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Abstract 

Strong concerns about the toxicity and endocrine disrupting properties of widespread phthalate plasticizers 
stimulate the demand for safe and preferably biobased alternatives. Citric acid forms in this respect an excellent and 
abundant platform chemical for the production of valuable plasticizers. Here, we report a new and direct synthesis 
route for propane-1,2,3-tricarboxylic acid (PTA) from citric acid via a sequential one pot dehydration-hydrogenation 
process. This saturated triacid can serve as a basis for the production of tricarballylate esters via esterification, which 
have been shown to possess excellent plasticizing properties in vinyl resins. In the presence of a solid acid H-Beta 
zeolite and Pd/C hydrogenation catalyst, yields up to 85% of PTA were obtained under mild reaction conditions and 
in water as a green solvent. Partial dealumination of the H-Beta zeolite by citric acid could be counteracted by 
reincorporating aluminium into the framework of the recycled H-Beta zeolite through realumination, regenerating 
a significant fraction of the initial activity of the catalytic system. The success of the realumination procedure was 
verified via MAS NMR spectroscopy.  

Introduction 

With a production of 380 million metric tons (Mt) in 2015,1 and a projected growth to 1 124 Mt by the year 2050,2 it 
is clear that plastics are indispensable for our current and future modern society. On account of the increasing 
production and consumption of plastics, the production of plastic additives is forecasted to grow in a similar fashion.3 
The largest market share of plastic additives is covered by plasticizers,4 which impart flexibility and processability to 
the resulting plastic product by lowering its glass transition temperature.5 Over 90% of all plasticizers are used in 
PVC-formulations, with the majority of these plasticizers (65%-70%) consisting of ortho-phthalates.6 Growing 
concerns on these ortho-phthalates, due to their tendency to bioaccumulate and endocrine disrupting properties,7 
have recently caused severe restrictions on these compounds.5 The generation of alternative plasticizers has mainly 
focussed on developing safe compounds that have a similar structure as these ortho-phthalates, including 
cyclohexanoates, trimellitates and terephthalates.5 However with increasing interest in renewable resources and 
low toxicity of plasticizers, bio-based plasticizers have recently gained much attention. In this respect, epoxidised 
(and acetylated) vegetable oils8 and isosorbide diesters9 have been shown to possess good plasticizing properties 
for PVC. In addition, effective plasticizers based on cinnamic acid,4 cardanol10 and 2,5-furandicarboxylic acid 
(FDCA)11,12 have been developed as well. However, the limited availability of cinnamic acid and cardanol, the 
chemical modifications required for cardanol and the complexities in the synthesis of FDCA from hexoses, somewhat 
hamper the applicability of these renewable resources for plasticizer production. 

Another class of biobased plasticizers consists of compounds that are based on citric acid. With its branched 
structure, three carboxylic functional groups and hydroxyl group, it may serve as a general basis to synthesize 
valuable plasticizers. Moreover, citric acid is a widely abundant renewable resource, since it can be produced via an 
efficient fermentation of biological waste, resulting in an annual production of 2.3 million tons in 2016.13 Citric acid 
itself is too polar to be compatible with PVC formulations. Therefore it is made more apolar via an esterification to 
for instance triethyl citrate (TEC) and tributyl citrate (TBC), often followed by an acetylation or butyrylation of the 
tertiary hydroxyl group to acetyl triethyl citrate (ATEC), acetyl tributyl citrate (ATBC) and butyryl trihexyl citrate 
(BTHC), respectively. When solely esterified, the resulting plasticizers still possess a prominent hydroxyl group, which 
makes them prone to migration out of the polymer matrix.14 After acetylation (ATBC) or butyrylation (BTHC), these 
plasticizers possess a quality that is comparable to the widely used di-2-ethylhexyl phthalate (DEHP). However, ATBC 
often remains more prone to leaching compared to DEHP.15,16 In addition, the derivatization of the tertiary hydroxyl 
group requires the use of anhydrides and strong Brønsted acid catalysts,17 thus involving harsh acidic conditions and 
stoichiometric acetic or butyric acid waste. Moreover, the use of petrochemically based anhydrides implicates a loss 
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of the biobased aspect of the final plasticizer. An alternative approach is to remove this tertiary hydroxyl group of 
citric acid, prior to esterifying the resulting tricarballylic acid (propane-1,2,3-tricarboxylic acid, PTA) with the desired 
alcohol. The resulting tricarballylate plasticizers have shown excellent plasticizing efficiency in polyvinyl chloride 
(PVC) resins, with plasticizing properties such as tensile strength, modulus at 100 %, elongation at break and brittle 
point comparable to and in some cases even better than those of DEHP.18 Furthermore, these plasticizers also 
possess excellent light stability as well as a more satisfactory spew rating compared to abovementioned citrate 
plasticizers19 and can be expected to leach less from the polymer matrix due to their lower polarity. In addition to 
plasticizers for PVC, tricarballylates are also promising plasticizer candidates for polylactic acid, a biobased plastic 
that has gained much attention over the years. Due to the high density of aliphatic ester bonds of both, they are 
expected to be highly compatible with each other.20 However, a desirable direct route from the abundant citric acid 
to PTA has not yet been described.21 Recently, Verduyckt et al. optimised the route from citric acid towards 
methylsuccinic acid; PTA was observed in some cases as a side product with a maximal yield of 7%.22  

Due to the large number of oxygen functionalities in biomass, deoxygenation routes have been a major topic of 
interest when considering these renewable resources for the production of valuable chemicals.23 To perform 
biomass dehydration under aqueous conditions, traditionally strong liquid Brønsted acids are applied.24-27 
Concerning the low recyclability of these catalysts and the generation of large quantities of salt waste during product 
separation, heterogeneous acid catalysts have been proposed to replace strong liquid Brønsted acids. In this respect, 
zeolites have been proven to be active and stable under aqueous conditions28,29 and have shown good applicability 
for the cyclo-dehydration of alditols30-33 and the conversion of levulinic acid to methyltetrahydrofuran.34 In this work, 
we present the successful production of PTA via a sequential dehydration-hydrogenation of citric acid under mild 
conditions, in the presence of a solid acid H-Beta zeolite and Pd/C catalyst, water as a green solvent and H2 as a clean 
reductant. Furthermore we report on the stability and recyclability of the H-Beta zeolite catalyst. 

Experimental section 

Materials 

All chemicals were used as received: citric acid monohydrate (Sigma-Aldrich, ≥99.5%), tricarballylic acid (Sigma-
Aldrich, ≥99%), methylsuccinic acid (Sigma-Aldrich, 99%), trans-aconitic acid (Sigma-Aldrich, 98%), mesaconic acid 
(Sigma-Aldrich, 99%), itaconic acid (TCI, 99.0%), methacrylic acid (Acros Organics, 99.5%), HCl (VWR, 37% in H2O), 
H2SO4 (Acros, 95% in H2O), Al(OH)3 (Merck, >99.0%), zirconium n-propoxide (TCI Europe, 70 wt% in n-propanol), 
isopropanol (Acros Organics, 99.5%), zirconium(IV) acetylacetonate (abcr GmbH, 98%) H2 (Air Liquide, N40), N2 (Air 
Liquide, α1), Pd/C (5 wt%, Johnson Matthey), Amberlyst 15 hydrogen form wet (Sigma Aldrich), zeolite H-ZSM-5 
(Zeolyst, CBV 3024E), zeolite H-MOR 6.8 (Norton), zeolite H-MCM-22 14 (China Catalyst Holding Co., Ltd.), zeolite H-
Y 2.7 (China Catalyst Holding Co., Ltd.), zeolite H-Y 17.5 (China Catalyst Holding Co., Ltd.), zeolite H-Y 30 (Zeolyst, CBV 
760), zeolite H-Beta 10.8 (PQ corporation, CP 811 BL-25), zeolite H-Beta 12.5 (Zeolyst, CP814e), zeolite H-Beta 32.5 
(Zeocat, PB/65 H), zeolite H-Beta 75 (Clariant, HCZB 150), 2-methyltetrahydrofuran (Fischer Scientific, >99%), maleic 
acid (TCI, >99%), D2O (Sigma Aldrich, 99.9% D). 

Catalytic reactions 

In a typical reaction, a glass vial (5.5 mL) was loaded with a solution of citric acid in deionized water (2 mL, 0.1 M), a 
hydrogenation catalyst (0.5 mol% Pd/C), an acid catalyst (H-Beta 10.8, 0.1 g) and a magnetic stirring bar. A teflon 
stopper was placed on the glass vial, partially closing it, after which it was placed in a stainless steel reactor (11 mL). 
The reactor was subsequently sealed, purged five times with N2, purged three times with H2 and pressurized with 
10 bar H2. Next, the reactor was placed in a heating block at 150 °C under continuous magnetic stirring at 750 rpm. 
After 20 hours the reactor was cooled in an ice bath to quench the reaction. The remaining gas was evacuated at 
room temperature and the solid catalysts were separated from the liquid reaction mixture by centrifugation. The 
reaction mixture was analysed with 1H-NMR.  

Product analysis and identification 

To determine the product distribution and the amount of unreacted citric acid and citrate, the reaction mixtures 
were analysed by 1H-NMR. For sample preparation, 300 µL crude reaction mixture was mixed with 300 µL of a 
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solution of maleic acid in D2O (0.1 M) and transferred to an NMR tube. Maleic acid (δ = 5.998 ppm, s, 2H) will serve 
as an external standard for the quantification of the different compounds of the reaction mixture (ESI). 1H-NMR 
spectra were recorder on a Bruker Avance 400 MHz spectrometer equipped with a sample case and a 5 mm PABBO 
BB/19F-1H/D probe with z-gradients and ATM accessory for Automatic Tuning and Matching. The broad singlet of 
the solvent water (around δ = 4.65 ppm) was suppressed by applying a zgpr pulse program: p1 9.75 µs; plw1 15 W; 
plw9 5.7 10^(-0.5) W; ds 4; ns 32; d1 12 s; aq 2.55 s; sw 16 ppm; o1P on the resonance signal of water, automatically 
determined and selected. For correct quantitative analysis, the relaxation time (d1) of the pulse program was 
adjusted to 12 s. Complete product identification by 1H- and 13C-NMR can be retrieved from previous work of our 
group.22 To distinguish between the amount of citric acid and citrate, the crude reaction mixture (200 µL) was 
acidified with a solution of HCl in water (100 µL, 2 M) prior to 1H-NMR analysis. Description of this method and 
interpretation of the 1H-NMR spectra are provided in the ESI.  

The calculated conversions (X) in this paper comprise the sum of the amount of citric acid and citrate that has reacted 
under the applied reaction conditions on a molar base. The distribution of the remaining substrate, citric acid and 
citrate, is also shown. The different selectivities (S) mentioned in this work are calculated as follows:  

𝑆𝑃𝑇𝐴 =
𝑌𝑃𝑇𝐴

𝑋
 

𝑆𝑀𝑆𝐴 =
𝑌𝑀𝑆𝐴

𝑋
 

𝑆𝐹𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 =
𝑌𝐴𝑐𝑒𝑡𝑖𝑐 𝐴𝑐𝑖𝑑 + 𝑌𝐴𝑐𝑒𝑡𝑜𝑛𝑒

𝑋
 

Where PTA and MSA stand for propane-1,2,3-tricarboxylic acid and methylsuccinic acid respectively. Y represents 
the yield of the respective compounds, always on a molar base.  

Recycle experiments and zeolite realumination 

To recycle the catalyst, both solid catalysts were separated from the liquid fraction in the glass vial by means of 
centrifugation (4000 rpm, 10 min). The liquid fraction is then removed, after which the solid catalysts were washed 
with water. This procedure is repeated three times. At last, the catalyst is dried overnight (16 hours) in a vacuum 
oven (30 °C, 30 mbar). Both catalysts were reused directly in a new catalytic experiment, without further activation 
or regeneration steps. To calcine the H-Beta zeolite prior to reuse, this catalyst first has to be separated from the 
hydrogenation catalyst (Pd/C) in the crude reaction mixture. This was achieved via an extraction, where the addition 
of 2-methyltetrahydrofuran to the crude reaction mixture resulted in a clear separation of both catalysts over both 
liquid phases: H-Beta remains in the aqueous phase, while Pd/C migrates to the organic phase. Next, the aqueous 
phase was transferred into a glass vial and H-Beta was obtained after multiple washing and centrifugation steps, 
followed by overnight drying in a vacuum oven (cfr. supra) and calcination in a shallow bed in a porcelain crucible 
under static air (550 °C for 4 h, 2 °C/min).  

Realumination of zeolite H-Beta was achieved following a procedure recently published by Zhao et al.35 To obtain a 
sufficient amount of dealuminated H-Beta zeolite to conduct the realumination, the two recycle experiments prior 
to the realumination procedure were performed on a larger scale in a 600 mL Parr reactor. For both recycle 
experiments, the H-Beta catalyst to citric acid ratio was the same as under standard reaction conditions; For the first 
recycle experiment, the reactor was loaded with a solution of citric acid in deionized water (200 mL, 0.1 M), 0.5 mol% 
Pd/C and with 10 g of H-Beta catalyst. For the second recycle experiment, the reactor was loaded with 160 mL of a 
0.1 M citric acid in deionized water solution, 0.5 mol% Pd/C and 8 g of the recycled H-Beta catalyst. Both recycle runs 
were conducted at 150 °C and with 10 bar H2 under continuous mechanical stirring (750 rpm). After each recycle 
run, the H-Beta catalyst was recovered through liquid extraction, dried and calcined (cfr. supra). To realuminate the 
H-Beta catalyst, 1 g of the twice dealuminated dry zeolite H-Beta was mixed with an aqueous Al(NO3)3 solution 
(20 mL, 0.1 M), after which the resulting mixture was sealed in a stainless steel autoclave. The autoclave was heated 
at 165 °C for 72 h. After quenching the autoclave, the material is obtained, washed and dried (110 °C, 6 h) prior to 
calcination in a shallow bed in a porcelain crucible under static air (550 °C for 4 h, 2°C/min). The resulting zeolite is 
named realuminated H-Beta. 
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Solid-state NMR spectroscopy 

27Al, 29Si magic-angle spinning (MAS) and 1H-29Si cross-polarization (CP)MAS NMR experiments were carried out on 
a 600 MHz Varian VNMRS spectrometer, equipped with a 3.2 mm HX CPMAS probe. Larmor frequencies for 27Al and 
29Si nuclei were 156.19 MHz and 119.08 MHz, respectively. In all experiments, the sample rotation frequency was 
20 kHz. 27Al MAS NMR measurements employed a short 1.0 µs excitation pulse; 5000 scans were collected and the 
delay between the scans was 0.15 s. In 29Si MAS NMR measurements 90-degree excitation pulse of 2.8 µs and a 
repetition delay of 60 s were used; the number of scans was 500. 1H-29Si cross-polarization MAS (CPMAS) experiment 
used ramped-amplitude cross-polarization scheme with a duration of 5 ms and high-power proton decoupling; 
repetition delay was 3 s and the number of scans was 10 000. The applied formulas for the calculations of the total 
and framework Si/Al ratios of all three zeolite samples can be retrieved from the ESI.  

Results and discussion 

Sequential dehydration-hydrogenation of citric acid to PTA 

To obtain PTA from citric acid, a sequential dehydration-hydrogenation has to be performed (Scheme 1). First citric 
acid (1) is dehydrated to aconitic acid (2), after which this unsaturated compound has to be hydrogenated to obtain 
PTA (3). This first dehydration step is an equilibrium reaction and is enhanced by applying temperatures above 
200 °C.36 However, a high temperature also promotes the spontaneous decarboxylation reaction of aconitic acid (3) 
to itaconic acid (4), which can isomerise to mesaconic (5) and citraconic acid (6).36,37 Under reductive conditions 
these unsaturated diacids can be reduced to methylsuccinic acid (MSA) (7),22 or they can further decarboxylate to 
methacrylic (8) and crotonic acid (9), which in turn can be reduced to isobutyric (10) and butyric acid (11).22,37 Next 
to high temperatures, both decarboxylation steps can also be catalyzed by metals like Ru, Pt or Pd.22,38  

 

Scheme 1. Reaction scheme of the dehydration-hydrogenation of citric acid with undesirable decarboxylation side reactions. 

For maximizing the yield of PTA (3) from citric acid (1), the decarboxylation of aconitic (2) to itaconic acid (4) is 

undesired, since it implies an irreversible loss of CO2. To suppress this spontaneous decarboxylation, citric acid was 

reacted at a low temperature of 140 °C, under reductive conditions in presence of 0.5 mol% Pd (Table 1, entry 1). 

Even if good selectivities for PTA (3) were obtained (86%), the conversion of citric acid remained low (7%), since the 

dehydration to aconitic acid is slow at this temperature (2). Besides PTA and a small amount of MSA (7), a small 

fraction of fragmented products was observed. These consist of acetone (12) and acetic acid (13) and originate from 

radical fragmentation, which might be facilitated by non-reduced Pd species at the surface of the Pd/C catalyst.22 

Other side products like itaconic acid (4) (or its isomers mesaconic (5) and citraconic acid (6)) and products resulting 

from the second decarboxylation (8-11) were not observed in any of the experiments. Itaconic acid (4) is readily 

reduced to MSA (7) and is therefore less prone to a second decarboxylation under the applied low temperature 

reductive conditions.22,38  
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To promote the dehydration of citric acid (1) to aconitic acid (2), an acid catalyst was added in following experiments 

(Table 1, entries 2-11) under the same conditions as in entry 1. To avoid harsh acidic conditions, limit salt waste and 

facilitate catalyst and product separation, an emphasis was made on heterogeneous solid acids. In this respect, 

Amberlyst-15, a strong acid sulphonated polystyrene (entry 2) and different zeolites in their protonated form (entries 

3-12) were evaluated. In the case of Amberlyst-15, no improvement compared to the reaction without acid catalyst 

was noticed. In the presence of zeolite acid catalysts, a significant increase in activity was observed together with an 

increase in selectivity towards the desired product PTA (3) (except for entry 12). The product distribution shown in 

Table 1 comprises also citrate, besides citric acid. It was proven via 27Al NMR and ICP-OES that part of the Al of the 

zeolites forms complexes with citric acid (cfr. infra). The 10-membered ring (MR) zeolites H-MCM-22 and H-ZSM-5 

(entries 3 & 4) were clearly outperformed by the 12 MR zeolites H-Mor (entry 5), H-Y (entries 6-8) and H-Beta (entries 

9-12), indicating that the acid sites are more readily accessible in 12 MR zeolites. The better activity of H-MCM-22 

(2D pore system, entry 4) compared to H-ZSM-5 (3D pore system, entry 3), at a similar Si/Al ratio, can be assigned 

to the more accessible acid sites in the 12 MR hemisupercages on the external surface of H-MCM-22.39 Comparing 

12 MR zeolites, it is clear that H-Beta and H-Y (3D pore system) are superior to H-Mor (2D pore system). For H-Y 

(entries 6-8) and H-Beta (entries 9-12), different Si/Al ratios were tested, where a higher Si/Al represents less but 

stronger Brønsted acid sites and more hydrophobic zeolite pores.40,41 In both cases a lower Si/Al ratio resulted in a 

higher conversion, evidencing that the number of acid sites is more important than the strength of these Brønsted 

acid sites. This is illustrated by the proposed reaction mechanism in Scheme 2, where a higher amount of Al and thus 

Brønsted acid sites in the zeolite, will lead to more catalytic sites where the dehydration of citric acid (1) can take 

place. In contrast to previous research on the cyclodehydration of alditols in presence of zeolites, the hydrophobic 

effect of higher Si/Al zeolites does not seem to play a key role in the dehydration of citric acid (1) to aconitic acid 

(2).31-33  

Table 1. Sequential dehydration - hydrogenation of citric acid. a 

        Distribution [%]f 

 
 
X [%]h 

Selectivity [%] 

 

Acid Cat.b Si/Al 
Amount 
cat.c [g] 

Pd/Cd 
[mol%] 

Conc.e 

[M] 

PH2 

[bar] T [°C] Citric acid Citrateg PTAi MSAj Fragm.k  

1 - - - 0.5 0.1 10 140 93 0 7 86 9 < 1 

2 Amberlyst-15 - 0.02  0.5 0.1 10 140 93 0 7 75 21 4 

3 H-ZSM-5 15 0.02 0.5 0.1 10 140 89 1 10 97 3 < 1 

4 H-MCM-22 14 0.02 0.5 0.1 10 140 77 5 18 97 3 < 1 

5 H-Mor 6.8 0.02 0.5 0.1 10 140 72 5 24 88 9 3 

6 H-Y 2.7 0.02 0.5 0.1 10 140 15 33 53 95 4 2 

7 H-Y 17.5 0.02 0.5 0.1 10 140 54 12 34 93 5 2 

8 H-Y 30 0.02 0.5 0.1 10 140 78 2 20 92 5 3 

9 H-Beta 10.8 0.02 0.5 0.1 10 140 71 1 28 96 1 2 

10 H-Beta 12.5 0.02 0.5 0.1 10 140 63 8 29 96 2 2 

11 H-Beta 32.5 0.02 0.5 0.1 10 140 86 < 1 14  8 4 

12 H-Beta 75 0.02 0.5 0.1 10 140 92 < 1 8 85 11 4 

13 H-Y 2.7 0.1 0.5 0.1 10 140 7 53 40 95 < 1 5 

14 H-Beta 10.8 0.1 0.5 0.1 10 140 33 20 47 97 1 1 

15 H-Beta 12.5 0.1 0.5 0.1 10 140 26 30 44 99 1 < 1 

16 H-Beta 10.8 0.1 3 0.1 10 140 36 22 42 85 14 1 

17 H-Beta 10.8 0.1 0.5 0.1 10 150 3 18 80 96 3 < 1 

18 H-Beta 10.8 0.1 0.5 0.1 10 160 < 1 5 95 90 9 < 1 

19 H-Beta 10.8 0.1 0.1 0.1 10 150 4 22 75 90 9 1 

20 H-Beta 10.8 0.1 0.5 0.1 6 150 8 21 71 94 6 < 1 

21 H2SO4 - 2 eq.l 0.5 0.1 10 150 88 - 15 94 2 4 

22 H2SO4 - 8 eq.l 0.5 0.1 10 150 79 - 21 95 2 3 

23 SO4
2-/ZrO2 - 0.1 0.5 0.1 10 150 71 - 29 68 24 8 
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a Reaction conditions: water (2 mL), 20 h. b Acid catalyst. c Amount of acid catalyst. d mol% of Pd (5 wt.% Pd/C) with respect to 
citric acid. e Concentration of substrate citric acid. f Distribution of the reactants, consisting of citric acid and Al-citrate, after 
reaction. The sum of both represents the total amount of unreacted substrate. g The amount of citric acid that is present as Al-
citrate determined by 1H-NMR after acidifying the mixture (See ESI).  h Conversion i.e. the amount of citric acid and citrate that 
has reacted. i Propane-1,2,3-tricarboxylic acid. j Methylsuccinic acid. k Fragmentation products, which are represented by acetone 
and acetic acid. l Equivalents with respect to citric acid.    

 

Scheme 2. Proposed reaction mechanism for the subsequent dehydration-hydrogenation of citric acid on H-Beta and Pd/C 
respectively.  

Next, the amount of acid catalyst was varied for the three best performing catalysts: H-Y 2.7, H-Beta 10.8 and 

H-Beta 12.5 (entries 13-15). An increase in the amount of both H-Beta zeolites resulted in a higher conversion and 

selectivity for PTA (3), without further significant improvement above 5 wt% (ESI, Table S2). Increasing the amount 

of H-Y 2.7 resulted in a significant decrease in conversion, although high selectivities for PTA (3) were maintained. 

This reduction can be assigned to the lower stability of aluminum-rich H-Y in aqueous acidic conditions due to 

extensive dealumination, as suggested by the large amount of Al-citrate identified in the 1H-NMR spectra 

(entry 13).28,42-44 Increasing the amount of Pd/C did not result in an increase in conversion and induced a reduction 

in selectivity towards PTA (3), presumably due to Pd-catalyzed decarboxylation of aconitic acid (2) to itaconic acid 

(4) (entry 16).22,38 The lack of rise in conversion with an increased amount of Pd also indicates that not the 

hydrogenation, but rather the dehydration reaction is the limiting step in the transformation of citric acid (1) to PTA 

(3). The highest yield of PTA (3) obtained thus far is 46% in presence of 0.1 g H-Beta 10.8 and 0.5 mol% Pd (entry 14); 

this catalyst combination was used to further optimize the reaction conditions.  

Increasing the reaction temperature had a marked effect on the conversion of citric acid (1), reaching 80% at 150 °C 

(entry 17) and 95% at 160 °C (entry 18). Next to accelerating the dehydration of citric acid (1) to aconitic acid (2), an 

increase in reaction temperature also enhances the undesired decarboxylation of aconitic acid (2) to itaconic acid 

(4), as shown by the increased selectivity for MSA (7) at higher temperatures. However, selectivities of at least 90% 

for PTA (3) were obtained at both temperatures. To further investigate the conversion of citric acid and product 

formation at these elevated temperatures, time profiles were recorded at 150 °C and 160 °C (Figure 1). Both profiles 

have a similar shape; after 10 h at 160 °C a similar PTA yield (79%) was observed as after 20 h at 150 °C (77%). From 

the profile at 150 °C it is also clear that Al citrate is formed almost instantaneously and that its concentration remains 

approximately constant over time. Thus, even if partial dealumination of H-Beta 10.8 has already taken place at the 

onset of the reaction, the catalytic system remains active, indicated by the linear increase in PTA (3) production over 

time. From the profile at 150 °C it also seems that Al citrate might be a dead end product, since its concentration 

remains more or less unaffected over time. However, when the reaction temperature is raised to 160 °C, Al citrate 

is converted as well but only after most of the citric acid (1) is converted. This indicates that Al citrate is less reactive 

than citric acid (1) but not a dead end product.  

24 Al(OH)3 - 0.5 eq.l 0.5 0.1 10 150 35 33 32 94 5 < 1 

25 Zr-Beta - 0.1 0.5 0.1 10 150 94 - 6 95 1 3 

26 H-Beta 10.8 0.1 0.125 0.4 10 150 12 10 79 93 6 < 1 

27 H-Beta 10.8 0.1 0.063 0.8 10 150 30 6 65 92 7 < 1 
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Figure 1. Time profiles of the sequential dehydration-hydrogenation of citric acid at 150 °C (left) and 160 °C (right). Each series of 
data points at a specific time corresponds to a different batch reaction. The error bars at 150 °C and 20 h represent the standard 
deviation with a sample size of n = 4. Reaction conditions: Citric acid (0.2 mmol), water (2 mL), 0.1 g H-Beta 10.8, 0.5 mol% Pd 
(5 wt% Pd/C), 10 bar H2. Legend: Citric acid (orange), Citrate (yellow), PTA (blue), Side products* (green). * Side products consist 
of MSA and less than 1% of fragmented products in all cases.  

Both lowering the amount of Pd/C (entry 19) and H2-pressure (entry 20) resulted in a slightly lower conversion of 
citric acid (1) and lower selectivity towards PTA (3). This indicates that a sufficient, but still industrially relevant 
amount of Pd/C and H2-pressure are required to direct the unsaturated aconitic acid (2) to the desired hydrogenated 
product PTA (3) and avoid decarboxylation to itaconic acid (4). Further variations of both parameters are included in 
Table S3 and Table S4 in the ESI.  

Homogeneous Brønsted acid catalysts were ineffective to catalyze the dehydration of citric acid (1) (entries 21 & 
22); a conversion of only 21% was reached in presence of 8 eq. H2SO4. The superiority of H-Beta 10.8 compared to 
H2SO4 might be ascribed to the stronger acidity of the Brønsted acid sites in the zeolite. However, when a solid 
superacid (SO4

2-/ZrO2) was applied under the same conditions (entry 23), again a low conversion and in this case also 
a lower selectivity for PTA (3) were observed. From these results, it can be concluded that catalysts with 
predominantly strong Brønsted acidity are not effective, which could already be perceived from the performance of 
Amberlyst 15 (entry 2). To further investigate the role of the acid catalyst, 0.5 eq. of Al(OH)3 was applied as a 
homogeneous Lewis acid catalyst (entry 24). Although large amounts of Al citrate were observed, a conversion of 
35% was reached and high selectivities were obtained, indicating that Lewis acids can also facilitate the dehydration 
of citric acid (1) in acidic aqueous media. Applying a Lewis acid Zr-Beta zeolite on the other hand, did not result in an 
effective conversion of citric acid (1) (entry 25).  

These findings suggest that next to its hydrothermal stability and adequate amount and accessibility of acid sites, 
zeolite H-Beta 10.8 has another particular feature that makes it more suitable than other homogeneous and 
heterogeneous acids for the dehydration of citric acid (1). Next to strong Brønsted acidity, H-Beta also possesses 
Lewis acidity which can originate both from octahedrally coordinated extra-framework Al-species as well as from 
“perturbed” tetrahedrally coordinated framework Al-species.45-47 The latter are generated on hydrolysed 
tricoordinated Al species (Al(SiO)3OH) which under the applied aqueous conditions of this work will be 
predominantly present in (pseudo)-octahedral symmetry.46-50 Considering the significant amount of Al citrate 
formation during the catalytic reactions in presence of H-Beta and the decrease of activity upon its recycling (cfr. 
infra), it is clear that a notable amount of Al will be leached from the zeolite. During this dealumination process, 
octahedrally coordinated (framework or extra-framework) Al species are formed (Lewis acids) at the expense of 
tetrahedrally coordinated Al species, which are associated with Brønsted acid sites. It therefore seems that when a 
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citric acid (1) molecule is coordinated to such a Lewis acid, it is more prone to dehydration when it encounters a 
strong Brønsted acid site in its close vicinity. Since about half of the Al sites of low Si/Al Beta zeolites (10 < Si/Al < 18) 
are present as Al pairs, of which at least 50% face the same zeolite channel, combined presence of Lewis and 
Brønsted acid sites is highly likely to occur in zeolite H-Beta channels.49,51 Here we propose that this combined 
interaction, together with previously cited characteristics of H-Beta 10.8, accounts for the superiority of this solid 
acid for the dehydration of citric acid (1) to aconitic acid (2). 

A final set of experiments included the increase of the citric acid concentration (entries 26 & 27), to mimic a more 
industrially relevant aqueous citric acid stream. For both experiments the amount of both catalysts was kept 
constant (0.1 g H-Beta 10.8 and 2.1 mg Pd/C), resulting in a decrease of the catalyst/substrate ratio at higher 
concentrations of citric acid. At these elevated concentrations of citric acid, the acidity of the aqueous medium 
increases, which will facilitate the dehydration reaction as well. Starting from 0.8 M citric acid (1), an acceptable 
conversion of 65% and high selectivities for PTA (3) of 92% were obtained, ensuring the industrial relevance of this 
catalytic system.  

Recyclability, dealumination and realumination of zeolite H-Beta 10.8 

The observation of significant quantities of Al citrate in the reaction mixtures with zeolite catalysts, suggests an 
inevitable loss of Al through dealumination. To investigate whether this dealumination affects the stability and 
activity of the catalyst, recycling tests were performed (Figure 2 & Table S5 ESI). Directly reusing the catalytic system 
(both H-Beta and Pd/C) in consecutive recycle runs resulted in a significant decrease of the activity of H-Beta, as 
evidenced by the decrease in citric acid (1) conversion (80% to 45%) and PTA (3) yield (77% to 42%). This gradual 
decay in activity can be attributed to loss of acid sites due to dealumination. This is illustrated by the formation of 
additional citrate in the first and second reuse experiments (Figure 2 & Table 5 ESI). When zeolite H-Beta was 
separated from Pd/C through a liquid extraction with 2-methyltetrahydrofuran (Me-THF) and calcined at 550 °C prior 
to the following catalytic run, the decreases in citric acid (1) conversion (80% to 55%) and PTA (3) yield (77% to 53%) 
were less pronounced and high selectivities for PTA (3) remained (> 95%) for both recycle runs. A possible 
explanation for this increase in citric acid (1) conversion and PTA (3) yield compared to directly reusing both catalysts, 
is that some of the (partially) hydrolysed octahedral framework and extraframework aluminum is reverted to 
tetrahedral framework aluminum upon calcination of H-Beta, thereby delaying the dealumination in the subsequent 
recycling experiment.  

In an endeavour to restore the activity of the zeolite catalyst, a twice reused and calcined H-Beta (further 
denominated as dealuminated H-Beta) was realuminated with Al(NO3)3 following a recently published procedure of 
Zhao et al.35 Applying this realuminated H-Beta catalyst under the same reaction conditions resulted in a clear 
increase in citric acid conversion (72%) and PTA yield (68%). Although the high selectivity of PTA is again maintained 
(> 95%), the activity of the fresh H-Beta 10.8 catalyst could not be fully restored. To monitor the crystallinity of the 
different zeolite samples, X-ray diffractograms of the fresh, dealuminated and realuminated H-Beta catalyst were 
acquired (Figure S5 ESI). The XRD diffractogram of the fresh H-Beta 10.8 shows diffraction peaks characteristic for 
zeolite Beta framework structure at 2θ of 7.6°, 13.5°, 14.4°, 21.3° and 22.5°. For the dealuminated H-Beta sample, a 
decrease in peak intensities is noticed, evidencing some loss of crystallinity. Upon realumination, the loss of 
crystallinity is rather limited.  
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Figure 2. Recycling of the catalytic system. (a) Direct reuse, without calcination of H-Beta. (b) H-Beta is calcined at 550 °C prior to 
reuse. Reaction conditions: 0.1 g H-Beta, 0.5 mol% Pd/C, citric acid 0.2 mmol, water 2 mL, 10 bar H2, 150 °C, 20 h. Legend: Citrate 
(diamond), citric acid (horizontal lines), PTA (white), side products* (dark). The percentages denote the yield of PTA. The error 
bars for the fresh H-Beta catalyst represent the standard deviation with a sample size of n = 4.* Side products consist of MSA and 
less than 1% of fragmented products in all cases. 

Since XRD gives no detailed local insight, solid state NMR was invoked to study the loss and reincorporation of Al 
upon dealumination and realumination respectively in more detail. 29Si MAS NMR spectra (Figure 3) and 27Al MAS 
NMR spectra (Figure 4) were recorded for the fresh H-Beta 10.8, for the dealuminated H-Beta, and for the 
realuminated H-Beta catalysts. To reliably assign the resonance lines of the 29Si MAS NMR spectra, 1H-29Si CPMAS 
NMR spectra were recorded as well (ESI). The NMR spectra were normalized indirectly in such a way that the total 
integrals of the 29Si MAS NMR spectra of the three zeolites were equal. This approach is reasonable, since it can be 
assumed that the silicon content in the samples changes very little during de- and realumination. After this 
normalization, 27Al MAS NMR spectra offer a solid quantitative comparison of the total amount of Al within the 
samples and of the ratio of framework and extra-framework Al species (Figure 4). The framework- and total Si/Al 
ratio of the three zeolite samples can be estimated from deconvolution and integration of the 29Si MAS NMR and 
27Al MAS NMR spectra whilst taking into account the amount of extra-framework Al from 27Al MAS NMR spectra for 
the calculations of the total Si/Al (Table 2; calculations can be found in ESI). After two consecutive catalytic runs, the 
framework Si/Al of the H-Beta zeolite increased from 11.4 to 39.5, indicating significant loss of Al from the zeolite 
framework through dealumination. Through realumination, the framework Si/Al decreases again to 17.7, illustrating 
that Al is reincorporated into the zeolite framework. However, the initial framework Si/Al could not be fully restored.  

Table 2. Normalized Al-distribution from 27Al MAS NMR spectra and estimated framework- and total Si/Al ratio 

Zeolite catalyst AlNorm-Fr AlNorm-EF Si/AlFr Si/AlTot 

Fresh H-Beta 10.8 94.0 6.0 11.4 10.8 
Dealuminated H-Beta 27.1 0.4 39.5 38.9 
Realuminated H-Beta 60.6 4.9 17.7 16.4 

 

The chemical shifts that are observed in the 27Al MAS NMR spectra are in agreement with previously reported 
chemical shifts for H-Beta zeolites.52-56 The peaks in the region between -30 and 10 ppm are assigned to extra-
framework and framework octahedral aluminum. For the fresh H-Beta 10.8, these peaks correspond to a 
superposition of a sharp signal at around 0 ppm and a broad peak of aluminum that experiences a large quadrupolar 
interaction. The former corresponds to aluminum species in highly symmetrical environment similar to Al(H2O)6

3+,  
while the latter is assigned to a more hydrolyzed, distorted framework octahedral Al species.53-56 This distorted 
octahedral framework aluminum is attached more loosely to the zeolite structure56 and is thus more accessible for 
citric acid, resulting in a significant decrease of this octahedral Al species in the dealuminated zeolite (Figure 4). A 
small amount of Al(H2O)6

3+ octahedral species remains present in the dealuminated zeolite due to continuous 
hydrolysis of tetrahedral framework Al under the applied aqueous citric acid conditions. The resonance between 50 
and 65 ppm is typical of tetrahedral framework Al. For the fresh zeolite H-Beta 10.8, this resonance consists of a 
superposition of two contributions: one peak at 54 ppm, which corresponds to aluminum atoms on T1 and T2 sites 
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in the H-Beta framework, and one peak at 57 ppm which can be assigned to aluminum atoms on T3-T9 sites.53,54 
Under the applied reaction conditions, Al seems to be preferentially removed from these T3-T9 sites since the 
contribution of the peak at 57 ppm is severely lowered for the dealuminated sample, while the peak at 54 ppm 
remains more preserved (Figure 4). The increased resistance towards dealumination of framework Al on T1 and T2 
positions is in agreement with previously reported dealumination of zeolite H-Beta under steaming conditions53,54 
and acid leaching.57,58  

During realumination, most of the aluminum is reincorporated into the zeolite H-Beta framework, as indicated by a 
larger increase of the contribution of Al to the resonance of framework Al compared to the resonance of extra-
framework Al. Nonetheless, the distribution of Al over the different framework T sites after realumination does not 
resemble the distribution that was observed in the original sample. This is also reflected in the 29Si MAS NMR spectra, 
where the contributions of the Si(OSi)3(OAl) and Si(OSi)2(OAl)2 peaks are significantly different in the fresh and 
realuminated zeolite (Figure 3). Realumination also changes the shapes (and widths) of the signals that belong to 
tetrahedrally coordinated Al; the resonance of the realuminated sample is not as sharp as the resonance of the 
original sample. These findings suggest that during realumination Al does not incorporate integrally into the sites 
from which it was removed during the dealumination process. A possible explanation for this dissimilarity can be 
found in the recycling procedure of the zeolite catalysts, where a calcination at 550 °C is performed between two 
recycle runs. This calcination might have induced a loss of the silanol nests that were originally generated by removal 
of Al during the sequential dehydration-hydrogenation of citric acid, resulting in an irreversible change of the zeolite 
structure. However, upon realumination a considerable amount of the catalytic activity was restored (Figure 2), 
illustrating that this realumination technique is a suitable approach to recycle the applied zeolite H-Beta catalyst and 
in general the whole catalytic system.  

 

Figure 3. 29Si MAS NMR spectra and their decompositions into contributions of Si from different environments of the fresh H-Beta 
10.8 catalyst (bottom), the twice reused and calcined, dealuminated H-Beta (middle) and the realuminated H-Beta catalyst (top). 
The black curve represents the measured NMR spectrum and the red dashed curve represents the modeled spectrum. 
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Figure 4. Comparison of the 27Al MAS NMR spectra of the fresh H-Beta 10.8 (bottom), the twice reused and calcined, 
dealuminated H-Beta (middle) and the realuminated H-Beta catalyst (top). The amount of Al present as tetrahedral framework 
Al and octahedral framework (broad signal extending between 0 and -25 ppm) and extra-framework (narrow signal at 0 ppm) Al 
for the different H-Beta zeolites is noted above the respective ppm-regions relative to the amount of Al present in the fresh H-
Beta zeolite. 

Conclusion 

In conclusion, a direct synthesis route for propane-1,2,3-tricarboxylic acid (PTA) from the abundant citric acid was 
successfully developed via a sequential dehydration-hydrogenation process. By applying a low Si/Al H-Beta solid acid 
zeolite in combination with 0.5 mol% Pd/C, the dehydration of citric acid to aconitic acid was achieved at low reaction 
temperatures, thereby suppressing the undesired decarboxylation of aconitic acid and boosting the selectivity for 
PTA. Under relatively mild reaction conditions (160 °C, 10 bar H2) and in water as a green solvent, a yield of 85% PTA 
was obtained after 20 h. Further investigation on the role of the acid catalyst elucidated that Lewis acidity also 
facilitates the dehydration of citric acid in aqueous acidic media. From these findings we concluded that next to 
hydrothermal stability and an adequate amount and accessibility of acid sites, the combined interaction of Brønsted 
and Lewis acid sites in the zeolite channels accounts for the superiority of low Si/Al H-Beta zeolites for the 
dehydration of citric acid. Finally, recycling experiments were performed, where the gradual decay in citric acid 
conversion upon following reuses was attributed to loss of acid sites due to dealumination. We have shown that 
upon realumination a considerable amount of Al was reincorporated into the zeolite framework. This resulted in an 
increase of the conversion of citric acid while a high selectivity to PTA was preserved, illustrating that this 
realumination technique is a suitable approach to recycle the catalytic system.  
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