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ABSTRACT

Uranium (U) and thorium (Th) separation by batch adsorption onto rice straw-based
activated carbon (RS carbon) was studied. The effect of pH, contact time adsorption, and
desorption media on the selectivity and sensitivity of the removal process was investigated.
Results show that the metal ion species rapidly move from liquid phase to carbon surface
with 40–100 min equilibrium time for uranium and thorium, respectively. Uranium and tho-
rium sorption reaches its maximum at pH 5.5 and 4, respectively. Thus, these radio nuclides
can be separated by the careful adjustment of pH and contact time. Thorium can be highly
selective separated from uranium at lower time and at pH 4. Lower concentration of acetic
acid enhance uranium and thorium uptake when compared with other mineral and organic
acids. Uranium can be selectively desorbed from RSK carbon using HCl leaving thorium
onto the adsorbents. Thorium can be selectively eluted from RSK carbon by using HNO3 or
H2SO4 and from RSN carbon by NaHCO3. These procedures may be successfully applied,
in most cases, where a careful separation of two elements is required.
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1. Introduction

Uranium and thorium are the two most important
elements for nuclear energy industries [1]. Taking into
consideration wide usage of uranium and thorium for
numerous industrial purposes and potential risks pre-
sented by radio nuclides for humans and the environ-
ment, reprocessing to purify and separate these radio
nuclides is of great significance. Separation of uranium
and thorium is relatively difficult since thorium does
not have variable oxidation states. Thus, it should be
used as the difference in the complexation behavior
of thorium and uranium to obtain the desired
separation [2].

Adsorption is by far the easiest way for removing
radioactive ions from aqueous solutions. The process
using adsorbents is thought to be the most effective
method, due to its high selectivity, the ease of han-
dling, and the environmental issues. Various types of
materials have been used for thorium and uranium
removal, for example activated carbon powder and
zeolites [3], immobilized siloxane polymers [4], natural
and modified clays [5], synthetic anion exchangers [6],
pass cement dust [7], etc, Among many types of
adsorbent materials, activated carbons which can be
produced from any carbonaceous material, are the
most widely used, because of their large adsorptive
capacity and low cost [8,9]. Activated carbons
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adsorption technique has attracted particular interest
in the pre-concentration and treatment of radioactive
liquid wastes, because they have affinity for certain
ions or groups of ions from both acidic and alkaline
solutions [10]. Furthermore, their high stability toward
chemicals, radiation, and heat, as well as their rigid
porous structure and mechanical strength, give consid-
erable advantages over other adsorbent materials [11].
Adsorption of uranium and thorium onto various sol-
ids is important from purification, environmental, and
radioactive waste disposal points of view.

Separation and purification processes based on
adsorption technique are also important in nuclear
industry where activated carbon is often used for the
separation of metal ions from solutions, due to its
selective adsorption, high radiation stability, and high
purity [11]. Uranium and thorium is the most impor-
tant element for nuclear industry. Adsorption of ura-
nium and thorium onto various solids is important
from purification, environmental, and radioactive
waste disposal points of view.

The efficiency of an adsorbent is not solely deter-
mined by sorption characteristics but also by desorp-
tion behavior. This desorption step allows the metal
ion to be removed and recovered. Recovery of the
adsorbed material as well as the regeneration of adsor-
bent is also an important aspect of wastewater treat-
ment. Desorption studies help to elucidate the nature
of adsorption and help to recover the precious metals
from wastewater and the adsorbent

The objective of this study is to determine the opti-
mized condition for separation of uranium and tho-
rium by activated carbon prepared by single-step
steam activation of locally available agricultural
waste-rice straw either by adsorption or desorption.

2. Materials and methods

Rice straw-based activated carbon (RS carbon) was
prepared using steam pyrolysis method according Ha-
med et al. [12]. Modified carbons were produced by
oxidation of the prepared carbon using nitric acid
(labeled as RSN carbon) and potassium hydroxide
(labeled as RSK carbon) according to the procedures
described earlier [13,14]. Oxidization of activated car-
bon by nitric acid and potassium hydroxide introduce
oxygen-containing functional groups to carbon surface
which result in more hydrophilic surface structure.
These functional groups provide binding sites in the
adsorption process.

Batch sorption experiments were done to get both
rate and equilibrium data. Ten milligram of RSK and
RSN carbon mixed and shook with 10ml of 100 ppm
uranium or thorium solution for different period of

time (up to 300 min.). Next, the solution was filtered
using a Whatman No. 42 filter paper and analyzed for
the concentration of the metal ions continuing in the
solution. Blank tests without activated carbon were
included to check that no precipitation happened
throughout experiments. The concentrations of ura-
nium or thorium in the solutions were quantified by
measuring absorbance at 665–655 nm with double-
beam UV spectrophotometer (Shimadzu model 160A)
using arsenazo (III) as coloring agent [15]. Sorption
capacity of adsorbent was calculated by:

qe ¼ VðC0 � CeÞ
M

(1)

Sorption efficiency based on the percentage of metal
removal was calculated by:

R% ¼ C0 � Ce

C0
� 100 (2)

where C0 and Ce are the initial and equilibrium con-
centration (mg/l), respectively, M is the mass of dry
carbon sample used (g), and V is the volume of solu-
tion (ml).

Desorption experiments were done after adsorp-
tion experiments using uranium-laden carbon by shak-
ing for 24 h with 10 ml of desorping agent. The
remaining procedure was the same as that in the sorp-
tion equilibrium experiments except that no pH
adjustment was required. Desorbable amounts of
metal ions expressed the amount to be desorbed (qdes)
as follows:

qdes ¼ VCdes

m
(3)

With Cdes the desorbed metal concentration.

3. Results and discussion

Separation of radio nuclides may be of concern in
nuclear technology. In this study, rice straw-based
carbon was oxidized using potassium hydroxide RSK
carbon and nitric acid RSN carbon. RSN was found to
be superior for thorium removal while RSK carbon for
uranium removal than non-oxidized carbon. Batch
experiments were done to find optimum conditions of
separation (time and pH).

The adsorptions of uranium and thorium metal
ions were noticeably influenced by the pH of solution
(Table 1). Even at lower pH, RSK and RSN carbon
removes 60 and 50% of uranium and thorium,
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respectively. The adsorption percent removal R%
increases as pH increase and then decreases with fur-
ther increase in pH. Sorption reaches its maximum at
pH 4 and 5.5 for thorium and uranium onto RSN and
RSK carbons, respectively. These optimum pHs were
used for the remaining tests. Above these pH values,
sorption decreases as pH continues to rise.

Fig. 1 displays removal of uranium by RSK carbon
and thorium by RSN carbon as a function adsorption
reaction time. Uranium and thorium adsorption capac-
ity increases as time increases and reach equilibrium
at 40 min for uranium and 120 min for thorium. Short
equilibrium adsorption time is one of the significant
thoughts for economical wastewater treatment applica-
tions. According to these results, for the following
batch adsorption experiments, one and two hours
were selected as agitation time for uranium and tho-
rium removal, respectively, to make sure whether the
equilibrium is reached.

3.1. Adsorption selectivity

Uranium and thorium metal ions are chemically
similar nuclear fuels. Comparative study of their
selective adsorption on modified activated carbon is
important from academic and practical view.

The adsorption selectivity (S) for a couple of met-
als, a and b, can be calculated by the ratio of qa(t)/qb(t)
as follows [16]:

S ¼ qaðtÞ
qbðtÞ (4)

where qa(t) and qb(t) denote to the amounts adsorbed
of the species with a stronger and a weaker affinity
toward an adsorbent at time t, respectively [16].

Fig. 2 shows the influence of reaction time on
selective adsorption between uranium and thorium by
RSK and RSN carbons at pH 5.5 and pH 4. The selec-
tivity differences from one metal to another and from
one system to another are related to pH and adsorbent
type. The selectivity of U/Th-RSK system increases
with the time and reaches its maximum at about
200 min for both pH 5.5 and 4. However, the selectiv-
ity at pH 4 (S = 2.2) is about two-fold greater that at
pH 5.5 (S = 1.3). So that, uranium can be selectively
separated from thorium at pH 5.5 or 4.0 after interac-
tion time of 200 min with RSK carbon. In contrast,
selectivity of Th/U-RSN system decreases with time
by increasing pH at either 5.5 or 4.0. For all that, selec-
tivity at pH 4 is about three-fold greater selectivity at
pH 5.5. Thus, thorium can be highly selective sepa-
rated from uranium at lower time and at pH 4 on
RSN carbon. Consequently, thorium and uranium can

Table 1
Fractional adsorption of U(VI) and Th(IV) as function of
pH

pH Uranium, R% Thorium, R%

1.5 – 54.45
2.5 62.3 70
4 92.3 85
6 99.3 74
8.2 75 65.5
10 51.85 54.65
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Fig. 1. Influence of agitation time on uranium and thorium
adsorption.
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Fig. 2. Selectivity profiles of U/Th on RSK and Th/U on
RSK and RSN carbons at pH 5.5 and 4.
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be separated by the judicious adjustment of agitation
time and pH.

Ground water frequently contains complexing
ligands which play a significant role in determining
the state and mobility of metal ions in aquatic systems
and may compete with metal ions for adsorption. It is
expected that these compounds will affect metal ions
adsorption when they co-exist in solution.

Experiments were done to test the change in ura-
nium and thorium adsorption behavior on RSK and
RSN carbons as a function of using different complex-
ing agents of organic and mineral acids that are signif-
icant in environmental and industrial processes.

Nitric acid was studied, as it forms the main com-
ponent in nuclear spent fuels and hydrochloric acid
was studied as the most of analytical techniques sepa-
ration and pre-concentration of metal ion from envi-
ronmental, geological, and biological samples are
performed in this medium [17]. Oxalate can be formed
in nuclear waste depositories by decomposition of
organic compounds so that oxalic acid was used in
this study [18]. Also acetic acid used because of
acetate is one of the most common anion found in
samples derived from subsurface locations containing
interred waste uranium [19].

Table 2 displays the uranium and thorium sorption
efficiency (%R) onto RSK and RSN carbon from differ-
ent media (0.1 M). All organic and inorganic ligands
influenced on the sorption of uranium and thorium by
different degree. Both phosphoric and oxalic acids
give negligible uranium and thorium adsorption on
two carbons in U–Th binary solution except in case of
thorium removal by RSN carbon in oxalic acid med-
ium. On the contrary, acetic acid improves uranium
and thorium removal when compared with mineral
acids. These results agree with results obtained by
Akhtar and Qadeer [20] and Yu et al. [21] for
improved metal sorption using acetate medium.

Presence of foreign ions in the solution may alter
environment around the metal ion and consequently
alter its solution chemistry and sorption characteris-
tics. Foreign ions may reduce or enhance metal
adsorption according to its ability to form complex
with metal ion. If metal ion forms complex its adsorp-
tion increases. However, if not the foreign ions may
compete with metal ion. There are three possible roles
for foreign ions (ligands) in metal adsorption systems:
(1) Ligands can hinder adsorption of metal ion by
forming non-adsorbable complexes with it, or (2) by
competition with the metal itself for available surface
sites, and (3) Ligands can improve adsorption of metal
by forming highly adsorbable complexes with the
metal than free metal ions and result in the formation
of metal–ligand surface complexes [22]. Otherwise, the
activated carbon ability to sorb large organic mole-
cules is well-known and widely used in wastewater
treatment process [23].

The sorption of metal complex drop in the pres-
ence of oxalic and phosphoric acids may be because of
stable complexes formation with these ions that have
very low affinity toward the carbon sorbent. These
complex may appear as precipitate for instance tho-
rium oxalate precipitation in thorium-RSN system
[24]. Strong ligand–metal complex means higher sta-
bility of complexes in aqueous solution and less
adsorption of metal ions onto the surface of possible
substrates [25]. Thus, oxalic and phosphoric ligands
should be removed first from wastewater effluents,
before processing for uranium and thorium removal.

Removal of uranium and thorium from acetate
solution was high in comparison to their removal from
chloride, nitrate, or sulfate solutions. Hydrogen ion
concentration of solutions is one of the most important
factors, effect on metal ion sorption. Generally, high
hydrogen concentration (lower pH) inhibits metal ion
adsorption. Strong acids like HCl, HNO3, and H2SO4

almost completely dissociates and give high hydrogen
ion activity, while weak acids like acetic acid is par-
tially dissociated and give low hydrogen ion activity.
As a result, acetic acid enhance uranium and thorium
adsorption while HCl, HNO3, and H2SO4 reduce their
adsorption [26]. Other reason for this behavior is
owing to the formation of uranium and thorium ace-
tate complex which are more absorbable when com-
pared with free species.

According to these results, adsorption behavior of
uranium and thorium mixture on RSK carbon was
measured in 0.01–1 M acetic acid solution (Fig. 3).With
the increase in acid concentration, there is a significant
decrease in the adsorption of both uranium and tho-
rium. This can be described on the basis of a competi-
tive reaction between positively charged uranium or

Table 2
Sorption efficiency (%R) of uranium and thorium onto
RSK and RSN carbon from different media (0.1 M)

RSK RSN

Media Uranium Thorium Uranium Thorium

H2O 32 41 32 28
HCl 25.2 12.5 21.2 21.0
HNO3 23.2 19.2 19.3 1.6
H2SO4 1.5 17.7 0.77 1.2
H3PO4 1.3 2.9 1.2 6.5
Oxalic acid 0 5.1 0 38.6
Acetic acid 52.2 58.0 42.3 45.2
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thorium ions and hydrogen ions in the medium. At
low acetic acid concentration the hydrolyzed species
adsorbed on carbon surface, whereas increasing acid
concentration inhibit the hydrolysis of uranium and
thorium leading to lower adsorption percentage value.
Hence, metal ions could be removed from high pH
acetate solution.

3.2. Selective desorption of uranium and thorium adsorbed
from acetic acid medium

Separation of uranium and thorium in desorption
mode is obtained by selective elution of one ion over
another. The elution may be carried out with a com-
plexant that preferentially removes one or more ions,
or by changing acidity or concentration of the eluent
such that sorbed ions are eluted sequentially.

Taking into account of the overall adsorption
behavior of the two elements, acetic acid medium
(0.01 M) was chosen for adsorption. Several solutions,
include HCl, HNO3, H2SO4, and NaHCO3, were tested
in order to determine the best reagents for the separa-
tion of uranium and thorium by selective desorption.

By applying the selectivity Eq. (4) on desorption of
uranium or thorium from RSK and RSN we obtain
desorption selectively in Table 3. It is clear from that
uranium can be selectively desorbed from both adsor-
bent by using HCl leaving thorium onto the adsor-
bents. Also Table 3 shows that thorium can be
selectively eluted from RSK by using HNO3 or H2SO4

and from RSN by NaHCO3.
Nevertheless by comparing the selective desorption

values in Table 3, it is clear that thorium recovery is
the more difficult step owing to its great affinity

toward the adsorbents. Both adsorption and desorp-
tion studies show that thorium was more chemisorbed
than uranium.

4. Conclusion

This study tried to find the optimum experimental
condition for uranium and thorium separation onto
activated carbon. It was found that their separation
affected by different factors include contact time, pH,
sorption, and desorption medium. By the careful
adjustment of pH and contact time, uranium and tho-
rium can be separated. Lower concentration of acetic
acid enhance uranium and thorium uptake when com-
pared with other mineral acids. Uranium can be selec-
tively desorbed from activated carbon using HCl
leaving thorium onto the adsorbents. Thorium can be
selectively eluted from RSK carbon by using HNO3 or
H2SO4 and from RSN carbon by NaHCO3. These pro-
cedures may be successfully applied in most cases,
where a careful separation of two elements is required.
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