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a b s t r a c t

The adsportion of thorium(IV) by the citric acid modified Lemna minor was study. The adsorption 
was found to be at a maximum with 97.49% of removal efficiency and 162.5 mg g–1 of adsorption 
capacity, thorium(IV) concentration 100 mg L–1, contact time 60 min, pH 5.0, with 0.03 g dry Lemna 
minor biomass by citric acid treated. The results shows that pseudo-second-order kinetic model was 
fit the data very well. The adsorption equilibrium was well described by Langmuir isotherm model. 
In addition, FTIR analysis indicates that hydroxyl, carbonyl and amino groups act as the important 
roles in the adsorption process.
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1. Introduction

The presence of thorium(IV) in the environment not 
only originates from the nuclear industry but also from 
other anthropogenic activities, like ore processing, lignite 
burning in power stations and the use of fertilizers [1,2]. The 
thorium(IV) ions is very toxic, even at trace levels, so that 
toxic nature of this radionuclide has become to be a pub-
lic health problem for many years. When thorium(IV) ions 
enter into the living organisms, they will be accumulated 
in spleen, liver, lung, marrow, and cause severe damage to 
human beings [3]. Environmental disposal of the industrial 
effluents containing thorium(IV) ions has become a serious 
cause of concern. A number of methods including chemi-
cal precipitation, reverse osmosis, ion exchange, electro 
floatation and adsorption have been developed to recover 
thorium(IV) from aqueous solutions [4–10]. However, most 
of these methods suffer from some disadvantages such as 
high capital and operational cost, limited tolerance to pH 
change, incomplete metal removal and high cost of reagent 

and energy requirements [11–14]. Therefore, the above 
methods have been restricted in application.

Biosorption is a process that utilizes inexpensive non-
living biomass to sequester heavy metals through phys-
icochemical adsorption. Compared with conventional 
physicochemical technologies, biosorption has attracted 
considerable interest over the last decades for its high 
adsorption efficiency, low cost and effectiveness for 
low-concentration metal ions [15,16]. Recently, the removal 
of heavy metals from wastewaters by biosorption on 
aquatic organisms has attracted a lot of attention because of 
their abundance, adsorption capacity and economic viabil-
ity. The aquatic organisms can be used in the natural form 
or modified by some chemical treatment [17]. 

For Lemna minor L, the initial work showed that it had the 
ability of absorption uranium(VI) and thorium(IV). In order 
to further improve the adsorption capacity, the modifica-
tion of biomass materials to increase their adsorption capac-
ity has been extensively investigated [18]. The objective of 
this study was to investigate the removal of thorium(IV) 
from aqueous solution by citric acid modified Lemna minor. 
A combination of chemical modifications, metal-binding 
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experiments, and infrared spectroscopy were performed 
to gain insight into the role played by functional groups in 
thorium(IV) binding.

2. Materials and methods

2.1. Materials

The stock solution (1 g L–1) of thorium(IV) was prepared 
by dissolving 2.3795 g reagent grade Th(NO3)4·4H2O (Jing-
Chun reagent co., LTD, Shanghai, CHINA) in 20 mL of 7 mol 
L–1 HCl (Guo-Yao reagent co., LTD, Shanghai, CHINA) and 
diluting with distilled water to 1 L. Experiment solutions of 
metal having known initial concentrations were prepared 
by appropriately diluting the stock solution. The arse-
nazo-III (Guang-Fu fine chemical industry research insti-
tute, Tianjin, CHINA) solution was obtained by dissolving 
0.1250 g arsenazo-III in 5 mL nitric acid (Guo-Yao reagent 
co., LTD, Shanghai, CHINA) with pH 3.0, then diluting it 
to 250 mL with distilled water. The pH of the experimental 
solutions was adjusted by adding different concentrations 
of (0.001, 0.01, 0.1, 1.0 and 2.0 mol L–1) HCl or NaOH (Guo-
Yao reagent co., LTD, Shanghai, CHINA) solutions. All 
chemicals used in this study were of analytical grade.

2.2. Preparation of the biosorption materials

Lemna minor was obtained from an ecological farm in 
Huaihua city, China, and sampled in the polyethylene bags 
back to the laboratory immediately. Using tap water elutri-
ation three times, then in the Hoagland medium cultivation 
of the temperature of 25 ± 2°C box (in light: dark = 1:1) cul-
ture keep 10 d. Hoagland solution was prepared according 
to the method of literature [19]. After Lemna minor washed 
with distilled water to removal soil and dust, and then 
dried in an oven at 70°C until constant weight, ground into 
fine powder, and sieved through 100 mesh.

The Lemna minor was chemically modified with citric 
acid (Guo-Yao reagent co., LTD, Shanghai, CHINA) solu-
tion using the method described by Bo Zhu and Tongxiang 
Fan [20]. The preparation process for the product CA-Lemna 
minor (citric acid treated Lemna minor): at first, 20 g of sieved 
leaves powder was placed in 0.4 L of NaOH (0.1 mol L–1) 

and the slurry was stirred at 300 rpm for an hour at 25°C. 
Next, the base-washed powders were rinsed two more 
times with distilled water to ensure the removal of the 
excess base, and dried overnight at 50°C. Then 3 g of base-
washed powders were treated with 100 mL citric acid of 0.6 
mol L–1, and the mixed solution containing the Lemna minor 
was stirred at 300 rpm for 30 min at 25°C, dried overnight at 
50°C. Subsequently, the thermochemical reaction between 
acid and powders proceeded by raising the oven tempera-
ture to 120°C for 90 min. After cooling down, the reacted 
product was washed several times with distilled water until 
the pH of the distilled water ceased to change while wash-
ing. Finally, it was dried in an oven at 50°C until constant 
weight. The mechanism of citric acid modified Lemna minor 
is schematically expressed in Fig. 1.

2.3. Biosorption experiments

Batch experiments are carried out at room temperature 
using 250 mL Stoppard glass bottles. A concussion agitation 
speed of 150 rpm was adopted for all experiments. Batch 
experiments were conducted to characterize the kinetics, 
equilibrium and mechanisms of the biosorption process. The 
thorium(IV) concentration in the solution was determined by 
UV visible spectrophotometer at 660 nm by the thorium(IV) 
arsenazo(III) complex method [21]. All experiments were run 
in triplicate. The biosorption efficiency (R) and biosorption 
quantity (qe) were calculated using Eqs. (1) and (2):

R
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where q is (mg) metal ions per (g) dry biosorbent; V is the 
reaction volume (mL); C0 and Ce are the initial and the equi-
librium metal concentrations (mg L–1); m is the amount of 
dry biosorbent (g), respectively. 

2.4. FTIR spectroscopy analysis

The functional groups present in the adsorbent were 
characterized by a Fourier transform infrared (FTIR) spec-
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Fig. 1. Thermochemical reaction of Lemna minor and citric acid.
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trophotometer, using KBr (Guo-Yao reagent co., LTD, 
Shanghai, CHINA) discs to prepare the sorbent CA-Lemna 
minor samples. Data analysis was focused on the 400∼4000 
cm–1 region [22].

3. Results and discussion

3.1. FTIR spectra characterization of biomass

The vibrations of the main functional groups on 
CA-Lemna minor biosorbent surface that bind metals were 
investigated using infrared spectroscopy. The FTIR spec-
tra of the virgin and thorium(IV)-loaded biosorbents of 
CA-Lemna minor powders are respectively shown in Figs. 2a 
and b. As seen in Fig. 2a, the peaks observed at 2923.9 cm–1 
and 2854.5 cm–1 can be assigned to the C–H group, and the 
peaks around 1031.8 cm–1 are characteristics of C–O group 
of primary hydroxyl stretching that may be attributed to 
cellulose structure of the Lemna minor. The broad and strong 
band ranging from 3200 to 3600 cm–1 might be due to –OH 
groups or –NH2 groups, and the strong peak at 1625.9 cm–1 
was produced by –C=O stretching vibration. Comparison 
of the IR spectra of samples of the virgin CA-Lemna minor, 
FTIR spectrum of thorium(IV)-loaded CA-Lemna minor in 
Fig. 2(b) displayed significant shift in some peaks. It could 

be seen that the shift of the peak from 1625.9 to 1647.1 cm–1 
reflected the changes in the stretching frequency of carbox-
ylate upon binding of thorium(IV). The FTIR spectroscopic 
analysis of thorium(IV)-loaded biosorbents indicated inten-
sity shifted strong asymmetrical stretching bands at 3381.0 
cm cm–1 (indicative of –OH and –NH groups) when com-
pared with that of unloaded biomass which showed the 
same absorption at 3355.9 cm–1. These observations indi-
cated the involvement of these functional groups (–OH, –
NH, and –C=O) in the biosorption process, and they acted 
as the important roles in the biosorption. So, it can be con-
cluded that CA-Lemna minor presents an adequate chemical 
characteristics to adsorb metal ions.

3.2. Effect of solution pH on the sorption efficiency

The interaction between the metal ions and the func-
tional groups of the biomass depends on the pH of the 
solution that considerably influences the metal speciation, 
sequestration, and/or mobility [23]. To examine this effect, 
a series of experiments were carried out with varying pH 
from 3 to 7. The influence of the initial pH on thorium(IV) 
adsorption is given in Fig. 3. The results showed thori-
um(IV) uptake was significantly affected by pH, and the 
maximum biosorption efficiency was observed at pH 5.0 
(CA modified), which is obviously higher than the pH 5.5 
of thorium(IV) maximum biosorption efficiency for the 
natural. This could be explained as below: it is generally 
known that at low pH values, concentrations of H+ ions far 
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Fig. 2. Infrared (FTIR) spectra for CA-Lemna minor before (a) and 
after (b) loaded with thorium(IV).
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Fig. 3. Effect of pH on thorium(IV) biosorption by nature (a) and 
citric acid modified (b) Lemna minor V = 50 mL, m(a) = 0.1 g, m(b) = 
0.03 g, contact time = 60 min, C0(a) = 50 mg L–1 , C0(b) = 100 mg L–1.
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exceeds that of the metal thorium(IV) ions and hence H+ 
ions compete with thorium(IV) ions for the surface of the 
adsorbent which would hinder the thorium(IV) ions from 
reaching the binding sites of the adsorbent resulting in a 
low adsorption amount of thorium(IV). When solution pH 
is in the range of 3.0∼5.0, the competing effect of hydro-
gen ions decreases, instead, thorium(IV) ions biosorption 
increases. At pH 5.0, maximum adsorption of 97.5% (162.5 
mg g–1) was observed for CA modified Lemna minor, which 
was obviously higher than maximum adsorption of 91.3% 
(22.8 mg g–1) was observed for nature biomass at pH 5.5. 
The adsorption will decreased with further increase in 
pH, which might be attributed to the coordination of OH– 

with the metal ion. When pH varied from 5.0 to 7.0, thori-
um(IV) was presented in the form of Th(OH)3+, Th(OH)2

2+, 
Th2(OH)2

6+ and Th6(OH)15
9+, and this resulted in the decline 

of thorium(IV) percentage removal and biosorption effi-
ciency [24,25].

3.3. Effect of the biosorbent dose on the sorption efficiency

Biosorbent dose was also an important parameter 
affecting biosorption capacity as well as removal efficiency. 
The effect of adsorbent dose on the removal of thorium(IV) 
is shown in Fig. 4. The removal ratio increased gradually as 
the biosorbent mass increased from 0.01 to 0.03 g, simulta-
neously the biosorption capacity fell inversely. When using 

CA modified Lemna minor, maximum adsorption of 97.5% 
(162.5 mg g–1) was observed at 0.03 g, which was obviously 
higher than maximum adsorption of 91.3% (22.8 mg g–1) 
was observed for nature dry biomass at a dosage of 0.1 g. 
This implies that carboxyl groups in citric acid are intro-
duced into the surface of Lemna minor by the esterification 
reaction. It’s obvious that with the increase of biosorbents, 
more binding sites were available and thus the removal 
efficiency went up. However, under specific initial concen-
tration, redundant biosorbents were not necessary for an 
efficient biosorption process, as the biosorption efficiency 
began to reduce with the decrease of metal ions. 

3.4. Effect of contact time on the sorption efficiency

In order to determine the equilibrium time for maxi-
mum uptake, a contact time study was performed, and the 
results are presented in Fig. 5, from which the least time 
required for biosorption equilibrium could be concluded. 
It was clear that all sorbent sites were unoccupied and the 
metal concentration gradient was high at the beginning of 
the biosorption. After equilibrium time, the change of sorp-
tion efficiency for thorium(IV) didn’t show notable effects. 
In the case of naturally dried biomass, the time required 
for equilibrium was 30 min, after that the q (mg g–1) value 
was nearly constant. However, the appropriate equilibrium 
reached at 20 min for CA modified Lemna minor. 
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Fig. 4. Effect of biomass on thorium(IV) biosorption by nature 
(a) and citric acid modified (b) Lemna minor V = 50 mL, pH(a) = 
5.5, pH(b) = 5.0, contact time = 60 min, C0(a) = 50 mg L–1 , C0(b) 
= 100 mg L–1.
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3.5. Effect of initial thorium(IV) concentration on the sorption 
efficiency

Several experiments were undertaken to study the 
effect of initial thorium(IV) concentration on the thori-
um(IV) removal from the solution. The results obtained 
are shown in Fig. 6, and the maximum biosorption effi-
ciency was observed at 100 mg L–1 (CA modified), which is 
obviously higher than 50 mg L–1 of thorium(IV) maximum 
biosorption efficiency for the natural. It was clear that the 
removal efficiency increased when initial concentration 
varied from 20 to 50 mg L–1, and the removal efficiency 
decreased when the initial thorium(IV) concentration was 
over 100 mg L–1. The change might be due to the avail-
able free sites (metal binding sites) approach saturation at 
higher thorium(IV) concentration. As a result, the Lemna 
minor adsorbent is more efficient for the wastewaters of 
low ion concentrations, and the purification yield can be 
increased by diluting the wastewaters containing high 
metal ion concentrations. 

3.6. Adsorption kinetics

Kinetic study can provide valuable information for the 
mechanism of adsorption and the optimum operating con-
ditions of industrial-scale batch process. With respect to the 

kinetics modeling of thorium(IV) biosorption, the pseu-
do-first-order, pseudo-second-order and Elovich kinetic 
models are used to interpret the experimental kinetic data 
[26], and their rate equations are represented as follows:

Pseudo-first-order: In q q Inq k te t e( )− = − 1  (3)

Pseudo-second-order:
t
q k q

t
qt e e

= +
1

2
2( )  (4)

Elovich equation: q
In Int

t = +
( )αβ
β β  (5)

where qt (mg g–1) and qe (mg g–1) is sorption capacity at time 
t (min) and at equilibrium, respectively; k1 (min–1) and k2 (g 
mg–1 min–1) are the rate constants for the pseudo-first-order 
and pseudo-second-order equation; α is the initial sorp-
tion rate (mg g–1 min–1), and β is on behalf of the activation 
energy for chemisorption (g mg–1).

The parameters of pseudo-first order, pseudo-second 
order and Elovich rate kinetics are presented in Table 1. The 
theoretical qe values from the first-order kinetic give sig-
nificantly different values compared with the experimental 
values, and the correlation coefficients are also found to be 
slightly lower. The correlation coefficients for the second-or-
der kinetic model and the theoretical values of qe, they agree 
well with the experimental values. This indicated that the 
adsorption process included the both courses of chemical 
sorption and rate-limiting step.

3.7. Biosorption isotherm

There are many theoretical models to describe the 
adsorption process of heavy metal ions by active and inac-
tive adsorbent. Among these models, the Langmuir, Freun-
dlich and Temkin equilibrium models have been applied 
in this study [27,28]. The Langmuir isotherm equation is 
valid for monolayer sorption onto surface containing finite 
number of identical sorption sites. The Freundlich equa-
tion is purely and empirically based on sorption of het-
erogeneous surface. The three isotherms may be expressed 
respectively as:

Langmuir adsorption isotherm:
1 1 1
q Q bQCe e

= +  (6)

Freundlich adsorption isotherm: Inq Ink
InC

ne
e= +  (7)

Temkin adsorption isotherm: q BInA BInC B RT be e= + = ( )/  (8)

where Q (mg g–1) represents the amount of adsorption 
and b (L mg–1) denotes the sorption equilibrium constant, 
respectively; k is the constant of sorption capacity, and 1/n 
represents the constant of sorption intensity; A and B are 
Temkin isotherm constants, R is the universal gas constant 
(8.314 J mol–1 K–1), T represents absolute temperature, Ce 
is on behalf of the residual equilibrium concentration (mg 
L–1), and qe denotes the amount of adsorbent (mg g–1) at 
equilibrium. 
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The calculated values of the Langmuir, Freundlich and 
Temkin parameters are listed in Table 2. As shown in Table 2, 
the equilibrium data fitted both the Langmuir and Temkin 
expressions with a satisfactory correlation coefficient val-
ues higher than 0.9. Moreover, the correlation coefficients 
of Langmuir isotherm were higher than that of Temkin 
model for CA modified Lemna minor biomass. But for the 
raw biomass, Temkin mode looked more appropriate. The 
better agreement of the experimental data with the Lang-
muir model implies that monolayer adsorption dominates 
the sorption process of CA modified Lemna minor biomass.

4. Conclusion

Batch adsorption experiments show that CA-Lemna 
minor has good thorium(IV) biosorption ability. Thori-
um(IV) biosorption experiments by CA-Lemna minor pow-
ders is optimized at pH 5.0, equilibrium time 30 min, initial 
thorium(IV) concentration 100 mg L–1 and adsorbent dose 
0.6 g L–1 with 97.49% of removal efficiency and 162.5 mg 
g–1 of adsorption capacity, which is obviously greater than 
that (22.8 mg g–1) of the untreated Lemna minor powders for 
thorium(IV) biosorption under the optimized condition, 
and this is the result that carboxyl groups in citric acid are 
introduced into the surface of Lemna minor powders by the 
esterification reaction. The pseudo-second order model (R2 

= 0.9999) best describe the kinetics and the Langmuir model 
(R2 = 0.9985) best-fit equilibrium data for the biosorption of 
CA-Lemna minor powders. By comparing the FTIR spectra 
for the CA-Lemna minor powders before and after thori-
um(IV) adsorption, carbonyl and hydroxyl groups had an 
important contribution in the adsorption process.
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