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 6 

Abstract 7 

Ethylene diaminetetraacetic acid (EDTA) functionalized graphene was synthesized from Nigerian coal using a 8 

chemical exfoliation method and the graphene was applied for the removal of Congo red dye from aqueous solutions. 9 

The synthesized coal graphene and the raw coal were characterized using Fourier transform infrared (FTIR) 10 

spectroscopy, X-ray diffraction (XRD) spectroscopy, Scanning electron microscopy and Energy (SEM)–Energy 11 

dispersive X-ray (EDX) spectroscopy. The SEM data revealed surface roughness which is enhanced in the prepared 12 

graphene while the EDX revealed an increase in carbon, the main constituent of graphene, from about 26% in the raw 13 

coal to about 80% in the prepared graphene. Various adsorption parameters, such as pH, contact time, concentration 14 

of Congo red and temperature, were varied for the removal of the dye using raw coal and the synthesized coal 15 

graphene. The Liu isotherm gave the best fit of the equilibrium data than the Langmuir, Freundlich and Dubinin-16 

Radushkevich models. The maximum adsorption capacities of the raw coal and synthesized coal graphene at 25 °C 17 

are 109.1 mg/g and 129.0 mg/g, respectively. The Avrami fractional order kinetic model was the best model for 18 

description of the kinetic data. The model had the lowest values of standard deviation than the pseudo-first order and 19 

pseudo-second order models. The adsorption process of the two materials occurred via two stages as proved by 20 

intraparticle diffusion model. The adsorption process of the Congo red removal was spontaneous, feasible and 21 

endothermic. The study conclusively revealed the graphene nanomaterial to be a viable adsorbent for textile 22 

wastewater treatment. 23 

Keywords: Coal; Graphene; Ethylene diaminetetraacetic acid, Congo red; Liu model; Avrami model  24 

 25 

Introduction 26 

Over time, industrialization and population explosion have led to an upward surge in the utilization of dyes for printing 27 

and coloring by industries, particularly the textile industry (Hairom et al. 2014) and a lot of wastewater, from plastic, 28 

paper, printing, textile and dyeing industries, is generated during printing, production and dyeing processes (Chong et 29 

al. 2014; Adebayo et al. 2014; Adebayo 2019). Dyes, which are non-biodegradable, constitute a major source of water 30 

pollution and the menace is becoming a major environmental issue worldwide. The presence of molecules of dyes in 31 
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water is associated with the generation of an aesthetic problem, water coloration, increment in chemical oxygen 32 

demand, reduction in sunlight penetration for aquatic plants and can lead to allergies, mutation and cancer (Rovani et 33 

al. 2014; dos Santos et al. 2014).  34 

Congo red (CR) is the disodium salt of the most widely used direct dye in the textile industry due to its chromaticity 35 

(Yao et al. 2016). Various types of dye, particularly the Congo red, are critical sources of wastewater contamination 36 

due to its increased oxygen demand and high biological toxicity after indiscriminate dumping in water bodies 37 

(Robinson et al. 2001). The presence of Congo red in water bodies results in unpleasant changes in the color of water 38 

and its presence even in trace amounts can adversely affect living things due to inhibitory effects on photosynthesis 39 

(Tabrez et. al. 2004). The anaerobic breakdown and incomplete bacterial degradation of dyes often result in the 40 

production of toxic amines, which pose serious threat to mankind (Weber and Wolfe 1987). For example, Congo red, 41 

a synthetic dye is largely non-biodegradable and carcinogenic. Therefore, its presence in the ecosystem even in trace 42 

amounts is of great environmental concern due to adverse effect on human health and the economy. These issues, 43 

therefore require prompt and effective remediation of textile wastewater to reduce the levels of pollution of Congo 44 

red to permissible limits (Zhang et al. 2014). 45 

To this end, various methods have been adopted for the effective removal of toxic dyes from solutions, such techniques 46 

include but not limited to adsorption, chemical precipitation, ion exchange, reverse osmosis and membrane filtration 47 

(Thue et al. 2016; Ribas et al. 2020). Physical adsorption has been reported to be a proficient method for this process 48 

because of its simplicity, cost effectiveness, and efficiency (Kumari et al. 2016; Adebayo et al. 2020).  49 

Over the past decade, carbonaceous materials have been of great interest to researchers because of their uniqueness, 50 

composition and diversity. A case in point is activated carbon, which has been investigated and shows promising result 51 

in the effective treatment of wastewater owing largely to its large surface area and mechanical stability (Suhas et al. 52 

2017). However, due to the high energy consumption and greenhouse gas emission of coal during preparation of 53 

activated carbon (Alhashimi and Aktars 2017), its application has been limited. It is therefore pertinent to source for 54 

suitable alternative routes with less risk. Coal and other derivatives are common adsorbents for the treatment of textile 55 

wastewater and as a solid source raw material with high carbon content, it is stable at room temperature and quite easy 56 

to transport. Owing largely to environmental concerns of global warming, the primary function of coal as fuel for 57 

transport has been jettisoned (Shinn 1996). Presently, alternative uses of coal are being researched daily to cater for 58 

its large reserves while also making sure that its use is eco-friendly. The use of coal to synthesize graphene could open 59 

a new opportunity for coal as a non-conventional carbon source and provide reliability for large synthesis of graphene. 60 

Nanomaterials, such as graphene, have been a point of focus for researchers because of their outstanding properties 61 

and diversity. The presence of various functional groups, binding sites, and large surfaces on these materials are the 62 

main characteristics that make graphene and graphene derivatives excellent adsorbents for the removal of countless 63 

pollutants, including toxic dyes, from aqueous effluents (Galashey and Polukhin 2014). The large specific surface area 64 

of graphene makes bonding sites available for modification by other compounds such as ethylenediaminetetraacetic 65 

acid (EDTA) (Cui et al. 2015). Ethylenediaminetetraacetic acid is an excellent precursor that serves many functions 66 

in the industrial sphere such as an auxiliary chemical in dyeing, as a stabilizer, a softener or even a metal complex in 67 

coordination titration (Repo et al. 2013).  Ethylenediaminetetraacetic acid is a favourable option for modifying 68 
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adsorbent materials for the adsorption of dyes and can serve as a precursor for synthesis of a wide range of adsorbent 69 

composites with other materials such as graphene to enhance the adsorption capacity (Ali, 2012). A lot of 70 

nanomaterials, functionalized with EDTA, have been reported (Pang and Wilson 1991; Pang and Wilson 1993) and 71 

showed substantial efficiency adsorption towards dyes and heavy metals in aqueous solution but not much effort has 72 

been geared towards using EDTA as a precursor for graphene synthesis. Rehman et al. (2019) reported the synthesis 73 

of nanocrystalline Hematite using EDTA as a precursor which considers the feasibility of EDTA as a precursor rather 74 

than a modifier.  75 

The current study, therefore, provided a pathway to prepare graphene from coal through a rapid and non-combustible 76 

method using EDTA as a precursor and chelating agent for the growth process and then investigate its effectiveness 77 

in the removal of Congo red from solution. 78 

Materials and method 79 

Sample preparation and characterization 80 

Lignite was obtained from Kabba, Kogi State, Nigeria. The lump of coal was pulverized and sieved using a 625-µm 81 

mesh to obtain a sample of uniform particle size. All chemicals and reagents were procured from British Drug Houses 82 

(BDH) chemicals and were used as purchased.  83 

Coal powder (5 g) was refluxed with EDTA (45 mL, 13.3 wt%) for 24 h, filtered and dried in a vacuum oven for 5 h 84 

at 120 °C.  The obtained sample (2 g) was treated with aqueous hydrogen fluoride (25 mL, 40 wt%) for 2 h, 85 

ultrasonicated for 30 min and left for gravity separation. The sample was then washed with deionized water to neutral 86 

pH, centrifuged at 10,000 rpm and the solid sample was dried in the vacuum oven at 105 °C for 7 h to obtain a dry 87 

powder of graphene. The graphene obtained was named Synthesized Coal Graphene (SCG). The Raw Coal and the 88 

SCG were stored in a desiccator prior characterization and usage for adsorption experiments.  89 

Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), scanning electron microscopy (SEM) and 90 

Energy-dispersive X-Ray (EDX) spectroscopy techniques were used to characterize the Raw Coal and SCG. The FTIR 91 

spectra were recorded in the spectral range of 4000 – 400 cm–1 using a FTIR spectrometer (Agilent Technologies, 92 

Germany). The XRD patterns were obtained using X-ray diffractometer (D8 advance, Bruker) with Cu Ka radiation 93 

(1.5406 Å) and at a scanning range of 0.5 – 130 (2 h). The SEM-EDX (VEGA TESCAN, Japan) was used to examine 94 

the surface morphology as well as to obtain the elemental composition of the synthesized material.  95 

Adsorption experiment 96 

To examine the adsorption behavior of the Congo red dye onto the synthesized graphene and raw coal, batch 97 

adsorption experiments were carried out. The experiments were performed using 25 mL sample tubes containing a 50 98 

mg of adsorbent material and 20 mL of 25 mg/L – 800 mg/L Congo red in each flask. The effect of pH was investigated 99 

between pH 2 and 10; a 0.1 mol/L of HCl or NaOH was used to adjust the pH of the adsorbate solution. The sample 100 

tubes that contained adsorbent material and Congo red solution were then placed inside a thermostatic shaker and 101 
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agitated at 150 rpm for 0 – 360 min at varying temperature (25 °C – 65 °C). The dye solution-adsorbent systems were 102 

centrifuged and the aliquot of the supernatant was analyzed on a UV-Visible spectrophotometer (Shimadzu, Japan) at 103 

497 nm to obtain the absorbance readings of unadsorbed dye after adsorption process. The concentration of the dye 104 

left in the solution after the experiment was subsequently calculated. The quantity of dye adsorbed at equilibrium, Qe 105 

(mg/g), was evaluated using Equation 1. 106 

( )
o e

e

C C
Q V

w


      (1) 107 

where Co is the initial Congo red concentration in mg/L, Ce is the final (equilibrium) Congo red concentration in mg/L, 108 

V is the volume of the dye solution in L, and w is the weight of the adsorbent used in for the batch adsorption 109 

experiment in g.  110 

Results and discussion 111 

Characterization of Raw Coal and Synthesized Coal Graphene (SCG) 112 

Graphene was prepared from a local coal using EDTA as a surface modifier. To know the features of the Raw Coal 113 

and SCG, the two materials were characterized using SEM-EDX, XRD and FTIR.  114 

Figures 1a and b show the SEM images of the Raw Coal and SCG, respectively. The SEM images show irregular 115 

solid block materials with seemingly rough surfaces, which can promote adherence of the adsorbate. The raw coal 116 

image shows some impurities (highlighted in red) attached to the surface of the solid but impurities are absent in the 117 

SCG (Sohn et al. 2014). Similarly, the Raw Coal displayed a relatively large particles, which were broken down in 118 

SCG as a result of physical and chemical treatments. The HF is a strong acid that removed all extraneous materials 119 

present on the solid surface of the coal leaving the solid mass of SCG behind (Yang et al. 2007). 120 

  121 

Figure 1. Scanning electron micrographs at 500x magnification of (a) Raw Coal and (b) SCG   122 

a b 
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 123 

The Energy-dispersive X-ray data of the Raw Coal and SCG are presented in Table 1. The EDX micrographs of the 124 

samples are shown in Figure 2. The elemental composition of the coal is: 20% carbon, 11% aluminum, 12% silicon, 125 

oxygen 55% and others at less than 2%. The EDX micrograph of SCG (Figure 2a) revealed a significant weight 126 

increase in carbon content compared to the spectrum of Raw Coal (Figure 2a). A 64% increase was observed and this 127 

increase is largely due to the various treatment processes carried out on the raw coal sample to obtain SCG. The strong 128 

carbon peak observed is also in agreement with high carbon percentage expected in graphene (Ghann et al. 2019). It 129 

is evident that the various chemical and physical treatments, especially using EDTA, in preparing SCG had a profound 130 

effect in removing most of the metals and extraneous materials present. Ethylene diaminetetraacetic acid being a 131 

chelating agent will form complexes with the majority of the metals such as aluminum and titanium. The formed 132 

complex was eliminated from the synthesized material by acid treatment which was applied to the complex solution, 133 

leaving behind the material of interest (Rao et al. 2017). 134 

Table 1. Elemental analysis (EDX) of Raw Coal and SCG 135 

 136 

 137 

 138 

 139 

 140 

 141 

 142 

 143 

 Raw Coal   SCG  

Element Weight (%) Atomic (%) Element Weight (%) Atomic (%) 

C  19.94 27.78 C 76.88 82.16 

O  54.89 57.40 O 21.31 17.09 

Al  10.78 6.680 Si 0.4200 0.1900 

Si  12.16 7.250 S 1.400 0.5600 

S  0.9100 0.4800    

Ti  0.4400 0.1500    

Fe  0.8800 0.2600    

Total 100.0  Total 100.0  

a 
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 144 

Figure 2. Energy-dispersive X-ray spectra of (a) Raw Coal and (b) SCG  145 

 146 

The XRD spectra presented in Figure 3 revealed that the diffractogram of the raw coal has 2θ° values stretching 147 

between 11° to 65°. The raw coal displayed peaks of high intensity compared to the SCG, which is an indication of 148 

its higher crystallinity than the graphene precursor (Vassilev 1994). The chemical constituents of the raw coal are 149 

related to those reported by Querol et al. (2005). Siliceous minerals such as quartz (SiO2) at 2θ° = 26.245°; kaolinite 150 

Al2(SiO2O5)(OH)4 at 2θ° = 12.33°, 20.238°, 21.57°, and 24.780°; chamosite (Fe3Si2O5(OH)4) at 2θ° = 34.890°; silicon 151 

carbide (SiC) at 2θ° = 35.330°;  and katoite (Ca3Al2(SiO)4(OH)8) at 2θ° = 38.846° are a few of such constituents all 152 

of which enhance crystallinity. In sharp contrast to the raw coal, SCG diffraction pattern shows a feature of amorphous 153 

carbon (a wide band between 10° and 35°) and a low level of crystalline phase (Thue et al. 2016). The low crystallinity 154 

level observed in SCG is a characteristic feature of the trace level of silicious materials from quartz (Ward et al. 1999; 155 

Thue et al. 2016). The peak width broadening contains micro-structural information that indicates uniform particle 156 

sizes of an amorphous nature. Summarily, the crystalline nature of the raw coal decreased substantially after treatment 157 

because sharp peaks were no longer observed in the synthesized coal graphene.  158 

b 
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 159 

Figure 3. X-ray diffraction patterns of Raw Coal and SCG   160 

 161 

The FTIR results presented in Figures 4a and b show the spectra of the SCG before and after adsorption of Congo 162 

red, respectively. Graphene is a carbon material with no functional group (Suraj et al. 1997). In the functional group 163 

region of the spectrum (Figure 4a), the bands in the range of 2083 cm–1 and 3690 cm–1 are overtone and combination 164 

bands, which are not useful diagnostically while other vibrational frequencies might be due to carbon–carbon bonds 165 

in the SCG. Consequently, Figure 4a confirmed the absence of functional groups in the SCG before application as an 166 

adsorbent. The adsorbate contains functional groups such as benzene ring as well as amino, azo, and sulfonate groups. 167 

Figure 4b showed a characteristic absorption band of amino group at 3205 cm–1 while the band at 1595 cm–1 is 168 

ascribed to azo group. The stretching vibration at 1438 cm–1 is due to sulfate group and also an aromatic ring is seen 169 

at 745 cm–1. Figure 4b showed the activity of SCG as an adsorbent of Congo red. Hence, Congo red was adsorbed 170 

onto the SCG (Suraj et al. 1997). 171 

 172 
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173 

 174 

Figure 4. Fourier transform infrared spectra of (a) SCG before adsorption of Congo red and (b) SCG after adsorption 175 

of Congo red 176 

 177 

Adsorption studies 178 

pH Studies 179 

a 

b 
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The results of the effect of pH on the adsorption of Congo red using Raw Coal and SCG are presented in Figure 5. 180 

The adsorption of Congo red onto SCG was relatively steady across selected pH range with a maximum adsorption of 181 

39.55 mg/g observed at pH 3 while adsorption capacity of Raw Coal for removal of Congo red decreased as we moved 182 

from acidic to alkaline region with maximum removal (24.77 mg/g) at pH 3. Congo red is dipolar and therefore it is 183 

an anionic and cationic in alkaline medium and acidic medium, respectively. However, as the pH of the Congo red 184 

dye decreases, the color of the solution changes from orange to dark blue (Stephen, 2000). This phenomenal color 185 

change, which solely depends on the pH of the dye solution, is a pointer to the ionic character of the Congo red 186 

molecule. This is because of the lone pair transition that happens upon acidification leading to a change in the 187 

wavelength of the red dye (Stephen, 2000).  From Figure 5, the quantity of Congo red removed varied only slightly, 188 

especially for SCG. This behavior can be attributed to the unique properties of graphene such as mechanical and 189 

electrical stability (Shin, 2016). Nupearachchi (2017) reported effective adsorption capacities for nanoparticles 190 

synthesized from coal after extraneous materials have been removed from the raw materials. He concluded that the 191 

efficiency of adsorption increased because pore sites were opened up via the ultra-sonication process, which is similar 192 

to what is observed in this report. On the basis of the pH data, the optimum pH of the adsorption of Congo red onto 193 

the two adsorptive materials was 3, therefore pH 3 was chosen to conduct other experiments.  194 

 195 

Figure 5. Effect of initial pH on the removal of Congo red dye by raw coal and SCG 196 

 197 

Kinetic study  198 

The effect of contact time on percentage removal of Congo red is shown in Figures 6a and b, for Raw Coal and SCG, 199 

respectively. In this study, the active sites of Raw Coal got saturated at 250 min and subsequently the adsorption of 200 

the dye onto the surface of the Raw Coal remained fairly constant till 360 min. In the case of SCG, the adsorption 201 

efficiency increased with time and reached the peak at 200 min. It is pertinent to say that the SCG reached equilibrium 202 
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time faster than the Raw Coal and the kinetic data showed that SCG performed better than Raw Coal in the removal 203 

of Congo red from aqueous solutions. The quick removal of the adsorbate at the beginning of the adsorption process 204 

as observed by Danish et al. (2011) is due to the number of vacant sites available on the surface of the adsorbent at 205 

the start of the adsorption process and relatively large number the adsorbate molecules present in the solution. The 206 

constant increase in adsorption and ultimately the attainment of equilibrium is due to the limited mass transfer of the 207 

dye molecules from the adsorbate solution to the surface of the adsorbent. To conduct equilibrium study, contact time 208 

of 300 min and 250 min were used for Raw Coal and SCG, respectively.  209 

Adsorption kinetics plays a significant role in adsorption studies because it provides important information on various 210 

pathways and mechanisms of a reaction (Adebayo et al. 2020; Ribas et al. 2020). To elucidate the kinetics of adsorption 211 

in this study, pseudo-first order, pseudo-second order, Avrami fractional order and intraparticle diffusion models were 212 

used. The various parameters of these models could be used to determine the rate controlling mechanism of the entire 213 

adsorption process. The adjusted coefficient of determination ( 2

adjR ) and standard deviation (SD), as shown in 214 

respective Equations 2 and 3, were used to express the degree of correlation between the experimental values and the 215 

calculated data as well as to determine how kinetic data are well fitted. The SD values measure the differences between 216 

the observed or experimental values and the calculated or predicted values by the model. The smaller the SD value, 217 

the smaller the difference between the observed and calculated values, then the better the fit.  The closer the 2

adjR value 218 

to unity, the better the fit of the model.  219 

 2 2 1
1 (1 )

1
adj

n
R R

n p

 
    

  
   (2) 220 

 2,exp ,mod

1

1 n

i i el

i

SD q q
n p 

 
  

 
   (3) 221 

where q is the numerical value of the data, qi,model is an individual value predicted by the model; qi,exp is an individual 222 

q value obtained from the experiment, n represents the number of experiments performed; p is the number of fitting 223 

parameters in a specific model; and R2 represents the determination coefficient.  224 

The rate expressions from which the rate constants were obtained are presented in Equations 4 – 7 for pseudo-first 225 

order, pseudo-second order, Avrami fractional order and intraparticle diffusion models, respectively. 226 

 1 exp( )
t e f
Q Q k t      (4) 227 

1

e
t e

s e

Q
Q Q

k Q t
 

     (5) 228 

 1 exp( ) Avn

t e Av
Q Q k t      (6) 229 
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t ipd
Q k t C      (7) 230 

where the quantity of dye removed at equilibrium is given as Qe (mg/g) and the quantity adsorbed at a given time, t, 231 

is given as Qt (mg/g), kf (1/min) is the pseudo-first order rate constant, ks (g/mg min) is the pseudo-second order rate 232 

constant, kAv (1/min) represents the Avrami fractional order rate constant, nAv is the Avrami fractional kinetic order 233 

that is related to the mechanism of adsorption, kipd (mg/g min0.5) is the intraparticle mass transfer constant, and C 234 

(mg/g) represents the boundary layer.  235 

Figures 6a and b present the kinetic curves of the Raw Coal and SCG, respectively, for removal of Congo red while 236 

Table 2 presents the parameters of the models. From the table, SD values are 1.856 mg/g and 1.521 mg/g (pseudo-237 

first order), 0.7212 mg/g and 1.143 mg/g (pseudo-second order), and 0.2199 mg/g and 0.3433 mg/g (Avrami model) 238 

for Raw Coal and SCG, respectively. It is evident that the kinetic profile of the adsorption process did not follow 239 

pseudo-first order and pseudo-second order kinetic model but followed the Avrami fractional order kinetic model. 240 

Avrami fractional-order kinetic model is an empirical model that has been used to explain the solid-solution interface 241 

characteristics of adsorption systems (Lima et al. 2016; Thue et al., 2016; Adesemuyi et al. 2020). The Avrami model 242 

perfectly describes the kinetics of adsorption of Congo red onto the two materials because the model presents the 243 

lowest values of the SD as well as the highest values of 2

adjR . The values of kAv are 0.02066 1/min (Raw Coal) and 244 

0.02684 1/min (SCG). These values signify that the rate of adsorption of Congo red onto SCG was slightly faster than 245 

that of Raw Coal. This observation also corroborates the observation stated earlier that SCG reached equilibrium 246 

(equilibrium time of 200 min) earlier than Raw Coal (equilibrium time of 250 min). The average fractional order of 247 

the adsorption process is 0.7585. 248 

To investigate the mechanism of the adsorption process, the intraparticle diffusion model was used to interpret the 249 

kinetic data. The intraparticle plots, Figure 6c (Raw Coal) and Figure 6d (SCG), did not begin from the zero origin. 250 

Each plot has two linear regions, which indicate a two-step mechanism for the adsorption process (Adebayo et al. 251 

2020). The first linear region shows the fast adsorption process in which Congo red molecules are transferred to the 252 

surface of the adsorbents (Adebayo et al. 2014; Adebayo et al. 2020). The second linear region represents the diffusion 253 

through small pores of the adsorbents. The second linear region is achieved after equilibrium was reached. It should, 254 

however, be noted that the adsorption process was not the controlling by diffusion. The intraparticle mass transfer rate 255 

constant for the first linear region (kipd,1) of SCG is higher than that of Raw Coal by a factor of ca. 2. This infers that 256 

the molecules of Congo red migrate to the surface of the SCG faster that to the surface of the Raw Coal. 257 
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  258 

  259 

Figure 6. Kinetic plots (a and b) and intraparticle diffusion plots (c and d) of Raw Coal (closed circles) and SCG 260 

(open circles) 261 

Table 2. Kinetic parameters of Congo red adsorption onto Raw Coal and SCG 262 

 Raw Coal SCG 

Pseudo-first order 

Qe,cal (mg/g) 24.46 40.41 

Qe,exp (mg/g) 23.18 40.22 

kf (1/min) 0.02223 0.01859 

SD (mg/g) 1.856 1.521 

2

adjR  0.9617 0.9921 

Pseudo-second order  
 

Qe,exp (mg/g) 26.432 46.97 

ks (g/mg min) 0.001120 4.880 x 10–4 
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SD (mg/g) 0.7212 1.143 

2

adjR  0.9801 0.9852 

Avrami fractional order 

Qe,exp (mg/g) 24.13 42.15 

kAv (1/min) 0.02066 0.02684 

nAv 0.7457 0.7713 

SD (mg/g) 0.2199 0.3433 

2

adjR  0.9986 0.9990 

Intraparticle diffusion 

kipd,1 1.5287 3.467 

C 1.985 –2.750 

2

adjR  0.9436 0.9520 

 263 

Adsorption isotherms 264 

The dependences of Congo red uptakes on the equilibrium concentrations are shown in Figures 7a and 7b for Raw 265 

Coal and SCG, respectively, at 25 °C. The concentration dependent study was done by varying concentrations of 266 

Congo red from 25 mg/L to 800 mg/L at various temperature values of 25, 35, 45, 55 and 65 °C. To properly 267 

understand the characteristics of the adsorption process, it is important to analyze equilibrium experimental data using 268 

appropriate adsorption models. In this study, the Langmuir, Freundlich, Liu and Dubinin-Radushkevich isothermal 269 

models were employed to analyze equilibrium experimental data for the adsorption of the Congo red dye onto the 270 

adsorbents. The respective equations of Langmuir, Freundlich, Liu and Dubinin-Radushkevich models are provided 271 

in Equations 8 – 11, respectively. 272 

max

1

Q K CL e
Q
e K CL e


     (8) 273 

1

Ke F
nFQ C
e

      (9) 274 

max
( )

1 ( )

g

g

n

g e

e n

g e

Q K C
Q

K C



    (10) 275 

2

max

1
exp ln 1

e DR

e

Q Q K RT
C

       
   

 (11) 276 
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where Ce (mg/L) represents Congo red concentration at equilibrium (after adsorption process), Qmax (mg/g) represents 277 

the maximum adsorption capacity of the adsorbent, KL = Langmuir equilibrium constant (L/mg), KF (mg/g (mg/L)–
278 

1/nF) is the Freundlich equilibrium constant, nF = heterogeneity factor, Kg (L/mg) represents the Liu equilibrium 279 

constant, ng is the dimensionless exponent of the Liu model, KDR (mol2/kJ2) is the Dubinin-Radushkevich constant, 280 

which is related to the energy of adsorption, R  (8.314 J/mol K) is the universal gas constant, and T (K) is the absolute 281 

temperature.  282 

The modeling of the equilibrium data to the isothermal models are shown in Figure 7 at 25 °C while the parameters 283 

of the models are presented in Tables 3 and 4 for respective data of Raw Coal and SCG at 25 °C – 65 °C. The Liu 284 

model is the best model that described well the adsorption of Congo red onto Raw Coal and SCG at all experimental 285 

temperature values on the basis of the SD and 2

adjR values. It is therefore correct to discuss only the parameters of the 286 

Liu model.  287 

The Liu model is a three-parameter isotherm model that assumes that the active binding sites of the adsorbent cannot 288 

possess the same energy (Liu et al. 2003). The adsorbent surface will therefore present active sites that the adsorbate 289 

molecules can preferentially occupy, hence, the preferred active sites will be saturated with the adsorbate molecules 290 

(Liu et al. 2003). Since the Liu model is the best model for description of the equilibrium adsorption data, then the 291 

active sites of the Raw Coal and SCG possessed different energy (Liu et al. 2003; Rovani et al. 2014). The values 292 

maximum adsorption capacities (Qmax) are 109.1 mg/g and 129.0 mg/g, respectively, which are obtained at 25 °C. The 293 

values of Kg increase steadily as the temperature increases. This phenomenon signifies that an increase in temperature 294 

favor the adsorption of Congo red onto Raw Coal and SCG, hence, the adsorption process is endothermic (Rovani et 295 

al. 2014). The ng values vary between 0.5267 and 1.340 for Raw Coal and between 0.3021 and 0.9337 for SCG as 296 

temperature increases.   297 

 298 

Figure 7. Isotherm plots Raw Coal (a) and SCG (b) at 25 °C 299 
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Table 3. Isotherm parameters of Raw Coal 301 

Temperature (°C) 25 35 45 55 65 

Langmuir 

Qmax (mg/g) 71.45 71.40 76.88 81.86 82.03 

KL (L/mg) 0.03903 0.04432 0.04441 0.04486 0.05972 

SD (mg/g) 3.473 3.0448 3.156 4.279 5.311 

2

adjR  0.9787 0.9841 0.9852 0.9760 0.9658 

Freundlich  

KF (mg/g (mg/L)–1/nF) 13.24 9.751 10.07 10.67 12.73 

nF 3.248 2.680 2.601 2.581 2.749 

SD (mg/g) 3.275 7.903 7.953 8.569 10.24 

2

adjR  0.9400 0.8928 0.9062 0.9036 0.8730 

Liu 

Qmax (mg/g) 109.1 66.19 72.14 75.45 75.70 

Kg (L/mg) 0.02072 0.03181 0.05156 0.05764 0.06993 

ng 0.5267 1.262 1.187 1.275 1.340 

SD (mg/g) 1.350 2.793 3.122 4.201 5.219 

2

adjR  0.9908 0.9866 0.9856 0.9859 0.9757 

Dubinin-Radushkevich 

Qmax (mg/g) 63.65 66.63 71.35 76.58 78.19 

KDR (mol2/kJ2) 0.002250 0.002570 0.002500 0.002570 0.002090 

SD (mg/g) 4.401 4.099 4.470 5.168 6.188 

2

adjR  0.9043 0.9711 0.9703 0.9650 0.9536 

 302 

Table 4. Isotherm parameters of SCG  303 

Temperature (°C) 25 35 45 55 65 

Langmuir 

Qmax (mg/g) 85.17 93.77 98.12 106.23 117.6 

KL (L/mg) 0.2411 0.1357 0.1007 0.0917 0.06213 

SD (mg/g) 2.939 2.072 2.279 4.758 4.080 

2

adjR  0.9923 0.9967 0.9962 0.9858 0.9907 

Freundlich 

KF (mg/g (mg/L)–1/nF) 43.23 19.75 18.29 18.37 16.68 

nF 7.145 3.085 2.914 2.796 2.572 
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SD (mg/g) 4.936 8.986 9.120 10.23 10.44 

2

adjR  0.8092 0.9378 0.9385 0.9342 0.9394 

Liu 

Qmax (mg/g) 129.0 98.81 102.8 113.4 121.7 

Kg (L/mg) 0.05627 0.06431 0.07361 0.08649 0.1126 

ng 0.3021 0.8613 0.8881 0.8648 0.9337 

SD (mg/g) 1.100 1.294 2.005 4.734 4.0125 

2

adjR  0.9951 0.9997 0.9980 0.9899 0.9997 

Dubinin-Radushkevich 

Qmax (mg/g) 81.69 88.33 92.08 97.75 105.7 

KDR (mol2/kJ2) 4.230 x 10–4 7.720 x 10–4 0.001050 0.001010 0.001420 

SD (mg/g) 5.010 5.816 5.853 7.522 7.390 

2

adjR  0.7944 0.9750 0.9747 0.9644 0.9696 

 304 

The adsorption capacities of some studies on the adsorption of graphene materials for removal of Congo red were 305 

compared with those of Raw Coal and SCG as shown in Table 5. The adsorption capacities of Raw Coal and SCG for 306 

removal of Congo red were higher than of five graphene materials out of the nine listed in the table. This implies that 307 

both Raw Coal and SCG can be effectively used for treatment of water contaminated with Congo red. In general, the 308 

two low-cost adsorbent materials have a tendency to be used for the treatment of industrial effluent that contain toxic 309 

dyes. 310 

Table 5. Comparison of adsorption maximums of graphene for Congo red removal 311 

Graphene Material Qmax 

(mg/g) 

Model Reference  

Raw Coal 109.1 Liu This study 

Synthesize Coal Graphene (SCG) 129.0 Liu This Study 

Magnetic Fe3O4@graphene 

nanocomposite  

33.66 Langmuir  
Yao et al. (2012) 

Magnetic mesoporous titanium dioxide–

graphene oxide 

89.95 Langmuir 
Li et al. (2014) 

Graphene oxide/chitosan 294.12 Langmuir  Du et al. (2014) 

Graphene oxide/poly(amidoamine) 198.0 Langmuir  Rafi et al. (2018) 

Graphene–chitosan composite hydrogel 384.6 Langmuir  Omidi and Kakanejadifard 

(2018) 

Magnesium oxide (MgO)-graphene 

oxide 

237.0  Langmuir  
Xu et al. (2018) 
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Exfoliated graphite 80.78 Langmuir  Pham et al. (2019) 

In-based metal-organic frameworks  84.50 Langmuir  Wei et al. (2019) 

Graphene oxide/magnesium oxide 

nanocomposite 

26.49 Dubinin-Kaganer-

Radushkevich 
Fahdil et al. (2019) 

 312 

Thermodynamic study 313 

Effect of temperature on the adsorption of Congo red was studied using the experimental condition earlier stated under 314 

isothermal study. An increase in the temperature of the system increases the value of the equilibrium constant (Figure 315 

8a), however, the values of adsorption capacities do not follow a specific pattern, that is the values anomalously do 316 

not depend on temperature.   317 

   318 

Figure 8. (a) Dependence of Liu constant (Kg) on temperature and (b) van’t Hoff plot for the removal of Congo red 319 

by Raw Coal and SCG   320 

The thermodynamic parameter of standard Gibbs free energy (ΔG°) is an important parameter that is determined to 321 

predict the spontaneity of the adsorption system. The values of ΔG° as well as the values of standard enthalpy change 322 

(ΔH°) and standard entropy change (ΔS°) were calculated using thermodynamic Equations 12 – 14. Equation 14 is 323 

generally known as van’t Hoff thermodynamic equation. 324 
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where R is the universal gas constant, T is the absolute temperature (K), and K is the equilibrium constant obtained 328 

from the best fit model for the equilibrium data. In this case, Liu equilibrium constant, Kg, was used. The unit of the 329 

Kg was converted from L/mg to mol/g.   330 

The ΔG° values ranged between –23.73 kJ/mol and –30.33 kJ/mol for Raw Coal and between –26.20 kJ/mol and –331 

31.67 kJ/mol for SCG (Table 6). The negative values of ΔG° indicate that the adsorption was spontaneous and feasible 332 

at all temperatures for both adsorbents. The numerical values of ΔH° and ΔS° were obtained from the slope and 333 

intercept, respectively, of the van’t Hoff plot (Figure 8a). The values of ΔH° are positive, which is an indication that 334 

the adsorption process was endothermic, this only reflects in the values of equilibrium constant (Figure 8a). The 335 

estimated values of ΔS°, which are positive for adsorption of Congo red by Raw Coal and SCG, showed that the 336 

randomness at the solid-liquid interface increased (Adebayo 2019). 337 

Table 6. Summary table of the thermodynamic parameters for Raw Coal and SCG  338 

 Temperature (K) 298 308 318 328 338 

Raw Coal 

ΔG° (kJ/mol) –23.73 –25.62 –27.73 –28.91 –30.33 

ΔH° (kJ/mol) 26.57     

ΔS° (J/mol K) 169.2     

2

adjR  0.9269     

SCG 

ΔG° (kJ/mol) –26.20 –27.42 –28.67 –30.01 –31.67 

ΔH° (kJ/mol) 14.02     

ΔS° (J/mol K) 134.6     

2

adjR  0.9526     

 339 

Conclusion 340 

Coal based graphene was prepared from Nigeria’s bituminous coal using chemical methods. The characterization of 341 

the adsorbent with XRD, SEM and SEM-EDX confirmed the formations of graphene material with distribution of 342 

large inter-agglomerate pores consisting carbon, which is the major constituent of graphene. Adsorption of Congo red 343 

on the synthesized adsorbent was investigated. The pH had no significant effect on SCG but significantly affect Raw 344 

Coal adsorption. Variations in contact time, initial Congo red concentrations and temperature significantly affected 345 

the adsorption of Congo red onto Raw Coal and SCG. Adsorption kinetics was studied using pseudo first order, 346 

pseudo-second order, Avrami and intraparticle diffusion models with Avrami fractional model as the most suitable 347 

model for description of the kinetic data of the adsorption process. The isotherm parameters were analyzed using 348 

Langmuir, Freundlich, Lu and Dubinin-Radushkevich models. It was observed that the adsorption is favorably fitted 349 

well to the Liu isotherm model. The maximum adsorption capacities of the raw coal and synthesized coal graphene 350 

obtained from the Liu model at 25 °C are 109.1 mg/g and 129.0 mg/g, respectively. The thermodynamic study showed 351 

an endothermic and a spontaneous adsorption process for both adsorbent materials. Synthesized coal graphene 352 
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perfumed better than the Raw Coal in the removal of Congo red from aqueous solutions. The Raw coal and SCG 353 

exhibited promising adsorption potentials for Congo red and thus can be used as low-cost and efficient adsorbents for 354 

wastewater treatment.  355 
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Figures

Figure 1

Scanning electron micrographs at 500x magni�cation of (a) Raw Coal and (b) SCG



Figure 2

Energy-dispersive X-ray spectra of (a) Raw Coal and (b) SCG



Figure 3

X-ray diffraction patterns of Raw Coal and SCG



Figure 4

Fourier transform infrared spectra of (a) SCG before adsorption of Congo red and (b) SCG after
adsorption of Congo red



Figure 5

Effect of initial pH on the removal of Congo red dye by raw coal and SCG



Figure 6

Kinetic plots (a and b) and intraparticle diffusion plots (c and d) of Raw Coal (closed circles) and SCG
(open circles)



Figure 7

Isotherm plots Raw Coal (a) and SCG (b) at 25 °C

Figure 8

(a) Dependence of Liu constant (Kg) on temperature and (b) van’t Hoff plot for the removal of Congo red
by Raw Coal and SCG


