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Abstract 

The formation of heat-stable salts (HSS), such as acetate, formate, oxalate, and thiosulfate, in gas-sweetening 

units creates various issues, including corrosion, high foaming, and reduced unit efficiency. This research 

aims to investigate eliminating heat-stable salts using an anion-exchange resin. The findings indicated that 

removing approximately 85% of acetate anion salt from an amine solution at a solution-to-resin ratio of 30 

was feasible. Two adsorption models, Langmuir and Freundlich, were employed to analyze the equilibrium 

adsorption of acetate anion salt. The results indicated that the Langmuir adsorption isotherm aligned more 

closely with the data obtained from the acetate anion ion exchange process with the resin. Furthermore, it was 

determined that the maximum adsorption capacity for acetate onto the resin was 15 mg/g at a temperature of 

25 °C. The impact of contact time during adsorption was examined using quasi-first-order and quasi-second-

order kinetic models and an intra-particle model. The results indicated that the quasi-first-order kinetic model 

provided the best fit to the data, and equilibrium adsorption was achieved after approximately 70 min. 

Thermodynamic parameters were also investigated, revealing a ΔH value of –12.7370 kJ/mol, indicating an 

exothermic adsorption process. Based on the studies, utilizing the selected resin appears to be a suitable 

option for removing heat-stable salts. 

Keywords: Gas Sweetening, Ion-Exchange Resin, Heat Stable Salts (HSSs), Adsorption Equilibrium 

Isotherms, Kinetics, Thermodynamic Parameters 
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1. Introduction 

Natural gas contains mercaptans, carbon dioxide, and hydrogen sulfide, which must be separated upon 

entering the refinery (Manteghian et al. 2018; Mohamadi-Baghmolaei et al. 2021). One of the 

methods employed to separate these acid gases, specifically carbon dioxide and hydrogen sulfide, is 

gas separation using chemical solvents (Fouad et al, 2013). Diethanolamine (DEA) and methyl 

diethanolamine (MDEA) are considered highly effective amines for this purpose (Banat et al. 2014). 

MDEA, in particular, is preferred due to its superior adsorption capabilities, lower reaction heat, and 

reduced amine consumption (Alnaimat et al. 2018; Arora et al. 2019; Jaafari et al. 2018). Notably, 

MDEA demonstrates selective adsorption of hydrogen sulfide in the presence of carbon dioxide, 

making it advantageous over other amines (Jassim et al. 2016). In gas purification, saturated amine 

solutions are repeatedly degassed in an amine regeneration tower to remove adsorbed acid gases such 

as H2S and CO2, allowing for reuse in the sweetening process (Zhang et al. 2016). The amine 

regeneration cycle is repeated multiple times, leading to the inevitable accumulation of heat-stable 

salts (HSSs) and colloidal materials, which are non-renewable (Hai et al. 2020). This accumulation 

gives rise to various issues, including amine contamination, waste, foaming, and corrosion (Alhseinat 

et al. 2014). These salts form due to the MDEA solvent reacting with acids stronger than carbon 

dioxide and hydrogen sulfide (Pal et al. 2013; Rooney et al. 1997). Various methods for removing 

heat-stable salts have been explored as supplementary options for purifying amine solutions, aiming 

to reduce the internal corrosion of amine system equipment. Among these methods, ion exchange has 

shown the most promising results in terms of cost-effectiveness, simplicity of operations, and 

efficiency in removing ions (Mesgarian 2014; Verma et al. 2009). This method involves displacing 

one cation or anion with another cation or anion, utilizing solid materials known as resins )Hojjat et 

al. 1387).  

Numerous documented studies have been conducted on amine purification and removing HSSs. For 

instance, Pal et al. (2013) investigated the removal of HSS anions from MDEA used in gas 

sweetening units using four types of commercial anion exchange resins labeled as A, B, C, and D. The 

findings indicated that resin type C exhibited the highest potential for HSS removal compared to the 

other resin types. Cho et al. (2015) explored the enhancement of anion resin renovation efficiency by 

employing the ZrOH5 displacement method. They observed that by displacing ZrOH5, the efficiency 

increased by 15.2% compared to using normal sodium in a discontinuous system. In a continuous 

system, the efficiency ranged from 17.8% to 28% for bed volumes between 5% and 15%. Bazhenov et 

al. (2015) investigated HSS removal during monoethanolamine (MEA) renovation decomposed by 

electrodialysis in a pilot unit. They found that electrodialysis effectively removed HSSs regardless of 

the nature of the anions, although it was unable to remove heavy metals. Valkov et al. (2014) 

evaluated the performance of electrodialysis in a laboratory-scale setting to remove ions. Their results 

demonstrated that 70% of stable ions in MEA solution could be removed within 30 min. Meng et al. 

(2008) also studied the removal of heat-stable ions from MDEA solution using the electrodialysis 

process, achieving around 90% removal efficiency with a loss ratio of less than 9% under appropriate 

conditions. Conversely, Wang et al. (2018) investigated the removal of ions from amine waste using 

an electrodialysis stack. They found that the performance of electrodialysis was dependent on the 

density of the applied current. However, high current density was undesirable due to the energy 

consumption required to overcome electrical resistance. 
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Limited research has been conducted on removing HSS from amine solutions using nanofiltration. 

Lim et al. (2014) utilized nanofiltration to concentrate HSSs in MEA solution before renovation. They 

discovered that nanofiltration could remove more than 80% of heat-stable anions while removing less 

than 7% of MEA. Furthermore, they observed that employing a lower-cost renovation process such as 

electrodialysis allowed for the concentration of a smaller volume of waste current, reducing costs. 

Further, maintaining the primary solvent at low impurity concentrations lowered energy costs, 

reduced viscosity, and decreased repair and maintenance expenses due to reduced corrosion levels. 

Ghorbani et al. (2020) investigated the application of 3-NF polymer membranes to remove HSS ions 

in amine solutions. They demonstrated that this method could achieve HSS removal rates ranging 

from 70% to 80%. Furthermore, Ghorbani et al. (2019) studied the performance of a flat laminar 

polyamide nanofiltration membrane in the transmission of mixed binary HSSs, specifically acetate 

and sulfate ions. They found that it was possible to achieve removal rates of 80% and 90% for acetate 

and sulfate ions, respectively, at a 20% weight concentration of the amine solution and a pressure of 

70 bar. Bayati et al. (2019) investigated the removal of HSSs from industrial amine solutions using an 

anion resin. Their findings revealed that discontinuous and column operations could achieve HSS 

removal rates of 95% and 97%, respectively. 

In the vast landscape of scientific inquiry, the realm of kinetics and isotherm studies about heat-stable 

salts, with a particular focus on acetate-anion salt, has remained largely uncharted. It is a fascinating 

and crucial area of exploration, given that acetate ions play a central role in gas-sweetening processes 

involving amines. Against this backdrop, this groundbreaking study embarks on a voyage of 

discovery, delving deep into the intricacies of isotherms, kinetics, thermodynamic parameters, and the 

awe-inspiring effectiveness of specialized anion-exchange resins. This captivating research seeks to 

unravel the mysteries surrounding the separation of HSSs in the sweetening unit of the illustrious Ilam 

Gas Refinery.  

2. Materials and methodology 

2.1. Materials 

Since the goal is to separate the heat-resistant acetate anion salt from the amine solution, a strong 

anionic resin was used for ion exchange. Purolite A-400 OH was selected as the appropriate resin. 

Table 1 lists the characteristics of the used resin. The resin chosen was washed with 5 wt % caustic 

and dried at 50 °C for 2 h to renovate and remove chloride anions from the resin structure that 

neutralizes it. Trihydrate sodium acetate was used to prepare the acetate solution.  

Table 1 

Typical physical and chemical characteristics of the resin used 

Polymer structure Polystyrene crosslinked with DVB 

Physical form Amber to pale yellow, clear spherical beads 

Function group Type 1 quaternary ammonium 

Ionic form, as shipped Chloride (Cl
–
) 

Total capacity, Cl
–
 form 1.3 eq/l (28.4 kg/ft

3
) min 

Moisture retention, Cl
–
 form 48%–54% 

Particle size range 
300–1200 µm 

1% maximum < 300 µm 

Uniformity coefficient 1.7 max 

Reversible swelling, Cl
–
 → OH

–
 20% 
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Polymer structure Polystyrene crosslinked with DVB 

Specific gravity, Cl
–
 form Approximately 1.08 

Shipping weight, Cl
–
 form 680–715 g/l 

Maximum temperature limit OH
–
 form 60 °C 

Maximum temperature limit Cl
–
 form 100 °C 

2.2. Methodology 

According to the amine concentration in water (40 wt %), standard acetate solution with 

concentrations of 475, 633, 683, 787, 891, and 1064 mg/l at 25 and 50°C were prepared and used in 

experiments. To conduct each experiment, a 100 ml solution of MDEA containing acetate with 

specified concentrations was employed. The experimentation was performed at controlled 

temperatures of 25 and 50 °C and atmospheric pressure, with the addition of approximately 4 g of dry 

resin Purolite A-400 OH, subjected to continuous mixing at a rate of 250 rpm. The concentration of 

acetate HSS ion in amine solution was measured by ion chromatography using Mertosep A SUPP 

250-5. After conducting experiments and determining the equilibrium concentration of acetate in 

various samples, the adsorption equilibrium value was determined by measuring the milliliters of 

acetate per gram of resin using Equation (1). Figure 1 illustrates the schematic setup and outlines the 

procedural steps followed during the experiments. 

Resin

 [CH3COO]−

OH-

Water Bath

  
Figure 1 
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A schematic of the setup and procedural steps for the experiments 

          
 

 
 (1) 

where c0 is the sample primary concentration (mg/l), V denotes the sample volume, and m indicates 

the dry resin mass.  

This study has used nonlinear correlation to fit adsorption data with adsorption isotherms and 

determine kinetic model parameters. Data fitting accuracy was investigated based on the coefficient of 

determination (R
2
) on studied isotherm equations and the characteristics of Purolite A-400 OH resin 

interpreted by removing acetate. 

3. Results and discussion  

3.1. Effect of solution/resin ratio  

To determine the optimal solution/resin ratio for the adsorption of anionic acetate in an amine 

solution, various solution/resin mixtures were prepared and examined. Figure 1 exhibits the impact of 

the solvent/adsorbent ratio. From the provided data, it can be inferred that a decrease in the 

solution/resin ratio, which refers to the adsorbent, increases the percentage of separation of anions. 

Consequently, exceedingly high levels of anions separation, surpassing 97%, can be achieved at 

significantly low ratios, with approximate values of 10 (Hasan et al. 1396).  

The experimental findings depicted in Figure 2 demonstrate that no adsorption occurs when the 

solution-to-resin ratio is high. However, when more resin is added and the solution-to-resin ratio is 

reduced while maintaining a constant concentration of amine solution, a noticeable increase in 

adsorption is observed. Moreover, the adsorption capacity increases with higher doses. This 

phenomenon can be attributed to an enhanced surface area, which promotes increased accessibility of 

adsorbed material molecules to the adsorption sites on the designated adsorbent. 

3.2. Effect of contact time  

The kinetics of adsorption within a resin bed is influenced by the flow velocity, which varies over 

time. As the solution contacts the resin more frequently, the probability of exchange process 

mechanisms occurring increases. Additionally, a longer contact time is required to reach the 

breakthrough point. In the context of resin bed operations, empty bed contact time (EBCT) and 

exhaustion rate, specifically denoted as equilibrium time, serve as pivotal parameters for regulating 

contact duration (Wang et al. 2015). 

To examine the impact of contact time on anion adsorption using the selected resin, 4 g of Purolite A-

400 resin was combined with 100 ml of amine solution with a primary concentration of 500 ppm 

originating from acetate salt. This experiment was conducted at room temperature within a container 

equipped with a magnetic stirrer set at 250 rpm, which was employed to create a turbulent 

environment and approximate the laboratory conditions to those encountered in procedural settings. 

The impact of contact time on the extraction of acetate salt at varying temperatures is illustrated in 

Figure 3. The observation reveals that an augmentation in contact duration, along with an elevated 

concentration of acetate anions, leads to an enhanced capacity of resin adsorption. However, the initial 

stages of this process have demonstrated rapid progress, with a primary focus on the adsorption of 

anionic acetate by the adsorbent material. The reduction in curve slope consequently diminishes the 

propensity for adsorption, and after complete depletion, no substantial alteration in adsorption is 

observed despite an increase in primary concentration. Furthermore, it has been observed that when 
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the temperature exceeds 50 °C, an increased exchange occurs due to the effect of temperature 

elevation on mass transfer augmentation. Consequently, the system reaches equilibrium more rapidly, 

and the ultimate adsorption percentage is acquired within a reduced time. 
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Figure 2 

The effect of solution/resin ratio on anion acetate separation  
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Figure 3 

The effect of contact time on the adsorption of acetate anion at 25 and 50 °C 

3.3. Adsorption equilibrium isotherms  

The equilibrium retention of adsorbates onto adsorbents can be effectively elucidated through 

mathematical models constructed based on certain assumptions about coverage type, surface 

homogeneity and heterogeneity, and the interaction between the adsorbate species. Techniques have 

succeeded in multiple studies, indicating their potential efficiency in various scenarios. Adsorption 

isotherm models offer a plausible explanation for the possible mechanism of adsorption. Moreover, 
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precise data from the adsorption isotherm are imperative for determining the optimum tower length 

and ultimate concentration in designing ion exchange towers within industrial-scale dimensions. 

3.3.1. Langmuir isotherms  

The Langmuir model is widely recognized as one of the literature’s most renowned adsorption 

isotherms. Based on the Langmuir model, it is postulated that an adsorbate substance solely occupies 

a monolayer state on the surface of the adsorbent. The hypothesized concept in the Langmuir 

adsorption isotherm suggests that the adsorption layer should comprise a single molecular layer, 

encompassing all adsorption sites, wherein equal energy and adsorption enthalpies are applied 

(Chabani et al. 2009; Nethaji et al. 2013). The following equation can mathematically describe the 

Langmuir isotherm model: 

   
     
     

 (1) 

where ce is equilibrium concentration, qe is adsorption equilibrium capacity, b indicates adsorption 

energy, and qs denotes maximum adsorption capacity as Langmuir model parameters.  

Also, the separation factor (R) is investigated as follows to validate the Langmuir isotherm model: 

   
 

     
 (2) 

where Rl denotes the separation or segregation factor, b is the Langmuir constant, and c0 represents 

the primary concentration. Rl value shows whether the isotherm model is desirable (0 < Rl < 1), non-

reversible (Rl = 0), linear (Rl = 1), and or undesirable (Rl > 1). 

The Freundlich adsorption model can be regarded as an alternative formulation of the Langmuir 

equation, designed to describe the adsorption process on a surface that exhibits heterogeneity. 

According to the proposed model, adsorption is the cumulative effect of adsorption occurring at 

individual adsorption sites, each with a distinct adsorption energy. This model elucidates the 

reversible adsorption process, which is not confined solely to generating an adsorption layer. This 

model describes the heterogeneity of adsorption surfaces, including the distribution and energy of 

active exchange areas (Chabani et al. 2009; Nethaji et al. 2013). The Freundlich central equation can 

be expressed by: 

       
 
  (3) 

where kf is a parameter appropriate with surface adsorption capacity or the number of material 

absorbable adsorbent layers, and n indicates a parameter demonstrative of adsorption value. kf and n 

are related to adsorption capacity and adsorption severity, respectively. 

The depiction of Langmuir and Freundlich isotherm models can be observed in Figures 4 and 5, 

respectively. Furthermore, Table 2 lists the parameters of the Langmuir and Freundlich isotherm 

models alongside their corresponding correlation coefficients. Figures 4 and 5 demonstrate that two 

models can be fitted well with experimental data. Still, the Langmuir isotherm demonstrates a suitable 

fit compared to the Freundlich model. 

From the findings presented in Table 2, it can be deduced that the resin exhibits a higher capacity for 

acetate adsorption at a temperature of 25 than 50 °C. Based on the empirical evidence obtained 

through rigorous experimentation and subsequent analysis, it has been ascertained that the upper limit 

for acetate adsorption onto resin is 15 mg/g when the temperature is maintained at 25 °C. 
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Figure 4 

A comparison between equilibrium plots from adsorption data and Langmuir isotherms for acetate anion at 25 

and 50 °C 
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Figure 5 

A comparison between equilibrium plots from adsorption data and Freundlich isotherms for acetate anion at 25 

and 50°C 
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Table 2 

The parameters of the Langmuir and Freundlich models for acetate adsorption onto resin at 25 and 50 °C 

Figure 6 illustrates the separation factor (Rl), a crucial parameter for investigating the Langmuir 

isotherm. In light of the prerequisite that the Rl value must fall within the range of 0 and 1 to meet the 

desired condition, it is evident that the tendency for Rl to decrease under high primary concentrations 

renders adsorption highly advantageous. The experimental findings indicate the presence of favorable 

conditions. 
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Figure 6 

The Rl factor adsorption Langmuir isotherm for acetate anion at 25 and 50 °C 

From the evaluation of isotherm models, their corresponding parameters, and the determination of R
2
 

values at differing temperatures, it can be concluded that the Langmuir model is a suitable isotherm 

model for elucidating the behavior of Purolite A-400 anion resin in adsorbing acetate from an amine 

solution. 

3.4. Adsorption kinetics 

Kinetic equations are utilized to elucidate the temporal transfer behavior of adsorbed material 

molecules and to investigate the impact of contact time on adsorption. This investigation employed 

quasi-first-order and quasi-second-order kinetic models, commonly used to examine the influential 

Temperature 

(°C) 

 Langmuir parameters  Freundlich parameters 

  qs (mg·g
–1

) b (l/mg) R
2
   kf   n R

2
 

25  15.48 0.03 0.997   5.95 6.8 0.986 

50  13.51 0.027 0.9990   4.37 5.57 0.998 
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factors affecting the rate of acetate adsorption by resin (Chabani et al. 2007; Haghsheno et al. 2009; 

Ho et al. 1999). Pseudo-first-order and pseudo-second-order kinetic equations and intramolecular 

permeation are stated as follows (Chabani et al. 2006): 

               (4) 

       
              (5) 

where rate constants k1 and k2 correspond to the pseudo-first-order and pseudo-second-order models, 

respectively. The adsorption capacity in equilibrium and at time t, as measured in milligrams per gram 

(mg/g), is denoted by qe and qt, respectively. The intra-particle-diffusion model may be tried to 

determine the impact of diffusion resistances in adsorption.  

      
    (6) 

where kd is the rate constant of the model. 

In all instances, Table 3 exhibits the parameters ascertained for each model alongside the 

corresponding fitting parameters. From the fits illustrated in Figures 7–9 and the data showcased in 

Table 3, it is apparent that the pseudo-first-order and pseudo-second-order kinetic models exhibit 

satisfactory concordance with the experimental data. However, the results indicate that the pseudo-

first-order model performs better in this context. The aforementioned inference is derived based on 

the model’s superior fitness, as indicated by the higher R
2
 values and the improved agreement 

between the predicted equilibrium sorption capacities (qe) and the corresponding experimental values. 

The findings of this study provide validation for the conjecture that bonding in the form of 

complexation formation is the predominant mechanism implicated in the adsorption of ions onto the 

resin surface. Further, when examining the findings in the context of the duration of contact, it can be 

observed that a longer contact time facilitates a heightened likelihood for acetate ions to contact the 

adsorbent, consequently leading to an increase in the adsorption phenomenon. This trend continues 

until the adsorption process attains equilibrium approximately 70 min after initial contact. 

Furthermore, the duration of contact has been found to have no significant impact on the adsorption 

process. Additionally, the obtained R
2
 for the intra-particle permeation kinetic model indicates that the 

kinetics of anion acetate adsorption do not align with this model. It can be concluded that intra-

particle permeation kinetics does not play a significant role in the process control of anion acetate. 

Table 3 

The parameters of the Langmuir and Freundlich models for acetate adsorption onto resin: C0 = 500 mg/l and T = 

25 and 50 °C 

Temperature (°C) Pseudo-first-order Pseudo-second-order 

 qe (mg g
–1

) k1(l/min) R
2
 qe (mg g

–1
) k2(g/mg.min) R

2
 

25 10.08 0.137 0.9988 11.07 0.0198 0.987 

50 10.41 0.339 0.9982 1063 0.0116 0.994 
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Figure 7 

Pseudo-first-order kinetic model for the adsorption dynamic of acetate anion at 25 and 50 °C 
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Figure 8 

Pseudo-second-order model for the adsorption dynamic of acetate anion at 25 and 50 °C 
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Figure 9 

Intraparticle diffusion model for the adsorption dynamic of acetate anion at 25 and 50 °C 

3.5. Adsorption thermodynamic  

The investigation of thermodynamic parameters related to the adsorption process from solutions 

yields substantial insights into the nature and underlying mechanism of the adsorption phenomenon. 

Standard enthalpy (∆H°), standard free energy (∆G°), and standard entropy (∆S°) values are used in 

thermodynamic studies. These values detect whether the adsorption process has been endothermic or 

exothermic and determine reaction spontaneity. There are the following relations to calculate these 

values (Yang et al. 2014): 

RTR

Hs
k

OO

 ln 1

 (12) 

kRTG
O

ln 1   
(13) 

Van’t Hoff equation obtains adsorption enthalpy and entropy, where ∆G is free energy changes in 

kJ/mol, R indicates the gas constant, and T denotes temperature (K). The results obtained from 

conducted studies at different temperatures are as follows. 

The determination of adsorption enthalpy and entropy can be achieved by utilizing the Van’t Hoff 

equation. The results obtained from the experiments undertaken at different temperatures are depicted 

in Figure 10, and Table 4 lists anion acetate thermodynamic parameters. 
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Figure 10  

A plot of ln K versus 1/T used to calculate the adsorption thermodynamic parameters 

Table 4 

Anion acetate thermodynamic parameters 

    
  

   
      

 

     
      

  

   
  T (K) 

–12.27259 –1.66113 –12.7370 298 

–12.039082   373 

Table 4 demonstrates that a negative ∆H signifies an exothermic process of adsorption. Consequently, 

an increase in temperature may lead to a reduction in adsorption. This is further substantiated by the 

adsorption isotherm section, where it is revealed that the maximum adsorption is lower at 50 than 25 

°C. Additionally, the negative changes in Gibbs free energy indicate a spontaneous reaction. 

Moreover, an adverse change in entropy (∆S) indicates a decrease in disorder during the reaction, 

highlighting a reduction in the degree of freedom at the solid–surface interface of the solution during 

adsorption. 

4. Conclusions 

This research investigated the elimination of heat-stable salts, including acetate, formate, oxalate, and 

thiosulfate, from gas-sweetening units using an anion resin. The results provided valuable insights 

into the feasibility and effectiveness of using the selected resin to remove acetate anion salt. The 

findings revealed that the resin effectively removed approximately 85% of acetate anion salt from the 

amine solution, demonstrating its potential as a viable solution for addressing issues such as 

corrosion, high foaming, and reduced unit efficiency caused by the formation of heat-stable salts. The 

adsorption behavior of acetate anion salt onto the resin was analyzed using Langmuir and Freundlich 

adsorption models. The Langmuir adsorption isotherm exhibited a better fit to the experimental data, 

suggesting monolayer adsorption onto the resin. The maximum adsorption capacity for acetate onto 

the resin was determined to be 15 mg/g at a temperature of 25 °C. Kinetic studies revealed that the 
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quasi-first-order kinetic model best fit the experimental data, indicating that equilibrium adsorption 

was achieved after approximately 70 min of contact between the resin and the acetate solution. 

Thermodynamic parameters indicated that the adsorption process of acetate onto the resin was 

exothermic, with a ΔH value of –12.7370 kJ/mol. This suggests that the acetate adsorption onto the 

resin should release heat. From the conducted studies, it can be concluded that the selected anion resin 

is a suitable and promising option for effectively removing heat-stable salts, specifically acetate, from 

gas-sweetening units. This method can alleviate corrosion-related issues, high foaming, and reduced 

unit efficiency. Further research and optimization can be pursued to explore the application of the 

resin for the removal of other heat-stable salts in gas-sweetening processes, thereby contributing to the 

development of more efficient and reliable gas-sweetening technologies. 

Nomenclature 

b Adsorption energy 

   Sample primary concentration 

EBCT Empty bed contact time 

HSS Heat-stable salt 

   
Parameter appropriate with surface adsorption capacity or the number of material 

absorbable adsorbent layers 

  Dry resin mass 

n A parameter demonstrative of adsorption value 

   Adsorption equilibrium capacity 

   Maximum adsorption capacity 

R
2
 Coefficient of determination 

Rl Factor adsorption Langmuir isotherm 

V Denotes the sample volume 
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