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Beta zeolite as an efficient catalyst for the synthesis of diphenolic acid 
(DPA) from renewable levulinic acid 
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A B S T R A C T   

The solvent-free production of diphenolic acid (DPA) from levulinic acid (LA) and phenol is studied using readily 
accessible commercial acid zeolites like Beta, ZSM-5 and USY. Acid zeolites are cost-effective catalysts, and they 
are herein benchmarked against the sulfonic acid resins Amberlyst-15 and Nafion®, and sulfonic acid- 
functionalized SBA-15 silicas. Beta zeolite with a moderate aluminum content (H-Beta 19, Si/Al=23) presents 
the best catalytic performance, owing to the right combination of the shape selectivity effect conferred by the 
BEA structure, and the adequate balance of acidity (Al content and speciation). The optimization of the reaction 
conditions is tackled by the response surface methodology using as optimization factors the temperature, the 
PhOH:LA molar ratio, and the catalyst loading. Thus, under the optimized reaction conditions (12 mmol LA, 140 
ᵒC, 0.30 g catalyst loading, PhOH:LA = 6:1 mol), over 70% yield to DPA with LA conversion around 77% is 
obtained after 72 h. Despite the catalyst shows a progressive activity decay in successive uses because of fouling, 
removal of the formed organic deposits by calcination in air allows restoring the starting catalytic performance.   

1. Introduction 

Assuring the renewability and sustainability of carbon-based re
sources is currently one of the priorities to minimize the associated 
environmental impacts, as well as to provide a solution to the eventual 
depletion of fossil resources. In this context, the center of attention is 
focused on biomass, as a resource for the production of chemicals and 
fuels alike [1–6]. During the last years, many processes have been pro
posed for the conversion of biomass, with some of them reaching an 
advanced development stage or even commercial deployment [2,7]. 
Lignocellulosic biomass is particularly interesting as a versatile raw 
material for C-based products, especially considering its worldwide 
abundancy and availability. Nevertheless, the industrial production of 
valuable chemicals and fuels from lignocellulose still requires of 
extensive efforts in designing, developing and intensifying cost-effective 
catalytic processes, according to the concept of biorefinery [8–15]. The 
chemical valorization of lignocellulose into high-quality fuels and 
chemicals typically follows an initial acid hydrolysis targeted to a se
lective production of platform molecules like levulinic acid, 5-hydroxy
methyl furfural, or furfural [16–18]. Among them, levulinic acid (LA) 
was revealed as one of the top-10 most promising platform molecules 
derived from biomass by the U.S. Department of Energy [19], and it is 

widely considered as a key element in the developing lignocellulosic 
biorefining industry [20]. Indeed, several companies from different 
countries are already engineering industrial processes aiming at the 
large-scale production of levulinic acid as precursor for many other 
bioproducts (i.e., lactones, levulinate esters, amino-levulinic acid, 
valeric biofuels, bio-monomers, etc.) [21–23]. 

On the other hand, the development of environmentally friendly 
monomers based on biomass platform chemicals like LA is receiving 
growing attention [24]. In order to incorporate levulinic acid as a 
building unit into a polymer chain, it needs, however, to be first 
chemically converted to serve as a monomer [25–27]. Among the 
different approaches, LA can be easily cyclized via reactive distillation to 
obtain α-angelica lactone, which can be used as monomer in polymeri
zations. However, the formed polymers fail to reach an acceptable level 
of quality, and mixtures of α- and β-angelica lactones have been 
considered [28]. It is also possible to hydrogenate LA to 1,4-pentanediol 
(1,4-PDO), that can be subsequently used to produce polyesters, ideally 
in combination with bio-based diacids [29]. δ-amino-levulinic acid 
(DALA), obtained from LA by selective introduction of an amino group 
at the C5-position via bromination, has also shown the potential for the 
production of renewable polymers [30]. Finally, the condensation of LA 
with two molecules of phenol, which can be also derived from the lignin 
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fraction of lignocellulose, yields 4,4-bis-(4′-hydroxyphenyl)pentanoic 
acid, also known as diphenolic acid (DPA). DPA is proposed as a sur
rogate for bisphenol A, the primary raw material in epoxy resins and 
polycarbonates [31–33], widely used as chemical intermediate in paint 
formulations, decorative and protective surface coatings, additives for 
lubricating oil, plasticizers, surfactants, cosmetics, and textile industry 
[34,35]. Additionally, DPA bears several functional moieties rendering 
it amenable to further chemical modification, opening up new routes to 
much more functionalized materials and providing new sustainable 
opportunities for the chemical industry [36,37]. Therefore, in the long 
term and considering a favorable scenario of highly-available inexpen
sive LA, DPA appears as a viable alternative for the production of plastics 
[32]. 

The condensation of LA and phenol takes place via Friedel-Crafts 
hydroxyalkylation, leading to the corresponding p,p′ and o,p′ isomers 
(Scheme 1). The formation of phenol oligomers with LA has also been 
reported, leading to products different from DPA isomers that would not 
find use as Bisphenol A surrogates [38], thus having a negative impact 
on the overall selectivity towards DPA of the production process. While 
both monomers are of potential interest as intermediates in the polymer 
industry, p,p′-DPA isomer is the one proposed as a direct alternative to 
bisphenol-A. Traditionally, the condensation reaction for the synthesis 
of DPA has been investigated using strong Brønsted mineral acids such 
as H2SO4 and HCl [39]. The use of these acids is well known to suffer 
from problems concerning corrosiveness, difficulties in handling and 
separation from reaction media, as well as expensive downstream waste 
treatment [40]. As in many other acid catalysis applications, in the last 
decades such environmental and management concerns have prompted 
the development of solid acid catalysts to replace toxic and corrosive 
reagents. 

In this way, the production of diphenolic acid has been investigated 
using mesoporous H3PW12O40/silica composites prepared by direct sol- 
gel condensation [41–43]. In these studies, SBA-15 silica provided the 
best catalytic performance due to its highly accessible mesoporous 
structure, leading to TOFs over 1.5 × 10− 2 s− 1 (4:1 PhOH:LA molar ratio 
at 100ºC). Though the catalyst was rapidly deactivated, it could be re
generated via calcination. Sulfonated hyperbranched poly(arylene 
oxindole)s were also evaluated as catalyst in the condensation of phenol 
and LA, including the use of 1:1 molar ratio of thiols as promoting ad
ditives [38]. Over this somehow sophisticated catalytic system, LA 
conversion and DPA yield ca. 70% and 53%, respectively, were achieved 
(TOF 3.6 ×10− 4 s− 1). Although this water-soluble polymer can be 
recovered by ultrafiltration [44], the authors did not report about the 
recycling and stability of the prepared sulfonated hyperbranched poly 
(arylene oxindole), or about the recovery of the promoting thiols. As a 
way of comparison, in the same work by Van de Vyver et al., other solid 
acid catalysts such as Amberlyst-15, Nafion NR50 and neat H3PW12O40 
were also studied, but they displayed poorer performances. In a similar 
way, thiol-containing Brønsted acidic ionic liquids (BAILs) have been 
tested in the condensation of phenol and LA, offering a high yield of DPA 
(over 90 mol% after 48 h) with a maximum TOF of 2.34 × 10− 5 s− 1 

[45]. A further advance was the use of a low-cost mineral acid (H2SO4) 
for the synthesis of such BAILs. Shen et al. reported the favorable results 

on the condensation of phenol and LA catalysed by [BSMim]HSO4 ionic 
liquid by adding a catalytic amount of ethanethiol to improve the yield 
of DPA (reaching values over 90%) [42]. Favorable results were 
attributed to the special structure of the ionic liquids and the involve
ment of thiol additive. Moreover, BAILs could also catalyze the reaction 
of levulinate esters with phenol or the direct esterification of DPA to 
produce diphenolic esters. However, the authors did not report data on 
the stability and reusability of such methodology. 

Despite the high conversion and yields to DPA so far obtained over 
the reported heterogeneous catalytic systems, underlying concerns 
regarding the high susceptibility to leaching as well as elevated costs still 
make necessary the development of more robust and inexpensive solid 
acid catalysts. In this work, the solvent-free production of diphenolic 
acid is studied using as catalysts readily accessible commercial acid 
zeolites like Beta, ZSM-5 and USY. Acid zeolites are well-known cost- 
effective catalysts with a proved history of success in large-scale in
dustrial applications, mainly in oil refining and petro-chemistry. Various 
other acid catalysts, namely the sulfonic acid resins Amberlyst-15 and 
Nafion®, as well as sulfonic acid-functionalized SBA-15 silicas, are also 
benchmarked in the production of DPA from LA. The optimization of the 
reaction conditions is tackled by response surface methodology (RSM), 
using as optimization parameters the reaction temperature, the PhOH: 
LA molar ratio, and the catalyst loading. Furthermore, under the opti
mized reaction conditions, the reusability of the most efficient catalyst is 
analysed. 

2. Experimental 

2.1. Commercial catalysts and reactants 

Zeolites were acquired from different suppliers: Beta 12.5 (CP 814E), 
Beta 19 (CP 814 C), and USY (CBV 712) from Zeolyst International, Beta 
75 (CBZ 150) and n-ZSM-5 (CZP 90) from Clariant, and Beta 180 
(45875) from Alfa Aesar. Acidic macroporous resin Amberlyst-15 was 
supplied by Sigma-Aldrich. Levulinic acid (Sigma-Aldrich, 98%) and 
phenol (Scharlau, Pharmpur® >99%) were used as reactants, whereas 
sulfolane (Sigma-Aldrich, 99%) was used as internal standard. Acetone 
(99.9%, Scharlau) and deuterated tetrahydrofuran (C4D8O, 99.5% D, 
Eurisotop) were used as analytical solvents for gas chromatography and 
1H NMR spectroscopy, respectively. Commercial diphenolic acid (4,4- 
bis(4-hydroxyphenyl)valeric acid, Sigma-Aldrich, 95%) was used as a 
reference for product identification and quantification. 

2.2. Synthesis of sulfonic acid-modified SBA-15 mesoporous silicas 

Propylsulfonic-acid functionalized mesostructured silica (Pr-SO3H- 
SBA-15) was synthesized following the reported classical co- 
condensation procedure [46]. Thus, block-copolymer Pluronic P-123 
(EO20PO70EO20, Sigma-Aldrich) was used as surfactant template, tet
raethylorthosilicate (TEOS, Sigma-Aldrich, 98%) as silica precursor, and 
(3-mercaptopropyl)trimethoxysilane (MPTMS, Sigma-Aldrich, 95%) as 
sulfur precursor. In a similar way, arenesulfonic-acid functionalized 
mesostructured silica (Ar-SO3H-SBA-15) was prepared following a pre
viously reported procedure [47]. In this case, 2-(4-chlor
osulfonylphenyl)ethyltrimethoxysilane (CSPTMS, Abcr GmbH, 50% in 
CH2Cl2) was used as sulfur precursor. For both materials, the amount of 
S precursors (MPTMS and CSPTMS) was fixed to provide a theoretical 
loading of 10 mol% of sulfonic sites (based in total silicon content). 

Nafion-SBA-15 was prepared by impregnating a solution of Nafion 
resin over a previously synthesised SBA-15 silica support [48]. The 
incorporation of the perfluorosulfonic Nafion resin was carried out by 
contacting the appropriate amount of Nafion alcoholic solution (Aldrich, 
Nafion resin at 5% in a mixture of lower aliphatic alcohols and water) 
with the powdered SBA-15 silica [49]. Theoretical resin loading was 
fixed at 15 wt%. The impregnation process was carried out at 60 ᵒC 
under vigorous stirring for 2 h. Alcoholic solvent was removed by 

Scheme 1. Condensation of levulinic acid and two molecules of phenol cata
lysed by acids. 
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evaporation at room temperature for 24 h. 

2.3. Catalysts characterization 

The textural properties of the sulfonic acid-modified mesostructured 
silicas were determined by nitrogen adsorption-desorption isotherms 
recorded at − 196 ◦C (77 K) using a Micromeritics TriStar 3000 unit. In 
the case of zeolites, textural properties were calculated from argon 
adsorption-desorption isotherms recorded at − 186 ◦C (87 K), using an 
AutoSorb equipment (Quantachrome Instruments). Zeolites were pre
viously degassed under vacuum at 273 ᵒC for 3 h. Contribution of mi
cropores to surface and volume (in zeolites) was calculated by using the 
NL-DFT model assuming cylindrical pore geometry. Total surface area 
was obtained in both cases from the adsorption isotherms using the BET 
method, and total pore volume was extracted at approximately P/Po 
= 0.98. Structural ordering was obtained by means of X-ray powder 
diffraction (XRD) patterns, acquired on a Philips X′Pert diffractometer 
using the Cu Kα line. Data were recorded from 0.6◦ to 5◦ (2θ) with a 
resolution of 0.02 ◦ for the mesoporous materials, and from 5◦ to 60◦

with a step size of 0.04 ◦ for zeolites. The number of sulfonic acid sites 
was potentiometrically assessed by titrating a suspension of 0.05 g of 
material in 15 g of 2 M NaCl (aq) with 0.01 M NaOH (aq). Sulfur content 
was determined by means of elemental analysis (Flash 2000 Organic 
Elemental Analyser, from Thermo Scientific). Organic content was 
evaluated through thermogravimetric analysis (SDT 2960 Simultaneous 
DSC-TGA, from TA Instruments) with an air flow-rate of 100 mL/min 
and a heating ramp of 5 ᵒC/min. In the case of zeolites, aluminum 
content was determined by Inductively-Coupled Plasma Optical Emis
sion Spectroscopy (ICP-OES) using a Varian Vista AX apparatus. Like
wise, solid-state 27Al MAS NMR spectra were recorded at room 
temperature on a Bruker Advance III/HD 400 spectrometer equipped 
with a 4 mm MAS probe operating at 9.4 T. Temperature-programmed 
desorption of ammonia (NH3-TPD) was used to determine the total 
acid capacity of the zeolites in a Micromeritics Autochem 2910 (TPD/ 
TPR) unit coupled to a TCD detector. 

2.4. Catalytic tests 

The reactions were carried out in ACE pressure glass reactors 
immersed in a silicone oil bath under temperature control and vigorous 
continuous magnetic stirring. At the given reaction time, tube reactor is 
removed from the bath and the reaction media is processed for analysis. 
A typical composition of the reaction mixture for a 4:1 PhOH:LA 
experiment is 1.38 g (12 mmol) of levulinic acid, 4.5 g (48 mmol) of 
phenol, 0.1 g of sulfolane as internal standard, and the respective mass 
of catalyst. It must be noted that while both phenol and levulinic acid 
can have a biomass origin, the ones used in this study are both pure 
commercial materials. In the set of experiments for catalysts screening, 
reaction time and temperature were fixed at 24 h and 120 ᵒC, respec
tively, adding 0.225 g of catalyst. In the experiments related to the 
optimization of reaction conditions, the reaction variables and ranges 
investigated were: temperature (100–140 ᵒC), molar ratio PhOH:LA 
(2:1–6:1), catalyst loading (0.15–0.30 g), time (0–72 h). Thereafter, 
under the optimized reaction conditions, a reusability study was carried 
out. 

2.5. Reaction analysis 

Reaction samples were analysed using gas chromatography (GC), 
and nuclear magnetic resonance (NMR) spectroscopy. LA conversion 
was analysed by GC, after first diluting the reaction mixture with 
acetone, using a Varian 3900 gas chromatograph equipped with an 
Agilent CP-WAX 52 CB column (30 m x 0.25 mm, DF = 0.25 µm) and a 
flame ionization detector (FID). LA quantification was based on a cali
bration of the GC analysis unit with a standard stock solution of pure 
commercially available chemical using sulfolane as the internal 

standard. On the other hand, DPA was quantified by means of NMR 
based on the spectrum of commercial diphenolic acid. Thus, a 0.2 mL 
aliquot was taken from the reaction medium (before diluting with 
acetone for the GC analysis), and subsequently dissolved in deuterated 
tetrahydrofuran and filtered to remove any catalyst particles. 1H NMR 
analysis was then performed in a Varian Mercury Plus spectrometer 
operating at 400 MHz, allowing for the quantification of DPA in the 
reaction mixture, as well as for an approximate distribution of both DPA 
isomers, o,p′- and p,p′-isomers (Scheme 1). For the quantification of the 
proportion of both isomers, the 1H NMR signal centred at 1.55 ppm has 
been assigned to the free methyl group in the p,p′-isomer; whereas the 
signal centred at 1.50 ppm has been ascribed to the CH3 moiety in the o, 
p′-isomer. Thus, catalytic results are shown in terms of conversion of 
levulinic acid (XLA), yield to DPA (YDPA), selectivity to DPA (SDPA), and 
specific productivity of DPA per acid site (SPDPA) (Eqs. 1–4). 

XLA =
Reacted mol of LA
Initial mol of LA

× 100 (1)  

YDPA =
Formed mol of DPA

Initial mol of LA
× 100 (2)  

SDPA =
YDPA

XLA
× 100 (3)  

SPDPA

(
mol DPA
mol H+

)

=
Formed mol of DPA

Acid capacity
(

mol H+

g

)
⋅Catalyst mass (g)

(4)  

3. Results and discussion 

3.1. Screening of acid catalysts for the synthesis of DPA 

In this type of heterogeneous acid catalysis, the nature, number and 
distribution of acid sites display a strong influence on the catalytic 
performance, i.e. in the conversion, yield and selectivity to DPA. 
Therefore, different acid solids have been benchmarked in reaction, 
including sulfonic-acid based materials (Brønsted acid catalysts) and 
commercial acid zeolites (catalysts showing both Brønsted and Lewis 
acidity). The most relevant physicochemical properties of the different 
catalysts tested in this work are presented in Tables 1 and 2. 

Table 1 summarizes the properties of the sulfonic acid-based mate
rials, including the synthesised mesostructured materials and the 
cationic-exchange acidic resin Amberlyst-15. In the case of the propyl- 
and arene-SO3H SBA-15 mesoporous silicas, data from XRD and nitrogen 
adsorption isotherms (not shown) evidence high mesoscopic ordering 
(2D-hexagonal p6mm symmetry) and high surface areas along with 
narrow pore size distributions around 8–9 nm, typical of SBA-15 struc
tures. Both materials were synthesised to incorporate 10% of the 
respective sulfur precursor, corresponding to approximately 1 meq S/g. 

Table 1 
Physicochemical, textural and acidity-related properties for sulfonic acid-based 
catalysts.  

Catalyst Acid 
capacitya 

(meq H+/g) 

SBET
b 

(m2/ 
g) 

Dp
c 

(Å) 
Vp

d 

(cm3/ 
g) 

SO3H groups 
densitye 

(μeq H+/m2) 

Ar-SO3H-SBA- 
15 

1.09  751  87  0.88  1.4 

Pr-SO3H-SBA- 
15 

1.05  772  88  1.29  1.4 

Amberlyst-15 ≥ 4.70  45  300  0.40  104 
Nafion-SBA-15 0.10  496  66  0.78  0.2  

a Acid capacity determined by acid-base titration. b Surface area calculated by 
the BET method. c Mean pore size from the adsorption branch of the N2 isotherm. 
d Total pore volume at P/Po ≈ 0.98. e Acid sites density defined as the ratio 
between acid capacity from acid-base titration and the BET surface area. 
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This value is in good agreement with the acid capacity as determined by 
acid-base titration (Table 1), so a high S incorporation degree in the 
form of sulfonic acid is inferred. Overall, these materials display open 
structures with high surface development and a good distribution of 
catalytic acid sites, leading to a low density thereof (1.4 μeq H+/m2, 
Table 1), which renders them as excellent candidates to be tested in 
reaction. Table 1 also includes the physicochemical properties as pro
vided by the supplier corresponding to the commercial sulfonic acid 
resin, Amberlyst-15, as well as the properties from the hybrid material 
Nafion®/SBA-15 herein prepared. Amberlyst-15 shows a very high acid 
capacity on a non-structured polymer matrix showing low specific sur
face. Thus, this material has an acid density two orders of magnitude 
higher than SO3H-SBA-15 catalysts. Finally, the composite comprising 
perfluorosulfonic Nafion resin over SBA-15 retains in a large extent the 
good textural properties of the mesoporous support while incorporating 
on it highly dispersed Nafion resin (15 wt%) [49]. This composite shows 
the lowest acid capacity and acid density because of the low acid loading 
of the resin itself. However, the perfluoro environment surrounding the 
sulfonic acid sites provides them with the highest acid strength. 

On the other hand, Table 2 includes the most relevant physico
chemical properties of the selected zeolites. Acid properties of zeolites 
depend particularly on the framework type and aluminum content and 
speciation. Hence, in the present work three commercial zeolites with 
different crystalline structures (MFI for n-ZSM5, FAU for H-USY, BEA for 
H-Beta 12.5) with varying Si/Al ratio have been chosen for evaluation. 
The determination of actual Al content by means of ICP-OES confirmed a 
variability in the Si/Al ratio, as intended, ranging from 8 to 42. On the 
other hand, textural properties obtained from the Ar adsorption- 
desorption isotherms at − 186 ᵒC (not shown), evidence the presence 
of a high total BET surface area and high micropores surface area in 
every material, with mean pore sizes in the corresponding microporous 
range (5–8 Å). Additionally, pore volumes range between 0.49 and 
0.90 cm3/g. The highest value, corresponding to H-Beta 12.5 is attrib
uted to a contribution of inter-particle argon adsorption. Regarding the 
acid properties, the highest acid capacity, as determined by NH3-TPD, 
corresponds to H-USY zeolite, which is in agreement with its higher Al 
content. However, in this case a great proportion of the aluminum is in 
extra-framework octahedral configuration (as determined by 27Al 
NMR). In terms of acid surface density, H-Beta 12.5 leads to the highest 
value, in this case with a larger proportion of intra-framework Al (78%). 
In conclusion, the microporous structure, together with the ratio Sµ/Sext 
and the concentration and speciation of Al species, are all parameters 
expected to influence on the catalytic performance. A more detailed 
discussion on the acid properties of these specific materials is available 
elsewhere [50]. 

Fig. 1 shows the catalytic results of the materials evaluated in the 
acid-catalysed solvent-free condensation of levulinic acid and phenol, in 
terms of conversion of levulinic acid (XLA), and yield to diphenolic acid 
(YDPA). Reaction conditions for this catalysts benchmarking were 
selected based in previous studies from literature [42,51]. 

Regarding sulfonic acid-based catalysts (left), Amberlyst-15 dis
played the highest conversion (63.2%), though the yield to DPA is only 

20.5%, indicating low selectivity of this kind of catalyst. On the other 
hand, the synthesized perfluoro-, propyl- and arene-SO3H-SBA-15 cat
alysts, provided all a similar behavior in terms of conversion of levulinic 
acid. Regarding the yield and productivity of DPA, and considering the 
different nature of the sulfonic acid sites incorporated on these SBA-15 
silicas, it is possible to observe a positive trend related to the increase 
of acid strength: fluor-SO3H (Nafion) > arene-SO3H > propyl-SO3H. 
Still, the selectivity to DPA is very low in each case, as observed for 
Amberlyst-15. This can be attributed to the presence of undesired side 
reaction of levulinic acid in the presence of such strong Brønsted acid 
catalysts, which apparently occurs regardless of the surface acid sites 
concentration. Additionally, no apparent effect of the SBA-15 meso
porous framework is observed. Therefore, these materials are discarded 
for further studies. 

On the other hand, among the commercial zeolites (Fig. 1 right), n- 
ZSM5 zeolite is able to convert LA but does not produce DPA. We 
attribute such an effect to the limited pore size of MFI structure, which 
largely hinders the formation of the bulky condensation product coming 
from the combination of 2 molecules of PhOH and 1 of LA, even in the 
positions corresponding to external surface area. The USY zeolite in turn 

Table 2 
Physicochemical, textural and acidity-related properties for acid zeolites.  

Catalyst Aluminum content Textural properties Acid Properties 

Si/Ala 

(mol) 
Tet. Alb 

(%) 
SBET

c 

(m2/g) 
SEXT

d 

(m2/g) 
Sμ

e 

(m2/g) 
Sμ/SBET

f VP
g 

(cm3/g) 
Dp

h 

(Å) 
NH3-TPDi 

(meq H+/g) 
Densityj 

(μeq H+/m2) 

n-ZSM5  42  98  488  196  291  0.60  0.49 5.1–5.6  0.33  0.68 
H-USY  8  48  884  136  748  0.85  0.54 7.4  0.88  1.00 
H-Beta 12.5  16  78  600  196  404  0.67  0.90 5.6–7.7  0.65  1.08  

a Si/Al molar ratio as measured by ICP-OES. b Tetrahedral Al as calculated by solid-state 27Al MAS NMR. c Surface area calculated by the BET method. d External 
surface area. e Micropores surface area. f Micropores surface area to BET surface area ratio. g Total pore volume at P/Po ≈ 0.98. h Pore size range corresponding to each 
crystalline structure. i Total acid capacity as determined by NH3-TPD. j Acid sites density is defined as the ratio between acid capacity from NH3-TPD and BET surface 
area. 

Fig. 1. Conversion of LA and yield to DPA over the different solid acid catalysts 
evaluated. Reaction conditions: 120 ᵒC, 0.225 g catalyst loading, 24 h, Phenol: 
LA = 4:1 (mol). 
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behaves in a similar way to sulfonic materials, with the same low 
selectivity. In this case, the larger pore size (with respect to n-ZSM5), 
and the high acid capacity and strength of H-USY resemble those of 
SO3H-based SBA-15 catalysts, so that the same type of undesired side 
reactions most likely take place over this catalyst. Finally, H-Beta 12.5 
zeolite displays the best performance in the catalyst screening, both in 
terms of DPA yield (33.1%) and selectivity (75%). This is attributed to a 
right combination of pore size and structure (BEA framework), which 
would be especially tailored for the molecules involved in this trans
formation, together with the appropriate type and moderate strength of 
acid sites. 

To complete the catalysts screening, the respective production of the 
two DPA isomers (Scheme 1) was also assessed. It must be noted that, 
while both isomers are of potential interest as intermediates in the 
polymer industry, the most linear one, p,p′-DPA isomer, is the one pro
posed as a direct alternative to Bisphenol-A, so that its market value 
would be potentially higher. Taking this into account, the proportion of 
both isomers over the different catalysts has also been analysed. Fig. 2 
depicts the DPA isomers distribution in the above-discussed catalysts 
benchmarking (values obtained from the 1H NMR analysis of reaction 
samples). As shown, there is a clearly different behavior between sul
fonic materials and zeolites: the former preferentially give rise to o,p′- 
DPA, regardless the presence of SBA-15 structured support, while the 
latter provide higher ratio of p,p′-DPA. Noticeably, H-Beta 12.5 catalyst 
results in the highest proportion of p,p′-DPA, which would be in line with 
a remarkable shape selectivity effect associated to its particular micro
crystalline structure, as compared to the other zeolites. 

3.2. Effect of the Si/Al ratio in Beta zeolites 

As previously discussed, beta zeolite has displayed the best catalytic 
performance in the solvent-free production of DPA, not only from the 
point of view of yield and selectivity to DPA, but also considering the 
preferential production of the most preferred isomer. Thus, we extended 
the study to incorporate other commercially available beta zeolites with 

varying Al content. 
Table 3 incorporates highlighted physicochemical properties corre

sponding to the four beta zeolites herein evaluated. As shown, actual Si/ 
Al ratios (slightly different to those proposed in the commercial specs) 
allow for testing a series of beta materials with different Si/Al ratio in 
the reaction of DPA production. Indeed, Si/Al ratio is the key parameter 
affecting the acid properties of this type of materials, determining not 
only the amount and concentration of acid sites (as shown in Table 3, 
from NH3-TPD) but also their nature (Brønsted and Lewis) and strength. 
For more details, see our recent work on these specific materials applied 
to the dimerization of levulinic acid for the production of jet-fuel pre
cursors, where the use of base probe molecules such as CD3CN and 
pyridine in DRIFT spectroscopy allowed for a precise discrimination of 
the acid properties [50]. Regarding the textural properties, all the beta 
zeolites display high surface area, mainly in the microporous region 
(Sµ/SBET > 0.67). The differences can be attributed to the different 
synthesis methods applied by the manufacturers, though they are not 
deemed significant for the following discussion of reaction results. 

Fig. 3 summarizes the catalytic performance of the four samples of 
beta zeolites in the condensation of levulinic acid and phenol to produce 
diphenolic acid, in terms of LA conversion and yield to DPA (Fig. 3A), as 
well as in terms of specific productivity of DPA per acid site (Fig. 3B). 
Reaction conditions are the same used in the previous screening of 
catalysts to facilitate the comparison. 

As shown in Fig. 3, the catalytic performance of the different beta 
zeolites reflects a marked influence of the aluminium content (i.e., the 
Si/Al ratio). The four materials share the high activity and selectivity to 
DPA previously discussed in the catalysts screening, but with interesting 
differences. Thus, H-Beta 75 (SiAl = 103) results in the highest LA 
conversion and yield to DPA. Likewise, when analysing the specific 
productivity of DPA per acid site (at 24 h of reaction time), the highest 
value corresponds to H-Beta 75 (115 molDPA/molH+). This material has 
a high proportion of tetrahedral Al (96%, Table 3) together with a low 
surface acid density (0.37 μeqH+/m2), indicating the presence of iso
lated strong Al acid sites in a purely silica microporous environment. 
This appears as the right combination to drive the reaction of DPA 
production (mainly the p,p′ isomer) in an efficient way. However, from 
the point of view of biomass efficient utilization, together with a 
desirable reduction of the downstream separation necessities, we 
consider that the selectivity to DPA should have also a leading role in 
establishing the catalyst choice. In this sense, Fig. 4 depicts the variation 
of DPA selectivity (SDPA) as a function of the Si/Al ratio in the series of 
beta zeolites. As shown, there is a maximum in the selectivity in an in
termediate Si/Al window. Indeed, the most selective catalyst is the 
zeolite H-Beta 19, reaching a value of 84.3%, while still keeping high XLA 
and YDPA (Fig. 3A). 

In a recent work, we applied DRIFT analysis of adsorbed pyridine and 
deuterated acetonitrile molecules to the same series of Beta zeolites, 
allowing not only for distinguishing between Brønsted and Lewis acid 
sites, but also sorting them in terms of acid strength in a semi- 
quantitative manner [50]. A decreasing trend on the Brønsted/Lewis 
(B/L) acid sites ratio, as determined by pyridine adsorption, when 
decreasing the Al content was observed, showing a maximum B/L= 1.95 
for H-Beta 19. Likewise, DRIFT experiments of adsorbed CD3CN allowed 
differentiating the relative contribution of Brønsted and Lewis acid sites 
in terms of acid strength. In this case, zeolite H-Beta 19 showed the 
presence of both strong Brønsted and strong Lewis acid sites, with a ratio 
BS/LS around 2.0 [50]. Thus, this zeolite has an optimum B/L acid sites 
ratio and the adequate BS/LS acid sites ratio to yield the best catalytic 
performance in terms of combined activity and selectivity in the pro
duction of DPA from LA. 

On the other hand, taking into account the textural properties of the 
Beta zeolites, it seems that an intermediate Sµ/SBET surface areas ratio 
(Table 3) also contributes to achieve high selectivity to DPA. In this way, 
zeolites H-Beta 19 and H-Beta 75 (displayng values of 0.83 and 0.74 for 
the Sµ/SBET ratio) lead to the highest selectivities. 

Fig. 2. DPA isomers distribution over the different solid acid catalysts. Reac
tion conditions: 120 ᵒC, 0.225 g catalyst loading, 24 h, Phenol:LA = 4:1 (mol). 
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3.3. Statistical analysis and optimization of reaction conditions 

Further optimization of the reaction conditions was explored for the 
selected catalyst, that is, H-Beta 19. The effect of the main operating 
variables (temperature, catalyst loading and Phenol:LA molar ratio) on 
the production of DPA was studied. The objective was to optimize the 
conversion of biomass-derived levulinic acid in the most selective way, 
in order to achieve high biomass efficiency use. For doing so, surface 
response methodology by means of experimental design was applied, 
leading to statistically significant mathematical models representing the 
behavior of the catalyst in the reaction system. The following operation 
windows were explored for optimization: temperature 100–140 ᵒC; 
catalyst loading 0.15–0.30 g; Phenol:LA mol ratio 2:1–6:1, thus con
sisting of an analysis of three factors at three levels. Reaction time was 
fixed at 4 h for all the experiments, avoiding saturation at the highest 
conversions for a proper analysis of the catalytic data. The full-factorial 
design showing the coded and real values of the three factors analysed 
for each experiment (reaction variables) and their respective experi
mental observed responses (LA conversion and DPA yield) are listed in  
Table 4. The experiment corresponding to the central point of the design 
(0,0,0) was replicated four times in order to assess the experimental 
reproducibility of the results, as well as to quantify the experimental 
error. Noteworthy, to minimize interferences due to systematic trends in 
the manipulation and operation of the experimental and analytical 
setups, the order of the experiments was randomized. Assuming a 
second-order polynomial model applied to the experimental data ma
trix, equations (5) and (6) were obtained by multiple regression. These 
statistical models have been obtained from encoded levels of the factors, 
thus providing the actual influence of each reaction variable on the 

Table 3 
Physicochemical, textural and acidity-related properties corresponding to commercial Beta zeolites with varying Si/Al ratio.  

Catalyst Aluminum content Textural properties Acid Properties 

Si/Ala 

(mol) 
Tet. Alb 

(%) 
SBET

c 

(m2/g) 
SEXT

d 

(m2/g) 
Sμ

e 

(m2/g) 
Sμ/SBET

f VP
g 

(cm3/g) 
Dp

h 

(Å) 
NH3-TPDi 

(meq H+/g) 
Densityj 

(μeq H+/m2) 

H-Beta 12.5  16  78  600  196  404  0.67  0.90 5.6–7.7  0.65  1.08 
H-Beta 19  23  59  726  126  600  0.83  0.44 5.6–7.7  0.57  0.79 
H-Beta 75  103  96  573  151  422  0.74  0.57 5.6–7.7  0.21  0.37 
H-Beta 180  122  96  750  91  659  0.88  0.44 5.6–7.7  0.23  0.31  

a Si/Al molar ratio as measured by ICP-OES. b Tetrahedral Al as calculated by solid-state 27Al MAS NMR. c Surface area calculated by the BET method. d External 
surface area. e Micropores surface area. f Micropores surface area to BET surface area ratio. g Total pore volume at P/Po ≈ 0.98. h Pore size range corresponding to each 
crystalline structure. i Total acid capacity as determined by NH3-TPD. j Acid sites density is defined as the ratio between acid capacity from NH3-TPD and BET surface 
area. 

Fig. 3. A) Conversion of LA (XLA) and yield to DPA (YDPA); and B) Specific Productivity of DPA per acid site (SPDPA) in the solvent-free condensation of levulinic acid 
and phenol over beta zeolites with varying Si/Al ratio. Reaction conditions: 120 ᵒC, 0.225 g catalyst loading, 24 h, Phenol:LA = 4:1 (mol). 

Fig. 4. Selectivity to DPA as a function of Si/Al ratio in beta zeolites. Reaction 
conditions: 120 ᵒC, 0.225 g catalyst loading, 24 h, Phenol:LA = 4:1 (mol). 
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selected responses. Fig. 5 plots the resultant response surfaces and 
contour plots for XLA and YDPA, representing the combined effect of 
catalysts loading and reactants molar ratio at the three temperature 
levels, in order to provide a rapid and visual interpretation of the 
equations.  

XLA = 56⋅8367 – 1⋅7010•IT + 17⋅2556•IC + 3⋅93667•IR + 0.0087•IT2 +
2⋅3028⋅IT⋅IC – 0.0015⋅IT⋅IR – 625⋅556⋅IC2 + 9⋅3778⋅IC⋅IR – 0.4434⋅IR2 
(r2=0⋅9624)                                                                                    (5)  

YDPA = 45⋅6817 – 1⋅5792•IT + 158⋅122•IC + 0.3025•IR + 0.0072•IT
2 +

2⋅2889⋅IT⋅IC – 0.0167⋅IT⋅IR – 901⋅111⋅IC
2 + 6⋅4889⋅IC⋅IR – 

0.2655⋅IR
2 (r2=0⋅9543)                                                                       (6) 

To validate the use of the models for making predictive analyses, the 
regression error was evaluated. Fitting goodness can be inferred from 
the high value recorded for the regression coefficients (r2). Both of them 
are > 0.95, indicating a high correlation between the experimentally 
observed results and the predicted values. Additionally, the reproduc
ibility of the experimental and analytical setups is elevated, as evidenced 
by the arithmetical averages and standard deviations calculated from 
the central-point replicas (runs 14–17, Table 4): LA conversion (30.8 
± 1.5%); yield to DPA (23.5 ± 0.7%). In this way, the reduced value of 
the standard deviations (≤ 1.5%) indicates that the experimental error is 
small. 

An analysis of variance (ANOVA) was then applied to the experi
mental matrix of data to validate the significance of each parameter on 
the responses, using the total error criteria at 95.0% confidence level to 
obtain the respective P-values. Fig. 6 (left) shows the standardized 
Pareto charts for both responses, LA conversion and yield to DPA, 
allowing to easily identifying the most influential factors, as well as their 
statistical significance. As shown, the linear terms of the model (IT, IC, IR) 
are the most important factors in both cases. The three of them has a 
positive effect on both responses, meaning that an enhancement of 
either temperature, catalyst loading or PhOH:LA molar ratio yields an 
increase in XLA and YDPA. However, it must be noted that the most 
influential parameter by large is the temperature. Additionally, no cross 
interaction between them is observed (at least in the range of values 
analysed), as evidenced by the major effects Charts represented in Fig. 6- 
right. Additionally, the quadratic terms of the model are of low signif
icance, emphasising a negative contribution of the quadratic effect of 
catalyst loading (IC2), especially for the yield to DPA. This means that an 
increase of catalyst loading does not produce a constant rise in XLA and 
YDPA, because of the significant curvature effect observed at high values 
of this variable (Fig. 6-right), which can be explained in terms of the 
appearance of mass transfer hindrances at high solid catalyst concen
tration. In conclusion, the models show a rather linear behaviour and 
predict a low interaction among the reaction factors. 

Fig. 5, including the respective response surfaces and contour plots of 
equations (5) and (6), represents in a clearly visual way the above- 

Table 4 
Full factorial design matrix of three variables at three levels along with the 
observed responses. Solvent-free condensation of levulinic acid and phenol into 
DPA over H-Beta-19.a.  

Run# Real Factors Coded Factors Observed 
Responses 

T 
(ᵒC) 

Cat. 
(g) 

PhOH:LA 
(mol) 

IT IC IR XLA 

(%) 
YDPA 

(%) 

1  100  0.15  2 -1 -1 -1  4.5  3.6 
2  100  0.15  4 -1 -1 0  8.9  5.0 
3  100  0.15  6 -1 -1 + 1  13.7  6.1 
4  100  0.225  2 -1 0 -1  8.6  6.0 
5  100  0.225  4 -1 0 0  8.0  5.8 
6  100  0.225  6 -1 0 + 1  15.6  12.6 
7  100  0.3  2 -1 + 1 -1  6.0  5.8 
8  100  0.3  4 -1 + 1 0  8.2  6.9 
9  100  0.3  6 -1 + 1 + 1  18.2  8.7 
10  120  0.15  2 0 -1 -1  15.9  12.3 
11  120  0.15  4 0 -1 0  17.7  11.1 
12  120  0.15  6 0 -1 + 1  22.8  16.6 
13  120  0.225  2 0 0 -1  21.1  13.6 
14  120  0.225  4 0 0 0  32.8  24.2 
15  120  0.225  4 0 0 0  31.0  23.7 
16  120  0.225  4 0 0 0  30.0  22.5 
17  120  0.225  4 0 0 0  29.5  23.5 
18  120  0.225  6 0 0 + 1  30.3  22.0 
19  120  0.3  2 0 + 1 -1  18.6  12.6 
20  120  0.3  4 0 + 1 0  22.6  17.5 
21  120  0.3  6 0 + 1 1  30.1  27.2 
22  140  0.15  2 + 1 -1 -1  32.4  22.3 
23  140  0.15  4 + 1 -1 0  41.8  26.5 
24  140  0.15  6 + 1 -1 1  39.3  29.0 
25  140  0.225  2 + 1 0 -1  44.0  38.4 
26  140  0.225  4 + 1 0 0  44.9  38.2 
27  140  0.225  6 + 1 0 1  48.4  44.1 
28  140  0.3  2 + 1 + 1 -1  42.9  36.1 
29  140  0.3  4 + 1 + 1 0  58.2  43.8 
30  140  0.3  6 + 1 + 1 + 1  58.4  45.7  

a Common reaction conditions: LA, 12 mmol, reaction time, 4 h. Note: T: 
temperature; C: catalyst loading; R: Phenol:LA molar ratio; I, coded value; XLA, 
conversion of levulinic acid; YDPA, yield to diphenolic acid. 

Fig. 5. Response surfaces and contour plots for the conversion of levulinic acid (A), and the yield to diphenolic acid (B) over H-Beta-19 catalyst. Reaction time: 4 h.  
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mentioned effects as well as the lack of interactions among the three 
factors. Thus, the gradual increase of both XLA and YDPA insofar as any of 
the factor increases is easily appreciated. Therefore, the optimal values 
under the range of study would be the highest temperature (140 ᵒC), 
catalyst loading (0.3 g) and Phenol:LA molar ratio (6:1), corresponding 
to the run #30 (+1,+1,+1) of the experimental design. Under such 
conditions, LA conversion predicted by the model (Eq. 5) is 57.0% 
whereas the experimental result is 58.4%, in fair agreement with the 
model prediction. In the case of yield to DPA, the model (Eq. 6) provides 
a maximum predicted value of 46.5%, in good agreement with the 
experimental value attained under those specific reaction conditions 
(45.7%). Noteworthy, the selectivity to DPA at the optimized reaction 
conditions keeps being very high, 78.3%. 

Since the temperature is the most influential parameter, and the 
selected optimum level of temperature coincides with the highest value 
in the experimental range, additional experiments were performed at 
higher temperatures (keeping constant the optimal PhOH:LA molar ratio 
and catalyst loading). Thus, two additional catalytic runs carried out at 
160 o C and 180 o C led to slightly higher yields to DPA as compared to the 
result at 140 ᵒC (50.3% and 46.7%, respectively), but at the expense of 
reducing the selectivity to DPA (70.7% and 67.6%, respectively). This 
indicates that the undesired side-reactions are favoured at higher tem
peratures. Therefore, the conditions optimized by the experimental 
design methodology are deemed as optimal to maximize the production 
of diphenolic acid from LA, while limiting the promotion of undesired 
side-reactions to reach the highest selectivity to DPA. 

Then, under the optimized reaction conditions from the design of 
experiments, the effect of reaction time was assessed. Fig. 7 depicts the 
evolution of LA conversion and yield to DPA in a batch-mode experiment 
carried out for three days (72 h). As shown, over H-Beta 19 catalyst the 
reaction proceeds relatively fast, achieving already a high conversion 
within 6 h. It must be noted that for this transformation long reaction 
times (24–48 h) are usually presented in literature. The highest values 
were obtained after 72 h, leading to the outstanding catalytic perfor
mance of 77% XLA, 70.2% YDPA, which means 91.2% of selectivity to 
diphenolic acid. Additionally, these values are especially remarkable 
considering the solvent less nature of the reaction media. Regarding the 
distribution of DPA isomers, the high shape selectivity towards p,p′-DPA 
isomer previously discussed for H-Beta 12.5 (Fig. 2) is kept in a similar 

level for H-Beta 19 as well. 

3.4. Reusability of H-Beta 19 catalyst 

An evaluation of the stability in reaction of H-Beta 19 catalyst was 
performed under the optimized reaction conditions. Thus, a reutilization 
analysis was carried out, which consisted of three consecutive short 
reaction cycles (6 h, to avoid complete conversion conditions that would 
not allow for a proper discrimination of deactivation effects). After each 
reaction cycle, the catalyst was filtered, rinsed with acetone to remove 
remaining reaction media, and dried at RT overnight before the next use.  
Fig. 8 shows the results from this experiment in terms of conversion and 
yield, evidencing a progressive loss of the zeolite catalytic properties in 
each use. The decay is especially pronounced for the yield to DPA (from 
50% to 28%), whereas the conversion of LA remains in higher values, 
implying a loss of selectivity to the desired product. 

In order to determine the deactivation cause, wasted H-Beta 19 (after 
3 uses) was analysed by thermogravimetric analysis to evaluate whether 

Fig. 6. Standardized Pareto charts (left) and Major Effects Charts (right) for LA conversion and yield to DPA.  

Fig. 7. Effect of reaction time on the solvent-free condensation of levulinic acid 
and phenol into diphenolic acid (DPA). Reaction conditions: 140 ᵒC, 0.3 g 
catalyst loading, Phenol:LA = 6:1 (mol). 
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the deactivation comes from the formation of strongly adsorbed organic 
deposits on the acid sites of the material, since this is a typical cause of 
deactivation in lignocellulosic biomass-related catalytic processes. Fig. 9 
depicts the TG analysis, confirming the presence of organic matter 
exothermally decomposing at 250–500 ᵒC, accounting for approxi
mately 10 wt% of the sample. Therefore, the formation of coke-like 
compounds on the strong acid sites of the zeolite, which hinders the 
progress of the catalytic reaction, is confirmed as the most plausible 
cause of deactivation. The catalyst was then regenerated by calcination 
in air (5 h at 550 ᵒC) and used again in a fourth otherwise identical 
catalytic run. As shown in Fig. 8, the initial activity was recovered 
almost totally, especially in terms of yield to DPA. Therefore, the fouling 
of the catalyst surface is reversible by such thermal treatment, allowing 
for a longer operational life of the catalyst. As a conclusion, all together 
these results confirm that H-Beta 19 catalyst displays good reusability in 
the reaction. 

4. Conclusions 

Within this study, we have proved that readily accessible commercial 
acid zeolites are potential catalysts for the industrial production of DPA 
from levulinic acid and phenol. In particular, Beta zeolite with a mod
erate aluminum content (H-Beta 19, Si/Al=23) displays the best cata
lytic performance in the solvent-free condensation of LA and phenol, 
owing to the shape selectivity conferred by the BEA structure and to the 
adequate balance of acidity (Al content and speciation). Under the 
optimized reaction conditions (12 mmol LA, 140 ᵒC, 0.30 g catalyst 
loading, Phenol:LA = 6:1 mol), over 70% yield to DPA with conversions 
of LA around 77% can be obtained after 72 h. Despite the catalyst 
showed a progressive loss of activity in successive uses, which is ascribed 
to a fouling effect by heavy organic deposits, the removal of such de
posits by calcination in air allowed for a full recovery. 
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