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ABSTRACT

Rice straw activated carbon oxidized with HNO3 was studied for thorium removal. It was
found that carbon has mesoporosity (82%) greater than microporosity (18%) and high ash
content (54.1%). Acidic oxides including carboxyl, lactonic, and phenol ones are formed on
the carbon surface during preparation and oxidation. The thorium adsorption process
proves that the rate of reaction was fast, requiring short contact time. Optimum values were
set as pH of 4.0 and 20 mg/l for thorium at removal time of 100 min. Different models were
used to determine the kinetic data among which a pseudo-second-order equation was the
best fit (R2 = 0.999). The mechanism of the adsorption kinetics was investigated by employ-
ing intra-particle diffusion, surface mass transfer, and Boyd kinetic expressions. The results
show that thorium ions’ transportation from solution to the surface of the adsorbent is rapid
enough (6.2 × 10–6 cm/min) to use these residues for the removal of thorium from contami-
nated wastewater. Particle diffusion is the best operating mechanism to control the sorption
kinetics of thorium ions. Used carbon had comparable adsorption capacity for thorium as
compared to other adsorbents. The quantitative elution study of thorium can be realized
with sulfuric acid. Consequently, this carbon can be considered a potentially cheap and
operative scavenger for adsorption of thorium from solution.
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1. Introduction

Thorium is a naturally occurring tetravalent acti-
nide element. It occurs in geologic materials as a trace
constituent in the form of oxide, silicate, and phos-
phate minerals. The only known natural thorium iso-
tope is 234Th, but 230Th and 238Th can be found as
radiogenic decay products [1]. Thorium compounds
are produced from processing of rare earth minerals

like monazite. A small portion of thorium produced is
consumed, but most is discarded as waste. Thorium
has been widely used in many applications [2] such as
lighting, welding electrodes, ceramics, refractories,
and metallurgical applications. Thorium oxide (ThO2),
or thoria, is used in the manufacturing of ceramics
and in high-temperature/strength alloys, as it has
high temperature characteristics. Most of these
applications create solid and liquid wastes that
include thorium isotopes. Furthermore, nuclear fuel
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production also creates liquid and solid thorium
wastes.

A number of different studies have been done on
radioisotope removal from aqueous solutions using
adsorption on various adsorbents including zeolites, sili-
cate, titanate, antimonite, and activated carbon [3–9].
Among adsorbents, activated carbon is one of the most
extensively used commercially in purification and sepa-
ration [9]. Activated carbons contain surface oxygen
functional groups that are able to sorb various metal ions
from aqueous solutions. Moreover, their great chemical,
radiation, and heat stability, along with their high
mechanical strength due to a rigid porous structure, give
them a great advantage over polymeric materials [10].

This study presents data and a discussion regard-
ing thorium adsorption on nitric acid oxidized rice
straw-based activated carbon.

2. Experimental activated carbon preparation

Activated carbon was processed using a method
described previously [11]. Concisely, a known weight
of dried raw material (rice straw) was put into a flu-
idized bed furnace, with a heating rate of 5˚C/min in
a nitrogen deficient environment (300 ml/min). Heat-
ing goes up to 550˚C and is held for 1.0 h. Steam
(5 ml/min) was going to the reactor at a temperature
of 350˚C. The prepared carbon undergoes chemical
treatment using HNO3 to give oxidized carbon labeled
as RSN [12,13].

The porosity and surface area of RSN carbon were
measured using nitrogen adsorption isotherms (Quan-
tachrome Instruments, USA). The pHpzc of RSN car-
bon was measured using simple mass titration
method [14]. Acidic and basic characteristics of RSN
carbon were estimated using Boehm titration method
[15].

2.1. Sorption investigations

RSN carbon (5 mg) was shaken with 5 ml of tho-
rium solution in a shaker at 25 ± 1˚C for different time
intervals. Then the RSN carbon was removed by filtra-
tion and the thorium concentration was measured.
Blank samples without RSN carbon were done to
ensure that there was no precipitation during the
adsorption experiment.

To investigate the influence of pH on sorption,
these experiment was done at various initial pH (2–9)
of thorium solution. Initial solution pH was regulated
by gradual addition of drops of 0.1 N NaOH or HCl
solutions. All adsorption experiments were done at
constant ionic strength of 0.1 M maintained with
potassium chloride.

The effect of radionuclide ion concentration was
studied by agitation of 10 ml of different concentra-
tions (5–100 mg/l) of thorium solution with 5 mg of
RSN carbon for 2 h equilibrium time. The amount of
thorium adsorbed on RSN carbon was calculated by
[16]:

qe ¼ VðCo � CeÞ
m

(1)

Sorption efficiency of thorium on RSN carbon was
calculated by:

R% ¼ Co � Ce

Co
� 100 (2)

where Ce and Co are equilibrium and initial concentra-
tion (mol/l), respectively, V is the volume of solution
(l), and m is the mass of dry carbon sample used (g).

2.2. Desorption experiments

After saturation of RSN carbon by the thorium
ions, the suspension was separated and the thorium-
laden RSN carbon was washed in distilled water.
The stripping was realized by contact of the suspen-
sion with 10 ml of desorping agent for one day and
then separated by filtration. The desorbable amounts
of metal ions expressed as amount desorbed (qdes)
or fraction desorbed (Rdes%) were calculated as
follows:

qdes ¼ VCdes

m
(3)

Rdes% ¼ qdes
qads

� 100 (4)

with Cdes the concentration of desorbed radionuclide.

3. Results and discussion

Surface chemistry modification of carbons may be a
worthwhile use for their unique applications. Porosity
and surface area of carbon produced in this study was
low compared to that of commercial carbons. For that
reason, surface modification for these carbons has been
done using nitric acid to get high thorium adsorption
capacity. Physicochemical properties of RSN carbon
are shown in Table 1. RSN carbon has mesopore
volumes four times greater than micropore volumes,
and its mesoporosity characteristics were more
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predominant than microporosity. Carbon mesoporosity
facilitates and improves radionuclide adsorption.

The high ash content (54.1%) of RSN carbon may
be due to destruction of a large quantity of carbon
throughout the activation process that causes
increased mineral content, especially silica. Carbon
surface functional groups are significant factors that
affect its metal adsorption capacity [17]. Coexistence
of basic and acidic sites on the RSN carbon surface
implies its amphoteric nature. Furthermore, iRSN car-
bon functional groups are determined using Boehm
titration method [18], and the results were that it has
three categories of acidic surface oxides (carboxylic,
phenolic, and lactonic) given in Table 1.

3.1. Effect of agitation time on thorium adsorption

Fig. 1 displays the influence of reaction time on the
removal of thorium by RSN. The curve produced is
smooth, is single and continues until saturation, signi-
fying the development of thorium monolayer coverage
on the RSN carbon surface. Adsorption of thorium
increases with time and reaches equilibrium at
120 min, which was in line with previous results
[19,20]. Short uptake time is vital for use of any adsor-
bent in the removal process [21] and is one of the sig-
nificant considerations for efficient wastewater
treatment applications. Accordingly, 2 h as the opti-
mum agitation period for thorium removal was used
for the subsequent experiments to attain equilibrium.

The curves in Fig. 1 show a double nature that
means that the process of adsorption occurs in two
stages: a quick initial stage and after that a much

slower one. Thorium adsorption on RSN carbon was
very fast through the first 20 min of contact, while
about 75% of the thorium was adsorbed after an addi-
tional 100 min to reach equilibrium. These two steps
were also reported earlier by Tran [20]. Tang et al.
explain the two-stage adsorption: during the first
stage, thorium is adsorbed on the external adsorbent
surface where the resistance toward its ions to reach
these surfaces is small. As the adsorption proceeds,
more and more radionuclide ions diffuse through
macropores, mesopores, and micropores to reach the
total surface area within the residue particles. How-
ever, the rate of diffusion in such pores decreases with
time, and consequently the adsorptive capacity
increases more slowly as time elapses until equilib-
rium is attained [22].

3.2. Kinetic rate parameters

According to the results obtained, the kinetic rate
constant of thorium adsorption can be treated by the
pseudo-first-order rate of Lagergren and pseudo-
second-order rate expression as applied by Ho and
McKay [23]:

logðqe � qtÞ ¼ logðqeÞ � k1
2:303

t First Order (5)

t

qt
¼ 1

k2 q2e
þ t

qe
Second-order (6)

where qt and qe (mg/g) are the amount adsorbed at
time t and at equilibrium, respectively. K1, K2 is the
rate constant of the first- and second-order equation,

Table 1
Physicochemical characteristics of RSK carbon

SBET (m2/ga) 87.2
Micro-surface area fractiona 0.51
Meso-surface area fraction 0.49
Total pore volume (cc/g) 0.118
Micro- pore volume fractionb 0.18
Meso-pore volume fraction 0.82
Pore radius (nm) 2.7
Basicity (meq/g) 2.8
Acidity (meq/g) 8.93
Carboxyl (meq/g) 0.8
Lactonic (meq/g) 3.8
Phenolic (meq/g) 4.3
pHpzc 3.0
Ash content (%) 54.1

aBrunauer–Emmett–Teller (BET) surface area.
bDensity functional theory (DFT) Micro-surface area or pore

volume fraction.
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Fig. 1. Effect of time on adsorption of thorium.
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respectively. K1 can be gotten from the straight line of
plot log(qe − qt) vs. t from Eq. (3) and K2 from Plot t
vs. t/qt from Eq. (4). The results of the kinetic plots
are shown in Figs. 2 and 3. Table 2 lists all results that

were calculated for kinetic parameters K1, K2, qe,calc
and the initial adsorption rate (h = k2q

2
e) with the corre-

sponding correlation coefficients.
The first-order kinetic equation gives low values of

correlation coefficient (R2 = 0.8) and calculated qe in
relation to experimental qe values. This suggested that
thorium adsorption is not a first-order reaction that
cannot describe the adsorption process as a whole.

Pseudo-second-order rate expression gives a good
correlation coefficient (R2 = 0.999), and there is good
agreement between calculated qe and the experimental
one. This observation indicates thorium adsorption
can be approached by pseudo-second-order, so that
the pseudo-second-order adsorption mechanism is
dominant and chemisorption is most likely to control
the adsorption process [24].

The reactions including pseudo-second-order are
significantly influenced by the radionuclide quantity
on the adsorbent surface and that adsorbed at equilib-
rium. In other words, the reaction rate is directly
proportionate to the number of active sites on the
adsorbent surface [25]. RSN carbon has great
adsorption capacity, qe, that give rapid rates of
adsorption and short equilibrium time. Both short
equilibrium times and high adsorption capacity desig-
nate a high degree of affinity between thorium ions
and RSN carbon [26].

3.3. Surface mass transfer coefficient

Data of sorption kinetics were used more to iden-
tify whether film diffusion or intra-particle diffusion is
the rate-limiting step in the adsorption process.

The kinetic model described by Mohan and Singh
can be expressed as follows [27]:

ln
Ct

Co
� 1

1 þmKL

� �
¼ ln

mKL

1 þ KmL
� 1 þ mKL

mKL
bL Ss t

(7)

where Ct is metal concentration at time t and zero time
(mg/l), respectively. The carbon mass in unit volume
of solution (g/l) is m. KL is the constant equal of qo × b
of the Langmuir equation (l/g). βL is the factor of mass
transfer (cm/s). SS is the carbon outer surface per
particle-free solution unit volume (cm−1), calculated
by:

Ss ¼ 6m

Dadð1� eÞ (8)

where Da is the carbon particle mean diameter (cm);
d = carbon density (g/cm3) and ε = carbon porosity.
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Fig. 2. Pseudo-first-order sorption kinetics of thorium.
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Fig. 3. Pseudo-second-order sorption kinetics of thorium.

Table 2
Assessment of the pseudo-first-, second-order rate con-
stants, calculated and experimental qe values for Th(IV)
adsorption onto RSN carbon

Model Parameter

qe,exp (mg/g) 46.2
First-order model K1 (min−1) 0.021

qe,cal (mg/g) 19.95
R2 0.8

Second-order model K2 (g/mg min) 4.6 × 10−3

h (mg/g min) 10.0
qe,cal (mg/g) 46.64
R2 0.999
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The straight line graph in Fig. 4 results from plotting
of ln(Ct/Co − 1/1 + mKL) vs. t proposes effectiveness
of McKay equation for the current adsorption system.
BL was calculated from the slope and intercept of each
plot and found to be 6.2 × 10−6 cm/min for thorium
onto RSN carbon. The presence of some linearity devi-
ations at initial adsorption stages confirms our finding
that several rate-controlling steps are in the present
adsorption system [28].

Further, the values of mass transfer coefficient
point to that the velocity of Th(IV) transportation from
solution to carbon surface is rapid enough for use of
these residues for the removal of thorium from con-
taminated wastewater. The process may be recom-
mended for the treatment of these radionuclide-rich
wastewaters on a large scale.

3.4. Intra-particle diffusion

In Weber et al. model, the intra-particle diffusion
rate as a function of t0.5 can be expressed as follows
[29]:

qt ¼ kp t
0:5 (9)

The intra-particle diffusion rates (kp) can be calculated
from the qt vs. t

0.5 plot as given in Fig. 5. Intra-particle
diffusion is a rate-controlling step for linear plot that
going through origin. In Fig. 5, plot has an initial
curved portion, followed by an intermediate linear
portion and a plateau. The initial portion is owing to
external-mass transfer, the middle linear portion is
because of intra-particle diffusion, and the plateau is
due to equilibrium in which intra-particle diffusion
starts to slow owing to extremely low solute concen-
trations in the solution [30].

The slope of the linear part represents intra-
particular diffusion rate parameter (kp) that equals
2.0 mg g−1 min−0.5. If the intra-particle diffusion is the
only rate-limiting step, it is necessary for the qt vs. t

0.5

graph to go through the origin, which does not hap-
pen in the current work, and qt vs. t

0.5 plots give inter-
cepts [31]. Consequently, the intra-particle diffusion is
not the single rate-controlling step. The adsorption
mechanism of these radionuclide ions from aqueous
solution is a rather complex process, probably a com-
bination of external-mass transfer and intra-particle
diffusion which contribute to the rate-determining
step [32].

By way of the multi nature of intra-particle diffu-
sion, the plot proves the presence of both pore and
film diffusion. In order to expect the actual slow step
contributed, the kinetic data were further analyzed
using the Boyd kinetic expression [33]. This model can
used to predict the actual slowest step in the sorption
process. The Boyd kinetic model can be given by:

F ¼ 1� ð6=p2Þ expð�BtÞ (10)

and

F ¼ qt
q1

(11)

where qt and q∞ denote the quantity of adsorbed
radionuclide (mg/g) at time t (min) and infinite time,
respectively, F denotes the portion of adsorbed solute
at time t. Bt can be calculated using the Reichenburg
equation as follows [34]:

Bt ¼ �0:4977� lnð1� FÞ (12)
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Fig. 4. Mass transfer plots for the adsorption of thorium.
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Fig. 5. Intra-particle diffusion plots for thorium adsorption.
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Linearity of the Bt vs. time graph can be used to dif-
ferentiate adsorption controlled by particle diffusion
and by film diffusion. Adsorption can be controlled by
the particle diffusion mechanism if this plot (of slope
B) gives a straight line going through the origin; other-
wise it is controlled by film diffusion [34].

The plot of thorium adsorption in Fig. 6 is a
straight line up to 120 min. However, this straight line
did not pass through the origin in line with the results
obtained from the Weber–Morris equation. Thus, par-
ticle diffusion was the most possible working mecha-
nism and did not cover thorium adsorption kinetics
[35]. That is to say, external mass transport primarily
controls the rate-limiting process [36].

3.5. Effect of initial concentration on thorium adsorption

Fig. 7 shows thorium adsorption onto RSN carbon
at various initial concentrations (5–100 ppm). It is clear
that as the thorium initial concentration increased, its
adsorption capacity (qe) increased until saturation. The
adsorption process appears to go on quickly when the
number of available adsorption sites is greater than
the adsorbable thorium ions and favorable sites
involved in adsorption first. As thorium concentration
increases, high-affinity sites reach saturation earlier
than low-affinity and less energetic ones, causing
decrease of thorium removal efficiency [37].

On a relative basis, however, the percentage of
removal (R%) was high at lower initial concentrations
and low at higher initial concentrations (Fig. 7). In
diluted solutions, the mobility of thorium ions is high,
and therefore maybe the ions’ interaction with the
adsorbent was increased [38]. By increasing thorium
concentration, hydrolyzation of its ions can increase
and cannot reach adsorbent sites [39].

These results obviously show that thorium removal
from the aqueous solution was dependent on its

concentration. At low concentrations (below 20 mg/l
for thorium), sorption was 85–95%. This suggests that
rice straw carbon oxidized by HNO3 can take most of
the Th(IV) from water if its concentration is below
20 mg/l. This high thorium removal at low concentra-
tions is significant in industrial applications.

3.6. Effect of solution pH on thorium adsorption

The solution pH influences on both metal specia-
tion and its binding sites to the adsorbent surface [38].
As clearly shown in Fig. 8, the adsorption of thorium
ions was markedly affected by pH of the solution.
Even at low pH, RSN carbon eliminates 50% of tho-
rium. With increasing pH, the percentage of adsorp-
tion removal increases up to a certain point (pH 4),
then falls with further increase in pH.

RSN adsorbents showed amazing thorium sorption
even at low pH values, owing to the occurrence of
hydrophilic surface functional groups on the RSN
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Fig. 6. Boyd plot of the kinetics for thorium sorption.
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carbon surface that can increase active sites’ availabil-
ity toward thorium ions. Fig. 9 gives thorium hydro-
lyzed species distribution curves. At pH 4, about 30%
of Th4+ is free, 60% transformed to ThðOHÞþ3 , and 10%
transformed to Th(OH)2þ2 . The maximum uptake of
thorium at pH 4.0 can be due to the development of
monovalent ThðOHÞþ3 species, which is predominant
at this pH.

Competition of thorium ions with H+ ion for
adsorption sites can be one of the main reasons for the
reduction of its sorption at low pH. At low pH, adsor-
bent surface enclosed by hydronium ions that reduce
interaction between thorium ions and binding sites on
carbon surface by greater repulsive forces. In contrast,
uptake decrease at high pH (pH > 4) is owing to the
formation of Th(CO3Þ6�5 and/or Th(CO3Þ4�4 stable ions,
which come from dissolution of atmospheric CO2 and
prevailing especially at alkaline medium [40,41].

3.7. Mechanism of radionuclide ion adsorption

Based on the earlier results, including RSN carbon
characterization, and the information of thorium solu-
tion chemistry and its forms of adsorbed species, we
can suggest a preliminary sorption mechanism. Treat-
ment of the activated rice straw with HNO3 increased
acidic surface oxygen content and point of zero charge
decreases. RSN carbon surface functional groups (such
as –COOH, –COO−, –OHþ

2 , –O
−, –OH, etc.) take part

in thorium adsorption. On one hand, presence of these
acidic groups results in localization of basal planes
π-electrons and increase its interaction with thorium
ion species [43]. On the other hand, dissociation of
these acidic functional groups on carbon surface can
behave as a cation-exchanger in solution by which is
essentially dependent upon their pka value. Acidic
functional groups are not deprotonated at low pH that
decrease thorium adsorption. On the contrary, at pH

4, dissociation of acidic groups, specially carboxylic
groups (–COOH) is high and leads to an ion exchange
adsorption on carbon surface [43].

The point of zero charge (pHpzc) of RSN carbon is
3 (Table 1). At pH < 3, the surface is positive and elec-
trostatic repulsion leads to decreasing adsorption effi-
ciency of Th(IV). At higher pH (>3), RSN carbon’s
surface becomes negative and electrostatic attraction
increases, which enhances Th(IV) adsorption. Th(IV)’s
complex characteristics that dominate at a particular
solution pH could also play a significant role in the
adsorption capacity of RSN carbon for thorium [34].
As we stated earlier, that formation of monovalent
ThðOHÞþ3 species is predominant at pH 4, and it is
responsible for increasing adsorption. Mainly, in com-
parison with divalent ions Th(OH)2þ2 and tetravalent
Th ions, the monovalent ions ThðOHÞþ3 have high ion-
exchange capacity with protons on adsorbent since
they can replace only one proton on distinct binding
sites on the surface of adsorbent. Given the above
characterization, a schematic diagram of the adsorp-
tion of Th(IV) to oxidized carbon can be drawn
(Fig. 10). In this system, at low pH, hydrogen concen-
tration is high that leads to protonation of ion-
exchange sites and it is less available for ion exchange.
At pH range 2.0–5.0, ion exchange is the main mecha-
nism for thorium adsorption due to deprotonation of
carboxylic groups. This was well supported by the
result of decreasing pH after adsorption.

It is important to note that part of the thorium
may enter slowly into the inner-channel of RSN

Fig. 9. Effect of pH on thorium species (10–4 mol/l) [42].
Fig. 10. A schematic diagram of main mechanism for tho-
rium adsorption onto surface of activated carbon.
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carbon at long contact adsorption time [44,45] due to
the radius of Th(IV) ions being so small. These results
are in line with that for chromium adsorption on oxi-
dized carbon nanotubes [46].

3.8. Desorption of thorium

Adsorbent regeneration is a significant aspect in
the treatment of wastewater. To investigate Th(IV) elu-
tion from the RSN carbon, desorption experiments
were conducted using several desorping agents of
0.1 M of salt solution (NaHCO3, Na2CO3), mineral
acids (H2SO4, HNO3, and HCl), and organic acids
(acetic, oxalic). The results show that the desorption
capacity (Rdes%) of distilled water, NaHCO3, HCl,
HNO3, H2SO4, acetic acid, and oxalic acid was 0.7,
28.2, 14.9, 17.2, 45.8, 0.6, and 15.4, respectively.
According to these results, the lowest elution is done
by distilled water and safe disposal of spent activated
carbon. Further, these findings are in line with strong
non-electrostatic interactions between carbon used and
thorium ions. H2SO4 was found to be the most effi-
cient desorbent eluent for thorium from RSN carbon.
These chemicals could change adsorbed species chem-
ical form and/or break the bond between them. Thus,
thorium ion release from the RSN carbon surface.

Influence of different H2SO4 concentrations (up to
10 M) on thorium desorption efficiency from RSN car-
bon were also studied. Maximum desorption was
achieved with 5 M H2SO4, which could be due to ion
exchange mechanism. The lower thorium adsorption
capacity at lower pH indicates that its desorption can
be done in acidic solution.

3.9. Comparison with some other adsorbents

Th(IV) adsorption by RSN carbon is compared
with other adsorbents discussed in the literature
(Table 3). Essentially, RSN carbon shows very good
sorption performance for thorium in comparison with
other adsorbents reported in the literature.

RSN carbon uptake capacity for thorium exceeded
some of commercial ion exchange resin and activated
carbon and comparable with others. Some ion
exchangers show high thorium adsorption capacities.
However, RSN carbon should be considered as pre-
ferred adsorbents due to reusability and low costs.

4. Conclusions

This investigation shows the efficiency of rice
straw activated carbon oxidized with HNO3 as a good
and low-cost thorium adsorbent from aqueous solu-
tions in a short time (120 min). Thorium adsorption
onto RSN carbon reach its maximum at solution pH
4.0 and thorium concentration of 20 mg/l. Kinetics of
adsorption followed pseudo-second-order proposing
chemisorption and ion exchange nature of the process.
Intra-particle is not an operative mechanism, and the
Boyd kinetic expressions proposed particle diffusion
to be the rate-limiting step. RSN carbon had compara-
ble adsorption capacity for thorium as compared to
other adsorbents. Thorium(IV) adsorbed can be profes-
sionally desorbed by 5 M H2SO4. In light of the cur-
rent finding, HNO3 oxidized activated carbon exhibits
promising application in the field of nuclear science
and technology for pre-concentration and solidification
of thorium from large-volume solution treatments.
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