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A B S T R A C T   

Lactic acid can be prepared by isomerization of renewable dihydroxyacetone over acid catalysts. However, the 
activities of Lewis acid and Brønsted acid sites in dihydroxyacetone isomerization are poorly understood. We 
prepared catalysts by heat treatment of ZSM-5. The heat treated ZSM-5 exhibited a greater Lewis acid site density 
and enhanced selectivity toward lactic acid. Dihydroxyacetone dehydration to the intermediate pyruvaldehyde 
was readily formed at 140 ◦C without added catalysts. Lewis acid sites were needed to convert pyruvaldehyde to 
lactic acid. Moreover, the Lewis acid site density was consistent with the order of catalytic performance, which 
suggested that the Lewis acid sites were the active sites for pyruvaldehyde rehydration. Conversely, the Brønsted 
acid sites were key in formation of unwanted product from pyruvaldehyde. These findings highlight the potential 
use of commercial zeolites as adjustable solid Lewis acid catalysts in biomass conversion reactions in which Lewis 
acid sites are needed.   

1. Introduction 

Production of biofuels and bioproducts from lignocellulosic biomass 
has the potential to mitigate CO2 emissions and contribute to a sus-
tainable economy [1,2]. Lactic acid (LA, 2-hydroxypropanoic acid) is an 
important lignocellulose-derived precursor for the production of food, 
chemicals, cosmetics, pharmaceuticals, and biodegradable plastics [3]. 
A rising market for lactic acid is in the production of biodegradable poly 
(lactic acid) [4–6]. Poly(lactic acid) has many applications, such as in 
sutures apparel, carpet, and food containers [7]. Moreover, lactic acid 
can be used for the synthesis of green solvents (lactate esters) [8]. 

Lactic acid is currently produced by bacterial fermentation of sugars 
and/or glycerol as feedstocks. The advantage of fermentation is its high 
selectivity toward lactic acid. Its major drawback is slow kinetics; 
adequate yield can require up to 3–6 days [9,10]. The chemical pathway 
is a faster route to the production of LA using glucose, fructose, and 
glycerol as feedstocks. Glucose/fructose undergoes retro-aldol to 

dihydroxyacetone, whereas glycerol undergoes oxidation to dihy-
droxyacetone. It is generally accepted that dihydroxyacetone undergoes 
a cascade reaction of (1) dihydroxyacetone dehydration to pyr-
uvaldehyde and (2) subsequent pyruvaldehyde hydration to lactic acid 
using acid catalysts (Scheme 1) [11,12]. 

Homogeneous catalysts, such as mineral acids (HCl, H2SO4, and 
H3PO4) [11,12] and Lewis acid salts (AlCl3 and CrCl3) [12,13] are active 
catalysts for dihydroxyacetone isomerization to lactic acid. However, 
homogeneous catalysts have the classic problem of requiring catalyst 
separation and product purification. Therefore, it is greatly desirable to 
develop highly selective solid acid catalysts for dihydroxyacetone 
isomerization to lactic acid. Zeolites are commonly used as solid acid 
catalysts in the chemical and petroleum industries [14–16]. Their heat 
stability, shape selectivity, and tunable acidity make zeolites versatile in 
many acid-catalyzed reactions, such as aromatization of alkenes 
[17–19], esterification [20–25], alkylation [26–28], and isomerization 
[26,29–31]. Among all zeolites studied for dihydroxyacetone 
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isomerization to lactic acid, Sn-containing zeolites showed higher 
selectivity toward lactic acid [32–34]. However, despite their high 
selectivity, the commercial-scale production of Sn-containing β-zeolites 
is challenging because of a complicated synthesis procedure; this con-
dition has slowed adoption of Sn-containing β-zeolites in industrial ap-
plications [35]. Clearly, industry needs additional simple, yet efficient, 
heterogeneous catalysts with high lactic acid selectivity. 

Investigators have found that heat treatment of zeolites enhanced the 
activity of their Lewis acids (LAS) and improved paraffin conversion 
[36], hexane conversion [37], and methane aromatization [38]. The 
major reason for activity enhancement was the formation of 
extra-framework aluminum (EFAL) species by dehydroxylation of the 
Brønsted acid sites (BAS) of the parental zeolites [39]. These aluminum 
species of EFAL occur in various forms, such as Al3+, Al(OH)2

+, Al 
(OH)2+, Al(OH)2, AlO(OH) and Al2O3, exhibiting the Lewis acid sites 
(LAS) [39,40]. Heat treatment to generate LAS within zeolites is 
commercially accessible. However, there is poor understanding of the 
function of LAS generated from heat treatment and BAS of zeolites for 
DHA isomerization to LA in water. 

Here we show the tunable LAS density of heat treated ZSM-5 cata-
lysts (15 Si/Al ratio) and their activity in dihydroxyacetone isomeriza-
tion to lactic acid in water. Heat treatment of ZSM-5 in the range of 
700− 900 ◦C created EFAL with Al3+ Lewis acid sites. The generation of 
LAS was confirmed by X-ray diffraction, Fourier Transform Infrared 
Spectroscopy, N2 adsorption/desorption, and Diffuse Reflectance 
Infrared Fourier Transform Spectroscopy with adsorbed pyridine. The 
enhancement in lactic acid selectivity by high-temperature treatment of 
ZSM-5 implied that the LAS were responsible for the dihydroxyacetone 
isomerization to lactic acid. 

2. Material and Methods 

2.1. Materials 

All chemicals were used as received unless otherwise noted. Their 
CAS numbers, purity, and manufacturers are listed in Table S1. ZSM-5 
(15 Si/Al ratio) was obtained from Zeolyst® International (Con-
shohocken, PA, USA). 

2.2. Catalyst preparation 

The modified catalysts were prepared by heating ZSM-5 in air at 500, 
700, and 900 ◦C in a tube furnace. In short, the ZSM-5 samples were 
placed in the ceramic boat. The temperature was raised at a rate of 5 ◦C/ 
min and held isothermally for 10 h [41]. The samples were cooled to 
ambient temperature and stored in a desiccator. The heat treated ZSM-5 
catalysts at 500, 700, and 900 ◦C were referred to as Z-500, Z-700 and 
Z-900. The Z-900 catalyst was washed with 0.1 M HCl at 65 ◦C for 6 h to 
remove the extra framework alumina [35]. The acid-washed sample was 
denoted as Z-900-AW. 

2.3. Dihydroxyacetone isomerization to lactic acid and product analysis 

Dihydroxyacetone isomerization was performed in 15 mL glass vials 
in an oil bath. In short, ~60 mg dihydroxyacetone (0.67 mmol) was 
dissolved in 4 mL deionized water. Approximately 20 mg catalyst was 
added to the pressure vial, which was sealed and stirred at 140 ◦C for 
varying reaction times. The reaction product was analyzed with an 
Agilent High-Pressure Liquid Chromatography (HPLC, Santa Clara, CA, 
USA) equipped with a diode-array detector (DAD) and refractive index 
detector (RID). The reactants, intermediates, and products were sepa-
rated by a Bio-rad® Aminex 87H column with 4 mM H2SO4 as the mo-
bile phase. The dihydroxyacetone conversion, product yield, and 
product selectivity were calculated as follows: 

Dihydroxyacetone conversion(%) =
Dihydroxyacetone reacted (mol)
Initial dihydroxyacetone (mol)

× 100  

Product yield (%) =
Product formed (mol)

Initial dihydroxyacetone (mol)
× 100  

Product selectivity (%) =
Product yield (%)

Dihydroxyacetone conversion (%)
× 100  

2.4. Characterization of catalysts 

Infrared spectra of the zeolites were recorded on a JASCO-4700 
Fourier transform infrared (FTIR) spectrometer (Easton, MD, USA), 
equipped with an attenuated total reflection stage (ATR, Pike Technol-
ogies, Madison, WI, USA). The surface area and pore volume of zeolites 
were measured using N2 adsorption/desorption by a Tristar Micro-
meritics (Norcross, GA, USA) instrument. Prior to the measurement, the 
samples were pretreated at 160 ◦C for 2 h with a Micromeritics FlowPrep 
and sample degasser. The surface area and pore volume of catalysts were 
determined by N2 adsorption/desorption using the Bru-
nauer–Emmett–Teller (BET) [42] and Barrett–Joyner–Halenda (BJH) 
equations [43]. X-ray diffraction (XRD) analysis of samples was con-
ducted on a Bruker D8 Discover diffractometer (Billerica, MA, USA) 
using CuKα radiation and 2θ ranging from 10◦ to 60◦ with 0.2 s/step and 
0.02◦/step. The Brønsted acid site (BAS) density of the catalysts was 
quantified by temperature-programmed desorption-thermal gravimetric 
analysis (TPD-TGA) using n-propylamine as a probe molecule [44]. In 
short, catalysts were exposed to saturated n-propylamine at 50 ◦C for 12 
h. The resulting samples were pretreated at 100 ◦C for 1 h under N2 flow 
(100 cc/min) to remove the physisorbed n-propylamine. Then, the 
temperature was increased at a rate of 10 ◦C/min to a maximum of 500 
◦C. 

To examine the acid properties, Diffuse Reflectance Infrared Fourier 
Transform Spectroscopy (DRIFTS) with adsorbed pyridine was per-
formed on all catalysts using the JASCO-4700 FTIR spectrometer, 
equipped with a PIKE DiffuseIR® cell. In short, all samples were first 
dehydrated at 150 ◦C for 4 h to remove physisorbed water. Approxi-
mately 5 mg catalysts were positioned in the aluminum sample cup and 
exposed to saturated pyridine vapors by flowing 50 cc/min N2 for 30 
min. Then, the physisorbed pyridine was removed at 150 ◦C under N2 for 
30 min. The samples were heated under 50 cc/min N2. The DRIFT 
spectra were recorded with a resolution of 4 cm− 1 from 4000 − 1000 
cm− 1 for 256 scans. The DRIFT spectra of adsorbed pyridine showed 
three distinct bands between 1600− 1400 cm− 1. The DRIFT bands at 
1545 and 1445 cm− 1 were assigned to the pyridine coordinated with 
Brønsted and Lewis acid sites, respectively [41,45]. The Lewis 
acid/Brønsted acid (LAS/BAS) ratio was determined from the ratio of 
intensities (integrals of peak areas) of the DRIFT bands at 1450 and 1545 
cm− 1 [46]. 

Spent catalysts were analyzed by thermogravimetric analysis (TGA) 
under N2 flow (100 cc/min) ramping from 50 to 700 ◦C. TGA and 

Scheme 1. Chemical pathway for lactic acid production.  
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differential TGA profiles were used to determine the weight loss of 
catalysts. Weight loss up to 250 ◦C was attributed to physisorbed water, 
and the weight loss between 250− 700 ◦C was attributed to the carbo-
naceous coke on the spent catalysts [47]. 

3. Results & discussion 

3.1. Results 

We studied the effect of heat treatment of ZSM-5 zeolites (Si/Al = 15) 
for dihydroxyacetone (DHA) isomerization to lactic acid in a batch 
reactor. We performed heat pretreatment of ZSM-5 at 500, 700 and 900 
◦C. We refer to the treated zeolites as Z-500, Z-700, and Z-900. We 
selected ZSM-5 with a Si/Al ratio of 15 because it had moderate acid 
sites, which made it possible to observe changes in acid sites after heat 
treatment. Then, we characterized the zeolites for changes in chemical 
structure and acidity, and we determined how the changes affected 
dihydroxyacetone isomerization to lactic acid. 

3.2. Changes in chemical structure and acid properties of ZSM-5 catalysts 
after heat treatment 

To measure the effects of heat treatment on the chemical structure of 
ZSM-5 catalysts, first, we characterized ZSM-5 by XRD and FTIR. The 
major XRD peaks of all ZSM-5 catalysts were similar and consistent with 
reported spectra [41,48]. Thus, the crystal structure of ZSM-5 was pre-
served after heat treatment (Fig. S1). An increase in treatment tem-
perature from 500 to 900 ◦C caused a right-shift of (051) peak (2θ =
23.1◦) (Fig. 1A). This shift of (051) peak with increasing temperature 
indicated a shortening of Si-O-Si bond length and contraction of the unit 
cells due to the reversible monoclinic to orthorhombic phase transition 
[49]. We further characterized these catalysts by FTIR to confirm the 
shortening of Si-O-Si bond length. One of the characteristic peaks of the 
ZSM-5 is its 1055 cm− 1 band, assigned to the internal vibration of Si, 
AlO4 tetrahedra (Fig. 1B). Following heat treatment, the internal vi-
bration peak shifted toward the higher wavenumber because of an in-
crease in Si-O bonds in relation to Al-O bonds [50]. The up-shift of 1050 
cm− 1 band corroborated our XRD results. 

Next, we performed N2 adsorption/desorption on our catalysts to 
quantify changes in surface area and pore volume after heat treatments. 
We calculated BET surface area and BJH pore volume from the N2 
adsorption/desorption isotherms (Fig. S2). The surface area and pore 
volume of the heat-treated catalysts increased slightly with increasing 
temperature (Table 1). 

To examine changes in acid site type and density due to the heat 
treatment, we performed TPD-TGA with adsorbed n-propylamine and 
DRIFTS with adsorbed pyridine on our catalysts. TPD-TGA profiles of 
heat-treated zeolites showed a progressive decrease in the strong acid 
site (>250 ◦C). We calculated the BAS density. The Z-500 catalyst had 

0.55 mmol amine/g catalyst, in agreement with the reported value [51]. 
The BAS of the modified catalysts decreased with increasing tempera-
ture (Table 1). The DRIFT spectra of adsorbed pyridine enabled deter-
mination of LAS/BAS ratio (Fig. S3B and Table 1). An increase in 
temperature increased LAS/BAS ratio. We observed a slight increase in 
LAS. Hoff et al. showed that an increase in temperature of ZSM-5 from 
550 to 900 ◦C decreased BAS by 4.0-fold and increased LAS/BAS ratio by 
2.5-fold. In theory, zeolites have both BAS and LAS. BAS are derived 
from the hydrogen atoms of the zeolite framework [52]. Upon heat 
treatment, the zeolite framework undergoes dehydroxylation, which 
generates extra framework aluminum (EFAL). The resulting EFAL spe-
cies are in various forms, such as oxoaluminum cations (AlO+, Al(OH)2

+, 
and AlOH2+), neutral species (AlOOH and Al(OH)3), and/or alumina 
cluster inside the supercage zeolites [53]. As a result, the BAS of the 
zeolites after heat treatment decreased and the LAS/BAS ratio increased. 
These results corroborated our findings and suggested that we could 
increase LAS density by heat treatment. As measured by TPD-TGA, we 
determined that an increase in treatment temperature caused a slight 
increase in LAS. In sum, the heat treatment generated the Lewis acid 
sites in the form of EFAL and decreased the Brønsted acid sites. 

3.3. Catalytic performance of the heat treated ZSM-5 on the 
dihydroxyacetone isomerization 

To examine the performance of the modified catalysts, we performed 
dihydroxyacetone isomerization at 140 ◦C. Dihydroxyacetone conver-
sion progressively increased over time and reached >90 % by 6 h in all 
cases (Fig. 2A). Pyruvaldehyde and lactic acid were major products of 
this reaction. We observed a small amount of glyceraldehyde in the 
presence of catalysts, which suggested that dihydroxyacetone isomeri-
zation to glyceraldehyde occurred in the presence of these catalysts. As a 
control, the blank experiment (no added catalyst) showed that dihy-
droxyacetone conversion increased over time and reached >90 % by 6 h. 
We observed a gradual increase in pyruvaldehyde yield with a maximum 
of 32 % by 6 h. However, we did not observe lactic acid in the blank. 
Takagaki et al. [54] also showed that, in the absence of catalysts, 
dihydroxyacetone was converted to pyruvaldehyde, a finding that cor-
roborates our observations. 

Interestingly, with added catalysts, dihydroxyacetone conversion 
profiles were similar to the blank experiment. This phenomenon sug-
gested that dihydroxyacetone conversion was a thermal reaction. With 
catalysts, the yield of PA increased and reached the maximum at about 2 
h, then progressively decreased along with an increase in lactic acid 
yield. These results suggested that pyruvaldehyde was an intermediate 
product of dihydroxyacetone isomerization to lactic acid. This volcanic 
behavior of pyruvaldehyde over time was similar to the reported trend 
[55,56]. An increase in treatment temperature enhanced the selectivity 
of catalysts toward lactic acid. Z-900 had the highest lactic acid yield of 
50 % after 6 h compared with 39 % for Z-700 and 21 % for Z-500. The 
increasing trend of lactic acid yield matched a corresponding increase in 
the LAS density of the catalysts (Table 1). 

By plotting the yields of lactic acid and pyruvaldehyde with respect 
to LAS density, we observed that PA formation was relatively insensitive 
to the LAS density (Fig. 2B). However, an increase in LAS density 
enhanced the formation of lactic acid. We hypothesized that dihy-
droxyacetone dehydration was a thermal reaction. To test this hypoth-
esis, we performed dihydroxyacetone isomerization in water at 90, 120, 
and 140 ◦C (Fig. S4). We observed pyruvaldehyde as the only reaction 
product. At 90 ◦C, the reaction mixture was clear, and we observed only 
a slight dihydroxyacetone conversion (<8%) after 6 h. At 120 ◦C, the 
pyruvaldehyde yield progressively increased and reached 29 % at 69 % 
dihydroxyacetone conversion (42 % pyruvaldehyde selectivity) after 6 
h. Moreover, the reaction mixture was homogenous and light brown, 
which suggested formation of pyruvaldehyde (pyruvaldehyde is yellow/ 
brown). Similarly, at 140 ◦C, the pyruvaldehyde yield increased over 
time and reached 43 % at 85 % dihydroxyacetone conversion (51 % 

Fig. 1. XRD (A) and FTIR (B) spectra of modified ZSM-5 at different treatment 
temperatures. 
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pyruvaldehyde selectivity) at 6 h. The reaction mixture became dark- 
brown, which suggested a higher amount of pyruvaldehyde formed 
compared with reaction at 120 ◦C. In addition, after 3 h, we observed 
black particles suspended in the reaction mixture, which indicated for-
mation of coke (Fig. S4 inset). These results showed that dihydroxy-
acetone dehydration to pyruvaldehyde occurred more readily without 
added catalysts at temperature >120 ◦C. However, as the temperature 
rose to 140 ◦C, degradation of pyruvaldehyde became favorable. Our 
findings agreed with those of West et al. who observed that pyr-
uvaldehyde degradation was favorable at high temperature (>115 ◦C) 
[57]. These results supported our hypothesis that the dihydroxyacetone 
dehydration to pyruvaldehyde was driven by the reaction temperature, 
and LAS was needed to convert pyruvaldehyde to lactic acid. In addition, 
our results suggested that LAS were active sites for pyruvaldehyde 
rehydration, in agreement with previous studies [58,59]. 

3.4. Pyruvaldehyde rehydration by heat treated ZSM-5 

To decouple the activities of the catalysts in dihydroxyacetone 
dehydration and pyruvaldehyde rehydration, we used pyruvaldehyde as 
a reactant. Our blank experiment showed a progressive increased pyr-
uvaldehyde conversion with no observable lactic acid yield, which 
suggested that pyruvaldehyde thermally decomposed over time (Fig. 3). 
Z-900 gave the highest lactic acid yield of 50 % after 6 h. Interestingly, 
the lactic acid yield profiles of Z-500 (low LAS) and Z-900 (high LAS) 

with pyruvaldehyde as a reactant were similar to the yield profiles with 
dihydroxyacetone as a reactant (Fig. 2). These results suggested that 
dihydroxyacetone dehydration to pyruvaldehyde was a thermal reac-
tion, whereas pyruvaldehyde rehydration to lactic acid was acid- 
catalyzed. Importantly, the LAS density controlled the pyruvaldehyde 
rehydration activity. 

To further confirm the importance of LAS for pyruvaldehyde rehy-
dration, we performed pyruvaldehyde rehydration with the acid-washed 
Z-900 (Z-900AW). Acid washing removed the EFAL species, sources of 
LAS, without modifying the porous properties of zeolites [60]. The 
Z-900AW catalyst showed a weak DRIFT band of adsorbed pyridine 
(1145 cm− 1) (Fig. S5), which suggested that most LAS of Z-900AW were 
removed after acid-wash. The pyruvaldehyde conversion and lactic acid 
yield profiles of Z-900AW were similar to the profiles of Z-500. 

We further characterized spent catalysts by thermal gravimetric 
analysis (TGA) and differential thermogravimetry (DTG) to determine 
their deactivation mechanism related to acid site characteristics. Based 
on the TGA and DTG profiles, we observed the final weight loss in the 
order of Z-500 > Z-700 > Z-900. These weight loss values from spent 
catalysts were attributed to the formation of unwanted carbonaceous 
deposits, i.e., coke. These results suggested that Z-500 formed the 
highest amount of coke. This order was consistent with the abundance of 

Table 1 
Physical properties and acid densities of catalysts.  

Catalyst BET surface area (m2/g) Pore volume (cm3/g) Brønsted acid sites (BAS)a (μmol/g) Lewis acid sites (LAS)b (μmol/g) LAS/BASc 

Z-500 402 0.20 550 42 0.08 
Z-700 464 0.25 410 56 0.14 
Z-900 485 0.23 110 64 0.58 
Z-900AW 488 0.27 60 3 0.05  

a Measured by TGA-TPD with 2-propylamine. 
b Calculated using BAS and LAS/BAS. 
c Measured by DRIFTS with adsorbed pyridine. 

Fig. 2. Product evolution of the dihydroxyacetone isomerization by modified 
ZSM-5 (A). Relationship between yields of lactic acid and pyruvaldehyde at 6 h 
as a function of LAS density (B). Reaction condition. 60 mg dihydroxyacetone, 20 
mg catalyst, 4 g H2O at 140 ◦C. DHA = dihydroxyacetone, GA = glyceraldehyde, PA 
= pyruvaldehyde, and LA = lactic acid. 

Fig. 3. Product evolution of pyruvaldehyde rehydration by modified ZSM-5. 
Reaction condition. 60 mg pyruvaldehyde, 20 mg catalyst, 4 g H2O at 140 ◦C. 

Fig. 4. TGA and DTG profiles of the spent catalysts (A) and the relationship 
between coke formation and Brønsted acid site density (B). 
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BAS (Fig. 4B). These results indicated that BAS was responsible for the 
formation of coke. 

To determine the stability of lactic acid, we heated lactic acid at 140 
◦C for 6 h without catalyst (blank) and with catalysts, Z-500 and Z-900. 
Lactic acid conversion was <10 % in all cases (Fig. S6); thus, lactic acid 
was thermally stable under this experimental condition. Moreover, these 
results suggested that the catalysts did not cause side reactions with 
lactic acid. 

4. Discussion 

We investigated a heat treatment strategy to generate active Lewis 
acid sites (LAS) within ZSM-5. These LAS were active sites for dihy-
droxyacetone isomerization in water. The dihydroxyacetone isomeri-
zation reaction is a cascade of (1) dihydroxyacetone dehydration to 
pyruvaldehyde, followed by (2) pyruvaldehyde rehydration to lactic 
acid. Specifically, our results demonstrated that the dihydroxyacetone 
dehydration step was driven by reaction temperature, and the LAS were 
needed for pyruvaldehyde rehydration to lactic acid. Previously, little 
was known about the activities of the different acid sites in the reaction. 

One of our most significant findings was that the high temperature 
treatment drove the modified ZSM-5 toward a high lactic acid selec-
tivity. The heat treated ZSM-5 had a high LAS density. The dihydroxy-
acetone dehydration to pyruvaldehyde was a thermal reaction and 
pyruvaldehyde was formed readily at 140 ◦C, whereas LAS were needed 
to convert the resulting pyruvaldehyde to lactic acid. Moreover, the 
amount of LAS was consistent with the order of the catalytic perfor-
mance, which suggested that the LAS were the active sites for pyr-
uvaldehyde rehydration. Dapsens et al. [35] showed that an increase in 
LAS density by desilication of MFI zeolites enhanced the lactic acid 
selectivity of dihydroxyacetone conversion at 140 ◦C for 6 h. After acid 
washing, the LAS density of the desilicated MFI decreased, resulting in a 
decrease in the lactic acid. Takagaki et al. [54] used supported chro-
mium and titanium oxide catalysts with varying compositions to 
generate catalysts with various LAS/BAS ratios for dihydroxyacetone 
conversion. They found that catalysts with a high LAS were more se-
lective toward LA than those with low LAS. Our results agree with the 
findings of Dapsens et al. [35] and Takagaki et al. [54] 

Another significant finding was that BAS did not have any activity in 
dihydroxyacetone isomerization. Moreover, the presence of BAS caused 
unwanted coke formation from pyruvaldehyde decomposition under our 
experimental condition (140 ◦C). The spent catalyst with high BAS (Z- 
500) had more coke compared to catalysts treated at 900 ◦C (Z-900). 
Takagaki et al. [54] showed that the presence of BAS in catalysts low-
ered the LA selectivity, results that corroborate our findings. Similarly, 
Nakajima et al. [58] used a Brønsted acid catalyst, H2SO4, for dihy-
droxyacetone isomerization and pyruvaldehyde rehydration. They did 
not observe any lactic acid yield at 100 ◦C, a further confirmation of our 
findings. 

In comparing blank controls of dihydroxyacetone isomerization and 
pyruvaldehyde rehydration, we found that the blank control of dihy-
droxyacetone isomerization produced pyruvaldehyde as the only prod-
uct, whereas the blank control of pyruvaldehyde rehydration did not 
produce any observable products. These results suggested that dihy-
droxyacetone dehydration to pyruvaldehyde was a thermal conversion 
and LAS was needed to convert pyruvaldehyde to lactic acid. Consid-
ering together the effects of reaction temperature, LAS, and BAS, we 
propose the chemical pathway of the modified ZSM-5 for dihydroxyac-
etone isomerization shown in Fig. 5. Dihydroxyacetone dehydration to 
pyruvaldehyde proceeded with reaction temperature (140 ◦C). The LAS 
generated within modified ZSM-5 was responsible for the selective 
dihydroxyacetone isomerization to lactic acid. 

We summarized the performance of selected catalysts for dihy-
droxyacetone isomerization. West et al. compared the catalytic perfor-
mance of different zeolites with different Si/Al ratios. They found that 
all zeolites were active in dihydroxyacetone isomerization, and the LA 

selectivity was in the following order: H-USY (Si/Al = 6) > H-β (Si/Al =
12.5) > H-MOR (Si/Al = 10) > H-ZSM-5 (Si/Al = 11.5). Moreover, the 
zeolite with a low Si/Al ratio was more selective to lactic acid, and H- 
USY (Si/Al = 6) was the most selective to lactic acid (71 % lactic acid 
selectivity) (Table S2). Although these zeolites were active for dihy-
droxyacetone isomerization, their catalytic performance was still infe-
rior to the Sn-based catalysts (Sn-containing β-zeolites [61,62] and 
Sn-containing silica [63]) with a high selectivity (>90 %) to lactic 
acid at a full conversion (Table S3). Two major limitations of using 
Sn-based catalysts are (1) a long and complicated synthesis [35], and (2) 
a scarcity of tin [64]. 

Clear advantages of this heat treatment approach are (1) the appli-
cability to commercially available ZSM-5, and (2) the ability to control 
the LAS and BAS densities of ZSM-5 is a superior property compared 
with the active Sn-containing catalysts for dihydroxyacetone isomeri-
zation. Moreover, this strategy can be used for other acid-catalyzed re-
actions, such as dehydration [65], esterification [66], isomerization 
[67], etherification [68], and cascade reactions in which both LAS and 
BAS are needed, such as hydroxymethylfurfural production from cellu-
lose [69,70]. The proximity of EFAL and Brønsted acid sites can lead to 
enhance catalytic activity of alkane cracking [71,72]. The enhancement 
of catalytic activity depends on the EFAL properties, such as proximity of 
EFAL concentration, speciation, location in the framework, distribution, 
and proximity of Bronsted acid sites [73]. Our work could be extended 
by identifying the EFAL features using 29Si and 27Al magic angle spin-
ning nuclear magnetic resonance (MAS-NMR) spectroscopy in combi-
nation with density functional theory calculations [74,75] and 
correlating the results of MAS-NMR and density functional theory with 
catalytic activity. This information will be important for the develop-
ment of a cost-effective and sustainable catalytic process for lactic acid 
production from biomass. In addition, the recyclability and change in 
mechanical property after catalyst recycling should be assessed to 
ensure long catalyst lifetime. 

5. Conclusion 

We investigated dihydroxyacetone isomerization in water using heat 
treated ZSM-5. The treatment at elevated temperature increased the 
Lewis acid sites density and decreased Brønsted acid site density of 
modified ZSM-5, which promoted high lactic acid selectivity in water. 
Dihydroxyacetone isomerization to lactic acid is a cascade of dehydra-
tion to pyruvaldehyde, followed by pyruvaldehyde rehydration to lactic 
acid. We demonstrated that dihydroxyacetone dehydration to pyr-
uvaldehyde readily occurred at 140 ◦C and reached 50 % lactic acid 
yield after 6 h using heat treated ZSM-5 at 900 ◦C. The high LAS density 
of heat treated ZSM-5 was responsible for the pyruvaldehyde rehydra-
tion. This heat treatment strategy offers a new basis to tune LAS density 
for biomass processing reactions, including isomerization, dehydration, 
and esterification. 

Fig. 5. Proposed chemical pathway for the dihydroxyacetone conversion to 
lactic acid by thermally treated ZSM-5. LAS = Lewis acid sites, BAS = Brønsted 
acid sites, Δ = heat. 
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