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H-D exchange between GAnd solid acids: AlG/sulfonic acid
resin, promoted and unpromoted sulfated zirconia,
and zeolite HZSM-5
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The H-D exchange reaction between L£&nd each of a family of solid acids (the zeolite HZSM-5, sulfated zirconia, iron- and
manganese-promoted sulfated zirconia, and #Kilfonic acid resin) was investigated with a batch recirculation flow reactor; the data
determine initial rates of the exchange reaction givingsB[@&t temperatures ranging from 440 K for AiZ$ulfonic acid resin to 688 and
703 K for the zeolite and promoted sulfated zirconia, respectively. Extrapolated results show that the reaction is three orders of magnitude
faster with the AlC4/sulfonated resin (an analogue of the very strongly acidic combination ohAGH HSO,) than with HZSM-5 or
promoted sulfated zirconia and two orders of magnitude faster with the latter than with sulfated zirconia.

KEY WORDS: H-D exchange; methane; solid acids; zeolite HZSM-5; sulfated zirconia; aluminum chloride/sulfonic acid resin; iron- and
manganese-promoted sulfated zirconia

1. Introduction an aqueous solution of iron and manganese nitrates (Aldrich,
98+% Fe(NG)3-9H20 and 98% Mn(N@)3-6H20). Drop-

The H-D exchange between methane and solid acid c@jise addition of 12 ml of a 0.693 M iron nitrate and 0.236 M
alysts is one of the simplest test reactions for characterizaanganese nitrate solution to 38.95 g of dried (12024 h)
tion of the reactivities of these catalysts; the mechanism &fiifated zirconium hydroxide took place over approximately
this reaction involving the zeolite HZSM-5 and i3 well 3 h with continuous mixing with a mortar and pestle. An
understood, with experimental and theoretical values beig@ditional 1.6 ml of deionized water in 0.5 ml aliquots was
in good agreement with each other [1-4]. We report ratgged to rinse the iron—manganese solution quantitatively into
of this test reaction providing a comparison of the reactivine sylfated zirconium hydroxide. The final amount of liquid
ties of solid acids having a wide range of acid strengths ags determined by the point of incipient wetness, indicated
catalytic activities for alkane conversion, namely, (a) SUlyhen a few taps with a pestle formed a sheen on the surface
fated zirconia (SZ), (b) iron- and manganese-promoted sy he paste. The resultant solid was dried at 42@or 24 h
fated zirconia (FMSZ), (c) Al@ supported on sulfonic acid 5nq calcined in stagnant air by heating &€%min to 650°C
resin (an analogue of the very strongly acidic combinatiaf},4 holding at 656C for 3 h. The FMSZ, containing about
of AICl3 and HSQy), and (d) HZSM-5. 1.5 wt% Fe, 0.5 wt% Mn, and 1.8 wt% S, was activaited
situin flowing dry N at 450°C for 1.5 h.

AICl s/sulfonic acid resin was prepared from the macropo-
rous sulfonic acid ion-exchange resin Amberlyst 15 (Rohm
and Haas, 0.1-2.0 mm beads), which was first dried by evac-
uation at 106C for 5 days [6]. A 1 inch diameter Pyrex syn-

The solid acids investigated in the H-D exchange reacti#€sis reactor was loaded undes iN a dry box with 10.1 g
with CD4 were prepared as follows: of the dried Amberlyst 15 followed by al.5inch Iong p|Ug

HZSM-5 (Davison Division of W.R. Grace and Co.) withof glass wool and then 16.5 g of Alg(Anhydrous, Fisher
a Si/Al atomic ratio of 14 and a surface area of 339gn Certified, 99.4-%). The tube was heated to 198 around
as reported by the supplier, was calcirieditu at 550°C in  the region containing AlGland to 114C around the region
20% G in dry N for 1.5 h. containing Amberlyst 15. A flow of dry Nat 10 ml/min

SZ containing 1.8 wt% S was prepared from sulfated zipassed through the reactor, entering through the end con-
conium hydroxide (Magnesium Elektron) which was caltaining the AICk and carrying it as vapor over and into the
cined in stagnant air at 65C for 3 h and activateth situin  beads of Amberlyst 15 for 14 days [6]. The Al content of the
flowing dry Ny at 450°C for 1.5 h [5]. resultant solid was found by atomic absorption spectroscopy

FMSZ was made by incipient wetness co-impregnatidn be 3.8 wt%. Loading of the synthesis reactor, storage of
of sulfated zirconium hydroxide (Magnesium Elektron) witlthe resin-supported Al@) and transfer to the H-D exchange

2. Experimental

2.1. Preparation of solid acids
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reactor were all carried out in asNilled drybox. The dry- a stainless-steel-clad thermocouple in the bed of solid acid
box atmosphere was circulated through traps to remagve @articles, and the oven temperature was controlled with a
and HO. Typical @ and HO concentrations werel ppm. signal from a thermocouple external to the reactor. After in-
troduction of the reaction mixture into the reactor, a period
2.2. Measurement of rates of H-D exchange to give CD3H of 5—10 min as required for the reactor temperature to sta-
from CD4 bilize.
Them/e = 18, 17, and 16 signals representing the prod-
In each H-D exchange reaction experiment, the reacigsts obtained with the SZ, FMSZ, and HZSM-5 samples
was loaded with about 2.% 10~° mol of CD4 (30 Torr) were not used for guantification of further reaction because
(Cambridge Isotope Laboratory, deuterium isotopic purithey represented combinations of water ancb8R CDHg,
99%), mixed with N (540 Torr) (Puritan Bennett, 99.997%,and CH,. Some of the water adsorbed during storage on the
dried by passage through a bed of zeolite 4A particles agd and FMSZ samples (which were activated by heating in
deoxygenated by flow through a bed of supported Cu pargiry N,) was removed during activation; however, some wa-
cles) and brought into contact with about 0.5 g of particlagr remained and was necessary for high reactivity [8,9].
of each of the solid acids in a stainless-steel recirculating In the reaction experiments, data were collected for 5—
batch reactor having a total volume of 19 ml. The gase® min after the temperature had stabilized, for conversions
were mixed in a manifold at room temperature and then rgp to 10%, except for the experiment with FMSZ at 480
leased into the reactor and circulated with a stainless-st@elvhich a higher conversion was measured.
bellows pump through a 0.25 inch diameter tube contain-
ing the solid acid. The reactant mixture was continuously
leaked into a mass spectrometer through/a6linch di- 3. Results
ameter, 4 inch long evacuated stainless-steel tube, the end
of which was constricted and positioned in the reactant gad. Conversionsin the H-D exchange reaction
stream. The leak rate corresponded to a pressure loss in the
reactor of<5 Torr/h. Typical plots of concentration of GM resulting from the
A UTI model 100C quadrupole mass spectrometer irexchange reaction vs. time were approximately linear, as ex-
corporated in a catalyst testing and evaluation system (Aeimplified by the data for HZSM-5 (figure 1); the rate of the
vanced Scientific Designs, Inc., RXM-100) was used in trexchange reaction was determined as the slope of the best
SIM mode to monitor ther/e = 28, 20, 19, 18, 17, and least-squares linear fit of the concentration vs. time data. The
16 signals. The mass spectrometer signals were normalize exception to this pattern was the data obtained for FMSZ
to them /e = 28 signal. Then/e = 20 signal was assignedat 430°C, which gave a plot with significant curvature (fig-
to CDy4 and them /e = 19 signal to CRQH. To limit changes ure 2). The high-conversion data show that thez;8@on-
in the degree of ionization of the product gases resultingntration reached a maximum when the rate of formation of
from changes in pressure in the mass spectrometer or la@®s;H from CD4 was roughly equal to the rate of conversion
changes in composition of the gases in the mass spectromiecDsH to form CDH»,. To estimate the initial rate from
ter, the pressure in the mass spectrometer was increased fthese data, the derivative of the least-squares optimized fit
the background of 1@ Torr up to 2x 107° Torr with a leak of the CDy concentration vs. time data was evaluated at the
of helium. initial CD4 concentration; the fitR? = 0.995) is obscured
The mass spectrometer was calibrated by measuring #hethe data points.
signals ofm/e = 28 and 20, when the reactor was loaded
with mixtures of CDy and I\ at a total pressure of 570 Torr € 404

and CDLy partial pressures from 0.08 to 30 Torr. A plot of the & 3500 -
m/e = 20 signal vs. the Clpconcentration was linear (least- :;
squaresk? = 0.998). The linear calibration for CDwas 8 3000 1
used for the measurement of g The difference in ion- 2500 1
ization cross sections of Gand C3H is expected to have < 2000
caused a small(3%) systematic overestimation in the con- 2 1500 -
centration of CBH, but this is regarded as insignificant [7]. £ 1000 1

The FMSZ, SZ, and HZSM-5 samples were treated § 500 -
situ as stated above, and the reactor was cooled to the re2

action temperature and then evacuated prior to introductiotg
of the CDw/N2 mixture. The AICh/sulfonic acid resin was
sealed in the reactor undernNh the dry box, and the re-
actor was placed into a preheated, temperature-controlled
furnace and evacuated prior to introduction of thesMD  Figure 1. Conversion of Cpand HZSM-5 to give CBH. Conditions: re-
mixture. The evacuation time was kept to a minimum, typactant partial pressure 30 Torr of G 540 Torr of N, 0.5 g of HZSM-5.
cally <5 min. The reaction temperature was measured with Reaction temperature#] 304, @) 362, and {) 415°C.
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The rate data are summarized in the Arrhenius plot & and FMSZ [10]. The number of acid sites is assumed to
figure 3. Repeat measurements of the H-D exchange rhtethe same as the number of aluminum atoms in HZSM-5,
were made for HZSM-5 at 308 and 380 and for FMSZ at about 4x 10~* mol/g. The AICk/sulfonic acid resin con-
355°C; the data indicate standard deviations in these rateéns of the order of 16> mol of Brensted acid sites/g [6].
of 13, 20, and 0.5%, respectively. On the basis of these estimates, we infer that at the high-

In each experiment, a 10% conversion of the;Gidbuld est CDy conversion of 50% (which was reached only dur-
have exchanged about310~° mol of D atoms onto the sur- ing the measurement at 430 with FMSZ), roughly 25%
face. The numbers of acid sites able to participate in the H-cb the strong surface Brgnsted acid sites would have been
reaction on SZ and FMSZ are not known well. An estimatéeuterated; in all of the other measurements of reaction with

of the number of strong acid sites based on ammonia adsoficonia-containing samples, less than about 10% of these
tion data is 7x 10~° mol/g or roughly one per sulfur atom in sites would have been deuterated. In all the measurements
of reaction with HZSM-5 and the AlGlsulfonic acid resin,

g 500 less than 2% of the acidic sites would have been deuter-

& 450 j ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ated.

o 400

2 3.50 4 3.2. Rate data

® 3.00

T 250 The rates that could be measured were bounded at the

8 200 | lower end by a detection limit of the apparatus of about 2

S 150 10-19 mol/(g min) and the upper end by the stability limita-

‘-’X 1.00 - tions of the solid acids. The rate data representing FMSZ

v~ 050 - and HZSM-5 gave good straight-line Arrhenius plots, al-

2 0.00 ‘ x w w lowing the calculation of apparent activation energies for
0 S 10 15 20 25 the exchange reaction (figure 3R? values of 0.989 and

Time, min 0.996 were found for FMSZ and HZSM-5, respectively. The

. . . . . apparent activation energies and preexponential factors are
Figure 2. Conversion of Cpinto CD3H in the presence of FMSZ. Condi-

tions: 30 Torr of CQ}, 540 Torr of Ny, 0.5 g of FMSZ, 430GC. (#) (upper summarized in tab,lej 1 . . .
curve) CLy, (W) (lower curve) CH; the dotted line represents the initial ~ Data characterizing the Algfhsulfonic acid resin were

concentration of CR. obtained only at relatively low temperatures, with the upper
temperature determined by the stability limit of the resin,
107 - which begins to desulfonate at 130 [11]. The lower reac-
tivities of the other solid acids limited the measurability of
rates to much higher temperatures (about3Dthan those

10° o i applicable to the resin; the reactivity of SZ was so low that
measurements could be made only at a single temperature
. (figure 3).
10° |
The rate measured for FMSZ at 490 was 1.5 x

10-8 mol/(gs), nearly the same as that characterizing
HZSM-5 and two orders of magnitude greater than that
characterizing SZ. The value for Algisulfonic acid resin

at 160°C is 2 x 10712 mol/(gs) at a temperature 120
lower than the lower limit of measurable reactivity of ei-
Figure 3. Reactivities of solid acids for H-D exchange with,Con- ther FMSZ or HZSM-5. We extrapolated the data for FMSZ
ditions: 30 Torr of CQ, 540 Torr of Np, 0.5 g of solid acid. %) Sz, and HZSM-5 to 160C by using the Arrhenius plots of fig-

X AA

Rate of H-D exchange,
mol/{g x s)

1071° 7 ‘ ‘
1.2 14 1.6 1.8 2.0 2.2 2.4
Inverse temperature 10°/T, K’

(+) HSZM-5, (#) FMSZ, and &) AlCl3/sulfonic acid resin. ure 3, finding the AlCGd/sulfonic acid resin to be three orders
Table 1
Apparent activation energies and pre-exponential factors for H-D exchangeofi@iDsolid acids.
Solid acid Apparent  Pre-exponential ~ @Pressure  Temperature Ref.
activation factor (Torr) range
energy (mol/(g s)) (K)
(kJ/mol)
HZSM-5, 115+ 15 4.4 30 581-688 This work
Si:Al=14
FMSZ 116+ 14 12 30 593-703 This work
ZSM-5, Si: Al=13 10% - 13 620-750 Kramer et al. [1]

aCalculated from data presented in the cited publication.
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of magnitude more reactive than either FMSZ or HZSM-Bhe ethylene and/or acetylene might have been precursors
and SZ two orders of magnitude less reactive than FMSZ of carbonaceous deposits incorporating catalytic sites.
HZSM-5.

4.3. Comparison of reactivities of solid acids for H-D
4. Discussion exchange

4.1. Comparison with literature results for HZSM-5 It is tempting to seek a relationship between the acidi-
ties of the solid acids and the rates of their reactions with
The H-D exchange rates observed for{dhd HZSM-5 CD,4. At least roughly, there appears to be such a rela-
can be compared with the experimental observations aﬁt_f)hship for HZSM-5, FMSZ, and the Al@lsulfonic acid
theoretical predictions of Kramer et al. [1,2], who measesin; measurements of acid strengths of FMSZ by proton
ured the decline in the infrared absorption associated WiKIMR and infrared spectra characterizing the adsorption of
the O-H groups in HZSM-5 (with a Si:Al atomic ratioacetonitrile [13] indicate that it is similar in acid strength
of 13) in the presence of GPat about 410C and 13 Torr. g zeolites. The AlGH/sulfonic acid resin, being analogous
The comparable rate measured in this work is about foly 5 combination of AIGJ and sulfuric acid, is evidently a
times greater than that reported by Kramer et al. [1,2] &ych stronger proton donor, one that has been compared
the same temperature but at a different/Qfartial pres- ith superacids [6,14]. Thus, the two solid acids with simi-
sure. For a better comparison of the rates of exchange Wiy girengths indicated by the base probe molecules are sim-
the two different zephte samples, we est|mated_ the rates;pf; in reactivity for the H-D exchange reaction and much
exchange per Al site and corrected for £partial pres- |oqq reactive than the much more strongly acidic resin. The
sure by assuming a first-order reaction infJ2]. Adjust- jication that FMSZ does not have a very strong acidity

ment of the rates reported by Kramer et al. results in Val”ﬁ/%ighs against the suggestion that it might have a minority

—5 - 5 -
,(Z\fI O'6f x tlho . m?ll(mOI Al s)dar;d OHSZXSI\%IO; mgl/f(motlh .of extremely strong acid sites, such as might be required for
s) for their rate measured for -5 and for their, protonate an alkane [15].

theoretical rate calculated for HZSM-5, respectively [11. According to the model of Kramer et al. [4], the H-D ex-

e e i sveumantic lange eactonal Con HZSS akes pace ataBronste

good. e_10|d site assomatgd with an aluminum center in the zeo-
lite framework, which was modeled as the fragment (clus-

ter) H3SIO(H)AI(OH),OSiHs. Kramer et al. [1,2] assumed

a random distribution of Al over the twelve possible sites

Rezgui et al. [12] found methane to be unreactive in tHe the HZSM-5 framework. The mechanism of the reac-

presence of SZ at 45, but in the presence of FMSZ it re-tlon between the zeolite and GDs represented as a con-

acted to give ethane, ethylene, and acetylene, with the m rted exchange involving transfer of a proton from a sur-
MU reaction rate a,fter an ind,uction period at, 460and a 1ace Brensted acid site to Gvith the transfer of a deuteron

pressure of 152 Torr being 14 10-9 mol/(g s), about two from the CQ to a surface basic site. This mechanism does

orders of magnitude less than that of the H-D exchange re3@! involve an intermediate resembling a carbonium ion;

tion (estimated from the Arrhenius dependence and assufie calculated intermediate was found to be more covalently

ing a first-order dependence on methane partial pressufffn ionically bonded to the surface. Relaxation of theyCD
Thus, the H-D exchange reaction proceeds nearly in the polecule is energgtlcally S|g_n|_f|cant, and the important pa-
sence of side reactions in the presence of these solid adi@eter representing the acidity of the surface was not the
and provides a good basis for comparison of their reactigbsolute acidity of a single Brgnsted acid site, but rather the
ties. difference in acidity between an OH group and a neighbor-
Furthermore, the data show that the H-D exchange re#f}d basic oxygen atom, both of which participate in the re-
tion proceeded without an induction period. ConsequentRgction.
we infer that the initial reaction rates reported here charac- Recognizing that the apparent activation energies for the
terize reaction between Gand the clean solid acids. Con-H-D exchange reaction are approximately the same for
sistent with this inference, the conversion vs. time plots f6#ZSM-5 and FMSZ (table 1, figure 2), we might speculate
the initial periods were linear, indicating nearly constant inthat the mechanisms are similar (concerted) for these two
tial rates. In contrast, data representing isomerization ag@lid acids. Thus, the suggested redox role of Fe and Mn
disproportionation of alkanes catalyzed by SZ and FMSZ iid alkane isomerization, giving alkenes [16,17], may not be
dicate induction periods suggesting that catalytic sites weraportant for the H-D exchange reaction.
formed from the reactants. This suggestion is consistent with The low reactivity of SZ relative to that of FMSZ re-
data [12] showing slow conversion of methane (into ethameains to be explained. We might speculate that the con-
with traces of unsaturated products, ethylene and acetylenejted mechanism inferred for HZSM-5 and suggested for
in the presence of FMSZ, increasing with time on strearRMSZ may not be shared by SZ.

4.2. H-D exchange as a test reaction



R.E. Jentoft, B.C. Gates/ H-D exchange between CD4 and solid acids 133

Acknowledgement [6]
[7]

We thank the Davison Division of W.R. Grace and Com—[g]
pany for providing HZSM-5 and Magnesium Elektron for[ ]

providing sulfated zirconium hydroxide. [10]
(11]
References (12]

[1] G.J. Kramer, R.A. van Santen, C.A. Emeis and A.K. Nowak, Naturk13]
363 (1993) 529.

[2] G.J. Kramer and R.A. van Santen, J. Am. Chem. Soc. 117 (199@
1766. 1:_3

[3] V.B. Kazansky, I.N. Senchenya, M.V. Frash and R.A. van Sante 6]
Catal. Lett. 27 (1994) 345. 7]

[4] V.B. Kazansky, M.V. Frash and R.A. van Santen, Catal. Lett. 2%8]
(1994) 211.

[5] S.Rezguiand B.C. Gates, Catal. Lett. 37 (1996) 56.

V.L. Magnotta and B.C. Gates, J. Catal. 46 (1977) 266.

H. Oz and R. Gaumann, J. Catal. 126 (1990) 115.

X. Song and A. Sayari, Catal. Rev. Sci. Eng. 38 (1996) 329.

J.M. Kobe, M.R. Gonzalez, K.B. Fogash and J.A. Dumesic, J. Catal.
164 (1996) 459.

Z.Hong, K.B. Fogash and J.A. Dumesic, Catal. Today 51 (1999) 269.
N.G. Polyanskii and V.K. Sapozhnikov, Russ. Chem. Rev. 46 (1977)
226.

S. Rezgui, A. Liang, T.-K. Cheung and B.C. Gates, Catal. Lett. 53
(1998) 1.

V. Adeeva, J.W. de Haan, J. Janchen, G.D. Lei, G. Schiinemann,
L.J.M. van de Ven, W.M.H. Sachtler and R.A. van Santen, J. Catal.
151 (1995) 364.

K.M. Dooley and B.C. Gates, J. Catal. 96 (1985) 347.

T.-K. Cheung and B.C. Gates, Topics Catal. 6 (1998) 41.

K.T. Wan, C.B. Khouw and M.E. Davis, J. Catal. 158 (1996) 311.
F.C. Lange, T.-K. Cheung and B.C. Gates, Catal. Lett. 41 (1996) 95.
C.H. Linand C.-Y. Hsu, J. Chem. Soc. Chem. Commun. (1992) 1479.



