all tested temperatures. 
The physicochemical parameters (steric and energetic) related to a multilayer adsorption 
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were calculated and interpreted to understand the adsorption mechanism. The theoretical 
number of adsorbed MG dye molecules per functional group (n) varied from 0.94 to 1.60 
indicating a multi-docking adsorption mechanism. The adsorption capacity of MG at 
saturation (Qsat) increased from 513 to 740 mg/g at 25 and 55 °C and was primarily caused 
by the density of Rt/MAn functional groups (i.e., the DM parameter). MG adsorption energy 
with Rt/MAn varied from 13.87 to 29. 96 kJ/mol and was governed by physical 
interactions. The tested adsorbent was easily reactivated by the dye desorption and reused 
up to five cycles where it retained more than 80 % of MG adsorption capacity even after the 
5th adsorption-desorption cycle. These results demonstrated that Rt/MAn is an effective 
adsorbent to remove MG, thus offering outstanding adsorption capacities largely beyond 
the current state of the art (up to 740 mg/g) and its application could be extended for the 
adsorption of other organic pollutants from wastewaters.    
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1. Introduction 
Numerous industrial processes, which are associated to the production of different 

colored products as leather, silk, wool and paper, generate effluents containing high 
residual amounts of dyes and, consequently, they contribute to increase the concentration 
of these organic pollutants in water bodies and environment [1, 2]. Former studies 
indicated that dyes are stable chemical compounds and can remain as pollutants in the 
aquatic environment for extended times [3]. Organic pollutant discharge into the water 
sources without a preliminary treatment represents a significant hazard for living 
organisms and human beings due their carcinogenic and toxic properties [4]. Thus, the 
finding an appropriate method for cleaning the polluted water to be reused in different 
fields of life is mandatory. Based on different benefits such as high efficiency, easy 
regeneration and low-cost that have been listed in several published articles, the water 
purification through adsorption is recommended as compared to biological, coagulation, 
membrane or precipitation techniques [5-9].  

Malachite Green (MG) is a basic dye generally employed to color paper, silk, cotton, 
and wool products. From the water depollution perspective, this synthetic dye is difficult to 
be removed from aqueous solutions [10]. Note that a chronic exposure to MG can cause 
harmful effects in the kidney, gill, liver and gonads. The removal of this synthetic dye is a 
priority to reduce environmental pollution and health risks for population [11].  Therefore, 
numerous materials such as bentonite [12], natural zeolite [13], activated serpentine [8], 
carbon [14], activated carbon [15], activated rice husk [16], TiO2 nanoparticles [17], and 
MCM–48/rice husk composite [18] were utilized as MG adsorbents. However, finding 
effective adsorbents for MG dye with outstanding adsorption capacities and short time to 
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achieve the adsorption equilibrium is still a remarkable issue. In addition, interpretation of 
the physicochemical parameters related to both of the experimental and theoretical studies 
can provide new insights into MG adsorption mechanism at the molecular level.  

Several studies confirmed that utilizing carbon–rich materials as adsorbents is a 
competitive, environmentally friendly and low-cost approach to remove different water 
contaminants [7, 19]. The functional groups of these carbonaceous materials can be 
tailored to form different interactions with water pollutants thus improving their 
adsorption capacities [7, 19]. Anthracite, the used carbon-rich material, is characterized by 
the highest carbon concentration (more than 86 %) and thus, it is considered as a high 
grade coal [7], which makes it directly usable in the design of composites-based 
adsorbents. Indeed, low grade coal is characterized by the presence of high concentrations 
of impurities (e.g., the ash content and resinous materials) and, consequently, additional 
physical and chemical treatments are needed before using this low grade coal in the 
fabrication of composite materials [7]. 

Recently, anthracite–based composites were synthetized and utilized to remove 
organic (methyl orange) and inorganic (manganese and chromate ions) water pollutants 
[7, 20]. The treatment of anthracite with H2O2 (MAn) was suggested to be an effective 
method to insert different modifiers as chitosan and Fe3O4 nanoparticles in the created 
pores of An structure due to this interface [7, 2]. On the other hand, TiO2 is widely used to 
remove organic dyes via either degradation or adsorption due to its chemical stability, 
biocompatibility, and non-toxicity [17]. Moreover, TiO2 has a great ability to interact with 
organic molecules in aqueous solutions [21]. Note that the rutile (Rt) is a titanium 
oxide mineral (TiO2) that can be used in water treatment applications. For instance, 
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polypyrrole/TiO2 composite, thiazolylazopyrimidine-functionalized TiO2 nanoparticles, Ag-
modified TiO2 nanotube, poly(p-anisidine)/TiO2 nanocomposite were applied to remove 
methylene blue [22], copper ions [23], mercury and cationic dyes [24],  respectively. In this 
study, the utilized Rt was extracted from the Egyptian ilmenite (FeTiO3) and due to the 
high purity of Rt, it can be used to synthesize novel adsorbents with remaining properties 
for water depollution especially organic compounds like dyes.   

Modeling of the removal data results is required to understand the adsorption 
mechanism and the physicochemical parameters that could govern it [3]. Generally, 
Freundlich and Langmuir models are insufficient to understand the uptake mechanism 
because their parameters lack of a physical meaning [26, 7]. Besides, the fundaments of the 
common traditional isotherm models (e.g., Langmuir, Freundlich, Sips) are insufficient to 
describe the adsorption geometry of removed adsorbates [27]. On the contrary case, steric 
and energetic parameters derived from the advanced statistical physics models can outline 
microscopically and macroscopically the interactions between the tested pollutants and 
adsorbents [28, 3, 19]. Consequently, deep and interesting analyses can be resulted from 
the interpretation of physicochemical parameters obtained with these advanced 
adsorption models.  

The novelty of this study was to synthetize an effective adsorbent for MG dye via 
inserting Rt nanoparticles prepared from the Egyptian ilmenite ore in the H2O2–activated 
anthracite (MAn). Different techniques (i.e., XRD, FESEM, FTIR) were used in 
characterizing the Rt/An composite. Freundlich and Langmuir equations were used to 
correlate the MG adsorption data at 25 – 55 ⁰C. A statistical physics-based multilayer 
adsorption model was utilized to provide new evidences and a deeper understanding of the 
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adsorption interactions between MG molecules and Rt/ MAn active sites. Overall, the MAn 
impregnated with Rt nanoparticles showed high MG adsorption capacities and it could be 
extended for the removal of other organic water pollutants. Furthermore, the results of this 
study contributed with new insights into MG adsorption mechanism using this novel Rt/ 
MAn composite. 
2. Materials and methods 
2.1. Materials  

Anthracite attained from Marsa Matrouh Company in Egypt was pulverized to get a 
particle size less than 100 µm. High purity Rutile (Rt) synthesized from ilmenite was 
obtained via mechanical activation of FeTiO3 followed by reduction, acidic leaching and 
calcination at 600 ⁰C/2 h [25]. Rt obtained through this combined process was very pure 
(i.e., nearly 96 % of TiO2) without coloring metals [25]. Malachite green (C23H25N2, Sigma-
Aldrich, λmax = 617 nm, MW= 364.911 g/mol), hydrogen peroxide (30 %, H2O2, Loba 
Chemie, Pvt, Ltd, Mumbai, India), HCl (0.01 mol/L), NH4OH (0.01 mol/L) and distilled 
water were utilized in this study. 
2.2. Synthesis of rutile nanoparticles/anthracite (Rt/MAn) adsorbent 

H2O2‒treated anthracite (MAn) was obtained via the addition of 15 mL of H2O2 to 
3.0 g of the anthracite powder. This anthracite–H2O2 mixture was continuously stirred for 
60 min at 40 °C. 0.75 g of Rt nanoparticles powder was added to the solution of activated 
An and stirred for 2 h at 40 °C. Centrifugation for 20 min at 6000 rpm was utilized to 
separate the solid phase. Final solid was washed with distilled water and dried for 24 h at 
70 oC. Lastly, it was homogenized by agate mortar and stored as Rt/MAn for its further 
applications.  
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2.3. Rt/MAn characterization 
X–ray diffraction (XRD) analysis of the prepared Rt/ MAn composite was obtained 

with a X–ray diffractometer (Panalytical Philips APD-3720, Netherlands) with Cu–kα 
radiation (λ = 0.154 cm−1) and operated at 40 kV, 35 mA, 5 min scanning speed in the 2θ 
range of 5 – 80°. Fourier transform infrared (FTIR) spectrum of the Rt/MAn composite was 
recorded in the range of 400–4000 cm−1 with a Bruker FT/IR‒2000 spectrometer. Field 
emission scanning electron microscope (FESEM, Sigma 500 VP, Germany) was employed 
for studying the morphological features of Rt/MAn composite. pH at the point of zero 
charge (pHPZC) (i.e., the point at which final pH–initial pH (ΔpH) = zero) was determined as 
follows [51]: A solution of 0.1 M KCl was prepared and then, 50 mL samples of 0.1 M KCl 
were taken in beakers. The initial pH (pHi) of these prepared solutions was separately 
adjusted at different values ranged from 2.0 to 10.0. Finally, 0.1 g of Rt/MAn composite was 
added to each beaker and mixed at 200 rpm for 48 h and the final solution pH was 
measured. Data of ΔpH and initial pH were used for finding the pHPZC. 
2.4. Impact of solution pH on the MG adsorption on Rt/MAn  
 MG adsorption by Rt/MAn composite was studied at different pH values (i.e., 2.0 - 
10.0) at 25 ⁰C where the other adsorption factors remained constant (i.e., 25 mg of 
Rt/MAn, 100 mg/L of MG concentration, 150 min of shaking time). MG concentrations of all 
solutions were analyzed with a double beam ultraviolet UV-visible absorption 
spectrometer (Shimadzu, 1601). 
2.5. Equilibrium studies of MG adsorption 
 Standard MG solutions (1000 mg/L) were prepared and diluted by adding distilled 
water to reach the needed concentrations for the isotherm experiments. Equilibrium 
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studies of MG adsorption were performed at pH 8.0 and 25, 40 and 55 °C. MG adsorption 
isotherms were determined with 25 mL of MG solutions (initial concentrations ranging 
from 100 to 400 mg/L) and 0.025 g of Rt/MAn composite. In all the equilibrium 
experiments, the MG ‒ Rt/MAn suspensions were mixed for 150 min at 200 rpm via an 
orbital shaker (SHO‒2D shaker, Germany). MG adsorption capacities (qe mg/g) were 
obtained via Equation (1). 
Z[ = (\]– \[)  ^ _                                                                                                                               (1) 
where m is the Rt/MAn adsorbent dose (g), V is the MG solution volume (L), \[  and \] 
(mg/L) are the equilibrium and initial MG concentrations, respectively.  
2.6. Modeling analysis 

Experimental data from MG adsorption onto Rt/MAn were fitted to Langmuir [29] 
and Freundlich [30] equations as given in Table 1. The best isotherm for describing the 
experimental results was identified via the values of determination coefficient (`a) and 
Chi‒square (ba), see Table 1.  
Table 1. Isotherm models used to analyze MG adsorption by Rt/MAn composite. 

Isotherm Model Formula Parameters Refs. 
  Langmuir 

 Z[ = cmax defg (hijekg )   
\[  (mg/L): equilibrium MG concentration in the aqueous solution Z[   (mg/g): MG adsorption capacity at equilibrium. Zmax (mg/g ): maximum adsorption capacity lm (L/mg):  Langmuir constant  

[29] 

  Freundlich 
 Z[ = ln  \[h/o     

ln((mg/g)(mg /L)ph/o)): MG adsorption capacity.  n: the heterogeneity factor 
[30] 
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Theoretically, a statistical physics-based multilayer adsorption model was utilized 
to fit the MG adsorption on Rt/MAn adsorbent. The appropriateness of this model to fit the 
MG experimental results was confirmed via the values of `a and the root mean square 
error (RMSE) as the following [2, 18]:  
RMSE= q∑ stu vwxptu yz{|}~u�� ��p�                                                                                                                      (2) 
Where � is the number of adjustable parameters and _� is the experimental data.   

Based on the assumptions of this model, the MG–Rt/MAn interaction was associated 
to diverse energies, which corresponded to the existence of a limited number of adsorbed 
MG layers on Rt/MAn composite surface [28, 2]. The main adsorption energy was related to 
the interaction between the first adsorbed MG layer (stable number) and Rt/MAn active 
sites, while the further energy was associated to the MG‒MG interaction. Therefore, the 
number of the adsorbed MG layers is equal to 1 + N2 [2]. N2 = 0, 1 or > 1, which 
corresponds to a monolayer (N2 = 0), double‒layer (N2 = 1), and multilayer process (N2 > 
1) [31].  

According to the multilayer adsorption model, several states were suggested as 
follows: [28, 2]: 

� Multilayer adsorption: n  and N2 were adjusted. 
� Monolayer adsorption: n was adjusted and N2 = 0. 

 
`a = 1 − ∑sZ[,��� − Z[,���|a

∑sZ[,��� −  Z[,�[�o|a 
 

   Z[,���: Experimental adsorption capacity (mg/g).   
[2] 

ba = � sZ[,cal − Z[,exp|a
Z[,exp   Z[,���: Calculated adsorption capacity  (mg/g) [2] 



10 

 

� Double-layer adsorption: n was adjusted and N2 =1.  
� Triple-layer adsorption: n was adjusted and N2 =2.  
� Langmuir model: n = 1 and N2 = 0. 

This model is defined by [28, 32]. 
� = � �� n�(�)in}(�)in�(�)in�(�)�(�)                                                                                                    (3) 
�h(�) = − a� ����}�

hp� ����� + � ������hp� ����}��
�hp� ������} ,                                                                                            (4) 

�a(�) = a� ������ ��}���hp� ��}��  }�
hp� ��}�� ,                                                                                                     (5) 

�¡(�) = −¢a � ������ ��}��� ��}��  }
hp� ��}�� ,                                                                                                      (6) 

�£(�) = � ������ ��}�}��hp� ��}��  }�
�hp� ��}���} ,                                                                                                       (7) 

¤(�) = �hp� ����}��
hp� ����� + � ������ ��}���hp� ��}��  }�

�hp� ��}���} ,                                                                                    (8) 
where DM is the adsorption sites density of the Rt/MAn adsorbent, n is the number of 
adsorbed MG molecules per functional group, C1 and C2 characterize the half‒saturation 
concentrations (C1  is associated to the first layer, while C2 is related to N2 layers of the 
adsorbed MG molecules). Also, the parameter N2 indicates the formation of adsorbed MG 
layers with a given adsorption energy.  
2.7. Regeneration of Rt/MAn adsorbent 

Recycling and utilization of any adsorbent several times is an important issue for 
reducing water treatment costs in industrial processes [8]. Here, adsorption/desorption 
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tests were repeated 5 times to investigate the reusing of Rt/MAn adsorbent. Desorption of 
MG dye was achieved using 100 mL of sodium hydroxide (0.5 M) as a desorbing factor. At 
25 °C, Rt/MAn composite loaded with MG molecules was agitated for 150 min at 200 rpm 
using a rotatory shaker. This adsorption/desorption process was repeated five times. 
Before each desorption stage, the Rt/MAn was extensively washed by distilled water and 
dried in an electrical oven for 12 h at 70 ⁰C.  
3. Results and discussions 
3.1. Rt/MAn characterization  

The XRD pattern of Rt/MAn composite shows strong diffraction peaks in the 2θ 
range between 27⁰ and 70⁰ (Fig. 1a). The detected peaks had an excellent agreement with 
the standard JCPDS card no: 88-1175 (space group: P42/mnm), which confirmed that all of 
these peaks were related to rutile (TiO2) nanoparticles. It can be observed that rutile peaks 
were narrow and sharp, which indicated that Rt was characterized by a high degree of 
crystallinity. The overlap between the weak anthracite peaks at (0 0 2) and (1 0 0), 
corresponding to 2θ=24−29° and 42−45°, and the sharp Rt peaks resulted in the 
disappearance of the An phase.  

FTIR spectrum of the Rt/MAn composite (Fig. 1b) showed the presence of different 
Ti-O stretching bands between 400 and 1000 cm-1 (i.e. the observed bands were at 423, 
633 and 891 cm-1 ) [33, 34]. These peaks could be associated to the Rt nanoparticles. 
Moreover, the bands at 1562 and 1072 cm-1 corresponded to C=C and C=O stretching 
bands of anthracite, respectively [34-36]. The existence of C=O functional group in MAn 
sample enhanced its adsorption capacity for both inorganic and organic compounds [36]. 
Therefore, MG adsorption properties of the MAn were expected to be better than those of 
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Rt nanoparticles. The additional peaks identified at ∼ 3728 and 3794 cm-1 were related to 
the hydroxyl group (–OH) stretching bands [2, 35, 19].  

 
Figure 1. Characterization results of the Rt/MAn composite: (a) XRD pattern and (b) FTIR 
spectrum.  
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FESEM results of the Rt/MAn composite (Fig. 2) showed the smooth surface of An 
with flaky habits due to its internal structure. H2O2–activated anthracite (MAn) displayed 
fissures and pores with dissimilar sizes, diameters and lengths (Fig. 2). Moreover, Rt 
appeared as agglomerated spherical nanoparticles with different diameters of less than 
100 nm (Fig. 2). The presence of these spherical-like TiO2 nanoparticles could be expected 
to improve the adsorption of MG molecules due to the increment of Rt/MAn surface area. 
The Rt nanoparticles were not only attached to the outer anthracite surface, but also were 
filled the fissures and pores, thus reflecting the physical interface between Rt and Man 
phases. 
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                    Figure 2.  FESEM images of the Rt/MAn composite at different magnifications 
 
3.2. Determination of pHPZC  and the pH effect on MG adsorption by Rt/MAn  

The pHPZC of this composite was 6.4 (Fig. 3a ), which indicated that the MG removal 
with Rt/MAn was more effective at pH > 6.0. MG adsorption by Rt/MAn composite as 
function of solution pH is displayed in Figure 3b. MG removal [%] improved by increasing 
the pH at tested operating conditions thus reaching the maximum removal (i.e., more than 
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95 %) of MG at pH ≥ 7. This performance (96.2 %) could be linked to the existence of 
several adsorption sites (functional groups) at Rt/MAn surface, which can be charged at 
different pH values. Moreover, this performance was found to be higher than that of Rt 
(71.4 %) and MAn (49.8 %) as individual components at the same pH value (Fig3b). At pH 
2.0–3.0, the solutions were characterized by high concentrations of the H+ thus, the 
functional groups of Rt/MAn were protonated [37, 9].  

 
 Figure 3.  (a) pH ZCP of the Rt/MAn composite, (b) effect of solution pH on the MG removal and (c) the illustration of interaction forces involved in the MG removal by the Rt/MAn composite.  

 
Consequently, the electrostatic repulsion between the positive Rt/MAn functional 

groups and this cationic dye resulted in decreasing the MG adsorption [8, 37]. At pH 4.0–
6.0, the deprotonation of the Rt/MAn surface enhanced the MG removal (i.e., a decrease of 
protons was distinguished) [14]. However, it can observed that the Rt/MAn composite can 
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remove MG molecules at pH 2.0–6.0, which could be related to the complexation with 
oxygen–holding functionalities [7]. Furthermore, the involvement of π–π and n–π 
interactions due to the existence of C=C and C=O groups in the pure MAn contributed to 
improve the dye adsorption by the MAn sample as compared to Rt nanoparticles [38], see 
Figure 3c. At pH ≥ 7.0, the strong interaction between the deprotonated surface 
functionalities of Rt/MAn and dye molecules greatly improved the removal process and 
consequently, all the equilibrium MG removal experiments were conducted at solution pH 
8.0. 
3.3. MG adsorption isotherms (traditional and advanced modeling) 

Experimental adsorption isotherms were correlated with Freundlich, Langmuir and 
the statistical physics multilayer models. The adjustable parameters of these models were 
calculated and interpreted in the coming subsections. 

The relation between Z[  and \[ (Fig. 4) was applied to define the parameters of the 
Freundlich and Langmuir equations as given in Table 2. At all tested temperatures, the two 
classical models fitted well the MG adsorption by the Rt/MAn composite where 
`a was close to unity. Statistical analysis of these models was complemented with the Chi–
squared (ba). The Freundlich model presented the lowest Chi–squared values at all tested 
conditions in comparison to the Langmuir model. Freundlich equation was the best 
isotherm and, thus the adsorption of MG molecules was associated to an heterogeneous 
surface of Rt/MAn composite with different active sites. The maximum Langmuir 
monolayer adsorption capacities (Z��§) improved with temperature (Table 2). 
Consequently, the interaction between Rt/MAn composite and MG dye was more effective 
with increments of solution temperature. Similarly, ln  of Freundlich equation ranged from 
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34.28 to 41.21 (mg/g)(mg/L)ph/o where solution temperature increased from 25 to 55 °C 
thus confirming the endothermic nature of MG adsorption.  

 
Figure 4. Experimental adsorption isotherms of MG adsorption on Rt/MAn composite at 25 - 55⁰C and their correlation with Langmuir, Freundlich and the statistical physics multilayer adsorption models. 

Note that the mobility of MG molecules increased at higher adsorption 
temperatures, which resulted in the improvement of the interactions between MG 
molecules and Rt/MAn active sites. A similar result was reported by previous articles [7, 2, 
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19]. In addition, the 1/� values (Table 2) were less than 1.0 thus indicating an effective MG 
adsorption even at low concentrations.  
Table 2. Parameters of isotherm equations for the MG adsorption on Rt/MAn  composite. 

 
Maximum adsorption capacities (Z��§) of MG for different adsorbents as compared 

to the Rt/MAn performance were collected in Table 3. These results indicated that the 
Rt/MAn composite prepared in this study outperformed several adsorbents and this novel 
material is an interesting alternative to remove MG from wastewaters at industrial level. 
Table 3. MG adsorption capacities for natural and synthetic materials and their comparison 
with Rt/MAn composite. 

 Isotherm Model     25 °C  40 °C  55 °C  Langmuir       
¨max (©ª/g) 320.03  368.14  400.27  
«¬  ( /©ª) 0.024  0.026  0.035  
®¯ 0.9893  0.9942  0.9983  
°¯  2.2  1.89  1.65  
Freundlich    
«± ((©ª/ª)(©ª /)p²/³) 34.28  35.09  41.21  
²/³ 0.404  0.44  0.453  
®¯ 0.9956  0.9988  0.9994  
°¯ 1.82  1.57  1.24   
Multilayer   Qsat  (mg/g) 
 ®¯  RMSE  

  531.3  0.998  1.8 

   690.4  0.9994  0.891 

   739.6  0.9997  0.572 
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On the other hand, the interpretation of the interactions between the removed MG 

molecules and the Rt/MAn active sites via statistical physics calculations is a reliable 
approach to understand the corresponding adsorption mechanism [48,49]. MG–Rt/MAn 
interaction was mainly governed by different physicochemical parameters that can set-up 
the adsorption mechanism. Consequently, the steric parameters (i.e., n, DM, Nt , and the 
saturation adsorption capacities of MG dye (Qsat = n. DM. Nt) were determined. Adsorption 
energies (ΔE) associated to this removal process were also calculated.  

Adsorbent Adsorption capacity qmax (mg/g) Reference 
Bentonite 179 [12] 
Activated carbon 57.14 [15] 
Neem sawdust 4.35 [39]  Rattan sawdust 62.7 [40] 
Carbon 8.44 [14] 
Halloysite nanotubes 99.6 [10] 
Natural zeolite 23.94 [13] 
Modified rice husk 12.16 [16] 
Degreased coffee bean 55.3 [41] 
Treated ginger waste 84.03 [42] Diatomite 23.64 [43] 
Modified carbon nano tubes 172 [44] 
Cellulose nanofibril aerogels 212.7 [45] 
Graphene oxide/Fe3O4 179 [46] 
NiO nano-flakes 142 [47] 
Rt/MAn composite  320.03 The present study 
Rt/MAn (theoretical) 531.3 The present study 
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The theory of the multilayer adsorption model was utilized to examine these 
physicochemical and energetic parameters [49,50].  The highest `a and the lowest RMSE 
values indicated that the employed multilayer model is adequate for representing the MG 
adsorption results, see Figure 4 and Table 2.  
3.4. Steric parameters  

Based on the previous studies, the n parameter was utilized to correct the 
assumption of the Langmuir model [26, 1, 2, 19]. Note that n = 1 (i.e., Langmuir 
hypothesis), n > 1 or n < 1, which reveals dissimilar adsorbent performances. This 
parameter can also explain the position (i.e., vertical or horizontal) of the adsorbed MG 
molecules on Rt/MAn surface. For instance, the parameter n > 1 or < 1 indicated the 
vertical or horizontal position of the adsorbed MG molecules, respectively. Moreover, the 
MG adsorption mechanism for Rt/MAn composite could be multi–docking (i.e., several 
Rt/MAn active sites can remove one MG molecule if n < 1) or multi–molecular (one 
functional group of this adsorbent can bind several MG molecules when n > 1) [1, 2, 19]. 
Figure 5a shows the parameter n versus the adsorption temperature. The parameter n was 
1.60, 1.36 and 0.96 at 25, 40 and 55 ⁰C (i.e., n offered different adsorption scenarios with 
respect to the aqueous solution temperature). At 25 and 40 ⁰C, the multi–interactions 
mechanism and vertical adsorption position were linked to the interface between MG 
molecules and Rt/MAn active sites. On the contrary case, a multi–docking mechanism and 
horizontal adsorption geometry were associated to the MG-Rt/MAn interaction at 55 ⁰C. 
Thus, the aggregation of MG molecules in solution (i.e., MG-MG binding), especially at the 
first temperature, was an important factor for the occurrence of the vertical (non-parallel) 
position and the multi–interactions mechanism. The increment of solution temperature 
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decreased n value up to < 1.0 at the final temperature and therefore, the temperature 
affected the interaction between MG molecules for the formation of molecular aggregates 
in the aqueous solution. The low degree of MG aggregation at 55 ⁰C indicated that the 
Rt/MAn surface could imply a fast remove of this dye at different functional groups of this 
adsorbent before its aggregation in solution. 

  
Figure 5. Calculated physicochemical parameters n, NM, , Nt, and Qsat as function of temperature for MG adsorption on the Rt/MAn composite.  Also, the chemical stability of molecular aggregates is highly dependent of solution 
temperature where increments in this operating parameter reduce the dye molecular 
aggregation.    

Concerning the density of Rt/MAn active sites (DM), the increment of adsorption 
temperature from 25 to 55 °C (Fig. 5b) caused an enhancing of this parameter from 206.25 
to 417.48 mg/g. The increase of this physicochemical parameter with temperature was 
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chiefly associated to the involvement of new sites of Rt/MAn composite in the removal of 
MG molecules. Certainly, the aggregation of the MG molecules at the initial temperature (25 
⁰C) can hide some active sites of Rt/MAn composite. With increasing the solution 
temperature to the value of 55 °C, the aggregation of MG molecules decreased and thus, 
more receptors sites of Rt/MAn are occupied. Generally, the parameter DM displayed an 
opposite trend than that identified for the parameter n (i.e., n and DM showed conflicting 
trends with adsorption temperature).  

Determination of the total removed layers is necessary to better understand the 
adsorption mechanism of the adsorbate MG molecules onto the investigated Rt/An 
composite. The calculated total number of formed MG layers (Nt = 1 +Na) was ∼ 2.0 at all 
temperatures (Fig. 5c). Thus, the temperature showed a reduced impact on this parameter 
during the MG adsorption at tested operating conditions. So, the mechanism of MG 
adsorption onto Rt/MAn based on the Nt parameter could be ignored. 

The values corresponding to the saturation adsorption capacity can clarify the 
efficacy of Rt/MAn adsorbent to remove MG molecules. Qsat was 531.30, 690.40 and 739.60 
mg/g at 25, 40 and 55 °C, respectively, see Figure 5d. Enhancing the MG adsorption 
capacity with increasing temperature could be linked to the high mobility of the dye 
molecules at higher temperatures [2, 3]. Thus, the unrestricted MG molecules can interact 
with new active sites of the Rt/MAn adsorbent causing increasing the adsorption capacities 
at 40 and 55 °C. Moreover, the attained Qsat values confirmed the endothermic nature of the 
interaction between the MG molecules and Rt/MAn adsorption sites. It was noticed that 
Qsat and DM displayed the same trend (i.e., they increased significantly with temperature), 
which reflected that the parameter DM was considered as the main factor that affected the 
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adsorption efficiency of Rt/MAn composite. Furthermore, the result of (n.DM ) values (i.e., 
the N2 value was supposed to be zero) was close to the adsorption capacities of Langmuir 
model, which indicated that the experimental and theoretical data were consistent.  
3. 5. Energetic parameters  

To attain a suitable interpretation of the interface between MG molecules and 
Rt/MAn active sites, determination of the adsorption energies is obligatory [3]. The 
multilayer adsorption energies (ΔE) were calculated with the next equations [2].  
\h = \µ¶p ∆¸�¹º                                                                                                                                             (9) 

\a = \µ¶p ∆¸}¹º                                                                                                                                             (10) 

where �hand �a denote to the half-saturation concentrations and �µ  is the solubility of the 
tested adsorbate. 

Figure 6a shows calculated ΔE versus adsorption temperature. The positive ΔE (i.e., 
ΔE1 and ΔE2 > 0) confirmed the endothermic interaction between the MG dye molecules 
and Rt/MAn adsorbent. In addition, all ΔE values were < 40 kJ/mol where physical 
adsorption forces contributed in the interface between MG adsorbate and Rt/MAn 
adsorbent. ΔE1 > ΔE2 at all tested temperatures, see Fig. 6a. As stated, ΔE1 corresponded to 
Rt/MAn–MG interaction, while ΔE2 characterized the MG–MG interaction and, 
consequently, ΔE1 values were higher than ΔE2.  
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Figure 6. (a) Calculated adsorption energies (∆») and (b) the description of MG adsorption mechanism based on the statistical physics multilayer model.  

Also, the trend of ΔE versus temperature could be associated to the improvement of 
MG adsorption capacities (i.e., Qsat and ΔE showed the same trends). Overall, the adsorption 
mechanism of MG dye was governed by the energetic (ΔE) and steric (DM) parameters. The 
probable adsorption mechanism of MG molecules onto the Rt/MAn composite is illustrated 
in Figure 6b. 
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3.6. Reusability Study 
Figure 7 indicates that the Rt/MAn composite showed more than 80 % of MG 

removal after all regeneration cycles. Therefore, this novel adsorbent can be reutilized 
several times to adsorb dye MG without an important loss of its efficiency, thus signifying 
an economic benefit and high stability of this adsorbent in water treatment.  

 
Figure 7.  MG removal after the regeneration of Rt/MAn composite 

Two possible reasons could be responsible for the slight decrease of adsorption 
capabilities of the Rt/MAn composite [8]: (I) irreversible adsorption of MG dye molecules 
that could limit their desorption and (II) the slow elimination of surface chemistry and 
porosity of the Rt/MAn adsorbent (including water-driven processes in adsorption cycles 
and NaOH-driven in the desorption runs) due to the treatment applied for the regeneration 
process. 

Finally, utilizing natural materials (e.g., coal, clays, lignite) or industrial/and or 
agricultural by-products (e.g., pomegranate peel, silica fume, fly ash, iron slag) in the 
synthesis of adsorbents is desired due to the low-cost and the availability of these 
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materials. Regarding the investigated composite, Rt/MAn adsorbent was fabricated using 
rutile nanoparticles extracted from Egyptian ilmenite mineral and hard coal through a 
simple and cost-effective technique. Based on the adsorption and desorption results, 
Rt/MAn is recommended to be a promising adsorbent for decontamination of MG-bearing 
solutions. 
4. Conclusions 
A new adsorbent (Rt/MAn) was synthesized using rutile nanoparticles and treated 
anthracite via a simple and low-cost technique. Results of XRD, FESEM and FTIR confirmed 
the insertion of Rt (TiO2) to the structure of An sample. The Rt/MAn composite was utilized 
as adsorbent of MG dye at 25 - 55 °C. Calculations performed with a statistical physics-
based multilayer adsorption model suggested that multi-interactions mechanisms and 
multi-docking could occur in the removal of this dye molecule. The saturation adsorption 
capacity increased with temperature and this steric parameter was mainly controlled by 
the number of Rt/MAn active sites. Dye aggregation in the aqueous solution was also 
present especially at low adsorption temperature. MG removal by Rt/MAn adsorbent was 
endothermic and associated to physical forces. Results of regeneration study indicated that 
this novel composite showed a MG removal > 80 % after five cycles of adsorption and 
desorption. This adsorbent can be utilized in the treatment of industrial wastewaters 
polluted by this dye. In fact, it can be expected that carbon-rich materials containing rutile 
nanoparticles will be effective adsorbents to remove organic pollutants in wastewater 
remediation.  
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