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bstract

Mg(OH)2 was identified as a component in the magnesia cement being adsorbent for Cr(VI). Modified magnesia cement was prepared by the
ddition of ferric chloride and humic acid. The equilibrium adsorption of Cr(VI) on magnesia cement adsorbents (MF5-1) and (MF5-2) was
nvestigated as a function of contact time, adsorbent weight, solute concentration and temperature. Tests of different isotherms have shown that the
dsorption data fit the Langmiur and Freundlich isotherms at 25 ± 1 ◦C. The nature of the diffusion process responsible for adsorption of Cr(VI)
n (MF5-1) and (MF5-2) adsorbents was discussed. The kinetics and mechanism of diffusion of Cr(VI) into (MF5-1) and (MF5-2) adsorbents
rom aqueous solution have been studied as a function of Cr(VI) concentrations and reaction temperatures. The adsorption of Cr(VI) on the MF5-1
nd MF5-2 adsorbents follows first-order reversible kinetics. The forward and backward constants, k1 and k2 have been calculated at different
emperatures between 10 and 50 ◦C. The heat of activation of the adsorption, �H* and �S* were calculated for Cr(VI) at 25 ◦C. The values of �H*

ere found 18.1 and 10.7 kJ mol−1 for MF5-1 and MF5-2, respectively, while entropy change, �S*, were found −106.8 and −118.6 J mol−1 K−1
or MF5-1 and MF5-2, respectively. The study showed that pore diffusion is the rate-determining step in the adsorption of Cr(VI) ions for MF5-1
nd MF5-2. MF5-2 was found more efficient for Cr(VI) adsorption than MF5-1. Also Cr(VI) can be adsorbed on MF5-2, whereas Cr(III) cannot.
o, the competitive adsorption of multi-metals onto the MF5-2 adsorbent was studied. The studies showed that this adsorbent can be used as an
fficient adsorbent material for the removal of Cr(VI) from water and nuclear power plant coolant water.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Magnesium oxychloride cement (MOC) was discovered not
ong after Portland cement. MOC pastes are mixtures of MgO
owder or calcined magnesite powder in which the major com-
onent is Mg(OH)2 and MgCl2 solutions of certain concen-
ration (Mg(OH)2–MgCl2–H2O system). The major reaction
eagents of MOC pastes (MgO–MgCl2–H2O system) have long
een revealed to be four crystalline forms designated as F2,
3, F5 and F9. The numbers stand for the ratio of moles
f Mg(OH)2 to MgCl2 in the formula for each form, as fol-
ows: 2Mg(OH)2·MgCl2·4H2O (F2); 3Mg(OH)2·MgCl2·8H2O

F3); 5Mg(OH)2·MgCl2·5H2O (F5); 9Mg(OH)2·MgCl2·H2O
F9) [1,2]. Selected results of magnesium chloride and oxygen-
ased metal-assembled compounds are summarized from the

∗ Corresponding author. Tel.: +20 101749083.
E-mail address: mona gasser@yahoo.com (M.S. Gasser).
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erspective of these metals acting as catalysts for olefin poly-
erization [3]. This paper discusses our studies on the isolation

f various metal-assembled compounds, the determination of
heir structures by X-ray crystallography and the relationship of
heir polynuclear structures to their activity as polymerization
atalysts as well as to the field of molecule-functional-based
aterials. As Piotr demonstrate the attempts to prepare new
etal-assembled pre-catalysts and to understand the chemistry

f formation of these new complexes often led to unexpected
eactions, which could be applied to syntheses of well-defined
eterogeneous olefin polymerization catalysts.

The use of oxychloride cement is not so popular because it
isintegrates and loses its strength on prolonged exposure to
ater, and by rising dampness of the ground due to leaching out
f magnesium chloride from the cement. Therefore, the resul-

ant mass contains essentially magnesium hydroxide, porous by
ature, and thereby low in strength as cement [4,5].

The potential use of Sorrel’s cement as adsorbent material for
reating some ions in contaminated water was examined [6,7].

mailto:mona_gasser@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2006.07.065
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n these previous works, preparation of magnesium oxychlo-
ide was modified by the introduction of iron in its structure to
ncrease its chemical stability as well as its adsorption capacity.
t is found that this material is suitable for use in immobiliza-
ion of nuclear waste in cement matrix. Humic acid is present
n aquatic nature, and its presence with adsorbent materials is
ot excluded. Therefore, in the present work MF5-1 adsorbent
eveloped was further modified by interaction with humic acid.

Chromium is a common pollutant introduced into natural
aters from a variety of industrial wastewaters including those

rom the textile, tanning electroplating, dyeing, and metal finish-
ng industries [8]. In solution, Cr exists in the oxidation states +3
nd +6. In natural waters, the two main oxidation states are (III)
nd (VI), characterized by a markedly different chemical and
azardous behavior. The divalent state is unstable with respect to
volution of oxygen, trivalent state has broad stability, and hex-
valent chromium occurs under strongly oxidizing conditions
9]. Cr(III) is considered as an essential element in mammals.
t can maintain the metabolism of glucose, lipid and protein.

hereas, Cr(VI) is reported to be toxic to the biological sys-
em and can easily permeate biological membranes. Removal
nd recovery of chromium were carried out by using precipi-
ation process [10]. Results show that the optimum pH is 8–9
nd the good sludge with high settling rate and lower volume
btain by MgO precipitating agent. Hence the MgO is a good
recipitating agent for removal and recovery of chromium from
anning wastewater. Rengaraj et al. [11] studied the removal of
hromium from water and wastewater by ion-exchange resins.

As one of the most promising techniques for removal of
hromium from industrial wastewaters, adsorption technology
as been employed for many years and the effectiveness of var-
ous adsorbents has been demonstrated [12–14]. In principle,
dsorption cannot only remove heavy metals but also recover and
ecycle them back into the industrial process [15]. The adsorbed
aterial, toxic or valuable, is recovered in a concentrated form

or disposal or reuse. The solid adsorbent can often be regen-
rated for reuse [16]. Activated carbon as the most common
dsorbent used in the adsorption process shows higher efficiency
or the adsorption of organic than inorganic matters. The spent
ctivated carbon is either land filled or regenerated at rather high
emperatures commonly used by commercial regenerators [17].
owever, the regeneration loss may be as much as 10%, even
ith well-operated systems. Also, regeneration usually affects

he properties of the carbon. Generally, the capacity of carbons
s expected to be near 90% of the original value after regenera-
ion [18]. As a result, the regeneration of this kind of adsorbent
s limited because of its high cost, loss of capacity, and operat-
ng difficulties. Thus, there is a need to explore more suitable
dsorbents for regeneration and recovery purpose.

All the above-mentioned materials present good adsorption
apacity, but in general they are not able to reduce the heavy
etal concentration below the discharge limits established in

nvironmental legislation. Such discharge requirements can be

atched using specific adsorbents characterized by a very high

electivity with respect to heavy metal.
Adsorption is the most widely used process for purifying

he primary coolant in pressurized water reactor (PWR)-type

a
a
o
a
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uclear power plants, due to its high decontamination efficiency,
implicity and easy operation. Since the method is non-selective
n removing radionuclides and non-radionuclides, there is a large
olume of waste and volume reduction technology has not been
eveloped for the management of this radioactive waste. The
aste is usually stored for lengthy time periods in the nuclear
ower plant itself, or it has been solidified into a radioactive resin
aste by cementation [19]. In order to minimize the generation
f solid wastes, adsorption process must be optimized in purify-
ng the primary coolant. The main objectives of this work were
o prepare and investigate equilibrium and kinetic parameters of
wo modified adsorbents (MF5-1 and MF5-2) for the removal
f chromium from water and nuclear power plant coolant water.
he parameters which influence adsorption such as contact time,
dsorbent weight, initial metal concentration and temperature
ere investigated. The results obtained are discussed in terms
f different adsorption models. Also, competitive adsorption of
oexisting multi-metals onto the adsorbent was studied.

. Experimental

All reagents were of analytical grade and used without further
urification.

.1. Magnesia cement (MF5-1–MF5-2) preparation and
haracterization

MF5-1 was synthesized from 1 M MgCl2·6H2O [11] and 1 M
eCl3 and 5 M MgO [6]. A new adsorbent (MF5-2) was pre-
ared by adding 1 g/l humic acid to 16 g MF5-1 and shaking
or 30 min. The amorphous product was collected on a Buch-
er funnel, washed with distilled water for removal of unreacted
pecies. After that the product dried. The prepared material was
round to fine particles.

The morphology was determined using a Joel-JSM-1200EX
I scanning electron microscopy (SEM), X-ray diffraction
XRD) using X Unique II X-ray spectrometer, Mo-Sc anode
arget tube, 70 kV, 15 mA and LiF-220 analyzing crystal. The
TIR spectroscopy was carried out in the reflectance mode,
sing a Perkin-Elmer Model 1725 X instrument equipped with a
orizontal attenuated total reflectance accessory (ZnSe reflect-
ng crystal). Spectra were measured against a background of
-hexane and were scanned across the wavenumber from 4000
o 400 cm−1.

Energy dispersive spectroscopy (EDS) was used to analyze
he chemical composition of the adsorbents surface by using
eol LV-5600 made in Japan. The elemental composition of
nvestigated MF5-1 and MF5-2 were determined by using Flash
A1112 made in Italy.

The adsorbents were characterized by potentiometric titra-
ion to determine the acid–base behavior at an ionic strength
f 0.1 mol dm−3. In this concern, 0.02 g of investigated sample
as dissolved in 25 ml water by stirring for about 15 min using

magnetic stirrer. Then, 12.5 ml of 0.1 mol dm−3 NaClO4 was

dded and the sample titrated with 0.1 mol dm−3 HCl. The pH
f the solution reached equilibrium within 5–10 min after each
ddition of the acid. At this time the pH reading was taken. The
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Table 1
Composition of synthetic nuclear power plant coolant water

Compound Concentration (mg/l)

Sb2O5 5
Co(NO3)2·6H2O 1
Fe(NO3)·9H2O 30
Ni(NO3)2·6H2O 15
AgNO3 5
H3BO3 20
Cr(NO3)6·9H2O 5
LiOH·H O 1
C

3

3

o
Fig. 1(a) and (b). The radii of MF5-1 and MF5-2 were found to
be (1.1 and 0.6) × 10−5 m for MF5-1 and MF5-2, respectively.
20 M.S. Gasser et al. / Journal of Ha

nd point was determined from the maxima of the first derivative
f the titration curve [20].

The adsorbents were characterized by potentiometeric titra-
ion to determine the acid–base behavior of the MF5-1 and

F5-2 adsorbents, the hydroxyl groups in adsorbents were
etermined. In this concern, direct titration for the sample was
erformed and the hydroxyl groups capacities was determined
rom the maxima of the first derivatives of the titration curve.

.2. Equilibrium studies

A stock solution of 500 mg dm−3 Cr(VI) was prepared from
2Cr2O7. The solution was diluted as required to obtain stan-
ard solutions containing 10–200 and 70–400 mg dm−3 Cr(VI)
or MF5-1 and MF5-2, respectively. Adsorption experiments
ere performed with 10 ml of solution in 25 ml polypropylene
ottles. About 0.1 g adsorbents were added to each solution.
he mixtures were placed on a shaker set at 100 rpm at con-
tant temperature. After 120 min, the samples were filtered. The
dsorbents were separated, and the filtrate was analyzed spec-
rophotometrically [21] to determine Cr(VI) content. For investi-
ation of the pH, adsorbent weight, contact time and temperature
ffects, 70 mg dm−3 (1.35 × 10−3 mol dm−3) and 100 mg dm−3

1.9 × 10−3 mol dm−3) Cr(VI) with 0.1 g of MF5-1 and MF5-2
ere used, respectively. The Cr(VI) solution was adjusted to the
esired pH by using 0.1N HCl or dilute NaOH solutions.

.3. Kinetic studies

Thermodynamic studies were carried out with a 0.001 M car-
onate solution at different temperatures (10–50 ◦C) in thermo-
tat water bath. For this purpose, a known amount of adsorbent,
.5 g was added to 50 ml of 1.35 × 10−3 mol dm−3 (70 mg/l)
nd 1.9 × 10−3 mol dm−3 (100 mg/l) Cr(VI) concentrations for
F5-1 and MF5-2, respectively, in a double-jacket connected to

he circulator. A known amount of the solution was withdrawn
t different time intervals and the metal ion determined. All the
xperiments were carried out at 10, 25, 40 and 50 ◦C ± 1 and the
esults agreed to ±3% for all reactions times.

In order to find an effective method of separation for Cr(VI)
nd Cr(III), the adsorption experiment was carried out using a
olution containing 50 mg/l Cr(VI) and 50 mg/l Cr(III) ions. The
ffect of competitive adsorption of coexisting multi-metals onto
F5-2 was also investigated. The solution (50 ml) containing
r(VI), Cr(III), Pb(II), Cd(II) and Zn(II) at initial concentra-

ions of 50, 50, 50, 10, and 10 mg/l, respectively was agitated
ith 0.5 g of MF5-2 adsorbent. A known amount of solu-

ion was withdrawn at time interval and Cr(VI) concentration
etermined.

The chromium containing synthetic primary coolant water
as prepared on basis of the analysis of chemical composition

rom the primary coolant in a nuclear power plant, and its con-
entrations are presented in Table 1. The different adsorbent

eight (MF5-2) was used to study the removal of Cr(VI) from

ynthetic nuclear power plant. For investigation the effect of
ontact time on the removal of Cr(VI) by MF5-2 from synthetic
uclear power plant coolant water; 0.05 g/100 ml was used.

F
a

2

sNO3 5

. Results and discussion

.1. Adsorbent characterization

The scanning electron microscopy SEM image of the surface
f MF5-1 and MF5-2 used in adsorption experiments is shown in
ig. 1. Scanning electron microscope image of modified Sorel’s cement of two
dsorbents: (a) MF5-1 and (b) MF5-2.
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Fig. 2. Infrared spectra of MF5-1 and MF5-2: before (curve a) and after (curve
b) adsorption.
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The infrared (IR) spectrum of MF5-1 (Fig. 2A) is character-
zed by different absorption bands for water vibrations as well
s hydrogen bonding bands in the region 3400–2800 cm−1. The
ree H2O vibration is indicated by the presence of the band
t 1640 cm−1. Other absorption bands observed in the region
564–590 cm−1 for the MF5-1 are related to the OCl vibration
ogether with the coordinated M(Mg or Fe)–OCl vibrations. The
pectra obtained for the adsorbed Cr(VI) on MF5-1 showed a
light shift for the band at 1929 cm−1, and noticeable shift to the
and observed at 3423 cm−1. Further, the band of MF5-1 at 1440
nd 1564 cm−1 was decreased, and the band at 590 cm−1 was
bserved. Three new bands were developed at 1084.39, 1002.14
nd 672.4 cm−1. The aforementioned vibrations indicate that the
dsorption of Cr(VI) affects the structure of MF5-1 in different
ays. The bonding of the Cr(VI) is mainly related to interaction
ith oxygen and oxychloride of the adsorbent. The IR absorp-

ion spectrum of MF5-2 is given in Fig. 2B. The main difference
etween the IR spectrum of MF5-1 and MF5-2 is the shift in the
ositions of H2O and OH bands in the region 1640–3423 cm−1

nd the presence of broad band at 1460 cm−1 and a new small
and at 1089.42 cm−1. These changes are mainly due to the pres-
nce of humic acid, which increases the number of active oxygen
onors. Comparing the IR spectrum with those loaded with metal
on, the following main changes were observed: (i) the IR bands
bserved for MF5-2 which suffered slight changes are found at
443.7, 2918.3, 2826.4, 1084.4 and 564.24 cm−1; (ii) the bands
bserved at 3696.2 and 857.8 cm−1 were absent in the presence
f Cr(VI); (iii) the band at 1460.4 was not found when Cr(VI)
as adsorption on MF5-2; (iv) new IR bands were observed at
82.5, 1429.5 and 1485.08 cm−1 for MF5-2 adsorbed Cr(VI).
he changes in the IR spectra of MF5-2 due to adsorption of
r(VI) are relatively less than the changes observed in the case of
F5-1. This may indicate that the adsorption process by MF5-2

s less complicated than that of MF5-1.
X-ray diffraction (XRD) patterns of Sorel’s cement before

nd after exposing to Cr(VI) (Fig. 3) reveal significant phase
hange from crystalline to amorphous form. Interaction of the
ement with Cr(VI) leads to destruction of the crystal lattice of
he untreated cement.

The percentage of elemental concentrations (%) in prepared
dsorbents (MF5-1 and MF5-2) by EDS and elemental compo-
ition is given in Table 2. Elemental composition is one of the
ost important characteristics for MF5-2, which contains humic

cid. Humic substances are composed predominately of carbon,
xygen, nitrogen, hydrogen and small amounts of sulphur as
hown in Table 2.

The number of hydroxyl groups is determined for MF5-1 and
F5-2 from the maximum of the first derivative, and found to

ontain 0.25 and 5.75 mequiv. OH−1/g, respectively.

.2. Equilibrium studies

MF5-1 and MF5-2 are effective for removal of Cr(VI) over

he pH range 4–11, Fig. 4. In all cases the equilibrium pH was
ound to equal 9.4–9.8. For comparison, a blank adsorption was
tudied for the two elements to exclude possible precipitation or
dsorption of elements by the glass container in the pH range
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Various concentrations were of carbonate were utilized to
remove 70 and 100 mg in 10 ml−1 of Cr(VI) for MF5-1 and
ig. 3. X-ray diffraction (XRD) pattern for MF5-1 and MF5-2 adsorbents used
n this work: before (curves a and b) and after (curve c) adsorption.

tudied. There is no precipitation in the studied range. The dis-
olution of adsorbents increases at pH < 4.

The removal of Cr(VI) as a function of the adsorbents weight
f MF5-1 and MF5-2 is shown in Fig. 5. The adsorbents weight
ere varied from 0.01 to 0.3 g and equilibrated for 120 min for

he removal of 70 and 100 mg in 10 ml−1 of Cr(VI) for MF5-1
nd MF5-2, respectively. The results show that both adsorbents
ave capacity in the removal of Cr(VI) but the capacity of MF5-2

or the removal of Cr(VI) is higher than MF5-1. As expected, the
quilibrium concentration decreases with increasing adsorbents
eight for a given initial solute concentration.

able 2
ercentage of elemental concentrations (%) in MF5-1 and MF5-2 adsorbent
ample by EDS and elemental composition

lement Element (%)

MF5-1 MF5-2

34.15 49.60
g 20.58 24.72
l 29.33 1.22
e 15.80 4.96
itrogen – 0.60
arbon – 13.81
ydrogen – 3.98
ulphur – 0.15
otal % 99.86 99.24 F

s

ig. 4. Effect of pH on the adsorption of Cr(VI) from 0.001 M carbonate solution
y two adsorbents. Adsorbents weight = 0.1 g/10 ml; (a) and (b) in the absence
f adsorbents; (c) and (d) in the presence of adsorbents.

Fig. 6 shows the effect of contact time on the removal of
r(VI) by MF5-1 and MF5-2. The removal efficiency increases
ith time. In the case of MF5-1, equilibrium attains within
0 min for 70 mg Cr(VI) in 10 ml 0.001 M carbonate solution.
hile in case MF5-2 the equilibrium attains within 90 min for

00 mg Cr(VI). The removal efficiency increases with time and
ttains equilibrium within 1 h for both adsorbents, suggesting
he possible monolayer coverage of metal ions on the surface of
ig. 5. Effect of weight of adsorbents on the adsorption from 0.001 M carbonate
olution. pH 9.5; contact time = 2 h.
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ig. 6. Effect of contact time on the adsorption of Cr(VI) from 0.001 M carbonate
olution by two inorganic adsorbents. Weight of adsorbents = 0.1 g/10 ml, pH
.5.

F5-2, respectively. The carbonate concentrations used cov-
red the range from 0.005 to 0.1 mol dm−3. Fig. 7 shows the
aximum removal of Cr(VI) at low carbonate concentration

n the range (0.001 mol dm−3). Higher carbonate concentration
ecreased the percent removal of both metal ions.

The effect of initial Cr(VI) concentration on the adsorption
ere studied using MF5-1 and MF5-2 within the range 10–200

nd 70–400 mg dm−3 Cr(VI) for MF5-1 and MF5-2, respec-
ively. The results obtained are represented in Fig. 8 as a relation

etween the concentrations of the initial metal ions in the solu-
ion and in MF5-1 and MF5-2 adsorbents. From this figure, it is
lear that the concentration of Cr(VI) in the adsorbent increased
ith increasing initial concentration in solution.

ig. 7. Effect of carbonate on the adsorption of Cr(VI) by different inorganic
dsorbents. pH 9.5; weight of adsorbents = 0.1 g/10 ml.
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ig. 8. Effect of initial Cr(VI) concentration in the solution on its concentration
n the solid phase after adsorption. pH 9.5; adsorbents weight = 0.1 g/10 ml.

The effect of temperature on the adsorption of 70 and 100 mg
n 10 ml of Cr(VI) for MF5-1 and MF5-2, respectively, from
.001 M carbonate solution was studied at temperature values
f 10, 25, 40, and 50 ◦C. The equilibrium constant values, Kc,
ere evaluated in the respective temperature degrees according

o Eq. (1).

c = qe

Ce
(1)

here qe is the equilibrium concentration of Cr(VI) on the adsor-
ent, Ce is the equilibrium concentration of Cr(VI) in solution.
he temperature effect on the metal adsorption could be evalu-
ted in terms of their thermodynamic values calculated from the
ollowing relations:

G = −RT ln Kc (2)

here R is the gas constant (8.314 J k−1 mol−1) and T is the
bsolute temperature.

n Kc = −�H

RT
+ �S

R
(3)

here �H is the enthalpy changes for the process equilibrium
f the final products and �S is entropy change.

S = �H − �G

T
(4)

The equilibrium constant Kc, for adsorption of Cr(VI) at dif-
erent temperatures was calculated from Eq. (1). Plots of ln Kc
ersus 1/T gave straight lines with negative slope for MF5-1 and
F5-2, Fig. 9. �G for both adsorbents were calculated from

his figure at 298 K−1 and found to be 3 and −68.6 kJ mol−1 for
F5-1 and MF5-2, respectively. The values of �H and �S for

F5-1 and MF5-2 were calculated on the basis of the slope and

ntercept of the plot shown in Fig. 9. The values of�H and�S for
F5-1 were found to be −960 J mol−1 and −13.3 J mol−1 K−1,

espectively. The negative �H value indicates the exothermic
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The order for the adsorption process of Cr(VI) on MF5-1 and
MF5-2 surface has been examined by the Lagergren first-order
ig. 9. Effect of temperature on the equilibrium constant of Cr(VI) adsorption
rom 0.001 M carbonate solution. pH 9.5; adsorbents weight = 0.1 g/10 ml.

haracter of MF5-1 adsorbent while the negative �S value indi-
ates the decrease in the randomness of the system. The values
f �H and �S for MF5-2 were found to be −34.7 kJ mol−1 and
13.9 J mol−1 K−1, respectively. The negative �H value indi-
ates the exothermic character of MF5-2 adsorbent while the
ositive �S value indicates the increase of the randomness of
he system.

The maximum loading capacity of adsorbent for MF5-1 and
F5-2 was found to be 7.2 and 10 mg/g Cr(VI), respectively.
The investigated equilibrium removal of Cr(VI) ions can be

athematically expressed in terms of the adsorption isotherms.
he adsorption data are commonly fitted to the Langmuir or the
reundlich model.

The Langmuir equation was applied to the adsorption equi-
ibrium for MF5-1 and MF5-2:

Ce

qe
= 1

Qob
+ Ce

Qo

(5)

here Ce is the equilibrium concentration (mg dm−3), qe the
mount adsorbed at equilibrium (mg g−1), and Qo is the Lang-
uir constant related to monolayer adsorption capacity. The

inear plots of Ce/qe versus Ce show that the adsorption obeys
he Langmuir model, Fig. 10. Qo determined from the Lang-
uir plot, were 18.8 and 22.4 mg g−1, for MF5-1 and MF5-2,

espectively, Fig. 10.
The Freundlich adsorption isotherm was also applied for the

dsorption of the same metal ion by the MF5. The experimental
esults obtained for the adsorption of Cr(VI) on the MF5-1 and

F5-2 at room temperature (25 ± 1 ◦C) under optimum condi-
ions of contact time and weight adsorbent was found to obey
he Freundlich adsorption isotherm [23].

og qe = log k + 1

n
log Ce (linear form) (6)

here qe is the amount of Cr(VI) removed per unit weight of

dsorbent (mg g−1); Ce the concentration of Cr(VI) at equi-
ibrium; n is constant representing the intensity of adsorption.
he data obtained in this study fit to the Freundlich adsorption

sotherm as shown in Fig. 11. The plot of log qe versus log Ce F
ig. 10. The Langmiur adsorption isotherm for Cr(VI) on the MF5-1 and MF5-2.

or various initial concentrations of Cr(VI), Fig. 11, is found
o be linear, indicating the applicability of the classical adsorp-
ion isotherm to this adsorbate–adsorbent system. Adsorption
ntensity (n) for Cr(VI) was found to be 1.4, and 8.1 for MF5-1
nd MF5-2, respectively. The value of n lies between 1 and 10,
ndicating favorable adsorption [24]. MF5-2 was found more
fficient for Cr(VI) adsorption than MF5-1 due the presence of
he humic acid, which makes the surface activated.

.3. Kinetic studies
ig. 11. The Freundlich adsorption isotherm for Cr(VI) on MF5-1 and MF5-2.
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Table 4
Effect of temperature in the rate and diffusivity of Cr(VI) adsorption by MF5-1
and MF5-2

Temperature (◦C) K (×102 min−1) Di (×1011 cm2/s)

MF5-1 MF5-2 MF5-1 MF5-2

10 1.95 3.74 2 2.6
25 2.03 4.54 2.1 3.6
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ate expression [25]

og(qe − qt) = log qe −
(

K

2.303

)
t (7)

by plotting log(qe − qt) against time, where qe and qt are
he amounts of Cr(VI) adsorbed at equilibrium and at time t,
espectively, and K is the overall rate constant.

The heterogeneous equilibrium between the Cr(VI) solution
nd adsorbents may be expressed as

k1�
k2

B (8)

here k1 is the forward reaction rate constant and k2 is the back-
ard reaction rate constant. These can be calculated by using

he following equations:

= k1

(
1 + 1

Kc

)
= k1 + k2 (9)

nd

c = k1

k2
= qe

Ce
(10)

here K is the overall reaction rate constant; qe the equilibrium
oncentration of Cr(VI) on the adsorbents; Ce the equilibrium
oncentration of Cr(VI) in solution; Kc is the equilibrium con-
tant. The values of Kc, k1, k2 can be determined by using Eqs.
9) and (10).

The effect of Cr(VI) concentration was studied at concentra-
ions within the range 10–70 and 70–400 mg dm−3 for MF5-1
nd MF5-2 at 25 ◦C and pH 9.8. The first-order plots of the
esults obtained are shown in Figs. 12 and 13. The different val-
es of the rate constants, K, were calculated from the slope of
hese straight lines and are listed in Tables 3 and 4. The data
n Table 3 show that the values of K slightly increases with
ncreasing Cr(VI) concentration while there is almost no effect
as noticed at the high concentration for MF5-1. While the
ata in Table 3 show that the values of K is almost no effect
otice with Cr(VI) concentration for MF5-2. From Table 3, also

t could be seen that the forward rate constants for adsorption of
r(VI) were much higher than the back ward rate constants [26]
t low Cr(VI). The results imply that the reaction is reversible at
r(VI) concentration higher than 70 mg dm−3 for MF5-1. Also,

able 3
ffect of Cr(VI) concentration on the rate of its adsorption by MF5-1 and MF5-2

r(VI)
oncentration
mg dm−3)

Overall rate
constant, K
(×102 min−1)

Forward rate
constant, k1

(×102 min−1)

Backward rate
constant k2

(×102 min−1)

10 0.90 0.8 0.1
25 1.2 0.2 1
50 2.1 0.3 1.8
70 2 0.3 1.7
70a 4.4 2.8 0.4
00a 4.5 3.4 1.1
00a 4.1 1.8 2.3
00a 4 0.4 2.6

a MF5-2 adsorbent.

w
p
n
t
b

B

w
F
7
(
u
a
e
c
p
p

0 2.11 4.40 2.9 3.7
0 4.9 4.10 4.9 3.9

is the overall rate constant; Di is diffusion coefficient.

able 3 shows that the forward rate constants for adsorption
f Cr(VI) were much higher than the back ward rate con-
tants at low Cr(VI) concentration, the reaction is reversible at
igh Cr(VI) concentration in the range 200–300 mg dm−3 for
F5-2.
The effect of temperature on the Cr(VI) adsorption were stud-

ed within the range 10–50 ◦C and pH 9.8. The first-order plots of
he results obtained are shown in Figs. 14 and 15. The different
alues of the rate constants K were calculated from the slope of
hese straight lines and are listed in Table 4. The data in Table 4
how that the values of K slightly increases with increasing tem-
erature in the range 10–50 ◦C for MF5-1. Also from this table
he values of K slightly increases with increasing temperature in
he range 10–25 ◦C, then slightly decreases at temperature range
0–50 ◦C for MF5-2.

The rate-controlling step in ion-exchange or adsorption is
sually either liquid film diffusion or particle diffusion. The fol-
owing equation [27] was derived when the kinetics of exchange
s controlled by particle diffusion, which is generally used in this
ork.

= 1 − 6

π2

∞∑
n−1

1

n2 exp − 12Bt (11)

nd

= π2 Di

r2
o

(12)

here B is a mathematical function (the slope of Bt versus t
lots), Di is a self-diffusion coefficient of the ions, n is an integer
umber, ro referring to the radius of the particles. Bt values for
he observed values of F were obtained from Reichenberg’s table
y using the following equation derived by Reichenberg [28]:

t = 2π − π2F (t)

3
− 2π

[
1 −

(π

3

)
F (t)

]1/2
(13)

here F is the fractional attainment of adsorption.
igs. 16 and 17 depict the Bt versus time plots for
0 mg dm−3 (1.35 × 10−3 mol dm−3) and 100 mg dm−3

1.9 × 10−3 mol dm−3) Cr(VI) for MF5-1 and MF5-2 were
sed, respectively. Cr(VI) at different temperatures for MF5-1
nd MF5-2. The linearity test of Bt test versus time plots is

mployed to distinguish between the film and particle diffusion
ontrolled rates of adsorption process. The plots are linear and
ass through the origin, indicating the adsorption process to be
article diffusion at all studied temperatures. The values of Di
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ig. 12. First-order plots for the adsorption of Cr(VI) by MF5-1 from aqueous
olution at different concentrations of Cr(VI).

alculated at 10, 25, 40, and 50 ◦C for MF5-1 and MF5-2 are
resented in Table 4. The results show that the highest diffusion
f Cr(VI) on MF5-1 is at 50 ◦C.

If film diffusion is to be the rate-determining step in the
dsorption of ions on the adsorbent surface, the value of diffu-
ion coefficient (Di) should be in the range 10−6 to 10−8 cm2/s.
f pore diffusion is the rate limiting, the diffusion coefficient (Di)
hould be in the range 10−11 to 10−13 cm2/s [29].

Plotting of ln Di versus 1/T gave straight line as shown in
ig. 18 enables the calculation of the energy of activation (Ea)
rom Arrhenius equation:
i = Do e−Ea/RT (14)

ig. 13. First-order plots for the adsorption of Cr(VI) by MF5-2 from aqueous
olution at different Cr(VI) concentrations.

f

�

F
s

ig. 14. First-order plots for the adsorption of Cr(VI) by MF5-1 in aqueous
olution at different temperatures.

The entropy of activation �S* can be calculated for MF5-1
nd MF5-2 from Do by substituting in the equation proposed by
arrer et al. [30]:

o = 2.72

(
KTd2

h

)
exp�S∗/R (15)

here K is Boltzman constant; T 273 ◦K; d the average dis-
ance between two successive particles in the process of diffusion
hich was taken as 5 × 10−8 cm [31]; h is Plank’s constant. The
alue of entropy of activation (�S*) found to be −106.8 and
118.6 J mol−1 K−1 for MF5-1 and MF5-2, respectively.

The heat of activation of the adsorption, �H*, was calculated

rom the following equation [32]:

H∗ = Ea − RT (16)

ig. 15. First-order plots for the adsorption of Cr(VI) by MF5-2 in aqueous
olution at different temperatures.



M.S. Gasser et al. / Journal of Hazardous Materials 142 (2007) 118–129 127

F
t

a
c
v
M
a
t
d
f
c
M
e
p

F
t

f
c
a
i
t
a

t
r
o

ig. 16. Time constant (Bt) vs. time of Cr(VI) on MF5-1 at different tempera-
ures.

The energies of activation and the heat of activation of the
dsorption for Cr(VI) for MF5-1 and MF5-2, Ea and �H, were
alculated from the slope of straight lines in Fig. 18. The acti-
ation energy (Ea) was calculated for Cr(VI) on MF5-1 and
F5-2 from the slope of the straight lines and found to be 20.4

nd 12.97 kJ mol−1, respectively. A chemical controlled reac-
ion has an activation energy above 20.9 kJ/mol, whereas in the
iffusion controlled processes, it has lower values [33]. There-
ore, the adsorption of Cr(VI) on MF5-1 and MF5-2 is diffusion
ontrolled. While �H* values are 18.1 and 10.7 kJ mol−1 for

F5-1 and MF5-2, respectively. A low value of the activation

nergies suggests that the adsorption process is controlled by
article diffusion mechanism.

ig. 17. Time constant (Bt) vs. time of Cr(VI) on MF5-2 at different tempera-
ures.

t
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F
t
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Fig. 18. Arrhenius diagram of Cr(VI) adsorbed on MF5-1 and MF5-2.

Fig. 19 shows the adsorption percent of Cr(VI) and Cr(III) as
unction of time. It can be seen that the adsorption of Cr(III) was
onstant during the run, while for Cr(VI), it is increased to 97%
fter about 90 min. Also, adsorption of coexisting multi-metal
ons onto MF5-2 adsorbent was examined. The results showed
hat there is no effect in the presence of the other ions on the
dsorption of Cr(VI).

Effect of adsorbent weight on Cr(VI) removal from the syn-
hetic coolant water is shown in Fig. 20. Maximum adsorptive
emoval of Cr(VI) from wastewater agitated with 0.1 g of MF5-2
r greater weight.
The effect of contact time on the removal of Cr(VI) from
his synthetic coolant water is shown in Fig. 21. The removal
ncreases with time and attains equilibrium within 45 min.

ig. 19. Adsorption of Cr(III) and Cr(VI) on MF5-2: Cr(III) concentra-
ion = 50 mg dm−3; Cr(VI) concentration = 50 mg dm−3; T = 25 ◦C; pH 9.5;
dsorbent weight 0.5 g/50 ml.
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Fig. 20. Effect of weight of adsorbents on Cr(VI) removal from the synthetic
nuclear power plant coolant water.
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ig. 21. Effect of contact time on the removal of Cr(VI) by MF5-2 from synthetic
uclear power plant coolant water. Adsorbent weight = 0.05 g/100 ml.

. Conclusion

MF5-1 and MF5-1 adsorbents can be used as an adsorbent
or effective removal of Cr(VI) from aqueous solution. Quan-
itative removal of these metals from synthetic nuclear power
lant coolant water confirmed the validity of the results obtained
n these batch mode studies. The maximum loading capacity
f adsorbent for MF5-1 and MF5-2 was found to be 7.2 and
0 mg/g Cr(VI), respectively. The kinetic data would be useful
or the fabrication and design of wastewater treatment plants.
he kinetics of adsorption of Cr(VI) by MF5-1 and MF5-2 fol-
ow first-order reversible kinetics. Increase of the temperature
ncreased the adsorption, indicating the adsorption process is
ndothermic nature for MF5-1 and MF5-2. The pore diffusion
s the rate-determining step in the adsorption of Cr(VI) ions for

[

[

[

us Materials 142 (2007) 118–129

F5-1 and MF5-2. Particle diffusion mechanism plays a signif-
cant role in the adsorption. The values of �H* were found 18.1
nd 10.7 kJ mol−1 for MF5-1 and MF5-2, respectively. The �S*

ere found to be −106.8 and −118.6 J mol−1 K−1 for MF5-1
nd MF5-2, respectively. The maximum conditions for Cr(VI)
dsorption were applied for the separation of Cr(III) and Cr(VI).
t was found that Cr(VI) can be adsorbed on MF5-2, whereas
r(III) cannot. Also, adsorption of coexisting multi-metal ions
nto MF5-2 adsorbent was examined. No effect in the presence
f the other ions on the adsorption of Cr(VI) was observed.
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