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a b s t r a c t

With the increase in environmental awareness, the disposal of any form of hazardous waste has become a
great concern for the industrial sector. Spent catalysts contribute to a significant amount of the solid
waste generated by the petrochemical and petroleum refining industry. Hydro-cracking and hydrodesul-
furization (HDS) catalysts are extensively used in the petroleum refining and petrochemical industries.
The catalysts used in the refining processes lose their effectiveness over time. When the activity of cat-
alysts decline below the acceptable level, they are usually regenerated and reused but regeneration is not
possible every time. Recycling of some industrial waste containing base metals (such as V, Ni, Co, Mo) is
estimated as an economical opportunity in the exploitation of these wastes. Alkali roasted catalysts can
be leached in water to get the Mo and V in solution (in which temperature plays an important role during
leaching). Several techniques are possible to separate the different metals, among those selective precip-
itation and solvent extraction are the most used. Pyrometallurgical treatment and bio-hydrometallurgical
leaching were also proposed in the scientific literature but up to now they did not have any industrial
application. An overview on patented and commercial processes was also presented.

� 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Catalysis undoubtedly played a very important part during the
second half of the 20th century in the development of refining and
petrochemical industries. The main categories of catalysts mostly

belong to heterogeneous catalysis, which involves acid, metal,
sulfur, and bifunctional catalysts and, to a lesser degree, oxide
phases (other than supports) (Marcilly, 2003). Catalysts are indis-
pensable in the conventional production of gasoline, diesel fuel,
jet fuel, heavy hydrocarbons, petrochemicals and plastics in the
petroleum distillation and petrochemicals industry.

Because the technology for the regeneration and reactivation of
the catalysts that are deactivated by metal fouling is not available

http://dx.doi.org/10.1016/j.wasman.2015.07.007
0956-053X/� 2015 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: ataakcil@sdu.edu.tr (A. Akcil).

Waste Management 45 (2015) 420–433

Contents lists available at ScienceDirect

Waste Management

journal homepage: www.elsevier .com/ locate/wasman

http://crossmark.crossref.org/dialog/?doi=10.1016/j.wasman.2015.07.007&domain=pdf
http://dx.doi.org/10.1016/j.wasman.2015.07.007
mailto:ataakcil@sdu.edu.tr
http://dx.doi.org/10.1016/j.wasman.2015.07.007
http://www.sciencedirect.com/science/journal/0956053X
http://www.elsevier.com/locate/wasman


to refiners, the spent catalysts are discarded as solid waste (Marafi
and Stanislaus, 2008a,b; Macaskie et al., 2010). Although spent
refinery catalysts correspond to about 4 wt.% of the overall refinery
waste (Liu et al., 2004), they are classified as one of the most haz-
ardous wastes generated in petroleum refineries. Spent catalysts
are managed through the following approaches: (1) chemical or
microbial treatment for recovery of valuable metals for different
applications, (2) regeneration and reuse and (3) landfilling.
Beside the serious environmental threat, hydroprocessing catalyst
is also identified as one of the important potential sources of base
and critical metals such as Ni, Co, Mo, W, V, Cr, Cu and Zn.
Considering all these facts, the treatment of spent refinery catalysts
for metal recovery is becoming potentially viable (Marafi and
Stanislaus, 2008a,b; Santhiya and Ting, 2006).

Recently, an increasing demand for clean chemical process
technologies in engineering can be observed, especially for removal
of pollutants. It is very well known that the sulfur and nitrogen
impurities present in fuels are an important source of air pollution,
acid rain and they also affect pollution control devices. In order to
decrease pollution, new specifications for sulfur in diesel have been
established in many countries (Zepeda et al., 2012; Liu et al., 2012;
Baeza et al., 2012). Conventional hydrotreating (HDT) methods are
effective for removing many sulfur and nitrogen compounds.
However, they are less competent for removing heterocyclic sulfur
or nitrogen compounds such as dibenzothiophenes and quinolines,
which are abundant especially in diesel (Song and Ma, 2003; Liu
et al., 2008; Guimarães et al., 2008). Other processes have been
studied in order to remove refractory HDS compounds.

The largest petrochemical industries are located in the USA and
Western Europe; however, major growth in new production capac-
ity is in the Middle East and Asia (Cefic, 2011). Currently, there are
few companies with the ability to perform this process within the
economical and environmentally acceptable boundaries. Energy
savings and environmental benefits are also important in these
recycling processes. Refineries are facing a difficult challenge to
reduce the sulfur content in their products, because of low quality
petroleum with high sulfur content. Technically, it is possible to
remove sulfur from products during separation, but in terms of
the main process modifications, the economic impact can be signif-
icant. As waste disposal is no longer considered to be the best
choice, disposing catalyst waste has become a significant environ-
mental issue. In many cases, spent catalysts are considered to be
hazardous wastes and are subject to strict legislations. The amount
of hydro-processed catalyst wastes that are considered as solid
wastes in the petrochemical industry has increased to meet
demand for low-sulfur fuels that have rapidly increased in terms
of hydroprocessing capacity (Marafi and Stanislaus, 2007).

Raw petroleums are complex mixtures that have the texture
between water and tar. A typical raw petroleum is comprised of
84% carbon, 14% hydrogen, 1–3% sulfur and >1% nitrogen, oxygen,
metals and salts. Raw petroleum can be classified as paraffinic,
naphthenic or aromatic, based on the dominant ratio of hydrocar-
bons. Metals like nickel, iron and vanadium are found in low
amounts in petroleum and are removed during the separation pro-
cesses. Trace amounts of arsenic, vanadium and nickel can poison
and clog the porous structure of catalysts and this affects the cat-
alytic activity negatively. Catalytic hydroprocessing is a hydro-
genation process that is used to remove 90% of pollutants such
as nitrogen, sulfur, oxygen and metals in petroleum fractions. If
these pollutants are not removed from petroleum fractions, they
will move along the processing units and negatively affect the
downstream equipment, catalysts and the quality of finished prod-
ucts. Generally, hydroprocessing is applied before processes such
as catalytic regeneration to prevent pollution of catalysts by the
raw products. Hydroprocessing is also used to decrease the sulfur
content before cracking and to increase the product yield.

Catalytic cracking is similar to thermal cracking, except that cata-
lysts ease the transformation of heavy molecules into lighter prod-
ucts. Use of catalytic cracking increases the quality product yield
under easier conditions compared to thermal cracking. Typical
temperatures range between 454 and 482 �C at 0.7–1.4 atm.
Catalysts used in catalytic cracking are generally in solid form (zeo-
lite, aluminum, hydro silicate, processed bentonite clay, bauxite,
silica-alumina) and are shaped like dust, marble, particle or other
various shapes (Gupta, 2003).

Production of renewable fuels and waste disposal are two of the
major concerns facing the world today, because both environmen-
tal concerns and energy derived from petroleum-based fuels will
define the future economic potential (Jopert et al., 2015).
Throughout the world, much research is being conducted on the
use of waste materials (Van Jaarsveld et al., 1998) in order to either
avert an increasing toxic threat to the environment or to stream-
line present waste disposal techniques by making them more
affordable. It, therefore, follows logically that an economically
viable solution to this problem should include utilization of waste
materials in new products for other applications rather than dis-
posal in a landfill.

When the precious metal content is considered, petrochemical
wastes can be considered as significant secondary resources.
These solid wastes contain a high amount of metal oxide/sulfur.
The oxides and sulfur, which can easily be oxidized, react with
the environment by self-leaching when it comes in contact
with the external atmosphere, and pollutes the environment
(Furimsky, 1996). For this reason, storing petroleum catalyst waste
is never an appropriate option. The only option is to determine
metal recovery methods that are environmentally friendly and
economical.

Hydroprocessed catalyst wastes require a strict adherence to
environmental regulations due to their hazardous structure and
toxic chemical content. The importance of the amount of
hydroprocessed catalyst waste has increased due to the following
reasons (Marafi and Stanislaus, 2008a,b):

� Increase in distilled hydroprocess capacity to meet the demand
for fuels with ultra-low sulfur content,
� decreased recovery time in diesel hydroprocessing’s heavier

processes,
� constant increase in heavy raw materials with high sulfur and

metal content (heavy crude oil even from non-conventional
resources like tight and shale oil).

The volume of installed capacity of hydroprocessing catalyst is
increasing in order to cope with the increasing demand for the
development of nearly sulfur free clean fuels and the need for dee-
per heavy ends conversion. Similarly, low refining margins are driv-
ing industry to cost optimization, while environmental regulations
are getting tougher. In addition to the growing fresh hydroprocess-
ing catalyst market (hydrodesulfurization, hydrocracking), regener-
ated catalyst usage is also increasing with an estimated worldwide
consumption of roughly 30,000 t/y. This additional tonnage of
regenerated catalysts is extremely useful for refineries hoping to
reduce their procurement expenses as well as to limit their gener-
ation of chemical waste. Unfortunately, the ratio between the
regenerated and the fresh catalyst market in distillates hydropro-
cessing is below 50%, meaning that not all spent catalysts are regen-
erated at least once. This low reuse rate can certainly be increased
by a careful evaluation of the spent catalyst (Saha et al., 2012).

Spent hydroprocessing catalysts have been classified by the U.S.
Environment Protection Agency (EPA) as hazardous wastes. EPA has
added hydroprocessing catalyst (K171) and hydro-separation cata-
lyst (K172) in August 1998 due to their self-heating property and
the toxic chemical content (Federal Register, August 6, 1998).
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