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Cumene is an important intermediate and chemical in chemical industry. In this work,
directional preparation of cumene using lignin was achieved by a three-step cascade process.
The mixture aromatics were first produced by the catalytic pyrolysis of lignin at 450 °C
over 1%Zn/HZSM-5 catalyst, monocyclic aromatics with the selectivity of 85.7 wt% were
obtained. Then, the catalytic dealkylation of heavier aromatics resulted in benzene-rich aro-
matics with 93.6 wt% benzene at 600 °C over HfS catalyst. Finally, the cumene synthesis
was performed by the aromatic alkylation, giving cumene selectivity of 91.6 C-mol% using
the [bmim|CIl-2A1Cl; ionic liquid at room temperature for 15 min. Besides, adding a small
amount of methanol to the feed can efficiently suppress the coke yield and enhance the aro-
matics yield. The proposed transformation potentially provides a useful route for production

of cumene using renewable lignin.
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l. INTRODUCTION

Over the past decade, the development of alterna-
tive bio-fuels or bio-chemicals from renewable biomass
has stimulated significant interest, mainly because of
its potential environmental benefits and the contin-
ual decrease in fossil sources [1-3]. Lignin, a natural
polymer consisting of phenylpropane type units bonded
through several different C—O and C—C linkages, is a
main constituent of lignocellulosic biomass. Consider-
ing its aromatic structure characteristics, lignin can be
used potentially as a plentiful and renewable starting
material for the production of green aromatics [1-6].
So far, there has been considerable work involved in
the lignin chemistry as well as its utilization by means
of lignin hydrogenation reduction, oxidation, pyrolysis,
catalytic pyrolysis, aqueous phase reforming, or enzy-
matic conversion [2, 7-10]. Catalytic pyrolysis of lignin
over zeolites, for instance, has been widely investigated,
mainly producing a variety of the mixture aromatics
such as benzene, alkylbenzenes, naphthalenes and in-
denes [5, 7, 10-13]. Another typical conversion route
for lignin use is the hydrogenation of lignin, which in-
volves lignin depolymerization followed by the removal
of the functionality of the lignin subunits to form sim-
pler monomeric compounds. The products, depend-
ing on catalysts and reaction conditions, generally con-
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tain a wide range of compounds such as phenols, aro-
matics, alkanes, and low oligomers [8, 14-16]. And
the directional transformation of lignin into the desired
chemicals is still a challenging task.

Cumene is an important basic organic chemical raw
material that is mainly used for the production of phe-
nol and acetone, and more than 90% of the worldwide
phenol production is based on the cumene process [17—
19]. Besides, cumene is also in demand for the man-
ufacture of bisphenol-A, a-methylstyrene, cymene, the
synthesis of perfume and the additive for high octane
number of fuel oil and so on [17]. Currently, the capac-
ity of cumene production throughout the world, which
is only 9.5 million mt/yr by the end of 1998 and up to
550.0 mt/yr in 2014, has increased significantly [20, 21].
Traditionally, cumene is prepared by the isopropyla-
tion of benzene with propylene or isopropanol (namely
the Friedel-Craft alkylation reactions) [21-23]. For ex-
ample, UOP’s Cumox process and Monsanto-Lummus
cumene process are the two typical technique widely
used on industrial scale. Cumox process is conducted
in the mixture reaction system of propylene with ex-
cess benzene using solid phosphoric acid catalyst, offer-
ing a high propylene conversion and high selectivity of
cumene [22]. For the Monsanto-Lummus process, dry
benzene and propylene are reacted through the alkyla-
tion reaction under low benzene recycle ratio using the
AlCl3-HCI catalyst, and this process produces the low-
est cost [22]. However, the traditional technique of the
cumene production may suffer from some problems such
as equipment corrosion and pollutant discharge due to
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the use of strong acid catalysts. Alternatively, the use of
zeolite catalysts offers an environmentally friendly route
to produce cumene, which can achieve a high selectivity
of the desired product through pore size and acidity
control [17, 24-27]. The ZSM-5 catalyst is one of the
most promising candidates for the selective conversion
of benzene into cumene. Other zeolites with different
structures and acidities have also been investigated in
alkylation of benzene, such as beta, mordenite, TNU-
9 and SSZ-33 [27]. The remaining challenges for the
production of cumene by the benzene alkylation using
zeolite catalysts include improving the selectivity and
yield of the target product, especially enhancing the
benzene conversion.

As far as we know, there is no report regarding direc-
tional production of cumene from lignin. In this work,
we demonstrated that lignin was directionally converted
into cumene by a three-step process. This process in-
cluded the catalytic pyrolysis of lignin into the mixture
aromatics, followed by the dealkylation of aromatics to
benzene-rich aromatics and the alkylation of benzene-
rich aromatics to cumene by room-temperature liquid
phase reactions using the ionic liquid catalysts. Poten-
tially, the proposed cumene synthesis route provides a
useful way for the production of the basic petrochem-
ical material and of the high-value chemical using the
abundant natural aromatic resource of lignin.

Il. EXPERIMENTS
A. Materials

The lignin was purchased from Lanxu Biotechnology
Co. Ltd. (Hefei, China). It was a brown and sulfur-
free lignin powder manufactured from wheat straw.
And the lignin contained carbon of 63.18 wt%, hydro-
gen of 5.72 wt%, oxygen of 29.45 wt% and nitrogen of
1.65 wt%, which was carried out by the elemental anal-
ysis with an elemental analyzer (Vario EL-III, Elemen-
tar, Germany). All analytical reagents used were pur-
chased from Sinopharm Chemical Reagent Company
Ltd. (Shanghai, China).

B. Catalysts preparation and characterization

The zeolite catalysts including HZSM-5, HfB, and
Re/HY were supplied by Nankai University catalyst
Co., Ltd. (Tianjin, China). Prior to use, the zeolite
catalysts were calcined at 550 °C for 4 h at nitrogen at-
mosphere. The catalyst of 1%Zn/HZSM-5 was prepared
by the impregnation method. The HZSM-5 zeolite was
impregnated in the corresponding zinc nitrate solution
over night, followed by rotary-evaporation at 60 °C, and
drying at 110 °C for 6 h. Finally, the dried sample was
calcined at 550 °C for 5 h, and crushed to 40—60 mesh.
The [bmim]Cl-2zAlCl3 (r=1-2) (bmim refers to 1-butyl-
3-methylimidazolium chloroaluminate) ionic liquid was
prepared by the same method described in our previous
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TABLE I Main properties of the catalysts. Si/Alis the ratio
of silicon to aluminum in the zeolites, Sprr is Brunauer-
Emmett-Teller surface area in m?/g and V; is pore vol-
ume in cm®/g. The acid density was estimated by the
Gaussian fitting of NH3-TPD profiles. Total acidity is in
pumol NHs/gcat.

Catalysts Si/Al  Sger Vo Total acidity
HZSM-5 25 413.2 0.27 580.6
1%Zn/HZSM-5 25 396.1 0.25 549.5
3%Re/HY 5 532.6 0.37 982.8
Hp 26 745.0 0.47 750.0
work [28]. Briefly, [bmim]Cl was first prepared by the

reactions of N-methylimidazolium with 1-chlorobutane
at the temperature of 80—85 °C for 24 h. Then the mix-
ture was cooled to room temperature, and the unreacted
reactants were removed using a rotary evaporator. The
resulting imidazolium salt was washed using acetonitrile
as solvent, and dried in a vacuum drying box to remove
the residual solvent and water. Finally, the ionic liquid
of [bmim|Cl-2zAlICl3 (x=1-2) was prepared by slowly
adding the dried aluminum chloride to the imidazolium
salt with a given molar ratio of 1.0—2.0 between AlCl;
and [bmim|Cl and stirring overnight. The ionic liquid,
once prepared, was stored in a dry nitrogen atmosphere.
The metallic element contents in the catalysts
were determined by inductively coupled plasma and
atomic emission spectroscopy (ICP/AES, Atomscan
Advantage, Thermo Jarrell Ash Corporation, USA).
The zeolite catalysts were also characterized by
No adsorption/desorption and ammonia temperature-
programmed desorption (NH3-TPD) analyses [29].
Typically, the Ny adsorption/desorption isotherms of
the catalysts were performed at 77 K using the Mi-
cromeritics ASAP 2020 V3.00 analyzer. The acidity of
the catalysts was measured by NH3-TPD from 100 °C
to 800 °C with a heating rate of 10 °C/min. Main
properties of the catalysts were summarized in Table I.
Moreover, acidity characterizations of the ionic liquid
were carried out by infrared spectroscopy (Bruker Ten-
sor 27 FT-IR spectrometer) using pyridine as the prober
molecule of Lewis and Bronsted acid at room temper-
ature. The samples were prepared by mixing pyridine
and the ionic liquid in a volume ratio of 5:1, and then
smeared into liquid films on KBr windows. All spectra
were acquired at a 1 cm ™! resolution with a total of 16
scans. The 'H NMR and 2” Al NMR measurements were
carried on a high-resolution liquid nuclear magnetic res-
onance spectrometer (Bruker Avance 300 MHz).

C. Procedures for production of cumene using lignin

The lignin was directionally converted into cumene
by a three-step process under atmospheric pressure, in-
cluding the catalytic pyrolysis of lignin into the mixed
aromatics (first step), the dealkylation of the alkylaro-
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matic compounds to benzene (second step), and the
alkylation of the benzene-rich aromatics to cumene by
the low-temperature liquid phase reactions (third step).

In the first step, the production of aromatics by the
catalytic pyrolysis of lignin was performed in the con-
tinuous flow pyrolysis reactor using the 1%Zn/HZSM-5
catalyst [30, 31]. The system was mainly composed of a
tube reactor, a feeder for solid reactants, two condensers
and a gas analyzer. Before each run, the reactor was
flushed with nitrogen (300 mL/min) for 2 h, and was
externally heated to a given temperature by the car-
borundum heater. To reduce the coke deposition and
the deactivation of the catalysts, co-feeding lignin with
methanol was conducted in this step. Generally, the
catalytic pyrolysis experiments were carried out under
the following reaction conditions: 400—550 °C , Ny gas
flow rate of 200 mL/min, and the methanol content of
0—50 wt% in the lignin/methanol mixture. The organic
liquid products (named as catalytic pyrolysis oil, CPO)
were collected by two condensers, weighed and analyzed
by a GC-MS mass spectrometer.

In the second step, the catalytic dealkylation of alky-
laromatic compounds (namely CPO) to benzene was
conducted over the zeolite catalysts (HZSM-5, HS, and
Re/HY). The dealkylation reactions were run in a fixed-
bed reactor, similar to the procedures described in the
first step. Typical reaction condition for the catalytic
dealkylation process was as follows: temperature of
560 °C, space velocity of 0.5 h™!, and the methanol
content of 30 wt% in the CPO/methanol mixture. The
resulting organic liquid products (named as catalytic
dealkylation aromatics, CDA) were collected by two
condensers, weighed, and analyzed by a GC-MS mass
spectrometer.

In the third step, the alkylation of rich-benzene aro-
matics of CDA to cumene was conducted by the low-
temperature liquid phase reactions using the catalysts
of ionic liquid, in which propylene was used as an alky-
lating agent. The alkylation reactions were run in
batch mode in a 20-mL reactor equipped with a gas-
inlet, a reflux cooler, sampling exit and a magnetic
stirrer under the following reaction conditions: mass
ratio of CDA/catalyst of 4:1, propylene flow rate (f)
of 30 mL/min, temperature of 20—80 °C and time of
5—90 min. At the end of the reactions, the products
on the upper layer were separated from the ionic lig-
uid catalyst at the bottom of the flask by decantation,
weighted and analyzed.

D. Products analysis and evaluation

The gas products obtained in each run were ana-
lyzed using a gas chromatograph (GC-SP6890, Shan-
dong Lunan Co., Ltd., China). The gas chromatograph
equipped with two detectors: a TCD for analysis of Ho,
CO, CH4, and CO5 separated on TDX-01 column and a
FID for gas hydrocarbons separated on Porapak Q col-
umn. The moles of the gas products were determined
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by the normalization method with standard gases. The
compositions of the liquid products were analyzed by
GC-MS (Thermo Trace GC/ISQ MS, USA; FID detec-
tor with a TR-5 capillary column). The moles of main
organic liquid products were determined by the normal-
ization method with standard samples and a known con-
centration. The conversion, yield, selectivity and distri-
bution of the products were calculated as described in
our previous work [30, 31].

_ Mass in gas, liquid or solid products

Yi= Mass fed in <100
' St s ™
" Sl o O
V=1 ot e resctat fel % 100% ()
, — Carbon moles in a product ) 0, (5)

~ Carbon moles in all products

where Y;, Yj, Yy, Y, and S; are overall weight yields,
liquid products distribution, distribution of gas prod-
ucts, conversion, and selectivity of products. All the
tests were repeated three times and the reported data
are the mean values of three trials.

I1l. RESULTS AND DISCUSSION

A. Transformation of lignin into aromatics

To produce cumene from the lignin, first of all, the
transformation of lignin into aromatics is required. This
conversion was conducted through the catalytic depoly-
merization and deoxygenation of lignin over the selected
1%Zn/HZSM-5 catalyst. As shown in FIG. 1(a), co-
feeding lignin with methanol significantly decreased the
formation of coke and tar, as a result, enhanced the
yield of the resulting organic liquid products (namely
CPO) as well as the gas products. For example, the
yield of coke and tar derived from the catalytic pyrolysis
of lignin was 40.2 wt%, and reduced to 27.2 wt% when
co-feeding lignin and methanol with the mass ratio of
1:1. Adding methanol into lignin also changed the aro-
matic distribution in the aromatics (FIG. 1(b)). With-
out adding methanol, the composition of CPO obtained
from the lignin essentially consisted of 17.3 wt% ben-
zene, 27.9 wt% toluene, 26.2 wt% xylenes and 15.5 wt%
naphthalenes. For co-feeding lignin with methanol,
however, the content of benzene was obviously de-
creased accompanied by the increase in contents of
toluene and xylenes, indicating that part of benzene
was converted into toluene and xylenes by the methyla-
tion process. Besides, adding methanol into the lignin
also suppressed the formation of polycyclic aromatics
caused by the polymerization of aromatics. Consider-
ing that methanol itself also formed aromatics by the
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FIG. 1 The effect of co-feeding methanol (MeOH) on the production of aromatics by the catalytic pyrolysis of lignin (LN)
over 1%Zn/HZSM-5. Reaction conditions: the weight ratio of catalyst to lignin of 2 at 450 °C. CPO: catalytic pyrolysis oil.
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40
() M CPO [ Coke/tar . ® [CIBenzene IMXylenes E3Toluene (c)CJ Hydrogen MMl Gas alkenes
[ Gas % [C1Others B Indene RNSNaphthalene| 32 0k [IMethane ERRGas alkanes
30f 5 Methylnaphtalene ‘E NN Carbon oxides
& 40t H %
§ 95 E EO 30r N N §
H H N \
5 208 g : : : = \ \ \ \
= 2 : : g s N \ N N
® E g g : Z 20F EN \ N N
2 2 20} : : : 27T IR \ \ \
L 2 & : H : = N B N
1 A : : £ H A 10 § s § o § §
£ . H £ N INEK |IN \
H : £ £ \I X INE INE [N
0 H : : : LINEK INK INR N L.
400 450 500 550 400 450 500 550
Temperature / °C Temperature / °C Temperature / °C

FIG. 2 Effect of temperature on the production of aromatics by the catalytic pyrolysis of lignin/methanol mixture over
1%Zn/HZSM-5. Reaction conditions: the weight ratio of catalyst to lignin=2, lignin/methanol=1:1, T=400—550 °C. (a)

Yield, (b) distribution of CPO, (c) distribution of gas.

aromatization of methanol, as a result, the CPO dis-
tribution for co-feeding methanol with lignin was de-
termined by the competitive reaction pathways, mainly
including the catalytic pyrolysis of lignin, aromatiza-
tion of methanol, methylation of aromatics and poly-
merization of aromatics [13, 32, 33]. In addition, adding
methanol increased the gas products of Hs, alkenes and
alkanes, along with the decline of carbon oxides and
methane. So methanol also influenced the distribution
of gas.

FIG. 2 shows the effect of temperature on the pro-
duction of aromatics by the catalytic pyrolysis of
lignin/methanol mixture over 1%Zn/HZSM-5 catalyst.
Increasing the reaction temperatures resulted in the de-
crease in the yields of CPO and coke/tar, accompanied
by the increase in the gas yield (FIG. 2(a)). This in-
dicates that high temperatures enhance the catalytic
depolymerization and gasification of lignin, and reduce
the polymerization of aromatics. For the distribution of
organic liquid products (FIG. 2(b)), the CPO consisted
primarily of C4—Cg monocyclic aromatics and a small
amount of polycyclic aromatics. For example, the typi-
cal CPO obtained at 450 °C contained 8.4 wt% benzene,
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30.2 wt% toluene and 47.1 wt% xylenes. These mixed
aromatics mainly originated from the C—C and C—-O
bonds cleavage of lignin together with the decarboxyla-
tion, decarbonylation, dehydration, aromatization and
polymerization over the zeolite catalyst [34-36]. No-
tably, the formation of benzene and toluene increased
with increasing temperature along with a decrease in
the heavier aromatics (like xylenes and other Cg™* aro-
matics), attributed to the removal of the alkyl groups
in the heavier aromatics at higher temperatures. In
addition, oxygen in the lignin was removed mainly by
the decarbonylation, decarboxylation, and dehydration,
considering that CO, COs and H2O were the dominant
oxygen-containing products observed. Gaseous olefins
and alkanes that come from the catalytic pyrolysis of the
lignin/methanol mixture exhibited a descending trend
with increasing the temperature (FIG. 2(c)), because
of the enhanced decomposition and/or aromatization of
light olefins and alkanes at higher temperatures [34-36].

B. Reforming of aromatics mixture into benzene

Since CPO derived from the direct catalytic pyrolysis
of lignin was complex aromatic compounds, the trans-
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FIG. 4 Influence of methanol on the production of benzene by the catalytic dealkylation of CPO over HB. Reaction
conditions: T=560 °C. CPO was the same sample as described in FIG. 3. (a) Yield, (b) distribution of CDA; (c) distribution

of gas.

formation of these aromatics into the key intermedi-
ate of benzene was further conducted by the catalytic
dealkylation process. As can be seen from FIG. 3(a),
within the tested catalysts, the HZSM-5 catalyst pro-
duced more organic liquid products (CDA) along with
lower yields of coke/tar and gas. The CDA, after the
catalytic dealkylation reactions at 560 °C over HZSM-
5, consisted of 67.9 wt% benzene together with toluene
(21.7 wt%), xylenes (8.6 wt%) and other heavier aro-
matics (1.8 wt%). The Re/HY catalyst that had a
strong acidity (Table I), present the highest dealkyla-
tion efficiency for the Cg™ aromatics, leading to the
highest content of benzene (95.9 wt%) in the liquid
products (FIG. 3(b)). However, the catalytic dealkyla-
tion using this catalyst produced more coke/tar by the
oligomerizations of aromatics and more gas products by
gasification of aromatics (FIG. 3(a) and (c)). Another
catalyst HS with a medium acidity exhibited the high
activity for the transformation of the mixture aromat-
ics into benzene with a high liquid yield (FIG. 3(a) and
(b)), which was selected in the catalytic dealkylation
process.
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FIG. 4 shows the influence of methanol on the cat-
alytic dealkylation of alkylaromatic compounds over the
Hp catalyst. Adding methanol into CPO was able to
effectively inhibit the formation of coke/tar. For ex-
ample, the yield of coke/tar without adding methanol
was 32.8 wt%, but in the cases of 30 wt% and 50 wt%
methanol added, was significantly reduced to 21.2 wt%
and 15.1 wt% respectively. What’s more, co-feeding
methanol also apparently changed the aromatic dis-
tribution in the CDA. When 30 wt% methanol was
co-fed with CPO, the content of benzene slightly de-
creased to 82.7 wt% along with the increase in the con-
tents of toluene and xylenes. In view of that methanol
also formed aromatics by the aromatization of methanol
(FIG. 4(b)), the content of benzene in CDA should be
affected by the dealkylation of aromatics, the oligomer-
izations of aromatics and the aromatization of methanol
in the presence of methanol. Besides, the temper-
ature also influenced the transformation of alkylaro-
matic compounds into benzene during the dealkylation
of aromatics (FIG. 5). Increasing the reaction tem-
perature decreased the CDA yield mainly due to the
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FIG. 5 Effect of temperature on the production of benzene by the catalytic dealkylation of CPO over HB. Reaction
conditions: T=520—600 °C, CPO:MeOH=0.7:0.3. CPO was the same sample described in FIG. 3. (a) Yield, (b) distribution
of CD, (c) distribution of gas.
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0.5 wt% xylenes and other aromatics of 0.8 wt%. (a) Conversion, (b) selection, (c) distribution.

increase in the gas yield by the decomposition of aro-
matics. Notably, the content of benzene increased from
41.8 wt% to 93.6 wt% with increasing the temperature
from 520 °C to 600 °C (FIG. 5(b)), accompanied by
the decrease in toluene, xylenes and other Cg™ heav-
ier aromatics. This suggested that high temperatures
enhanced the removal of the alkyl groups in the alky-
laromatic compounds such as toluene and xylenes. In
addition, the gas products mainly consisted of Hy, and
CHy4 (FIG. 5(c)), which come from the catalytic crack-
ing of aromatics and methanol.

C. Synthesis of cumene by the alkylation of lignin derived
aromatics

In the following step, we demonstrated that di-
rectional production of cumene was able to be real-
ized by the room-temprature liquid-phase alkylation of
the benzene-rich aromatics (CDA) using the ionic lig-
uids. Three ionic liquid catalysts, [bmim]Cl-2AICl;,
[bmim]Cl-1.5A1Cl3, [bmim]CIl-AlCl3, have been tested
for the alkylation of CDA to cumene via propylene as an
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alkylating agent (FIG. 6). The [bmim]CIl-2A1Cl3 ionic
liquid, even at the room temprature (20 °C), showed
excellent catalytic activity for the CDA alkylation with
a propylene conversion of 97.3 mol% (FIG. 6(a)). Es-
pecially, the products obtained using [bmim]|CIl-2A1Cl;
were dominated by the desired cumene with a selec-
tivity of 91.6 C-mol% (FIG. 6(b)), together with small
amount of p, m, o-diisopropylbenzene (p, m, o-DIPB)
and p, m, o-isopropyltoluene (p, m, o-cymene).

It was found that the molar ratio between the
1-butyl-3-methylimidazolium chloride ([bmim]Cl) and
aluminum chloride (AlCl3) in the ionic liquids greatly
affected the alkylation activity of CDA and the prod-
uct selectivity. When the [bmim]Cl-AlCl; catalyst was
used, for example, the conversion of propylene was only
4.6 mol% (FIG. 6(a)) and the main products became
p, m, o-cymene (FIG. 6(b)), which was clearly different
from the behavior of the [bmim]Cl-2A1Cl; ionic liquid.
Chemically, the [bmim]Cl-2AICl; ionic liquid consists
of the cations of 1,3-two alkyl substituted imidazolium
together with the anions of Al;Cl;~, as demonstrated
by the 2”Al NMR analysis (FIG. S1 in the supplemen-
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FIG. 7 Influence of the reaction time on the production of cumene by the alkylation of CDA using [bmim]Cl-2A1Cl3 ionic
liquid catalyst. Reaction conditions: mass ratio of CDA /catalyst=4:1, f(propylene)=30 mL/min, 7=20 °C. CDA was the
same sample as described in FIG. 6. (a) Conversion, (b) selection, (c) distribution.

tary materials) and 'H NMR analysis (FIG. S2 in the
supplementary materials). In addition, the acidic char-
acteristics of the ionic liquid were also conducted by in-
frared spectroscopy using pyridine as a probe molecule
of Lewis and Bronsted acid (FIG. S3 in the supplemen-
tary materials). The bands at 1454 and 1540 cm ™1 for
pyridine/[bmim]Cl-2A1Cl3 ionic liquid were observed,
corresponding to the characteristic peaks of Lewis acid
(pyridine bonded at a Lewis acid site) and Bronsted acid
(pyridine bonded at a Bronsted acid site), respectively
(Table S1 in the supplementary materials). In addition,
the increase in the molar ratio of AlCl; to [bmim]Cl
obviously increased the Lewis acid of the ionic liquids
(FIG. S4 in the supplementary materials). The above
characterization results supported that the ionic liquid
[bmim|Cl-2A1Cl; had the properties of both Lewis acid
and Bronsted acid. The ionic liquid could enhance the
olefinic protonation and the formation of active elec-
trophilic species (positive ions of olefins or carbenium
ions), leading to the enhancement of the alkylation re-
actions of aromatics [37].

FIG. 7 presents the influence of the reaction time on
the alkylation of CDA at room temprature (20 °C).
As increasing reaction time from 5 min to 90 min, the
propylene conversion slightly reduced from 97.6% to
86.4%. Notably, the selectivity and distribution of the
products were shifted towards the heavier aromatics by
prolonging reaction time. The cumene selectivity de-
creased from 91.6 C-mol% to 25.3 C-mol% with increas-
ing reaction time from 5 min to 90 min, accompanied
with an increase of p, m, 0o-DIPB from 2.2 C-mol% to
59.3 C-mol%. The alkylation of aromatics in CDA is a
consecutive reaction process, and the primary products
(like the benzene alkylation to cumene) can generally
undergo the second alkylation reactions (like the alkyla-
tion of cumene to p, m, 0-DIPB). As a result, increasing
the reaction time enhanced the cascade reaction, lead-
ing to the rise in the by-products for longer reaction
time.

Moreover, the influences of temperature on the alky-
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lation of CDA using the [bmim]Cl-2AICl;3 ionic liquid
was investigated (Table II). The conversions of propy-
lene were slightly increased with the increasing temper-
ature in the range of 20—50 °C, and then, showed a
reduction trend over 50 °C . Considering that the aro-
matic alkylation is an exothermic reaction [38], increas-
ing temperature results in the decrease of equilibrium
constants and is not beneficial to the aromatic alkyla-
tion. But increasing temperature is conducive to over-
come the activation energy required to the alkylation
reactions. Meanwhile, the collision probability between
ionic liquid and reactants could be enhanced at higher
temperatures, leading to the increase in the reaction
rates of the aromatic alkylation. Accordingly, the direc-
tional products of cumene were able to be expediently
tuned via the reaction time and/or the the temprature
during the alkylation of lignin derived aromatics using
the [bmim]Cl-2A1Cl3 ionic liquid catalyst.

IV. CONCLUSION

This work demonstrated that lignin can be direction-
ally converted into cumene by the catalytic pyrolysis
of lignin into the mixture aromatics, followed by the
dealkylation of alkylaromatic compounds to benzene-
rich aromatics and the alkylation of benzene-rich aro-
matics to cumene under the moderate reactions. The
liquid products consisted primarily of Cg—Cg mono-
cyclic aromatics and a small amount of polycyclic aro-
matics for the catalytic depolymerization and deoxy-
genation of lignin over the 1%Zn/HZSM-5 catalyst.
Then, the key intermediate of benzene was produced
with a high content of 93.6 wt% by dealkylation process
at 600 °C over the Hf catalyst. The [bmim|Cl-2AICI;
ionic liquid, even at the room temprature (20 °C),
showed excellent catalytic activity for the aromatic
alkylation in the third step. The desired production
of cumene was obtained through the alkylation of the
benzene-rich aromatics with a selectivity of 91.6 C-
mol% at 20 °C, and can be tunable via the reaction time
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TABLE II Effect of temperature on the production of cumene by the alkylation of lignin-derived CDA using [bmim|CI-2A1Cl3

ionic liquid catalyst®.

T/°C  Conversion®

Selectivity of products/C-mol%

Cumene p-DIPB  m-DIPB  0-DIPB  p-Cymene m-Cymene o0-Cymene Others
20 97.3 91.6 1.3 0.6 0.8 2.2 1.1 1.6 0.8
30 97.5 91.8 1.1 0.6 0.8 24 1.2 1.5 0.6
40 98.1 92.0 1.1 0.5 0.7 2.3 1.2 1.6 0.6
50 98.6 92.2 1.0 0.5 0.6 2.5 1.3 1.5 0.4
60 96.2 92.2 0.8 0.4 0.6 2.5 1.4 1.8 0.3
80 93.8 92.3 0.7 0.3 0.5 2.7 1.4 1.9 0.2

Liquid products distribution/wt%

Cumene p-DIPB  m-DIPB  0-DIPB  p-Cymene m-Cymene 0-Cymene  Others
20 91.5 1.3 0.6 0.8 2.2 1.1 1.7 0.8
30 91.7 1.1 0.6 0.8 24 1.2 1.6 0.6
40 91.9 1.1 0.5 0.7 2.3 1.2 1.7 0.6
50 92.1 1.0 0.5 0.6 2.5 1.3 1.6 0.4
60 92.1 0.8 0.4 0.6 2.5 1.4 1.9 0.3
80 92.2 0.7 0.3 0.5 2.7 1.4 2.0 0.2

# Reaction conditions: mass ratio of CDA /catalyst=4:1, f(propylene)=30 mL/min, t=15 min. CDA (catalytic dealky-
lation aromatics) contained 93.6 wt% benzene, 5.1 wt% toluene, 0.5 wt% xylenes and other aromatics of 0.8 wt%. The
values reported are averages of three trials and standard deviations were <9.2% for all reported values.

" Conversion to propylene, in mol%.

and/or the the temprature. Moreover, a small amount
of methanol into the feed is benefitial for suppressing
the coke yield and enhancing the yield of aromatics.
Potentially, the proposed cumene synthesis route pro-
vides a useful way for the production of the basic petro-
chemical material using the abundant natural aromatic
resource of lignin.

Supplementary materials: The results of the ionic
liquid characterization are shown. The [bmim|Cl-
2AICl3 ionic liquid consists of the cations of 1,3-two
alkyl substituted imidazolium together with the anions
of Al,Cl;~, as demonstrated by the 2”Al NMR analysis
with the peak around 103 ppm (see FIG. S1). Based
on the comparison of 'H NMR spectra before and af-
ter being titrated with KOH solution (FIG. S2), the
absence of H in the star site after titrated with KOH
solution suggests that the ionic liquid can provide pro-
tons from the ionic liquid. Furthermore, the acidic
characteristics of the ionic liquid were conducted by in-
frared spectroscopy using pyridine as a probe molecule
of Lewis and Bronsted acid. The bands at 1454 and
1540 em~! for pyridine/[bmim]C1-2A1Cl; ionic liquid
were observed (FIG. S3). These bands were attributed
to the characteristic peaks of Lewis acid (pyridine
bonded at a Lewis acid site) and Brgnsted acid (pyri-
dine bonded at a Brgnsted acid site) respectively (see
Table S1 in the Supporting Information). With increas-
ing the content of AlCls in the ionic liquid, the peak
intensity at 1454 cm™! increased (FIG. S4), indicat-
ing Brgnsted acid was enenhaned at higher content of

DOI:10.1063/1674-0068/30/cjcp1 703038

AICl3. In conclusion, the above observations supported
that the ionic liquid had the properties of both Brgnsted
acid and Lewis acid.
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