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This study investigated the adsorption of Malachite Green (MG), a toxic cationic dye, onto 
natural soda feldspar as a low-cost mineral adsorbent. The effects of contact time, solution pH, 
initial dye concentration, adsorbent dosage, and temperature were evaluated to optimize the 
adsorption process. Maximum dye removal was achieved at pH 8, a contact time of 90 min, an 
adsorbent dosage of 15 g L⁻¹, and higher temperatures. Kinetic studies revealed that the adsorp-
tion process follows the pseudo-second-order model, indicating strong interactions between 
MG molecules and the active sites of soda feldspar. Equilibrium data were best described by the 
Redlich–Peterson and Langmuir isotherm models, suggesting a combination of homogeneous 
and heterogeneous adsorption with a maximum adsorption capacity of 34.49 mg g⁻¹. Thermo-
dynamic parameters confirmed that the adsorption process is spontaneous and endothermic. 
Thus, the results demonstrate that soda feldspar is an effective and economical adsorbent for 
the removal of Malachite Green from aqueous media, offering a promising option for sustainable 
wastewater treatment. 

INTRODUCTION 
Rapid industrial growth has led to the discharge of 

large quantities of dye-containing wastewater into the 
environment, creating serious concerns for water quality 

and aquatic ecosystems[1],[2]. Among various synthetic 
dyes, malachite green (MG) is a cationic triphenylme-
thane dye extensively used in textile dyeing, leather pro-
cessing, paper manufacturing, aquaculture, and as an 
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antifungal agent. Despite its widespread applications, 
MG is considered as a hazardous pollutant because of its 
persistence in the environment and its carcinogenic, mu-
tagenic, teratogenic, and genotoxic effects on living or-
ganisms[3]-[6].  

A variety of treatment methods, including coagula-
tion–flocculation, membrane filtration, advanced oxida-
tion, photocatalytic degradation, electrochemical treat-
ment, and biological processes, have been explored for 
the removal of dye pollutants from wastewater[7]. How-
ever, many of these techniques are associated with high 
operational costs, complex procedures, or the generation 
of secondary pollutants. In contrast, adsorption has 
emerged as one of the most efficient and practical ap-
proaches due to its simplicity, high removal efficiency, 
operational flexibility, and ability to utilize low-cost ad-
sorbents without producing harmful by-products[8]. 

Many adsorbents, including graphene-based materi-
als[2], clays[4], activated carbons[5], biochars[10], and 
chitosan composites[11], have been successfully em-
ployed for the removal of malachite green from aqueous 
solutions. Despite their promising adsorption perfor-
mance, many of these materials require chemical modifi-
cation, thermal activation, or complex preparation proce-
dures, which can increase production costs and hinder 
their large-scale application. 

Natural aluminosilicate minerals such as clays, zeo-
lites, and feldspars have emerged as promising low-cost 
adsorbents because of their abundance, environmental 
compatibility, and ion-exchange properties[8],[12],[13]. 
Feldspars, the most abundant rock-forming minerals, 
possess negatively charged aluminosilicate frameworks 
and exchangeable cations that facilitate pollutant adsorp-
tion through electrostatic attraction, ion exchange, and 
surface complexation mechanisms[14],[15]. 

Previous studies have demonstrated the effectiveness 
of feldspar minerals for the adsorption of various pollu-
tants, including methylene blue, ferric ions, and arsenate, 
highlighting the important role of surface aluminosilicate 
and aluminol sites in contaminant removal [12],[15],[16]. 
Therefore, due to its abundance, low cost, chemical sta-
bility, and negatively charged aluminosilicate frame-
work, soda feldspar (NaAlSi3O8) is a promising adsorbent 
for cationic dye removal. However, its application for 
malachite green adsorption has received limited atten-
tion. Therefore, the present study evaluates the potential 
of natural soda feldspar for malachite green removal 

from aqueous solutions by investigating the effects of op-
erational parameters and analyzing the adsorption kinet-
ics, equilibrium, and thermodynamic behavior of the pro-
cess. 
 
2. MATERIALS AND METHODS 

Malachite Green (C52H54N4O12), a triphenylmethane 
dye (molecular weight = 927), was procured from M/s 
SDFCL, India. The molecular structure of the dye is 
shown in Fig. Powdered Soda Feldspar (NF) is a natu-
rally available material procured from Andhra Pradesh, 
India.  The powdered particles were sieved, and particles 
of size -140 mesh +170 mesh were collected, with an aver-
age size of 96.5 μm used in all the experimental studies. 
All reagents used in this investigation were of A.R. grade. 
Double-distilled water was used for preparing solutions 
throughout the study. 

 
Fig. 1: Molecular structure of Malachite Green dye 

All pH measurements were carried out with a digital 
pH meter, model WTH-10, M/s Wensar, India. The con-
centration of the dye solutions was estimated from ab-
sorbance readings recorded on a UV/VIS spectrophotom-
eter (model CE7400, M/s Cecil, England) at 616 nm. The 
phase analysis studies were conducted on a Rigaku X-ray 
diffractometer (Japan), equipped with Cu-kα radiation 
(λ~1.54 ºA) , in the scan range (2θ) of 20º-50º. The mor-
phological features were examined using scanning elec-
tron microscopy with energy-dispersive spectroscopy 
(FE-SEM, ZEISS Ultra 55 GEMINI, Germany). 

Experimental studies were mainly conducted using 
batch techniques for obtaining rate and equilibrium data. 
The studies were carried out to examine the influence of 
contact time, solution pH, and adsorbent dosage at spec-
ified sample concentrations while maintaining constant 
temperature, particle size, and agitation speed. The oper-
ating parameter range is presented in Table 1. A specified 
quantity of adsorbent was placed in 250 mL volumetric 
flasks, each holding 50 mL of an MV adsorbate solution 
with a known concentration. The flasks were thereafter 
agitated intermittently to achieve adsorption 
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equilibrium. The resultant solution was subsequently 
centrifuged and analysed spectrophotometrically at 616 
nm.    
 

Table 1: Operating Parameters range in this study 
Process Parameter Parameter Range 
Contact time (min) 0 – 120 
Initial pH 2 – 10 
Initial Concentration (mg/L) 25 – 250 
Adsorbent dosage (g/L) 2 – 20 
Temperature (oC) 40 – 60 

 
The extent of adsorption was quantified in terms of per-
centage removal and adsorption capacity using the fol-
lowing equations (1) and (2).  

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑟𝑒𝑚𝑜𝑣𝑎𝑙(%) =
(஼೚ି஼೟)

஼೚
× 100 …(1) 

𝑞௧ =  
(஼೚ି஼೟)௏

ௐ
 …(2) 

Duplicate experiments were carried out for all the oper-
ating variables studied, and only the average values were 
considered.  The average deviation of duplicate results in 
the concentration units varied within ±1%.  
 
3. RESULTS AND DISCUSSION 
Characterization of Adsorbent material 

The X-ray diffractograms of NF sample before and af-
ter adsorption of MG dye are showed in Fig. 2.  It can be 
seen that the NF sample (cf. Fig. 2a) is majorly constituted 
with quartz (marked with ♦, JCPDS card no. 46-1045), mi-
crocline (marked with ■, JCPDS card no.19-0926), and al-
bite (marked with ●, JCPDS card no. 09-0466) minerals.  
After adsorption of MG dye onto the NF, the NF-MG 
sample has shown nearly similar diffraction pattern (cf. 
Fig. 2b), as like pristine NF sample (cf. Fig. 2a).  However, 
a sharp reduction in the peak intensity of mineral phases 
in NF-MG sample diffraction spectrum (cf. Fig. 2b) sug-
gests that the MG dye molecules were entrapped on the 
rough surfaces and porous structure of NF[16].  But the 
existence of similar mineral phase assemblage in both NF 
and NF-MG samples clearly indicate the importance of 
microstructural features for understanding the MG dye 
adsorption mechanism by NF. 

The scanning electron microscopy (SEM) images of 
pristine NF samples before adsorption are showed in Fig. 

3.  The bulk part of the NF sample exhibited a porous mi-
crostructure with random dense packing (cf. Fig. 3a).  
Here the densely packed tabular feldspar particles were 
randomly arranged and adjoined through a porous net-
work in all parts of the sample NF microstructure.  Such 
an adsorbent microstructure[13] is known to possess the 
interconnected porosity with a wide range of pore sizes 
(cf. Fig. 3b) and rough surfaces (cf. Fig. 3c) that work as 
active sites for dye adsorption.  Similarly, the scanning 
electron microscopy (SEM) images of the NF-MG sample 
after adsorption of MG on NF are displayed in Fig. 4.  A 
bulk portion of the NF-MG microstructure (cf. Fig. 4a) has 
exhibited a strong MG dye adsorption as a thin layer of 
coating throughout the active sites available for adsorp-
tion, as shown in Fig. 3.  The pore filling phenomenon of 
MG dye adsorption is presented in Fig. 4b. Whereas the 
adsorption of MG dye onto the rough surface portions of 
the tabular feldspar particles can be evidenced from Fig. 
4c.  These observations are in consistent with the XRD re-
sults.  EDS data of NF and NF-MG samples are displayed 
in Fig. 5.  The coexistence of dominant peaks related to 
[Na], [Al], [Si], [O], with minor amounts of [K] in EDS 
spectrum of the NF sample (cf. Fig. 4a) confirms the 
chemical composition of soda feldspar.  On the plus side, 
the EDS spectrum of NF-MG sample (cf. Fig. 5b) has ex-
hibited the characteristic peaks of [C], [N], corresponding 
to the malachite green dye (C52H54N4O12) composition.  
A careful analysis of EDS spectra of both NF versus NF-
MG validates the adsorption of MG dye on NF.  Alumi-
nosilicate minerals with lower Si/Al ratio are known to 
produce higher concentration of negatively charged alu-
minol (Al-OH) sites[17] that accelerates the adsorption of 
positively charged MG dye molecules through electro-
static interactions and hydrogen bonding[18].  Here feld-
spar (NF) belongs to aluminosilicate family.  MG is a cat-
ionic dye.  EDS data of pristine NF sample has shown 
Si/Al ratio of 4.1 (cf. Fig. 5a), which is significantly lower 
than the Si/Al ratio (~4.7) of NF-MG sample after adsorp-
tion (cf. Fig. 5b).  This feature further confirms that chem-
isorption phenomenon is also involved in the removal of 
malachite green (MG) dye using soda feldspar (NF) as an 
adsorbent. 
Effect of contact time 

The influence of contact time on MG adsorption by NF 
was studied at two different initial concentrations of dye, 
i.e., 25 and 75 mg/L (Fig. 6). Initially, the adsorption rate 
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Fig.  2: X-ray diffraction patterns of (a) NF and (b) NF-
MG samples. 

 
Fig.  3: Scanning electron micrographs of pristine soda 
feldspar (NF) samples before adsorption. 

 
Fig.  4: Scanning electron micrographs of NF-MG samples 
after adsorption. 

 
Fig.  5: SEM-EDS analysis of (a) NF and (b) NF-MG sam-
ples. 

 
Fig.  6: Effect of contact time 

was high because of the large number of accessible active 
sites on the surface of the adsorbent, and thereafter de-
creased with the occupation of these active sites. MG re-
moval was 49.66% and 36.46% at 25 and 75 mg/L, respec-
tively, in the first minute. Subsequently, the adsorption 
rate slowed down until equilibrium was reached. Equi-
librium was achieved at 90 min for both concentrations, 
and this equilibrium time was used for the subsequent 
studies. The maximum dye removal efficiencies were 
82.35% and 55.56% for 25 and 75 mg/L solutions, respec-
tively, indicating that adsorption effectiveness declined 
with increasing initial dye concentration. 
Effect of pH 
The acid-base properties of functional groups on the ad-
sorbent surface can be changed through pH adjustments, 
leading to ionization.  This, in turn, enables the formation 
of electrostatic interactions between MG and NF, thus in-
ducing the adsorption process.  The effect of pH on the 
adsorption of MG at an initial dye concentration of 50 
mg/L and 4 g/L adsorbent dosage is shown in the Fig. 7.  
This indicates that MG adsorption efficiency on the NF 
increases as pH increases from 2 to 9.  Particularly, within 
the pH range of 6 to 9, adsorption efficiency is higher in 
this range.  Based on the pH adsorption profile, a pH 
value of 8 is identified as an optimum condition, yielding 
a maximum adsorption efficiency of 76.86 percent; the 
decline in removal efficiency beyond pH 9 can be due to 
enhanced negative charge (OH-) of NF leads to electro-
static repulsion. 
Effect of initial concentration 
The effect of initial dye concentration on the adsorptive 
removal of MG by NF is shown in the Fig. 8.  The experi-
ment was carried out in the range of initial dye concen-
tration, starting from 25 mg/L to 250 mg/L.  The adsorp-
tion capacity 4.487 mg/g to 26.073 mg/g, as the initial dye 

0 20 40 60 80 100 120
0

20

40

60

80

100

R
e

m
o

va
l o

f M
G

 (
%

)

time (min)

 25ppm
 75ppm



  

 

 
516     International Journal for Modern Trends in Science and Technology 

 
 

 
Fig.  7: Effect of pH 

.   
concentrations varied from 25 mg/L to 250 mg/L. Based 
on the profiles, it was observed that dye uptake increases 
while percentage removal decreases with an increase in 
initial concentrations of MG as the dosage was fixed at 4 
g/L; at high initial dye concentrations, the number of dye 
molecules available for adsorption increases, leading to a 
higher amount of dye being adsorbed on to the NF sur-
face, however, the percentage removal decreases because 
the adsorption capacity on the NF surface becomes satu-
rated. The excess dye molecules remain in the solution. 

 
Fig.  8: Effect of initial concentration 

 
Effect of adsorbent dosage 
The impact of adsorbent dosage on the removal of MG 
dye was investigated by varying the amount of NF from 
2 g/L to 20 g/L, and the other conditions were fixed at an 
initial concentration of 100 mg/L, solution pH, and room 
temperature.  The results, as shown in the Fig. 9,  revealed 
that the removal percentage of MG dye increased signifi-
cantly from 15.55 percent to 88.65 percent as the adsor-
bent dosage was increased to 15 g/L and then negligible 
increase up to 89.12 percent with further increase in dos-
age up to 20 g/L.   Hence, beyond the dosage of 15 g/L, 

the entire adsorbent  surface may not be available due to 
the agglomeration of adsorbent particles, or the adsorb-
ate concentration in the solution was insufficient to satu-
rate the available binding sites.  On the other hand, a de-
creasing trend was observed in the adsorption capacity, 
which decreased from 8.99 mg/g to 4.461 mg/g, indicating 
that the excess adsorbent dose led to agglomeration of the 
particles. This study suggested that the dosage of 15 g/L 
was optimum for the given conditions. 
 

 
Fig.  9: Dosage effect 

Effect of temperature 
The adsorption studies revealed a positive correlation 

between temperature and adsorption capacity, with ex-
periments conducted at 313K, 323K, and 333K yielding 
increasing adsorption capacities as shown in the Fig. 10.  
This trend tells that the adsorption process is endother-
mic; it adsorbs heat and is favored by higher tempera-
tures.  The observed enhancement in adsorption with ris-
ing temperature can be due to the increased kinetic en-
ergy of the dye molecules, which enhances their move-
ment, enables them to collide more frequently with the 
adsorbent, and facilitates stronger interaction with the 
adsorbent. 

 
Fig.  10: Effect of temperature 
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Adsorption kinetics 
Studying adsorption kinetics is essential for understand-
ing how adsorption occurs.  It shows how quickly ad-
sorption occurs and how it changes over time.  Two com-
monly used kinetic models, Pseudo-first-order and 
Pseudo-second-order, were applied to interpret the ex-
perimental data.  The linear forms of these two models[9] 
are represented in equations (3) and (4). 
Pseudo-first order model: 𝑙𝑛( 𝑞௘ − 𝑞௧) = 𝑙𝑛( 𝑞௘) − 𝐾ଵ𝑡..(3) 

Pseudo-second order model: ௧

௤೟
=

ଵ

௄మ௤೐
మ +

ଵ

௤೐
𝑡..(4) 

Linear fitting of the experimental data was performed 
at two different initial concentrations, as shown in Fig. 11 
and Fig. 12. The results indicate that the Pseudo-second-
order model accurately described the data, with R2 close 
to one.  Conversely, as shown in Table 2, the Pseudo-first-
order model provided a poorer fit, with a lower value.   
The Pseudo-second-order model accurately captured the 
MG adsorption behavior on NF, suggesting that electro-
static forces between the dye molecules and the adsor-
bent functional groups drive the adsorption process. 

 
Fig.  11: Pseudo- first- order model linear fitting 

 
Fig.  12: Pseudo- second- order model linear fitting 

 

Table 2: Kinetic parameters for the adsorption of MG onto 
NF 

Parameter Values 
Initial concentration of MG (mg/L) 25 75 
Experimental qe values (mg/g) 5.13 10.37 
Pseudo-First order 
Rate constant K1 0.05 0.04 
Calculated qe value (mg/g) 1.69 4.69 
Correlation coefficient (R2) 0.83 0.87 
Pseudo-Second order 
Rate constant K2 0.14 0.04 
Calculated qe value (mg/g) 5.11 10.23 
Correlation coefficient (R2) 0.99 0.99 

 
Equilibrium studies 
Adsorption isotherm analysis was performed using 
Langmuir, Freundlich, Temkin, Dubinin–Radushkevich, 
and Redlich–Peterson models[9],[19] to understand the 
interaction between malachite green (MG) and soda feld-
spar. Linear forms of all these models, as given in the 
equations (5) through (9), were used to fit the experi-
mental data and determine the equilibrium parameters as 
tabulated in Table 3. Fig. 12 tells how well these models 
predict the equilibrium conditions.  Among the tested 
models, the Redlich–Peterson isotherm provided the best 
fit (R² = 0.99), followed by the Langmuir model (R² = 0.99), 
indicating that MG adsorption occurs through a combi-
nation of homogeneous and heterogeneous surface inter-
actions. This suggests that the soda feldspar surface con-
tains both uniform and energetically diverse adsorption 
sites. 

Langmuir Isotherm ஼౛

௤౛
=

஼౛

௤ౣ
+

ଵ

௄ై௤ౣ
 …(5) 

Fruendlich Isotherm 𝑙𝑛 𝑞ୣ = 𝑙𝑛 𝐾୊ +
ଵ

௡
𝑙𝑛 𝐶ୣ …(6) 

Temkin Isotherm 𝑞௘ = 𝐵(𝑙𝑛 𝐾்) + 𝐵(𝑙𝑛 𝐶௘)  …(7) 

𝐵 =
𝑅𝑇

b୘
 

Dubinin–Radushkevich 
(D–R) Isotherm 

𝑙𝑛 𝑞௘ = 𝑙𝑛 𝑞௦ − 𝐾஽ோ𝜀ଶ …(8) 

𝜀 = 𝑅𝑇𝑙𝑛(1 +
1

𝐶௘
) 

Redlich–Peterson Iso-
therm 

ln ቀ𝐾ோ
஼೐

௤೐
− 1ቁ = 𝑙𝑛𝛼 + 𝛽𝑙𝑛 (𝐶௘) 

…(9) 
The excellent agreement with the Langmuir model fur-
ther indicates that MG molecules form a predominantly 
monolayer on the adsorbent surface. The maximum ad-
sorption capacity predicted by the Langmuir model was 
34.94 mg g⁻¹. Overall, the isotherm results reveal that the 
adsorption mechanism involves strong dye–surface in-
teractions on well-defined active sites, together with 
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adsorption on heterogeneous regions of the mineral sur-
face, contributing to the effective removal of MG by soda 
feldspar. 
 
Table 3: Isotherm parameters for the adsorption of MG 
onto NF  

Isotherm 
model 

Pa
ra

m
et

er
s 

U
ni

ts
 

V
al

ue
 

R
2  

R
em

ar
ks

 

Langmuir 
qm mg/g 34.49 

0.99 Best fit 
KL L/mg 0.02 

Freundlich 
KF 

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

1.65 
0.98 good fit 

n - 1.74 

Temkin 
KT L/mg 0.21 

0.98 good fit 
bT J/mol 346.42 

Dubinin-Ra-
dushkevich 

KDR L/mg 1.4e-5 
0.74 Bad fit 

qs mg/g 17.29 

Redlich-Pe-
terson 

KR L/mg 1.28 
0.99 Best fit 𝛼 (L/mg) β 0.28 

𝛽 - 0.60 

 

  
Fig.  12: Comparison of various adsorption isotherms  
 
Adsorption thermodynamics 
Thermodynamic analysis was carried out to evaluate the 
feasibility, spontaneity, and thermal nature of the adsorp-
tion process. The standard Gibbs free energy change 
(ΔG°) was calculated using the Langmuir equilibrium 
constant (KL) according to equation (10). The standard 
enthalpy change (ΔH°) and entropy change (ΔS°) were 
determined from the slope and intercept of the plot of 
ΔG° versus temperature (T), respectively following the 
equation (11) [5].  

𝛥𝐺଴ = −𝑅𝑇 𝑙𝑛( 𝐾௅)  …(10) 
𝛥𝐺଴ = 𝛥𝐻଴ − 𝑇𝛥𝑆଴  …(11) 

As illustrated in Fig. 13, the slope and intercept of the plot 
of ΔG against T were used to estimate the values of ΔH 
and ΔS of the adsorption of MG dye. Estimated thermo-
dynamic parameters are provided in Table 4. 
The adsorption of MG onto adsorbent NF was indicated 
to be possible and spontaneous thermodynamically by 
the negative free energy changes (∆G).  The fact that ∆H 
is positive further suggests that the adsorption process is 
endothermic.  The change in entropy ∆S is also positive, 
which indicates the release of water (solvent) molecules 
from the adsorbent surface. 

  
Fig. 13: Gibbs free energy change 

Table 4: Thermodynamic parameters for the adsorption 
of MG onto NF 

Temper-
ature (K) 

Langmuir 
Constant, KL 
(L/mg) 

ΔG 
(kJ/mol) 

ΔH 
(kJ/mol) 

ΔS 
(J/mol.K) 

313 0.0242 -23.6472 
24.531 153 323 0.0321 -25.1514 

333 0.0427 -26.7251 

 
4. CONCLUSION 
The experimental findings demonstrate the suitability of 
soda feldspar as a natural, cost-effective adsorbent for the 
removal of Malachite Green from aqueous solutions. Ad-
sorption efficiency was strongly influenced by opera-
tional parameters, with optimum performance observed 
at pH 8, 90 min contact time, 15 g L⁻¹ adsorbent dosage, 
and elevated temperature. The adsorption process fol-
lowed pseudo-second-order kinetics, indicating that dye 
uptake is controlled by interactions between MG mole-
cules and the adsorbent surface's active sites. Analysis of 
isotherm models showed excellent agreement with the 
Redlich–Peterson and Langmuir models, suggesting that 
adsorption occurs through both homogeneous and heter-
ogeneous surface sites, with a maximum adsorption 
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capacity of 34.49 mg g⁻¹. Thermodynamic studies re-
vealed negative Gibbs free energy values along with pos-
itive enthalpy and entropy changes, confirming that the 
adsorption process is spontaneous, feasible, and endo-
thermic. The combined results indicate that soda feldspar 
removes MG via monolayer adsorption on active mineral 
sites, along with adsorption on energetically diverse sur-
face regions. Owing to its low cost, natural abundance, 
and good adsorption performance, soda feldspar has sig-
nificant potential as a sustainable adsorbent for the treat-
ment of dye-containing wastewater. 
 
Nomenclature 

Sym-
bol 

Abbreviation Units 

𝑡 Time min 
𝑉 Volume of solution  L 
𝑊 Mass of the adsorbent g 
𝐶௘ Equilibrium concentration of adsorbate solution mg/L 
Co Initial concentration of adsorbate solution mg/L 
Ct Concentration of adsorbate solution at any time mg/L 

𝑞௘  
Amount of adsorbate per unit mass of adsorbent at 
equilibrium 

mg/g 

𝑞௠ Langmuir constant mg/g 

𝑞௧ 
Amount of adsorbate per unit mass of adsorbent at 
time t 

mg/g 

𝐾ி  Freundlich constant L/mg 
𝐾௅ Langmuir constant L/mg 
KDR Mean free energy exchange mol2/kJ2 
𝐾் Temkin isotherm equilibrium binding constant L/mg 
bT Temkin constant J/mol 
KR Redlich-Peterson constant L/mg 
E Adsorption energy  kJ/mol 

𝐾ଵ Pseudo-first-order rate constant min-1 

𝐾ଶ 
Pseudo-second-order rate constant (mg/g)-1 

min-1 
𝑛 Freundlich heterogeneity factor (-) 
𝛼 Redlich-Peterson constant (L/mg)β 
𝛽 Redlich-Peterson exponent (-) 
𝜀 Polanyi potential kJ/mol 
𝑇 Temperature K 

∆𝐺 Change in Gibbs free energy J/kmol 
∆𝐻 Change in enthalpy J/kmol 
R Ideal gas constant  J/mol·K 
∆S Change in entropy J/kmol 
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