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Abstract

Hexavalent chromium is a well-known highly toxic metal, considered a priority pollutant. Industrial sources of Cr(VI) include leather tanning,
cooling tower blowdown, plating, electroplating, anodizing baths, rinse waters, etc. The most common method applied for chromate control is
reduction of Cr(VI) to its trivalent form in acid (pH ∼ 2.0) and subsequent hydroxide precipitation of Cr(III) by increasing the pH to ∼9.0–10.0
using lime. Existing overviews of chromium removal only cover selected technologies that have traditionally been used in chromium removal. Far
less attention has been paid to adsorption. Herein, we provide the first review article that provides readers an overview of the sorption capacities
of commercial developed carbons and other low cost sorbents for chromium remediation.

After an overview of chromium contamination is provided, more than 300 papers on chromium remediation using adsorption are discussed
to provide recent information about the most widely used adsorbents applied for chromium remediation. Efforts to establish the adsorption
mechanisms of Cr(III) and Cr(VI) on various adsorbents are reviewed. Chromium’s impact environmental quality, sources of chromium pollution
and toxicological/health effects is also briefly introduced. Interpretations of the surface interactions are offered. Particular attention is paid to
comparing the sorption efficiency and capacities of commercially available activated carbons to other low cost alternatives, including an extensive
table.
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clear species CrOH , Cr(OH)2 , Cr(OH)4 , neutral species
Cr(OH)3

0 and polynuclear species Cr2(OH)2 and Cr3(OH)4
5+

[1–3]. The hydrolysis of Cr6+ produces only neutral and anionic
species, predominately CrO4

2−, HCrO4
2−, Cr2O7

2− [2,3]. At
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f
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m
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b
t

ow pH and high chromium concentrations, Cr2O7
2− predomi-

ates while at a pH greater than 6.5, Cr(IV) exists in the form
f CrO4

2− [2]. Cr(III) is classified as a hard acid and forms
elatively strong complexes with oxygen and donor ligands.
hromium(VI) compounds are more toxic than Cr(III) due to

heir high water solubility and mobility. On the other hand, triva-
ent chromium is insoluble and thus immobile under ambient
onditions. The most soluble, mobile and toxic forms of hex-
valent chromium in soils are chromate and dichromate. The
exavalent form is rapidly reduced to trivalent chromium under
erobic conditions [4]. Insoluble trivalent hydroxides and oxides
orm which cannot leach.

Chromium has both beneficial and detrimental properties.
hromium(III) is an essential trace element in mammalian
etabolism. In addition to insulin, it is responsible for reducing
1. Introduction

Chromium was discovered in 1797 by the French chemist
Louis Vauquelin. It was named chromium (Greek chroma,
“color”) because of the many different colors found in its com-
pounds. Chromium is the earth’s 21st most abundant element
(about 122 ppm) and the sixth most abundant transition metal.
The principal chromium ore is ferric chromite, FeCr2O4, found
mainly in South Africa (with 96% of the world’s reserves), Rus-
sia and the Philippines. Less common sources include crocoite,
PbCrO4, and chrome ochre, Cr2O3. The gemstones emerald and
ruby owe their colors to traces of chromium.

Chromium occurs in 2+, 3+ and 6+ oxidation states but
Cr2+ is unstable and very little is known about its hydrolysis.
The hydrolysis of Cr(III) is complicated. It produces mononu-

2+ + −
 lood glucose levels, and is used to control certain cases of dia-
etes. It has also been found to reduce blood cholesterol levels
y diminishing the concentration of (bad) low density lipopro-
eins “LDLs” in the blood. Cr(III) is supplied in a variety of
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Fig. 1. Eh–pH diagram for chromium. Source: Palmer and Puls [309].

oods such as Brewer’s yeast, liver, cheese, whole grain breads
nd cereals, and broccoli. Chromium is claimed to aid in muscle
evelopment. In fact, dietary supplements containing chromium
icolinate (its most soluble form) are very popular with body
uilders. In contrast, Cr(VI) is hazardous by all exposure
outes.

The redox potential Eh–pH diagram (Fig. 1) presents equi-
ibrium data and indicates the different oxidation states and
hemical forms which exist within specified Eh and pH ranges.
r(III) is the most thermodynamically stable oxidation state
nder reducing conditions (Fig. 1). Cr(VI) can remain sta-
le for significant periods of time. Cr(III) predominates at
H < 3.0. At pH > 3.5, hydrolysis of aqueous Cr(III) yields triva-
ent chromium hydroxy species [CrOH2+, Cr(OH)2+, Cr(OH)3

0

nd Cr(OH)4
−]. Cr(OH)3

0 is the only solid species, exist-
ng as an amorphous precipitate [5]. Hexavalent chromium
xists primarily as salts of chromic acid (H2CrO4), hydro-
en chromate ion (HCrO4

−) and chromate ion (CrO4
2−),

i
C
fi

able 1
eavy metals in some major industries

ndustry source Al Zn As Sn Ag Sb

utomobile X X
etroleum refining X X
ulp and paper X
extile
teel X X X
rganic chemicals X X X X

norganic chemicals X X X
ertilizer X X X
lastic and synthetics
eather tanning and finishing
teel power plants X
ining X
cid mine drainage X X
etal plating X
lass X
uclear power
oal and gasoline
Fig. 2. Speciation diagram of Cr(VI). Source: Dionex [6].

epending on the pH. H2CrO4 predominates at pHs less than
bout 1.0, HCrO4

− at pHs between 1.0 and 6.0, and CrO4
2−

t pHs above about 6.0 (Fig. 2) [6]. The dichromate ion
Cr2O7

2−), a dimer of HCrO4
−, minus a water molecule, forms

hen the concentration of chromium exceeds approximately
g/L.

Acute exposure to Cr(VI) causes nausea, diarrhea, liver and
idney damage, dermatitis, internal hemorrhage, and respira-
ory problems [3]. Inhalation may cause acute toxicity, irritation
nd ulceration of the nasal septum and respiratory sensitization
asthma) [2,3,7]. Ingestion may affect kidney and liver func-
ions. Skin contact may result in systemic poisoning damage or
ven severe burns, and interference with the healing of cuts or
crapes. If not treated promptly, this may lead to ulceration and
evere chronic allergic contact dermatitis. Eye exposure may
ause permanent damage. The drinking water guideline recom-
ended by Environmental Protection Agency (EPA) in US is

00 �g/L.
Industrial processes that produce aqueous effluents rich
n chromium and other heavy metals are given in Table 1.
hromium compounds are widely used in electroplating, metal
nishing, magnetic tapes, pigments, leather tanning, wood pro-

Cd Cr Cu Fe Hg Mn Pb Ni Bi

X X X X X
X X X X X
X X X X X
X

X X X X X
X X X X X
X X X X X
X X X X X X X X

X
X
X

X X X X X
X X X

X X X

X
X X X
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Table 2
Global discharges of trace metals (1000 metric tonnes/year) [287]

Metals Water Air Soil

Arsenic 41 19 82
Cadmium 9.4 7.4 22
Chromium 142 30 896
Copper 112 35 954
Lead 138 332 796
Mercury 4.6 3.6 8.3
Nickel 113 56 325
Selenium 41 3.8 41
T
Z

t
e
i
t
b
q
s

r
o
m
e
[
fl
m
s
o
fl
d
p
fi
c
o
I
i
c

c
t
t
m
o
l
r
g
b

i
w
w
E

c

[
t
C
s
w
d
a
t
b
[
c
[
h
c
t
a
o
[
o
b
o
w

t
A
n
h
w
t
a
t
c

2

w
r
d
w
w
f
[
d
a
s
p
c
p
W
(
p
v

in ND 6.4 ND
inc 226 132 1372

ection, chemical manufacturing, brass, electrical and electronic
quipment, catalysis and so on (Table 1) [7]. Contaminants from
ndustrial wastewater rich in heavy metal ions remain an impor-
ant environmental issue. Although control technologies have
een applied to many industrial and municipal sources, the total
uantity of these agents released to the environment remains
taggering (see Table 2).

Several treatment technologies have been developed to
emove chromium from water and wastewater. Common meth-
ds include chemical precipitation [8], ion exchange [9–14],
embrane separation [15,16], ultrafiltration [17], flotation [18],

lectrocoagulation [19], solvent extraction [20], sedimentation
21], precipitation [22], electrochemical precipitation [22], soil
ushing/washing [22], electrokinetic extraction [22], phytore-
ediation [22], reduction [23], reverse osmosis [24], dialy-

is/electrodialysis [25], adsorption/filtration [2,3,26–30], evap-
ration, cementation, dilution, air stripping, steam stripping,
occulation, and chelation [31]. Chemical precipitation has tra-
itionally been the most used method. The most often used
recipitation processes, include hydroxide precipitation, sul-
de precipitation, carbonate precipitation and phosphate pre-
ipitation. The disadvantage of precipitation is the production
f sludge. This constitutes a solid waste a disposal problem.
on exchange is considered a better alternative. However, it
s not economically appealing because of high operational
osts.

Most remediation methods more effectively remove
hromium from water/wastewater containing relatively high ini-
ial chromium concentrations (usually above 100 mg/L). Advan-
ages and disadvantages of various treatment methods are sum-

arized in Table 3 [32]. Adsorption has evolved as the front line
f defense for chromium removal. Selective adsorption by bio-
ogical materials, mineral oxides, activated carbons, or polymer
esins has generated increasing excitement [1,26,30,32–39] In
eneral, activated carbons are broadly applied effective adsor-
ents for wastewater treatment.

The origin of carbon use extends so far back into history that
t is impossible to document. Charcoal was first used for drinking
ater filtration by ancient Hindus in India, and carbonized wood

as used as a medical adsorbent and purifying agent by the
gyptians as early as 1500 b.c. [40].

A number of review articles have appeared on activated
arbon adsorption, and the use of other low cost adsorbents

s
f

f
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1,33–35]. Allen et al. [34] reviewed the production and charac-
erization of activated carbon from many carbonaceous sources.
haracterization by porosimetry, sorptometry, topography, pore

ize distribution, isotherms, and surface area measurements
as reviewed and the specific data from activated carbons
erived from lignocellulosic materials (peat and lignite) were
lso presented. Pollard et al. [33], reviewed low cost alterna-
ives to activated carbon for water/wastewater treatment. Car-
on selection criteria and activation methods were discussed
33]. Similar types of review articles later appeared on low
ost alternatives to activated carbons [30,32,36]. Davis et al.
37] presented an excellent review of the biochemistry of
eavy metal biosorption by brown algae. Gavrilescu [41] dis-
ussed the removal of heavy metals by biosorption. Biosorp-
ion of heavy metals by fungal biomass and its modeling was
lso reviewed [39]. Mui et al. [42] reviewed the production
f active carbons from waste tires. Kapoor and Viraraghvan
38] reviewed fungal biosorption as an alternate treatment
ption for heavy metal bearing wastewaters. However, to the
est of our knowledge, no review exists of activated carbons
r alternative adsorbents used for chromium adsorption from
ater/wastewater.
Compiling the research on chromium removal by adsorp-

ion is important because this topic has advanced significantly.
large number of publications appear every year. Many sig-

ificant papers published during last two decades are reviewed
erein. The term “significant” is, of course, our interpretation
ith which others may differ. Particular attention has been paid

o comparing the sorption efficiency of commercially available
ctivated carbons with other low cost alternatives. An extensive
able summarizing the sorption capacities of various activated
arbons and/or other adsorbents is included.

. What is activated carbon?

The basis for modern industrial production of active carbons
as established in 1900–1901 to replace bone char in the sugar

efining process [43]. Powdered activated carbon was first pro-
uced commercially in Europe in the early 19th century, using
ood as a raw material. The use of activated carbon for the
ater treatment in the United States was first reported in 1930,

or the elimination of taste and odor from contaminated water
44]. Activated carbon is a crude form of graphite with a ran-
om or amorphous structure, which is highly porous, exhibiting
broad range of pore sizes, from visible cracks, crevices and

lits of molecular dimensions [45]. Active carbons have been
repared from coconut shells, wood char, lignin, petroleum
oke, bone char, peat, sawdust, carbon black, rice hulls, sugar,
each pits, fish, fertilizer waste, waste rubber tire, etc. (Table 4).
ood (130,000 tonnes/year), coal (100,000 tonnes/year), lignite

50,000 tonnes/year), coconut shell (35,000 tonnes/year), and
eat (35,000 tonnes/year) are most commonly used [33]. Acti-
ated carbons adsorptive properties are due to such factors as

urface area, a micro-porous structure, and a high degree of sur-
ace reactivity.

The starting material and the activation method used
or activated carbon production determine surface functional
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Table 3
Advantages and disadvantages of commercial activated carbons, synthetic ion-exchange resins and polysaccharide-based sorbents for solution remediation

Adsorbent Advantages Disadvantages

Activated carbon

• The most effective adsorbent • Expensive
• Very high surface areas • The higher the quality, the greater the cost
• Porous sorbent • Performance is dependent on the type of carbon

used• High capacity and high rate of adsorption
• Requires complexing agents to improve its

removal performance
• Great capacity to adsorb a wide range of pollutants
• Fast kinetics
• A high quality-treated effluent is obtained • Non-selective

• Problems with hydrophilic substances
• Ineffective for disperse and vat dyes
• High reactivation costs
• Reactivation results in a loss of the carbon

Ion-exchange resin

• Wide range of pore structure and physicochemical characterization • Expensive
• Good surface area • Derived from petroleum-based raw materials
• Effective sorbent • Sensitive to particle
• Excellent selectivity towards aromatic solutes • Performance is dependent on the type of resin used
• Regeneration: no adsorbent loss • Not effective for all dyes

• pH-dependence
• Poor contact with aqueous pollution
• Requires a modification for enhanced the water

wetability

Chitosan-based
material

• Low cost natural polymer • Nonporous sorbent
• Environmentally friendly • The sorption capacity depends of the origin of the

polysaccharide and the degree of N-acetylation• Extremely cost-effective
• Outstanding metal and dye-binding capacities • Variability in the bead characteristics
• High efficiency and selectivity in detoxifying both very dilute or

concentrated solutions excellent diffusion properties
• pH-dependence
• Requires chemical modification to improve its

performance• High quality-treated effluent is obtained
• Versatile sorbent • Low affinity for basic dyes
• Easy regeneration if required

Starch-based material

• Very abundant natural biopolymer and widely available in many countries • Low surface area
• Renewable resource • Requires chemical derivatization to improve its

sorption capacities• Economically attractive and feasible
• Easy to prepare with relatively inexpensive reagents • Variability in the bead characteristics

• Its use in sorption columns is limited since the
characteristics of the particles introduce
hydrodynamic limitations and column fouling

• A remarkably high swelling capacity in water
• Good removal of wide range of pollutants
• Important selectivity for different concentrations
• Fast kinetics
• Amphiphilic crosslinked adsorbent
• Applicable to a wide variety of process
• Easy regeneration if required
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roups. Carbon surface chemistry has been studied extensively
1,43,46]. The carbon surface chemistry depends upon the acti-
ation conditions and temperatures employed. Activation also
efines the pore structure. Mesopores, micropores and ultrami-
ropores are formed yielding large surface areas up to 2000 m2/g
1,35].

.1. Activation

During the activation process, the spaces between the ele-

entary crystallites are cleared by removal of less organized

oosely bound carbonaceous material. The resulting channels
hrough the graphitic regions, the spaces between the elemen-
ary crystallites, together with fissures within and parallel to the

2

a

raphite planes constitute the porous structure, with a large inter-
al surface area [47]. Two types of activation, thermal/physical
r chemical activation, impart a porous structure within a start-
ng material of relatively low surface area.

.1.1. Physical or thermal activation
Physical or thermal activation involves carbonization at

00–600 ◦C to eliminate the bulk of the volatile matter followed
y partial gasification using mild oxidizing gas such as CO2,
team or fuel gas at 800–1000 ◦C to develop the porosity and
urface area [35,48].
.1.2. Chemical activation
Chemical activation involves the incorporation of inorganic

dditives, metallic chlorides such as zinc chloride or phos-
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Table 4
Alternative feedstocks proposed for the preparation of activated carbons [33,35]

Bones Lampblack
Bagasse Leather waste
Bark Municipal waste
Beat-sugar sludges Molasses
Blood Nut shells
Blue dust News paper
Coal Oil shale
Coffee beans Olive stones
Coconut shell Petroleum acid sludge
Coconut coir Pulp-mill waste
Cereals Palm tree cobs
Carbohydrates Petroleum coke
Cottonseed hulls Petroleum acid sludge
Corn cobs Potassium ferrocynide residue
Distillery waste Rubber waste
Fuller’s earth Rice hulls
Fertilizer waste slurry Refinery waste
Fish Reffination earth
Fruit pits Scrap tires
Graphite Sunflower seeds
Human hairs Spent Fuller’s earth
Jute stick Tea leaves
Kelp and seaweed Wheat straw
Lignin Wood
L
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Table 5
List of low cost adsorbents used in wastewater treatment [33,35]

Bagasse Red mud
Bagasse fly ash Rubber waste
Bark Rice hulls
Coal Refinery waste
Coconut shell Scrap tires
Corn cobs Slag
Clay minerals Sludge
Fuller’s earth Sunflower seeds
Fertilizer waste slurry Spent Fuller’s earth
Ferrocynides Tea leaves
Fly ash Old tires
Lignin Wheat straw
Lignite Wood
Lampblack Wool waste
Leather waste Zeolites
Olive stones
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horic acid into the precursor before the carbonization [34].
arbons with well-developed meso- and microporous struc-

ure can be produced by ZnCl2 incorporation. KOH activation
uccessfully increased active carbon surface area and pore vol-
me [49]. Ammonium salts, borates, calcium oxide, ferric and
errous compounds, manganese dioxide, nickel salts, hydrochlo-
ic acid, nitric acid and sulfuric acid have also been used for
ctivation.

The basic differences between physical and chemical acti-
ation is the number of stages required for activation and
he activation temperature. Chemical activation occurs in
ne step while physical activation employs two steps, car-
onization and activation. Physical activation temperatures
800–1000 ◦C) are higher than those of chemical activation
200–800 ◦C).

According to Steenberg’s classification [50], acidic and basic
ctivated carbons exist:

(a) Carbon activated at 200–400 ◦C, called L carbons, generally
develop acidic surface oxides and lower solution pH values.
They adsorb bases, are hydrophilic, and exhibit a negative
zeta potential.

b) The carbons activated at 800–1000 ◦C, termed H carbons,
develop basic surface oxides and raise solution pH. They
adsorb acids and exhibit a positive zeta potential. However,
cooling H carbons in contact with air changes the zeta poten-
tial to a negative value due to the formation of acidic surface

oxides.

The acidic groups on activated carbons adsorb metal
ons [51]. The L carbons are stronger solid acids than the

t
a
l
m

carbons and more efficiently adsorb metal ions. Sur-
ace area may not be a primary factor for adsorption on
ctivated carbon. High surface area does not necessarily
ean high adsorption capacity [52] due to the following

actors:

a) Only the wetted surface adsorbs ions. The total surface area
is seldom wetted.

b) Sometimes the material to be adsorbed is too large to enter
the smallest pores where the bulk of the surface area may
exist.

c) Surface area, pore volume and surface chemistry are not
usually correlated with species adsorbed.

The adsorption of metal ions on carbon is more complex
han uptake of organic compounds because ionic charges affect
emoval kinetics from solution. Adsorption capacity depends
n activated carbon properties, adsorbate chemical properties,
emperature, pH, ionic strength, etc. Many activated carbons are
vailable commercially but few are selective for heavy metals.
hey are expensive.

Despite carbon’s prolific use to treat wastewater, it remains
xpensive, requiring vast quantities of activated carbon.
mproved and tailor-made materials are sought. Substitutes
hould be easily available, cheap and, above all, be readily regen-
rated, providing quantitative recovery.

Industrial or agricultural by-products can be converted into
ctivated carbons or low cost adsorbents. Table 5 lists various
aterials, which have been investigated.

. Evaluation/comparison of adsorptive properties

Adsorption equilibrium measurements are used to determine

he maximum or ultimate adsorption capacity. Six types of
dsorption isotherms [35,53] exist including types I–VI. Equi-
ibrium isotherm data are formulated into an adsorption isotherm

odel.
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Feed solution is contacted in stirred vessels with a definite
uantity of activated carbon/adsorbent in batch experiments. The
mportant design parameters are calculated from batch adsorp-
ion isotherms, which model full-scale batch processes. The

ost commonly used models include Freundlich, Langmuir, and
ET isotherms. The batch adsorption processes are inefficient
nd capital intensive so column adsorption processes are used
ommercially.

.1. Freundlich isotherm

This isotherm developed by Freundlich [54] describes the
quilibrium on heterogeneous surfaces and does not assume
onolayer capacity.
The Freundlich equation is

e = KFC1/n
e (nonlinear form) (1)

og qe = log KF + 1

n
log Ce (linear form) (2)

here qe is the amount of solute adsorbed per unit weight
f activated carbon (mg/g), Ce the equilibrium concentra-
ion of solute in the bulk solution (mg/L), KF a constant
ndicative of the relative adsorption capacity of the adsor-
ent (mg/g) and the constant 1/n indicates the intensity of the
dsorption.

.2. Langmuir isotherm

The Langmuir adsorption isotherm describes the surface as
omogeneous assuming that all the adsorption sites have equal
dsorbate affinity and that adsorption at one site does not affect
dsorption at an adjacent site [55,56]. The Langmuir equation
ay be written as

e = Q0bCe

1 + bCe
(nonlinear form) (3)

Ce

qe
= 1

Q0b
+ 1

Q0 Ce (linear form) (4)

here qe is the amount of solute adsorbed per unit weight of
dsorbent (mg/g), Ce the equilibrium concentration of solute in
he bulk solution (mg/L), Q0 the monolayer adsorption capacity
mg/g) and b is the constant related to the free adsorption energy.
is the reciprocal of the concentration at which half saturation

f the adsorbent is reached.

.3. BET isotherm

The BET (Brunauner, Emmett, Teller) isotherm assumes the
artitioning of a compound between liquid and solid phases.
his isotherm assumes multi-layer adsorption of solute occurs
56,57]:

e = BCQ0

(Cs − C)[1 + (B − 1)(C/Cs)]
(nonlinear form) (5)

4

a

Fig. 3. Comparative evaluation of adsorbents.

e = C

(Cs − C)qe
= 1

BQ0 + B − 1

BQ0

C

Cs
(liner form) (6)

here qe is the amount of adsorbate adsorbed per unit weight
f activated carbon, B the constant related to the energy of
nteraction with the surface, C the equilibrium concentration
f adsorbate in solution (mg/L or mol/L), Q0 the number of
oles of adsorbate per unit weight of carbon to form a com-

lete monolayer, and Cs is the saturation concentration of the
dsorbate.

Various sorbents have been compared based on percent
emoval. This is a crude and rather inaccurate misleading
pproach. Isotherms are always (Langmuir) more accurate than
ercentage removal to compare two sorbents because isotherms
ave more experimental points.

Fig. 3 shows four different adsorption experiments. Each
urve gives different results depending upon equilibrium con-
entration where the percent removal was calculated. If the
orption capacities were calculated at point 1, the capacity order
s D > B > C > A while at point 2 the order is D > C > B > A.
hus, it is difficult to compare various sorbents in terms of per-
ent removal. Sorption capacity should be calculated in mg/g
sing sorption models, particularly the Langmuir adsorption
odel.
Activated carbons, waste materials, industrial by-products,

gricultural waste products, biosorbents, etc., have been used for
he removal and recovery of chromium [Cr(III) and Cr(VI)] from
ater/wastewater. For simplicity, in this review article, adsor-
ents are divided into two classes:

1) activated carbons;
2) other low cost adsorbents.

. Activated carbons
Activated carbons can be further subdivided into commercial
ctivated carbons and synthetic activated carbons.
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hydroxide-treated activated carbons (ACs) for Cr(VI) reduc-
tion. The surface pH and acid–base values were measured and
FT-IR, and X-ray photoelectron spectrometer (XPS) analyses
were performed. Porosity was characterized by N2/77 K adsorp-
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ion. Cr(VI) adsorption and reduction depended on both micro-
orous structure and surface functionality. Cr(VI) was more
ffectively adsorbed by acid-treated activated carbons. How-
ver, base-treated activated carbons were not effective Cr(VI)
dsorbents, probably due to the decrease of specific surface area.
luka carbons (particle size of 100–150 �m; specific surface
rea 1100 m2/g) were modified by immobilizing tetrabutylam-
onium iodide (TBAI) and sodium diethyl dithiocarbamate

SDDC) on their surfaces [68]. These carbons were used for cop-
er, zinc, chromium and cyanide removal. TBAI (417 �mol/g)
nd SDDC (295 �mol/g) were adsorbed. TBAI and diethyl
ithiocarbamate-treated carbons adsorbed more CN−, Cu, Zn
nd Cr than unmodified carbon.

The effect of anodic surface treatment of activated carbons on
heir Cr(VI) adsorption properties under reaction-treatment time
onditions with 35 wt.% HCl solution was investigated [75]. The
cidic surface functional groups increased with increasing HCl
eaction-treatment time. Specific surface area, total pore volume,
et heat of adsorption, and BET’s, slightly decreased during
nodic surface treatments of activated carbons. Adsorption was
ontrolled more by the acid–base interactions between electron-
onor substances and acidized activated carbons as electron
cceptor than by the pore structures.

Aggarwal et al. [65] reported Cr(III) and Cr(VI) adsorption on
ctivated carbon fibers and activated carbons in 20–1000 mg/L
oncentration range. Activated carbon surfaces further modified
y oxidation with nitric acid, ammonium persulfate, hydrogen
eroxide or oxygen gas at 350 ◦C were used after degassing
t different temperatures. Cr(III) removal increased when the
xidized carbons were used decreased on degassing. Con-
ersely, adsorption of Cr(VI) ions decreased on oxidized car-
ons and increased on degassing. The increase of Cr(III) and
he decrease of Cr(VI) on oxidized carbons was due to acidic
roups on the carbon surface. The decrease of Cr(III) and
he increase of Cr(VI) on degassed carbons occurred because
egassing removed these acidic groups. Acidic surface groups
nhanced the Cr(III) adsorption and suppressed Cr(VI) adsorp-
ion. Chromic ions exist in aqueous solutions as [Cr(H2O)6]3+.
hese associated water molecules are exchanged with the
ydroxyl ions. The number exchanged depends on the pH of the
olution as shown in Fig. 4. pH changes are caused by changes
n amount of acidic carbon–oxygen surface groups. These, in
urn, change the extent of the positive charge on the chromic
on. These changes in the surface negative charge resulting from
xidation and the changes in the positive charge on the Cr(III)
ons in solution favor the adsorption of Cr(III) ions because

ttractive electrostatic interactions between the carbon surface
nd the chromium ions present in the solution are enhanced.
egassing reduces electrostatic attractive interactions, resulting

n a decrease in the Cr(III) adsorption. When all the surface oxy-
D. Mohan, C.U. Pittman Jr. / Journal of H

4.1. Commercial activated carbons

Many commercial activated carbons have been used as
received and also after chemical modifications for Cr(VI) and
Cr(III) adsorption. Important contributions in this direction were
made by Huang and coworkers [58–61] and also by other groups
[62–74]. The dominating mechanism for Cr(VI) removal in most
of the studies is surface reduction of Cr(VI) to Cr(III) followed
by adsorption of Cr(III).

Cr(VI) adsorption from aqueous solutions by lab-made high
surface area (HSA)-activated carbons exhibited higher sorption
capacities than commercial carbons [63]. A pH of ∼3.0 was
optimum for Cr(VI) adsorption. Both micropores and meso-
pores make important contributions to Cr(VI) adsorption but
desorption is more dependent on the mesoporosity. Thus, regen-
eration was easier for carbons having high mesoporosity. Cr(VI)
adsorption mechanism was not discussed.

Huang and Wu [61] showed that Cr(VI) adsorption by acti-
vated carbon, filtrasorb 400 (Calgon), occurred by two major
interfacial reactions: adsorption and reduction. Cr(VI) adsorp-
tion reached a peak value at pH 5.0–6.0. Carbon particle size
and the presence of cyanide do not change the magnitude of
chromium removal. Cr(III) is less adsorbable than Cr(VI). The
free energy of specific chemical interaction, �Gchem, was com-
puted by the Gouy–Chapman–Stern–Grahame model. �Gchem

was −5.57RT and −5.81RT, respectively, for Cr(VI) and CN.
These values were large enough to influence the magnitude of
both Cr(VI) and CN adsorption. HCrO4

− and Cr2O7
2− were the

major Cr(VI) species involved in surface association.
Rivera-Utrilla and Sanchez-Polo [67] analyzed the effect of

oxygenated surface groups on Cr(III) sorption using a series
of ozonized activated carbons [carbon F, carbon F10, carbon
F120 (Calgon Carbon Corp.)]. The adsorption capacity of the
oxidized carbon was greater than that of the original carbon.
This effect is due to the formation of surface oxygen groups
that, through their ionization, increase the attractive electrostatic
interactions between the surface of the activated carbon and
the metallic cations present. At pH 2.0, almost all the Cr(III)
was found as Cr3+ cation (hexahydrated), whereas at pH 12.0
it was found as Cr(OH)4

− anion. At pH 6.0 where the adsorp-
tion isotherms were obtained, the predominant species were:
Cr(OH)2+ (60.61%) and Cr(OH)2

+ (38.24%). The adsorption
of cationic Cr(III) species on basic carbons with surface posi-
tive charge density was explained by C�–cation interactions. In
these processes, the ionic interchange of C�–H3O+-interaction
protons for metallic cations plays a determinant role. According
to the pHPZC values of the carbon samples, the mean surface
charge density at pH 6.0 is positive (carbon F), near zero (car-
bon F10) or negative (carbon F120). The attractive electrostatic
interactions between the Cr(III) species and the carbon would
increase in the order: F < F10 < F120; which is also the order of
their increase in adsorption capacity.

Park and Jang [64] studied hydrochloric acid- and sodium
Fig. 4. Aqueous Cr(III) species present versus pH.
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en complexes are thermally desorbed on degassing at 950 ◦C,
ittle or no Cr(III) adsorption occurs.

Commercial activated carbon was treated with HNO3 to intro-
uce surface oxygen complexes, and subsequently heated up to
73 K in N2 to eliminate some of the these complexes [76].
he three samples used for Cr(III) and Cr(VI) adsorption gave
nhanced removal. Leyva-Ramos et al. [70] investigated Cr(III)
dsorption on commercial activated carbon in the pH range
f 2.0–6.0. At pH < 2.0 Cr(III) was not adsorbed and at pH
alues >6.4 Cr(III) precipitated as Cr(OH)3. Maximum adsorp-
ion occurred at pH 5.0. The adsorption capacity increased by
bout 20% as the temperature was raised from 25 to 40 ◦C.
r(VI) removal by two commercial granular activated carbons

GACs) in batch and continuous-flow modes was investigated
72]. Cr(VI) removal decreased with increase in pH from 4.0 to
.5. Dissolved oxygen (DO) removal from experimental systems
nhanced GAC performance, but pretreatment of the GACs with
eductants (ferrous iron or dithionite) did not improve Cr(VI)
emoval. Regeneration of spent carbons was accomplished by
quilibration with 0.01 M dibasic potassium phosphate to extract
dsorbed Cr(VI) followed by a wash with 0.02N sulfuric acid to
emove precipitated-sorbed Cr(III).

Cr(VI) removal from water by coconut shell, wood and coal
ust based activated carbons was studied [77]. The coconut shell
nd coal dust activated carbons have protonated hydroxyl groups
n the H-type carbons surface, while the surface of the wood-
ased activated carbon has ionized hydroxyl groups (L-type
arbons). The optimum pH was 2.0 for wood-based activated
arbon, while for coconut shell and coal dust activated car-
ons, the optimum pH was ∼3.0–4.0. Babel and Kurniawan
73] investigated coconut shell charcoal (CSC) and commer-
ial coconut shell activated carbon (CAC) for Cr(VI) removal.
urface modifications of CSC and CAC with chitosan and/or
xidizing agents (such as sulfuric acid and nitric acid) were car-
ied out. The oxidized adsorbents performed better. Nitric acid
xidized CSC and CAC had higher Cr adsorption capacities
CSC: 10.88 mg/g, CAC: 15.47 mg/g) than sulfuric acid oxi-
ized (CSC: 4.05 mg/g, CAC: 8.94 mg/g) and non-treated CSC
oated with chitosan (CSCCC: 3.65 mg/g) carbons, respectively.
t was assumed that the following physicochemical interactions
ccurred during chromium removal

n+ + n(–COOH) � (–COO)nM + nH+ (7)

here (–COOH) represents the CSC surface functional groups
nd n is the coefficient of the reaction component, depending on
he oxidation state of metal ions, while Mn+ and H+ are Cr(III)
nd hydrogen ions, respectively.

Thus, reduction of Cr(VI) oxyanions is accompanied by a
arge amount of proton consumption in the acidic solution. This
onfirms the decisive role played by H+ in Cr(VI) removal. It
as also reported that the Cr(VI)/Cr(III) redox potential strongly
epends on pH. At pH ≈ 1.0, E0 ≈ 1.3 V and at pH ≈ 5.0,

0 ≈ 0.68 V, indicating that improving the redox potential of the
xidant extends the oxidation towards the more resistant surface
unctionalities.The pH of synthetic wastewater ranges from 5.0
o 6.0, where Cr(III) mostly exists as [Cr(OH)]2+, formed by the
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ydrolysis of Cr(III) as follows

r3+ + H2O � [Cr(OH)]2+ + H+ (pK1 = 3.85) (8)

he second mechanism controlling the adsorption of Cr(III) on
he carbon surface of CSC is represented as

r3+ + H2O � [Cr(OH)]2+ + H+ (9)

A + [Cr(OH)]2+ � ([Cr(OH)]2+–A−) + H+ (10)

here A represents an adsorption site on the acidic surface of
SC.

Combining these two equations gives on overall Cr(III)
dsorption reaction:

r3+ + H2O + HA � ([Cr(OH)]2+–A−) + 2H+ (11)

Chromium(VI) adsorption from dilute aqueous solutions
nto modified activated carbons at natural pH values was
chieved [69]. As expected surface reduction of Cr(VI) to Cr(III)
ppeared to be the principal chromium adsorption mechanism
or the activated carbons studied. Oxidizing agents changed the
dsorption capacity of Cr(VI) on the carbons. Cr(VI) removal
rom water on a commercial activated carbon occurred through
eduction Cr(VI) to Cr(III) and adsorption, resulting in predom-
nant attachment of Cr(VI) species with less Cr(III) species [60].

.2. Synthetic activated carbons

As discussed in Sections 2.1.1 and 2.1.2, the production
f activated carbon involves carbonization and activation. Car-
onization consists of slow heating in the absence of air to the
yrolysis temperature, usually below 600 ◦C, where volatiles
re removed. Then chemical or physical activation is performed.
hysical activation involves of treating chars with steam, carbon
ioxide, or oxygen at elevated temperature. Chemical activa-
ion is carried out in the presence of chemical activants such as
nCl2, H2PO4, H2SO4, KOH, K2S, and KCNS [33,35]. These
hemical activants promote the formation of cross-links giving
rigid matrix less prone to volatilization and volume contrac-

ion when heated to a high temperature. Zinc chloride is the most
idely used chemical dehydrating agent (catalyst) [33,35]. Post-

ctivation is also required to remove residual catalyst, which
ay be reclaimed for the subsequent reuse. Some important

eedstocks containing an activant and other conditions used for
ctivated carbons development are listed in Table 6. The most
ommonly used feed stocks include fertilizer waste [28,78,79],
oconut shells and coconut shell fibers [2,3], wood [80], nuts
81], sawdust [82–85], waste tires [85], cow dung [86]; rice
ulls [87] bagasse [88], coir pith [89] and lignin [66].

Waste carbon slurry generated in fertilizer plants in India was
onverted into a low cost activated carbon [28,78,79] and utilized
or the removal of heavy metals from water/wastewater. Kinetic
tudies were also conducted to determine various parameters

ecessary to design fixed bed reactors [79]. To establish opti-
um deign parameters, mini column adsorption studies were

erformed and a mass transfer kinetic approach was success-
ully applied [28]. The length of the primary adsorption zone
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δ), total time involved for the establishment of primary adsorp-
ion zone (tx), mass rate of flow to the absorber (Fm), time for
rimary adsorption zone to move down its length (tδ), amount of
dsorbate adsorbed in the primary adsorption zone from break-
oint to exhaustion (Ms), fractional capacity (f), time for initial
ormation of adsorption zone (tf) and per cent saturation of col-
mn at break point were all studied. Chemical regeneration was
chieved with 1 M HNO3.

A variety of low cost activated carbons were developed
rom coconut shell fibers and coconut shells [2,3]. The car-
ons are designated as FAC (activated carbon derived from
oconut fibers), SAC (activated carbon derived from coconut
hells), ATFAC (activated carbon derived from acid-treated
oconut fibers), and ATSAC (activated carbon derived from
cid-treated coconut shells). These were characterized, and
tilized for hexavalent chromium removal [2]. A commer-
ial activated carbon fabric cloth was also tested. Trivalent
hromium adsorption from water was restricted to ATFAC and
CF [3]. The optimum pHs for Cr(VI) and Cr(III) adsorp-

ion were 2.0 and 5.0, respectively. The Langmuir adsorp-
ion model fitted the Cr(III) and Cr(VI) adsorption data better
han the Freundlich model. At 25 ◦C, Cr(VI) removal followed
he order ACF (96.30 mg/g) > FAC (21.75 mg/g) > ATSAC
11.51 mg/g) > ATFAC (9.87 mg/g) > SAC (9.54 mg/g) [2] while
he maximum adsorption capacities of ATFAC and ACF at

5 ◦C were 12.2 and 39.56 mg/g, respectively [3]. Overall, the
ctivated carbon fabric cloth performed best. The adsorption
apacities of these carbons and the activated carbon fabric cloth

m
o
C

able 6
ome chemical activant–feedstock couples to prepare activated carbon for chromium

eed stock Carbonization Acti

Age

oconut shells H2SO4, 150–65 ◦C, 24 h –
oconut shell fibers H2SO4, 150–65 ◦C, 24 h –

eather
N2/900 ◦C/5 h CO2

N2/900 ◦C/5 h CO2

live stone

N2/900 ◦C/2 h H3P
N2/900 ◦C/2 h ZnC
N2/900 ◦C/2 h H2O
N2/900 ◦C/2 h CO2

lmond shell N2/900 ◦C/2 h ZnC
orit CA-1 – H3P
roquifi Andujar 39 – H3P

asurina equisetifolia leaves
H2SO4 and 10% Na2HPO4 (1:1)
425 ◦C for 1 h in the absence of air

–

ZnCl2/425 ◦C for 1 h in the absence
of air

–

azelnut shell (Corylus avellana) H2SO4/150 ◦C for 24 h –
ucalyptus grandis sawdust 800 ◦C in a N2 atmosphere CO2

ornelian cherry (CC), apricot stone
(AS) and almond shells (ASC)

1:1 (w/w) with concentrated H2SO4

for 24 h
–

ertilizer slurry H2O2/H2O N2

sed tires/sawdust 900 ◦C/N2/2 h CO2

ow dung 1:1 (w/w) with concentrated H2SO4

for 24 h
–

evea brasiliensis sawdust 1:2 (w/w) with phosphoric
acid/24 h/110 ◦C

–

ignin H3PO4
rdous Materials B137 (2006) 762–811 771

ere comparable to those of the available adsorbents/activated
arbons (Table 7).

Aqueous Cr(VI) uptake onto activated carbons (AC) pro-
uced from wood was investigated [80]. A KOH-activated car-
on and a commercial H3PO4-activated carbon (Acticarbone
XV) were tested. Cr(VI) removal was maximized at pH 3.0
nd increased with temperature for both adsorbents. The KOH-
ctivated carbon had a higher Cr(VI) sorption capacity than
cticarbone. Favorable adsorption at low pH was due to the neu-

ralization of negative surface charges by excess hydrogen ions.
his facilitates diffusion of hydrogen chromate ions (HCrO4

−)
nd their subsequent adsorption. HCrO4

− was the dominant
r(VI) anion between pH 1.0 and 4.0. This ion was preferen-

ially adsorbed on the carbon surface. The negative charges could
esult from basic oxygenated functions, chemisorbed at pore
urfaces. Under acidic conditions, Cr(VI) could be reduced to
r(III) in the presence of activated carbon. The authors failed to
xplore the dominating mechanism.

Several activated carbons were prepared from Terminalia
rjuna nuts, an agricultural waste, by chemical activation with
inc chloride and then tested for aqueous Cr(VI) remediation
81]. The most important chemical activation parameter was the
ctivating agent/precursor (g/g). A high surface area (1260 m2/g)
as obtained at a chemical ratio of 3, after 1 h of carbonization at
00 ◦C. The isotherm equilibrium data fit well to both the Lang-

uir and Freundlich models. The maximum Cr(VI) uptake was

btained at pH 1.0. Authors failed to explain the dominating
r(VI) adsorption mechanism.

removal from water/wastewater

vation Reference

nt Conditions

600 ◦C/1 h
[2,3]

600 ◦C/1 h
825 ◦C/8 h

[95]

825 ◦C/45 h
O4 480 ◦C/3 h
l2 725 ◦C/3 h

860 ◦C/2 h
820 ◦C/72 h

l2 + CO2 (3:1) agent:raw material; 820 ◦C/69 h
O4 –
O4 –

850 ◦C/30 min
[92]

850 ◦C/30 min

– [90]
(D); air (A) 800/400 ◦C [84]

200 ◦C/24 h [91]

450 ◦C, 1 h [28,78,96]
900 ◦C/2 h [85]
– [86]

400 ◦C/1 h [82]

350–600 ◦C [66]
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Table 7
Comparison of activated carbons and other low cost adsorbents for chromium [Cr(III) and Cr(VI)] removal

Adsorbents pH Temperature
(◦C)

Model used
to calculate
adsorption
capacities

Adsorption capacity (mg/g) Reference

Cr(VI) Cr(III)

Composite alginate–goethite beads

2.0 20 Langmuir 27.1 8.9

[169]
3.0 20 Langmuir 23.4 20.7
4.0 20 Langmuir 20.5 30.4
3.0 40 Langmuir 27.1 24.1
3.0 60 Langmuir 29.5 25.3

Raw rice bran 5.0 25 Freundlich 0.07 0.1 [112]

Hevea brasiliensis (rubber wood)
sawdust activated carbon

2.0 30 Langmuir 44.1 –
[82]2.0 40 Langmuir 59.2 –

2.0 50 Langmuir 65.8 –
Coir pith 3.3 27 Langmuir – 11.6 [103]
Palygorskite clay 7.0 25 Langmuir 58.5 [164]

Activated carbons (CKW)

3.0 25 Langmuir 180.3

[80]

6.0 25 Langmuir 95.1
9.0 25 Langmuir 33.4
3.0 33 Langmuir 281.3
3.0 40 Langmuir 315.6

Activated carbon (Acticarbone CXV)

3.0 25 Langmuir 124.6
6.0 25 Langmuir 32.4
9.0 25 Langmuir 17.5
3.0 33 Langmuir 144.4
3.0 40 Langmuir 186.1

Maghemite nanoparticles

2.5 22.5 Freundlich 7.8 –

[126]

3.5 22.5 Freundlich 6.3 –
5.0 22.5 Freundlich 3.4 –
8.0 22.5 Freundlich 1.9 –

10.0 22.5 Freundlich 1.5 –
2.5 10.0 Freundlich 1.4 –
2.5 22.5 Freundlich 1.4 –
2.5 35.0 Freundlich 1.4 –

Soybean hulls 3.0 25 Langmuir 58.2 –
[136]Sugarcane bagasse 3.0 25 Langmuir 103 –

Corn stover 3.0 25 Langmuir 83.7 –
Native saltbush (stems) 5.0 – Langmuir 0.00 16.3

[255]

Native saltbush (leaves) 5.0 – Langmuir 0.1 22.7
Native saltbush (flower) 5.0 – Langmuir 0.1 27.0
Esterified saltbush (stems) 5.0 – Langmuir 3.4 5.5
Esterified saltbush (leaves) 5.0 – Langmuir 4.1 6.1
Esterified saltbush (flower) 5.0 – Langmuir 3.1 7.1
Hydrolyzed saltbush (stems) 5.0 – Langmuir 0.0 20.8
Hydrolyzed saltbush (leaves) 5.0 – Langmuir 0.4 25.1
Hydrolyzed saltbush (flower) 5.0 – Langmuir 0.3 26.2
Cross-linked (glutaraldehyde) 4.0 – Langmuir 215 6 [275]
A. flavus biomass (live) 30 Langmuir 0.2 –

[273]
A. flavus biomass (autoclaved) 30 Langmuir 0.3 –
A. flavus biomass (acid-treated) 30 Langmuir 0.1 –
A. flavus biomass (alkali-treated) 30 Langmuir 0.2 –
A. flavus biomass (detergent-treated) 30 Langmuir 0.2 –
Native biomass of N. crassa (ATCC 12526) 1.0 25 Freundlich 0.4 –

[234]
Heat inactivated of N. crassa (ATCC 12526) 1.0 25 Freundlich 9.2 –
Sodium hydroxide of N. crassa (ATCC 12526) 1.0 25 Freundlich 7.4 –
Acetic acid of N. crassa (ATCC 12526) 1.0 25 Freundlich 15.9 –

Ground nut shell (GS)
4.0 10 Langmuir 5.9 –

[115]

4.0 10 Langmuir – –

Walnut shell (WS)
4.0 10 Langmuir 2.3 –
4.0 10 Langmuir 18.4 –

Almond shell (AS)
4.0 10 Langmuir 22.0 –
4.0 10 Langmuir 2.4 –

T. indica seed (TS)

2.0 50 Langmuir 98.0 –
4.0 50 Langmuir 55.3 –
6.0 50 Langmuir 80.0 –
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Table 7 (Continued )

Adsorbents pH Temperature
(◦C)

Model used
to calculate
adsorption
capacities

Adsorption capacity (mg/g) Reference

Cr(VI) Cr(III)

8.0 50 Langmuir 23.0 –
Native algae (Chlamydomonas reinhardtii) 2.0 25 Langmuir 25.0 –

[288]Heat-treated algae (Chlamydomonas
reinhardtii)

2.0 25 Langmuir 30.2 –

Acid-treated algae (Chlamydomonas
reinhardtii)

2.0 25 Langmuir 25.6 –

Activated carbon prepared from Terminalia
arjuna nuts

1.0 25 Langmuir 28.4 – [81]

Isparta–Yalvaç–Yarikkaya (YK) coal 4.5 25 Langmuir – 16.2
[152]

Kasikara (KK) coal 4.5 25 Langmuir – 5.4

Agave lechuguilla biomass
2.0 10 Langmuir 25.9 –

[253]2.0 22 Langmuir 34.6 –
2.0 40 Langmuir 35.6 –

M. hiemalis
2.0 27 Langmuir 47.4 –

[235]2.0 40 Langmuir 51.0 –
2.0 50 Langmuir 53.5 –

B. thuringiensis (vegetative cell) 2.0 25 Langmuir 28.6 –
[247]

B. thuringiensis (spore–crystal mixture) 2.0 25 Langmuir 34.2 –
Lewatit MP 62 anion exchange resin 5.0 25 Langmuir 21.6 –

[131]
Lewatit M 610 anion exchange resin 5.0 25 Langmuir 22.1 –
Lentinus sajor-caju (untreated) 2.0 25 Langmuir 19.6 –

[230]
Lentinus sajor-caju (heat-treated) 2.0 25 Langmuir 33.1 –
Lentinus sajor-caju (HCl-treated) 2.0 25 Langmuir 25.8
Lentinus sajor-caju (NaOH-treated) 2.0 25 Langmuir 27.7
Carrot residues 4.5 25 Langmuir – 45.1 [116]

Ferric chloride impregnated-sponified
sugar beet pul

4.4 25 Langmuir 5.1 –
[289]4.4 35 Langmuir 4.9 –

4.4 45 Langmuir 4.6 –
Carboxymethylcellulose (CMC) 2.0 25 Langmuir 5.1 –

[212]Free mycelia of Lentinus sajor-caju 2.0 25 Langmuir 18.9 –
Immobilized mycelia (in

carboxymethylcellulose (CMC)) of
Lentinus sajor-caju

2.0 25 Langmuir 32.3 –

Sawdust – – Freundlich 1.5 –
[102]Rice husks – – Freundlich 0.6 –

Coir pith – – Freundlich 0.2 –
Raw stevensite 3.0 25 Dubinin–Radushkevich 0.7 –

[159]
Fe-stevensite 3.0 25 Dubinin–Radushkevich 2.6 –
Cone biomass of Thuja oriantalis 1.5 17 Langmuir 49 – [256]

Quaternary chitosan salt (QCS)
4.5 25 Langmuir 68.3 –

[276]
9.0 25 Langmuir 30.2 –

Uncalcined hydrotalcite 2.0–2.1 25 Freundlich 4.6 – [35]
Amberlite IR-120 resin – 20 Langmuir – 67.7 [129]
Pantoea sp. TEM18 3.0 25 Langmuir 204.1 – [248]

Bauxite
2.0 20 Langmuir 0.5 –

[167]2.0 35 Langmuir 0.5 –
2.0 50 Langmuir 0.4 –

Hydrous titanium(IV) oxide 2.0 25 Langmuir 5.0 [165]

Aeromonas caviae, a gram-negative bacteria
2.5 20 Langmuir 284.4 –

[245]2.5 40 Langmuir 181.5 –
2.5 60 Langmuir 169.1 –

Activated carbon from co-mingled natural
organic wastes

3.7 30 Langmuir – 56.7

[95]

3.7 35 Langmuir – 56.2
3.7 40 Langmuir – 56.6
3.7 45 Langmuir – 43.5

Norit carbon (oxidized)

3.7 22 Langmuir – 25.6
3.7 30 Langmuir – 52.5
3.7 40 Langmuir – 53.0
3.7 50 Langmuir – 45.9

Beech (Fagus orientalis L.) sawdust ∼1.0 25 Langmuir 16.1 – [252]
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Table 7 (Continued )

Adsorbents pH Temperature
(◦C)

Model used
to calculate
adsorption
capacities

Adsorption capacity (mg/g) Reference

Cr(VI) Cr(III)

Wine processing waste sludge

4.0 20 Langmuir – 10.5

[186]
4.0 30 Langmuir – 13.5
4.0 40 Langmuir – 15.4
4.0 50 Langmuir – 16.4

Polyacrylonitrile fibers (APANFs) 5.0 – – ∼16 ∼5 [137]
Peat 4.0 22–25 Extended Langmuir – 22.4 [267]
Bio-polymeric beads of cross-linked alginate

and gelatin
8.9 25 Langmuir 0.8 – [169]

Ocimum basilicum seeds 1.5 25 Langmuir 205 – [119]

Bagasse fly ash
5.0 30 Langmuir – 2.5

[176]5.0 40 Langmuir – 2.3
5.0 50 Langmuir – 2.1

Protonated dry alginate beads
3.5 25 Langmuir – 57.0

[170]
4.5 25 Langmuir – 77

Fe-modified steam exploded wheat straw 3.0 25 Langmuir 9.1 – [105]
Solvent impregnated resins 4.0 25 Langmuir 50.4 – [134]
Persimmon tannin (PT) gel 3.0 25 Langmuir 274.0 – [172]
Distillery sludge 3.0 25 Langmuir 5.7 – [187]
Ion exchange resin 1200H 3.8 25 Langmuir 84.0 –

[12]Ion exchange resin 1500H 3.8 25 Langmuir 188.7 –
Ion exchange resin IRN97H 3.8 25 Langmuir 58.1 –
Hydrotalcite 6.0 25 Freundlich 120.0 – [158]
Maple sawdust 6.0 25 Langmuir 5.1 – [101]
Pitch-based activated carbon fibers,

ACF30M
3.0 25 Langmuir 23.7

[138]

Pitch-based activated carbon fibers,
ACF45M

3.0 25 Langmuir 24.9 –

Activated carbon, FS-100 3.0 – Langmuir 69.3 –

[63]

Activated carbon, GA-3 3.0 – Langmuir 101.4 –
Activated carbon, SHT 3.0 – Langmuir 69.1 –
Activated carbon, CZ-105 3.0 – Freundlich 40.4 –
Activated carbon, CZ-130 3.0 – Freundlich 44.9 –
Activated carbon, CK-22 3.0 – Freundlich 47.4 –
Activated carbon, CK-26 3.0 – Freundlich 45.6 –
Free biomass 2.0 30 Freundlich 27.6 –

[231]

Polysulfone entrapped biomass 2.0 30 Freundlich 17 –
Polyisoprene immobilized biomass 2.0 30 Freundlich 15.6 –
PVA immobilized biomass 2.0 30 Freundlich 13.4 –
Calcium alginate entrapped biomass 2.0 30 Freundlich 9.6 –
Polyacrylamide biomass 2.0 30 Freundlich 2.3 –
SI resin prepared using HP-20 4.0 30 Langmuir 38.0 –

[133]
SI resin prepared HP-2MG 4.0 30 Langmuir 40.0 –

Dunaliella alga (sp. 1)
2.0 25 Langmuir 111.0 –

[213]
2.0 25 Langmuir 102.5 –

Inorganic–organic silicon hybrid matrices – – – – 29.12 [156]
Cone biomass of Pinus sylvestris 1.0 25 Freundlich 38.4 – [257]
PAC 2.0 25 Langmuir 0.03 –

[177]Bagasse 6.0 25 Langmuir 0.0005
Flyash 6.0 25 Langmuir 0.001
Immobilized dried activated sludge 1.0 25 Langmuir 18.9

[197]
Granular activated carbon 1.0 25 Langmuir 147.1 –
Wool 2.0 30 Langmuir 41.2 –

[100]

Olive cake 2.0 30 Langmuir 33.4 –
Sawdust 2.0 30 Langmuir 15.82 –
Pine needles 2.0 30 Langmuir 21.5 –
Almond 2.0 30 Langmuir 10.6 –
Coal 2.0 30 Langmuir 6.78 –
Cactus 2.0 30 Langmuir 7.08 –
Soya cake <1.0 20 Langmuir 0.00028 – [120]
Activated sludge 1.0 25 Langmuir 294.0 –

[188]
Activated sludge 4.5 25 Langmuir 95.2 –
Cation-exchange resin, IRN77 3.5 25 Freundlich 35.4 – [11]
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Table 7 (Continued )

Adsorbents pH Temperature
(◦C)

Model used
to calculate
adsorption
capacities

Adsorption capacity (mg/g) Reference

Cr(VI) Cr(III)

Untreated R. nigricans 2.0 30 Langmuir 123.5 –

[232]
CTAB-treated R. nigricans 2.0 30 Langmuir 140.8 –
PET-treated R. nigricans 2.0 30 Langmuir 161.3
APTS-treated R. nigricans 2.0 30 Langmuir 200.0
Biomass of filamentous algae Spirogyra

species
2.0 18 Langmuir 14.7 – [211]

Carbonaceous adsorbent from waste tires (TAC)
2.0 22 Langmuir 48.1 –

[85]

2.0 30 Langmuir 55.3 –
2.0 38 Langmuir 58.5 –

Carbonaceous adsorbent from sawdust (SPC)
2.0 22 Langmuir 1.9 –
2.0 30 Langmuir 2.2 –
2.0 38 Langmuir 2.3 –

Carbon, F-400
2.0 22 Langmuir 44.4 –
2.0 30 Langmuir 48.5 –
2.0 38 Langmuir 53.2 –

IRN77 resin 3.5 25 Freundlich – 35.4
[10]

SKN1 resin 3.5 25 Freundlich – 46.3
Dried anaerobic activated sludge 1.0 25 Langmuir 577.0 – [198]

Red mud
2.0 30 Langmuir 22.7 –

[29]2.0 40 Langmuir 21.6 –
2.0 50 Langmuir 21.1 –

Tannin gel (66% water content) 2.0 30 – 192.0 20.0

[173]
Tannin gel (72% water content) 2.0 30 – 224.0 28.0
Tannin gel (75% water content) 2.0 30 – 235.0 38.0
Tannin gel (77% water content) 2.0 30 – 287.0 50.0
Cow dung carbon 3.4 30 Langmuir 10.0 – [86]
Carbon C3 3.0 25 Langmuir 35.0 –

[92]
Carbon C4 3.0 25 Langmuir 15.0 –
Algae, Chlorella vulgaris 2.0 25 Langmuir 27.3 – [214]
Insoluble straw xanthate (ISX) 3.6–3.9 25 Langmuir – 1.9

[118]
Alkali-treated straw (ATS) 3.6–3.9 25 Langmuir – 3.9
Algae, C. vulgaris 2.0 25 Langmuir 79.3 –

[215]Algae, S. obliquus 2.0 25 Langmuir 58.8 –
Algae, Synechocystis sp. 2.0 25 Langmuir 153.6 –
Algae, C. vulgaris 2.0 25 Freundlich 6.0 – [217]

Peat
2.0 25 – 30.7 –

[268]
4.0 25 – – 14.0

Free biomass of R. arrhizus 2.0 – Freundlich 11.0 –
[226]

Immobilized biomass of R. arrhizus 2.0 – Freundlich 8.6 –
GAC-S – Langmuir – 13.3

[65]
GAC-E – Langmuir – 10.5
ACF-307 – Langmuir – 7.1
ACF-310 – Langmuir – 3.5

Polymer-grafted sawdust

3.0 30 Langmuir 12.2 –

[97]
3.0 40 Langmuir 9.4 –
3.0 50 Langmuir 7.6 –
3.0 60 Langmuir 6.2 –

Dithizone-anchored poly(EGDMA-HEMA)
microbeads

5.0 25 Langmuir – 62.2 [171]

Aspergillus biomass 5.0 28 Langmuir 23.6 15.6 [229]
R. arrhizus 2.0 25 Langmuir 58.1 – [227]
Leaf mould 2.5 25 Column capacity 25.9 –

[107]
Activated carbon 2.5 25 75.6 –
Biogas residual slurry 1.50 30 Langmuir 5.87 – [193]
Peat moss 2.0 25 Column capacity 65.8 – [269]

Irish sphagnum peat
2.5 25 Column capacity 35.5 –

[270]
2.0 25 Column capacity 43.9 –

Chitosan impregnated with a microemulsion
3.5 30 Langmuir 61.4 –

[277]3.5 40 Langmuir 81.9 –
3.5 50 Langmuir 85.6 –

Lignocellulosic substrate 2.1 – Langmuir 35.0 – [108]
Chitosan 4.0 25 Langmuir 154 – [278]



776 D. Mohan, C.U. Pittman Jr. / Journal of Hazardous Materials B137 (2006) 762–811

Table 7 (Continued )

Adsorbents pH Temperature
(◦C)

Model used
to calculate
adsorption
capacities

Adsorption capacity (mg/g) Reference

Cr(VI) Cr(III)

Sargassum wightii Seaweed 3.5–3.8 25 Langmuir 35.0 – [220]
Surface-modified jacobsite (MnFe2O4) 2.0 25 Langmuir 31.5 – [127]
Protonated brown seaweed Ecklonia sp. 2.0 20–25 – 233.5 – [294]
Aeromonas caviae biomass 2.5 20 Langmuir 284.4 – [245]
Activated carbon, FAC 2.0 10 Langmuir 16.0 –

[2]

Activated carbon, SAC 2.0 10 Langmuir 1.4 –
Activated carbon, ATFAC 2.0 10 Langmuir 1.1 –
Activated carbon, ATSAC 2.0 10 Langmuir 1.6 –
Activated carbon fabric cloth 2.0 10 Langmuir 116.9 –
Activated carbon, FAC 2.0 25 Langmuir 21.8 –
Activated carbon, SAC 2.0 25 Langmuir 9.5 –
Activated carbon, ATFAC 2.0 25 Langmuir 10 –
Activated carbon, ATSAC 2.0 25 Langmuir 11.5 –
Activated carbon fabric cloth 2.0 25 Langmuir 96.3 –
Activated carbon, FAC 2.0 40 Langmuir 24.1 –
Activated carbon, SAC 2.0 40 Langmuir 32.6 –
Activated carbon, ATFAC 2.0 40 Langmuir 15.6 –
Activated carbon, ATSAC 2.0 40 Langmuir 16.4 –
Activated carbon fabric cloth 2.0 40 Langmuir 42.1 –

Activated carbon, ATFAC
5.0 10 Langmuir – 11

[3]

5.0 25 Langmuir – 12.2
5.0 40 Langmuir – 16.1

Activated carbon fabric cloth
5.0 10 Langmuir – 36.1
5.0 25 Langmuir – 39.6
5.0 40 Langmuir – 40.3

Activated carbon, A 3.0 30 Langmuir – 0.8

[84]
Activated carbon, D 3.0 30 Langmuir – 0.4
Activated carbon, OA 3.0 30 Langmuir – 31.5
Activated carbon, OD 3.0 30 Langmuir – 26.3
PEI-modified biomass of P. chrysogenum 4.6 25 Langmuir 279.2 – [228]
Fleshing from animal hides/skins 4.0 25 Langmuir 51.0 –

[202]
Treated fleshing from animal hides/skins 4.0 25 Langmuir 9.0 –

Carbon slurry
2.5 30 Langmuir 24.1 –

[290]2.5 45 Langmuir 25.2 –
2.5 60 Langmuir 25.6 –

Biogas residual slurry 2.5 30 Langmuir – 7.8 [194]
Coniferous leaves 3.0 30 Freundlich 6.3 – [262]

London leaves
3.0 20 Langmuir 68.0 –

[261]3.0 30 Langmuir 75.8 –
3.0 40 Langmuir 83.3 –

Brown seaweed (Turbinaria spp.) 3.5 30 Langmuir – 31 [223]
Cork powder 4.0 22 Langmuir – 6.3 [109]
Hazelnut shell activated carbon 1.0 30 Langmuir 170 – [90]
Kendu fruit gum dust (KGD) 1.0 30 Freundlich 218 – [110]

Carbon slurry
30 Langmuir 24.1 –

[195]45 Langmuir 25.2 –
60 Langmuir 25.6 –

Cationic surfactant-modified yeast 4.5–5.5 20 Langmuir 94.3 – [244]

Amine-modified polyacrylamide-grafted
coconut coir pith

3.0 20 Langmuir 127.3 –

[104]
30 Langmuir 123.4 –
40 Langmuir 111.4 –
50 Langmuir 108.4 –

Dowex 3.0 30 Langmuir 109.3 –

Sawdust (SD) of rubber wood (Hevea
brasiliensis) was grafted with
polyacrylamide

3.0 20 Langmuir 144.2 –

[99]
3.0 30 Langmuir 153 –
3.0 40 Langmuir 158.7 –
3.0 50 Langmuir 166.7 –
3.0 60 Langmuir 172.4 –

As received CSC 6.0 25 Langmuir 2.2 –

[73]
CSC coated with chitosan 6.0 25 Langmuir 3.7 –
CSC oxidized with sulfuric acid 6.0 25 Langmuir 4.1 –
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Table 7 (Continued )

Adsorbents pH Temperature
(◦C)

Model used
to calculate
adsorption
capacities

Adsorption capacity (mg/g) Reference

Cr(VI) Cr(III)

CSC oxidized with sulfuric acid and coated
with chitosan

6.0 25 Langmuir 9 –

CSC oxidized with nitric acid 6.0 25 Langmuir 11 –
As received CAC 6.0 25 Langmuir 4.7 –
CAC oxidized with sulfuric acid 6.0 25 Langmuir 8.9 –
CAC oxidized with nitric acid 6.0 25 Langmuir 10.4 –

Agave lechuguilla biomass
2.0 10 Langmuir 2.5 –

[259]2.0 22 Langmuir 3.3 –
2.0 40 Langmuir 3.4 –

Fly ash 2.0 30 Langmuir 1.4
[179]Fly ash impregnated with aluminum 2.0 30 Langmuir 1.8 –

Fly ash impregnate with iron 2.0 30 Langmuir 1.7 –

Japanese ceder (Cryptomeria japonica)
3.0 30 Langmuir 71.9 –

[263]3.0 40 Langmuir 80.0 –
3.0 50 Langmuir 90.9 –

Larch bark 3.0 30 Langmuir 31.3 – [264]
Fly ash-wollastonite 2.0 25 Langmuir 2.9 [291]
Sawdust 2.0 25 Langmuir 39.7 –

[292]
Sugar beet pulp 2.0 25 Langmuir 17.2 –
Maize cob 1.5 25 Langmuir 13.8 –
Sugarcane bagasse 2.0 25 Langmuir 13.4 –
Dried Chlorella vulgaris 2.0 25 Langmuir 27.8 – [217]
Chitosan cross-linked with epichlorohydrin 3.0 25 Langmuir 11.3 – [293]
Chitosan coated on perlite 4.0 25 Langmuir 153.8 – [280]
Metal ion imprinted chitosan 5.5 25 Langmuir 51.0 –

[281]
Chitosan cross-linked with epichlorohydrin 5.5 25 Langmuir 52.3 –
Metal ion imprinted chitosan cross-linked

with epichlorohydrin
5.5 25 Langmuir 51.0 –

Chitosan cross-linked with ethylene glycol
diglycidyl ether

5.5 25 Langmuir 56.8 –

Bagasse fly ash
1.0 30 Langmuir 259.0 –

[27]
1.0 40 Langmuir 123.7 –

Activated carbon developed from fertilizer
waste slurry

2.0 27 Langmuir 371.0 –
[78]

2.0 45 Langmuir 173.0 –

Blast furnace slag
1.0 30 Langmuir 1.45 –

[181]
1.0 40 Langmuir 1.76 –

Activated carbon obtained from black liquor lignin
7.0 25 Langmuir 40.0–56.0

[66]
3.0 25 Langmuir 80.0–92.6

Cement kiln dust – – Langmuir 33.3 – [204]
Activated carbon, F 6.0 25 Langmuir 7.3

[67]Activated carbon, F10 6.0 25 Langmuir 10.7
Activated carbon, F120 6.0 25 Langmuir 19.2
B
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rown coal, KK 3.0 25

Hazelnut shell activated carbon was developed from Corylus
vellane species for Cr(VI) removal from water [90]. Cr(VI)
dsorption was best achieved in the pH range of 1.0–2.0. The
aximum adsorption capacity calculated using Langmuir model
as 170 mg/g at pH 1.0. Under acidic conditions Cr(VI) reduced

o Cr(III). Cornelian cherry (CC), apricot stone (AS) and almond
hells (ASC) were converted into activated carbons and used for
r(VI) removal from aqueous solution [91]. The optimum pH
as 1.0. Sorption capacities for various activated carbons were

ot reported.

Rubber wood sawdust [82], sawdust [83], eucalyptus sawdust
84] were converted to activated carbons. Sawdust carbons were
haracterized and used for Cr(VI) [82,83] and Cr(III) [84] reme-

(
t

C

Langmuir 47.83
[153]

Langmuir 50.95

iation. Karthikeyan et al. [82] examined Cr(VI) adsorption onto
ctivated carbon from Hevea brasiliensis (rubber wood) saw-
ust. Cr(VI) removal peaked at pH 2.0. Langmuir, Freundlich
nd Temkin isotherms were used to describe the adsorption equi-
ibrium data. Maximum adsorption in acidic pHs indicated that
n increase in the surface H+ ion concentration resulted in strong
lectrostatic attractions between the surface and chromate ions.
o consideration was given to the reduced Cr(III). Bishnoi et al.

83] concluded that the improved chromium removal at low pH

2.0) by sawdust activated carbon was due to Cr(VI) reduction
o trivalent chromium. No adsorption capacity was reported.

Eucalyptus sawdust was converted into activated carbon by
O2 [84]. These carbons were then treated with concentrated
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0 wt.% HNO3 at 80 ◦C to obtain and the corresponding oxi-
ized carbons were used for Cr(III) remediation. HNO3 oxida-
ion enhanced the ability to retain Cr(III) due to a significant
ncrease in oxygenated surface groups. Other non-acidic func-
ions, which evolve CO upon temperature programmed desorp-
ion, contributed to Cr(III) uptake. Significant adsorption into
he micropores took place although oxidation of the active car-
ons leads to a narrowing of the average micropore widths.

Casurina equisetifolia leaves. C. equisetifolia leaves were
arbonized and then activated with sulfuric acid (1:1), a phos-
hate salt (10%) or zinc chloride (25%) [92]. Different tem-
eratures were employed to get these activated carbons [92],
hich were then used to remove Cr(VI). Data were fitted with

he Freundlich model. Adsorbed chromium was 65–80% des-
rbed by alkali followed by acid treatments. Carbon recycling
as achieved without changing in the sorption efficiency. Rice
usk-based activated carbons were prepared using KOH and
aOH as activation agents [93]. The porous carbon prepared
ith KOH (RHCK) had higher surface area (3000 m2/g) than the

arbon (2500 m2/g) prepared using NaOH. Reduction of Cr(VI)
nto Cr(III) was not considered at low pH. Neither data set was

odeled by Langmuir/Freundlich equations nor were the max-
mum sorption capacities (monolayer) determined. Chromium
emoval by rice hull-based activated carbon (RHAC) and Cal-
on’s F-400 was investigated [87]. Chromium was successfully
emoved only by F-400.

A variety of activated carbons in powder and granular form
ere developed from leather, olive stone, almond shells by
ifferent activation procedures [94]. These carbons were used
or Cr(VI) removal. The porous texture of the activated car-
ons was characterized by adsorption of N2/77 K and methy-
ene blue/298 K. Cr(VI) adsorption increased with increasing
H and initial Cr(VI) concentration. At pH < 1.0, the retention
f Cr(VI) was due to its reduction to Cr(III). The lower the
H the greater the reduced tendency. The extent of adsorption
nd reduction depended on the porous texture, and procedure
sed to prepare the activated carbons. Physical activation gives
he best performance. Cr(VI) removal by carbonaceous adsor-
ents produced from pyrolysis/activation of waste tires (TAC),
yrolysis of sawdust (SPC) and a commercially available car-
on (F400) was investigated [85]. Pyrolysis was carried out
t a heating rate of 20 ◦C/min for 2 h to reach the pyrolysis
emperature (900 ◦C). After pyrolysis, the product was acti-
ated by CO2 at 900 ◦C for 2 h. The sawdust was pyrolyzed
t 650 ◦C at the same conditions used for tires. Maximum
dsorption occurred at pH 2.0 for all carbons (Table 7) because
r(VI) was adsorbed as HCrO4

− which predominates between
H 1.0 and 4.0. Reduction of Cr(VI) to Cr(III) was not con-
idered. The sorption data were modeled using the Langmuir
sotherm.

Activated carbons prepared from co-mingled natural organic
astes [95] and a commercially available carbon (Norit) were
sed for Cr(III) removal. Total chromium uptake by the co-

ingled waste activated carbon was higher then by Norit acti-

ated carbon under similar conditions (1.09 and 1.01 mmol/g,
espectively, at 30 ◦C) (Table 7). The operating adsorption
echanism at pH 3.7 was a rapid ion exchange of aque-

C
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us chromium ions followed by their surface hydrolysis and
low chemisorption and/or an outer-sphere complexation. The
rst hydrolytic species probably converts to inner-sphere com-
lexation with time. Cr(VI) removal from aqueous medium
y cow dung activated carbon was achieved [86]. Cow dung
as carbonized and activated by treating with concentrated
2SO4 and heating for 24 h at 120 ◦C. At lower pH (<3.5),

his carbon removed ∼90% of Cr(VI) present at 5 ppm in
synthetic aqueous solution. No adsorption mechanism was

xplored.
Activated carbon produced by graphite electrode arcing in

n inert atmosphere was employed for aqueous Cr(VI) and
r(III) removal [96]. This carbon selectively removed hexava-

ent chromium anions from solution, whereas, little or no uptake
f [Cr(III)] was observed versus solution pH.

High BET surface area activated carbons with well-developed
orosity by pyrolysis of H3PO4-impregnated lignin precipitated
rom kraft black liquors. These lignin-derived carbons were
sed for Cr(VI) remediation [66]. H3PO4/lignin (w/w) impreg-
ation ratios between 1 and 3 and activation temperatures of
50–600 ◦C were used. Higher activation temperatures and the
mpregnation ratios widen the pore structure, producing a higher
ontribution of mesoporosity. Impregnation ratios of ∼2 and
ctivation temperatures around 425 ◦C were recommended as
he best operating conditions to prepare activated carbons for
hromium remediation.

. Low cost adsorbents

.1. Agricultural by-products and seeds

Agricultural wastes have been applied as adsorbents for
exa and trivalent chromium remediation from water. The
ost commonly used agricultural by-products include sawdust

97–100,102], coir pith [102–104] straw [105], husks [106], leaf
ould [107], wheat bran [108], cork powder [109], fruit gum

ust [110], sugar beet pulp [111], rice bran [112], rice hulls
113], bark [114], and nut shells [115].

Tamarindus indica seeds (TS), crushed coconut shells
CS), almond shells (AS), ground nut shells (GS) and wal-
ut shells (WS) were used for Cr(VI) removal [115]. Hex-
valent chromium sorption capacity followed the sequence
TS) > (WS) > (AS) > (GS) > (CS) (Table 7). Cr(VI) sorption by
S decreased with rising pH, and dropped slightly with higher

onic strengths. Cr(VI) removal occurred by chemisorption on
S. Desorption of Cr(VI) from Cr(VI) laden TS was quite

avored by NaOH versus distilled water and HCl. Whether
r(VI) adsorption occurred as chromate anions or reduced
r(III) at low pH is not known. Recently, baggase, charred rice
usks, activated charcoal and eucalyptus bark (EB) were tested
or chromium removal [114]. EB provided the highest Cr(VI)
emoval capacity. The maximum Cr(VI) adsorption occurred at
H 2.0. The sorption capacity was 45 mg/g of adsorbent at a

r(VI) concentration of 250 mg/L in the effluent.

The anion exchange properties of soybean hulls after quat-
rnizion with N-(3-chloro-2-hydroxypropyl) trimethylammo-
ium chloride, in a strongly alkaline environment was inves-
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igated [113]. This modification converted the hulls to an anion
xchanger. Modified hulls exhibited a larger uptake of anions
ompared with the unmodified hulls.

Raw rice bran adsorbed chromium and nickel from aqueous
olutions [112]. Capacities were calculated using the Freundlich
sotherm (Table 7). Cr(III), Cu(II) and Zn(II) were all removed
rom aqueous solution by carrot residues [116]. These lignocel-
ulosic residues contained up to 12% of the weight of the original
ruit. Metals cations were bound by carboxylic acid and pheno-
ic groups. The Freundlich and Langmuir models described the
orption equilibria of Cr(III), Cu(II) and Zn(II). No adsorption
echanism was discussed.
An adsorbent from sugar beet pulp by iron(III) hydroxide

oading was used for Cr(VI) removal [111]. Sugar beet pulp
as subjected to saponification, ferric chloride impregnation,
ydrolysing and heating. Cr(VI) adsorption and reduction to
r(III) occur using sugar beet pulp-based materials. Cr(VI)

eacts with organic matter leached from pulp to produce Cr(III).
he following reduction mechanism was proposed

CrO4
− + organic matter + H+ → Cr3+ + H2O (12)

r

rO4
2− + CO2 (and/or oxidized products) (13)

awdust, rice husks, coir pith, charcoal and vermiculite
ere used for aqueous Cr(VI) removal [102]. Cr(VI) adsorp-

ion capacities followed the order sawdust = coir pith > rice
usks > charcoal and vermiculite (Table 7). Chromate anions
nd reduced Cr(III) both adsorbed but no quantification of
r(VI) and Cr(III) was attempted. Formaldehyde and sulfuric
cid-treated Indian Rosewood sawdust, a timber industry waste,
as employed for Cr(VI) adsorption [117]. Maximum removal
ccurred at an initial pH of 3.0. Neither sorption capacities nor
he sorption mechanisms were reported.

Heavy metals removal using alkali-treated straw (ATS) and
nsoluble straw xanthate (ISX) were explored [118]. Insoluble
traw xanthate consisting of 4.1% total sulfur was also applied
or the simultaneous removal of several metal ions. Potentiomet-
ic data from alkali-treated straw and xanthated straw confirmed
heir polyfunctionality. Diffuse reflectance IR (DRIFT) spec-
ra of ISX exhibited characteristic xanthate peaks. Removal of
r3+ from aqueous solutions using ATS and ISX followed the
angmuir model and both the materials removed >80% of the
hromium. Pore adsorption preceded the surface adsorption with
hromate and dichromate. Detailed spectroscopic (DRIFT and
PR) and sodium release studies conducted on ISX suggested

hat Cr3+ is removed through an adsorption-exchange mecha-

ism involving alkoxide or xanthate groups. Xanthate groups
ind Cr3+ aqua complexes via unidentate monosulfur chelation.
asic groups on ATS and ISX participated in the interaction
ith Cr3+. Removal of Cr3+ via an ion-exchange route takes
lace according to the following reactions:

(–CH2O–Na+) + Cr3+ → (–CH2O)3Cr + 3Na+ (14)

[
t
o
o
d
c
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(–CH2OCS2
−Na+) + Cr3+ → (–CH2OCS2)3Cr + 3Na+

(15)

CH2O−Na+ + Cr3+ → –CH2OCr2+ + Na+ (16)

CH2OCS2
−Na+ + Cr3+ → –CH2OCS2Cr2+ + Na+ (17)

–CH2O−Na+ + [Cr(H2O)6]3+

→ –CH2O−Cr(H2O)5
2+ + Na+ + H2O (18)

–CH2OCS2
−Na+ + [Cr(H2O)6]3+

→ –CH2OCS2–Cr(H2O)5
2+ + Na+ + H2O (19)

hree equivalents of Na+ are released into solution (Eq. (15))
or each Cr3+ exchanged. One equivalent of Na+ was released
or each Cr3+ exchanged (Eqs. (16) and (17)). However, the
xchange ratio for ATS and ISX was close to one. This indi-
ates that exchange took place according to Eqs. (16) and (17).
f Cr3+ is considered to exist as [Cr(H2O)6]3+ in aqueous solu-
ions, Eqs. (16) and (17) can be rewritten as Eqs. (18) and (19).
Cr(H2O)6]3+ was exchanged as a dicationic aqua species with
he participation of –CH2O−Na+ or –CH2OCS2

−Na+.
Polymer-grafted sawdust was synthesized and used it for

r(VI) removal from aqueous solution [97]. An empirical rela-
ionship was obtained to predict the percentage Cr(VI) removal
t any time for known values of adsorbent and initial adsor-
ate concentration. Other ions had little effect on the sorption
f Cr(VI). The data fitted the Freundlich model. This adsorbent
as effectively regenerated using 0.2 M NaOH and 0.5 M NaCl.
ariations in adsorption were explained by taking into account

his adsorbent’s affinities for the different Cr(VI) species of coex-
sting at acidic pH (Cr2O7

2−, HCrO4
−, Cr3O10

2−, Cr4O13
2−).

bove pH 8.0, only CrO4
2− is stable. As the pH decreased to

.0–6.0, the equilibrium shifts to dichromate according to the
verall equilibrium:

CrO4
2− + 2H+ ⇔ Cr2O7

2− + H2O (20)

t lower pH values, Cr3O10
2− and Cr4O13

2− species are formed.
n summary, decreasing of the pH resulted in the formation of
ore polymerized chromium oxide species.
At the pH of highest sorption efficiency (pH 3.0), the dom-

nant species were HCrO4
− and Cr2O7

2−. Thus, HCrO4
− and

r2O7
2− are most easily exchanged with Cl− from the periph-

ral –NH3
+Cl− groups present in the polymer-grafted sawdust.

r3O10
2− and Cr4O13

2− were also formed at highly acidic
H (<2.5) but were difficult to exchange with Cl− ions from
he adsorbent surface with difficulty. The adsorption capacities
ecreased with increase in temperature (Table 7).

Maple sawdust was also utilized for Cr(VI) remediation
101]. Adsorption increased in the pH range of 3.0–10.0. Sorp-
ion was explained in terms of the pHzpc (zero point of charge)

f the adsorbent. The pHzpc of sawdust was 6.0. Surface charge
f the adsorbent is positive at pH < 6.0. At pH < pHzpc, the pre-
ominant metal species [Mn+ and M(OH)(n−1)+] are positively
harged. Therefore, uptake of metals at pH between 2.0 and 6.0
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s a H+–Mn+ exchange process. The possible sites on sawdust for
pecific adsorption include groups which are the source of H+

ons (· · ·C6H5· · ·OH and · · ·COOH functional groups) where
rotons can be exchanged for cations:

· · ·COOH + Mn+ → S· · ·COOM(n−1)+ + H+ (21)

· · ·C6H5· · ·OH + Mn+ → S· · ·C6H5· · ·OM(n−1)+ + H+

(22)

S· · ·COOH + M(OH)(n−1)+

→ S· · ·COOM(OH)(n−2)+ + H+

(23)

S· · ·C6H5–OH + M(OH)(n−1)+

→ S· · ·C6H5· · ·OM(OH)(n−2)+ + H+ (24)

denotes the surface. Adsorption is not exclusively due to the
· ·COOH and phenolic –OH groups. Other sites also contribute.
n an acidic medium, sawdust’s amide group’s protonate, gen-
rating net surface positive charge. Surface protons are also
xchanged with positively charged sorbate species leading to
etal ion coordination. A small increase in adsorption occurred

t pH > pHzpc. The surface becomes negatively charged while
he sorbate species are still positively charged. Thus, the elec-
rostatic attraction between sorbate and adsorbent causes metal
on adsorption. At lower pH, the higher proton concentration
ompetes with the M2+ ions for adsorption sites. This reduces

etal ion sorption. The decrease in adsorption at still higher

H was due to the formation of soluble hydroxyl complexes.
hosphate-treated and -untreated sawdust was exploited [98]
or aqueous Cr(VI) removal. Almost 100% Cr(VI) removal was

Fig. 5. Preparation of carboxylated polyacrylamide-grafted sawdust and its ir
ardous Materials B137 (2006) 762–811

achieved in the pH range <2.0 for the initial Cr(VI) concentra-
tion of 8–50 mg/L. Furthermore, 100% removal of Cr(VI) from
synthetic wastes as well as from electroplating waste containing
50 mg/L Cr(VI) was achieved by both batch and column pro-
cesses. The Cr(VI) adsorbed on phosphate-treated sawdust was
recovered (87%) using 0.01 M sodium hydroxide.

The iron(III) complex of a carboxylated polyacrylamide-
grafted sawdust proved to be an effective adsorbent for the
removal of aqueous Cr(VI) [99]. Sawdust of rubber wood (Hevea
brasiliensis) was grafted with polyacrylamide. About 20.0 g
of dried sawdust (1) was treated with 300 mL of a solution
containing 5.0 g of N,N′-methylenebisacrylamide (2) and per-
oxydisulfate (2.0 g). Next, 7.5 g of acrylamide (3) was added,
and the mixture was refluxed at 70 ◦C. The polyacrylamide-
grafted sawdust (PGSD) was washed with water and dried at
80 ◦C. The desired carboxylate-functionalized polymer product
was produced by refluxing PGSD with ethylenediamine [(en)2]
in toluene and then with succinic anhydride in 1,4-dioxane at
pH 4.0 After reaction, carboxylic-acid-bound PGSD (PGSD-
COOH) was separated, washed with 1,4-dioxane and ethanol
and dried. PGSD-COOH was sieved to obtain −80 to +230 mesh
size particles. The production of and structure of PGSD-COOH
is represented in Fig. 5.

The carboxylate group loading in PGSD-COOH was
2.03 mmol/g. Maximum Cr(VI) removal (>99.0%) by PGSD-
COOH took place at an initial Cr(VI) concentration of 25.0 mg/L
in the pH range 2.0–3.0. Unsaturated coordination sites on
the polymeric Fe(III) complex were the adsorption sites for

−
Cr(VI) species (predominant species was HCrO4 ). Adsorption
isotherm data were interpreted by the Langmuir and Freundlich
equations. Cr(VI) uptake increased from 144.20 mg/g at 20 ◦C
to 172.74 mg/g at 60 ◦C. Kendu fruit gum dust (KGD) was also

on(III) complex. Source: Unnithan and Anirudhan [99] with permission.
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ested for Cr(VI) removal from aqueous solutions [110]. As
xpected, at low pH Cr(VI) adsorption was high. The presence
f cyanide ion decreased the Cr(VI) adsorption efficiency of the
GD. Only ∼20% loss of efficiency occurred after six cycles.
hermogravimetric analysis of original KGD and the frust KGD
ith adsorbed Cr(VI) suggested the thermal stability of KGD

ncreased due to metal ion adsorption.
Coir pith solid waste was investigated for Co(II), Cr(III)

nd Ni(II) adsorption in both single and multicomponent sys-
ems [103]. The optimum pH value for maximum chromium
emoval was 3.3. The Langmuir model fit the data better than
reundlich model. The maximum coir pith sorption capac-

ty was 11.56 mg Cr/g. The amine-modified polyacrylamide-
rafted coconut coir pith carrying –NH3

+Cl− functional groups
t the chain end (PGCP–NH3

+Cl−) was also examined for aque-
us batch Cr(VI) removal [104]. Grafting polyacrylamide onto
he coir pith improved this adsorbent’s thermal stability and
nhanced the apparent activation energy for the thermal degra-
ation of PGCP–NH3

+Cl−. Adsorbent crystallinity and mor-
hology were examined using XRD and SEM. The decrease in
rystalline domains in PGCP–NH3

+Cl− results in the loss of ten-
ile strength of the grafted chain. This enhances the free mobility
rafted chain. Maximum Cr(VI) adsorption (99.4%; 12.43 mg/g)
as achieved at an initial concentration of 25.0 mg/L Cr(VI) at
0 ◦C, pH 3.0, and an adsorbent concentration of 2.0 g/L. The
r(VI) sorption kinetics were described by a pseudo-second-
rder kinetic model. Quantitative removal of 22.7 mg/L Cr(VI)
n 50 mL of electroplating industry wastewater by 125 mg of
GCP–NH3

+Cl− was achieved at pH 3.0.
Polysaccharides bound to bacteria or in isolated form can bind

eavy metals. Ocimum basilicum seeds, which swell upon wet-
ing, could serve as natural immobilized source of agriculturally
ased polysaccharides [119]. The seeds consist of an inner hard
ore and a pectinous fibrillar outer layer. Pre-treating the seeds
ith acid, alkali, periodate or boiling in water altered the metal
inding capacity. Of these various treatments, seeds boiled in
ater were superior in terms of mechanical stability and exhib-

ted optimal Cr(VI) uptake kinetics. The maximum adsorption
apacity at pH 1.5 as calculated from the Langmuir isotherm
as 205 mg Cr/g dry seeds. Sorption was not affected by the
resence of other metal ions such as Cd2+, Cu2+, Ca2+ and Na+.
aneshvar et al. [120] reported the reduction of Cr(VI) to Cr(III)

ollowed by Cr(III) adsorption. A high efficiency for reduction
f Cr(VI) to Cr(III) took place at pH < 1.0. Cr(VI) also adsorbed
n soya cake at pH < 1.0.

Cr(VI) from synthetic and actual electroplating wastewaters
as removed by Fe-modified steam exploded wheat straw (Fe-
EWS) [105]. Removal of Cr(VI) was higher at pH ≤ 3.0. The
emoval was ∼96%. No attempts were made to explain the
orption mechanism. Wool, olive cake, sawdust, pine needles,
lmond shells, cactus leaves and charcoal were employed to
emove Cr(VI) [100]. The influence of pH, contact time, metal
oncentration, adsorbent nature and concentration on the selec-

ivity and sensitivity of the removal process was investigated.
r(VI) adsorbed as HCrO4

−. No measurements were made to
heck if there was any reduction of Cr(VI) into Cr(III). Further,
r(III) was not adsorbed at pH ≤ 3.0 because positive Cr(III)
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ons were repulsed by positively charged active centers on the
dsorbents. Therefore, Cr(III) adsorption was carried out at pH
.0. At this pH, the number of negatively charged groups on the
dsorbent matrix increased and enhanced the Cr(III) removal
y columbic attraction. Cr(III) adsorption capacities were not
eported.

Eromosele et al. [106] utilized shea butter (Butyrospermum
arkii) seed husks for aqueous Cr(III) removal. The effects of
gitation and counter-ions on the sorption process were inves-
igated. Sorption was enhanced by a factor of 2 by agitation
ut was independent of its speed. Addition of isopropanol to
queous solutions of Cr(III) ions depressed Cr(III) adsorption.
arboxymethylation of the seed husk reduced its adsorptive
apacity for Cr(III) ion by 60%. Sharma and Forster [107] tried
sing leaf mould as biosorbent for the treatment of wastewaters
ontaminated with Cr(VI) in a column system. The results were
ompared with an activated carbon column. Both columns were
perated at a pH of 2.5 and a flow-rate of 74 mL/min. Cr(VI)
dsorption capacities of the leaf mould were only 26 mg/g com-
ared to 76 mg/g for the activated carbon. The leaf mould caused
ittle or no reduction of Cr(VI) and produced an effluent with
ery low concentration of Cr(III). The activated carbon, on the
ther hand, reduced a lot of chromium.

Dupont and Guillon [108] utilized a lignocellulosic substrate
erived from the industrial treatment of wheat bran as an adsor-
ent. The air-dried, coarsely powdered wheat bran (30 g) was
ubjected to acid hydrolysis by 2 mol/L H2SO4 (1:1 (w/w) dry
atter, at 100 ◦C for 30 min) to remove starch, proteins, and

ugars. This was followed by alkali treatment with 0.5 mol/L
aOH (5:1 ratio of bran/sodium hydroxide, stirring for 24 h at

oom temperature) to remove the low molecular weight lignin
ompounds after filtration. The solid was stirred with 0.04 mol/L
NO3 in order to protonate all acidic sites and then it was washed
ith deionized water until the pH reached a constant value close

o neutrality. Adsorption consumed a large number of protons
ccompanying the reduction of Cr(VI) into Cr(III). Concur-
ent oxidation of lignin moieties took place during chromium
eduction. This led to the formation of hydroxyl and carboxyl
unctions. The latter contribute to an increase in the number
f ion-exchange sites for the reduced chromium. The maxi-
um adsorption capacity for Cr(VI) was ∼35 mg/g in an acidic
edium.
Trivalent chromium biosorption was investigated on cork

owder [109]. Chromium was reduced from 10 mg/dm to less
han 1.5 mg/dm in 2 h at 22 ◦C using a solid–liquid ratio of
g/dm. Fifty percent of the chromium bound to the cork was
luted using 0.5 mol/dm H2SO4 and that cork maintained its
inding capacity over four biosorption/elution cycles.

.2. Zeolites

Zeolites are crystalline, hydrated aluminosilicates of alkali
nd alkaline earth cations, having infinite, three-dimensional

tructures [121,122]. Zeolites have been received increasing
ttention for pollution control. There are more than 30 natural
eolites known. Only seven (mordenite, clinoptilolite, chabazite,
rionite, ferrierite, phillipsite, and analcime) occur in sufficient
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Table 8
Concentration of chromium after adsorption on maghemite nanoparticles at pH
2.5 and desorption [126]

C0 After adsorption After desorption

Ce,Cr Ce,Cr(VI) Ced,Cr Ced,Cr(VI)

50 2.8 2.8 34.8 34.1
100 34.3 34.2 53.5 53.0

C0 represents the initial concentration of adsorbate; Ce represents the equilib-
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uantity and purity to be considered exploitable. Kesraoui-Ouki
t al. [123] published a review of natural zeolite utilization in
etal effluent treatment applications. Zeolites, modified by ion

xchange, can be used for adsorption of different metal ions.
ovarrubias et al. [124] examined Cr(III) removal by columns
acked with zeolite and activated carbon. Cr(III) exchange in
3× zeolite was optimized using the mass transference approach
124]. Cr(III) exchange in the zeolite was predominantly con-
rolled by diffusion into the particle. The optimum pH was 3.5.

mixed system of columns in series (activated carbon + zeolite)
ncreased the removal, principally due to the adsorption of dis-
olved organic matter (COD) onto the carbon column and to a
esser extent to the retention of chromium and interfering ions.

.3. Nano-technology

Nanoporous materials are defined as those materials having
ore diameters less than 100 nm. Nanoporous materials, a sub-
et of nanostructured materials possess unique surface, structural
nd bulk properties that underline their important uses in var-
ous fields such as ion exchange, separation, catalysis, sensor,
iological molecular isolation and purifications [125]. During
he last decade, considerable effort has been made in the syn-
hesis, characterization, functionalization, molecular modeling
nd design of nanoporous materials due to their extremely small
ize and large specific surface area. Nano-adsorbents [126–128]
ere also studied for aqueous chromium remediation.
Hu et al. [126] developed a method combining nanoparti-

le adsorption and magnetic separation for the removal and
ecovery of Cr(VI) from wastewater. Maghemite nanoparticles
ere prepared by developing the existing sol–gel method from

128]. Equilibrium was reached within 15 min and was inde-
endent of initial Cr concentration. The maximum adsorption
ccurred at pH 2.5. The adsorption data were fitted well by Fre-
ndlich isotherm. Competition from common coexisting ions
uch as Na+, Ca2+, Mg2+, Cu2+, Ni2+, NO3

−, and Cl− was
nsignificant, which illustrated the selectivity towards aqueous
r(VI). Maghemite nanoparticles were used for six-successive
dsorption–desorption cycles. An analysis of the chromium con-
ents in solution and on the particle surface was performed
o see if any chemical redox reaction occurred during adsorp-
ion. Dissolved hexavalent chromium was determined by the
iphenylcarbazide method. Then the concentration of any exist-
ng Cr(III) was taken to be the difference between the total
hromium and Cr(VI). Specifically, an aqueous sample was
njected onto a high capacity anion exchange column where
r(VI) as CrO4

2− was retained and then eluted with an alka-
ine sulfate eluent. After this separation, a diphenylcarbazide
olor indicator was added to the eluent system, which flowed
hrough a photometric detector. The reagent formed a colored
omplex with Cr(VI), detected by photoadsorbance at 530 nm.
r(VI) was measured in this way and total Cr was determined
y ICP. The concentration of Cr(VI) always equaled that of total

r (Table 8), demonstrating that the chromium oxidation state

n solution never changed after adsorption. This conclusion con-
radicts other mechanisms where Cr(VI) reduction into Cr(III),
ollowed by adsorption, was the dominant mechanism. The Cr-

E
t
t
a

ium concentration after adsorption; Ced represents the equilibrium concentra-
ion after desorption. All units are expressed in mg/L.

oaded maghemite particles were characterized by XRD, XPS,
nd Raman spectroscopy techniques after Cr(VI) adsorption at
ifferent pHs. XRD showed that Cr-adsorbed particles matched
ell with standard �-Fe2O3. Other crystalline phases did not

ppear after adsorption. XPS study confirmed the Cr 2p3/2 and
r 2p1/2 peaks, respectively, centered at 579.8 and 587.2 eV,
elonged only to Cr(VI). Thus, no chemical redox to Cr(III)
ccurred.

The effectiveness of surface-modified jacobsite (MnFe2O4)
anoparticles for Cr(VI) removal and recovery from synthetic
astewater was examined [127] examined. Ten nanometer diam-

ter modified MnFe2O4 nanoparticles were produced using a co-
recipitation method followed by a surface redox reaction. The
quilibrium time for Cr(VI) adsorption onto modified MnFe2O4
anoparticles was 5 min. The adsorption data fit the Langmuir
odel well. The maximum uptake of 31.5 mg Cr(VI)/g of mod-

fied MnFe2O4 was obtained at pH 2.0. The adsorption mecha-
isms for Cr(VI) onto modified MnFe2O4 nanoparticles were a
ombination of electrostatic interactions and ion exchange. This
as determined by X-ray diffraction and X-ray photoelectron

pectroscopy.

.4. Organic resins

Both commercial [10–12,129–135] and synthetic organic
esins [136] were investigated for chromium remediation.

Wartelle and Marshall [136] converted soybean hulls, sug-
rcane bagasse and corn stover to functional anion exchange
esins using dimethyloldihydroxyethylene urea (DMDHEU)
nd choline chloride. The modification method was optimized
sing soybean hulls as a substrate. This optimized method was
dditionally used to modify sugarcane bagasse and corn stover.
hromate ion adsorption suggested that modification with both
MDHEU and choline chloride was required for the highest

fficiencies. Adsorption capacities of the modified by-products
ere 1.97, 1.61 and 1.12 mmol/g for sugarcane bagasse, corn

tover and soybean hulls, respectively (Table 7). Competitive
dsorption experiments were performed at 10 and 50 times the
S Environmental Protection Agencies (US EPA) concentra-

ion limits for chromium in a simulated wastewater at pH 7.0.
stimated product costs for the three resins ranged from $ 0.88
o 0.99 kg−1 were considerably lower than the market costs for
he two commercial anion exchange resins QA-52 and IRA-400
lso used in this study. No mechanism was provided.
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ions increased with increasing specific surface area, micropore
volume, and surface functionalities of ACFs as the activation
time increases. Cr(VI) adsorption mechanisms on ACFs were
not proposed. The sorption capacities were evaluated (Table 7).
D. Mohan, C.U. Pittman Jr. / Journal of

Gode and Pehlivan [131] explored Cr(VI) adsorption on
acroporous resins containing tertiary amine groups (Lewatit
P 62 and Lewatit M 610). As expected, the sorption increased
ith the decrease in pH and slightly decreased with the

ncrease in temperature. The maximum sorption capacity of
.40 mmol Cr(VI)/g for Lewatit MP 62 and 0.41 mmol Cr(VI)/g
or Lewatit M 610 was achieved at pH of 5.0. Cr(VI) adsorption
n the resin was attributed to chromate adsorption. No attempts
ere made to quantify the reduced Cr(III) and chromates at low
H.

Uncalcined hydrotalcite ([Mg2Al(OH)6]2CO3·3H2O), an ion
xchange resin was used for Cr(VI) remediation [135]. A Fre-
ndlich isotherm, was used to describe sorption equilibrium
Table 7). As expected the process was highly pH dependent,
nly yielding significant Cr(III) removal at pH 2.0–2.1. Alguacil
t al. [129] used amberlite IR-120 resin [a sulfonic acid func-
ionalized styrene–DVB resin with an exchange capacity of
.4 mequiv./g (dry)]. Amberlite IR-120 has a maximum operat-
ng temperature of 120 ◦C and a particle size of 0.45–0.60 mm;
welling: 5–7%. Cr(III) was removed from acidic waste solu-
ion by batch and column methods. A maximum adsorption of
7.7 mg/g Cr(III) was achieved. The Langmuir isotherm ade-
uately described the equilibrium relation between the resin and
iquid phases, whereas the chromium adsorption kinetics was
lm-diffusion controlled.

Solvent impregnated resin (SIR) was prepared by impregnat-
ng Amberlite XAD-7 with Aliquat 336 as an extractant and ace-
one as the solvent. A wet impregnation technique was used. The
IR was investigated for Cr(VI) remediation [134]. Three differ-
nt concentrations, 0.5, 1.0 and 2.0 g Aliquat 336 g−1 Amberlite
AD-7, were prepared in two different size ranges: 300–401

nd 553–711 �m. Cr(VI) removal decreased at an equilibrium
H below 4.0. Two solvent impregnated resins have also been
repared by wet-impregnation using Diaion HP-20 and HP-
MG matrices [133]. Diaion HP-20 possessed a hydropho-
ic styrene–divinylbenzene resin structure whereas HP-2MG
as a hydrophilic methacrylic-based resin. Aliquat 336 was

mployed as the extractant and acetone as the impregnation sol-
ent. Impregnated resins containing Aliquat 336 were effectively
sed for Cr(VI) removal. The data were fitted to the Langmuir
dsorption model. Increasing the impregnation ratio from 0.5 to
.0 (g Aliquat 336 g−1 polymer adsorbent) increased the break-
hrough capacity in a column-mode sorption study. The Cr(VI)
dsorbed by these SIRs was quantitatively desorbed using aque-
us 0.1 M NaOH–0.1 M NaCl mixture.

Ion exchange resins 1200H, 1500H, IRN97H, IRN77 and
KN1 were utilized for Cr(VI) remediation [11,13]. IRN77 was
lso used for Cr(III) adsorption [12]. The sorption process exhib-
ted maximum removal in the pH range 2.0–6.0. The metal ion
dsorption followed linear, Langmuir and Freundlich isotherms.
he reported Freundlich sorption capacities were 35.38 and
6.34 mg/g for IRN77 and SKN1 resins, respectively. The uptake
y these ion exchange resins was reversible so they exhibit good

otential for the removal/recovery of chromium from aqueous
olutions.

Similarly, Gode and Pehlivan [130] remediated Cr(III) with
acroporous resins containing iminodiacetic acid (IDA) groups

F
[

ig. 6. Adsorption of Cr(III) species on the APANFs. Source: Denga and Bai
137].

Lewatit TP 207 and Chelex-100). Both of these sorbents had
igh bonding constants with Lewatit TP 207 showing stronger
inding. Maximum sorption capacities of 0.288 mmol Cr(III)/g
or Chelex-100 and 0.341 mmol Cr(III)/g for Lewatit TP 207
ere achieved at pH of 4.5.

.5. Fibers

Cr(III) and Cr(VI) were removed using synthesized aminated
olyacrylonitrile fibers (APANFs) [137]. Significant amounts of
r(III) and Cr(VI) species were adsorbed by the APANFs. The
dsorptions were dependent on solution pHs. Cr(III) adsorption
ncreased and Cr(VI) decreased with the increase of the solu-
ion pH values. X-ray photoelectron spectroscopy and Fourier
ransform infrared spectroscopy suggested that Cr(III) adsorp-
ion on APANFs was attributed to the formation of surface
omplexes between the nitrogen atoms on the APANFs and the
r(III) species adsorbed. On the other hand Cr(VI) adsorption
n the APANFs was effected through the formation of hydrogen
onds at high solution pH values or through both electrostatic
ttraction and surface complexation at low solution pH values
Figs. 6 and 7). Cr(VI)-adsorbed APANFs was regenerated in a
asic solution and reused almost without any loss of the sorption
fficacy while the Cr(III)-adsorbed APANFs needed regenera-
ion in an acidic solution and it was less effective.

Sorption properties of activated and oxidized pitch-based
ctivated carbon fibers (ACFs) were applied to Cr(III) and
r(VI) removal [138]. Steam activation was conducted at 900 ◦C

or 30 min (ACF30M) and 45 min (ACF45M), respectively
H2O/N2 volume ratio: 0.44). Oxidation of dry ACFs with boil-
ng 1 M nitric acid was carried for 2 h. Surface carboxyl groups
ere created by nitric acid oxidation. The affinity for chromium
ig. 7. Adsorption of Cr(VI) species on the APANFs. Source: Denga and Bai
137].
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Cr(III) and Cr(VI) adsorption on electrolyses Cu-plated acti-
ated carbon fibers (ACFs) was performed [139]. ACFs were
haracterized by pH, acid/base values, and BET (N2/77 K)
sotherm adsorption. Electroless copper plating significantly
ecreased the surface acidity in well-developed micropores of
CFs. The Cr(III) adsorption increased with the introduction of
opper on ACFs, whereas Cr(VI) adsorption decreased. This was
ttributed to the formation of copper oxides on the ACFs which
ncreased the surface basicity. This enhanced Cr(III) adsorption
nd suppressed Cr(VI) adsorption. The Cr(III) and Cr(VI) sorp-
ion capacities were not reported.

.6. Carbon steel

Carbon steel powder together with granular activated carbon
PCS–GAC) was explored for Cr(VI) removal from drinking
ater [140]. Authors reported that granular activated carbon

ould not be used for chromate removal from water. This was
ery surprising. There are very many reports discussed in this
eview where activated carbons possessed high chromate sorp-
ion capacities. The adsorption capacity of the carbon steel
owder was deemed high due to ferro-chromium electrochemi-
al redox processes at carbon steel surface sites.

.7. Lignite, peat, chars, and coals

Lignite and peat use for wastewater treatment has received
ncreasing attention [141,142]. They may be good substitutes for
ctivated carbons. They are plentiful, inexpensive and locally
vailable. Lignite’s properties fall between those of peat and
ituminous coal. Consolidation of peat and lignite increases
s coalification proceeds. Lignite’s densities range from 1.0
o 1.35 g/cm3. Lignites are usually amorphous and fibrous or
oody in texture. The ‘as mined’ lignite possesses water-
lled pores and capillaries and exhibits high moisture contents
30–70%). Pore diameters vary; micropores are present, lead-
ng to highly porous typical surface areas of 100–200 m2/g
143–146]. Lignite has organic and inorganic portions. A car-
onaceous continuous organic matrix contains inorganic mineral
atter distributed throughout.
Peat, a complex composed contains lignin, cellulose, fulvic

nd humic acids as its major constituents and has been recog-
ized as a natural humic substance which can trap cations. All
hese constituents carry polar functional groups such as alcohols,
ldehydes, carboxylic acids, ketones, and phenolic hydroxides
hich play roles in ion exchange and complexation during metal

on fixation from solution. Peat is generally dark brown and
xhibits a spongy texture. It is partially fossilized plant matter,
ormed in wet areas under partially anaerobic conditions where
he rate of accumulation of plant matter is greater than of decom-
osition. Decomposition is incomplete leading to the build up
f peat over time. A generalized chemical structure for a portion
f peat is given in Fig. 4.
Review articles have appeared [147–151] on the properties,
vailability, and use of peat in the control of industrial wastew-
ter pollution. Viraraghavan and Ayyaswami [151] reported
hat peat is comparable to carbon, silica, alumina, etc., in both

t
S
T
h

Fig. 8. Chelating structure of peat.

dsorption capacity and cost. The cost of peat (∼US$ 0.09 kg−1)
s lower than commercial ion exchange resins which cost US$
.40–22.00 kg−1 and activated carbon which costs around US$
.10 kg−1. Since peat is highly polar, it adsorbs large quanti-
ies of metals, which makes it competitive with other adsorbents
148,149].

Equilibrium and kinetic adsorption of Cr(III) by two brown
oals (Isparta–Yalvaç–Yarikkaya (YK) and Kasikara (KK))
ere investigated [152]. The Cr(III) ions were able to form

omplexes with carboxylic acid and phenolic groups of brown
oals. Cr(III) remained bonded with phenolic groups even at
H < 3.0. Ion exchange, complexation and adsorption to coal
urfaces were the general mechanisms in the sorption pro-
ess. High adsorption at higher pH values was due to chela-
ion of the metal ions with coal functional groups. Equilib-
ium sorption data fitted the linear Langmuir isotherm. The
aximum equilibrium uptake was 0.05 mmol Cr(III)/g for KK,

nd 0.26 mmol Cr(III)/g for YK, respectively, at a pH of 4.5
Table 1).

The ability of brown coals (leonardites) to remove
hromium(VI) from aqueous solutions was studied as a func-
ion of pH, contact time, adsorbent nature, and concentration
f metal solutions [153]. The adsorption of Cr(VI) was higher
etween pH 2.0 and 3.0 for all brown coals and maximum sorp-
ion was observed at pH 3.0. The maximum adsorption capacity
f 0.92 mmol Cr(VI)/g for YK, 0.98 mmol Cr(VI)/g for KK was
btained (Fig. 8).

.8. Hydroxide/hydrotalcite

Hydrotalcites have the structural formula [M1−x
IIMx

III

OH)2]x+Ax/n
n−yH2O, where MII and MIII denote divalent (e.g.

g, Ni, and Zn) and trivalent metals (e.g. Al, Fe, and Cr), respec-

ively [154]. An− represents interlayer anions, such as NO3

−,
O4

2−, and CO3
2−, and x typically ranges from 0.17 to 0.33.

hese materials consist of positively charged, brucite-like octa-
edral layers and a negatively charged interlayer region contain-
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ng anions and water molecules. The presence of large interlayer
paces and a significant number of exchangeable anions cause
ydrotalcites to be good ion-exchangers and adsorbents. Various
ydroxide/hydrotalcite compositions [155–158] were tested for
hromium remediation.

Das et al. [155] developed hydrotalcite-like compounds (lay-
red double hydroxides, LDHs) containing varying amounts of
l3+, Zr4+, and Zn2+ or Mg2+ in the metal hydroxide layer.
ncalcined (as-synthesized) and calcined LDHs were explored

or Cr2O7
2− and SeO3

2− removal. The mixed oxides, obtained
n calcination at 450 ◦C, exhibited high sorption capacities for
r2O7

2− (1.6–2.7 mequiv./g) and SeO3
2− (1.1–1.5 mequiv./g).

he adsorption occurred through rehydration. Substitution of
r4+ in the LDHs, for either M2+ or Al3+ ions, increased the

emoval capacity up to 20%.
de Farias et al. [156] synthesized a hybrid inorganic–organic

atrix with 4.0 mmol/g of pendant organic moiety by the
olgel condensation of tetraethylorthosilicate (TEOS) and n-
3(trimethoxysilyl)propyl]-ethylenediamine. The hybrid matrix
as used as a substrate for Cr(III) and Fe(III) adsorption from

heir aqueous chloride solutions. A maximum sorption capac-
ty of 0.56 mmol/g was achieved. No sorption mechanism was
xplored.

Cr(VI) adsorption by uncalcined and calcined Mg–Al, Ni–Al
nd Zn–Cr layered double hydroxides was investigated [157].
orption of Cr2O7

2− by the uncalcined LDH was slower and
maller amounts were removed than using the calcined LDHs.
ncalcined LDHs sorbed via ion exchange whereas calcined
DHs removed Cr(VI) by rehydration. Bi- and trivalent metal

ons in the LDHs influence the adsorption. Calcined Mg–Al
DH containing higher Al3+ contents exhibited higher adsorp-

ion capacities. Adsorption was higher using Mg–Al LDH than
ith Ni–Al and Zn–Cr LDHs. The Cr2O7

2− solution’s pH has no
ffect on sorption by calcined LDH. Release of Cr2O7

2− from
he adsorbent was dependent upon the types of anions present in
he aqueous phase. CO3

2− was the most effective at promoting
elease. Sorptive removal of aqueous Cr(VI) by calcined hydro-
alcite (Mg6Al2(OH)16CO3·4H2O) was also achieved. Hydro-
alcite’s adsorptive capacity was 120 mg Cr/g [158].

.9. Clay minerals and oxides

Clay minerals and oxides are widespread and abundant in
oth aquatic and terrestrial environments. Finally divided clay
inerals and oxides exhibit large surface areas. Clay minerals

nd oxides adsorb cationic, anionic, and neutral metal species.
hey also take part in cationic and anionic exchange processes.
heir sorption capacities, cation and anion exchange properties
nd binding energies vary widely. Many studies of Cr(III) and
r(VI) removal from water by oxides and clay minerals were

eported [159–166].
Benhammou et al. [159] investigated aqueous Cr(VI) adsorp-

ion onto Moroccan stevensite. Adsorption capacity of stevensite

as improved by saturating it with ferrous iron Fe(II) and reduc-

ion with Na2S2O4. The adsorption isotherms were described
y the Dubinin–Radushkevich model. The sorption capacity for
r(VI) increased from 13.7 (raw stevensite) to 48.86 mmol/kg

s
c
t

rdous Materials B137 (2006) 762–811 785

modified stevensite) (Table 7). Higher Cr(VI) adsorption at low
H (2.0–5.0) was due to the reduction of Cr(VI) to Cr(III) by
e(II) released from Fe-stevensite, and adsorption of Cr(III) onto

he negatively charged stevensite.
Khan et al. [162] reported Cr(III) and Cr(VI) adsorption

n bentonite. Sorption data were interpreted in terms of Fre-
ndlich, Langmuir and Dubinin–Raduskevich (D–R) equations.
ehmann et al. [163] studied chromate sorption from aque-
us solutions using synthetic granulated goethite packed-bed
olumns. The bed-depth-service-time model was applied in
rder to model the column operation. The presence of EDTA
ecreased the removal efficiency of Cr(VI) due to competition
or the same sorption sites.

Aqueous lead, nickel, chromium and copper adsorption on
alygorskite clay, mined in the Dwaalboom area of the Northern
rovince of South Africa, was studied [164]. The data fitted
etter to the Langmuir model than to the Freundlich model. The
dsorption capacity was 58.5 mg Cr(VI) g−1 at a pH of 7.0 at
5 ◦C for clay particles of 125 �m. CrO4

2− was the predominant
orm of Cr(VI) that was adsorbed by palygorskite.

.9.1. Bauxite
Bauxite is an abundant minerals, widely used for alumina

roduction by the Bayer process. Erdem et al. [167] tested heat-
reated bauxite for Cr(VI) adsorption. The maximum removal
f 64.9% was achieved at pH 2.0. At pH 2.0, the adsorbents
urfaces were highly protonated, favoring the uptake of Cr(VI)
s HCrO4

−. Authors failed to quantify reduced form of Cr(VI).

.9.2. Titanium(IV) oxide
Tel et al. [165] explored a hydrous titanium(IV) oxide for

r(III) and Cr(VI) removal in batch mode. More than 99% of
r(VI) was removed whereas less than 1% Cr(III) was adsorbed
t pH 2.0. The Cr(VI) sorption data on hydrous TiO2 at pH 2.0
as fitted with the Langmuir isotherm. The maximum sorption

apacity of Cr(VI) was 5 mg/g (Table 7) but the Cr(III) sorption
apacity was not reported. The adsorption mechanism was not
etermined. Cr(VI) adsorption on TiO2 in presence and absence
f humic acids was investigated [166]. Chromium adsorption
apacity of TiO2 was influenced by the presence of humic acid
ndicating a competitive adsorption on the active sites of titanium
ioxide.

.9.3. Aluminum oxide
Cr(III) adsorption on aluminum oxide was analyzed using the

urface complexation model to describe the acid–base behavior
f adsorbents and Cr(III) sorption [160]. Sorption increased with
olution pH and was dependent on the initial chromium concen-
ration. Increasing the ionic strength suppressed sorption onto
ilica and enhanced sorption onto aluminum oxide.

.10. Alginate–goethite beads
Alginate–goethite beads were prepared by adding a disper-
ion of sodium alginate (1%, w/v) and goethite (2%, w/v) into a
ontinuously stirred calcium chloride solution (0.3 mol/L) and
hese beads were used for Cr(VI) and Cr(III) removal from
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inary aqueous solutions [168]. Hexavalent chromium adsorp-
ion was favored at pH 2.0. The sorption capacity increased from
0.5 to 27.1 mg Cr/g sorbent by lowering the pH value from
.0 to 2.0. This is due to the surface charge of goethite, which
ecomes more positive at pH values well below the point of zero
harge (PZC). Contrary to Cr(VI), trivalent chromium loading
as greater at higher pH values and increased by raising pH. The
r(III) sorption capacity increased from 8.8 to 30.4 mg Cr/g sor-
ent by increasing pH from 2.0 to 4.0. Since the pKH of alginate
arboxyl groups is 4.6, at low pH these sites are neutral (–COOH,
ot –COO−), so chromium is not easily bound to them.

The mechanism of hexavalent chromium uptake was
xplained by the following reaction:

SOH + HCrO4
− + H+ → SOH2

+HCrO4
− (25)
r(III) sorption by single alginate beads was governed by ion
xchange. Ca-alginate beads at pH 3.0 undergo partial substi-
ution of the calcium ions with protons. After exposure to low
H, calcium ions only remained in the electronegative cavities

w
f
w
f

Fig. 9. Synthesis of dithizone-anchored p
rdous Materials B137 (2006) 762–811

f the G-blocks. The following mechanisms were proposed for
r(III) sequestration:

Ca(Alg-COO)2 + 2Cr3+ → 2Cr(Alg-COO)3 + 3Ca2+ (26)

a(Alg-COO)2 + 2H+ → 2Alg-COOH + Ca2+ (27)

Alg-COOH + Cr3+ → (Alg-COO)3Cr + 3H+ (28)

he adsorption capacities at different temperatures and pH were
alculated (Table 7).

Cr(VI) removal was also achieved by bio-polymeric beads
repared in two steps. By adding a mixture of sodium alginate
0.4 g) and gelatin (1.0 g) into a 0.05 M CaCl2 solution under
onstant stirring [169]. The resulting beads were then allowed
o harden in the CaCl2 solution for 24 h. The beads were filtered,

ashed with distilled water and placed in a gluteraldehyde bath

or overnight. They were again filtered and washed with distilled
ater. The optimum removal pH was 8.9 which is very unusual

or Cr(VI) adsorption.

oly(EGDMA-HEMA) microbeads.
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5.12. Polymers

Cellulosic graft copolymers were made by reacting bast
fibers of the kenaf plant (Hibiscus cannabinus) with acrylonitrile
ig. 10. Schematic structures of hexavalent chromium–catechol coupling in th
etween catechol anion and CrO2

2+. Source: Nakajima and Baba [172].

Cr(III) uptake from water by protonated dry alginate beads
as investigated [170]. The differences between the mecha-
isms which form the alginate beads and with metal uptake were
emonstrated. Uptake was coupled with a release of protons,
onforming ion exchange. The uptake was strongly dependent
n solution pH up to ∼4.5. At this pH the uptake was 112 mg
r(III)/g of alginate beads (dry wt.). EPMA–EDX analysis of Cr-

oaded beads showed a uniform distribution of chromic species
hroughout the structure of alginate beads, regardless of the
olution pH. Dithiazone anchored to poly(EGDMA-HEMA)
icrobeads (Fig. 9) was prepared for chromium removal present

t 25–500 ppm in the pH range from 2.0 to 8.0 [171]. The max-
mum Cr(III) adsorption capacity was 38.3 mg/g. Heavy metal
on desorption was achieved using 0.1 M HNO3. The microbeads
sed repeatedly (>5 cycles) without noticeable loss of capacity.

.11. Gels

Cr(VI) and Cr(III) adsorption by persimmon tannin (PT) gel
172] effectively removed Cr(VI) but smaller amounts of Cr(III).

aximum Cr(VI) adsorption occurred at pH 3.0. The gel which
dsorbed Cr(VI) from solution (pH 1.0 and 3.0) showed no
r(III) ESR signal, but this Cr(III) signal was observed in the

esidual solution at pH 1.0. Hexavalent chromium was adsorbed
hrough chromate ester formation at catechol. Cr(VI) should
ombined with catechol as a hard acid, CrO2

2+ cation (Fig. 10).
Nakano et al. [173] explored Cr(VI) adsorption onto

ondensed-tannin gels derived from a natural polymer with
any polyhydroxyphenyl groups for. The Cr(VI) sorption mech-

nism (Fig. 11) consists of four steps: (1) esterification of chro-
ate with tannin molecules, (2) reduction of Cr(VI) to trivalent

hromium Cr(III), (3) formation of carboxyl groups by tan-
in oxidation and (4) ion exchange of the reduced Cr(III) with
he carboxyl and hydroxyl groups. A large proton consumption
ccompanied Cr(VI) reduction, permitting neutralization of the
cidic Cr(VI) solution by choosing an appropriate initial pH. The
arboxyl group created by tannin oxidation during reduction of
r(VI) to Cr(III) contributed to an increase in the ion-exchange

ites for the reduced Cr(III). Cr(VI) removal was optimized at
87 mg Cr/g dry tannin gel when the gel’s water content was

.77% and the initial pH 2.0.

Heitz et al. [174] examined chromium adsorption on cross-
inked poly(acrylic acid) gels. Chromium adsorption increased
ith pH. Two adsorption mechanisms on the gel varied with pH.

F
e

gel: (a) the esterification between catechol and HCrO4
− and (b) the coupling

t low pH chromium species are soluble. Adsorption occurred
ia ion binding throughout the gel. At higher pH, where insoluble
hromium hydroxide particles are formed, surface adsorption
ccurred on the gel. Desorption depended on the retention mech-
nism and aging time of the polymer–chromium complex. Only
artial desorption was achieved when retention occurred through
on-binding. Conversely, fast desorption took place where reten-
ion involved particle adsorption on the gel surface.
ig. 11. Mechanism of removal of Cr(VI) by tannin gel particle. Source: Nakano
t al. [173], with permission from Elsevier.
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Fig. 12. Source: Eromosele and Bayero [175].

nd methacrylonitrile monomers in aqueous media [175]. The
ellulose–polyacrylonitrile (Cell–PAN) graft copolymer was a
ore effective Cr(III) sorbent than cellulose–polyacrylonitrile

Cell–PAN). The amount of Cr(III) sorbed decreased with an
ncrease in the graft weight fraction. Increasing the graft per-
ent from 38% to 149% lowered Cr(III) sorption in Cell–PAN
y 56%.

The methyl groups in Cell–PMAN reduced the sorption affin-
ty of the copolymer for Cr(III) (Fig. 12). The relative stabilities
f the metal ion complexes with the hydroxyl and nitrile lig-
nds appears to dominate the sorption processes. The maximum
dsorption capacities were not calculated.

.13. Industrial waste/by-products

Cr(III) and Cr(VI) adsorptive removal from water by Indus-
rial waste/by-products has been explored. The most important
f these adsorbents are fly ash [27,176–180], blast furnace slag
161,181], red mud [29,182], lignin [183–185], waste sludge
186–188], oil shale [189], tea factory waste [190], olive indus-
ry waste [191], waste tires [192] and residual slurry [193–195].
ome of the industrial by-products used for chromium remedi-
tion are discussed in the subsequent paragraphs.

.13.1. Fly ash
For simplicity, fly ash used for chromium remediation has

een subdivided based on its source.

.13.1.1. Bagasse fly ash. Bagasse fly ash, obtained from the
ugar industry, was utilized for Cr(III) removal [176]. The waste
agasse fly ash costs about US$ 20.0 t−1 including the cost of
ts purchase, transport, chemicals, electrical energy used in the
dsorbent development and labor required. This cost is the low-
st for any variety of carbon available in India. Activated carbon
osts US$ 285.0 t−1 in India for comparison. The optimum pH
or Cr(III) adsorption on bagasse fly ash was 5.0. In an another
tudy the bagasses fly ash was used for Cr(VI) remediation [27].
he sorption efficiency decreases with increase in pH. Adsorp-

ion of Cr(VI) on bagasse fly ash followed the Freundlich and
angmuir isotherms. The sorption capacity of this adsorbent for
hromium removal was comparable to other low cost adsorbents.

Both raw bagasse and bagasse fly ash, a waste generated in
ugar mills and boilers, respectively, and a powdered activated
arbon were used for aqueous Cr(VI) removal in batch mode
177]. Raw bagasse was pretreated with 0.1N NaOH followed by

.1N CH3COOH before use. Various parameters were estimated
nd data were fitted to Langmuir, Freundlich and Bhattacharya
nd Venkobachar models [196] sorption models. Cr(VI) was
trongly adsorbed at low pH and declined at higher pH range

a

R

R

rdous Materials B137 (2006) 762–811

n the case of powdered activated carbon (PAC). In case of raw
nd treated bagasse, maximum adsorption occurred at a pH of
.0. Other studies carried out at bagasse fly ash gave maximum
r(VI) adsorption in a very high acidic medium (pH 1.0–3.0).

.13.1.2. Coal fly ash. Coal combustion for power production
roduces huge amounts of by-product fly ash, whose disposal
equires large quantities of land and water. Currently, coal fly
sh applications are limited to civil engineering uses includ-
ng cement and brick production and use in roadbeds. Resource
ecovery from coal fly ash is one of the most important issues in
aste management worldwide. Since aluminosilicates are the

omponents contained in fly ash, intensive efforts have been
ade to use it as an adsorbent.
Bayat [178] studied aqueous Cr(VI) removal using two Turk-

sh fly ashes; Afsin–Elbistan and Seyitomer. Cr(VI) adsorption
as maximum at pH 4.0 for Afsin–Elbistan fly ash (25.46%)

nd pH 3.0 for Seyitomer fly ash (30.91%). The lime (crystalline
aO) content in fly ash seemed to significant influence Cr(VI)

emoval. The higher adsorption of Cr(VI) on fly ash at low pH
as due to neutralization of negative surface charge by excess
rotons, facilitating the diffusion of dichromate ions and their
dsorption on the adsorbent. No mention was made of any reduc-
ion of Cr(VI) into Cr(III). Banarjee et al. [179] also examined
r(VI) removal by fly ash and impregnated fly ash. Impregna-

ion of fly ash was carried out with 0.1 M Al(NO3)3 or 0.1 M
e(Cl)3·Cr(VI) adsorbed on various fly ashes in the order fly
sh < aluminum impregnated fly ash < iron impregnated fly ash.
he most abundant surface functional group participating in the
urface complexation reactions is the hydroxyl group. Surface
ydroxyls are amphoteric and extremely reactive. The adsorp-
ion of Cr(VI) on hydrous metal oxide surface was explained on
he basis of complex formation and ligand exchange reactions.
he major adsorption schemes were given by the following reac-

ions:

SEOH + H+ ↔ –SEOH2
+ (29)

–SEOH2
+ + HCrO4

− ↔ SEOH2(HCrO4)

or [SE(HCrO4) + H2O] (30)

here, –SEOH is the surface hydroxyl site and SE = Si, Al, or
e.

.13.2. Waste sludges
Li et al. [186] utilized wine processing waste sludge as an

ffective adsorbent for aqueous Cr(III) removal. The sludge was
haracterized by scanning electron microscopy (SEM), energy
ispersive X-rays (EDX) and IR spectroscopy. IR analysis iden-
ified R–COOH, R–OH and R–NH2 functional groups, similar
o those of the chitosan. The hydroxy and unprotonated amino
roups served as coordination and electrostatic interaction sites
o adsorb Cr(III). Following reactions were proposed for Cr(III)

dsorption mechanism:

-OH + Cr3+ � R-O-Cr2+ + H+ (31)

-NH2 + Cr3+ � Cr(R-NH2)2+ + H+ (32)
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elvaraj et al. [187] explored distillery sludge for Cr(VI)
emoval. The Langmuir sorption capacity was 5.7 mg/g. Under
cidic conditions, the protonated surface of the adsorbent (zeta
otential pHzpc 5.9) attracts anionic Cr(VI) species. As the pH
s increased above the adsorbent’s zeta potential, the electro-
tatic attraction between the Cr(VI) species and the surface is
educed, with a consequent decrease in adsorption. The adsor-
ent efficiency was also tested in actual chromium plating
astewater.
Dried activated sludge immobilized on MowitalB30H resin

as used to remove Cr(VI) in a continuous packed bed col-
mn [197]. The optimum pH was 1.0. The total adsorbed
uantities, equilibrium uptakes and total Cr(VI) removal per-
ents versus effluent volumes were determined by evaluating
he breakthrough curves obtained at different flow-rates and
nlet adsorbate concentrations for each sorbent. Cr(VI) uptakes
ropped with rising flow-rates and rose with increasing Cr(VI)
nlet concentrations for both immobilized dried activated sludge
nd granular activated carbon. Cr(VI) and Ni(II) adsorption,
ndividually and in combination, by dried activated sludge was
lso studied [188]. The optimum initial pH for Cr(VI) adsorp-
ion alone was 1.0. The co-ion effect on the equilibrium uptake
f Cr(VI) became more pronounced as the Ni(II) ion concen-
ration increased and pH level increased. Sorption isotherms
ere developed for both single- and dual-metal ion systems.
r(VI) adsorbed as an anionic form. Reduction of Cr(VI) into
r(III) was not considered at low pH. Dried anaerobic activated

ludge also adsorbed phenol and Cr(VI) individually and in com-
ination [198]. The optimum initial adsorption pH for Cr(VI)
as 1.0. Nonlinear Langmuir, Freundlich and Redlich–Peterson

dsorption models were applied. Mono-component sorption
quilibrium data were fitted to the non-competitive Freundlich
nd Redlich–Peterson models for both the components while
he modified Freundlich model adequately predicted the multi-
omponent sorption data.

.13.3. Biogas residual slurry
Namasivayam and Yamuna [193,194] investigated Cr(VI)

193] and Cr(III) [194] removal from aqueous solutions using
aste biogas residual slurry (BRS). The influence of metal

on concentration, contact time, adsorbent dosage, adsorbent
article size, temperature and pH on Cr(VI) removal was stud-
ed. The equilibrium data fitted both Langmuir and Freundlich
sotherms. The optimum pH for Cr(VI) adsorption was 1.51.

r(VI) did not reduce to Cr(III) at very low pH (highly acidic
edium) (Table 9). The estimated concentrations of aqueous

otal chromium and Cr(VI) after adsorption were 30 and 40 mg/L
r(VI) and 4.0 g/L adsorbed at pH 2.0 (Table 9). No reduction

a
a
C
w

able 9
queous concentrations of Cr before and after adsorption on biogas residual slurry (B

efore adsorption After adso

nitial [Cr(VI)] (mg/L) Total [Cr] (mg/L) [Cr(VI)] (m

0 12.62 11.60
0 19.51 19.51
rdous Materials B137 (2006) 762–811 789

rom Cr(VI) to Cr(III) was observed at a Cr(VI) concentration of
0 mg/L. The concentration of Cr(III) formed (<4%) at 30 mg/L
f Cr(VI) is not significant. The maximum adsorption capacity
or Cr(III) (7.8 mg/g) occurred at pH 2.5.

.13.4. Red mud
Red mud is a waste material formed during the alumina pro-

uction when bauxite ore is subjected to caustic leaching [182].
typical Bayer process plant generates a 1–2 tonnes red mud/t

f alumina produced [29]. The toxicity, colloidal nature and large
uantities of red mud particles create a serious pollution hazard.
mproved disposal techniques are needed. There have been many
roposals for red mud utilization. It is currently being used, in
he manufacture of building materials and ceramics, as a filler in
oad asphalt and as a source of iron and various minerals. How-
ver, a large volume of red mud is dumped in holding ponds for
hich a large land area is required. Red mud has been explored as

n alternate adsorbent for chromium [29]. The presence of other
etal ions/surfactants effected the removal of Cr6+. Freundlich

nd Langmuir models fit the sorption data. Column studies were
lso carried out. Cr6+ recovery and chemical regeneration of the
pent columns have also been achieved. The maximum adsorp-
ion capacity for Cr(VI) by red mud was 22.67 mg/g.

.13.5. Fertilizer waste or carbon slurries
A carbon slurry, generated as waste material in a naphtha-

ased ammonia plant, was tested for Cr(VI) removal from aque-
us solution [195]. The optimum pH was 2.5. Cr(VI) adsorption
ncreased at higher temperature (Table 7). Adsorbed chromium
as recovered for reuse.

.13.6. Blast furnace slag
Steel plants generate a large volume of granular blast furnace

lag. It is being used as filler or in the production of slag cement.
ecently this slag it was converted into an effective and eco-
omical scavenger and utilized for the remediation of aqueous
hromium [161,181].

Slag was converted into an effective adsorbent for Cr(VI)
emoval [181]. Both batch and column studies were performed.
atch sorption and kinetic studies were investigated and the
angmuir and Freundlich constants and adsorption thermo-
ynamics were evaluated. The bed-depth-service-time model
BDST) [199] was applied to column studies and parameters
ecessary for the design of a fixed bed reactor were evalu-

ted. Metal recovery with simultaneous regeneration was also
chieved. Erdem et al. [161] applied ferrochromium slag for
r(VI) removal. The Cr(VI) concentration in water contacted
ith ferrochromium slag (W/FS = 10) was 0.61 mg/L after 50

RS) [193]

rption

g/L) [Cr(III)] (mg/L) Percent Cr(III) formed

1.02 3.4
0 0
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atches. Ten grams per liter ferrochromium slag dosage and
.5 mL/L H2SO4 (5 M) were sufficient to reduce all Cr(VI) in
he model solution containing 10 mg/L Cr(VI) during contact
ime of 60 min at 25 ◦C.

.13.7. Lignin
Lignin is a major component of wood, accounting for 23–33%

f softwood mass and 16–25% of hardwood mass [200]. It is an
morphous cross-linked resin which serves as main binder for
he agglomeration of fibrous cellulosic components. Lignin also
rovides a shield against rapid microbial or fungal destruction
f the cellulosic fibers. Lignin is a three-dimensional, highly
ranched, polyphenolic substance. It consists of an irregular
rray of variously bonded hydroxy- and methoxy-substituted
henylpropane units. Lignin is derived from photosynthesized
lucose through a complicated enzymatic biosynthesis process.
ignins are very complex natural polymers with no precise sin-

le structure. A small representative section of lignin is presented
Fig. 13) illustrating typical chemical linkages and functional
roups present. Physical and chemical properties of lignins differ
epending on the extraction or isolation technology employed

5
5
[
p

ig. 13. Partial structure of a hardwood lignin molecule from European beech (Fagu
simple, repeating way. The lignin of beech contains units derived from coniferyl

00:70:7 and is typical of hardwood lignin. Softwood lignin contains relatively fewer
rdous Materials B137 (2006) 762–811

o fragment and isolate them from cellulose/hemicellulose, etc.
Lignin, obtained as a by-product from the paper and pulp

ndustry in the form of powder and beads was used for adsorp-
ion of Cr(III), Cr(VI), Pb(II) and Zn(II) from aqueous solu-
ions [183,184]. Oxygen functionalities such as phenols, –SO3H
roups present in lignin serve as sites for the metal cation
xchange [183]. Adsorbed metals were desorbed using 10% sul-
uric acid and then precipitated by adding alkali. Cr(III) and
r(VI) adsorption on lignin was investigated [184]. Sorption
as presumably due to the presence of multitude of ionic sites,
oth cations and anions (phenolic and carboxyl). No attempts
ere made to model the sorption data by Langmuir or Freundlich

sotherms. Therefore, no adsorption capacity was reported. Ali
t al. [185] also attempted to utilize waste lignin produced from
he paper industry as a Cr(VI) removal adsorbent. The optimum
H was 3.0 with a 7 h contact time.
.13.8. Miscellaneous

.13.8.1. Residues from animal hides/skins. Fathima et al.
202] used residues from animal hides/skins generated in leather
rocessing for removing chromium. The residual flesh is high

s sylvatica). The phenylpropanoid units that make up lignin are not linked in
alcohol, sinapyl alcohol, and para-coumaryl alcohol in the approximate ratio
sinapyl alcohol units. Source: Nimz [201].
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n protein content. The raw residue was complexed with iron
nd utilized as an adsorbent for Cr(VI) removal. Iron treatment
reatly improved Cr(VI) adsorption. The adsorption capacity of
ron-treated residue was 51 mg chromium(VI)/g. This is much
igher than that of the untreated residue (9 mg/g). X-ray photo-
lectron spectroscopic (XPS) studies verified iron was incorpo-
ated into the protein matrix. Shifts in XPS spectra suggested that
ichromate binding occurred with iron at active adsorption sites
nd that iron-treated residues removed Cr(VI) without reducing
t to chromium(III).

.13.8.2. Pyrite fines. Studies of for aqueous Cr(VI) removal
ere conducted on dispersed pyrite fine particles [203]. Pyrite

an iron sulfide mineral), an efficient Cr(VI) reducing agent,
roduced hydroxo-Cr(III) species which precipitated onto the
yrite particles. The mechanism was examined by ζ-potential
easurements and speciation studies. Promising results were

btained at pH ∼ 1.0–2.0.

.13.8.3. Cement industry waste. Cement kiln dust was also
sed for chromium removal from tannery effluents [204]. The
dsorption data were modeled by Langmuir, Freundlich and
edlich–Peterson isotherms. The maximum adsorption capac-

ty of cement kiln dust was 33 mg/g. Industrial tannery effluent
22-mg/L chromium and COD 952 mg/L) was also treated by
ement dust. The treated effluent (using 20 g cement dust/L)
ontains only 0.6 mg/L chromium and COD 200 mg/L. Thus,
ement dust removed 98% of chromium and 80% of organic
oad.

.14. Biosorbents

Biosorption is capable of removing traces of heavy metals
rom dilute aqueous solutions by living systems. Dead biomass
an also be used. Algae, fungi and bacteria are examples of
iomass-derived metal sorbents. Adsorption studies on sev-
ral metals have produced encouraging results. Gadd [205] and
rierley [206] reviewed how bacteria, fungi and algae take up

oxic metal ions. Heavy metal ion uptake into the cellular struc-
ure is followed by sorption onto biomolecule binding sites. This
ptake is independent of biological metabolism and is known as
biosorption” or “passive uptake”. Metal uptake can also involve
ctive metabolic passage across the cell membrane into the cell.
his is referred to as “active uptake”. The combination of active
nd passive modes is called “bioaccumulation”. Metal uptake
y dead cells takes place only by the passive mode. Living cells
mploy both active and passive modes for heavy metal uptake.
iving and dead fungi cell removal of may offer alternative meth-
ds for wastewater remediation.

The use of fungal biosorbents for heavy metals remedia-
ion has been reviewed [39]. A range of equilibrium sorption,
nd diffusion and sorption models in different reactor systems
ere reviewed to correlate fungal biosorption experimental data.

ungi are used in many industrial fermentation processes. There-
ore, these processes could serve as an economical source of
iosorbent for chromium [Cr(III) and Cr(VI)] removal. Fungi
an also be easily grown in substantial amounts using unsophis-

f
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rdous Materials B137 (2006) 762–811 791

icated fermentation techniques and inexpensive growth media.
arious chemical groups have been proposed to contribute to
iosorption metal binding by algae, bacteria, fungi, etc. These
nclude hydroxyl, carbonyl, carboxyl, sulfhydryl, thoether, sul-
onate, amine, imine, amide, imidazol, phosphonate and phos-
hodiester groups [207].

Biosorption of chromium from aqueous solutions was investi-
ated by passive binding to nonliving biomass. Different biosor-
ents including fungi, algae, bacteria, plants were explored for
hromium and other heavy metals.

Reviews are available that deal with biosorption by different
ypes of biomass including algae, fungi, bacteria, plants, etc.
37–39,41,208–210]. This section is devoted to biosorption of
oth Cr(VI) and Cr(III) on various biosorbents. Sorption mecha-
isms are discussed and capacities are compared. For simplicity
he biosorbents have been subdivided into the following cate-
ories:

. algae;

. fungi;

. bacteria;

. plants;

. wood, grasses, compost, peat moss.

.14.1. Algae
Algae include a large and diverse assemblage of organ-

sms that contain chlorophyll and carry out oxygenic photo-
ynthesis. Algae are classified on the nature of the chloro-
hyll(s), the cell wall chemistry, and flagellation. All types of
lgae contain chlorophyll a. However, the presence of phy-
opigments other than chlorophyll a is characteristic of each
articular algal division. Alge used for chromium remedia-
ion include Spirogyra [211], Chlamydomonas reinhardtii [212],
unaliella [213], Chlorella vulgaris [214], Chlorella vulgaris

215], C. vulgaris [216,217], Chlorella vulgaris, Clodophara
rispata [218,219], Sargassum wightii [220], Ecklonia sp.
221,222].

Gupta et al. [211] studied Cr(VI) biosorption by biomass
f filamentous algae Spirogyra species. Equilibrium isotherms
ere obtained and maximum removal of Cr(VI) was
1.47 g metal/kg of dry weight biomass at pH of 2.0 (Table 7).
Arıca and Bayramoğlu [212] reported Cr(VI) biosorption

nto native, heat- and acid-treated Chlamydomonas reinhardtii.
he maximum Cr(VI) absorption was obtained at pH 2.0. The
iosorption capacities of native, heat- and acid-treated algal
reparations were 18.2, 25.6 and 21.2 mg Cr(VI)/g of dry biosor-
ents, respectively (Table 7). All algal preparations could be
egenerated using 0.1 M NaOH solution, with up to 96% recov-
ry of the adsorption ability. This microalgae cell wall contains
high amount of polysaccharides, some of which are associated
ith proteins and other components. These bio-macromolecules

ontain such functional groups as amino, carboxyl, thiol, sul-

ydryl, and phosphate groups. At pH 1.0–2.0, protonation of
ell wall amino groups enhanced the biosorption capacities of
he biosorbents to Cr(VI) ions. The increased binding of Cr(VI)
ontaining anions at low pH was due to electrostatic binding to
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he positively charged protonated amine groups. Authors did not
stablish if the Cr(VI) anions had been reduced to Cr(III).

The Cr(VI) biosorption from saline solutions on two strains
f living Dunaliella algae were tested as a function of pH, initial
etal ion and salt (NaCl) concentrations [213]. The biosorption

apacity of both Dunaliella strains was obtained at pH 2.0 in
oth the absence and presence of increasing salt concentrations.
quilibrium uptakes of Cr(VI) decreased as salt concentrations
ent up for both the sorbents. Both the Freundlich and Lang-
uir models were used to describe Cr(VI) biosorption with and
ithout salt present by both algal species.
Dönmez et al. [215] removed Cr(VI) by adsorption on dried

hlorella vulgaris, Scenedesmus obliquus and Synechocystis sp.
lgae. Optimum Cr(VI) adsorption occurred at pH 2.0 for all
hree algae. Both the Freundlich and Langmuir models suitably
or described the short-term biosorption of copper(II), nickel(II)
nd Cr(VI) by all the algal species. Authors did not discuss any
orption mechanism by considering different forms of Cr(VI)
xisting at low pH.

Aksu and Açikel [214] explored the competitive biosorption
f iron(III) and Cr(VI) on Chlorella vulgaris from a binary metal
ixture in a single-staged batch reactor at pH 2.0. The sorp-

ion data was modeled by the competitive, multi-component
angmuir isotherm and this expression was used for calculating
ach residual or adsorbed metal ion concentration at equilib-
ium (Ceq,i or Cad,eq,i) for a constant V0/X0 ratio for a specific
eavy metal ion combinations in a single-staged batch reactor.
xperimental Ceq,i and Cad,eq,i values were compared with calcu-

ated and graphically determined values. Aksu and Açikel [217]
eported the simultaneous biosorption of Cu(II) and Cr(VI) by
. vulgaris at their optimum pH values of 2.0 and 4.0, respec-

ively. The sorption phenomenon was expressed by competitive,
ulti-component Freundlich isotherm. Simultaneous biosorp-

ion of Cu(II) and Cr(VI) from binary metal ions mixtures was
ompared with the biosorption of each of the single metal ions
216]. Adsorption isotherms were developed for both single- and
ual-metal ion systems at both pH 2.0 and 4.0 and expressed
y the mono- and multicomponent Langmuir and Freundlich
dsorption models. Model parameters were estimated by non-
inear regression.

Nourbakhsh et al. [218] investigated Cr(VI) biosorption
nto non-living biomass from Chlorella vulgaris, Clodophara
rispata, Zoogloea ramigera, Rhizopus arrhizus and Saccha-
omyces cerevisiae. The optimum initial pH was 1.0–2.0 for all
ve microorganisms. Maximum metal ion adsorption rates onto
icrobial biomass were obtained from 25 to 35 ◦C.
Aravindhan et al. [220] utilized the abundant brown sea-

eed Sargassum wightii for chromium removal. A simulated
hrome tanning solution was used for standardizing of exper-
mental trials. Chemical modification of the seaweed through
ulfuric acid, magnesium chloride, and calcium chloride pre-
reatment led to improved chromium uptake. Adsorption mea-
urements on various quantities of seaweed have been fitted

o Langmuir and Freundlich isotherms. The optimum pH was
.5–3.8. The Sargassum species exhibited a maximum uptake of
5 mg chromium/g of seaweed (Table 1). The same group further
nvestigated using brown seaweed (Turbinaria spp.), which had

m
B
f
f

rdous Materials B137 (2006) 762–811

een pre-treated with sulfuric acid, calcium chloride and mag-
esium chloride, to remove chromium from tannery wastewater
223]. Protonated seaweeds gave chromium uptake than sea-
eed treated with calcium and magnesium. Chromium uptake
as optimal at pH 3.5. Turbinaria exhibited a maximum uptake
f about 31 mg of chromium for 1 g of seaweed at an initial
hromium concentration of 1000 ppm. Freundlich and Lang-
uir adsorption isotherm models described the biosorption of

hromium(III) by Turbinaria spp.
Park et al. [221] utilized the protonated brown seaweed,

cklonia sp., for remediating Cr(VI). When wastewater con-
aining Cr(VI) was placed in contact with this biomass, the
r(VI) was completely reduced to Cr(III). The converted Cr(III)
ppeared in solution or was partly bound to the biomass. The
r(VI) removal efficiency was always 100% in the pH range of
.0–5.0. A 1.15 mol protons/mol of Cr(VI) were consumed. The
ate of Cr(VI) reduction increased with decreasing the pH. An
ptimum pH existed for total chromium (Cr(VI) plus Cr(III))
emoval. This pH increased with contact time, eventually reach-
ng approximately pH 4.0 when the reaction was complete.
r(VI) reduction is accompanied by oxidation of the organic
ompounds in the biomass. The sorption capacity of Ecklonia
p. the was 4.49 mmol Cr(VI)/g.

Protonated Ecklonia sp. was also utilized for Cr(III) adsorp-
ion [222]. Protonated Ecklonia sp. contains at least three types
f functional groups. Fourier transform infrared spectroscopy
howed that the carboxyl group was the chromium-binding site
ithin the pH range of 1.0–5.0. Cr(III) did not precipitate in

his range. The pKa value and the number of carboxyl groups
ere estimated as 4.6 and 2.2 mmol/g, respectively. A model
escribing chromium biosorption was also developed incorpo-
ating known chromium aqueous hydrolysis reactions.

Carmona et al. [224] studied Cr(III) and Cr(VI) removal
eparately using a 23 factorial experimental design. The three
actors considered were pH, temperature, and metal concentra-
ion at two different levels: Cr(III), pH (2.0 and 6.0), temperature
29 and 55 ◦C), and metal concentration (10 and 1200 mg/L);
r(VI), pH (1.0 and 3.0), temperature (29 and 55 ◦C), and
etal concentration (10 and 1200 mg/L). Batch experiments
ere carried out. The results were analyzed statistically using

he Student’s t-test, analysis of variance, F-test, and lack of
t to define the most important process variables affecting the
etal removal efficiency. The most significant effect on Cr3+

ptake was the interaction between metal concentration and
H. The most significant effect for Cr(VI) uptake was metal
oncentration. Factorial design allowed the identification of the
ost important Cr(III) and Cr(VI) biosorption parameters and
ithin the range of conditions tested. The interaction between

oncentration and pH was most significant effect on Cr(III)
dsorption.

.14.2. Fungi
Fungi and yeast accumulate the non-nutrient metals cad-
ium, mercury, lead, chromium, etc., in substantial amounts.
oth living and dead fungal cells possess a remarkable ability

or toxic and precious metals uptake from water/wastewater. The
ungi and yeast can be grown in substantial amounts using unso-
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histicated fermentation techniques and inexpensive growth
edia. Fungal biosorbent use in heavy metals removal has been

eviewed [38,39]. Equilibrium sorption and diffusion models
n different reactor systems were reviewed to correlate experi-
ental fungal biosorption data. Fungi are used in a variety of

ndustrial fermentation processes. These processes could serve
s economical biomass supply sources for the removal of metal
ons. Therefore, fungal biomass could serve as an economical

eans for metal ion removal/recovery of from aqueous solu-
ions.

Various types of fungal biomass have been used for the
emoval and recovery of tri and hexavalent chromium from
ater/wastewater. These include unmethylated and methylated
east [225], R. arrhizus [226], R. arrhizus [227], Penicillium
hrysogenum [228], dead fungal biomass [229], Lentinus sajor-
aju mycelia [212,230], R. nigricans [231–233], Neurospora
rassa [234].

Seki et al. [225] applied unmethylated and methylated yeast
MeYE) to the adsorptive separation of Cr(VI) and As(V) anions
rom aqueous solutions. Cr(VI) and As(V) anions were scarcely
dsorbed onto unmethylated yeast biomass at pH ∼ 7.0 but the
mounts adsorbed increased with increasing methylation degree.
he amount of Cr(VI) adsorbed onto MeYE was almost constant
t pH 4.0–6.0 and decreased a pH was raised above pH 6.0. A
etal-binding model described the adsorption characteristics of

oth Cr(VI) and As(V) on MeYE. Adsorption capacities were
ot reported.

Prakasham et al. [226] investigated Cr(VI) biosorption at
H 2.0 by non-living free and immobilized biomass from R.
rrhizus. A biphasic Cr(VI) adsorption pattern was observed.
r(VI) removal rates were slightly higher when employing the

ree biomass than the immobilized state. Free and immobi-
ized R. arrhizus biomass adsorption capacities were 11 and
.63 mg/g, respectively. Competitive biosorption of Cr(VI) and
e(III) on R. arrhizus from binary mixtures was studied and
ompared to the single metal–ion systems [227]. Both Cr(VI)
nd Fe(III) were effectively adsorbed by the biomass at very low
H values. The optimum initial pH for Cr(VI) and Fe(III) ions
y R. arrhizus was 2.0. Cr(VI) and Fe(III) adsorption increased
s temperature increased (Table 7). Equilibrium data fitted the
on-competitive Langmuir model when single ion adsorption
as conducted. For multi-component adsorption, the competi-

ive Langmuir model was consistent with the observed uptake
f Cr(VI) and Fe(III) ions.
Deng and Ting [228] modified Penicillium chrysogenum
ungal biomass by grafting polyethylenimine (PEI) onto the
iomass surface in a two-step reaction. This adsorbent acquires
positive charge due to protonation of amine functions at low

n
1
b
b

Fig. 14. Schematic diagram illustrating the grafting process of b
rdous Materials B137 (2006) 762–811 793

Hs. The presence of PEI on the biomass surface was verified
y FT-IR and X-ray photoelectron spectroscopy (XPS) analyses.
chematic diagram illustrating the process of grafting branched
EI onto the biomass surface is presented in Fig. 14. The high
ensity of amine groups in the PEI chains bound to the surface
ossessed a positive zeta potential at pH below 10.4. This led
o a high sorption capacity for anionic Cr(VI). The maximum
orption capacity for Cr(VI) at pH 4.3–5.5 was 5.37 mmol/g.
PS confirmed Cr(III) on the biomass surface in the pH range
.5–10.5, suggesting that Cr(VI) anions were reduced to Cr(III)
uring the sorption. Electrostatic interaction, chelation, and pre-
ipitation were likely to be involved in the chromium sorption
n the PEI-modified biomass.

Sekhar et al. [229] explored dead fungal biomass for calcium,
ron, nickel and Cr(III) removal in single and multicomponent
ystems. The maximum uptake was dependent on solution pH
4.0–5.0 for Fe, 4.0–7.0 for Ca, 6.0–7.0 for Ni and 6 for Cr) and
ncreased with biomass loading up to 10 g/L. The adsorption
apacity order was Ca > Cr(III) > Ni > Fe > Cr(VI). The pres-
nce of co-ions in binary, ternary and quarternary combinations
ecreased the each metal’s metal uptake. Ni uptake was the most
ignificantly affected while that of Cr(VI) the least.

Aqueous Cr(VI) biosorption onto untreated and heat-, acid-
nd alkali-treated Lentinus sajor-caju mycelia was studied
230]. Fungal mycelia particle sizes ranged from 100 to 200 �m.
he effects of pH, temperature, biosorbent dose, initial Cr(VI)
oncentration and contact time were investigated. The surface
harge density of the fungal preparations varied with pH, and the
aximum Cr(VI) absorption on the fungal preparations occurred

t pH 2.0. The maximum biosorption capacities of the untreated
nd heat-, HCl- and NaOH-treated fungal biomass were 0.36,
.61, 0.48 and 0.51 mmol Cr(VI)/g of dry biomass, respectively.

Bai and Abraham [231] investigated Cr(VI) biosorption on
mmobilized R. nigricans The biomass was immobilized and
valuated for aqueous Cr(VI) adsorption, mechanical stability
o desorbents, and reuse in successive cycles. Five different
olymeric matrices, viz. calcium alginate, polyvinyl alcohol
PVA), polyacrylamide, polyisoprene, and polysulfone were
mployed to entrap finely powdered biomass. These sorbents
ere compared for biosorption efficiency and stability to des-
rbents. Physical immobilization onto polyurethane foam and
oir fiber was less efficient than polymer entrapment methods.
ifferent biomass dose combinations (%, w/v) for each matrix
ere compared. The optimum doses were 8% (calcium algi-

ate), 6% (polyacrylamide and PVA), 12% (polyisoprene), and
0% (polysulfone). The Cr sorption capacity of all immobilized
iomass samples was less than that of the native, powdered
iomass and followed the order: free biomass > polysulfone

ranched PEI on the biomass surface. Source: Ref. [228].
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ntrapped > polyisoprene immobilized > PVA immobi-
ized > calcium alginate entrapped > polyacrylamide, at
00 mg/L concentration of Cr(VI). The mechanical sta-
ilities and chemical resistances decreased in the order:
olysulfone > polyisoprene > PVA > polyacrylamide > calcium
lginate. Adsorbed Cr(VI) was eluted using 0.01N NaOH,
aHCO3, and Na2CO3. Sorption data were analyzed using the
reundlich isotherm model. Biomass beads were regenerated
nd reused in more than 25-successive sorption–desorption
ycles and the regeneration efficiency was 75–78%. No attempts
ere made to elucidate the Cr(VI) adsorption mechanism.
Chemically modified and polysulfone-immobilized R. nigri-

ans fungal biomass samples were used for Cr(VI) removal
n continuous systems. Packed bed, fluidized bed and stirred
ank reactors were used [231]. Maximum removal efficiency
mg Cr/g biomass) was achieved in the stirred tank reactor
159.3), followed by the fluidized reactor (153.0) and the packed
ed reactor (123.3). The same group [232], explored Cr(VI)
iosorption onto chemically modified R. nigricans and the Cr
omplexation mechanism to the adsorbent. The cell wall of
his fungus possesses strong complexing properties which effec-
ively remove Cr(VI) anions from wastewater. The mechanism of
r(VI) adsorption by R. nigricans was ascertained by chemically
odifying of the dead biomass followed by FT-IR spectroscopic

nalysis the cell wall constituents. Treatment with mild alkalis
0.01N NaOH and aqueous ammonia) and formaldehyde (10%,
/v) deteriorated the biosorption efficiency. However, extraction
f the biomass powder in acids (0.1N HCl and H2SO4), alco-
ols (50% (v/v), CH3OH and C2H5OH) or acetone (50%, v/v)
mproved the Cr uptake capacity. Acetylation of cell wall amino
roups with acetic anhydride reduced the biosorption potential
rastically. Blocking –COOH groups by treatment with water-
oluble carbodiimide also resulted in an initial lag in Cr bind-
ng. Biomass modifications using cetyl trimethyl ammonium
romide (CTAB), polyethylenimine (PEI), and amino propyl
rimethoxy silane (APTS) each improved biosorption efficiency
o exceptionally high levels. The FT-IR spectroscopic analysis
f the native, Cr(VI) bound and the other types of chemically
odified biomass indicated the involvement of amino groups of
hizopus cell wall in Cr(VI) binding.

Tunali et al. [234] studied batch Cr(VI) removal from aque-
us solutions by live and pretreated Neurospora crassa fun-
al biomass. Heat, sodium hydroxide and acetic acid pretreat-
ents enhanced the biosorption capacity compared with the

ative biomass. Acetic acid pretreatment caused the largest
ncrease of biosorption ability of all the pretreatments (Table 7).
urface bioaccumulation of Cr(VI) species was confirmed by
T-IR, SEM and EDAX analysis. Desorption and reusabil-

ty studies demonstrated effective biosorbent regeneration
sing 10 mM NaOH up to 95% recovery in five successive
iosorption–desorption cycles. The biosorption mechanism was
tudied by infrared spectroscopy, scanning electron microscopy
nd X-ray energy dispersion analysis.
The use of the free and immobilized Lentinus sajor-caju
ycelia (in carboxymethylcellulose (CMC)) to remove aque-

us Cr(VI) was evaluated [212]. The CMC immobilized fungus
ycelia were incubated for the uniform growth on the bead sur-

t
b
r
C

rdous Materials B137 (2006) 762–811

aces at 30 ◦C for 3 days. The highest biosorption of Cr(VI)
ccurred at pH ∼ 2.0. The maximum biosorption capacities for
he free and immobilized fungus were 18.9 and 32.2 mg/g dry
eights, respectively (Table 7). The biosorbent was regenerated
sing 0.1 M NaOH, with more than 95% Cr(VI) recovery. These
iosorbents were reused through five biosorption–desorption
ycles with little loss of biosorption capacity.

A pure strain of M. hiemalis employed for aqueous Cr(VI)
emediation exhibited an uptake of 53.5 mg/g at an initial pH
f 2.0 (Table 7) [235]. Equilibrium data fitted well to Lang-
uir isotherm model. Cr(VI) biosorption onto M. hiemalis was

ndothermic. Nearly 99% of the adsorbed Cr(VI) was desorbed
sing 0.1N NaOH. M. hiemalis retained its adsorption activ-
ty after five batch sorption/desorption cycles. At pH 2.0, the
egative chromate ions interact more strongly with the posi-
ively charged functional groups of M. hiemalis resulting in high
r(VI) uptake. The authors did not quantify reduction of Cr(VI)

nto Cr(III) at low pH.
Most reports of aqueous Cr(VI) biosorption by dead fun-

al biomass have claimed that Cr(VI) was removed by “anionic
dsorption” [218,226,227,231–233,236,237]. Zhao and Duncan
238] observed “partial reduction along with anion adsorption”
n a column packed with formaldehyde cross-linked Saccha-
omyces cerevisiae. Park et al. [239] however, suggested that
hese findings were misinterpreted due to errors in measur-
ng total Cr in aqueous solution and insufficient contact time
equired for equilibrium resulting from the lack of information
bout the valence state of Cr bound on the biomass. Park demon-
trated that Cr(VI) is reduced to Cr(III), and completely removed
rom aqueous solution if sufficient experimental contact time is
iven. Furthermore, desorption and XPS studies indicated that
ost of the Cr bound to the biomass was Cr(III), implying that

he Cr(VI) removal occurs via a “redox reaction”. Park et al.
239] proposed a new Cr(VI) removal mechanism for the dead A.
iger fungal biomass. Aqueous Cr(VI) can be removed through
he two mechanisms: I and II in Fig. 15. In mechanism I, aque-
us Cr(VI) is directly reduced to Cr(III) upon contact with the
iomass. Mechanism II consists of three steps which include: (1)
inding Cr(VI) to positively charged groups such as protonated
mines present in the chitin and chitosan fungal cell wall compo-
ents; (2) reduction of Cr(VI) to Cr(III) by adjacent functional
roups having lower reduction potentials than that of Cr(VI); (3)
he release of reduced Cr(III) into the aqueous solution by elec-
ronic repulsion between the positively charged groups and the
r(III) ion. Since protons are consumed in each mechanism, the

olution pH increases during Cr(VI) removal by the dead fungal
iomass. Therefore, supplying protons promotes the rate and
fficiency of Cr(VI) removal. Solution pH of water/wastewaters
ontaminated with chromium is generally very acidic in accord
ith this need [240].
Park et al. [241] also reported Cr(VI) removal by A. niger,

. oryzae and P. chrysogenum. R. oryzae completely removed
r(VI) in 48 h, while the other species needed 218–254 h for
he complete Cr(VI) removal. The initial Cr(VI) removal rate
y S. cerevisiae was faster than that by A. niger, but the former
equired more contact time than the latter to completely remove
r(VI) from aqueous solution. This suggests the design of a
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Fig. 15. Mechanism for Cr(VI) removal by the dead fungal

wo stage process where S. cerevisiae adsorption is followed by
. niger treatment. Park et al. [242] also studied the chromium
iosorption by chemically treated brown seaweed biomass from
cklonia sp., which was collected along the Pohang seashore

n Korea. This biomass was treated acids, alkalis, formaldehyde
HCHO), formic acid and other chemicals. Acid-treatment pro-
uced the most favorable improvement of the aqueous Cr(VI)
emoval rate, while the organic solvent-treatment significantly
mproved the total chromium removal efficiency at equilibrium.
T-IR spectroscopy revealed that the amino and carboxyl groups
ere involved in Cr(VI) removal. The methylation of the amino
roups significantly decreased the Cr(VI) removal rate, but ami-
ation of the carboxyl groups significantly increased the Cr(VI)
emoval rate. Amino groups enhance Cr(VI) removal. Mean-
hile, esterification of the carboxyl groups and carboxylation
f the amino groups to slowed Cr(VI) removal. Carboxyl group
strification produced a greater drop in rate than the latter. This
uggests that carboxyl groups also contribute to Cr(VI) removal,
ut less strongly than amino groups. In conclusion, Cr(VI) is
emoved from the aqueous phase through both direct and indi-
ect reduction mechanisms. Amino and carboxyl groups, take
art in the indirect reduction, increasing the Cr(VI) removal
ate. However, little information exists about the electron-donor
nd Cr-binding groups on the biomass. The components which
educe and bind Cr(VI) are now being studied. The effects
f ionic strength, background electrolytes, heavy metals and
edox-active species on the reduction of hexavalent chromium
y Ecklonia biomass were also investigated by Park et al. [243].

Bingol et al. [244] reported CrO4
2− removal from aqueous

olution by a cationic surfactant-modified yeast. Cetyl trimethyl
mmonium bromide (CTAB) was used for biomass modifica-

ion. It substantially improved the biosorption efficiency. The
iosorption of chromate anions by modified yeast was strongly
ffected by pH. The optimum pH for biosorption of CrO4

2− onto
odified yeast was 4.5–5.5.

t
e
f
o

ss. Source: Park et al. [239] with permission from Elsevier.

.14.3. Bacteria
The use of bacteria for bioadsorption is a fast growing field

n metal remediation because of their ubiquity, ability to grow
nder controlled conditions and smaller size, which leads to high
urface area and fast rates. Zoogloea ramigera [218], Bacillus sp.
219], Aeromonas caviae [245,246], thuringiensis [247], Pan-
oea sp. [248], Aeromonas caviae have been used for chromium
emediation.

Nourbakhsh et al. [219] reported Cr6+, Pb2+ and Cu2+

iosorption on Bacillus sp. in single and multi-component sys-
ems. In multicomponent solutions, lead biosorption increased
idely while Cr(VI) and Cu(II) biosorption decreased ver-

us their amounts in single metal ion systems. Loukidou et
l. [245,246] explored aqueous Cr(VI) removal by Aeromonas
aviae biomass particles, isolated from potable groundwater
upplies. The optimum pH was 2.5 and the maximum adsorption
apacity was 284.4 mg/g (Table 7).

Şahin and Öztürk [247] investigated Cr(VI) biosorption on a
ixture of dried vegetative cells and spore–crystals of Bacillus

huringiensis var. thuringiensis. Batch studies were conducted
s a function of pH, initial metal ion concentration and tem-
erature. The optimum pH for Cr(VI) adsorption was 2.0. The
orption data fitted to both Langmuir and Freundlich isotherms.
o attempt was made to elucidate a dominating mechanism.
Ozdemir et al. [248] and Ozdemir and Baysal [249] utilized a

ram-negative bacterium Pantoea sp. TEM18 for Cr(VI), Cu(II),
d(II) removal. Optimum Cr(VI) adsorption occurred at pH
.0. Both the Freundlich and Langmuir sorption models were
uitable for describing the short-term biosorption of Cr(VI) by
antoea sp. TEM18. No sorption mechanism was provided.

Aeromonas caviae, a gram-negative bacteria, isolated from

he water wells near Thessaloniki (North Greece), were
mployed for aqueous Cr(VI) removal [246]. Protonation of
unctional groups (e.g. carboxyl and amino groups) gives an
verall biomass positive charge at 2.5 which enabled adsorption
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f negatively charged heavy metal ions. No attempt at quantifi-
ation of Cr(III) at low pH was reported.

Rabbani et al. [250] investigated 17 different bacterial strains
solated from Ramsar warm springs in Iran for Cr(III) remedi-
tion. A strain of gram-positive cocobacilli bacteria was highly
fficient at Cr3+ biosorption. The maximum removal (100%)
f 10 ppm Cr(III) occurred at pH 4.0 and 1 h contact time. An
solate (isolate TKW) of sulfate-reducing bacteria (SRB) was
btained from metal-contaminated marine sediments of Tok-
awan, Hong Kong and utilized for the enzymatic reduction
f hexavalent chromium into less toxic and insoluble trivalent
hromium (Cr3+) under anaerobic conditions. The enrichment
onsortium almost completely (98.5%) reduced 0.6 mM Cr6+ in
68 h and the reduction rate was 0.5 g (Cr6+) g (protein)−1 h−1

251].
Ozdemir and Baysal [249] examined Cr(VI) biosorption by

hryseomonas luteola TEM05. This optimum adsorption pH
as 4.0. The adsorption capacity appears to be significantly
igher for the Al(III) than for Cr(VI). Langmuir parameters from
. luteola TEM05 adsorption indicated a maximum adsorption
apacity of 3.0 mg/g.

.14.4. Plants
Chromium remediation was examined by various plants,

ncluding Fagus orientalis L. [252], Agave lechuguilla
253,254], Atriplex canescens [255], Thuja oriantalis [256], lar-
ea tridentate [257], Pinus sylvestris [258].

Acar and Malkoc [252] explored the use of beech (Fagus
rientalis L.) sawdust for aqueous Cr(VI) removal in batch
xperiments. Maximum Cr(VI) removal was achieved at a pH
f ∼1.0, but no mechanism was discussed.

Cr(VI) biosorption onto Pinus sylvestris cone biomass was
nvestigated by Ucun et al. [258]. The Cr(VI) biosorption was
ncreased when the solution pH decreased from 7.0 to 1.0.
n increase in chromium/biomass ratio caused a decrease in

he biosorption efficiency. The authors postulated that Cr(VI)
dsorption behaves like chromate anion uptake and not like
educed Cr(III) species.

Romero-González et al. [254] reported Cr(III) biosorp-
ion onto Agave lechuguilla biomass. The average adsorption
apacities calculated from Freundlich (4.7 mg/g) and Langmuir
14.2 mg/g) isotherms showed A. lechuguilla to be effective for
queous Cr(III) removal. Cr(III) binding was due to interac-
ions with surface carboxyl groups of the biosorbent’s cell tissue.
omero-González et al. [253] also used Agave lechuguilla for
r(VI) bioadsorption. Cr(VI) binding at pH 2.0 could be due to
ither electrostatic attraction to Cr(VI) oxyanions by positively
harged ligands such as protonated amines or through Cr(VI)
o Cr(III) to reduction, subsequently resulting in the binding
f Cr(III) to the biomass. Thermodynamic parameters (�G◦,
H◦, and �S◦) for Cr(VI) adsorption were determined between

0 and 40 ◦C. They suggested that a portion of Cr(VI) may first
ind to surface functional groups on the adsorbent and then be

educed to Cr(III). The Dubinin–Radushkevick equation indi-
ated that the sorption of chromium species onto lechuguilla
iomass mainly proceeds through binding to surface functional
roups.

p
C
T

rdous Materials B137 (2006) 762–811

Gardea-Torresdey et al. [259] studied Cr(VI) bioadsorp-
ion and its possible reduction to Cr(III) by Agave lechuguilla
iomass. Thermodynamic parameters (�G◦, �H◦, and �S◦)
or Cr(VI) adsorption, determined 283–313 K, suggested that

portion of Cr(VI) became bound to surface functional
roups on the adsorbent and then reduced to Cr(III). Further,
he Dubinin–Radushkevick equation parameters indicated that
hromium species sorption onto lechuguilla biomass mainly
roceeds through binding surface functional groups, in agree-
ent with the Romero-González et al. [253] paper.
Sawalha et al. [255] studied chromium adsorption by

ative, esterified, and hydrolyzed saltbush (Atriplex canescens)
iomass. X-ray absorption spectroscopy studies determined the
r oxidation state when bound to the biomass. The amounts of Cr
dsorbed by saltbush biomass were determined by inductively
oupled plasma-optical emission spectroscopy. The percentages
f Cr(III) bound by native stems, leaves, and flowers at pH
.0 were 98%, 97%, and 91%, respectively. On the other hand,
he Cr(VI) binding by the native stems, leaves, and flowers of
he native and hydrolyzed saltbush biomass decreased as pH
ncreased. At pH 2.0 the stems, leaves, and flowers of native
iomass bound 31%, 49%, and 46%, of Cr(VI), respectively.
AS experiments showed that Cr(VI) was reduced to Cr(III) to

ome extent by saltbush biomass at both pH 2.0 and 5.0. XANES
nalysis of the Cr(III) reaction with the saltbush biomass demon-
trated an octahedral arrangement of oxygen atoms existed
round the Cr(III) atom. EXAFS studies of saltbush plant sam-
les confirmed these results. The sorption capacities for Cr(III)
nd Cr(VI) are presented in Table 7.

Oguz [256] investigated the use of Thuja oriantalis
ones, a readily available waste, for Cr(VI) removal.
orption data were analyzed by Langmuir, Freundlich,
adke-Prausnitz, Brunauner, Emmett and Teller (BET) and
ubinin–Radushkevich (D–R) sorption models. The maximum

emoval was achieved at pH 1.5. No Cr(VI) adsorption mecha-
ism was discussed.

The aqueous Cr(III) sorption capacities of Salvinia herzogii
nd Pistia stratiotes were also reported [260]. Among the free-
oating species, Salvinia herzogii and Pistia stratiotes are the
ost easily spread plants in Argentina. Cr(III) distribution in

he aerial parts and roots versus time and the possible Cr(III)
ptake mechanisms were investigated. Both macrophytes effi-
iently removed Cr from water at concentrations of 1, 2, 4
nd 6 mg Cr/L. S. herzogii was the best-adapted species. Cr(III)
ptake through direct contact between the leaves and the solu-
ion is the main route by which chromium uptake into the aerial
arts occurs because Cr(III) is poorly translocated away from
he roots. Both mechanisms were fast processes. The Cr uptake

echanism involves both a fast component and a slow one. Fast
dsorption occurs due to mainly direct adsorption by the roots
nd leaves. This behavior is similar for both species. The slow
omponent is different for each species probably because Cr(III)
recipitation occurs in P. stratiotes induced by the roots.
Aoyama [261] studied aqueous Cr(VI) removal by London
lane leaves. Aoyama reported that Cr(VI) did not reduce to
r(III) and the dominating removal mechanism is adsorption.
he total chromium removal by London leaves is almost equal to
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Table 10
Removal of Cr(VI) from solutionsa by London leaves [261]

Initial [Cr(VI)] (mg/L) Removal (mg/g)

[Cr(VI)] Total [Cr]

52.82 26.22 ± 0.10 26.09 ± 0.10
104.48 41.91 ± 0.23 41.80 ± 0.24
157.30 52.72 ± 0.45 52.54 ± 0.45
211.14 60.13 ± 0.45 59.82 ± 0.28
262.38 64.89 ± 0.15 64.56 ± 0.16
315.58 69.47 ± 0.14 69.02 ± 0.16
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a The adsorbent (0.1 g) was shaken with 50 cm3 of K2Cr2O7 solutions (pH
.0) at 30 ◦C for 72 h.

he amount of Cr(VI) adsorbed (Table 10). Aoyama et al. [262]
ad previously explored coniferous leaves for the adsorption
f hexavalent chromium from dilute aqueous solution. Several
xperiments were conducted and the amounts of Cr(VI), and
otal chromium after adsorption were compared to see if any
o reduction occurred to Cr(III). Cr(VI) removal by leaves was
ainly governed by the physicochemical adsorption since chem-

cal reduction of Cr(VI) occurred to a lesser extent. Aoyama et
l. [263] later tested the ability of Japanese ceder (Cryptomeria
aponica) bark to remove aqueous Cr(VI). Dependence of the
emoval of Cr(VI) as well as total chromium was investigated.
he initial pH of the solution was varied from 1.0 to 5.0. Cr(VI)

emoval was 100% at pH ≤ 2.0 but 39% of Cr was still Cr(III)
t pH > 2.0. Larch bark [264] and black locust leaves [265] were
lso utilized for Cr(VI) remediation.

.14.5. Wood, grasses, compost, peat moss
Peat is a natural humic substance with recognized potential

or wastewater treatment due to its ability to sequester metals.
eat’s hydroxyl, carboxyl and phenol functional groups play

mportant roles in complexation and ion exchange during metal
ons fixation. Peat is also relatively inexpensive. Depending on
he type of peat used, mechanisms of cation uptake vary greatly
147,151,266].

Ma and Tobin [267] reported Cr3+, Cu2+ and Cd2+ biosorp-
ion onto peat in batch experiments. The order of maximum
ptake was Cr > Cu > Cd. Both H+ ion competition and pH-
ependent speciation affected uptake levels. The optimum pH
or Cr(III) was 4.0. An extended Langmuir model, based on
he direct competition of metal ions and protons for biosorbent
ites, exhibited the best fit. Chromium biosorption by milled
eat were reported between pH 2.0 and 7.0 [268]. Peat was cho-
en as an inexpensive and readily available biomass. Sorption
f both cationic Cr(III) and anionic Cr(VI) species was stud-
ed. Maximum uptake of Cr(III) occurred at pH 4.0. At this pH,
pproximately 50% of the Cr(III) present was in the form of
r3+ and 50% was in the form of Cr(OH)2+ as predicted by
INEQL, a chemical speciation prediction program. The max-

mum Cr(III) uptake was 0.27 mmol/g which occurred at a final

oncentration of approximately 3 mmol/L. In contrast, maxi-
um Cr(VI) uptake of 0.59 mmol/g occurred at pH 2.0, for a

-mmol/L final concentration. The predominant species at this
H was HCrO4

−.

5

s

rdous Materials B137 (2006) 762–811 797

Sharma and Forster [269] reported that peat moss could be
useful biosorbent for treating metal contaminated wastewa-

ers. Cr(VI) adsorption at both pH 2.0 and 2.5 was examined
n columns at two flow-rates for each pH value. Both adsorp-
ion and reduction occurred in the columns. The maximum
r(VI) adsorption capacity (65.9 mg/g) was obtained at pH 2.0
nd a flow-rate of 80 mL/min. Sharma and Forster [270] also
mployed Irish sphagnum peat for continuous Cr(VI) adsorption
rom acidic solutions. At an initial pH of 2.0, appreciable reduc-
ion to trivalent chromium occurred. Cr(III) was not adsorbed as
eadily as the hexavalent form. This reduction did not occur when
he initial pH was 2.5. The adsorption capacities depended on
oth the pH and the forms of chromium present. The exhausted
eat was regenerated in situ with 1% sodium hydroxide but the
egeneration efficiencies were low (<40%).

Carrillo-Morales et al. [271] utilized the pulp of cactus
CACMM2) for the adsorption of aqueous Cd2+, Cr3+, Cu2+,
e3+, Ni2+, Pb2+ and Zn2+. The adsorption capacities decreased

n the order Cd(II) > Ni(II) > Cr(III) > Pb(II) > Cu(II) > Fe(II) >
n(II).

The ability of four common plant-derived products—wood,
rass, compost, and peat moss to remove cadmium, chromium
nd lead from dilute aqueous solutions was investigated [272].
hese products were dried and ground. Then they were immo-
ilized in polysulfone or poly(bisphenyl A) carbonate to form
pherical beads through a phase inversion process. The dried
nd ground vegetation product (−80 mesh) was added to N-
ethylpyrrolidone solution of the polymer in a 1:1 mass ratio
ith the polymer, generating beads that were approximately
0% vegetation and 50% polymer matrix. This slurry added
ropwise into a beaker containing clean water. Upon contact
ith the water, the water-miscible NMP separated from the poly-
er/vegetation mixture, resulting in the formation of spherical

eads. These beads were transferred to a fresh water bath and agi-
ated gently on a shaker table until the wash bath remained clear
nd did not smell of NMP solvent. After washing, the beads were
ried at room temperature and screened for odd-shaped and over-
ized beads using a 1/4 in. mesh screen. This method resulted in
consistent ∼3.5 mm diameter bead size. Dry beads were than
laced in deionized water and agitated until they were clearly
aturated with water. The soaked beads were then prepared for
etal uptake by 0.1 M nitric acid extraction, under agitation, to

emove acid-soluble contaminants, rinsing with deionized water,
nd then washing in 0.1 M sodium hydroxide to exchange active
rotons with Na+.

Deepa et al. [273] reported batch sorption of aqueous
r(VI) using live and pretreated Aspergillus flavus biomass.
he autoclaved Aspergillus flavus biomass that showed maxi-
um adsorption capacity (0.335 mg/g) was used as an adsorbent

n column studies. The adsorption capacities for autoclaved
dsorbent calculated from BDST model were (4.56, 7.28, 6.89,
.07, 2.80) × 10−5 mg/g for 4, 8, 12, 16 and 20 mg/L of Cr(VI),
espectively.
.14.6. Chitin and chitosan
Braconnot first described chitin in 1811; upon isolating a

ubstance he called “fungine” from fungi. The first scientific
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eference to chitin was taken from the Greek word “chiton”,
eaning a “oat of mail”, for the material obtained from the elytra

f May beetles [199]. Chitin, the most widely occurring natural
arbohydrate polymer next to cellulose, is a long, unbranched
olysaccharide derivative of cellulose, where the C2 hydroxyl
roup has been replaced by the acetyl amino group –NHCOCH3.
-Deoxy-2(acetyl-amino) glucose is the primary unit in the poly-
er chain. These units are linked by �, (1 → 4) glycosidic

onds forming long linear chains with degrees of polymeriza-
ion from 2000 to 4000. Chitosan is a product of deacetylation
f chitin using concentrated alkali at high temperature. Chitosan
s derived from the chitin found in the exoskeletons of Crus-
acea shellfish, shrimp, crabs, insects, etc. Chitin is prepared
rom shells of Crustacea at low cost by removing other compo-
ents, such as calcium, and proteins, by treatment with acids and
lkalines. Recently Crini [32] reviewed the developments in the
ynthesis of polysaccharide-containing adsorbents, in particular
odified biopolymers derived from chitin, chitosan, starch and

yclodextrin. The important features of these polymeric materi-
ls were discussed to demonstrate the advantages gained using
hese adsorbents for wastewater treatment. Chitin and chitosan
re excellent natural adsorbents [32,274] with high selectivities
ecause:

1) large numbers of hydroxyl and amino groups give chitosan
high hydrophilicity;

2) primary amino groups provide high reactivity;
3) the chitosan polymer chains provide suitable configurations

for efficient metal ion complexation.

The structures of chitin and chitosan are presented (Fig. 16).

Chromium adsorption of onto cross-linked chitosan was

nvestigated by Rojas et al. [275]. Effect of pH, particle size,
dsorbent weight, concentration and chromium oxidation state
n adsorption was studied. The optimum adsorption pH was

Fig. 16. Chemical structures of chitin and chitosan.
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.0, while chromium(VI) is partially reduced in the range
H ≤ 3.0. The lower chitosan affinity for chromium(III) (6 mg/g)
iffers with chitosan’s very high capacity for chromium(VI)
215 mg/g). This high capacity is due to the large stoichiometry
f protonated amine sites in the acidic range of pH. Equilibrium
ata fitted to both Langmuir and Freundlich isotherms.

Spinelli et al. [276] synthesized the quaternary ammonium
alt of chitosan (QCS) (Fig. 17) via reaction of a quaternary
rimethyl ammonium, glycidyl chloride. The resulting product
as utilized for aqueous Cr(VI) removal. This polymer was

haracterized by IR, 1H NMR, TGA and quantitation of the
uaternary ammonium groups. The Langmuir isotherm model
tted the sorption data and the capacity was pH dependent. The
r(VI) adsorption capacity at pH 9.0 was 30.2 mg/g, while at pH
.5 the capacity was 68.3 mg/g (Table 1). Cr(VI) ions were eluted
rom cross-linked QCS by treatment with a 1 mol/L solution of
aCl/NaOH to give a chromium efficiency of more than 95%.
Castro Dantas et al. [277] examined the Cr(III) removal from

queous solutions by chitosan impregnated with a microemul-
ion composed of 10 wt.% surfactant (saponified coconut oil);
5 wt.% aqueous phase (distilled water); 40 wt.% co-surfactant
isoamyl alcohol, 99% PA) and 25 wt.% oil phase (kerosene).
he modified chitosan exhibited a remarkable increase in Cr(III)
orption capacity over the untreated sample. Dynamic column
xperiments were performed to study the influence of pH, con-
entration, and the presence of other metal ions (copper and
ickel) in the chromium solutions. The nature of Cr(III) sorp-
ion equilibrium at different temperatures (30, 40, and 50 ◦C)
as also investigated. The Langmuir isotherm model fitted the

orption data.
Boddu et al. [278] prepared a composite chitosan biosor-

ent by coating chitosan, onto nonporous ceramic alumina. This
omposite bioadsorbent was characterized by high temperature
yrolysis, porosimetry, scanning electron microscopy, and X-
ay photoelectron spectroscopy. The oxalated dianion was used
o form a bridge between alumina and chitosan (Fig. 18). One
arboxylate group forms a relatively strong surface chelate via
ster linkage with the alumina while the other one forms an ionic
ond with a –NH3

+ group present on chitosan. The oxalic acid
ould also form hydrogen bonds with –OH, –CH2OH, or –NH2
roups on the biopolymer. The micropore area of the biosorbent
s only 3.3 m2/g compared to the total surface area (105.2 m2/g).
his indicates that the sorbent is relatively nonporous. Batch and
ontinuous column sorption experiments with this sorbent were
arried out at 25 ◦C to evaluate Cr(VI) adsorption from synthetic
nd actual chrome plating wastewater samples. Experimental
quilibrium data were fitted to Langmuir and Freundlich mod-
ls. The ultimate capacity obtained from the Langmuir model
as 154-mg/g chitosan (Table 7). Cr(VI) sorption occurred on
rotonated amine functional groups of the biopolymer as shown
n Fig. 19.

Dambies et al. [279] employed X-ray photoelectron spec-
roscopy (XPS) to study chemical interactions between Cr(VI)

nd chitosan from crab shells. Three forms of chitosan were
sed—flakes, beads, and modified beads obtained by glutaralde-
yde cross-linking. XPS identified the sorption sites involved
n the accumulation of Cr(VI), as well as sorbed species.
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Fig. 17. Reaction scheme of quaternary chitosan salt (QCS). Source: Spinelli et al. [276].
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Fig. 18. Oxalated dianion used to form a bridge

hromium was not detected by XPS measurements restricted
o the first external layers of the sorbent. However, significant
ands appeared at binding energies of 577.3 and 579.8 eV after
rinding the sample. The disappearance of chromium from the
xternal layers cannot be interpreted based on experimental
rtifacts, mass transfer mechanisms, or analysis criteria. The
hromium element appeared in cross-linked chitosan beads and
ven with native beads. Unlike raw sorbents, only the 577.0 eV
and appeared in cross-linked chitosan. The bands at 577.3
nd 579.8 eV can be attributed to Cr(III) and Cr(VI), respec-
ively, by analogy with other chromium compounds. Specif-
cally the Cr 2p3/2 orbitals are assigned at 577.2 eV (CrCl3)
nd 576.2–576.5 eV (Cr2O3) for Cr(III) compounds, while
r(VI) forms are characterized by higher binding energies

e.g. 578.1 eV (CrO3) or 579.2 eV (K2Cr2O7)]. Thus, on cross-
inked beads, chromate was entirely reduced to Cr(III), while on
ncrosslinked chitosan only 60% of the chromium is found in
ts reduced Cr(III) form.

Hasan et al. [280] investigated Cr(VI) remediation using
hitosan-coated perlite beads. Chitosan-coated perlite beads
ere prepared by addition of chitosan and perlite liquid slurry

o an alkaline bath. The beads were characterized by SEM
nd EDS X-ray microanalysis. The chitosan content of the
eads was 23%. The chitosan-coated perlite adsorption capacity

as 104 mg/g using a batch determination method. The Cr(VI)

apacity was 452 mg/g of chitosan. This large capacity was
onsiderably higher than that of natural and modified chitosan,
hich ranged from 11.3 to 78 mg/g of chitosan. The beads loaded

a
g

een alumina and chitosan. Source: Ref. [278].

ith chromium were regenerated with sodium hydroxide solu-
ion.

Tan et al. [281] reported the preparation of nickel imprinted
hitosan resin, which can considerably enhance the adsorption
apacity and selectivity of the metal ions including Cr(VI).
onditions influencing the preparation of chitosan-imprinted

esin were optimized. These included the cross-linking agent,
pichlororohydrin and ethylene glycol diglycidyl ether, and
i(II) concentration. The chemical and physical stability were

lso discussed and the imprinted chitosan resin was used sev-
ral times without losing adsorption capacity. The adsorption
echanism is illustrated in Fig. 20.

. Chromium sorption mechanisms

Cr(VI) adsorption from aqueous solutions by activated car-
on/low cost adsorbents/biosorbents consists mainly of two
odes of uptake:

. Hexavalent chromium species are removed by adsorption
onto the interior surface of the adsorbent (carbon/biosorbent/
adsorbent).

. Chromium(VI) is reduced into Cr(III) and this trivalent state
adsorbs at the external carbon surface.
The major parameters which governed the adsorption mech-
nism of Cr(VI)/Cr(III) are: pH, degree of mixing or velocity
radient, carbon/adsorbent dose, total chromium concentration
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Fig. 19. Sorption of Cr(VI) on amine functio

both Cr(III) and Cr(VI)), temperature, particle size, and type
f adsorbents. The majority of the sorbents reviewed herein are
ctivated carbons, biosorbents, clays or industrial/agricultural
y-products. A number of equations have been used to describe
inetic reactions in these sorbents. These include first-, second-
rder and two constant rate equations [282,283]. In most of the
apers discussed above the rate of the reaction was either gov-
rned by first- or second-order rate equations.

Further, the adsorption of Cr(VI) and Cr(III) is governed by
he four consecutive steps [199]:

. transport in the bulk solution;
. diffusion across the liquid film boundary surrounding the
sorbent particles;

. intraparticle diffusion in the liquid contained in the pores and
in the sorbate along the pore walls;

T
k

a

Fig. 20. Cr(VI) sorption on the chitosa
oups of the biopolymer. Source: Ref. [278].

. sorption and desorption within the particle and on the external
surface.

Any of the above steps or combinations of them may control
he rate [199]. To determine the exact mechanism it is necessary
o carry out experiments to investigate such variables as initial
oncentration, sorbent particle size, solution temperature, pH,
gitation time and then analyze the data for different kinetic
rders or for pore/solid phase diffusion mechanisms.

The mathematical treatment of Boyd et al. [284] and Reichen-
erg [285] distinguishes between diffusion in the particle, film
iffusion and a mass action-controlled exchange mechanism.

his treatment laid the foundations of sorption/ion exchange
inetics.

Three steps which occur in the adsorption of an adsorbate by
porous adsorbent are:

n resin. Source: Tan et al. [281].
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(i) transport of the adsorbate to the external surface of the
adsorbent (film diffusion);

(ii) transport of the adsorbate within the pores of the adsorbent
(intraparticle diffusion);

iii) adsorption of the adsorbate on the exterior surface of the
adsorbent.

Process (i) is rapid and does not represent the rate-
etermining step in the uptake of adsorbate (1). Three distinct
ases occur for the remaining two steps in the overall transport:

case I: external transport > internal transport;
case II: external transport < internal transport;
case III: external transport ≈ internal transport.

In cases I and II, the rate is governed by diffusion in the film
nd in the particle, respectively. In case III, the transport rate of
dsorbate to the boundary is not significant. This leads to liquid
lm formation with a concentration gradient surrounding the
orbent particles.

External transport is usually rate limiting in systems, which
ave: (a) poor mixing, (b) dilute adsorbate concentration, (c)
mall particle size and (d) high adsorbate affinity for adsorbent.

In contrast, intra-particle transport limits the overall transfer
or those systems that have: (a) high adsorbate concentration,
b) good mixing, (c) large adsorbent particle size, and (d) low
dsorbate/adsorbent affinity.

Kinetic data can easily be analyzed by applying the Reichen-
erg [285] and Helffrich [286] mathematical models using Eqs.
33)–(36):

= 1 − 6

π2

∞∑
n=1

1

n2 exp

[−Ditπ
2n2

r0
2

]
(33)

r

= 1 − 6

π2

∞∑
n=1

1

n2 exp[−n2Bt] (34)

is the fractional equilibrium that is reached at time t, obtained
y the expression:

= Qt

Q0 (35)

here Qt is the amount of adsorbate taken up at time t. Q0 is
he maximum equilibrium uptake. B is given by the following
quation:

= π2Di

r2
0

= time constant (36)

here Di is the effective diffusion coefficient of ions in the adsor-
ent phase and r0 is the radius of spherical adsorbent particles.
he term n is an integer that defines the infinite series solution.

t values (the product of multiplying B by time t) were obtained

or each observed value of F from Reichenberg’s table [285] at
ifferent temperatures. The linearity test of Bt versus time plots
as employed to distinguish between adsorption controlled by

m
a
t
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lm versus particle diffusion. If a Bt versus time plot (slope = B)
s linear and passes through the origin, then the adsorption rate is
overned by diffusion in the particle. Otherwise, it is governed
y film diffusion [2,3]. In most of adsorption studies reported in
his review article, rate is controlled either by film diffusion or
article diffusion.

. Comparative evaluation of sorbents

The adsorption capacities of various Cr(III) and Cr(VI) adsor-
ents are summarized in Table 7. It is very difficult to directly
ompare adsorption capacities due to a lack of consistency
n the literature data. Sorption capacities were evaluated at
ifferent pHs (and not necessarily at the optimum pH val-
es), temperatures, Chromium concentration ranges, adsorbent
oses and various Cr(III)/Cr(VI) ratios. The adsorbents were
sed for treating ground water, drinking water, synthetic indus-
rial wastewater, and actual wastewater and so on so fourth.
o the types and concentrations of interfering ions are differ-
nt and seldom documented. Some adsorption capacities were
eported in batch experiments and others in continuous col-
mn modes. These certainly cannot be readily compared with
ach other. In batch sorption experiments, the sorption capaci-
ies were computed by the Langmuir isotherm or the Freundlich
sotherm or experimentally. This makes comparisons more com-
licated to pursue. In other words rigorous direct comparisons
f the tested adsorbents are largely impossible. Keeping these
aveats in mind, some (Table 7) some adsorbents with very high
apacities were chosen and compared using a 3D bar diagram
Fig. 21).

Obviously, some low cost adsorbents developed from agri-
ultural wastes or industrial wastes have outstanding capacities.
hese include treated slags, carbons developed from agricul-

ural waste (char carbons and coconut husk carbons), biosor-
ents (immobilized biomass, orange juice residue), goethite, etc.
Fig. 21). Some commercial adsorbents, which include resins,
els, silica, treated silica tested for chromium removal also
erformed well. Comparing sorbents by surface area alone is
ifficult. Adsorption of organics is usually dependent on adsor-
ents’ surface area. The higher the surface area the greater is the
dsorption. But this is often not true for the adsorption of metal
ons or inorganics. Factors such as exchange and precipitation

ay contribute or dominate.
Out of the many sorbents compared in this review dried

naerobic activated sludge offered outstanding performances for
exavalent chromium remediation. In case of Cr(III), Amberlite
R-120 resin and dithizone-anchored poly(EGDMA-HEMA)
ere the best (Fig. 21). The conditions employed in those studies

an be simulated for such large-scale applications as drinking
ater purification.

. Cost estimation
The cost of chromium adsorbents developed from waste
aterials seldom appears in the literature. The cost of individual

dsorbents depends on local availability, processing required,
reatment conditions and both recycle and lifetime issues. These
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.

No. Adsorbents Reference

1 Sawdust activated carbon [82]
2 Activated carbon (CKW) [80]
3 Activated carbon (Acticarbone CXV) [80]
4 Sugarcane bagasse [136]
5 Corn stover [136]
6 Cross-linked (glutaraldehyde) [275]
7 Tamarindus indica seed (TS) [115]
8 Quaternary chitosan salt (QCS) [276]
9 Pantoea sp. TEM18 [248]

10 Aeromonas caviae, a gram-negative bacteria [245]
11 Persimmon tannin (PT) gel [17]
12 Ion exchange resin 1200H [12]
13 Ion exchange resin 1500H [12]
14 Hydrotalcite [158]
15 Activated carbon, FS-100 [63]
16 Activated carbon, GA-3 [63]
17 Activated carbon, SHT [63]
18 Dunaliella alga (sp. 1) [213]
19 Dunaliella alga (sp. 2) [213]
20 Granular activated carbon [197]
21 Activated sludge [197]
22 Untreated Rhizopus nigricans [232]
23 CTAB-treated R. nigricans [232]
24 PET-treated R. nigricans [232]
25 APTS-treated R. nigricans [232]
26 Dried anaerobic activated sludge [198]
27 Tannin gel (77% water content) [173]
28 Algae, C. vulgaris [215]
29 Algae, Synechocystis sp. [215]
30 Activated carbon [107]
31 Peat moss [269]
32 Chitosan impregnated with a microemulsion [277]

Fig. 21. Comparative evaluation of the best adsorbents for (a) hexavalent chromium and (b) trivalent chromium.
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No. Adsorbents Reference

33 Chitosan [278]
34 Protonated brown seaweed Ecklonia sp. [221]
35 Aeromonas caviae biomass [245]
36 Activated carbon fabric cloth [2]
37 PEI-modified biomass of P. chrysogenum [228]
38 Hazelnut shell activated carbon [90]
39 London leaves [261]
40 Cationic surfactant-modified yeast [244]
41 Kendu fruit gum dust (KGD) [110]
42 Amine-modified polyacrylamide-grafted coconut coir pith [104]
43 Sawdust (SD) of rubber wood (Hevea brasiliensis) grafted with polyacrylamide [99]
44 Japanese ceder (Cryptomeria japonica) [263]
45 Chitosan coated on perlite [288]
46 Bagasse fly ash [27]
47 Activated carbon developed from fertilizer waste slurry [78]
48 Activated carbon obtained from black liquor lignin [66]
49 Carrot residues [116]
50 Amberlite IR-120 resin [129]
51 Activated carbon from co-mingled natural organic wastes [95]
52 Norit carbon (oxidized) [95]
53 IRN77 resin [10]
54 SKN1 resin [10]
55 Dithizone-anchored poly(EGDMA-HEMA) [171]
56 R. arrhizus [227]
57 Activated carbon fabric cloth [3]
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Fig. 21.

re not discussed in any paper. Cost will vary when the adsor-
ents are made in (and for) developed countries, developing
ountries or underdeveloped countries. Numerous commer-
ially available activated carbons have been used for chromium
dsorption, both as-received and after chemical modifications.
owever, chemical modification costs are seldom mentioned in

he research reports. Furthermore, no consistency exists in the
ata presented. Most papers describe only batch experiments and
o consideration was given to fixed-bed studies. Batch equilib-
ium adsorption isotherms cannot simulate or predict dynamic
erformances directly due to the following limitations:

. Isotherms are equilibrium tests so the time restrictions are
not considered.

. Isotherms are based on carbon exhaustion–granular systems.

. Long-term chemical and biological effects are not evident.

Ease and completeness of regression and the number of recy-
les over which adsorbent can be used are not elucidated. Most
esearch reviewed herein has been limited to initial laboratory
valuations of solution adsorptive capacity and the uptake mech-
nism. Pilot-plant scale studies and cost evaluation remain to
e explored. In the growing literature on natural adsorbents for
hromium uptake, little literature exists containing full cost and

pplication comparisons of various sorbents. In addition, differ-
nt sorbents are difficult to compare because of inconsistencies
n the data presentation. Thus, much work is necessary to demon-
trate application costs at the sale of a single home, a village, a
unicipal region or an industrial process.

a
a
t
T
p

inued )

. Conclusions

The chemical contamination of water from a wide range of
oxic derivatives, in particular heavy metals, aromatic molecules
nd dyes, is a serious environmental problem owing to their
otential human toxicity. The heavy metals, especially hexava-
ent chromium, appear to be the major pollutants globally in this
entury. Heavy metals, derived from industrial wastewater dis-
harge, present an ongoing and serious threat to human health
nd to natural water. There are a number of treatment technolo-
ies available for chromium remediation but none of them is
ound to be applicable to all situations. A successful separation
rocess should have two main products:

. Low volume stream containing the contaminant(s) in a con-
centrated form.

. A high volume stream containing the decontaminated matrix.

Adsorption is relatively new practice for the removal of metal
ons/chromium. It has been a useful tool for controlling the extent
f metal pollution. Activated carbon’s role for the removal of
hromium from water and wastewater was discussed. However,
t is only able to remove few milligrams of metal ions per gram
f activated carbon and there are still some problems encoun-
ered in the regeneration process. This makes activated carbon
n expensive adsorbent for wastewater treatment. The use of

ctivated carbon in developing countries is more problematic as
hey cannot afford the cost and demands of activated carbons.
herefore, low cost materials are sorely needed, which are com-
arable to activated carbon in terms of adsorption capacity and
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hould be locally available. The present discussion shows that
ome such materials have equal or more adsorption capacity than
ctivated carbon.

On the other hand, solid waste has become one of the society’s
ost vexing problems. This problem is compounded when the
aste is contaminated with hazardous chemicals. One solution is

ecycling where a portion of the remediation cost is recaptured
y sale of the recovered substance. No doubt it is a positive
nswer to solid waste disposal. However, the quality of recycled
roduct is always in question. If the solid waste can be con-
erted into a low cost adsorbent for the treatment of discharged
astewater, the cost of remediating metal ions from water might
ecrease. A perusal of Table 7 indicates that some of the acti-
ated carbons made from waste materials have higher adsorption
apacities than commercially available carbons.

These can also be regenerated chemically and recycled which
urther lowers the treatment cost. Preliminary investigations
eveal the applicability of the substances such as clay min-
rals, fly ash, fertilizer wastes, different types of coal, slags,
eolites, and so on as scavengers of heavy metal ions. As men-
ion earlier by Pollard et al. [33], most of the studies are limited
nly to an initial evaluation of solution adsorptive capacity
nd there is a need to continue future studies at the pilot-plant
cale.

Despite the large number of papers published on natural
dsorbents for chromium uptake, few reports exist of full com-
arative studies of various sorbents. As already noted, compar-
sons of different sorbents are difficult because of inconsistencies
n the data presentation. Thus, much work is necessary to better
nderstand adsorption phenomenon and to demonstrate possi-
le useful technology at a variety of scales for applications at
arious locations and scales worldwide.
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Rollemberg, Equilibrium studies for the sorption of chromium and nickel
from aqueous solutions using raw rice bran, Process Biochem. 40 (11)
(2005) 3485–3490.

[113] W.E. Marshall, L.H. Wartelle, An anion exchange resin from soybean
hulls, J. Chem. Technol. Biotechnol. 79 (2004) 1286.

[114] V. Sarin, K.K. Pant, Removal of chromium from industrial waste
by using eucalyptus bark, Bioresour. Technol. 97 (1) (2006) 15–
20.

[115] G.S. Agarwal, H.K. Bhuptawat, S. Chaudhari, Biosorption of aqueous
chromium(VI) by Tamarindus indica seeds, Bioresour. Technol. 97 (7)
(2006) 949–956.

[116] B. Nasernejad, T.E. Zadeh, B.B. Pour, M.E. Bygi, A. Zamani, Compar-
ison for biosorption modeling of heavy metals (Cr(III), Cu(II), Zn(II))
adsorption from wastewater by carrot residues, Process Biochem. 40 (3/4)
(2005) 1319–1322.

[117] V.K. Garg, R. Gupta, R. Kumar, R.K. Gupta, Adsorption of chromium
from aqueous solution on treated sawdust, Bioresour. Technol. 92 (1)
(2004) 79–81.

[118] A. Kumar, N.N. Rao, S.N. Kaul, Alkali-treated straw and insoluble straw

xanthate as low cost Adsorbents for heavy metal removal—preparation,
characterization and application, Bioresour. Technol. 71 (2) (2000)
133–142.

[119] J.S. Melo, S.F. D’Souza, Removal of chromium by mucilaginous seeds
of Ocimum basilicum, Bioresour. Technol. 92 (2) (2004) 151–155.



Haza
D. Mohan, C.U. Pittman Jr. / Journal of

[120] N. Daneshvar, D. Salari, S. Aber, Chromium adsorption and Cr(VI) reduc-
tion to trivalent chromium in aqueous solutions by soya cake, J. Hazard.
Mater. 94 (1) (2002) 49–61.

[121] F.A. Mampton, Mineralogy and Geology of Natural Zeolities, Southern
Printing Company, Blacksburg, VA, 1997.

[122] R.P. Townsend, in: H. Van Bekkum, E.M. Flannigen, J.C. Janmsen (Eds.),
Ion Exchange in Zeolities, Introduction to Zeolite Science and Practice,
Elsevier, Amsterdam, 1991, pp. 359–390.

[123] S. Kesraoui-Ouki, C.R. Cheeseman, R. Perry, Natural zeolite utilization
in pollution control: a review of application to metal’s effluents, J. Chem.
Technol. Biotechnol. 59 (1994) 121–126.

[124] C. Covarrubias, R. Arriagada, J. Yáñez, R. Garcı́a, M. Angélica, S.D.
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