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Abstract

According to the zero waste and upcycling policy, this work aims to utilize waste polymethyl methacrylate (PMMA) by its conversion
to methyl isobutyrate (MIB) via hydrogenation over nickel (Ni) based catalysts supported on the commercial zeolites: HY, H-Beta-27
(SiO2/Al203 mol ratio = 27), H-Beta-40 (SiO2/Al20s mol ratio = 40), and H-ZSM-5. The appropriate catalyst support was first screened
by using MMA monomer as the substrate for hydrogenation. Under 30 bar initial hydrogen pressure (P+2) at 250 °C for 3 h, the Ni/H-
beta-27 catalyst effectively promoted hydrogenation to achieve an 85% MMA conversion level with a 56.2 wt% MIB yield because of
its larger external surface area and pore size. A higher initial Pnz (40 bar) and longer reaction time (5 h) improved the MIB yield up to
84.6 wt%. For hydrogenation of the MMA portion in a pyrolysis liquid product derived from waste PMMA, a MMA conversion level
of 99.7% was achieved when hydrogenation was operated under 30 bar initial P2 and 250 °C for 5 h. However, only a 36.3 wt% MIB
yield was obtained with a noticeable formation of coupling and cyclic compounds at 42 wt% and 18 wt%, respectively. The
enhancement of the initial Pu2 to 40 bar overcame this problem and increased the MIB yield to 47.6 wt%.
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1. Introduction

Polymethyl methacrylate (PMMA) is a transparent thermoplastic with unique properties, such as a high optical clarity, safer than
glass, and a low density, making it suitable for use in various applications, including aircraft windows, automobile parts, electronics,
protective coating, and artificial marble, etc. [1]. However, only 30,000 tons of spent PMMA are currently collected and recycled in
Europe, compared to a global production capacity of 2.4 x 106 tons. This highlights the opportunities in the field of PMMA recycling,
taking into account the fact that the energy required for the synthesis of virgin MMA is relatively high [2].

Pyrolysis (thermal cracking) is one of the appropriate methods to convert the spent or waste PMMA to chemicals or feedstock
recycling. This process is well-known and regarded as the most effective way to obtain a high-quality product. Pyrolysis also
depolymerizes the waste PMMA to recover MMA monomer [3]. Accordingly, the expansion of MMA usage should be considered due
to the increased MMA production capacity and PMMA surplus. One appropriate way is to use MMA as a feedstock for producing
methyl isobutyrate (MIB), which is an intermediate in the production of isobutyric acid (IB), a precursor to produce valuable commaodity
chemicals [4]. For example, IB is needed to synthesize 2,2,4,4-tetramethyl-1,3-cyclobutanediol, a commercialized co-polyester to
produce clear and bisphenol A-free plastics [5]. Moreover, the application of IB is involved in the manufacture of many products, such
as resins, beverage additives, coatings, adhesive agents, inks, paints, plasticizers, etc. [6]. Currently, IB is generated by the Koch
carbonylation of propene catalyzed by acid [7]. However, two significant drawbacks are induced in this process — (i) the use of non-
renewable fossil fuels to obtain propene and (ii) its high energy requirement. Moreover, this process uses harmful chemicals, such as
sulfuric acid, hydrogen fluoride, and boron fluoride [6].

Regarding the trend of recycling/upcycling to utilize waste plastics, MIB can be directly produced by hydrogenation of MMA
recovered from the thermal cracking of waste PMMA. The obtained MIB can then be further processed to obtain IB via hydrolysis
process in a separate step [8]. At present, the catalysts reported for the hydrogenation of MMA are all precious noble metal catalysts.
Zhou et al. [8] studied the hydrogenation of MMA over ruthenium (Ru) catalyst supported on activated carbon obtained from bio-
reduction, including the effect of the applied reaction conditions on the efficiency of the catalyst. The experimental results demonstrated
that 100% MMA conversion was achieved when the system was operated under a pressure of 4060 bar. Aldea and Alper [9] reported
that montmorillonite supported Ru-clays could catalyze the hydrogenation of MMA with a MMA conversion level and MIB yield of
100% and 85-91%, respectively, at 75 °C under 40 bar hydrogen (Hz) pressure (Pw2) for a long reaction time (45 h). Kim and Kim [10]
investigated the hydrogenation of olefins over palladium (Pd) supported on magnetic nanoparticles. In the case of MMA hydrogenation,

*Corresponding author.
Email address: napida.h@chula.ac.th
doi: 10.14456/easr.2024.15



142 Engineering and Applied Science Research 2024;51(2)

the yield of MIB in the presence of methanol was 97% at room temperature under 1 atm Pn2. However, complicated separation and
purification processes were required to eliminate the methanol from the obtained product. Similarly, Natour and Abu-Reziq [11] applied
a Pd-based catalyst supported on a magnetically separable polyurea to selectively hydrogenate a,B-unsaturated compounds, and
achieved 100% MMA conversion within 2 h at 50 °C.

Among the non-noble active metals used in the selective hydrogenation, such as iron (Fe), cobalt (Co), nickel (Ni), and copper
(Cu) [12, 13], Ni-based catalysts are normally applied to the hydrogenation of olefins or unsaturated compounds due to their availability
and cost effectiveness compared to the precious noble metals like platinum (Pt) or Pd (Ni is about 1000 times cheaper than Pt [14]).
These Ni-based catalysts have a high performance in the hydrogenation of various unsaturated substrates, such as phenylacetylene to
styrene [15], fatty acid methyl esters derived from palm oil [16], and aromatic compounds [17].

With respect to the catalyst supports, the acidic zeolite supports exhibit a positive impact on the hydrogenation activity of Ni-based
catalysts. Song et al. [18] revealed that the acidic sites of the zeolites in the vicinity of the Ni metal induced a high rate of hydrogenation
and hydrogenolysis. In the present article, the active Ni metal supported on various zeolites was evaluated in the conversion of MMA
to MIB via hydrogenation. This article consists of two parts. The first part involves the use of analytical grade MMA monomer to
screen for the appropriate zeolite support and to then evaluate the influence of various reaction parameters (reaction temperature, initial
Pw2, and reaction time) on the MMA hydrogenation and the yields of the obtained products (MIB, IB, and coupling compounds). The
appropriate zeolite was selected as the support for Ni catalyst based on these results and then was used in the second part for the
hydrogenation of the MMA portion in the pyrolysis liquid product derived from waste PMMA (PL-WPMMA) without any purification
under the given reaction conditions. Moreover, the reusability of the catalyst was reported.

2. Materials and methods
2.1 Materials and chemicals

The waste PMMA used in this research was the spent rotors used in veterinary diagnosis (VETSCAN VS2, Zeotis). The MMA
monomer (AR grade, 99% purity) and analytical grade nickel (I1) nitrate hexahydrate [Ni(NO3)2-6H20] were purchased from Sigma-
Aldrich (Singapore). The commercial grade zeolites obtained from TOSOH Co., Ltd. (Japan): HY (331HSA; SiO2/Al203 mol ratio =
3), NHs-ZSM-5 (820NHA; SiO2/Al203 mol ratio = 20), H-Beta (940HOA; SiO2/Al203 mol ratio = 40), and NHa-beta (930NHA,;
SiO2/Al203 mol ratio = 27) were used as received. The Hz (= 99.99%), nitrogen (Nz; > 99.99%), and 5% (v/v) oxygen (Oz)/N2 were
supplied from Thai - Japan Gas Co., Ltd. (Thailand). Acetone (> 99.95%, RCI Labscan, New Zealand) was applied as the solvent for
sample preparation in gas chromatography-mass spectrometry (GC-MS) analysis.

2.2 Catalyst preparation

All zeolites were first calcined in air at 550 °C at a heating rate of 10 °«C/min for 5 h to transform the zeolites from the NHs-form
to the H-form and eliminate some impurities on the zeolite’s surface. Incipient wetness impregnation was then applied to prepare the
monometallic Ni catalysts from Ni(NO3)2-6H20. This Ni precursor (9.91 g) was dissolved in the deionized water to obtain a 1.7 M
Ni(NO3)2:6H20 solution and then impregnated onto the calcined zeolites (20 g). After evaporating the excess water at 65 °C for 30 min
in a rotary evaporator, the resulting catalyst was dried at 110 °C for 12 h and calcined in air at 500 °C (heating rate = 10 °C/min) for 4
h to give 10 wt% NiO/zeolite catalysts. The calcined catalysts were then reduced in a quartz tube placed in a horizontal furnace in the
presence of a Hz stream at a flow rate of 20 mL/min and 500 °C for 2 h followed by passivation in a stream of 5% (v/v) O2/N2 gas
mixture at a flow rate of 2 mL/min and room temperature overnight. The name of the obtained catalysts was assigned as Ni/H-ZSM-5,
Ni/HY, Ni/H-beta-27, and Ni/H-beta-40, where 27 and 40 were the mole ratio of SiO2/Al203 of each beta zeolite.

2.3 Characterization of catalysts

The specific surface area, pore volume, and pore size of the passivated Ni-based catalysts were evaluated from the N2 adsorption—
desorption isotherms recorded at —196 °C using an area and porosity analyzer (3P Instruments, 3P micro300). After placing the
passivated catalyst (ca. 60 — 80 mg) in a sample holder, the system was operated under vacuum with a final temperature of the outgas
at 300 °C for 3 h. The Brunauer-Emmett-teller (BET) equation and t-plot method were applied to calculate the specific surface area of
the catalyst samples (Sget) and the micropore surface areas (Smicro), respectively. The external surface area (Sext) was evaluated from
the difference between Sger and Smicro [19]. The total pore volume (Vital) and the average pore diameter (Dave) Were also reported.

Type and crystalline matters (metallic Ni and NiO) in each catalyst were obtained using X-ray diffractometry (XRD; Bruker D8
advance) with Cu-Ka radiation (40 kV, 40 mA, and A = 0.15406 nm). The 26 was scanned in the range of 35-80° at a rate of 1°/s. The
size of the metal particles was measured and calculated using the Scherer equation [20].

Ammonia-temperature-programmed desorption (NH3-TPD; BELCAT Il Belcat-Basic chemisorption analyzer) was used to
determine the acidity of the passivated catalysts. After pretreating the catalyst samples at 300 °C in the presence of helium (He) at a
flow rate of 50 mL/min for 30 min, the NH3 adsorption step was induced under 5% (v/v) NHs/He gas stream at a flow rate of 50 mL/min
for 30 min. The system was then flushed with He gas (flow rate = 50 mL/min) at 100 °C for 30 min to remove the adsorbed and non-
adsorbed NHas. Subsequently, the sample was heated under a He atmosphere (flow rate = 30 mL/min) from 100 °C to 800 °C at 10
°C/min and a thermal conductivity detector (TCD) was used to detect the amount of desorbed NHa.

The reduction temperature of each catalyst was determined using the Hz-temperature-programmed reduction (H2-TPR) mode in a
Belcat-Basic chemisorption analyzer (BELCAT Il). The samples were first pretreated under argon (Ar) gas (flow rate = 50 mL/min) at
110 °C for 30 min. The pretreated catalysts were then reduced under a 5% (v/v) Hz2/Ar mixed gas at a flow rate of 30 mL/min as the
temperature of the sample cell was progressively increased from 100 °C to 900 °C at 10 °C/min.

2.4 Preparation of PL-WPMMA
After crushing into small pieces, the spent PMMA rotor (30 g) was pyrolyzed in a fixed bed reactor at 400 °C at a heating rate of

5 °C/min under N2 gas at a flow rate of 100 cm®min and held at 400 °C for 30 min. The pyrolysis vapor was trapped in glass tubes
immersed in an ice bath. This condition provided a 95.5 wt% PL-WPMMA yield containing 78 wt% MMA.
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2.5 Hydrogenation of MMA and PL-WPMMA

The MMA monomer or PL-WPMMA (4 g) was transferred into a 20-mL high pressure batch reactor containing a magnetic stirrer
bar and the passivated catalyst (0.4 g). Before starting the reaction, the air inside the reactor was removed by flushing with Hz gas for
15 min. Subsequentially, H2 was charged into the reactor at the desired P12 and then heated to the target reaction temperature before
starting the stirrer, which was kept constant at 700 rpm. After holding for the given reaction time interval, the reactor was immersed in
water to cool the system to room temperature to stop the reaction. The spent catalyst separation involved a two-step process. First, the
spent catalyst was separated from the liquid product using centrifugation at 10,000 rpm for 10 min to ensure the effective removal of
the catalyst from the liquid phase. Subsequently, the separated spent catalyst was washed with acetone before drying at 110 °C for 12
h for reuse.

2.6 Product analysis

The chemical compositions in the liquid product obtained from hydrogenation consisted of MIB, IB, and coupling compounds.
They were distinguished by gas chromatography-mass spectrometry (GC-MS; Shimazu-2876) coupled with a DB-5MS column (0.25
mm inner diameter; 30 m length) and using He as the carrier gas at a flow rate of 1.0 mL/min. The liquid product was diluted in acetone
to 1,000 ppm before analysis. The column temperature was initially set at 40 °C for 2 min and then raised to 200 °C at 5 °C /min, and
finally elevated to 280 °C at 15 °C /min and held at this temperature for 5 min.

The MMA conversion was analyzed using GC coupled with a flame ionization detector (GC-FID; Agilent 7890A) and a HP-5
column, with the MMA levels being calculated by reference to calibration curves. The GC oven temperature was increased from 50 °C
to 250 °C at 10 °C /min and held at 250 °C for 2 min using He as the carrier gas at a flow rate of 2.4 mL/min. The detector’s temperature
was set at 300 °C using an air/Hz flame. The selectivity of each composition in the liquid product was analyzed from the peak area
obtained from the GC-MS chromatogram. The MMA conversion level and the yield of chemical compositions were defined as shown
in Egs. (1) and (2), respectively. The it" selectivity of each component was obtained from its relative peak area in the GC-MS
chromatograms.

. Unreacted MMA content (mole)
MMA conversion (%) = [1- x 1 1
conversio (A)) Initial MMA content (mole) 00 ( )
. . ith selectivity xMMA conversion
ith product yield (%) = Y 2)

100

3. Results and discussion
3.1 Characterization of catalysts

The surface area, pore volume and pore size of the prepared catalysts were evaluated from N2 adsorption-desorption isotherms
(Figure 1a) and are summarized in Table 1. The Ni/H-ZSM-5 and Ni/HY showed a type | isotherm. However, the N2 adsorption-
desorption isotherms of Ni/H-Beta-40 and Ni/H-Beta-27 were a combination of types | and 1V following the IUPAC classification.
The hysteresis loop in the Ni/H-Beta-40 and Ni/H-Beta-27 catalysts was classified as the H4 type, suggesting that they had a
mesoporous structure [21, 22], whereas Ni/H-ZSM-5 and Ni/HY did not show a hysteresis loop, but they exhibited microporous
characteristics. However, the Ni/H-Beta-27 catalyst demonstrated a continuous N2 adsorption to reach a maximum adsorbed quantity
of 274 cm3/g at a high relative pressure due to its high Sex (238 m?/g; Table 1). This phenomenon was generated from the aggregation
of small crystallites to form interparticle mesopores during Beta zeolite preparation [23]. The mesopores of the Ni/H-Beta-27 catalyst
also provided the largest Viotal (0.41 cm?® /g) and Dave (3.31 nm), as shown in Figure 1b and Table 1.

3007 _  Ni/H-Beta-27 @ 0.087 (b) —e—Ni/H-Beta-27
4— Ni/H-Beta-40 —&— Ni/H-Beta-40
250 4 i
5 #— Ni/HY = Ni/HY
= —— Ni/H-ZSM-5 / c 0.06 1 —+—Ni/H-ZSM-5
S 2004 - x
- o =2
3 e £
= y-4 o
g 150 - L & 0.04 4
2 - @
& S
> - =
= 100 § S
= M q>)
g 5 0.02
50 .
O T T T T L] 0
0.0 0.2 0.4 0.6 0.8 1.0 2 4 6 8 10 12 14
Relative pressure (P/P,) Pore diameter (nm)

Figure 1 Textural properties of the passivated Ni-based catalysts. Representative (a) N2 adsorption-desorption isotherms and (b) BJH
pore size distribution in the adsorption mode.
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Table 1 Textural properties, particle size, H2 consumption during reduction, and total acidity of the Ni-based catalysts

Catalyst Specific area (m?/g) Viotal* Dave® Particle size (nm)® H2 consumption Total acidity
Seert St Sudd (cm®g)  (nm) NiO Ni (mmol/g)” (umol NHz/g)
Ni/H-ZSM-5 305 226 79 0.18 242 16.8 24.5 (45.8%)8 0.97 1,048
Ni/HY 526 449 7 0.33 2.54 18.7 21.5 (15.0%) 0.69 1,638
Ni/H-Beta-40 439 303 136 0.27 2.45 14.0 19.1 (36.4%) 0.88 897
Ni/H-Beta-27 502 264 238 0.41 331 14.0 14.3 (2.14%) 0.84 1,157

1Sger = BET surface area; 2Spicro Was determined by t-method analysis; S Was calculated from the difference between Sger and Spicro; * Viowr = total
pore volume; °D,, = average pore diameter; *Estimated from Scherrer Equation by using the peaks at 20 of 37.2° and 44.4° for NiO and Ni phase in the
XRD pattern, respectively; ‘Obtained from H,-TPR analysis; ® Percentage change of the metal particle size after reduction and passivation.

The XRD patterns of the calcined and passivated catalysts are shown in Figure 2. For the calcined catalysts, Figure 2a showed that
the reflection signals of the NiO phase of all catalysts appeared at 20 of 37.2°, 43.3°, 62.9°, and 75.3° [24]. After reduction and
passivation (Figure 2b), the Ni/H-ZSM-5 and Ni/HY catalysts had new peaks with a high intensity at 44.4° and 51.8°, which were
attributed to the Ni phase [25], while the peaks of NiO had almost disappeared. However, the opposite results were observed for the
passivated Ni/H-Beta-40 and Ni/H-Beta-27 catalysts, where the small peaks of the NiO phase were clearly observed. Moreover, their
reflection signals were broader with a lower intensity, which implied that the Ni/H-Beta-40 and Ni/H-Beta-27 catalysts had a stronger
metal-support interaction. Moreover, the NiO particle size of Ni/H-beta-40 and Ni/H-beta-27 was smaller than those of the Ni/H-ZSM-
5and Ni/HY catalysts (Table 1). It was possible that the lower level of agglomeration of NiO with its higher dispersion could uniformly
cover the surface of H-Beta-40 and H-Beta-27 resulting in the broader and lower peak intensity in the XRD patterns. This was possibly
due to the effect of the higher Sex: to promote a more even metal dispersion [22]. After reduction and passivation, the size of the NiO
particles in all catalysts was smaller than that of the Ni particles (Table 1), suggesting that the high reduction temperatures induced
agglomeration of Ni particles (see the following Hz-TPR section for further explanation of the significant variation observed in the Ni
crystallite size).
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Figure 2 Representative XRD pattern of Ni-based catalysts: (a) calcined and (b) passivated forms.

The reducibility, as measured from the amount of Hz2 consumption, and reduction temperature of each catalyst was evaluated by
H2-TPR (Figure 3). The various reduction temperatures of NiO involve the different positions in the framework of zeolite interacting
with the cationic Ni species [26]. For all catalysts, two superimposed reduction peaks demonstrated the simultaneous existence of easily
and hardly reduced Ni?* species on the zeolite’s surface. The first peak appeared at below 500 °C (o-peak), which corresponded to the
reduction of the NiO particles deposited on the outer zeolite’s surface [27]. Whereas, the second peak was observed at reduction
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temperatures higher than 500 °C (B-peak) and corresponds to the reduction of NiO particles deposited inside the zeolite’s cavities,
including the channels and cages of the zeolite’s structure [27], and reflects the higher diffusional restrictions during the reduction
[28]. The intensity of the a-peak in Ni/H-Beta-40 and Ni/H-ZMS-5 catalysts was much higher than those of Ni/H-Beta-27 and Ni/HY,
suggesting that NiO particles on the Ni/H-Beta-40 and Ni/H-ZSM-5 catalysts were partially deposited at the outer surface of zeolite.
Thus, the complete reduction of the NiO a-peak at a high reduction temperature led to an agglomeration of Ni species on the Ni/H-
Beta-40 and Ni/H-ZSM-5 catalysts resulting in the larger Ni particle size compared to the Ni/H-Beta-27 and Ni/HY catalysts (Table
1). Considering the same zeolite structure, the Ni/H-Beta-40 showed a higher a-peak intensity, while the Ni/H-Beta-27 exhibited a
greater reduction of the B-peak, which might be related to their difference in acidity and aluminum content [28].

o

Ni/H-ZSM-5

a NVHY

Ni/H-Beta-40
0.8
Ni/H-Beta-27
T T T T 1

200 300 400 500 600 700 800

H, composition (a.u.)

Temperature (°C)

Figure 3 Representative Hz-TPR profiles of the calcined Ni/zeolite catalysts.
The total acidity of the catalysts was also evaluated by NHs-TPD technique (Figure 4 and Table 1). The acidity of the zeolite
supports typically corresponded to the SiO2/Al20s ratio of the zeolite framework, where the higher SiO2/Al20z ratio indicated the lower

concentration of acidic sites. The Ni/HY catalyst had the greatest total acidity of 1,638 pmol NHs/g due to the lowest SiO2/Al20s3 ratio
of 3, while the Ni/H-Beta-40 catalyst with a SiO2/Al20s ratio of 40 showed the lowest total acidity of 897 umol NHs/g (Table 1).
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Figure 4 Representative NHs-TPD profiles of the passivated Ni/zeolite catalysts.
3.2 Hydrogenation of MMA monomer

To maximize the MIB yield obtained from hydrogenation of the MMA monomer, the distribution of liquid, solid, and gaseous
products from the MMA hydrogenation was investigated whilst varying the reaction parameters of the zeolite types, reaction time,
reaction temperature, and initial Pn2 (see Table 2). For the effect of the zeolite type, the MMA hydrogenation was operated under 30
bar initial Puz at 250 °C for 3 h. The system operated in the absence of catalyst was also investigated for comparison. Without the
catalyst, a liquid product yield of 94.1 wt% with a small amount of gas formation (5.9 wt%) was obtained, possibly due to the thermal
cracking induced during the 250 °C reaction for 3 h. However, no solid product was observed. When the Ni-based catalysts with
different acidities were applied to hydrogenate the MMA monomer, the yields of liquid and gas products were markedly decreased to
79.1-81.0 wt% and 4.3-5.0 wt%, respectively, with a corresponding formation of 14.4-16.6 wt% solid residue (Table 2; Entries 2-5).
This result reflects the role of the acidity of each catalyst [22, 29]. The system using the Ni/H-ZSM-5 catalyst with the highest acidity
(1,638 umol NHs/g) generated the largest amount of solid product (16.6 wt%). This phenomenon was also affected by the catalyst’s
smallest pore size of 2.42 nm, as the large organic compounds generated during hydrogenation could be trapped and then form the
solid residues in the cages of the acidic zeolite-supports [30].
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Table 2 Effect of the zeolite type and reaction conditions on the product distribution obtained from the hydrogenation of analytical
grade MMA monomer

Temperature Initial Pr2 Time Product yield (wt%)
Entry Catalyst ?°C) (bar) (h) Liquid Solid Gas
1 Without catalyst 250 30 3 94.1 0.00 5.90
2 Ni/H-ZSM-5 250 30 3 79.1 16.6 4.25
3 Ni/HY 250 30 3 80.1 15.1 4.75
4 Ni/H-Beta-40 250 30 3 81.0 14.7 4.25
5 Ni/H-Beta-27 250 30 3 80.6 14.4 5.00
6 Ni/H-Beta-27 250 30 5 84.7 10.6 4.70
7 Ni/H-Beta-27 250 30 7 88.8 4.43 6.75
8 Ni/H-Beta-27 250 30 9 88.9 2.82 8.25
9 Ni/H-Beta-27 250 10 5 77.0 19.2 3.75
10 Ni/H-Beta-27 250 20 5 80.1 15.4 4,50
11 Ni/H-Beta-27 250 40 5 94.7 0.54 4.75
12 Ni/H-Beta-27 230 30 5 80.7 15.3 4.00
13 Ni/H-Beta-27 270 30 5 88.9 5.32 5.75
14 Ni/H-Beta-27 290 30 5 93.9 0.12 6.00

The chemical composition of the liquid products obtained from the MMA hydrogenation using the Ni/H-Beta-27 catalyst were
examined using GC-MS analysis (Figure 5) are shown as representatives. At a reaction condition of 30 bar initial Px2 and 250 °C for
3 h, the obtained liquid product contained 56.7 wt% MIB with small amounts of IB and coupling compounds (dimethyl 2,5-
dimethylhex-2-enedioate and dimethyl 2-methyl-5-methylenehexanedioate).

1.6
1.4 - \‘/h\
S 124 . MiB
>
£ 10
c
40_'-’ 08 [s] /“M/ /M/
= 8
) \T&/ o . o '
2 06 A Dimethyl 2,5-  Dimethyl 2-methyl-5-
% MMA dimethylhex-2-enedioate methylenehexanedioate
m 0.4 1 ' 'LIB %Iﬂll /
21U ‘| v
0.0 ‘ B e r——— —L ——
1 4 7 10 13 16 19 22 25

Retention time (min)

Figure 5 Representative GC-MS chromatogram of the liquid product produced from hydrogenation of MMA monomer over the Ni/H-
Beta-27 catalyst at 30 bar initial P12 and 250 °C for 3 h.

The influences of the reaction parameters, such as zeolite type, reaction time, initial Pn2, and reaction temperature on the MMA
conversion level and the yields of MIB, IB, and coupling compounds are summarized in Figure 6. In the absence of the Ni-based
catalyst, the MMA conversion level was 65.5% when the system was operated under 30 bar initial Pr2 for 3 h (Figure 6a). However,
the MIB yield in the obtained liquid product was less than 4 wt% with coupling compounds being promoted as the dominant products
(ca. 40 wt%). Although the reaction was performed under Hz atmosphere, the results exhibited that the hydrogenation of MMA to MIB
could not be activated unless the appropriate catalysts were applied.

The activity of the catalyst did not only depend on the active metal, but it was also affected by the support used to prepare the
catalysts. Here, this part aimed to evaluate the appropriate zeolite support for the Ni-based catalyst in MMA hydrogenation (operated
under the same condition as used for the non-catalytic process).

The Ni catalysts supported on H-Beta-27, H-Beta-40, and HY provided ca. 83% MMA conversion level, while the system using
Ni/H-ZSM-5 catalyst had a lower MMA conversion level of 78% (Figure 6a). This was due to the Ni/H-ZSM-5 catalyst’s low Sger
and Vital. Moreover, the support geometry also influences product selectivity. The Ni/H-Beta-27 catalyst provided the highest MIB
yield (56.2 wt%) was due to its largest Dave and Sext that provided the higher molecular diffusion of MMA into the catalyst’s pores.
Moreover, the high reactivity of the passivated Ni/H-Beta-27 catalyst for MMA hydrogenation (Figure 2b) possibly involved the
existence of NiO phase. Previous works have reported a synergistic effect of Ni-NiO to effectively promote the hydrogenation of
furfural to cyclopentanone [31] and levulinic acid to y-valerolactone [32]. Indeed, the combination of Ni and NiO phases in the catalyst
exhibited and 18- and 10-times higher activity for levulinic acid hydrogenation than NiO and metallic Ni, respectively [32]. Although
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NiO was not active for hydrogenation, NiO could provide the strong adsorption of certain substrates due to its polar surface [33]. For
metallic Ni, Hz could be adsorbed on the Ni surface followed by H2 dissociation to produce the active hydrogen atom [32]. With the
combination of Ni and NiO phases in the catalysts, the adsorbed substances on the NiO phase could react with the adsorbed H on the
adjacent metallic Ni to provide the desired saturated compounds following the Langmuir-Hinshelwood mechanism [32].

With respect to the Ni/HY and Ni/H-ZSM-5 catalysts, they exhibited a lower conversion of MMA to MIB, which was possibly due
to the influence of their higher acidity that enhanced the probability of dimerization of MMA [34, 35]. Their XRD pattern (Figure 2b)
also indicated the almost complete reduction of the NiO phase in the passivated Ni/HY and Ni/H-ZSM-5 catalysts. According to the
competition with Hz adsorption on the metallic Ni phase, it is possible that both catalysts lacked the active sites to adsorb MMA and
so resulting in their lower ability for MMA hydrogenation.

Among the four zeolite supports, the Ni/H-Beta-27 catalyst showed the best performance for MMA hydrogenation and provided a
high MIB vyield. Therefore, the Ni/H-Beta-27 catalyst was selected to further investigate the effect of the reaction time, reaction
temperature, and initial Px2 on the MMA conversion and MIB yield.
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Figure 6 Effects of the (a) zeolite type, (b) reaction time, (c) initial Puz, and (d) reaction temperature on the MMA conversion level
and the yields of MIB, 1B, and coupling compounds.

Increasing the reaction time from 3 h to 9 h increased the MMA conversion level from 83% to 91% and the MIB yield from 57%
to 69%, whereas the yields of IB and coupling compounds remained relatively unchanged (Figure 6b). This indicated that the Ni/H-
Beta-27 catalyst had a high selectivity for converting MMA to MIB. Moreover, the longer reaction time suppressed the solid product
formation from 14.4 wt% at 3 h to 2.82 wt% at 9 h, resulting in higher yields of both liquid and gaseous products from 80.6 to 88.9
wit% and 5.00 to 8.25 wt%, respectively. Thus, the longer reaction time decreased the level of unsaturated C=C bonds, causing the
reduction in the polymerization that forms the solid residue or coke on the catalyst surface (Table 2, Entries 5-8).

From the results shown in Figure 6b, the reaction pathway for MMA hydrogenation over the Ni/H-Beta-27 catalyst under this
reaction condition is proposed in Figure 7. Based on the characteristics of the Ni-active metal, the MMA hydrogenation to produce
MIB is shown in Route 1. A small portion of MIB could subsequently be transformed to IB via hydrolysis (Route 2) [8]. Since the
MMA monomer used as the raw materials for this study contained only 0.67 wt% moisture (measured by Karl Fischer titration
technique), the obtained liquid product had an IB portion of less than 5 wt%.
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Figure 7 Schematic diagram of MMA hydrogenation over Ni/H-Beta-27 catalyst.
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To consider the influence of the initial Pnz on the yields and compositions of the liquid products obtained from MMA
hydrogenation, the initial Pr2 was varied over a range of 10-40 bar, keeping the reaction temperature and time constant at 250 °C and
5 h, respectively. The results are summarized in Table 2 (Entries 5 and 9-11) and Figure 6c, and indicated that increasing the initial
P2 from 10 to 40 bar resulted in a remarkably higher amount of liquid product from 77.0 to 94.7 wt% with a decreased solid production
from 19.2 to 0.54 wt%. Increasing the initial Pn2 also enhanced the degree of hydrogenation, which led to the greater reduction in
unsaturated C=C bonds, decreasing the possibility of polymerization to form a solid residue. In addition, the MMA conversion level
was improved from 81.9% to 96.1% when the initial Pu2 increased from 10 to 40 bar. The increased Pn2 yielded a higher H:
concentration around the active sites of the catalyst, and so led to the enhanced degree of hydrogenation. Moreover, the formation of
coupling agents was suppressed at a higher initial Puz, presumably due to the saturation of C=C bonds that are the sites for coupling or
oligomerization. Together, these resulted in a much higher MIB yield.

The effect of the reaction temperature on MMA hydrogenation was studied over a range of 230-290 °C using the 10 wt% Ni/H-
beta-27 catalyst. Increasing the reaction temperature enhanced the liquid and gaseous products from 80.7 to 93.9 wt% and 4.70 to 6.00
wit%, respectively, with a decreasing solid product content from 15.3 to 0.12 wt% (Table 2; Entries 5 and 12-14). Moreover, an
increased reaction temperature promoted a higher MMA conversion level from 83.5 to 96.0% and a MIB formation from 60.6 to 72.6
wt% (Figure 6d), but gave a higher amount of coupling compound. Presumably, the high reaction temperature promoted the
oligomerization [36], inducing a higher level of liquid products. Thus, a high initial Pn2 and reaction temperature resulted in a higher
MMA conversion level (> 95%) with a high preference to form MIB and suppress solid residue formation.

3.3 Reusability of the catalyst

In this section, the spent Ni/H-Beta-27 catalyst obtained from the MMA hydrogenation at 250 °C under a 30 bar initial P2 for 5 h
was used to investigate the catalyst recyclability. After washing with acetone, the spent catalyst was dried at 110 °C for 12 h before
recycling under the same reaction conditions for three further consecutive cycles. The MMA conversion level and MIB yield showed
only a slight decline over the four consecutive MMA hydrogenation cycles (Figure 8), indicating the remarkable stability of the Ni/H-
Beta-27 catalyst.
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Figure 8 Ability to recycle the Ni/H-beta-27 catalyst, in terms of the obtained MMA conversion level and product yields, for MMA
hydrogenation under 30 bar initial P12 at 250 °C for 5 h.

3.4 Hydrogenation of PL-WPMMA

The suitable catalyst and reaction condition obtained from the MMA hydrogenation as described above were then applied to
hydrogenate the MMA fraction in the PL-WPMMA. The GC-MS chromatogram of PL-WPMMA (Figure 9a) indicated that MMA was
the dominant product with small amounts of some species, such as dimethyl 1,2- cyclopentanedicarboxylate and dimethyl 2,2-bis(2-
methyl-2-propenyl)malonate, also being observed. After hydrogenation under 30 bar initial Pu2 at 250 °C for 5 h, the cyclic compound,
2,3-O-isopropylidene-5[(2-methoxycarbonyl)propyl]), was detected in the liquid product (Figure 9b). This might have resulted from
the trace amounts of oligomerized and cyclic compounds present in the PL-WPMMA.

Table 3 shows a comparison of the MMA conversion level and product yields and compositions in the liquid product obtained from
the hydrogenation of (i) analytical grade MMA and (ii) PL-WPMMA under 30 bar initial Pu2 at 250 °C for 5 h. In the case of PL-
WPMMA, the MMA conversion level was 99.7%, which was higher than that for the hydrogenation of analytical grade MMA (88.4%).
This could be attributed to the presence of 4-methoxyphenol (mequinol) in the analytical grade MMA that is used as an inhibitor of
MMA polymerization. Since 4-methoxyphenol could be hydrogenated over the Ni-based catalyst [37], it was possible that 4-
methoxyphenol competed with MMA to access the active sites of the catalyst. However, the MIB portion in the hydrogenated PL-
WPMMA was only 36.3 wt%, which could be attributed to the presence of oxygen-containing compounds [dimethyl 1,2-
cyclopentanedicarboxylate and dimethyl 2,2-bis(2-methyl-2-propenyl)malonate] in the PL-WPMMA. This is because these compounds
are precursors to form solid residues that could cover the Ni metal sites [38], allowing the acidic sites of the zeolite support to become
dominant. As a result, oligomerization and cyclization reactions over the acidic sites [39] are favored, leading to the higher yield of
coupling and cyclic compounds (42.2 wt% and 18.1 wt%, respectively) instead of MIB. These coupling and cyclic compounds also
have the potential to transform into the solid residues [40]. In terms of the product yields obtained from the hydrogenation of PL-
WPMMA and analytical grade MMA at the same reaction condition, the hydrogenation of PL-WPMMA provided 78.2 wt% liquid
product, which was slightly lower than that from the analytical grade MMA (84.7 wt% liquid product). This might be related to the
presence of oxygenated compounds in the PL-WPMMA having the potential to form solid residue precursors, as mentioned above, and
is in line with the higher solid product obtained from the hydrogenation of PL-WPMMA (16.9 wt%) than that from analytical grade
MMA (10.6 wt%).
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Figure 9 Representative GC-MS chromatograms of PL-WPMMA (a) before and (b) after hydrogenation over the Ni/H-Beta-27 catalyst
under 30 bar initial Px2 at 250 °C for 5 h.

Table 3 Comparison between the MMA hydrogenation level and obtained products from the hydrogenation of PL-WPMMA and
analytical grade MMA

Sample Initial Pr2 MMA Product yield Composition in hydrogenated liquid
(bar) conversion (Wt%0) product (wt%o)
(%) Liquid Solid  Gas MIB IB Coupling Cyclics
MMA 30 88.4 84.7 10.6 4.74 63.3 353 6.31 0
30 99.7 78.2 16.9 4.93 36.3 335 42.2 18.1
PL-WPMMA
40 100.0 85.8 7.51 6.71 47.6 4.85 374 104

*PL-WPMMA contained 78 wt% MMA portion.

That the formation of coupling compounds was effectively diminished at the higher initial Px2 (Figure 6c¢) suggests that the initial
PH2 was the key parameter to control the amount of coupling compounds formed during hydrogenation. When hydrogenation of PL-
WPMMA was conducted under 40 bar initial Prz rather than 30 bar, the formation of coupling and cyclic compounds formation was
decreased from 42.2 to 37.4 wt% and from 18.1 to 10.4 wt%, respectively, while the MIB yield was improved from 36.3 to 47.6 wt%.
Moreover, the liquid product was increased from 78.2 to 85.8 wt% with a reduced solid residue production from 16.9 to 7.51 wt%.
This indicated that the higher initial Pn2 effectively suppressed the coupling and cyclization processes that generated the solid residue
precursors.

4, Conclusions

In summary, the H-Beta-27 zeolite was the most efficient support for a Ni-based catalyst (10 wt% Ni/H-Beta-27) for MMA
hydrogenation. Based on the obtained results, the Ni/H-Beta-27 catalyst had a high performance for MMA hydrogenation. This was
due to its higher external surface area with a larger pore size and the synergistic effect of the Ni-NiO phases in the Ni/H-Beta-27
catalyst. Under 30 bar initial Ph2 at 250 °C for 5 h, the hydrogenation of analytical grade MMA provided 84.7 wt% liquid products
containing 63.2 wt% MIB. Raising the initial Pu2 to 40 bar increased the MIB yield to 84.6 wt%. In the case of hydrogenation of PL-
WPMMA without any purification, hydrogenation of the MMA fraction in the PL-WPMMA under the same condition as stated above
gave a 99.7% MMA conversion level, but with only a 36.3 wt% MIB vyield. This was attributed to the formation of the oxygenated
coupling and cycling compounds at 42 wt% and 18 wit%, respectively. However, the increase in the initial Pn2 to 40 bar effectively
suppressed the production of coupling and cyclic compounds in the hydrogenated PL-WPMMA, and so resulted in a reduced level of
solid residue formation. The Ni/H-Beta-27 catalyst had a high stability over at least four consecutive reaction cycles maintaining the
same MMA hydrogenation and MIB yield. Hence, the low-cost Ni/H-Beta-27 catalyst could be considered as an effective
hydrogenation catalyst for converting MMA to MIB.
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