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Received December 11, 2001; revised July 12, 2002; accepted July 22, 2002

A new time-dependent Monte Carlo algorithm was developed to
simulate isobar and isotherm three-phase batch hydrogenation of
2,4-dinitro-toluene on Pd/C catalysts. A new reaction mechanism
was formulated, involving 9 and 27 toluene derivatives, in solution
and adsorbed on the surface, respectively. In fact, three different
ways of adsorption were considered for all surface derivatives. Mi-
croscopic mechanistic hypotheses were formulated analyzing the
mimicked surface populations able to reproduce the experimental
catalytic activity–selectivity patterns at different times, tempera-
tures, reagent concentrations, and catalyst particle morphologies.
The three different adsorption modes, giving rise to surface species
having different steric hindrances, together with the morphology
of the particle catalysts, were determinants in reproducing experi-
mental findings. c© 2002 Elsevier Science (USA)

Key Words: catalytic nitro-derivatives hydrogenation; reaction
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1. INTRODUCTION

Catalytic hydrogenation of dinitro-aromatic compounds
has industrial relevance (1–8). A significant example is
the hydrogenation of 2,4-dinitro-toluene (2,4DNT) to 2,4-
diamino-toluene (2,4DAT), which is an important interme-
diate in the synthesis of toluene-di-isocyanate (1).

The hydrogenation of 2,4DNT was recently investi-
gated in a three-phase batch reactor over palladium/carbon
catalysts (9–12). The reaction occurred via a complex
network (10, 11), in which the nonseparable 2-nitro-
4-hydroxylamino-toluene and 2-hydroxylamino-4-nitro-
toluene isomers (4HA2NT and 2HA4NT) (13) and the
separable 2-amino-4-nitro-toluene and 2-nitro-4-amino-
toluene isomers (4A2NT and 2A4NT) were the main and
the only isolable (10) intermediates.

Experimentally, the product distribution was influenced
by several factors, including the reaction temperature and
the catalyst morphology. Concerning the influence of the
catalyst morphology on the catalytic activity and selectivity,
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it was hypothesized that the 2,4DNT hydrogenation could
occur through a “structure-sensitive” (10, 14) mechanism.
Hence, it was suggested that the adsorption configurations
of the surface species, especially the 2,4DNT species, were
affected by the palladium particle sizes, and that this could
be the determining factor in regulating the activity and se-
lectivity of the catalyst (10).

Time-dependent Monte Carlo (tdMC) algorithms were
recently introduced to mimic metal-catalyzed processes oc-
curring at isobar and isotherm conditions in a biphase reac-
tor. These algorithms generally showed ability in modeling
the considered catalytic processes, especially to determine
features not easily accessible by experimental data (15, 16)
and to rationalize the structure sensitivity observed on cata-
lytic hydrocarbon hydrogenation occurring on different
metal catalysts (17–19).

By the tdMC approach, the importance of the side inter-
actions between hindering surface species was shown and
parameterized (17–19) and was accounted for (20) in terms
of residence probability of the same species.

By this approach, the influence of the metal dispersion,
Dx (21–23), of a catalyst on the catalytic activity–selectivity
pattern was also taken into account (17, 18). Recently,
ab initio quantum mechanical (QM) calculations at DFT
and HF levels gave thermodynamic bases to the tdMC
models (24).

The microscopic aspects of the three-phase hydrogena-
tion of 2,4-dinitro-toluene on Pd surface, due to the intrin-
sic complexity of the reaction, cannot be easily achieved.
These difficulties resulted in contradictory interpretations
(see Section 3) of the microscopic aspects of the title re-
action even when studied by adequate experimental tech-
niques (9–12, 25). We believe that these difficulties could
arise because of the specific ordinary differential equation
system (ODES) approaches employed to explain the ex-
perimental results. To this purpose, we tried to get these
microscopic details by employing an appositely designed
tdMC algorithm (26). To our knowledge this is the first ex-
ample of a tdMC algorithm working on a three-phase batch
catalytic reactor system.
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teracting with the surface, in ortho and in para, respectively,
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We employed preliminary energetic and structural QM
findings (27) to start tdMC simulations of experimental
catalytic activity values. The tdMC algorithm, linked to a
minimization routine, allowed us to optimize the energetic
QM results, employed as fit parameters, to obtain average
activation energies, i.e., probabilities of occurrence, at given
temperature and catalytic surface characteristics, of simple
events involved in the reaction. Together with the best-fit
activation energy values, we got snapshots of the surface
populations at different reaction times, illustrating the cor-
responding surface species arrangements.

Isobar hydrogenations, occurring at different temper-
atures and/or metal dispersions, were also simulated,
employing the best-fit parameters. The analysis of the
corresponding surface snapshots furnished microscopic in-
sight into the connection between the macroscopic para-
meters involved in the reaction, i.e., the temperature and/or
the metal dispersion and the related catalytic activity–
selectivity pattern. This led to new hypotheses on the sur-
face reaction mechanism, alternative to the ones already
suggested (9–12, 25).

2. ESSENTIAL COMPUTATIONAL DETAILS

2.1. Models

The tdMC algorithms, functional for studying the hetero-
geneous catalytic reactions, usually need the introduction of
original chemical and physical models (15–20, 24, 26, 27).
The chemical models handle the surface events, such as
adsorption, desorption, diffusion, and reaction events, as
well as the involved surface species and their characteristics,
e.g., steric hindrance and related molecular parking (26, 28)
and traffic (27) properties of the same species. The physi-
cal models deal with the environment in which the reaction
occurs and the related parameters, e.g., the presence of a
chemical regime, the reference time unit, the temperature,
and the concentration and pressure of the involved species.
Both the chemical and the physical models, employed to
simulate the title reaction, were discussed in Refs. (26, 27).
In the following the essential information is recalled.

To each event, an occurrence probability, P , was assigned
(15–19) for a given reference time and number of metal
surface sites. For a certain event, the value of P was re-
lated to that of the activation energy, Ea , of the same event
(17, 18, 24) by the transition-state theory (TST).

In Scheme 1 the species, disregarding ions and radicals,
and the reaction paths hypothesized (both in gas and on
surface phase) are shown. A priori, no route was fixed as
the rate-determining step.

The acronyms below the species, in Scheme 1, are used
in the paper to represent them.

Square matrices, 100 × 100, mimicking a mix of {100} and
{111} fcc Pd faces, were employed to simulate the metal

catalytic surfaces. Since the simulations were not affected
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SCHEME 1

by the relative extension of the two different kinds of planes,
for the sake of simplicity in the following we refer to the
results relative to the {100} fcc Pd system. Stationary bound-
ary conditions and lateral interaction effects were consid-
ered (17, 18).

Due to the presence of the solvent in the simulated re-
action, formation of surface polymers and/or carbonaceous
deposits (26) as well as of second layers on adsorbed species
was not allowed. The experimental metal dispersion was
mimicked (26), introducing randomly an adequate number
of gaps (18), 0–50% of the total surface sites, on the surface
matrix. The simulated species were as follows:

• in solution, all the molecules represented in Scheme 1.
• on the surface, for each of the molecules above, the

three different surface configurations exemplified, for {100}
fcc planes, in Scheme 2 by the black-circle clusters.

The three different surface arrangements for given
toluene derivatives were labeled as (26, 27) follows:

• FC, fat constellation (12 surface sites occupied), in
which the benzene ring of the toluene derivatives is ar-
ranged parallel to the catalyst surface.

• HFC and FFC, hindered-flag and free-flag constella-
tions (respectively, four and three surface sites occupied),
having the benzene fragment of the toluene derivatives per-
pendicular to the Pd surface and the nitrogen fragment, in-
to the methyl group.
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SCHEME 2

Both parallel (fat) and tilt (flag) configurations were al-
ready observed for aromatic ring derivatives interacting
with different metal surface (29–31). Finally, in our model
we did not consider any influences by the β-PdH phase
(32) on the title reaction. This is because of the pecu-
liar experimental evidence (25) outlined for the title re-
action and because we in general believe (24, 33–35) that
in the presence of hydrogenation this phase has trouble
forming.

To determine the steric hindrance of the surface constel-
lations, ab initio QM calculations at the HF level were per-
formed on model systems of all the derivatives involved
in the title reaction (27). More generally, QM calcula-
tions were employed to complement the tdMC approach.
The methods and the results are extensively described in
Ref. (27). Essentially, QM calculations allowed us to eval-
uate the following:

• the molecular radius of gyration (36), and hence the
average volume occupied by the species in solution (26, 27).

• the standard free energy of each reaction step reported
in Scheme 1.

• the interaction modes of the molecular species with the
catalyst surface.

• the number of hindered sites of the surface species (see
Scheme 2).

• the approximate desorption energies of the derivatives
in different surface configurations involved in the 2,4DNT
hydrogenation.

Using the calculated molecular volumes we could deter-

mine, by the diffusion-limited rate constant theory (37),
the hitting probability of the solvated species in ethanol
ND DUCA

phase (26, 27); hence we could set an internal clock to study
(15–18, 26, 27) the kinetics of the title reaction.

To reduce the number of fit parameters, the desorption
probabilities of the different FC surface species, as well as
of the HFC and FFC derivatives adsorbed through equal
fragments, were considered the same. The probability of
reaction of the –NO2 and the –NHOH fragments were also
set constant, irrespective of whether considering FC, HFC,
or FFC molecular derivatives. These constraints were in-
troduced because of the hypothesized stronger adsorption
role in the fat species of the aromatic ring fragment with
respect to the nitrogen-containing groups and the analo-
gous reactive behavior of the ortho and para substituting
fragments (26). A comparison between simulation results,
obtained by using differently sized sets of fit parameters,
induced confidence in the choice made (26).

The tdMC code, implemented in Fortran language as
KÖVÉR.FOR, was designed (26) to run in small platforms
under LINUX and W98 operative systems.

2.2. Fit Procedure

Experimental activity results (see below) of 2,4DNT hy-
drogenation on a Pd/C catalyst, MGPd5 of Ref. (10), were
fitted by a code wherein the fit-kernel KÖVÉR (see pre-
vious section) was linked to the AMOEBA minimization
routine (38). Experimentally, the catalyst morphology was
investigated by XRD, TEM, and CO chemisorption. The
CO/Pd ratio, which here is identified with Dx , was equal
to 0.27 whereas the metal particle size was 4.1 and 4.0 nm
by CO chemisorption and TEM, respectively. The reaction
was carried out in an ethanol medium (starting concentra-
tion of 2,4DNT equal to 0.1 M) at a constant pressure of
H2, 1 atm, in a three-phase batch reactor at 323.15 K. The
progress of the reaction was followed by gas–liquid chro-
matography. The experimental appearance–disappearance
(r±) rates, in the solution phase, per surface metal site
per second (26, 27) of the 2,4DNT, 4HA2NT + 2HA4NT
(HANT), 4A2NT, 2A4NT, and 2,4DAT species, at differ-
ent reaction times, were reproduced in the fit. The number
of times we considered the r± values of the five species was
10, homogeneously distributed from 0 to 180 min. The 5×10
simulated points were taken each time after pseudo-steady-
state conditions (26) were reached on the surface. To reach
the surface pseudo-steady state, simulated reaction times of
0.1–10 s were always sufficient. To shorten the fit computer
time, each of the 10 simulated instants started on a fresh
catalyst surface. The reliability of this approximation, which
allows one to reduce by about 102–104 the magnitude order
of the simulated reaction time, was already tested (26).

In Tables 1 and 2 the concentration of the species in
solution together with their experimental and simulated
values of r± at different reaction times and the correspond-

ing refined physical chemical parameters are reported,
respectively.
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TABLE 1

Experimental and Simulated Concentrations and Appearance–Disappearance Rates (r±)
(per Surface Metal Site per Second) at Different Times

Time 102 × r±
2,4DNT

b 102 × r±
HANT

b 102 × r±
4A2NT

b 102 × r±
2A4NT

b 102 × r±
2,4DAT

b

(s) ρ2,4DNT
a ρHANT

a ρ4A2NT
a ρ2A4NT

a ρ2,4DAT
a (s−1) (s−1) (s−1) (s−1) (s−1)

0.00 × 100 1.00 0.00 0.00 0.00 0.00 −42.0|−42.0 +19.7|+13.0 +3.28|+1.70 +1.31|+0.25 0.00|0.00
1.20 × 103 0.45 0.45 0.07 0.02 0.00 −42.0|−38.9 +19.7|+18.2 +3.28|+3.20 +0.66|+0.10 0.00|0.00
2.40 × 103 0.00 0.80 0.13 0.05 0.02 0.00|0.00 −5.91|−12.0 +1.97|+3.80 +0.66|+0.10 +1.31|+0.20
3.60 × 103 0.00 0.67 0.20 0.07 0.06 0.00|0.00 −5.91|−10.2 +1.31|+1.50 0.00|0.00 +3.94|+0.40
4.80 × 103 0.00 0.55 0.24 0.06 0.15 0.00|0.00 −5.91|−8.20 +0.66|+1.30 0.00|−0.93 +3.94|+0.80
6.00 × 103 0.00 0.39 0.27 0.06 0.27 0.00|0.00 −5.91|−7.32 0.00|0.00 +0.66|−2.00 +6.57|+1.60
7.20 × 103 0.00 0.25 0.22 0.05 0.48 0.00|0.00 −4.60|−5.04 −1.97|−0.80 −0.66|−3.00 +6.57|+2.50
8.40 × 103 0.00 0.15 0.16 0.04 0.66 0.00|0.00 −4.60|−2.00 −1.97|−1.00 −0.66|−3.00 +6.57|+3.00
9.60 × 103 0.00 0.05 0.09 0.00 0.86 0.00|0.00 −1.97|−1.88 −1.97|−2.00 0.00|0.00 +6.57|+4.00
1.08 × 104 0.00 0.00 0.04 0.00 0.96 0.00|0.00 0.00|0.00 −1.97|−2.00 0.00|0.00 +6.57|+5.00

a Experimental (10) and simulated concentrations are coincident. Here concentrations are reported as molar ratios. For the sake of simplicity, in
computing the ratios, water was not included among the solution species. The label HANT symbolizes a few of the species, 2HA4NT + 4HA2NT, that
were experimentally nonisolated. In the table, + and − symbols represent appearance and disappearance, respectively. Simulations were performed

employing the physical chemical parameters of Table 2.

u
b Experimental|simulated appearance–disappearance rate values per s

The six physical chemical parameters used in the fit,
which reproduced the experimental conditions above
(26, 27), were the desorption Ea of the FC toluene species
interacting with the metal surface through the benzene

TABLE 2

Averaged Surface Event Occurrence Probabilities (per Whole
Surface Sites per Picosecond at 323.15 K) Normalized to the
Number of the Sites Occupied by the Different Surface Species
Configurations, and Corresponding Activation Energy Values
for the Different Events Considered in the Title Reaction

Event Pa Ea
b (kJ/mol)

r -NO2
c 7.8(8) × 10−13 79 (5)

r -NHOHc 2.4(1) × 10−12 76 (3)
d-NO2

d 1.1(4) × 10−12 79 (2)
d-NHOHd 1.0(7) × 10−11 73 (6)
d-NH2

d 1.0(9) × 10−06 42 (3)
d-�e 1.1(4) × 10−12 79 (4)

a Determined, by the Ea values, employing TST (17, 18, 24). Note
that adsorption of the species occurs on 12 (FC), 4 (HFC), and 3 (FFC)
surface sites; hence homonym-event occurrence probabilities, on the
same catalytic surface, change for the different configurations. Actu-
ally, the probabilities reported in this table are those of hypothetical
surface species adsorbed on one site of an otherwise unoccupied sur-
face (maximum probabilities/fresh catalyst). To obtain the probabili-
ties for FC, HFC, and FFC on fresh catalyst, the corresponding values
must be divided for the number of surface sites occupied in the differ-
ent configurations.

b Ea values are fit parameters.
c r -X is the averaged (with respect to different fat and flag molecular

configurations) surface reactivity of fragment X .
d d-X represents the averaged (with respect to different flag molec-

ular configurations) desorption ability of fragment X .

e Average desorption probability of the different fat molecules on

the metal surface.
rface metal site per second.

ring; the three desorption Ea of the HFC and FFC toluene
species interacting with the surface sites through the dif-
ferent fragments, –NO2, –NHOH, and –NH2; and the two
reaction Ea of the –NO2 (–NO2 → –NHOH) and –NHOH
(–NHOH → –NH2) fragments. Of course, averaged Ea re-
fined values, involving the same fragments and actions,
could be obtained (Table 2). It must be remarked that de-
spite the dramatic simplification introduced by considering
these few Ea parameters, the reaction and desorption abili-
ties of analogous fragments interacting in different configu-
rations with the metallic surface have different occurrence
probabilities (see footnote a in Table 2). This clearly shows
that the whole activation energy involved in a given pro-
cess is, as already observed (20, 24), functional to the sur-
face orientation of the implicated group. The QM desorp-
tion differential energy values (27) gave indications of the
starting magnitude orders of the corresponding Ea fitting
parameters. Their final-fit refined values, although in the
same order of magnitude, were quite different with respect
to the starting ones. This occurrence, mainly attributable to
the energetic and geometric effects convoluted in the QM
and tdMC model systems studied (26, 27), was extensively
discussed in Ref. (27). Conversely, the starting reaction Ea

parameters were roughly determined by the analysis of the
experimental kinetic plots (8–10, 25).

Two more parameters were introduced in the fit proce-
dure. The first one is the hitting configuration probability,
HCPr , which estimates the average probability to produce
fat or flag surface configuration (the HCPr of HFC is here
arbitrarily fixed equal to that of FFC), following the hit
on the surface. The fit procedure pointed out that a given
molecule, hitting the surface, has the proper orientation
to originate FFC, HFC, and FC surface forms by HCPr

equal to 0.45, 0.45, and 0.10, respectively. Therefore, the
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occurrence of the flag configurations is, on average, more
probable than the occurrence of the fat configuration.

The second parameter, K , was introduced to evaluate
the relative amounts between the solution molar ratio
of 4HA2NT and 2HA4NT, K = ρ(4HA2NT)/ρ(2HA4NT), that
were experimentally not determinable (13). In fact, this
parameter was defined as K = κ · ρ(4A2NT)/ρ(2A4NT) and due
to the presence of the ρ terms it was variable at the differ-
ent simulated reaction times. The ρ terms, the molar ratios
of the species in brackets, were known by the experiments
whereas κ , fixed for the different simulated reaction times
of one fitting run, was the adjustable parameter. After the
fitting procedure, the value of κ was 0.50 (0), suggesting
that the progress of the reaction increases the amount of
the FFC with respect to the HFC surface forms. To obtain
the values of the fit parameters, we minimized the function

F =
∑n

i=1 |δpi |
∑n

i=1 |εpi | ,

where δp and εp are the differences between simulated and
experimental results and the experimental error of the ith
point, respectively. The values of εp were fixed equal to 10%
of the reported experimental data (10). Values of F close
to 1 validated the fitting model. We needed to consider the
F minimization function, because of the presence of many
null εp values. In the present case an F resulted equal to
3.4 (5).

After having found out, by the fit procedure, the phys-
ical chemical reaction parameters in Table 2, simulations
were performed by changing the metal dispersion and tem-
perature. The corresponding activity–selectivity findings, in
addition to the analysis of the parallel surface populations,
led us to a new mechanistic interpretation, which is the main
topic of the next section.

3. RESULTS AND DISCUSSION

Starting from the hypotheses and findings of the ODES
approaches so far employed (9–12, 25), it is possible to ex-
tract the following relevant considerations.

1. Hydrogenation steps should occur on two sites, re-
spectively occupied by one surface hydrogen and one
toluene fragment to be hydrogenated (11).

2. Different mechanisms could be hypothesized.
3. A numerical analysis (9, 11) of the results concerning

the different mechanistic hypotheses, performed using the
mean square error between the experimental and simulated
results, should be utilizable to determine the reliability of
the hypothesized mechanism.

4. The comparison of the results of the numerical anal-
yses can indiscriminately be extended to relate mechanis-

tic models characterized by a different number of fit para-
meters.
ND DUCA

5. The relationships (a) between the catalytic pattern
and the adsorption properties of the surface species and
(b) between the activity–selectivity pattern and the catalyst
particle morphology could be suggested (10, 12, 25).

However, at least two evident inconsistencies arise from
the hypotheses and results above. In fact, it is straightfor-
ward that point 1 reports a nonphysical constraint whereas
the numerical analysis (9, 11), summarized in points 3 and
4, if not corroborated by strong experimental and/or mod-
eling findings, is an extremely weak discriminating tool.

Actually, the inspection of the effects of the fit parameters
on the surface populations, occurring along with the simu-
lation of the title reaction, is an important test (see point
5a) to verify the heuristic consistency of the same parame-
ters. Both ODES (33–35, 39–41) and tdMC (15–20) meth-
ods could be used to carry out this investigation. So, as
an example, by using in our tdMC algorithm the opposite
of the value of the chemisorption heat of 2,4DNT species,
ca. 50 kJ/mol (11), as the desorption Ea of the same species
from a palladium surface, we found that, irrespective of
the metal dispersion, the coverage of this surface due to
2,4DNT derivatives, from a 0.1 M solution, at 323.15 K in
the absence of hydrogenation, does not exceed 20% of the
total surface. This should be at least a questionable result
(42). An even more ridiculous coverage value (less than
0.1%) comes out for the 4HA2NT species, which should
have an absolute value of the heat of chemisorption on pal-
ladium (desorption Ea value) of about 25 kJ/mol (11). It
must be stressed that such coverage did not depend on the
surface configurations FC, FFC, or HFC; we considered,
and it was reliant on, only the desorption Ea introduced in
the simulations.

The same mimicked systems in the presence of hydro-
genation (see Section 2.2) also presented unreasonably low
values of surface population. For instance, taking an Ea

value equal to 54.8 kJ/mol (11) for the –NO2 → –NHOH
surface reactions and disregarding the –NHOH → –NH2

surface routes, at the starting reaction time we found a
whole surface coverage of about 15%. In fact, at the starting
reaction time, the –NHOH → –NH2 surface event can be
ignored due to its occurrence probability, which at 323.15 is
9.5 times lower than that of the –NO2 → –NHOH surface
process (11). Actually, it is significant that, using the fit pro-
cedure described in Section 2.2, we found a local minimum
of the F minimization function originated by Ea values
lower than that reported in Table 2 and in good agreement
with those reported in Ref. (11). However, the correspond-
ing fit solutions were discarded owing to the corresponding
surface population observed.

The supposed –NO2 → –NH2 surface events (9–11) de-
serve a final consideration. These routes, having a pri-
mary role in the suggested mechanistic hypotheses (9–
12, 25), should occur without desorption of the interme-

diate –NHOH species, which are produced during the
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hydrogenation of the –NO2 groups. However, the direct re-
action –NO2 → –NH2 and its central influence on the sur-
face mechanism is in contrast with the assertion explain-
ing that “2,4DNT is adsorbed on the active sites more
strongly than 4HA2NT, and consequently only when al-
most all 2,4DNT has disappeared from the reaction ves-
sel [can] the hydrogenation of 4HA2NT. . . proceed. . . ”
(11). Of course, this statement is a correct interpretation
consequent to the very low desorption Ea of the HANT
species found by ODES approaches. However, it definitely
disagrees with the central role attributed to the surface
–NO2 → –NH2 route. On the other hand, due to the low
HANT desorption Ea values, one should observe, opposite
to what experimentally has been found (11), a large amount
of dihydroxylamino-toluene species in solution.

After refining, by the fit procedure (see above), the oc-
currence probability values of Table 2, we used them to
simulate experimental activity and selectivity findings at
different metal dispersions and/or temperatures. For a bet-
ter comparison of the simulation results, these were always
performed taking into consideration 10,000 active catalyst
sites at the starting reaction time, t = 0 s. This procedure
might have contributed to a little disagreement between ex-
perimental (not always obtained at t = 0 s) and mimicked
results. The latter are reported in Figs. 1–10. In order to
achieve better representation of the simulated results the
density of data points in Figs. 4–10 was decreased, without
affecting the information furnished, skipping points homo-
geneously in the time range considered for 66% percent of
the original points.

The catalyst relative activity (c.r.a.) is defined as the ac-
tivity of a catalyst, with a given Dx , normalized to the ac-
tivity of a reference catalyst, which except for the Dx value

FIG. 1. Disappearance relative rate, at t = 0 s, per catalyst site per
second, of 2,4DNT: catalyst relative activity vs the catalyst metal disper-

sion; c.r.a. vs Dx . The interpolating line is a B-spline. The experimental
conditions simulated are described in Section 2.2.
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FIG. 2. Selectivity, amount of given produced species normalized
to the total amount of the produced species, at t = 0 s, to 4HA2NT +
2HA4NT (�), 4A2NT (�), and 2A4NT (�) versus catalyst metal
dispersion. B-spline lines are used to interpolate the shown points. The
experimental conditions simulated are described in Section 2.2.

equal to 0 is identical to the first. This parameter simulated
for catalysts having different Dx was reported versus Dx in
Fig. 1. The behavior is basically in agreement with the ex-
perimental findings (10, 25). A similar agreement with the
experimental findings was also achieved for the simulated
selectivity to HANT, 4A2NT, and 2A4NT, plotted against
Dx in Fig. 2.

An Arrhenius plot related to the disappearance of the
2,4DNT is reported in Fig. 3. The corresponding Ea was
60 kJ/mol, which is very close to the experimental one,

FIG. 3. Arrhenius plot referring to the TOF(2,4DNT), disappearance
of 2,4DNT per catalytic site per second at t = 0 s, occurring along with

its hydrogenation. In addition to temperature values, the experimental
conditions simulated are described in Section 2.2.
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FIG. 4. Surface population found during the hydrogenation of 2,4DNT on catalysts having different metal dispersion. (Solid and open symbols)
FFC and HFC, respectively: 2,4DNT (up triangle), 4HA2NT (down triangle), and 2HA4NT (diamond). Flag noising species (circle), fat noising species

(cross). B-spline lines join all the points, including the hidden ones, related to the noising species. In addition to Dx values, the experimental conditions

simulated are described in Section 2.2.

53.5 kJ/mol (12). The simulated Ea corresponding to the
production of HANT species was about 59 kJ/mol. This
value, very close to the Ea of the 2,4DNT disappearance,
actually shows that the HANT derivatives are the main
products of the 2,4DNT hydrogenation.

Here, it must be stressed that any information about
the dependence of the catalytic activity–selectivity pattern
on the temperature and/or metal dispersion changes was
not used in the fit procedure. Hence, the qualitative agree-
ment between the simulated and experimental findings on
the dependence above must be considered a validation of
the model and of the refined fit parameters found. There-
fore, being confident of the parameters obtained by the fit,
we tried to picture the microscopic surface populations rel-
ative to the findings obtained under different experimen-
tal conditions. Figure 4 shows the surface population, ex-
pressed as number of molecules of a given species, at the
starting reaction time, related to the experimental condi-
tions reported in Section 2.2 at different metal dispersions.

Considering the number of sites occupied by the different
surface configurations (see Scheme 2), Fig. 4 shows that the
surface species cover above the 65% of the whole surface
up to a Dx value equal to 0.6. This value is well in agreement
with that of other surface arrangements (18–20) observed
during catalytic hydrocarbon hydrogenation. In fact, the
present toluene derivatives occupy a wider surface than that
occupied by smaller hydrocarbons, namely ethylene. This
is not surprising because if larger molecules have border
steric hindrance comparable to that of smaller molecules,

depending on the Dx values, the larger molecules in the
whole may leave on the surface a smaller amount of hin-
dered (unoccupied) sites. Figure 4 shows that the surface
population is mainly composed of 2,4DNT, 4HA2NT, and
2HA4NT species. Furthermore, other noising species, both
in FFC and HFC forms, represent a low percentage of the
occupied surface whereas the FC species are almost absent.
Here and in the following, noising species are considered
those species that never reach a 1% surface coverage during
the simulation time.

In Table 3 some parameters related to the mimicked
2,4DNT surface molar ratios, caused by its hydrogenation
and/or adsorption–desorption routes on metal crystallites
at different Dx , are reported. The sum and the quotient be-
tween the surface molar ratios of the 2,4DNT species having

TABLE 3

Parameters Related to the 2,4DNT Surface Molar Ratios on Pd
Catalyst When Hydrogenation Is or Is Not Occurring at Different
Metal Dispersions

Presence of hydrogenation Absence of hydrogenationa

Dx θFFC/θHFC
b θ(FFC+HFC)

c θFFC/θHFC
b θ(FFC+HFC)

c

0.0 3.7 0.77 4.2 0.92
0.3 4.5 0.71 4.2 0.87
0.6 5.1 0.65 4.6 0.80
0.9 5.7 0.49 4.8 0.56

a The simulated experimental conditions are detailed in Section 2.2.
Pictorial representations of the surface population are shown in Figs. 4
and 5.

b Relative amount between the 2,4DNT, FFC, and HFC surface molar

ratios.

c Sum of FFC and HFC surface molar ratios for 2,4DNT species.
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constellations FFC and HFC, θFFC + θHFC and θFFC/θHFC,
could be used to justify the observed activity–selectivity
pattern. In fact, as Dx increases, the total surface amount of
2,4DNT, θFFC + θHFC, decreases. Of course, this can govern
the corresponding decreasing activity represented in Fig. 1.

The ratio θFFC/θHFC can be linked to the process of for-
mation of 4A2NT and 2A4NT through the correspond-
ing hydroxylamines, 4HA2NT and 2HA4NT, respectively.
Indeed, Fig. 4 shows that 4HA2NT and 2HA4NT species
mainly interact with the metallic surface via the hydrox-
ylamino group. In fact, the number of species interact-
ing via the hydroxylamino group is higher, especially for
4HA2NT, and relatively unaffected by Dx . Accordingly, in
Fig. 2, where on the whole the experimental findings (11, 25)
on the selectivity pattern are qualitatively reproduced (26),
the simulated selectivity to 4A2NT increases with increas-
ing Dx and coherently with the growth of the θFFC/θHFC

value.
The parameters of Table 2 should restrictively be used

to simulate reaction conditions close to those considered in
the fit. However, since the adsorption–desorption process
of toluene species containing just –NO2 and –NH2 frag-
ments were not affected by the occurrence of hydrogena-
tion (27), we confidently used the fit-refined desorption
Ea parameters of these species in the absence of hydro-
genation.

In Fig. 5 are shown the mimicked surface populations
observed during the 2,4DNT adsorption–desorption pro-
cesses on differently dispersed Pd surfaces. It is interesting
that the FC species are always, almost or totally, absent.
This shows that either in the presence or in the absence of

hydrogenation, the 2,4DNT FC surface species have little ever, in this latter case the predominant surface configura-

or no effect on the whole reaction. In contrast, just FFC and tion was the HFC. Clearly, the parking (28) effects here are
FIG. 5. Surface population found during the 2,4DNT adsorption–desor
hydrogen and hence an absence of hydrogenation. The other experimental
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FC clusters have so far been considered (9–12, 25) in mod-
eling the title reaction. In particular, it was stressed that the
2,4DNT FC species were essential (10) for the ortho hydro-
genation. The present tdMC approach, which relates the
ortho hydrogenation of the 2,4DNT species to the presence
of the HFC surface derivatives, drastically contrasts with
these insights. Furthermore, Table 3 shows that the changes
in θFFC/θHFC and in θ(FFC + HFC), occurring along with the
variation in the Dx values, are more significant in the pres-
ence than in the absence of hydrogenation. This clearly sug-
gests that the species produced by the surface transforma-
tions cannot, as was implicitly done (10, 25), be considered
just “onlooker” species. They certainly play an important
role in reorganizing the distribution of the available surface
sites (27) and indeed they were essential in reproducing the
macroscopic effects experimentally observed.

Figure 6 shows the mimicked surface populations oc-
curring along with the 2,4DAT adsorption–desorption pro-
cesses on Pd surface having different Dx values. In this case,
the FC species are the most stable up to Dx = 0.6. This fact
demonstrates that the peculiar properties of the adsorbed
species play an important role in determining the surface
population. Figure 6 also shows that when the FC species
predominate on the metal crystallites, the surface popula-
tion is dramatically conditioned by the metal Dx values.

Figure 7 shows the simulated surface populations found
when the adsorption–desorption routes of the 2A4NT
species are mimicked on Pd surface at different Dx val-
ues. In this case the FFC surface form is the preferred. Very
similar pictures can be obtained if 2A4NT are replaced, in
the adsorption–desorption experiment, by 4A2NT. How-
ption process: FFC (�), HFC (�), and FC (+). There was an absence of
conditions simulated are described in Section 2.2.
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FIG. 6. Surface population found during the 2,4DAT adsorption–desorption process: FFC (�), HFC (�), and FC (+). There was an absence of
t
hydrogen and the substitution of 2,4DNT by 2,4DAT. The other experimen

not predominant, the most probable configurations being
linked to the adsorbing properties of the group interacting
with the metal surface (–NO2 is more strongly adsorbed
than –NH2).

Figure 8 presents a similar system, in which both the
2A4NT and the 4A2NT species (50% and 50%) were put in
contact with a palladium surface. This figure plainly shows
the importance of the parking effects for those species hav-
ing analogous surface interacting groups, which in spite of

this produce different surface steric hindrance. In fact, the of hydrogenation. Figure 9 shows that at Dx = 0.3, the FC

relative amount of the FFC is always larger than that of the surface derivatives of the amino-hydroxylamino species
FIG. 7. Surface population found during the 2A4NT adsorption–desor
hydrogen and the substitution of 2,4DNT by 2A4NT. The other experimenta
al conditions reproduced by the simulations are described in Section 2.2.

HFC nitro-amino toluene derivatives and increases along
with the Dx values. With respect to this point, it is evident
from Figs. 7–9 that the FC is the surface configuration that
suffers most from the increasing metal dispersion.

Although the toluene species containing –NHOH groups
undergo, along with the hydrogenation, changes in their
adsorption–desorption processes, to obtain qualitative in-
formation on these we used the d-NHOH Ea values of
Table 2 even to mimic surface populations in the absence
ption process: FFC (�), HFC (�), and FC (+). There was an absence of
l conditions simulated are described in Section 2.2.
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FIG. 8. Surface population found during the 2A4NT + 4A2NT (both having a molar ratio equal to 0.5) adsorption–desorption process. 2A4NT
and 4A2NT surface population are represented, respectively, in the different configurations as follows: FFC (� and �), HFC (� and �), and FC (+ and

×). There was an absence of hydrogen and the substitution of 2,4DNT by the equimolar mixture 2A4NT + 4A2NT. The other experimental conditions

simulated are described in Section 2.2.

become quite important (corresponding to a surface mo-
lar ratio of ca. 0.15) in determining the composition of the
surface population. This, together with the strong surface
adsorption via the –NHOH groups of the same molecules,
can justify their absence from the solution phase. The anal-
ysis of the surface populations performed through investi-
gation of the data in Figs. 4–9 suggests that the surface hy-
drogenation of 2,4DNT, in outline, starts with an initial flag

configuration regime, in which mainly the surface species the adsorption modes of the involved species, were in good

are arranged perpendicularly to the surface, and ends (in the agreement with the mechanism above, which, moreover,
FIG. 9. Surface population found during the 4A2HAT adsorption–des
hydrogen and the substitution of 2,4DNT by 4A2HAT. The other experime
presence of just 2,4DAT surface derivatives) with a fat con-
figuration regime, in which the species are placed parallel
to the surface. In between we should have gradual changes
from one regime to the other. As already stated, parameter
values shown in Table 2, which dynamically change during
the reaction, are averaged on the reaction time. Prelimi-
nary tdMC simulations on the title reaction performed by
variable HCPr , which allows one to follow the change in
orption process: FFC (�), HFC (�), and FC (+). There was an absence of
ntal conditions simulated are described in Section 2.2.
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FIG. 10. Surface population found during the hydrogenation of 2,4DNT on a catalyst at different temperatures. (Solid and open symbols) FFC
and HFC, respectively: 2,4DNT (up triangle), 4HA2NT (down triangle), and 2HA4NT (diamond). Flag noising species (circle), fat noising species

(cross). B-spline lines join all the points, including the hidden ones, related to the noising species. In addition to T values, the experimental conditions

simulated are described in Section 2.2.

finds support in the mechanistic explanations obtained by
QM studies (27). Concerning this, we recall that both the
variable HCPr tdMC findings and the QM results suggest
that the absence of dihydroxylamino-toluene species is at-
tributable to a cooperative surface interacting effect due
both to the aromatic ring and to the –NHOH fragments,
which strongly fix the DHAT species on the metal surface
in a quasi-FC form (27).

The analysis shown in Fig. 10 gives further proof of the
complexity, which must be taken into consideration in the
interpretation of the chemical systems involving surface
processes. This figure shows the simulated surface popula-
tions found at different temperatures, in conjunction with
the Arrhenius analysis of Fig. 3, on a palladium surface hav-
ing Dx = 0.3. Clearly, the abundance of noising species in-
creases with the temperature while the relative molar ratios
of the most significant species change in the surface pop-
ulation. This illustrates that although the logarithmic plot
of TOF(2,4DNT) vs 1/T (Fig. 3) is a typical linear Arrhenius
plot, the corresponding composition and population of the
surface species are soundly affected by the reaction temper-
ature. Since the surface population and composition and the
related molecular steric hindrances, as well as the surface
orientation and the geometric probability of reaction, are
taken into account by the preexponential factor of the Ar-
rhenius equation (37, 43), it can be stated that this also has
to depend on the temperature. Hence although Arrhenius
analyses on given surface reaction systems are usually per-
formed under the hypothesis that only the exponential term

is significantly (37) temperature dependent, we also have
to consider that, as in the present occurrence, which we
think a general one, the involvement of other important
temperature-dependent factors are possible (17). Here, for
example, these factors could contribute to the divergence
between the Ea values of the –NO2 group hydrogenation
reported in Table 2, ca. 79 kJ/mol, and of the whole 2,4DNT
hydrogenation obtained by the Arrhenius analysis of Fig. 3,
ca. 60 kJ/mol.

Finally, this computational study showed that the
activity–selectivity pattern and the corresponding surface
population occurring along with hydrogenation cannot be
explained by simply considering metal dispersion effects
and/or a bidimensional analogy (10, 25) to the well-known
“random parking model” (28) applied to single species,
namely 2,4DNT in the FC and FFC forms. Conversely, these
dispersion and parking effects are soundly influenced by
extra, dynamically evolving surface events, which involve
further configurations, HFC, and the ability of adsorption
of the different surface species.

So, the morphology of the metal catalyst, the temper-
ature, and the experimental conditions on the whole in-
fluence the total amount and composition of the surface
population, which effectively affects the catalytic activity–
selectivity pattern. To follow the latter we need a method
like the tdMC, which, supported by QM studies, gives in-
formation on the energetics and kinetics of the system and
in parallel monitors the composition and population of
the catalyst surface. It is our opinion that the lack of a cou-
pled analysis of both the kinetic and the surface population
studies contributed to the failure of the already reported

(9–12, 25) ODES approach in studying 2,4DNT hydro-
genation.
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4. CONCLUSION

This study shows that the tdMC algorithm can be used to
simulate three-phase batch reactor processes. Many species
and their actions, occurring in several phases at different re-
action conditions, could be easily mimicked with little com-
puting time needed to reproduce the innermost physical
and chemical characteristics of the system. Experimentally
noninvestigated aspects and the role of nonisolated species
can also be pointed out.

With regard to the title reaction, this work showed the
following:

• The morphology of the metal particles and especially
the steric hindrance of the different surface species have
large influence in driving the reaction mechanism.

• The mechanistic interpretations of the activity–
selectivity pattern based on the ODES analyses of the ex-
perimental findings are for some items questionable.

Concerning the last point, the role of the surface species,
in particular that of 2,4DNT FC derivatives, and the re-
action mechanism with the corresponding event activation
energies, based on the ODES analyses, was shown to be
unrealistic. Hence, they must be reconsidered.
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