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This work studied the oxidative degradation performance of manganese gluconate as a liquid redox sulfur re-
covery (LRSR) agent. The degradation of gluconate in an aerated sulfide containing 0.1 M manganese/0.8 M
gluconate/pH 13 solution was 11% in 47 h and 20% in 100 h of reaction time. With the total price of chelates

ﬂ:;u}:al 8as being more or less comparable, these were superior to the degradation resistance of EDTA chelate in a solution of
NTA 0.1 M iron/0.2 M EDTA/pH 8 which degraded by about 30% in 47 h, and NTA in Fe-NTA (0.1 M metal/0.2 M
EDTA chelate/pH 6.5), which was degraded by 40% in 100 h of reaction time. At pH of 13, 0.1 M Metal, and 0.8 M
Degradation gluconate, manganese degraded gluconate more severely than iron and copper. At a lower chelate to metal molar

ratio (RCM) of 2 and as well as at a lower pH of 10, the manganese gluconate degradation, expressed as relative
concentration to its initial concentration, was faster than at RCM of 8 and pH of 13. All of these observations can
be explained among others by the well-known Fenton reaction hydroxyl radicals mechanism as the main cause of

the degradation process.

1. Introduction

Natural gas is widely utilized in various industries as an energy
source or raw material. Impurities like CO, and HyS must be removed
from sour gas such that the gas meets sweet gas quality specifications
and transportation requirements. To protect people and the environ-
ment HyS must also be recovered as safer substances which then can
hopefully be utilized for other applications. A vast number of com-
mercial sulfur recovery technologies are available for natural gas
treating applications. One of the technologies which are often suitable
for 1-20 metric ton sulfur per day is the iron chelate Liquid Redox
Sulfur Recovery (LRSR) process [1, 2]. The technology offers several
advantages. For this scale, it is more economical than the classical
gas-phase indirect oxidation Claus process. This would be particularly
true for acid gas with low HyS/CO, molar ratio (1-3%), as it does not
need an acid gas enrichment unit. Compared to the probably somewhat
less expensive direct gas-phase oxidation technology LRSR can give
considerably higher sulfur recovery efficiency [1]. Here, LRSR also has
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better tolerance towards heavy hydrocarbons, BTX, and mercaptans.
Despite all of these advantages, the use of LRSR technology was
economically restricted to low sulfur capacity due to two major limi-
tations: (1) high solution circulation rate and (2) high chemical
make-up due to rapid oxidative degradation of chelates.

Several investigations have been carried out to overcome or reduce
degradation problems [3, 4]. One of which was our work that sug-
gested manganese gluconate could be a potential, greener, more
economical, and stable redox agent for the LRSR process [5]. However
as this is still a novel concept, to our knowledge no information on
manganese gluconate degradation in LRSR systems has been reported
in the open literature. Preliminary observations were made in our
previous work, but still preliminary and qualitative. Hence it needs to
be confirmed by quantitative data. In contrast, considerable detailed
studies on degradation and degradation mechanisms of conventional
chelating agents (ie., NTA and EDTA) are already available in the
literature [3, 6, 7]. Chen et al. investigated iron (0.018M) - NTA
(0.036M), and iron (0.018M) - EDTA (0.036M) system at 25 °C, with
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and without H,S gas feed [6]. At pH between 7 and 8.5, for instance,
half of the initial NTA in an aerated LRSR iron chelate system with
H,S gas feed had already degraded only within 25-40 h. However,
there was no degradation product observed after two days when iron
(Il1) complex was charged with sulfide without aeration or was
aerated without sulfide. Based on this and other evidence they pro-
posed a degradation mechanism with hydroxyl radicals produced by
Fenton reaction as the main degrading agent. Piché measured Fe(III)
EDTA degradation at pH 8 to 9, 25 °C-55 °C without sulfide and
aeration [7]. Contrary to Chen et.al. experiments, he observed the
average degradation rate per day of EDTA in iron (III) (0.45 mM)
EDTA (0.9 mM) at pH 9 at 25 °C to be from 2.8% to 7.2%, depending
on solution ionic strengths. Another distinction between the two re-
ports was that degradation becomes more rapid at lower pH in Chen's
case, while in Piché's case was the opposite. Sonmez reported that
within 700 h the concentration of EDTA of Fe (0.1 M) -EDTA (0.15 M)
solution at 30 °C and 60 °C went down by 10% and 50% of the initial
concentration, respectively [3]. The solutions were aerated in the
absence of sulfide. Degradation even took place when the solution was
sparged with carbon dioxide rather than air. This was attributed to the
internal electron transfer degradation mechanism or autocatalyzed
oxidation. Here EDTA was oxidized by chelated Fe(IlI) directly rather
than by hydroxyl radicals [8]. Thus concerning the extent of each
chelate degradation mechanism, it may still look to be somewhat
unclear.

As for gluconate, literature reported that this chelate can indeed be
degraded by Fenton-like mechanism [9]. In addition, it can also be
deliberately degraded (in this case, decarboxylated) by HyO2 in the
presence Fe(Ill) acetate through the Ruff degradation mechanism [10].
As observed in iron chelate complexes, in the regeneration reaction of
manganese complexes by oxygen, there is also a reaction that produces
H205 [9]. Therefore, both manganese and iron gluconate complexes
can undergo degradation. Among carbohydrate derivatives, oxidation
of gluconic acid by iron (II) through the Fenton and Ruff reactions was
a relatively slow reaction [10]. Valachova et al. reported that the
addition of manganese inhibited the degradation of hyaluronan sam-
ples by the ascorbic Fenton catalyzed by iron or copper [11]. The
inhibition has been attributed to the ability of manganese (II) to act as
hydroxyl free radicals scavenger. Cheton and Archibald also reported
the ability of some manganese complexes in reducing or blocking
substance degradation caused by hydroxyl radicals generated by Fen-
ton or similar mechanisms [12]. In one of the Cheton and Archibald
experiments, Mn EDTA gave much lower degradation to 2
keto-4-thiomethylbutyrate (KMB) in hypoxanthine oxidase and ascor-
bate system than Fe-EDTA. The degradation resistance of iron gluco-
nate at high temperatures which was lower than that of iron EDTA has
been reported as well [13]. All of the previous information has been
important motivations to further investigate the degradation resistance
of manganese gluconate solution in the redox process for the LRSR
process. Hence, this study was aimed to generate more quantitative
data on the degradation of gluconate and factors that may influence it.
Similar degradation experiments were also carried out for iron-NTA,
iron-EDTA, iron gluconates, and copper gluconates for comparison
and analysis purposes.

The total metal concentration of each complex tested was 0.1 M, with
initial chelate concentrations were 0.2 M for NTA and EDTA, and around
0.8 M for gluconate. The concentrations of metal applied in these ex-
periments was determined based on the high end of the typical range
used in the commercial iron chelate process [14]. The chelate to metal
molar ratio (RCM) and pH for each solution was selected based on metal
solubility. When the work was carried out the price of commercial glu-
conate was around 25% of NTA and EDTA per mol. Therefore the con-
centration of the chelates was to some extend comparable price-wise for
making performance comparison.
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2. Experimental setup
2.1. Materials

Hydrated sodium sulfide (NayS-X-H30) was used as a source of sul-
fides (sulfur content of 34%) was purchased from Sigma Aldrich. The
sulfur content in NayS was determined by the iodometric titration
method. NTA trisodium salt with a purity of 98%, EDTA tetrasodium salt
with a purity of 97%, and technical sodium D-gluconate salt were used as
chelates. NaOH (99% purity), MnCly-4-H20 (99% purity), FesSO4, CuCly
(analytical standard), and HCl were purchased from Merck, Germany.
Manganese(II) Gluconate and Fe(I)gluconate (purity of >97%) were
obtained from Jost Chemical, USA.

2.2. Solution preparation and reaction procedure

Fe(IDNTA and Fe(IDEDTA solution was respectively prepared by
dissolving NTA trisodium salt/EDTA tetrasodium salt in nitrogen-purged
double distilled water, to which ferrous sulfate was added to obtain an
NTA/EDTA concentration of 0.2 M and 0.1 M of iron. Sodium hydroxide
and/or HCl were then used to adjust pH to reach 6.5 and 8 respectively.
Mn(II)gluconate solution was prepared by adding manganese gluconate
or manganese chloride (MnCl,) to ca 0.8 M of nitrogen purged sodium
gluconate solution until the manganese concentration reached 0.1 M.
Sodium hydroxide was then further added to reach a pH of 13. Iron (II)
gluconate and copper gluconate solutions were prepared by using ferrous
gluconate or by adding iron sulfate (FeSO4) or CuCl; to a 0.8 M sodium
gluconate solution to reach a metal content of 0.1 M. Later, sodium hy-
droxide was then added to reach a pH of 13.

Complex solutions at 25 °C of Mn(Il)-gluconate, Fe(I)-EDTA, and
Fe(II)-NTA were then fed into the respective reactors. Air was bubbled
into the reactor which contained 200 ml of solution, after previously
being bubbled through 800 ml of distilled water to saturate with water.
The aeration was carried out for several hours such that all metal had
been oxidized to a higher oxidation state as indicated by color change.
The volume of the liquid in the reactor was maintained with the addition
of demineralized water. Sodium hydroxide was added during the re-
actions if necessary to maintain pH. Sodium sulfide, when used, was then
fed twice a day to maintain an average feed rate of 5 mmol/L/h.

2.3. Chelate concentration measurement

To determine the rate of degradation, samples were taken from re-
actors and analyzed by a High Performance Liquid Chromatography
(HPLC, Waters, isocratic pump 1515, autosampler 2707, RID 2414). The
samples of NTA, EDTA, and gluconate were analyzed by HPLC using
different treatments. The method taught by Parkes et al. was employed
with necessary modifications for the measurement of NTA and EDTA
[15]. For manganese gluconate, 1 ml of sample was added with HCI until
the pH became 2 and the color changed from dark to clear solution. Af-
terward, the sample was diluted in 10 ml of distilled water and then
filtered with a 0.22-micron filter to remove any deposits if present. In the
case of Fe-NTA and Fe-EDTA samples, NaOH was added to 0.5 ml of the
sample until it was transparent to precipitate all iron hydroxide and
diluted until 10 ml. The precipitate was then separated with a
0.22-micron filter. A total of 5 ml of solution was then added with HCl to
reach pH of 4. To the remaining solution, 12.5 mg of CuSO4 was added in
0.2 M NTA solution and 50 mg for 0.8 M NTA solution to form a Cu-NTA
or Cu-EDTA complex. Thus the amount of mol CuSO4 added exceeded
chelate initial molar quantity by ca. 50% to ensure all chelate was
complexed. The sample was re-filtered with a 0.22-micron filter. Deter-
mination of NTA and EDTA concentrations was conducted by using HPLC
(BondapakTM, C-18 column with a UV-Vis detector) at a maximum
wavelength of 254 nm. The eluent was tetra-n-butyl ammonium
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hydroxide with a concentration of 0.4% and a pH of 7.5 with a flow rate absence of sulfide. The initial concentration of NTA for both solutions
of 1.5 mL/min. In the case of Gluconate, the analysis was conducted by was 0.2 M. The stability test was conducted for more than 100 h.
using RI detector with Aminex HPX87H column. The eluent used was 5 The stability trends of EDTA and gluconate in the solution at pH of 8
mM H3SO4 solution with a flow rate of 0.6 mL/min with an operating and 13 are shown in Figure 2 and Figure 3, respectively.
temperature of 60 °C. As shown in Figures 1, 2, and 3, the results were in agreement with
the observations made by Chen et al. [6]. With and without metals, in the
3. Results and discussions absence of sulfide, the concentrations of NTA, EDTA, and gluconate
tended to be constant throughout the observation time for 100-140 h.
3.1. Degradation of gluconate, NTA, and EDTA chelates without dissolved For solution with metals, this means that within the time range and
sulfides operating conditions applied in the work, neither autocatalyzed oxida-
tion nor Ruff degradation (despite the possible formation of HoO5 during
Figure 1 shows concentrations of NTA and Fe-NTA solution at pH of Manganese (II) oxidation) was significant. The observations made by
6.5 as a function of time when subjected to continuous aeration in the Piché about the relatively fast degradation of EDTA in Fe-EDTA solution
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Figure 1. The stability of NTA ligands in an aerated NTA solution without sulfides at pH of 6.5: (a) without iron and (b) with iron (0.1 M).
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Figure 2. The stability of EDTA ligands in an aerated EDTA solution without sulfides at pH of 8: (a) without iron and (b) with iron (0.1 M).

without the presence of sulfide and aeration [7], was therefore inter-
esting. In verifying the composition of degradation products, Piché found
to 80% of this consisted of Fe(OH)3 while the remaining 20% was Fe
Chelate adsorbed in the product. Based on our calculation using data
from Stum and Morgen ie., 27.7 (log Km), log Kmcomy of 33.8, and
Fe(OH)3 solubility product of -log (Ks,) of 42, at pH 8, this could have
still resulted in precipitation of Fe(OH)s. If the chelate to metal ratio
(RCM) used had been around 1.5 or more, which is typical for Fe-EDTA,
there might have been no iron hydroxide precipitation. Piché used an
inline UV visible spectrophotometer for measuring chelate concentra-
tion. Samples taken from the reactor were directly pumped to the device.
Therefore the actual chelate/iron molar ratio could be more than 1 most
of the time due to iron precipitation. Hence in this case the spectropho-
tometer may only detect chelates attached to metal [3]. Free chelate
concentration was not measured. This and the fact that the degradation

was demonstrated to increase with pH, may be indications that the
degradation in Piché could have been due to de-chelation rather than
chelate destruction by oxidation. A similar explanation may perhaps be
used for Sonmex degradation observation as well. In this case, even
though a chelate to metal molar ratio of 1.5 was used, de-chelation could
have taken place due to relatively high pH (9) of Fe EDTA and the quite
high metal concentration. It is not clear whether, in this specific degra-
dation experiment, the total ligand concentration including
non-coordinated ones was measured by Sonmez like in his other exper-
iments. If this was not so, it may become difficult to know if oxidative
degradation took place. Sonmez also found that when the Fe (0.1 M)
-EDTA (0.15 M) solution was excluded from oxygen and was sparged
with CO5 at 60 °C then within 700 h concentration of EDTA went down
by 25% of the initial concentration. Motekaitis reported the first order
constants of iron (III) catalyzed oxidation of EDTA at temperatures
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Figure 3. The stability of gluconate ligands in an aerated Manganese gluconate solution without sulfides at pH of 13.

between 102 °C to 143 °C for Fe(III) and EDTA concentrations of 0.01 M
and 0.015 M, respectively in absence of oxygen at pH of 9.3. If the data
could be extrapolated to 60 °C, then the predicted degradation rate
would be much lower than that of Sonmez at CO»-sparged conditions.
Experiments with higher initial concentration and longer reaction time
need to be performed with manganese gluconate to be able to clarify this
matter.

3.2. Degradation rate of gluconate, NTA, and EDTA chelates in the
presence of sulfide

Figures 4 and 5 show the degradation performance of gluconate, NTA,
EDTA chelates against oxidative degradation with sulfide presence in

solutions. They are presented in the changes of the ratio of actual chelate
concentrations in solution respective to their initial chelate concentra-
tions (herewith will be referred to as relative concentration [3]) as a
function of reaction time. The solutions were aerated for a period of 100
h-140 h.

As the figures show, all of the chelates degraded quite rapidly. This
might be explained by using the following simplified reactions R1, R2,
R3, R4 mechanism [1].

M(IDL+ Oy + 2H,0=M(II) L+ H,0, + 20H~ R1)

M(IL+H,0, — M(III\L+ OH + OH"~ (R2)
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Figure 4. Relative Concentration (C/C,) profile of gluconate and EDTA chelates in aerated sulfide containing 0.1 M metal in metal chelate solutions as a function of
time. Note: The initial ratio of chelate to metal on molar basis (RCM) and pH were 8 and 13 for manganese gluconate and for iron EDTA were 2 and 8, respectively.
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L+OH —L (R3)

M(INL+HS™ —M(INL + S (R4)

Reactions 1 illustrates that initially the metal (II) chelate complex
(M(IDL) is oxidized by oxygen to form a metal (III) complex, producing
hydrogen peroxide as a side product. This substance will then oxidize the
metal (II) complex to produce a hydroxyl radical in Reaction 2, which is
the Fenton reaction. In Reaction 3, the degradation of the chelates occurs
because of the reaction between chelates (L) and hydroxyl radicals to
form degradation products (L*). The reaction sequence ends with Reac-
tion 4, which shows that the metal (III) complex will be reduced by
dissolved sulfides to form metal (II) complexes again.

According to reaction 1 when M(II)L runs out for example if there is
no addition of the sulfide once they have been consumed, radical pro-
duction stops as there would be no reaction R1 anymore. Therefore, the
presence of sulfide all the time completes the redox cycle that produces
hydroxyl radicals continuously which eventually may consume all of the
chelates in the solution.

It is apparent from Figures 4 and 5 that gluconate degradation per-
formance was superior to that of NTA and EDTA. Within around 100 h,
the gluconate concentration has only decreased by about 20%, while the
NTA by around 40%. For the 47-hour reaction time, EDTA concentration
had dropped by 30% while gluconate had only decreased by about 11%.
The fact that degradation of manganese took place only when sulfide was
present and was negligible when sulfide was absent indicated that
Fenton-like degradation was highly more dominant than Ruff degrada-
tion and autooxidation mechanism.

3.3. Effect of metals, pH, chelate to metal ratio on gluconate degradation

In order to obtain more understandings of gluconate degradation,
experiments with a variation on types of metals, pH, and chelate to metal
ratio were also carried out. The results are then discussed in comparison
to literature studies on similar topics.

3.3.1. Effect of metal types on gluconate degradation rate in dissolved sulfide
oxidation system

Figure 6 compares the degradation of gluconate when different
metals were used. As Figure 6 demonstrates, in contrast to the system
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investigated by Cheton and Archibald [12] and by Valachova et.al. [11],
manganese brought about a higher gluconate degradation rate than
copper and iron. Within 100 h of reaction, gluconates that had been
degraded by manganese, copper, and iron were ca 20%, 9%, and 7%
respectively. This suggested that the lower degradation of manganese
gluconate compared to Fe-NTA and Fe-EDTA observed in this work was
not due to the use of manganese.

As mentioned before in the experiment Cheton and Archibald, Fe-
EDTA was degraded more severely than Mn-EDTA. One of the possible
reasons for the different results between their and our experiment was
perhaps due to the different effect of gluconate and EDTA on the
reduction potential of iron and manganese. In terms of thermodynamics,
reaction 2 will take place more to the product side if the redox potential
of HpO2/OH+ OH™ at certain conditions is higher than the redox po-
tential of M(IIL/M(ID)L. Since data on the redox potential of various
complexes are not always available, it is necessary to calculate them from
the knowledge of the redox potential of the free metal and the complex
stability constants [9, 16]. Thus, based on this method we estimated that
the formal reduction potential of manganese gluconate at the prevailing
experiment conditions (-0.45 V vs SHE) could be considerably less than
iron gluconate (-0.27 V vs SHE). In other words, both manganese and iron
gluconate can be oxidized by HoO5 to form a hydroxyl radical. Moreover,
the driving force for the oxidation of manganese (II) oxidation was higher
than that of iron (II) gluconate. Whereas the reduction potential of
Manganese EDTA was rather high (0.82-0.85 V vs SHE at pH of ca. 7)
[17] which is somewhat higher than the standard reduction potential of
H50,/0H. which is 0.8 V vs SHE [18]. Kinetically, the ability of gluco-
nate to significantly improve the rate of manganese oxidation has been
known in the literature. At neutral pH, Martin reported that the rate of
free manganese (II) air oxidation was around a million times slower than
oxidation of free iron (II) [19]. The free manganese oxidation only starts
to take place at pH of 8 or higher, still at a much lower rate than that of
iron. However, Bodini and Sawyer have shown that manganese (II)
gluconate oxidation by oxygen can take place quite rapidly [9]. This has
been confirmed as well in our currently unpublished work [20].

3.3.2. Effect of pH on gluconate degradation rate in dissolved sulfide
oxidation system

Chen et al. experiment show that in the presence of iron, NTA and
EDTA degraded faster at lower pH. In manganese (II) gluconate oxidation
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Figure 5. Relative Concentration (C/C,) profile of gluconate and NTA chelates in aerated sulfide containing 0.1 M metal in metal chelate solutions as a function of
time. Note: The initial ratio of chelate to metal on molar basis (RCM) and pH were 8 and 13 for manganese gluconate and for iron NTA were 2 and 6.5, respectively.
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as given by reaction 5, lower pH will shift the reaction equilibrium to the
right.

2Mn(I1)(GHs),(OH) > +205% +4H*=2Mn(Ill)(GH;);> + 3H,0,  (R5)

As shown in Figure 7, manganese gluconate degradation was also
faster at a lower pH. Thus high pH application would be also favorable for
manganese gluconate application in terms of chelate degradation. For
iron EDTA and NTA, however, application at higher pH would have
resulted in insolubility problems where metal-chelate bond might have
weakened resulting in more iron precipitation.

3.3.3. Effect of chelate to metal molar ratio on gluconate degradation rate in
dissolved sulfide oxidation system

Figure 8 shows the changes in the extent of gluconate degradation as
a function of reaction time and manganese gluconate solution at molar
chelate to metal ratio (RCM) of 8 and 2. The latter is the stoichiometric
RCM of Manganese (II) and (III) gluconate.

The apparent much faster degradation with the case of stoichiometric
ratio may indicate that the chelates degraded were only those that co-
ordinated with the metal. The same trend was observed with Fe NTA (not
shown here). This observation is similar to those made by Sonmez who
observed that non-coordinated EDTA chelate was not degraded in Fe-
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Figure 7. Effect of pH on the extent of degradation (1-C/C,) of gluconate in an aerated sulfide containing 0.1 M of Mn in manganese gluconate solutions as a function

of time at initial chelate to metal ratio (RCM) of 8.



A. Widodo et al.

Heliyon 7 (2021) e06743

1 @<
5 \\\g
N\ ~o
" OB
09 r N @“@~\
\ S~ o
®5.
AY Wi
08 | \ %\
N S <
AA RN i
J
— 0.7 \.\
(@) ‘A
AN
06 f N
\
& A
\
05 | \ OMn glukonat RCM 8 pH 13
> AMn glukonat RCM 2 pH 13
0.4 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140

Reaction time (h)

Figure 8. Effect of different chelate to metal molar ratios on relative concentrations (C/C,) of gluconate in an aerated sulfide containing 0.1 M of Mn in manganese
gluconate solutions as a function of reaction time at pH 13. Note: RCM = chelate to metal ratio (in molar).

0.8
O~ -~---Q_ y =-0.0013x + 0.7347
0.7 % ___________ R2=0.9684
-06} . TTT 008 - .. _
S o)
c L
§ 0.5
=
S oat
c
]
2 03 f
o
© 0.2
& . y =-0.0013x +0.1838
AKX -~ . A Do R?=0.8984
01 Tpnsb
0.0 I 1 L 1 L .
0 20 40 60 80 100 120 140

Reaction time (h)

Figure 9. Concentrations of gluconate in an aerated sulfide containing 0.1 M of Mn in manganese gluconate solutions as a function of reaction time at pH 13 for RCM

of 8 (circle) and RCM of 2 (triangle).

EDTA experiment [3]. If the degradation profile comparison is replotted
using an absolute concentration of gluconate (as shown in Figure 9), it
can be seen that at both RCM the gluconate reaction rate has the same
rate constant, which supported that degradation may be taking place on
coordinated chelate only.

4. Conclusions

The chelates in solutions of manganese gluconate, Fe-EDTA and Fe-
NTA were shown to be quite stable in the aerated condition in the
absence of sulfides. This might give an advantage for the industrial
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application as it would make operation easier and save shipping costs
because chemical formulation could be sent in large quantities at once. In
the presence of sulfides, the rate of gluconate degradation in the man-
ganese gluconate system was considerably slower than the chelate
degradation rate in the Fe-NTA and Fe-EDTA systems. Even though the
molar ratio of chelate to metal is different, they are however in total
price-wise more or less comparable. Experimental results including the
effect of sulfides, pH, metal-chelate ratio, and the type of metal on
degradation can be explained consistently using the degradation reaction
mechanism by the generation of hydroxyl radicals as the main cause of
degradation. The performance superiority of manganese gluconate in
terms of degradation is mainly determined by the higher pH and the
higher ratio of chelates to metal applied. With other advantages of glu-
conate, the better degradation of gluconate adds valuable points to its
prospect to be used as a redox agent for LRSR applications.
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