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a b s t r a c t
In this paper, areca residue was used as a new material to prepare activated carbon by microwave. 
With the iodine adsorption value of wood activated carbon as the main index, the adsorption capacity 
of activated carbon to uranium was investigated by static adsorption experiment with the differ-
ent pH value of uranium solution, initial concentration of uranium solution, dosage of areca resi-
due activated carbon and adsorption time. On this basis, the impact of microwave irradiation time, 
activator concentration and activator immersion time on the production process of activated carbon 
was analyzed. The structure of the prepared activated carbon from areca residue before and after 
adsorption treatment was explored by scanning electron microscopy-energy dispersive spectroscopy 
(SEM-EDS) and Fourier transform infrared spectroscopy. The results showed that the activated car-
bon prepared by areca residue had the best adsorption effect when the concentration of activator 
with NaOH was 20%, the soaking time of activator was 36 h, and the microwave irradiation time 
with power of 700 W was 2 min. It is found that the best percentage removal of uranium from solu-
tion was 92.8% under pH value of 7, the dosage of areca residue activated carbon of 8 g/L and the 
adsorption time of 7 h. The kinetic data followed the pseudo-second-order model. The hydroxyl, 
carbonyl, carboxyl and C=C groups on the surface of the prepared activated carbon were responsible 
for adsorption of uranium. Desorption and regeneration processes showed that the activated carbon 
material prepared by areca residue had the potential of regeneration and reuse.
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1. Introduction

Uranium is a major radioactive element as well as nuclear 
fuel. The development of nuclear power has contributed to 
the production of a large amount of uranium- containing 
wastewater [1]. The uranium content in this wastewa-
ter is over 100 times of the national allowable discharge 

standard [2], and more than one thousand times of that in the 
natural sea water [3]. The accumulation of uranium elements 
in the natural environment may result in bad consequences, 
such as radiation, gene distortion and so on. It will also cause 
irreversible damage to animals and plants, soil and water 
sources, and ultimately pose a potential threat to human 
survival and development [1,4]. Nowadays, the treatment 
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of uranium-containing wastewater and the enrichment and 
utilization of uranium in it have attracted more attention 
of many scholars. Traditionally, corresponding treatment 
processes include ion exchange method [5], chemical precip-
itation method [6] and so on. The innovative ones are mem-
brane treatment method, evaporation method, zero-valent 
iron method, etc. [7].

Activated carbon is a kind of carbonaceous material with 
rich voids structure and large specific surface area, which 
possesses good adsorption performance [8,9]. Compared 
with other adsorption processes, it has the advantages of 
relatively low cost of raw materials, good performance of 
repeated use and high adsorption efficiency [10]. For exam-
ple, Yu et al. [11] found the good adsorption capacity of 
immobilized activated carbon for uranium. Areca residue 
refers to the residue of areca food, characterized by easy 
access, low price and unique fiber hollow structure that is 
beneficial to the immersing of the activator. Therefore, areca 
residue can be used as the raw material for preparing acti-
vated carbon [12,13]. In addition, the preparation methods of 
activated carbon mainly include chemical activation method 
[14] and physical activation method [15]. Among them, acti-
vated carbon with good pore structure parameters can be 
prepared by using NaOH as a chemical activator. Compared 
with other activators, such as KOH, it has advantages of cost 
economy, environmental friendliness and less corrosiveness 
[16]. At the same time, microwave is used as heat source to 
carbonize areca residue after pretreatment, which has the 
advantages of fast heating, high thermal efficiency, uniform 
heating and less pollution [17]. So areca residue was used as 
raw material to prepare activated carbon with NaOH solu-
tion as activator using the method of microwave irradiation 
in this paper. Then the prepared activated carbon was used 
to adsorb uranium in aqueous solution. It was expected 
to explore a new material to treat radioactive wastewater 
containing uranium.

2. Experiments

2.1. Materials

The residue after chewing of areca food was selected 
as the raw material for the preparation of activated carbon. 
The uranium (VI) (1.0 g/L) stock solution was prepared 
using U3O8 powder according to the reference [18]. The 
prepared stock solution was diluted with ultrapure water 
and diluted into solutions of different uranium (VI) concen-
trations for further experiments. All chemicals used in the 
experiments were of analytical grade.

2.2. Instruments

Microwave Oven (EG720FA5-NS, Midea, China) was 
used for preparation of the activated carbon. The con centration 
of uranium (VI) in the solution was measured using an ultra-
violet and visible spectrophotometer (T6, Beijing Purkinje 
General Instrument Co., Ltd., China). The synthesized prod-
ucts were, respectively, subjected to field emission SEM, 
energy dispersive spectroscopy (FESEM-EDS, Raith ELPHY 
Quantum Electron Lithography (kit), Raith, Germany) and 
Fourier transform infrared spectroscopy (FT-IR, Nicole S10, 

Thermo Scientific, USA) for morphological characterization 
and structural evaluation. The pore structure of areca resi-
due powder and activated carbon were analysed by Mercury 
Porosimeter (AutoPore IV 9500, USA).

2.3. Preparation of activated carbon by areca residue

The activated carbon was prepared using areca as carbon 
resource. The areca residue came from the market common 
edible betel nut, as shown in Fig. 1a. The areca residue was 
soaked in water for 24 h, and then in anhydrous ethanol for 
another 24 h to remove the impurities such as pectin, sugar, 
lignin and spice. Then, it was washed by ultrapure water sev-
eral times, then dried at 100°C in an oven and pulverized to 
a size of 40 mesh.

Next, the NaOH solution and the crushed areca residue 
were first mixed at a liquid to solid ratio of 10:1 (mass to 
mass ratio) and then reacted at 303.15 K for a certain time. 
Afterwards, the areca residue was dried at 353.15 K for 4 h. 
The dried areca residue with a weight of 3 g was placed in 
30 mL of alundum crucible and placed in a microwave oven. 
Since the energy absorbed by areca residue is mainly related 
to microwave power and irradiation time in the process of 
microwave carbonization. The higher the microwave power, 
the shorter the irradiation time when the energy required for 
carbonization is satisfied. And the optimum irradiation time 
tends to be stable when the power is constant. Meanwhile, 
the power condition of 700 W can be met easily, which is con-
venient to operate. So the microwave carbonization process 
of areca residue was performed with the microwave power of 
700 W and anaerobic environment for 1–3 min. After micro-
wave irradiation, the activated carbon sample was boiled in 
a hydrochloric acid solution with a mass fraction of 20% and 
pickled for 5 h. Then the sample was rinsed with 353.15 K 
hot ultrapure water until the pH value was close to neutral-
ity. Then, it was dried at 383.15 K for 4 h, and then ground 
and passed through a 200 mesh sieve. Finally, the activated 
carbon product was obtained, as shown in Fig. 1b. The main 
criterion for the adsorption capacity of the prepared acti-
vated carbon was determined by the national standard [19]. 
The Iodine value was calculated by the following equation:

A
c c v

m
D=

−( )×
×

5 10 1 2 1271 2.
 (1)

 

Fig. 1. Betel nut raw materials on the market (a) and prepared 
betel nut slag activated carbon (b).
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where A is adsorption value of iodine on activated carbon 
(mg g–1); c1 is concentration of iodine standard solution 
(mol L–1); c2 is concentration of sodium thiosulfate standard 
solution (mol L–1); v is amount of sodium thiosulfate solu-
tion consumed (mL); m is quality of activated carbon (mg); 
D is the correction factor of the iodine value experiment; the 
constant factor 127 is the molar mass of iodine (g mol–1).

The parameters of the whole preparation process are 
shown in Table 1.

2.4. Adsorption experiments

The adsorption experiments were carried out to investi-
gate the effects of pH value, initial uranium concentration, 
amount of adsorbent and contact time on the adsorption of 
uranium (VI). The areca residue activated carbon prepared 
under the optimal conditions was placed in an Erlenmeyer 
flask and mixed with 50 mL of uranium (VI) ion solution. 
After adsorption for a certain time in a shaker at a tempera-
ture of 303.15 K and a speed of 140 rpm, the supernatant 
liquid was filtered to determine the uranium (VI) concentra-
tion, and the percentage removal and adsorption capacity of 
uranium (VI) were calculated by the following equations:

R
C C
Ct

t=
−

×0

0

100%  (2)

Q
C C V
mt

t=
−( )0  (3)

where C0 and Ct are the concentration of uranium (VI) 
(mg/L) at initial time and time t (min), respectively; V is the 
volume of testing solution (L); and m is the amount of the 
adsorbent (g).

The determination method of uranium concentration 
refers to the national standard EJ267.4-1984. The concentra-
tion of uranium in solution was determined by spectropho-
tometry. When the pH was 7.8, uranium (VI) formed a stable 
purple-red complex with 2-(5-bromo-2-pyridylazo)-5-dieth-
ylphenol and fluoride ions in the water-acetone medium. 
The complex was maximally absorbed at 578 nm, thereby 
performing colorimetric determination. First, the standard 

curve was drawn, and then the uranium concentration in 
the solution to be measured was calculated according to the 
standard curve. In 25 mL volumetric flask, 0, 0.5, 1, 2, 3 and 
5 mg/L uranium standard solutions of 10 mL were added, 
respectively, and 5 mL mixed masking agent solution was 
added; a drop of phenolphthalein indicator (0.1%) was 
added, respectively, and then a drop of ammonia solution 
was added to make the solution red; a drop of hydrochlo-
ric acid was added to adjust the solution to colorless; 2 mL 
buffer solution, 6 mL acetone and 1 mL Br-PADAP etha-
nol solution were added, respectively. It was necessary to 
ensure that each reagent was shaken evenly after dropping. 
Finally, the distilled water was used to calibrate the calibra-
tion line. After shaking, the reagent was left undisturbed 
for 45 min. Referring to the reagent blank, the absorbance 
of each reagent was measured with a 1 cm colorimetric dish 
at 578 nm on the ultraviolet-visible spectrophotometer, and 
the standard curve was drawn as shown in Fig. 2.

2.5. Studies of desorption and regeneration

0.2 g of residue activated carbon after adsorption of ura-
nium was placed in a 200 mL Erlenmeyer flask. Then added 
50 mL of 0.1 mol/L hydrochloric acid solution, kept the 
temperature at 303.15 K, and desorbed for 4 h, took the super-
natant liquid and filter to determine the uranium concentra-
tion. The desorbed adsorbent was washed, dried to constant 
weight, and subjected to adsorption experiments again.

3. Results and discussion

3.1. Characterization

3.1.1. Porosity

The characterization results of the pores of the samples 
are shown in Table 2. Samples 1 and 2 are, respectively, areca 
residue powder below 200 mesh screen and areca residue 
activated carbon powder carbonized by microwave. And the 
relationship between pore size diameter and cumulative pore 

Table 1
Preparation parameters of activated carbon by areca residue

Group Microwave 
irradiation time (s)

NaOH dipping 
time (h)

NaOH mass 
fraction (%)

1 110 24 20
2 120 24 20
3 130 24 20
4 120 12 20
5 120 24 20
6 120 36 20
7 120 24 10
8 120 24 20
9 120 24 30

 
Fig. 2. Standard curve for determination of uranium concen-
tration.
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area before and after carbonization of areca residue powder 
by microwave is shown in Fig. 3.

The characterization results showed that the porosity of 
areca residue powder was 62.0468%, the total pore area was 
2.229 m2/g, and the specific surface area of the micro pore 
segment accounted for the largest proportion (94.22%) before 
carbonization by microwave. And the porosity of areca res-
idue activated carbon powder was 54.7283%, the total pore 
area was increased to 10.226 m2/g, and the specific surface 
area of the mesoporous and above pore segments accounted 
for the largest proportion (92.17%) after carbonization by 
microwave.

It was found that the porosity of areca residue after car-
bonization decreased slightly compared with that before 
carbonization by microwave, the total pore area increased 
greatly, the ratio of specific surface area of the micro pore seg-
ment decreased significantly, and the ratio of specific surface 
area of the mesoporous and above pore segments increased 
significantly.

It is concluded that the surface and internal pore structure 
of areca residue powder changed greatly before and after car-
bonization by microwave. On the one hand, due to the effect 
of microwave heating, a part of its internal closed pores are 
forced to release under the action of air pressure, and a part 
of the combined water is lost, which makes the internal struc-
ture of areca residue powder shrink and the pores decrease. 
On the other hand, microwave can effectively promote the 
development of pore structure, which makes the uncon-
nected pores previously expand and connect, and makes the 
pore diameter expand and the pore spacing decrease; thus 
leading to the increase of the total pore area. It may be the 
result of the above two effects for the small decrease of poros-
ity after carbonization by microwave.

3.1.2. SEM and EDS

SEM was used to observe morphologies of the prepared 
activated carbon before and after adsorbing uranium to 
compare their differences. Figs. 4a and c present many loose 
porous structures and irregular protrusions on the surface 
of activated carbon before uranium adsorption, which 
increases its specific surface area and contributes to the 
adsorption of uranium by the prepared activated carbon. 
In Figs. 4b and d, the surface morphology of the activated 
carbon experienced a great change after the adsorption of 
uranium on the areca residue activated carbon, such as the 
disappearing of the pore volume and the dense activated 
carbon, indicating that the voids on the surface of the acti-
vated carbon were filled with uranium. The chemical com-
positions of the activated carbon before (a) and after (b) 
adsorbing uranium were obtained by the EDS analysis, as 
shown in Fig. 5. It can be seen from Fig. 5a that areca res-
idue activated carbon had no uranium element before it 
adsorbed uranium. It could be seen from Fig. 5b that after 
the adsorption of uranium by activated carbon, the uranium 
content reached 0.39%, indicating that a certain amount of 
uranium was adsorbed in the voids of the areca residue 
activated carbon.

3.1.3. Fourier transform infrared spectroscopy

The FT-IR of the prepared activated carbon materials 
before adsorption (a) and after adsorption (b) is shown 
in Fig. 6. FTIR spectrum of activated carbon showed the 
band at around 3,163 cm–1 due to –OH stretching vibration 
of hydroxyl groups. The bands at about 1,700 cm–1 were 
attributed to the carboxyl group. In addition, FTIR spectrum 

Table 2
Porosity, total pore area and specific surface area ratio of each pore diameter section of the sample

Sample Porosity, % Total pore  
area, m2 g–1

Specific surface area ratio of each aperture section, %

<10 nm 10–100 nm >100 nm

Sample 1 62.0468 2.229 4.49 89.73 5.78
Sample 2 54.7283 10.226 1.96 5.87 92.17

 
Fig. 3. Relationship between pore size diameter and cumulative pore area before (a) and after (b) carbonization of areca residue pow-
der by microwave.
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of activated carbon exhibited characteristics absorption C=C 
bond appearing at around 1,585 cm–1 and C–O stretching 
vibrations at 1,585 cm–1. The characteristic peaks of hydroxyl, 
carbonyl, C–O and C=C shifts after adsorption of uranium 
can be observed, which may result from the participation of 
the above functional groups.

3.2. Influential factors of microwave preparation of activated 
carbon by areca residue

The variation of iodine adsorption value with microwave 
irradiation time was studied. As shown in Fig. 7, when the 
irradiation time was less than 2 min, the adsorption capacity 

 

a b 

 
Fig. 4. SEM images of the prepared activated carbon before (a, c) and after (b, d) adsorption.

 

a b 

Fig. 5. EDS spectra of the prepared activated carbon before (a) and after (b) adsorption treatment.
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of the prepared activated carbon to iodine increases with the 
rise of the irradiation time and reached its maximum when 
the irradiation time was 2 min. However, the iodine adsorp-
tion value of activated carbon decreased when the irradiation 
time was extended to 2 min 10 s. This may be attributed to 
the increase of the carbonization temperature for the areca 
residue and the generation of a large number of micropores 
when lengthening the irradiation time. With the continuous 
growth of the irradiation time, the temperature also rose rap-
idly, and the previously generated micropores were gradually 
destroyed. The generation of new micropores was at a lower 
rate than the destroy process of previous ones. Meanwhile, 
the surface structure was also damaged, thus the adsorption 
of activated carbon to iodine was reduced. In summary, the 
optimal irradiation time was determined as 2 min, at which 
the iodine adsorption value reached 620.41 mg/g.

3.2.2. Impact of activator soak time

In this paper, sodium hydroxide was used as an activa-
tor for the preparation of activated carbon. As displayed in 
Fig. 8, with the increasing soak time of the sodium hydrox-
ide activator, the adsorption effect of the prepared activated 
carbon was gradually enhanced, but it showed a gentle trend 
when the soak time was greater than 24 h. The possible 
explanations are given below. When the soak time was less 
than 24 h, the activator did not fully enter the areca residue 
and hence played a minor role in the activation process. With 
the increase of soak time, the activator gradually penetrated 
into the structure of areca residue, thus promoting the gen-
eration of voids in the areca residue during charring. When 
a certain time was reached, the areca residue was saturated 
with the activator and the activation process was completed. 
The continued extension of the soak time posed no longer 
significantly impact. Therefore, the optimum soak time of 
areca residue was about 36 h, at which the iodine adsorption 
value reached 615.41 mg/g.

3.2.3. Impact of activator concentration

As shown in Fig. 9, with the increase of activator concen-
tration, the adsorption capacity of activated carbon to iodine 

 

a 

b  

Fig. 6. FT-IR spectra of areca residue activated carbon before 
(a) and after (b) adsorption treatment.  

Fig. 7. Adsorption of iodine on activated carbon prepared at 
different microwave irradiation times.

 
Fig. 8. Adsorption value of iodine on activated carbon prepared.

 

Fig. 9. Adsorption value of iodine on activated carbon prepared 
by areca residue at different activator concentration.
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first increased and then decreased when the concentration 
was greater than 20%. With the increase in concentration, 
activator entered the areca residue to occupy more active 
sites, thereby promoting the decomposition and cross-link-
ing of the areca residue. The activation speeded up, and a 
great number of micropores formed during the increase of 
carbonization. When the concentration reached over 20%, 
excessive erosion of areca residue occurred when the betel 
nut slag was carbonized, resulting in a larger pore size of 
the micropore and smaller specific surface area. It was 
then concluded that the optimum concentration of activa-
tor was 20%, at which the iodine adsorption value reached 
635.49 mg/g.

3.3. Uranium (VI) adsorption performance

3.3.1. Impact of adsorbent dosage

Under the condition that the initial concentration of ura-
nium (VI) was 20 mg/L, the adsorption time was 24 h, the 
initial pH of uranium (VI) solution was 7 and the adsorp-
tion temperature was 303.15 K, the influence of the dosage 
of activated carbon prepared by areca residue was investi-
gated. As shown in Fig. 10, as the amount of charcoal slag 
activated carbon increased, the specific surface area of acti-
vated carbon and the number of adsorption sites increased. 
So the percentage removal of uranium increased. However, 
since the initial concentration of the uranium solution was 
constant, the unit adsorption amount decreased as the 
amount of activated carbon increased. When the dosage was 
8 g/L, the percentage removal was 92.03% and the adsorp-
tion amount was 2.30 mg/g. As the amount of the injection 
continued to increase, the changes in the adsorption amount 
and the percentage removal were not significant. Therefore, 
it could be determined that the optimum amount of activated 
carbon was 8 g/L.

3.3.2. Impact of contact time

The impact of contact time (1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 
12, and 24 h) on the adsorption of uranium ions onto the 

prepared activated carbon was investigated using 20 mg/
mL initial uranium concentration at respective pH = 7.0 ± 0.1 
and 303.15 K. The results are shown in Fig. 11. It can be seen 
from Fig. 11 that in the initial stage of adsorption, the percent 
removal and adsorption capacity of the prepared activated 
carbon for uranium increased rapidly with the increase of 
adsorption time. When the adsorption time was more than 
7 h, the percentage removal and adsorption capacity of the 
prepared activated carbon on uranium increased slowly and 
tended to be gentle with the increase of adsorption time. This 
was because that there were many adsorption sites on the 
activated carbon and the adsorption speed was faster at the 
initial stage of adsorption. Then, with the increase of time, 
the exposed adsorption sites decreased, and the percent-
age removal and adsorption amount increased slowly until 
it stabilized. Therefore, the contact time of 7 h was deemed 
sufficient to establish sorption equilibrium, at which the per-
centage removal of 90.73% and the adsorption capacity of 
2.27 mg/g were obtained.

3.3.3. Impact of initial uranium concentration

The initial concentration provides a major driving force 
to overcome all mass transfer resistance of uranium between 
the aqueous and solid phases. The experiment on adsorp-
tion of uranium (VI) by the prepared activated carbon was 
carried out under various concentrations with the tempera-
ture of 303.15 K and the contact time of 24 h. This ensured 
that the adsorption of uranium reached equilibrium. As 
shown in Fig. 12, it can be seen that with the increase of the 
initial concentration of uranium, the unit adsorption capac-
ity of areca residue activated carbon for uranium gradually 
increased, and the percentage removal decreased slightly. 
The reason may be that as the initial concentration of ura-
nium increased, the uranyl ion in the solution can be more 
fully attached to the surface of the activated carbon, and thus 
the amount of adsorption increased. However, the increase of 
concentration led to an increase in the number of uranyl ion 
groups. After the adsorption of activated carbon reached sat-
uration, the uranyl ions those were not adsorbed were freed 
around the activated carbon, resulting in a small decrease in 

 

Fig. 10. Effects of uranium percentage removal and adsorp-
tion capacity of the adsorbent dosage (V = 50 mL, C0 = 20 mg/L, 
pH = 7 ± 0.1, t = 24 h, T = 303.15 K).

 

Fig. 11. Impact of contact time on adsorption of uranium 
(V = 50 mL, C0 = 20 mg/L, m = 0.4 g, pH = 7 ± 0.1, T = 303.15 K).
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the percentage removal. When the initial concentration of 
uranium was 5 mg/L, the adsorption efficiency of areca resi-
due activated carbon was 91.31%, and the adsorption amount 
was 0.571 mg/g. After that, as the initial concentration of ura-
nium continued to increase, the adsorption capacity contin-
ued to increase, but the change in percentage removal was 
not obvious at the same time. Therefore, the optimum initial 
concentration of uranium can be determined to be 5 mg/L. 
It was indicated that areca residue activated carbon was 
suitable for treating low concentration uranium-containing 
wastewater.

3.3.4. Impact of initial pH

In order to completely simulate the acid–base environ-
ment of the uranium solution, the pH of the solution was 
adjusted to different pH degrees by HCl and NaOH before 
the adsorption experiment. When the initial concentration 
of uranium (VI) was 20 mg/L, the dosage of areca residue 
activated carbon was 8 g/L, the adsorption time was 24 h, 
and the adsorption temperature was 303.15 K, the initial pH 
of the solution was investigated for the effect on uranium 
adsorption efficiency. The result is shown in Fig. 13. It can 
be seen that pH had a great influence on the adsorption 
effect of areca residue activated carbon. With the increase 
of the initial pH of the solution, the percentage removal and 
adsorption capacity of the prepared activated carbon for 
uranium increased first and then decreased. When pH was 
7, the percentage removal and adsorption amount reached 
the highest value, the corresponding percentage removal 
was 92.8% and the adsorption amount was 2.32 mg/g. When 
the pH value was low, the uranium hydrolyzed ion exists in 
the form of UO2

2+, and the concentration of H+ in the solution 
was higher. The uranyl ion competed with the hydrogen ion 
to adhere to the active site on the activated carbon surface, 
resulting in a smaller adsorption amount of activated car-
bon to UO2

2+. When the pH of the solution was around 7, the 
uranium was present in the aqueous solution in the form of 
(UO2)3(OH)5

+. When the pH of the solution was greater than 
8, it mainly existed in the form of UO2(OH)3

–, the negative 

charge of uranyl ion increased, and the adsorption capac-
ity of activated carbon for uranium decreased. Therefore, 
it can be inferred that uranium was mainly adsorbed on 
activated carbon in the form of (UO2)3(OH)5

+. Therefore, the 
optimum pH of the optimum solution for the adsorption 
of uranium by areca residue activated carbon was 7.

3.3.5. Desorption and regeneration

An effective adsorbent should possess not only good 
selective adsorption properties but also excellent desorption 
and regeneration. The latter are of significance to evaluate 
the economic performance of absorbents in actual applica-
tions. The results showed that the desorption rate was 73.9% 
and after the second adsorption, the percentage removal 
reached 90.9%. This indicated the potential of regeneration 
and reuse for the activated carbon material prepared by 
areca residue, thus improving the economy of the adsorption 
process to some extent.

3.4. Adsorption isotherm model

In the study of adsorption equilibrium, Langmuir and 
Freundlich formulas are commonly used to describe the iso-
thermal adsorption process. Langmuir isothermal equation 
assumes that adsorption of sorbent to solute is single-layer 
adsorption, and due to the limitation of specific surface area 
of sorbent, its adsorption capacity has a maximum value, 
which is called adsorption capacity. Its linear expression is:

ρ ρe

e

e

m mq q bq
= +

1  (4)

where qe (mg/g) is the mass of adsorbent adsorbed per unit 
mass, ρe (mg/L) denotes the mass concentration of adsor-
bents in adsorption equilibrium, qm (mg/g) is the maxi-
mum adsorption capacity of adsorbent monolayer, and b is 
constant.

The linear expression of Freundlich adsorption isotherm 
is Eq. (5):

 

Fig. 12. Effect of initial uranium concentration on adsorption 
capacity of uranium (VI) (V = 50 mL, m = 0.4 g, pH = 7 ± 0.1, 
t = 24 h, T = 303.15 K).

 

Fig. 13. Impact of initial pH for uranium adsorption on the 
prepared activated carbon (V = 50 mL, m = 0.4 g, C0 = 20 mg/L, 
t = 24 h, T = 303.15 K).
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lg lg lgq
n

Ke e f= +
1

ρ  (5)

where qe (mg/g) is the mass of adsorbent adsorbed per unit 
mass,  ρe (mg/L) denotes the mass concentration of adsorbents 
in adsorption equilibrium, Kf is the adsorption coefficient, 
and n is constant. The larger the value of n is, the smaller 
the value of 1/n is, and the better the adsorption performance 
is. It is generally believed that adsorbent is easy to adsorb 
adsorbents when 1/n is between 0.1 and 0.5. And it is difficult 
for adsorbent to adsorb when 1/n is greater than 2.

Experimental data were fitted according to Langmuir 
formula and Freundlich formula, and the obtained curves 
are shown in Fig. 14. Isothermal adsorption data parameters 
are listed in Table 3. Results showed that the Langmuir equa-
tion of correlation coefficient (r2) is 0.9999, the Freundlich 
equation of the correlation coefficient (r2) is 0.9725, and 
the Langmuir adsorption curve was better fitted than the 
Freundlich adsorption curve. So Langmuir equation is bet-
ter than Freundlich equation in describing the adsorption of 
U(VI) on activated carbon prepared by areca residue. Also, 
it is better than the multi-layer covering mode for the sin-
gle-layer adsorption mode with uniform adsorption for the 
adsorption process, and the activated carbon prepared by 
areca residue is easier to adsorb U(VI) in solution.

3.5. Adsorption kinetics

To study the adsorption kinetics of uranium (VI) on 
the prepared activated carbon in aqueous solutions, pseu-
do-first-order and pseudo-second-order kinetic models were 
adopted to investigate the kinetic mechanism of adsorption 
processes between adsorbent and adsorbate.

The pseudo-first-order kinetic model is expressed as

ln ln
,

Q Q Q
k

te t e−( ) = − 1

2 303
 (6)

The pseudo-second-order kinetic model is expressed as 
follows:

1 1

2
2Q k Q

t
Qt e e

= +  (7)

where Qe (mg/g) and Qt (mg/g) are the adsorption capaci-
ties at equilibrium and time t (h), respectively; k1 (h–1) and 
k2 (h–1) are the rate constants of pseudo-first-order and 
pseudo- second-order models for the adsorption of uranium 
(VI), respectively. The kinetic parameters, such as k1, k2, Qe 
and correlation coefficient (R2) were calculated based on the 
linear form of models in Figs. 15a and b. As the results are 
shown in Table 4, the values of Qe and R2 for the pseudo-
second- order kinetics are higher than those for the pseudo- 
first-order kinetics. And the amount adsorbed at equilib-
rium calculated according to pseudo-second-order kinetic 
model was 2.40 mg/g for activated carbon, which was close 
to the values of experiment (2.27 mg/g).

As a result, the kinetic behavior of uranium adsorption 
onto areca residue activated carbon can be described by the 
pseudo-second-order kinetic model.

4. Conclusions

•	 The activated carbon prepared by areca residue was 
developed based on microwave method for highly 
efficient extraction of uranium from wastewater. The 
adsorption of the prepared activated carbon reached 
the best when the concentration of activator with NaOH 
was 20%, the soaking time of activator was 36 h, and the 
microwave irradiation time with power of 700 W was 
2 min. The porosity of areca residue after carbonization 
decreased slightly compared with that before carboniza-
tion by microwave, the total pore area increased greatly, 
the ratio of specific surface area of the micro pore seg-
ment decreased significantly, and the ratio of specific 
surface area of the mesoporous and above pore segments 
increased significantly.

•	 In addition, the uranium adsorption was characterized 
by SEM-EDS and FT-IR. SEM images showed that after 

 

Fig. 14. Langmuir (a) and Freundlich (b) adsorption isotherms.

Table 3
Isotherm parameters for U(VI) adsorption on activated carbon 
prepared by areca residue

Langmuir Freundlich

qm b r2 Kf n r2

2.2761 –0.0104 0.9999 10–10.24 0.0949 0.9725
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the adsorption of uranium on the areca residue activated 
carbon, the pore volume disappeared and the activated 
carbon was dense. This exhibited that the voids on the 
surface of the activated carbon were filled with uranium. 
The results of EDS demonstrated that uranium ion was 
adsorbed on the surface of activated carbon after adsorp-
tion. The results of FT-IR presented the possible involve-
ment by the functional groups of hydroxyl, carbonyl, 
C–O and C=C in the adsorption of uranium.

•	 Based on the adsorption experiment, the optimum 
adsorption conditions for the adsorption of uranium 
by areca residue activated carbon: the pH of uranium 
solution was 7, the dosage of areca residue activated 
carbon was 8 g/L, the adsorption time was 7 h, the opti-
mum percentage removal was 92.8%, and the adsorption 
amount was 2.32 mg g–1. Langmuir equation was better 
than Freundlich equation in describing the adsorption 
of U (VI) on activated carbon prepared by areca residue. 
The kinetic behavior of areca residue activated carbon 
adsorption of uranium was more in line with the qua-
si-second-order kinetic equation.

•	 The desorption efficiency of areca residue activated car-
bon after adsorption of uranium reached 73.9%, and the 
adsorption efficiency reached 90.9% after the second 
repeated adsorption. It indicated that areca residue acti-
vated carbon had reusable performance and was an effi-
cient and cheap adsorbent for treating low concentration 
uranium-containing wastewater.
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