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ABSTRACT

Wastewater pollution with heavy metals is an issue of great
environmental concern. The future development of clean
technologies for the treatment of wastewater loaded with heavy
metals entails environment friendly and sustainable processes that
may allow simultaneously the recovery of the metals and their
reutilization as value-added catalysts to be used in environmental
applications. This is the first review regarding the biorecovery of
metals and their further reutilization as heterogeneous catalysts. In
this regard, metallic residues that generally would be considered as
a waste at the end of the treatment process can be reutilized and
transformed into value-added catalysts to be used in environmental
applications. This review is focused in two broad areas: the
biorecovery of chromium by a combined biosorption system
consisting of bacteria supported on zeolites and the catalytic
reutilization of the metal-loaded zeolites in the oxidation of organic
compounds, in both gaseous and liquid phase. After an overview
describing the main subjects in the field of heavy metals recovery,
biosorption, zeolites, and catalytic oxidation, in the following
sections special emphasis will be given to the main results and
findings regarding these clean technologies of biorecovery and
reuse ofmetals in catalytic reactions of environmental concern.
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1. Introduction

Water is a valuable resource that is continuously exposed to numerous sources of

pollution, especially in the past few decades, due to the rapid industrialization of

modern society. Among the different contaminants introduced into the environ-

ment, the release of heavy metals through industrial effluents is considered to be

an issue of great concern.[1] The release of heavy metals into the aquatic environ-

ment can lead to severe health injuries due to the accumulation of these pollutants

in the food chain. Their persistence in nature[2,3] has long-term negative effects to

plant and animal ecosystems. Intensive efforts to remove heavy metals from
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effluents through the development of low-cost and eco-friendly technologies have

overcome the typical drawbacks of traditional treatments such as high cost and

generation of toxic sludge.

Several technologies have been proposed to remediate or reduce emissions of

heavy metals into the environment. While some technologies lack the possibility of

recovery and/or reuse of the metals, other processes that allow recovery are costly

to operate. Due to growing economic and environmental constraints, efforts have

been carried out to develop recovery–reuse technologies for the treatment of heavy

metal pollution.[4,5]

Chromium is one of the most toxic heavy metals, being discharged into water

bodies through different industries, mainly tanneries and metal finishing plants.[6,7]

Chromium exists in different oxidation states from C2 to C6, being the C3 and

C6 the most commonly observed in environment with distinct characteristics.[8]

There are several available technologies that can be used to remove heavy metal

ions from aqueous solutions. Biological approaches have been suggested in the last

decade, as an alternative for the classical physicochemical techniques for heavy

metals removal. One of the treatment options that have seen considerable advance

in recent years is biosorption, in which inexpensive biomass or biomaterials are

employed to remove heavy metal ions from aqueous media.[3,5,9,10] Recovery of the

metal ions from biosorbents is possible, and the expected low cost of the sorbents

renders this technology particularly interesting. Several microorganisms, such as

bacteria, are found to be able to efficiently accumulate heavy metals, and they can

be selective for specific metals of interest. The self-defense strategy of bacteria con-

sists of transforming toxic compounds into less toxic, more volatile, or readily pre-

cipitating forms, through mechanisms that can include oxidation, reduction, or

methylation. Several publications have shown that certain species of bacteria are

able to perform the reduction of hexavalent chromium, Cr(VI), into trivalent chro-

mium, Cr(III), which is less toxic and less mobile.[11–19]

Low-cost ion exchangers, such as zeolites, have been extensively used in the

recovery of metals thanks to their peculiar ion exchange capacity and selectivity.

The fact that the exchangeable ions of zeolites are relatively innocuous makes these

a clean and ecological material suitable for the removal of undesirable heavy metal

ions from industrial effluent water. The use of zeolites as highly valued ion

exchangers for the removal of heavy metal contamination (and other pollutants) in

aqueous media has been referred as a low-cost approach by many authors.[2,20–23]

Zeolites have received great interest because of their optimum performance as

solid acid catalysts in refining and petrochemical processes.[24–26] In addition, the

use of zeolites as powerful catalytic supports or even catalysts for many oxidation

reactions has gained particular attention[27–31] due to their remarkable properties,

such as crystalline structure, acidic–basic properties, pore geometry, and large sur-

face areas.[32, 33] Zeolites can be modified or synthesized for use in catalysis by

inclusion of metal species in their structure. The insertion of catalytically active

metal species offers the possibility of operating with bifunctional (redox-acid)
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catalysts.[34] Although noble metal catalysts are known to have higher activity than

metal oxides, some disadvantages, such as their limited availability, high cost, and

tendency to poisoning,[35, 36] demand their replacement by cost-effective transition

metals.[37, 38] In the last decade, zeolites doped with transition metals (e.g., Ni, Cr,

Co, and Cu) have been shown promising results in the field of heterogeneous catal-

ysis, namely in pollution control and selective oxidation. Numerous studies have

been done in order to evaluate the properties of transition metal exchanged or

impregnated zeolite catalysts in gas phase oxidation of VOC.[39–46] For liquid

phase, it is documented that metals acting as catalysts in zeolites present stability

problems in the oxidation reactions, which is related to possible leaching of active

metal components into solution.[47] A common approach to prevent this leaching

is linking the transition metal on a solid support by coordination with organic

ligands.[48, 49] The possible applications of transition metal complexes immobilized

into solid supports have received large attention because of their potential use in

heterogeneous catalysis in mild conditions.[50–52]

2. Recovery of metals from wastewater using bacteria and zeolites

Heavy metals occur naturally in soils, sedimentary deposits, and water bodies, and

so there is a normal background concentration of these elements. Such metals are

considered to be pollutants when their concentrations increase to such an extent

that they present a risk to living organisms.[53] The main anthropogenic sources of

heavy metals are several industrial activities including mining, metallurgical, elec-

troplating, and metal finishing. The discharge of industrial effluents containing

heavy metals is extremely undesirable, as they can present acute toxicity to both

lower and higher organisms. The nonbiodegradability of heavy metals results in

their accumulation in environment and living tissues, thus causing several health

effects in humans and animals, as well as potential severe ecological damages.[1, 54]

Among the common heavy metals present in industrial wastewater, mercury,

lead, cadmium, and chromium are at the top in terms of toxicity.[55] In this review,

special emphasis will be given to chromium due to its harmful effects to human

health and environment and simultaneously to its catalytic properties in oxidation

reactions of organic compounds.[41, 42, 44, 45, 56]

2.1. Chromium chemistry, redox behavior, and toxicity

Chromium occurs in variable oxidation states ranging from ¡2 to C6, but only the

C3 and C6 states are stable under commonly observed environmental condi-

tions.[8, 57] Compounds of the trivalent oxidation state usually form chromium

hydroxides in water, being mono- or polynuclear species (CrOH2¡, Cr(OH)2C, Cr

(OH)3, Cr(OH)4¡, Cr2(OH)2, or Cr3(OH)4
5C), whereas the hexavalent chromium

predominantly forms chromate or dichromate anions (CrO4
2¡ and Cr2O7

2¡,

respectively).[58] It is important to refer that hexavalent chromium, Cr(VI), is not

present in the environment as a free cation, Cr6C, but in the form of oxyanions,
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whereas trivalent chromium, Cr(III), does exist as Cr3C. Chromium species are

strongly controlled by the redox conditions of the aquatic media. The Eh-pH dia-

gram presented in Fig. 1[59] provides a generalized representation of the major

aqueous chromium species in chemical equilibrium at different redox conditions.

Cr(VI) species predominately occur under oxidizing (high Eh) and alkaline condi-

tions. Hexavalent chromium is a strong oxidizer and therefore exists only as soluble

oxygenated species, depending on the pH of the aqueous environment. The most

common Cr(VI) species in natural systems are chromate (CrO4
2¡), at pH > 6, and

hydrogen chromate (HCrO4¡), at the pH range 1–6. In its turn, trivalent chromium

species are stable under reducing aqueous environments (low Eh). The Cr3C ions are

prevalent only at pH lower than 4. With the increase of pH, hydrolysis of Cr3C yields

Cr(OH)2C, at the pH range 4–5, and Cr(OH)4¡, at pH> 13.

In terms of redox behavior, chromium may undergo changes in oxidation state

depending on the different redox conditions of the aquatic environment. The

reduction of Cr(VI) to Cr(III) or the oxidation of Cr(III) to Cr(VI) requires the

presence of another redox couple, that is, a reducing or oxidizing agent, respec-

tively, which gives or accepts the necessary electrons. Cr(VI) is a strong oxidant

and therefore can be reduced in the presence of reducing agents found commonly

in soil, water, and atmospheric systems. The most common species of hexavalent

Figure 1. Eh-pH diagram of the system Cr-O-H.SCrD 10¡10, 298.15 K, 105 Pa. (Adapted from ref.[59])
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chromium, CrO4
2¡, HCrO4

¡, and Cr2O7
2¡, can be quite readily reduced to Cr(III)

species in the presence of electron donors, such as organic matter and reduced

inorganic compounds, namely Fe(II) and S2¡.[60–62] Another important route of

Cr(VI) reduction is mediated by microbial biomass. Several microorganisms are

capable of transforming hexavalent chromium into less toxic species, trivalent

chromium, thus having an important role in the reduction of the toxicity of these

compounds. Microorganisms can perform the reduction of Cr(VI) by a combina-

tion of several mechanisms, namely enzymatic extracellular reduction, reduction

by bacterial surfaces, and intracellular reduction and precipitation.[63] Microorgan-

isms capable of reducing Cr(VI) to Cr(III) include bacteria, yeasts, and fungi.[64] A

number of bacterial species have been reported as capable of detoxifying Cr(VI),

namely Pseudomonas,[65] Bacillus,[66] Achromobacter,[67] Arthrobacter,[16,18,19]

Escherichia,[68] and Enterobacter.[69]

Cr(III) and Cr(VI) have contrasting physicochemical properties, as well as chem-

ical and biochemical reactivity. Cr(VI) anions are highly mobile and can easily

migrate in aquatic environments due to repulsive electrostatic interactions with soil

particles that are negatively charged. In contrast, trivalent chromium species nor-

mally carry positive charges and are less mobile since they can be easily adsorbed

on the soil particles.[70] In terms of toxicity, biological intrinsic activity, and nutri-

tional value, chromium is probably the most controversial element among the dif-

ferent transition metals. While Cr(III) is essential at trace levels as a nutrient in

human and animal health, Cr(VI) is very toxic, with well-established carcinogenic

effects in humans.[71,72] Trivalent chromium plays an important role in insulin sig-

naling and glucose metabolism, being also involved in the regulation of levels of

glucose and low-density lipoprotein cholesterol (LDL) in blood.[58,73] In opposition,

the higher toxicity of Cr(VI) is associated with its higher solubility in aqueous

media and permeability through biological membranes, which favors the interaction

with proteins and nucleic acids.[74] The exposure to hexavalent chromium may lead

to several adverse effects in human health, namely allergic responses, nasal septum

injury, asthma, larynx inflammation, and lung carcinoma.[75]

2.2. Biosorption

With increasing environmental awareness and strict regulations that specify maxi-

mum allowable concentrations of heavy metals in effluents, there is a growing

need for the development of new economical, ecological, and effective methods for

metals removal.

The conventional methods used for metal ions removal include chemical pre-

cipitation, ion exchange, membrane separation, ultrafiltration, electrochemical

methods, and adsorption. However, these methods have some important limita-

tions, such as low efficiency and high operational costs, especially for the treatment

of large volumes of wastewater with concentration of metal ions ranging from 1 to

100 mg L¡1.[3,76]
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In recent years, research attention has been focused on the use of biological

materials capable of binding metal ions present in effluents. In this regard, the bio-

sorption process appears as an advantageous alternative method in comparison

with the others above mentioned. The biosorption is a selective, effective, and

cheap method that can be applied at very low metal concentrations. In addition,

the biosorption process does not generate toxic sludge, as well as offers the possi-

bility of metal recovery and biosorbent regeneration.[77]

The term biosorption is used to express the fixation and accumulation of met-

als by biological materials without active uptake.[78] Metals can be accumulated

by a variety of processes dependent and independent on metabolism. Both living

and dead biomass as well as cellular products, such as polysaccharides can be

used for metals removal.[79] The uptake of metals independent of biological

metabolism is known as passive uptake or biosorption, whereas active uptake is

metabolism dependent, involving the active transport of the metals across the cell

membrane. The metal uptake by both active and passive uptake is called bioaccu-

mulation, and both modes can be employed by living cells. On the other hand,

dead cells can only employ the passive mode for metals uptake, that is, through

biosorption.[58]

Metal ions bind to cells by different physicochemical mechanisms, depending

on the biomass and environmental conditions. Several mechanisms are involved in

the biosorption of metals, namely ion exchange, adsorption, complexation, chela-

tion, coordination, and microprecipitation. The sequestration of the metal species

by biosorbents can occur through a single mechanism or through a combination

of mechanistic steps.[80] During the biosorption process, the metal interacts with

the cell wall surface that possesses several metal-binding functional groups, such as

carboxyl, phosphoryl, amido, amino, imidazole, and sulfonate.[81,82] This phenom-

enon of metal binding is independent of metabolism and is quite common, rela-

tively rapid, and reversible. In this regard, biomass gathers some of the chemical

characteristics of an ion exchange and some others of an activated carbon, which

brings many advantages into the industrial application of biosorption. In the case

of microprecipitation, this mechanism can take place both in solution and on the

cell surface. For living cells, this process acts like a protection mechanism that is

performed by the microorganisms that, in the presence of toxic metals, produce

compounds which favor their precipitation. Nevertheless, this precipitation process

can occur independently of cell metabolism, after a chemical interaction between

the metal and the cell surface.[81] In addition, living cells can accumulate metals

intracellularly through a metabolism-dependent process that is also energy depen-

dent and requires an active respiration by the cell through a specific transport sys-

tem. This process of intracellular accumulation is usually slower in comparison

with adsorption, although in many cases the amount of metals that are bound to

cells is higher than in the case of a purely external process.[3]

A large number of biological materials have been shown the ability to bind

heavy metals, namely bacteria, yeast, fungi, biological wastes, algae, and
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polysaccharide materials.[3] Even though any type of biosorbents can be used, the

biomass of microbial origin presents several benefits when applied in large-scale

processes. The main advantages include their low cost, larger surface areas per unit

volume,[83] possibility of metal recovery and biosorbents regeneration, and mini-

mization of biological and chemical sludge.[84]

Among the different bacterial species, Arthrobacter viscosus is an interesting

bacterium with respect to metal binding capacity, which is related to its ability to

produce considerable amounts of extracellular polysaccharides (EPS).[85]

2.2.1. Arthrobacter viscosus

Bacteria of the genus Arthrobacter are one of the most predominant groups in

soils, sediments, and subsurface environments. Arthrobacter is a genus composed

of Gram-positive, aerobic, and heterotrophic organisms.[86] Members of the genus

Arthrobacter show a life cycle characterized by cell morphological changes. During

the exponential growth, the cells are rod-shaped (bacillis), while in the stationary

phase the cells take a round shape (cocci).

Since Arthrobacter bacteria utilize a wide variety of organic compounds as sub-

strate, including aromatic hydrocarbons, they are widely believed to play a signifi-

cant role in the transformation of organic matter in natural environments.[86]

Westerberg et al.[87] demonstrated the ability of a new species isolated from soil,

Arthrobacter chlorophenolicus, to degrade high concentrations of 4-chlorophenol.

In addition, O’Loughlin et al.[88] studied the degradation of 2-methylpyridine,

2-ethylpyridine, and 2-hydroxypyridine by Arthrobacter sp., isolated from subsur-

face sediments collected from an aquifer located at an industrial site. These authors

demonstrated that the bacterium was capable of utilizing these aromatic com-

pounds as primary carbon, nitrogen, and energy sources.

Arthrobacter viscous bacterium has been reported in several studies as a good

exopolysaccharide (EPS) producer.[85,89–91] It is well known that bacterial EPS is

involved in the mechanisms of biofilm formation and also play a crucial role in the

biosorption of metals.[92] Quintelas et al.[93] developed studies in a pilot-scale bio-

reactor, showing the ability of a biofilm of Arthrobacter viscosus supported on

GAC to remove of Cr(VI) from aqueous solutions. Arthrobacter species have been

also reported as capable of binding other metal ions, such as Fe(III), Cu(II), and

Cd(II)[94] as well as Mn(II), Ni(II), and Pb(II).[95]

2.2.2. Cr(VI) reduction by Arthrobacter viscosus

Several species of the genus Arthrobacter have revealed the ability to reduce Cr(VI)

into its less harmful form, Cr(III). Lin et al.[96] studied the chromate-resistant

basalt-inhabiting Arthrobacter K-2 and K-4 and concluded that the polysacchar-

ides present in the cell capsule played an important role in the reduction of Cr(VI)

to Cr(III) and therefore in their survival ability. Other authors[97] demonstrated

that the reduction of chromium by Arthrobacter oxydans occurs in diol groups of

the cell wall, through the formation of an instable intermediate, Cr(V).
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Silva et al.[19] reported the reduction of Cr(VI) to Cr(III) by living cells of

Arthrobacter viscosus, during biosorption experiments at acidic conditions (Fig. 2).

Figure 3 presents the XPS wide scan spectrum and the high-resolution spectrum,

collected from the Cr2p core region, of the Cr-laden biomass obtained after the

biosorption of Cr(VI) at pH 4. The authors[19] concluded that the chromium

bound to the biomass surface was in the trivalent oxidation state. Numerous

research studies have reached the same conclusions that chromium bound to bio-

mass after Cr(VI) biosorption was in the trivalent state.[98–100]

Silva et al.[19] claimed that the mechanism of chromium removal can be

explained by several phenomena, such as reduction of Cr(VI), adsorption/

desorption of chromium ions, and protonation/deprotonation of the cell wall

functional groups which is pH dependent. The findings of the authors are in

agreement with the assumptions made in previous reports[100–102] that demon-

strate that the biosorption mechanism of Cr(VI) by biomaterials is not “anionic

adsorption” but “adsorption-coupled reduction.” In acidic solutions, Cr(VI) can

easily be reduced to Cr(III) by electron-donor groups of the biomass, due to its

higher redox potential value. These authors stated that the removal of Cr(VI)

can occur through both direct and indirect reduction mechanisms, as repre-

sented in Fig. 4.

Figure 2. Concentrations of different chromium species as a function of contact time, during Cr(VI)
biosorption by A. viscosus in suspension at pH 2 (a) and pH 4 (b).[19]

© Elsevier. Reproduced by permission of Elsevier. Permission to reuse must be obtained from the
rightsholder.

CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 1629



Figure 4. Mechanism for Cr(VI) removal by biomaterials.[101]

© Elsevier. Reproduced by permission of Elsevier. Permission to reuse must be obtained from the
rightsholder.

Figure 3. XPS survey scanning spectrum (a) and high-resolution Cr 2p spectrum (b) of chromium-
loaded biomass.[19]

© Elsevier. Reproduced by permission of Elsevier. Permission to reuse must be obtained from the
rightsholder.
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In mechanism I, Cr(III) is formed by direct reduction when Cr(VI) comes in

contact with the functional groups of the biomass surface that have lower reduc-

tion potential than that of Cr(VI). The indirect reduction mechanism (mechanism

II) involves three steps:

i) The anionic Cr(VI) species bind to the groups of the biomass surface that

are positively charged;

ii) Cr(VI) is reduced to Cr(III) by adjacent electron-donors groups;

iii) The cationic Cr(III) species are released into the aqueous solution by elec-

tronic repulsion with the positively charged groups that are present on of

the biomass surface, or alternatively can form complexes with adjacent

groups capable of binding chromium.

Currently, this mechanism so-called adsorption-coupled reduction has been

widely used to describe the biosorption of Cr(VI).[103–107]

2.3. Zeolites

Zeolites are crystalline microporous aluminosilicates with a defined 3D structure,

composed of TO4 tetrahedra (T D Si, Al) with oxygen atoms connecting neighbor-

ing tetrahedra. A zeolite framework containing exclusively oxygen-sharing SiO4
4¡

tetrahedra is neutral. The 3D arrangement of these tetrahedral units gives place to

a wide diversity of open-framework topologies, conforming channels and cavities

of well-defined dimensions. When Al3C replaces Si4C isomorphically in the frame-

work, this becomes negatively charged and that requires the presence of extra-

framework cations (inorganic and organic cations) to keep the electroneutrality of

the solid. These balancing cations can readily be exchanged by other cations in

solution.[50,108] The framework structure of a zeolite is made of channels or inter-

connected voids, where are located the cations and water molecules. Generally, the

intracrystalline water can be reversibly removed by heating, without any damage

to the structure.[109]

The main application of the zeolites in industry is as cation exchangers due to

their ion exchange capacity.[110,111] The use of zeolites as anion adsorbents has

been very limited so far. This is probably due to the fact that zeolites have negative

surface charge which provides them with high adsorption capacities for cations,

but low for anions because of electrostatic repulsions when anions approach the

zeolite surface.[112]

Likewise, the remarkable properties, zeolites have nowadays an important role

in catalysis.[30] It is known that materials with high thermal stability, resistance to

humidity, high surface area, and ability to stabilize the metal particles in the porous

structure are adequate for catalytic processes. The type of support has a significant

influence on metal dispersion. Several important features of zeolites, such as the

variety of porous structures, hydrophobicity, and possibility to control strength

and distribution of acid sites, make them advantageous supports in comparison

with the traditional ones.[113]
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The catalytic activity of zeolites is related to framework structure and composi-

tion. The zeolitic acidic sites can be generated by the introduction of protons in

the structure that will create the Brønsted acid site.[75] The global activity of the

Brønsted acid sites depends on several factors, such as their density in the frame-

work, the zeolite Si/Al ratio (which will interfere in the acid strength of the sites),

and the local strain on bond angles. It was found that high-silica zeolites present

much stronger Brønsted acid sites, despite their lesser availability of Al T atoms,

which lead to the development of high-silica zeolites, such as the ZSM5, which are

of great importance for the petrochemical industry.[108] Zeolites may also present

Lewis acidity by loss of water of the Brønsted acid sites upon heating.

2.3.1. Removal of metal ions by zeolites

Water and wastewater treatment by zeolites is essentially based on their remark-

able properties, such as adsorbents and ion exchangers. Ion exchange properties

are mainly characterized by sieving effects, cation exchange capacity (CEC), and

ion exchange selectivity.[110] As it was discussed above, zeolites possess a net nega-

tive structural charge that is balanced by cations that occupy the channels within

the structure, such as sodium, potassium, or calcium. These cations can be replaced

by others in solution, due to the strong affinity of the zeolites for metal cations.[114,

115] One of the earliest applications of natural zeolites was in the purification of

water containing cesium and strontium radioisotopes, during the Chernobyl disas-

ter.[116] Zeolites have been considered as suitable materials to be used in the treat-

ment of industrial effluents, since their exchangeable ions (Na, Ca, K, and Mg) are

relatively innocuous to the environment.[114] Several factors may affect the uptake

efficiency of zeolites, namely the solution pH, temperature, relative dimensions of

the hydrated dissolved species and the pores, presence of competing cations and

complexing agents, initial metal concentration, and external surface activity.[117]

Other important factor affecting the removal performance of metals by zeolites is

their cation exchange capacity, which is intrinsically related to the Si/Al ratio and

cation affinity. When a zeolite framework contains an equal number of aluminum

and silicon atoms, each oxygen atom is linked to one aluminum and to one silicon

atom and the cavities contain the maximum density of exchangeable cations. Syn-

thetic zeolites with such a maximum cation exchange capacity are of interest as ion

exchangers. Solache-R�ıos[118] reported the following sequence of CEC for synthetic

zeolites: A> X, Y> ZSM5. The higher CEC of Y zeolite compared to ZSM5 zeolite

allows foreseeing a better removal performance of metal cations. Several studies

have reported the removal performance of heavy metal cations by natural zeo-

lites[119–122] as well as synthetic zeolites.[123–126]

Although zeolites have a strong affinity for metal cations, they have almost no

affinity for anions, such as Cr(VI), or nonpolar organic molecules.[115] The nega-

tive charge of the framework Al atoms, which are situated inside the pore structure,

gives the zeolites remarkable adsorptive properties. Several authors reported zeo-

lites to be ineffective for Cr(VI) removal, and therefore, surface pretreatments with
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cationic surfactants have been proposed, in order to enhance their removal ability.

Leyva-Ramos et al.[127] studied the removal of Cr(VI) by a natural zeolite modified

with the cationic surfactant hexadecyltrimethylammonium (HDTMA) bromide,

achieving uptake values between 0.21 and 5.19 mgCr(VI) gzeolite
¡1, depending on the

solution pH. A similar study was performed by Yusof and Malek[128] that investi-

gated the removal performance of Cr(VI) by a commercial NaY zeolite modified

with hexadecyltrimethylammonium bromide (HDTMABr). However, these

authors obtained very low removal efficiencies and uptake values, between 1.35

and 1.63 mgCr(VI) gzeolite
¡1, depending on the surfactant loading onto commercial

Y zeolite. In alternative to surface pretreatments, zeolites can be used to efficiently

remove hexavalent chromium after its previous reduction to cationic Cr(III) spe-

cies, which can be achieved by the action of a bacterium.

Silva et al.[18] reported that Arthrobacter viscosus bacterium supported on a NaY

zeolite performed the reduction of Cr(VI) to Cr(III), and then, Cr(III) could be

retained in the zeolite by ion exchange. In this way, the bacteria play an important

role in metal loading process, since sterical restrictions and charge repulsions

would not allow the fixation of negatively charge chromium species (Cr2O7
2¡) by

the zeolite itself.[41] These authors showed that the zeolite by itself was not able to

remove Cr(VI) due to its anionic form. However, in the presence of the bacterium,

the removal efficiency was flagrantly improved. An important operational parame-

ter for the practical use of biosorption systems is the solution pH. This parameter

is the key factor as it influences the chemistry of the metal ions, the protonation/

deprotonation of the functional groups of the cell wall, and the selectivity of the

entrapment matrix toward different metallic ions in solution.[101,105,129–131]. These

authors also evaluated the effects of several operational parameters, such as the

solution pH, in order to optimize the reduction and removal of Cr(VI) by the com-

bined system A. viscosus/NaY zeolite.[19] In this study, it was reported that the

uptake of total chromium (Fig. 5) was enhanced by the increase of the solution pH

in the range of 1–4, being the highest uptake of total chromium (13 mgCr(VI)
gzeolite

¡1) achieved at pH 4. Bulk chemical analyses confirmed a high content of

chromium in the zeolite, 0.90%, for pH 4.

The biosorption of Cr(VI) using Y and ZSM5 zeolites was also studied by Silva

et al.[45] In this work, the acidity and sodium content of the starting zeolites were

modified by ion exchange treatments with NaNO3. With regard to total acidity,

these authors reported that after the ion exchange treatments, the acidity decreased

with the increasing of sodium content. The reduction and removal of Cr(VI) by

Arthrobacter viscosus supported on the different Y and ZSM5 zeolites were evalu-

ated. These authors reported that Y zeolites revealed to be more effective than

ZSM5 zeolites in chromium uptake (Fig. 6). Due to the higher Si/Al ratio of

ZSM5, these zeolites have a lower number of framework aluminum atoms and a

lower amount of compensating cations. In agreement, these authors observed

that the ion exchange capacity of ZSM5 zeolites for chromium was lower than

that of Y zeolites. In this study, the best uptake value of total chromium,
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14.6 mgCr(VI) gzeolite
¡1, was achieved for the biosorption assay with H(Na)AY,

being 1.1% the final chromium content in the zeolite.

Figueiredo et al.[14] studied the effect of the zeolitic support on the overall

removal of Cr(VI), comparing two zeolitic structures with different chemical com-

position and ion exchange capacity: faujasite (HY and NaY) and mordenite

(HMOR and NaMOR) zeolites. The performance of an A. viscosus biofilm sup-

ported in each different zeolite was evaluated in a single-step reactor and sequential

batch reactor (SBR), during 27 days. For the single-step reactor studies, the authors

observed that HY zeolite was the most effective when applied to low chromium

Figure 5. Uptake of total Cr by A. viscosus supported on NaY zeolite at pH values in the range of
1–4.[19]

© Elsevier. Reproduced by permission of Elsevier. Permission to reuse must be obtained from the
rightsholder.

Figure 6. Removal efficiencies and uptake of total Cr for the biosorption assays performed with A.

viscosus supported on Y and ZSM5 zeolites.[45]

© Elsevier. Reproduced by permission of Elsevier. Permission to reuse must be obtained from the
rightsholder.
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concentrations (Cr uptake of 7.2 mgCr(VI) gzeolite
¡1). However, for the higher chro-

mium concentration, the best uptake was achieved by NaY zeolite (11.7 mgCr(VI)
gzeolite

¡1), which has higher ion exchange capacity compared to HY zeolite (Table 1).

These authors[14] also studied the chromium retention ability of a SBR process

for all zeolites. During the treatment process, the chromium was passed through

three fresh biomass-zeolite reactors, with a residence time of four days in each

reactor. The authors found that in SBR process, HY zeolite was the most efficient

support with a 98.2% overall Cr removal (Table 2). On the other hand, NaY zeolite

and MOR zeolites revealed similar removal performances, with removal efficien-

cies between 87.3% and 93.4%. From the results obtained in this work, the authors

concluded that the reduction of hexavalent chromium performed by the biomass

is more suited to the dynamics of the SBR process.

3. Metal-loaded zeolites as catalysts in oxidation reactions

Zeolites are used in many reactions as catalysts: acid, basic, acid-basic, redox, and

bifunctional. However, their great application is in the field of acid catalysis for

hydrocarbon transformations.[24 26]

Zeolites can also be modified or synthesized for use in catalysis by inclusion of

metal species in their structure. This can be achieved by two ways: a synthetic way,

where isomorphic substitution of T atoms with selected metals is performed, and a

postsynthetic way, consisting of a simple ion exchange with a salt of the desired

Table 1. Cr removal and uptake for every system and all initial concentrations tested.[14]

Initial Cr Concentration
[mg L¡1] Zeolite

Initial Cr mass
in the reactor [mg]

Cr uptake by the
system [mg gzeolite

¡1] Cr removal [%]

50 HY 7.71 7.2 93.4
NaY 7.0 90.8
HMOR 6.0 77.8
NaMOR 6.8 88.2

100 HY 15.08 10.8 71.6
NaY 11.7 77.6
HMOR 9.9 65.6
NaMOR 9.5 63.0

© Elsevier. Reproduced by permission of Elsevier. Permission to reuse must be obtained from the rightsholder.

Table 2. Cr removal and uptake for every system tested at the different cycles, for the sequential
batch reactor assays.[14]

Cr Uptake by the system [mg gzeolite
¡1]

Zeolite Overall Cr removal [%] Cycle 1 Cycle 2 Cycle 3

HY 98.2 8.3 5.2 0.3
NaY 87.3 6.7 4.6 0.4
HMOR 93.4 6.5 5.3 1.3
NaMOR 90.5 6.2 5.5 0.8

© Elsevier. Reproduced by permission of Elsevier. Permission to reuse must be obtained from the rightsholder.

CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 1635



metal or inclusion of the metal active center by grafting/tethering onto the zeolite

surface or even by encapsulation of metal complexes into zeolitic structure.[132]

The insertion of catalytically active metal species offers the possibility of operating

bifunctional catalysts. Ion exchange with transition metal cations or complexes is

also a possible way of forming stable heterogeneous catalysts, while grafting and

tethering (covalent bonding of the metal to the zeolite) are some of the most used

techniques for the preparation of stable asymmetric catalysts.[133]

3.1. Catalytic oxidation in gas phase

Volatile organic compounds (VOC) are recognized as major contributors to air pollu-

tion either, through their toxic nature and/or acting as precursors of ozone and photo-

chemical smog.[134] VOC are commonly found in the atmosphere at ground level and

can include a variety of substances, namely hydrocarbons, olefins, aromatics, and vari-

ous oxygen-, nitrogen-, sulfur-, and halogen-containing compounds.[135]

The control of VOC emissions into the atmosphere is of particular concern

because they are a main component in the chemical and physical atmospheric

reactions that form ground-level (tropospheric) ozone and other photochemical

oxidants.[135] Ground-level ozone is the major component of photochemical smog,

and it is generated in situ from the sunlight-initiated oxidation of VOC, in the

presence of nitrogen oxides, NOx.[136] High concentrations of tropospheric ozone

cause irritation of the respiratory system and the reduction of the lung function, as

well as they increase the susceptibility to respiratory infections. Moreover, some

VOC are considered to be toxic and/or carcinogenic to human health. The release

of VOC into the environment has also been associated with the stratospheric ozone

depletion and enhancement of the global greenhouse effect.[137]

Catalytic oxidation is one of the most promising technologies for the reduction

of VOC, since it allows their abatement at low temperatures and offers high

destructive efficiencies with low capital cost within small units.[138] This process

has been extensively studied in the last decades by several authors.[139–142]

The use of heterogeneous catalysts for the oxidation of industrial vapors and

gases is a very well-studied field. The heterogeneous catalytic processes can be clas-

sified in two different categories: partial oxidation and complete oxidation. In the

partial oxidation processes, the main goal is the production of industrially impor-

tant partially oxidized products.[142,143] On the other hand, the complete oxidation

processes are used to degrade organic contaminants in air like industrial emissions

or automotive exhaust gases. These two different fields of catalytic oxidations have

quite different operation conditions in order to obtain the desired products. The

complete catalytic oxidation of VOC is carried out at atmospheric pressure, with

low reactant concentration and with excess of oxygen to promote the production

of CO2 and H2O. In opposition, the formation of such products is undesired in

partial oxidation reactions. One of the most important aspects in this kind of pro-

cess is to choose the adequate catalyst, taking into account several variables, such
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as the type of effluent to be treated and the presence of contaminants (like sulfur

compounds) that can poison the catalyst. The selected catalyst should be highly

active, so that the reaction might be carried out at low temperatures and to favor

the formation of total oxidation products. If the oxidation of VOC is not complete,

the formation of even more toxic compounds than those being treated may occur.

The efficiency of the catalytic oxidation process is dependent on the type of

VOC to be treated. Due to their nature, each VOC has different reactivity, and

therefore, the total oxidation is attained at different temperatures for each of them.

The adsorption strength, as well as the structure of each VOC, is on the basis of

their reactivity toward oxidation. Yao[144] studied the reactivity of C1–C4 alkanes

over typical Pt/Al2O3 and Pd/Al2O3 catalysts and obtained a clear order of destruc-

tibility with butane being the easiest to oxidize and methane the hardest. Later,

Hermia and Vigneron[145] studied the oxidation of several VOC, with different

functional groups, over a Pt/Al2O3 catalyst and reported the following order of

reactivity: alcohols > aldehydes > aromatics > ketones > alkenes > alkanes. Sev-

eral authors[146,147] defended that the weakest C-H bond rupture is the determining

step in the oxidation of saturated hydrocarbons, in which the substrate is activated

on the metal surface. The species formed react rapidly with surface oxygen to yield

total oxidation products. For this reason, a single weak bond leads to high

reactivity.

It is important to note that the oxidation of VOC, in particular oxygenated com-

pounds, can lead to the formation of partial oxidation compounds, and therefore, it

is important to know the reactivity of these by-products. For instance, over

a Pt/Al2O3 catalyst, the oxidation of ethanol can produce acetaldehyde and acetic

acid as by-products,[148] whereas the oxidation of ethyl acetate can form acetic acid

and ethanol as primary products, and acetone, acetaldehyde, diethylether, and eth-

ylene as secondary products.[149]

It is well known that supports may significantly affect the activity of the catalysts

in oxidation reactions. Zeolitic materials can be used either as supports for noble

metals or otherwise can be loaded with transition metal ions by ion exchange. Sev-

eral research studies have reported the use of zeolite-supported noble metals cata-

lysts for the oxidation of several VOC.[29,33,150–152] Particular attention has been

given to the replacement of noble metals by low-cost transition metals, such as Cr,

Co, Cu, and Ni. In the last decade, numerous studies have been carried out in order

to investigate the properties of transition metal exchanged or impregnated zeolite

catalysts in VOC oxidation.[39–41,43–45,153–155] Moreover, adsorption plays an

important role on the catalytic process, and zeolites may act as a dual functional

adsorbent/catalyst system for VOC removal. In these particular systems, VOC

may be removed simultaneously by adsorption and catalysis.[152,156,157]

Silva et al.[44] studied the reutilization of Cr-loaded Y zeolites, obtained by bio-

sorption of Cr(VI), in the catalytic oxidation of ethyl acetate, ethanol, and toluene.

For these studies, the authors selected the Cr-Y zeolite obtained after the biosorp-

tion at pH 4 as the best catalyst for the oxidation of VOC due the high content of
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chromium (0.90%). These authors verified that the catalyst with chromium showed

higher activity and selectivity toward CO2, compared to the parent NaY zeolite.

Table 3 summarizes the temperatures corresponding to the complete conversion

of VOC (T100%) and the maximum conversion into CO2 (XCO2), for each com-

pound tested. In terms of VOC conversion, the authors observed the following

sequence: ethanol > ethyl acetate > toluene. On the other hand, the authors found

that ethyl acetate was the only compound for which total oxidation was attained.

With respect to selectivity toward CO2, the order observed was ethyl acetate > tol-

uene > ethanol.

These authors stated that the presence of chromium not only increased the

activity and selectivity of the catalyst but also shifted the reaction pathways.

According to the author’s statements, the possible reaction mechanisms for the dif-

ferent VOC and catalysts (Cr-Y and NaY) can be represented by Scheme 1a), 1b),

and 1c).

Silva et al.[45] also studied the catalytic reutilization of different Y and ZSM5

zeolites obtained after biosorption of chromium in the oxidation of ethyl acetate.

The samples Cr-HY (1.10% Cr), Cr-H(Na)BY (1.20% Cr), Cr-HZSM5 (0.93% Cr),

and Cr-H(Na)BZSM5 (0.92% Cr) showed good performances in the complete oxi-

dation of ethyl acetate. The authors reported that the ZSM5 catalysts had higher

activity and selectivity toward CO2 than Y zeolites (Table 4). In addition, the

authors concluded that extension of sodium exchange did not significantly affect

the catalytic properties of the zeolites, since Y and ZSM5 catalysts with different

content of sodium had similar catalytic behaviors.

With these studies,[44,45] it was demonstrated that the introduction of chro-

mium, a transition metal, into supports with catalytic properties, such as zeo-

lites, brings some important advantages in oxidation reactions, due to their

remarkable properties in terms of shape selectivity, pore structure, and acidity.

The activity and selectivity of the zeolites loaded with chromium were signifi-

cantly higher in comparison with the parent zeolites. The reoxidation of Cr

(III) at oxidative conditions, during the calcination of samples after the bio-

sorption treatments, was demonstrated by the authors through a H2-TPR

experiment.[44] This is a key aspect in the use of chromium-loaded catalysts in

oxidation reactions

Table 3. Temperatures corresponding to 100% of VOC conversion (T100) and maximum CO2 yield,
using Cr-Y catalyst.[44]

VOC T100% [�C](a) XCO2 [%] T [�C](b)

Ethyl acetate 385 100 520
Ethanol 355 39 450
Toluene 450 70 450

(a)Temperatures for complete conversion of VOC.
(b)Temperatures for the maximum conversion into CO2.
© Elsevier. Reproduced by permission of Elsevier. Permission to reuse must be obtained from the rightsholder.
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3.2. Catalytic oxidation in liquid phase

The oxidation of organic compounds is one of the most important processes

in chemical industry, namely in the field of organic synthesis.[158] For

instance, the formation of C��OH or CHO bonds by oxidation of C��H or

C��C bonds, respectively, allows the generation of precursors, which can be

then transformed into value-added products.[159] Nevertheless, the inefficiency

associated with the oxidation reaction process can be overcome by the use of

Scheme 1. Possible reaction pathways for ethyl acetate (a), ethanol (b), and toluene (c) oxidation
on Cr-Y and NaY catalysts.

Table 4. Temperatures corresponding to 100% of ethyl acetate conversion and maximum yield of
CO2.

[45]

Catalyst T100% (�C)(a) XCO2 (%) T (�C)(b)

Cr-HY 483 41 500
Cr-H(Na)BY 440 45
Cr-HZSM5 371 87 520
Cr-H(Na)BZSM5 375 83

(a)Temperatures for complete conversion of ethyl acetate.
(b)Temperatures for the maximum conversion into CO2.
© Elsevier. Reproduced by permission of Elsevier. Permission to reuse must be obtained from the rightsholder.
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suitable catalytic processes, namely those which use eco-friendly oxidants like

H2O2, O2, and RO2H in replacement of hazardous oxidants, such as KMnO4

and K2Cr2O7.
[160,161]

The catalytic oxidation in liquid phase has been largely applied in chemical

industry processes. In the past few decades, it was not common to associate the

oxidation in liquid phase with heterogeneous catalysis.[47]

Since the development of titanium silicalite-1 (TS-1) at the beginning of the

1980s by Taramasso et al.,[162] a zeolitic-type material with MFI structure, several

research studies were done in the field of heterogeneous catalysis. Several research

studies demonstrated a great motivation in the field of synthesis, characterization,

and application of a large variety of new metal-substituted molecular sieves, sup-

ported transition-metal complexes, and noble metal nanoparticles catalytically

active for oxidation reactions. In the last two to three decades, the area of catalysis

related to liquid-phase oxidations has achieved a remarkable progress, from both a

scientific and industrial perspective.[47]

3.2.1 Immobilization of metal complexes into zeolites

The utilization of metal–zeolite catalysts in liquid-phase oxidation reactions

requires previous immobilization of the metal species in the support, in order to

overcome the possible metal leaching.[132,158,163] Several methods have been pro-

posed for the immobilization of metal centers with catalytic activity in inorganic

structures. Some strategies to synthetize heterogeneous catalysts involve the coor-

dination of the metal with ligands by anchoring it to the support or otherwise can

be performed by in situ synthesis, with immobilization and encapsulation of the

complex inside the host,[50,51,133,164] as presented in Fig. 7. The immobilization and

encapsulation of metal complexes inside solid supports have become important

methods in the field of environmentally friendly industrial processes.[50–52,165–167]

Encapsulated metal complexes are somewhat different from other metal–zeolite

catalysts, as in this case there is no physical interaction between the metal complex

and the host, which will eliminate possible interferences in the electronic environ-

ment of the central metal ion.[133] The encapsulation of metal complexes can be

achieved by in situ assembly of the complex or by the crystallization of the zeolite

Figure 7. Metal complex based in 1-(2-pyridylazo)-2-naphthol immobilized into a FAU zeolitic cav-
ity by in situ synthesis.
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around the previously formed complex.[50] Both approaches have specific require-

ments to be successfully implemented.

The in situ synthesis requires that the size of ligand molecules used for the coor-

dination with the metal ions is such that it allows them to diffuse through the zeo-

lite pores and, upon coordination, the bulk volume of the complex obtained

becomes larger, preventing the leaching of the metal.[133] This process is called the

flexible ligand method, also known as ship-in-a-bottle synthesis (Fig. 7).

3.2.2 Chromium as catalyst for oxidation reactions

According to Muzart,[168] chromium has been used as catalyst in the field of oxida-

tion reactions since the dawn of organic synthesis. This author presented a com-

prehensive view of the uses of homogeneous Cr catalysts in several types of

organic oxidation reactions, distinguishing between the different formal oxidation

states while keeping larger focus on Cr(III)- and Cr(VI)-catalyzed reactions.

Despite the known problems associated with the toxicity of this metal, coupled to

the possible difficulties in the end-of-reaction recovery or disposal of the catalyst,

the author pointed out the great activity and versatility of chromium catalysts.

Reckoned homogenous Cr-based catalysts are the Jones reagent (CrO3, H2SO4,

and acetone), the Collins reagent (CrO3 and pyridine), and the PCC reagent

(CrO3, pyridine, and HCl).[169]

Weckhuysen et al.[170] have commented on the application of supported Cr cat-

alysts in several reactions, from olefin oxidation to polymerization and hydrogena-

tion–dehydrogenation of alkanes. Concerning the authors’ comments on olefin

oxidation, Cr catalysts are very active in the oxidation of alcohols, although Cr(VI)

oxide proved to be a much more active catalyst than Cr(III) oxide in the oxidation

of methanol. Cr-aluminophosphate molecular sieves (Cr-APO) were referred as

excellent catalysts for the oxidation of secondary alcohols with tert- butyl hydro-

peroxide (t-BuOOH) as oxygen source. The authors also commented on the activ-

ity of heterogeneous Cr catalysts on amorphous supports for hydrocarbons

oxidation.

Although the usefulness of Cr heterogeneous catalysts is acknowledged, the

actual degree of heterogeneity in these catalysts is still subject of some debate.

Arends and Sheldon[132] and Sheldon et al.[163] have reported several works on the

subject of Cr leaching from heterogeneous catalysts. According to the authors,

even framework-substituted catalysts, such as Cr-APOs molecular sieves, present

loss of Cr ions into the solution when in contact with alkylhydroperoxide oxidants

(RO2H), which led to the breakdown of Al-O-Cr and Si-O-Cr bonds. Lounis

et al.[158] used a Cr(III) ion-exchanged ZSM5 zeolite as catalyst for the oxidation of

several alcohols with t-BuOOH and reported the leaching of Cr species during

heating of the reaction mixture. The authors indicated the complexation of Cr

with the alkyl peroxide to be responsible for the leaching of the metal species, as it

led to the formation of a soluble complex. However, the authors also observed the

readsorption of part of the leached species during the cooling down of the reaction
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mixture. Cruz et al.[171] and Spinac�e et al.[49] reported the preparation and test of

Cr(III)-silicate catalyst and also observed the homogenous character due to leached

Cr ions in the liquid-phase oxidation of cyclohexane with t-BuOOH and/or in the

oxidation of cyclohexane with hydrogen peroxide. The authors concluded that the

loss of Cr was due to solvolysis of the Cr-O bonds from the support with polar

compounds, such as water or peroxides.

3.2.3 Catalytic oxidation of cyclohexanol and cyclohexene

The oxidation reactions of cyclohexene and cyclohexanol are somewhat different

in nature, as cyclohexene is an olefin, while the oxidation of cyclohexanol takes the

common pathway for the oxidation of a secondary alcohol, with the formation of

the ketone derivative, as illustrated in Scheme 2.

The production of cyclohexanone has particular industrial interest since this

compound is a precursor to the production of nylon-6 and nylon-6,6.[161]

Catalysts containing hexavalent Cr derivatives are very active in the oxidation of

cyclohexanol.[172,173] The associated problems of toxicity and catalyst recovery

have led to the developments of heterogeneous catalysts. Since Cr(VI) is an active

catalyst for this reaction, some authors reported the preparation of heterogeneous

catalysts, which employed this metal ion. An interesting work was reported by

Parentis et al.[174] who studied the oxidation of cyclohexanol with t-BuOOH in the

presence and in the absence of molecular oxygen, using a Cr(III) silica-supported

catalyst. The authors concluded that the presence of O2 increases overall conver-

sion of cyclohexanol, although the reaction can take place in its absence, even with

a slightly lower conversion. Moreover, O2 was considered a cooxidant, since when

in absence of tert- butyl hydroperoxide, molecular oxygen was not able to induce

any oxidation of cyclohexanol, the alkyl peroxide was the initiator of the reaction.

The authors also proposed the following reaction mechanism (Scheme 3).

Scheme 2. Peroxide oxidation of cyclohexanol into cyclohexanone.

Scheme 3. Proposed mechanism by Parentis et al.[174] of cyclohexanol oxidation with t-BuOOH
using Cr catalysts.
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The research into developing heterogeneous Cr catalysts for this reaction led to

different approaches. A report on the use of Cr oxides was presented by Nakamura

and Matsuhashi,[169] who employed Cr(VI) oxides supported in zirconia (CrO3/

ZrO2) as efficient heterogeneous catalysts. Isomorphic Cr-substituted molecular

sieves have also been tested for the oxidation of cyclohexanol, as it was reported by

Laha and Gl€aser.[175] The authors reported the synthesis of Cr(III)-containing

MCM and APO molecular sieves, named CrMCM-41, CrMCM-48, and CrAPO-5.

The catalytic tests showed activity for the reaction. However, there was some leach-

ing of Cr species into the reaction medium, with higher incidence on the mesopo-

rous MCM-based catalyst than in the microporous APO counterpart.

Compared to the oxidation of cyclohexanol, cyclohexene has a more intricate

oxidation behavior, with the competition of C��H and CHC bonds for the active

oxidant.[160] This reaction may yield a significant number of products, the most

common are presented in Scheme 4.

The activity of Cr catalysts in this reaction is not as widely recognized as in the

case of the oxidation of cyclohexanol. However, some authors presented the suc-

cessful use of Cr catalysts. As early as 1994, Bautista et al.[176] reported the use of

mixed CrPO4–AlPO4 in the oxidation of cyclohexene. Sakthivel et al.[177,178] pub-

lished reports on the use of CrMCM molecular sieves as interesting catalysts for

the oxidation of olefins, which were subsequently tested for the oxidation of cyclo-

hexene with t-BuOOH. The authors proposed a free radical mechanism to be

responsible for the reaction, with Cr radical centers being generated by the perox-

ide action. Cr supported on silica was also tested by Adam and Fook,[179] using sil-

ica from rice husk and a Cr(III) solution in the synthesis gel. The catalysts were

tested on the oxidation of cyclohexane and cyclohexene with H2O2, being compar-

atively as active as other high-surface area heterogeneous catalysts.

Works on the use of Cr complexes encapsulated in zeolites have been recently

reported. Salavati-Niasari,[180] Salavati-Niasari et al.,[181] Salavati-Niasari, and

Abdolmohammadi[182] have devoted their work to the preparation of this type of

catalysts for reactions, such as cyclohexene oxidation, studying different metals,

and supports, although recurrently using Y zeolite for the encapsulation of the

metal complexes. In a recent study, Abbo and Titinchi[183] reported the in situ syn-

thesis of Cr(III), Zn(II), and Ni(II) thio-Schiff base complexes in Y zeolite. The

authors conducted the oxidation of cyclohexene with H2O2 at 80
�C and observed

that both Ni and Cr encapsulated complexes present good activity for the reaction,

achieving more than 70% conversion, whereas the Zn counterpart was not active.

Scheme 4. Main reaction products of the cyclohexene oxidation.

CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 1643



Figueiredo et al.[42] evaluate the catalytic behavior of Cr complexes immobilized

within Y zeolite, in the oxidation of cyclohexene in liquid phase. The catalysts

were previously obtained from biosorption of Cr(VI), using a bacterial biofilm sup-

ported on NaY zeolite. The catalytic oxidation of cyclohexene was performed in

liquid phase, at 40�C, using tert-butyl hydroperoxide as oxygen source. The immo-

bilization of Cr complexes in the supercages of Y zeolite was performed by the in

situ synthesis with three different pyridazine ligands (Scheme 5). The identified

reaction products were 2-cyclohexene-1-ol (CyOL), 2-cyclohexene-1 one

(CyONE), and 1-tert-butylperoxy-2-cyclohexene (CyOX), which are the typical

expected products for this reaction.[180,184–186] The catalytic results are summarized

in Table 5.

These authors observed that the presence of Cr in NaY prepared from two

different methods (biosorption and ion exchange) resulted in the improvement

of conversion and selectivity. A high conversion of cyclohexene was observed

when sodium is ion-exchanged with Cr(III) in NaY. However, CrNaY

obtained by biosorption process exhibited a significant higher turnover num-

ber, TON, in comparison with Cr(III)NaY, suggesting that chromium obtained

Scheme 5. Structures of the ligands: (a) 3-methoxy-6-chloropyridazine, (b) 3 piperidino-6-chloro-
pyridazine, and (c) 1-(2-pyridylazo)-2-naphthol.[42]

© Elsevier. Reproduced by permission of Elsevier. Permission to reuse must be obtained from the
rightsholder.

Table 5. Data from oxidation of cyclohexene with TBHP for different catalysts (reaction time D 24
h).[42]

Selectivity [%]

Catalyst Conversion [%] CyOL(b) CyONE(c) CyOX(d) TON(a)

— 16.2 — — 100.0 —

NaY 14.2 — — 100.0 —

CrNaY 40.3 — 34.3 65.7 614
Cr(III)NaY 51.2 20.1 79.9 — 160
[CrLA]1–NaY 27.6 — 17.0 83.0 647
[CrLB]2–NaY 30.3 — 18.4 81.6 717
[CrLC]3–NaY 31.8 — 21.5 78.5 851
[Cr(III)LA]4–NaY 37.9 9.5 44.5 46.0 137

(a)TON D the converted cyclohexene (mol)/the amount of metal ions in the added catalyst (mol).
(b)CyOL is 2-cyclohexene-1-ol product.
(c)CyONE is 3-cyclohexene-1-one product.
(d)CyOX is 1-tert-butylperoxy-2-cyclohexene product.
(e)Host obtained by biosorption method.
(f)Host obtained by ion exchange method.
© Elsevier. Reproduced by permission of Elsevier. Permission to reuse must be obtained from the rightsholder.
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by biosorption is accessible and active for the oxidation reaction. The authors

reported that the reaction mechanism proposed for the formation of 2-cyclo-

hexene-1-ol and 2-cyclohexene-1-one is more associated with the cage con-

trolled metal–OH chemistry rather than to free radical mechanism. The

authors stated that the formation of 1-tert-butylperoxy-2-cyclohexene proceeds

through a radical mechanism, represented in Scheme 6.[180,184–189] Figueiredo

and coworkers concluded with this work that the results obtained open a new

perspective to prepare active catalysts to be applied in the oxidation of persis-

tent organic compounds by using heavy metals recovered from wastewater by

a biosorption system consisting of a bacterial biofilm, Arthrobacter viscosus,

supported on NaY zeolite.

4. Future prospects and conclusions

In the last years, many efforts have been done in the development of alterna-

tive low-cost technologies for heavy metals removal from industrial effluents.

Among these, biosorption by bacterial biomass, as well as ion exchange per-

formed by zeolites, appears to be advantageous solutions in comparison with

Scheme 6. Reaction mechanism for the oxidation of cyclohexene.[42]

© Elsevier. Reproduced by permission of Elsevier. Permission to reuse must be obtained from the
rightsholder.
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conventional techniques. This review is focused on a conjugate treatment tech-

nology, combining the biosorption properties of a bacterium with the ion

exchange capacity of a zeolite, that demonstrated to be capable of efficiently

accumulate Cr(VI). In this particular system, the chemical reduction ability of

the bacterium allowed the removal of anionic chromium species from solution,

such as chromate and dichromate, and the incorporation of the metal into the

zeolite, which would not be feasible by the zeolite itself.

The introduction of transition metal ions into supports with catalytic properties,

such as zeolites, has gained particular interest in the field of catalytic oxidation of

organic compounds. The studies presented in this review demonstrate that the

chromium-loaded zeolites obtained from the biosorption process were successfully

reused as catalysts for the oxidation of VOC, namely ethyl acetate, ethanol, and tol-

uene, and for the oxidation of cyclohexene in liquid phase. In all the referred publi-

cations, the activity of the zeolites loaded with chromium was markedly higher in

comparison with the parent zeolites.

The development of a biosorption-based process for the treatment of Cr(VI)

contaminated water, which endowed the recovery and reuse of the metal, led to

the successful application of what would be considered as a waste in environmental

catalytic oxidation reactions.

With a theme as broad and transversal as the presented in this review,

there are numerous areas where new approaches can be made. Several inter-

esting directions of research regarding simultaneously the recovery of metals

by biosorption and their catalytic reutilization in oxidation reactions should

be therefore continued. Firstly, the choice of zeolitic support could be further

explored, so it would be of interest the study of the effect of zeolitic structures

with different Si/Al ratio and pore opening on the uptake of different metals

and in their further catalytic reutilization. Also, the application of specific nat-

ural zeolites could be considered in order to decrease the overall cost of the

system. Another feature worth exploring is the operation with open systems

or with flow reactors in detriment of the batch operation. To enhance the per-

spectives of the biotreatment capacities of the system, another aspect needing

evaluation is the test with multimetal solutions. Some metal ions are prone to

the formation of chemical sludge when in the presence of dichromate anions,

and it would be interesting to evaluate the reduction of the formed metal-

chromate and metal-dichromate anions. Another interesting application of the

system would be the treatment of real effluents containing heavy metals and

organic compounds/solvents.

With regard to catalytic oxidation reactions of VOC, it would be interesting

to perform long duration experiments in order to evaluate the stability of the

catalysts. In the same research line, the investigation of the deactivation mech-

anisms and coke formation during the reactions is also an important issue

that could be considered in further experiments. The evaluation of different

VOC with environmental significance, such as chlorobenzene derivatives, as
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well as the study of two and three component VOC mixtures, would be of

great interest.

In terms of the reutilization of the Cr-containing zeolites as catalysts in liquid-

phase reactions, the additional work could be directed toward the use of different

ligands structures with specific requirements for a target reaction. Future applica-

tions of the Cr-zeolite catalysts in environmental oxidation reactions should

include the oxidation of phenol-containing effluents, as the prepared catalysts

demonstrated activity for the reduction of secondary alcohols.
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