Available online at www.sciencedirect.com
s¢=IENCE<dDIHEOTG Q

Journal of Molecular Catalysis A: Chemical 246 (2006) 146-153

JOURNAL OF
MOLECULAR
CATALYSIS

A: CHEMICAL

CAAGGER{IT]

www.elsevier.com/locate/molcata

Theoretical modeling of molecular interactions of iron with
asphaltenes from heavy crude oill

Sergio Rosale’ lvan Machn®, Morella Sanche#-°,
Guaicaipuro Riva%, Fernando Ruetf&*

8 Lab. de Quimica Computacional, Instituto Venezolano de Investigaciones Cientificas (IVIC), Apdo. 21827, Caracas 1020-A, Venezuela
P INTEVEP, Edo. Miranda, P.O. Box 76343, Caracas 1070-A, Venezuela
¢ Departamento de Quimica, Instituto Universitario de Tecnologia Federico Rivero-Palacio, Apartado 40347, Caracas, Venezuela
Received 19 August 2005; received in revised form 25 October 2005; accepted 25 October 2005
Available online 1 December 2005

Abstract

The interaction of metallic iron with a model asphaltene molecule in the presence of water and electron-donor additives was modeled by using
quantum mechanics parametric method, CATIVIC. Results of Fe—asphaltene interactions show the formation of bonds on aromatic rings and direct
on heteroatoms and so a decrease-6€CCN—-C, and S-C bond energies (bond activations) and the formation of metal-asphaltene complexes.
Values of diatomic energies (DE), equilibrium bond distances (EBD), and diatomic bond energies (DBE) show that the most significant bonds arist
when the interaction is directly on heteroatoms (N, S) and the highest activation is ir-Bibdhds. Electronic charge transfer occurs from the
metal to hydrocarbon, except when interaction is on the N atom. Important-fetaind is observed when water interacts with Fe—asphaltene
complex, leading to some activation of-8l bonds. Negative charge on the system, in the presence®fill decrease FeO and Fe-N bonds
and will reinforce Fe-S ones. Comparison with previous work shows that, in general, hydrogenation and carbon—heteroatom bond activations due
to metal interaction in the presence of water follow the trend: nickel > iron.
© 2005 Elsevier B.V. All rights reserved.

Keywords: CSC; Iron catalyst; Asphaltene; CATIVIC; Heavy crude oil; Catalytic modeling

1. Introduction ity with the tendency to form coke and to precipitate. This
also results in a catalyst poisoning and deactivation. All of
Important components of heavy oil (HO) are asphaltenghese undesirable characteristics require special physical and
molecules that contain polyaromatic rings with side chainschemical treatments for HO before or during refining pro-
They exist as monomer and micelles that are in colloidal rangecess.
Asphaltene flocculation could have detrimental effects on oil Transition metals are widely used as standard oil refining
production, transportation, and refinery process. The necessitatalysts for breaking -&@C, G-H, and H-H bonds. Recently,
of discovering new treatments for HO comes from the needmportant technical advances have been carried out combin-
to transform low quality oil with high contents of impurities, ing conventional thermal treatment and catalytic processes that
such as heteroatoms (metals, sulfur, and nitrogen), into a mopgromote low cost hydrogen addition to unsaturated hydrocar-
valuable material. Clean fractions of oil also avoid environ-bons[1,2]. An improvement of heavy and extra-heavy crude olil
mental pollution by elimination of refractory sulfur and nitro- using steam has limitations in the low hydrogenation capacity
gen compounds and prevent refinery catalysts poisoning bgnd therefore the bond saturation with hydrogen after crack-
metal deposition. In addition, conventional extra-heavy crudeng to produce light fractions of oil. Actually, several processes
fractions and refinery petroleum residues have a high viscosacluding the steam cracking, steam reforming, carbon gasi-
fication, and catalytic steam crackirid,4] have been used
to produce light oil. The main idea is to update extra-heavy
* Corresponding author. Tel.: +58 212 5041442; fax: +58 212 5041350, crude oil by using abundant and cheap hydrogen-rich molecules
E-mail address: fruette@ivic.ve (F. Ruette). (water, methane, ammonia, etc.) to partially transfer hydrogen
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to heavy molecules (asphaltenes), generating light oil fraction$able 1
and avoiding condensation and polymerization reactions thdfolecular parameters betgl)(and alphad) for Fe=Y (Y =S, N, C)

lead to coke production. In this sense, hydrocarbon hydrogenaarameters pair of Fer atoms Bre-y oFe-y

tion at low-pressure water plasma has been reported bigdPati Fos 0.356579 0.986414

and co-workerg5]. _ _ o Fe-N 0.749026 1505872
In previous work[6], the interaction of Ni with a model Fe-c 0.519365 0.920117

HO asphaltene molecule without and with water was evalu-
ated with CATIVIC method. A reaction scheme was proposed
for a catalytic steam cracking (CSC) process based on thand geometry of polyatomic molecules LeFeS*, SFeS,
formation and breaking of bonds. Results showed importanBFe-S [21], FeNO [22], Fe-N-N*, NFeN, N-N—Fe-N—N,
metal-hydrocarbon interactions especially between sites th&eCO[23], and Fe(CQ)[24]. Theyxy term (X=Fe; Y=S, N,
contain N and S atoms in the asphaltene molecule. The fol€) is the core—core repulsion functiof@b]. It was adjusted
mation of nickel-asphaltene intermediate complexes was prdn order to obtain the best geometry for diatomic and poly-
posed. Some nickel-asphaltene complexes were able to dissstomic molecules mentioned above. The average value of
ciate water and hydrogenate the asphaltene molecules. It wasror with respect to experimental results was aboutd.1
also found that a negative charge on asphaltene—metal systemhgrefore, results discussed here are qualitative. The optimal
(simulation of electron transfer from potassium to asphalteneyalues of parameters (bet®)(for the electronic and alpha
promotes the HO dissociation on adsorbed Ni and favors€  («) for the core—core interaction functionals) are reported in
and G-N bond activations. Table 1

As far as we know, the Fe—asphaltene interaction study has not Theoretical tools used for evaluating the bond strengths:
been performed yet. In this work, parametric quantum mechardiatomic energies (DE) and diatomic bond energies (DBE) are
ical calculations were carried out in order to analyze the CSQeported elsewher26,27] and they come from a natural total
process using a model molecule of HO (asphaltene) in the pregnergy partition of parametric methods.
ence of a Fe atom and a water molecule. New insights of the Asin previous worK6], simple models were selected to sim-
Fe CSC activity are proposed based on qualitative results fromlate the CSC reaction components, i.e., an average asphaltene
these calculations. molecule that characterizes the Tia Juana Venezuelan heavy

This publication is organized in the following way: (a) in the crude oil; an iron atom to mimic the transition metal catalyst
next section, a brief description of the theoretical method pararrsite; a water molecule to imitate the steam; a negative charge
eterization and the feasibility of using a very simple model for theto simulate the electronic transfer from an alkali metal to the
CSC reaction are presented. (b) Discussion of results is showasphaltene molecule.
in Section3 by means of an analysis of calculated asphaltene The model molecule of asphaltene was acquired from Refer-
fragments (F1 and F2) properties, Fe adsorbed on different sitesice[28] (seeFig. 1) and it was divided in several fragments,
of these asphaltene fragments ([F1-9%Fehd [F2-F€]; g are  as in previous work6]. The selection of F1 and F2 fragments
charges, 0 and 1), and water interacting on Fe—asphaltene com{seeFig. 1) was carried out based on the heteroatom location
plex ([F1-FeHO]? and [F2—FelHO]?). A comparison between (N, S). This is very important for hydrodesulfurization (HDS)
results of Ni and Fe metal is also presented in this secand hydrodenitrogenation (HDN) process of HO.
tion. (c) Finally, a resume of the most remarkable results
and some recommendations for future works are exposed in
Section4.

2. Computational details

Calculations were carried out with a quantum chemistry
parametric method named CATIVI[Z,8] employed to model
catalytic and molecular systen®-11]. This method is based
on simulation techniques to mimic the total energy functional
using basic parametric functiondts2—14} Details of atomic
and molecular parameterization processes used in this method
are presented elsewhdi®8].

Atomic parameters for H, O, C, N, and S and molecular
parameters for HH, H-O, H-C, H-N, H-S, G-O, G-N, C-S,

C—C, N-O, N-S, N-N, and S-S are taken from MINDO/SR
method [15]. Values for Fe atomic parameters were gotten
from Referencdg16]. Molecular parameters alpha and beta for
Fe-O and Fe-H were acquired from previous work&6,17] S0A
Parameters for Fe&5, Fe-N, and Fe-C bonds were adjusted Fig. 1. Average asphaltene molecule from Tia Juana Venezuelan heavy crude
to obtain dissociation energy of diatomic molecu[@8—20]  oil.
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3. Results and discussion
3.1. Interaction of Fe with fragment F1

Evaluation of adsorbate—substrate interactions (metal—
asphaltene) was carried out for different situations. The active
site catalyst (Fe) interacts on different asphaltene sites (A—F) of
F1and F2 fragments, as showrHig. 2. In addition, interactions
were performed with and without the presence of electron-donor
promoters, simulated by using neutral and negatively charged
systems, respectively. A search for different spins multiplici-
ties was carried for the neutral and charged systems. Values
for the most stable multiplicities were 5 for both [F1-¥ahd
[F2—Fe?, and 6 for [F1-Fel! and [F2—Fel! systems.

The structure of the complex [F1-Eajith the iron adsorbed
on site A is shown irFig. 3a. DBE values for selected bonds of
neutral and charged systems are presentédhie 2 In order to

Fig. 2. Adsorption sites for Fe interaction on different fragments of asphaltené:
molecule: (a) fragment F1 and (b) fragment F2. White and dark balls without

(a)

)

Fig. 3. (a) Adsorption mode of Fe on site A of fragment F1. (b) Final location of
water molecule and Fe after interaction wita®-[F1-Fe}. Note that Fe was
initially on site A.

evaluate the effects of adsorbate—substrate interaction process,
DBEs for C-C and G-N were analyzed in F1 and [F1-Peajys-

tems. Comparison of €X (X=C, N) bonds in [F1-Fé] and

F1 reveals that all of the bonds, around the adsorption site, are
weakening, due to F&C and Fe-N interactions. In particular,

the C-N and C(34)}C(32) bonds are fairly activated because
they go from about-113 and—116 to—94 and—90 kcal/mol,
respectively. This is also reflected in a decrease of DE and an
enlargement of EN and G-C bonds (see values of EBD). It may

be concluded that Fe—asphaltene interaction may help to facil-
itate the G-C and G-N bond breaking by activation of these
bonds (hydrocarbon cracking). These findings are supported by
inductively coupled plasma/selected-ion flow tube (ICP/SIFT)
tandem mass spectroscopy experiments carried out by Caraiman
and Bohme[29]. They found that benzene-C and G-H
bonds are activated in gas-phase reactions with transition metal
ations.

Results also indicate that the formation of a [F1-2Fajm-

labels are H and C atoms, respectively. plex in site A is possible due to FE€() and Fe-N inter-
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Table 2
Selected DEs (a.u.), EBDé,(in parentheses), and DBEs (kcal/mol, in brackets) for interactions of Fe on site A of the F1 fragment with and without a water molecule
(seeFig. 3
Bonds [F1-F& [F1-Fel? [F1-FeH0]° [F1-Feh0] !
Fe—C(32) —0.107 (2.266) £26.7] —0.090 (2.322) - 0.003 (3.502) [0.8] —0.088 (2.279) —
Fe—C(33) —0.106 (2.306) {25.9] —0.122 (2.292) - —0.103 (2.216) 23.4] —0.092 (2.280) —
Fe—C(34) —0.126 (2.217) £30.6] —0.126 (2.228) — —0.001 (4.208){0.2] —0.305 (2.001) -
Fe—C(35) —0.062 (2.466) {15.6] —0.067 (2.418) - —0.001 (4.243)£0.2] 0.007 (2.829) —
Fe—C(36) —0.103 (2.338) {-25.4] —0.118 (2.282) — 0.008 (3.258) [1.9] —0.006 (2.749) —
Fe—C(28) 0.003 (3.517) [0.7] 0.010 (3.520)—  —0.103 (2.311){24.5] 0.004 (3.492) —
Fe—N - —0.145 (2.243) £34.9] —0.155 (2.202) - —0.506 (1.908) £110.0] —0.341 (2.038) —
N—C(33) —0.682 (1.305) £112.9] —0.587 (1.400) {-89.9] —0.608 (1.398) — —0.504 (1.461)£71.2] —0.524 (1.454) -
C(34yC(32) —0.657 (1.429) £115.9] —0.579 (1.513) £93.5] —0.556 (1.528) — —0.601 (1.492) £110.5] —0.490 (1.573) -
Fe—O - - —0.321 (2.093) £ 72.7] —0.312 (2.097) —
O—H(1) - - —0.488{—0.519 (0.952) —0.488 (0.952) —
{0.948 [-67.9]{—110.9
Iron charge - 0.10 0.04 0.03 0.04

Values for G-H bond in the free KO are given aside in braces.

actions (=32-36). Fe-C(i) bond strength (DBEs) are of the Interaction on other sites of fragment F1, in which Fe is
order of —16 to —31 kcal/mol, while the strongest interaction directly anchored above the aromatic ring (sites B-D), have been
of —35kcal/mol is for FeN bond. These qualitative results are considered (se€ig. 2a). The differences in energies between
supported by experimental facts that evidence a significant intesites A, B, C, and D are small, site C being slightly more stable.
action between iron particles adsorbed on activated-carbon supphere is in all cases an electronic charge withdrawing from Fe
port[30]. Furthermore, Armentrout and co-workgdd] found  atom to the hydrocarbon and activation of someGChonds.
considerable thermochemical interaction in metagHg),* A very good agreement with respect to other calculations is
complexes X=1 and 2) by using Xe collision-induced disso- obtained, i.e., the distance from the metal to the ring center
ciation (CID) in a guide ion beam mass spectrometer. In addifabout 1.733) compares well with DFT level calculations of
tion, theoretical calculations with DFT approach indicate thate—benzene complex performed by Pandey e{Bﬁ].(l.?Z,&).
Fe—arene interactions are strong as well as in the neutral arkebr reasons of space, a detail analysis of these adsorptions is
the positively charged metal atoff32,33]. Similar results were not performed here. However, in the next subsection, an equiv-
found earlier by Bauschlicher et §4] for metal cations, using alent adsorption on an aromatic ring with six carbons (site A of
modified coupled-pair functional (MCPF) approach and doubldragment F2) is analyzed in some detail.
zeta plus polarization (DZP) basis set. A site above the center of a five-atom ring was contemplated
Note that the DBE values for negatively charged systemgsite F). Results indicate, however, that Fe—F1 interaction in this
were not included here, because it requires the monoatomgite is repulsive, because of an important repulsion of Fe with
energy for charged atonfig7]. The Fe system is not well rep- the H atoms that point out of the ring plane. Note that this ring
resented for our parameterization approach. It will require thés partially saturated.
inclusion of Fe electron affinity in the evaluation of atomic Fe  Calculations that correspond to a Fe lateral interaction with
parameters. However, the comparison of bond strengths can lige N atom of fragment F1 (site E) were considered. The final
analyzed through the calculation of DE values, showraile 2 location of Fe after geometrical optimization is showifrig. 4.
One can observe that the electronic charge donation (negativelere, a different bond pattern with respect to site A is observed.
charged systems), in general, slightly increases bond strengtislist of DBE values is presented ifable 3in brackets. Results
between the asphaltene ring and Fe. This trend is in agreemestiow strong FeN bonding interaction of about72 kcal/mol
with experimental observations of Schwarz and co-worj@gks  and smaller ones of 28 and—19 kcal/mol for Fe-C(28) and
using mass spectrometry in cationic arene—transition metal confre-C(33), respectively. The strong 4 interaction points
plexes. They reported that electron-donating groups increase the@ward a shorter equilibrium bond distance (EBD; 2.@5’ihan
metal—arene bond dissociation energies. thatin site A (2.243’\) (seeTables 3 and Zespectively). These
Equilibrium bond length values are displayed in parenthesebonding interactions also lead to a weakening or activation of
in Table 2 A correlation between bond lengths and DE values igshe N-C(33) bond in Fe—F1 with respect to F1. Values of DBEs
observed, i.e., along bond length implies a weak bond strengttjo from—113 to—82 kcal/mol and EBDs from 1.305 to 1.4A8
and vice versa. With respect to the atomic charges, shown in thseeTable 3.
last row ofTable 2 an electronic charge transfer from the metal  Electronic charge transfer occurs in an inverse way, i.e., from
to the aromatic ring (0.10 a.u.) is observed, inclusive also in théhe hydrocarbon to the metal. The N lone pairs in the hydrocar-
case of [F1-Fe]! system (0.04 a.u.). The charge transfer frombon donate electronic charge to the metal, as basic characteristics
metal particles to carbon has been reported by Hegenberger @ftthe pyridinic functional group (see values in the last row of
al. [30] by using Mbssbauer spectroscopy. Table 3.
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Table 3
DEs (a.u.), EBDs/"(\), and DBE (kcal/mol) for interactions of Fe on site E of the F1 fragment with and without a water moleculégsée
Bonds F1 [F1-F& [F1-Fel? [F1-Fek0]° [F1-FeHO] 1
Fe—N - —0.331 (2.057)71.7] —0.386 (1.997) — —0.506 (1.909) {-95.3] —0.364 (2.032) —
Fe—C(28) - —0.122 (2.257) £28.3] —0.088 (2.357) — —0.103 (2.270) £23.4] —0.048 (2.585) —
Fe—C(33) - —0.079 (2.335){-18.6] —0.096 (2.328) — —0.113 (2.259) £17.9] —0.065 (2.510) —
N—C(33) —0.682 (1.305) £112.9] —0.556 (1.418) {-81.5] —0.551 (1.427) — —0.504 (1.457){73.3] —0.564 (1.417) —
C(33)-C(28) —0.705 (1.395) £121.0] —0.632 (1.469)£103.1] —0.658 (1.457) — —0.668 (1.456) -106.8] —0.672 (1.450) —
Fe-O - - - —0.321 (2.097) £63.1] —0.262 (2.145) —
O—H(1) - - - —0.488 (0.952) -68.5] —0.490 (0.952) —
Iron charge - —0.16 —0.28 0.44 —-0.43
Values of EBDs for selected bonds are in parentheses and DBEs are in brackets.

For negatively charged systems, values of DEHsiole 3indi- also occurs as in adsorption of Fe on F1 fragment, from Fe to

cate that the Feasphaltene bonding interaction is reinforced,the F2 fragment.
particularly the FeN bond. The FeN distance changes from The presence of an electron-donor promoter (negatively
2.057 to 1.99A and DE from—0.331 to—0.386 a.u. for neu- charged system) leads to slightly strongerEénteractions (see
tral and charged systems, respectively. ThR€Nbond is slightly  DE values) and shorter EBD(F€) values than in the neutral
more activated than in the neutral case. system, as shown ifable 4 This also causes a small weakening
and enlargement of many-C bonds.

Results on six-center sites (B—D) are slightly different to that
of [F1-Fef case in site A, for that reason results are not shown
here in details. The interaction on C and D sites is with all C

A similar study carried out for F1 fragment was also per- o )
formed for the F2 fragment. Several Fe—F2 complexes werétoms of the benzene-like ring, but on B site shows a very weak

evaluated for Fe interaction on different sites (A—F) shown inmtgrac_tion with carbon atoms that belong to the thiophenic ring,
Fig. 2b. Values of DBES for site A (seBig. 5a) are presented S N Sit€ A.

in Table 4 Results indicate that interaction is mainly with the
four C atoms (C(1), C(2), C(5), and C(6)) that are not forming
part of the adjacent thiophenic ring. Bond interactions fer€Ce
are ranging around 24 to—17 kcal/mol. Small €C bond acti-
vations are also observed from abett31 to—109 kcal/mol.
Note that although C(4) and C(3) have a very small interaction
with Fe, they are in some way affected15 to—103 kcal/mol)
because of indirect effects caused by the loss of ring aromaticity.
Electronic charge transfer from the metal to the aromatic ring

3.2. Interaction of Fe with fragment F2

Fig. 5. (a) Adsorption mode of Fe on site A of fragment F2. (b) Final location
of water molecule and Fe after interaction®-[F2—Fe{. Note that Fe was
Fig. 4. Adsorption mode of Fe on site E of fragment F1. initially on site A.
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Table 4

DEs (a.u.), EBDS/K), and DBE (kcal/mol) for interactions of Fe on site A of the F2 fragment with and without a water moleculeigsép

Bonds F2 [F2-F& [F2—Fel? [F2—FeH,0]° [F2—-Fer0O] 1
Fe—C(1) - —0.102 (2.293) {23.7] —0.106 (2.264) — —0.012 (2.807)f2.7] -

Fe—C(2) - —0.070 (2.414) £16.6] —0.079 (2.382) - 0.000 (4.020) [0.0] -

Fe—C(5) - —0.100 (2.306) {23.2] —0.105 (2.279) - 0.002 (2.974) [0.4] -

Fe—C(6) - —0.101 (2.259) {23.8] —0.115 (2.231) - —0.438 (1.852) {96.8] -

C(3)-C(4) —0.697 (1.439)£115.0] —0.662 (1.460) {103.0] —0.629 (1.475) — —0.644 (1.461) £110.7] 0.652 (1.462) —
C(5)—C(6) —0.754 (1.396) £130.5] —0.699 (1.428) £109.4] —0.696 (1.430) — —0.545 (1.517) £94.1] —0.741 (1.407) —
Fe—O - - - —0.328 (2.091) £70.2] —0.242 (2.177) -
O—H(1) - - - —0.487 (0.954) £-66.4] —0.4891 (0.955) —
Iron charge 0.19 0.17 0.24 —-0.22

Values of EBDs are in parentheses and DBE in brackets.

The interaction of Fe on site F leads, after geometrical optilized transition metal nanoparticles have been used as catalyst
mization, to site E, shown iRig. 6. This site presents very inter- for hydrogenation reactions of unsaturated hydrocarb{8tis
In addition, aguathermolysis of organic compounds using super-

esting features: strong interaction+3(about—104 kcal/mol)
and a sharp decrease 6f&(8) bond strength from about101

heated water can be used for transforming hydrocarf®fs

to —27 kcal/mol (sedable 5. The EBD changes from 1.753 to Thus, water interaction on [F1-Pejnd [F2—F€] complexes
2.075A show an important enlargement ofS(8) bond. These were evaluated considering neutral and negatively @ and
—1) charged systems.
during a thermal treatment and this may lead to a subsequent Values of DE and EBD for selected pairs of atoms in
sulfur elimination in the presence of a hydrogen source (HDS)[F1-FeR0]° and [F1-FeHO]~ systems with Fe on site A are

results strongly suggest that the-&8) bond may be broken

The S-C(3) bond is also activated (from102 to—84 kcal/mol)

but in less extent.

to 2.399A. A strengthening of the-SC(8) bond from—0.132 to

from about 2.075 to 1.795.

electronic charge is mainly located on the S atom.

3.3. Interaction asphaltene—Fe complexes (FI1-Fe and
F2—Fe) with water

The main goal of this work is to study the possibility of as asphaltenes.

also shown inmable 2 Results reveal that water interaction with

Fe causes a displacement of the iron atom from A to E site (see
The effect of a negative charge on the F2—Fe system producé&gg. 3). Table 2indicates that HO interaction strongly increases
a weakening of interaction with the hydrocarbon, i.e., values ofFe-N bond from about-35 to —110 kcal/mol (see values in
Fe-S interaction change from0.493 a.u. in the neutral system brackets). The FeC(33) bond is maintained{23 kcal/mol) and
to —0.306 a.u. in the charged one (see DE values in fist row o& new interaction FeC(28) of about-24 kcal/mol appears. On
Table 9. In similar way, the EBD(FeS) is enlarged from 2.182 the other hand, NC(33) is activated from about113 in F1 to
—71 in [F1-FeHO]°, respectively. This is reflected in longer
—0.4104a.u. is also observed with its respective EBD shortageBD(N—C(33)) (1.461&) in [F1-FeH0]° than those in F1 and
[F1-Fef (1.305and 1.408, respectively) (see values in paren-
For Fe in site E of fragment F2, the highest electronic chargéheses in row nine ofable 9.
transfer occurs from the Fe atom (0.74 a.u.) to the asphaltene The interaction of HO with Fe shows the formation of a
fragment. A negative charge on the system decreases the Fe-O bond (DBE =73 kcal/mol). An important activation of
charge to 0.12 a.u. (see last row Tdble 5. This transferred O—H bonds from a DBE of about 111 kcal/mol and EBD of
0.948A in the free HO molecule (see values in braces for
O—H bonds inTable 2 to about—68 kcal/mol and 0.952 in
[F1-FeH0]°, respectively. These results suggest that there is
the possibility to activate water-@H bonds by the interaction
with Fe site adsorbed on heteroatoms of aromatic systems, such

hydrogenation of unsaturated hydrocarbon species present in Water adsorption on site A of the negative charged sys-
HO. In fact, a recent review shows that dispersed or immobitem reveals a notable decrease ofRebond strength (see DE

Table 5

DEs (a.u.), EBDS/K), and DBE (kcal/mol) for interactions of Fe on site E of the F2 fragment with and without wateFize®

Bonds F2 [F2-Fé& [F2—Fel? [F2—-Feh0]° [F2—-FeHO] 1
Fe—S - —0.493 (2.182) £103.7] —0.306 (2.399) — —0.452 (2.216) £80.7] —0.498 (2.175) —
C(4rC(3) —0.697 (1.439)£115.0] —0.681 (1.446) £115.3] —0.651 (1.461) — —0.679 (1.448)+114.8] —0.648 (1.464) —
S—C(3) —0.462 (1.750) £102.4] —0.453 (1.757)£83.9] —0.426 (1.778) — —0.465 (1.752) £85.5] —0.450 (1.758) —
S—C(8) —0.458 (1.753)£100.6] —0.132 (2.075) £26.7] —0.410 (1.795) — —0.149 (2.033)£29.8] —0.132 (2.072) —
Fe—O - - - —0.301 (2.119) £62.1] —0.275 (2.141) -
O—H(1) - - - —0.492 (0.953)£70.5] —0.497 (0.949) —
Iron charge - 0.74 0.12 0.53 0.45

EBD and DBE values are in parentheses and brackets, respectively.



152

(b)

Fig. 6. (a) Adsorption mode of Fe on site E of fragment F2. (b) Final location
of water molecule and Fe after interactiop®-[F2—Fe}.

changes from-0.506 to—0.341 a.u. inTable 2. A reinforce-
ment of the FeC(34) bond from—0.001 to—0.305 a.u. with
respect to that in [F1-Fei®]° complex also leads to a weak-
ening of the C(34)C(32) bond from—0.601 to—0.490a.u.,
respectively. With respect to F8, negative electronic charge
leads to a small weakening of the-F@ bond.

Results for interaction of D with Fe adsorbed on site
E of F1 are shown iffable 3 The neutral case is not dis-
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O—H activations due to a decrease offeand Fe-O bond
strengths.

Interactions of water with Fe adsorbed on site A of F2 are
presented iMable 4 Results of DBESs indicate thatJ® inter-
action on Fe breaks all F€ bonds, except the FE€(6) that
goes from about-24 to —97 kcal/mol (see fifth row iTable 4
andFig. 5b). This result correlates well with the EBD change of
Fe-C(6) from 2.259 in [F2—Fef to 1.852A in [F2—FeH,0]°.

The negative charge on the system ([F2-F@H ') produces
a release of FeOpifrom the asphaltene, as shown in the last
column ofTable 4

Adsorption strengths of $0 on [F2—F€] located on site E
are displayed iTable 5 Water adsorption (s€ég. 6) weakens
the Fe-S bond from about-104 to —81 kcal/mol. The FeO
interaction (62 kcal/mol) is smaller than in the rest of cases
asphaltene—FeéOH> interactions {73 and—63 in sites A and
E of F1 fragments, respectively, ard’0 kcal/mol for site A of
fragment F2; se@ables 2—4. Table 5shows that the weakening
of Fe-S bond is reflected in an enlargement of the EBB{Ee
from 2.182 to 2.21@. This, as expected, causes a decrease of
the G-S activation.

The effect of negatively charged systems produces a strength-
ening of the FeS bond (from—0.452 to—0.498 a.u.), a smaller
EBD(Fe-S) (from 2.216 to 2.17@), and a higher activation
of S-C bonds (e.g., a decrease of DE(F8) from —0.149
to —0.132a.u. and an enlargement of this bond from 2.033 to
2.072,&), than for the neutral system. The-F@ bond, as in other
cases, is weakened.

3.4. Comparison of asphaltene—Ni with asphaltene—Fe
interactions

Differences and similarities between results of this work with
those of previous investigatiof§, using a model of Ni catalyst,
are presented as follows:

1. The interaction of Ni and Fe with asphaltenic fragments F1
and F2 leads to relatively strong bonds that produce in both
cases a weakening of-@l and G-S bonds of aromatic sys-
tems. It means that is feasible bond activations that facilitate
HDN and HDS in presence of hydrogen.
The most important bonding interactions between
Fe—asphaltene and Ni—asphaltene occur directly through
heteroatoms (S and N atoms). However, in the case of Fe,
formation of relevant FeC interactions takes place through
carbon aromatic rings.
. The interaction between water with negatively charged or
neutral complexes [F1—-Mijor [F2-Ni]® produces the water
dissociation together with the hydrogen transference from

2.

cussed here, because, as mentioned above, adsorption on sitethe dissociated D on Ni atom to the asphalten].

A is transformed in an adsorption site similar to E. In the
case of the negatively charged system, theNreFe-C(28),
and Fe-C(33) interactions decrease from0.506, —0.103,
and —0.113a.u. in [F1-FepO]° to —0.364, —0.048, and
—0.065a.u. in [F1-Fe$D]~, respectively. The iron atom
becomes negatively charged (see last rowTable 3. So,
the electronic charge donation does not favor theNGand

In the case of water interaction on [F1-%e]F1-Fe]?,
[F2—Fef, and [F2—-Fe}l, O-H bond is activated but not
broken.

The water interaction with the neutral and charged intermedi-
ates ([F2-Nif and [F2-NiI'1) produces the scission of one
of the S-C bonds. The interaction with Fe leads only to a
high S-C bond activation.

4.
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