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Adsorption of Malachite Green by Jordanian Diatomite Ores: Equilibrium 

Study 
Emad El Qada 
Chemical Engineering Department, Mu’tah University, Karak, Jordan 

The focal theme of this work is to assess the ability of Jordanian diatomite to treat MG-bearing effluents. Effects of several 

experimental parameters namely, particle size of diatomite, pH and initial MG concentration were investigated through 

liquid-phase adsorption processes. Several equilibrium isotherm models were applied. It was found that initial MG 

concentration, pH and particle size of diatomite had a significant effect on the adsorption process.  MG uptake has 

increased from 99.3 mg/dm
3
 to 898.7 mg/dm

3
 over the whole concentration range.  A high percentage of MG removal 

(99.6%) was achieved as the diatomite particle size decreased from 500-710μm to 125-250μm. The optimum pH for the 

removal of MG was=9. Freundlich model was satisfactorily applied to the experimental data.  
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Introduction 
 
Malachite green (MG) is a cationic triphenylmethane dye that forms positively charged colored molecules when dissolved in water (Litefti 

et al., 2017). Many industries, including textile, cotton, pulp, leather, food and wool, are using MG for coloring (Al-Wahbi, 2018). It is also 

used as an antifungal, antiseptic and antiprotozoan agent in aquacultures and animal husbandry (Oktay et al., 2016; Heydaria and 

Khavarpour, 2018). Thus, such industries are considered as a major source of MG dye in water bodies (Lee et al., 2018). Today MG is 

receiving much more attention due to its adverse effects on human beings as well as on aquatic ecosystems. Several researchers have 

reported several health hazards associated with the use of MG (Yang et al., 2017; Pan and Zhang, 2009; Roja et al., 2017). However, MG 

is still detected in foodstuff, fish and animal milk, due to illegal use (Pan and Zhang, 2009). MG is recognized as a stable dye with low 

biodegradability which makes the natural decolorization of its effluents a difficult process. Thus, the discharges of MG-bearing effluents 

into the water bodies represent a serious threat to aquatic life. Hence, treatment of such effluents before its final disposal to the aquatic 

environment is very important (Litefti et al., 2017). Several technologies classified as chemical, biological and physical processes have 

been assessed for the remediation of wastewater contaminated with dyes such as flotation, ozonation, filtration, chemical oxidation, 

coagulation, aerobic and anaerobic microbial degradation, etc. However, none of these conventional methods has the necessities required 

for the successful treatment process: high efficiency and low capital cost (Lee et al., 2018). Ali et al. (2018) asserted that most of the 

remediation technologies currently available are expensive and non-ecofriendly.  Chowdhury and Saha (2013) announced that these 

methods pose techno-economical limitations for field-scale applications. In addition, the complex chemical structure of dyes enables them 

to resist fading with time and on exposure to sunlight, water, soap and many chemicals. Therefore, conventional wastewater treatment 

processes may not be the suitable choice for treating dyes effluents (Oktay et al., 2016). One of the most economical, attractive, reliable 

and effective decolourization process is adsorption (Oktay et al., 2016). It is not only a promising physicochemical technique for removing 

colour from wastewater, but it also offers the best potential for a wide range of pollutants removal. Moreover, it shows superiority 

comparing to the other treatment processes because of its low initial cost, sludge-free operation, simplicity of design, ease of operation, 

recovery of the sorbate, insensitivity to toxic substances, low energy demand and high quality of the treated effluent (Oktay et al., 2016; 

Heydaria and Khavarpour, 2018; Ali et al., 2018).  Since the efficiency of the adsorption technology mainly depends on the cost and 

removal capacity of adsorbents used (Litefti et al., 2017), it is of crucial important to seek for an eminent material to be used in the 

adsorption process. Many investigators have focused on innovation of low cost, commercially abundant and eco-friendly adsorbent with 

superior adsorption capacity. Currently, diverse attractive natural adsorbents have been examined for their efficient use as adsorbents for 

removing dyes from wastewater such as bentonite (Blanco-Flores et al., 2016), wood apple shell (Sartape et al., 2017), algal biomass 

(Gajare and Menghani, 2012), Chinese diatomite (Tian et al., 2016), and clay (Dhahir et al., 2013).  
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Diatomite earth also known as diatomite is a soft, lightweight and pale naturally occurring sedimentary rock made up of diatoms. The main 

component of diatomite is micro-amorphous silica (SiO2. nH2O) (Alali, 2015; Salman et al., 2016). It is available in abundance in different 

locations worldwide including the Middle East. Jordan has a substantial source of diatomite (150 Km
2
) where it is located in the Azraq 

area; 110 km away from Amman. Jordanian diatomite consists mainly of 41-70.7% SiO2, 10-16% Al2O3, 2.35-9.9 % Fe2O3, 2-4% Na2O, 1-

2% K2O and traces of MgO, TiO2, MnO and P2O5 (Alali, 2015). Different unique and outstanding physicochemical characteristics, such as 

high surface area, good absorptive capacity, high porosity, chemical inertness, and low density, make diatomite a valuable material and 

enable it to play an important role in the adsorption process (Alali, 2015; Salman et al., 2016). The existence of an active silanol group 

distributed over the silica surface which can react with several organic compounds is another advantage for the adsorption process 

(Khraisheha et al., 2005). Numerous researches showed that diatomite is gaining ground in the adsorption process due to its remarkable 

efficiency in removing a wide range of pollutants (Salman et al., 2016; Khraisheha et al., 2005; Erdem et al., 2005; Alkan et al.; 2018). 

The use of Jordanian diatomite for the removal of MG from aqueous solution has not been reported in the literature. Therefore, this paper 

involves an equilibrium study is part of on-going research that is directed to study the feasibility of using the Jordanian diatomite for the 

removal of MG dye from textile wastewaters. 

 

1 Materials and Methods 
1.1 Adsorbate  

 
Basic dye namely malachite green (purity = 99%) supplied by ACROS organics, USA, was chosen as principal adsorbate and was used 

without further purification. The chemical formula of MG is C23H25N2Cl (molecular weight=364.92 g/mol). Figure 1 depicts the molecular 

structure of MG.  

1.2 Solvent 
 

Deionized water (18.2 µΩ) was the preferred solvent in this work and was used to prepare both 

the stock MG solutions and reagents. 

1.3 Adsorbent 
 

Due to the superior physicochemical characteristics of diatomite, Jordanian diatomite (surface 

area = 56.23 m
2
/g) was chosen as a potential adsorbent for removing MG from aqueous solution. Diatomite was supplied by the Natural 

Resources Authority, Amman, Jordan. First, diatomite was washed repeatedly with deionized water to eliminate any impurities, dried at 

105
o
C overnight under inert condition and desiccated to remove any remaining moisture. Then, it was crushed and sieved to the desired 

particle sizes. No chemical treatments were applied to the diatomite prior to the batch experiments. Detailed information about the 

characterization of Jordanian diatomite has been reported elsewhere (Khraisheha et al., 2005; Shawabkeha and Tutunji, 2003; Al-Degs et 

al., 2000). 

 

1.4 Equilibrium Adsorption 
 
A series of batch adsorption experiments have been undertaken to investigate the adsorption efficiency of MG onto Jordanian diatomite 

under different experimental conditions: pH, initial MG concentration and adsorbent particle size. All other factors are kept constant while 

carrying out the experiments. An accurately weighed quantity of adsorbent (0.025g) of a pre-determined size of diatomite (500-710μm) 

was added into eight glass sample jars. Stock of MG solution was prepared (1000 ppm) and further diluted accordingly to obtain the 

desired concentrations within the range 100-900 ppm. A 25 ml + 0.5 ml of the MG solution of specific concentration were then added to 

the glass sample jars.  The pH of MG solutions was adjusted to the desired value using 0.1M HCl/NaOH solution. Each jar was sealed 

using parafilm and screwing the top lids. The jars were then placed in a mechanical shaker at 200 rpm for the pre-determined period to 

reach equilibrium (1 week).  Upon equilibrium the jars were removed from the shaker, and samples of 4-5ml + 0.5 ml were withdrawn and 

filtered through 0.45 μm cellulose nitrate membrane - after passing enough volume of the dye solution through the filter paper to make sure 

that no dye is lost and absorbed by the filter paper-, diluted and analysed using Varian Cary-50 UV/VIS spectrophotometer (USA) at λmax = 

617 nm. Predetermined standard calibration curves for MG at each pH were used to measure the residual MG concentration. For particle 

size and initial MG concentration effects, three different sizes of various meshes (125-250μm, 250-500μm and 500-710μm) and different 

initial concentrations (100-900 ppm) were prepared and used. Other parameters like pH, mass of adsorbent and temperature were kept 

constant. All isotherm adsorption experiments were done in duplicate at room temperature and the mean values were used, as the accepted 

 
Fig. 1 Molecular structure of malachite green 
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value, in analyzing the data. The removal efficiency of MG and the amount of MG uptake at equilibrium (qe, mg/g) was calculated using 

Eq. (1) and Eq. (2), respectively: 

Dye removal efficiency (%) = 100*
o

eo

C

CC 
  (1) 

where Co and Ce are the initial and equilibrium dye concentration (mg/dm
3
), respectively, and: 

                             

 
m

VCC
q eo

e


    (2) 

where qe is the amount of MG adsorbed at equilibrium (mg/g); m is the mass of the diatomite (g) and V is the volume of MG solution 

(dm
3
). 

 

2 Results and Discussion 
2.1 Adsorption Equilibrium 

 
Designing any adsorption system is highly depends on adsorption isotherm. Adsorption isotherm is a valuable tool usually used to describe 

interaction and equilibrium relationships between adsorbent and adsorbate and by which the adsorption capacity of the adsorbent is 

established (Heydaria and Khavarpour, 2018; Lee et al., 2018). The determination of adsorption isotherm is the first step in evaluating 

adsorbent performance toward adsorbate (Al-Degs, 2000). Different experimental factors such as pH, initial dye concentration, dose of 

adsorbent, particle size of adsorbent, contact time and temperature are believed to have great influences on the adsorption efficiency. In this 

respect, pH, initial concentration of MG solution and diatomite particle size were adopted as possible candidates influencing the adsorption 

process in this study. 

 
2.1.1 Effect of Initial Concentration 

 
The initial concentration of adsorbate solution plays a fundamental role in the adsorption process. A set of experiments were carried out to 

study the effect of initial MG on the adsorption process. Different initial MG concentrations (100, 300, 500, 700 and 900 mg/dm
3
) were 

used. Figure 2 shows the effect of initial MG concentration on the amount of MG adsorbed and on the removal efficiency. The figure 

reveals that MG uptake has increased with the increase in initial MG concentration. Approximately 88% increase in MG uptake was 

observed under the optimum conditions. Increasing initial MG concentration has increased the concentration gradient (driving force) 

between MG solution and diatomite surface, thus, enhancing MG uptake, which agrees with previously reported results (Pragathiswaran et 

al., 2016). It is clear that a reduction in the removal efficiency (13%) has occurred as the initial MG concentration increased from 100-900 

(mg/dm
3
). This is due to the high competition between MG molecules for the fixed number of available adsorption sites on diatomite 

surface in the case of higher initial concentration (Heydaria and Khavarpour, 2018). This availability is reduced with the increase in initial 

MG concentration as most of the adsorption sites became saturated, thus, the removal efficiency was reduced. Therefore, the adsorption 

process is highly affected by initial MG concentration. 

 

2.1.2 Effect of pH: 

 
To ascertain the effect of pH on the adsorption of MG onto Jordanian 

diatomite, MG solution was conditioned to different pH values covering 

acidic and alkaline range (3–9). Figure 3 shows the adsorption capacity 

of MG as a relationship between the amount of MG uptake at 

equilibrium, qe, and its final concentration in the aqueous solution, Ce, at 

different pH values between 3 and 9. As seen from the figure, increasing 

the solution pH increases the adsorption capacity of MG onto the 

Jordanian diatomite. The maximum adsorption capacity attained was 

541.1, 705.5, 730.2 and 816.2 (mg/g) for pH values of 3, 5,7and 9, 

respectively. MG as a cationic dye occurs in the aqueous solution in the 

form of positively charged ions. Thus, its adsorption onto the adsorbent 

surface will be governed by the adsorbent surface charge which in turn is affected by the pH of the solution (Lee et al., 2018). Hence, by 

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

onto diatomite. Volume of dye solution=25 mL, mass of 
adsorbent=0.025 g, pH=7, particle size=250-500μm, temperature 

=25oC. 
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increasing the solution pH, the number of hydroxyl groups, as well as the number of negatively charged sites on the diatomite surface, will 

be increased and this favors the attraction between MG and diatomite surface (Lai and Chen, 2001). Consequently, Jordanian diatomite 
operates well in alkali conditions. These results agree well with previously reported results (Ren et al., 2016). The reason for the lower 

adsorption capacity in the acidic range is attributed to the competition between excess H
+
 ions and the dye cation for the available 

adsorption sites (Ren et al., 2016). The increase in MG uptake at higher pH values may also be attributed to two reasons: the dimerization 

of MG or the reaction of MG with sodium hydroxide (Shawabkeha, and Tutunji, 2003). According to Felix (2017), the reaction of MG with 

sodium hydroxide causes fading of MG. The author attributes the fading to the attack of OH
-
 on the central C atom of the planar ring 

system of MG. 

 

The effect of solution pH can also be described based on the zero point of charge (pHZPC) which is an indication of the ability of the 

adsorbent surface to become protonated (positively charged) or deprotonated (negatively charged). Jordanian’s pHZPC diatomite was 

determined and found to be around 5.4. When the pH of the solution is < pHZPC, the adsorbent surface acquires a positive charge and vice 

versa (Benmaamar et al., 2016). Therefore, in the alkaline range, the pH of the solution is > pHZPC and the diatomite acts as a negative 

surface and enhances the uptake of the positively charged dye (MG). Diatomite shows 16.7-98.9% of MG removal over the whole 

concentration range (100-900 ppm).  

 

2.1.3 Effect of Particle Size 

 
The particle size is another important factor that affects the adsorption 

process. To explore the impact of diatomite particle size on the adsorption 

capacity of MG, multiple adsorption tests were conducted with three 

different particle sizes namely, 125-250μm, 250-500μm and 500-710μm, 

where all other factors were kept constant, and the results are shown in 

Figure 4. It is clear from the figure that an inverse relationship exists 

between diatomite particle size and diatomite adsorption capacity.  With 

the initial MG concentration of 700 (mg/dm
3
), MG uptake has increased 

from 588.9 (mg/g) to 659 (mg/g) as the particle size decreases from 500-

710μm to size 125-250μm. This can be explained by the fact that on 

decreasing the particle size, more surface area is available for the 

adsorption of MG (Erdem et al., 2005, Joseph et al., 2013). The removal 

efficiency of MG dropped from 92.1 to 81.1% with increasing particle 

size from 125-250μm to 500-710μm. Thus, smaller particle size is 

favorable for the adsorption of MG onto Jordanian diatomite. 

 
2.2 Adsorption Isotherm Modelling 

 
Equilibrium isotherm models can provide substantial information 

regarding the capacity of adsorbent, interaction between an adsorbent and 

adsorbate, surface properties and affinity of the adsorbent and sorption 

mechanism that can be used for designing the adsorption process (Lee et 

al., 2018; Sawasdee and Watcharabundit, 2015). Thus, best-fit isotherm is 

essential. According to Lee et al. (2018) fitting the experimental data to 

different isotherm models is helpful in indicating the most appropriate 

model to be used in the design of the adsorption system. 

Experimental data were analyzed according to the linear form of 

Langmuir, Freundlich, Temkin, Flory-Huggins, Halsey, and Jovanovic 

isotherm models and plots were constructed. Table 1 displays the results 

of the calculated isotherm constants at pH =7. Langmuir plots gave 

nonlinear relationships between Ce/qe and Ce which indicates the inability 

of the model to simulate the experimental data. However, the 

experimental data were well fitted with the Freundlich model and this 

might indicate the heterogeneous distribution of the active sites and 

 
Fig. 3 Effect of the solution pH on the adsorption of MG onto diatomite. 

Volume of dye solution=25 mL, mass of adsorbent=0.025 g, 
concentration=100-900 mg/dm3, particle size=500-710μm, 

temperature =25oC. 

 
 
Fig.4 Effect of adsorbent particle size on the adsorption of MG onto 

diatomite. Volume of dye solution=25ml, mass of 

adsorbent=0.025g, concentration=100-900 mg/dm3, pH=7, 
temperature=25oC. 
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multilayer adsorption. The Temkin model showed poor representation of the experimental data. The inability of the Temkin isotherm 

model to simulate the experimental MG data very well may suggest the nonuniform surface morphology of diatomite (Amin et al., 2017). 

Moreover, it may indicate that the sorbate-adsorbate interactions do not exist. Adsorption energy, ΔQ=(−ΔH), is positive for all studied 

conditions, indicating the exothermic nature of the adsorption process of MG onto diatomite (Hamdaouia and Naffrechoux, 2007). 

According to Amin et al. (2015), Temkin model is not appropriate for predicting the equilibrium in the complex liquid-phase adsorption 

systems. The values of the standard Gibbs free energy calculated from the Flory-Huggins model were negative for all the studied 

conditions, referring to the spontaneity of the adsorption of MG onto Jordanian diatomite and supports an exothermic nature (Theivarasu 

and Mylsamy, 2011). It is noticeable from Table 1 that the experimental results obtained for MG shows compatible trends with Halsey 

isotherm. Halsey model supports the Freundlich model and affirms the fact that the adsorption process of MG onto Jordanian diatomite is 

of a multilayered nature and confirms the heterogeneous nature of diatomite. Sampranpiboon et al. (2014) declared that the ability of the 

Halsey model to fit the experimental data attest to the heterosporous nature of adsorbent. Jovanovic model could not describe the 

experimental data. This emphasizes that the adsorption of MG onto Jordanian diatomite favors multilayer coverage and again support the 

assumptions of the Freundlich model. In addition, Table 1 reveals that the correlation coefficient, r
2
, for Langmuir model is the lowest. 

Low values of r
2
 indicate the inconsistency of the Langmuir model to fit the experimental data.  This was expected since the experimental 

isotherms obtained did not present the typical Langmuirian form. The correlation coefficient for the Freundlich model was comparatively 

the highest suggesting the applicability of the Freundlich model to describe the MG-diatomite adsorption process. 

 

Table 1 Isotherm constants for MG-diatomite system at pH = 7 and particle size = 500-710 μm.  

 
Model 

(Reference) 
Linear Form                                                            Constants r2 

Langmuir 

(Sampranpiboon et al., 2014) 

 

kL  

(dm3/g)  

14.08 RL   0.073 0.729 

Freundlich 

(Yang et al., 2017) 
 

kf 

(mg/g.(mg/dm3)1/n)  

67.76 n 2.320 0.941 

Temkin 

(Hamdaouia and Naffrechoux, 2007) 
 

KT 

 (dm3/mg)  

0.772 ΔQ  

(kJ/mol)  

25.63 0.764 

Flory-Huggins 
(Theivarasu and Mylsamy, 2001) 

 

KFH 

(dm3/mol) 
2.90*10-4 n -0.900 0.885 

Halsey 
(Amin et al., 2015) 

 

KH 

(mg/dm3) 
5.73*10-5 n -2.315 0.941 

Jovanovic 

(Sampranpiboon et al., 2014) 
 

KJ 

(dm3/g) 

-0.012 qmax  

(mg/g) 

130 0.803 

 

Since modeling results manifest that the Freundlich isotherm model is the best one to 

simulate the adsorption of MG onto diatomite, discussion will be focused more on this 

model. Table 2 displays the results of the calculated Freundlich isotherm constants at 

different pH values. The results also show that the value of n is greater than unity 

indicating that the MG is favourably adsorbed by diatomite. Yildiz (2017) announced 

that n value greater than 1 indicates spontaneous adsorption conditions. An increase in 

Kf values was observed which indicates that adsorption affinity increases with 

increasing solution pH. This trend may indicate multilayer adsorption. The magnitude 

of the Freundlich constant indicates easy uptake of MG from aqueous solution. This is 

in great agreement with the previous findings regarding pH effect on the adsorption of 

MG. According to Arivoli et al. (2009) physisorption is much more favorable when n 

is less than one. Heydaria and Khavarpour (2018) reported that a higher value of Kf is an indication of a higher affinity of adsorbent toward 

adsorbate. Figure 5 displays a theoretical plot of Freundlich isotherm with the experimental data for the adsorption of MG onto diatomite 

at pH=3. It is obvious from the figure that the experimental data are best fitted with Freundlich isotherm. Table 3 lists the results of the 

calculated Freundlich isotherm constants at different particle sizes for MG-diatomite systems. As seen from the table, the Freundlich model 

again represents the experimental data very well. The values of the correlation coefficient, r
2
, for Freundlich model support this finding. It 

is also evident that the affinity of the adsorbents decreases as the particle size increases.  This confirms that MG uptake was a function of 

the external surface area of the adsorbent. This is consistent with the previous results obtained. 

 

Table 2 Freundlich isotherm constants for the diatomite-

MG system at different pH values.  
pH                      Freundlich Constants  

              kf 

(mg/g.(mg/dm3)1/n) 

       n 

 

      r2  

3 1.012 1.013 0.996 

5 17.49 1.475 0.995 

7 67.76 2.320 0.941 

9 108.6 2.200 0.964 
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2.3 Error Analysis  

 

Error function namely, the Average Relative Error Deviation (ARED) and Chi-square test (χ
2
) were used to evaluate the fit of the isotherm 

equations to the experimental data and determine the best- fitting equation. The expression of these error functions are given in Eq. (3) 

and Eq. (4) (Benmaamar et al., 2016; Kooh et al., 2016): 

 

i

n

i e

calcee

q

qq

n
ARED 






1 exp,

,exp,100
                                      (3)  

and 

 

               (4) 
Where qe,exp is the experimental value, qe,calc is the calculated value and n is the number of data points in the experiment. The results of 

these statistical tools showed that the Chi-square test value and ARED value 

of Freundlich is the smallest. This indicates that the calculated value of qe 

using Freundlich model is closer to qe obtained experimentally. This is 

consistent with the previous results and manifests the earlier findings that the 

experimental data are best fitted with Freundlich isotherm. Table 4 

summarizes the results for the adsorption of MG onto diatomite at pH=9.   

 
Conclusions 

 
The focus of this research was to investigate the potential use of Jordanian diatomite as an adsorbent for the removal of malachite green 

dye (MG) from aqueous solution. The results indicated the major role 

played by the pH of MG solution. The optimum pH value for the removal 

of MG was = 9. Diatomite particle size showed a vital effect on the 

adsorption capacity of diatomite and it can be concluded that smaller 

diatomite particles are recommended for the removal of MG from aqueous 

solution. Initial MG concentration proved to play an essential role in the 

adsorption process, the lower the initial dye concentration, the faster the 

MG removal. Freundlich isotherm was able to simulate the equilibrium 

data very well. Based on these mentioned results, Jordanian diatomite 

could potentially be used as a low-cost promising adsorbent for treating 

MG effluents. 

 
Nomenclature 

aL =Langmuir constant     [dm3/mg] 

Ce =Equilibrium dye concentration    [mg/dm3] 

Co =Initial dye concentration    [mg/dm3] 

KF =Freundlich constant     [mg/g.(mg/dm3)1/n] 

 FH =Equilibrium constant    [dm3/mol] 

KH  =Halsey isotherm constant    [mg/dm3] 
KL =Langmuir constant     [dm3/g] 

KJ =Jovanovic constant     [dm3/g] 

KT =Equilibrium binding constant    [dm3/mg] 
m =Mass of the diatomite   [g] 

n =Heterogeneity factor    [-] 

nH =Halsey isotherm constant   [-] 
ΔQ =Variation of adsorption energy    [J/mol] 

qe =Amount of MG adsorbed at equilibrium   [mg/g] 

qe,calc =Calculated value     [mg/g] 

Table 3 Freundlich isotherm constants for the diatomite-MG 

system at different particle sizes. 

Size 

(μm) 

kf 

(mg/g.(mg/dm3)1/n) 

n           r2 

125-250 133.5  2.557    0.947 

250-500 97.72  2.358   0.959 

500-710 67.76 2.320   0.941 

Table 4 Error deviation data for the adsorption of MG onto 

diatomite at pH =9. 

Error Function 

 

 

         Isotherm Model 

ARED χ2 

Langmuir 21.73 92.22 

Freundlich 11.14 28.91 

Temkin 15.35 55.23 

Halsey 11.32 29.12 

Jovanovic 86.74 163.5 

 
 

Fig. 5 Model fit of adsorption isotherm of MG adsorption onto diatomite 
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qe,exp  =Experimental value     [mg/g] 

qmax =Maximum uptake of adsorbate    [mg/g] 
R =Universal gas constant    [J/mol.K] 

T =Absolute temperature    [K] 

V =Volume of MG solution    [dm3] 
θ =Fractional coverage    [-] 
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