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Diphenolic acid (DPA) is a renewable compound to produce polycarbonates and epoxy resins. Diphenolic acid is
produced by acid-catalyzed condensation of levulinic acid with phenol to form monophenolic acid. Subse-
quently, monophenolic acid undergoes condensation with phenol to form two DPA isomers, ortho-diphenolic
acid (o,p’-DPA) and para-diphenolic acid (p,p’-DPA). Here we describe a kinetic analysis of solvent-free levu-
linic acid-phenol condensation catalyzed by phosphotungstic acid at temperatures between 70 and 140°C. The
reaction appeared to be pseudo-first-order with respect to levulinic acid when the levulinic acid:phenol molar
ratio was four or higher. We determined the kinetic parameters (reaction rate constants, pre-exponential factors,
and activation energies) by fitting experimental results to simulated data. Although the activation energies of o,
DP'-DPA, and p,p’-DPA formation were higher than their corresponding reverse reactions, the kinetic analyses
revealed that a steric effect controls the reaction products. Our findings demonstrated a simple temperature-
controlled strategy to achieve a p,p":0,p’ DPA molar ratio of 28.3 with 87% conversion and 98% selectivity to

total DPA. This work provides a potential production route for p,p’-DPA from biomass.

1. . Introduction

Negative consequences of processing petroleum feedstock, especially
greenhouse gas emissions [1], price volatility [2], and non-renewability
[3], have stimulated the search for renewable feedstocks. Plant biomass
is renewable, abundant, and cost-effective and can be transformed into
platform chemicals, such as 5-hydroxymethylfurfural, levulinic acid,
y-valerolactone, lactic acid, and diphenolic acid [4-8]. Diphenolic acid
(DPA) and its derivatives [8-20] are potential renewable alternatives for
toxic bisphenol A (2,2-Bis(4-hydroxyphenyl)propane, commonly known
as BPA) in water bottles, containers, and dental composites/sealants [8,
9,21,22]. Exposure to bisphenol A can cause infertility [23], male
impotence [24], heart disease [25], and breast and prostate cancer [26].

Synthesis of DPA involves an acid-catalyzed condensation reaction
between phenol and levulinic acid (Scheme 1) [27], which can be
obtained from lignin [28] and cellulose [29-31], respectively. The
condensation of levulinic acid with phenol forms two DPA isomers,
ortho-diphenolic acid (o,p’-DPA) and para-diphenolic acid (p,p’-DPA).

* Corresponding authors.

The p,p’-DPA isomer is especially desirable in the production of poly-
carbonate and epoxy grade resins [32]. However, a costly process is
required to separate the o,p’-isomer from p,p’-isomer, which adds to the
production cost of plastics. Hence, many investigators have focused on
improving regioselectivity to p,p’-DPA [33]. Homogenous Brgnsted
acid catalysts, such as HoSO4 and HCI, catalyze condensation between
levulinic acid and phenol [34-36]. However, these mineral acids are
corrosive, and their residuals from waste streams are expensive to treat
[35]. The addition of thiols as an additive improved the p,p”:0,p’-DPA
molar ratio [37,38], but thiol addition in the reaction complicates
downstream product purification.

Polyoxometalates (POMs) are versatile catalysts because of their
many active sites [39,40]. The Keggin anion family of POMs is
expressed as [XM;2040]™ anions, where X = Si and P, M = Mo and W.
The Keggin-type POMs with protons as the only countercations are
called heteropolyacids (HPAs), such as phosphotungstic acid, silico-
tungstic acid, silicomolybdic acid phosphomolybdic acid. These HPAs
have high acid strength and less corrosive characteristics compared
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with ordinary mineral acids (HBr, HoSO4, HNO3, and HCI) [41,42].
Thus, HPAs have been used widely to catalyze biomass conversion re-
actions [43,44]. However, HPAs are soluble in water and many organic
solvents. Thus, they are difficult to recycle and their presence compli-
cates product purification. Previous studies showed that the HPAs and
partly substituted HPAs exhibited high catalytic activity and selectivity
to total DPA. However, their regioselectivity to p,p’-DPA (<7.3) [45-47]
was lower than the regioselectivity obtained by addition of thiol and
Brgnsted acid ionic liquid additives [34,37,38]. Moreover, a detailed
kinetic analysis of this reaction catalyzed by HPAs have not been
assessed, thereby limiting our understanding of how to control the
regioselectivity of DPA formation.

Here, we evaluated the catalytic performance of selected hetero-
polyacids on the condensation of levulinic acid with phenol, and we
detailed the kinetics of this reaction. We demonstrated that phospho-
tungstic acid was the most selective to p,p’-DPA. Then we determined the
effect of the reaction temperature on the regioselectivity to p,p’-DPA
catalyzed by phosphotungstic acid. Reaction temperature regulated the
regioselectivity to p,p’-DPA with 28.3 p,p’:0,p’-DPA molar ratio at 87%
conversion at 140°C. Then we developed the kinetic analysis of this
reaction to reveal the reaction mechanism and understand how to
control the regioselectivity of DPA formation.

2. Materials and methods
2.1. Materials

All chemicals were analytical grade and used without further puri-
fication unless noted. Levulinic acid (98%, Sigma-Aldrich, St. Louis, MO,
USA), phenol (VWR International, Radnor, PA, USA), and hexadecane
(99%, Alfa Aesar, Haverhill, MA, USA), were used as received. The
catalysts, phosphotungstic acid (99%, Strem Chemicals, Newburyport,
MA, USA), silicotungstic acid hydrate (Electron microscopy sciences,
Hatfield, PA, USA)), silicomolybdic acid (72.72% MoOs, Strem Chem-
icals, Newburyport, MA, USA), phosphomolybdic acid hydrate (Alfa
Aesar, Haverhill, MA, USA) were purchased and used as received.

2.2. Condensation reaction between levulinic acid and phenol
The condensation reaction between levulinic acid and phenol was

performed in a 15 mL glass pressure tube (Ace Glass Inc., USA). Typi-
cally, a 1:4 molar ratio mixture of levulinic acid (0.64 mmol) and phenol
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(2.54 mmol, ~0.2mL) was added to the pressure tube. Then, 1 mol %
catalyst with respect to levulinic acid was used in all experiments, unless
otherwise noted. Hexadecane was added as an internal standard for the
quantification of levulinic acid conversion and product yields. After
loading the catalyst into the tube, it was sealed and placed in an oil bath
at temperatures of 70 - 140°C. The tube was equilibrated for 5 min to the
desired temperature before proceeding with the reaction. Preliminary
experiments were performed at stirring speeds between 300 and 900
rpm. No difference in reaction conversion was observed at different
stirring speeds. Thus, mass transfer limitation was negligible within this
interval of stirring speed, and we used a rotating speed of 600 rpm for all
experiments. The reaction products were withdrawn over time to mea-
sure the concentration of reactants and products. The reaction was
immediately stopped by quenching in an ice bath. Ethyl acetate was
added to dissolve unreacted reactants and reaction products prior to
analysis by Gas Chromatography (GC). All experiments were performed
in triplicate, and the standard deviation of reaction products was less
than 8 %.

2.3. Product analysis

Unreacted reactants, intermediates, and reaction products in the
samples were separated and quantified by GC. The reaction products
were silylated to improve volatility, thermal stability, separation, reso-
lution, and response by GC analysis [48,49]. The silylation procedure
was reported elsewhere [50-52] with a slight modification. In short, the
samples (~200 pL) were mixed with 200 pL N,O-bis(trimethylsilyl)
trifluoroacetamide (BSTFA) as a silylating agent and 10% trimethyl-
chlorosilane (TMCS) as a silylating catalyst. The silylation took place at
70°C for 1h to allow the active hydrogens of the compounds in the re-
action products to be replaced by an alkylsilyl group, creating silyl de-
rivatives that were more volatile, less polar, and more thermally stable
compared with silylated reaction products [53]. The silylated sample
was analyzed by Gas Chromatography (7890B GC) (Agilent Technolo-
gies, Santa Clara, CA, USA) equipped with Mass spectrometry (MS) and
Flame Ionization Detector (FID). The reactants and reaction products
were separated using an HP-5MS column (30mx0.25mmx0.25um, Agi-
lent Technologies, Santa Clara, CA, USA). Levulinic acid conversion and
yields of DPA were calculated as follows:

levulinic acid converted (mol)

Conversion of levulinic acid (%) = levulinic acid initial (mol) x 100

:OH
-H,0
I (1)
. OH
MPA 0

OH

0

o,p'-DPA

Scheme 1. Proposed reaction mechanism of the condensation of levulinic acid-phenol to produce o,p’- and p,p’-DPA.
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product generated (mol)

Yield of products (%) =
feld of products (%) = 5 0 G acid nitial (mol)

x 100

The mass balance of reactants and products showed less than 7% stan-
dard deviation unless otherwise noted. The specific activity (rate of the
reacted levulinic acid per mol of catalyst) and productivity (rate of the
desired product formation per mol of catalyst) were indicators of the
rate at which the catalyst was able to convert reactant and produce the
desired product, respectively. The two parameters were defined as fol-
lows:

levulinic acid reacted (mol)
catalyst (mol) x time (h)

Specific activity (h™') =

total diphenolic acid generated (mol)
catalyst (mol) x time (h)

Productivity (h™") =

One mole of heteropolyacid was assumed to give one mole of the acid
sites (active proton). Protons of heteropolyacids in a polar solvent
(ethanol) dissociate, leaving only one active proton [54,55]. Hence,
heteropolyacids behave like monoprotic acids. Phenol acted as both
reactant and solvent.

2.4. Determination of kinetic rate constants and activation energies

The experimental results were fit to a rate expression that included
the concentrations of levulinic acid (LA), mono-phenolic acid (MPA),
ortho-diphenolic acid (o,p’-DPA), and para-diphenolic acid (p,p’-DPA).
The levulinic acid:phenol molar ratio was varied from 1:2 (stoichio-
metric ratio) to 1:4, 1:6, and 1:10 to determine the molar ratio that
provided excess phenol. A levulinic acid:phenol molar ratio higher than
1:4 resulted in constant levulinic acid conversion and yield of total
diphenolic acid (DPA), which suggested a pseudo first-order reaction
with respect to levulinic acid (Fig. S1). For this reason, the levulinic acid:
phenol molar ratio of 1:4 was used for the reaction throughout this
study. The Excel solver was used to estimate the reaction rate constants
(k) with the Generalized Reduced Gradient (GRG) nonlinear solving
method. Nonlinear least-square regression analysis was used to calculate
the difference between the experimental data and the estimated values
by changing the reaction rate constants. Various initial guesses were
used for estimation to ensure that the estimated kinetic parameters
converged to the same minimum. The best fit was defined as the esti-
mated kinetic values that gave a minimal difference. The fitting was
conducted for various reaction temperatures simultaneously using a
single set of initial kinetic parameters to find the fit for the rate
expression.

3. Results

To understand how to control the regioselectivity to p,p’-diphenolic
acid (p,p’-DPA) in the condensation of levulinic acid-phenol, we first
screened four Keggin-type heteropolyacids. Next, we selected the best-
performing acid catalyst for this condensation reaction and deter-
mined the effect of temperature on the catalytic activity and selectivity
to p,p’-DPA. Then, we determined the kinetic parameters to understand
how they affected the regioselectivity of DPA.

3.1. Initial catalyst screening for condensation of levulinic acid and
phenol

Initially, to evaluate the catalytic performance of selected Keggin-
type heteropolyacids and mineral acids for condensation of levulinic
acid with phenol, we measured the catalysts specific activities (rate of the
reacted levulinic acid per mol of catalyst) and productivity (rate of the
DPA formation per mol of catalyst) (Table 1). As a control, no conversion
of levulinic acid occurred in the absence of catalysts, which suggested
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Table 1
Condensation of levulinic acid with phenol by selected acid catalysts
Entry  Catalyst Specific activity” Productivity”
() ()
1 Phosphotungstic acid 9.2 7.7
(H3PW12040)
2 Silicotungstic acid 11.5 4.1
(H4SiW12040)
3 Silicomolybdic acid 13.1 2.8
(H4SiM012040)
4 Phosphomolybdic acid 12.9 nd"
(H3PMo012040)
5 Hydrochloric acid (HCI) 6.5 1.0
6 Sulfuric acid (H2SO4) 16.7 0.0
7 No cat - nd*

Reaction condition: 1 mol% catalyst (with respect to levulinic acid) at 1:4 molar
ratio of levulinic acid: phenol at 100°C for 6 h.

@ specific activity is defined as mol of levulinic acid reacted per mol of catalyst
per time

b productivity is defined as mol of total DPA (p,p/-DPA and o,p'-DPA) gener-
ated per mol of catalyst per time

¢ not detectable. The concentration of the DPA was lower than the detection
limit of the detector

that this reaction was not catalyzed by the carboxylic acid group of
levulinic acid. All catalysts were active in the condensation of levulinic
acid with phenol as shown by high catalyst specific activity (6.5-16.7
h™1). We observed p,p’-DPA and o,p/-DPA as main reaction products; a
small amount of monophenolic acid (MPA) was detected, which sug-
gested that monophenolic acid was an intermediate in the reaction. We
found that phosphotungstic acid had high specific activity of 9.2 h™! and
the highest productivity of 7.7 h™! (entry 1) compared with other cata-
lysts at 100°C after 6 h. Although other heteropolyacids, such as silico-
tungstic acid, silicomolybdic acid, and phosphomolybdic acid, were
active in levulinic acid conversion with high specific activities of 11 - 13
h’l, they were less selective to DPA formation (entries 2-4). Their pro-
ductivities were 0.0 - 4.1 h™!, lower than that of phosphotungstic acid
(7.7 h™ 1. Sulfuric acid and hydrochloric acid were active in levulinic
acid conversion, but they were not selective to DPA, as shown in low
productivity (entries 5 and 6). Because of the high specific activity and
productivity, we chose phosphotungstic acid for further studies.

Next, to investigate the effect of phosphotungstic acid loading on
catalytic performance, we performed condensation of levulinic acid with
phenol using 0.5, 1.0, and 5.0 mol% catalyst (with respect to the levu-
linic acid) at 100°C for 6h (Fig. S2). An increase in catalyst loading
increased the rate of levulinic acid conversion. However, increased
catalyst loading did not affect the selectivity to p,p’-DPA and o,p’-DPA.
Our findings agreed with results of Yu et al. who showed that increasing
the loading of Cs-substituted Wells-Dawson type heteropolyacids did not
affect the selectivity to p,p’-DPA [45]. To detail the mechanism of
condensation of levulinic acid with phenol, we needed to evaluate the
catalytic performance at a low conversion to minimize the effect of side
reactions. For these reasons, we used 1.0 mol% catalyst loading for the
remainder of the studies.

3.2. Effect of reaction temperature on the condensation of levulinic acid
with phenol

To investigate the effect of reaction temperature on levulinic acid-
phenol condensation catalyzed by phosphotungstic acid, we performed
the condensation reaction at temperatures between 70 and 140°C. In all
experiments, the sum of unreacted levulinic acid, monophenolic acid
(MPA), and total diphenolic acid was close to the initial mol of levulinic
acid, which suggested that there was minimal decomposition of levulinic
acid, intermediates, and products. An increase in reaction temperature
promoted the levulinic acid conversion and total DPA yield. We observed
D,p'-DPA and o,p’-DPA as main reaction products. The conversion rate of
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levulinic acid and selectivity to total DPA progressively increased over
time (Fig. 1A and B). We also detected a small concentration of MPA in
the reaction. The selectivity profile of MPA was volcano-shaped (Fig. 1C),
which indicated that MPA was the intermediate. Increasing reaction
temperature from 70 to 140°C decreased the MPA selectivity and
increased the p,p’-DPA selectivity (Fig. S3). The formation of p,p’-DPA
was more favorable than o,p’-DPA in all cases as shown in p,p’: o,p’ molar
ratio >1 (Fig. 1D), in agreement with previous studies which showed p,p’:
o,p’ molar ratio >1 by Brgnsted acidic catalysts [33,46,56,57]. Inter-
estingly, an increase in reaction temperature also enhanced the p,p’: o,p’
molar ratio, which suggested that regioselectivity of DPA isomer
depended strongly on the reaction temperature. Reaction temperatures
below 100°C provided a low regioselectivity to p,p’-DPA (low p,p’: o,p’
molar ratio <10). Reaction temperatures higher than 120 °C drastically
improved the p,p’: o,p’ molar ratio, which reached 28.3. Together, these
results suggested that reaction temperature controlled catalytic activity
and regioselectivity of DPA.

3.3. Kinetic parameters of the condensation of levulinic acid with phenol

Next, we determined the kinetic parameters of the condensation
reaction to understand the behavior of the intermediates and products
and the effect of reaction temperature on regioselectivity. Scheme 1
shows the commonly accepted mechanism of levulinic acid condensa-
tion with phenol [47]. The condensation reaction begins by protonation
of the ketone group of levulinic acid and subsequent electrophilic attack
of phenol, forming reactive carbonium ion monophenolic acid (MPA)
[33,58]. This MPA attacks the second molecule of phenol to form o,
p'-DPA (o,p’-DPA formation) or p,p’-DPA (p,p’-DPA formation). The o,
p'-DPA can isomerize into p,p’-DPA by bond cleavage between phenol
and the bridging carbon atom in the reverse direction of the electrophilic
aromatic substitution by protonation of the aromatic ring [59] to form
the monophenolic acid. Then the resulting monophenolic acid attacks a
molecule of phenol to form p,p’-DPA.

To understand the kinetic behavior, we proposed the chemical
pathway (Scheme 2) that involves MPA formation (Step 1), followed by
o,p’-DPA formation (Step 2) or p,p’-DPA formation (Step 3). The rate
expressions of three reaction steps are expressed and fit with experi-
mental data (see Supplementary Information).

The simulated curves fit well with experimental data (Fig. 2). Then,
we determined the reaction rate (k) constants based on the proposed
mechanism in Scheme 1 (Table S1). The resulting k increased with
increasing reaction temperature (Fig. 3). With increasing temperature,
we observed a significant increase in the reaction rate constant k;, (MPA

Levulinic acid Phenol
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conversion to levulinic acid and phenol), ks (MPA condensation to o,p’-
DPA), and kss (MPA condensation to p,p’-DPA). Furthermore, Kk, Kof,
and ks¢ values were higher than ki, kop, and ks, respectively. These re-
sults confirmed that the MPA was a reactive intermediate, in agreement
with the low MPA concentration detected in the reaction.

The temperature dependence of the resulting k values demonstrated
Arrhenius behavior (Fig. 3A-C). The gap between forward and reverse
lines at a specific temperature for each k implies the relative reaction
rates between forward and reverse reactions. For Step 1, k;, was higher
than kqf, which indicated that MPA intermediate was not able to form in
any significant concentration. For example, Steps 1 and 3 showed that
the reaction away from MPA was much faster than towards it. The gap
between forward and reverse lines remained relatively constant as a
function of temperature, which suggested that the relative reaction rates
of Step 1 remained constant. For Step 2, the forward and reverse rate
constants are close across all temperatures. Like for Step 1, the constant
difference suggested that the relative reaction rates of Step 2 were
temperature independent. For Step 3, the rate of p,p’-DPA formation was
higher than that of p,p’-DPA decomposition as a function of temperature.
Interestingly, the gap between forward and reverse lines became
significantly larger as reaction temperature increased. These results
suggested that (1) the p,p’-DPA formation was sensitive to changes in
reaction temperature, and (2) high reaction temperature shifted equi-
librium to the p,p’-DPA formation.

On the basis of these Arrhenius behaviors, we calculated the corre-
sponding activation energies and pre-exponential factors (Table 2).
Interestingly, the high activation energy of forward reactions, MPA
formation (E,1f), o,p’-DPA formation (E,2¢) formation, and p,p’-DPA
formation (E, 3¢), suggested that these formation steps were more sen-
sitive to temperature than the reverse reactions (Fig. 3B and C). How-
ever, the higher activation energy of the forward reactions would
suggest that forward reaction rate constants are smaller than reverse
reaction rate constants, which is not the case as illustrated in Fig. 3C.
Furthermore, we should observe low DPA yield/selectivity, which con-
tradicts our experimental findings that showed a high DPA selectivity as
the reaction proceeded.

Although many investigators who have studied the kinetics of
biomass conversion pathways discuss reactions in terms of activation
energies, the steric (entropic) effect cannot be ruled out because this
effect is important to some reactions that involve bulky molecules (e.g.,
DPA) [60]. To understand the mechanism of this condensation of lev-
ulinic acid-phenol, we further evaluated the pre-exponential factors.
From collision theory, the pre-exponential factor is a measure of the rate
at which collision of the reactive molecules occurs and is a proxy for

OH

Scheme 2. Chemical pathways for the kinetic analyses of condensation of levulinic acid and phenol.
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Table 2
Kinetic parameters obtained from fitting the experimental data with the kinetic
model at various temperatures.

Parameter Reaction rate constant
K1t kir kor kor kar K3y
E, (Kj. 32.63 17.53 24.04 14.86 62.99 9.62
mol 1)
A 8.22 8.89 x 7.53 2.48 x 2.58 x 9.47 x
107! 107! 10° 107*
R? 0.97 0.99 0.98 0.99 0.99 0.99

steric effects in the reaction [61]. The calculated pre-exponential factors
of all forward reactions were significantly higher compared with reverse
reactions, which suggested a higher collision frequency and/or a smaller
steric factor [62]. In particular, the pre-exponential factor of the p,
p'-DPA formation (Agsf, 2.58 X 10° s1) was five orders of magnitude
higher than that of o,p’-DPA formation (Ay, 7.53 s’l), which can be
ascribed to a lower orientational dependence of the activated complex
leading to formation of p,p’-DPA, and fits with the experimental findings
in which p,p’-DPA was formed preferentially compared to o,p’-DPA. The
pre-exponential factor of p,p’-DPA formation in the forward direction
(Asf) was eight orders of magnitude higher than the pre-exponential
factor of the reverse direction (Asy, 9.47 x 10~*s™). In sum, these re-
sults suggested that steric effects control the observed reactivity.

4. Discussion

In this study, we described the effect of reaction temperature on the
regioselectivity of p,p’-DPA formation catalyzed by Keggin-type heter-
opolyacids. Among the Keggin-type heteropolyacids that we tested,
phosphotungstic acid was the most selective to total DPA with 98% DPA
selectivity at 87% conversion of levulinic acid. Also, the resulting kinetic
parameters suggested that the steric effect controls levulinic acid-phenol
condensation and regioselectivity to p,p’-DPA.

The ability to control regioselectivity by temperature was a signifi-
cant finding. The p,p’-DPA is preferentially formed in the condensation of
levulinic acid-phenol with the p,p': o,p’-DPA ratio >1 by acid catalysts,
such as heteropolyacids [63], mineral acids (HCI) [47], zeolites [45], and

sulfonated hyperbranched poly(arylene oxindole)s [33,56] (Table S2).
However, results of most investigations of the DPA production by acid
catalysts showed low p,p’: 0,p’-DPA molar ratios of 1.1 — 8.7 [27,37,63,
64]. For example, Guo et al. used supported phosphotungstic acid on SiO5
particles for the condensation of levulinic acid with phenol at 100°C for 8
h with a phenol: levulinic acid ratio of 4 [47]. Their p,p’: o,p’-DPA molar
ratio was ~2.1-3.6 on all supported phosphotungstic acid. Yu et al. used
Cs-substituted Wells-Dawson type heteropolyacids, CsHexP2W18062
(x=1.5-6.0) to reach the p,p’: o,p’-DPA ratio of 7.3 [45]. To advance the p,
p': o,p'-DPA ratio to greater than 10, Van de Vyver et al. used additives.
Their synthesized sulfonated hyperbranched poly(arylene oxindole)s
acid catalysts showed the p,p’: o,p’-DPA ratio of 7.6. With a thiol additive
(ethanethiol), the side chain of the thiol introduced steric hindrance and
boosted the p,p’: o,p’-DPA molar ratio to ~40 at 23 % levulinic acid
conversion [33,37]. Liu et al. used a combination of Bronsted acid ionic
liquids as a catalyst and additive to promote the p,p’: 0,p’-DPA molar ratio
over 100 [65]. However, additives complicate product separation during
downstream processing. An increase in reaction temperature from 70 to
140°C increased p,p’: o,p’ molar ratio from 7.4 to 28.3. This temperature
increase shifted the equilibrium to formation p,p’-DPA formation pref-
erentially as evidenced by increased equilibrium constant of p,p’-DPA and
o,p’-DPA formation steps by 25 and 2 times, respectively. Our findings
suggested that the steric effect controls the mechanism of this conden-
sation of levulinic acid-phenol, in agreement with a report by Van de
Vyver et al.[56]. Elevated reaction temperature introduces steric hin-
drance and shifts the regioselectivity to p,p’-DPA.

The identification of steric control of the levulinic acid-phenol
condensation products is another important finding. The calculated
activation energy of all forward reactions was higher than the activation
energy of reverse reactions, which implied that the formation of MPA, o,
p'-DPA, and p,p’-DPA was unfavorable and contrary to our experimental
results. However, the pre-exponential factor of forward reactions was
higher than that of reverse reaction; particularly, the pre-exponential
factor of the p,p’-DPA formation was several orders of magnitude
higher than that of its reverse reaction and o,p’-DPA formation. These
results suggested that the collision of reactive molecules to form p,p’-DPA
occurred with greater frequency or was less dependent on the orientation
of reacting molecules, compared with formation of the o,p’-DPA and the
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decomposition of p,p’-DPA. Moreover, this high pre-exponential factor of
p,p'-DPA formation suggested that the steric effect controls the reaction
products and explains the observed p,p’: 0,p’-DPA ratio >1.0.

This work not only explains the kinetics and mechanism of the
condensation of levulinic acid-phenol, but also provides an additive-free
catalytic strategy to promote the regioselectivity to p,p’-DPA. Although
this catalytic system is effective at p,p’-DPA formation, there are two
limitations, namely, the use of homogeneous catalysts and high tem-
perature. Further studies will focus on the development of supported
phosphotungstic acid catalysts and their recyclability and explain the
tradeoff between high-temperature operation and high regioselectivity
to p,p’-DPA.

5. Conclusion

Detailed knowledge of the kinetic parameters of condensation of
levulinic acid-phenol enhances our understanding of the reaction
mechanism and provides a strategy to improve the regioselectivity to-
ward p,p’-DPA. Our results demonstrated that increasing reaction tem-
perature in phosphotungstic acid-catalyzed condensation of levulinic
acid with phenol not only accelerated the condensation rate but also it
shifted the regioselectivity toward the desired p,p’-DPA. Our kinetic an-
alyses revealed a steric effect controls the reactivity, and o,p’- and p,p’-
DPA formations occur readily. This knowledge will aid in the develop-
ment of recyclable catalysts to maximize the regioselectivity to p,p’-DPA.
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