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ABSTRACT: Catalytic dehydration of lactic acid in the
presence of water is a potentially green, synthetic approach for
the production of acrylic acid, and development of a highly
selective catalyst is a primary challenge, leading to a resurgence in
catalyst exploration and discovery. However, because the
complexity in the analytical assessment of the eﬃciency of
catalysts stemming from the possible presence of dimers in lactic
acid feedstocks has often been neglected in the literature, we
demonstrate, without consideration of the dimer during catalyst
evaluation, that they can have a substantial inﬂuence on the
determination of conversion of lactic acid and selectivity to
acrylic acid in aqueous solution. In one example of a modiﬁed
zeolite catalyst, a true acrylic acid of selectivity of 64% was
overestimated to be 80% if the dimers in the feed solution were neglected in the analytical analysis. A survey of the literature
demonstrated very few researchers account for the possible presence of lactic acid dimers in the lactic acid solution; therefore, the
reported catalyst performance should be carefully considered in light of the potentially signiﬁcant impact of lactic acid dimers. We
further demonstrate that the heat treatment of a lactic acid feed solution prior to the reaction can hydrolyze dimers back to
monomers, avoiding analytical misinterpretation and providing an accurate measure of the catalytic performance.

■

INTRODUCTION
Chemical conversion of a biomass feedstock to fuels and
chemicals is a grand challenge that has drawn signiﬁcant
attention from chemists and chemical engineers.1−3 The catalytic
production of acrylic acid (AA) via dehydration of lactic acid
(LA) is a perfect example because (i) LA is produced in industry
at (0.3−0.4) × 106 tons/year via the fermentation of
carbohydrates1,4,5 and (ii) AA is an important chemical for the
production of polymers with numerous applications in
absorbents, adhesives, coatings, paints, paper, and textiles.6
Because AA is currently produced by the partial oxidation of
propylene, a petroleum derivative,7 and its market (5 × 106 tons/
year) is expected to grow 4−5% per year,8 dehydration of
biomass-derived LA is a greener, more sustainable synthetic
approach.
The ﬁrst report of LA conversion to AA, performed over
pelleted phosphate and/or sulfate catalysts, dates back to 1958,9
and with the current interest in biomass-to-chemical conversion
via heterogeneous catalysis, an increasing amount of research on
this reaction has been published recently. A series of papers by
Miller and co-workers in the 1990s with phosphates10,11 and
sodium salt catalysts12,13 advanced our understanding of
© 2017 American Chemical Society

promising catalyst compositions, competing reactions (e.g.,
decarbonylation and condensation), and the sensitivity of the
catalytic performance to the reaction parameters. More recent
research focused on the development of highly selective novel
catalysts in water-rich environments, for instance, surfacemodiﬁed zeolites,14−17 phosphates,18−20 hydroxyapatite,21−24
and sulfates.25,26 For each of these types of catalysts, >70 mol %
AA selectivity has been claimed, with the best AA yield of 78%
reported for calcium-deﬁcient hydroxyapatite.23 Another approach starts with lactate ester to produce acrylate, aiming for
better total selectivity to acrylic species (acid and/or esters).27−29
At the reaction conditions for LA dehydration, there are a
number of competing reactions occurring that remain challenging to control (Scheme 1); decarbonylation (acetaldehyde and
carbon monoxide) and condensation (2,3-pentanedione, carbon
dioxide, and water) are often the major side reactions that limit
the selectivity toward AA.
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MΩ resistivity. LA feed solutions were freshly prepared by
diluting the stock concentrated LA solution with DI water. The
LA concentration in aqueous solutions was calculated on a
nominal LA weight basis. NaY zeolites (SiO2/Al2O3 ratio ∼ 6.3)
were provided by TriCAT. Analytical-grade sodium dihydrogen
phosphate dehydrate (NaH2PO4·2H2O), dipotassium phosphate (K2HPO4), dilactide (3,6-dimethyl-1,4-dioxane-2,5dione), L -LA, 2,3-pentanedione (23P), hydroxyacetone
(HyAce), propionic acid (PropA), and acrylic acid (AA) were
acquired from Sigma-Aldrich and used without further
puriﬁcation.
Catalyst Preparation. 14.8 wt % (1.0 mmol/gzeolite)
K2HPO4 was loaded on NaY zeolite by a wet impregnation
method. A required amount of the K2HPO4 precursor salt was
dissolved in DI water, and the solution was slowly added to the
zeolite drop by drop in a mortar with ample mixing. The sample
was dried at room temperature for 2 h, followed by 393 K for 10
h, and then calcined at 723 K for 3 h under a ﬂow (50 mL/min) of
air.
Catalyst Characterization. The surface acidity of the
catalysts was quantiﬁed with NH3 temperature-programmed
desorption using a Micromeritics Autochem 2910 instrument.
Powder X-ray diﬀractograms were collected using a PANalytical
Empyrean X-ray diﬀractometer (Cu Kα radiation). Nitrogen
adsorption−desorption measurement was performed using a
Micromeritics Gemini V at 77 K after the sample was degassed at
200 °C for 8 h under vacuum (∼10−2 Torr), and Brunauer−
Emmett−Teller surface areas34 a relative pressure (P/P0) range
of 0.05−0.25. Additional details of the methods and all catalyst
characterization data are provided in the Supporting Information. Representative catalyst characterization data are provided in
Figures S1 and S2. Additional details on the catalyst characterization and the relationship between the catalyst structure and
reactivity/AA selectivity will be published in a future manuscript.
Catalytic Testing. LA dehydration reactions were conducted
in a trickle-bed titanium tubular reactor (1/2 in. diameter) feeding
the nominal 20 wt % LA aqueous solution over a catalyst (1.0−
1.1 g) at a constant rate of 0.1 mL/min (0.22 mmol of LA/min)
with a syringe pump in a carrier ﬂow (55 mL/min) of helium at a
reaction temperature of 603 K. We performed product analysis
with both GC and HPLC. Gaseous products (i.e., CO and CO2)
were separated with a Supelco 60/80 Carboxen-1000 packed
column and analyzed online with an Agilent 7890A gas
chromatograph. Condensable products were collected after
each hour of the reaction with an inline condenser held at 277 K
located at the bottom of the reactor and analyzed oﬄine using the
same GC system on an Agilent HP-FFAP column with a ﬂame
ionization detector (more details are given in the Supporting
Information). For accurate determination of LA and L2A, a
Shimadzu 10A high-performance liquid chromatograph with a
SPD-10A UV−vis detector at 210 nm was employed with a
Phenomenex Synergi 4 Hydro-RP column. Successful separations of monomer and dimer with linear calibrations were
demonstrated with standard solutions (Figures S3 and S4).

Scheme 1. Reaction Pathways for LA to Chemicals

Accurate quantiﬁcation of the reactants and products is
indispensable for proper catalyst evaluation. This is especially
important when key reactants speciate in solution and are
analytically distinct from each other (e.g., diﬀering chromatography elution times). This needs to be emphasized particularly in
the case of LA determination during LA-to-AA conversion
because oligomers of LA can be present in aqueous solutions of
LA. In most of the recent work on the catalytic dehydration of LA
to AA found in the literature,14−26 aqueous solutions of LA with
diﬀerent concentrations (20−50%) represent typical feed
conditions. Because of the equilibrium between the selfesteriﬁcation of LA and rehydrolysis back to LA, analytical
rigor is essential for accurate calculation of the LA conversion and
product selectivity. This leads to incorrect determination of the
LA conversion and AA selectivity, and therefore any reports of
the turnover frequency/site time yield would be incorrect.
Nevertheless, this issue is overlooked in the majority of the
existing work.
In this study, we demonstrate LA oligomers impart a
substantial inﬂuence on the reported catalytic conversion and
AA selectivity, in particular the linear dimer lactoyllactic acid
(L2A), if LA and AA analytics are not appropriately considered. A
cyclic dimer of LA, dilactide (or simply lactide), is another lactic
derivative, but it is unstable in water30 and hydrolyzes upon
dissolution, and thus in this study we only considered L2A.
Additionally, because the fraction of larger oligomers (>2 lactic)
should be negligible (<0.1 mol % lactic) in diluted systems (e.g.,
<20 wt %),30 we only considered the dimer L2A for our study
using 20 wt % LA solutions. We chose a catalyst system based on
NaY zeolite because it is one of the most well-studied catalysts for
the dehydration of LA.15,16,31−33 Modiﬁcation of NaY with alkali
phosphates has one of the highest reported AA selectivity
(>75%) values in the literature.16,17 As an eﬀective means of
avoiding misrepresentation of the reaction results, the use of
high-performance liquid chromatography (HPLC), rather than
gas chromatography (GC), for accurate LA and L2A determination and a feed pretreatment approach to hydrolyze L2A bask
to LA are discussed.

■

RESULTS AND DISCUSSION
Deﬁnition of the Conversion and Selectivity. Before a
presentation and discussion on the impact of L2A on the
conversion of LA and selectivity to AA, deﬁnitions used in this
manuscript will be deﬁned. For analysis of the LA dehydration
reaction, we calculated the conversion of LA and selectivity to
products by two diﬀerent approaches: method A only considers
the monomer LA, and method B includes L2A in addition to LA.

■

EXPERIMENTAL SECTION
Chemicals. Concentrated lactic acid (LA) aqueous solution
(88.4−88.7 wt %, ADM USP 175830) was obtained from Archer
Daniels Midland (ADM). Deionized (DI) water was prepared
using a Millipore Milli-Q ﬁltration system and puriﬁed to 18.1
5844
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Table 1. Impact of Neglecting L2A on the Conversion of LA and the Molar Selectivity to Products during Dehydration of LA in a
Nominal 20 wt % Aqueous LA Feed Stream over a 1 mmol/g K2HPO4/NaY Catalysta
selectivity (%)
entry 1
exp #1
method A
only LA
entry 2
exp #1
method B
LA + L2A
entry 3
exp #2
method A
only LA
entry 4
exp #2
method B
LA + L2A

time (h)

solution weight recovery (%)

conversion of LA (%)

AD

23P

HyAce

PropA

AA

1
2
3
4
overall
1
2
3
4
overall
1
2
3
4
overall
1
2
3
4
overall

95.1
95.1
95.4
100.9
96.6
95.1
95.1
95.4
100.9
96.6
95.8
94.7
95.8
101.0
96.8
95.8
94.7
95.8
101.0
96.8

94.5
85.9
77.9
67.7
81.5
94.4
87.3
81.2
73.1
84.0
89.4
84.3
80.1
78.1
83.0
88.5
82.2
78.6
76.4
81.4

2.6
3.0
3.4
3.6
3.1
2.1
2.4
2.7
2.7
2.5
2.2
2.8
3.4
3.8
3.0
2.2
2.8
3.5
3.8
3.0

7.7
6.9
6.5
7.2
7.1
6.3
5.5
5.0
5.4
5.7
4.8
4.7
5.1
5.4
5.0
4.8
4.8
5.1
5.4
5.0

0.9
1.1
1.4
1.6
1.2
0.7
0.9
1.1
1.2
1.0
0.5
0.7
0.8
0.9
0.7
0.5
0.7
0.8
0.9
0.7

2.0
2.4
2.4
2.9
2.4
1.6
1.9
1.8
2.2
1.9
1.2
1.3
1.5
1.8
1.5
1.2
1.3
1.6
1.9
1.5

55.7
78.9
92.1
99.1
79.5
45.1
62.7
71.5
74.2
64.3
71.6
70.3
67.7
68.8
69.7
71.2
71.0
67.9
69.3
69.9

Exp#1 (feed with no pretreatment): LA, 17.3%; L2A, 3.3%. Exp #2 (feed heat treated prior to the reaction): LA, 21.0%; L2A, 0.3%. AD =
acetaldehyde; 23P = 2,3-pentanedione; HyAce = hydroxyacetone; PropA = propionic acid; AA = acrylic acid; catalyst (1 mmol/g K2HPO4/NaY) =
1.1 g; temperature = 603 K. Solution weight recovery = ratio of the measured weight of the solution collected to the expected weight.
a

recovery is deﬁned as the ratio of the measured weight of the
solution collected from each sampling from the condenser to the
expected weight based on the ﬂow rate and time-on-stream. Any
discrepancy from perfect recovery (100%) should reﬂect gaseous
product formation, holdup of liquid in the reactor system, and/or
any loss during the sampling. The catalyst exhibited a good AA
selectivity with acetaldehyde (AD) and 23P as the two major side
products. As a general trend, during the ﬁrst hour, we observed
the highest conversion of LA and the lowest selectivity to AA,
which we ascribe to holdup in the reactor. This is supported by
the lower total mass recovery. All of our discussion regarding the
LA conversion and AA selectivity is based on the 4 h overall
result. In entry 1 of Table 1, where only LA is accounted in the
feed, the 4 h averaged molar selectivity (eq 2) to AA reached
79.5%. The individual samplings at 3 and 4 h led to a calculated
AA selectivity of >90%. Furthermore, the sum of the product
selectivity (selectivity for AD + 23P + HyAce + PropA + AA) for
these entries exceeded 100%, which disobeys the law of mass
action. HPLC analysis conﬁrmed the presence of L2A in the feed
(3.3 wt %), which was not accounted for in the original carbon
mass balance. Hydrolysis of the dimer in the reactor can serve as
an unknown source for additional LA. In such a case, method A
leads to an artiﬁcially lower conversion of LA, which leads to a
higher selectivity value than the actual value when LA and L2A
are both included in the selectivity calculation. Repeat (ﬁve
times) experiments for the standard reaction conditions
demonstrated that the standard error for the conversion and
selectivity was <5%.
The higher selectivity value determined from method A can be
corrected if a more appropriate deﬁnition of the selectivity
(method B) is implemented. If L2A is included in the carbon
balance, the calculated value of the conversion and selectivity
change for the same experiment (entry 2). The conversion is
higher (84.0%), and the selectivity to each product is consistently

Both analyses are on a molar basis. It should be noted that the
stoichiometric coeﬃcient diﬀers for the diﬀerent parallel
reactions (e.g., 1 mol of LA converts to 1 mol of AA, while 2
mol of LA reacts to form 1 mol of 23P).
Method A:
LA conversion (%)
= 1 − [moles of LA in the product solution (unreacted)]
/[moles of LA in the feed solution (initial)]

(1)

a × moles of a product
moles of LA reacted

(2)

molar selectivity (%) =

where a is the stoichiometric coeﬃcient with respect to LA in
each possible reaction (a = 2 for 23P and L2A; a = 1 for others)
Method B:
LA conversion (%)
= 1 − [(moles of LA + 2 × moles of L 2A)
in the product solution (unreacted)]
/[(moles of LA + 2 × moles of L 2A)
in the feed solution (initial)]

molar selectivity (%)
a × moles of a product
=
moles of LA + 2 × moles of L 2A reacted

(3)

(4)

Dehydration of LA (Impact of a Lactic Dimer in the
Feed). The LA reaction results over a 1.0 mmol/g K2HPO4/NaY
catalyst were compared by utilizing the two described deﬁnitions
for conversion and selectivity (Table 1). Solution weight
5845
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ﬂuctuations in the concentration of LA were observed in the
individual batches in Figure 2. It should also be noted in the

lower than that calculated by method A. From method B, the true
4 h average AA selectivity is 64.1%, which is nearly 20% lower
than the AA selectivity calculated by method A (79.5%).
These data clearly illustrate the importance of inclusion of L2A
in the analytical evaluation. However, the impact of L2A is
ignored in LA dehydration studies because very few have
analyzed for the absence or presence of L2A in feed solutions. We
carefully surveyed the recent literature14−26,35,36 and found that
only Blanco and co-workers18 mentioned a small quantity of L2A
detected by GC−mass spectrometry (MS) in the product stream,
but they too failed to discuss the presence of L2A in the feed
solution. On the other hand, instead of accounting for L2A, Näfe
et al. pretreated the LA solution at 363 K under reﬂux for a
minimum of 7 days to convert L2A to LA.35,36 As we demonstrate
in a future section of the Discussion, heat treatment is an eﬀective
approach to minimizing the analytical issues caused by the
presence of oligomeric species.
An additional analytical challenge arises for this particular
system. Accurate determination of LA is complicated because its
limited volatility and thermal stability hamper straightforward
analysis by GC without actual derivatization of LA.37−39
Therefore, we implement HPLC for the quantiﬁcation of LA
because it is often more useful and reproducible with HPLC. Yet
only a few studies appear to pay attention to this and use multiple
analytical techniques (e.g., HPLC22,23,40 and/or ion chromatography24) to ensure analytical accuracy. Yan and co-workers24
have stated that analysis solely based on GC will fail to provide
accurate quantiﬁcation when LA concentrations are below 15 wt
%.
LA−L2A Concentrations in Diluted Aqueous Solutions.
A series of nominal 20 wt % LA solutions were prepared by
diluting the original concentrated ∼88 wt % LA solution at 298 K
and analyzed with HPLC within 12 h of solution preparation. As
shown in Figure 1, all solutions contained L 2 A with

Figure 2. Time course for hydrolysis of dimer L2A to LA at 353 K.

literature that LA dehydration reactions in aqueous solutions
have been mostly studied with concentrations of 20% or higher,
up to 50%.21 A more concentrated LA solution contains more
oligomers, and thus the impact of the dimers on the analytical
evaluation of the LA conversion, AA selectivity, and overall
carbon balance is even greater.
With the proven impact of L2A in the feed solution LA
dehydration analytics, we examined the kinetics for hydrolysis of
L2A to LA (Scheme 2) at 353 K. A slightly higher temperature
Scheme 2. Hydrolysis of L2A to LA

than room temperature was utilized because we previously
observed (Figure 1) that the hydrolysis reaction was slow at
room temperature. The as-prepared nominal 20 wt % LA
solution was heated at 353 K under reﬂux conditions, and the
concentrations of LA and L2A were monitored with HPLC
(Figure 2). LA consistently increased with the reaction time at
the expense of L2A, and after 15 h, most of L2A (>96%) was
converted to LA. Figure 3 demonstrates that a maximum of 16 h

Figure 1. Speciation of carbon between LA and L2A for nominally
diluted 20 wt % LA solutions. The nominal mixtures were produced by
diluting out a ∼88 wt % LA aqueous solution with DI water. The
solution equilibrated at room temperature for 12 h before LA and L2A
quantiﬁcation.

concentrations (1.5−4.4 wt %) diﬀering between batches, yet
the total lactic (LA + L2A) quantity was reasonably constant at
20−21 wt %. Vu et al. reported that only a negligible amount of
dimer is found in a diluted LA solution (<20 wt %).30 The
apparent discrepancy between our observation and Vu et al. is
presumably due to the fact we prepared our solution from a
>88% concentrated LA solution, and at the time of HPLC
analysis, LA−L2A equilibrium might not have been reached in
the diluted aqueous system. This could also explain why

Figure 3. van’t Hoﬀ plot for hydrolysis of L2A to LA from 298 to 353 K.
Over the temperature range studied, no dehydration product or other
side products were detected in the aqueous solution.
5846
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Dehydration of LA (Pretreating an LA Feed Solution).
Using the 14.8 wt % (1.0 mmol/gzeolite) K2HPO4/NaY catalyst,
the impact of preheating the feed prior to the LA dehydration
reaction was examined. After preheating, the feed composition
was determined as 21.0 wt % LA and 0.3 wt % L2A,
demonstrating that more than 90% of the initially present L2A
was converted to LA. The conversion and selectivity results (exp
#2 in Table 1) successfully demonstrate the negligible diﬀerence
in the LA conversion (81−83%) and AA selectivity (69−70%)
between methods A and B. The other minor products were also
consistent (3% AD, 5% 23P, 0.7% HyAce, and 1.5% PropA). The
nearly identical conversion and AA selectivity results demonstrate the eﬀectiveness of preheating the aqueous LA solution.
This is also illustrated in a comparison of the overall carbon
balance (Figure 4). Here, we calculated the product yield (LA

at 353 K is required to hydrolyze L2A back to LA. On the basis of
the experimental measurement of the L2A → 2 LA + H2O
equilibrium constant (see below), there will be some L2A still
present in the LA solution, but this amount proves to be
negligible enough to only have a minor inﬂuence on the overall
carbon balance.
We further investigated the inﬂuence of heat treatment of a
L2A solution on the LA−L2A ratio at diﬀerent temperatures.
Because the isolated L2A solid is not commercially available, the
L2A solution was prepared by dissolving dilactide (SigmaAldrich) in water with the assumption of complete hydrolysis of
dilactide to L2A upon dissolution. At room temperature,
solutions with a nominal L2A concentration greater than 3 wt
% could not be prepared because of the limited solubility of
dilactide in a period of 24 h of mixing. This is an interesting
observation because we measured L2A concentrations as high as
4.4 wt % in LA−L2A solutions prepared from the stock ∼88 wt %
LA obtained from ADM. It is possible that higher oligomers of
LA are present in highly concentrated LA solutions, leading to
complex multiequilibrium relationships among LA oligomers.30
The 3 wt % (0.19 M) L2A aqueous solution was heat treated at
three diﬀerent temperatures (298, 333, and 353 K) for 15 h, and
the LA and L2A concentrations were determined with HPLC
(Table 2). The equilibrium constant (eq 5) was calculated with
Table 2. LA−L2A Concentrations at Diﬀerent Temperatures
and the Calculated van’t Hoﬀ equilibrium Constant
temp (K)
LA [mol/L] (wt %)
L2A [mol/L] (wt %)
apparent Keq

298

333

353

0.02 (0.17)
0.18 (2.86)
3.75 × 10−5

0.13 (1.16)
0.13 (2.07)
2.42 × 10−3

0.40 (3.60)
0.01 (0.12)
4.04 × 10−1

Figure 4. Inﬂuence of the feed pretreatment on the product yield and
analytics (A and B). Exp #1: reaction with the feed untreated. Exp #2:
reaction with the feed heat-treated. LA dehydration reaction at 603 K for
4 h.

the assumption that the molar concentration of water is constant
(55.56 M) and the solutions reach equilibrium after 15 h. At 298
K, >90% lactic exists in dimer (L2A) form, which contradicts our
previous observation of the LA−L2A ratio in a typical 20 wt % LA
solution (Figure 1) and the report by Vu et al.30 of negligible
dimer concentration in <20 wt % aqueous solutions. This
contrast is clear evidence that, even after 15 h, the system is not at
equilibrium and the hydrolysis has a substantial activation barrier.
The estimated Keq value at this temperature is most likely a lower
limit. The LA−L2A ratio reverses at 353 K and >96% is monomer
LA, demonstrating the sensitive character of the kinetics of this
reversible process. A van’t Hoﬀ plot of the apparent Keq (Figure
3) demonstrates the endothermic nature of low-temperature
hydrolysis to LA. The heat of reaction is calculated to be 138 kJ/
mol, which is signiﬁcantly endothermic and generally too large
for a hydrolysis reaction. Esteriﬁcation and its reverse
(hydrolysis) have a small change in enthalpy; for example, the
esteriﬁcation of LA with methanol is only slightly exothermic
(−16 kJ/mol).41 The diﬃculty to reach equilibrium at room
temperature in this LA−L2A mixture even at low concentration
(3 wt %) corroborates the importance of heat treatment to
accelerate hydrolysis in order to minimize L2A in the solution
used for catalytic study. On the basis of this result of L2A
hydrolysis to LA monomer, we applied the heating of L2Acontaining feed solutions at 353 K for 15 h as the pretreatment
protocol for our study of catalytic LA dehydration.
Keq =

[LA]2
[L 2A][H 2O]

conversion × molar selectivity). As mentioned above, work that
appropriately addressed this issue or clearly mentioned
preheating of the feed in the methodology is very limited.35,36
This protocol should be applied when studying any catalysis in
LA aqueous systems.
Interestingly, in addition to the beneﬁt on the analytical
reliability, the preheating appears to have enhanced the AA
selectivity, reaching up to nearly 70% (exp #2, method B)
compared to 64% (exp #1, method B). Although it is diﬃcult to
monitor the actual monomer−dimer (oligomer) relationship in
the reactor and/or on the catalyst surface under the reaction
conditions (high water content and elevated temperature), this
result suggests diﬀerences in reactivity between the two lactic
species.
Reactivity of LA and L2A. To further investigate any
possible diﬀerences in the reactivity, we conducted a catalytic
study of LA and L2A solutions. Diluted aqueous solutions of LA
and L2A were prepared from Sigma reagents with concentrations
of 3 wt % (LA basis), and the reaction experiments over a 1.0
mmol/g K2HPO4/NaY catalyst were performed with freshly
prepared solutions. Because of the low initial concentration,
accurate determination of unreacted LA or L2A was not possible;
we therefore assumed complete conversion, and the molar
product yield (a × moles of a product/initial moles of LA; a =
stoichiometric coeﬃcient) was reported instead of the selectivity
(Table 3).

(5)
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Table 3. Yield of Identiﬁed Product Dehydration of Diluted (3
wt %) LA and L2Aa

LA

L2A

solution weight
recovery (%)

AD

23P

HyAce

1
2
3
4
overall
1
2
3
4
overall

93.3
93.5
93.8
99.8
95.1
92.8
92.0
91.3
99.4
93.9

2.2
2.2
2.5
2.2
2.3
8.6
10.3
9.7
7.5
9.0

2.4
2.4
2.8
2.4
2.5
1.4
2.0
2.2
2.5
2.0

1.3
0.4
0.2
0.1
0.5
0.8
0.3
0.2
0.2
0.3

PropA

AA

1.5
1.5
1.7
1.2
0.7
0.8
0.8
1.0
0.8

20.3
35.3
43.3
52.4
38.7
32.0
37.2
37.9
45.8
38.2
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We observed a minor diﬀerence of the reactivity of LA and
L2A. The AA yield for individual sampling peaked at 52% at 4 h
from the reaction of LA and 46% at 4 h from L2A. The 4 h overall
AA yield was comparable at 38−39%. A slightly higher AA
formation from LA than L2A corroborates the observation in the
reaction of the preheated 20 wt % LA. For L2A to form AA, it
must be hydrolyzed ﬁrst back to LA, which may require diﬀerent
optimized reaction conditions. The diﬀerence in acidity and
geometry of the two reactants may also play a role in determining
reactivity. Meanwhile, L2A yielded more AD, with the diﬀerence
between the other minor products being relatively small between
LA and L2A. The abundance of water in the system complicates
the elucidation of any possible diﬀerences of the reaction
mechanisms.

Yu Noda obtained his Ph.D. in Energy and Mineral Engineering with a
minor in Chemical Engineering in 2012 from Pennsylvania State
University under the supervision of Professor Chunshan Song. During
his Ph.D. studies, he worked on hydrolytic depolymerization of
lignocellulosic biomass materials. He was a postdoctoral scholar at
Penn State in the Department of Chemical Engineering, working in
Robert M. Rioux’s research group on the surface functionalization of
micro- and mesoporous materials for catalytic applications (2012−
2015). Since 2016, he has been a postdoctoral researcher at Charles
University and the Institute of Organic Chemistry and Biochemistry,
both in Prague, Czech Republic. His current research interests include
catalytic transformation of biomass to chemicals and materials and the
surface science of two-dimensional organic frameworks.

■

CONCLUSION
We synthesized potassium phosphate-modiﬁed NaY zeolite
catalysts and investigated the catalytic performance, with a focus
on the inﬂuence of L2A, a linear dimer of LA, on the analytical
determination of the LA conversion and AA selectivity. Because
the oligomers are hydrolyzed back to LA under reaction
conditions, when not accurately quantiﬁed or incorporated in
the analytics, they may serve as a hidden source of additional LA,
and this can consequently lead to artiﬁcially lower LA conversion
and higher selectivity of the products. In one example, without
accounting for the dimers, a very high AA selectivity (80%) was
falsely calculated, in comparison to the true value of 64%. In most
published work on LA dehydration, the potential impact of
dimers on the analytics has been overlooked, and the catalytic
performance may be incorrectly reported. To avoid false
calculation of the conversion and selectivity, we stress the need
for analytical rigor to account for total lactic, both monomer and
dimer. In addition, reaction experiments of a diluted solution of
lactic monomers and dimers revealed a minor diﬀerence in the
reactivity in water-rich conditions, which might possibly aﬀect
the true AA selectivity. Preheating the feed for hours (>10 h) is
shown to be an eﬀective treatment to minimize such oligomers in
the feed and allows more reliable, reproducible analytics of the
LA conversion and AA selectivity calculations.
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