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The main intention of this work is to study the adsorption rate and mechanism for the adsorption of Malachite 

Green dye (MG) onto Jordanian diatomite. A series of experiments were conducted under a variety of conditions 

such as the mass of diatomite, initial MG concentration, and pH of the solution. The mechanism of adsorption 

was elucidated based on different kinetic models. Experimental conditions showed a considerable effect on the 

adsorption rate. Alkali conditions promote MG uptake and increase the rate of adsorption. Approximately 99% of 

dye removal was achieved as the diatomite dosage increased from 0.25g to 1.5g. The adsorption rate-controlling 

step was found to be a combination of chemisorption and intraparticle diffusion, with the external mass transfer 

predominating in the first five minutes of the experiment. 
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Introduction 

 
Elimination of dyes from wastewater is vitally an important environmental issue and has to gain attention. Adsorption technology 

is considered as a powerful and promising treatment technique for a wide range of pollutants including dyes (Hasanzadeh et al., 

2019; Georgiadis et al., 2013; Sartape et al., 2017; Dhahir et al., 2013). Generally, three consecutive steps are involved in the solid-

liquid adsorption process and include (Lazaridis and Asouhidou, 2003; Nethajia et al., 2010): i) Boundary layer or film diffusion: 

pollutant is transferred from the bulk solution through the liquid film to the exterior surface of the adsorbent; ii) Intraparticle 

diffusion: diffusion of pollutant into the pore of adsorbent or sorption on the external surface; and iii) Adsorption at a site: 

adsorption of pollutant on the interior surfaces of pores and capillary spaces of the adsorbent.  

 

Since the third step is generally very rapid compared to the first and the second step, the adsorption processes are usually controlled 

by either film or intraparticle diffusion or both (Nethajia et al., 2010). If the external transport is greater than the internal transport, 

the adsorption process is controlled by intraparticle diffusion. Whereas if the external transport is less than internal transport, the 

adsorption process is controlled by film diffusion. When the external transport is almost equal to the internal transport, the transport 

of the pollutants to the boundary may not be promising at a significant rate (Mittal, 2006).  

The knowledge of the adsorption capacity and adsorption rate is of paramount importance to gain a better understanding of the 

adsorption process. Even though equilibrium studies determine the maximum adsorption capacity of the adsorbent and very helpful 

in determining the efficiency of the adsorption process, the efficiency is also strongly dependent on the adsorption system’s kinetics 

(Regazzoni, 2019; Krishnan and Anirudhan, 2002; Rudzinski and Plazinski, 2001).  

 

Furthermore, adsorption kinetics is of paramount importance when designing adsorption systems. It helps the designer to select the 

appropriate adsorbent and applying it correctly. The kinetic study is also of crucial importance in determining the mechanism of 

the adsorption process and provides valuable information regarding the adsorption rate and the factors affecting the adsorption rate 

(Guo and Wang, 2019; Pan and Zhang, 2009).  

Many investigators have reported the significance of the adsorption kinetics (Sartape et al., 2017; Arivoli et al., 2009; Pan and 

Zhang, 2009; Hema and Arivoli, 2008; Ho, 2006). Thus, a deep understanding of the adsorption kinetics is essential to assess the 

performance of the adsorption system.  Equilibrium aspects of the adsorption of MG onto Jordanian diatomite have been studied 

and discussed.  

 

Detailed information about the equilibrium study is well documented in (El Qada, 2019). However, the adsorption kinetics of the 

Jordanian diatomite-MG adsorption system has not been reported in the literature (Alali, 2015). Therefore, as a continuation of the 

equilibrium study and to complete the adsorption process aspects of MG onto Jordanian diatomite, the present study is intended to 

understand the mechanism of the transport processes that govern the removal of MG from aqueous solution and the parameters 

affecting the adsorption rate.  
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1 Materials and Methods 
1.1 Materials:  

 
Malachite Green dye (C23H25N2Cl) and Jordanian diatomite were used in this study as adsorbate and adsorbent, respectively. More 

information about them is reported elsewhere (El Qada, 2019). 

 

1.2 Kinetic Adsorption: 
 
Several kinetic adsorption experiments were conducted to investigate the rate and mechanism of MG adsorption onto Jordanian 

diatomite. The effect of pH, initial dye concentration, and diatomite mass was studied to assess the time dependence of the 

adsorption process. An agitated glass beaker of the internal diameter of 0.13m and with a capacity of 2 dm3 solutions was used. 

The beaker was equipped with four-blade glass impellers driven by the electric motor to stir MG solution and diatomite. Four 

baffles were fixed evenly around the circumference of the adsorber to ensure complete mixing and preclude vortex formation 

during the experiment. The progress of MG adsorption was determined by measuring the absorbance of the MG at different time 

intervals using Varian Cary-50 UV/VIS spectrophotometer (USA). All the kinetics experiments were performed at room 

temperature. 

 
The amount of MG adsorption at the time, t, was calculated using Eq. (1): 
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where 𝑞𝑡 is the amount of MG adsorbed at time t (mg/g); Co is the initial dye concentration (mg/ dm3), Ct is the concentration of 

MG solution at time t, (mg/ dm3); m is mass of the diatomite (g) and V 

is the volume of MG solution (dm3). Table 1 lists the experimental 

conditions used in performing kinetics adsorption experiments. The 

kinetic data were then analyzed by fitting it to different kinetic models 

in an attempt to elucidate the rate and adsorption mechanism of MG 

onto Jordanian diatomite. Out of several kinetic models available, the 

most common ones namely, external mass transfer model, pseudo-

second-order kinetic model, intraparticle diffusion model, Boyd 

model, and Elovich model were used. Transport numbers and Biot 

numbers were also utilized. The applicability of the kinetic models was 

compared by judging the regression coefficients, r2. 

 

2 Results and Discussion  
2.1 Effect of Solution pH: 

 
To study the effect of pH on the adsorption kinetics of MG onto 

Jordanian diatomite, different values of MG solution pH were prepared 

(5-11). The result of the pH effect on the adsorption of MG from 

aqueous solution is shown in Figure 1.  The MG uptake is seen to be 

favored at the basic condition. A significant increase in the adsorption 

rate is noticeable at the higher values of solution pH. MG uptake was 

increased from 110 mg/g to 182.5 mg/g in 20 minutes as the pH 

increased from 5 to 11.  Besides, the adsorption efficiency was 

increased from 62.8 % to 98.5% for an equilibrium time of 45 min. This 

indicates that solution pH plays an essential role in the adsorption 

process. As the solution pH was changed from the acidic range to the 

alkaline range, the diatomite surface became negatively charged which 

in turn promoted the adsorption of the positively charged dye (MG) and 

thus increased the rate of the adsorption process. These results agree 

well with previously reported results on the adsorption of MG onto 

organoclay (Ullah et al., 2017). Moreover, another study (Song et al., 2015) supports these findings. Hence, they found that by 

lowering the solution pH, the amount MG sequestered from the solution was reduced and they attributed this trend to the 

neutralization effect of excess H+ ions present in the acidic medium which neutralizes the negative charge at the surface of the 

Table 1 Experimental conditions of adsorption kinetics. 

Initial dye 

concentration 

(ppm) 

Particle size  

(µm) 

Mass of 

adsorbent 

(g) 

pH of dye 

solution 

25 500-710* 0.25 5.00 

50 250-500 0.50 7.00* 

100* 25-250  0.75* 9.00 

150 --------- 1.50 11.0 

* Standard conditions 

Fig. 1 Effect of solution pH on the adsorption rate of MG onto 

diatomite, concentration 100 ppm, agitation agitation 300 
rpm, temperature 25oC, size 500-710μm, mass 0.75g, and 

volume 1.7 dm3 



Jordanian Journal of Engineering and Chemical Industries (JJECI)                                                                   Research Paper Vol.3 No.1 2020 

 

3 
 

adsorbent. Increasing solution pH usually reduce the protonation process and supply more vacant negatively charged adsorption 

sites required for the adsorption of cationic dye. 

 

2.2 Effect of Initial Dye Concentration: 

 
It is well-recognized in the adsorption field that the initial dye 

concentration plays a significant role in controlling the rate of 

the adsorption process. For a better understanding of this role, 

various initial dye concentrations (25, 50, 100 and 150 ppm) 

were utilized in different kinetic experiments. Figure 2 depicts 

the effect of the initial MG concentration on the adsorption rate 

of the MG-diatomite system. The kinetic data reveals that there 

is a direct relationship between the adsorption capacity and the 

initial dye concentration. The adsorption capacity was 

increased. This is consistent with the results obtained 

previously (Song et al., 2015; Chiou and Li, 2002; Santhi et al., 

2015). On the contrary, the percentage removal of MG from the 

aqueous solution was dropped from 99.9% to 66.4% as the 

initial MG concentration increased from 25 ppm to 150 ppm. 

Another study reported a similar trend and suggested that there is a fixed number of adsorption sites, so at low initial dye 

concentration, few dye molecules will be available which can easily access a higher number of the available adsorption sites and 

this, in turn, raise the adsorption efficiency (Ullah et al., 2017). This quantity of accessible sites is less in the case of higher dye 

concentration because of the competition between dye molecules for the fixed number of adsorption sites, thus some of the dye 

molecules did not get absorbed and remain in the solution causing the reduction in the adsorption efficiency. It is also evident that 

more time is required to reach the equilibrium state at higher initial MG concentrations. 15 minutes were enough to reach 

equilibrium in the case of 25 ppm solution, whereas 45 minutes were required for the 150-ppm solution. The higher the initial MG 

concentration, the slower the decrease in the dimensionless concentration (Ct/Co). At high initial dye concentration, more MG 

molecules are available in the system which means strong competition between MG for the available adsorption sites. 

 
2.3 Effect of the mass of adsorbent 

 
Different kinetic adsorption experiments were performed to study the effect of diatomite concentration on the removal of MG from 

aqueous solution. Different masses of diatomite ranging from 

0.25-1.500 (g) were used. Other experimental factors were 

kept constant.  The effect of the diatomite concentration on 

the removal of MG is reported in Figure 3. It can be observed 

from Figure 3 that there is a direct proportionality between 

the rate of the adsorption and the concentration of diatomite. 

The removal efficiency at equilibrium increased from 44.2% 

to 99.36% when the diatomite dose was increased from 0. 25 

g to 1.5 g. The opposite trend was obtained for the adsorption 

capacity. Diatomite adsorption capacity was decreased from 

176.8 mg/g to 99.35 mg/g as the diatomite dose increased 

from 0. 25 g to 1.5 g. The increase in the adsorption efficiency 

can be explained by the increase in the binding sites available 

on the adsorbent surface at a higher dosage of diatomite 

(Shirmardi et al., 2013). While the decrease in diatomite 

capacity can be attributed to the fact that increasing the 

diatomite dose and fixing the dye concentration resulted in 

unoccupied adsorption sites at higher dosages of diatomite and 

thus reducing the diatomite adsorption capacity (Ullah et al., 2017).  It is also clear that by increasing diatomite dose the curve 

becomes steeper which means a faster rate of adsorption. Numerous studies have been mentioned that by increasing the adsorbent 

dosage, the adsorption rate increases (Litefti et al., 2017; Aazza et al., 2017; Sawasdee and Watcharabundit, 2015). Besides, the 

obtained kinetics results showed that high adsorption rates were attained in the first five minutes followed by gradual removal at a 

lower rate until equilibrium.  This behavior can be attributed to the rapid attachment of MG on the surface of diatomite within the 

first five minutes. Thereafter, the diatomite surface was saturated by MG molecules and the dye molecules start to diffuse through 

Fig. 2 Effect of initial dye concentration on the adsorption rate of MG onto 

diatomite. Mass 0.75g, agitation 300 rpm, temperature 25oC, size 

500-710μm, mass 0.75g, pH 7, and volume 1.7 dm3 

Fig. 3 The effect of diatomite concentration on the adsorption rate of MG onto 

diatomite. Temperature 25oC, size 500-710μm, concentration 100 

mg/dm3, pH7, agitation 300 rpm and volume 1.7 dm3. 



Jordanian Journal of Engineering and Chemical Industries (JJECI)                                                                   Research Paper Vol.3 No.1 2020 

 

4 
 

the pores (intraparticle diffusion). Results reported in (Sawasdee and Watcharabundit, 2015) illustrated that the rapid dye removal 

in the initial stage is due to the abundant availability of active sites on the adsorbents surface, once these sites are gradually 

occupied, the adsorption process became less efficient. On the other hand, another study (Benmaamar et al., 2016), attributed the 

slower gradual removal of dye molecules after the lapse of time to the repulsion forces between the dye molecules adsorbed on the 

solid and dye molecules in the liquid phase which makes it took a long time to reach equilibrium. 

 
2.4 Adsorption Kinetics Modelling 
2.4.1 Furusawa-Smith Model 
 
To explore the significance of the external mass transfer resistance on the adsorption rate of MG onto Jordanian diatomite, the 

Furusawa-Smith model was utilized. The model depicts the relation between the mass transfer coefficient and the change in the 

liquid phase concentration with time. High values of external mass transfer coefficient usually reflect low resistance to the mass 

transfer experienced by the adsorbate as it transfers from the liquid phase to the solid phase. The mass transfer coefficient was 

determined using the linearized form of Furusawa-Smith model (Furusawa, and Smith, 1973):  
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where Ct is the liquid-phase concentration at time t (mg/dm3); Co is the initial phase concentration (mg/dm3); kL is a Langmuir constant 

(dm3/g); ms is the concentration of adsorbent (g/dm3); Ss is the specific surface area (m-1); t is the time (min), and kf is the external mass 

transfer coefficient (m.min-1).  

 

 

 

Table 2 lists the values of the external mass transfer 

coefficient, kf, for the adsorption of MG onto diatomite. The 

obtained results showed that increasing diatomite mass has 

led to a decrease in the external mass transfer resistance as 

can be seen from the increases in the kf values. Thus, the rate 

of MG adsorption onto diatomite was increased. Besides, 

increasing the solution pH also caused an increase in kf value 

and hence a decrease in the external mass transfer resistance. 

These findings are similar to other research results (Mckay et 

al., 1986). They illustrated that increasing adsorbent dosage 

will increase turbulence from the particles which in turn will 

increase the mobility of the adsorbate and facilitate their 

crossing through the boundary layer to the particle surface. 

An opposite trend was observed with the increase in the initial 

MG concentration. The mass transfer coefficient decreases as 

the initial MG concentration increases. Hence the initial rate 

of adsorption was decreased. This is probably due to the 

interactions between MG molecules in the solution and the 

competition for the available adsorption sites overriding the increase in the driving force and at higher MG concentration (Girish 

and Murty, 2016). Figure 4 displays the application of the Furusawa-Smith model to the experimental data for the adsorption of 

MG onto diatomite at different adsorbent masses. The results show that the Furusawa-Smith model was able to predict the 

Table 2 External mass transfer coefficient for the adsorption of MG onto diatomite. 

Variable 

    pH 

Kf  x103
 

(m.min-1) 

r2 Conc. 

(ppm) 

Kf  x103
 

(m.min-1) 

 

r2 

Mass (g) Kf   x103
 

(m.min-1) 

r2 

5 1.748 0.9960 25 11.80 0.9200 0.25 1.482 0.9840 

7* 2.212 0.9900 50 5.081 0.9930 0.500 1.599 0.9840 

9 2.540 0.9960 150 1.283 0.9480 1.500 3.015 0.9900 

11 3.272 0.9950 ------- ------- -------- ------- -------- -------- 

* Standard experimental conditions, concentration 100 ppm, pH 7, agitation 300 rpm, particle size  500-710 μm and mass 0.75 g. 

Fig. 4 Application of Furusawa-Smith model to the experimental data 

concentration 100 ppm, agitation 300 rpm, pH 7, size 500-710μm, 

volume 1.7 dm3 and temperature 25oC. 
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experimental data in the initial period (first 5 minutes) after which a noticeable deviation is evident.  Furthermore, the calculated 

qe values are in great agreement with the experimental values during the first 5 minutes. This signifies that surface mass transfer 

was the controlling mechanism during the initial stage of the adsorption of MG, after which, the external mass transfer is no longer 

the predominant mechanism. Yakubu and Owabor (2018) reported that external film diffusion is the predominant mechanism 

during the initial period of the adsorption process. 

 
2.4.2 Intraparticle Diffusion Model 

 
Since the external mass transfer model failed to predict the kinetics data over the whole time interval, intraparticle mass transfer 

resistance is likely to be the rate-controlling step especially after the ending of the initial period of adsorption. Thus, the intraparticle 

diffusion model was employed to predict the experimental kinetics data. This model presumes the diffusion of adsorbate within 

the pore structure of the adsorbent. The expression of the intraparticle diffusion model is given in Eq. (3): 

 

ctkq pt += 5.0
  (3) 

where c (mg/g) is the intercept which is proportional to the boundary layer thickness; qt is the adsorption capacity (mg/g) and kp is 

the intraparticle diffusion rate constant (mg/ g. min1/2). kp can be obtained from the slope of the plot of qt versus t0.5. 

 

Numerous previous studies have shown that the plot of qt versus t0.5 represents multi-linearity and attributed this to the fact that 

two or more steps may be involved in the adsorption process (Arivoli et al., 2009). Figure 5 shows a plot of qt versus t0.5 for the 

adsorption of MG onto diatomite at a concentration of 50 ppm. It is evident from the figure the multiple nature of the relationship 

between qt and t0.5. The multi-linearity in the plot may suggest that the adsorption process of MG onto Jordanian diatomite is not 

fully controlled by intraparticle diffusion and the adsorption may be proceeded by surface adsorption followed by intraparticle 

diffusion. Lazaridis and Asouhidou (2003) attributed the last stages to the chemical reaction which supports the findings of the 

pseudo-second-order model. Yakubu and Owabor (2018) and Heydaria and Khavarpour (2018) announced that if the plot of qt 

versus t0.5 did not pass through the origin, this means that other steps may participate in the rate-controlling step. Figure 5 shows 

that the linear portion of the curve does not pass through the origin and this indicates that intraparticle diffusion is not the only 

predominant mechanism for the adsorption of MG onto diatomite. Large values of “c” indicate the great contribution of surface 

adsorption in the rate-limiting step (Thilagavathi et al., 2015). Sharma et al. (2016) reported that higher values of “c” indicate 

diffusion through the boundary layer is the rate-limiting step. Again, this supports the previous findings of the external mass transfer 

model as it was proved that the surface adsorption is predominant in the first five minutes. Figure 6 shows an excellent fit of the 

intraparticle diffusion model to the experimental data for the adsorption of MG onto diatomite at different concentrations, and 

Table 3 records the results for the determination of intraparticle diffusion rate constant, kp at different dosages of diatomite. Data 

from table 3 show that the value of kp decreased from 23.86 to 7.153 (mg g-1min-0.5) as the diatomite mass increased from 0.25 to 

1.5(g). As the mass of diatomite increased, a rapid decrease in MG concentration occurred and thus, reduces the driving force 

required for intraparticle diffusion. 

 

 
Fig. 6 Prediction of the intraparticle diffusion model to the experimental 

data. Temperature 25oC, mass 0.75 g, agitation 300 rpm, pH 7, 

volume 1.7 dm3 and size 500-710μm. 

Fig. 5 Intraparticle diffusion effect on the adsorption of MG onto 
diatomite at concentration 50 ppm, agitation 300 rpm, mass 0.75 

g, temperature 25oC, pH 7, volume 1.7 dm3 and size 500-710μm. 



Jordanian Journal of Engineering and Chemical Industries (JJECI)                                                                   Research Paper Vol.3 No.1 2020 

 

6 
 

 

Table 3 Intraparticle diffusion rate constant, kp, for the adsorption of MG onto diatomite as a function of the amount of diatomite. 
Variable 

Mass 

(g) 

kp1 

(mg.g-1   

min-0.5) 

c1 

(mg/g) 

r2 kp2 

(mg.g-1 .  

min-0.5) 

c2 

(mg/g) 

r2 kp3 

(mg.g-1.  

min-0.5) 

c3 

(mg/g) 

r2 

0. 25 23.860 29.050 0.9780 8.9230 106.90 0.9910 0.4320 172.30 0.7130 

0.50 21.270 31.750 0.9870 1.0570 133.30 0.9280 2.4180 123.80 0.8710 

0.75* 11.110 79.120 0.9000 3.9280 107.20 0.9760 0.2830 135.00 0.9250 

1.50 7.1530 70.560 0.6560 0.0450 98.920 0.9130 0.0290 99.040 0.8730 

* Standard experimental conditions, pH 7, agitation 300 rpm, particle size 500-710 μm, concentration 100 ppm, and mass 0.75 g. 

 

2.4.3 Pseudo Second-Order Kinetic Model 

 
This model considers the adsorption process as a pseudo-chemical reaction process (chemisorption) and the overall adsorption rate 

is proportional to the square of the driving force. Ho and McKay (2000) expressed the kinetic rate equation in the linear form as: 

    (4) 

where k2 is the rate constant of pseudo-second-order adsorption (mg/g.min), qe is the equilibrium solid phase concentration (mg/g) 

and qt is the solid phase concentration at time t (mg/g).  

 

The Pseudo-second-order model was applied to the kinetics 

data in an attempt to determine the adsorption mechanism. 

Table 4 summarizes the pseudo-second-order rate constants for 

adsorption of MG onto diatomite. As seen from Table 4, there 

is good agreement between the values of the equilibrium 

adsorption capacity, qe (Pred), calculated by the pseudo-second-

order model and the experimental values, qe (Expt). Moreover, the 

correlation coefficients, r2, for the pseudo-second-order model 

are close to one (>0.99); this confirms the feasibility of the 

pseudo-second-order model to simulate the experimental data 

and implies that the adsorption mechanism of MG onto 

diatomite might be chemisorption (Chiou and Li, 2003). Figure 

7 further supports the pseudo-second-order model and shows 

the success of the model to simulate the experimental data for 

the adsorption of MG onto diatomite.  

 

 

 

 
Table 4 Pseudo second-order rate constants for the adsorption of MG onto diatomite. 

Variable 

pH 

K2x103
 

(g/mg.min) 

qe(Pred) 

(mg/g) 

qe(Expt) 

(mg/g) 

r2 Conc. 

(ppm) 

K2x103
 

(g/mg.min) 

qe(Pred) 

(mg/g) 

qe(Expt) 

(mg/g) 

r2 

5 1.440 131.42 129.81 0.9970 25 28.90 49.960 49.980 72.989 

7* 3.018 138.10 138.09 0.9940 50 5.856 100.63 99.873 60.970 

9 1.475 166.93 167.16 0.9950 150 0.696 201.42 198.58 31.540 

11 2.202 200.36 198.54 0.9990 -------- --------- ---------- --------- ---------- 

Mass 

(g) 

         

0.25 0.457 183.28 176.76 0.9541      

0.50 0.947 150.39 149.38 0.9990      

1.500 12.04 99.337 99.350 0.9990      

* Standard experimental conditions, pH 7, agitation 300 rpm, particle size 500-710μm, concentration 100 ppm, and mass  0.75 g. 

 

eet q
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Fig. 7 Simulation of pseudo second-order model for the adsorption of 

MG onto diatomite. Temperature 25oC, agitation 300 rpm, size 
500-710μm, mass 0.75, pH 7 and volume 1.7 dm3. Concentration 
is in ppm. 
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2.4.4 Transport Number 

 
The transport number is usually utilized to investigate the mode of diffusion process (Yakubu and Owabor, 2018). The transport 

number can be expressed in a linearized form as in Eq. (5): 

nLogtLogK
q

q
Log m

e

t +=   (5) 

Where Km is the adsorbent-adsorbate interaction coefficient and n is the transport number. 

The transport mechanism can be identified based on the value of 

n. According to Girish and Murty (2016), a value of n= 0.5 would 

suggest the Fickian mechanism (a surface mechanism), whereas a 

value of n=1 would indicate a non-Fickian mechanism. The values 

of Km and n are summarized in Table 5 at different masses of 

diatomite. It is clear from Table 5 that the values of n are below 

0.5 referring to the Fickian diffusion mechanism (surface 

diffusion) where MG interacts on the surface of diatomite. In 

surface diffusion, adsorbate particle migrates along the pore 

surface and hops from one adsorption site to another in a series of adsorption-desorption reactions (Hajjai et al., 2001). 

 
2.4.5 Biot Number 

 
Biot number is a useful tool applied to the kinetic data to analyze the rate-controlling step during the adsorption process. Biot 

number is a dimensionless group that relates the external mass transfer coefficient, kf, to the intraparticle diffusion coefficient, De, 

and is given in Eq. (6) (Girish and Murty, 2016): 

     
e

f

i
D

dk
B =        (6) 

Where d is the adsorbent’s particle diameter (m); De is the intraparticle diffusion coefficient (m2/min), and kf is the external mass 

transfer coefficient (m/min). Intraparticle diffusion is the rate-controlling step if Biot number is greater than 100 and film diffusion 

is the expected rate-controlling step if Biot number is lower than 100. The intraparticle diffusion coefficients were calculated using 

Eq. (7) and Eq. (8) (Viegas et al., 2014):  

  t
r

D
tFLn e

2

2
2)(1


−=−   (7) 

and 

e

t

q

q
tF =)(                  (8) 

Where r is the particle size radius assuming spherical geometry (m) and F(t) is the fractional attainment of equilibrium. De values 

were calculated from the slope of the plot of Ln [1-F(t)2] versus t. All the calculated values were in the range of 10-9. According to 

Vinod and Anirudhan (2001), the value of De in the rage of 10-6-10-8 indicates that film diffusion is the rate-controlling step, while 

for pore diffusion, the value should be in the range of 10-11-10-13. Thus, the value of De in the range of 10-9 may refer to the fact 

that the adsorption process is not purely controlled by film diffusion and particle diffusion was involved in the later stages. This is 

in agreement with the earlier findings of Furusawa-Smith and intraparticle diffusion models. Both models confirm that neither film 

diffusion nor intraparticle diffusion is the sole rate-controlling step during the whole adsorption process. The calculated Biot 

numbers were larger than 100 for all the experimental conditions studied which is an indication of the predominance of the 

intraparticle diffusion. Despite Biot number results, one cannot exclude the effect of the external mass transfer process especially 

during the initial period of the adsorption process and the possibility of chemisorption as indicated by the results of the pseudo-

second-order model. 

 
2.4.6. Boyd Model 

 
Boyd’s model is considerably used to predict the actual rate-controlling step in the adsorption process. The model is expressed as 

follow (Viegas et al., 2014): 

Table 5 Constants of the Transport number model at different masses 

of diatomite 

Mass(g) n Km 

0.25 0.275 0.329 

0.50 0.208 0.429 

0.75 0.079 0.717 
1.5 0.003` 0.987 

* Standard experimental conditions, pH 7, agitation 300 rpm, particle 

size 500-710 μm, concentration 100 ppm, and temperature 25oC. 
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According to this model, if the plot of Bt versus time is 

linear and passes through the origin, then intraparticle 

diffusion is the rate-controlling step. On the other hand, 

if the plot is nonlinear or linear but does not pass through 

the origin, then film diffusion or chemisorption is the 

rate-controlling step (Viegas et al., 2014). According to 

Viegas et al.  (2014), Boyd’s plots often have a 

multilinear nature. Figure 8 displays the Boyd plot for 

the adsorption of MG onto Jordanian diatomite at two 

different concentrations. It is obvious from the figure the 

multilinear nature of the Boyd plot. Boyd plot reveals 

that the intraparticle diffusion mechanism is not the 

dominant mechanism and indicates the involvement of 

other mechanisms in the adsorption process of MG onto 

diatomites such as film diffusion and chemisorption. 

 
2.4.7 Elovich Model 

 
Elovich model is usually applied to chemisorption systems in which the adsorbent is heterogeneous. The linear form of the Elovich 

equation is written as follow (Ramachandran et al., 2011): 

( ) LntLnqt





11
+=            (11) 

Where α is the initial rate of adsorption (mg/g.min) and β is the adsorption constant related to the extent of surface coverage and 

the activation energy for chemisorption (g/mg). Figure 9 

shows the goodness of fit of the Elovich model to the 

experimental data for the adsorption of MG onto Jordanian 

diatomite. It is clear from the figure that the model was able 

to simulate the kinetic data quite well and this supports the 

earlier findings of the equilibrium and kinetic studies. 

Equilibrium study showed that the experimental data are 

best presented by the Freundlich model and this confirms 

the heterogeneous nature of diatomite. Moreover, the 

kinetics study revealed that the adsorption mechanism 

might be chemisorption through the application of the 

pseudo-second-order model. 

 

 

Conclusions 

 
Adsorption kinetics that governs the removal of MG from aqueous solution was investigated under various conditions. The degree 

of removal of MG was found to be dependent on the experimental conditions. The higher amount of Jordanian diatomite showed 

a significant increase in the rate of MG adsorption with approximately 99% of dye removal. The kinetics performance of Jordanian 

diatomite was very well at the basic condition. The higher the initial MG concentration, the slower the rate of adsorption. Kinetics 

data were in good agreement with the pseudo-second-order kinetic model which confirms the chemisorption’s nature of the 

adsorption process of MG onto Jordanian diatomite. The Elovich model was able to describe the adsorption process of MG and 

confirms the heterogeneous nature of Jordanian diatomite. The overall rate of the adsorption of MG onto Jordanian diatomite is 

controlled by film and intraparticle diffusion processes; during an initial period, the external mass transfer is the predominant 

mechanism followed by intraparticle diffusion with the possibility of chemisorption. 

 

 

Fig. 8 Boyd plot for the adsorption of MG onto diatomite.  

Fig. 9 Simulation of Elovich model for the adsorption of MG onto diatomite. 
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Nomenclature 

 
Co =Initial dye concentration  [mg/ dm3]  

Ct =Concentration of MG solution at time t, [mg/ dm3]  
d =Adsorbent’s particle diameter [m]  

De =Intraparticle diffusion coefficient [m2/in]  

F(t) =Fractional attainment of equilibrium [-]  
kf =External mass transfer coefficient [m/min]  

kL =Langmuir constant  [dm3/g]  

Km =Adsorbent-adsorbate interaction coefficient [-]  
kp =Intraparticle diffusion rate constant  [mg/g.min1/2]  

K2 =Rate constant of pseudo second-order adsorption [mg/g.min]  

m =Mass of the diatomite [g]  
my =Coefficient of adsorbent [g/dm3]  

n =Transport number [-]  
qe =Equilibrium solid phase concentration [mg/g]  

qt =Amount of MG adsorbed at time t, [mg/g]  

r =Particle size radius assuming spherical geometry [m]  
Ss =Specific surface area [m-1]  

t =Time [min]  

V =Volume of MG solution  [dm3]  
α =Initial rate of adsorption  [mg/g.min]  

β =Adsorption constant related to the extent of surface coverage [g/mg]  
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