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Reactions of nickel-5,10,15,20-tetraphenylporphine (Ni-TPP) were studied in supercritical water in the
presence of toluene without the addition of any catalyst, H2 or H2S that is called a green process. The
objective of this study was to remove nickel from Ni-TPP, the most common metal compound present
in heavy crude, in high extent at low reaction time. All experiments were carried out in an 8.8 mL batch
reactor fabricated from hastelloy C-276. The ability of supercritical water (SCW) to remove nickel from Ni-
TPP was studied at temperatures of 450–490 ◦C and water partial pressures of 25–35 MPa. Water partial

◦

i-TPP
upercritical water
atch reactor
emetallation
ing fragmentation

pressure had no effect on overall conversion at temperatures of 450 C and a reaction time of 60 min. The
overall Ni-TPP conversion was 89.80%, a figure above that of previous catalytic studies. The percentage
of nickel removal was estimated as a function of reaction time and temperature. It were temperature
490 ◦C and pressure 25 MPa at reaction time 90 min where 65.68% nickel were removed by the action of
SCW and toluene, as a co-solvent. It was determined that Ni-TPP undergoes a series of reactions, ending
in demetallation and ring fragmentation. The obtained results suggest that supercritical water has a

el fro
capability to remove nick

. Introduction

Refinement of heavy oils is necessary to meet increasing
emand for lighter oils [1–5]. Heavy oils contain significant quan-
ities of metals, mainly nickel, vanadium and iron, as well as sulfur
nd nitrogen heteroatom contaminants [4–6]. The concentration
f vanadium is higher than that of nickel with few exceptions
5,6]. Nickel and vanadium are present in heavy oils forming
orphyrinic structures [7,8]. Most studies to date have utilized por-
hyrin chelates [9,10]. There are basically four methods for the
emoval of metals from heavy oils and residuum fractions: phys-
cal, chemical, electrochemical and catalytic treatment processes
8,11]. The physical method removes a large amount of convertible

aterial along with the metal-containing species. Chemical meth-
ds of demetallation involved selectively remove the metals from
rganic moiety by reaction with acids or alkali. This effort is at the
aboratory to small pilot plant stages [11]. The only processes which
ave been proven capable of effecting substantial removal of metals

re hydrotreating and gasification. Hydrotreating may not be eco-
omical or practical for heavy, high-metal content resides. Also,
he metals contained in crude oil contaminate catalysts during the
efining process [12]. The electrochemical process has successfully

∗ Corresponding author. Tel.: +81 096 342 3664.
E-mail address: mgoto@kumamoto-u.ac.jp (M. Goto).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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m Ni-TPP.
© 2011 Elsevier B.V. All rights reserved.

removed metal under atmospheric pressure and room temperature
reducing costs in the total process; however, direct demetallation
in crude oil still remains as an open challenge for electrochemists
[8].

Catalytic hydro-demetallation (HDM) process is the most used
process for demetallation from crude oil and research results are
available in open literature. It was Wei and co-workers [2–4,6,7]
who pioneered HDM kinetics studies using model compounds.
Later Weitkamp et al. [13], Chen and Massoth [14], Bonné et al.
[15,16] and Garcia-Lopez et al. [5] conducted additional stud-
ies. Hung and Wei [2], Agrawal and Wei [6], Ware and Wei [7],
Garcia-Lopez et al. [5] studied reaction kinetics in the presence of
unsulfided catalyst while Weitkamp et al. [13], Chen and Massoth
[14], Bonné et al. [15] carried out additional studies in the pres-
ence of sulfide catalyst. These researchers explored valuable study
in the temperature ranges 125–400 ◦C. These efforts removed 90%
metals implying high investment, operation cost and longer reac-
tion time (8–9 h) [2–15]. It was Bonné et al. [16] and Rankel [17]
whom studied HDM reactions in the absence of a catalyst showing
that conversion of Ni-TPP was low without a catalyst, but hydrogen
sulfide has the capability to promote the conversion of Ni-TPP. The

present works involve demetallation without catalyst, hydrogen
or hydrogen sulfide addition for reducing operation cost, reaction
time as a green process.

Supercritical water (SCW), water at a temperature and pressure
above its critical points (374 ◦C and 22.1 MPa), is an attractive sol-

dx.doi.org/10.1016/j.jhazmat.2011.01.059
http://www.sciencedirect.com/science/journal/03043894
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ent as well as a hydrogen donor [1]. The ion product of water
ncreases significantly at high temperatures and pressures. The
ielectric constant of SCW ranges from 2 to 30, which are sim-

lar to the range of non-polar solvents (such as hexane, whose
ielectric constant is 1.8), to polar solvents (such as methanol,
hose dielectric constant is 32.6). With such a dramatic change of

on product and dielectric constant, SCW possesses either acidic
r base effects on chemical reactions [18]. SCW also acts as a
olvent and a reactant on hydrolysis-based reactions, and water
olecules often take part as collision partners [19]. The effects

f SCW on upgrading bitumen have been the subject of investi-
ation [1]. However, no effective study on removing metal from
eavy oil using supercritical water is available in literature. Such
method may become feasible as an environmentally benign pro-

ess.
In this study, reactions of Ni-TPP in the presence of super-

ritical water at temperature ranges of 450–490 ◦C and at water
artial pressures of 25–35 MPa in the absence of a catalyst and
ithout the addition of hydrogen or hydrogen sulfide gas are

eported.

. Experimental

All experiments were carried out in an 8.8 mL batch reac-
or fabricated from hastelloy C-276. The reactor was designed
nd tested by AKICO (Tokyo, Japan) for a maximum tempera-
ure of 500 ◦C and maximum pressure of 50 MPa. No corrosion
roduct was detected during control experiments at temperatures
f 450 ◦C and 490 ◦C. Nickel-5,10,15,20-tetraphenylporphine (Ni-
PP) was used as a model compound as it is representative of
he porphyrinic species found in crude oils [4,5]. The Ni-TPP was
btained from Sigma–Aldrich Japan K.K. and used without fur-
her treatment. Xylene (purity: 84%), encompassing ortho-, meta-,
nd para- isomers of dimethyl benzene, and toluene (purity: 99%)
ere purchased from Wako Pure Chemical Industries Ltd. and
sed without further treatment. Solvent grade xylene usually
ontains a small percentage of ethylbenzene as a contaminant.
onné et al. [15] have reported that Ni-TPP has poor solubil-

ty in xylene at room temperature. Thus, a sufficient amount
f xylene was added to dissolve Ni-TPP with the other reaction
pecies.

Approximately 0.02 g of Ni-TPP, 0.82–0.96 mL of distilled water
nd 1 mL of toluene were loaded to the batch type reactor for
upercritical water reactions. Water partial pressures at constant
emperature and reactor volume were controlled by controlling
he amount of water loaded into the reactor. Software, water I,
.3.3, produced by Summit Research Corporation (1996) was used
o compute the amount of water by fixing temperature and water
artial pressure. Exact amount of water was loaded during exper-

ments. The reactor was reassembled and argon gas was used to
urge the reactor of gas at a pressure of 0.80 MPa. An electric fur-
ace, made by AKICO (Tokyo, Japan), was heated to the planned
emperature and the reactor was then loaded to the furnace. After
oading the reactor, the temperature of the furnace decreased
lightly for a short period, and subsequently started to increase
gain. This study defines zero reaction time as the time when the
emperature of the furnace started to increase again after the reac-
or was loaded. During each run, the reactor was shaken in a front –
ack motion at approximately 70 cycles per minute, a rate sufficient
o cause the reactor interior temperature to increase quickly. After

specific reaction period, the furnace was stopped and the reactor
as removed from the furnace and quenched in an ice bath. The

eactor was then opened and water was separated using a separat-
ng funnel. Finally, the reaction products were collected by washing

ith xylene.
s Materials 187 (2011) 600–603 601

2.1. Analysis

Ultraviolet–visible (UV–vis) spectrophotometric analyses were
performed on a spectrophotometer, Shimadzu (Model UV-1200)
using a 12.5 mm × 12.5 mm × 45 mm cuvette and xylene as a sol-
vent. The samples were scanned from 400 nm to 800 nm. The
UV–vis spectrophotometer was used to determine the concen-
trations of the porphyrinic reactant as well as the reactant
intermediates in the liquid samples. The concentrations of the
porphyrin and its hydrogenated intermediate compounds were
computed applying the Lambert–Beer law. The molar absorptivity
coefficient (ε) for Ni-TPP was estimated from the calibration curve
made from standard solutions of pure compound. The absorption
coefficients of the intermediate compounds, Ni-TPC and Ni-TPiB,
were calculated using the absorbance versus time curves of data
from literature [5,16]. As the absorption coefficient of Ni-TPHP and
Ni-TPB are not available in open literature [16], it was not possible
to calculate the absolute concentrations of these compounds. The
total nickel content of the samples was analyzed by Atomic Absorp-
tion Spectrophotometer (AAS) (Shimadzu AA-6800). The samples
were dissolved in xylene and then charged to the AAS auto sam-
pler. The data were acquired and reduced by computer software.
Definitions of the terms used in this study are given below:

The conversion of Ni-TPP is defined as:

Conversion (%) = Wo,Ni−TPP − WNi−TPP

Wo,Ni−TPP
× 100 (1)

where Wo,Ni-TPP = weight of Ni-TPP loaded and WNi-TPP = weight of
Ni-TPP unreacted at reaction time t

Percentage of nickel removal is defined as:

Nickel removel (%) = Wo,Ni − WPNi

WPo,Ni
× 100 (2)

where WPo,Ni = initial percentage of nickel present in loaded Ni-TPP
and WPNi = percentage of nickel present in the samples at time t

The yield of product is defined as:

Yeild (%) = Wi,IC

Wo,Ni−TPP
× 100 (3)

where Wi,IC = weight of intermediate compounds (i = 1,2, 4) and
Wo,Ni-TPP = weight of Ni-TPP loaded

3. Results and discussion

3.1. Product distribution

As mentioned above, most previous research has focused on cat-
alytic reactions, with the exception of Rankel [17] and Bonné et al.
[16]. Rankel studied thermal degradation of H2-TPP, Ni-TPP and VO-
TPP at 240 ◦C in refluxing 1-methylnaphthalene in the presence of
H2 and H2S and concluded that the reactivity follows the order:
H2-TPP > Ni-TPP > VO-TPP. Bonné et al. also noted the same reac-
tivity order at 287 ◦C. It is clear that the central metal group has
a stabilizing influence on the porphyrin macrocycle with respect
to hydrogenation reactions and ring fragmentation. Bonné et al.
showed that Ni-TPP conversion was close to 4% in the absence of
H2S, but it was close to 18% in its presence at 320 ◦C and a reaction
time of about 6 h. In the presence of a sulfide catalyst (Mo/Al2O3)
conversion of Ni-TPP was close to 50% under the same conditions.
Bonné et al. [15] also found in a separate catalytic study that H2S
promotes demetallation.
Ni-TPP is a solid crystal and purple in color. It is insoluble in
water, but soluble in xylene and toluene. The xylene-soluble Ni-
TPP is red in color and has intensive absorption peaks in the visible
band. A typical VIS spectrum of pure Ni-TPP exhibits several charac-
teristics. A Soret band, a typical feature of all porphyrin compounds
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Fig. 1. VIS-spectra of reaction samples at a temperature of 450 ◦C, a pressure
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Fig. 2. Conversion of Ni-TPP as a function of reaction time at different temperatures
(♦, 450 ◦C; �, 470 ◦C; ×, 490 ◦C).
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f 25 MPa where (a) nickel-5,10,15,20-tetraphenylporphine (Ni-TPP), (b) nickel-
,10,15,20-tetraphenylchlorin (Ni-TPC), (c) nickel-5,10,15,20-tetraphenylisobact-
riochlorin (Ni-TPiB), (d) nickel-5,10,15,20-tetraphenylhexahydroporphyrin (Ni-
PHP), (e) nickel-5,10,15,20-tetraphenylbacteriochlorin (Ni-TPB).

9], was observed at about 414 nm. Based on literature data the
bsorption band at 527.5 nm (a) was assigned to Ni-TPP and used
or quantitative analysis as it offered the best calibration curves. The
eak at 616 nm (b) was assigned to its hydrogenated form nickel-
,10,15,20-tetraphenylchlorin (Ni-TPC), which was present as a
ontaminant. VIS-spectrum of samples from experiments with Ni-
PP at 450 ◦C is shown in Fig. 1, exhibits three new peaks. The peak
t 595 nm (c) is a characteristic absorption of nickel-5,10,15,20-
etraphenylisobacteriochlorin (Ni-TPiB). Bonné et al. [16] reported
hat the peaks at 680 nm (d) and 750 nm (e) are tentatively assigned
o nickel-5,10,15,20-tetraphenylhexahydroporphyrin (Ni-TPHP)
nd nickel-5,10,15,20-tetraphenylbacteriochlorin (Ni-TPB) respec-
ively.

.2. Reactions of Ni-TPP with supercritical water in toluene
nvironment

Four runs were performed with supercritical water without
atalysts to investigate the effects of water partial pressure at a
emperature of 450 ◦C and pressures of 25–35 MPa in a toluene
nvironment. Pressure appears to have no significant effect on
verall conversion. The error margin of the acquired data was less
han 2%.

A plot of conversion of Ni-TPP as a function of reaction time at
emperatures of 450–490 ◦C and water partial pressure of 25 MPa
s shown in Fig. 2. A continuous increase in Ni-TPP conversion was
bserved over reaction times of 30–90 min. At a reaction time of
0 min and a temperature of 490 ◦C, the conversion was 89.80%, a
gure greater than even the catalytic conversion at a temperature
f 320 ◦C as shown by Bonné et al. [16].

Fig. 3 shows overall nickel balance at temperatures of
◦
50–490 C. Nickel removal was shown to be low at low reaction

imes but increased with time. The nickel removal rate was higher
t a temperature of 490 ◦C and the value reached 65.63% after a
eaction time of 90 min. Bonné et al. [16] has reported that the fate
f the central metal groups after demetallation under non-catalytic

Reaction time, min.

Fig. 3. Overall nickel balance: (a, top), 450 ◦C; (b, middle), 470 ◦C; (c, bottom), 490 ◦C
(�, nickel removal;♦, total nickel in Ni-TPP, Ni-TPiB and Ni-TPC form; �, total nickel
in the samples in other form).
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Fig. 4. Possible reaction sequence for Ni-TPP.

Table 1
Kinetic parameters.

Temperature (◦C) Rate coefficient (min−1)

k1 k2 k3

450 0.0212 0.0019 0.0027
470 0.0261 0.0032 0.0043
490 0.0299 0.0037 0.0058

Activation energy (Kcal/mol)
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[
water, J. Hazard. Mater. 74 (3) (2000) 187–195.
E1 4.06
E2 7.97
E3 9.11

onditions remains obscure. The fate of the central metal groups in
eaction of Ni-TPP under supercritical condition was also obscure as
result of our experiment, though formation of metal hydroxides,
etal oxides and metal ions are a possibility. A maximum 16.04% of

ickel was present in the samples except for the Ni-TPP, Ni-TPiB and
i-TPC forms. These forms include Ni-TPHP and Ni-TPB. Thus, Ni-
PHP and Ni-TPB were not included in the reaction pathways. The
ields of Ni-TPC, Ni-TPiB, Ni-TPHP and Ni-TPB increased rapidly,
eaching a maximum value before decreasing to a minimum value;
his indicates that these were intermediates compounds [16].

.3. Reaction kinetics and pathways

The kinetics of Ni-TPP demetallation is modelled as a sequence
f pseudo-first order reactions in the network shown in Fig. 4
ased on experimental results with the help of literature pro-
osed by Ware and Wei [7] and Bonné et al. [16]. According to the
hemistry of metalloporphyrins, Ni-TPP is hydrogenated several
imes successively under conditions of chemical reduction until
he macromolecule of porphyrin is broken, losing its porphyrinic
haracter [5]. Thus, feed porphyrin was successively hydrogenated
o form the tetrahydro species. This Ni-TPiB then released metal
hrough hydrogenolysis and ring fragmentation phenomena. Rate
oefficients were determined with the help of Himmelblau et al.
echniques [20]. The initial hydrogenation of Ni-TPP was rapid,
nd the second hydrogenation step was rate determining in the
emetallation sequence. The activation energies, obtained from
rrhenius plot, for the first hydrogenation step (k1), second hydro-
enation step (k2) and hydrogenolysis (k3) step were 4.06, 7.97 and
.11 kcal/mol respectively (Table 1).
. Conclusions

Ni-TPP was reactive with supercritical water, which was also
source of hydrogen donor and a catalyst. Experimental results

[

[

s Materials 187 (2011) 600–603 603

revealed that about 89.80% of the Ni-TPP was converted to inter-
mediate and final products at a temperature of 490 ◦C, a pressure of
25 MPa and a reaction time of 90 min. Under the same conditions,
around 65.63% nickel was removed by the action of supercritical
water. Overall Ni-TPP conversion was basically invariant at the
change of water partial pressure. Nevertheless, supercritical water
was capable of removing nickel from Ni-TPP.
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