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vam Macedo Valverde Jr., Jéssica Frontino Paulino, Julio Carlos Afonso ∗

nalytical Chemistry Department, Institute of Chemistry, Federal University of Rio de Janeiro, Av. Athos da Silveira Ramos,
49, room A509, 21941-909, Ilha do Fundão, Rio de Janeiro, Brazil

r t i c l e i n f o

rticle history:
eceived 29 March 2007
eceived in revised form 25 October 2007
ccepted 3 March 2008
vailable online 8 March 2008

a b s t r a c t

This work describes a hydrometallurgical route for processing spent commercial catalysts (CoMo and
NiMo/Al2O3), for recovering the active phase and support components. They were initially pre-oxidized
(500 ◦C, 5 h) in order to eliminate coke and other volatile species present. Pre-oxidized catalysts were
dissolved in H2SO4 (9 mol L−1) at ∼90 ◦C, and the remaining residues separated from the solution. Molyb-
denum was recovered by solvent extraction using tertiary amines. Alamine 304 presented the best
eywords:
pent catalysts
etal recovery
aste management

performance at pH around 1.8. After this step, cobalt (or nickel) was separated by adding aqueous ammo-
nium oxalate in the above pH. Before aluminum recovery, by adding NaOH to the acid solution, phosphorus
(H2PO4

−) was removed by passing the liquid through a strong anion exchange column. Final wastes
occur as neutral and colorless sodium sulphate solutions and the insoluble solid in the acid leachant.
The hydrometallurgical route presented in this work generates less final aqueous wastes, as it is not nec-
essary to use alkaline medium during the metal recovery steps. The metals were isolated in very high

t
t
i
e
a
d
t
i
t
C

[
t
s
r
p
s
r

yields (>98 wt.%).

. Introduction

Hydrotreatment (HDT) is a group of catalytic hydrogenation
eactions, which saturates olefinic and aromatic hydrocarbons,
liminates heteroatoms (such as nitrogen, sulphur and oxygen) and
ven metals in the feedstock to be treated. HDT is one of the most
mportant catalytic processes and its catalysts correspond to about
0% of the worldwide catalyst market [1]. HDT has been exten-
ively employed for processing heavy feedstocks (such as Chinese,
enezuelan and Brazilian petroleums), as well as to improve the
uality of end products and intermediates for reforming and fluid
atalytic cracking processes (FCC).

At present environmental directories impose severe restric-
ions concerning gas and particle emissions from refineries and
uels. These directories require the improvement of the petroleum
efining (higher impurities removal). Sulphur removal (hydrodesul-
hurization) is essential to obtain more acceptable fuels for
nvironment [2]. The maximum allowed sulphur content in diesel

s 10 ppm in Europe (from 2008 [3,4]), 15 ppm in the USA (since
006 [4]) and 50 ppm in Brazil (since 2007 [5]).

The most familiar HDT catalysts are CoMo, NiMo and NiW
upported on alumina (Al2O3), normally modified by additives

∗ Corresponding author. Tel.: +55 21 2562 7555; fax: +55 21 2562 7262.
E-mail address: julio@iq.ufrj.br (J.C. Afonso).
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hat improve activity towards some HDT reactions (hydrogena-
ion, cracking) or thermal resistance during its lifetime [1,6,7]. The
ncreasing severity of the environmental directories concerning gas
missions (NOx, SOx, etc.) has been stimulating the development of
new generation of more efficient catalysts and the proposal of less
rastic HDT conditions concerning energy and hydrogen consump-
ion [1,8]. The studied parameters include: support preparation,
nclusion of additives (P, B, Si, Mg, Ti, Pt, etc.), active phase deposi-
ion method [3,9,10] and manufacture of non-supported NiMo and
oMo samples of high surface area.

The North-American Environmental Protection Agency (EPA)
11,12] states that spent HDT catalysts may be pyroforic, spon-
aneously combustible and release toxic gases. The presence of
ulphur is responsible for their flammability as its oxidation
eleases heat along the organic matter present. The presence of
olyaromatic compounds in the coke deposited on the surface clas-
ifies these catalysts as a carcinogenic material. This situation is
einforced should nickel is present, since this metal is also carcino-
enic to man. Although spent refinery catalysts correspond to about
wt.% of its overall waste [6,8], they are classified as one of the
ost dangerous wastes generated in petroleum refineries. Spent in
atura HDT catalysts have proven to contain high amount of heavy
etals (Ni, Co, Mo) that can be leached by water [13,14]. Leaching

f catalysts in USA follows the toxic characteristic leaching proce-
ure (TCLP) from the “American Society for Testing Materials”, and

s based on the maximum amounts of elements in drinking water

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:julio@iq.ufrj.br
dx.doi.org/10.1016/j.jhazmat.2008.03.003
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19]: 7 ppb of Mo, 7 ppb of V, 0.3 ppm of Fe, 13.4 ppb of Ni and less
han 0.7 ppb of Co. If one of the sample components surpasses 100
imes the corresponding limit, the spent catalyst is a dangerous
aste.

More than 90% of the European chemical industries [15] con-
ider that definitive solutions for the spent catalyst must have been
eveloped until 2012. The budget for this purpose and other refin-
ry environmental challenges is US$ 1.2 trillion (period 1997–2012).
n USA the budget for the same purposes reaches US$ 1.8 trillion
until 2015) [12]. It is expected that the greater severity of HDT
eactions in the near future will increase generation of spent HDT
atalysts [16].

The Resource Conservation and Recovery Act (RCRA) states [17]
hat a spent HDT catalyst must be previously oxidized at high tem-
eratures (roasting) before sending it to an industrial dump because

t is necessary not only to remove organic matter, but also insolubi-
ize inorganic components. Incineration of spent catalysts is not a
uitable practice [18] as this material has a low heat of combustion,
hus requiring auxiliary fuel in order to ensure a full insolubilization
f all its components.

Recovery of metals from spent catalysts depends on several fac-
ors: the nature of the sample (chemical composition) and the
reated feedstock, the price of metals, the environmental directo-
ies, the distance between the refinery and the recycling industry
nd the operational costs [16,19]. Since the cost of transportation
nd disposal in industrial dumps, the severity of environmental
irectories, and the price of some metals (particularly cobalt) [20]
ave been rising, spent catalysts have been recognized as a sec-
ndary source of valuable metals [16,21–24]. This research field is
ery dynamic since the composition of a given catalyst may vary
ith time. Hydrometallurgical recovery routes require the maxi-
um solubilization of the sample in an appropriate medium for

he other central step, the separation of solubilized elements. For
his purpose, it is necessary to pre-treat the sample in order to
emove coke and other volatile species present. This step “cleans”
he catalyst surface, thus reducing losses of recoverable metals by
hysical blocking. Care must be taken to avoid catalyst ignition dur-

ng pre-treatment, thus forming refractory oxides that are difficult
o solubilize in the leaching medium.

Extraction of metals with extractants dissolved in organic
olvents has been gaining importance since the 1990s. Organophos-
horous compounds are widely used [25–27] for treating effluents
nd leachates, especially in sulphuric acid medium. Extraction of
olybdenum [28,29] with amines and organophosphorous com-

ounds is possible in low pH (normally 1–2). Fe, Co, Ni and Al are
ot extracted. In pH below 2 MoO2

2+-type species predominate,
hereas neutral or anionic species are dominant above this pH [30].

Molybdenum recovery presents a critical challenge—its sepa-
ation from phosphorus, which is normally found as a support
dditive (this problem is also found when Mo is recovered as a by-
roduct from uranium ores [31]). Mo forms heteropolyanions with
, V, Si and As. The challenge is to decompose them, for example:

PMo12O40]3− + 27H+ → 12MoO2
2+ + H3PO4 + 12H2O (1)

Small amounts of a strong mineral acid play this role pro-
ided pH is below 2. It is easier to decompose phosphomolybdates
han vanadomolybdates, whereas silicomolybdate [SiMo12O40

4−]
pecies are only decomposed in concentrated sulphuric acid [31].
herefore, Mo recovery by solvent extraction depends on the pres-
nce or absence of P, Si, etc., and the settlement of experimental

arameters (specially the concentration of the acid during sample

eaching) to take into account the presence of such additives. In
eneral, the influence of P on Mo recovery from spent catalysts is
ot discussed. Re-extraction of this metal to the aqueous phase is
ormally performed with NH4OH [28,30].
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Solvent extraction appears to be the most cited technique for
eparation of Ni or Co from complex matrixes. About 50% of the
o produced in the western world comes from solvent extraction
32]. In general, extractions are performed under pH between 4
nd 7.5 [33], although there are some examples where these met-
ls are extracted in ammonia solution [34]. Co is usually extracted in
ower pH than Ni [35]. Ni separation is difficult as the ionic strength
ncreases as pH increases [36]. Minerals, batteries, metallic nod-
les and standard solutions are the basic materials employed in
hese studies, where sulphuric acid is by far the most employed
ne. Under the pH for Ni/Co extraction Al precipitates (fully or par-
ially). It would be suitable to recover Ni/Co by solvent extraction
n lower pH (<2), which appears to be difficult with the present sol-
ent extraction technology [37,38] (many stages are necessary to
each a high recovery of those elements).

This work presents a hydrometallurgical route for processing
pent HDT catalysts in sulphuric acid solution. Recovery of com-
onents of the active phase (Mo, Ni or Co) and of the support (Al)
as performed by a combination of several separation techniques

n acid solution. The goal is to generate less final wastes as possi-
le. The overall route present in this work was compared to those
resented in the literature for the same catalysts.

. Experimental

.1. Catalysts

Spent NiMo and CoMo/Al2O3 catalysts were employed (5 mm
ylinder extruded, 1.2 mm diameter). Chemical analyses are pre-
ented in Table 1. The catalysts were employed for at least 3 years
n diesel/gasoline hydrotreaters in Brazilian refineries. For one of
he CoMo catalysts this table also presents the analysis of its fresh
ample. Samples were not ground and were dried at 110 ◦C for 2 h.

.2. Pre-oxidation of samples

Samples were placed in identical ceramic crucibles. Since they
ere not ground, catalyst height in the crucible was fixed at 5 mm.

re-oxidation was performed in a furnace following two heating
ates: (i) 10 ◦C min−1, from room temperature up to 500 ◦C (final
ime 5 h), according to previous studies in our laboratory [39,40];
ii) 3 ◦C min−1, from room temperature up to 500 ◦C (final time 5 h).
he roasted mass was cooled down in the furnace and transferred
o a dessicator before running the experiments. Chemical analyses
f pre-oxidized samples are given in Table 1.

.3. Leaching procedure

Sulphuric and hydrochloric acid solutions were tested, accord-
ng to literature studies. The stoichiometric amount of each acid
as calculated according to the following reactions:

oO + H2SO4 → CoSO4 + H2O (2)

iO + H2SO4 → NiSO4 + H2O (3)

l2O3 + 3H2SO4 → Al2(SO4)3 + 3H2O (4)

oO3 + H2SO4 → MoO2SO4 + H2O (5)

oO + 2HCl → CoCl2 + H2O (6)

iO + 2HCl → NiCl2 + H2O (7)
l2O3 + 6HCl → 2AlCl3 + 3H2O (8)

oO3 + 2HCl → MoO2Cl2 + H2O (9)

From data of Table 1, the theoretical concentrated sulphuric
cid/catalyst mass ratio is approximately 2.1:1 for all samples (or
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Table 1
Chemical analysis (wt.%, dry basis) of the fresh, spent and pre-oxidized HDT catalysts

Sample Ni/Co Mo Fe Al P S C Si

NiMo spent 2.1 ± 0.2 9.5 ± 0.3 0.7 ± 0.1 31.3 ± 0.7 0.5 ± 0.1 3.1 ± 0.1 10.0 ± 0.2 <0.1
NiMo pre-oxidized 2.6 ± 0.1 10.6 ± 0.4 <0.1 32.1 ± 0.5 0.6 ± 0.1 0.5 ± 0.1 Absent <0.1
CoMo 2 spent 2.7 ± 0.1 9.7 ± 0.2 0.7 ± 0.1 33.3 ± 0.5 2.9 ± 0.1 2.9 ± 0.1 12.0 ± 0.3 0.5 ± 0.1
C 33
C 33
C 33
C 33
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meta-silicate (CoSiO3) and aluminum-silicon oxide, both insoluble
in hydrochloric and sulphuric acids.

The mass loss after pre-oxidation at both heating rates was
comprised in the 23–27 wt.% range (Table 3), thus agreeing with
oMo 2 pre-oxidized 3.2 ± 0.2 10.5 ± 0.3 < 0.1
oMo 1 fresh 2.9 ± 0.2 11.3 ± 0.2 Absent
oMo 1 spent 2.5 ± 0.2 9.9 ± 0.5 0.9 ± 0.1
oMo 1 pre-oxidized 2.8 ± 0.3 10.9 ± 0.4 < 0.1

.15 mL acid g−1 catalyst). The volume of acid was doubled with
ater in order to reduce viscosity of the leachate, ensure solubil-

ty of metal sulphates and allow an uniform stirring. Therefore, the
nal sulphuric acid concentration in the leachant is ca. 9 mol L−1.
or concentrated hydrochloric acid (12 mol L−1), the acid/catalyst
ass ratio is approximately 1.5:1 (3.5 mL acid g−1 catalyst). This

cid was not diluted with water since the leachate was easy to han-
le. A 10 wt.% excess of both acids was employed in the experiments.
ince phosphate minerals (such as monazite, xenotime, etc.) are
ttacked by hot sulphuric acid [41], it is expected that phosphorus
ill be partially dissolved under leaching procedure. Si and some

-bearing compounds are the expected insoluble components to be
ound after acid leaching.

Experiments were carried out using 10–100 g of sample. Leach-
ng was performed at 90 ◦C under magnetic stirring (200 rpm)
n a heating–stirring plate for 30–120 min. The residue was sep-
rated from the liquid phase by filtration, washed with water
4 mL g−1 solid), dried at 150 ◦C for 2 h and weighed. It was dissolved
n HF + H2SO4 (1:2, v/v) at 60 ◦C for chemical analysis.

Some experiments were carried out with the original spent
atalysts under the same experimental conditions, in order to deter-
ine the effect of coke on the acid leaching. The pre-oxidized fresh

oMo sample was also submitted to the above experiment, in order
o assess the effect of pre-treatment conditions on the solubility of
atalyst components in acid solution.

The experiments were run in triplicate, and errors for each
xperiment were always below 4%.

.4. Analytical methods

Metal concentrations were determined by atomic absorp-
ion spectrometry. Phosphate ions were determined by ion-
hromatography. A LECO analyzer determined carbon and sulphur
ontents. Crystalline phases in solid samples were identified by
-ray diffraction analysis. pH was measured by a digital pH meter.

. Results and discussion

.1. Effect of coke and other species on the catalyst surface
Data in Table 2 (experiments with H2SO4) show that previ-
us oxidation of the catalyst was necessary to improve leaching.
f we subtract the amount of carbon present in the spent sam-
les (10–12 wt.%, Table 1), the amount of insoluble matter is higher

able 2
mount (wt.%) of the insoluble matter after pre-oxidation of catalysts at 500 ◦C (5 h)
nd leaching with 9 mol L−1 H2SO4 (90 ◦C, 200 rpm, 70–90 min, 2.54 mL g−1 catalyst)

atalyst Without pre-oxidation Pre-oxidized at

3 ◦C min−1 10 ◦C min−1

oMo1 38.3 ± 1.5 9.3 ± 1.0 75.6 ± 2.5
oMo1 (fresh) 1.3 ± 0.3 4.8 ± 0.5 Not performed
oMo2 25.6 ± 0.6 1.0 ± 0.2 8.7 ± 0.6
iMo 22.5 ± 0.7 1.3 ± 0.3 9.9 ± 0.5

F
a
(

.8 ± 0.2 3.1 ± 0.3 0.7 ± 0.1 Absent 0.6 ± 0.1

.7 ± 0.6 2.3 ± 0.1 Absent Absent 3.2 ± 0.1

.3 ± 0.9 2.0 ± 0.2 3.4 ± 0.1 11.9 ± 0.2 2.9 ± 0.1

.9 ± 0.6 2.3 ± 0.2 0.9 ± 0.2 Absent 3.2 ± 0.2

han the result found when the same catalysts were pre-oxidized
t low heating rate. Coke (and other species on the catalyst surface)
locked the access of the acid to some reactive part of the sample.
oss of soluble matter reduced the amount of metals that can be
ecovered.

Another positive effect of the previous oxidation step is the
uality of the leachate. For original spent catalysts it presented
dark color (organic matter in suspension) and an oily aspect.

esides problems related to safety and handling procedures, it was
xtremely difficult to prepare such leachate for the separation pro-
edure. The leachate obtained after treatment of the pre-oxidized
atalyst did not present any anomalous behavior. Pre-oxidation can
e regarded as procedure which simplifies the sample composition
ince some components can be fully (carbon and water) or partially
sulphur) removed.

.2. Effect of heating rate

Data presented in Table 2 show a well-known result: the cat-
lyst must be pre-oxidized at low heating rates in order to avoid
erious losses of valuable components by formation of insoluble
ompounds in the leaching medium. This is due to ignition of coke
resent. The critical region appears to be between 400 and 500 ◦C.
hen heating rate was 10 ◦C min−1 the catalyst bed temperature

aised suddenly from 455 to 750 ◦C in about 8 min. When heating
ate was limited to 3 ◦C min−1, such phenomenon was not observed.

It seems to have a relationship between the amount of insolu-
le matter in sulphuric acid and the amount of Si present in the
ample: the greater the amount the greater the losses, since this
lement tends to form insoluble silicates under sample ignition. It
s remarkable that the CoMo1 spent sample presented more than
5 wt.% of insoluble matter in H2SO4 when it was pre-treated at
0 ◦C min−1. It was not found a relationship between the amount of
and the insoluble matter in the acid medium. The X-ray diffrac-

ogram presented in Fig. 1 shows two crystalline phases: cobalt
ig. 1. X-ray diffractogram of the insoluble residue in H2SO4 of the CoMo1 cat-
lyst pre-oxidized at 500 ◦C (3 ◦C min−1), showing two crystalline phases: CoSiO3

assigned peaks) and an aluminium-silicon oxide (non-assigned peaks).
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Table 3
Mass loss (wt.%) of samples pre-oxidized at 500 ◦C

Catalyst 3 ◦C min−1 10 ◦C min−1
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Table 5
Amount of solubilized elements (wt.%) in 9 mol L−1 H2SO4 (90 ◦C, 200 rpm,
70–90 min) after previous oxidation of catalysts (500 ◦C, 5 h, 3 ◦C min−1)

Element Catalyst

NiMo CoMo1 CoMo2

Ni or Co 99.5 ± 0.6 90.5 ± 0.5 99.0 ± 0.4
M
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oMo1 27.4 ± 1.0 27.9 ± 1.3
oMo2 27.3 ± 0.1 28.1 ± 0.5
iMo 22.7 ± 0.6 23.0 ± 0.7

iterature data [42,43]. Carbon was fully eliminated, (87 ± 3) wt.% of
ron was eliminated as oxide and (25 ± 1) wt.% of sulphur remained
n the catalyst as sulphate. No losses of other metals were observed.

Although there is only one fresh catalyst (CoMo1), data in
able 2 indicate that the amount of insoluble matter in this sam-
le was about half of the spent sample treated at 3 ◦C min−1. This
emonstrates the importance of heating rate for coke removal with
inimized loss of valuable components. This may explain why

ecovery of such elements in HDT catalysts generally did not reach
00 wt.% in literature studies [15,16] as the processes employed
ere not able to dissolve all components of the samples. The fol-

owing results were obtained with samples pre-oxidized only at
◦C min−1.

.3. Choice of the acid

Results of the Table 4 show that sulphuric acid was a bet-
er leachant than hydrochloric acid, according to the amount of
nsoluble matter found in each case. This demonstrates the best
erformance of sulphuric acid for dissolving the main compo-
ents of the active phase/support and the additives/contaminants
resent, as mentioned in literature [21,41]. The insoluble matter

n HCl was partially dissolved in H2SO4; qualitative tests [44–46]
howed the presence of Al and P. HCl practically did not solu-
ilize phosphorus-bearing species but sulphur (as sulphate) was
issolved over 99.0 wt.%.

Another disadvantage of HCl is its volatility (its azeotrope boils
t 108 ◦C): it was slowly eliminated with time at 90 ◦C. It was
ecessary to add more HCl, which is a serious environmental pol-

utant, thus requiring measures to recover the acid that leaves
he leachant (contacting the gas stream with water or an alkali
olution). When sulphuric acid was used only water addition was
ecessary, as this acid has a high boiling point (338 ◦C). Finally, con-
entrated HCl (12 mol L−1) presents lower hydrogen concentration
han 9 mol L−1 H2SO4: the same volume of the latter can react with

ore basic (NiO/CoO), amphoteric (Al2O3) and even acidic oxides
MoO3). Therefore, H2SO4 is the best choice as leaching agent. It is
lso interesting to remember that the acid/catalyst ratio (including
he 10 wt.% excess) for 9 mol L−1 H2SO4 (2.54 mL g−1) is lower than
or concentrated HCl (3.85 mL g−1).

The leachate got a pink (Co) or green (Ni) color. After (80 ± 10)

in the insoluble matter reached a constant amount (Table 2). It

ad a bluish (Co) or greenish (Ni) aspect. The pH of the final solu-
ions after catalyst leaching, filtration and washing of the insoluble

atter (washing waters were added to the leachate) are very close:
iMo, 0.1; CoMo1, 0.5; CoMo2, 0.3. Table 5 shows the amount of

able 4
mount (wt.%) of insoluble matter after leaching of pre-oxidized catalysts (500 ◦C,
◦C min−1, 5 h) with 9 mol L−1 H2SO4 or 12 mol L−1 HCl (90 ◦C, 200 rpm, 70–90 min)

atalyst Acid wt.% Insoluble

oMo1
HCl 42.0 ± 1.4
H2SO4 9.3 ± 0.5

oMo2
HCl 3.0 ± 0.3
H2SO4 1.0 ± 0.1

iMo
HCl 7.2 ± 0.4
H2SO4 1.3 ± 0.2

c

a
f
r
t
s
M
a

t
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o

o 99.5 ± 0.3 97.8 ± 0.2 99.2 ± 0.4
l 99.7 ± 0.1 97.2 ± 0.2 99.5 ± 0.3

75.5 ± 1.4 72.7 ± 1.1 82.4 ± 1.8
i <0.1 <0.1 <0.1

etals solubilized. In general, metal losses were low, except for the
oMo1 sample, where insoluble matter reached 10 wt.% of initial
ass (Table 2). Co loss reached around 10 wt.% (this is the sample
ith the highest Si content). 3/4 of P was solubilized, whereas Si

emained in the insoluble matter.
Analysis of the solubilized portion of the catalyst (or the amount

f insoluble matter) is of utmost importance for a given hydromet-
llurgical process. The literature indicates the metals recovered by
ydrometallurgical routes are normally quoted as solubilized frac-
ion in the leachate, rather than the total amount present in the
riginal processed sample [8,16,21]. Efficiency of a given process
ust be evaluated as a whole (preparation and leaching of the sam-

le and characterization of the insoluble residue obtained), not only
he processing of the solubilized portion.

.4. Metals recovery

.4.1. Recovery of molybdenum
Fig. 2 presents the overall scheme for processing the metals

n the leachate. The first step was the Mo recovery by solvent
xtraction. Two extractants were tested: Alamine 304 (tridodecy-
amine) and Alamine 336 (tricaprylamine), dissolved in deodorized
erosene. The extractant concentration varied between 2.5 and
0.0 vol.%. Experiments were performed at room temperature in
decantation funnel with an aqueous/organic phase ratio (A/O)

qual to 1 (v/v). The influence of acidity on Mo extraction was also
tudied (pH 0, 1, 2, 3 and 4), by adding 6 mol L−1 NaOH. When pH
as above 1, it was necessary to filter a white precipitate, which was
ashed with water (3 mL g−1) and the washing waters were added

o the filtrate, being pH readjusted by adding 0.1 mol L−1 H2SO4.
o re-extraction was tested with the following compounds: NaCl,

NH4)2SO4, H2SO4 and NH4OH. This procedure was carried out at
oom temperature in a decantation funnel with an aqueous/organic
hase ratio (A/O) equal to 1 (v/v).

The first tests intended to determine the optimum pH for Mo
xtraction and the choice of the extractant. The initial concentration
as fixed at 5 vol.% as it corresponds to the average concentration

ssued in the literature (2.5–10.0 vol.%) [28–30]. The equilib-
ium between phases was reached in about 3 min. There was no
ontraction or expansion of both liquid phases after the experiment.

According to Figs. 3 and 4, the optimum pH for Mo recovery is
bout 1.8 for both extractants. The best performance was found
or Alamine 304, and this extractant has been proposed for Mo
ecovery in aqueous acid media [47]. The optimum pH found in
his study is in agreement with literature data [47,48]. After a two-
tage process, using 5 vol.% Alamine 304, more than 99.99 wt.% of
o was recovered under the optimum experimental conditions for

ll samples under study.
Data in Table 6 and Fig. 5 show that 5 vol.% Alamine 304 was

he best extractant concentration. The extraction yield decreased

hen dilute solutions were used (thus requiring several stages

or a complete Mo extraction). Amounts over 5 vol.% generated an
ntermediate phase, whereas emulsification was observed when
oncentration was 10 vol.%. The organic phase takes a strong green-
live color, thus Mo extraction can be easily followed.
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Fig. 2. General scheme for recovery of Mo, Ni(Co) and Al from spent HDT catalysts after pre-oxidation and leaching with 9 mol L−1 H2SO4.

Fig. 3. Mo extraction with 5 vol.% Alamine 304 as a function of pH (CoMo1 catalyst,
A/O 1:1, v/v, 25 ◦C).

Fig. 4. Mo extraction with 5 vol.% Alamine 336 as a function of pH (CoMo 2 catalyst,
A/O 1:1, v/v, 25 ◦C).

Table 6
Influence of Alamine 304 concentration on Mo extraction (CoMo1 catalyst, A/O 1:1, v/v, 25 ◦C, pH 1.8)

vol.% Alamine 304 in kerosene wt.% Mo extracted into the organic phase Remarks

2.5 54.4 ± 0.6 Insufficient extraction
5 99.5 ± 0.8 Optimum concentration
7.5 61.6 ± 1.3 Intermediate phase formation

10 Not determined Emulsification
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Table 8
Retention of phosphorus in the ion-exchange column (pH 1.8, 25 ◦C)

Sample flow (mL min−1) wt.% P retained Residence time (min)

3 (or lower) 99.8 ± 0.2 >8
5 93.5 ± 0.3 5
8 82.0 ± 0.9 3.5
10 68.1 ± 0.7 3
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ig. 5. Influence of Alamine 304 concentration on Mo extraction (CoMo1 catalyst,
H 1.8, A/O 1:1, v/v, 25 ◦C).

The precipitate isolated when pH was above 1 was solubilized
n 0.01 mol L−1 H2SO4, giving a colorless solution. Qualitative testes
ndicated the presence of Al with traces of Fe, which was present in
ow amounts in the spent samples (Table 1) and was mainly elimi-
ated after pre-oxidation. The solution obtained above was added
o the raffinate.

Results for Mo re-extraction from organic phase are presented
n Table 7. The equilibrium between phases was reached in 5 min,
nd no contraction/expansion of both phases was observed. Among
he several options the best choice is NH4OH, as addition of foreign

etals and anions is avoided. Moreover, ammonium heptamolyb-
ate [(NH4)6Mo7O24·4H2O], the most current Mo salt, can be easily
btained by evaporation of the ammonia solution, releasing NH3,
hich can be absorbed in water, giving a new NH4OH solution. The

oasting of the above salt at 360 ◦C gives MoO3 [1].
The critical parameter for Mo re-extraction is the concentration

f the elution agent: higher concentrations (particularly of acids or
ydroxides) favor the process but risk of emulsification (or forma-
ion of an intermediate phase) is considered. This may explain the
eed to use two or more stages in order to avoid/minimize such
isks in some studies mentioned in the literature.

.4.2. Recovery of cobalt and nickel
From the raffinate Co (or Ni) was isolated by adding drop-

ise 0.3 mol L−1 (NH4)2C2O4 at 50–60 ◦C, under stirring (200 rpm),
ntil the solution became colorless. The solid was washed with
.01 mol L−1 (NH4)2C2O4 and dried at 110 ◦C for 2 h.

Ni or Co recovery was very high (98.0 ± 0.3 wt.% for both metals).
hosphorous-bearing species were not detected. In the pH where
xalates were precipitated (1.8) Ni/Co phosphates are soluble under
he concentration range of such ions in the leachates [44–46].

Al3+ forms very stable complexes with oxalate ions
[Al(C2O4)3]3−, Kest = 2 × 1016), whereas Ni and Co complexes
re much less stable ([Co(C2O4)2]2−, Kest = 8 × 106; [Ni(C2O4)2]2−,

6

est = 7 × 10 ) [46]. This avoids co-precipitation of Al together with
i/Co. The amount of Al in the precipitated oxalates is 0.05 wt.% or
elow.

An excess of oxalate ions should be avoided, as Al will be par-
ially complexed. The best way to avoid this inconvenience is to

able 7
o re-extraction from the organic phase

e-extraction with Concentration (mol L−1) wt.% Mo re-extracted

aCl 2.0 >99.99
NH4)2SO4 1.0 >99.99
2SO4 6.0 Emulsification
2SO4 4.5 >99.99, Slight emulsification
2SO4 2.0 ≈95, Two-stage process required
H4OH 6.0 Emulsification
H4OH 2.0 >99.95

u
c
C
f

t
c
p

t
fi
(
s
l
t
c

5 52.2 ± 1.0 1.7
0 34.4 ± 0.6 1.3
5 14.6 ± 0.8 1

dd dropwise the ammonium oxalate solution, according also to
he procedure described elsewhere [38].

The oxalates can be easily thermally decomposed, giving the
orresponding oxides (NiO/CoO or even Co2O3):

C2O4 → XO + CO + CO2 (X = Ni/Co) (10)

The oxalate precipitation technique avoids the problems pre-
icted should Ni/Co were extracted by organic extractants: the
xtraction is performed in a less acid solution, where Al partially
recipitates, thus requiring additional steps (filtration, washing)
nd increasing risk of Ni/Co losses by co-precipitation/occlusion.
his situation is typical of spent HDT catalysts in view of their
hemical composition.

.4.3. Recovery of aluminum
When the acid solution is neutralized P tends to co-precipitate

ith Al; therefore, the idea was to remove it before Al precipitation.
commercial ion-exchange resin (Amberlite IRA-400 AR, Cl− form),

ontaining quaternary ammonium groups, was used. This resin has
een used for removing P species in aqueous effluents and stan-
ard solutions [49,50]. The resin was converted into sulphate form
y treating it with two volumes of 2 mol L−1 H2SO4, followed by
lution with two volumes of 0.01 mol L−1 of the same acid. The col-
mn was 25 cm long and 10 mm diameter. The influence of flow on
retention in the column was investigated (2–25 mL min−1). Elu-

te samples were placed in a mixture of concentrated HNO3 and
.1 mol L−1 NH4NO3 at 40 ◦C; the appearance of a yellow precipi-
ate of ammonium phosphomolybdate, (NH4)3PMo12O40, confirms
he presence of P [44–46].

In pH 2, about 50% of P is found as H2PO4
− anion [46]. Therefore,

t was necessary not only to retain H2PO4
− but also to displace the

quilibrium of H3PO4–H2PO4
− to produce more H2PO4

− until full
emoval of P. Thus, the flow along the column is a very important
arameter. Another point is the presence of high amounts of SO4

2−

pecies, which compete favorably with H2PO4
− for adsorption in

he resin.
A 3 mL min−1 (or lower) flow allowed retention of P in the col-

mn but required a long residence time (>8 min, Table 8). The
olumn tested retained P from 100 mL of leachate (without Ni or
o and Mo). It can be regenerated by applying the same procedure

or conditioning as shown above.
The proposal of an ion-exchange column for P retention appears

o be a simple way to separate it from Al in leachates of spent HDT
atalysts, but further studies are required in order to improve this
rocedure (for example, the use of more specific resins for P).

The eluate was treated with 6 mol L−1 NaOH, at room tempera-
ure, under stirring (200 rpm), until pH around 7. The Al(OH)3 was

−1 −1
ltered and washed with 0.01 mol L NH4OH (4 mL g ) and water
6 mL g−1) until full removal of SO4

2− and Na+ ions. The washed
olid was dried at 150 ◦C for 2 h and weighed. The purity of iso-
ated aluminum hydroxide is high according to data in Table 9. The
races of Fe came from the catalyst as seen in Table 1 (chemical
omposition). P was not detected.
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Table 9
Chemical analysis of Al(OH)3 precipitate

Metal wt.%

Al 99.60 ± 0.25
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a 0.20 ± 0.06
e 0.11 ± 0.03
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.5. Final wastes management

The aqueous solution after Al recovery (pH ≈ 7) was colorless
nd presented no precipitate (no turbidity), as it contains Na2SO4.
he amounts of Al and Mo are below the detection limit of the
nalytical method employed (atomic absorption).

The effluents obtained when the column was conditioned or
egenerated can be neutralized with 6 mol L−1 NaOH. The final solu-
ion contains Na2SO4 and Na2HPO4. P can be removed from it by
dding CaSO4:

Na2HPO4 + 3CaSO4 + 2OH−

→ Ca3(PO4)2↓ + 2Na2SO4 + 2H2O + SO4
2− (11)

he precipitate can be disposed in industrial dumps or co-
rocessed.

For 1 g of processed spent HDT catalyst, about 8 mL of final
ffluent was generated, including the conditioning and regenera-
ion steps of the ion-exchange column. This result is much more
avorable than the ones found in most studies in the literature
16,19,39,40]. This is due basically: (i) to the use of a limited excess of
he acid when the catalyst was leached; (ii) to the use of a separation
cheme entirely in an acid medium. The use of alkaline solutions
mplies in using further acid for neutralization. This subject is not
sually commented in studies on spent catalyst recycling processes
ound in the literature. However, this aspect, together with energy
onsumption and other costs and the market value of end products,
ay determine the economical viability of the recycling process.
The insoluble residue in H2SO4 can be co-processed (mineraliz-

ng raw material) according to the Directory No. 264/99 from the
ational Brazilian Environmental Council (CONAMA). This residue
an account for a small portion of the original sample (Table 2).

. Conclusions

It is of utmost importance to pre-oxidize spent HDT catalysts
nder a low heating rate (3 ◦C min−1) in order to reduce possibility
f coke ignition, thus avoiding losses of valuable elements when
he pre-oxidized sample is leached (formation of refractory com-
ounds). 9 mol L−1 H2SO4 has proven to be good to treat spent HDT
amples in about 80 min at 90 ◦C.

It is possible to recover the main components of the active phase
Ni or Co and Mo) and the support (Al) with high yield and good
urity by an appropriate combination of separation techniques (sol-
ent extraction, selective precipitation and ion-exchange column).
o was better extracted (>99.5 wt.%) with Alamine 304 (5 vol.% in

erosene), in pH around 1.8, at room temperature and with an A/O
hase ratio equal to 1 (v/v). It was re-extracted with dilute NH4OH,
iving ammonium heptamolybdate [(NH4)6Mo7O24·4H2O] after
oncentration of its solution. The raffinate was treated with ammo-
ium oxalate (50–60 ◦C), precipitating Ni/Co as oxalate. Soluble

was removed by passing the acid solution through an anionic

on-exchange column at low flow rate (3 mL min−1) at room tem-
erature, and Al was isolated by neutralizing the eluate with NaOH.

The advantage of the separation scheme described in this work
s the use of only acid medium to isolate all elements, avoid-

[

[

us Materials 160 (2008) 310–317

ng alkaline solutions to recover Ni/Co in the presence of Al. This
eans lower reagent consumption and less generation of final

alted wastes. The used solvents (Mo extraction) and the spent
on-exchange column (P removal) can be regenerated; the NH3 gen-
rated when ammonium heptamolybdate was crystallized can be
ecovered to form new NH4OH solutions, and the insoluble residue
n H2SO4 can be co-processed. This implies in a lower waste gener-
tion by mass of catalyst processed.

Taking into account the market value of some metals present
n HDT catalysts, which can be high nowadays, it is much more
nteresting to recover such elements instead of discarding or even
o-processing the entire sample.
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