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e cation exchange affinity in
modified-MMT catalysts for the conversion of
glucose to lactic acid†

S. M. Shahrul Nizan Shikh Zahari, ‡*ac Nur Fatin Izzati Che Sam,‡a

Kholoud M. H. Elzaneen,a Mahfuzah Samirah Ideris,a Farah Wahida Haruna

and Hazeeq Hazwan Azmanb

This study investigated the exchange affinity of Fe3+, Cu2+, and Zn2+ cations in sulfuric acid-purified

montmorillonite (S-MMT) to enhance Lewis acid sites and subsequently improve the catalytic conversion

of glucose to lactic acid. XRD analysis suggested the successful cation exchange process, leading to

structural expansion of the resultant cation exchanged-MMTs (CE-MMTs). XRF and TGA indicated that

Zn2+ had the highest exchange affinity, followed by Cu2+ and then Fe3+. This finding was further

supported by the results of TPD-NH3 analysis and pyridine-adsorption test, which demonstrated that Zn-

MMT had the highest total acid sites (TAS) and the ratio of Lewis acid-to-Brønsted acid surface site (LA/

BA). These results indicated dominant presence of Lewis acid sites in Zn-MMT due to the higher amount

of exchanged Zn2+ cations. Consistently, time-dependent catalytic studies conducted at 170 °C showed

that a 7 h-reaction generated the highest lactic acid yield, with the catalytic performance increasing in

the order of Fe-MMT < Cu-MMT < Zn-MMT. The study also observed the impact of adding alcohols as

co-solvents with water at various ratios on the conversion of glucose to lactic acid catalysed by Zn-

MMT. The addition of ethanol enhanced lactic acid yield, while methanol and propanol inhibited lactic

acid formation. Notably, a water-to-ethanol ratio of 30 : 70 v/v% emerged as the optimal solvent

condition, resulting in ca. 35 wt% higher lactic acid yield compared to using water alone. Overall, this

study provides valuable insights into the cation exchange affinity of different cations in MMT catalysts

and their relevance to the conversion of glucose to lactic acid. Furthermore, the incorporation of alcohol

co-solvent presents a promising way of enhancing the catalytic activity of CE-MMTs.
1. Introduction

Global climate change has resulted in a wide range of impacts,
prompting the transition from fossil-fuel-based energy to
renewable alternatives. This has encouraged signicant
research efforts, particularly in the production of specialty
chemicals from renewable sources. One of the potential
chemicals that can be produced renewably is lactic acid. To
date, lactic acid has been used in many industries, including
pharmaceuticals, food, cosmetic and bioplastic packaging.1,2
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Lactic acid can be produced from cellulose, the major
biopolymer constituent of biomass.3,4 Cellulose can be extracted
through the pretreatment process, which removes hemi-
cellulose and lignin fractions from cellulose.5–8 Cellulose
undergoes three sequential steps to produce lactic acid:
hydrolysis of cellulose to monomeric glucose catalysed by
Brønsted acids, isomerization of glucose to fructose catalysed
by Lewis acids, followed by retro-aldol conversion of fructose to
lactic acid also facilitated by Lewis acid catalysts.9 Amongst
Lewis acid catalysts that have been previously employed are
AlCl3,10 Al2(SO4)3,11 and NiCl2 12 in their aqueous form. Though
the resulting yields are satisfactory, this homogenous reaction
system is impractical due to the difficulty in separating lactic
acid from aqueous metal cation catalyst. Consequently, solid
catalysts have been extensively investigated as an alternative to
homogenous catalysts. They include metal oxides,13,14 metal-
doped zeolites15–17 and clay-based catalysts.18–21

Montmorillonite (MMT) is a commercially available clay that
has a layered structure catalytic and high cation exchange
capacity.22 Thematerial possesses both Lewis and Brønsted acid
sites, offering remarkable catalytic properties for the
RSC Adv., 2023, 13, 31263–31272 | 31263
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transformation of various organic reactions, including oxida-
tion, esterication, and condensation.23 Interestingly, the
strength and distribution of Lewis acid sites of MMT can be
enhanced by the process called ‘cation-exchange’, whereby the
exchangeable cations (typically Ca2+, K+ and Mg2+) in the clay
are substituted with metal cations of a higher electron density.24

This development enables the use of cation-exchangedMMT for
lactic acid production from glucose,23 as the catalyst providing
a higher proportion of Lewis acid sites which are crucial for the
sequential reactions involved in lactic acid production. In
contrast, excess of Brønsted acid sites in the caly suppress
glucose isomerisation to fructose and promotes dehydration of
fructose to 5-hydroxymethylfurfural (5-HMF), consequently
inhibiting the formation of lactic acid.25

Thus, this study specically examined the exchange affinity
of Fe3+, Cu2+ and Zn2+ cations in sulfuric acid-puried MMT (S-
MMT) to improve the conversion of glucose to lactic acid. The
rationale for sulfuric acid-purication was based on the nd-
ings of our previous study.26 It was observed that the purica-
tion removed mineral impurities (quartz, cristobalite and
tridymite) fromMMT structure and led tominor leaching of Al3+

and/or Si2+ from the structured layer of MMT. Surprisingly, the
leaching increased acid sites, particularly Lewis acid, subse-
quently enhancing the catalytic conversion of glucose to lactic
acid. In this current study, we employed chemical and physical
characterisations along with catalytic reactions, providing some
insights into the extent to which these cations effectively
exchange with the inherent exchangeable cations in the inter-
layer spaces of MMT. The success of the cation exchange of
MMT would result in the enhancement of its Lewis acid sites,
which play a critical role in facilitating the conversion of glucose
to lactic acid. Additionally, the study also presented a prelimi-
nary investigation into the potential use of alcohol as a co-
solvent to counteract the inhibitory effects of Brønsted acid
sites, which impede the isomerisation of glucose to fructose and
the subsequent retro-aldol conversion of fructose to lactic acid.
2. Methodology
2.1 Sulfuric acid-purication of montmorillonite

The purication step was conducted following a previously re-
ported protocol.18 Pristine MMT (20 g) placed in a cellulose
thimble was continuously puried with water in a Soxhlet
extractor and later dried in an oven at 110 °C overnight. Next,
the oven-dried MMT was suspended in sulfuric acid (H2SO4)
(0.3 M, 50 mL), followed by heating the suspension with
vigorous stirring at 100 °C for 6 h. The suspension was ltered
through a sintered-glass funnel. The recovered solid was further
puried with water in a Soxhlet extractor and later dried in an
oven at 110 °C overnight. The resultant solid was labelled as ‘S-
MMT’.
2.2 Preparation of metal cation-exchanged montmorillonite
(CE-MMT)

The method reported by previous studies was employed with
slight modications.18,24 The following metal chloride salts were
31264 | RSC Adv., 2023, 13, 31263–31272
used as received: zinc(II) chloride (ZnCl2), copper(II) chloride
dihydrate (CuCl2$2H2O) and iron(III) chloride hexahydrate
(FeCl3$6H2O). Briey, S-MMT (20 g) and a solution of metal
chloride (0.01 M, 50 mL) were added into a round-bottomed
ask. The suspension was reuxed with vigorous stirring at
70 °C for 10 h and later ltered through a sintered-glass funnel.
The recovered solid, labelled as ‘CE-MMT’ (where CE signies
the types of metal cation Zn2+, Cu2+ or Fe3+), was subjected to
silver nitrate (AgNO3) test and subsequently dried at 110 °C
overnight. The CE-MMT sample was crushed using a mortar
and a pestle. Three catalysts were obtained: Zn-MMT, Fe-MMT,
and Cu-MMT.
2.3 Catalytic conversion of glucose to lactic acid

Adopted from previous studies,2,18 a hydrothermal autoclave
(Teon-lined, 25 mL) was loaded with the following substances:
D-glucose (0.1 g, 1.66mmole), S-MMT or CE-MMT catalyst (0.1 g)
and distilled water (15 mL). Aer stirring vigorously at room
temperature for 15 min, the autoclave was tightly sealed and
subsequently heated at 170 °C for a specic period (1, 3, 5, 7 and
9 h). Aer cooling the autoclave to room temperature, the
mixture was ltered through a lter paper. Finally, the ltrate
was collected, passed through a syringe lter, and then analysed
by a high-performance liquid chromatography (HPLC) with
a Phenomenex ROA column (RP80, 250 mm × 4.6 mm ID)
under the following conditions: 0.1% phosphoric acid (H3PO4)
asmobile phase, ow rate of 1mLmin−1, injection volume of 20
mL, column temperature of 30 °C and detector temperature of
50 °C. Standard solutions of lactic acids were prepared in
distilled water with the following concentrations: 0.1, 1.0, and
1.5 mg mL−1 (the standard calibration curve is given in Fig. S1
in ESI†). Eqn (1) was used to determine lactic acid yields
in wt%.26 As an alternative to HPLC analysis, the ltrate was also
titrated with 0.05 M NaOH using phenolphthalein as an
indicator.

Lactic acid yield (wt%) = (AHPLC × FD × VPL × FT)/

(FHPLC × mGlucose) × 100% (1)

Here, AHPLC: area of HPLC peak; FD: dilution factor; VPL: volume
of ltrate in mL; FT transformation: 0.8; FHPLC: calibration
factor from the standard calibration curve, and mGlucose: weight
of D-glucose in mg.
2.4 Silver nitrate test

S-MMT (or CE-MMT) was suspended in distilled water at
room temperature with vigorous stirring for 1 h. The
suspension was ltered through a sintered-glass funnel. To
the resulting ltrate, several drops of AgNO3 solution were
added. If white precipitates developed, the steps of purifying
MMT with water and adding AgNO3 to the wash-water were
repeated until the following conditions were met: (1) no
further white precipitates formed, and (2) the pH of the
wash-water reached neutral (pH 7). Once these conditions
were achieved, the MMT was considered free of chloride
ions.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.5 X-ray diffraction

The analysis was performed using a Shimadzu X-Ray Diffrac-
tometers (Lab X, XRD-6000), with Cu Ka radiation, (l = 1.5418
Å) at 45 kV applied voltage and 40 mA of current. The scanning
region was set from 2q = 5° to 2q = 80° with a step interval of
0.02°. The diffractometer was monitored by the Rigaku
Corporation's soware (Dongle key number B68000314-01-
K2).
2.6 Thermogravimetric analysis

S-MMT or CE-MMT was analysed on a TGA instrument model
TGA/HT DSC HSS2. The sample (20 mg) was loaded into
a sample holder and placed in the furnace. The analysis was
performed within the temperature range of 30 °C to 1000 °C in
nitrogen, under N2 ow at heating rate of 10 °C min−1.
2.7 X-ray uorescence

The chemical composition in MMT samples was determined by
OMNIAN PANalytical (Model Epsilon 1) equipped with 5 W Ag
anode as a source of X-rays.
2.8 Nitrogen adsorption–desorption-BET

The surface area, total pore volume and average pore size were
determined by a Micromeritics 2020 (Model 3Flex Version
5.02) using the gas sorption techniques at 78 K. Prior to the
analysis, all the MMT samples were degassed at 300 °C in
vacuum to remove all adsorbed moisture present on the clay
surface.
2.9 Temperature-programmed desorption of ammonia

The total acid sites (TAS) present in S-MMT and CE-MMT were
analysed on a TPD-NH3 Micromeritics 2020 attached to
a thermal conductivity detector (TCD). MMT sample (0.05 g) was
placed in the reactor, treated under 150 °C for 45 min in
compressed air (25 mLmin−1). The sample was then exposed to
the NH3 ow for 90 min. The analysis was carried out between
60 °C and 900 °C (15 °C min−1) under helium ow (45
mL min−1).
2.10 Pyridine-adsorption test

The protocol reported previously was employed.22 S-MMT or CE-
MMT (0.5 g) was weighed in a screw capped bottle and then
dried at 100 °C for 1 h. Aer adding pyridine solution (1 mL) to
the clay, the bottle was closed tightly, allowed to stand at room
temperature for 1 h and heated at 120 °C for 12 h. Aer the
heating process, the resultant sample was cooled to room
temperature and later analysed by an ATR-FTIR-100 Perki-
nElmer with a scanning range between 400 cm−1 and
4000 cm−1. As reported in the chemical literature,27,28 the
quantity of Lewis acid (LA) and Brønsted acid (BA) surface sites
for each recorded FTIR spectrum was estimated by integrating
the peak areas at 1445–1447 cm−1 (pyridine bound to LA) and
1542–1558 cm−1 (pyridine bound to BA) (graphs can be found in
ESI, Fig. S2†).
© 2023 The Author(s). Published by the Royal Society of Chemistry
3. Results and discussion
3.1 Exchange affinity of MMT with different cations

X-ray diffraction. In Fig. 1, all CE-MMTs and S-MMT show
XRD patterns that matched with the standard spectrum of MMT
(COD Card No. 9010956), exhibiting two prominent planes
indexed as (001) and (022). The CE-MMTs spectra also showed
the persistence of the (001) and (022) planes of MMT, with the
decreased intensities of (100), (101) and (112) planes repre-
senting quartz (Q), cristobalite (C) and tridymite (T), respec-
tively. This implies that the exchange reaction minimally
disrupted the structure of MMT but removed the impurities
(quartz, cristobalite and tridymite) to some extent. The d-
spacing of the (001) plane in all spectra of CE-MMTs increased
by ca. 2.5 Å in comparison to S-MMT. The increased d-spacing
indirectly suggests the successful exchange of the inherent
exchangeable Ca2+, Mg2+ and K+ by the added cations, which
eventually led to the structural expansion, as proposed
previously.29

X-ray uorescence. Table 1 summarises elemental compo-
sitions of CE-MMTs expressed as oxides. S-MMT primarily
contained the characteristics element Si and Al with small
quantities of the exchangeable K, Ca and Mg. The catalyst also
contained Fe, while Cu and Zn were undetected.

An increase in Si/Al ratio was observed in all CE-MMTs,
suggesting that the exchange reaction caused Si or/and Al to
leach out form the structure of S-MMT. For Fe-MMT, the
compositions of the exchange K and Mg reduced by 30% in
comparison to S-MMT. The composition of Ca, however,
seemed not be impacted by the exchange process because the
difference of 0.01% is rather insignicant. More importantly,
the composition of Fe reduced by 10% relative to S-MMT. These
results suggest that the added Fe3+ did not exchange with the
exchangeable K+ and Mg2+ in S-MMT. Instead, the exchange
reaction caused K+, Mg2+ and Fe3+ in S-MMT to simply leach out.

Regarding Cu-MMT, the compositions of K, Mg and Fe
greatly reduced compared to those recorded in S-MMT
(decrease of ca. 40% for K and Mg and 20% for Fe). Like Fe-
MMT, the composition Ca seemed not be impacted by the
exchanged process. Notably, Cu was detected at 0.11% which
was absent in S-MMT. This appears to indicate that the added
Cu2+ had successfully exchanged with the exchangeable K+ and
Mg2+ in S-MMT throughout the exchange reaction.

For Zn-MMT, a similar trend to Cu-MMT was observed: the
compositions of K, Mg and Fe reduced by ca. 59%, 35% and
48%, respectively (relative to S-MMT). The composition of Ca
was identical to that recorded in S-MMT (0.17%). Meanwhile,
Zn was recorded at 0.16%, which was initially undetected in S-
MMT. The ndings suggest that K+ and Mg2+ in S-MMT were
successfully exchanged by the added Zn2+.

The results of Zn-MMT and Cu-MMT were compared, the
composition of Zn in Zn-MMT (0.16%) was higher than Cu in
Cu-MMT (0.11%); by contrast, the composition of K and Fe in
Zn-MMT was reduced by ca. 30% in comparison to Cu-MMT.
This infers that more added Zn2+ cations were exchanged with
K+ (and/or Fe3+) in S-MMT than the added Cu2+. Overall, XRF
RSC Adv., 2023, 13, 31263–31272 | 31265



Fig. 1 XRD spectra of (a) S-MMT, (b) Fe-MMT, (c) Cu-MMT and (d) Zn-MMT. Insert tables show the parameters extracted from the spectra.

Table 1 XRF elemental composition of S-MMT and CE-MMTs

Elements (as oxides)

Composition (%)

S-MMT Fe-MMT Cu-MMT Zn-MMT

SiO2 85.10 � 0.07 89.73 � 0.04 86.93 � 0.04 90.33 � 0.04
Al2O3 9.13 � 0.11 6.08 � 0.04 7.69 � 0.02 5.40 � 0.07
K2O 2.64 � 0.02 1.83 � 0.04 1.55 � 0.00 1.09 � 0.01
CaO 0.17 � 0.00 0.16 � 0.00 0.16 � 0.00 0.17 � 0.00
MgO 0.83 � 0.25 0.55 � 0.00 0.45 � 0.00 0.54 � 0.00
Fe2O3 0.77 � 0.00 0.65 � 0.06 0.60 � 0.00 0.40 � 0.00
CuO — — 0.11 � 0.00 —
ZnO — — — 0.16 � 0.13
Si/Al ratio 9.3 14.8 11.3 16.7

31266 | RSC Adv., 2023, 13, 31263–31272 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 N2-BET isotherms (a) and BET surface area (b) of CE-MMTs.
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results appear to deduce that the exchangeability of the added
cation can be ranked as follows (most to least exchange): Zn2+ >
Cu2+ > Fe3+.

Nitrogen adsorption–desorption-BET. N2-BET isotherms of
MMTs and their recorded surface areas are shown in Fig. 2.
Other parameters, pore volume and average pore diameter, can
be found in Table S1 in ESI.† The isotherms belonged to Type IV
proles with H3 hysteresis loops.

In theory, a higher BET surface area indicates more surface
sites are covered by N2 monolayers in the examined sample. For
a porous material, the total surface sites also count the number
of pores, where the number of pores and the total surface sites
typically display a direct relationship.30 Hence, the highest
surface area recorded for S-MMT indirectly suggests that the
catalyst had a higher number of pores.

All CE-MMTs exhibited much lower BET surface area than S-
MMT. However, this does not entirely mean that the number of
Fig. 3 TGA profiles for sample S-MMT and CE-MMTs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
pores of CE-MMTs had reduced. Instead, the decreased surface
area was believed to be due to the “pore-blocking effect”,
a situation where the pores (interlayer spaces) are clogged and
thus become inaccessible to N2 molecules.31,32 In this study, the
“pore-blocking effect” was believed to arise from two occur-
rences. First, the presence of a higher content of intercalated
cation (Fe3+, Cu2+ or Zn2+) in the interlayer spaces of MMT that
exchanged with the exchangeable cations (K+ and/or Mg2+)
during the reaction. Second, the exchange reaction could have
occurred at the sites near the pore entry points on MMT, as
proposed previously.33 Consequently, the pore-blocking effect
decreased the surface area to be covered by N2 molecules, as
shown in Fig. 2.

Comparing CE-MMTs, it can be deduced that the surface
area decreases with the order: Fe-MMT > Cu-MMT > Zn-MMT.
This also indirectly suggests that Zn-MMT had the highest
Zn2+ content, while Fe-MMT had the lowest Fe3+ content. XRF
analysis lends further support (Table 1), showing that, Zn
content in Zn-MMT was the highest (0.16 ± 0.13) aer the
exchange reaction. The outcomes of XRF and N2-BET surface
area (Table 1 and Fig. 2, respectively) appeared to indicate that
Zn2+ was the most exchanged cation, followed by Cu2+ and Fe3+.
To further conrm this, CE-MMTs were analysed by TGA. In
theory, cations have a strong affinity towards water molecules
because they serve as strong hydrophilic sites for water sorp-
tion, forming hydrated cations.34 Thus, any mass loss recorded
by TGA is most likely due to the evaporation of water molecules,
which indirectly reects the quantity of added cation in MMT.

Thermogravimetric analysis. TGA proles of S-MMT and CE-
MMTs are compared in Fig. 3. The order of decreasing total
mass loss (TML) was ranked as follows: Zn-MMT > Cu-MMT >
Fe-MMT > S-MMT. The higher the mass loss means the more
the content of added cation in MMT. More importantly, the
trend was consistent with that observed in XRF and N2-BET
surface area analysis (Table 1 and Fig. 2, respectively).

Temperature-programmed desorption of ammonia and
pyridine-adsorption test. The analysis was conducted on CE-
RSC Adv., 2023, 13, 31263–31272 | 31267



Table 2 TPD-NH3 analysis and pyridine-adsorption test of MMTs

Catalyst

T (°C)

TASa

(mmol g−1)
LAb/BAc

(surface) ratio

<250 350–500 >500

T (°C)
Weak

acidic site T (°C)
Strong

acidic site T (°C)
Very strong
acidic site

S-MMT 98 9.4 NA NA 558 23.8 33.2 4.39
Fe-MMT 90 5.7 493 3.0 NA NA 8.7 3.73
Cu-MMT 94 5.4 NA NA 514 4.3 11.8 10.33

746 2.105
Zn-MMT 89 7.6 NA NA 539 15.3 34.8 13.06

745 11.9

a Total acid sites. b Lewis acid (LA) surface sites. c Brønsted acid (BA) surface sites.

Fig. 4 Outcomes of hydrothermal conversion of D-glucose to lactic acid catalysed by CE-MMTs with the added metal (Fe, Cu, or Zn) at
a concentration of 0.01 M and reaction temperature of 170 °C for different periods. (a) Lactic acid yields determined by HPLC analysis (wt%) and
acid–base titration (mmole), and; (b) turnover number (TON) of each CE-MMT catalyst for the reaction at 170 °C for 7 h.

RSC Advances Paper
MMTs based on the hypothesis that the acidity, particularly
Lewis acid, increases with increasing the content of added
cation intercalated in MMT. Table 2 summarises the results.
The estimated specic quantities of Lewis acid and Brønsted
acid surface sites can be found in Table S2 in ESI.†

In TPD-NH3 analysis, Zn-MMT exhibited the highest TAS,
while Fe-MMT had the lowest TAS. Surprisingly, except for Zn-
MMT, the TAS for S-MMT was far higher than those of Fe-
MMT and Cu-MMT. However, through the pyridine-
adsorption test, S-MMT had far lower LA/BA surface ratio
compared to Zn-MMT and Cu-MMT. This strongly suggests that
the higher TAS with the lower LA/BA in S-MMT reects the
presence of more Brønsted acid surface sites (H+). In the case of
Zn-MMT, the highest LA/BA ratio signies the presence of more
Lewis acid surface sites, affirming the successful intercalation
of more Zn2+ cation during the exchange process. This is
consistent with TGA analysis, where TML in Zn-MMT was found
to be the highest, thus proposing there were a number of Zn2+

cations being intercalated during the exchange reaction. For
Cu-MMT, the LA/BA ratio was also notably high, indicating that
some of the added Cu2+ was intercalated during the exchanged
31268 | RSC Adv., 2023, 13, 31263–31272
reaction. As a conclusion, the order for exchangeability of cation
is as follows: Zn2+ > Cu2+ > Fe3+.

3.2 Catalytic performance of CE-MMTs

The time-dependent catalytic activity of CE-MMTs in converting
glucose to lactic acid at 170 °C was evaluated. Recorded lactic
acid yields are presented in Fig. 4.

Both quantication methods (HPLC and titration) gave
identical trends, which led to two ndings. First, the catalytic
performance of the tested MMTs in producing lactic acid can be
ranked as follows (in increasing order): S-MMT < Fe-MMT < Cu-
MMT < Zn-MMT (Fig. 4(a)). Zn-MMT produced the highest lactic
acid yield simply because the catalyst had the highest Lewis acid
surface sites, as indicated by the pyridine-adsorption test (Table
2). The highest Lewis acid surface sites was due to the higher
content of Zn2+ intercalated in MMT following the exchange
process with the exchangeable cations (K+, Mg2+ and Fe3+). The
second nding is that, irrespective of the type of MMTs, the
lactic acid yield showed a gradual increase, peaking at 7 h, and
then decreasing at 9 h (Fig. 4(a)). This trend likely reects
a competition between dehydration and retro-aldol reactions.
© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 5 Lactic acid yields generated by hydrothermal conversion of D-
glucose catalysed by Zn-MMTs in different solvents containing alco-
holic co-solvents of different chain lengths with varying ratios of
water–alcohol. The yields were determined by HPLC analysis (wt%),
and acid–base titration (mmole). Reaction conditions: temperature
170 °C, time 7 h, and concentration of added Zn cation 0.01 M.

Fig. 6 Lewis/Brønsted acid catalysed conversion of glucose to lactic
acid.40

Paper RSC Advances
Below 7 h-reaction, retro-aldol might have predominated,
increasing lactic acid production. However, exceeding 7 h-
reaction, the dehydration likely dominated over retro-aldol,
leading to the increased HMF production while suppressing
lactic acid formation.

Fig. 4(b) shows the estimated turnover numbers (TON) of the
tested MMTs in producing lactic acid from D-glucose under
170 °C for 7 h. TON was calculated using a reported formula,35

where the number of lactic acid produced (mmole) is divided by
the number TAS (mmole) measured by TPD-NH3 analysis (Table
2). In contrary to the trends in lactic acid yields depicted in
Fig. 4(a), Cu-MMT had the highest TON, followed in decreasing
order by Fe-MMT, Zn-MMT and S-SMT (Fig. 4(b)). Above all, the
results of catalytic conversion further support the outcomes of
XRF, N2-BET surface area and TGA analyses, demonstrating that
Zn2+ was the most exchanged cation, followed by Cu2+ and Fe3+.
These collective ndings align with the primary objective of the
study.

It has been reported that additional Brønsted acid can be
formed when Lewis acid sites of solid acids are hydrated with
Table 3 Comparison of lactic acid production in this study with previou

No.

Catalyst

Glucose amount SolvType Amount (g)

1 Zn-MMT 0.1 0.1 g H2O : EtOH
2 Bentonite 0.04 0.04 g H2

3 Hydrotalcite-723 Kc 0.6 25 mmol L−1 H2

a Highest lactic acid yields generated by the reaction. b Lactic acid yields (b
(450 °C) under nitrogen for 6 h prior to the reaction.38

© 2023 The Author(s). Published by the Royal Society of Chemistry
water molecules. However, their presence is temporary due to
reversible formation.36,37 A similar occurrence was anticipated
in this study because water was used as the reaction medium.
To verify this, different alcoholic co-solvents (methanol, ethanol
and propanol) were added to water at different ratios. The
outcomes are summarised in Fig. 5.

Irrespective of the water-to-alcohol ratio, the addition of
ethanol further enhanced lactic acid yield, whereases the use of
methanol and propanol inhibited lactic acid formation. Water-
to-ethanol at 30 : 70 v/v% appeared to be the optimal solvent
ratio, generating ca. 35% (by wt%) more lactic acid compared to
using just water (Fig. 4(a)).

Table 3 compares the highest lactic acid yields produced in
this study with those reported in the chemical literature. Lactic
acid yield reported by Gao et al.19 is slightly lower than the yield
we recorded, which was obtained at a much lower temperature
over a longer period. Meanwhile, in the study conducted by
Onda et al.,38 the lactic acid yield is twice as high as in our study.
However, their study used a catalyst amount six times higher
than what we employed in this work.

3.3 Overall discussion

Based on the physical and chemical analyses, Zn2+ was found to
exhibit greatest affinity towards exchanging with the
exchangeable cations (K+, and Mg2+) in MMT, followed by Cu2+
s work

ent Tem. (°C) Time (h) Lactic acid yielda (%) Ref.

(30 : 70) 170 7 13.4%b This study
O 275 1.5 11% 19
O 50 8 20% 38

y wt%) determined by HPLC analysis. c The catalyst was heated at 723 K

RSC Adv., 2023, 13, 31263–31272 | 31269



Fig. 7 Mechanism for activation of water molecule on Nb–O catalyst
proposed by Omata et al.36
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and lastly Fe3+. We associated this to the extent of the hydration
of the added cation that strongly effects the strength of elec-
trostatic interactions with the negatively charged surfaces of
MMT. The enthalpies of hydration (−DH) for various cations
have been reported in the chemical literature, where the order
of DH can be ranked as follows: Fe3+ (4429 kJ mole−1) > Cu2+

(2099 kJ mole−1) > Zn2+(2047 kJ mole−1).39 This theoretically
means that Zn2+ tends to form a smaller and less stable
hydration shell, while Fe3+ inclines to form a larger and more
stable hydration shell. Hence, we believed that Zn2+ formed
stronger electrostatic interactions with the negatively charged
surfaces of MMT due to the lesser interfering caused by its
smaller hydration shell. As a result, more Zn2+ cations were
retained in the interlayer spaces of MMT. Meanwhile, Fe3+

might have experienced the opposite effect, where the larger
hydration shell weakened the electrostatic interactions between
the cation and the negatively charged surfaces of MMT. This is
strongly supported by the outcomes of catalytic reaction, as
shown in Fig. 4(a). The Zn-MMT produced the highest lactic
acid yield, reecting higher Lewis acid–Zn(II) sites in the cata-
lyst, further promoting the isomerization of glucose to fructose,
followed by the retro-aldol conversion of fructose to lactic acid
(Fig. 6, steps 1 and 3). In the case of Cu-MMT and Fe-MMT, the
surface of both catalysts was dominated by Brønsted acid sites,
as indicated by TPD-NH3 analysis and pyridine-adsorption test
(Table 2). Consequently, these catalysts exhibited a greater
preference towards the formation of 5-HMF formation (Fig. 6,
step 2).

The subsequent study, of which the results are shown in
Fig. 5, was motivated by an investigation carried out by Omata
et al.36 They demonstrated the formation of temporary Brønsted
acid sites on Nb–O catalyst through the reversible interaction of
Lewis acid–Nb(I) sites and water, as shown in Fig. 7.36 A similar
occurrence was anticipated in this study. To suppress the
formation of additional Brønsted acid sites, we purposely added
alcohols as co-solvents and reduced the quantity of water.
Although alcohols do have an acidic proton, their acidity is
much lower than water. This is due to the electron-donating
nature of alkyl groups bonded to oxygen atom, increasing the
electron density on oxygen. As a result, the dissociation of acidic
31270 | RSC Adv., 2023, 13, 31263–31272
proton of alcohols is much less likely compared to water, thus is
very unlikely that alcohols form additional Brønsted acid sites.
More importantly, we speculated that the presence of electron
donating alkyl groups renders the oxygen atom on alcohols
more negatively charged than that of water. Consequently, the
interactions with Lewis acid sites are preferred and stronger
with alcohols than water. These explanations lend support for
the outcomes in Fig. 5.

It should also be noticed that ethanol produced the highest
lactic acid yield, followed bymethanol and propanol. In general,
the ethyl group in ethanol has a weaker electron-donating effect
compared to the propyl group propanol. As a result, the oxygen
atom in ethanol might have interacted moderately with Lewis
acid sites, causing a minimal obstruction to the access of the
Lewis acid sites by the reactants. Meanwhile, the propyl group
in propanol, being a much stronger electron-donating group,
could possibly form much stronger interactions with Lewis acid
sites, leading to a higher degree of obstruction. This is further
supported by the fact that of propanol is more basic than water
(pKa ∼ 16.1 and pKa ∼ 15.7, respectively). On-going investiga-
tions are being conducted to further understand the specic
role of type of alcohols and alcohol-to-water ratios on the cata-
lytic conversion of glucose to lactic acid.

Finally, it is essential to highlight that the central focus of
this study was to understand the exchange affinity of Fe3+, Cu2+

and Zn2+ cations with the inherent exchangeable cations in S-
MMT to enhance Lewis acid sites, thereby improving the cata-
lytic conversion of glucose to lactic acid. Other important
aspects of the reaction, such as optimisation of reaction
parameters, catalyst reusability and characterisation of spent
catalysts, were not addressed in this study. We are presently
investigating these aspects and anticipate publishing the
outcomes in our upcoming publication.

4. Conclusion

In summary, this study focused on investigating the exchange
affinity of Fe3+, Cu2+, and Zn2+ cations in sulfuric acid-puried
MMT (S-MMT) catalysts to enhance Lewis acid sites and the
consequent conversion of glucose to lactic acid. XRD analysis
corroborated the successful exchange process, resulting in an
increase in d-spacing of the resultant cation-exchanged MMTs.
XRF and TGA analyses substantiated that Zn2+ displayed the
highest exchange affinity, followed by Cu2+ and Fe3+. This
nding was further supported by TPD-NH3 analysis and
pyridine-adsorption test, revealing that Zn-MMT possessed the
highest total acid sites (TAS) and the ratio of Lewis acid-to-
Brønsted acid surface site (LA/BA), thereby indicating the
presence of higher Lewis acid sites owing to the substantial
quantity of Zn2+ cations. Consistently, the catalytic studies
exhibited increasing lactic acid yields in the order of Fe-MMT <
Cu-MMT < Zn-MMT. Furthermore, the conversion catalysed by
Zn-MMT with the incorporation of ethanol as a co-solvent
enhanced lactic acid yield, whereases methanol and propanol
impeded lactic acid formation. Notably, water-to-ethanol ratio
of 30 : 70 v/v% appeared as the optimal solvent ratio, yielding an
approximate 35% increase in lactic acid yield compared to the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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use of water alone. Overall, these ndings provide signicant
insights into the cation exchange affinity of different cations in
MMT catalysts and their consequential applications in opti-
mising the conversion of glucose to lactic acid. Furthermore,
the utilisation of alcohol as a co-solvent offers a promising
method for enhancing the catalytic performance of cation-
exchanged MMTs, hence propelling advances in sustainable
chemical transformations.
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