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Effects of different alkaline earth metals (Mg, Ca, Sr) on the nickel-based catalysts for the continuous hydrogena-
tion of hydroquinone were studied, and it was found that the by-products, characterized by GC-MS analysis,
were mainly composed of phenol and cyclohexanol. The conversion of hydroquinone was 99.2% and the selectiv-
ity to 1,4-cyclohexanediol was above 96.7% over a Ni-Sr/y-Al,O3 catalyst at 160 °C and 2.0 MPa hydrogen

pressure. The high selectivity of the Ni-Sr/y-Al,03 catalyst was ascribed to its weak acidity due to the formation
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of SrCOs, confirmed from XRD and NH3-TPD characterizations. Moreover, it was proposed that SrCO; can
disperse and stabilize the active Ni species, making the catalyst stable during the 90 h service life test.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

1,4-Cyclohexanediol is an important intermediate for the synthesis
of medicinal and liquid crystal materials [1,2]. Traditionally, 1,4-cyclo-
hexanediol was produced mainly by the hydrogenation of hydroqui-
none using Ni/SiO, [3], Raney Ni [4] or noble metal catalysts [5]. For
example, Adkins and Cramer first reported the synthesis of 1,4-cyclo-
hexanediol from the hydrogenation of hydroquinone over a Ni/SiO,
catalyst, but no data on the catalyst stability were provided [3]. The
reported methods were all batch process and lack of efficiency, and
the catalysts used either caused serious environmental pollution or
were of high cost. Therefore, it is desirable to develop a novel method
for the effective synthesis of 1,4-cyclohexanediol.

Although nickel-based catalysts have been widely used in industry
for the continuous hydrogenation of compounds with phenol structures
[6,7], no work has ever been reported about the continuous hydrogena-
tion of hydroquinone due to its complex structure as well as lacking
more effective and stable catalysts. In this study, we first investigated
the continuous hydrogenation of hydroquinone to 1,4-cyclohexanediol
over nickel-based catalysts. Considering that the acidity of the catalysts
may cause the dehydration of hydroquinone and 1,4-cyclohexanediol
[8-11], the acidic and basic capacities of the catalysts were regulated
by the addition of some basic promoters, such as the alkaline earth
metals (Mg, Ca, Sr). A Ni-Sr/y-Al,05 catalyst showed significantly
higher activity and selectivity toward 1,4-cyclohexanediol compared
with other catalysts. The structures of the nickel-based catalysts were
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characterized and the results were found to correlate well with their
activities.

2. Experimental methods
2.1. Catalyst preparation

Unless otherwise stated, all chemicals were purchased from Baoding
Huaxin Reagent and Apparatus Co., Ltd. and were used as received
without further purification. The nickel-based catalysts were prepared
by the co-precipitation method. A typical procedure is as follows. A
solution containing requisite amounts of metal nitrates were added
dropwise to a mixture of Na,COs; and powder y-Al,03 (Xinxiang
Jinsheng New Material Co., Ltd.) at 40 °C. The final pH value was adjust-
ed to 8 with NayCOs solution. Then, the co-precipitated mass was
thoroughly washed, filtered, dried at 110 °C for 4 h and calcined at
500 °C for 4 h. The obtained catalysts were designated as Ni/y-Al,0s,
Ni-Mg/y-Al,03, Ni-Ca/y-Al,03, and Ni-Sr/y-Al,05, respectively.

2.2. Catalyst characterization

The nitrogen adsorption was measured using a Micromeritics Tristar
113020 surface area and pore analyzer. X-ray diffraction (XRD) analysis
was carried out on a Y-2000 X-ray diffractometer with Cu Ko radiation.
Scanning electron micrographs (SEM) were obtained on a JEOL JSM-
7500 instrument. H, chemisorption, temperature programmed reduc-
tion (TPR) and temperature programmed desorption of NH;
(NHs-TPD) were performed using a TP-5000 instrument from Xianquan
Ltd. The X-ray photoelectron spectroscopy (XPS) measurements were
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Table 1
Physicochemical properties of the nickel-based catalysts.
Catalyst Surface Pore Pore Particle sizes® Ni Surface
area volume size dispersion®  atomic
(m?%/g) (cm’/g) (nm) Before. After (%) ratio of
reduction reduction - onc
Ni (%)
Ni/y-Al,03 135 0.20 6.03 136 20.5 254 12.7
Ni-Mg/ 164 0.23 5.63 135 239 26.7 12.8
Y¥-ALO3
Ni-Ca/ 140 0.17 505 102 220 259 8.6
¥-Al,03
Ni-Sr/ 165 0.21 5.08 10.1 15.8 28.1 7.6
Y¥-ALO3

@ Based on XRD results.
b Calculated from the H, chemisorption [12].
€ Based on XPS results (C is excluded).

recorded with a PHI 1600 spectroscope using Mg Ko X-ray source for
excitation.

2.3. Catalyst activity test

Hydrogenation of hydroquinone was carried out in a tubular, fixed-
bed reactor with 15 mm i.d., and 5.0 g catalyst was loaded into this
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Fig. 1. XRD patterns of the nickel-based catalysts before (A) and after (B) reduction
(a: Ni/y-Al,03; b: Ni-Mg/y-Al,03; ¢: Ni-Ca/y-Al;05; d: Ni-Sr/y-Al,053).
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Fig. 2. TPR profiles of the nickel-based catalysts. (a: Ni/y-Al,Os3; b: Ni-Mg/y-Al,03;
c: Ni-Ca/y-Al,0s3; d: Ni-Sr/y-Al;05.)

reactor. Prior to the reaction, catalysts were all pretreated under hydro-
gen at 450 °C for 3 h. Ten weight percent hydroquinone ethanol solu-
tion was dosed into the reactor at a speed of 0.3 mL/min by a micro
syringe pump. Reaction mixtures were analyzed by a gas chromato-
graph using a 30 m SE-54 capillary column and the product structures
were confirmed by a gas chromatography-mass spectroscopy
(GC-MS) on Agilent 5975C.

3. Results and discussion
3.1. Catalyst characterizations

Table 1 shows some information about physicochemical properties
of the nickel-based catalysts. It was found that the surface areas of the
nickel-based catalysts were all above 130 m?/g and the average pore
sizes were all in the range of about 5 to 6 nm. It was noticeable that
surface areas of catalysts were all increased and the pore sizes
decreased after the addition of the alkaline earth metals. Furthermore,
the addition of the alkaline earth metals are proved to be in favor of
the Ni dispersion, especially for Sr; thus the Ni-Sr/y-AlLO5 catalyst
had the smallest Ni particle sizes among the four catalysts studied [12].
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Fig. 3. NH;-TPD profiles of the nickel-based catalysts. (a: Ni/y-Al,03; b: Ni-Mg/
v-Al;03; c: Ni-Ca/y-Al;03; d: Ni-Sr/y-Al;05.)
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Fig. 4. XPS spectra of Ni/y-Al,O3 catalyst (A) and Ni-Sr/y-Al,O3 catalyst (B).

XRD patterns of the nickel-based catalysts are shown in Fig. 1. As can
be seen, all samples before reduction presented the peaks characteristic
of NiO at about 43° (Fig. 1A). In addition, in the case of the Ni-Sr/
v-Al, 03 catalyst, a SrCOs phase was clearly detected at about 25°. The

Table 2
Catalytic performances of the nickel-based catalysts®.

Ni-Sr/y-Al,05 catalyst had the smallest crystallite size among the four
catalysts studied (Table 1), which indicated the Ni species were in a
highly dispersed state in this catalyst, as also shown by SEM images.
New peaks corresponding to Ni® were clear in the XRD patterns of the
reduced samples (Fig. 1B), which implied that NiO was reduced to me-
tallic Ni during the reduction process and Ni® is the active species in the
reduced catalysts. Furthermore, SrCO; was also detected from the
reduced Ni-Sr/y-Al,05 catalyst. The crystallite sizes of all modified
catalysts except the Sr doped sample were found to be remarkably
larger, which may be due to the agglomeration during the reduction
process. We assumed that the SrCOs in the Ni-Sr/y-Al,05 catalyst was
highly stable, and then prevented the active Ni species from agglomer-
ation during the reduction process.

TPR profiles of the nickel-based catalysts are shown in Fig. 2. One
main reduction peak was observed at around 400 °C in the profiles of
the nickel-based catalysts except the Ni-Mg/y-Al,05 catalyst. In the
case of Ni-Mg/y-Al,05 catalyst, there were three reduction peaks cen-
tered at about 400, 550 and 650 °C, which were assigned to the reduc-
tion of the bulk NiO, the highly dispersed Ni’™ species and the
MgNiO,[13]. Furthermore, there was one moderate peak centered at
about 650 °Cin the Ni-Ca/y-Al,O5 catalyst, and one moderate peak cen-
tered at about 800 °C in the Ni-Sr/y-Al,O5 catalyst, together with a
small peak at about 500 °C. It was reported that the reduction peaks
below 500 °C can be ascribed to the reduction of the bulk NiO in the
nickel-based catalysts, and the reduction peaks in the region of
500 °C-700 °C can be ascribed to the reduction of the highly dispersed
Ni2* species in strong interaction with the supports [14]. Moreover,
the peak at 800 °C in the Ni-Sr/y-Al,O5 catalyst was suggested to be
the reduction of SrCOs. The disappearance of the SrCOs characteristic
peak and the appearance of a new peak corresponding to Sr on the
XRD curve of the reduced Ni-Sr/y-Al,05 catalyst after the TPR test can
support this assumption. The existence of SrCOs; may enhance the dis-
persion of metallic Ni in the common reduced Ni-Sr/y-Al,05 catalyst.
Noticeably, the Ni-Sr/y-Al,05 catalyst presented the lowest reduction
temperature for the reduction of the bulk NiO among the four catalysts
studied. Pillai and Sahle-Demessie [15] have reported that Sr is an elec-
tropositive metal and it can donate its outer electrons to other metal
and make it more electronegative. This electronic effect may increase
the reducibility of NiO in the Ni-Sr/y-Al,05 catalyst. Thus, it is reason-
able that the Ni species are more reducible in the Ni-Sr/y-Al,05 catalyst
and the metallic Ni exists in a highly dispersed state in the reduced
catalyst.

NH3-TPD profiles of the nickel-based catalysts are presented in
Fig. 3. The strong peaks centered at 250 °C-350 °C can be assigned to
the weak acidic sites in all the catalysts. It is noticeable that the Ni-Sr/
¥-Al,03 catalyst showed both lower desorption temperature and smal-
ler amount of weak acidic sites than the Ni/y-Al,05 catalyst. NH3-TPD
profiles of the four catalysts also showed one remarkable desorption
peak at 480 °C-520 °C, which can be assigned to the moderate acidic
sites [16]. It is clear that the Ni-Sr/y-Al,O3 catalyst had lower desorp-
tion temperatures and areas than the Ni-Mg/y-Al,O03 and Ni/y-Al,05

Catalyst Molar ratio Conversion Selectivities (%)
(X/Ni)® (%) -
1,4-Cyclohexanediol Phenol Cyclohexanol 4-Ethyl-cyclohexanone

Ni/y-Al,03 0 90.8 69.9 134 14.9 1.8
Ni-Mg/y-Al,03 0.25 86.8 73.7 17.2 7.0 21
Ni-Ca/y-Al,05 0.25 82.5 54.0 37.8 49 33
Ni-Sr/y-Al,053 0.25 92.6 91.6 3.8 3.0 1.6
Ni-Sr/y-Al,053 1 55.9 100 0 0 0
Ni-Sr/y-Al;05 0.5 70.0 97.4 0 2.6 0
Ni-Sr/y-Al,03 0.4 92.1 96.8 2.0 1.0 0.2
Ni-Sr/y-Al,03 03 91.0 93.4 2.7 3.7 0.2

¢ Reaction conditions: hydrogen pressure = 1.5 MPa; reaction temperature = 160 °C; flow rate of hydroquinone ethanol solution = 0.3 mL/min.

b X=Mg, Ca, Sr.
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Scheme 1. Proposed routes for hydroquinone hydrogenation.

catalysts, but higher areas than the Ni-Ca/y-Al,O5 catalyst for this
desorption peak, whereas only the Ni-Ca/y-Al,O5; sample showed one
obvious high-temperature desorption peak at 600 °C-730 °C, which
can be ascribed to the strong acidic sites. Thus, it can be concluded
that the Ni-Sr/y-Al,O3 catalyst had the lowest amounts of the weak
and total acidic sites among the four catalysts studied.

The surface electronic states of Ni in the nickel-based catalysts are
determined by XPS. By applying the curve fitting procedure, Ni® and
Ni2* were both detected on the surface of the reduced catalysts
(Fig. 4). The amount of Ni® was 53.8% on the surface of the reduced
Ni-Sr/y-Al,05 catalyst, whereas it was only 24.8% on the surface of
the reduced Ni/y-Al,03 catalyst; thus the reduced Ni-Sr/y-Al,03
catalyst was proved to have more surface Ni° than the reduced Ni/
v-Al,03 catalyst even though it has less surface Ni species (Table 1).
The above observation and the fact that Ni° is the major phase in
the body of reduced catalysts based on the XRD characterization can
confirm that NiC is the active site for the reduced catalysts.
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Fig. 5. Service life of the Ni-Sr/y-Al,0; catalyst. (Reaction conditions: hydrogen
pressure = 2.0 MPa; reaction temperature = 160 °C; flow rate of hydroquinone ethanol
solution = 0.3 mL/min.)

3.2. Catalytic performance

A series of nickel-based catalysts with 20 wt% Ni were prepared and
tested on the continuous hydrogenation of hydroquinone in a fixed-bed
reactor. Results are listed in Table 2. The Ni/y-Al,O3 catalyst without
any addition showed a good conversion (90.8%), but the selectivity to
1,4-cyclohexanediol was relatively low (69.9%). GC-MS analysis
showed the main by-products were phenol and cyclohexanol, which
were mainly from the dehydration of hydroquinone and 1,4-cyclohexa-
nediol (Scheme 1). The catalytic performance of the Mg and Ca promot-
ed samples was even worse. Both the conversion and the selectivity to
1,4-cyclohexanediol was decreased in the Ni-Ca/y-Al,03 catalyst, and
the selectivity to phenol was nearly three times than that of the Ni/y-
Al,O5 catalyst. This may be due to the existence of strong acidic sites
for this catalyst, which will enhance the dehydration of hydroquinone.
Fortunately, the Ni-Sr/y-Al,O5 catalyst showed the best performance
among the catalysts studied. The conversion of hydroquinone was
92.6% and the selectivity to 1,4-cyclohexanediol was 91.6%, with the
ratio of the cis- and trans-1,4-cyclohexanediol being about 3 to 1. Con-
sidering that the acidic sites can cause the dehydration of the ~-OH
group [9,10,17], the addition of Sr was believed to suppress the dehy-
dration process and enhance the selectivity to the desired product.
The effect of Sr/Ni molar ratio was further investigated to achieve a bet-
ter performance (Table 2, entries 5-8). It is found that the selectivities
to 1,4-cyclohexanediol increased with the increase of the Sr/Ni molar
ratio and the Ni-Sr/y-Al,O3 catalyst with the Sr/Ni molar ratio of 0.4
showed the best performance, with the conversion of hydroquinone
being 92.1% and the selectivity to 1,4-cyclohexanediol being 96.8%.
Thus, Ni-Sr/y-Al,05 was chosen as the catalyst for the hydrogenation
of hydroquinone to produce 1,4-cyclohexanediol. Finally, a service life
test was performed under the optimum reaction conditions: hydrogen
pressure, 2.0 MPa; reaction temperature, 160 °C; flow rate of hydroqui-
none ethanol solution, 0.3 mL/min. The Ni-Sr/y-Al,03 catalyst showed
excellent stability during the 90 h test (Fig. 5). The conversion of hydro-
quinone first increased from 88.4% to 99.2% during the first 10 h and
then kept stable, implying that the catalyst needs a preliminary activa-
tion before it reaches the best activity. On the other hand, the selectivity
to 1,4-cyclohexanediol remained above 96.7% during the whole test.
Thus, the total yield of 1,4-cyclohexanediol is over 95.0% after the
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preliminary 10 h of activation, which is higher than the reported yields
in previous works.

4. Conclusion

A continuous process for the highly selective synthesis of 1,4-cyclo-
hexanediol via the hydrogenation of hydroquinone using nickel-based
catalysts is first established in this paper. A Ni-Sr/y-Al,03 catalyst was
found to have the best activity and selectivity among the catalysts stud-
ied. The conversion of hydroquinone was 99.2% under the optimal reac-
tion conditions and the selectivity to 1,4-cyclohexanediol remained
above 96.7% during the 90 h service life test over this catalyst. The
more active Ni° on its surface is believed to be responsible for its high
activity and the weak acidity, caused by the formation of SrCOs3, favors
its high selectivity to 1,4-cyclohexanediol. Due to its good activity and
stability, this continuous process involving a Ni-Sr/y-Al,03 catalyst is
not only economically viable but also potentially applicable to large-
scale reactions.
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