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ABSTRACT

Catalytic oxidation of D-glucose to D-gluconic acid derivative with H>O, has been studied using non-noble Cobalt supported
catalyst. The catalysts were synthesized using the scalable incipient wetness impregnation method of Co/Al,O3 and Co/TS1. The
catalysts have been characterized by TGA, XRD, FESEM-EDX, BET, FTIR, and Hammett test. The oxidation of the D-glucose
into D-gluconic acid with yield of 82% (as sodium gluconate) and selectivity is about 100 % have been achieved in the presence
of 5 wt.% Co/Al,O3 as a catalyst under mild reaction conditions (60 °C, pH 9, 1atm, 3h). Reusability study of Co/Al,O3 was
proven to be stable for subsequent cycles of reaction with no notable changes in selectivity. Besides, the physic-chemical
properties of spent catalyst were similarly characterized through FTIR and Hammett test analysis. The presence of gluconic acid
was confirmed by HPLC. The apparent activation energy of reaction is 15 kJ mol* which is lower than the value reported by
prior-art using gold catalysts suggesting different mechanism with dissimilar rate-determining step. The activation of H,O; is
mediated by Co crystallites on the catalyst surfaces, forming active oxygen species via hydroxyl and peroxyl radical intermediates
and/or oxometal species. The basic sites on catalyst facilitate the activation of glucose. The findings could help to make a cost-
effective catalyst for D-glucose conversion into valuable organic acid chemical.
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1. Introduction
Glucose (CgH;,0g) is one of the essential carbohydrate
feedstocks to produce industrial chemicals. Generally, it

especially in food, pharmaceuticals and chemical
industries are one of the key drivers for gluconic acid

can be converted into a broad range of products through market [5]. - _
isomerization, dehydration, hydrogenation and selective In the past decade, the ability of hydrogen peroxide,
oxidation reactions, either via biochemical or chemical H.O,, to promote high -catalytic activities under

processes [1-3]. One of the important and valuable atmospheric pressure has stimulated the interest towards
chemicals derived from glucose as a starting feedstock  the use of H20: as an environmentally friendly oxidant
is gluconic acid (CsH120). The world market of gluconic for glucose oxidation at large scale. Ishida et al. [6]
acid is standing at $ 51.6 billion in 2018 and is expected studied the oxidation of D-glucose with H202 on Au
to grow further due to its wide applications [4].The catalysts supported with diverse polymers. Primarily,
gluconic acid and its derivatives (i.e. its salts and not more than 50% of D-glucose conversions are

gluconolactones) are used in various fields of industry observed by relating 1.6 equiv. of H,O, to D-glucose.
“Corresponding author: They pointed out that D-glucose oxidation is probably
E-mail address: mohdhasbi@ump.edu.my (M. H. Ab facilitated with the intermediate oxygen species formed
Rahim); via H,O, decomposition. A similar claim on the active

species was reported by Saliger et al. [7] in the presence
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of a highly active Au/Al;Os catalyst. The reactions are
carried out under alkaline conditions mainly to assist the
reaction mechanism through deprotonation of hydroxyl
group and rendering C-H rate-limiting. Also, the
formation of gluconate salt reduces the catalyst
poisoning due to inhibition effect of acid product [8, 9].
Indeed, gluconate product makes up about 80% of the
gluconic acid market [10].

As the preferred commercialized biochemical route
faced recyclability and product contamination issues
whereas conventional chemical approach releases toxic
and hazardous materials to the environment, many
researchers have put much attention towards catalytic
oxidation of glucose to gluconic acid with the use of
selective heterogeneous catalyst, especially noble metal
catalytic systems. Nevertheless, the development of
selective chemo-catalytic routes for large scale
production of gluconic acid from glucose remained
challenging and yet to be commercialized, which is
mainly associated with technological, practical,
environmental challenges, as well design of a robust and
active catalyst [11, 12]. The model catalytic system for
glucose oxidation is a precious metal by means of
platinum, palladium, rhodium and gold, with either one
support of carbonaceous materials, metal oxides,
layered double hydroxide, and polymer or cellulose [6,
7, 13-19]. Utilization of a precious metal will eventually
increase the overall cost of production. Therefore, it is
crucial to find alternative cheaper metal catalysts with
comparable or higher catalytic yield.

In the present work, the concern about environmental
protection increases over the years from a global
viewpoint and the cost of the process the selective
catalytic oxidation of D-glucose with H2O- using cobalt
supported catalysts is reported. The aims of this work
are to study and compare the catalytic performance of
Co/Al;O3 and Co/TS-1 catalysts which are reusable,
environmentally  friendly, and low cost. An
investigation on the optimum reaction conditions with
regards to the influence of temperature, pH, glucose
concentration and amounts of H2O- on catalyst activity,
conversion, selectivity and stability were also carried
out to find the better catalytic system, in addition to the
mechanistic of heterogeneous catalyst.

2. Experimental

2.1. Catalysts Preparation

Alumina (y-Al;03) purchased from Sigma Aldrich and
Titanium Silicate-1 (TS-1) supplied by Advance
Chemical Supplier (ACS) materials were used as
support material. The AR grade Cobalt (II) Nitrate
hexahydrate (Co(NOs3).::-6H20 >99.0%) used as cobalt
precursor, and AR grade D-glucose and 30 wt.% H,O»

24

used for catalytic oxidation were all purchased from
Sigma Aldrich. These chemicals were used without
further purification. Deionized water was used
throughout this work.

The 5 wt.% Co/y-Al203 and 5 wt.% Co/TS-1 catalysts
were prepared by incipient wetness impregnation using
aqueous solutions of Co(NOs3).-6H,0 as follows: The
required amount of water was added to the stock
solution of Co(NO3).:6H20. Then, the solution was
added dropwise to the y-Al,Os; and TS-1 support,
respectively, throughout intensive mixing. The support
became slightly wet after complete addition of the
solution. After the impregnation, the resulting catalyst
samples were dried at 100 °C for 15 h in an oven and
later calcined at 500 °C for 5 h under static air
environment.

2.1 Catalyst characterization

Thermo-gravimetric ~ Analyzer ~ Mettler  Toledo
TGA/DSC-HT/1600 was used to analyze thermal
stability and phase transformation of Al.Os; TS-1,
Co/AlLO3 and Co/TS-1 catalyst. The samples were
heated from ambient to 800 °C composition under
nitrogen (N) gas environment at a rate of 10 °C min™.
Powder X-ray diffraction (XRD) patterns were recorded
by a Rigaku Miniflex II diffractometer using Cu (Ka)
radiation (lambda, A = 0.154 nm). The data of 2 Theta
(0) were collected by means of a continuous scan mode
from 10° to 80° with a sampling pitch of 0.02 and a scan
rate of 4°/min. The voltage of X-ray tube was adjusted
to 40 kV and the current was set at 30 mA.

Field Emission Scanning Electron Microscope
(FESEM) and Energy Dispersive X-Ray (EDX), JEOL
(JSM7800F) with spatial resolution up to 1 nm were
used to study the surface morphology and elemental
analysis of the catalyst.

Micromeritics ASAP 2020 Surface Area Analyzer was
used to measure the nitrogen (N.) adsorption-desorption
isotherms at -196 °C for calcined catalysts. The samples
were purged in a flow of N, for 3 h at 300 °C prior to
the tests. The specific surface area was calculated using
the BET equation.

Shimadzu UV-2600 Ultraviolet-Visible (UV-vis)
spectrophotometer was used to determine the oxidation
state of metal oxides on catalysts at ambient temperature
in air over the range of 200 to 900 nm with reference to
barium sulfate, BaSO..

Fourier transform infrared (FT-IR spectra) of the
catalysts were recorded on PerkinElmer Spectrum 100
FTIR Spectrometer with a resolution of 4 cm™ and 64
scans in the wavenumber region of 4000-400 cm™.
Acid-basic properties of catalysts were determined by
Hammett Test, using methyl orange (H_ = 3.46),
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bromocresol green (H_ = 4.9), methyl red (H_ = 5.0),
phenolphthalein  (H_ 9.3), 2,4-dinitroaniline
(H_=15.0), and 4-nitroaniline (H_ = 18.4) as indicators.
The acid and basic strength were quantified by n-
butylamine and benzoic acid titration methods
respectively.

2.2 D-Glucose catalytic oxidation procedure

All D-glucose oxidations were performed in a three-
neck thermostatted round bottom flask that was heated
in a temperature-controlled water bath digital stirring
hot plate (IKA), IKA@DTS-5 temperature controller
equipped with a magnetic bar (as stirrer), under
atmospheric pressure. Aqueous 1.0 M NaOH solution
was titrated into the reactor to keep up constant pH
throughout the reaction. Constant portions of 30 wt.%
H»0O; solution were added manually during the course of
reaction in the first hour of reaction. The required
amount of H,O; is based on corresponding to respective
initial D-glucose concentration. The catalyst activity
was studied with an initial D-glucose concentration
range from 10 wt.% to 30 wt.% with constant 13.3% of
H,O,. Approximately 16 mg catalyst was used in all
experiments.

The experimental procedure was typically as follows:
the reactor flask was charged with 7.5 g of an aqueous
D-glucose solution in the corresponding concentration
and thermostatted to the reaction temperature at 40 °C
(or otherwise stated). About 13.3% total amount of H,O>
was added at initial time and the pH was adjusted to 9
prior to reaction initiated by the addition of the catalyst
powder suspended in 0.5 g of water. As aforementioned,
constant portions of H,O, were added stepwise in the
first hour during reaction till it reached the
stoichiometric total amount, a stirring rate of 1000 rpm
was employed throughout the reaction. The catalytic
reaction was stopped after 5.5 h and cooled below 10 °C
to stop the reaction. Samples were centrifuged at 4000
rpm for 15 min to separate the catalyst. The catalysts

after reaction were separated, while the supernatant was
filtered off through 0.22-um nylon (N6).

Product analysis was carried out using HPLC on Zorbax
C18 SB (250 x 4.6 mm) column, using 5 mM solution
of phosphoric acid, HsPO4 (with pH 2.85) containing
1% acetonitrile as eluent with 1.0 mL/min flowing rate,
to measure the concentration of gluconic acid,
accompanied with identification by Fourier Transform
Infra-Red with Attenuated Total Reflection analysis
technique (FTIR-ATR). Alternatively, the glucose
quantitative analysis was performed on Supercosil LC-
NH: (250 mm x 4.6 mm) column with acetonitrile-water
solution (75:25) as the eluent with 0.6 mL/min flowing
rate.

Blank reaction was conducted without addition of
catalyst with similar parameter. The studies on the
influence of varied reaction parameters were carried out
in a couple of experiments. For each tested parameter,
which might be D-glucose concentrations, reaction
temperature, pH, molar ratio of D-glucose to H,0,, and
reaction time, other non-varied parameters were kept
constant.

In recycling tests, the catalyst was separated by
centrifugation, and washed with deionized water after
each run, then reused during the subsequent run with a
freshly prepared glucose solution.

In the case of H,O, analysis, the amount of H.O,
remained after reaction of D-glucose oxidation with
H.O, was analytically determined by the titration
technique of product solutions after reaction against
potassium permanganate solution, KMnO4 of known
normality (N) as an indicator.

By adopting the specific calculation as listed in Eq. (1-
4), the conversion, selectivity and yield percent, and
catalyst activity, (mmol min™ gcozos™) can be calculated
accordingly with respect to all the necessary information
obtained from the standard HPLC calibration curve and
catalytic reaction parameters.

Total no. of mol (D-glucose + products) - No. of mol of D-glucose

Conversion % =

Selectivity % =

x 100
Total no. mol of (D-glucose + products) 1)

No. of mol of product (Organic acid) 100
Total no. of mol (D-glucose + products) - No. of mol of D-glucose )

YVield % = Conversion % x Selectivity %
e 100 3)
Catalvst Activit | min’! . Conversion % x Moles of D-glucose (mmol)

atalyst Activity, (mmol min™ geosos™) Mass of Co304 (g) * Time (min) x 100 4)
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3. Result and Discussion

3.1. Characterization of catalysts

The thermogravimetric analysis is ideally used to study
the thermal stability and degradation characteristics of
the catalyst samples at various temperatures and to
understand the influence of calcination temperature on
the characteristics of each catalyst. As the commercially
ready-to-use y-AlO3 and TS-1 are usually synthesized
under high temperature treatment, it is expected to be
thermally stable over a high range of temperature and
with low tendency of decomposition or degradation.
With the introduction of Co metal, the illustration of a
few small inflections at 50-200 °C in the weight loss
curves of uncalcined Co/Al:Oz catalyst (Fig. 1i)
expressed the endothermic loss of water molecules in
the cobalt hydrate shell (eq. 5-7).

(NO3)26H20 — CO(NO3)24H20 + 2H20 (5)

Co(NO5), 2H,0 — Co(NO5), + 2H,0 (7a)

2CO(NO3)22H2O g [CO(NO3)2]20 + H2 + 3H20 (7b)

[Co(NO;),],0 — 2Co(NO;), + % O, (7¢)
Just after the complex dehydration process completes at
around 120 °C, subsequent thermal decomposition of
the nitrate anions leading to the formation of C0304
accompanied by the release of nitrogen oxides [20-22].
The single sharp peak observed at around 200 °C may
be similar to the major decomposition of supported
cobalt nitrate, from which leading to formation of Co304
oxide predominantly. A shoulder at slightly higher
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temperature of 340 °C can be identified more clearly
from the derivative thermogravimetric (DTG) curve,
possibly resulting from the slow desorption of gaseous
product from the surface of support. The Co0304
formation was confirmed by XRD analysis.

In addition, another solid residue, namely cobalt
aluminate, CoAl,O4 spinel is expected to be formed as
final product from decomposition of cobalt nitrate
supported on Al,Os leads to CoAl,O4 spinel as the final
product. The formation of either Al,O3; and Co0304
oxides mixture or CoAlO. spinel is found to be
dependent on the support synthesis method, but the
spinel formation can be implied by the highly dispersed
support even in the relatively low temperature as
described in the literature [23]. A further minor weight
loss at around 438 °C, as illustrated in Fig. 1i, may be
attributed to the beginning of the formation of CoAl.O.
phase in the calcined Co/Al;O3 catalyst. The formation
of CoAl,O4 is assumed to be more substantial at 620 °C
as observed from greater mass loss compared to that at
438 °C. Another possibility is that the band nearby 620
°C may be attributed to the reduction process of cobalt
surface phase (CSP). Zsoldos et. al. believed that CSP
phase is a hardly reducible surface phase that formed
throughout calcination, covering over alumina support
[24]. In addition, they assumed that this surface phase is
highly dispersed and exists in the monolayer thickness
in the absence of solid-state diffusion into the support
matrix. Beyond these decomposition temperatures, the
catalyst remained practically stable up to 800 °C.
Overall, the residue of the sample is about 98.2 % (3.47
mg) which indicates a total weight loss of only 1.8 %
(0.06 mg), thus, Co/Al,O; catalyst is featured with high
thermal stability.
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Fig. 1. TGA profile of (i) 5 wt.% Co/Al,O; (ii) 5 wt.% Co/TS-1. (a) and (b) refer to Weight percentage (%) loss and derivative

thermal gravimetric (DTG) respectively.
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As can be seen from the thermogravimetric analysis
(TGA) curve of cobalt catalyst with TS-1 support (Fig.
Lii), the decomposition of supported cobalt nitrate is
inferred to be almost similar to alumina-supported
cobalt catalyst, with major mass loss at 185 °C attributed
specifically to the complete thermal decomposition of
Co(NOs3), predominantly to CozO4 as end products.
Nevertheless, on the TGA curve, the sample mass
decreased slightly to 340 °C similar to that in TGA
profile of Co/Al;O3 catalyst, which likely is owing to
slow desorption of gaseous product from the surface of
support. In comparison, the significant difference
between the Co/TS-1 and Co/Al;Os catalyst is the
possibility of CoAl,O, spinel formation in the alumina
supported catalyst at high temperature treatment above
400 °C. In addition, the overall weight loss of this
Co/TS-1 sample is found to be 4.0 % (0.06 mg),
showing similar amount of overall mass reduction. In
brief, the complete decomposition of supported cobalt
nitrate mainly leads to the formation of Co0304
accompanying with release of nitrogen dioxide, water
and oxygen as the following overall reaction.

The XRD pattern in Fig. 2 illustrates that Co/Al,Os
catalyst indicates all the characteristic peaks of y-Al;Oa.
The diffraction peaks presence at 20 = 31.3°, 36.9° and
65.5° may be attributed to either Co304 or CoAl;O4
species as both Coz0. and CoAlO4 have a cubic spinel
structure with almost the same XRD patterns [25-27].
However, the appearance of the peak at 20 = 36.9°,
significantly evidences the presence of Co0304
crystallites. All the initial Co (II) oxide is completely
consumed as indicated by the absence of a distinct CoOy
phase from the XRD analysis. The low intensity of
cobalt oxide crystallites indicates that they present in a
highly dispersed form on alumina support, which is in
good agreement with EDX mapping results.

Intensity (cps)

(a)

T

20 40
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Fig. 2. XRD patterns of (a) y-Al,Ozand (b) calcined 5 wt.%
CO/Ales.
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XRD analysis for both calcined TS-1 and Co/TS-1
catalysts showed diffraction peaks at 26 = 23.2°, 23.8°,
24.5°,29.2° and 45° as depicted in Fig. 3. This revealed
that the introduction of cobalt metal did not alter the TS-
1 intrinsic MFI zeolitic structure since only a similar set
of diffraction peaks characteristic of the MFI
configuration were shown ascribed to TS-1 [28]. The
calcined TS-1 has orthorhombic symmetry with
characteristic single reflections around 26 = 24.5° and
29.2°, which indicate Ti located in the zeolite
framework [29]. No diffraction peak around 20 = 25.4°
was observed, suggesting the absence of extra-
framework of crystalline TiO, (anatase) in the catalysts
and all Ti species were located inside molecular sieve of
TS-1 [30]. The absence of CoOx crystalline diffraction
peaks is due to similar reason as stated for Alumina
supported catalyst.

Fig. 4 depicts FESEM images of synthesized catalyst
with 5 wt% Co supported on Al,O; and TS-1,
respectively. The analysis revealed the results of
surficial morphology and assessment of particle size of
the samples. Size analyzer of FESEM images prove that
the particles contained are in nanometric and
micrometric scales. Al.Os as support material are a well
ordered flower-like plate structure (Fig. 4a), whereas
the addition of Co on Al,O3 affect the morphology
features of the catalyst, this can be observed by the
comparison of the surficial properties (Fig. 4b). In case
of TS-1 as a support material, incorporation of Co
illustrates an almost similar morphological structure
with a uniform particle size (Fig. 4c and 4d). Elemental
analysis using Energy-dispersive X-ray (EDX) shows
almost identical to theoretical value of Co (5.27 wt.%)
for Co/TS-1 catalysts, whereas 8.13 wt.% was obtained
for Co/Al,0; sample. Additional dot map micrographs
prove that Co is uniformly dispersed and no visible
particles agglomeration are observed on the surface of
supported materials.
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Fig. 3. XRD patterns of (a) TS-1and (b) calcined 5 wt.%
Co/TS-1.
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The BET surface area, total pore volume, mean pore
diameter of the y-Al:03, Co/Al;O3, TS-1 and Co/TS-1
catalysts were determined by N adsorption and
desorption isotherms analysis, with results shown in
Table 1. In both supports, the addition of Co does not
alter the BET surface area. The surface area of Co
modified alumina catalyst remained around 1.6 m%g as
exhibited by y-Al.O3 whereas the total pore volume of
Co/Al03 (0.007 cm®/g) is almost doubled to that of y-

s

(a) Al203

- 1 JEOL

Fig. 4. FESEM imags of stheetalysts that have ugone a

Al,O3 (0.004 cm®/g). On the other hand, both the TS-1
and Co modified TS-1 catalysts possess a surface area
of about 415.0 m%g and the total pore volume of 0.310
cm/g. N, adsorption-desorption isotherm plot

illustrated that both cobalt supported catalysts exhibit
mesoporous structure with well-dispersion of metal
oxides crystallites, and their main difference is that
Co/TS-1 may comprise some micropores (Fig. S1).

(B)_C;/AhOB
) e,

st

TRy Uil Scale 3830 cts Cursor: 0.000

cction process, at 500 °C: (a) y-Al>Os, (b) 5 wt.%

Co/Al;,O3 with EDX analysis, (¢) TS-1, (d) 5 wt.% Co/TS-1 with EDX analysis.

Table 1. No-physisorption analysis of catalysts.

Catalyst Co BET Total Pore
metal surface pore size

(wt.%) area volume  (nm)

(m’/g)  (cm’g)

Al,O3 - 1.6 0.004 9.3
Co/AlO3 5 1.7 0.007 15.7
TS-1 - 415.4 0.306 2.9
Co/TS-1 S 419.3 0.320 3.0

The spectrum of the calcined Co/Al;O3 catalyst (Fig. 5)
shows two broad and intensive absorption bands at
around 431 nm and at 718 nm which specifies the
presence of cobalt phases, wherein substantial cobalt
atoms exist in symmetries of octahedral and tetrahedral
[31]. The Co* ions are both tetrahedrally and
octahedrally coordinated in Co3O4 particles dispersion.
According to TGA analysis, the CoAl,O, species is
expected to present when the catalyst is exposed to
calcination at 500 °C. However, no adsorption peaks
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attributed to CoAl,O4 species were found in the as-
prepared catalyst as evidenced by the absence of a
characteristic distorted triplet adsorption band near 620
nm corresponding to tetrahedral Co®* and the other
absorption band at 350 nm. This result confirmed the
absence of CoAl,O4 species, clarifying XRD analysis.
In brief, the dominant Co304 species is expected to play
a vital role in the oxidation reaction [32].

As shown in Fig. 6, the appearance of intense absorption
bands at 220 nm are noticeable in the spectra for TS-1
and 5 wt.% Co/TS-1 (uncalcined and calcined) samples,
which signifies that the titanium (Ti) was incorporated
in the TS-1 framework [33]. CoOx oxide is expected to
present in the calcined Co/TS-1 as deduced from the two
significant broad peaks located in the respective ranges
of 280-450 nm and 560-700 nm is probably
corresponding to ultraviolet absorbances of CoOy oxide.
This can prove that the TS-1 surface of catalysts is
highly dispersed with very small CoOy crystallites,
confirming the presence of CosOa crystallites, though
they are unnoticeable in XRD.
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200 300 400 500 600

Wavelength (nm.)

Fig. 5. UV-Vis-NIR spectra of (a) Calcined y-Al;Os, (b)
Uncalcined 5 wt.% Co/Al,Qs, (c) Calcined 5 wt.% Co/Al,0s.
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700 800

Fig. 6. UV-Vis-NIR spectra of (a) Calcined TS-1, (b)
Uncalcined 5 wt.% Co/TS-1, (c) Calcined 5 wt.% Co/TS-1.

FTIR spectra of y-Al,Os and Co/AlOs catalysts
illustrated the presence of hydroxyl group from an
adsorption band at around 3433 cm™ which is attributed
to the O-H stretching mode vibrations (Fig. 7). Within
the region of 800-500 cm™, strong doublet peaks near
657 and 608 cm™ are characteristic assignment of metal
oxygen vibrations in the cubic Co3zO4 oxide (spinel) as
reported in previous study [34]. The presence of water
in samples is recognized from the peak of water bending
mode at around 1641 cm™. Since there is no shift in the
O-H and metal-oxygen stretching bands toward higher
wavenumber regions (particularly at 3445 and 676 cm™
respectively) attributed to the CoAl;0, phase as
indicated in the literature data [35], verifying that the
absence of CoAl O, spinel is in good agreement with the
UV-Vis-NIR results.

The FTIR spectra of TS-1 and Co/TS-1 catalysts
showed the strongest absorption bands at around 1100
cm?® with a shoulder at 1230 cm™ is particularly
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assigned to asymmetric stretching of Si—O-Si; the bands
near 803 cm™ is attributed to bending or stretching of
SiO-Si bridge; and the bands at 552 cm™ belongs to Si—
O-Si rocking (Fig. 8). These characteristic peaks also
revealed the MFI structure of zeolite and the Co
modified catalyst remained intact as TS-1 structure,
which is consistent with the XRD results. A
characteristic peak near 970 cm™ is generally ascribed
to [SiO4] tetrahedral bond stretching vibration in the
0sSi—O-Ti structure, indicating the incorporation of Ti
into the framework of zeolite.
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Fig. 7. FTIR spectra of (a) y-AlO3 and (b) 5 wt.% Co/Al,O3
catalyst
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Fig. 8. FTIR spectra of (a) TS-1 and (b) 5 wt.% Co/TS-1
catalysts.

The overall acido-basic properties of the catalysts are
tabulated in Table S1. By observing the color changes
of Hammett indicators, both Al,Os and Co/Al,Os are
indicated as neutral exhibiting both acidic and basic
sites, whereas TS-1 and Co/TS-1 are slightly acidic in
nature. Thereafter, the acidity values of the catalysts
were measured by n-butylamine titration method using
different Hammett indicators with pKa <+6.8, while the
basicity values of the catalysts were measured through
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benzoic acid titration technique using other indicators
with pKa > + 7.2. In comparison, TS-1 is assumed to
occupy more acidic sites on catalyst surface than the
others, whereas Co/TS-1 became slightly basic with the
introduction of Co. Nevertheless, Hammett indicator
method was limited for the accurate measurement of the
acidity and basicity of the catalyst, regarding the total of
Lewis acid and base, and Bronsted acid and base.

3.2. Catalysts Activity

The selective oxidation of the D-glucose into D-
gluconic acid with improved yield and selectivity has
been achieved in the presence of a cobalt catalyst,
comprising particles of cobalt species dispersed on a
support (i.e., Co/AlO3; and Co/TS-1), as compared to
the uncatalyzed reaction as well as the catalyzed
reactions solely by alumina and titanium silicate-1
catalysts (Table 2). In this study, through HPLC
analyses and standard solution as reference, D-glucose
was anticipated as selectively converting to D-gluconic
acid predominantly, rather than to other possible
oxidation products, i.e. glucaric acid, glucuronic acid
and other organic acids through similar catalytic route.
Besides, the HPLC analysis confirmed the absence of
isomerization of glucose to fructose.

In catalyzed reaction, the activation of H,0; is likely to
take place mediated by Co crystallites, where homolytic
decomposition of H.O, occurs with one-electron redox
couples of Co(I1)/Co(ll1) of CosO4 spinel [36, 37]. This
mechanism generates hydroxyl radicals (HO-) and
peroxyl radicals (HOO-) and/or high-valent oxometal
species as active oxidant, thereby producing active
oxygen to competently react with D-glucose adsorbed
on the catalyst surface. By comparing the cobalt
supported catalysts, the Co/Al,O3 catalyst has achieved
D-gluconic acid yield of 63.3 % which is higher than
Co/TS-1 catalyst which gave slightly lower yield of 53.7
% D-gluconic acid.

Table 2. Catalytic data for oxidation of D-glucose
under prescribed standard reaction conditions. *

Reaction Conversion Selectivity Yield
(%) (%) (%)

Blank 65.1 61.3 39.9
TS-1 60.1 51.0 30.7
v-Al03 64.6 54.1 34.9
Co/TS-1 53.8 100.0 53.7
Co/AlL03 63.3 100.0 63.3

*Reaction conditions: D-glucose concentration, 30
wt.%; catalyst, 16 mg; Temperature, 40 °C; pH, 9; D-
glucose: H,02, 1:1.0 (Molar ratio); Standard stirring
rate, 1000 rpm; Reaction time, 5.5 h
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From the viewpoint of catalyst properties, the catalyst
performance is expected to be dependent on nature of
support. The Co/Al,O; catalyst is suggested to exhibit
greater ability to adsorb the active oxygen species
produced as H.O. activated on the catalyst surface, as
well as better adsorption of D-glucose, on account of its
strong lateral adsorbate interactions with adsorbed layer
as depicted by nitrogen (N) physisorption. Indeed, the
Co/Al,O3 catalyst showed a more distinct presence of
Co0304 phase under XRD and UV-Vis-NIR spectra as
compared to Co/TS-1 counterpart, thus facilitates
formation of active oxygen species which is crucial for
D-glucose selective oxidation. Considering the other
catalytic features, the acidity of the materials may have
a negative influence on the alkaline-conditioning
reaction to certain extent, since TS-1 is considered to
have more acidity than Al,Os. It is expected Co/AlOs
exhibit conjugated basic site to activate the primary
hydroxyl group on glucose to form gluconic acid. The 5
wt.% Co/Al,O3 was then the catalyst of choice by virtue
of its catalytic capability.

3.2.1 Influence of H,0, Addition Procedure on Catalytic
activity

One-pot addition of H,O, was practically applied by
most of the researchers in earlier investigations on
oxidation of D-glucose with H,O,. However, as per
Ishida et. al. [6] reported, a markedly lower D-glucose
conversion of <50 % was mostly obtained by way of
one-pot addition of excess H20-, whereas Saliger et. al.
[7], in contrast, obtained a D-glucose conversion of > 99
% by employing a subsequent step-wise addition of a
total stoichiometric amount of H.O. relating to D-
glucose in the course of the reaction. In order to verify
the effect of H,O, addition procedure on H:O,
performance, the selective catalytic oxidation of D-
glucose in this section was carried out by both the one-
pot and step-wise H,O, addition with the use of
Co/Al;,O3 catalyst. The D-glucose oxidation reaction
with step-wise addition of H,O, was carried out as
described in section 3.5, whereas, for the reaction with
one-pot H,O, addition, only one portion of total 1.50 mL
H.O, was added into the reactor without prior addition
of the initial H.O..

In line with the Saliger et. al. [7] study, higher D-glucose
conversion and D-gluconic acid yield of 54.4% was
obtained with step-wise addition of H,O, as compared
to that with one-pot addition of H,O2 which only gave a
yield of 40.8%. It is suggested that the low conversion
may probably be due to the leakage of O, formed, via
H,O, decomposition, out of the reactor. This
phenomenon can also be known as gas evolution
successive to H.O. decomposition. Gas evolution



Table 3. Catalyst activity and D-gluconic acid yield in

M. H. Ab. Rahim et. al / Iran. J. Catal. 11(1), 2021, 23-35

generally occurs when the concentration of H,O is too
high in comparison to the concentration of D-glucose.
In this instance, H,O; is decomposed substantially faster
to H,O and O, than its reaction with D-glucose. The
prevalence of oxygen leakage is more likely to occur
with one-pot H,O; addition, whereby the yield % of D-
gluconic acid corresponding to its D-glucose conversion
increased remarkably only at initial time. In contrast, in
the reaction with step-wise addition of H,0,, the D-
glucose conversion increased gradually over time
towards a higher yield of D-gluconic acid. Nonetheless,
a complete conversion of D-glucose in oxidation
reaction applied with the step-wise addition of H.O- is
yet to be achieved. Hence, oxygen leakage may also
occur to a certain extent, and further investigations on
influence of other experimental reaction parameters are
needed.

3.2.2. Influence of D-glucose concentration

The influence of varied initial D-glucose concentration
on D-glucose oxidation with H,O, was examined in the
range of 10-30 wt.%. A constant catalyst load 16 mg of
5wt% Co/AlO3 was used in all experiments in this
section. As shown in Table 3, an increase of total yield
of D-gluconic acid is obtained with an increase of
catalyst activity with a rise in D-glucose concentration
up to 30 wt.%. Thus, indicating that the tested catalytic
system able to efficiently catalyzed the reaction with
minimum effect on the oxygen solubility issues faces by
most of the works with molecular oxygen as oxidant. In
their case, the optimum workable of D-glucose
concentration is around 20 wt.%. In general, the
variation of the D-glucose concentration did not affect
the total selectivity to D-gluconic acid in the present
study and no by-products were detected by HPLC.

dependence on the D-glucose concentration. *

D-glucose Substrate-to-  Activ. Select. Yield
Concentration  catalyst ratio (mmol (%) (%)
(wt.%) (9=Co/Co) min-t
ch304'1)

10 306.8 1011 100 26.1

20 573.8 3109 100 43.0

30 920.3 5083 100 43.8

*Reaction conditions: 5wt% Co/Al,0;, 16 mg;

Temperature, 40 °C; pH, 9; D-glucose: H;02, 1:1.0 (Molar
ratio); Standard stirring rate, 1000 rpm; Reaction time, 5.5

h

3.2.3 Influence of Reaction Temperature

The effect of the reaction temperature on D-glucose
oxidation with H,O, was studied in the range of 30-60
°C. The temperatures above 60 °C were not studied in
this work because low selectivity to D-gluconic acid is
generally resulted by the presence of by-products owing
to the occurrence of homogenous reactions of D-glucose
such as isomerization and degradation [14]. The
dependency of catalyst activities on reaction
temperature are shown in Fig. 9. Catalyst activity
strongly increases with rising reaction temperature,
from which relatively high yield (72.4%) of targeted
product is realized at 60 °C. An Arrhenius plot was
established as Fig. 10 based on the catalyst activities
presented in Fig. 9. The apparent activation energy
calculated from logarithm form of Arrhenius equation
(k=Ae®¥RT) was found to be 15 kJ mol* approximately
which is lower compared to the value obtained from a
comparable reaction in the presence of Au based
catalytic system [7]. The appreciable difference in
activation energies of these catalysis systems may be
caused by the difference in the adsorption abilities of
catalyst for glucose [38], according to the nature of
catalyst surface and electronic properties, attributable to
different nanostructures [39-41].
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Fig. 9. Catalyst activity in dependence on the reaction
temperature. Reaction conditions: D-glucose concentration,
20 wt.%; 5 wt% Co/Al;Os, 16 mg; pH, 9; D-glucose: H,O,
1:1.0 (Molar ratio); Standard stirring rate, 1000 rpm; Reaction
time, 5.5 h.

3.2.4. Influence of pH

D-glucose oxidation with H,O, was further studied
under slightly acidic and neutral conditions at pH 5 and
7, respectively. The results were compared to the
standard reaction at pH 9 and are reported in Fig. 11.
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Fig. 10. Arrhenius plot for the determination of apparent
activation energy.

In contrast, the catalyst activity under slightly alkaline
conditions (pH 9) was significantly higher than that in
acidic conditions. Highest D-glucose conversion of
72.4% is attained at pH 9, while lower conversion of
65.2 % was reached in pH 5 after 5.5 h. The activity of
catalyst was expectedly higher at pH 7 to some extent as
compared to pH 5, which gives somewhat higher
conversion of 67.7%. This is commonly concerning
deprotonation of substrate at pH> 7, thus faster
desorption of gluconic acid. Lower conversion and
catalyst activity at pH< 7 tends to signify a catalyst
deactivation attributed to undissociated D-gluconic
acids which remain adsorbed on the catalytic active sites
of the noble metal and poses catalyst self-poisoning
[42]. Other unknown organic acids are more likely to
form; as alkaline degradation may be dominant over
oxidation to gluconic acid.
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Fig. 11. Catalyst performance in dependence on the reaction
pH value. Reaction conditions: D-glucose concentration, 20
wt.%; 5 wt% Co/Al,Os, 16 mg; Temperature, 60 °C; D-
glucose: H,0,, 1:1.0 (Molar ratio); Standard stirring rate,
1000 rpm; Reaction time, 5.5 h.

3.2.5. Influence of D-glucose to Hydrogen Peroxide
Molar Ratio
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The investigation on whether a stoichiometric amount
of H,O, (1.0 equiv.) in relation to D-glucose could
sufficiently bring about a complete D-glucose
conversion was first performed. Then, the effect of
varied D-glucose to H,O. molar ratio towards D-
gluconic acid formation was also studied and the results
are reported in Fig. 12. Higher conversion and yield of
D-gluconic acid are achievable with the increased molar
ratio of H,O- to D-glucose. This is often attributed to the
shift of equilibrium towards the side reaction (H.0 + 2
H* + 2 & — 2 H0) through the introduction of excess
amounts of H;O, oxidizing agents. The activity value
and D-glucose conversion at stoichiometric ratio were
doubled to those at 1:0.5 D-glucose to H.O, molar ratio,
but there is no remarkable increase in activity and D-
glucose conversion as well as the yield of D-gluconic
acid with molar ratio of D-glucose to H.O; up to 1:3.0.
Furthermore, the selectivity to D-gluconic is not
significantly influenced by the variation of the D-
glucose to H,0, molar ratio. As the excess of H,O, even
in a small amount is unfavorable with reference to the
costs, the stoichiometric amount of H>O; in relation to
D-glucose is still in preference for the optimum, cost-
effective process. The decomposition of H,O, was also
studied by determining the amount of H,0O, that
remained based on procedure mentioned in [43]. Almost
all H.O, decomposed under the slightly alkaline
condition (pH 9) in the first hour; immediately after the
total amount of H.O, has been added. According to
Salinger et al [7], under high concentration of hydrogen
peroxide, the decomposition of H,O, oxidant to form
H.0 and O is considerably faster than its reaction with
d-glucose subsequently influence catalytic activity.
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Fig. 12. Catalyst activity and D-glucose conversion and yield
of product at different D-glucose to H,O, molar ratio.
Reaction conditions: D-glucose concentration, 20 wt.%; 5
wt% Co/Al,Os, 16 mg; Temperature, 60 °C; pH, 9; Standard
stirring rate, 1000 rpm; Reaction time, 5.5 h.
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3.2.6. Influence of Reaction Duration

The time-course of D-gluconic acid yields was
investigated, complemented with the study on D-
glucose conversion and selectivity to D-gluconic acid
during D-glucose oxidation with H,O, over 5 wt.%
Co/AlyO3 via Time-online analysis (TOL). The TOL
statistics give a picture of linear increment in D-
gluconic acid yield up to 81.3% at 3 h, attained with high
catalyst activity of 10792 mmol min™ geesos?, reaching
a plateau after 3 h (Fig. 13). Lower D-glucose
conversion observed at prolonged reaction time might
be due to the limiting amount of adsorbed active oxygen
species from HO. decomposition on the catalyst
surface and/or slower rate of D-gluconic acid desorption
from the catalyst surface. Hence the catalyst presumed
saturated with end products at the time, causing lower
catalytic activity of catalyst, and desorption of unreacted
D-glucose from catalyst into solution. Accordingly,
TOL analysis reflects that 3 h reaction time is
considered as the most optimum time for favorable
production of D-gluconic acid with the presence of
cobalt supported Al,Oj3 catalyst.

100 Conversion (%)  mmmm Selectivity (%) =4=Yield (%)
80
=
£
S 40 4
3
B 20
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1.0 20 3.0 4.0 5.0
Time (h)

Fig. 13. The time-course of D-glucose conversion (%), D-
gluconic acid selectivity (%) and D-gluconic acid yield (%).
Reaction conditions: D-glucose concentration, 20 wt.%; 5
wt% Co/Al,Os, 16 mg; Temperature, 60 °C; pH, 9; D-
glucose: H,O2, 1:1.0 (Molar ratio); Standard stirring rate,
1000 rpm.

3.3. Reusability of the 5 wt.% Co/Al,O; catalyst in the
D-glucose oxidation

In addition to high efficacy, long-term reusability is
likewise one of the essential properties for establishing
an industrial-used catalyst. Herein, the reusability of
Co/Al,O3 was studied by performing the recyclability
tests of the catalyst under the optimized standard
reaction conditions towards the synthesis of D-gluconic
acid. The wvery low percent drop in D-glucose
conversion and yield of D-gluconic acid with no notable
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changes in selectivity were observed in three
consecutive cycles, indicating that the catalyst is able to
retain optimal performance at each cycle of study (Fig.
14). Thus, the catalyst at certain extent might resist the
possible inhibitory effect by ketone related
intermediates and condensation products possibly
formed from glucose under alkaline environment.
However, close observation on FTIR spectra of spent
catalyst illustrates sharper intensity of the peaks near
3446 cm-1 and 1635 cm-1 are typically due the presence
of hydroxyl groups O—H, which probably indicates the
attendance of unconverted D-glucose and products
molecules (Fig. S2). In addition, the band at 2923 cm™
is assigned to the C—H and C—H stretching; the peak
near 1413 cm™ belongs to asymmetric stretching of O—
C-0; and the band around 1085 cm-1 is attributed to C—
O stretching. All these peaks are typically
characteristics of D-gluconic acid. On the other hand,
the characteristics band at 2850 cm™ that is recognized
as C—H stretching of both a- and - anomers reveals the
presence of D-glucose. Thus, this might inhibit
interaction between active sites and reactants; and
subsequently affect the catalytic activity of spent
catalyst. However, qualitative acid-basic properties of
spent 5 wt.% Co/Al,Os catalyst were analyzed via
Hammett Test and values are presented in Table 4.
Results demonstrate catalytic property analogous to
fresh 5 wt.% Co/Al,Os3 catalyst.
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Fig. 14. Reusability study of Co/Al,O3 on glucose conversion,
gluconic acid selectivity and yield. Reaction conditions: D-
glucose concentration, 20 wt.%; 5 wt% Co/Al,Os, 16 mg;
Temperature, 60 °C; pH, 9; D-glucose: H,O,, 1:1.0 (Molar
ratio); Standard stirring rate, 2000 rpm; Reaction time, 3 h.

4. Conclusions

The present work aims to selectively synthesis D-
gluconic acid via D-glucose oxidation using H:O-
oxidant over a supported non-noble metal
heterogeneous catalyst, in accordance with the principl-
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Table 4. Measurement of acid-basic properties of 5 wt. % Co/Al,O3 using Hammett test.

Catalyst Methyl Bromo-cresol Methy! red Phenolphthalein 2,4-dinitro- 4-nitro-
orange Green (H_=5.0) (H_=8.2) aniline aniline
(H_=3.7) (H_=4.9) (H_=15.0) (H_=18.4)
Fresh,
No changes No changes No changes No changes No changes No changes
5 wt.% Co/Al;03
Spent
No changes No changes No changes No changes No changes No changes
5 wt.% Co/Al;O3

-es of green and sustainable chemistry for catalytic
oxidation processes. Co/Al;O3 catalyst is particularly
active for the liquid-phase oxidation of D-glucose, with
enhanced selectivity to D-gluconic acid of about 100%
under most applied reaction conditions in the study. It
suggested synergistic effect between Co crystallites and
Al>O3 support, where the Co30. phase mediated H.O-
decomposition, releasing active oxygen molecule, while
Al,Os provides active sites for the activation of glucose
molecules. The Co/AlO; catalyst has good catalyst
activity of 10792 mmol min™ geosos™. The apparent
activation energy in the range of 30-60 °C is
comparatively lower than the average value reported for
gold-based catalyst for the oxidation of D-glucose using
H,O; oxidant. This suggested a difference in mechanism
and catalyst structure properties. Further, Co/Al,Os
catalyst is reusable with optimal catalytic performance
at each cycle of study.
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