Catalysis Letters 58 (1999) 81-87

81

On the acidity of liquid and solid acid catalysts.
Part 2. A thermodynamic and kinetic study for acid-catalysed
nitrations
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Solid acids prepared by adding sulfuric acid on silica gel have been used as catalysts in the nitration of nitrobenzenes and their
properties have been tested by kinetic studies at 25 °C. Nitration rates in concentrated aqueous solutions of sulfuric acid were aso analysed
and the catalytic efficiencies of sulfuric acid in liquid and solid phase were compared by using kinetic data of analogous compounds.
The results show that the solid acid samples exhibit nitrating properties very similar to those observed in concentrated aqueous solutions
of sulfuric acid (range of 90 wt%). The relationship between nitration rates and effective concentration of electrophilic species [NOzjr 1,
determined by studying the protonation—dehydration equilibrium of nitric acid in strong acids (HNOs +HT = H,O+ No;r ), was tested

to better understand the acidity properties of medium.
Keywords: nitration, sulfuric acid, solid acid catalysts

1. Introduction

Acid-catalysed reactions over solid acids are the subject
of continuous studies in the attempt to develop new pro-
cedures in the catalytic processes of bulk and fine chemi-
cals [1-3]. Simplification in handling techniques and envi-
ronmental protection are also reasons of interest in thisfield
since selected acid materials would have the advantages of
decreasing corrosion, by-products and further unfavourable
aspects associated with the use of concentrated aqueous
acid solutions in catalysis.

In the present paper, acid catalysts made of sulfuric acid
supported on silica gel aretested, using the nitration process
of aromatic compounds and the nitration rates of analogous
compounds which are measured both in solid acid samples
and in concentrated aqueous solution of sulfuric acid. This
approach allows one to study the catalytic properties of the
materials under investigation and to compare the catalytic
efficiency of sulfuric acid in liquid and in solid phase by
a well known reaction [4-6] where “the acidity” of the
medium is the key parameter to be determined for the con-
version reagents — products.

2. Experimental

2.1. Materials

Samples of commercially available GRACE Gmbh Sil-
ica Gel (90 pm average particle size, 390 m?/g (Sger),
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1.14 ml/g pore volume) were used. Purified silica gel sam-
ples were obtained by washing the material with aqueous
solutions of perchloric acid, then with distilled water.

Purified aromatic substrates (4-chloro-3-nitrotoluene, ni-
trobenzene, o-, m-, p-chloronitrobenzenes) and solvent
(dichloromethane) were obtained from the commercially
available products. Nitric acid was purified by vacuum
distillation from concentrated sulfuric acid and was stored
a —50°C. Aqueous sulfuric acid solutions of various
strengths were prepared by diluting the concentrated acid
(Analar grade) and their percentage compositions were de-
termined by automatic potentiometric titrations against stan-
dard solutions of NaOH. Nitric acid and aromatic solutions
in dichloromethane were prepared by weighing both reagent
and solvent.

2.2. Solid acid samples

A known amount of silica gel powder was mixed with a
known amount of agueous sulfuric acid of appropriate con-
centration. After stirring for ca. 1 h, the surnatant solution
was removed by filtration and the wet catalyst was dried
for two days between 105 and 180°C in a stream of Ny.
The acid percentage composition in the solids was mea-
sured by automatic potentiometric titrations against stan-
dard solutions of NaOH. The surface areas of the samples
show a continuous decrease as the amount of sulfuric acid
adsorbed by the solid increases. The observed values are
between 247 and 108 m?/g for acid samples with loadings
between 3.31 and 5.07 mmol H2SO4/Qcatalys-
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Table 1
Second-order rate constants in solid (kzgps (dm® mol—1s~1))2 and in agueous sulfuric acid (k9 (dm®mol—s~1))° for
acid-catalysed nitrations of aromatic compounds at 25°C.

0g k2ops (solid) at®

log k9 (solution)®

1.93 3.15 331 4.15 4.25 5.00 5.07
4-chloro-3-nitrotoluene —0.55 0.15
o-chloronitrobenzene —0.65 —0.98 —0.96 —1.08 —1.12 —1.21 —-1.25 —0.60
Nitrobenzene —-1.13 —1.42 —-1.37 —1.55 -1.10
m-chloronitrobenzene —-1.85 -1.75
p-chloronitrobenzene —-2.16 -2.10

2Values estimated in solid catalysts (H2SO4/SiO,) by using the stoichiometric concentration of solutes (rate = kogps
x [Ar]s.[HNO3]s.). Samples with 1.93, 3.15, 3.31, 4.15, 4.25, 5.00, and 5.07 mmol H>SO4/Qcaalyst-
bvValues estimated in concentrated agueous sulfuric (range < 90 wt%) acid by using the effective concentration of solutes

(rate = kJ[ArI[NOS 1). The k9 of benzene = 6.05 [9].
2.3. Kinetic measurements in aqueous acid solutions

Separate solutions of aromatic and nitric acid in sulfu-
ric acid of appropriate concentration were prepared using
weighed samples of solvent and reagents. A small volume
of the aromatic solution was transferred by micrometric sy-
ringe to an optica cell containing a weighed sample of
nitric acid in sulfuric acid. The cell was kept at 25°C by a
digital thermostat and the change of absorbance with time at
selected wavelengths was followed. As observed in aque-
ous acid solutions [4-9], second-order kinetics were found
to hold and rate coefficients (kaops (dM~3mol~1s™1)) re-
lated to stoichiometric concentrations of reagents (rate =
koons[Ar]¢.[HNOgs]g.) were determined, using either ex-
cess nitric acid ([HNOs] 1073~10~2 mol dm~3, [Ar] 10~4-
10—° mol dm—3) or equimolar concentrations of nitric acid
and aromatic ((HNOs] and [Ar] 10~3~10~2 mol dm~3).

The rate constants for 4-chloro-3-nitrotoluene (A) and
m-chloronitrobenzene (B), not available in literature and
obtained at a given percentage of sulfuric acid, are:

log kagps Of A
= —1.439 (at 83.72 wt%), —1.476 (at 83.87 wt%),
—0.623 (at 86.08 wt%), —0.185 (at 88.23 wt%),
0.125 (at 90.25 wt%), —0.148 (at 93.25 wt%),
—0.228 (at 93.95 wt%), —0.301 (at 94.52 wt%),
—0.62 (at 96.13 wt%);

log kogps Of B
= —2.616 (at 85.89 wit%), —2.268 (at 86.90 wt%),
—2.228 (at 87.15 wt%), —1.796 (at 90.02 wt%),
—1.808 (at 90.02 wt%), —1.830 (at 91.93 wt%),
—1.810 (at 91.93 wt%), —2.085 (at 96.16 wt%),
—2.376 (at 98.66 wt%).

2.4. Kinetic measurements in solid acid catalysts

Separate solutions of aromatic and nitric acid in dichloro-
methane of appropriate concentration were prepared using
weighed samples of solvent and reagents. A small volume

of the aromatic solution was transferred by micrometric sy-
ringein awell stirred UV cell containing weighed samples
of the catalyst and nitric acid in dichloromethane. In this
case, the incoming beam was focused on the sample a a
proper height and care was taken to avoid local turbulences.
The cell was kept at 25°C and the kinetic runs were per-
formed under the experimental details described above. As
in agueous acid solutions, second-order kinetics were found
to hold for nitration of 4-chloro-3-nitrotoluene, nitroben-
zene and o-, m-, p-chloronitrobenzenes, using acid samples
with 1.93, 3.31, 4.15, and 5.07 mmol H,SO4/Qcaays:-

The rate coefficients (koops) Observed for the compounds
under investigation are reported in table 1.

An inspection of the Carberry and Weel er—Wei sz number
for the nitration of chlorobenzene, the latter one used to test
fast reactions, allows one to state that both liquid/solid and
internal pore diffusion do not affect the overall reaction
kinetics. The calculated values for Carberry and Weeler—
Weisz number are ca. 10~3 and 102, respectively [10].

2.5. XPS and equilibria measurements in solid acid
catalysts

The surface layer of the solid acid samples has been
characterized by XPS measurements using pyridine chemi-
sorption [11] and investigation of the N1 XPS band. A sin-
gle peak at 401.4 eV was found in al cases, highlighting
only the presence of rather strong Bragnsted acid sites.

The binding energy (BE) of Nis, Sizp, Syp Was also mea-
sured for a catalyst containing 2.52 mmol H>SO4/Qcatalyst
and different amounts of adsorbed isopropyl nitrate. The
latter was used as the precursor of the effective nitrating
agent (NOJ). The results show a linear relationship on the
plots SiI/N and S/N vs. the amount of the nitrating agent
added to the sample.

Additional measurements related to protonating ability
of the catalysts in the (B+H* = BH™) process were
performed in a thin UV cedl (0.1 cm) filled with the
solid acid+ solvent+B and subjected to centrifugation.
3-methyl-2,4,6-trinitroaniline, 3-bromo-2,4,6-trinitroaniline,
2,4,6-trinitroaniline (TNA) were used as indicators (B).

These compounds are very weak bases and their half
protonation in aqueous solutions of sulfuric acid occurs at
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85.5, 92.8, 96.4 wt% H,SO,, respectively [12-17], with
an order 3Me > 3Br > H, different from that expected
according to the relationship between basic strength and
substituent effects. The results in solids show an analo-
gous trend, since the protonation can be easily observed
for 3-methyl-TNA but not for the unsubstituted TNA. The
behaviour of 3-Br-TNA is between them.

It appears to be a complication of the liquid and solid
systems with sulfuric acid. Indeed, the order 3Me > H >
3Br was found in concentrated aqueous CF3SO3H by pro-
tonation studies of weak bases in this acid [18].

3. Results and discussion

3.1. Nitration of aromatic compounds in aqueous sulfuric
acid

Nitric acid in concentrated agueous solutions of HCIOy,
CF3SO3H and H,SO, is known to be a good nitrating sys-
tem for aromatic compounds (equilibrium (1)) [4-9]:

Ar + HNO; + HT — ArNO, 1)

because of the catalytic efficiency of the medium for the
formation of nitroniumion (equilibrium (2)) whichis recog-
nised as the actual nitrating agent [4-6,19-22]:

HNO; + H* = H,0 + NOJ 2

From a practical point of view, aqueous sulfuric acid be-
tween 50 and 100 wt% is the most commonly used solvent,
suitable for nitration of substrates with very different reac-
tivity such as mesitylene and nitrobenzenes [4-6,8,9]. The
acidity dependence of nitration rates (koons) Of some acti-
vated and deactivated aromatic compounds (Ar), related to
stoichiometric concentration of reagents by equation (3) is
shown in figure 1(A):

rate = Kaohs[Ar]s [HNOg]s. - ©)

The trend of rate profiles suggests two main observations:
a steep increase up to a maximum in going from dilute solu-
tions to 90 wt% acid and a gentle decrease in 90-100 wt%
H,>S04, where the nitric acid is completely converted into
NOJ [4-6,9,19-21]. A similar dependence of the rate pro-
files upon acidity was found in the nitration studies of aro-
matic compounds in the range 60-100 wt% CF3SOzH [7].

Besides the conventional description using kzqps, the ni-
tration process can be analysed on the basis of the “£9” rate
congtants [7-9,22], the latter ones being estimated in con-
nection with the effective concentration of solutes (equa-
tion (4)):

rate = kJ[Ar][NOJ |. 4
The kos and k9 rate constants are related by
kaoos[Arls.[HNOslg. = kS[Ar][NOJ]. (5)

The new parameters are of interest being new sources of
information that allow the separation of solvent effects in-
volved in the equilibria of reagents from solvent effects

involved on the kinetic behaviour of the reacting species.
Indeed, in the range below 90 wt% H,SO4, the &9 val-
ues obtained by taking into account the actual concentra-
tions of NOJ were found to be practically independent of
medium acidity (see figure 1(B)). In the range 89-91%,
where [HNO3]g. &~ [NOJ ], the condition kagps ~ &9 is sat-
isfied. The results of this study, which has been extended
to a much larger number of substrates in different acids,
suggest a number of items for discussion: (i) The differ-
ent behaviour of kpgns and k:g shows that the change in
koobs arises essentially from the change in the position of
HNO; — NOJ equilibrium. (i) Estimated k9 values are
amost the same in HCIO,, CF3SO3H, H,SO, for dl the
substrates already studied. (iii) Interactions between ions
giving HSO, NOJ ion pairs have been suggested above
90 wt% [7-9,22]. The kinetic dependence on temperature
supports the involvement of analogous species since, only
in this range, the decreasing factor of rates becomes smaller
when the temperature rises.

The determination of the 9 rate coefficients necessarily
requires the knowledge of [NO3 ], the latter obtained ac-
cording to Raman, UV and NMR studies of equilibrium (2)
in H,SO,4 between 82 and 92 wt% H,SO,4 [19-21]. Out-
side this range experimentally available for the measure-
ments, the [NOJ] was estimated by a procedure suitable
for solutes protonating in non-ideal acid solutions [33-37].
For instance, the equilibrium constant (pKNo;) and the
acidic dependence of [NOJ] in H,SO4 have been deter-
mined by equation (6), rewritten as (6'), where the Mc(i)
function or “activity coefficient function” — defined for-
mally by equation (7) — takes into account the variation of
activity coefficient (a.c.) term of the species involved in
the process:

PEyor =log{ [NO3 | [H20]/[HNOs][H ]}

_ |Og(fHN03fH+/fNoz+szo), (6)
PEyo; =log{ [NO; | [H20]/[HNOs][H]}
+ 0 M(i), ()

Mc(i) = log (product of reactants a.c.)
— log(product of products ac.). @)

Furthermore, studies related both to protonation equilib-
ria of weak bases (B) (B + H™ = BH™) in concentrated
aqueous acid solutions (HA) (for HA = HCI, HBr, HNO;3,
HCIQy, CH3SO3H, CF3SO3H, H2304) and to dissociation
equilibria of HA itsdlf (HA = H* + A™), show the vaid-
ity of the relationships (8) or (8') between solutes (i) and
solvents (s):

Mc(i) = nisMc(s), ®
—log(fa fu+/ fen+) = —nislog(fa- fu+/fra).- (8

It suggests that the deviation from ideality (determined by
the Mc a.c. function) and the interactions between solutes
and solvents (determined by the n values) are the parame-
ters to be taken into account when equilibria and rates in
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Figure 1. (A) Nitration in aqueous sulfuric acid a 25°C. Values of logkagps VS. Wt% H»SO,4. (8) Toluene, (b) benzene, (c) bromobenzene,
(d) p,p’-dibromobenzene, (€) p-nitrotoluene, (f) o-Cl-nitrobenzene, (g) nitrobenzene, (h) p-Cl-nitrobenzene (experimental data of: (a) from [23-26],
(b) from [23,27,28], (c) from [27-29], (d) from [29], (e) from [31], (f) from [31], (g) from [32], (h) from [31]). (B) Nitration in agueous sulfuric acid at
25°C. Vaues log kg vs. Wt% H,S04. (a) Toluene, (b) benzene, (c) bromobenzene, (d) p,p’-dibromobenzene, (€) p-nitrotoluene, (f) o-Cl-nitrobenzene,
(g) nitrobenzene, (h) p-Cl-nitrobenzene (experimental data as in figure 1(A)). (C) Protonation—dehydration equilibrium of nitric acid in agqueous sulfuric
acid. Values of Iog[NO;*]/[HNOs] a 25°C: range 50-82 wt% H,S0,, estimated values; range 85-92 wt% H,SO,, experimental data from [21].
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strong acids are analysed. The n values, in particular, have
been interpreted as a measure of the specific interactions
between solutes and solvents in the proton transfer process
H:OTA~ — BHTA™ [9,18,36,37].

The parameters of equilibrium (2) that have been found
at 25°C according to equation (6') are: PE\or = -17.3,
ot = 2.46 (in HyS0y) [9]. The values are related, re-
spectively, to intercept (pKNO;) and dope (”No;) of the
plot

log{ [NO3 |[H20]/[HNOs][H ]} = log Vi

vs. the Mc(i).

Analogous studies of [NOJ ] /[HNO3] ratiosin CF3SOsH
at 25°C support the validity of the pKNO; value, being
PRyoy = —17.3 and nyor = 3.37 the parameters esti-
mated in this acid by using the corresponding log Vi and
Mc values at the defined temperature [9].

In figure 1(C), the solvent dependence of log [NOJ ]/
[HNO3] ratio is reported. In the range 50-80 wt% H,SOy4,
changes of log [NO;]/[HNOs] between 10-1? and 102
were estimated, according to the k,opns rate profiles of nitra-
tion [9] (see figure 1(A)).

3.2. Nitration of aromatic compounds in solid acid
catalysts

Preliminary studies related to nitration of aromatic com-
pounds over H,SO,/SiO, have shown that these materials
can be successfully used as catalyststo obtain reaction prod-
ucts [38]. The main experimental observations of practical
interest are: The performance of the solids can be easily
modified in accordance to the reactivity of the aromatic
substrates. The catalysts can be prepared from inexpen-
sive materials and oven reactivated for further use with a
minimal loss of catalytic efficiency. Good yields of ni-
trocompounds (>95%) are obtained at 25°C for aromatic
compounds with different reactivities. Experimenta tests
with isopropyl nitrate as nitrating agent confirm that the
nitration takes place on the catalyst.

An extension of these studies by kinetic investigationsis
now reported using purified nitric acid as nitrating agent, ni-
trobenzene and substituted nitrobenzenes as aromatic com-
pounds and samples of H,S0,4/SIO, (with added sulfuric
acid between 2 and 5 mmol acid/gcaays) as catalysts. For
nitrationsin aqueous acid solutions, the selected compounds
require acidity ranges between 80 and 100 wt% H,SO, be-
ing less reactive than benzene by a factor between 10° and
10° (see figure 1(B)). Examples of the observed rate con-
stants (kaons) determined by equation (3) are reported in
table 1.

The new experimental observations reveal some signifi-
cant points:

(i) There is, now, kinetic evidence that the H,SO4/SIO;
catalysts exhibit catalytic properties analogousto those
observed in concentrated agueous sulfuric acid (range
of 90 wt%).

L T T T

o-CINB |

log k, .. (in solid )
T

mmol H,SO, /gcm]yst

Figure 2. Nitration rates of o-chloronitrobenzene and nitrobenzene in solid
acid catalyst. Values of 1og kagps vs. MmOl HoSO4/Qeatalyst (EXperimental
data — present work).

(ii) The observed rate constants (kops) Were found to
be linearly related to parameter X (where X =
[catalyst](mmol HySO4/gcatayst)/[HNOs]). The varia-
tions, however, for o-chloronitrobenzene and nitroben-
zene are found to be very small using [HNO3] between
5x 1072 and 3 x 1072 M and acid samples with 3.31
and 5.07 mmol acid/geaalys-

The nitration rates of o-chloronitrobenzene and ni-
trobenzene and their variations with mmol acid/
Ocaralyst e depicted in figure 2. The trend appears
to be analogous to that observed in aqueous sulfuric
acid above 90 wt% (see figure 1) since the “acidity”
of the catalysts does not affect significantly the nitra-
tion rates, as expected for medium compositionswhere
the ionization of HNO; to NOJ is virtually complete.
In contrast, the solvent dependence of kaops IS Usualy
very large in the range where the position of HNO3;—
NO; equilibrium is changed. For instance, between
50 and 80 wt% H,S0O4 the rate of anisole nitration in-
creases by afactor of 10'? and between 80 and 90 wt%
H,>S0, the rate of nitrobenzenes nitration increases by
afactor of 10°.

Further experimental observations involved with the
decreasing slopes of figure 2, with the differences be-
tween koops and kg for nitrating compounds with a
progressive increase in the reactivity (see table 1) and
with the high protonating ability of the catalysts (see
section 2), necessarily suggest that also the process
B — BHT of nitrobenzenes cannot be neglected in
proportion to their basic strength [18].

(iii)

(iv) Of particular interest are the results obtained by com-
paring the reaction rates of analogous compounds in
liquid (agueous H,SO,4) and in solid (H2S04/SIO,)
phase (see figure 3(a)). Within the limits of ex-
perimental uncertainty, the relative rate constants
(F200s(x-PhNO,) / k20bsPhiND,)) OF 3-chloro-4-nitrotoluene,
nitrobenzene, o-, m-, p-chloronitrobenzenes obtained
in both phases are found to be linearly related between
them.

A similar trend has already been observed by compar-
ing nitration rates of anal ogous compoundsin aqueous
acid media and in the gas phase [7]. In figure 3(b),
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nitrotoluene (CINT) (experimental data in solid phase — present work; in liquid phase, (m-CINB) and (CLNT) — present work, (p-CLNB) from [31],
(NB) from [32]). (b) Vaues of log[kpnx)/krnH)] (gas-phase nitration) vs. Iog[kg(phxf /kg(th)] (nitration in agueous H»SO,4) of monosubstituted

arenes. anisole (OMe); toluene (Me); ethylbenzene (Et); propylbenzene (Pr); bipheny

(Ar); benzene (H); fluorobenzene (F); chlorobenzene (Cl);

benzotrifluoride (CF3) (experimental data in gas phase from [39]; in H,SO,4 from [7]).

for instance, k9 pnxy/kpnyy Values obtained in aque-
ous HySO4 and kenx)/kenry values obtained in the
gas phase were compared using the experimental data
of aromatics available in both phases [7,39].

(v) From apractical point of view all the results show that
activated and deactivated aromatics such as mesitylene
and p-chloronitrobenzene, whose reactivities differ by
a factor of 10!, can be easily nitrated at 25°C over

H>S04/SIO, solid acids.

The high catalytic property of the materials observed in
the nitration is in agreement with their high protonating
ability, the latter one observed in the protonation process
of nitroanilines, carried out in HCIO,4/SiO,, CF3SO3H/SIO,
and HyS04/SIO, [40-42]. In these studies it has been
shown that equation (8) or (8") holds for the acid materias
under investigation. Moreover, for analogous compounds,
the protonating ability (or n value) of HCIO,, CF3SOsH
and H,SO, in liquid and solid phase differ by a factor of
ca. 10*-10°, but the thermodynamic pKgy+ values of B in
both systems are found to be the same.

The H,S0O,/SIO, catalysts were aso found to be
more active than other ones aready tested for nitration.
Nafion-H, for instance, allows the nitration of benzene by
heating the reaction mixture to reflux [43], and mordenite
by heating at 170°C [44]. Zeolite beta at 25°C allows the
nitration of moderately activated substrates [45].

4. Conclusion
For acid-catalysed nitration of nitrobenzenes it was

shown that the catalytic efficiency of solid acids prepared
by wet impregnation of H,SO, to silica gel and with

2-5 mmol &Cid/geaays Can be compared to that observed
in very concentrated aqueous H,SO,4 (range 90 wt%). In
this particular range of acid solutions, where the ioniza-
tion of HNOs to NOJ is virtually complete, the nitration
rates related to the stoichiometric concentration of nitric
acid (rate = koops[Ar]s.[HNOs]y) are very near to the
rates related to the effective concentration of e ectrophilic
species (rate = kIJ[Ar][NOJ]). The kinetic results in solid
were found to be consistent with those obtained by ther-
modynamic studies where the high protonating ability of
the materials, compared to that observed in aqueous acid
solutions, was shown.

It can be concluded that comparative studies in liquid
and in solid phase and the description of “acidity” by suit-
able parameters with a thermodynamic significance can be
useful tools for understanding the catalytic performance and
the acid strength of complex acid systems.
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