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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(IlI) 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(IIl) 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.
© 2006 Elsevier B.V. All rights reserved.
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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, FeCr,O4, found
mainly in South Africa (with 96% of the world’s reserves), Rus-
sia and the Philippines. Less common sources include crocoite,
PbCrQy4, and chrome ochre, Cr,O3. The gemstones emerald and
ruby owe their colors to traces of chromium.

Chromium occurs in 2+, 3+ and 6+ oxidation states but
Cr?* is unstable and very little is known about its hydrolysis.
The hydrolysis of Cr(IIl) is complicated. It produces mononu-
clear species CrOH?*, Cr(OH),*, Cr(OH)4~, neutral species
Cr(OH)3° and polynuclear species Cro(OH), and Cr3(OH)4>*
[1-3]. The hydrolysis of Cr®* produces only neutral and anionic
species, predominately CrO42_, HCrO42_, Cr2072_ [2,3]. At

low pH and high chromium concentrations, CroO7>~ predomi-
nates while at a pH greater than 6.5, Cr(IV) exists in the form
of CrO42_ [2]. Cr(III) is classified as a hard acid and forms
relatively strong complexes with oxygen and donor ligands.
Chromium(VI) compounds are more toxic than Cr(IIl) due to
their high water solubility and mobility. On the other hand, triva-
lent chromium is insoluble and thus immobile under ambient
conditions. The most soluble, mobile and toxic forms of hex-
avalent chromium in soils are chromate and dichromate. The
hexavalent form is rapidly reduced to trivalent chromium under
aerobic conditions [4]. Insoluble trivalent hydroxides and oxides
form which cannot leach.

Chromium has both beneficial and detrimental properties.
Chromium(III) is an essential trace element in mammalian
metabolism. In addition to insulin, it is responsible for reducing
blood glucose levels, and is used to control certain cases of dia-
betes. It has also been found to reduce blood cholesterol levels
by diminishing the concentration of (bad) low density lipopro-
teins “LDLs” in the blood. Cr(Ill) is supplied in a variety of
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Fig. 1. Eh—pH diagram for chromium. Source: Palmer and Puls [309].

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

The redox potential Eh—pH diagram (Fig. 1) presents equi-
librium data and indicates the different oxidation states and
chemical forms which exist within specified Eh and pH ranges.
Cr(II) is the most thermodynamically stable oxidation state
under reducing conditions (Fig. 1). Cr(VI) can remain sta-
ble for significant periods of time. Cr(IIl) predominates at
pH <3.0. At pH > 3.5, hydrolysis of aqueous Cr(III) yields triva-
lent chromium hydroxy species [CrOH>*, Cr(OH)**, Cr(OH)3°
and Cr(OH);~]. Cr(OH)3" is the only solid species, exist-
ing as an amorphous precipitate [5]. Hexavalent chromium
exists primarily as salts of chromic acid (H,CrOy4), hydro-
gen chromate ion (HCrO4~) and chromate ion (Cr042’),

Table 1
Heavy metals in some major industries
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Fig. 2. Speciation diagram of Cr(VI). Source: Dionex [6].

depending on the pH. HoCrO4 predominates at pHs less than
about 1.0, HCrO4~ at pHs between 1.0 and 6.0, and CrO42~
at pHs above about 6.0 (Fig. 2) [6]. The dichromate ion
(Cr2072_), a dimer of HCrO4~, minus a water molecule, forms
when the concentration of chromium exceeds approximately
1g/L.

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

Industrial processes that produce aqueous effluents rich
in chromium and other heavy metals are given in Table 1.
Chromium compounds are widely used in electroplating, metal
finishing, magnetic tapes, pigments, leather tanning, wood pro-
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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
Tin ND 6.4 ND
Zinc 226 132 1372

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

Several treatment technologies have been developed to
remove chromium from water and wastewater. Common meth-
ods include chemical precipitation [8], ion exchange [9-14],
membrane separation [15,16], ultrafiltration [17], flotation [18],
electrocoagulation [19], solvent extraction [20], sedimentation
[21], precipitation [22], electrochemical precipitation [22], soil
flushing/washing [22], electrokinetic extraction [22], phytore-
mediation [22], reduction [23], reverse osmosis [24], dialy-
sis/electrodialysis [25], adsorption/filtration [2,3,26-30], evap-
oration, cementation, dilution, air stripping, steam stripping,
flocculation, and chelation [31]. Chemical precipitation has tra-
ditionally been the most used method. The most often used
precipitation processes, include hydroxide precipitation, sul-
fide precipitation, carbonate precipitation and phosphate pre-
cipitation. The disadvantage of precipitation is the production
of sludge. This constitutes a solid waste a disposal problem.
Ion exchange is considered a better alternative. However, it
is not economically appealing because of high operational
costs.

Most remediation methods more effectively remove
chromium from water/wastewater containing relatively high ini-
tial chromium concentrations (usually above 100 mg/L). Advan-
tages and disadvantages of various treatment methods are sum-
marized in Table 3 [32]. Adsorption has evolved as the front line
of defense for chromium removal. Selective adsorption by bio-
logical materials, mineral oxides, activated carbons, or polymer
resins has generated increasing excitement [1,26,30,32-39] In
general, activated carbons are broadly applied effective adsor-
bents for wastewater treatment.

The origin of carbon use extends so far back into history that
itis impossible to document. Charcoal was first used for drinking
water filtration by ancient Hindus in India, and carbonized wood
was used as a medical adsorbent and purifying agent by the
Egyptians as early as 1500 B.c. [40].

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

[1,33-35]. Allen et al. [34] reviewed the production and charac-
terization of activated carbon from many carbonaceous sources.
Characterization by porosimetry, sorptometry, topography, pore
size distribution, isotherms, and surface area measurements
was reviewed and the specific data from activated carbons
derived from lignocellulosic materials (peat and lignite) were
also presented. Pollard et al. [33], reviewed low cost alterna-
tives to activated carbon for water/wastewater treatment. Car-
bon selection criteria and activation methods were discussed
[33]. Similar types of review articles later appeared on low
cost alternatives to activated carbons [30,32,36]. Davis et al.
[37] presented an excellent review of the biochemistry of
heavy metal biosorption by brown algae. Gavrilescu [41] dis-
cussed the removal of heavy metals by biosorption. Biosorp-
tion of heavy metals by fungal biomass and its modeling was
also reviewed [39]. Mui et al. [42] reviewed the production
of active carbons from waste tires. Kapoor and Viraraghvan
[38] reviewed fungal biosorption as an alternate treatment
option for heavy metal bearing wastewaters. However, to the
best of our knowledge, no review exists of activated carbons
or alternative adsorbents used for chromium adsorption from
water/wastewater.

Compiling the research on chromium removal by adsorp-
tion is important because this topic has advanced significantly.
A large number of publications appear every year. Many sig-
nificant papers published during last two decades are reviewed
herein. The term “significant” is, of course, our interpretation
with which others may differ. Particular attention has been paid
to comparing the sorption efficiency of commercially available
activated carbons with other low cost alternatives. An extensive
table summarizing the sorption capacities of various activated
carbons and/or other adsorbents is included.

2. What is activated carbon?

The basis for modern industrial production of active carbons
was established in 1900-1901 to replace bone char in the sugar
refining process [43]. Powdered activated carbon was first pro-
duced commercially in Europe in the early 19th century, using
wood as a raw material. The use of activated carbon for the
water treatment in the United States was first reported in 1930,
for the elimination of taste and odor from contaminated water
[44]. Activated carbon is a crude form of graphite with a ran-
dom or amorphous structure, which is highly porous, exhibiting
a broad range of pore sizes, from visible cracks, crevices and
slits of molecular dimensions [45]. Active carbons have been
prepared from coconut shells, wood char, lignin, petroleum
coke, bone char, peat, sawdust, carbon black, rice hulls, sugar,
peach pits, fish, fertilizer waste, waste rubber tire, etc. (Table 4).
Wood (130,000 tonnes/year), coal (100,000 tonnes/year), lignite
(50,000 tonnes/year), coconut shell (35,000 tonnes/year), and
peat (35,000 tonnes/year) are most commonly used [33]. Acti-
vated carbons adsorptive properties are due to such factors as
surface area, a micro-porous structure, and a high degree of sur-
face reactivity.

The starting material and the activation method used
for 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

e The most effective adsorbent

e Very high surface areas

e Porous sorbent

e High capacity and high rate of adsorption
Activated carbon

o Fast kinetics

e A high quality-treated effluent is obtained

o Wide range of pore structure and physicochemical characterization

e Good surface area
o Effective sorbent
o Excellent selectivity towards aromatic solutes

Ion-exchange resin .
g e Regeneration: no adsorbent loss

e Low cost natural polymer

o Environmentally friendly

e Extremely cost-effective
Chitosan-based e Outstanding metal and dye-binding capacities

material

e High quality-treated effluent is obtained
o Versatile sorbent
o Easy regeneration if required

e Very abundant natural biopolymer and widely available in many countries

e Renewable resource
e Economically attractive and feasible

e Easy to prepare with relatively inexpensive reagents

o A remarkably high swelling capacity in water

Starch-based material e Good removal of wide range of pollutants

e Important selectivity for different concentrations

o Fast kinetics

e Amphiphilic crosslinked adsorbent

e Applicable to a wide variety of process
o Easy regeneration if required

o Great capacity to adsorb a wide range of pollutants

e High efficiency and selectivity in detoxifying both very dilute or
concentrated solutions excellent diffusion properties

e Expensive
o The higher the quality, the greater the cost
e Performance is dependent on the type of carbon
used
e Requires complexing agents to improve its
removal performance
e Non-selective
e Problems with hydrophilic substances
o Ineffective for disperse and vat dyes
e High reactivation costs
e Reactivation results in a loss of the carbon

e Expensive

e Derived from petroleum-based raw materials

e Sensitive to particle

e Performance is dependent on the type of resin used

o Not effective for all dyes

e pH-dependence

e Poor contact with aqueous pollution

e Requires a modification for enhanced the water
wetability

e Nonporous sorbent

e The sorption capacity depends of the origin of the
polysaccharide and the degree of N-acetylation

o Variability in the bead characteristics

e pH-dependence

o Requires chemical modification to improve its
performance

o Low affinity for basic dyes

e Low surface area

e Requires chemical derivatization to improve its
sorption capacities

e Variability in the bead characteristics

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

Source: Crini [32], with permission from Elsevier.

groups. Carbon surface chemistry has been studied extensively
[1,43,46]. The carbon surface chemistry depends upon the acti-
vation conditions and temperatures employed. Activation also
refines the pore structure. Mesopores, micropores and ultrami-
cropores are formed yielding large surface areas up to 2000 m?/g
[1,35].

2.1. Activation

During the activation process, the spaces between the ele-
mentary crystallites are cleared by removal of less organized
loosely bound carbonaceous material. The resulting channels
through the graphitic regions, the spaces between the elemen-
tary crystallites, together with fissures within and parallel to the

graphite planes constitute the porous structure, with a large inter-
nal surface area [47]. Two types of activation, thermal/physical
or chemical activation, impart a porous structure within a start-
ing material of relatively low surface area.

2.1.1. Physical or thermal activation

Physical or thermal activation involves carbonization at
500-600 °C to eliminate the bulk of the volatile matter followed
by partial gasification using mild oxidizing gas such as CO;,
steam or fuel gas at 800-1000 °C to develop the porosity and
surface area [35,48].

2.1.2. Chemical activation
Chemical activation involves the incorporation of inorganic
additives, metallic chlorides such as zinc chloride or phos-



Table 4

Alternative feedstocks proposed for the preparation of activated carbons [33,35]
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Bones

Bagasse

Bark

Beat-sugar sludges
Blood

Blue dust

Coal

Coffee beans
Coconut shell
Coconut coir

Lampblack

Leather waste
Municipal waste
Molasses

Nut shells

News paper

Oil shale

Olive stones
Petroleum acid sludge
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

Lignite

phoric acid into the precursor before the carbonization [34].
Carbons with well-developed meso- and microporous struc-
ture can be produced by ZnCl, incorporation. KOH activation
successfully increased active carbon surface area and pore vol-
ume [49]. Ammonium salts, borates, calcium oxide, ferric and
ferrous compounds, manganese dioxide, nickel salts, hydrochlo-
ric acid, nitric acid and sulfuric acid have also been used for
activation.

The basic differences between physical and chemical acti-
vation is the number of stages required for activation and
the activation temperature. Chemical activation occurs in
one step while physical activation employs two steps, car-
bonization 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
activated 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
ions [51]. The L carbons are stronger solid acids than the

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

Sunflower seeds
Spent Fuller’s earth

Fuller’s earth
Fertilizer waste slurry

Ferrocynides Tea leaves
Fly ash Old tires
Lignin Wheat straw
Lignite Wood
Lampblack Wool waste
Leather waste Zeolites

Olive stones

H carbons and more efficiently adsorb metal ions. Sur-
face area may not be a primary factor for adsorption on
activated carbon. High surface area does not necessarily
mean high adsorption capacity [52] due to the following
factors:

(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
than uptake of organic compounds because ionic charges affect
removal kinetics from solution. Adsorption capacity depends
on activated carbon properties, adsorbate chemical properties,
temperature, pH, ionic strength, etc. Many activated carbons are
available commercially but few are selective for heavy metals.
They are expensive.

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

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

3. Evaluation/comparison of adsorptive properties

Adsorption equilibrium measurements are used to determine
the maximum or ultimate adsorption capacity. Six types of
adsorption isotherms [35,53] exist including types I-VI. Equi-
librium isotherm data are formulated into an adsorption isotherm
model.
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Feed solution is contacted in stirred vessels with a definite
quantity of activated carbon/adsorbent in batch experiments. The
important design parameters are calculated from batch adsorp-
tion isotherms, which model full-scale batch processes. The
most commonly used models include Freundlich, Langmuir, and
BET isotherms. The batch adsorption processes are inefficient
and capital intensive so column adsorption processes are used
commercially.

3.1. Freundlich isotherm

This isotherm developed by Freundlich [54] describes the
equilibrium on heterogeneous surfaces and does not assume
monolayer capacity.

The Freundlich equation is

ge = K]:Cé/" (nonlinear form) )

1
logge = log Kp + —log Ce (linear form) 2)
n

where g. is the amount of solute adsorbed per unit weight
of activated carbon (mg/g), C. the equilibrium concentra-
tion of solute in the bulk solution (mg/L), Kr a constant
indicative of the relative adsorption capacity of the adsor-
bent (mg/g) and the constant 1/n indicates the intensity of the
adsorption.

3.2. Langmuir isotherm

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

0
bC
Ge = lQ—i-ibC?e (nonlinear form) (3)
C 1 1
qu = % + @Ce (linear form) 4

where ¢, is the amount of solute adsorbed per unit weight of
adsorbent (mg/g), C. the equilibrium concentration of solute in
the bulk solution (mg/L), Q° the monolayer adsorption capacity
(mg/g) and b is the constant related to the free adsorption energy.
b is the reciprocal of the concentration at which half saturation
of the adsorbent is reached.

3.3. BET isotherm

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

BCQ°

(nonlinear form) ®)]
(Cs — Ol +(B—1)(C/Cs)]

e =

2 D>C>B>A

A
1 D>B>C>A

l

Percent Removal

Initial concentration = 100 mg/L
Adsorbent dose = 5 g/L

Equilibrium concentration, mg/L

Fig. 3. Comparative evaluation of adsorbents.

c 1
(Cs—C)ge  BQO

B-1C
BQOY C;

ge = (liner form) (6)

where ¢, is the amount of adsorbate adsorbed per unit weight
of activated carbon, B the constant related to the energy of
interaction with the surface, C the equilibrium concentration
of adsorbate in solution (mg/L or mol/L), 0° the number of
moles of adsorbate per unit weight of carbon to form a com-
plete monolayer, and Cs is the saturation concentration of the
adsorbate.

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

Fig. 3 shows four different adsorption experiments. Each
curve gives different results depending upon equilibrium con-
centration where the percent removal was calculated. If the
sorption capacities were calculated at point 1, the capacity order
is D>B>C>A while at point 2 the order is D>C>B>A.
Thus, it is difficult to compare various sorbents in terms of per-
cent removal. Sorption capacity should be calculated in mg/g
using sorption models, particularly the Langmuir adsorption
model.

Activated carbons, waste materials, industrial by-products,
agricultural waste products, biosorbents, etc., have been used for
the removal and recovery of chromium [Cr(IIl) and Cr(VI)] from
water/wastewater. For simplicity, in this review article, adsor-
bents are divided into two classes:

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

4. Activated carbons

Activated carbons can be further subdivided into commercial
activated carbons and synthetic activated carbons.
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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, AG"®™, was com-
puted by the Gouy—Chapman—Stern-Grahame model. AGe™
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 Cr,072~ 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(IIl) 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)** (60.61%) and Cr(OH)>* (38.24%). The adsorption
of cationic Cr(IIl) species on basic carbons with surface posi-
tive charge density was explained by Car—cation interactions. In
these processes, the ionic interchange of Cr—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(IIl) 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
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 N»/77 K adsorp-

tion. Cr(VI) adsorption and reduction depended on both micro-
porous structure and surface functionality. Cr(VI) was more
effectively adsorbed by acid-treated activated carbons. How-
ever, base-treated activated carbons were not effective Cr(VI)
adsorbents, probably due to the decrease of specific surface area.
Fluka carbons (particle size of 100-150 wm; specific surface
area 1100 m?/g) were modified by immobilizing tetrabutylam-
monium iodide (TBAI) and sodium diethyl dithiocarbamate
(SDDC) on their surfaces [68]. These carbons were used for cop-
per, zinc, chromium and cyanide removal. TBAI (417 pwmol/g)
and S