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Abstract

Due to environmental concerns much effort has been devoted in recent years to the development of processes to rejuvenate
and reuse metal-fouled spent catalysts from residue hydroprocessing units. As a part of an extensive research program on the
subject, we reportin this paper about the extraction of the deposited vanadium from the spent catalyst using ferric nitrate—oxalic
acid reagent system and its effect on catalyst's surface area and activity recovery. A comparative assessment of different modes
of ferric nitrate addition to oxalic acid, namely, (i) continuous addition, (ii) batch addition, and (iii) successive addition, on the
leaching efficiency was made. The results revealed that addition of ferric nitrate to oxalic acid enhanced its leaching activity
remarkably, and continuous mode of addition was more effective than the others. The improvements in the surface area and
pore volume of the catalyst were better and about 85% of the HDS activity was recovered for the catalyst leached with ferric
nitrate—oxalic acid reagent system in a continuous addition mode. Removal of the coke from the leached catalyst increased
the HDS activity further from 85 to 95% of fresh catalyst activity. The unleached vanadium remaining in the catalyst was not
concentrated at pore mouths, but was well distributed within the pellet. The enhanced leaching of vanadium in the continuous
addition mode of the oxidizing reagent was explained in terms of a synergistic mechanism involving oxidation and complex for-
mation reactions of the low-valent vanadium sulfide species during treatment with the ferric nitrate—oxalic acid reagent system.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction hydrogenation reactions, but tend to deactivate rapidly
as a result of fouling of the active catalyst surface by
Catalysts used in the upgrading of petroleum deposition of coke and metals (V and Ni) contained
residues by hydroprocessing consist of molybdenum in the heavy feedstock-5]. Currently, the deacti-
or tungsten supported on an alumina carrier with vated catalysts are not regenerated and reused, but
promoters such as cobalt or nickél]. The catalysts  are discarded as solid wastgs-8]. The quantity of
enhance the removal of undesirable heteroatoms suchmetal-fouled spent catalysts from residue hydropro-
as sulfur, nitrogen and metals present in the feed by cessing units has increased significantly worldwide
promoting hydrodesulfurization (HDS), hydrodeni- in recent years due to a rapid growth in the resid-
trogenation (HDN), hydrodemetallization (HDM) and ual oil upgrading capacity by hydroprocessing. In
Kuwait alone, about 7000t of spent catalysts are gen-
* Corresponding author. Fax:965-3980445. erated every year from the residue hydroprocessing
E-mail address: mmarafi@prsc.kisr.edu.kw (M. Marafi). units.
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Spent hydroprocessing catalysts have been classi-Fe (NG;)3] as a promoter on the leaching efficiency
fied as hazardous wastes by the Environmental Pro-was also examined for both types of catalysts. Oxalic
tection Agency in the USA9]. The most important  acid alone showed very poor activity for leaching of
hazardous characteristic of spent hydroprocessing cat-metals from coked spent catalyst, but in the presence
alysts is their toxic nature. Chemicals such as V, Ni, of an oxidizing agent it was very effective. In these ex-
Mo and Co present in the catalyst can be leached by periments, the promoter (oxidizing agent) was mixed
water after disposal and pollute the environment. Dis- with the organic acid in a single batch and the reagent
posal of spent catalysts as landfill is, therefore, envi- mixture was pumped continuously through the cata-
ronmentally restricted. Metal recovery from the spent lyst bed for a requisite period of time.
catalysts is possible, but this option is becoming less In the present work, a comparative assessment of
attractive due to the low purity of the recovered met- different modes of addition of the promoter (i.e. ferric
als, fluctuation in metal market prices, and high cost nitrate) to oxalic acid, namely, (i) continuous addition
of shipping[10,11] This option is further complicated  (ii) batch addition and (iii) successive addition, on the
by the Basel Convention restrictions on the transport leaching efficiency was made. The, fresh, spent and
of spent catalysts. treated catalysts were characterized and the improve-

The hazardous nature of the spent catalysts is at- ments in surface area, pore volume and HDS activity
tracting the attention of environmental authorities in of the catalysts were compared. The main objectives
many countries and increasing effort has been placedof the present studies were: (i) to determine the pre-
in recent years on the development of alternative so- ferred mode of addition of the promoter (oxidizing
lutions to the spent catalyst problem. An attractive agent) for extraction of the deposited vanadium from
approach to minimize the spent catalyst environmen- the catalyst pores for its reactivation and (ii) to un-
tal problem is to regenerate and reuse them, since itderstand clearly the role of the promoter in leaching
would have potential economical and environmental enhancement.
advantages.

Regeneration of the deactivated hydrotreating cat-
alysts is not an easy task. Regeneration by conven-2. Experimental
tional procedures using nitrogen—air or steam-air un-
der controlled conditions does not result in complete  Spent catalyst was obtained from the atmospheric
reactivation of the catalyst. While the carbon depositis residue hydrodesulfurization unit of Kuwait National
removed completely, the metallic impurities remain on Petroleum Company (KNPC). For consistency, the
the catalyst and act as an diffusion barrier for the reac- spent catalyst for all the experimentation was col-
tants. The major foulant metal (i.e. V) is usually con- lected from one batch. The catalyst was in the form of
centrated near the outer surface of the pellet, blocking cylindrical extrudates 1 and 4.3 mm in average diam-
pore mouths and reducing markedly the active surface eter and in average length, respectively. The catalyst
area available within the inner pores of the catalyst. If contained residual oil, sulfur, carbon, vanadium and
this contaminant metal can be removed selectively by nickel deposits in addition to the catalyst metals (Co
chemical treatment without significantly affecting the and Mo) originally presenfl@gble 1. The contaminat-
chemical and physical characteristics of the original ing residual oil was removed by thoroughly washing
catalyst, then the spent catalyst may be rejuvenatedthe spent catalyst first with naphtha and then with
and reactivated. toluene. The cleaned catalyst containing coke and

Rejuvenation of spent heavy oil hydrotreating cat- metals was then dried in an oven at *20for 24 h.
alysts by leaching foulant metals has been the subjectA sample splitter was used to obtain representative
of investigation in our laboratorfi2—14] In a previ- samples (about 10-15g) for chemical and physical
ous study, we compared the effectiveness of leaching analysis. The analyses were conducted on three dif-
foulant metals from coked (sulfide) and decoked (ox- ferent samples prepared from different portions of
ide) forms of spent residue hydrotreating catalysts us- the spent catalysts by sample splitting. The average
ing oxalic acid as a reagefit2]. The influence of ad-  deviation observed for various tests are now included
dition of an oxidizing agent to oxalic acid [e.gDo, in Table 1
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Table 1 file of the metals within the catalyst pellet was mea-
Characteristics of fresh and spent residue hydrotreating catalysts gyred using a scanning electron X-ray microprobe an-
Catalyst property Fresh catalyst Spent catalyst alyzer (Camebax) equipped with an energy dispersive
Chemical (WL.9%) X-ray analyzer. )_(-ray dlffractlon _p_atterns of the cat-
Mo 8.8 5.4+ 0.23 alysts were obtained using a Philips PW 1410 X-ray
Co 3.2 1.9+ 0.02 spectrometer operated at 30kV and 20 mA with Cu
\ 0.0 14.94+ 0.12 Ka radiation. The HDS activity tests were conducted
Ni 0.0 3.1+ 0.02 for fresh, spent and leached catalysts in a fixed bed
g 8‘_8 12?1 g:gg microreactor using 5 ml catalyst charge. Atmospheric
Fe 0.0 0.8+ 0.02 gas oil containing 2 wt.% sulfur was used as feed. The
Physical operating condit_ions. were: pressure 40 bari tempera-
Surface area (fig) 240 504 3 ture 350°C; Hp/oil ratio 400 ml/ml; LHSV 6. The
Pore volume (ml/g) 0.48 0.12 0.01 catalyst samples were presulfided in the reactor before

use. A Princeton Gamma Tech. Model 100 sulfur an-
alyzer was used to measure the sulfur content in the
feed and product.

Leaching experiments were conducted in a specially
constructed system. The system consisted of a tubu-
lar stainless steel reactop (= 2cm, L = 50cm), 3. Resultsand discussion
variable flow rate diaphragm pump with a polypropy-
lene head, and a reservoir tank for the reagent. In a 3.1. Effect of the variation of the promoter addition
typical experiment, the reactor was packed with 100 g mode on vanadium leaching from spent catalyst
of the catalyst in extrudate form between layers of
glass beads and glass wool. The reagent [oxalic acid Leaching experiments were conducted using oxalic
(0.66 M) + ferric nitrate (0.66 M)] was pumped con- acid solution with and without ferric nitrate addition.
tinuously through the catalyst bed from the bottom of The promoter (ferric nitrate) addition was varied in
the reactor (up-flow), at a flow rate of 3I/h. three different ways in order to make a comparative

The liquid product was collected in the reagent ves- assessment of different modes of promoter addition
sel and circulated continuously through the catalyst on the effectiveness of oxalic acid in leaching foulant
bed for the requisite periods of time by the pump. All metals (e.g. V) from the spent catalyst. In the contin-
experiments were conducted at ambient temperaturesuous addition mode, oxalic acid solution was pumped
(25+1°C). Samples from the reagent tank were taken through the catalyst bed and ferric nitrate (promoter)
for analysis at different time intervals. The concentra- solution was added to the oxalic acid reagent dropwise
tions of various metals (V, Ni, Mo and Co) present continuously throughout the run. In the batch addi-
in the leach liquid and catalyst samples were deter- tion experiments, all of the ferric nitrate solution was
mined by inductively coupled argon plasma (ICAP) mixed with the oxalic acid reagent in a single batch
spectroscopy. The reproducibility of the leaching ex- at the start of the experiment and the reagent mixture

periments was determined to be on the ordet-8%6 was pumped and recycled through the catalyst bed.
by repeating selected experiments under identical con- The total amount of reagents used and their concen-
ditions. trations were the same in both cases. In the successive

The surface areas of the catalysts were determinedaddition mode, the promoter (ferric nitrate) solution
by nitrogen adsorption (BET method) using a Quanta- was first pumped through the spent catalyst bed. Af-
sorb adsorption unit manufactured by Quantachrome ter this treatment, ferric nitrate pumping was stopped
Corporation, USA. Pore volume was determined us- and oxalic acid was introduced into the catalyst bed
ing water impregnation by the pore filling method un- and leaching was continued for the requisite period of
til the sample started to wet. The samples were heatedtime.
in an oven at 300C for 3 h in an inert atmosphere and The effect of different modes of addition of pro-
cooled in a desiccator before use. The distribution pro- moter (e.g. ferric nitrate) on the leaching efficiency
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Fig. 1. Vanadium leached vs. leaching time for different modes of promoter addition.

of oxalic acid for vanadium removal is compared in other two modes. The successive treatment with indi-
Fig. 1 The leaching data for oxalic acid alone (with- vidual reagents is, thus less effective than both the con-
out ferric nitrate) is also included in the figure. It is tinuous addition and batch addition modes. However,
seen that oxalic acid alone has a very poor activity for this mode of leaching is more effective than treatment
extracting vanadium from the spent catalyst, but that with oxalic acid alone without promoter.

adding ferric nitrate to oxalic acid increases its leach- A comparison of the leaching result presented in
ing efficiency. In the case of continuous addition of the Fig. 1 indicates that the effectiveness of different
promoter, the influence of the promoter in enhancing modes of promoter addition for vanadium leach-
vanadium leaching is not noticeable up to 4h. After ing from the spent catalyst rank in the following
4 h when sufficient amount of the oxidizing promoter order:

is introduced into the reaction system a substantial in-

crease in the amount of vanadium leached is observedcontinuous addition- batch addition

with further increase of extraction time. On the other > successive addition

hand, for the experiment where all the amount of pro-
moter was mixed with the oxalic acid at the beginning,
the amount of vanadium leached was found to increase  Some explanation for the observed difference in the
rapidly at the beginning reaching a steady state value leaching behavior of oxalic acid with different modes
within 4 h. In the case of successive treatments, first of promoter addition, may be advanced in terms of
with ferric nitrate followed by oxalic acid, leaching the chemical nature of the metal deposits in the spent
is moderately high during the initial hours, but after catalyst and the leaching mechanism. In spent cata-
this initial rapid leaching, the rate of leaching slows lysts, since the metals are present primarily as sulfides
down and reaches a steady state with the total amount[15,16], the leaching reactions with oxalic acid can be
of vanadium removed much lower compared with the expected to proceed in three steps as shown below.

> no promoter addition
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HoCo04 <> 2HT + C042
MS, + 2xHT < MZ* + xH,S
M2 4+ xCy042~ <> M(C204),

The ease of formation of the metal ion, its reaction
with the complexing agent (e.g. oxalic acid) and dis-
solution of the product depend to a large extent on the
oxidation state of the metal in the metal compound.
Oxalic acid alone without any oxidizing additive (i.e.
Fe (NGs)3 shows very low activity for metals leaching
from spent catalysts, since in coked spent hydropro-
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ing agent in a fresh highly active form into contact
with the metal deposits in the spent catalyst, it would
be more effective in converting the low-valent metal
sulfides to favorable higher oxidation states for ex-
traction with oxalic acid. This is further supported by
the results of successive extraction experiment, first
treated with ferric nitrate followed by oxalic acid. This
mode of extraction was better than treatment with ox-
alic acid alone. Oxidation of the low-valent metal ions
by ferric nitrate in the first step appears to enhance
their leaching in the subsequent extraction with oxalic
acid.

cessing catalysts the metals are present predominantly

as sulfides (i.e. ¥S3) in low oxidation states. It is
likely that in the presence of additives such as ferric
nitrate the low-valent metals are oxidized to higher ox-
idation states. Ferric nitrate is a good oxidizing agent.
In mineral processing ferric salts are extensively used
to enhance acid leaching of metals from their sulfide
ores[17,18].

In the oxidized state vanadium would be complexed
more easily by oxalate ion and kept in solution. In this
mechanism, the leaching rate will depend to a large
extent on the rate of production of the metal ions in
the higher oxidation state which will be dictated by
the concentration of the oxidizing agent (promoter) in
the leaching solution. The concentration of the oxi-
dizing agent in the leaching reagent mixture is sub-
stantially high in the batch mode of addition where
all the oxidizing agent (e.g. Fe (Ng) is mixed with
the complexing agent (e.g. oxalic acid) in a single
batch at the start of the experiment. As a result of this,
the initial rate of leaching is very rapid. The leaching

rate slows as the reagents are used up with time and

a steady state is reached within a few hours. In the
case of continuous dropwise addition of the oxidizing
agent as promoter, the rate of leaching is negligible
during the initial period, probably, due to very low

concentration of the oxidizing promoter in the leach-
ing reagent. After this initial period, the amount of

vanadium extracted increases progressively with time,
as the amount of oxidizing agent in the reagent sys-

3.2. Effect of metal leaching in different modes on
catalyst surface area, pore volume and HDS activity

Surface area and pore volume characterization of
spent and treated catalysts were performed. The sam-
ples were also subjected to an activity test for hy-
drodesulfurization. The improvements in the surface
area and pore volume recovery of catalyst samples,
as a result of leaching with ferric nitrate—oxalic acid
reagent system by different treatment procedures, are
compared irFigs. 2 and 3The results show that the
surface area and pore volume of the spent catalyst are
very low. The removal of the metal foulants from the
spent catalyst by leaching results in significant im-
provement in surface area and pore volume. The ex-
tent of improvement in these properties is dependent
on the leaching methods and are in the order:

continuous addition- batch addition
> successive extraction

In general, the surface area and pore volume re-
covery appears to be directly related to the extent of
vanadium removal. Electron microprobe analysis of
untreated spent catalyst shows that high concentra-
tions of vanadium are present near the outer edges
of the catalyst pelletKig. 4). Such large accumula-
tions may block the pore mouths and make the surface
within the pores inaccessible to the reactdh;20].

tem is increased by continuous addition. For the same Leaching of the metal deposits from the pore mouths

amount of oxidizing agent added to the reagent sys-
tem, it was noted that the continuous mode of pro-
moter addition is more effective than the batch addi-
tion in extracting vanadium from the spent catalyst.
Since continuous dropwise addition brings the oxidiz-

should open the pores and consequently increases the
pore volume and surface area of the catalyst. A com-
parison between the distribution profiles of vanadium
in the spent catalyst before and after leaching indi-
cates that during the chemical treatment, the vanadium
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Fig. 2. Surface area of spent and leached catalysts.
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Fig. 3. Pore volume of spent and leached catalysts.
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Fig. 4. Distribution profile of vanadium in the catalyst pellet before and after leaching.

accumulated near the outer edge (at the pore mouths)volume and HDS activity are better for the catalyst
is leached out, thus opening up the pores. treated by the continuous addition mode. It is noticed
XRD patterns of fresh, spent and treated catalysts that about 85% of the HDS activity is recovered for the
showed that thg-alumina support did not undergo any catalyst leached with ferric nitrate—oxalic acid reagent
phase changes as a result of the leaching and decokingsystem in a continuous addition mode. It is evident
treatmentg21]. Identical XRD patterns for both fresh  that the improvement in HDS activity is substantially
and treated catalysts were observed. In the unleachedhigh, even though all the carbon deposits still remained
spent catalyst vanadium was found to be present asin the catalyst. Removal of the coke from the leached
V2S3. No sharp peaks corresponding to nickel, cobalt catalyst increased the HDS activity further from 85 to
or molybdenum sulfides or other phases were seen. 1t95% of the fresh catalyst activity{g. 5).
is likely that these materials are well dispersed in the  These results suggest that coke deposition have
form of very small crystallites. less effect than metal deposits in deactivating residue
The HDS activity data presented fig. 5 indicate hydrotreating catalysts. Another interesting point to
that the activity recovery is substantially higher for note is that although only around 40% of the de-
the catalysts treated by continuous addition and batch posited vanadium is removed in the leaching process,
addition modes than that for the catalyst treated by the catalyst has regained about 85% of the original
successive extractions. This is in line with the surface activity. It appears that less than 40% of the total
area and pore volume recovery data. Continuous addi-vanadium deposited on the catalyst was responsible
tion of the oxidizing agent to the leaching reagent re- for pore mouth plugging and the obstruction of much
sults in higher vanadium removal from catalyst pores. of the catalyst surface area within the pores. The un-
Consequently, the improvements in surface area, poreleached vanadium remaining in the treated catalyst is
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Fig. 5. Relative HDS activity of spent and leached catalyst.

not concentrated near the outer surface of the catalyst4. Summary and conclusions

pellet Fig. 4). Itis likely that the remaining vanadium

is redistributed within the catalyst pellet during the A comparative assessment of different modes of
leaching process. Several factors may contribute to the ferric nitrate addition to oxalic acid, namely, (i) con-
remarkable activity improvement achieved in the re- tinuous addition, (ii) batch addition, and (iii) succes-
juvenation process. These include substantial increasesive addition, on the extraction of the deposited vana-
in catalyst surface area and pore volume as a result ofdium from the spent catalyst was studied as part of
the removal of the vanadium and coke deposits from an extensive research program to rejuvenate and reuse
the pores and redistribution of the metals (Mo, Co, metal-fouled spent catalysts from residue hydropro-
Ni and V) on the catalyst surface during the leaching cessing units. The results revealed that addition of fer-
procesg21]. In addition, a part of the inactive cobalt ric nitrate to oxalic acid enhanced its leaching activity
and nickel atoms present in the tetrahedral sites of the remarkably, and that continuous mode of addition was
alumina support may be leached by the reagents andmore effective than the others. The improvements in
redistributed over the molybdate layer. Such close catalyst’s surface area and pore volume activity were
proximity of the nickel promoters with molybdenum  better and about 85% of the HDS activity was recov-
species would allow a better interaction between ered for the catalyst leached with ferric nitrate—oxalic
them and lead to the formation of precursors of active acid reagent system in a continuous addition mode.
Co—Mo-S and Ni-Mo-S phase structures in the final Removal of the coke from the leached catalyst in-
catalyst[1,22]. Well dispersed vanadium along with creased the HDS activity further from 85 to 95% of
the Mo and Ni in the catalyst can also promote HDS the fresh catalyst activity. The unleached vanadium re-
reaction. maining in the catalyst was not concentrated at pore
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mouths, but was distributed well within the pellet.
The enhanced leaching of vanadium in the continu-
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[10] T. Chang, Oil Gas J. 96 (1998) 79-84.
[11] R.K. Clifford, Petroleum Technol. Q. 3 (1997) 33-39.

ous addition mode of the reagent is explained in terms [12] Stanislaus M., Marafi M., Absi-Halabi M., Appl. Catal. A:

of a synergistic mechanism involving oxidation and
complex formation reactions of the low-valent vana-
dium sulfide species during treatment with the ferric
nitrate—oxalic acid reagent system.
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