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ABSTRACT

In this study, rice straw-based carbon was prepared and then modified by two acidic and
basic oxidizing agents. One oxidized by HNOj3, labeled as RSN, and other oxidized by KOH
labeled as RSK. The modified carbons (RSN and RSK) were tested in two single-component
systems: Removal of U(VI) using RSK and Th(IV) using RSN. Factors affecting U(VI) in three
multi-component systems were examined: (i) Co-existing anions and cations, (ii) co-existing
Th(IV), and (iii) presence of humic acid (HA). In this concern, different cations under investi-
gation have marginal effect on the adsorption of uranium, except in case of iron ion.
Co-existing of iron ions at high levels may compete strongly for the adsorption sites with
uranium ions, resulting in a substantial reduction of uranium removal. The prepared carbon
showed good selectivity in extracting uranium even in the presence of relatively high
concentrations (100 mg/1) of anionic complexing agents and common electrolyte species. In
case of multi-component system U(VI)/Th(IV), the capacity of each metal was reduced due
to the competition between two ions for sorption sites on carbon surface. In presence of HA,
the metal-humic interactions play a very important role in determining the extent of adsorp-
tion. It is concluded that multi-species adsorption can be significantly affected by adsorbate
interactions and the understanding of these interactions needs great attention in adsorption
study in the future.
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1. Introduction

Uranium and thorium are elements of considerable
technological importance. For this reason, the recov-
ery, concentration, and purification of uranium and
thorium are of great importance. Because of the
expected shortage of uranium and thorium in near
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future, further researches are to be directed to the
recovery of uranium from nonconventional resources,
such as natural waters, sea water, industrial wastewa-
ters, mine wastewater, and other waste sources in
relation to the pollution of the natural environment
[1].

The preconcentration and separation procedures
by adsorption are important in nuclear and radiation
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chemistry, industry, medicine, and daily life [2]. Inter-
est in the adsorption of metal ions for recovery pur-
poses has increased manifold in recent years, because
of its simplicity, selectivity, and efficiency [3].

Many works have been published on the adsorp-
tion of various radioisotopes from aqueous solutions
on different adsorbents. Among the numerous adsor-
bents, activated carbon is one of the most widely used
and economic adsorbent in the separation and purifi-
cation. Furthermore, high chemical radiation and ther-
mal stability, rigid porous structure, and mechanical
strength gave activated carbon considerable advanta-
ges over polymeric materials [4].

Adsorption of uranium onto various solids is
important for purification, environmental, and radio-
active waste disposal [2—4].

The presence of a single heavy metal in natural
water and wastewater is a rare situation [5]. Industrial
application of sorption process must deal with the fact
that metal-bearing waste effluents often contain other
innocuous ions that may interfere in the uptake of the
heavy metal ions of interest. Multi-component compet-
itive interactions in solution with the sorbent material
are amongst the basic factors affecting the degree of
metal removal by sorption. With the help of multi-
component sorption studies, these complex systems
and their behavior will be better understood.

Another major constituents commonly present in
water that require removal are humic substances, such
as humic acids (HAs) and fulvic acids, which are
known to influence the speciation and thus, the mobil-
ity of radionuclides in the environment due to their
strong complexing ability [6,7]. Therefore, basic
knowledge of the interaction of humic substances with
metal ions is required.

This paper presents data and discussion regarding
the adsorption capacity of uranium and thorium using
activated carbons, prepared from locally available rice
straw, from aqueous solution in single-component sys-
tems. In this concern, the effects of common cations
and anions on uranium uptake have been studied.
Moreover, the competitive studies were focused on
the effects of HA during U(VI) and Th(IV) sorption in
multi-component systems. The mechanisms of sorp-
tion process and adsorbates multi-species effect were
discussed.

2. Materials and methods
2.1. Chemical and reagents

All chemicals used in this study were prepared
from analytical reagent grade chemicals. Reagent
water was used for all solution preparation. Stock
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solutions (1,000 mg/1) of Uranium and thorium were
prepared by dissolving 2.10 g of uranyl nitrate (BDH)
and 2.46g thorium nitrate (Merck) in 11 distilled
deionized water acidified by 2ml nitric acid to pre-
vent the hydrolysis. Various standard solutions were
obtained by diluting stock solution with the addition
of distilled deionized water daily as required. The
stock solution of HA, (Fluka) was prepared by dis-
solving the required amount of HA (sodium salt) in a
least amount of bi-distilled water, then transferred to
100 ml volumetric flask, and completed to the mark
with bi-distilled water.

2.2. Preparation of activated carbon

Activated carbon was prepared by steam pyrolysis;
briefly, 0.5kg dried rice straw was fed into fluidized
bed reactor, described elsewhere [8], at a heating rate
50°C/10min in the presence of N, flow (300 ml/min).
The steam entered the reactor at a rate of 5ml/min.
when the furnace reached 350°C, and the heating con-
tinued up to final temperature of 550°C. The hold time
was 1h and then, the furnace was switched off. The
produced carbon was oxidized using HNO3; and KOH
to produce modified carbons according to the proce-
dures described earlier [9,10] and denoted as RSN and
RSK, respectively. The oxidization of activated carbon
with HNO; and KOH can offer more hydrophilic
surface structure and introduce adsorption oxygen-
containing functional groups to the surface of carbon.
These functional groups provide binding sites. The
main physicochemical characteristics of oxidized and
nonoxidized carbons were reported in detail in our
earlier work [11]. The surface area of RSN and RSK
was measured using N»-BET method and found to be
87.2 and 143.3m?/g, respectively.

2.3. Batch adsorption experiments

Batch sorption studies were performed to obtain
both rate and equilibrium data. A known amount of
RSK and RSN was added to 10ml of U or Th solution
followed by agitation for 3h at 25°C. This time period
was determined on the basis of preliminary studies
and was found to be sufficient for the equilibrium
uptake of metal ions [12]. After this period, the solu-
tion was filtered using a Whatman No. 42 filter paper
and analyzed for the concentration of the metal ions
remaining in the solution. Blank tests were performed
without activated carbon to confirm that precipitation
had not occurred during the period of investigation.
The adsorption isotherms for multi-component sys-
tems were obtained at pH 4.5-5.0. This range is
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between the optimum adsorption pH for thorium
(pH 4) and that for uranium (pH 5.5).
Sorption capacity of adsorbent was calculated by

Eq. (1:

V(C, - C.
o= M
Sorption efficiency based on the percentage of metal
removal was calculated by Eq. (2):

R% = C°C_ Ce o 100 )

o

where C, and C, are the initial and equilibrium con-
centrations of metal ion (mg/1), respectively, M is the
mass of dry carbon sample used (g), and V is the
volume of the solution (ml).

2.4. Interference studies on uranium sorption
2.4.1. With cations and anions

Uranium sorption in the presence of other cations
was tested in metallic combinations; 10 ml of 100 mg/1
U(VD) with 10ml of 10 or 100mg/1 concentration of
each cation was mixed with 10mg of RSK. Cations
used were Na*, K*, Li*, Ca®", Mg2+, and Fe®* (taken
as chloride salts). For anionic interference, the adsor-
bent was placed in solutions containing equal quanti-
ties of uranium and the particular anions as their
sodium salts (100mg/1). The anions used are Cl-,
CO3%~, HCO;, SO3, $,037, OH~, NO;, S*7, and PO} .

2.4.2. Adsorption with HA

In order to gain better insight on the effect of HA
on sorption capacity of uranium and thorium, three
types of experiments were performed; (i) single HA
species adsorption isotherm with fresh sorbent. The
HA adsorption isotherm was conducted by the same
procedure for metal adsorption isotherm with contact
time 48 h, (ii) sequential adsorption of metal and HA
(first HA adsorbed before metal ions are added), and
(iii) simultaneous co-adsorption of metal ion and HA
with clean sorbent (mixing HA with the solution that
contains metal ions before the carbon is added. In (i)
and (iii), the same procedures described above were
carried out using 100mg/1 HA solution instead of
distilled water.

2.5. Analytical measurements

The concentrations of U(VI) and Th(IV) in the
sample solutions were determined by measuring
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absorbance at 665 and 655 nm with Shimadzu model
160A double-beam UV spectrophotometer using
Arsenazo III as color-producing reagent [13]. The
concentration of uranium and thorium in mixture was
determined by Arsenazo I method [14]. In this
method, thorium forms a complex with Arsenazo I at
A=565nm, when pH of the solution is within the
range 1.0-2.3 while uranium does not interfere with
thorium at this pH. Otherwise, both uranium and tho-
rium complexes exhibit strong absorbance at 596 nm
within a pH range 8.0-9.0. The HA samples were
analyzed at 1 =420 nm.

3. Results and discussion

Modification of the surface chemistry of porous
carbons might be a viable attractive route towards
novel applications of these materials. Surface area of
our prepared carbon was lower than that of the com-
mercial carbons. Therefore, surface modification was
conducted for these carbons to obtain the highest
adsorption capacity. The main physicochemical char-
acteristics of RSK and RSN carbon were given in
Table 1. The high-ash contents of RSK carbon (50%)
and RSN carbon (54.1) can be explained by consump-
tion of a considerable amount of carbon during activa-
tion which leads to high specific mineral content,
especially its richness in silica. The results in Table 1
show the co-existence of acidic and basic surface sites
in RSK and RSN carbon that indicate its amphoteric
behavior. KOH oxidation increases the surface area on
opposing of HNOj; oxidation that decreases the sur-
face area. It has been reported that metals, specially
potassium, may be intercalated to the carbon matrix,
resulting in increase in pore volume and alkali that
might catalyze this process [15]. The potassium
hydroxide is reduced by the carbon producing potas-
sium metal which is removed by washing [16]:

Table 1
Characterization of prepared RS, and modified RSK and
RSN carbons

Parameter RS RSK RSN
Sper (m*/g) 71.35 1433 87.2
Total pore volume (cc/g) 0.055 0.175 0.118
Pore volume fraction

Micro- 0.55 0.25 0.18

Meso- 0.45 0.75 0.82
Pore radius (nm) 1.55 2.45 2.7
Basicity (meq/g) 6.22 10.1 2.79
Acidity (meq/g) 10.1 5.95 8.93
PHpzc 9.2 10.25 3.23
Ash content (%) 49.0 50.5 54.1
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4KOH + C < 4K 4+ CO; + 2H,05.

Surface area reduction in case of HNO; may be due
to presence of large amount of oxygen-functional
groups located at the entrance of the pores, which
hinder nitrogen molecules to go inside the pores
[17]. It is clear that both RSK and RSN carbon has
more mesopores than micropores. Mesopores volume
is three and four times greater than micropores vol-
ume for RSK and RSN, respectively. This is good
for our carbon as it was reported that the carbon
mesopores enhanced its adsorption capacity for
metals [18].

The full details of single-component adsorption of
uranium and thorium on activated carbons RSK and
RSN were described in our previous work [11]. In this
concern, RSK was determined to be superior in
removal of uranium while RSN for thorium than non-
oxidized carbon. Uranium removal by RSK carbon
showed that adsorption was maximum was pH 5.5
and equilibrium time of 40min. with equilibrium
adsorption capacity 100mg/g. whereas thorium
removal by RSN carbon maximum was at pH 4 and
equilibrium time of 100 min. with equilibrium adsorp-
tion capacity 71 mg/g. The values of adsorption capac-
ity for the removal of U(VI) were reported to be 58.43
mg/g onto mesoporous silica [19], 18.72mg/g onto
diarylazobisphenol modified carbon [20], 28.49 mg/g
onto modified carbon [21], and 28.30mg/g onto acti-
vated carbon [22]. On the other hand, for Th(V), the
values of adsorption capacity were 5.72x10>mg/g
onto carbon nanotube [23], 1.1 mg/g onto olive pulp
AC [24], 9.3mg/g onto mangrove endophytic fungus
biomass [25], 22mg/g for Aspergillus niger biomass
[26]. Therefore, it was clear that RSK and RSN carbon
is more effective for this purpose. The efficiency of the
RSK and RSN for the removal of uranium and tho-
rium in the treatment of industrial or natural water is
affected by the presence of various chemical species.
As a continuation of this work, this study focused on
U(VD) and Th(V) adsorption in the presence of other
competitive ions and HA.

3.1. Influence of co-existing cations

The effect of various cations such as Na*, K*, Li*,
Ca*, Mg2+, and Fe®** (taken as chlorides) on the
adsorption of uranium onto RSK has been examined.
The results of co-existing cations at two different ini-
tial concentrations (10; 100mg/1) upon the removal
percentage of uranium (C,=100mg/1) is illustrated in
Table 2.
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Table 2
Effect of different cations (10 and 100 ppm) on uranium
adsorption using RSK

Adsorption % at Adsorption % at

Metal 10 mg/1 100 ppm
Nil® 84.2 84.2
Na* 78.0 63.7
K* 83.0 84.2
Li* 77.8 85.7
Ca** 80.5 82.1
Mg>* 82.2 79.8
Fe’* 77.1 20.0

*Nil means no cation or anions present in the solution other than
uranium.

It is obvious from Table 2 that the effect of differ-
ent cations under investigation on the adsorption of
uranium, in both lower and higher concentration, was
marginal except in case of iron ion where the adsorp-
tion was significantly depressed by the addition iron
ion (R% was 20% at 100 mg/1 of iron). Muzzarelli and
Tubertini showed that K*, Na*, and Mg2+ ions did not
interfere with the removal of many metal ions from
their solutions by chitin [27]. Hsi found that Ca** and
Mg®" at 10°M did not significantly affect uranyl
adsorption onto ferric oxy hydroxides [28].

These results show that RSK has much higher rela-
tive affinity for uranium metal ions than for the light
metal ions studied. RSK has low value of acidic
groups, such as carboxyl, hydroxyl, and carbonyl [11]
to which alkali ions can attach so that alkali metal ion
didnot adsorb and didnot affect the uranium adsorp-
tion. The minor effect of light metals on the adsorp-
tion of uranium onto RSK indicates the selectivity of
the uptake of uranium onto this carbon. It is therefore
suggested that RSK could be used in the concentra-
tion, purification, and separation of uranium from
other elements over a wide range of concentrations.
Also, these observations point to a significant advan-
tage in favor of RSK in industrial water treatment over
the ion-exchange resins system since the binding of
Ca®" and Mg”* with these resins limits their applica-
tion for the sorption of other metals, as particularly
both these divalent cations are present in high concen-
trations in wastewaters [29].

Dissolved iron is a natural component of most
ground water and significantly affects the uranium
adsorption. Fe’* is considered as the most potent com-
petitor of uranium for binding sorptive sites [30]. Such
inhibition of U sorption by Fe®* is a common phenom-
enon, and has been demonstrated in more than one
study [30,31]. So, we studied the effect of different
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Fig. 1. Effect of iron concentration on uranium adsorption.

concentrations of iron on uranium adsorption in
Fig. 1. It is clear that iron had a much stronger effect
on the uptake of uranium, especially at concentration
higher than 20 mg/l. The presence of iron has no sig-
nificant detrimental effect on the removal of uranium
until a concentration of about 20 mg/1, and as the iron
concentration increased the removal decreased.
Co-existing of iron ions at high levels may compete
strongly for the adsorption sites with uranium ions
resulting in a substantial reduction of uranium
removal. Iron was therefore considered to control ura-
nium adsorption on RSK. Ferric ion was a strong
inhibitor of uranium binding, and then imposes
serious restrictions on wastewater treatment by this
sorbent. Ideally, iron should be removed from waste
solution before treatment to remove uranium.

3.2. Influence of co-existing anions

The effects of various anions, commonly encoun-
tered in effluent streams, on uranium uptake capacity
using RSK were studied. The adsorption behavior of
uranium ions in the presence of Cl-, Cco%, HCO;3,
SO2~, $,037, OH™, NO;., S, and PO} (taken as
sodium) has been examined. The concentration of
added anions was fixed at 100mg/1 and the pH of the
solution was kept constant at 5.5 during these studies.
The results are shown in Table 3. It may be inferred
that RSK showed good selectivity in extracting ura-
nium even in the presence of large concentrations
(100 mg/1) of anionic-complexing agents and common
electrolyte species. However, the presence of added
anions sometimes, induced small positive effect on
uranium adsorption (Table 3).
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Table 3
Effect of different anions on the adsorption of uranium
using RSK

Adsorption % at Adsorption % at

Anion 100 mg/1 Anion 100 mg/1
Nil® 84.2 03" 938
Cl 91.0 OH~ 91.6
Cco% 89.3 NO; 85.9
HCO; 888 s 81.5
SO~ 80.3 PO; 77.3

*Nil means no cation or anions present in the solution other than
thorium.

The most adequate explanation, for the behavior of
these anions, arises from the requirement for electro-
neutrality. Anions accumulate close to the surface,
causing a localized net negative potential that attracts
positively charged metal ions to the area close to the
surface. The anions thus conduct metal ions to the neg-
atively charged surface sites, enhancing the adsorption
effect [32]. On the other hand, the anion can also
enhance the adsorption capacity by pairing with the
uranium species, hence, reducing the repulsion
between adjacent uranium molecules adsorbed on the
surface. This enables the carbon to adsorb more of the
positive uranium ions, since the repulsive forces
between the surface and uranium ions and repulsive
force among positive uranium ions are reduced.

An alternative hypothesis would be due to the for-
mation of some complex anions, which would be
adsorbed on the activated carbons; hence, the metals
will be adsorbed as anionic complex instead of cat-
ions. Since RSK is H-type carbon, that is it shows a
positive charge potential at pH 5.5, it will have a
higher tendency to adsorb anions than cations, thus,
the adsorption of those complex anions will be
favored with regard to U(VI).

It is good to note that the most known anion
which interfered with sorption of U(V1) was carbonate
due to the formation of stable tricarbonato complex,
UO,(CO;3):~ but we find that carbonate did not inter-
fere with uranium adsorption at pH 5.5. As clear in
Fig. 2 for uranium speciation, this behavior could be
explained as follows: for pH higher than 7.5 and pH
lower than 3.5, the uranium complexes with phos-
phates and carbonates predominate. In the region
between 5.5 and 7.5, the predominant species are the
polynuclear hydroxo-complexes while for 3.5 <pH <
5.5 the wuranyl ion is the major uranium species
formed [32]. Hence, the noninterference of these ions
is of interest for the application of RSK to the recovery
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Fig. 2. Speciation diagram of uranium species in a solution
at equilibrium with atmospheric CO, and (UO,)3(POy)s.

of trace U(V1) from highly saline solutions such as
uranium waste effluents.

3.3. Co-adsorption of uranium and thorium

Competitive adsorption of uranium and thorium
ions from their binary solutions was investigated.
Figs. 3 and 4 illustrate the adsorption isotherm of both
uranium and thorium in mixture. The isotherms were
obtained at pH 4.5-5.0 and 25°C. The concentration
range of 1-100mg/1 was investigated and a ratio of
1:1 was used to determine the effect on the adsorption
of uranium and thorium. The result of single-metal
isotherm was put in Figs. 3 and 4 for comparison. It is

80

70 4
o 60 ] —M®— U (binary)
) 0 1 —O— Th (binary)
E,, T —~A— U (single)
o

40 45

C, mgll

Fig. 3. Uranium and thorium sorption isotherms in single-
and binary-component systems using RSK carbon.
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Fig. 4. Uranium and thorium sorption isotherms in single-
and binary-component systems using RSN carbon.

clear that the simultaneous adsorption of U and Th
from U-Th solution produced an H-type isotherm
according to Giles classification [33]. The initial linear
part of the isotherms was shorter and the knee was
steeper when compared with mono-metal sorption.
The presence of equal concentrations of uranium and
thorium in solution depressed the uptake capacity of
each metal significantly, indicating marked competi-
tion between thorium (IV) and uranium (VI) ions for
the active sites on the carbon surface.

Data obtained from single adsorption isotherms
were fitted to linearized forms of Freundlich isotherm
[34] and Langmuir isotherm [35] by Eqgs. (3) and (4),
respectively:

1
log g = log K + Elog C. Freundlich 3
Ce = 1 + Ce Langmuir 4)
ge  bg° q°

where K and n are the Freundlich constants, n gives
an indication of favorability (adsorption intensity),
and K the capacity of adsorbent (adsorption capacity).
g° and b are the Langmuir constants related to the
maximum adsorption capacity corresponding to com-
plete monolayer coverage and energy of adsorption
respectively.

A detailed analysis of the regression coefficients
showed that the data were best fitted by the Langmuir
isotherm for all the metal ions in single as well as in
multi-component systems as can be seen from Fig. 5.
In single component system, Langmuir isotherm suc-
ceeds in describing the adsorption over the whole
range of concentration more than Freundlich isotherm
[11]. Therefore, Langmuir parameters of uranium and
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Fig. 5. Linear Langmuir plots of uranium and thorium
isotherms in single- and binary-component systems.

thorium adsorption in the presence and absence of
other metal ions are calculated and presented in
Table 4. The correlation coefficient of Langmuir iso-
therms was almost higher than 0.998.

The high fit to the Langmuir model for both metal
ions suggests that once metal ions occupies a site, no
further adsorption can take place at that site, then the
adsorption is limited with monolayer coverage and
the surface is relatively homogeneous in terms of
functional groups [36]. In other words, the Langmuir
model is applicable when there is a strong specific
interaction between the surface and the adsorbate so
that a single adsorbed layer is formed due to chemi-
sorption interaction [37].

As shown in Table 4, uranium still gives the best
adsorption for RSK and thorium gives the best
adsorption for RSN and therefore could be used to
separate trace amount of metal-bearing solutions. It is
inferred from this observation that the sites responsi-
ble for uranium adsorption on RSK are not available
as those for thorium on RSN. In other words, there
are at least two kinds of adsorption sites on two
adsorbents which may be energetically or structurally
different sites.

The langmuir bonding energy coefficient b for sin-
gle- and binary-metal solutions varied with carbon
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type and metal solution. In binary system for RSK, the
b value of uranium (0.52) is greater than that of tho-
rium (0.48). Whereas, RSN has b value for thorium
(0.41) greater than that of uranium (0.1). This can be
attributed to the presence of at least some binding
sites which are more specific for the different metal
ions [38]. Thus, the results obtained for U-Th systems
could not be explained on the basis of direct competi-
tion and it was suggested that preferential binding to
different sites was involved. These observations con-
form again that RSK is selective to uranium and RSN
is selective to thorium even in binary system.

Although the uranium capacity decreases in dual
system from 100 to 35.9mg/g, the b value increases
from 0.28 to 0.521/g. The bimetal Langmuir isotherm
b values may indicate that the competition for sorption
sites promotes the retention of uranium on more spe-
cific sorption positions. As a result, although maxi-
mum sorption coefficient (7°) decreases, uranium ions
are held more strongly [39]. The value of b for Th
adsorption decreases from 0.57 to 0.41. This indicates
that the presence of co-ions decreased the binding lev-
els of thorium.

The effect of ionic interaction on the sorption pro-
cess may also be represented by the ratio of the sorp-
tion capacity for one metal ion in the presence of the
other metal ions, ¢9.., to the sorption capacity for the
same metal when it is present alone in the solution, ¢°
[40,41].

0
—(q;SX) >1 sorptionispromoted by the
presence of other metal ions;
—(q;g") =1 no observable net interaction;
(9imax) <1 sorption is suppressed by the
P p pp y

presence of other metal ion.

Table 4

Langmuir parameters for single and multi-component systems of U(VI) and Th(IV) using RSK and RSN, respectively
Metal measured System q b R? 4o/’
U U: RSK 100 0.28 0.999 -

U (U + Th): RSK 35.9 0.52 0.996 0.36

8) (U +Th): RSN 24.0 0.1 0.99 -

Th Th: RSN 71.1 0.57 0.999 -

Th (Th +U): RSK 29.5 0.48 0.97 -

Th (Th+U): RSN 25.0 0.41 0.96 0.35
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As presented in Table 4, the values of g%, /q° are
found to be <1 which are consistent with the sorption
isotherms obtained for U(IV) and Th(IV) in the pres-
ence of other metal ions. These results suggesting that
the simultaneous presence of both metals reduced
sorption through competition for sorption sites in the
solid phases. In addition, it was generally true that
/9’ for thorium g%  /q° for uranium, suggesting
that thorium sorption was more affected by the simul-
taneous presence of a competing metal than uranium
[39]. The low interference of U with Th binding than
vice versa can be attributed to a higher oxidation state
of Th, along with additional bonding parameters [31].

3.4. Effect of HA
3.4.1. Adsorption of HAs

HAs are polyelectrolytic macromolecules that are
widely distributed in natural waters [42]. On one
hand, it is well known that humic substances possess
a substantial capacity to complex dissolved species
such as metal ions. Their role in natural waters has
gained importance because of these interactions that
control the behavior and the mobility of metals [42].
On the other hand, adsorption of HAs by activated
carbon is of particular interest, as they may change
the surface charge and surface properties in general
significantly [43].

The adsorption isotherm of HA on RSK at pH 5.5
(optimum pH of uranium adsorption onto RSK) was
given in Fig. 6. It is clear that the isotherm showed an
initial steep slope, indicating a relatively high affinity
between HAs and carbon surface (L-shape). Similar
results were observed by other researchers studying
the sorption of humic substances onto aluminum and
iron oxide surfaces [44]. Ochs et al. (1994) proposed
that polydispersity of humic substance was partly
responsible for the initial fast sorption [45]. Nonlinear
isotherms suggest that the dominant force for HA
sorption onto carbon is by a specific interaction that
involves presumably the polar and ionizable groups
of the HA [46]. The Freundlich and Langmuir iso-
therms of humic adsorption were presented in Fig. 7
and their constants were listed in Table 5. It is clear
that the isotherm follows Langmuir equation (Eq. (4))
due to the large electrostatic attraction between the
adsorbed HA molecules and carbon surface, which
has positive charge at this pH. As the HA quickly
saturates the more energetic sites of carbon, fewer
active sorption sites are available and/or the affinity
of remaining HA to carbon surface became less due to
the fractionation, resulting in a Langmuir-type
isotherm [43,46].
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Fig. 6. Equilibrium adsorption isotherm of HA adsorption
using RSK carbon.
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Fig. 7. Freundlich and Langmuir adsorption isotherms of
HA using RSK carbon.

As anticipated, the large HA molecules will be
adsorbed essentially on the external surface or in
wider pores, and thus upon covering the surface a sec-
ond layer is not favorable. The HA molecules will
favorably go into solution instead of forming a second
layer over the already adsorbed layer [8].

3.4.2. Uranium and thorium adsorption in presence of
HA

The nature of the interactions between metal ions
and carbon adsorbent may depend on the presence or
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Table 5
Freundlich and Langmuir parameters HA adsorption
using RSK carbon
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Table 6
Langmuir parameters of uranium and thorium adsorption
with/without HA

Freundlich Langmuir System q° (mg/g) b (g/D

K(mg/g) n R*>  4°(mg/g) b(1/mg R U single 100 0.28
U/HA simultaneous 11.85 0.18

13.3 93 09 2114 0.53 0.999 U/HA sequential 415 0.14
Th single 71.1 0.57
Th/HA sequential 88.0 1.47

absence of HA. Similarly, the nature of the interactions
between HA and adsorbent may vary with the pres-
ence or absence of metal ions.

Three types of experiments were performed: single
species (metal or HA) adsorption with fresh sorbent;
sequential adsorption of metal and HA (first HA
adsorbed before metal ions are added); and simulta-
neous co-adsorption of metal ion and HA with clean
sorbent (mixing HA with the solution that contains
metal ions before the carbon is added).

A Fig. 8 shows that the equilibrium isotherm of U
was affected by the manner in which HA was added
to the solution. Namely, U showed a decreased
absorbability when it co-existed with HA from the
start, compared with the case when U was added after
equilibrium adsorption of HA on activated carbon
occurred. This is also clear from Langmuir 4° value in
Table 6. The reason for this phenomenon was that the
difference in the extent of complexibility of U with
free HA ion and adsorbed HA on RSK, i.e. U made a
complex more easily with HA which exists as a free
ion in solution than the one in the adsorbed state.
Complexes that remain in solution will prevent a frac-
tion of the uranium from adsorbing [47]. The interac-
tions between uranium ions and HA before the
adsorption caused the formation of U-HA complexes

100

90 U single

80
70 +
60 o

U / HA sequential

de (mglg)

U / HA simultaneous

0 10 20 30 40 50 60 70
C.mgl/l

Fig. 8. Effect of presence HA on uranium isotherms using
RSK (i) sequentially and (ii) simultaneously.

that changed the surface interactions of both uranium
ions and HA with carbon surface. In co-adsorption,
three substances were present in the aqueous phase
(carbon, uranium ions, and HA), and may interact
each other. In the absence of metal ions, the negative
electrostatic charges on HA macromolecules repel one
another, keeping HA in dispersed colloid-like state
[48]. When cations such as uranium ions are added,
they complex with HA and neutralize its surface
charges. As a result, the U-HA complex may have a
more compact coil-like structure with less surface
groups exposed to the carbon surface. In such a state,
the probability for a HA molecule to be adsorbed by
carbon surface can be reduced. On the other hand,
uranium ions complexed with HA would have less
opportunity to be adsorbed.

The effect of HA on metal adsorption by activated
carbon is not easily generalized. Although sequential
adsorption of HA acid increases the uranium adsorp-
tion on RSK than simultaneous adsorption of HA and
uranium, the adsorption capacity of single uranium is
higher in solution (Fig. 8). However, thorium showed
opposite trend i.e. the sequential adsorption of HA
increases the thorium adsorption capacity on RSN
than single thorium system as shown in Fig. 9 and
from g° values in Table 6.

Previously adsorbed HA on the surfaces of adsor-
bent may affect metal adsorption through one of the
following mechanisms [48]. (i) HA binds to the same
sites on carbon surface as metal ions and hence previ-
ously adsorbed HA reduces metal adsorption subse-
quently due to site blockage. (i) HA attaches to
carbon surface through a mechanism different from
that of metal ions, and the total sites available for sub-
sequent metal adsorption remain the same, but a layer
of HA adsorbed on the surface of carbon may create a
steric barrier for metal to approach to the available
adsorption sites. (iii) The attached HA through either
mechanism of (i) or (ii) or both provides additional
sites for metal adsorption, and, as a result, causes
increased adsorption of metal ions. Although the three
adsorption mechanisms may exist together, the
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Fig. 9. Effect of presence HA sequentially on thorium
isotherms using RSN.

increased thorium adsorption by RSN with previously
adsorbed HA in the experiments suggest that at least
mechanism (iii) was operative and played a role in the
sequential adsorption of thorium ions. On the other
hand, mechanism (iii) was less important than mecha-
nisms (i) and (ii) in this case of RSK with previously
adsorbed HA. It adsorbed less uranium than clean
carbon surface. Similar results were reported [49].

These observations confirm the difference in mech-
anism controls of uranium and thorium removal in
single-component systems. As HAs adsorb and cover
the carbon surface, they significantly alter the charac-
teristics of the surface with respect to metal uptake.
HA molecules contain many functional groups (car-
boxyl and phenolic groups). The functional groups of
an adsorbed HA may provide other new HA adsorp-
tion sites for trace metals which may be more reactive
than isolated carbon surface sites. The adsorption of
thorium ions may be dominated by the exposed func-
tional groups of the adsorbed HA, which is similar to
its adsorption sites on carbon surface. That means, the
number of binding sites blocked by sorbed HA is
overcompensated by additional binding sites stem-
ming from the HA itself. Thus, many thorium ions
were bound to the HA, which were themselves previ-
ously bound to RSN surface. These are in accordance
with the high stabilities of Th-humate complexes [50]
which evidenced by high Langmuir b value in Table 6.
This behavior is not predominant in uranium adsorp-
tion. Schmeide et al. (2003) reported that the loading
of HA with uranyl ions in the uranyl humates was
between only 15 and 22% of the carboxylic group
capacity of the HA [51]. These results are conformed
by that obtained by Szalay that thorium enrichment
by HAs is greater than uranyl ion [52].
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The difference between sequential adsorption of U
and Th can be related to the difference in pH, under
which the experiments were conducted. It is well
known that the sorption of HA decreases with
increase in pH [49]. Thorium adsorption occurs at pH
value (4.0) lower than adsorption of uranium (5.5). So,
those free HA or humic-metal complexes tend to
remain in solution in case of uranium than in case of
thorium. This leads postulate mechanism for HA
adsorption onto activated carbon similar to that pro-
posed by Lai et al. (2002) for the adsorption of HA
onto goethite-coated sand [53]. This pattern was con-
sistent with ligand exchange between carboxylate
groups in HA and carbon hydroxyls.

~C-OH+H' & —C—OH}
—C — OHJ +Hu - COO™ « —C — OH; O CO — Hu
—C — OH{ O CO — Hu & —C — OCO — Hu + H,0

where -C-OH represents carbon carboxyl group and
Hu-COO- represents a HA. It is clear that the above
mechanism is favorable at lower pH values.

4. Conclusion

The prepared RSK carbon showed good selectivity
in extracting uranium even in the presence of large
concentrations (100 mg/1) of anionic- and cationic-
complexing agents and common electrolyte species.
Co-existing of iron ions at high levels may compete
strongly for the adsorption sites with uranium ions
resulting in a substantial reduction of uranium
removal. Preferably, iron should be removed from
waste solution before treatment to remove uranium.

Capacity of each metal in binary U and Th system
was reduced due to competition between two ions for
sorption sites on carbon surface.

In presence of HA, the metal-humic interactions
play a very important role in determining the extent
of adsorption. U(VI) showed an increased absorbabil-
ity when U(V]I) was added after equilibrium adsorp-
tion of HA on activated carbon occurred compared
with the case when it co-existed with HA from the
start The increase of sorption is explained by the sorp-
tion of HA on the carbon surface followed by the
interaction of the uranium ion with surface-sorbet HA,
whereas the reduction of sorption is explained by the
formation of soluble U-HA complexes which stabilize
the metal ion in aqueous solution.

It could be concluded that iron and HAs were
strong inhibitor of uranium binding, thus limits the
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wastewater treatment by this sorbent. Therefore, iron
and humic substance should be removed from waste
solution before treatment to remove uranium.
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