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Abstract

The gas-phase synthesis of aromatic ketones via acylation of phenol with acetic acid was studieg-aM8i§) AI-MCM-41, zeolites
HY and ZSM5, and tungstophosphoric acid (HPA) supported on MCM-41 and carbon. At contact times of /id6l gthe initial conver-
sion of phenol varied between 12.5% (HY) and 19.1% (HPA/MCM-41), and the initial selectivimttio-hydroxyacetophenone{HAP)
between 37.1% (HPA/C) and 69.1% (HY). In all the cases, the formatiorHtAP was clearly favored in comparison to thajpafa-isomer.
Zeolites HY and ZSM5, which contained strongaBsted and Lewis acid sites, produced efficientifAP via both the direct C-acylation
of phenol and the acylation of phenyl acetate intermediate formed ®eacylation of phenol. HPA-based catalysts contained only Brgn-
sted acid sites and formedHAP exclusively as a secondary product from phenyl acetate cTHAP yield remained constant with time
on stream on ZSM5 but drastically decreased on the other samples because of coke formation. The superior stability of zeolite ZSM5 wa:
interpreted by considering that cokeepursor formation is avded into the microporous gtcture of this zeolite.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction ment of phenyl acetate {@HAP is efficiently catalyzed by
methane sulfonic acid, a strong and biodegradable[&¢id
Aromatic ketones are valuable intermediate compounds N general, the liquid-phaséries rearrangement of phenyl
for the synthesis of imptant pharmaceuticals and fra- acetate forms mainlp-HAP, giving p-HAP/o-HAP ratios
grances. In particulagrtho- (o-HAP) and para-hydroxy- between 2 and 8, but also produces significant amounts of
acetophenonep(HAP) are widely used for the synthesis phenolic by-products. Considerable research work has been
of aspirin and paracetam@4-acetoaminophenol), respec- performed recently to find suitaglrecyclable, and environ-
tively [1]. o-Hydroxyacetophenone is a key intermediate for mentally benign solid acid catalysts for efficiently promoting
producing 4-hydroxycoumarin and warfarin which are both the liquid-phase synthesis of aromatic ketones from phenyl
used as anticoagulant drugs in the therapy of thrombotic acetate. Strong solid acids such@s-exchange resins, zeo-
disease[2], and it has been also employed for obtaining lites, Nafion, and heteropoly acids show moderate phenyl ac-
flavononeq3,4]. Hydroxyacetophenones are commercially etate conversion activity and preferentially prodped AP,
produced via the Fries rearrgement of phenyl acetate in a  but also give significant amounts of phenol and are in general
liquid-phase process involving the use of Lewis and Bren- rapidly deactivated because ibfe formation of ketene by-
sted acids, such as AIgITiCl4, FeCk, and HF, which pose  products that are highly reae¢ coke intermediateg—11].
problems of high toxicity, corrosion, and spent acid dis-  Hydroxyacetophenones are alsoaibed by the acylation
posal[5]. Recently, it was reported that the Fries rearrange- of phenol using acid halidg42] or acid anhydridefl3] as
acylating agents. In the liquid phase, the reaction is catalyzed
" Corresponding author. Fax: 54 342 4531068, by Friedel-Crafts catgbts and produces mainprHAP, al-

E-mail address: capesteg@fiqus.unl.edu.ar (C.R. Apesteguia). though the isome_r selectivity may be changed b_y changing
URL: http://www.ceride.gov.ar/gicic the solvent polarity. In the gas phase, the acylation of phe-
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Scheme 1para- andortho-HAP formation from the acylation of phenol with acetic acid.

nol with acetic acid or acetic anhydride has been carried out Sodium silicate solution (14% NaOH and 27% $i@\-
on AI-MCM-41 and zeolite ZSM5, at temperatures between drich), cetyltrimethylammonium bromide (Aldrich), alu-
520 and 573 K[14-19] Scheme 1shows the synthesis of minum isopropoxide (Aldrich), and deionizated water were
p- ando-HAP from the acylation of phenol with acetic acid. used as the reagents. The composition of the synthesis gel
It was found that the gas-phase phenol acylation on solid was 7SiQ—xAl203—2.7Na0-3.7CTMABr—1000HO. The
acids forms predominantlg-HAP, giving o-HAP/p-HAP pH was adjusted to 10 using a 0.1 M%), solution, and
molar ratios higher than 8[L4,16] However, the experi-  then the gel was transferred to a Teflon-lined stainless-steel
mentalo-HAP yields were moderate, particularly because of autoclave and heated to 373 K in an oven for 96 h. After crys-
the significant formation of phenyl acetd§18,19]. The reac- tallization, the solid was washed with deionized water, dried
tion network of the gas-phase acylation of phenol with acetic at 373 K, and finally calcined at 773 K for 4 h. HPA/MCM-
acid was studied by Neves et Hl7], but more detailed stud- 41 was prepared following the procedure of Kozhenikov et
ies are needed to ascertain the exact requirements of acidhl.[21] by stirring a suspension of 1 g of MCM-41 in 30 m
site density and strength to efficiently promote the selec- of an aqueous solution of HPA gRW;2040- 6H20, Merck)
tive o-HAP formation. Our understanding of the deactivation at room temperature for 24 h. After evaporation of the sol-
mechanism under reaction conditions is also lacking, despitevent at 333 K under vacuum, the solid was dried at 353 K
the fact that the potential use of solid acids in gas-phase acy-and calcined in air at 573 K. HPA/C was prepared by stirring
lation reactions is often limitkbecause of the rapid activity —a suspension of carbon (from Westvaco) in a hydrochloric
decay caused by coke formation. HPA solution at pH 1.6 for 24 h. The HY zeolite was pre-
In this paper, we perform a detailed study of the gas- pared by triple ion exchange of a commercial NaY zeolite
phase acylation of phenol with acetic acid over differ- (UOP-Y 54)with ammonium acate (Sigma, 99%) at 298 K
ent solid acids. Specifically, we prepared and character-and subsequent calcination in air. The H form of ZSM5 ze-
ized HPA/IMCM-41, AI-MCM-41, zeolites HY and ZSM5,  olite (Zeocat Pentasil PZ-2/54) was obtained following the
HPA/carbon, and Si@-Al,O3 catalysts. Our goal was to re-  same procedure used for HY. SiAI,O3 (Ketjen LA-LPV)
late the structural properties and the surface acid site densitywas calcined at 773 K.
and strength of the solids with their ability for the efficient

catalysis of the phenol acylation reaction to yieldHAP. 2.2. Catalyst characterization
Results will show that zeolite ZSM5 does not deactivate on
stream and produces selectivelyHAP at high rates. The The crystalline structures of MCM-41, Al-MCM-41,

unique performance of zeolite ZSM5 is based on its high HPA/C, and HPA/MCM-41 were determined by X-ray dif-
density of strong Lewis and Brgnsted acid sites that promotefraction (XRD) using a Shimam XD-D1 diffractometer and

the formation ob-HAP both by direct C-acylation of phenol  Ni-filtered CuK « radiation. BET surface areasy), mean

and by phenyl acetate obtath&om O-acylation of phenol,  pore diameterdp), and pore-size distribution were measured
and on its microporous structure that hinders the formation by N, physisorption at its boiling point in a Quantochrome
coke precursor intermediates. Corporation NOVA-1000 sorptometer. Elemental compo-
sitions were measured by atomic absorption spectroscopy
(AAS).

Acid site densities were determined by temperature-
programmed desorption (TPD) of NHpreadsorbed at
373 K. Samples (200 mg) were treated in He (6 tmin)

Pure silica MCM-41 and AI-MCM-41 mesoporous ma- at 773 K for 1.5 h and then exposed to a 1%J¥He stream
terials were synthesized according to Edler and Wa6g. for 40 min at 373 K. Weakly adsorbed Nivas removed by

2. Experimental

2.1. Catalyst preparation
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flowing He at 373 K for 2 h. The temperature was then in- Table 1
creased at 10 gmin and the NH concentration in the efflu- Chemical composition and physical properties of the catalysts used in this
ent was measured by mass spectrometry (MS) in a Baltzers"o'K

Omnistar unit. Samples Surface area Pore diameter  Si/Al HPA
The nature of surface acid sites was determined by Sq (m?/g) dp (B) (%)

Fourier transform infrared spectroscopy (FT-IR) by using HY 660 74 24 -

pyridine as probe molecule and a Shimadzu FTIR-8101M N&Y 700 “ 24 -

. ZSM5 350 55 20 -
spectrophotometer. The spectral resolution was 4camd SiOp—Al,03 560 45 113 _
50 scans were coadded. Sample wafers were formed bya.mcm-41 925 30 18 —
pressing 20—-40 mg of the catalyst at 5 toors? and trans- MCM-41 1010 34 o0 -
ferred to a sample holder made of quartz. An inverted T- ngon 17%0 22 - 150
shaped Pyrex cell containing the sample pellet was used.HPA/C 300 20 ~ o8

The two ends of the short arm of the T were fitted with £aF
windows. All the samples were initially outgassed at 723 K
for 4 h and then a background spectrum was recorded after
cooling the sample at room temperature. Data were obtainedS; (%) = [Y;/>_Y;]100. Product yieldsif;, mol of product
after admission of pyridine, adsorption at room tempera- i/mol of phenol fed) were calculated as= S; Xp.
ture, and sequential evacuation at 298, 423, 573, and 723 K.
Spectra were always recorded at room temperature. Differ-
ence spectra were obtained by substracting the background. Resultsand discussion
spectrum recorded previously.

Coke formed on the catalysts during reaction was mea- 3.1. Catalyst characterization
sured by temperature-programmed oxidation (TPO). Sam-
ples (50 mg) were heated in a 3%/0, stream at 10 Kmin The physicochemical characteristics (surface area, pore
from room temperature to 1073 K. The evolved £®as diameter, chemical composition) of the samples used in this
converted to methane by means of a methanation catalystwork are summarized ifable 1 BET surface areas of
(Ni/kieselghur) operating at 673 K and monitored using a MCM-41 and carbon samples are higher than 106@gn

HPA/MCM-41 505 29 - 30

flame ionization detector. However, after impregnation with HPA thi values drop-
ped to 505 (HPA/MCM-41) and 3904yig (HPA/C). In the
2.3. Catalytictesting case of carbon, the HPA molecules blocked the carbon mi-

cropore structure and, as a consequence, the average pore

The gas-phase acylation of phenol (Merek99%) with diameter increased from 22 to 30 A. In contrast, the HPA
acetic acid (Merck, 99.5%) was carried out in a fixed-bed, addition to MCM-41 did not change the support pore diam-
continuous-flow reactor at 553 K and 101.3 kPa. Samples eter size, probably because MCM-41 exhibits a uniformly
were sieved to retain particles with 0.35—-0.42 mm diam- sized mesoporous structure.
eter for catalytic measuresnts and pretreated in air at XRD patterns of AI-MCM-41 and MCM-41 samples
773 K for 2 h before reaction, except samples containing showed that both samples arelcrystallized and exhibit
HPA that were pretreated in air at 573 K for 2 h. Phe- astrong diffraction peak at 222Zorresponding to 100 reflec-
nol (P) and acetic acid (AA) were introduced/@A = 1) tion; no other crystalline phases were observed. On the other
via a syringe pump and vaporized into flowing kb give hand, no crystalline HPA structure was detected on HPA-
a Np/(P + AA) ratio of 45. Standard catalytic tests were supported samples, thereby indicating that the HPA phase is
conducted at a contact timeW(/FF(,’) of 146 g lymol and well dispersed on MCM-41 and carbon supports.
gas-hour space velocity (GHSV) of 235 &8TP/(g min). Sample acid properties were probed by TPD of 3NH
The exit gases were analyzed on-line using a Hewlett- preadsorbed at 373 K. The obtained TPD curves are shown
Packard 5890 chromatograph equipped with a Supelcowaxin Fig. L The NH; surface densities for acid sites were ob-
10 column and a flame ionization detector. Data were tained by deconvolution andtegration of TPD traces and
collected every 25 min for about 6 h. The main prod- are presented iffable 2 The NH; evolved from MCM-41
ucts of phenol acylation with acetic acid were phenyl ac- and carbon supports was negligible. The acid site strength
etate (PA)ortho-hydroxyacetophenone{HAP) andpara- of HPA-based samples was clearly higher compared to the
hydroxyacetophenon@{HAP); para-acetoxyacetophenone other samples. Pure HPA showed a sharpszNi¢sorp-
(p-AXAP) was detected in trace amounts. Phenol conversiontion peak at about 910 K, which accounts for the strong
(Xp, mol of phenol reactetinol of phenol fed) was calcu- Brgnsted acid sites present on this material. This high-
lated asXp=>_Y;/(}_Y; + Yp), where}_Y; is the molar ~ temperature desorption peak was also detected on HPA/C
fraction of products formed from phenol, aiig is the out- and HPA/MCM-41 samples, which presented an additional
let molar fraction of phenol. The selectivity to produdts;, low-temperature peak at ca. 493 K. The evolved 3NH
mol of producti /mol of phenol reacted) was determined as: from HY, ZSM5, and Si@-Al,O3 samples gave rise to
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Fig. 1. TPD profiles of NH on: (A) HPA-based samples; (B) Si9Al,»03, 38(;0 ‘ 36(;0 ‘ 3400
Al-MCM-41, and acid zeolites. Heating rate: 1Q'tdin. v (cm 1)
Fig. 2. FT-IR spectra in the hydroxyls stretching region of: (A) £i#@l,03
Table 2 o o o and AI-MCM-41; (B) NaY, ZSM5, and HY. (a) Degassed at 723 K for 4 h;
Characterization of sample acidity: TPD of Ntdnd FTIR of pyridine (b) after pyridine adsorption at room temperature and desorption at 423 K
Catalyst TPD of NH FTIR of pyridine for 0.5 h; (c) difference spectra (a)—(b).

(umol/g) (pmol/mz) Brgnsted sites Lewis sites (L)L/B
(B) (aregg)  (areqg)

HY samples obtained after evacuation at 723 K for 4 h, and

HY 1380 21 310 465 15 - .
Nay 280 04 n.da 505 - after pyridine adsorption at room temperature and desorp-
ZSM5 770 2 337 341 10 tion at 423 K for 0.5 h. Difference spectra are also included.
SiO,—Al,03 1005 18 68 204 0 The position of the IR band for the O—H stretching modes
A-MCM-41 340 04 32 135 2 (von) over degassed AI-MCM-41 and Si©AIl»03 is al-

HPA 539 900 - - - most the same, about 3745 cthn(Fig. 2A), but the von
HPA/C 315 08 - - _

wavenumber on oxides is not directly related to the acid
strength of the hydroxyl grouf22]. More useful informa-
tion on Brgnsted acid site strength is obtained by analyzing
the difference spectra ilRig. 2A. It is observed, in fact, that
a peak at 483-493 K and a broad band between 573 andafter desorption at 423 K of the pyridine adsorbed at room
773 K. In contrast, zeolite NaY desorbed Blh a sin- temperature, the base is alst completely eliminated on
gle TPD peak centered at about 480 K. On a weight basis, AI-MCM-41 but remains adsorbed to a significant extent
the HY zeolite exhibited the highest surface acid density on SiQ—Al,0s. This result reflects the stronger acidity of
(1380 umolg), probably reflecting the higher aluminum surface OH groups on Sg2Al,03 compared to Al-MCM-
content, followed by Si@-Al,0O3 (1005 umofg) and ZSM5 41. On the other hand, no absorption bands were detected
(770 pmojfg) samples. For the other samples, the amountin the hydroxyl stretching on the NaY samplgid. 2B),
of evolved NH; was between 550 and 280 prpgl Pure thereby indicating that the hydroxyl group concentration on
HPA presented the highest acid site density on an areal basighis zeolite is negligible. The spectrum of degassed zeolite
(90.0 umo}m?), followed by zeolites ZSM5 (2.2 pmahn?) ZSM5 shows two absorption bands at 3610 and 3745'¢m
and HY (2.1 umoim?). respectively. The band at 3610 thcorresponds to Si—
Fig. 2 shows the FT-IR spectra in the hydroxyl stretch- OH-AI bridging hydroxyl groupg23] whereas the asym-
ing region of SiQ—-Al,03, AI-MCM-41, NaY, ZSM5, and metric band at 3745 cnt is attributed to the stretching

HPA/MCM-41 352 07 - -

@ n.d., not detected.
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vibration of terminal SiOH groups located either at the of pyridine, adsorption at room temperature, and sequen-
boundaries of the zeolite crystal or at the surface of non- tial evacuation at 298, 423, 573, and 723 K. The pyridine
crystalline material[24]. Fig. 2B shows that evacuation absorption bands at around 1540 ¢hand between 1440
at 423 K does not remove to any extent the pyridine ad- and 1460 cm? arise from pyridine adsorbed on Brgnsted
sorbed at room temperature on bridging OH at 3610tm  and Lewis acid sites, respectively, on zeolifgg-30] Al-
reflecting the strong adsorption of pyridine on Si-OH-AlI MCM-41[30,31] and SiQ-Al>O3 [32]. Fig. 3A shows that
groups of zeolite ZSM5. In contrast, the interaction of pyri- the spectrum collected folldng evacuation at 298 K con-
dine with terminal silanol OH groups at 3745 this tains broad absorption bands, characteristic of the presence
very weak. Finally, the IR spectrum of zeolite HY matrix of physisorbed pyridine. Pyridine molecules interacting via
shows three absorption bands which correspond to high-H bonding with weakly acidic surface OH groups (bands at
frequency Si—-OH-AI groups (3620 cth), low-frequency 1446 and 1597 cm') are removed after evacuation at 423 K
Si—-OH-Al groups (3550 cm'), and terminal silanol groups ~ and the resulting FT-IR spectrum shows well-defined ab-
(3743 cn1l) [25]. Difference spectra iffrig. 2B show that sorption peaks. We decided then to characterize the sample
pyridine strongly adsorbs on high-frequency Si—-OH-Al acidity by using spectra collezd after evacuation at 423 K.
groups associated to OH groups located in large cavities. Fig. 3Bcompares the FT-IR spectra obtained on samples HY,
The low-frequency band at 3550 cattributed to OH  NaY, ZSM5, AI-MCM-41, and Si@-Al;O3 after pyridine
groups in the sodalite cages is less affected by pyridine ad-e€vacuation at 423 K. The relative contributions of Lewis and
sorption. Very weakly acidic SiOH groups at 3743 chare Brensted acid sites were obtained by deconvolution and inte-
also affected by pyridine adrption, probably because of a gration of pyridine absorption bands appearin§ig. 3B at
perturbation of these groups by the pyridine molecules ad- around 1450 and 1540 cmh, respectively. Results are given
sorbed on neighboring Lewis sitf26]. in Table 2 In general, the band at 1540 chcharacteristic
The density and nature of surface acid sites were deter-for pyridinium ions does not change in wavenumber upon
mined from the FT-IR spectra of adsorbed pyridifig. 3A varying the sample acidity but the frequency of the band ac-

shows the spectra obtained on zeolite HY after admission counting for coordinately bound pyridine increases with the
strength of interactiof22]. FT-IR spectra ofFig. 3B show

that on AI-MCM-41 and Si@-Al,0O3 samples the coordi-
nately bound pyridine band appears at 1455 tnwhich
reflects the adsorption of pyridine on Lewis acid sites as-
sociated with tricoordinatél atoms. In agreement with
the results obtained by TPD of NHthe amount of pyri-
dine adsorbed on AI-MCM-41 after evacuation at 423 K
is clearly lower compared to acid zeolites or $i@l,03,
reflecting the moderate acidic character of mesoporous Al-
298K MCM-41 sample. On the other hand, the areal peak rela-
//\’\V tionship between Lewis and Brgnsted sitesBl.was higher
. . . / , on Al-MCM-41 than on Si@-Al,O3 (Table J. The rela-
1700 1650 1600 1550 1500 1450 1400 tive density of Brgnsted and Lewis acid sites on AI-MCM-
v (cm™) 41 depends, of course, on the/Al ratio, but the value of
L/B = 4.2 determined for our Al = 18 sample is close
to that reported for AI-MCM-41 samples containing similar
Si/Al ratios [31]. Consistent with the IR characterization of
hydroxyl groups irFig. 2, the pyridine absorption spectrum
7SM5 on zeolite NaY does not reveal the presence of surface Brgn-
w sted sites. The band represiag Lewis acid centers appears
on NaY at 1443 cm?, a frequency considerable lower com-
_HX/,\_J pared to those determined for similar bands on AI-MCM-41
and SiQ-Al,03 samples. This frequency shift has been in-
10 terpreted by considering that the pyridine is adsorbed on
NaYJ_./\_ NaY by a polarization of the molecule in the field due to
cation[28]; i.e., the interaction is associated with Na rather
4 than to Al.Fig. 3Ashows that on zeolite HY the pyridine ab-
v (cm™) sorption bands associated with Brgnsted and Lewis acid sites
Fig. 3. FT-IR spectra of pyridine adsorbed on: (A) zeolite HY at 298 K and appear ,aﬂer evacuation at 423 K at 1542 and 14541Cm
evacuated at increasing temperatures; (B),Si€,03, Al-MCM-41, and respectively. These two bands are present even after evacu-
acid zeolites at 298 K and evacuated 423 K for 0.5 h. Dotted lines indicate ation of zeolite HY at 723 K, thereby indicating that zeolite
the presence of Lewis (1450 cth) and Bransted (1540 cnt) sites. HY contains strong Brgnsted and Lewis acid sites. But it

A 723 K

__/\_/
NS73 K

Absorbance/g

==t
o

B Si-Al
Al-MCM-41
NAARPIAS o
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should be noted that the/B ratio on HY increases with the
evacuation temperature from 1.5 (423 K) t0 2.2 (723 K). The
increase of the [B ratio with the desorption temperature
on zeolite HY has already been reporf@d] and probably

reflects the fact that a part of the Brgnsted sites correspond-

ing to the bridged hydroxyl groups of the structure are of

medium strength. Nevertheless, some of the Brgnsted sites

display strong acidity, as evidenced by the FTIR data. These

stronger Brgnsted sites are associated either to bridged OH

interacting with the Lewis sites or to extraframework OH
groups[33]. The very strong Lewis sites of zeolite HY have
been associatef?6] with aluminum atoms that are either
extraframework (tetracoordited) or associated with frame-
work defects (tricoordinated). On zeolite ZSM5, the band of
adsorbed pyridine on Lewis acid sites is split in two overlap-
ping peaks at 1445 and 1455 thy respectively. A similar
two-peak band for the pyridine adsorption on Lewis acid
sites on ZSM5 was reported from researchers of the Mo-
bil Company[34]. These authors suggestg#] that the
Lewis acidity on ZSM5 is due to Al located in the zeolite
framework, probably generated during calcination, resulting
in partial hydrolysis of Al-Cbonds. Zeolite ZSM5 contained

a similar concentration of Brgnsted and Lewis acid sit@s (
ble 2), but in contrast to zeolite HY the ratio/B did not
vary significantly by increasing the desorption temperature
of adsorbed pyridine. It was determined, in fact, that after
degassing at 723 K the/B ratio was 0.92 that was similar
to that measured following evacuation at 423 K= 1.0).

3.2. Catalytictesting

Fig. 4A shows phenol conversio f) and product selec-
tivities (S;) obtained at 553 K on zeolite HY and typically
illustrates the time-on-stream behavior of the catalysts dur-
ing the reaction. It is observed that the phenol conversion
practically remained unmodified but the product selectivity

significantly changed during the catalytic test. The PA se- 5

313

100

Al

Spa

80+

—H_ A ?p-HAP N
100 200
Time (min)

300

100

Sp-HﬁP
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Fig. 4. Phenol conversion and product selectivities as a function of time
on stream on: (A) zeolite HY; (B) zeolite ZSM5 [553 K, 101.3 kPa total
pressurelV/FS = 146 glymol, P/AA =1, Np/(P+ AA) = 45].

Table 3
Phenol conversion Xp), selectivities to o-HAP (Sg.qap), P-HAP
(Sp-HAP), and PA (pa), attimes zero and 4 h

t=0h t=4h
0
Xp

Catalysts

0 0 0
SoHAP SpHAP Spa XP SoHAP SpHAP SPA

L L 150 691 89 220 154 104 14 882
lectivity increased with time on stream at the expense of nay 159 620 — 380 81 81 - 919
the formation ofortho andpara-HAP isomers. On the other ~ zsms 182 671 02 327 182 653 - 347
hand, the formation ob-HAP compared to that gf-HAP A-MCM-41 129 523 12 465 131 309 10 681
was highly favored. Qualitatively, a similar catalytic behay- Si%-Al203 160 391 16~ 583 159 219 11 764
ior on stream was observed for the other samples, excepting. 223 21016 75243 24 05 963

O or pIes, PUNY pa/c 153 370 15 610 155 158 09 833
ZSM5. In fact, as it is shown ifig. 4B, on ZSM5 not only HPA/MCM-41 191 520  — 480 217 26  — 974

Xp but also the product selectivities did not change with time
on stream.

The conversion and selectivity values obtained for all the
samples at times zero and 4 h are giveTable 3 Values
at time zero were obtained by extrapolating to zero the time-
on-stream curves using semilogarithmic plots. Zeolite HY
showed the highest initial selectivity valuesdeHAP and
p-HAP (69 and 8.9%, respectively), but after 4 h of reaction
theo-HAP selectivity decreased to only 10.4%. Zeolite NaY
also produced ab initio predominantlyHAP, but did not

T =553 K, W/FS = 146 glymol; P/AA = 1, Np/(P+ AA) = 45.

PA, but they rapidly lost their ability for producing tfee
HAP isomer. The HPA/C sample was more stablefétAP
formation and after 4 h on stream still exhibited a nonneg-
ligible So-pap value (15.8%). Si@-Al,03 and AI-MCM-41
were more stable than HPA-based catalystsofétAP for-
mation; in particular, it is noted that th&, ap value on
Al-MCM-41 was 30.9% after 4 h on stream. But the most

form p-HAP and the phenol conversion diminished signifi- stable catalyst was zeolite ZSM5; actually, we did not ob-
cantly on stream. Pure HPA and HPA/MCM-41 were among serve on ZSM5 sample any significant activity decay for the
the most active catalysts and efficiently converted phenol to o-HAP formation rate during the catalytic run.
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Fig. 5. Product distribution for phenol/acetic acid r#aes on: (A) HPA/C; (B) ZSM5; (C) HY. Product yieldszg) and phenol conversionX@) atr=0asa
function of contact time [553 K, 101.3 kPa total pressurA®R = 1].

3.3. Reaction network and n8,,.p With space time than zeolite ZSM%Fi. 50.
Initial formation rates 0b-HAP and PA were similar on HY

The effect of contact time on the product distribution was Sample, L.€.r9nap 0 = rpao = 1.24 x 107° mmol/(hnv),
determined in order to identify primary and secondary reac- but lower than on ZSM5p-HAP was a secondary product
tion pathways. The observed deaation, however, required ~ formed on nonnegligible amounts on HY. In fagfap in-
that each data point be obtaéhen a fresh catalyst and that Creasoed with contact time and theo selectivityptelAP for
initial product yields be obtaed by extrapolating to ini-  /Fp =500 glymol was about 18%. ,
tial time on stream using semilogarithmic plots. The product In order to gain more d_Eta"S on th? reaction mecha-
yields ats = 0 (77?) and the corresponding phenol conver- MiSM of.phenol acylation with acetic acid, we studied the
sion values on HPA/C are shown as a function of contact CONVersion of PA on _ZSM57( = 553 K, P = 10].'3 kPa,
time in Fig. 5A. The local slopes of the curves Fig. 5A Ppa=0.638kPa). PA s the'keymtermedlate to wekﬂ-lAP .
give the rate of formation of each product at a specific phe- from.phenol bya COI‘PSECU'[.IVE two-ste.p mechanism. The am
nol conversion and residence time. The nonzero initial slope of this study was to_lnves'ggate the direct transformapon of
for PA shows that it forms directly from the acylation of PA top-ando-HAP via a Fries rearrangement mechanism on

phenol with acetic acid. PA yield increases with increasing Eeolg:iszfé\fla\?r.acnog\r{r?;?'?\ OcEIP:stg]eanni?a;rﬂﬁlz és?;?irf a
W/FS but reaches a maximum value as it converts to larger y 9 Invov ! Y '9

. ! . o > - _tion of the acyl group to thg@ara- and ortho-positions of
acylation products in secondary reactions with increasing the aromatic ring, respectivehB¢heme 2A The product
space time. The initial zero slope of tbeHAP yield curve 9 P b

. ; . . : . yields atr = 0 and the corresponding PA conversion values
is consistent witto-HAP formation from conversion of pri- : oo
. on ZSM5 are shown as a function of contact timé=ig. 6.

mary PA products. Formation gtHAP on HPA/C was not iall henol. Th | selectivi
significant in thew/F2 range studiedEig. 58 shows the PA was essentlg y converted to phenol. The total selectivity

o 0 P ' i to o- andp-HAP isomers reached about 28%3’(%A = 40%,
n; vs W/Fp plot obtained on ZSMS. In contrast with re- \ nieh s consistent with previous results reported on acid
sults obtained on HPA/C, formation @HAP on ZSMS  ;4jites[35,36] but rapidly decreased for higheiS, val-
displays a nonzero initial slop¢hereby suggesting the di-

: ) ues and was negligible fd(gA = 80%, probably because of
r?‘Ct C-acyla}t_|o|n of phencl>l to-HA(\jP.hThe PAher|d CUIVE — consecutive transformation of both isomers. Besides, arapid
S dqws.an |nh|t|a FE‘:".‘Z?O S og)eband' t enoreac Ie§ a m?x'?umactivity decay foro-HAP formation was observed in con-
Indicating that Is formed by direct O-acylation of phe- ot \yith the high stability that ZSM5 showed for the

nol and then is converted to secondary produstdAP is tho-isomer synthesis from phenol and AA Fig. 4B. We

formed in very small amounts on ZSM5. From the initial - -1.de then that the gas-phase formation-6fAP from

slopes of the yield curves iftig. 5B we determined the  p i 4 Fries rearrangement is not a significant reaction
initial formation rates ofo-HAP and PA, respectively, and pathway on ZSM5.

.0 _ -3 0 _
obtainedrxp o = 2.43 x 10-° mmol/(hn¥) andrp, o = Finally, to obtain further insight on the P/AA acylation

1.80x 10-3 mmol/(h?) (2, is the formationrate of prod-  mechanism an additional catalytic test was carried out on
ucti at Xp — 0 andt = 0). Thus, on ZSM5 the direct = ZSM5 by cofeeding phenol with PA (553 ¥, = 1013 kPa,
C-acylation rate of phenol to-HAP is higher than the O-  ppy = Pp = 0.638 kPa,W/FF? =431 gh/mol). In Fig. 7
acylation rate of phenol to PA. In a previous work using we plotted the evolution of PA conversion and product se-
zeolite ZSM5 of SfAl = 40 and under experimental con- lectivities as a function of time. Initially, PA is readily and

ditions similar to those in the present work, Neves effla] selectively converted t@-HAP showing that ZSM5 effi-
found that O-acylation of phenol to the PA pathway was fa- ciently catalyzes the acylation of phenol with PA. PA decom-
vored compared to that of C-acylation of phenobtblAP. poses to phenol and forms simultaneously an acylium ion

Qualitatively, zeolite HY showed similar evolutions @EA which in turns attacks the phenol molecule to yietHAP
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Fig. 6. Product distribution for phenyl acetate conversion reactions on Fig. 7. Product distribution for phenol/phenyl acetate reactions on ZSM5.

ZSM5. Product yields y‘?) and phenyl acetate conversiomgA) at Selectivities §;) and phenyl acetate conversioXHs) as a function of
{ =0 as a function of contact time [553 K, 101.3 kPa total pressure, UME On stream [553 K, 101.3 kPa total pressutps = Pp = 0.638 kPa,

Ppp = 0.638 kPal]. W/FQ =431 gh/mol].

(Scheme 2B However,Fig. 7 also shows that the-HAP
formation rate from P/PA acylation rapidly diminishes on
stream despite that ZSM5 is highly stable for forming
HAP from P/AA acylation (Fig. 4B).

Results ofFigs. 5—7allow us to propose the reaction net-
work for the synthesis ad-HAP from the acylation of phe-
nol with AA described inScheme 3Phenol initially reacts The acylating agent or acylium ion GBO* is formed
with AA via two parallel acylation reactions: by O-acylation on our solid acids from AA either on Brgnsted or Lewis
phenol is transformed to PA and by C-acylation yields di- acid sites, as depicted Bcheme 4Generated electrophilic
rectly o-HAP. Formation of-HAP also takes place via sec- CH3CO" may then attack the phenol molecule either by
ondary reactions from PA, either by Fries rearrangement or electrophilic substitution of thertho-hydrogen in the aro-
by P/PA acylation. Regarding the productiorpeflAP, only matic ring formingo-HAP or, alternatively, by O-acylation
zeolite HY formedp-HAP, but as a minor producTéble 3 of the OH group producing PA. Results fig. 5A showed
and via secondary reaction pathwaysg( 50). Neves et that on the HPA/C sample, which contains only surface
al.[17] have proposed thatHAP on acid zeolites is formed  Brgnsted sites, phenol is initially converted exclusively to
through hydrolysis op-acetoxyacetophenone resulting from PA. This is explained by considering that on strong Brgn-
the selective autoacylation of phenyl acetate. The relative sted acid sites of HPA-based catalysts the phenol molecule
rate of the different pathways involved 8cheme 3Jyreatly essentially interacts via the benzene r{33], adopting a
depends on the solid acid employed. In this regard, we dis- position parallel to the surface and favoring the attack of

cuss below the surface acidity requirements for the efficient
catalysis of reaction steps leading from phenaHdAP.

3.4. Surface acid property and catalytic performance
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Scheme 3. Reaction network for the synthesie-bfAP from phenol and acetic acid on solid acids.
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Scheme 4. Formation of the acylatingeat on: (A) Brgnsted acid sites, (B)
Lewis acid sites.

acylium ion mainly to the oxygen of phenol, as shown in
Scheme 5A
On zeolites ZSM5 and HY botb-HAP and PA are pri-

mary productsKig. 5), but phenol is directly converted to
0-HAP at higher (ZSM5) or similar (HY) rates than to PA.
Zeolite NaY that contains only Lewis acid sites produces
o-HAP with more than 60% selectivity for a phenol con-
version of about 16%, similarly to the values found on ze-
olites HY and ZSM5, which contain similar Lewis acid site
concentrations than NaY but/B ratios between 1 and 1.5
(Table 2. These results suggest that C-acylation of phe-

acid sites, probably as shown 8theme 5BAs proposed
by other author$37,38], phenol is adsorbed on Lewis acid
centers predominantly in vertical orientation and allows the
electrophilic attack of benzene rings in tbeho-position,
because stabilization of tr@tho-isomer intermediate is fa-
vored as compared to the intermediate formation irptre-
position[17]. This is consistent with the fact that we never
observed the direct formation pfHAP from phenol on the
samples used in this work.

PA is consecutively converted mHAP on HPA/C, and
zeolites HY and ZSM5 sample§if. 5). After formation
and activation on Brgnsted acid si{88], PA may be trans-
formed ino-HAP either by intramolecular Fries rearrange-
ment or by its decomposition and consecutive phenol acyla-
tion (Scheme Gintermolecular acylation). Our results show
that on zeolite ZSM5 the conversion of PA ¢eHAP via
a Fries rearrangement is not igrsficant reaction pathway
(Fig. 6. We must conclude then that on ZSM5, and prob-
ably on zeolite HY, PA decomposes to phenol and acylium
ions which consecutively react and yiedeHAP by inter-
molecular C-acylation on Lewis acid sites, as described in
Scheme 6In contrast, HPA-based catalysts would convert
PA to o-HAP essentially via an intramolecular Fries re-
arrangement on strong Brgnsted acid sitesheéme P be-
cause, as noted above, HPA catalysts do not promote the
acylation intermolecular pathway to obtatrHAP by C-
acylation of phenol.

In summary, catalysts containing Lewis and Brgnsted
acid sites such as zeolites ZSM5 and HY exhibit a superior
performance for producing-HAP because they efficiently
promote the two main reaction pathways leading from phe-
nol to o-HAP, i.e., the direct C-acylation of phenol, and

nol to yield o-HAP takes place mainly on surface Lewis the O-acylation of phenol forming PA intermediates which
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Scheme 5. O- and C-acylation of phenol on Brgai¢#) and Lewis (B) acid sites, respectively.
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Scheme 6. Formation @HAP from PA via different reaction pathways.

are consecutively transformed via intermolecular P/PA C- 1 f; o0 o ZSM5
acylation. H
o & 0.8 Al-MCM-41
3.5. Catalyst deactivation JE
= 0.6
Data inTable 3show that although phenol conversion re- E $i0,-AL0;
mains practically constant on stream during the acylation of ° 0.4+ HPA/C
phenol with AA, the selectivity to PA rapidly increases at Il
the expense ob-HAP over all the catalysts, except zeolite S (.2 JHPAMCM-41
ZSM5. InFig. 8we have plotted the evolution of the activity HY
a for the formation ob-HAP as a function of time on stream. 0 . , ]
The activitya is defined as = ronap/ 70 pps Whereropap 0 100 200 300 400
andrg_HAP are the formation rates aFHAP at timest and Time (min)

zero, respectivelyFig. 8 shows that: does not change with

time on ZSM5, but rapidly decreases on the other Samp|eS,Fig. 8. Acylation of phenol with acetic acid: Activitya] for o-HAP

particularly on samples HY and HPA/MCM-41. form%tion as a function of time [553 K, 101.3 kPa total pressure,
Coke formed on ZSMS, A-MCM-41, HY, Si@-Al,05, /P =146 9l/mol FAA =1, Rp/(P+AA) =45]

and HPA/MCM-41 was determined by analyzing the sam-

ples after the catalytic tests by temperature-programmed ox-TPO peak with a maximum at about 795 K. The TPO profile

idation. The resulting TPO profiles are showrFig. 9. The for zeolite HY showed that Cfevolves in a broad band be-

evolved CQ from HPA/IMCM-41 gave rise to a well-defined  tween 600 and 1000 K, containing three overlapping peaks.
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Fig. 10. Activity for o-HAP formation at 5 h on streanaf 1) as a function
of the amount of carbon formed during acylation of phenol with acetic acid.

Coke burnt on zeolite ZSM5 was qualitatively similar to that
of zeolite HY, but the amount of CQevolved from ZSM5
was significantly lower. Finally, the curves of G@volved
from the oxidation of coke formed on samples AI-MCM-41
and SiQ—Al,O3 were qualitatively similar and both pre-
sented a maximum at about 870 K.
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Fig. 11. Initial deactivation o6-HAP formation ratedg = —(da/dt),—g, as

a function of conversion of phenol at= 0 on HY, ZSM5, and HPA/C sam-
ples. Acylation of phenol with acetic acid [553 K, 101.3 kPa total pressure,
P/AA =1, Np/(P+ AA) = 45].

deactivationdo(h 1) = —(da/dr),—o, as the initial slope of
the activity versus time curves obtained for differéit 7
values on HY, HPA/C, and ZSM5 samples. The resulting
values are represented as a functiork@fin Fig. 11 Zeo-
lite ZSM5 does not deactivate by increasing the conversion
of phenol up to 25%, but on HPA/C and HY sampiisin-
creases WithYg, thereby suggesting that coke is formed via
consecutive side reactions from the products of the reaction.
As noted previously, zeolite ZSM5 does not deactivate
during the acylation of phenol with AARig. 4B), despite
that it rapidly deactivates when PA or atPPA mixture is
used as reactantfif. 7). This is explained by taking into
accountthat in the case that PA is added alone or in-&R
mixture, the conversion of PA to P occurs with simultane-
ous formation of ketenes (GH-C=0) which are extremely
reactive and unstable compoundattdimerize to diketenes
and polymerize very quickly39]. As a matter of fact, the
formation of ketenes is the nraieason of the significant cat-
alyst activity decay observed during the liquid-phase Fries
rearrangement of PA on solid acif0]. In contrast, the
acylation of phenol with AA produces concomitantly water
(Schemes 3 and4nd any consecutive formation of ketenes
from PA is neutralized by the presence of moisture. In fact,

The amount of carbon on the samples was measured fromwater rapidly reacts with ketenes to produce acetic Bl

the area under the curves Big. 9 and the values ranged
from 29.4 mg Qg catalyst on ZSM5 to 153 mg/@ on HY.

In Fig. 10we plotted the activity for the formation ofHAP

at 5 h on streamag h = 2,1, /r2,,,-) during the acylation
of phenol with AA as a function of the amount of carbon
on the sample determined froRig. 9. It is observed that

and thereby suppresses the reaction pathway forming coke
from ketene precursors. Thus, we conclude that because of
the presence of water in the reaction products, ketenes are
not responsible for the catalyst activity decay showfii 8
for zeolite HY and HPA/C.

Finally, we studied the effect that feedingHAP alone or

as r decreases with the amount of carbon on the sample,in ao-HAP + AA mixture has on catalyst deactivation using

thereby suggesting that the &y decay for the formation
of 0-HAP is caused by coke formatiokig. 10also shows
that Inas r, vs %C is a linear plot, suggesting that thv&lAP
formation rate diminishes exponentially with the amount of
carbon formed on the samples.

SiO—Al203 and ZSM5 sample®-HAP was fed on Si@-
Al203 for 4 h (I' =553 K, Popap = 0.45 kPa,W/F2, \p =
580 g lymol). We did not detect the formation of any prod-
uct from o-HAP and the amount of coke formed after 4 h
on stream was not significant (%€1.2). It seems thao-

In an attempt to obtain insight on the species responsible HAP is not strongly adsorbed on Si€AlI,O3 and does not
for coke formation we quantitatively evaluated the effect that form heavier products either. ThusHAP would not be re-

varying space timév/ F (and consequently8) has ono-

sponsible by itself for the catalyst activity decay measured

HAP formation rate decay by determining the initial catalyst on SiG—Al,O3 in Fig. 8 The coinjection ofo-HAP with
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Scheme 7. Formation of coke precursors fre#dAP/AA conversion reactions.

AA (T =553 K, Paa = 1.8 kPa, Ponap = 0.45 kPa) on Lewis acid sites promote also the direct C-acylation of phe-
SiO,—Al,03 formed phenol and two heavy unknown prod- nol in theortho-position to yieldo-HAP. Zeolites ZSM5 and
ucts. A rapid activity decay was observed and after 4 h on HY, which contain strong Lewis and Brgnsted acid sites,
stream the amount of carbon deposited was 13.5%. This ob-produceo-HAP at high rates because they efficiently cat-
served Si@-Al»,O3 deactivation is consistent with results alyze the two main reaction pathways leading from phenol
reported by Jayat and co-workeik7]. These authors, in  to 0-HAP, i.e., the direct C-acylation of phenol and the O-
fact, found that coke formed on MFI zeolites during the acy- acylation of phenol forming the PA intermediate which is
lation of phenol with AA is mainly constituted by methyl- consecutively transformed via intermolecular phenol/PA C-
naphthols, 2-methylchromone, and 4-methylcoumarin. For- acylation. Solid acids of moderate acid strength such as Al-
mation of 2m-cromone and 4m-coumarin may take place MCM-41 or SiGQ—Al,O3 are less active and selective for
from o-HAP and AA as depicted iBcheme 7via the initial o-HAP formation than zeolites HY or ZSM5.

formation ofo-acetoxyacetophenone. In contrast, on ZSM5  All the samples used in this work, except zeolite ZSM5,
we did not observe any catalyst deactivation by cofeeding rapidly deactivate on strearecause of coke formation.
HAP with AA and the amount of coke formed after 4 h of Coke precursors are formed from secondary condensation
stream was only 1.5%. Besides, on ZSM5 we did not detect reactions, probably betwe@rHAP and acetic acid, and not
the formation of heavy compounds among the reaction prod-from any ketene formation by phenyl acetate decomposi-
ucts (the only reaction products were PA and phenol). Thesetion. The superior stability of zeolite ZSM5 is explained by
later results strongly suggest that on ZSM5 the formation of considering that its narrow pore-size structure hampers the
coke precursors via the reaction showisitheme does not formation of coke precursor compounds.

take place, probably because the narrow pore-size structure

of ZSM5 hinders the formation of condensed intermediate

compounds, such asAXAP. Acknowledgments
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