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In gas treating plants that utilize alkanolamines, accumulation of heat stable salts 

(HSS) is often unavoidable, especially in refinery systems. Heat stable salts are known to 

accelerate corrosion in amine systems by chelating iron, leading to a host of operating 

problems. An understanding of the corrosion process in amine systems is essential to 

understanding what levels of HSS can be tolerated. There is an operating cost to replace the 

amine, change particle filtration media, shut down prematurely to repair, clean or replace 

equipment and piping that can no longer be safely operated to contain the toxic process fluids, 

or to reduce hydrocarbon throughput due to plugging or foam stabilization from the buildup of 

particles from corrosion products. HSS levels can be controlled or managed through a number 

of techniques, but these all carry their own operating costs and hassles in addition to sometimes 

capital costs.  

Less well known is how levels of HSS can impact the treating performance of the 

amine unit. The performance of the absorber and stripper can be affected even with relatively 

small concentrations of HSS. Depending on the treating objectives, the effect of HSSs can 

sometimes be beneficial, such as certain situations in tail gas treating sections of the SRU. In 

many cases, however, HSSs affect treating performance negatively. With respect to H2S 

removal, the way a given amine contactor is pinched will determine whether HSS are beneficial 

or detrimental to treating. Only columns that are lean-end pinched or mass transfer pinched can 

benefit from the presence of heat stable salts, which serve as stripping promoters to lower the 

lean loading. For a given application, there will be a “sweet spot” in the treating, which can 

only be revealed through process modeling with a truly fundamental rate-based model that uses 

the correct chemistry. Figure 1 illustrates this “sweet spot” for a given application. 

 

 
 

Figure 1: Representative HSS Impacts on H2S Treating 
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This study begins by defining what heat stable salts are and how they ultimately end 

up in amine systems. Considerable confusion exists in the industry on the difference between 

heat stable salts and amine degradation products as well as how the contaminants are reported. 

Much of this confusion has been a result of analytical methods that do not directly measure the 

parameter of interest and widespread propagation of jargon1. We provide some definitions to 

clear up what is a heat stable salt, what is a heat stable amine salt (HSAS) as well as some 

different reporting methods2. 

Industry guidelines have been established for the control of heat stable salts with the 

primary objectives of safe, reliable, and cost-effective operations. These guidelines were 

developed some time ago, and there is some disagreement between the various amine suppliers 

and even amongst the amine reclamation vendors as to what the safe levels of heat stable salts 

are. Table 1 summarizes the three main sets of guidelines that are referenced most often in the 

industry. 

 

Table 1: HSS Control Guidelines 

 

Parameter 

 

HSS Anions 

Industry 

Reference3,4,5 

(ppmw) 

Reclaiming 

Vendor #1 

(ppmw) 

Reclaiming 

Vendor #2 

  Formate 1,000 7,000 N/A 

  Acetate 1,000 1,000 N/A 

  Chloride 1,000 500 N/A 

  Oxalate 500 1,000 N/A 

  Sulfate 500 N/A N/A 

  Thiosulfate 10,000 10,000 N/A 

  Thiocyanate 10,000 10,000 N/A 

Total HSS anions Target 1-2%wt 

(3%wt max) 

R.O.T. <5-10% of 

amine alkalinity 

<1.2%wt –or– 

 <8% capacity 

<0.8-1.0%wt 

Strong Cations, %wt Not covered <1.5%wt and <100% 

neutralized 

<2000-3000 ppmw 

 

This work critically reviews these guidelines and provides background on how the 

guidelines were established. With a basic understanding of corrosion in amine systems, 

including the effects of HSS, better judgement can be used to determine when and how to apply 

HSS limits for a given facility.  Whether the system treats H2S is vitally important. In fact, 

some of these guidelines fall apart in H2S-only systems. Recent work has quantified the effects 

of HSS levels on corrosion acceleration in H2S bearing MDEA8. 

In a new design, the incursion rate of HSS is usually not known, and it can be difficult 

to establish a priori. The types of HSS to expect and maintenance levels should be considered 

when establishing a flexible system design that will work reliably in both clean and HSS-

contaminated service. Engineers India Ltd. has over the years completed work on several 

facilities, some of which employed the ProTreat® mass transfer rate-based simulator to model 

the impacts of HSS on gas treating performance, and accordingly incorporated the findings in 

the design. The thought process behind some of these designs will be revealed in terms of the 

important considerations.  



BACKGROUND  

 

Clean Amine Chemistry 

The best way to understand heat stable salts is to begin with a simplified look at how 

the chemistry of an amine treating system is supposed to work in their absence. Alkanolamines 

(denoted as Am in reaction 1) are weak bases that react with water to form hydroxyl ion, OH-: 

 

Am + H2O  AmH+ + OH-       (1) 

 

H2S and CO2 are often referred to as acid gases because they give up a proton (H+) in 

aqueous solution as weak acids: 

 

 H2S  H+ + HS-        (2) 

 CO2 + H2O  H+ + HCO3
-       (3) 

 

Being weak acids and bases, the equilibria for reactions (1)-(3) is very much in favor 

of the left-hand side reactants. Very little dissociation happens when either the acids or the base 

is around without the other. The other important constituent here is water, which is itself both 

a weak acid and a weak base. This is what makes water such a great solvent. Water serves as a 

“host” sink for both protons and hydroxyl ions. 

 

 H2O  H+ + OH-        (4) 

 

When both acids and bases are in solution, reactions (1) and (2) as well as reactions (1) 

and (3) become additive. The reaction of H2S with an amine can be written by combining 

reactions (5) and (6) below and simplifying the sum into overall reaction (7) by cancelling 

some common terms.  

 

 Am + H2O + H2S  AmH+ + OH- + H+ + HS-    (5) 

 H+ + OH-  H2O        (6) 

 Am + H2S  AmH+ + HS- + Heat      (7) 

 

Reaction (7) is reversible and is exothermic (heat is written as a reaction product), 

meaning that heat is given off in the Absorber column as the reaction proceeds from left-to-

right. The amount of heat given off is related to the basicity of the amine. By Le Chatelier’s 

principle, adding heat will lever reaction (7) back towards the left, liberating H2S. This is what 

we want to happen in the Regenerator by the heat furnished in the Reboiler. Other reactions 

exist in amine solutions, but these are not necessary to understand HSS affects. 

 

The ions in solution, HS-, OH-, H+ associate in a manner that forms soluble salts, much 

like what happens if you dissolve table salt (NaCl) in water. 

  

 NaCl(s)  Na+ + Cl-        (8) 

 

Heat Stable Salts 

As the name implies, heat stable salts are resistant to being thermally reversed; i.e. they 

are thermally “stable”. For this to happen, they must come from an acid that is much stronger 

than H2S or CO2. Hydrochloric acid is a good example because it fully dissociates in water into 

a positively charged proton (H+) and a negatively charged chloride ion (Cl-). 

 



 HCl  H+ + Cl-        (9) 

 

More generically for any strong acid denoted HnX were X is an n-valent anion (Cl-, 

SO4
=, etc.), the dissociation reaction is written: 

 

 HnX  nH+ + X-n        (10) 

 

When a strong acid reacts with a weak base such as an amine, it forms a salt that cannot 

be effectively regenerated with reasonable amounts of heat. This is where the term “heat stable” 

salt comes from. 

 

 HnX + nAm  nAmH+ + X-n + A lot of Heat    (11) 

 

A consequence of reaction (11) is that the concentration of protonated amine (AmH+) 

is increased. This drives reaction (7) back to the left, making the amine easier to rid itself of 

acid gas in the Regenerator. This is referred to as the heat stable salt stripping effect. 

 

Am + H2S 

 

AmH+
 + HS-                                                         (7)  

  

In the Absorber, equilibrium is not as favorable for acid gas pickup with HSS by Reaction 7. 

However, since the levels of heat stable salts are more at contaminant levels compared to the 

overwhelming concentrations of acid gases through most of the column, the effect on 

equilibrium is only felt at the top of the absorber where acid gas concentrations in the gas and 

liquid are low. Put another way, the concentration of protonated amine (AmH+) is already high 

in the bottom of the absorber so the heat stable salt effects are blunted. We will touch more 

upon this later. 

 

HSS vs. Degradation products 

 We have seen what constitutes a heat stable salt. Unfortunately, the industry sometimes 

refers to heat stable salts as degradation products. Some heat stable salts are indeed degradation 

products, but many degradation products are not heat stable salts. With a heat stable salt, the 

amine is still the same amine that was charged into the solvent. It has only changed forms 

ionically. With a degradation reaction, the amine changes into a completely different molecule. 

Degradation can occur by oxidative means or by thermal means. Degradation products 

generally are irreversible. 

Closmann and Rochelle measured and correlated the oxidative and thermal degradation 

of MDEA that was pre-loaded with CO2 into the degradation products DEA, formate and 

bicine14. Jenkins and Critchfield noted that both DEA and MMEA were regularly measured in 

solutions that were originally MDEA that were exposed to SO2 breakthroughs in tail gas units11. 

Rooney noted a mechanism for the degradation of MEA into acetic acid18. 

 

HSS vs. HSAS 

 The term “HSAS” or “heat stable amine salt”, is nothing more than a reference to the 

amount of protonated amine, expressed as AmH+ that results from a titration measurement. 

Taking an example of a 30%wt DEA solution in water where 10% of the DEA was bound with 

a heat stable salt anion, we can make the computation in Table 2 below ignoring the particular 

heat stable salt anion that protonated the DEA. This simplified exercise assumes that the proton 

comes from an external acid source and not water, so the mass of water doesn’t change. 



 

In our simplified calculation, the amount of protonated DEA (DEA-H+) can be expressed as: 

 (002853 gmoles DEA-H+ / 4.171 gmoles total) x 100 = 0.6841 mole% in solution, 

 (3.029 g DEA-H+ / 100.029 g total) x 100 = 3.028% wt in solution, 

 Or 3% of the total amine in solution 

 

The industry uses the definition of 3.028% wt HSAS (heat stable amine salt) by convention. 

An alternative way of reporting this might be to say that we have 27%wt free DEA, 3%wt 

bound DEA (expressed as DEA, not DEA-H+) and 30%wt total DEA in solution. Regenerable 

free base (or RFB for short) is yet another term used for the free amine (27%wt) in this example. 

Only regenerable free base (or free amine) can react with acid gases. 

 

Table 2: HSAS Simplified Calculation 

 

 10 % Reacted     

    Start Solution Reacted End Solution 

Component MW g gmol g gmol g gmol 

DEA 105.14 30 0.2853 -3.000 -0.02853 27.000 0.25680 

DEA-H+ 106.15 0 0 3.029 0.02853 3.029 0.02853 

H2O 18.015 70 3.8857 0 0 70 3.8857 

Total   100 4.1710 0.0288 0 100.029 4.1710 

 

Unfortunately, our simplified calculation ignored the particular anion that protonated 

the DEA. If we had added hydrochloric acid to the solution, the total weight of the solution 

before and after reaction would be different than if we added an equivalent charge of 

phosphoric acid (-3 charge for phosphate anion vs. -1 charge for chloride, not to mention the 

anions also have different mole weights). So not all HSS are created equal. 

Table 3 below puts a number of the commonly measured HSS anions in amine solutions 

onto a relative molar charge basis for the same weight in solution. Using Table 3, 1000 ppmw 

of phosphate would bind up 1.0/0.5533 = 1.87 times the amount of amine that 1000 ppmw 

acetate would protonate. Both charge and molecular weight of the HSS anion are important in 

assessing how much amine is protonated or bound with the HSS. Even though chloride has a -

1 charge, it ties up more amine than sulfate because of its relatively low molecular weight!! 

 

Table 3: Relative Molar Charge of Various HSS Anions for Same Weight Concentration 

(Assuming complete dissociation) 
 

HSS Anion MW Charge Relative 

Phosphate (PO4
−3) 98.004 -3 1.0000 

Chloride (Cl−) 35.453 -1 0.9214 

Oxalate (C2O4
=) 88.019 -2 0.7423 

Formate (HCOO−) 45.017 -1 0.7257 

Sulfate (SO4
=) 96.061 -2 0.6802 

Thiosulfate (S2O3
=) 112.127 -2 0.5827 

Thiocyanate (SCN−) 58.083 -1 0.5624 



HSS Anion MW Charge Relative 

Acetate (CH3COO−) 59.044 -1 0.5533 

Propionate (C2H5COO−) 74.078 -1 0.4410 

Glycolate (C2H3O3
−) 75.044 -1 0.4353 

Sulfite (SO3
−) 80.062 -1 0.4080 

Butyrate (C3H7COO−) 87.099 -1 0.3751 

Lactate (C3H5O3
-) 89.071 -1 0.3668 

 

Amine solution analyses are nearly always reported on a weight basis, but reactions happen 

with moles, so Table 3 may be useful in understanding the relative power of a given HSS. A 

word of caution though: Table 3 does not reflect that the different acids have different acidity 

and depending upon the pH, the acid may or may not be fully dissociated. 

 

Measuring HSSs 

There are two primary methods for measuring HSS in solutions – titration and ion 

chromatography (IC). Titration is cheap and often the only method feasible at the plant facility. 

We mentioned that the HSAS measurement has its roots in titrations. An acid titration of the 

amine solution will produce a chart like shown in Figure 2 below. As acid is added, the pH 

drops slowly at first while there is free amine to buffer the pH. A rapid drop occurs as the free 

amine is exhausted. The second break occurs when the HSS anions are titrated back to free 

acid form. Figure 2 is from a real refinery MDEA sample. The calculated RFB reported as 

MDEA for Endpoints 1 and 2 is 42.34%wt and 43.20%wt respectively. The bound MDEA or 

HSAS by titration for this sample is 43.20 – 42.34%wt = 0.86%wt. 

 

 
Figure 2:  Sample Acid Titration Curve for MDEA Solution 
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IC allows a more detailed breakdown of the individual ions to be given, which tells 

more about the health of the solution. However, the cost of IC limits its use to mainly amine 

suppliers and reclamation vendors, who regularly perform analytical services for many 

samples. Delays in shipping and processing the samples often preclude sampling more 

frequently than once per month. Fortunately, most amine systems are large enough that the 

HSS accumulation rate over this period is tolerable. 

For the same sample shown in Figure 2, the cation and anion chromatography 

breakdown is tabulated in Table 4. Lean acid gas loading was undetectable by several methods. 

Because there was no lean loading and HSS levels were low, the RFB titration results were in 

good agreement with the IC results. From the IC results using speciation from the ProTreat® 

simulator, we obtain 0.87%wt bound amine (or HSAS), 42.51%wt free amine, and 43.38%wt 

total amine as MDEA.  

 

Table 4: Chromatography Results for Refinery Lean MDEA Sample 
 

Component Concentration Units 

MDEA 42.2 %wt 

DEA 1.00 %wt 

MEA 118 ppmw 

Acetate (CH3COO-) 2189 ppmw 

Formate (HCOO−) 553 ppmw 

Phosphate (PO4
3-) 892 ppmw 

Sulfate (SO4
=) 90 ppmw 

Thiosulate (S2O3
=) 97 ppmw 

 

The close agreement in titration and IC results for our MDEA sample is not always the 

case. Pitfalls with titrations are important to understand because they can lead to poor operating 

choices and costly mistakes. Very briefly, some of these limitations are:  

 The acid or base in solution is unknown and has to be assumed. More than one amine 

or cationic contaminants such as sodium or potassium will titrate equally as amine and 

be reported as amine because a molecular weight has to be assumed for the base. 

 Acid gas loading can titrate and be falsely reported as HSS (and vice versa!) depending 

upon the titration method and choice of endpoints. 

 Colorimetric titrations, in particular, can lead to subjective errors. Some technicians are 

color blind, and two people will not necessarily see the same shades of color equally. 

 Improper matching of a color indicator to the pH range where the endpoint occurs can 

result in completely erroneous results. 

 Only one reaction can be distinguished through the titration range, otherwise endpoints 

and breaks in pH or other indicators (color, conductivity) become dulled or even lost 

due to interferences. 

 

References 1 and 15 contain further background on analysis and errors associated with 

titrations and amine analysis. 

 

  



HSS Sources 

 Now that heat stable salts have been defined and introduced, it is important to 

understand where they come from. Most HSSs enter the system as contaminants in either the 

inlet hydrocarbons being treated or by way of impurities in the makeup water. In some cases, 

mis-lineups of piping or even deliberate introduction into the solvent is made to adjust the 

solvent characteristics. Table 5 is provided as a guide to the major sources of HSSs. It is not 

absolute, but intended more for orientation purposes. 

 

Table 5: Common Heat Stable Salt Incursion Sources 
 

Source and Relevant Reactions HSS Reaction Products 

Cyanides (Cokers, FCC) 

RCN + 2H2O  NH4
+ + RCOO- 

NH4
+ Am  AmH+ + NH3 

Formate (HCOO-), Acetate 

(CH3COO-), Glycolate, 

Propionate, etc. 

Ammonia (NH3) 

Oxygen Ingress 

2HCN + O2 + H2S + 2Am  2AmH+ + 2SCN- + 2H2O 

2H2S + 2O2 + 2Am → 2AmH++S2O3
= + H2O 

2H2S + 4SO2 + H2O + 6 Am → 6 AmH+ + 3S2O3
= 

S2O3
= + 5/2 O2 → 2SO4

= 

 

Thiocyanate (SCN-), 

Thiosulfate (S2O3=), 

Sulfate (SO4
=) 

Poor Quality Makeup Water 

Piping mis-lineups 

Brine carryover 

Deliberate addition of caustic for neutralization 

Chloride (Cl-) 

Sodium (Na+) 

Potassium (K+) 

Calcium (Ca2+) 

Magnesium (Mg2+) 

Phosphate (PO4
3-) 

 

 

HSS Effects 

 The effects of heat stable salts can be either acute or prolonged. Effects are felt in 

proportion to the rate at which HSS accumulate in a given system. HSS accumulation can be 

written as a material balance that is a function of incursion rate, system inventory, and removal 

rate. 

 Rate of Accumulation = (Incursion rate – Removal Rate) / Inventory (12) 

 

Often, these rates are reported as % increase / day,  mass/time, or concentration/time.  Unless 

amine losses are zero, only the difference between incursion and removal rate can be measured. 

Systems experiencing high amine losses carry a high removal rate of HSS per equation (12). 

After amine losses are stopped, the rate of HSS accumulation suddenly increases. This has the 

unintended consequence that fixing amine loss problems leads to heat stable salt problems, and 

one of the longer-term consequences of elevated HSS accumulation is higher amine loss due 

to foam stabilization or increased filter element changeouts. 

 

Gas Treating Effects of HSS 
The most immediate acute effect of HSS accumulation is lost chemical capacity for 

holding acid gases in the solvent from the permanently protonated amine. The chemical 

capacity of the solvent for acid gases impacts the VLE driving force at the rich-end of the 

column. Therefore, amine treating services that are sensitive to circulation rate are either rich-

end pinched or mass-transfer pinched with respect to treating. Figure 3 plots the actual versus 



equilibrium H2S partial pressure above a solvent that is normal (top) and starved of amine 

(bottom) because of HSS. 

 

 
 

 
Figure 3 here – Normal Contactor (top), Rich or MTR Pinched due to HSS (bottom) 

 

 At the other extreme, if an amine contactor’s treating performance is normally 

controlled by the lean loading and the lean loading drops over time due to heat stable salts per 

reaction (7), then some benefit can be seen in the treating as the HSS accumulate. 

 By themselves, HSSs can carry a slight benefit in helping MDEA selectivity by slipping 

more CO2 as we will demonstrate later in this work. However, Jenkins and Critchfield provide 

evidence that MDEA exposed to SO2 breakthroughs in Claus tail gas treating service degrades 

into MMEA and DEA, both of which are less selective than MDEA11. The consequence of SO2 

breakthroughs hence is less selective MDEA, which was quantified in detail by Weiland et al.12 

  



Corrosion Acceleration 
 Corrosion acceleration is one of the major long-term prolonged problems encountered 

with heat stable salts. This is especially true in the hot lean portion of the amine unit. HSS 

anions are known to chelate iron. An iron sulfide layer normally passivates the iron surface of 

carbon steel pipe from the corrosion of iron by H2S. By chelating iron, HSS anions increase 

the concentration of dissolved ionic iron that can be held in solution. Also, due to the HSS 

stripping effect, there is less H2S in the lean solvent to aid in retaining the passivating layer on 

the steel. Figure 4 illustrates this chelation, which is chemically equivalent to the effect of 

running high velocities in physically removing the protective iron sulfide layer. 

 

 
Figure 4:  Chelation of Iron by Formate HSS Anion and its Analogy to Velocity 

Assisted Physical Erosion of Protective Iron Sulfide Film16 

 

 Corrosion acceleration leads to a whole host of acute and prolonged operating problems 

in the amine unit. Iron sulfide corrosion products plug equipment. To mitigate this outcome, 

more frequent particle filter change-outs are needed. This represents an operating and 

maintenance cost to the amine unit. Particle filters only can catch what they see, and often are 

installed only on a slipstream of the amine. Any particles smaller than the filter media rating 

or in amine that bypasses the filters carry the potential to plug equipment, resulting in lost gas 

and sulfur processing production capacity. This cost can be major for sulfur constrained 

facilities. 

  

 

  



INDUSTRY GUIDELINES ON SAFE HSS MAINTENANCE LEVELS 

  

Recognizing the consequences of elevated heat stable salt levels, the industry has 

established some guidelines as to “safe” HSS maintenance levels that are outlined in Table 1 

(repeated here). There has been some disagreement amongst the industry between the 

reclaiming vendors and what we have labelled here as Industry Reference, which came mainly 

from solvent suppliers. 

Table 1: Industry HSS Control Guidelines 

 

Parameter 

 

HSS Anions 

Industry 

Reference3,4,5 

(ppmw) 

Reclaiming 

Vendor #1 

(ppmw) 

Reclaiming 

Vendor #2 

  Formate 1,000 7,000 N/A 

  Acetate 1,000 1,000 N/A 

  Chloride 1,000 500 N/A 

  Oxalate 500 1,000 N/A 

  Sulfate 500 N/A N/A 

  Thiosulfate 10,000 10,000 N/A 

  Thiocyanate 10,000 10,000 N/A 

Total HSS anions Target 1-2%wt 

(3%wt max) 

R.O.T. <5-10% of 

amine alkalinity 

<1.2%wt –or– 

 <8% capacity 

<0.8-1.0%wt 

Strong Cations, %wt Not covered <1.5%wt and <100% 

neutralized 

<2000-3000 ppmw 

 

Vendor guidelines that constitute the Industry Reference were traced back primarily to 

work published in the early-mid 1990’s by the then DOW Chemical Company3,4,5,17. Samples 

of amine and water were autoclaved with corrosion coupons with varying levels of different 

heat stable salts. The measured corrosion rates were assumed to be reflective of corrosion rates 

in the circulating amine system. These guidelines were supposedly discussed and set during a 

roundtable session at the 1994 Laurance Reid Gas Conditioning Conference, but remain 

undocumented otherwise. 

One ingredient that was conspicuously missing from the tests conducted was H2S. It is 

well known that H2S corrosion can form a beneficial iron sulfide passivation layer under the 

right conditions. It is almost universal that refinery treating systems will contain H2S, hence it 

would be reasonable to assume that the corrosion measurements that constitute the Industry 

Reference are more reflective of generalized acid-assisted corrosion and chelation in the 

absence of H2S. When a stable iron sulfide film can be maintained, the reference guidelines 

will be quite overconservative (but safe) in setting limits. The paradigm exists, however, that 

tools do not yet exist to predict how much H2S is needed to produce an iron sulphide film and 

under what conditions a stable film can be maintained. 

The reclaiming vendors tend to focus more on the total HSS anion levels or the 

percentage of the amine capacity that can be tied up with HSS before corrosion spirals out of 

control. In H2S-bearing systems, these guidelines tend to hold up better versus focusing on 



individual anions. There is a glaring omission that the amount of amine in solution is ignored. 

The total HSS anion guidelines should be assumed to be applicable only to systems that are 

operating at “normal expected” amine strengths, for example 40-50% wt MDEA, 25-30%wt 

DEA, and 15-20%wt MEA. An amine system operating significantly below the “normal 

expected” amine strength should probably have HSS anion limits scaled down in proportion. 

The rule-of-thumb limits (5-10% of amine capacity or alkalinity as HSS) are intended to cover 

this scenario. The industry reference would be more applicable to CO2-only systems or over-

stripped H2S systems that do not have a protective iron sulfide film. 

Recent work at University of Nevada measured corrosion rates in both the liquid and the 

vapor space above MDEA samples that were exposed to three levels of heat stable salts and 

the degradation product bicine at nominally 250°F8. A key difference with this work versus 

previous efforts was the inclusion of H2S lean loading on-the-order of 0.01 mole/mole MDEA. 

Nominally 45%wt MDEA was used with different blends and levels of HSS constituents. 

Corrosion products were also examined via X-ray diffraction (XRD) and using scanning 

electron microscopy (SEM). Table 6 summarizes results of the liquid phase and vapor phase 

corrosion measurements taken, which are based upon raw data collected after a week following 

equilibration of the vessels. Probe measurements were also taken, but are not reported here due 

to variability. There does appear at the higher HSS concentrations to be a correlation in the 

probe measurements to the corrosion rate measured on the carbon steel coupons. 

Table 6: Summary of University of Nevada Corrosion Measurements 

 (Courtesy MPR Services) 
 

Test 

Liquid 

Corrosion 

Rate, mpy 

Coupon 

Vapor 

Corrosion 

Rate, mpy 

Coupon 

MDEA+H2S 1.7  0.2 10  0.3 

MDEA, H2S, 0.14% HSS 1.4  0.3 37.0  0.9 

MDEA, H2S, 1.4% HSS 1.0  0.1 9.2  0.5 

MDEA, H2S, 1.4% HSS + 

1000 ppm Bicine 
1.5  0.3 11  5 

MDEA, H2S, 5.0% HSS 9.0  0.2 44  1 

 

For liquid phase corrosion, these experiments show that the nominal corrosion rate under 

static conditions is similar until the HSS level is increased from 1.4 to 5.0%wt in solution, 

where there is a major increase in corrosion. The initial slight drop in liquid phase corrosion 

rates may be due to lower dissolved H2S concentrations by the design of the experiments. 

Statistically, the measurements of liquid phase corrosion are similar at or below 1.4%wt HSS 

in solution. XRD analysis showed the primary corrosion product to be pyrite, FeS2. 

Caution should be exercised in applying these corrosion measurements to a flowing 

MDEA treating system. In our experience in correlating corrosion measurements on other 

systems, the quality of the iron sulfide film may be fragile and quite dependent upon the sheer 



stress exerted at the pipe wall. The measurements here should be taken as relative and in context 

to the experiments. 

Perhaps surprising, is that serious corrosion in the vapor phase was measured. Some of the 

HSS may be expected to have volatile free acids, which could impact the integrity of the iron 

sulfide layer in the vapor phase. The researchers noted also that splashing of liquid could be an 

explanation and that an unidentifiable phase or mixture of phases in the vapor samples was 

found. These findings might suggest that splash zone service or vapor phase service in a 

commercial plant may have higher corrosion rates than the liquid, which HSS exacerbate. On 

the other hand, the choice of experimental conditions may have resulted in a vapor phase that 

was mostly water vapor and recondensation of liquid in the vapor space may have resulted in 

dripping of H2S-bearing liquid along the corrosion coupons leading to subsequent corrosion. 

 

HSS MANAGEMENT TECHNIQUES  

Prevention 

With the knowledge now of how most HSS enter the system, it is an unfortunate reality 

that not much can be done to prevent the incursion of heat stable salts into refinery amine 

systems. Some HSS precursors can be removed through water wash of the inlet hydrocarbon 

gas (HCl and SO2 for instance) with varying success and added cost. The practice of using 

clean quality makeup water is important (BFW quality or better). Additionally, eliminating 

oxygen ingress sources should be seriously considered (blanket tanks, eliminate leaks in 

vacuum gas gathering equipment, etc.). In the case of a sulfur plant tail gas treating unit 

(TGTU), maintaining good cascade control of the air demand analyzer is vital with some 

benefit for running the Claus plants upstream with the H2S:SO2 ratio elevated above 2:1 ratio 

(4:1 to 6:1 is common these days). It should be noted that not all TGTU’s, however, were 

designed to accommodate the additional sulfur load from running excess H2S ratio. 

Mitigation 

There are a number of techniques to mitigate the effects of heat stable salts. Detailed 

discussion of the practices and technologies available is beyond the scope of this paper.  

 Do nothing 

 Bleed & Feed 

 Caustic Neutralization 

 Thermal and Vacuum Reclaiming (Onsite or Offsite) 

 Electrodialysis (Mobile and Permanent available) 

 Ion Exchange (Mobile and Permanent available) 

The cost of HSS management trades off against the operational and maintenance cost of 

not controlling the HSS. A recent case illustrating this was discussed at the 2019 Brimstone 

Sulfur Symposium by ExxonMobil. A MEA system operating at their Baytown, Texas refinery 

with 2%wt HSS in solution for 6 years required replacement of a large portion of the amine 

regenerator carbon steel shell and trays 1-1110. The entire treating plant was down for a month 

and a half. Just the estimated cost of repairs was $1.5MM US. 

Economics for HSS control are site-dependent and influenced by a number of factors: 



 HSS Incursion Rate: 

Incursion is difficult to predict, but can be correlated from historic data for a given site 

and some basic reaction kinetics9.  

 System Inventory: 

Larger inventory means that the system will be able to deal better with a higher HSS 

incursion rate per Equation (12) previously given in this paper. This is a big factor in 

setting the economics for how to deal with HSS. In the case of a Claus TGTU, a 

common practice is to downgrade the TGTU amine into the primary amine system and 

makeup fresh MDEA into the TGTU. The larger system inventory in the primary amine 

can provide some “inertia” to blunt the HSS anion increase and be helpful in delaying 

the need for cleaning. In the event that mobile cleaning is desired, then only one system 

needs to have clean-up connections. 

 Amine Losses: 

Losses of amine, especially those that are uncontrollable, impact the “apparent” HSS 

incursion rate per Equation (12). Most large amine losses are controllable, so there is a 

trade-off between the cost of sloppy amine inventory control and the management of 

HSS. 

 Amine Type and Makeup Cost: 

Access to supply and local area variability play a role in setting the economics of HSS 

management. If the amine supply is cheap and inventory is small, some systems may 

be more economical to manage by bleed-and-feed. 

 Redundancy: 

Although for most sites, this would be a dream come true, there are units that have the 

flexibility of having an installed “spare” that can be swapped into. In this case, periodic 

mobile clean-up becomes more economically attractive. 

 Wastewater Treatment Plant: 

The size and the health of the onsite WWT plant for digesting amine losses can make 

or break the bleed and feed option. 

 Finally, site access to mobile reclaiming services is an important consideration. 

The effectiveness of caustic neutralization has been the subject of numerous debates in the 

industry. Caustic liberates the amine to react once again with the acid gas. In this respect, it 

restores acid gas handling capacity on the rich side. However, adding caustic does nothing to 

remove the heat stable salt anions from solution that are still floating around as potential 

corrosion accelerators. Whether caustic addition reduces the corrosion potential of amine 

solutions is still debated. Table 7 provides evidence from one site operating at 20-25%wt DEA 

over a several year span that operated with occasional caustic addition. Some marginal 

improvement can be seen on the hot rich service from the measurements while lean side 

corrosion appears to have been greatly amplified. 

Table 7: DEA Plant Corrosion Measurements (Confidential Site) 

 

Total HSS 

anions, 

ppmw 

Na+ 

ppmw 

Reboiler 

Outlet 

mpy 

Hot Lean 

mpy 

L/R HX 

Lean out 

mpy 

Hot 

Rich 

mpy 

22,000 3500 70-100 70 35 5-8 

7500 1000 14-20 22 8 2-3 



15,000 800 30-35 57 NA 11 

8500 <100 <10 <1 <1 7 

18,500 <100 8-14 50 1.1 3-4 

20,000 7000 115-130 27 5 4-5 

 

DESIGN GUIDELINES  

 

Noting all of the preceding factors that interplay and the conflicting guidelines on HSS 

maintenance levels, the following guidelines are suggested to be considered in the design of 

new primary amine and MDEA-based TGTU services based upon experience. These guidelines 

only apply to systems operating at the “normal expected amine strength”. 

1. Set up a design simulation case for clean amine service (no heat stable salts). For 

systems that are lean amine pinched, the presence of some HSS will be beneficial to 

treating. Unless a formulated1 MDEA specialty solvent is being used, the condition of 

the unit upon startup will be clean and free of heat stable salts, so this scenario must be 

considered for treating on initial startup or after a thorough HSS cleaning. 

2. Use simulation to perform sensitivity studies on the treating performance at the upper-

end of the accepted limits for total heat stable salt anions using a blend of the heat stable 

salts that are expected for the amine treating unit’s service. In the absence of historical 

data at the site (grassroots refinery unit), the limits in Table 8 can be used. 

3. For units that show differing treating performance under the HSS-laden upper limit, it 

is recommended that a minimum of two additional sensitivity runs be conducted at 

intermediate HSS conditions equally spaced between the clean and upper-end dirty 

condition. This exercise will allow the designer to determine whether there will be 

benefit in controlling the HSS to a lower level than the upper corrosion limit. 

4. For systems where makeup water quality is an issue or caustic neutralization is 

practiced, a second sensitivity simulation should be run with the cation limits shown in 

Table 8. 

5. In selective MDEA treating applications that can experience SO2 breakthroughs or 

significant oxygen contamination while treating H2S feeds, sensitivity of the design to 

MMEA and DEA degradation products should be considered. 

6. Perform an economic analysis to determine whether periodic batch HSS clean-up 

should be conducted or if a permanent HSS removal skid should be installed. 

  

                                                           
1 There is a common misuse of the terms formulated MDEA, promoted MDEA, and MDEA that is “activated”. 

Solvent vendors formulate MDEA solvents for specific purposes (increasing selectivity for H2S, promoting CO2 

pickup, or optimizing energy efficiency). MDEA must be blended with a more “active” amine for CO2 pickup. 

BASF trademarked the term aMDEA® to cover a family of solvents for this purpose. Usually the term 

“Activated MDEA” is reserved for this reference to a BASF solvent. Some formulated MDEA systems contain 

HSS or even other amines to allow treating to ultra-low H2S levels. In general, the use of such jargon should be 

avoided. 



Table 8: Recommended Design Guidelines for HSS Upper Limits 

Parameter Gas Plant 

Primary 

Amine 

(No H2S) 

Refinery or 

Gas Plant 

TGTU 

(MDEA) 

Refinery 

Primary 

Amine w/ 

Coker 

Refinery 

Primary 

MDEA 

w/ FCC 

Refinery 

MDEA 

w/ FCC, 

Coker + 

Flare Gas 

Total HSS 

Anions, ppmw 

<1%wt <1%wt or 

<10% of 

alkalinity 

<1%wt or 

<10% of 

alkalinity 

<1%wt or 

<10% of 

alkalinity 

<1%wt or 

<10% of 

alkalinity 

Distribution of 

Individual HSS 

anions 

Per Table 1 

Industry 

Reference 

As 

thiosulfate 

S2O3
= 

formate & 

thiocyanate  

formate & 

thiocyanate  

formate & 

thiocyanate  

Strong cations, 

%wt 

<2%wt and 

<80% 

neutralized2 

<2%wt and 

<50% 

neutralized2 

<2%wt and 

<80% 

neutralized2 

<2%wt and 

<80% 

neutralized2 

<2%wt and 

<80% 

neutralized2 

Additional 

Considerations 

Without 

H2S, 

chloride 

SSC limits 

may be 

needed1 

 Assume 8% 

of amine is 

converted to 

DEA and 

MMEA in a 

2:1 DEA : 

MMEA ratio 

 Assume 8% 

of amine is 

converted to 

DEA and 

MMEA in a 

2:1 DEA : 

MMEA ratio 

Assume 8% 

of amine is 

converted to 

DEA and 

MMEA in a 

2:1 DEA : 

MMEA ratio 

 

Notes on Table 8: 

1. There is a common misconception that Cl- stress corrosion cracking (SCC) will be a 

concern in amine units above the 1000 ppmw vendor limit. Metallurgists will generally 

concur that SCC will normally not occur if H2S is present as the H2S quite effectively 

scavenges oxygen to form thiosulfate HSS2. All the ingredients that follow must be 

present for chloride SCC to occur (temperature > 140°F, Cl- ion, free oxygen, liquid 

water, and stress).  

2. Limits shown for caustic are conservative for several reasons. Experience has shown 

that sometimes higher levels of caustic can be handled with systems that are not 

constrained (pinched) in lean loading. Simulation can aid in identifying these pinches. 

However, differentiating alkalinity due to sodium or potassium versus amine with the 

limited analytical capabilities in most plant laboratories is not possible. Practically 

speaking, the amine solution must be sent off to a third party to be analyzed for sodium 

or potassium by cation chromatography. Given the time limits for sample turn around 

and false information that titration equipment at the plant will provide, the risks are 

viewed to be unacceptable by most management. If the plant has ion chromatography 

capabilities on site, then more strong cations can be tolerated. Secondly, some types of 

heat stable salt anion removal systems are adversely impacted by elevated levels of 

strong base cations. 

The simulation studies performed are intended to flesh out potential limits to treating that 

cannot easily be identified a priori. Any limits to treating must be either addressed through 

                                                           
2 H2S has been used at times and is an ingredient in some oxygen scavengers (an alkali-inerted sulfide).  



hardware design modifications or by applying more stringent HSS control measures in 

operation. The design must meet the treating specifications for the site first and foremost. It 

must do this safely and reliably over the long-term plant design life as a secondary 

consideration. Cost (economics) in meeting these objectives are a final consideration. 

 

CASE STUDY APPLICATIONS FROM THE REAL WORLD 

 

With the recent changes to BS-VI standards mandating significantly lower sulphur 

specifications in fuels, there is a keen desire to avoid H2S slipping through under increased 

sulphur load and contributing to total sulphur emissions. Case studies of tail gas treating units 

are presented in this section. The intent of the case studies is to evaluate the robustness of the 

design in the presence of HSS, from a few ppmw to nearly 2 wt%. The case studies were carried 

out using a typical Indian refinery TGTU feed gas composition as shown in Table 9. The PFD 

used for all the investigations in this work is shown in Figure 5.  

Table 9: Feed Gas Parameters 

H2S 1.54 mol% 

COS 25 ppmv ppmv 

CS2 2 ppmv ppmv 

CH3SH 15 ppmv ppmv 

CO 750 ppmv ppmv 

H2 3.46 mol% 

CO2 3.82 mol% 

N2 82.76 mol% 

Ar 0.94 mol% 

H2O 7.4 mol% 

Total Gas Flow 70,0000  kg/hr 

 

 
Figure 5: PFD of TGTU  

The key design parameters used in the base case are shown in Table 10 below.  



Table 10: Key Design Parameters 

Treating objective < 75 ppmv H2S at absorber top 

(55 ppmv as designed) 

Absorber 3.4 m diameter 

14 single pass generic valve trays  

0.6 m tray spacing 

0.05 m weir height 

Lean Amine Temperature to Absorber 40 C 

Regenerator 2.2 m diameter  

2 single pass valve trays  

0.6 m tray spacing (wash trays) 

0.075 m weir height 

14 two pass valve trays  

0.6 m tray spacing 

0.075 m weir height 

Reboiler Steam 25,200 kg/hr (120 kg steam 

at 3.5 kg/cm2(g) per std. cum of solvent) 

Condenser Temperature 55 C 

Solvent Generic MDEA 35 wt%, 210 cum/hr (case 1) 

MDEA 35 wt% with H3PO4 promoter, 210 

cum/hr (case 2) 

 

Invariably in TGTUs, the solvents become contaminated due to a variety of factors such 

as surface-active agents, oxidation and thermal degradation of the amines, solids, and other 

contaminants such as HSS, that enter the system either with the gas or are formed by reaction 

in the solvent.  HSSs may be present regardless of best practices being followed to ensure 

amine hygiene in the TGTU. Poor amine hygiene will only exacerbate HSS problems.  

It is pertinent, and may be viewed as a necessity to determine if a TGTU designed under 

the assumption of a clean solvent will also continue to maintain treating objectives in the 

presence of HSS. To this end, the performance of the base case shown in Figure 5 was 

investigated in the presence of HSS from a few ppmw to nearly 2 wt% of the solvent. 

Thiosulphate (S2O3
=) was chosen as a representative HSS in the TGTU. Thiosulphate is formed 

as a result of the dissolved oxygen with H2S or from SO2 reaction with H2S in tail gas treater 

under conditions when no HCN is present.  

Case studies and sensitivity analysis were performed using a rate-based mass transfer 

simulation tool, ProTreat® which uses the details of the actual internals of both the absorber, 

and regenerator columns, and detailed solution analysis (HSS profile). The first case deals with 

pure MDEA as a solvent, while, the second case study deals with a TGTU containing 

phosphoric acid (H3PO4) as an additive to MDEA.  

  



Case 1 – HSS impacts when using 35 wt% generic MDEA  

Figure 6(a) through 6(d) illustrate the impact of HSS on various key parameter of the 

TGTU circuit. Figure 6(a) illustrates the impacts of increasing amounts of HSS on H2S and 

CO2 slip through the TGTU absorber. What may come across as a surprise is that up to a few 

1000’s of ppmw of HSS, the H2S leak through the absorber comes down, providing much lower 

residual H2S levels. However, if amine hygiene is not maintained sufficiently, and the HSS 

allowed to build up, H2S slip will eventually increase and violate the design objective of 75 

ppmv H2S. When this happens, the H2S slip is already on an increasing trend and containing 

this is going to be significantly harder than preventing this in the first place with better amine 

hygiene and control of SO2 breakthroughs. The CO2 slip through the absorber is nearly 

unchanged, although there is a marginal rise through the investigated range of the HSS. Figure 

6(b) shows the impact of increasing levels of HSS on lean and rich H2S loadings. When Figure 

6(b) is read in conjunction with Figure 6(a) the observations are more revealing. Up to nearly 

10,000 ppmw of HSS, the lean loading continues to show a pronounced drop, after which the 

impact tapers off. This is one of the key reasons why the H2S leak reduces with increasing HSS 

(such as thiosulphate) until about 10,000 ppmw. In TGTUs which are often lean loading 

limited, thiosulphate allows the solvent to be stripped to lower lean loading, enabling the 

solvent to pick up more H2S.  

 

Figure 6(a): Impact of HSS on TGTU Absorber Off Gas 



 

Figure 6(b): Impact of HSS on Lean and Rich Loading 

While it may appear that allowing some amount of HSS build-up may be beneficial, 

one must bear in mind that HSS impact more than just the treating performance.  HSS 

exacerbate corrosion significantly. However, with increasing HSS, the quantity of MDEA 

needed to maintain effective lean amine strength at 35 wt% starts going up. Figure 6(c) 

illustrates this point, where the additional MDEA make up goes up from nearly 0 at low ppmw 

levels of HSS to nearly 1400 kg at 1.8 wt% of HSS. This is an obvious impact on operational 

cost. (Note – the MDEA make-up values should be read with caution, as they are presented on 

the assumption that the HSS incursion rate on the horizontal axis occurs over a month’s 

operation. As such the HSS incursion rates may nominally be of the order of a few thousand 

ppmw of HSS over a month, but this may be even more severe in case of SO2 breakthroughs.) 

Although the case study being discussed here is meant to investigate the robustness of an 

existing design, Figure 6(d) is provided to show the impact of HSS on the pH of the lean and 

rich amine. Operations personnel that see a reduced pH of both the lean and rich amine should 

be concerned, and perform additional analysis to determine HSS levels, including IC analysis 

of the amine, and rigorous simulation. Perhaps the biggest effect though for SO2 breakthrough 

is the formation of DEA and MMEA, which significantly impact CO2 slip. References 11 and 

12 provide levels that can be expected and methods to quantify the impacts on treating 

performance. 



 
Figure 6(c): Impact of HSS on MDEA make-up rate 

 

 
Figure 6(d): Impact of HSS on Amine pH 

 

Case 2 – HSS Impacts with 35 wt% generic MDEA and Phosphoric Acid as Promoter 

In our second case study, we investigate the impact of HSS (thiosulphate) over the same 

range as in Case 1, with the only change being that the solvent is now promoted with phosphoric 

acid. All other aspects of Case 1 remain unchanged. The design now produces much lower H2S 

of about 28 ppmv H2S through the TGTU absorber off gas. Case 1, without any HSS, as 

designed produced about 55 ppmv H2S through the absorber off gas.  It is well established in 



the industry that addition of phosphoric acid (typically a few thousand ppmw) allows the 

benefit of stripping promotion by producing solvent that has much lower lean loadings. In fact, 

phosphoric acid is a commonly used key ingredient in several branded/formulated solvents, 

with the quantity of phosphoric acid often tailored to suit project specific design requirements.  

As has been noted previously, whether it is mineral acids like phosphoric acid, or 

organic acids (HSS), all of them bind the amine by generating the amine’s protonated form. 

Increasing the concentration of the protonated amine drives the ionic reaction chemistry away 

from HS- towards formation of free H2S, allowing the solvent to be stripped to lower residual 

H2S loading. The impact of HSS on phosphoric acid promoted MDEA is illustrated in Figure 

7(a), which is in contrast with Figure 6(a) for pure MDEA. The presence of increasing 

quantities of HSS increases H2S slip from nearly 30 ppmv (for no HSS) to nearly 200 ppmv 

(for 1.8 wt% HSS). With phosphoric acid already in the solvent solution, the benefits of altering 

the chemistry have already been “taken-up”, and the addition of HSS worsens treating 

performance. By extension, one may state that for a plant designed using promoted MDEA as 

a solvent, there is probably minimal to no-cushion for operation with HSS. While, in the present 

case, few thousand ppmw of phosphoric acid is being used, it is important to understand that 

irrespective of the formulation and extent of phosphoric acid addition, the observations herein 

would hold true.  

 
Figure 7(a) – Impact of HSS on MDEA promoted with Phosphoric Acid 

Conclusions from the Case Studies 

 A solvent contaminated with HSS may treat to a lower H2S slip level than a clean 

solvent if the column is lean-end pinched. 

 The presence of substantial quantity of HSS alters the solution chemistry allowing the 

regenerator to produce a solvent with much lower residual lean H2S loading. 

 Care should be taken while designing HSS removal units to ensure that solvent cleaning 

does not result in the residual H2S going up. There is an optimal level for maximum 

effectiveness, highly dependent on the particulars of operation, and no general rules of 

thumb exist or should be assumed.  



 Organic acids (HSS) and mineral acids such as phosphoric acid are effective in 

promoting stripping in the TGTUs. One may take advantage of allowing some cushion 

in operation (with respect to HSS) with pure MDEA, but such cushion may not exist 

for promoted solvents.  

 It is prudent to assess the impacts of HSS on the treating units to ensure robustness of 

the design using rigorous heat and mass transfer rate-based simulations that also 

account for HSS chemistry. 

 Units with tight H2S treating specifications that require formulated MDEA solvents to 

begin with may need to consider installing HSS removal units to remove the 

incremental HSS that accumulate above the intended “Base” HSS target level. 

OVERALL CONCLUSIONS  

This work was undertaken to clear up a number of misconceptions that have been 

widespread for many years concerning HSSs. Most of these misconceptions result from 

differing definitions, poor understanding of the chemistry, and the mis-use of jargon. 

The effects of HSSs on treating performance, operations, and corrosion were reviewed 

with several quantitative case studies and corrosion measurements. With this understanding, 

previous design guidelines can be better understood and placed in context to their areas of 

applicability. 
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