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Abstract In this paper, the sorption properties of man-
ganese oxide coated sand (MOCS) towards uranium(VI)
from aqueous solutions were studied in a batch adsorption
system. Scanning electron microscope (SEM) and infrared
(IR) analyses were used to characterize MOCS. Parameters
affecting the adsorption of uranium(VI), such as the contact
time, salt concentration, competitive ions, temperature and
initial uranium(VI) concentration, were investigated. The
equilibrium adsorption data were analyzed by Langmuir,
Freundlich and Redlich-Peterson models using nonlinear
regressive analysis. The results indicated that the Langmuir
and Redlich—Peterson models provided the best correlation
of experimental data. The kinetic experimental data were
analyzed using three kinetic equations including pseudo-
first order equation, pseudo-second order equation and
intraparticle diffusion model to examine the mechanism of
adsorption and potential rate-controlling step. The process
mechanism was found to be complex, consisting of both
surface adsorption and pore diffusion. The effective dif-
fusion parameter D; values estimated in the order of
1077 cm? s~ indicated that the intraparticle diffusion was
not the rate-controlling step. Thermodynamic study
showed that the adsorption was a spontaneous, endother-
mic process. Adsorbed U(VI) ions were desorbed effec-
tively (about 94.7%) by 0.1 mol L™ HNO;. The results
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indicated that MOCS can be used as an effective adsorbent
for the treatment of industrial wastewaters contaminated
with U(VI) ions.
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Introduction

The removal of contaminating uranium(VI) ions from the
environment is one of serious concern because of their
associated radioactivity and toxicity. Uranium and its
compounds are all highly toxic, which is a threat to human
health and ecological balance. Hence, research into the
separation of U(VI) ions from wastewater is important.
Many processes have been proposed for U(VI) ion removal
from industrial wastewaters and radioactive wastes, with
chemical precipitation, ion-exchange, membrane pro-
cesses, solvent extraction and adsorption being the most
commonly used methods employed [1-5].

Manganese oxides, with high adsorptive property, are
usually considered as the most important scavengers for
trace metals in soil, sediments, and rocks. In the presence
of water, the surfaces of manganese oxides are covered
with surface hydroxyl groups, protons and coordinated
water molecules. Such surfaces have large surface areas, a
microporous structure, high pH-dependent surface charges
and a large number of binding sites. As a consequence,
they have a significant impact on contaminant mobility
[6, 7], providing an efficient scavenging pathway for heavy
metal ions in toxic systems. However, the use of pure
manganese oxide as a filter media is not practical both from
economic reasons and because of its unfavourable physical
and chemical characteristics. Furthermore, the fine particle
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size of manganese oxides makes it very difficult to separate
the solid from the aqueous phase or to allow ready pene-
tration through the bed. However, coating manganese
oxide onto a support surface may provide an effective and
promising means for the removal of heavy metal ions from
wastewater.

Silica sand is a common conventional filter media
because of its cheapness, inertness, and availability.
However, because of the poor efficiency of silica sand
towards the adsorption heavy metal ions from solution,
modifications are needed to improve its adsorption capac-
ity. In order to overcome the lack of strength of pure
manganese oxide and to enhance the treatment efficiency
and its capability of removing radioactive metal ions, a
modified method of coating manganese oxides onto sand
surfaces has been developed. This method of coating sand
with a thin layer of manganese oxide enhances its sorption
capacity towards metal ions relative to uncoated sand. The
enhanced capacity towards pollutant removal is a result of
increased surface area and the amphoteric surface charge
provided by coating the sand [8—11].

The research described herein was designed to investi-
gate the characteristics of MOCS and to test the properties
of MOCS as an adsorbent for removing U(VI) ions from
synthetic solutions via a batch system. The data relating to
the adsorption capacities of MOCS were examined using
the Langmuir isotherm equation. Further, the kinetics and
the mechanistic steps involved in the sorption process were
evaluated at different initial uranium(VI) concentrations.
The adsorption capacity of the adsorbents used in the
present work was also compared with other adsorbents
used by different researchers. In addition, the regeneration
and reusability of the adsorbent was also evaluated.

Experimental
Materials
Adsorbents

Quartz sand, as provided by Zhengzhou’s Company,
Zhengzhou, P.R. China, possesses grains with biameter in
the range 0.99-0.67 mm. The sand particles were soaked in
a 0.1 mol L™" hydrochloric acid solution for 24 h, rinsed
with distilled water and then dried in an oven at 373 K prior
to surface coating. Manganese oxide coated sand (MOCS)
was obtained by utilizing a reductive procedure modified to
precipitate manganese oxide colloids on the surfaces of the
quartz sand particle. Thus, a boiling solution containing
potassium permanganate was poured over dried sand parti-
cles placed in a beaker and then hydrochloric acid (37.5%,
Whei/Wa,0) was added dropwise into the solution. After
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stirring for 1 h, the mixture was filtered, washed with dis-
tilled water to attain a pH value of 7.0, dried at room tem-
perature, and stored in polypropylene bottle prior to use.

Reagents

All chemicals and reagents used for experiments and
analyses were of A.R. grade. A stock 1,000 mg L~ solu-
tion of U(VI) ions was prepared by dissolving an appro-
priate amount of A.R. UO,(NOs3),-6H,O in deionized
water. The initial pH values of the working solutions were
adjusted by addition of HNOj3; or NaOH solution. Arsenazo
IIT solution was prepared by dissolving 0.5 g of the reagent
in 1,000 mL of deionized water. Fresh dilutions were
employed for each sorption study.

Determination of uranium contents in solution

A simple and sensitive spectrophotometric method based
on colored complexes with Arsenazo III in an aqueous
medium was used for the determination U(VI) ion con-
centration [12]. The concentration of U(VI) ions in solution
was determined spectrophotometrically by absorbance
measurements at A, of 588 nm using a Shimadzu Brand
UV-3000 spectrophotometer.

Adsorption and desorption experiments

Batch sorption experiments were undertaken by shaking
flasks containing the appropriate solutions and adsorbent at
120 rpm for a known period of time employing a
mechanical shaker in conjunction with a water bath.

The amount of adsorbed U(VI) ions per gram MOCS
was obtained using the following expression:

g =v(Co—Ct)/m (1)

where ¢ is the amount of U(VI) ions adsorbed on MOCS
(mg g_l), Cy and C; are the concentrations of U(VI) ions in
the solution (mg L™") prior to and adsorption. v is the
volume of the aqueous phase (L),and m is the dry weight of
MOCS (g).

Effect of pH on adsorption

The effect of pH on the adsorption capacity of MOCS was
investigated using solutions U(VI) ion solution of initial
concentration 10, 20 and 40 mg L_l, respectively, at
288 K and varying the initial pH values within the range
2-11. For such experiments, a 5.0 g L' solution of MOCS
was added to 10 mL of the corresponding U(VI) ion
solutions. Flasks were agitated on a shaker for 180 min at a
constant agitation speed of 120 rpm to ensure equilibrium
was reached.
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Effect of salt concentrations on U(VI) adsorption

The concentration of NaNO3, KNO;, Ca(NOs3), were used
ranged from O to 0.1 mol L™". The initial concentration of
U(VD was 20 mg L', and contact time was 180 min at
the temperature of 288 K. An initial pH of U(VI) solution
was 5.0.

Effect of copper and zinc competition
on U(VI) adsorption

Studies of competitive adsorption were performed at an
initial pH of 6.0 at 288 K. In two series of solutions, the
initial concentration of Cu(Il) or Zn(II) were fixed to 10,
20, and 40 mg L_l, whereas the concentrations of U(VI)
were varied from 10 to 60 mg L™". After equilibrium, the
concentration of residual U(VI) ions in solution was
analyzed.

Equilibrium studies

Equilibrium adsorption experiments were carried out at a
pH of 5.0 employing U(VI) ion solutions with initial con-
centrations within the range 10-100 mg L~! for U(VI) ions
at 288, 303 and 318 K. After 180 min, the aqueous phase
was separated from MOCS, and the corresponding super-
natants collected. The concentration of U(VI) ions in the
supernatants were measured.

Kinetic studies

For kinetic experiments, the flasks containing 10 mL of
U(VI) ions solution of 10, 20, 40 mg L' and 5 gL'
MOCS were subjected to agitation using water bath shakers
for different contact time intervals. The flasks were taken
from the shakers at regular time intervals and the remaining
concentration of U(VI) ions in the supernatants was
estimated.

Fig. 1 SEM micrograph of
sample: a sand and b MOCS

Desorption studies

In order to determine the reusability of the adsorbent,
consecutive adsorption—desorption cycles were repeated
four times. 0.1 mol L™' HNO; was used as the desorbing
agent. MOCS loaded with U(VI) ions was placed in the
desorbing medium and was constantly stirred at 120 rpm
for 150 min at 288 K. After each cycle of adsorption and
desorption, MOCS was washed with deionized water and
reconditioned for adsorption in the succeeding cycle.

Results and discussion
Characteristics of manganese oxide

SEM image showed that the quartz sand had a relatively
uniform and smooth surface (Fig. 1). The coated sand
surfaces were apparently occupied by nascent manganese
oxides formed during the coating process. The amount of
manganese on the surface of MOCS was ca. 5.46 mg Mn/g
sand. After coating the surfaces of the sand particles with
manganese oxides, the specific surface area increased from
0.674 to 0.712 m* g~"'. This may have been caused by an
increase in both the inner and surface porosity after adding
the manganese oxides admixture [10].

The IR spectra for manganese oxides (scrape from the
surface of MOCS) of unadsorbed and adsorbed of U(VI)
ions is shown in Fig. 2a and b. As shown in Fig. 2a, three
bands were observed in the region of 400-4000 cm ™. The

presence of a broad and strong band near 3423 cm™ ',

together with a relatively sharp band at about 1630 cm™" in
the spectrum is assigned to the stretching and bending
stretching vibration of —OH in H,O. The broad band at the
region from 3600 to 3000 cm™ " in the IR spectrum indi-
cated that the hydroxyl group may be existed in the man-
ganese oxide structure [13]. Hydroxyl groups are active
surface sites for adsorption or ion exchange. The peak

located at 528 cm™' is characteristics of the stretching
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Fig. 2 IR spectra of MOCS a as prepared without adsorbed U(VI) ions and b with adsorbed U(VI) ions

vibration of Mn—0O, which can matched with the spectra of
birnessite [14].

By comparing the IR spectra of manganese oxide before
and after adsorption of U(VI), it was seen that a sharp peak
at 915 cm™' corresponding to vy_q of uranyl ion appeared,
which is a direct evidence for that manganese oxide
adsorbed U(VI) under the present experimental conditions
[15, 16].

The effect of pH

The initial pH values is an important factor in metal ion
sorption as it influences both the surface chemistry of
MOCS adsorbent as well as the solution chemistry of
U(V]) ions. The relative abundance of various U(VI) spe-
cies is a strong function of pH and composition of solution.
In the absence of carbonates, complexation of U(VI) and
hydroxyl ion is a possible reaction, while in the presence of
carbonates, the reaction of uranyl ion with CO32* is the
most dominant reaction in aqueous medium.

The no precipitate of U(VI) and colloid formation were
observed in the pH range of 2.0-11.0 under the experi-
mental condition. The experimental results are shown in
Fig. 3. As shown in Fig. 3, the pH of aqueous phase is a
controlling factor in U(VI) adsorption. Under higher acidic
conditions, U(VI) uptake was minimal. As pH increased
from 2.0 to 6.0, the fraction of U(VI) adsorbed on MOCS
increased. Adsorption reached a maximum at pH of 6.0.
The extent of adsorption diminished as pH continued to
rise from 6.0 to 11.0. Therefore, all the adsorption exper-
iments were carried out at pH 6.0.

Such a pH-dependence of U(VI) ions sorption on MOCS
is similar to that for U(VI) adsorption on ferrihydrite,
hematite, goethite, and amorphous iron hydroxide with
solutions exposing to the atmosphere [17-20]. This behavior
may be explained by that the carbonate concentration
increases with pH at a constant carbon dioxide partial pres-
sure, resulting in an increase in the concentration of soluble
U(VI) carbonate complexes. The behavior of U(VI) ions in
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Fig. 3 Effect of initial pH on adsorption of U(VI) by MOCS

aqueous solution is a complex phenomenon in the sense that
U(VI) ions may be present as ions of different composition.
U(VI) basically exists as free uranyl ion, its hydrolysis
complexes, and multinuclear hydroxide and carbonate
complexes as a function of pH and U(VI) concentration
under experimental conditions. At pH 7.0-10.0, the solution
carbonate complexes of U022+ such as UOZ(CO3)22_ and
UOZ(CO3)34_, are the dominant anion species. They com-
pete with U(VI) ions for adsorption sites, so that the
adsorption of U(VI) ions decreases as the concentration of
dissolved carbonate and bicarbonate anions increase [21].

Effect of salt concentration on U(VI) adsorption

The results obtained for the adsorption of U(VI) ions onto
MOCS surface in the presence of NaNOj, Ca(NO;), are
depicted in Fig. 4. It was seen that, irrespective of the nature
of the salt, an increase in its concentration resulted in a
decrease in the values of g. for U(VI) ions studied. The trend
indicates that the binding efficiency decreased when the salt
concentration in metal ion solution increased, which may be
attributed to competitive adsorption between the U(VI) ions
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Fig. 4 Effect of salt concentrations on adsorption U(VI) ions

and the salt cations for the sites available on the adsorbent
surface. Another factor was that increasing the salt con-
centration led to an increase in the ionic strength of the
solution, so that the effective concentration (or activity) of
the U(VI) ions in the solution decreased. Because of their
greater positive charge, Ca®" ions make a greater contri-
bution to the ionic strength than Na% ions, leading to a
greater influence by these ions on the adsorption process
than Na* ions at the same molar concentration [10].

Effect of copper and zinc competition on U(VI)
adsorption

The effect of different levels of Cu(Il) and Zn(II) on the
adsorption of U(VI) were demonstrated in Figs. 5 and 6,
respectively. From Figs. 5 and 6, a significant decrease in
U(VI) uptake was observed even at relatively low Cu(Il) or
Zn(II) concentrations. When the concentration of Cu(II)
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Fig. 5 Effect of various Cu(II) concentrations on adsorption U(VI)
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Fig. 6 Effect of various Zn(II) concentrations on adsorption U(VI)

increased from 0 to 40 mg L™', the adsorption quantity of
qe (U022+) decreased from 1.95 to 0.64 mg g_l and the
maximum adsorption efficiency of U(VI) was reduced
67%. When the concentration of Zn(Il) increased from 0 to
40 mg L™!, the ¢g. (UO,*") decreased from 1.95 to
0.74 mg g~' and the maximum adsorption efficiency
reduced 62%. The results indicated that the competition
occurred in the bi-solute sorption systems of Cu(Il) and
U(VI) or Zn(II) and U(VI) on MOCS.

Adsorption equilibrium study

The effect of the initial concentration of U(VI) ions in
aqueous solutions on their equilibrium adsorption values at
288, 303 and 318 K is shown in Fig. 7.

As seen from this Fig. 7, the equilibrium uptakes of
U(V]) ions increased as the initial concentrations of U(VI)
ions in the system increased over the range of experimental
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Fig. 7 Equilibrium adsorption quantities of U(VI) ions at different
initial concentrations and predicted isotherm curves
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concentration studied. In addition, the adsorption capacity
of MOCS towards U(VI) ions increased with increasing
temperature. This increase in the equilibrium uptake with
increasing temperature indicates that the adsorption of
U(VD) ions was endothermic in nature, suggesting the
possibility that the adsorption process may be chemical in
nature [11, 22].

To optimize the design of an adsorption system for the
removal of adsorbate, it is important to establish the most
appropriate correlation for the equilibrium data. In this
paper, the Langmuir [23], Freundlich [24] and Redlich—
Peterson [25] isotherm models were adopted.

The Langmuir adsorption isotherm has been success-
fully applied to many pollutants adsorption processes and
has been the most widely used sorption isotherm for the
sorption of a solute from a liquid solution. The common
form of the Langmuir isotherm is:

_ QmKLCe

= 2
1+ K.C. ()

€
where ¢y, is the g for a complete monolayer (mg g~'), a
constant related to adsorption capacity; and K is a con-
stant related to the affinity of the binding sites and energy
of adsorption (L mg™").
The Freundlich isotherm is an empirical equation
describing adsorption onto a heterogeneous surface. The
Freundlich isotherm is commonly presented as:

qe — KFCI/” (3)

where Ky and 1/n are the Freundlich constants related to
the adsorption capacity and adsorption intensity of the
adsorbent, respectively.

The three-parameter Redlich—Peterson equation which
has a linear dependence on concentration in the numerator
and an exponential function in the denominator has been
proposed to improve the fit by the Langmuir or Freundlich
equation and is given by Eq. 4:
_ KgpCe
- 1+ LZRPC%,

ge (4)
where Krp, arp and g are the Redlich—Peterson parameters,
g lies between 0 and 1. For g = 1, Eq. 4 converts to the
Langmuir form.

The relative parameters of each equation are obtained
using % between the calculated data and experimental data
by nonlinear regressive analysis. The calculated expression
of * is as follows:

2 (qe,exp - Qe.cal)z
APV ®

where g . 18 the predicted (calculated) quantity of U(VI)
ions adsorbed onto MOCS according to adsorption models
and g, exp is the experimental data.
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Table 1 Isotherm parameters for U(VI) ions adsorption on MOCS

Model 283 K 293 K 303 K
Langmuir

Ki 0.0498 + 0.007  0.0516 + 0.100  0.0563 + 0.006
gm (mglg) 2483 +0.097  3.234 4+ 0.005  4.050 £ 0.151
R? 0.9902 0.9949 0.9923

e 0.084 0.018 0.043
Freundlich

Kr 0453 £0.074 0504 & 0.082  0.657 + 0.090
1/n 0.351 +0.042  0.383 4+ 0.042  0.380 + 0.036
R? 0.9701 0.9731 0.9793

a 0.072 0.092 0.084
Redlich—Peterson

Krp 0.128 + 0.025  0.145 + 0.019  0.258 + 0.062
agp 0.036 £ 0.028  0.029 &+ 0.017  0.086 + 0.062
g 0.967 £ 0.134  1.095+0.102  0.936 + 0.108
R? 0.9907 0.9955 0.9927

P 0.036 0.022 0.034

All relative parameters of isotherm equation and deter-
mined coefficients (R2), values of ;(2 are listed in Table 1,
respectively. Figure 7 also shows the experimental equi-
librium data and fitted equilibrium curve by three various
isotherms at different temperature, respectively.

From Table 1, the adsorption capacity of MOCS (g,,)
increased on increasing the temperature. The values of ¢,
obtained at 283, 293, 303 are 2.48, 3.23, 4.05 mg g_l,
respectively.

Examination of the data showed that the Redlich—Pet-
erson isotherm is an appropriate description of the data for
U(V]) ions adsorption over the concentration ranges stud-
ied. The constant g is near to 1, and these indicate the
isotherm is approaching the Langmuir form.

From Table 1, all measure values of Kg showed easy
uptake of U(VI) with high adsorptive capacity of MOCS
and significant differences in adsorption capacities due to
temperature. The obtained values of 1/n (0.1 < 1/n < 1)
indicated a higher adsorb ability of U(VI) at all tempera-
tures studied [22]. The results also indicated that with the
temperature increasing, the ability of adsorption increased.
Based on the values of Rz, Xz’ and from Fig. 7, the non-
linear forms of the Langmuir, Freundlich and Redlich—
Peterson isotherms appear to produce a better model for
adsorption in U(VI)/MOCS systems.

Adsorption kinetic study

The rate of U(VI) adsorption on MOCS was determined as
a function of the initial U(VI) ions concentrations. The
uptake of U(VI) ions for three initial U(VI) concentrations
at different contact time is listed in Fig. 8. The results
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q/(mgg")

in the solution containing lower U(VI) concentrations than
the higher ones. The necessary time to reach equilibrium is
variable according to the initial concentration.

In order to investigate the adsorption kinetics of U(VI)
on MOCS, the pseudo-first order kinetic model, pseudo-
second order kinetic model and intraparticle diffusion
model were applied.

The pseudo-first-order kinetic model is expressed as

m 10mgL' [28]:
© 20mgL’
pseudo-first order equation A 40mgg’ g = qe(l _ e—klt) (7)
pseudo-second order equation 60mgL"
. . , . . . : . , The pseudo-second-order kinetic model is given by the
0 50 100 150 200 following equation as [28, 29]:
t/min 5
= 2t 0
Fig. 8 Effect of initial U(VI) concentration on adsorption kinetics g = 1 + koget

and fitted curves

showed that kinetics of adsorption of U(VI) ions consisted
of two phases: an initial rapid phase where adsorption was
fast and contributed significant to equilibrium uptake and a
slower second phase whose contribution to the total U(VI)
ions adsorption was relatively small [26, 27]. The first
phase is the instantaneous adsorption stage or external
surface adsorption. The second phase is the gradual
adsorption stage and finally U(VI) ions uptake reached
equilibrium. As seen from Fig. 8, a higher initial concen-
tration of U(VI) increase the adsorption capacity. It was
also seen that equilibrium time occurred relatively earlier

Table 2 Kinetic parameters of U(VI) ions adsorption onto MOCS

where ¢, and g, are the amount of U(VI) adsorbed per unit
weight of the adsorbent at equilibrium and at any time #,
respectively (mg g~ ') and k; is the rate constant of pseudo-
first order adsorption (minfl); k, is the rate constant of
pseudo-second order adsorption (g mg~' min™").

Table 2 presents the results of fitting experimental data
with pseudo-first order and pseudo-second order equations
using nonlinear analysis. The fitted curves are also shown
in Fig. 8. Table 2 Kinetic parameters of U(VI) ions
adsorption onto MOCS.

From Table 1, the value of R* (0.963) from the pseudo-
second order kinetic model was higher than that from the

C, (mg L™h 10 20 40 60
Pseudo-first order equation

ky (min™") 0.058 £ 0.013 0.061 £ 0.012 0.091 £ 0.017 0.102 £ 0.019
Ge(caly (Mg g™ 0.797 £ 0.042 1.302 £ 0.012 1.584 + 0.065 1.932 £ 0.075
Qe(exp) (Mg gh 0.891 1.382 1.744 2.124

R? 0.9128 0.9300 0.9318 0.9360

i 0.321 0.674 0.448 0.446
Pseudo-second order equation

k (g mg™" min™") 0.088 & 0.021 0.076 & 0.014 0.074 + 0.014 0.070 & 0.012
Ge(caly (Mg g™ 0.892 + 0.040 1.409 + 0.061 1.730 £ 0.054 2.094 £ 0.061
R? 0.9627 0.9636 0.9748 0.9760

I 0.118 0.203 0.157 0.155
Intra-particle diffusion model

K, (mg g~' min~%%) 0.066 £ 0.005 0.113 £ 0.008 0.150 £+ 0.014 0.186 £ 0.020
C, (mgg™h 0.169 £ 0.026 0.270 £ 0.043 0.398 £ 0.067 0.520 £ 0.098
R 0.9879 0.9894 0.9829 0.9766

P 0.090 0.185 0.447 0.684

Ky (mg g7' min™7) 0.027 £ 0.003 0.030 £ 0.004 0.044 £ 0.002 0.046 £ 0.008
Cy (mgg™h) 0.533 £ 0.037 0.985 £ 0.045 1.164 + 0.020 1.497 £ 0.086
R? 0.9863 0.9736 0.9973 0.9588

P 0.484 0.936 0.769 0.963
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Fig. 9 Intra-particle diffusion plots for U(VI) ions adsorption of onto
MOCS

pseudo-first order kinetic model while y* was smaller. The
fitted curve from the pseudo-second order kinetic model
was very close to the experimental curve (see Fig. 8). So it
was concluded that the pseudo-second order kinetic model
is better to fit the experimental data and the process may be
chemical process [28].

Mechanism of adsorption

The adsorbate transport from the solution phase to the
surface of the adsorbent particles occurs in several steps.
The overall adsorption process may be controlled either by
one or more steps, e.g., film or external diffusion, pore
diffusion, surface diffusion and adsorption on the pore
surface, or a combination of more than one step. The
possibility of intra-particle diffusion was explored by using
the intra-particle diffusion model [30]:

q=Ki'?+C (9)

K is the intraparticle diffusion rate constant
(g mg~' min~"?), C is a constant that gives idea about
the thickness of the boundary layer.

Figure 9 presented the plots of ¢, versus /> for U(VI)
ions adsorption on MOCS. It is clear that the plots are two-
linear, containing at least two linear segments. The
regression results are presented in Table 2. For all the two-
linear plots in Fig. 9, the regression estimates of the first
linear segments had intercept values different from zero
suggesting that pore diffusion be not the step controlling
the overall rate of mass transfer at the beginning of batch
adsorption. Film-diffusion control may have taken place
and ended in the early stages of adsorption, or maybe it is
still controlling the rate of mass transfer in the time period
of the first linear segment [31]. This shows that the

1/2
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mechanism of U(VI) ions adsorption on MOCS is complex
and both the surface adsorption and intraparticle diffusion
contribute to the actual adsorption process.

The half-adsorption time #;,, was another parameter
which can be calculated from the equilibrium concentration
and the diffusion coefficient rate values. This was calcu-
lated by using the following equation [32]:

typ = (10)

where k, and ¢. can be obtained from Table 2. The
diffusion coefficient for the intraparticle transport of U(VI)
ions was also calculated by using the following relationship
[32]:

0.032
D

(11)

where t,, is the half life in seconds as calculated from
Eq. 10, r is the radius of the adsorbent particle in centi-
meters and D is the diffusion coefficient value in cm? s~
For the calculation of the r value, it is assumed that the
solid phase consists of particles which are spherical in
nature. The calculated values of #;,, were 12.7, 9.3, 7.8 and
7.8 minfl, while the calculated values of D were
1.47 x 1077, 2.01 x 1077, 241 x 1077 and
2.75 x 1077 ecm? s ! at initial U(VI) concentration of 10,
20, 40 and 60 mg L™", respectively. The values of pore
diffusion rate constants are found to be on the order of
1071°-107"" ¢m? s~ for all the adsorbent samples, so the
pore diffusion in this study was not significant [32].

tyyp =

Estimation of thermodynamic parameters

In adsorption studies, both energy and entropy factors must
be considered in order to determine which process will
occur spontaneously. The Gibbs free energy change, AG,
can be determined by the following equation [22, 33]:

AG = —RTInK. (12)
AG = AH — TAS (13)

The apparent equilibrium constant (K}) of the adsorption
is defined as:

Cad
K. =—2= 14
= (14)

where C,g. is the concentration of U(VI) ions on the
adsorbent at equilibrium (mg L™"). The value of K! in the
lowest experimental U(VI) concentration can be obtained
[33]. The K. value is used in the Eq. 12 to determine the
change of Gibbs free energy of adsorption. The values of
AG were presented in Table 3. Enthalpy change, AH, and
entropy change, AS, were determined from the slope and
intercept of the plot according to Eq. 12.
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Table 3 Thermodynamic parameters adsorption of U(VI) ions by
MOCS

T (K) 288 K 303 K 318 K
AG (KJ mol™ ) -9.36 -9.93 -10.66
AH (kKJ mol™") 3.318

AS J mol™' K 443

The negative value of AG is due to the fact that the
adsorption process is spontaneous and the negative value of
AG decreased with an increase in temperature. The positive
values of AH suggest the endothermic nature of the
adsorption of U(VI) on MOCS whereas the positive
AS values indicate the increased randomness at the solid—
liquid interface during the adsorption of U(VI) onto
MOCS. The low values of AS also indicated that no
remarkable changed on entropy occurs.

Desorption studies

In order to estimate the metal releasing capacity of MOCS
loaded with U(VI), desorption experiments were carried
out in a batch system. The regeneration of the adsorbent
can be achieved by washing loaded adsorbent with an
appropriate desorbing solution that must be cheap, effec-
tive, non-polluting and non-damaging to the adsorbent, so
various solution of HNOs, H,SO,, HCl and NaHCO5; were
tested as desorbing agent for previously adsorbed U(VI)
ions on MOCS (Fig. 10). It was found that U(VI) ions
desorption was 94.7, 90.9, 84.3 and 74.0% with HNOs3;,
H,SO4, HClI and NaHCOj;, respectively. Therefore
0.1 mol L™! HNO; solution was selected as an eluent to
desorb the U(VI) ions from metal-loaded MOCS in this
study.

100 ~
80 -
R
=
2
a
S 60 -
3
—0—0.1 mol L' NaHCO,
20 —©—0.1 mol L HCI
—4—0.1 mol L' HNO,
—4—0.05mol L' H,SO,
20 — T T T T T 1 1

—— —
0 20 40 60 80 100 120 140 160
t/min

Fig. 10 Plots of the desorption of U(VI) ions from spent MOCS
under different desorbing agent

i 100 7 77 &' . '
.é 80 Z/ %? %’/
§ 60 _ / /

: -

cycle number

Fig. 11 Four cycles of U(VI) ions adsorption—desorption with
0.1 mol L™' HNOj; as the desorbing agent

In order to show the reusability of the sorbent, adsorption—
desorption cycle of U(VI) ions was repeated four times using
the same preparations and the results were shown in Fig. 11.
There was a decrease in both the amount of U(VI) ions
adsorbed and the amount of U(VI) ions desorbed from the
first to the fourth cycle. At the end of the fourth cycle, there
was a decrease of 13% efficiency for both the adsorption and
desorption processes. This showed that MOCS was restored
close to the original condition without damage to the nature
of the adsorption characteristics of the adsorbent.

Comparison with virgin sand and other solid adsorbents

The respective adsorption capacities of quartz sand and
MOCS towards U(VI) ions are listed in Table 4 as 0 and

Table 4 Comparison of adsorption/retention capacities of MOCS
and various adsorbents for U(VI) ions

Adsorbent pH  Adsorption Reference
capacity (mg g~ ")
Virgin sand 5.0 0 This study
MOCS 50 323 This study
Silica gel 515 979 [35]
Diatomite 5.0 38.6 [36]
Hematite 2.78 3.36 [37]
Magnetite 7.00 5.0 [38]
Natural zeolite material 2.78 8.70 [12]
Goethite-coated sand 9 0.624 [39]
Alumina 6.5 995 [40]
Polyacryloamidoxime 6.0 1.0 [41]
resin-coated quartz sand
Activated carbon prepared 5 28.5 [42]
from charcoal.
Modified clays with 3.50 0.582 [43]

titanium oxide
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323 mg g~ at 293 K. This enhancement in adsorption

capacity is attributed to the high negative surface charge on
the modified surface [11, 34]. Furthermore, the increase in
the surface area is assumed to play a significant role in the
overall removal process [11].

Various forms of natural and synthetic adsorbents have
been used for the removal of heavy metal ions from
aqueous solutions and wastewaters, with the adsorption of
U(VI) ions onto various minerals being widely described in
the literature. Table 4 also provides a comparison of the
U(V]) ion uptake capacities of some natural and synthetic
adsorbents, based on mg U(VI) ion adsorbed per g of
adsorbent. It will be seen from Table 4 that the adsorption
capacity of MOCS was lower than that of natural and
modified minerals reported in the literature to date except
that of goethite-coated sand, polyacryloamidoxime resin-
coated quartz sand and modified clays with titanium oxide.
However, more than 95% U(VI) ions may be easily eluted
from the MOCS column, with the efficiency towards U(VI)
adsorption remaining virtually unchanged in the following
cycles. Hence, MOCS may be considered as an excellent
adsorbent for U(VI) ions with promising potential appli-
cations for the removal of these ions from industrial
effluents.

Conclusions

In this study, the adsorption of U(VI) ions on MOCS from
aqueous solutions was investigated by batch technique. The
results showed MOCS is an effective adsorbent for U(VI)
ions removal from aqueous solutions. The binding U(VI)
ions capacity by MOCS was strongly dependent on the
initial pH, initial U(VI) ions concentration and tempera-
ture. It was noted that an increase in the temperature
resulted in a higher metal loading per unit weight of
MOCS. The sorption isotherms of U(VI) ions sorbed on
MOCS followed the Langmuir and Redlich—Peterson
models. Kinetics data tend to fit well in pseudo-second-
order kinetic models. The process was spontaneous and
endothermic. Desorption studies conducted showed that
U(VID) ions adsorbed onto MOCS could be desorbed
effectively using 0.1 mol L™' HNO; and the spent MOCS
could be reused several times after regeneration. It indi-
cated that MOCS can be used as an effective adsorbent for
the treatment of industrial wastewaters contaminated with
U(VI) ions.
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