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a b s t r a c t

We have investigated a mild simple synthesis method for ring-opening coupling of liquid-phase cyclo-
hexane to diesel components using various sulfated metal oxides [SO4

2−/Fe2O3 (SF), SO4
2−/TiO2 (ST) and

SO4
2−/ZrO2 (SZ)] under low temperature (333 K) and atmospheric pressure. Neither solvent nor pro-

moters are needed in the reaction system so as to be a clean approach. Operating under these reaction
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conditions, a maximum activity of 6% was obtained with SF as catalyst, and a significantly high selectiv-
ity of 74.5% for nicer diesel components (n-C14–C18) was obtained simultaneously. Whereas, ST and SZ
displayed low activity for cyclohexane reaction. By utilization of the temperature-programmed desorp-
tion of ammonia (NH3-TPD) measurement and the N2 adsorption method, the results suggested that a
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iquid-phase
iesel fuel

satisfied acid strength di
with other catalysts, whi

. Introduction

In recent years, although global oil reserves have been increas-
ngly dwindled, the petroleum-derived fuels still play an important
ole in human society. In particular, the diesel fuel is increasingly
mbraced in public transportation, power generation, large instru-
ent, e.g. due to its excellent fuel efficiency [1–5]. Consequently,

o meet above consumption as well as the shortage of petroleum
esources, the expansion of diesel fuel production is to some extend
onsidered as a reasonable and effective strategy for exploiting
nsustained petroleum resources.

In general, the diesel fuel is a blend of liquid compounds derived
rom petroleum distillates, which is mainly made up of aliphatic
ydrocarbons containing 10–24 carbon atoms with boiling points

n the range of 150–400 ◦C [5]. Furthermore, diesel fuel is classified
ccording to its ignition quality as measured by cetane number
CN), and linear paraffins have the highest cetane number, fol-
owed by linear olefins, branched paraffins, and cycloparaffins, and
he lowest CN is obtained by aromatics [6]. On the other hand,
ycloalkane is an important component in conventional fuel (up
o 3% in gasoline and up to 35% in diesel fuel) [7], and many of
eports have described the cycloparaffins such as cyclohexane and

ethylcyclopentane, ring opening and isomerization reaction so

s to obtain high quality gasoline [8,9]. The main products for both
eactants are C6 branched isomers (n-hexane, 2-methylpentane,
nd 3-methylpentane). However, relatively little attention has been

∗ Corresponding author. Tel.: +86 29 85303324; fax: +86 29 85307774.
E-mail address: hzmachem@snnu.edu.cn (H. Ma).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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tion and high density of acid sites appeared in SF catalyst in comparison
y play an important role in the reaction.

© 2009 Elsevier B.V. All rights reserved.

paid to the chemistry involved in their ring-opening coupling
(ROC) reaction for producing high molecular weight alkanes in the
diesel range, which is an attractive scheme for upgrading low-value
cycloparaffins into the desired high-CN diesel component.

Up to now, numerous research has shown that the two reaction
of ring opening and coupling can be carried out by strong solid acid
catalysts [4,10–12]. Moreover, an appropriate distribution of acid
sites for catalysts is needed in order to avoid secondary cracking
that compete for the same active sites. Thus, in order to develop
ROC reactions, a catalyst with both strong acid strength and well
acid sites distribution is required. On the other hand, during the last
decade, sulfated metal oxides have been one of the most studied
solid acids owing to their strong acidity and high activity in various
organic reactions such as ring opening, coupling and alkylation at
mild temperatures [12–16]. Among various catalysts, sulfated zir-
conia, sulfated titania and sulfated iron oxide have attracted much
attention due to their superacidity and high activity in low tem-
perature, of which H0 < −16, H0 < −14 and H0 < −12 (the Hammett
function scale), in sequence [14–16].

Herein, we focus on the ROC of cyclohexane with SO4
2−/Fe2O3

(SF), SO4
2−/TiO2 (ST) and SO4

2−/ZrO2 (SZ) as catalysts under mild
conditions, and attempt to carry out the selective conversion of
cyclohexane to alkanes in the diesel range. The purpose of our
paper is to ascertain if above-mentioned sulfated oxides can act
as effective catalysts for ROC of cyclohexane to diesel component

under mild conditions. In addition, in order to compare the roles of
various catalysts for cyclohexane conversion, various techniques
such as X-ray diffraction (XRD), Fourier transform infrared spec-
troscopy (FT-IR) and energy dispersive X-ray spectroscopy (EDX)
were employed to characterize catalysts.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hzmachem@snnu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.11.036
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. Experimental

.1. Catalyst preparation

All chemicals used in the experiment were analytically
ure grade without any further purification. ZrOCl2·8H2O,
e(NO3)3·9H2O and TiC14 were purchased from Shanghai Reagent
o., China, and polyethylene glycol, ethanol and cyclohexane were
btained from Xi’an Reagent Co.

Zirconium hydroxide samples were prepared by modified pre-
ipitation method as follow, and similar method has been reported
y Martínez et al. [17]. An aqueous solution of zirconium oxychlo-
ide (1.34 M) and aqueous ammonia (25%) were added concurrently
ropwise to a stirred aqueous polyethylene glycol up to pH 9 in

ce-water bath. The obtained precipitates were aged at ambient
emperature and atmospheric pressure for 24 h. Then, the precip-
tates were filtrated, washed with distilled water thoroughly until
reed from chloride ions and dried at 373 K for 24 h. The precipitate
f iron hydroxide was also obtained according to the procedures
escribed above, using Fe(NO3)3·9H2O (2.5 M) as a source of iron

ons.
The H4TiO4 was prepared by hydrolyzing TiC14 as follows. In the

rst stage, a solution of titanium tetrachloride (30 mL) was added
rop-by-drop to a stirred anhydrous ethanol up to the hydroxide sol
btained in ice-water bath. In the second stage, aqueous ammonia
as added dropwise to above system until pH 8. Other procedures
ere carried through as above.

The sulfated metal oxides were obtained by sulfating the amor-
hous hydroxides with 1.0 M sulfuric acid solution (4 mL acid
olution per 1 g sample) at room temperature for 2 h with agita-
ion so as to obtain a 9 wt.% S, followed by solvent evaporation and
rying (one step) and calcined in a muffle furnace at 500 ◦C for 3 h
ST, SF) and at 550 ◦C for 3 h (SZ).

.2. Reaction procedure

In this paper, the ROC of cyclohexane over SZ, ST and SF under
ild conditions was carried out under the following typical proce-

ures. The reactant, cyclohexane (100 mL) and catalyst (5 g) were
harged into a simple slurry reactor system (Pyrex glass, 150 mL)
t 333 K and atmospheric pressure in the air, and the agitation rate
uring reaction was maintained at 150 rpm. Prior to the reaction,
he catalyst was activated at 363 K for 1.0 h in dry air. The reaction

ixtures were drawn out at regular intervals and analyzed by gas
hromatography–mass spectrometry (GC–MS, QP2010, Japan, DB-
MS 30 m/0.25 mm/250 mm polyethyleneglycol column), and the
eak of reactant was taken off in order to prevent overload of MS
etector during GC–MS testing. Each catalyst test was performed
or a period of at least 6 h. Analysis of numerous products obtained
n this conversion is not straightforward, and many standard com-
ounds were used to confirm the identity of the compounds. The
onditions of chromatography: injection temperature, 280 ◦C; ini-
ial temperature, 50 ◦C for 2 min; ramp 1, 7.0 ◦C/min to 280 ◦C, held
or 5 min. Moreover, the amount of reaction products was ana-
yzed by the same GC with FID, using the iso-octane as an internal
tandard.

Conversion at reaction time t is calculated on the consumed
yclohexane (C0 represents the initial concentration of cyclohex-
ne, whereas Ct represents the concentration of cyclohexane at

eaction time t):

onversion % = C0 − Ct

C0
× 100%
Fig. 1. X-ray diffraction patterns of sulfated metal oxides: (A) SZ calcined at 550 ◦C
for 3 h, (B) ST and (C) SF calcined at 500 ◦C for 3 h.

2.3. Catalyst characterization

XRD analyses were performed to characterize the bulk proper-
ties of the catalysts. XRD patterns of the as-prepared samples were
collected with a Rigaku D/max-�A rotation anode X-ray diffrac-
tometer (Cu K�, � = 0.15418 nm). The pattern for the structure
refinement was taken in a 2� range of 20–80◦ with a step width
of 0.02◦ (2�). The infrared absorptions were studied adopting FT-IR
spectrometer (Nicolet Avatar360E) for investigating the nature of
bonding of sulfate ion on the catalysts, and the IR spectra of cata-
lyst was recorded at room temperature on a 5% sample of KBr disk.
Before disks were made, all the samples were degassed at 383 K for
1 h in vacuum. The temperature-programmed desorption of ammo-
nia (NH3-TPD) measurement was carried on an AutoChem II 2920
instrument (Micromeritics, USA) for comparing the relative acid
strengths and acidic sites of sulfated samples. Prior to TPD studies,
a sample of 0.1 g was first pretreated in pure Ar at 773 K for 60 min,
then cooled to 373 K and saturated at this temperature with anhy-
drous ammonia gas (10% in Ar) for 30 min. Weakly adsorbed NH3
was eliminated by treatment under Ar at the same temperature
for 60 min. The NH3-TPD profile was recorded with a thermal con-
ductivity detector with a heating rate of 10 K min−1 from 373 to
873 K in an Ar flow. The surface area of the catalysts was measured
using nitrogen adsorption at 77 K and the Brunauer–Emmett–Teller
(BET) method using a Micrometerics ASAP2020 system. The sig-
nals of surface elements were detected by EDX (Oxford Instruments
Microanalysis 1350) mapping method.

3. Results and discussion

3.1. Characterization of sulfated metal oxides

The X-ray powder diffraction patterns of sulfated oxides sam-
ples (Fe, Ti, Zr) are shown in Fig. 1. Although it can been seen
that the hematite phase of Fe2O3 (PDF-ICDD 89-2810), the anatase
phase of TiO2 (PDF-ICDD 89-4921) and the tetragonal phase of
ZrO2 (PDF-ICDD 88-1007) appear to XRD diffraction, all the samples
exhibit weak intensity and broad diffraction patterns due to poor
crystalline state and small particles possibly. Moreover, no diffrac-
tion peaks due to corresponding metal sulfate compounds appear.
Several papers have reported that impregnated sulfate ions retard
crystallization process from amorphous to crystalline and prevent

crystallite agglomeration during calcination so that high surface
area are obtained in samples [18–20], which is in line with the BET
results.

The results of IR spectra of sulfated oxides are presented in Fig. 2.
Four shoulder bands at 1207, 1125, 1039 and 985 cm−1 appear in
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Table 1
Products distribution in ROC of cyclohexane over various catalysts.a.

Catalyst Products selectivity (%)b Nicer diesel components yield (%)c

n-C14 n-C15 n-C16 n-C17 n-C18

SF 9.5 8.2 23.4 6.2 27.2 18.6 4.47
ST 6 4.3 11.4 8.4 14.8 41.6 1.8
SZ d

0 min.

t
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a Reaction conditions: reaction temperature 333 K and atmospheric pressure, 36
b The selectivity is based on mol%.
c Nicer diesel components are the sum of n-C14–C18.
d Too low amounts for a reliable value.

he curve of SF sample calcined at 500 ◦C, correspond to the charac-
eristic frequencies of bidentate sulfate ion coordinated to the metal
uch as Zr, Ti [16,21–23]. The similar absorption bands at 1213, 1131
nd 1039 cm−1 are also possessed by the ST sample. However, only
broad band at 1128–1042 cm−1 appear in the curve of SZ, which

an be due to the overlapping of the ZrO2 skeletal vibration [23]. In
eneral, for the metal oxides modified with sulfate ions followed by
vacuation above 400 ◦C, a strong band assigned to S O asymmetric
tretching frequency of SO4

2− can be observed at 1300–1400 cm−1

16,23], which is believed to be a driving force in the generation of
uperacidic property on sulfated metal oxides. Herein, except the
and at 1391 cm−1 in the ST sample can be observed, the corre-
ponding bands can be hardly seen in other samples, which may be
ue to the absorded H2O molecules on the surface of samples. Sim-

lar findings were reported by Babou et al. and Sohn et al. [22,23].

.2. Catalytic properties

The conversion of cyclohexane was determined over various
atalysts at 333 K and atmospheric pressure; the activities of sul-
ated metal oxides catalysts are shown in Fig. 3 as a function of
eaction time. It shows that although the catalysts of SF and ST
isplay similar trend in catalytic activities both initial activities
nd steady activities, SZ shows a significantly lower activity in
omparison with above two catalysts. The activity after 360 min
as found to be different for all samples, and a maximum con-

ersion of 6% was obtained on SF, whereas SZ gave a lowest

onversion of 0.9% in the same conditions. From these results it
s readily apparent that the SF is more active than other catalyst
t these conditions. Furthermore, the cyclohexane conversion did
ot increase steadily with the reaction time prolongation in ST

ig. 2. FT-IR spectra of various catalysts: (A) SO4
2−/ZrO2 (SZ), (B) SO4

2−/TiO2 (ST)
nd (C) SO4

2−/Fe2O3 (SF).
and SF, and a dramatically increase of conversion can be observed
after 240 min in above systems that could not be observed for
SZ, indicating an induction period for ROC of cyclohexane may
appear at the beginning of the reaction. It is consistent with the
reported fact that an slow induction period can be observed in
catalytic performance of sulfated metal oxides with alkanes under
low temperature [24–26], which involve a redox mechanism that
result in a formation of olefins on the catalyst surface. On the
other hand, the results for products distribution obtained in various
catalysts are presented in Table 1, where data are taken at reac-
tion time of 360 min. The major products of ROC of cyclohexane
are tetradecane, pentadecane, hexadecane, heptadecane, octade-
cane and 1-(cyclohexylmethyl)-2-methylcyclohexane with only
trace amounts of 3,7-dimethylnonane, 2,6,10-trimethyldodecane
and 1-tert-butyl-4-methylcyclohexane, indicating desired diesel
components are synthesized over prepared catalysts under mild
conditions, and other products are not observed in the case of these
catalysts after 360 min. Moreover, SF exhibits a similar products
distribution to ST but the highest diesel component yield (5.6%)
among all catalysts tested in this investigation so that SF is the best
catalyst in our work in terms of diesel component production (the
GC–MS results of SF is shown in Fig. 4).

On the other hand, the strong adsorption phenomena of reac-
tion molecules may occur on catalyst surface, which were hardly
desorbed at low temperature in our investigation. This result was
coincident with EDX analysis, where the concentration of carbon
element reached to 35.6 mol% on used SF catalyst that was not
detected in fresh catalyst. Additionally, this result also indicated

the conversion values at the initial stages may be false by the
carbon balance disturbance, similar discussion has been reported
by Lutecki and Breitkopf [26]. Moreover, the observed carbon on
used catalyst may also indicated that deactivation occurred during

Fig. 3. Conversions of cyclohexane over various catalysts in function of reaction
time. Solid square, SZ; solid circle, ST; solid triangle, SF.
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Fig. 4. The total ion chromatogram of the products for SF (360 min), and corresponding MS Date. m/e (relative intensity): (1) Tetradecane, 40(0.7), 41(43.5), 42(13), 43(80.2),
44(2), 53(0.8), 55(21.5), 56(19.8), 57(100), 58(3.6), 67(2.7), 69(7.2), 70(12.7), 71(66.3), 72(2.2), 82(0.8), 83(9), 84(8.2), 85(39.4), 86(0.8), 97(4.4), 98(4.1), 99(8.8), 112(3.2),
113(4), 126(1.8), 127(1.00), 140(0.8), 141(0.8), 198(1). (2) Pentadecane, 41(38.6), 42(13.5), 43(72.1), 55(16.2), 56(24.1), 57(100), 58(5.2), 66(5.5), 69(6.2), 70(14), 71(52.6),
72(2.5), 81(3.2), 83(11.7), 84(8.8), 85(50.6), 95(2.1), 97(9.8), 98(3), 99(10.6), 111(1), 112(2.5), 113(6), 126(2.1), 127(2.2), 212(1). (3) Hexadecane, 40(3.8), 41(32.4), 42(8.1),
43(66.3), 44(3.7), 53(1), 54(1.4), 55(17.9), 56(16), 57(100), 58(3.8), 66(3.1), 68(1.1), 69(15.4), 70(10), 71(53.1), 72(2.5), 81(1.3), 82(1.8), 83(8.6), 84(5.7), 85(36.2), 86(1.9),
95(0.3), 96(0.3), 97(6.3), 98(3.9), 99(9.6), 100(0.6), 111(1.7), 112(2.6), 113(5), 126(2.4), 127(3.6), 140(1.8), 141(1.8), 154(0.8), 155(1.5), 169(0.7), 226(2). (4) Heptadecane,
39(4.6), 41(40.1), 42(12.8), 43(70.9), 44(3.3), 55(14.3), 56(23.3), 57(100), 58(5), 69(6.5), 70(15.4), 71(2), 72(1.8), 81(2.8), 82(1.4), 83(14.4), 84(9), 85(39), 98(3.2), 99(16.1),
111(4.5), 112(1.4), 113(7.6), 127(3.5), 141(1.5). (5) 1-(Cyclohexylmethyl)-2-methylcyclohexane, 41(21.3), 42(1.9), 43(22.4), 53(3.8), 55(19.3), 56(1.1), 57(57.5), 58(3.3),
67(9.3), 68(0.6), 69(14), 70(3), 77(2.1), 79(6.5), 81(17.9), 82(12.6), 83(13.6), 84(6.2), 91(3.3), 93(3.2), 95(9.9), 96(8.7), 97(100), 98(12.2), 99(22), 100(1.2), 105(0.5), 107(3.1),
1 8(5.9)
4 0), 58
8 (3.4),
1
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On the other hand, all samples display approximate total inte-
grated area corresponds to the mass amount of desorbed NH3,
which are proportional to total acidities of samples. Moreover,
considering different BET areas of catalysts, it is readily appar-
09(9.9), 110(2.7), 111(11.4), 112(1.9), 123(18.6), 124(5.1), 125(5.2), 137(11.6), 13
0(0.3), 41(31.9), 42(10.5), 43(71.2), 44(4.4), 53(1), 54(1.8), 55(18.4), 56(11.2), 57(10
5(39.1), 86(2.5), 96(1.3), 97(12.1), 98(4), 99(14.2), 100(0.6), 109(0.3), 110(0.3), 111
68(0.6), 169(1.6), 183(1), 197(0.6), 254(2.3).

atalytic cycle so that a low conversion was obtained through-
ut reaction process, and above phenomena was also discussed by
utecki and Breitkopf [26]. According to the unusual product distri-
ution in this case, it implied the reaction path on prepared catalyst
id not proceed via the typical monomolecular or the bimolecular
echanism which play an important role in catalytic performance

f sulfated metal oxides. It may be conceivable that small molecules
s the intermediate species from cyclohexane ring opening on cata-
yst by the redox mechanism may undergo similar oligomerization
r coupling on other active sites, resulting in long chain hydrocar-
on. Analogous reactions over SO4

2−/MxOy have been reported in
he literatures [12,27]. In view of this point, the acidity of cata-
yst may be an indication towards the explanation of complicated
nterplay of reaction path and active centres on catalyst, although
he observation of possible intermediates is very difficult at this

oment for the special catalytic behavior which will be investi-
ated further.

The acidity is one of the important properties required from
ulfated oxides used as catalysts, which plays a major role in the
rocess of ring opening and coupling reaction, and the NH3-TPD is
simple method widely used for investigating both the strength

nd number of acid sites present on the surface of an acidic solid.
urthermore, it should be pointed out that although partial sulfate
roups may decompose at high temperature during TPD testing,
mmonia is an acceptable probe molecule for qualitative analysis
f the acidic properties of solid catalysts in our experimental con-
itions, which is consistent with previous works [28,29]. Different
H3-TPD profiles are obtained for all sulfated oxides in Fig. 5 and

he corresponding total acidity results based on the integrated area
nder the TPD curve to the mass amount of desorbed NH3 are pre-
ented in Table 2. It can be observed markedly that a broad NH3
esorption profile in the range 100–470 ◦C with two desorption

aximum around 185 and 370 ◦C, respectively, appears in the case

f SF sample, corresponding to ammonia chemisorbed on weak
nd medium acid sites, respectively [13,16]. Additionally, a high
emperature desorption peak about 490–590 ◦C also appears in the
urve of SF, indicating the formation of superacid sites [13,16],
, 139(0.5), 151(4.2), 165(3), 179(8.4), 180(6.9), 193(0.5), 292(1.3). (6) Octadecane,
(4.6), 67(4.6), 68(1.8), 69(11.7), 70(12.9), 71(67.7), 72(3.5), 82(2.6), 83(3.1), 84(6.9),
112(3.1), 113(8.9), 125(1), 126(2.4), 127(5.3), 140(1.9), 141(3.1), 154(1.4), 155(2.1),

although the high temperature peak may also contain the partial
decomposition of the sulfate ions. Whereas, the desorption patterns
of SZ show different shapes to that of SF, only a broad peak with
maximum intensity about 250 ◦C and a high temperature desorp-
tion peak between 515 and 570 ◦C appear. Furthermore, a different
high temperature desorption peak with two desorption maximum
around 450 and 510 ◦C is present in the curve of ST sample. By
comparing various TPD-profiles, it is seen that although all sam-
ples have both weak and superacid acid sites, only SF has a notable
high concentration of acid sites with the medium strength, indi-
cating a more broad acid strength distribution is presented in SF.
Thus, in view of various catalysts activities, it may be reasonable
to infer that broad acid strength distribution for SF account for its
high activity in the ROC of cyclohexane under mild conditions.
Fig. 5. The profiles for temperature-programmed desorption of ammonia on various
sulfated oxides.
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Table 2
Physico-chemical characterization and acid properties of prepared samples.

Samples SBET (m2 g−1)a DBJH (nm)b Crystallite size (nm)c S/M (mole rate)d Integrated areae

SF 55 6.23 0.253 0.12 2256.4
ST 103 2.68 0.351 0.13 2258.9
SZ 115 2.33 0.295 0.17 2259.2

a BET surface area calculated from the linear part of the BET plot (P/P0 = 0.2).
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[

[

Average pore diameter, estimated using the desorption branch of the isotherm
c Average crystal size of hematite–Fe2O3, anatase–TiO2 or tetragonal–ZrO2, estim
d The mole rate of S to metal element on the surface of various samples determin
e Integrated area under the TPD curve corresponds to the mass amount of desorb

nt that a maximum total number of acid sites per unit area is
btained in SF. In combination with the results of reaction prod-
cts, it may be reasonable to infer that high density of acid sites
nd large pore diameter can promote the catalytic reaction of cyclo-
exane towards diesel components, which raise the possibility of

nteraction between intermediates from ring opening, leading to
ormation of long chain hydrocarbon. It should be noted that the
resumed ring opening, oligomerization and coupling reaction in
his catalytic cycle involve complicated interplay of reactant on var-
ous active sites of catalyst surface, including Lewis and Brønsted
ites, which has been reported in the literature [27,30,31]. Besides,
ince all the samples are not remarkably active, it seems that exter-
al surface and big porous region are mainly responsible for the
atalytic sites, whereas internal areas derived from small pore are
nactive in the reaction. Perhaps, the high reactivity of SF is related
o its largest external surface in comparison with other catalysts.
hus, although SZ has strong acid strength and largest BET area, it
s inactive in ROC of cyclohexane. The point to emphasize here is
hat the adsorbed carbon on surface active sites may also restrict
he increasing of conversion, leading to catalyst deactivation. In
his regard, the used catalyst was regenerated by calcination at
23 K for 3 h, which was then employed at the same reaction con-
itions twice. The conversion was almost unchanged during two
uns, indicating the regenerated catalyst has almost the same activ-
ty as the fresh catalyst. In addition, it is interesting to compare this
nvestigation with our previous work [32], although SF display less
yclohexane conversion than V-promoted sulfated ZrO2, it is more
nvironmentally benign and low-cost, and our work also confirms
hat diesel components can be produced without air flow.

. Conclusion

Overall, we have demonstrated the potential of ROC process
or making high molecular weight alkanes in the diesel range
ne-step from liquid-phase cyclohexane over SO4

2−/MxOy (M = Zr,
i, Fe) under mild conditions. Moreover, it is interesting to find
hat SO4

2−/Fe2O3 is capable of catalyzing the ROC of cyclohex-
ne into diesel components with highest activity in comparison
ith other catalysts. In addition, this process is environmentally

enign as it occurs at low temperature (333 K) and atmospheric
ressure and solid acids eliminate the toxic and corrosive proper-
ies. However, one of the shortcomings for this catalyzed process
ith SO4

2−/Fe2O3 is that the conversion is not high, future work on
he ROC of cyclohexane requires to find well support to load above
atalyst in order to increase the conversion. In summary, this work
epresents a new advance in the greening of ring-opening coupling
rocess used to transfer cyclohexane to nicer diesel components.
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