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bstract

This work describes a route for processing spent commercial hydrorefining (HDR) catalysts (CoMo and NiMo/Al2O3), containing support
dditives, for recovering active phase and support components. Samples were used as catalysts in diesel hydrotreaters. They had neither been
ubmitted to mechanical stresses nor overheating while under operation. The route is based on fusion of samples with KHSO4. Four experimental
arameters were optimized: reaction time, sample/flux mass ratio, temperature, and sample physical characteristics (ground/non-ground). After
usion, the solid was dissolved in water (90–100 ◦C); the insoluble matter presented low crystallization. Several phases were identified: silicates,
pinel-like compounds and aluminosilicates. Cobalt, nickel, molybdenum and aluminum were recovered by conventional precipitation techniques
r selective solvent-extraction procedures, with at least 85 wt.% yield. Final liquid colorless effluents are obtained as neutral solutions of alkali

ulfates or chlorides and a water insoluble solid after fusion, which can be either sent to industrial dumps or co-processed. Fusion with KHSO4 was
hown to be applicable to the catalysts of the present study, and the optimized experimental parameters are much less drastic than the conventional
yrometallurgical routes proposed in the literature.

2006 Elsevier B.V. All rights reserved.
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. Introduction

During the 1990s more than 130 new catalysts or improved
amples were introduced only in the United States in preexisting
r new catalytic processes [1]. This demonstrates that catalyst
echnology will continue to play a central role in the modern
ndustry but also the spent catalyst will become a more complex
hallenge to the owners of such samples. The increasing sever-
ty of the environmental legislations has forced the treatment
f spent catalysts to give a reasonable final destination. Since
here are many types of catalysts under a very wide composition
ange, each spent sample is a case study in order to determine

he best final destination. The treatment method depends on the
ocal environmental legislation, market and available technolo-
ies [2].

∗ Corresponding author. Tel.: +55 21 2562 7555; fax: +55 21 2562 7892.
E-mail address: julio@iq.ufrj.br (J.C. Afonso).

t
m
t
t

p
t

304-3894/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2006.06.015
Spent catalyst generation has rapidly been increasing world-
ide. In the United States the amount raised by 25 wt.% [3]

n the period of 1992–2000. The petroleum refinery industry
as received much attention in recent years. The processing of
eedstocks containing high nitrogen, sulfur and metal contents
nd the demand for low-sulfur fuels (thus requiring a deeper
ydrorefining (HDR) capacity) has increased [4]. Spent refinery
atalysts typically correspond to 4 wt.% of the overall waste [5]
ut are among the most dangerous materials [6] to the environ-
ent. Such spent materials have been classified as a hazardous
aterial [7] by the environmental protection agency (EPA), as

hey may release toxic gases, are subjected to spontaneous igni-
ion and contain components that pollute the environment (heavy

etals and polyaromatic compounds). The hazard depends on
he feedstock treated: the more it is heavier, the more dangerous

he spent catalyst will be [7,8].

Since a spent HDR catalyst is a multi-component sample, its
revious characterization is necessary to determine its final des-
ination (recycling, regeneration, metals recovery or disposal)

mailto:julio@iq.ufrj.br
dx.doi.org/10.1016/j.jhazmat.2006.06.015
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Table 1
Chemical analysis (wt.%, dry basis) and some physicochemical properties of
the spent HDR catalysts

Sample Ni or Co Mo Fe Al P S C Si

NiMo 2.1 9.5 0.7 31.8 0.5 3.1 10.0 <0.1
CoMo 2.5 9.9 0.9 32.6 2.0 3.4 11.9 2.9

Sample Surface area (m2 g−1) Pore volume (mL g−1)
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9]. In Brazil the most current final destination is co-processing,
rovided the co-produced cement keeps its pozzolanic prop-
rties and does not exhibit toxicity during its handling
10].

Metals recovery from spent HDR catalysts presents some
nteresting advantages: (i) the amount of Ni, Co and Mo nor-

ally surpasses those found in ores [11]; (ii) the market value
f those metals, cobalt in particular, has been increasing in the
ast 5 years; (iii) the cost of Ni, Co and Mo is more than 30% of
he catalyst [12]. In the last 10 years the interest on recovering

etals from spent catalysts has risen due to its environmental
nd economical benefits [4]. Additionally, as the cost for storing
nd disposing spent catalyst tends to rise, the recovery procedure
ecomes a viable solution [4]. In fact, metals recovery reduces
he catalyst cost and also the environmental pollution provided
he final wastes are less toxic than the original materials [13].

any new processes have been proposed, not only based on
nvironmental advantages (lower energy consumption, less final
aste generation, etc.), but also on high yields on metals recov-

ry or selective recovery of a specific element. Among these new
rocesses, attention has been attracted to bio-hydrometallurgical
outes for processing spent HDR catalysts since they can be
erformed under very mild experimental conditions, offering
ow cost and energy requirements, are environmentally safe and
resent a good operational flexibility [14,15]. Aspergillus niger
s one of the most used microorganisms. Oxalic acid is the major
eaching agent produced by fungi [14]. The yields were moder-
te (54–82 wt.%) but the process took a long while (30–60 days).
oasting of a spent NiMo catalyst with NaCl (900 ◦C) [2] is suit-
ble for selectively recovering Mo, but other elements require
urther steps in order to be recovered. Leaching with inorganic
cids (sulfuric acid in particular) is the most common method
or metals recovery [16]. The yields may surpass 99 wt.% but
lements such as Si must be absent since their compounds are
ot attacked by acid leaching (except HF [17]). Silicon is usu-
lly found as a support additive and can be deposited on the
atalyst surface during its use should the feedstock contains this
lement.

The literature seems to not describe a recovery process
ased on acid fusion with potassium hydrogen sulfate (KHSO4),
hich is much less corrosive than the ordinary alkaline fusions

NaOH, Na2CO3). In this process Mo, Al, Co and Ni are
onverted into soluble salts after treatment at high tempera-
ures followed by dissolution in water. Si and P are obtained
s insoluble residues. The solubilized elements are recov-
red by conventional precipitation or solvent-extraction tech-
iques [18]. In general, aluminum recovered is co-processed or
mployed as a raw material for aluminum sulfate production
19].

This work aims at describing a new recovery process of valu-
ble elements present in spent HDR catalysts. The influences of
atalyst particle size, reaction time, temperature and catalyst/flux
ass ratio were investigated. The insoluble matter obtained
fter treatment of the fused mass with water was characterized
nd solubilized elements were recovered by a combination of
recipitation and solvent-extraction techniques. Attention was
ttracted to the final wastes generated.
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iMo 88 0.065
oMo 76 0.045

. Experimental

.1. Catalyst

The NiMo and CoMo catalysts (5 mm cylinder extrudates)
mployed in this study came from Brazilian refineries for HDR
f diesel fractions. Chemical analyses (and other physicochem-
cal properties) are presented in Table 1. They were partially
round and the <0.147 mm fraction (>100 mesh) was used. Sam-
les were dried at 110 ◦C for 2 h.

.2. Fusion process

The flux employed was potassium hydrogen sulfate (KHSO4,
p 214 ◦C), which was converted into potassium pyrosulfate

2KHSO4→K2S2O7 + H2O) at somewhat higher temperatures.
he latter is the effective reactant during fusion. The stoichio-
etric amount of flux necessary to the process was calculated

ccording to the following reactions:

iO + 2KHSO4 → NiSO4 + K2SO4 + H2O

oO + 2KHSO4 → CoSO4 + K2SO4 + H2O

l2O3 + 6KHSO4 → Al2(SO4)3 + 3K2SO4 + 3H2O

oO3 + 2KHSO4 → MoO2SO4 + K2SO4 + H2O

hus giving a theoretical catalyst/flux mass ratio of 1:5 for both
amples. It is expected to recover silicon (SiO2) and phospho-
us (phosphate-bearing species) as insoluble matter. Thus, the
rogress of the fusion was monitored by the amount of the insol-
ble matter found after each experiment.

Experiments were carried out in 1–10 g scale. After mixing
he sample with the flux the crucible was placed in a furnace at
given temperature (350–600 ◦C, 4 ◦C min−1) for a given time

0.5–7 h). Fusion was performed under air in order to avoid any
eduction of sulfate to SO2 and/or sulfide species, which would
orm insoluble compounds (such as NiS and MoS2). During
usion the gaseous effluent was washed down with distilled water
10 ◦C) to recover any SOx produced. This solution was used to
etermine the amount of flux lost in this way (precipitation as

aSO4 by addition of BaCl2 (1 mol L−1)). The roasted mass was
ooled down in the furnace and leached with distilled water at
0–100 ◦C for 40 min and stirring at 200 rpm. The solid residue
as separated from the liquid phase by filtration, washed with
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(4 h: CoMo and 5 h: NiMo) for both 1:10 and 1:15 ratios.

The best sample/flux mass ratio depends on the amount of
sample that reacts with the flux (KHSO , in the present case). As
R.G. Busnardo et al. / Journal of Ha

ater (5 mL g−1 of solid), dried at 110 ◦C for 2 h and weighed.
he solution was employed for metals recovery. The pH was in

he range of 1–2, which did not allow the precipitation of solu-
ilized P. The experiments were run in triplicate, and errors for
ach experiment were always below 3%. The solid residue was
issolved in HF + HCl (1:1 (v/v)) at 60 ◦C for further analysis.

.3. Analytical methods

Metal concentrations were determined by atomic absorp-
ion spectrometry (solutions) or X-ray fluorescence (solids).
ulphate, fluoride and phosphate ions were determined by ion-
hromatography. Carbon and sulphur contents were determined
y a LECO analyser. Crystalline phases in the solid samples
ere identified by X-ray diffraction analysis.

. Results and discussion

.1. Effect of catalyst grinding

Both ground and non-ground samples were treated at 350 ◦C
ith some catalyst/flux mass ratios. Data are presented in
ig. 1. As expected, the previous grinding speeded up the fusion
rocess, which takes about 4–5 h (depending on the sample),
hereas non-ground samples takes longer to accomplish that
rocess.
The amount of insoluble matter in the equilibrium state
20–30 wt.% according to the sample) surpasses the amount of
oke deposited on the surface (10–11 wt.%, Table 1). This is
scribed to the presence of non-reactive compounds (Si and P

ig. 1. Effect of grinding of CoMo (A) and NiMo (B) catalysts on the fusion
rocess with KHSO4 (350 ◦C, catalyst/flux mass ratio 1:7.5, 1:10 or 1:15).
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nes) as well as some reactive phases occluded by coke. The
amples after fusion did not present the characteristic odor of
rganic compounds as observed in the original spent catalysts
s the volatile fraction was eliminated during the treatment.
or the sequence of the experiments only ground samples were
mployed.

.2. Effect of the catalyst/flux mass ratio

In general, the fusion conducted near the stoichiometric sam-
le/flux mass ratio is a slow process and it risks to loose yield
ue to losses of flux (decomposition, side reactions, etc.) [20].
herefore the normal procedure is to use an excess of flux
o as to compensate such losses and to accelerate the fusion
inetics.

The experiments were accomplished at 350 ◦C with the
round samples. The catalyst/flux mass ratios tested were 50,
00 and 150% higher than the stoichiometric value for both
amples (1:5 w/w). The results are presented in Fig. 2.

The positive effect of excess of flux is clear when the ratio
aried from 1:7.5 to 1:10 (the amount of insoluble matter in
ater after the process decreased about 25 wt.%). Ratios above
:10 served no advantage. On the other hand, the necessary time
o reach a final behavior is essentially the same for each sample
4
he amount of non-reactive species in a given sample increases

ig. 2. Effect of the catalyst/flux mass ration on fusion process with KHSO4 of
he CoMo (A) and NiMo (B) catalysts at 350 ◦C.
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Table 2
Amount (wt.%) of coke present in the insoluble residue after fusion at 350 ◦C
for 5 h

Catalyst C (wt.%)
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he sample/flux mass ratio also increases as less flux is necessary
o treat the sample.

.3. Effect of temperature

One of the great challenges of pyrometallurgical processes
s to save energy. They are generally employed only when
here are no other alternatives for processing a spent material
21,22] under mild experimental conditions, which is the ten-
ency observed in the recent literature [20].

One of the advantages of the acid fusion process over the com-
on alkaline fusions [23,24] is its lower processing temperature.
lkaline fusions require temperatures over 500 ◦C (NaOH) or
50 ◦C (Na2CO3) for their effectiveness. In this study fusion
ith KHSO4 was conducted in the range of 350–600 ◦C, using
catalyst/flux mass ratio of 1:10. The results are presented in
ig. 3.

The fusion at 350 ◦C presented a peculiar behavior when com-
ared to the experiments carried out at higher temperatures. In
his case the major portion of coke (only the volatile fraction
as eliminated) remained in the insoluble residue since it is not

eactive towards the flux. This explains why the amount of insol-
ble matter in water, after fusion at 350 ◦C, is higher than for
ther temperatures, where carbon was eliminated from the sam-
les. The progress of slower fusion at 350 ◦C is a combination
f kinetic factors and accessibility of the flux to some reactive

atter (occluded by coke).
The fusion of both samples, in the temperature range of

00–600 ◦C, reduced the time in 3 h when compared to the exper-
ments carried out at 350 ◦C, taking, for both catalysts, around

ig. 3. Effect of temperature on the fusion of CoMo (A) and NiMo (B) catalysts
ith KHSO4 (catalyst/flux mass ratio 1:10).
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oMo 40.7 ± 0.9
iMo 59.9 ± 0.6

–3 h. However, different behaviors were observed above 3 h.
he amount of insoluble matter in water, after running the fusion
rocess, in the experiments at 500 ◦C, remained the same with
ime but there was a clear trend to increase such amount when
usion is performed at 600 ◦C, thus suggesting the occurrence
f reactions that form insoluble compounds. It is important to
bserve that the use of slow heating rates (4 ◦C min−1) aimed
t avoiding ignition of coke (burn off) thus forming overheat-
ng zones on the catalyst bed. Therefore it is believed that the
dditional insoluble residue, formed at 600 ◦C, for over 3 h, is
navoidably due to the formation of refractory compounds such
s spinels (XAl2O4), phosphomolybdates, aluminosilicates and
eta-silicates (XSiO3) [20,25].
It is clear that working at 500 ◦C presents several advantages

lower energy consumption, lower losses of elements by forma-
ion of insoluble residues). However, an additional discussion is
ecessary to understand the behavior of the 350–500 ◦C temper-
ture range.

The insoluble residue after fusion at 350 ◦C for 5 h was
oasted in a furnace at 600 ◦C for 3 h. The solid obtained was
ooled down in desiccators and weighed. The objective was
o estimate the amount (wt.%) of coke in the original residue.
fter coke removal the solid exhibited a greenish (NiMo) or blue

CoMo) color. The data are presented in Table 2.
When the amount of carbonaceous deposits is subtracted

rom the overall insoluble residue, the catalysts presented dif-
erent behaviors:

(a) CoMo catalyst: after elimination of coke the amount of
insoluble matter decreased from 22.5 to 12.4 wt.%. This
result is higher than the insoluble matter found after fusion of
the same sample at 500 ◦C for at least 2 h (around 9.5 wt.%).
This strongly suggests that coke presents a physical effect
on fusion behavior at low temperatures, i.e., it presents a
covering effect on the reactive portion of the sample. The
final result is the yield loss when compared to higher tem-
peratures;

b) NiMo catalyst: the amount of insoluble residue was reduced
from 20.0 wt.% to about 8.2 wt.%. This result is very close to
the amount of insoluble matter found after fusion at 500 ◦C
(8.5 wt.%). Coke apparently did not present the same behav-
ior as observed for the CoMo catalyst.

It must be emphasized that data for coke elimination refer to
he insoluble residue after fusion at 350 ◦C, not to the original

atalyst. This is justified due to the amount of carbonaceous
eposits in this residue for the NiMo catalyst is higher than
or the CoMo sample (Table 3). However the amount of coke
n the CoMo spent original catalyst is about 20 wt.% higher
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Table 3
Amount (wt.%) of the elements present in the insoluble residue after fusion
at 500 ◦C for at least 2 h with respect to the original composition of the spent
catalyst

Sample Ni/Co Mo Al P Si

NiMo 5.0 <0.5 3.0 72 –a
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oMo 8.5 1.5 4.5 88 100

a Present in tiny amount in the spent sample.

Table 1). The difference must be attributed to the amount of
olatile organic matter on each case [26]. The original samples
ere roasted at 350 ◦C for 5 h. The amount of residual C obtained

Leco analyser) indicates that it corresponds to 92 wt.% of the
riginal amount in the NiMo sample and 78 wt.% for the CoMo
ample. Therefore, the last one contains more coke but it is also
ore volatile. On the other hand the original spent NiMo catalyst

resents a higher surface area and also a higher pore volume
Table 1) than the CoMo catalyst. After roasting at 350 ◦C, the
iMo catalyst still presented higher surface area (112 m2 g−1)

nd pore volume (0.071 mL g−1) than the roasted CoMo sample
respectively, 98 m2 g−1 and 0.060 mL g−1). Therefore, fusion
t low temperatures in the presence of coke is a delicate balance
etween porosity and volatility of coke and the surface area of
he spent sample.

Once described the effect of coke the next step was to inves-
igate the inorganic matter in the insoluble residue after fusion.
-ray diffraction analyses were applied only to samples treated

t 500 or 600 ◦C; coke present in the residue of fusions accom-
lished at 350 ◦C did not allow obtaining a diffractogram. The
limination of the residual coke could alter the crystallinity and
he true inorganic phases present. Fig. 4 shows the diffractogram
f the insoluble residue of the NiMo catalyst treated at 500 ◦C. It
s a very poor crystallized solid but it is suggested the presence
f the NiAl2O4 spinel.

Fig. 5 presents the X-ray diffractogram of the insoluble
esidue of the CoMo catalyst treated at 500 ◦C for 4 h. The
rystallinity is higher and two phases were identified: cobalt
eta-silicate (CoSiO3), in agreement with the presence of sili-

on in this sample, and an aluminum–silicon oxide.

X-ray diffractograms of the insoluble residue obtained after

usion at 500 or 600 ◦C for more than 4 h presented the same
eatures as above mentioned.

ig. 4. X-ray diffractogram of the insoluble residue of the NiMo catalyst treated
ith KHSO4 at 500 ◦C for 4 h.
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ig. 5. X-ray diffractogram of the insoluble residue of the CoMo catalyst after
usion with KHSO4 at 500 ◦C for 4 h: non-assigned peaks: cobalt meta-silicate
CoSiO3); peaks assigned with an *: aluminum–silicon oxide.

The presence of CoSiO3 and NiAl2O4 in the insoluble matter
s relevant since such compounds reduce cobalt and nickel recov-
ries; this fact may also explain why recovery yields of those
lements from the catalysts under study, in hydrometallurgical
rocesses described in literature under mild experimental con-
itions, do not generally reach the theoretical yield of 100 wt.%
27,28].

The chemical analyses of the insoluble residue (dissolved in
F + HCl 1:1 v/v) are presented in Table 3. The most important

osses (on a percentage basis) are for cobalt and nickel, whereas
osses of molybdenum were very low or even negligible. All
ilicon and most phosphorus (as phosphate species) present in
amples and some aluminum are the basic components of the
nsoluble residue, as refractory compounds that are not reactive
ith KHSO4 under fusion.

.4. Metals recovery

.4.1. Recovery of cobalt and nickel
The overall processing scheme is shown in Fig. 6. The first

tep is the selective precipitation of nickel (or cobalt) by slow
ddition (dropwise) to the leachate of NaOH (6 mol L−1) at room
emperature with constant stirring (200 rpm). The pH must be
ept at 12 or higher in order to keep aluminum and molybde-
um solubilized as [Al(OH)4]− and MoO4

2−, respectively. The
ollowing reactions occur:

2+ + 2NaOH → X(OH)2 + 2Na+,

X2+ + 2PO4
3− → X3(PO4)2 ↓ (X = Ni, Co)

he precipitate was filtered and washed with water (4 mL g−1

f solid). The filtrate was colorless and presented no turbidity.
he precipitated amount of each element depends on the relative
mounts of solubilized nickel (cobalt) and phosphorous. Since
ost phosphorus remained in the insoluble residue (Table 3),

he soluble phosphorus precipitated with nickel or cobalt and
he excess of those metals as hydroxide.

.4.2. Recovery of aluminum

Sulfuric acid (6 mol L−1) was added to the colorless solution

t room temperature under stirring (200 rpm). The final pH was
n the range of 7–8, and aluminum precipitated as Al(OH)3. Such
recipitate was filtered and washed with NH4OH 0.01 mol L−1
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Fig. 6. General scheme for recovery of Al, Ni (or Co) and Mo after

10 mL g−1) and water (4 mL g−1), in order to eliminate sulfate
ons (test with BaCl2 (1 mol L−1) until absence of BaSO4 pre-
ipitation). The solid was dried at 150 ◦C for 3 h, cooled down
n a desiccator and weighed.

.4.3. Recovery of molybdenum
The absence of soluble phosphorus was essential for recov-

ring molybdenum with high yields by solvent extraction with
ethyl-isobutylketone (MIBK). This extraction occurs in HCl

olution [29], where significant losses of Mo as phosphomolyb-
ate, [(PMo12O40)3−], occurs. The neutralized solution, after
luminum recovery, was treated with concentrated HCl so that
he free acidity was adjusted to 6 mol L−1. This solution was
reated with the same volume of MIBK three times. The organic
xtracts were combined and treated with pure distilled water to
ecover molybdenum to the aqueous phase. This solution was
vaporated under concentrated ammonium hydroxide, thus crys-
allizing ammonium heptamolybdate, (NH4)7Mo6O24·4H2O, a
hite solid. During this procedure the gaseous effluent was
ashed down with distilled water at room temperature. Concen-

ration of ammonium hydroxide can reach 10 mol L−1, which is
uitable for crystallization of ammonium heptamolybdate. The

sed organic solvent can be used four times without significant
ecrease in molybdenum recovery.

The recovery yields are shown in Table 4. Mo and Al recov-
ries were very high. Co and Ni recoveries depended on the

p
m
b
r

yst fusion with KHSO4 and dissolution of the fused mass in water.

osses in the insoluble residue after fusion, particularly at 350 ◦C.
owever the recoveries shown in Table 4 are comparable or even

urpass those normally cited in the pyro/hydrometallurgical pro-
esses reported in the literature [27,30], but under less drastic
xperimental conditions.

.5. Final wastes management

The final aqueous acid solution after molybdenum extrac-
ion with MIBK was neutralized with NaOH (6 mol L−1), giving
colorless solution (with no precipitate) of sodium/potassium

ulfates/chlorides. The amounts of aluminum and molybdenum
re below the detections limits established for atomic absorp-
ion spectrometry (Al, 0.5 mg L−1; Mo, 0.1 mg L−1). One gram
f spent catalyst generated about 90 mL of final neutralized
ffluent. The other waste generated after fusion is the water
nsoluble matter. This residue can be sent to industrial dumps or
o-processed [31–33] as mineralizing agent.

One of the most important aspects of a new recycling process
s that the final wastes generated do not cause negative environ-

ental impacts, making inviable the application of the process
n a commercial scale. The greatest challenge of fusion with

otassium hydrogen sulfate is to treat the gaseous effluent, which
ay contain very aggressive compounds such as SOx. Under the

est experimental conditions (500 ◦C, 2–3 h, catalyst/flux mass
atio 1:10 wt.%) the amount of BaSO4 precipitated indicates
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Table 4
Recovery yields of Ni, Co, Mo and Al present in NiMo and CoMo spent catalysts treated with fusion with KHSO4 at 350 and 500 ◦C, according to the general
processing scheme presented in Fig. 6

Catalyst Product Metals recovered (wt.%) Temperature (◦C)

Ni or Co Mo Al

CoMo
Co3(PO4)2 + Co(OH)2

(blue precipitate)
87.6 ± 0.2 Not detected Not detected 350
90.9 ± 0.5 Not detected Not detected 500

NiMo
Ni3(PO4)2 + Ni(OH)2

(green precipitate)
91.6 ± 0.4 < 0.05 Not detected 350
94.2 ± 0.8 Not detected Not detected 500

CoMo
Al(OH)3 (white solid)

0.05 ± 0.01 Not detected 94.5 ± 1.1 350
Not detected Not detected 95.6 ± 0.7 500

NiMo
0.05 ± 0.01 Not detected 90.2 ± 0.9 350
Not detected Not detected 92.8 ± 0.7 500

CoMo
Not detected 96.2 ± 0.5 Not detected 350
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(NH4)7Mo6O24·4H2O
(white solid)

Not detected

oMo
Not detected
Not detected

hat about 10 wt.% of the excess of flux employed decom-
osed (2KHSO4 → K2S2O7 (+H2O) → K2SO4 + SO3), giving
O3. This means that each gram of the spent catalyst processed
ill generate about 0.15 g of the trioxide. SO2 and H2S were not
etected in the gaseous effluent, since an oxidizing atmosphere
as kept in the furnace during fusion (Section 2.2). The above

esult agrees reasonably well with literature data [34]. The best
ay to treat the (acid) waste is to add a strong base (such as
aOH), giving a neutral solution of Na2SO4.

. Conclusions

The fusion of spent HDR catalysts with KHSO4 allowed a
ood overall metals recovery. The process itself required less
rastic experimental conditions when compared to the classi-
al pyro/hydrometallurgical processes. It is not necessary to use
ore than the double of the stoichiometric amount of flux to

ccomplish the fusion under a reasonable time. The presence of
hosphorus and sulfur did not influence significantly the fusion
rocess and the metals recovery step. Silicon compounds were
ot reactive under fusion, thus reducing the amount of cobalt or
ickel that can be recovered this way. This fact represents the
imitation of the acid fusion, i.e., the applicability is limited to
he catalyst support that reacts with the flux (basic or amphoteric
xides).

Temperature is a very critical parameter. The fusion at 350 ◦C
ead to loss of yield due to the presence of residual coke (occlu-
ion of the catalyst surface), whereas the fusion at 500 ◦C or
igher temperatures eliminated all carbonaceous matter and
educed the time of fusion but presented the risk of formation
f refractory compounds (spinels, silicates, etc.) which reduced
onsiderably the metals recovery yield. It seems to exist an
ptimum temperature range (450–500 ◦C) where the insoluble
atter after fusion reaches a minimum amount.
Another advantage of the acid fusion process is the genera-
ion of low amounts of final wastes, which present low toxicity.
he solid waste can be co-processed and the final (neutralized)
ffluent is a solution of alkali chlorides/sulfates. This situation
s simpler than the scenario found for many proposed recovery

[

[

99.2 ± 0.2 0.05 500
95.9 ± 0.6 <0.05 350
97.4 ± 0.5 not detected 500

rocesses mentioned in the literature. For example, the use of
he toxic sulfide to precipitate Ni, Co and Mo is avoided, being
eplaced by direct precipitation (Ni/Co) or solvent extraction
echniques (Mo).
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