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Abstract
When hydrogen sulfide (H2S) gas is produced from oil reservoirs, it leads to a number of well-known
problems relating to both metal corrosion and health and safety. Up to a certain concentration (~ 1000s
ppm in the gas phase) the H2S can be removed by adding a chemical “scavenger” to the system which
reacts with H2S to form less harmful by-products. A range of different chemical species have been applied
as H2S scavengers in petroleum production systems, operating through either oxidative or non-oxidative
mechanisms; the former group includes such species as alkaline sodium nitrite and hydrogen peroxide
and in the latter group triazine type scavengers have been very prominent. Although triazine based H2S
scavengers have been hugely successful in practical and commercial terms, there have been associated
issues with the related by-products from the scavenging reaction (discussed in this paper).
An alternative non-triazine chemical range of H2S scavengers which has emerged in recent years has been
based on hemi-acetal chemistries, where a hemi-acetal is produced by the reaction of an alcohol with an
aldehyde. Where the aldehyde is formaldehyde, the resulting species are known as hemi-formals. In this
work, the synthetic chemical reaction pathway for hemi-formals based on ethylene glycol and glycerol
were studied. This work is novel in four major respects: (i) firstly, we examine hemi-formal production via
acid, base and neutral catalysis systems; (ii) we perform a detailed structural determinations of the
oligomeric series thus produced (which are different) by analyzing the products by derivatized gas
chromatography mass spectrometry and making subsequent structural assignments; (iii) we then assess
the effectiveness of these species as H2S scavenging using an industry standard multiphase test
methodology and make some correlation between their structure and performance; and finally, (iv) we
studied the structures of product and by-products of the scavenging reaction both before and after the
scavenging reaction with H2S. This latter part of the study examines issues of by-product structure early
in the development of these newer products in order to address any problems that may be encountered
“up front”. This greatly facilitates our application of using hemi-formals as fully optimized non-triazine
based scavengers by addressing by product chemical analysis of these relatively new H2S scavenger
systems.

1. Introduction
1.1 H2S scavenging in the oil industry
The removal of hydrogen sulfide (H2S) from produced gas, oil and water has been a challenge to the oil
and gas industry for many years. H2S is an undesirable component primarily due to its highly toxic and
corrosive nature. H2S originates from either biological or inorganic geological processes, which have
occurred in the formation, and must often be removed or scavenged prior to commercial use of the gas
and fluids.1, 2, 3, 4
The National Association of Corrosion Engineers (NACE) definition of a “sour” system is based on the
partial pressure of H2S but practically, an oilfield producing more than ~4ppm (by volume) in the gas phase
is usually considered “sour”. The concentration of H2S in produced gas can vary dramatically from field to
field, and indeed, from well to well. Concentration levels in the produced gas phase can range from a few
parts per million (ppm), through to levels of several hundred to several thousand ppm. However, in some
reservoir environments concentration of H2S may be many tens of percent. The H2S concentration has a
profound influence, on the methodology of H2S removal, or sweetening as it is referred to in the industry.
In principle, any level of H2S concentration can be removed from an oil production system, but for the
practical application of chemical scavengers the upper limits are set by the application. For example, if
the chemical scavenger is applied by continuous injection, then a maximum of a few 1000 ppm H2S can
be treated; however, for tower-based scavenger systems, possibly an order of magnitude higher H2S can
be treated. All commercial types of chemical H2S scavenger can be classified according to the type of
mechanism through which they operate. There are two categories of H2S scavenger in common usage
today; oxidative and non-oxidative scavengers.5, 6, 7, 8
Oxidative scavengers react with H2S and change the valence state of the sulfur atom from its most reduced
state (as found in H2S) of -2 to 0 (elemental sulfur) or higher. These scavengers typically produce elemental
sulfur as a byproduct or in some cases sulfate (S in +6 state). While this may seem highly desirable, the
chemicals required are not easy to use and process in the oil and gas industry. The commercially available
products include chemistries such as alkaline sodium nitrite, chlorine dioxide, hydrogen peroxide and
per(oxy)acetic acid.9, 10, 11, 12 None of these chemistries is desirable nor convenient to handle and it is the
perception of the authors that this type of scavenger has seen a substantial decline in usage over recent
years.
Non-oxidative scavengers, on the other hand, do not change the valence state of the sulfur but chemically
react with the H2S molecule to convert it into either an inorganic sulfide or more commonly an organic
sulfide. In the latter case, new carbon sulfur bonds are formed which are often irreversible, under normal
oil and gas operating conditions. In this case, the physical condition and chemical constitution of the spent
scavenger is of utmost importance, and hence this is a central theme of the current work. In practical oil
and gas production, much attention must be given to the topic of reaction products and how they behave
in a given system since this strongly determines the choice of chemistry employed.
Although it is not the topic of the current work, it is necessary to devote a few paragraphs to triazine since
this is the benchmark chemistry which hemi-formals will be challenging. By far the most common
chemical scavenger in current use today is the hexahydro triazine class, and from this family, one molecule
in particular has emerged as the clear favorite by a substantial margin, namely hexahydro-1,3,5-

tris(hydroxyethyl)-s-triazine or MEA (monoethanolamine) triazine (I)13 (e.g. Bakke et al., 2001). This
scavenger reacts with H2S according to the reaction scheme shown in Figure 1.

Figure 1 – Reaction of Hexahydro-1,3,5-tris(hydroxyethyl)-s-triazine with H2S

The reaction halts at the dithiazine (III) which serves as the monomer for later polymerisation. MEA
triazine is very effective, inexpensive and has become the industry standard after some decades of use,
during which a good mechanistic understanding has been developed. Indeed, much infrastructure and
innovation has centered around the use of this triazine chemistry. For example, the design of regenerative
gas contact towers has centered around certain triazine features, such as the formation of solids at a
specific spend point, a certain size of vessel to ensure timely scavenging given the rate of reaction of
triazine with H2S etc. This provides a challenging additional consideration for any current scavenger
product innovation and the introduction of new chemistries to this application.

Figure 2 – Example of Amorphous Dithiazine as chiseled out from a gas contact tower in the field after
over-spending with MEA-triazine caused the unwanted polymerization reaction

MEA-triazine is in many respects an excellent H2S scavenger; it is economic when one considers the mass
of H2S removed per unit volume of chemical consumed (where the common unit of measure in the US is
lbs/gallon and a metric equivalent is typically kg of H2S/L, removed per gallon/liter of chemical consumed).
In addition, the kinetics of the MEA-triazine reaction with H2S are relatively fast, thus allowing for short
contact times and relatively small equipment sizes. However, despite its popularity, MEA-triazine does
suffer from several common shortcomings. For example, it has a relatively high pH which can cause
mineral scaling issues (e.g. calcite, CaCO3) when the spent fluids are recycled back into the process or
disposal systems. In addition, an important drawback is that the use of MEA-triazine increases MEA to
refineries which induces a strong propensity for overhead corrosion. This often causes MEA-triazine to
either be banned from use or to incur heavy costs for the installation and operation of specific MEAremoval equipment. However, the most important problem in the application of MEA-triazine in oil
production systems is due to its byproducts. The chemical reaction sequence for MEA-triazine is well
established14 and one of the most serious drawbacks of its use is its ability to form heavy polymeric
deposits; this “fouling”, i.e. the formation of solid deposits, can occur in lines, chokes, filters etc.,
throughout the production system after the scavenger dosage point. This deposited material is often
known as amorphous polymeric dithiazine (apDTZ), an example is shown in Figure 1 to demonstrate how
pervasive this fouling deposit can be. Much effort has gone into understanding the exact chemical
structure of this material and the various strategies to prevent or avoid the formation of these unwanted
reaction products.14 This problem for MEA-triazine also indicates that, in developing any new H2S
scavenger products, then the chemistry of the byproducts is extremely important and should be studies
in detail at an early stage of their development. This gives the context for why we emphasize the chemistry
of the byproducts in the H2S scavenger systems described in this paper.
Over past decade, there has been much research on the development of alternatives to MEA-triazine for
H2S removal. This activity has been termed by some as the development of Non-Triazine Based Scavenger
(NTBS).15 Significant advances have been made in this area and this paper describes work in this direction
on the development of a hemi-acetal family of chemistries for H2S scavenging. The target H2S removal
applications for these products include gas contact towers (static and dynamic), direct pipeline injection
and multiphase applications. This work pays particular attention to examining the fate of the sulfur and
the chemical makeup and properties of the spent fluids. From this information it may be possible to design
even better methodologies for removal of H2S, that may provide solid free operation or reaction product
controlled spend fluid compositions. The key to this latter ambition is the detailed structural
characterization of these reaction products.

1.2 Hemi-Formal Chemistries
The reaction of alcohols with aldehydes to form hemi-acetals is a well-established chemical process.16
There are two steps in the reaction pathway. Step 1 is the reaction of one molecule of alcohol with one
molecule of aldehyde which produces a hemi-acetal, or a hemi-formal in the case where the aldehyde is
formaldehyde. In step 2, it is possible for a second molecule of alcohol to react with the hemi-acetal,
eliminate a molecule of water and produce an acetal (or formal). The formation of hemi-acetals or hemiformals is reversible and they may, for most practical purposes, be considered as solutions or mixtures of
aldehyde or formaldehyde and the corresponding alcohol. The traditional chemical literature states that
under neutral or alkaline conditions hemi-acetals are the sole reaction product. Under acidic conditions

the reaction proceeds further to the full acetal or formal. Acid catalyst such as sulfuric, hydrochloric or
even Lewis acids can be used. It is also understood that the extent of hemi-acetal formation decreases
with increasing structural intricacy of the aldehyde (or carbonyl). That is, when the constituents attached
to the carbonyl functionality increase, the degree of formation of hemi-acetal decreases.25 Therefore,
formaldehyde has a distinct advantage in terms of extent of reaction given that it is the smallest carbonyl
possible and it will form hemi-acetal (or hemi-formal) to an increased degree.
The current publication will restrict itself to hemi-formals, which are often regarded as “formaldehyde
releasers” and a convenient way of using formaldehyde as a chemical bound species without the
associated hazards.16 The equilibrium in the hemi-formal and polyoxymethylene formal system is very far
to the right so that the concentration of free monomeric formaldehyde in the liquid system is extremely
low under normal conditions. The concept of a formaldehyde releaser has extensive application in the oil
and gas industry mainly as biocides. A large variety of chemical classes can act as formaldehyde releasers
and hemi-formals are perhaps one of the simplest examples. Within the hemi-formal group, the most
commonly used and applied example is the bis hemi-formal of ethylene glycol, EDDM, [1,2ethanediylbis(oxy)]-bis-methanol or 1,6-dihydroxy-2,5-dioxahexane). This species has several commercial
names and has been well covered in the patent literature.17. The application of interest in this work is as
hydrogen sulfide (H2S) scavengers. Due to the ability of these hemi-formals to release formaldehyde upon
demand, they are very useful H2S scavengers. In the patent literature referred to above (Smith et al.,
2006), the authors characterized the reaction products between ethylene glycol and (most often) para
formaldehyde. While the nominal product from this reaction is EDDM, the actual profile is much more
complex than this. The reaction proceeds via an oligomeric process and the growing molecule chain
continues to add both formaldehyde units and ethylene glycol units to build the complete profile. The
patent describes this in some technical detail. The detailed product profile is most easily established by a)
derivatization with a typical trimethylsilylating agent followed by b) Gas Chromatography Mass
Spectrometry (GCMS) analysis using a suitable column and temperature program.

In general, the reactions of glycols with formaldehyde are like those of simple alcohols, with the exception
that this reaction can yield more complex cyclic and polymeric formals. Certainly, in the case of 1,2- and
1,3-glycols, cyclic formals can be readily synthesized using acidic catalysts.18 Smith et al.17 provide some
structural elucidation for hemi-formal synthesized without catalyst from formaldehyde (formalin) and
ethane-1,2-diol using derivatized GCMS methods and it is clear from this work that oligomers readily form
and that there are several discrete structures. The work as presented is not comprehensive and somewhat
contradictory with other reported work where dioxolane is obtained by heating ethane-1,2-diol with
paraformaldehyde19 or formalin20 when using an acidic catalyst. The work from Smith et al.17 goes on to
describe the synthesis of the hemi-formal of glycerol and formaldehyde. The document also mentions the
reaction of formaldehyde with propylene glycol, diethylene glycol, triethylene glycol, ethyl alcohol, nbutanol, sugar, polyvinyl alcohol, castor oil fatty acid and urea as the hydric acceptors (although no
evidence is provided when compared with the claims made for the use of ethylene glycol). Smith et al.17
provide some excellent structural elucidation for the glycerol reacted hemi-formal. However, it is not clear
if a catalyst was used during the synthesis and if so, which catalyst it was. Smith et al.17 did perform
extensive work with monoethylene glycol and reported that reaction products were formed over a wide
range of reaction times and temperatures. They used both acid and alkaline catalysts and claim reactions
were possible over a wide range of pH values with the reaction products being “…made repeatedly and

reproducibly within this range.” Below pH 4 the likely formation of other species that make for less
desirable conditions is mentioned and, in like manner, reactions at pH >8.5 unwanted side reactions are
possible, such as Cannizzaro condensations.21

1.3 Structure and Summary of the Study
A summary of the overall workflow of the current study highlighting the four main stages is summarized
in Figure 3. A range of syntheses were performed followed by analytics, performance testing and finally
more detailed analytics to understand the synthesis implications in the end use application as an H2S
scavenger in the oilfield.

Figure 3 – Summary of the experimental workflow of the current study

In this work, a detailed study is reported on the synthetic chemical reaction pathway for hemi-formals
based on ethylene glycol and glycerol. We believe that the results presented here extend our knowledge
of these hemi-formal systems in four main respects. Firstly, hemi-formal production via acid, base and
neutral catalysis systems is reported. A detailed structural determination of the oligomeric series thus
produced is performed by analyzing the products by derivatized gas chromatography mass spectrometry
(GCMS) and making subsequent structural assignments. The efficacy of these species as H2S scavengers is
then assessed using an industry standard multiphase test methodology. Lastly, we studied the structures
of product and by-products both before and after the scavenging reaction with H2S.

2. Experimental Methods
In this section, we present the main details of the experimental methods applied in this work. The threebroad area of experimental activity involve synthesis of the hemi-formal chemistries, carrying out a range
of analytical techniques and H2S scavenger efficiency testing.

2.1 Hemi-Formal Synthesis Methods
To span the range of possibilities of commercial manufacture for the most common hemi-formal species,
reactions were performed in triplicate for a given hemi-formal for an acid catalyst (para-toluene sulphonic
acid), an alkaline/base catalyst (NaOH) and for reaction with no catalyst present. The purpose of using
different catalysts was to determine if the final profile of products and byproducts differed by catalyst.
Following the work of Smith et al.17, two hemi-formal species were synthesized, the hemi-formal of
ethylene glycol and formaldehyde and the hemi-formal of glycerol and formaldehyde. The details of the
various reactions used to produce the samples for this work are summarized in Table 1.

Table 1 – Summary of the reactions and conditions for the syntheses of hemi-formals
Tag

Hydric Acceptor

Mass (g)

70-1
70-2
70-3
70-4
70-5
70-6

Ethylene glycol
Ethylene glycol
Ethylene glycol
Glycerol
Glycerol
Glycerol

14.28
14.28
14.28
21.18
21.18
21.18

Mass paraHCHO (g)
12.00
12.00
12.00
18.00
18.00
18.00

Catalyst

Mass (g)

NaOH 50%
p-Toluene sulphonic acid
None
NaOH 50%
p-Toluene sulphonic acid
None

0.12
0.06
0.16
0.08
-

The di- and trifunctional hydric acceptors, ethylene glycol and glycerol (230 mmols of each) were reacted
in 15% molar excess (based upon the hydroxyl equivalency for each acceptor) by stirred heating to 80°C
and under reflux for 4 hours with para formaldehyde (400 mmols and 600 mmols, respectively). The
excess hydric acceptor was required to ensure that minimal unreacted formaldehyde remained in the
reaction mixture or reactor headspace. The synthesis reactions were carried out using a basic catalyst
(sodium hydroxide 50% at 0.2% by mass of total reactants), an acidic catalyst (para-toluene sulphonic acid
at 0.2% by mass of all reactants) and with no catalyst. The reaction was judged to have gone to completion
based upon the disappearance of paraformaldehyde solid due to depolymerization and reaction with the
available hydroxyl functionalities.

2.2 Analytical Methods for Synthesized Hemi-Formal Samples
The hemi-formal samples produced by the synthesis routes described above were analyzed using a
combination of (a) modified Head Space Gas Chromatography- Mass Spectrometer (GCMS) of the vapor
head space (HSGCMS), and (b) standard trimethylsilyation22 of the liquid reaction products after careful

removal of water by azeotropic distillation, followed by GCMS of the resulting derivatized reaction
products.
HSGCMS (Head Space GCMS): The HSGCMS indicates volatile molecules in the gas phase formed from
the reaction of the hydric acceptor. The equipment used was an Agilent Intuvo 9000 with the 7697A head
space (HS) sampler. Conditions were as follows; 220°C injector temperature, Ion Source 230°C, carrier gas
helium at 107kPa with Split ratio 30:1, Column DB-624MS, 60 meters, ID 0.25 mm, 1.4 µm film. Sample
preparation comprised a 1 gram sample weighed into a 20 mL head space vial at 40°C with a 10 min
equilibration period. 1 mL of headspace gas was injected to the column.
Derivatized GCMS: To achieve better structural elucidation of the reactants of each hemi-formal synthesis
in the liquid phase, approximately 10 mg of each material was derivatized with N,O-Bis (trimethylsilyl)
trifluoro acetamide (BSTFA) according to a well-established method.22 The BSTFA was used to derivatize
the 10 mg sample in DMF for 2 hours at 90°C. The derivatized samples were then analyzed by GCMS using
an Agilent Intuvo 9000 GCMS, at 300°C injection temperature with a helium carrier gas at 60 kPa with a
30:1 split ratio, Agilent DB-1MS 15 meter column, ID 0.25 mm, 0.25 µm film. The temperature program
was: 60°C, 10°C/min to 340°C and 20 min at 340°C.

2.3 H2S Scavenger Performance Testing
The H2S scavenging performance of the six hemi-formal products (Table 1) with H2S was established
quantitatively using an industrial testing method. This was then followed by analytical and structural
elucidation of the reaction products generated, using the analytical methods described above.
To study the H2S scavenging performance, a reference commercial H2S scavenger, based upon hemi-acetal
chemical was chosen as a test case. Each of the six test hemi-formals (samples 70.1 to 70.6 in Table 1)
were formulated into a version of the commercial scavenger with the same level of available
formaldehyde to enable a meaningful comparison. The test method used is often called the “Autoclave
Parr H2S scavenger evaluation method”. It was conceived and described by Maegales et al..23 The method
establishes a steady state of H2S concentration in a two-phase fluid system under predetermined
temperature and pressure conditions. By flowing the H2S laden gas (in this case containing 3,000 ppm H2S
with 6,000 ppm CO2) through the fluid, eventually a steady state is achieved whereby the fluids are fully
saturated and the same concentration of H2S emerges from the reactor as enters it. An aliquot of
scavenger is added via an injection loop system. The scavenger consumes H2S in the fluids and they are
now no longer saturated. The effluent gas stream is then depleted in H2S while saturation is reestablished
– in essence the data is the perturbation (or “dip” in H2S concentration) and the subsequent return to the
steady state concentration of H2S injected. Since all relevant parameters are known, then by material
balance, the mass of H2S removed and thus capacity of the scavenger can be determined in kg H2S per
liter of scavenger (kg H2S/L). Some information on the kinetics of the scavenging reaction is given from
the slope of the initial decline. This test methodology is at best semi-quantitative, but it can be usefully
applied to rank H2S scavenger chemicals tested side by side under identical conditions.

3. Results and Discussion
3.1 Characterization of the Synthesized Hemi-Formals
The HSGCMS (Head Space GCMS) results for the synthesized hemi-formals as listed in Table 1 are shown
in Figures 3 to 8; the 6 synthesized samples in Table 1 are labelled as 70-1 to 70-6. It must be remembered
that the concentration of a volatile component in the gas phase can be orders of magnitude higher than
in the liquid phase and the species identified may not be major components of the entire sample.
However, certain unexpected results are to be found in the HS-GCMS analysis, as discussed below.
Firstly, it is evident from the HSGCMS analysis in Figures 4 to 6, that the precise composition of the hemiformal samples (70-1. 70-2 and 70-3) based on ethylene glycol are different depending on the catalyst
used (base, acid or no catalyst). The various products identified by HSGCMS are associated with chemical
reaction schemes which are summarized in Table 2. For example, all 3 of these samples contain dioxolane
which is formed as shown in reaction Scheme 1, Table 2. The HSGCMS results in Figures 5 and 6 show that
trioxacycloheptane is also found in samples 70-2 and 70-3 and this is formed as shown in reaction Scheme
2. Formaldehyde is also present at relatively low levels in all ethylene glycol syntheses as expected
together with the cyclic trimer, trioxane (in sample 70-2; Figure 5) which is formed as shown in Scheme 3.
The unexpected presence of methyl dioxolane (in 70-3; Figure 6) must come from very small quantities of
propylene glycol impurity in the ethylene glycol which is formed as shown in Scheme 4.

Figure 4 – HSGCMS Analysis of 70-1 (ethylene glycol based hemi-formal with a base catalyst)

Figure 5 – HSGCMS Analysis of 70-2 (ethylene glycol based hemi-formal with an acid catalyst)

Figure 6 – HSGCMS Analysis of 70-3 (ethylene glycol based hemi-formal with no catalyst)
Table 2 – Summary of the reaction schemes for the various observed products in the synthesis
reactions forming the hemi-formals in Table 1
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Figures 7 to 9 present the corresponding HS-GCMS results for the various hemi-formal species based on
glycerol; i.e. samples 70-4, 70-5 and 70-6 in Table 1. As was found for the ethylene glycol-based species,
the precise mixture of products (in the gas phase) differs depending on the catalytic conditions (base,
acid or no catalyst). Again, as expected, some formaldehyde is observed in all samples.

Although not expected in the glycerol hemi-formal headspace, Figures 7 to 9 show, in every case, the
presence of dioxalane and trioxacycloheptane. These latter species are derived from ethylene glycol and
can only be present due to very small quantities of ethylene glycol impurities in glycerol. Hydroxy methyl
dioxolane was found in sample 70-5, as shown in Figure 8; this was formed from the reaction of glycerol
with formaldehyde as shown in reaction Scheme 5 (Table 2).
From an operational health hazard assessment, the most important species present in the head space is
formaldehyde. The above analysis is qualitative and not suitable for quantification. A second analysis of a
mixed hydric acceptor hemi-formal which contained a net excess of hydric acceptor to minimize the
occurrence of any free formaldehyde was carried out at 40°C, 50°C and 60°C. This was in fact a hemiformal based formulation used in commercial applications. In this case, the level of free formaldehyde
was quantified and found to be only a few ppm even at 60°C, which is within the range of manageable
levels for handling purposes. This is very consistent with the findings in the classical chemical literature
that the level of free formaldehyde in a hemi-formal is extremely low and hence it is a logical approach to
deploy them as “formaldehyde releasers”.

Figure 7 – HSGCMS Analysis of 70-4 (glycerol based hemi-formal with a base catalyst

Figure 8 – HSGCMS Analysis of 70-5 (glycerol based hemi-formal with an acid catalyst

Figure 9 – HSGCMS Analysis of 70-6 (glycerol based hemi-formal with no catalyst

3.2 Characterization of the Derivatized Samples by GCMS
As noted above, a better structural determination of the products of each synthesis can be obtained by
standard derivatization techniques, in this case using BSTFA (as described in the Experimental Section).
The derivatized samples were then analyzed by GCMS. The derivatized total ion current of the 3

synthesized ethylene glycol hemi-formal products is shown in Figure 10, and the same for the 3
synthesized glycerol-based products are shown in Figure 11.
Both ethylene glycol and glycerol, upon reaction with formaldehyde, form a complex mixture of oligomers
rather than a simple single hemiformal on each hydroxyl functionality. This feature is well established and
will lead to a homologous series of oligomers. The reaction is certainly more complex than this since the
hydric acceptor can also insert itself into the growing hemiformal chain. Not only is there the potential for
a hydric acceptor formaldehyde sequential chain growth, but there is also no reason to postulate it will
be symmetrical i.e. one hydric acceptor followed by one methylol unit. Thus, by such means it is possible
to create multiple homologous series of oligomers and the complexity of Figure 9 and 10 certainly support
this view. The exact details of these utile series is clearly significantly affected by the catalyst; acid, base
and no catalyst giving different ultimate reaction profile. Beyond observing and cataloguing these
differences, it is not possible to progress at this point in the research program. The empirical observation
clearly shows that for ethylene glycol, the base catalyst system is the outlier whereas for glycerol it is the
acid catalysed system. Ultimately the most significant aspect is how the H2S scavenger performance is
affected by these differences and this is addressed below
A detailed analysis of the fragmentation patterns of the oligomers reveals several interesting
observations. Indeed, such a detailed analysis was also carried out by Smith et al.17 However, there is one
significant difference in the current work; here, it is observed that both hydric acceptor and formaldehyde
residue react to increase molecular chain length, but that the addition of these two building blocks is not
sequential. There are often examples from the observed fragmentation where two formaldehyde residues
must be present and there is therefore some degree of disorder to the growth of the oligomeric chains.
In the case of ethylene glycol, the acid catalyzed reaction is somewhat different to the base catalyzed and
no-catalyst case, but an interesting observation is provided by the glycerol case. Here the acid catalyzed
synthesis is markedly different from the other two. For this reason, it is shown in the upward direction in
the composite total ion current overlay for clarity. There are indeed both linear oligomer chain growth
and cyclisation is possible during the reaction with glycerol as hydric acceptor. The latter is exemplified in
Scheme 5 shown above. It is certainly possible that some of the variation of reaction profile observed by
changing the catalyst results in a preference for either linear oligomer growth versus cyclisation followed
by further reaction.

Figure 10 – Trimethylsilylated hemi-formal oligomeric series of ethylene glycol from acid (black), base (red) and no catalyst (blue) synthesis

Figure 11 – Trimethylsilylated hemi-formal oligomeric series of glycerol from acid (black), base (red) and no catalyst (blue) synthesis

3.3 Hemi-Formal Reactions with H2S – Performance Testing
The next stage of testing involved the assessment of the scavenging reaction of the 6 synthesized hemiformal products (Table 1) with H2S in a semi-quantitative manner. The details of the experimental
procedure were discussed previously in Section 2.3. This scavenging performance work was followed by
analytical and structural elucidation of the reaction products generated.
The scavenging performance data is presented in Figures 12 and 13 for the hemi-formals based on
ethylene glycol and glycerol, respectively. These figures show the dip in H2S concentration by the
scavenger in the flowing stream vs. time, and the calculated results converted to kg H2S /L are summarized
in Table 3. The magnitude of the observed dip in H2S concentration from its steady state value (3,000ppm,
in this case) in the two-phase equilibrated fluid is directly proportional to the scavenger performance. The
magnitude of the dip is a measure of the mass of H2S consumed and since the volume of injected
scavenger is know the capacity of mass of H2S per unit volume scavenger can be calculated (in kg H2S /L).
The larger the capacity for a given volume (the size of the dip), the better is the performance of the
scavenger under test.
The results in Figure 12 for the formaldehyde/ethylene glycol products (samples 70-1, 70-2 and 70-3)
indicate that the acid catalyzed process gives a substantially inferior performance to either a base or a no
catalyst synthesis. It is thought that since acid is classically believed to favor the full formal as opposed to
the hemi-formal, then this may explain why the oligomers are more reluctant to give up the formaldehyde
upon demand. In Figure 13 for the formaldehyde/glycerol cases, there is not such a marked difference
between the three hemi-formals produced by acid, base or no catalyst processes. In this case, the no
catalyst process appears to be slightly less effective; probably indicative of an inferior hemi-formal
formation process, or inferior distribution of hemi-formal species.

Figure 12 – H2S Scavenger capacity for hemi-formals of ethylene glycol

Figure 13 – H2S Scavenger capacity for hemi-formals of glycerol

The kinetics of the reaction is broadly indicated by the slope of the initial decrease in H2S, with a sharper
drop indicating faster kinetics. Figure 12 shows that the acid catalyzed ethylene glycol hemi-formal gave
a slower reaction time when compared to both the base and no catalyst cases. For the glycerol hemiformal case, in Figure 13, there is in fact very little difference between all three chemistries tested. The
no catalyst case did give a slightly slower reaction, but this is considered insignificant for this test. Taken
as a whole, the complete data set indicates that of the three options (base, acid and no catalyst), then the
base catalyzed case is overall the best and this is the preferred process in the industrial scale hemi-formal
formation process to yield the base component of this non-triazine based scavenger product line.

Table 3: Performance of the different hemi-formal species in H2S removal efficiency testing
Code

Description

70-1
70-2
70-3
70-4
70-5
70-6

Ethylene glycol (base)
Ethylene glycol (acid)
Ethylene glycol (none)
Glycerol (base)
Glycerol (acid)
Glycerol (none)

Capacity (kg
H2S/L)
0.46
0.18
0.50
0.39
0.36
0.36

Kinetics (qualitative
ranking)
Equal best
Worst
Equal best
Equal best
Equal best
Slightly worse

By way of comparison, a typical commercial strength MEA triazine evaluated using the same H2S scavenger
performance test methodology would typically give a measured capacity of 0.10 kgH2S/liter. Thus, the
hemiformal chemistry represents a very high capacity and a desirable alternative to conventional triazine
chemistry, as well as alleviating most of its well-established drawbacks.

3.4 Reaction Product Characterization
Solids were generated in each H2S scavenging test from the use of synergized hemi-formals and these
solids were isolated using a centrifugation method due to the very fine particulate properties of the
material formed. A dried sample was extracted with boiling acetone in a Soxhlet extractor for 6 hours. The
solution was then evaporated and derivatized with BSTFA and then analyzed by GCMS. The total ion
chromatogram is shown in Figure 14 and the 3 peaks indicated were structurally identified by their mass
spectral fragmentation patterns. Trimethylsilylated alcohols are evident but the important species here
are the oligomeric sulfur species, containing the S3, S4 and S5 chains shown in Figure 13. The exact
structures are close but not identical to those reported in the literature.24
Two important points should be noted: Firstly, the oligomeric species contain oxygen atoms and thus the
material is probably more correctly identified as a poly(oxy) methylene sulfide. Secondly, to precipitate,
the growing (oligomer/polymer) molecule needs to have 3 or more sulfur atoms. It is thus postulated that
any oligomers with 2 or less sulfur atoms remain in solution and are precursors to the solid oligomeric
deposition product. A proposed schematic mechanism for this reaction is presented in Figure 14. The
initial reaction product between H2S and formaldehyde is most likely hydroxymethyl mercaptan, the
hydrated form of thioformaldehyde; this is a highly reactive, transient species which has been identified
spectroscopically26 but is known to very rapidly oligomerise to other cyclic species such as 1,3,5-trithiane.

Hydroxymethyl mercaptan oligomerises to form what is essentially polymethylene sulphide but with
either hydroxyl or thiol terminating groups. Figure 14 is a structural analysis of the solid byproduct from
the hemiformal reaction with H2S. The oligomers require at least 3 sulphur atoms to be insoluble in the
fluid matrix. Molecules with 1 and 2 sulphur atoms, which would constitute a growing oligomer chain, are
still sufficiently soluble in the fluid matrix to remain in solution. It is currently not known what determines
the exact nature of the terminal grouping and, as can be observed in Figure 15, it is also possible for the
dihydroxymethane molecule (formalin or hydrated formaldehyde) to either initiate or terminate an
oligomeric chain. Further to this, formation the solid byproduct is not instantaneous and can require up
to 24 hrs before precipitation begins. This is a very useful feature which allows for the use of solid
suppression agents which avoid this highly undesirable aspect of the commercial use for these molecular
species.

Figure 14 – Total Ion Chromatogram of Trimethylsilylated solid deposit
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Figure 15 – Proposed formation of polyoxymethylene sulfide oligomers

4. Summary and Conclusions
4.1 Mechanistic Understanding of the Chemical Lifecycle
Considering all the results in this paper together, we propose a consistent and plausible chemical life cycle
for the hemi-formal species and their H2S scavenging activity studied in this work.
The release of free formaldehyde from the hemi-formal, as shown in Figure 16, occurs spontaneously
although the instantaneous concentration of free formaldehyde is very low. We note from Figure 16
however that if formaldehyde were to be consumed it would be replenished by re-equilibration (Le
Chatelier’s principle). This is precisely what happens as shown in Figure 17 which shows the case where
H2S is present. As the scavenger (formaldehyde) reacts with H2S it is replenished and, at the same time,
the concentration of the building blocks (the hydroxyl methyl mercaptan) for the ultimate by-product,
polymethylene sulfide increases in concentration. The eventual polymerization to solid by-products does
not occur immediately and is shown schematically in Figure 18. It is quite possible to produce a spent fluid
at the end of a scavenger test which is totally clear but within 24 hours it forms a white, solid, amorphous
mass. The behavior of this material has been very well characterized in previous literature studies when
the use of aqueous formalin as a scavenger was common practice.24 The by-product is the same because
the active scavenger is the same. An elegant study of the properties and inhibition of this polymeric
species has been carried out24 where the existence of hydroxymethyl mercaptan as the initial species
formed was highlighted from much earlier work.27 It was noted in this work that the polymethylene sulfide

formed as a reaction product between formaldehyde and H2S does contain oxygen atoms, an observation
confirmed by the current study and detailed below. This contrasts with polymethylene sulfide synthesized
by an alternative route.28

4.2 Conclusions
In conclusion it has been shown that, depending on how a hemi-formal oligomeric series is synthesized,
the actual molecular profile is both complex and variable, depending on the catalyst used. This is also the
case for the most volatile molecular species present in the head space, as shown in this study (using HSGCMS). Regardless of the precise details of the molecule oligomeric profile, the all-important H2S
scavenger performance as measured in a multiphase environment, indicates that the preferred catalyst
for synthesis of hemi-formals for both ethylene glycol and glycerol is an inorganic base. For this reason,
these are the preferred catalyst systems in the industrial scale manufacture of these hemi-formal H2S
scavengers.
Structural elucidation of the post-H2S reaction products is identical in the case of all six hemi-formal
species tested. The analysis shows an oligomeric species poly(oxy)methylene sulfide formed from the
initial reaction product hydroxymethyl mercaptan. The work shows that at least three sulfur atoms are
required for the oligomeric species to become insoluble in the test media.
Based on this work, we propose a plausible mechanistic life cycle for these hemi-formal H2S scavengers
which is consistent with all our observations. The authors are currently building upon and using this
mechanistic hypothesis or model to guide their understanding and development of novel efficient hemiformal H2S scavengers. Progress on this will be reported in future papers.

Figure 16 – Release of formaldehyde by equilibration according to Le Chatelier’s principle

Figure 17 – Released formaldehyde reacts with H2S

Figure 18 – Polymerization of initial byproduct
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