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Optimisation of Catalytic Oxidation Conditions for the 2-
Keto-L-Gulonic Acid Production Using Response Surface

Methodology

Ceren Mutlu,” Cihadiye Candal-Uslu,*® and Mustafa Erbas"

L-Ascorbic acid, also known as vitamin C, is a very important
antioxidant ingredient situated many usage areas in different
industries. 2-keto-L-gulonic acid (2-KLG) is the main precursor
component of L-ascorbic acid production and it can be
produced from L-sorbose via microbial fermentation or chem-
ical (catalytic) oxidation. While some special strains are used in
microbial fermentation, it is benefitted from some catalysts in
chemical oxidation. Herein, it was aimed to determine the
optimum reaction temperature, pH, and time conditions to
produce maximum 2-KLG compound with the catalytic oxida-
tion of L-sorbose in the presence of Pt/Al,O; catalyst with

1. Introduction

L-ascorbic acid, known as vitamin C, is a very important
antioxidant ingredient for many industries such as pharmaceut-
ical, cosmetic, animal feed, and food."® L-ascorbic acid has
wide range of application areas in the food industry. It is added
to oils, meat and dairy products, canned and frozen foods, and
beverages as an antioxidant substance. In the beverage
industry, it is considered as an important additive because it
also provides antiseptic protection. In addition, L-ascorbic acid
added to flour act as a structure regulator in doughs. The
oxidation and browning reactions in foods can also be
prevented, and unwanted changes in flavour and colour can be
reduced with the addition of L-ascorbic acid.”'”

The main precursor component of L-ascorbic acid produc-
tion is 2-keto-L-gulonic acid (2-KLG)."**"""*1  Although, L-
ascorbic acid and 2-KLG are in the same oxidation level, they
differ from each other regarding ring bondability. L-ascorbic
acid is chemically identified as the enolized 1,4-lactone of 2-KLG
compound." This chemical difference also changes the proper-
ties of the product and consequently its usage areas. Although
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response surface methodology approach. For this aim, the
reaction temperature, pH, and time used as variable factors. The
limit values of variable factors were applied as 40-60°C for the
temperature, 7.00-9.00 for the pH value, and 3-9 h for the time.
The analyses results demonstrated that the increasing temper-
ature and time negatively effected the conversion of L-sorbose
into the 2-KLG. The optimum conditions of variable factors were
determined as 41.30°C for the temperature, 8.23 for the pH,
and 3.25h for the reaction time by the central composite
design. Under these optimum conditions, L-sorbose was
converted into 2-KLG with an average yield of 43.70%.

2-KLG is not used directly in foods, it is very important for being
the precursor component to the production of L-ascorbic acid
and also L-xylose, which are frequently used in foods."”

The 2-KLG can be produced from L-sorbose by two different
methods as the microbial fermentation or chemical oxidation."
Microbial 2-KLG production is generally carried out both by
mono-culture fermentation of recombinant Gluconobacter
oxydans"* and by mixed co-culture fermentation of Ketoguloni-
cigenium vulgare, the main producer strain of 2-KLG, and
Bacillus megaterium, the subsidiary strain supported the neces-
sary  nutritional components for the K vulgare
growth.2>7812131518 Hawever, procuring of these microorgan-
isms is generally difficult. Even if these bacteria are procured,
the optimization of process and the keeping under control of
the fermentation are needed in co-culture systems. In addition,
it requires to more energy and expensive fermentation
equipment.®”! The production of 2-KLG via chemical oxidation
is conducted by using catalysts such as Pt/Al,O;, Pt/C, Pd/Al,O;,
Pd/C, Pt/Pd/Bi/C.'*?" While the 2-KLG is produced in this
method, L-sorbose is prepared in a certain concentration and
subjected to direct oxidation in the presence of catalyst in
neutral pH.?? Additionally, this chemical oxidation reaction is
generally carried out at the temperature of 20-80°C and under
the atmospheric pressure.”?

The studies related to the catalytic oxidation of L-sorbose
are so limited and reaction conditions were variable. In a patent
research conducted by Dalmer and Heyns,” it was used Pt/C
catalyst including 10% of Pt and the direct oxidation of L-
sorbose to 2-KLG was realized by applying the oxygen or air. In
this study, it was reported that the obtained 2-KLG yield was
about 50% in the neutral or slightly alkaline pH value between
6 to 11, 70-80 h reaction time, and at the room temperature. In
another research, it was expressed that the oxidation of L-
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sorbose was performed by using Pt/C catalyst including 5% Pt
and adjusting the catalyst:L-sorbose ratio as 1.11. Under these
circumstances, it was stated that the 2-KLG compound could be
obtained with the yield of 62% by applying the air during the
54 h of oxidation time.”” In a study conducted by Kim, et al.”?,
the Pt/C catalyst containing 10% of Pt was used and the
catalyst:L-sorbose ratio was adjusted to 0.2 for the oxidation of
L-sorbose. In this study, when the oxidation was performed at
the 50°C of reaction temperature, between 7.00 to 9.00 of pH
value, and during the 6 h of reaction time, it was reported that
the highest 2-KLG yield of about 50% was obtained. Bronni-
mann, et al.?" obtained a higher yield of 2-KLG by using Pt/
Al,O; catalyst compared to the Pt/C catalyst. The maximum 2-
KLG yield of 39% was obtained with the L-sorbose oxidation
performed by using Pt/Al,O; catalyst including 5% Pt and the
optimum conditions of the L-sorbose oxidation with the oxygen
was determined as 50°C for the reaction temperature, 7.3 for
the pH value, 0.2 for the catalyst:L-sorbose ratio, and 1800 rpm/
min for the mixing rate.

It has been reported quite different results and optimum
values in the previous studies determining the optimum
oxidation conditions of L- sorbose to produce 2-KLG. This
research aimed to determine the optimum conditions with
response surface methodology approach by using the reaction
temperature, pH value, and time as the variable factors to
produce 2-KLG at high yield with the catalytic oxidation of L-
sorbose in the presence of Pt/Al,O; catalyst. Therefore, in this
research, a new experimental design was created by utilizing
literature data. This new experimental design was constituted in
the Design-Expert® program (Version 10.0.0, Stat-Ease Inc.,
Minneapolis, USA) by using central composite design (CCD)
method.

Material and Methods

Material

The L-sorbose, NaOH, HCl, and catalyst (5% Pt/ALO;) were
purchased in the suitable purity considering the quality of
production and analyses, from Acros Organics (New Jersey, USA),
Merck (Darmstadt, Germany), and Sigma-Aldrich (Darmstadt, Ger-
many) firms. Some characterization data such as the average Pt
particle size, BET surface area, actual Pt loading, STEM micrograms,
XPS (Cl% - metal free basis), and infrared spectroscopy results were
given for 5% Pt/Al,O; catalyst (Sigma-Aldrich Product Number
#205974) in the literature.”® Hare, et al.”® reported that the average
Pt particle size is 4.6 nm, BET surface area is 70 m*/g, and actual Pt
loading (by wt.) is 3.62 % for this catalyst.

Methods

Research Design, Optimization of 2-KLG Production and
Statistical Methods

The temperature (°C), pH value, and time (hour) were selected as
the independent variable factors for the optimization of oxidation
conditions. The limit values of variable factors were applied as 40—
60 °C for the temperature, 7.00-9.00 for the pH value, and 3-9 h for
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the time. The limit values used for optimization were organized
based on the literature and these limit values were also confirmed
with preliminary tests. The central composite design method (CCD)
of Design-Expert® program (Version 10.0.0, Stat-Ease Inc., Minneap-
olis, USA) was used for the optimization of determined experimen-
tal parameters, and the experimental design was constructed with
a total of 15 runs formed by repeating the mid-point 3 times. The
applied experimental design is given in the Table 1. The analysis
results of 2-KLG were evaluated as response, and it was used to
determine the optimum oxidation temperature, pH, and time
values by using Design-Expert® 10.0.0. The optimization conditions
were confirmed with the re-production of 2-KLG by applying these
conditions.

Determination of Catalyst Type and Ratio Used in the
Optimization of 2-KLG Production

The catalyst of Pt/Al,O; and its ratio were selected based on
literature findings to use in the 2-KLG production with catalytic
oxidation of L-sorbose.?**'?” The ratio of L-sorbose:Pt/Al,O; was
applied as 1.00:1.50 in the reaction solution.

The L-sorbose concentration was kept stable as 0.1 M in these
experiments?” and all productions were carried out with 100 mL of
0.1 M L-sorbose solution.

Oxidation of L-sorbose

For the conversion of L-sorbose to the 2-KLG with the oxidation,
100 mL of 0.1 M (18 g/L) L-sorbose solution was prepared with
ddH,0. This solution was transferred to the 250 mL graduated
cylinder, and this graduated cylinder was placed in a beaker
including water. The temperature was adjusted the value (40, 50 or
60°C) indicated in the related experimental design run (Table 1).
After equilibrating the temperature of L-sorbose and the water
found outside of the graduated cylinder, the L-sorbose solution was
stirred on the magnetic stirrer at 1000 rpm by giving N, gas into it
with a plastic tube to remove of dissolved gases in the solution.

Table 1. The applied experimental design to produce the 2-KLG from L-
sorbose by catalytic oxidation.
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The process of giving the N, gas was continued for 10 min. At the
end of this period, the N, gas tube was taken out and 2.70 g of Pt/
Al,O; catalyst was added to the graduated cylinder by transferring
0, gas into this system at the rate of 0.2513 g/min. After that the
pH value of the mixture was adjusted to the value indicated in the
experimental design by using NaOH or HCl solutions, and it was
kept stable during the reaction time. The L-sorbose and 2-KLG
contents of the sample were analysed each hour during the
reaction time.

The Analyses of L-sorbose and 2-KLG

The contents of L-sorbose and 2-KLG were determined by using
HPLC system (Agilent, 1260 Infinity Il) equipped with refractive
index detector (RID) (Agilent, 1260 Infinity Il), and Hi-Plex Ca
column (Agilent, 300x7.7 mm) according to modified method
reported by Mutlu and Erbas.”® For this purpose, the sample was
centrifuged at 7100xg for 10 min and the obtained supernatant was
filtered by the 0.45 um membrane filter to inject HPLC system as
10 uL. The ddH,0 was used as the mobile phase at the isocratic
flow with the flow rate of 0.6 mL/min. The temperature of the
column and detector were adjusted at 75°C and 30°C, respectively.
The identification and quantification of L-sorbose and 2-KLG were
performed by the curves formed with standard solutions of each
compound.

2. Results and Discussion
2.1. 2-KLG Production Results

The analysis results obtained from 15 oxidation runs are given
in Table 2. It was determined that the 2-KLG production amount
varied between 0.43 and 8.99 g/L, and the highest 2-KLG
production rate was achieved with 49.95% at 50°C, pH 7.00,
and 3 h reaction time conditions with the run 3.

It was reported that 0.1 M L-sorbose was converted to
approximately 0.04 M (7.2 g/L) 2-KLG compound at 70°C, pH 7.7
about 2 h with Pt/Al,O, catalyst® In another study, the Pt
catalyst on AlL,O; support material was used to convert 0.3 M L-
sorbose at 50°C, and pH 7.5 conditions and while the L-sorbose
conversion rate was found to be 37%, the 2-KLG production
was between 36-38% at the end of 8 h reaction time.”

The residual L-sorbose amounts were between 0.22-3.37 g/
L. It was evaluated that, the used all L-sorbose amount was not
converted to the 2-KLG compound, and there were by-products
formed during oxidation reaction. In a study, it was reported
that during the oxidation of L-sorbose to the 2-KLG compound,
various short-chain aldehydes and dicarboxylic acids were
formed because of breaking the C—C bond by side reactions.
Besides, the addition of NaOH, especially at high pH, promoted
aldol dimerization and polymerization reactions.”?" It was
stated that C—C bond cleavage might be sourced from formed
H,0, by the reduction of O, with metal hydride.”**" Addition-
ally, samples were taken every hour during the reaction, and
obtained L-sorbose and 2-KLG findings are given in Figure 1.
When the obtained findings were examined, it was evaluated
that the amount of the 2-KLG compound decreased with the
prolongation of the reaction time. The decomposition of the 2-
KLG was higher at 50°C and pH 9.00 applications (run 1 and 13)
and after two hours produced 2-KLG amount decreased. It was
evaluated that the 2-KLG compound was decomposed into
advanced oxidation products. It was reported that approx-
imately 50% of the produced 2-KLG decomposed in an hour of
the reaction with Pt/Al,0; catalyst at 60°C and pH 9.00
conditions. Moreover, when pH was above 11.00, there was no
2-KLG formation.”” However, the decomposition of 2-KLG was
at the lowest amount at the mid-points of experimental design
as 50°C and pH 8.00. Therefore, it was concluded that this
compound was more stable under these conditions.

Table 2. Central composite design applied to produce 2-KLG by oxidation from L-sorbose and the results of 2-KLG production.
Run Temperature pH Time Residual L-sorbose amount 2-KLG amount Conversion
Q) (h) (/L) (g/L) (%)
1 50 9 9 2.09 4.89 27.19
2 40 8 3 2.20 7.77 43.18
3 50 7 3 2.07 8.99 49.95
4 40 9 6 3.02 6.07 33.72
5 50 8 6 1.43 6.05 33.61
6 60 8 3 3.37 7.24 40.21
7 40 7 6 1.27 7.70 42.77
8 60 9 6 3.17 3.90 21.67
9 50 8 6 3.03 6.24 34.65
10 50 7 9 0.33 1.78 9.88
11 60 8 9 0.22 043 237
12 50 8 6 2.09 6.73 37.37
13 50 9 3 1.22 6.56 36.46
14 40 8 9 0.76 297 16.50
15 60 7 6 0.57 143 7.95
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Figure 1. Composition and decomposition of the 2-KLG depending on time (a: run with 3 h reaction time, b: run with 6 h reaction time, c: run with 9 h

reaction time).

The 2-KLG results as a response were analysed by linear,
quadratic and cubic models, and the most suitable model was
chosen depending on the p-value, lack of fit test, and regression
coefficient. It was determined that the model that best
expresses the production of the 2-KLG compound by catalytic
oxidation method under experimental conditions was the linear
model with a 74% (R*=0.742) confidence level. The ANOVA
results for the 2-KLG production are presented in Table 3. The
model F-value of 10.52 referred that the model was significant
and there was only a 0.15% chance that an F-value this large
could indicate by the reason of noise. According to the ANOVA
results, while the temperature and time were significant, the pH
was insignificant model terms. The lack of fit F-value of 21.76
showed that the lack of fit was significant. There was 4.47 %
chance that a large lack of fit F-value could be revealed by the
reason of noise. Additionally, the pred-R? of 0.4868 was in line
with the adj-R? of 0.6711 because of the difference between
them was less than 0.2. Adequate precision value expresses the
ratio of signal to noise, and it should be greater than 4 value.
The obtained ratio of 10.45 value stated a sufficient signal, and
the selected model could be used to navigate the design space.

Table 3. ANOVA results of the linear model for the 2-KLG production.

Variation Mean square F-value
Model (Linear) 23.12 10.52**
Temperature 16.57 7.54*

pH 0.29 0.13

Time 52.50 23.89**
Lack of fit 21.76*

R? 0.742

Adj-R? 0.671

Predicted-R? 0.487

Adequate precision 10.45

* 0,01 <p<0.05, *: p<0.01.
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2.2. Effects of Independent Variables on 2-KLG Production
2.2.1. Temperature

It was determined that temperature had a statistically signifi-
cant (0.071<p<0.05) effect on the 2-KLG production amount.
This effect is shown in Figure 2a. It was determined that the
amount of the 2-KLG production decreased with the temper-
ature increased from 40°C to 60 °C. The mean 2-KLG production
amounts were 6.13 g/L at 40°C, 5.89 g/L at 50°C, and 3.25 g/L
at 60°C. In addition, there was a 50% decrease in mean 2-KLG
production yield from 34.04% to 18.05% with the increase in
temperature. It was evaluated that although it changes

.
KLG amount (g/L)

-KL.G amount (g/L)

,
o

T

Temperature (°C) pH

10

-KLG amount (g/I.)

-

Figure 2. Effects of reaction temperature (a), pH (b), and time (c) on the 2-
KLG production.
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according to the effects of other independent variables in the
reaction, a temperature above 50°C decreases the amount of 2-
KLG production.

It was reported that even though the increasing temper-
ature increased the reaction rate and the suitable reaction
temperature was stated as 60-70°C, the higher 2-KLG yield can
also be achieved at 28-35°C.2? Moreover, it has been reported
in a study that the 2-KLG compound rapidly degrades in
aqueous solutions above 55°C.*” In another study, it has been
stated that if the reaction temperature is below 50°C, the
degradation amount of the 2-KLG compound is quite low, and
therefore its decomposition is insignificant.?” It was also noted
that the oxidation reaction rate increases with the increase in
temperature from 40 to 75°C, but it decreases the reaction
selectivity for 2-KLG formation.?”

2.2.2. pH

It was determined that pH value did not have a statistically
significant (p>0.05) effect on the 2-KLG production amount.
The graph showing the effect of pH value on the amount of 2-
KLG is given in Figure 2b. The amount of 2-KLG production did
not significantly change by increasing the pH level from 7.00 to
9.00. The mean 2-KLG production amounts were found to be
4,98 g/L at pH 7.00, 5.35 g/L at pH 8.00, and 5.36 g/L at pH 9.00.
Additionally, the 2-KLG production yields were between 27.64-
29.76 %.

It was reported that L-sorbose oxidation reaction occurs at a
lower rate under acidic conditions, and therefore it should be
performed at neutral or slightly basic pH values. Although basic
pH values accelerate the reaction rate, they can cause sugar
decomposition, especially above the pH 11.00 value. Therefore,
the reaction pH range is suggested to be between 8.00 and
10.00 for the 2-KLG production.??

The oxidation of L-sorbose to the 2-KLG compound was
carried out at a pH of 7.70 by Sulman, etal” Similarly,
Bronstein, et al.** converted L-sorbose at pH 7.70 to the 2-KLG
compound by catalytic oxidation method. Additionally, the 2-
KLG was produced at pH 7.302" and 8.00%” in some previous
studies.

2.2.3. Time

The reaction time has a statistically significant (p <0.07) effect
on the 2-KLG production amount. The effect of time on the 2-
KLG amount is shown in Figure 2c. It was determined that the
amount of the 2-KLG production decreased by increasing the
reaction time from 3 to 9 hours. The mean 2-KLG production
amounts were 7.64 g/L at 3 h, 545 g/L at 6 h, and 2.52 g/L at
9 h. When the production efficiency was evaluated, there was a
70% decrease in the average 2-KLG production yield from
42.45% to 13.99% with the increase in reaction time. Consider-
ing all data, it was evaluated that the reaction time longer than
4 hours had a generally negative effect on the 2-KLG produc-
tion.

ChemistrySelect 2024, 9, €202401794 (5 of 6)

The oxidation reaction times were applied between 3.00-
9.17 h in previous studies,?”***%, It was highlighted that reaction
time was directly affected by reaction conditions, and even if
the conditions were similar, there might be considerable
differences between the reaction times that produce approx-
imately the same rate of the 2-KLG.”” Besides, it is not
recommended to extend the reaction time, since conversion of
L-sorbose to the 2-KLG is not possible with the poisoning of
catalyst by the reaction by-products.®?

2.2.4. Determination of Optimum 2-KLG Production Conditions
and Verification

When the effects of temperature, pH, and reaction time used as
independent variables to produce 2-KLG by oxidation from L-
sorbose on the amount of 2-KLG produced were evaluated, the
optimum oxidation conditions were suggested according to
desirability function as 41.26°C temperature, pH 8.23, and
3.25 h reaction time. The 2-KLG production was carried out with
two replications under these conditions. The 2-KLG production
at a concentration of 7.86 g/L with an average yield of 43.70%
was achieved from these productions. The model verification
was evaluated with the minimum mean absolute percentage
error (E%). The E% value calculated with the model estimation
(8.88 g/L), and the experimental data was determined to be
below 13 %. It was reported that being the E% value lower than
10% indicates the fitness of the model to represent the data.*
The calculated E% value was higher than the acceptable limit
value. This might have resulted from the lower R? (0.742) value
of the model. That can cause some deviations in the inaccurate
prediction of optimum conditions and the calculation of the
theoretical expected 2-KLG results. The determined 2-KLG
amount was lower than the predicted value. However, when
the reaction time was extended for an hour, it was seen that
the predicted result was achieved.

3. Conclusions

It was determined that the effects of reaction temperature and
time were statistically significant, but the effect of pH value was
insignificant on the amount of 2-KLG formed by the oxidation
of L-sorbose. The increase in time and temperature had a
negative effect on the conversion of L-sorbose into the 2-KLG
compound. It was achieved the highest conversion yield of
49.95% with the run 3 reaction conditions that had the
temperature of 50°C, the pH of 7.00, and the reaction time of
3 h. The optimum reaction conditions obtained by evaluating
the data belonging to the all runs formed by using the central
composite design were determined as 41.30°C for the temper-
ature, 8.23 for the pH, and 3.25 h for the reaction time. Under
these optimum conditions, L-sorbose could be converted into
the 2-KLG with an average yield of 43.70 %.
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