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Abstract. This study investigates the causes of degradation of diethanolamine (DEA) solutions used for natural gas sweetening and evaluates the factors affecting their physicochemical properties and absorption performance. The accumulation of heat stable salts (HSS), organic acids, bicine, and degradation products of amines was identified as the main cause of solvent deterioration and reduced gas purification efficiency. Samples collected from an industrial gas treatment unit were analyzed to determine the composition of degradation products and their influence on solvent properties. Based on the experimental results, a three-stage purification process consisting of vermiculite filtration, activated carbon adsorption, and ion-exchange treatment using Purolite C100E cation-exchange and A100 anion-exchange resins was developed for DEA regeneration. The proposed method effectively removed degradation products, improved solvent quality, and recovered approximately 60–65% of reusable DEA. The regenerated solvent exhibited improved physicochemical properties and was suitable for reuse in the gas sweetening process. The proposed regeneration approach can reduce solvent disposal, improve process sustainability, and decrease the environmental impact associated with spent amine solutions.
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Introduction. Diethanolamine (DEA) is one of the most widely used chemical absorbents for removing hydrogen sulfide (H₂S), carbon dioxide (CO₂), and other acidic gases from natural gas. During long-term industrial operation, DEA solutions are continuously circulated through absorption and regeneration units under elevated temperatures. Repeated thermal regeneration, oxidation, and reactions with acidic components gradually change the physicochemical properties of the solvent, including increased density and viscosity, reduced active amine concentration, excessive foaming, and decreased absorption capacity. As a result, gas purification efficiency decreases and solvent losses increase.
One of the major causes of DEA degradation is the formation of heat stable salts (HSS), organic acids, bicine, amino acids, and other thermal degradation products. These compounds accumulate in the circulating absorbent because they cannot be removed during conventional thermal regeneration. Their accumulation accelerates corrosion, increases foaming, blocks filters, reduces mass-transfer efficiency, and shortens the service life of the solvent. Consequently, the operating costs of gas treatment plants increase while purification performance declines.
Industrial gas treatment plants periodically discharge degraded DEA solutions that can no longer be regenerated by conventional methods. According to operational data obtained from the investigated plant, approximately 2.0–2.5 thousand tonnes of spent absorbent solution are generated annually. If not properly regenerated or treated, disposal of these solutions may increase the risk of contamination of soil and groundwater and may contribute to environmental pollution. Therefore, effective regeneration technologies are essential not only for improving process economics but also for reducing environmental impacts.
Several amine reclamation technologies, including thermal reclamation, vacuum distillation, activated carbon adsorption, membrane separation, and ion-exchange processes, have been reported in the literature. However, many of these methods require high energy consumption, provide incomplete removal of degradation products, or involve relatively high operating costs.
The novelty of the present study is the development and evaluation of a combined three-stage purification process for industrial DEA solutions using vermiculite filtration, activated carbon adsorption, and ion-exchange treatment with Purolite C100E and A100 resins. The effectiveness of this integrated process was evaluated using spent DEA samples collected from an operating natural gas sweetening unit. The proposed method significantly reduced degradation products, restored the physicochemical properties of the absorbent, and enabled the recovery of reusable DEA for industrial application.
Research objective.The objective of this study is to investigate the mechanisms responsible for the degradation of DEA solutions used in natural gas sweetening, identify the major degradation products, develop an effective regeneration method for removing these contaminants, and evaluate the potential of the regenerated solvent for reuse while reducing the amount of hazardous waste requiring disposal.
Research objects and methods. The object of this study was a spent 30 wt.% DEA solution collected from an industrial natural gas sweetening unit treating H₂S-, CO₂-, and mercaptan-containing natural gas. The investigated samples contained degradation products, heat stable salts (HSS), bound amines, organic acids, amino acids, and suspended solids.
The physicochemical properties of the absorbent were determined using standard analytical procedures. The composition of degradation products was analyzed by chromatographic and elemental analysis techniques. Regeneration experiments were carried out using a laboratory-scale three-stage purification system consisting of vermiculite filtration, activated carbon adsorption, and ion-exchange treatment employing Purolite C100E cation-exchange resin and Purolite A100 anion-exchange resin. The regeneration efficiency was evaluated by comparing the composition and physicochemical properties of the DEA solution before and after treatment.
Experimental part.During the natural gas sweetening process, the diethanolamine (DEA) solution continuously circulates through the absorption–desorption system, where it removes acidic gases, primarily hydrogen sulfide (H₂S), carbon dioxide (CO₂), and other sulfur-containing compounds. Besides absorbing acidic gases, the circulating DEA solution also absorbs oxygen, nitrogen, dissolved metal ions, and other contaminants introduced into the process during long-term industrial operation.
The degradation of DEA solutions is mainly promoted by the following factors [5,6]:
· the presence of acidic gases (H₂S, CO₂, COS, and other sulfur-containing compounds); 
· oxygen ingress into the circulating solvent; 
· accumulation of dissolved metal ions, particularly Fe²⁺ and Fe³⁺, originating from corrosion of process equipment; 
· repeated thermal regeneration of the solvent at temperatures ranging from 130 to 160 °C. 
Under regeneration conditions, dissolved metal ions act as catalysts that accelerate the thermal and oxidative degradation of DEA. Consequently, degradation products are formed through reactions between DEA and acidic components present in the absorbent solution. 
These reactions gradually deteriorate the physicochemical properties of the solvent by increasing its density and viscosity while decreasing the active amine concentration, pH, and absorption capacity. As a result, the regenerated solvent becomes less efficient for natural gas sweetening. One of the major disadvantages of the conventional regeneration process is that prolonged exposure to elevated temperatures promotes polymerization and thermal decomposition of ethanolamine’s in the presence of absorbed contaminants [7,8]. 
[image: ]These reactions lead to the formation of high-molecular-weight degradation products, which increase solvent foaming, reduce mass-transfer efficiency, and accelerate corrosion of process equipment. The deterioration of DEA performance is primarily associated with the accumulation of mechanical impurities (metal oxides, sulfides, suspended solids, and inorganic salts) together with thermal degradation products, including diethanolpiperazine, N-(hydroxyethyl)imidazolidinone, tris(hydroxyethyl)ethylenediamine, N,N-bis(hydroxyethyl)imidazolidinone, N-(hydroxyethyl)piperazine, and N-(hydroxyethyl)oxazolidinone [9,10]. In addition, heat stable salts (HSS), organic acids, amino acids, and bicine accumulate in the circulating solvent because these compounds are not removed during conventional thermal regeneration. To identify the degradation products responsible for solvent deterioration, the composition of the spent DEA solution was analyzed using gas chromatography–mass spectrometry (GC–MS) and elemental analysis. The analytical results are presented in Figure 1 and were subsequently used to evaluate the effectiveness of the proposed three-stage purification process
Figure 1. DEA solution chromato-mass analysis
	The gas chromatography–mass spectrometry (GC–MS) and elemental analyses (Figure 1) revealed that the spent DEA solution contained not only mechanical impurities, such as suspended solids, metal sulfides, and chloride salts, but also numerous thermal degradation products of ethanolamine. The major degradation compounds identified included diethanolpiperazine, N-(hydroxyethyl) imidazolidinone, tris(hydroxyethyl)ethylenediamine, N,N-bis(hydroxyethyl)imidazolidinone, N-(hydroxyethyl)piperazine, and N-(hydroxyethyl)oxazolidinone [11]. 
The accumulation of these compounds gradually decreases the absorption capacity of the solvent and accelerates corrosion and operational problems in gas treatment units. Previous studies have reported that 2-oxazolidinone is one of the primary products formed during the thermal decomposition of DEA carbamates under regeneration conditions [12,13]. Because of its high chemical reactivity, this intermediate participates in a series of secondary reactions that generate additional nitrogen-containing heterocyclic compounds.
For example, 1-(2-hydroxyethyl)-2-imidazolidinone is formed through the reaction between 2-oxazolidinone and another DEA molecule. Further hydrolysis of this compound produces N-(2-hydroxyethyl) ethylenediamine, while subsequent oxidation and condensation reactions generate additional degradation products, including organic acids, carboxylic acid anhydrides, esters, and other oxygen-containing compounds. 
[bookmark: _GoBack]In addition to organic degradation products, the circulating absorbent contains dissolved sodium salts, chloride ions, and other inorganic impurities introduced with the process stream or formed during long-term operation. These contaminants promote the formation of heat stable salts (HSS), which cannot be removed by conventional thermal regeneration and therefore accumulate continuously in the solvent.  Under industrial operating conditions, diethanolamine also reacts with acidic components present in the absorbent solution. The principal reactions responsible for solvent degradation include[8].
1. Diluted mineral and strong carboxylic acids react with amino alcohols to form crystalline ammonium salts:
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2. In aqueous solutions, compounds are formed with H2S that are unstable at room temperature and easily decompose upon heating:
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It should be noted that the presence of polyethylene polyamines in the ethanolamines used reduces the operational activity of the absorbents and increases the viscosity and foaming properties of the solutions. For this reason, it is necessary to separate the thermal degradation products of amine from the maximum solution composition. As shown in Table 1, the concentration of heat stable salts (HSS) in the spent DEA solution reached 5.2 wt.%, whereas the recommended value for fresh solvent is close to zero. This result indicates a significant accumulation of degradation products during long-term industrial operation. Conventional DEA regeneration is typically carried out at 125–145 °C; however, HSS cannot be removed by thermal regeneration because of their high thermal stability. Consequently, these salts continuously accumulate in the circulating solvent and progressively reduce its operational performance. The accumulation of HSS has several adverse effects on the gas sweetening process. These salts accelerate corrosion of process equipment, promote the formation of iron sulfides, reduce filtration efficiency, and contribute to hydrocarbon losses during operation. In addition, HSS react with active amine molecules, decreasing the concentration of free DEA available for acid gas absorption. As a result, the density and viscosity of the absorbent increase, while solvent foaming and instability become more pronounced. These changes lead to higher solvent losses through entrainment with the treated gas, reduced absorber efficiency, increased sulfur content in the purified gas, and higher operating and maintenance costs.
The analytical results presented in Table 1 demonstrate that the removal of HSS is essential for restoring the physicochemical properties of DEA solutions and maintaining stable and efficient operation of industrial natural gas sweetening units.
1 table
Results of the analysis of the used DEA solution
	Composition of the used DEA solution
	Unit of measurement
	Amount in solution,
%
	Reminder

	Concentration DEA 30 %

	Free DEA
	%
	22,37
	

	Connected DEA
	%
	7,6
	

	anions of TBT
	%
	5,2
	above the norm

	High temperature resistant amino salts
	%
	0,49
	above the norm

	Strong cations
	ppm
	67
	above the norm

	Amino acids
	ppm
	4233
	dangerous level

	Let it end
	ppm
	1648
	above the norm

	Iron
	мг/л
	315
	24 times above the norm

	Sodium (Na+) salts
	mg/l
	63,1
	dangerous level, many

	Potassium (K+) salts
	mg/l
	13,7
	above the norm

	Formic acid
	mg/l
	667,3
	dangerous level, many

	Precipitated particles
	mg/l
	93
	above the norm

	H2S
	mg/l 3
	20-25
	above the norm

	СO2, %
	%
	3.7
	above the norm


The solution contains 4233 ppm amino acids and 1648 ppm bicine.
Both are corrosive substances that weaken metal equipment and the protective layer of the metal and are oxidized at a high rate under the influence of H2S.
1. The presence of these substances in solution leads to the following negative consequences:
2. The natural gas and aqueous solution of amine supplied during absorption purification contain toxic gases (H2S, COS, CS2, CO2, SO2) as well as oxygen, nitrogen, Na+, and K+ ions, which lead to the formation of salts and formic acid that are resistant to high temperatures.
3. In the amine solution, H2S is reduced to HS-, S2-, and CO2 is in the form of HCO3- and CO3 2- anions. If we take into account that amines exhibit an alkaline environment (pH=10.8), as a result of the regeneration of absorbent solutions at high temperatures, the anions in the solution react directly with the amines, forming HSS. These salts change the molecule of amines to form bicine, sarcosine, formic acid and other amino acids..
The concentrations of formic acid and amino acids determined in the spent DEA solution exceeded the recommended operating limits. These compounds are highly corrosive and contribute to accelerated deterioration of process equipment, increasing maintenance requirements and reducing plant reliability. Chemical analysis also showed that the concentration of bound DEA reached 7.6 wt.%, indicating significant solvent degradation. 	
The formation of bound amines decreases the concentration of active DEA available for acid gas absorption, increases solvent viscosity, reduces surface tension, and intensifies foaming. Consequently, solvent entrainment with the treated gas increases, resulting in higher amine losses and lower gas sweetening efficiency.
Another important factor contributing to DEA degradation is the accumulation of dissolved iron originating from corrosion of process equipment. Iron ions act as catalysts for oxidative and thermal degradation reactions, accelerating the formation of HSS and other degradation products. Because these compounds remain stable at regeneration temperatures up to 145 °C, they continuously accumulate in the circulating solvent and progressively reduce its performance.
The presence of heat stable salts (HSS) also shortens the service life of filtration media and intensifies corrosion throughout the gas treatment unit. More importantly, HSS reduce the effective concentration of active DEA, thereby decreasing the absorption efficiency of hydrogen sulfide and carbon dioxide.
To restore the performance of the degraded solvent, a laboratory-scale three-stage purification process was developed and evaluated (Figure 2). The first stage consisted of vermiculite filtration, in which the spent DEA solution was passed through a vermiculite-packed column at 70–75 °C and a flow rate of 3.5–4.8 L h⁻¹. This stage removed suspended solids and a significant proportion of resinous contaminants, achieving 69–76% removal of mechanical impurities. In the second stage, the pretreated solution was passed through a column packed with AG-3 activated carbon, where organic compounds, resinous substances, bicine, and bound amines were removed by adsorption. To reduce the viscosity of the solution and improve mass transfer, the activated carbon column was maintained at 60–70 °C. Under these conditions, approximately 67–73% of organic degradation products and associated impurities were removed. The final purification stage employed a mixed ion-exchange column containing equal volumes of Purolite C100E cation-exchange resin and Purolite A100 anion-exchange resin. The purification process was carried out at 55–60 °C and a flow rate of 3.5–4.8 L h⁻¹. This stage effectively removed dissolved inorganic salts and heat stable salts (HSS), resulting in an overall purification efficiency of approximately 60–63% for the spent DEA solution.
The combined three-stage process enabled the recovery of approximately 60–65% of reusable technical-grade DEA suitable for return to the gas sweetening process. The remaining 35–40% of the residue, consisting mainly of polymerized degradation products and resinous compounds, is unsuitable for solvent regeneration but may be considered for utilization in the production of demulsifiers or other industrial chemical products, subject to additional technical and environmental evaluation.
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Figure 2. Three-stage purification process for spent DEA solution: (1) vermiculite filter; (2) AG-3 activated carbon column; (3) mixed ion-exchange column containing Purolite C100E cation-exchange and Purolite A100 anion-exchange resins; (4) circulation pumps; (5) storage tank for regenerated DEA solution.
Following vermiculite filtration, the pretreated DEA solution was passed through the second column packed with AG-3 activated carbon, where organic degradation products, resinous compounds, bicine, and bound amines were removed by adsorption. Because the spent solvent contained a considerable amount of high-molecular-weight resinous substances, the adsorption column was externally heated to 60–70 °C to reduce the solution viscosity and improve mass transfer. Under these operating conditions, approximately 67–73% of the organic degradation products and associated impurities were removed.
The partially purified solution was subsequently introduced into the third purification stage consisting of a mixed ion-exchange column containing equal volumes of Purolite C100E cation-exchange resin and Purolite A100 anion-exchange resin. The regeneration process was carried out at 55–60 °C and a flow rate of 3.5–4.8 L h⁻¹. This stage efficiently removed dissolved inorganic ions, heat stable salts (HSS), and residual acidic degradation products. The overall purification efficiency of the integrated three-stage process reached approximately 60–63% [18,19].
As a result of the proposed regeneration process, approximately 60–65% of the spent DEA was recovered as reusable technical-grade absorbent suitable for return to the natural gas sweetening process. The remaining 35–40% consisted mainly of polymerized degradation products and resinous residues. Rather than direct disposal, this residue may be considered as a potential raw material for the production of demulsifiers or other chemical additives used in oil and gas production, subject to further technical, economic, and environmental evaluation.
To evaluate the effectiveness of the proposed purification method, the regenerated DEA solution was analyzed by gas chromatography–mass spectrometry (GC–MS). The chromatographic results (Figure 3) together with the analytical data presented in Table 2 were compared with those obtained for the original spent solvent to determine the degree of removal of degradation products and the restoration of solvent quality.
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Figure 3. GC–MS chromatogram of the regenerated DEA solution after the three-stage purification process

The GC–MS analysis presented in Figure 3 demonstrates that the proposed three-stage purification process effectively removed mechanical impurities, thermal degradation products, heat stable salts (HSS), and other organic contaminants from the spent DEA solution. The chromatographic profile of the regenerated solvent showed a significant reduction in the concentration of degradation products, indicating successful restoration of solvent quality.
The analytical results summarized in Table 2 further confirm the effectiveness of the proposed regeneration process. After purification, the concentration of active DEA in the regenerated solution was approximately 22 wt.%. Therefore, before returning the solvent to industrial operation, the amine concentration should be restored to the required operating value by adding an appropriate amount of fresh DEA solution (make-up solvent). A particularly important result is the reduction in the concentration of heat stable salts (HSS) from 5.2 wt.% in the spent solvent to 0.02–0.03 wt.% after purification. This substantial decrease demonstrates the high efficiency of the combined vermiculite–activated carbon–ion exchange process. The removal of HSS significantly improves solvent stability, reduces foaming, decreases corrosion potential, and enhances the absorption performance of the regenerated DEA solution during natural gas sweetening.
Overall, the GC–MS and chemical analysis results confirm that the proposed three-stage purification process effectively restores the physicochemical properties of the absorbent, making the regenerated DEA suitable for reuse in industrial gas treatment systems.
Table 2
Analysis results of purified technical DEA solution
	Composition of the used DEA solution
	Unit of measurement
	According to the norm
	Amount in solution,%
	Amount after cleaning

	Free DEA
	%
	30
	22,37
	22,0

	Connected DEA
	%
	0
	7,6
	0,5-0,7

	anions of TBT
	%
	0
	5,2
	0,02-0,03

	Strong cations
	ppm
	0
	67
	1,0

	Amino acids
	ppm
	0
	4233
	1,0-1,8

	Iron
	mg/l
	10,0-15,0
	315
	7,0-9,0

	Sodium (Na+) salts
	mg/l
	0
	63,1
	0,01-0,02

	Potassium (K+) salts
	mg/l
	0
	13,7
	0,01-0,02

	Formic acid
	mg/l
	50,0
	667,3
	36-41

	Precipitated particles
	mg/l
	50,0
	93
	6.7

	H2S
	mg/l 3
	15
	20-25
	9,0

	СO2, %
	%
	2,1
	3.7
	1,9


The concentration of bound DEA (resinous degradation products) decreased from 7.6 wt.% in the spent solvent to 0.5–0.7 wt.% after the three-stage purification process. Under normal operating conditions, the concentration of degradation products in circulating DEA solutions should not exceed 1 wt.%. Therefore, the regenerated solvent satisfied the recommended operational requirements and was considered suitable for reuse in the natural gas sweetening process.
The analytical results indicate that oxidative and thermal degradation are the principal mechanisms responsible for the deterioration of DEA during long-term industrial operation. Oxygen absorbed into the circulating solvent reacts with DEA under regeneration conditions, where temperatures of 125–145 °C accelerate oxidation and polymerization reactions. Consequently, high-molecular-weight resinous compounds are formed. These degradation products gradually accumulate on the internal surfaces of pipelines, heat exchangers, filters, coolers, and absorber trays, forming deposits that restrict gas–liquid contact and reduce heat-transfer efficiency. The accumulation of these deposits also promotes under-deposit corrosion, resulting in increased maintenance requirements and reduced reliability of gas treatment equipment.
In addition to polymerized degradation products, the accumulation of heat stable salts (HSS) significantly reduces solvent performance. Because HSS are not regenerated during conventional thermal treatment, they continuously accumulate in the circulating absorbent. Their presence increases solvent viscosity and density, intensifies foaming, decreases the concentration of active DEA, and consequently lowers the absorption capacity for acidic gases. The formation of HSS is promoted by the interaction of DEA with acidic components present in natural gas. During absorption, hydrogen sulfide exists mainly as HS⁻ and S²⁻ ions, while carbon dioxide is present as HCO₃⁻ and CO₃²⁻ ions. Under alkaline conditions (pH ≈ 10.8) and elevated regeneration temperatures, these species react with protonated amine molecules to form stable ionic compounds known as heat stable salts (HSS). Continuous accumulation of these salts promotes the formation of secondary degradation products, including bicine, sarcosine, formic acid, and other amino acids, further reducing solvent quality.
The proposed three-stage purification process effectively removed both organic degradation products and HSS, restoring the physicochemical properties of the DEA solution and improving its operational performance. The obtained results demonstrate that the combined use of vermiculite filtration, activated carbon adsorption, and ion-exchange treatment provides an effective regeneration method for industrial DEA solutions.
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