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Abstract

A thermogravimetric analyzer (TGA) was used to collect thermodesorption curves of 2-phenylethylamine (PEA) from acidic surfaces
with the aim of determining the amount and distribution of the acid sites of the samples. Oxides widely used as active phase supports a
well as catalytic phases were selected for this study: alumina, silica, silica—alumina, silica—zirconia, and silica—titania. The thermodesorptior
curves were collected at different heating rates (5(°C/min)< 30) in inert atmosphere. The activation energies of PEA desorption from
the acid sites were calculated from the dependence upon the heatirgyohithe displacements of the observed desorption peaks)(T
as determined from the derivative of the TGA profiles (DTGA). For a more accurate kinetic study of the desorption phenomenon, a kinetic
model based on parallel reactions of desorption, each one running with its own kinetic parameter in a temperature-dependent manner |
accordance with Arrhenius’s law, was applied to the experimental desorption data at the different heating rates. The quantitative acid site
energy distribution was optimized for each sample, and kinetic parameters for each type of acid site were determined. The conclusions draw
from PEA thermodesorption were compared with the results obtained from the differential heat curves of ammonia adsorption measured &
80°C in a volumetric—calorimetric line.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Oxides; Acidity; Thermal desorption; Thermogravimetry; Calorimetry

1. Introduction the basic probe adsorbed on the acid[@té], while thermal
techniques (i.e., calorimetry, thermogravimetry, temperature-
Due to the large number of reactions which are catalyzed programmed desorption analyfs-9]) can be used to quan-
by acid sites, it is recognized that solid acids are currently tify the thermal effects associated with the acid—base ad-
the most important solid catalydts]. It is therefore of very sorption reaction, which gives a measure of the strength and
high importance to study solid acids in terms of the nature, strength distribution of the acid sites. Thermal desorption
amount, strength and strength distribution of their surface techniques have gained a great popularity due to their com-
sites, from the fundamental and applicative points of view. paratively easier operation. Various different mathematical
Suitable basic probe molecules are used for the quantita-analyses of the thermodesorption profiles have been proposed
tive analysis of the solid acidity, by studying either adsorp- by different authors to provide kinetic information about the
tion from zero coverage to partial or full coverage of the distribution of the surface acid strendft®,11]. A simple ap-
surface, or desorption from surfaces completely saturated byproach is based on the analysis of thermodesorption curves
the probe. Spectroscopic techniques are usually employedcollected at different heating rates)(A he shift of the tem-
to elucidate the nature of the molecular complex formed by perature of maximum rate of desorptiongk) as a function
of B can be exploited to derive activation parameters &4.,
* Corresponding author. Tel.: +39 02 50314254; fax: +39 02 50314300. Of the desorption reaction by means of different model equa-
E-mail addressantonella.gervasini@unimi.it (A. Gervasini). tions[12,13]. When heterogeneous solids are concerned, in
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order to derive the activation energy distribution of the acid  The thermodesorption of 2-phenylethylamine (PEA) from
surface, the shift ofmax with 8 has to be considered sepa- the saturated powders was studied using a TGA 7 Perkin-
rately for each peak. However, for this approach to provide a EImer thermal analyser. The sample temperature in the
reliable determination of the activation parameters, the ther- 150-600°C range was calibrated by measuring the Curie
modesorption curves have to be well defined, with clearly transitions (E) of high-purity reference materials (alumel,
detectablélyax values. nickel, perkalloy, and iron) at each different heating rate (8
The aim of the present study was to characterize the acidity employed. Prior to the desorption analysis, the powders were
of several oxides chosen among materials widely used as supactivated in vacuum for 16 h at 40Q under a residual pres-
ports for active phases as well as catalytic phases. The oxidesure of 102 Torr, then transferred into a glass cell equipped
were synthesized by sol-gel route, which made it possible with connections for a vacuum/gas line. PEA (purity >99%
to control the texture and composition of the prepared sam-from Fluka) was then introduced, up to complete coverage
ples. The acidic properties were determined by thermal des-of the powder. After 3 h at room temperature underfidw,
orption of 2-phenylethylamine (PEA), chosen as base probethe excess of non-adsorbed PEA was removed by filtration.
molecule. The experiments were carried out with a thermo- The obtained saturated powder was loaded on the pan of the
gravimetric analyzer. The PEA thermodesorption curves, col- TGA apparatus (10—15 mg) and a two-step analysis was per-
lected at different heating rates, were numerically treated with formed under M flow (30 mImin~1). The first isothermal
a novel mathematical model in order to kinetically interpret step, carried out at 5@, removed all the excess PEA from
them and derive the kinetic and activation parameters for eachthe surface, while the second step was non-isothermal, with
type of acid site of the surface in addition to the amounts of a temperature increase from 50 up to 8Q0at a constant
sites of each type. This allowed us to map the acid sites of theheating rate (&5, 10, 15, 20, 30C/min) in order to com-
surfaces from an energetic point of view, in terms of activation pletely remove PEA from the surface. The total and inter-
energies for PEA desorption. To corroborate our approach, mediate PEA mass losses were determined by subtracting
a conventional acid—base titration by ammonia adsorption the final mass at 800 from the mass measured at the end
was performed in a linked microcalorimetric—volumetric of the first isothermal step or from the masses at definite
apparatus. In this case, the energy map of the acidtimes/temperatures of analysis corresponding to well defined
sites of the surfaces was obtained in terms of adsorptionsteps of the thermogram.
enthalpies. The microcalorimetric measurements of Naddsorption
were performed at 80C in a heat-flow calorimeter of the
Tian-Calvettype (C80 from Setaram) linked to a conventional

2. Experimental volumetric apparatus equipped with a capacitance manome-
ter for pressure measurements (Datametrics). Prior to the
2.1. Sample preparations and measurements measurements, the samples (about 0.1 g) were outgassed at

400°C for 16 h. After a first adsorption, performed by repeat-

Pure alumina (A) and silica (S), and silicas modified edly adding successive amounts of f\Nbhto the sample until
with Al (SA), Ti (ST), and Zr (SZ) were synthesized an equilibrium pressure of about 67 Pa was reached, the sam-
via sol—gel route, using pure grade reagents from Fluka ple was evacuated for 30 min, to remove the weakly adsorbed
and Merck—Schuchardt. Tetraethyl orthosilane (TEOS), alu- NH3, and a second adsorption was performed.
minium triisopropylate, tetraethyl orthotitanate, and zirco-
nium propoxide (solution 70% in propanol) were used as 2.2. Modelling and computations
starting materials for Si, Al, Ti, and Zr, respectively. The
SA and ST samples were obtained by base-catalyzed hy-
drolysis of TEOS and aluminium triisopropylate, while SZ
was syn_thesized by acid-catalyzed hydr(_)lysis of TEOS. The Lumbers of acid sites (eq/gue) could be determined based
synthesis of S, A, SA and ST was carried out using ethyl o, 1o assumption of a base:acid site = 1:1 stoichiometry.
alcohol (99.8%, v/v), water, and tetrapropylammonium hy-  the gerivatives of the TGA curves (DTGA) made it
droxide solution (20% in water, TPA-OH) as gelling agent; ,ssiple to determine the times/temperatures at which the
the synthesis of SZ employed 1-propanol, hydrochloric acid .\, imum rates of PEA desorption occurredngl). Ac-
as catalyst, and ammonia as gelling agent. The obtained gelsjyation energies for PEA desorption from the different

were aged for 18 h at room temperature, then dried at€20 g, tace sites can be calculated exploiting the observed
for 6 h and calcined at 55@ for 8 h. More details on the shifts of the Tmax Values with 8 by using the Kissinger

preparation procedure and on the surface and bulk proPer'equatior[lS]:

ties of the samples as characterized by inductive coupled

plasma analysis (ICP), X-ray diffraction analysis (XRD), ﬂEa/RTr%axz Aa(l—x)f‘n;){ exp(— Fa/RTmax) 1)
X-ray photoelectron spectroscopy (XPS) physisorption,

and scanning electron microscopy (SEM) can be found in whereR is the gas constanf, the pre-exponential factor of
Ref.[14]. the Arrhenius equationy the reaction order (in the present

Once determined the amounts of PEA desorbed (total or
intermediate mass losses) during the TGA experiments, the
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Table 1
Composition and properties of the samples
Label Oxide Composition (wt.%) S(m2/g) Vp (cnilg) Acid sites (meg/g)
From PEA From NH;P
S SiO, 100 387 1.04 0.187 0.054
A Al,O3 100 244 1.60 0.302 0.437
SA SiO,—AlL,03 12.2 (Al,O3) 777 0.86 0.503 0.480
ST SiO,-TiOy 13.2 (Tiy) 494 0.69 0.183 0.307
Sz SiO-Zro, 14.3 (ZrQy) 596 1.69 0.309 0.374

a Determined by PEA thermodesorption associated With 2 peak (second-step analysis, desorption from 50 td°8)0
b Determined at 0.2 Torr of Nkicoverage.

case, the order of the desorption reaction), anle frac- 3. Results and discussion
tion reacted (in the present case, the fraction desorbed). The
equation can be easily linearized independently of the order.  Table 1shows the composition and properties of the cal-
Thus, by plotting In(8/ Eay) Versus 1/ax Ea values for cined samples prepared by sol-gel. The surface areas and
eachTnax detected can be obtained from the slopes of the pore volumes of the samples were determined ppdisorp-
linear-regression straight lines. tion/desorption isotherms at196°C. The surface areas of
For a better kinetic interpretation of the desorption re- the modified silicas (SA, ST, and SZ) were higher than those
action data, we applied a mathematical model which re- of pure silica and alumina. As the samples underwent very
gards PEA desorption as the result of different simulta- high temperatures (up to 80Q), higher than that of calci-
neous independent first-order reactions, each one relevanhation, during the basic probe desorption experiments, their
to a single type of site. All the desorption reactions were morphologic and structural stability was controlled. As agen-
considered to follow Arrhenius’ lawj14]. All the sur- eral trend, a less or more definite decrease of surface area
face sites able to chemically retain the amine were sup-was observed for all the samples upon very high tempera-
posed to be saturated at the beginning of the temperatureture heatind14]. SZ and SA maintained high surface area
programmed desorption. Due to the texture of the samples, (293 and 210 /g, respectively) following heat treatment
there was no obstruction to removal of the amine once bro- at 900°C for 8, while a more decisive decrease in surface
ken the bond with the acid site, which makes it unnec- area was observed for the ST and S samples. Moreover, the
essary to consider the readsorption of the desorbed amineamorphous character of the powders was maintained in ev-
molecules. For the kinetic modelling, the experimental TGA ery case also following high thermal treatments, as confirmed
profiles were interpreted up to 60G, as higher tempera- by XRD analysis. Only pure silica was quite completely con-
tures caused morphologic and structural damages to someverted to cristobalite structure upon treatment of 90(14].
sampleg14]. XPS spectroscopy confirmed the presence of Al, Ti, and Zr
A set of differential equations, containing all the kinetic on the modified silica surfacd44], guaranteeing a proper
equations of desorption from each type of site, was writ- modification of the surface acidity of the samples compared
ten. The equations were numerically integrated by a fourth- with that of pure silica.
order Runge—Kutta meth¢#l6]. The parameters of the model To characterize the surface acidity of the samples, we stud-
were optimized by minimizing the sum of the squares of the ied the thermal desorption of PEA in a thermogravimetric
differences between the calculated and experimental PEAapparatus (TGA) and Niladsorption experiments, carried
residual fractions on the surface at tifpeand heating rate  out in a volumetric-microcalorimetric line, were also per-
Bk (Xcalcd,j,k @and Xexptij ke respectively). The parameters to formedto corroborate the results. The basic probes used, PEA
be determined weren, the number of different types of and NH;, have strong basicity (P&, = 9.25; PAwH; =
sites on the surfaceq? (i=1,2,...,n), the residual fraction 858 kJ/mol and pKpea=9. 84 PAopa=936. 2 kJ/mol) and
of PEA on theith type of site at time zero, corresponding different sizes (dn; = 4. 2A and dpga=7. OA) PEA has
to the fraction of sites ofth type; and the Arrhenius pa- already been used as a probe for titrating the acidity of
rameters, namely the pre-exponential teiymand the ac- catalytic solids in solution (agueous or organic) by a pulse-
tivation energyk, ; for each type of site. As the maximum liquid chromatographic technique utilizing a UV-detector
value ofn considered was 4, the maximum number of pa- (A =254nm) [17]. For thermogravimetric measurements,
rameters to be optimized at the same time was 11. The veryPEA is particularly useful due to its high molecular mass
high number of experimental points (from 670 to 1155 dis- (M=121.18g/mol). Very numerous and important reports
tributed on 4 or 5 different heating rates) (fér each sam-  can be found in the literature on the use of thermal desorption
ple) guaranteed the possibility of attaining sound parameters.[18—20]and calorimetric adsorption of basic prolj2$—24]
The indicative values obtained by the Kissinger approach for the study of solid acidity. The comparison between the
were employed as starting values for the parameters to beobtained results from the two approaches can be hard but
optimized. very informative.
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3.1. PEA thermodesorption

The clean and activated surfaces were placed in contact
with liquid PEA, thus achieving complete saturation of the
acid sites. The saturated and dried powders were then sub-_g-;
jected to a two-step TGA analysis as described in the ex- S
perimental section and illustrated ®Bcheme 1. The first F
isothermal step (50C) was aimed at desorbing the excess
multi-layer of PEA deposited on the surface. In every case,

a constant value of the mass was eventually obtained, with a
well-defined plateau versus analysis time. The mass obtained Time
at the plateau corresponded to the initial mass of the sample

Scheme 1. Two-step TGA analysis performed to study the surface acidity of

under StUdy covered by a monOIayer of PEA. The second Stepthe sample surfaces: 1st step is carried out &€58nd 2nd step atincreasing

ofanalysis was carried out by increasing the temperature fromtemperaIture from 50 to 8OC.
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Fig. 1. Experimental thermogravimetric curves of PEA desorption from saturated samples as a function of temperature (second-step analysis) at the different
heating rates (8 C/min): (a) silica, S; (b) alumina, A; (c) silica—alumina, SA; (d) silica—titania, ST; (e) silica—zirconia, SZ.



46 A. Gervasini et al. / Thermochimica Acta 434 (2005) 42—-49

50 up to 800 C at constant rate (from 5 up to 3G/min) to T T T T T

completely desorb PEA. The final mass obtained at°&0 AR AR A Y
corresponded to the catalyst mass for which the amounts of @

acid sites were determined.

Fig. la—e reports the thermograms for PEA desorption
from each sample, collected at various heating ratgsuid
reconstructed by plotting the residual fraction of PEA against
sample temperature from 50 to 80D. All the curves are de- (b)
creasing down to zero. As a general trend, the curves obtained
at lower values ofs lay below those obtained at highgr
This trend is particularly noticeable up to a residual fraction
of PEA of 0.1 (Fig. 1a—e). This behaviour was expected, as
for higher values of the heating rafethe sample remained
for a shorter time at a defined temperature, thus allowing
only a smaller fraction of PEA to desorb. The total amount
of PEA desorbed and, therefore, the total amount of acid
sites irrespective of acid strength, could be directly obtained
from the height of the TGA plateau at 8Q, corresponding
to the end of the first isothermal step: the respective val-
ues were 2.94 meq/g (S2), 2.75 meqg/g (SA), 2.13meqg/g (A),
1.79meq/g (ST), and 1.87 meqg/g (S).

When one compares the PEA thermodesorption curves
of the different samples, well different shapes of the curves
are observed, reflecting the different acid site distributions of
the surfaces. The first derivative of the TGA curves (DTGA)
highlighted the inflection points as negative peaks, clearly ev-
idencing the temperature at which the rate of PEA desorption
went through a maximum (Jax). For some samples, more Fig. 2. DTGA curves calculated from the TGA profiles of PEA thermodes-
than one peak was observed, indicating that more than oneorption from Sz surface collected at heating rate o€#min (a), 10°C/min
type of acid site was present on the surface, with different acid (b), and 15C/min (c).
strengths. The conventional view is that the lowest values of
Tmax correspond to the weakest acid sites. for the acid sites associated withax 1; meanwhile, values

Two distinctTmayx values were observed with A, SA, ST, of 68, 97, 108, and 269 kJ/mol, associated Wigtax 2, were
and SZ, and only one with S. THgax,1values (170-226C) obtained for ST, SZ, SA, and A, respectively. Howe\sy,
associated with a first type of site are in all cases near thevalues obtained in this manner may be of little significance,
boiling temperature of PEA ¢= 198-200C at atmospheric  as convoluted DTGA peaks were observed in most cases. In
pressure). The amount of PEA desorbedafx 1, which is this situation, the shift of 5 with g could not be determined
indicative of PEA weakly bound to the surface sites, corre- accurately, and moreover it is likely that more than two types
sponded to 80—90% of the total amine desorbed. The fractionof acid sites are present.
of PEA associated with the maximum desorption at higher  To achieve a better kinetic interpretation of the PEA des-
temperature (fax,2 360—460C) was smaller for S and ST  orption curves, a mathematical model was applied to the
than for A, SZ, and SA (Table 1Fig. 2 reports for the SZ  experimental data taking into account at the same time the
sample, as an example, three DTGA curves as a function ofexperiments performed at the different heating rates. Only
temperature calculated from the relevant TGA profiles col- the temperature interval from 50 to 600 was utilized in
lected at 5, 10, and I'®/min. The shift of the main peak at the computations because of a significant, even if moder-
low temperatureTmax,1, With 8 can be clearly individuated, ate, loss of surface area occurring at higher temperatures
while another peak at higher temperatufgayx 2 is better [14].
detected as highgtis. In this case, it is hard to detect a clear The optimum parameters determined using these compu-
shift of Tmax, 2with 8. tations (n,x; x?, Ai, Eaj, see Sectior2.2) can be used to

The activation energies for PEA desorption from the recalculate all the thermograms. The fitting with the experi-
different detected acid sites have been calculated by themental curves was of good quality: the calculated desorbed
Kissinger equatiofil5]. On the basis of this equation (Eq. fractions were well inside &10% deviation from the ex-
(1)), Ea values can be calculated for ealihax detected from perimental values, and no particular trend witltould be
the slope of the straight lines obtained by plotting In(A4) observed. This determination of the parameters of the model
versus 1/fhax As a general trend, values similartothe en-  makes it possible to decompose the PEA thermodesorption
thalpy of PEA vaporization (A= 42 kJ/mol) were obtained  curves into single curves, each relevant to a different type of

DTGA signal

1 1 1 I
100 200 300 400 500
Temperature / °C
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1.0 ) high E5 value (higher than 200 kJ/mol). The acidity of the
c os modified silica surfaces (SA, ST, and SZ) was very different.
9 =5 SA and SZ have surfaces with very high amounts of acidic
8 L sites and different acidic strengths (6Bs< 200 kJ/mol),
3 | while ST has a poorly acidic surface presenting only a small
2 04 amount of sites of high acidic strength.
j('—’ sitash The site energy distribution of the oxide surfaces deter-
w O'zjsuesc mined using the model better represents the heterogeneity of
golstesd TN . | the surfaces than the direct interpretation of the experimental
0 100 200 300 400 500 800 thermal desorption data.

Temperature / (°C)
3.2. NH; adsorption

Fig. 3. Decomposition of the calculated curves of PEA thermodesorption

(total) of SZ surface for the different types of acid sites, calculated at the . . .
different heating rates (curves at lowgare below those obtained at higher The 'ntegral and differential heats evolved from Nad-

B). sorption measured at 8C, up to 0.5 Torr of NH coverage,
are shown irFigs. 5 and @or all the samples. Integral heat

acid site. In this way, it is possible to follow the PEA desorp- curves for the A, SA, and SZ samples run together, while
tion from each type of sitézig. 3shows, as an example, the ST has a curve well below those of the three other samples
numerical decomposition of the experimental thermograms (Fig. 4). The curves can be approximately viewed as sections
into four calculated curves, corresponding to the four types of of parabolas, and the highest parabola corresponds to the sam-
acid sites of the SZ surface. The curves have been calculategle on which the titration of the largest amount of strong sites
for all the heating rates used in the experiments. The curve occurred25]. This suggests that the A, SA, and SZ samples
decomposition highlights the occurrence of both successivehave surfaces with the highest acidity in terms of number and
and simultaneous desorptions of the amine molecule from thestrength of the sites. The plots of differential heats versus cov-
different surface sites: PEA can desorb from the various pop- erage (Fig. 6) make it possible to study the distribution of the
ulations of sites from weakest to strongest consecutively asacid sites on the different surfaces. Initial heats for the A and
well as simultaneously. In the second case, PEA desorptionSA samples at very low Nktoverages are very high, 270 and
from a given type of site begins to occur before desorption 180 kJ/mol, respectively. Continuously decreasing curves are
from other types of sites is complete. observed for A and SA without a clearly detectable plateau

The calculated distributions of activation energies for PEA in the whole range of the heats measured. This behaviour is
desorption from the acidic surfaces are showRim 4. The typical of highly heterogeneous surfaces. For SZ, it is possi-
different types of acid sites have been grouped into sitesble to individuate a first plateau in the 150-140 kJ/mol region
with E; values smaller than 60 kJ/mdt; between 60 and  for a wide range of N coverage, and a second one close to
100 kJ/mol, between 100 and 200 kJ/mol, &agreaterthan 90 kJ/mol at higher Niglcoverage. The surface acidity of the
200 kJ/mol. Pure silica and alumina have only two types of ST sample is rather low, in terms of both the amount of acid
sites. Restricting oneself to the sites wiy higher than sites and the acidic strength; two plateaux, around 85-90 and
60 kJ/mol, S has only one type of site, with a I&y value 65-70 kJ/mol, respectively, could be identified. Pure silica
between 60 and 100 kJ/mol, while A presents sites with very did not exhibit any acidity, as expected.

3.0 > 200 kJ/mol
| 100-200
60-100
—,; 2 0 <60
D2 2.0
g %
2
¥
B 10
<C
0.0 g —beed
s A

Fig. 4. Calculated distribution of activation energies for PEA desorption from the different types of acid sites of the studied oxides.
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The amount of strong acid sites retaining fNElan be tory agreementis found between the amounts of strong acidic
evaluated by determining the amount of NEdsorbed at  sites determined from the desorption profiles (site fractions
0.2 Torr, from the adsorption isotherms (Table 1). SA has associated with th&mnayx, 2 peak) and those titrated by am-

a higher number of acid sites than A (9%), SZ (25%), and monia (Table 1). Concerning the acid strength of the oxide
ST (44%). During the adsorption experiments, the different surfaces, the distribution of adsorption enthalpies obtained by
types of acid sites are covered successively, starting with theNH3 adsorption indicates the same order of acidity as that ob-
strongest ones (highest adsorption enthalpy), according to theained by the model applied to the thermal desorption curves
conventional view. This does not take into account the real in terms of activation energy of PEA desorption.

possibility of simultaneous adsorption on different types of

sites with different enthalpies, which can occur more or less

markedly depending on adsorption temperaf@f. In the 4. Conclusions

present case, since very low Nidoverage was investigated,

not all the acidic sites of the surfaces were involved in the  We have investigated the acidity of various oxide surfaces
adsorption process, and titration by Blidoncerned almost  using NH; or PEA as basic probes. The direct comparison
exclusively the strong acid sites. of the two series of experimental data based on base probe

Differences are usually reported in the literature when desorption or adsorption provided a sound interpretation of
comparing the numbers of surface acid sites derived from the acid site energy distribution of the surfaces from a quali-
different experimental methodologi¢a7]. The differences  tative and quantitative point of view. A kinetic model applied
can often be ascribed to different experimental conditions to the PEA desorption profiles gave access to the distribution
used in some pre-treatment stage or analysis. In the presenbf the surface acid sites taking into account their number and
case, when comparing the results obtained by PEA thermod-energy (activation energy of amine desorption). The results
esorption with those derived from NFhdsorption, satisfac-  obtained from the computation are in good agreement with
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those derived from the ammonia adsorption approach, when [9] H.G. Karge, V. Dondur, J. Phys. Chem. 94 (1990) 765.
the comparison is confined to the strong fraction of acid sites. [10] F. Arena, R. Dario, A. Parmaliana, Appl. Catal. A: Gen. 170 (1998)
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