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a b s t r a c t

Batch tests were performed to study the U(VI) biosorption process by the nonliving biomass of the 
aquatic macrophyte Myriophyllum spicatum. Effects of various operational parameters, such as con-
tact time, pH, initial U(VI) concentration, and temperature, were investigated in detail. Results sug-
gested that the U(VI) adsorption capacity increased with increasing initial pH from 1.0 to 7.0, and 
the best pH was found to be 5.0. Kinetic investigations suggested that adsorption equilibrium can 
be reached within 80 min and pseudo-second-order kinetic model best characterizes the biosorp-
tion behavior. The adsorption thoroughly agreed with the Langmuir isotherm and the maximum 
adsorption capacity was calculated to be 136.61 mg/g. Changes in free energy and enthalpy derived 
from the adsorption data revealed that the biosorption of U(VI) onto M. spicatum was spontaneous 
(∆G0 < 0), endothermic (∆H0 > 0), and thermodynamically favorable. Fourier transform infrared spec-
troscopy and X-ray photoelectron spectroscopy analysis indicated that hydroxyl and amino groups 
on the algal surface could contribute to the U(VI) biosorption process, in which complexation and 
ion exchange mechanisms might be involved. In conclusion, M. spicatum biomass could be used as a 
promising biosorbent to remove U(VI) contamination efficiently with high adsorption capacity and 
fast adsorption rate. 
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1. Introduction

Uranium is a naturally occurring element and is often 
found at low levels in rocks, soil, water, plants, and animals. 
Uranium is currently the most important chemical element 
in nuclear industry because it has substantial commer-
cial application as a nuclear fuel for generating electricity. 
However, in uranium ore mining and milling, fuel manu-
facturing, fuel reprocessing, and other related activities, 
a substantial amount of uranium-bearing wastewater is 
discharged into the environment, posing a serious hazard 
to soils, surface, and groundwater. Hexavalent uranium 

[U(VI)] is highly mobile and could enter the human body 
through ingestion as well as through inhalation. Excessive 
uranium intake results in serious health problems, such 
as liver damage, kidney damage, cancer, and even death 
owing to its extensive chemical toxicity and internal irradi-
ation [1]. The World Health Organization and United States 
Environmental Protection Agency recommends 30 μg·L–1 of 
uranium as the maximum allowed level in drinking water 
[2,3]. As uranium poses a severe risk to environmental and 
human health, various methods for decontamination of 
uranium-bearing wastewater before it is released into the 
environment have attracted considerable attention.

Removal of uranium contamination can be achieved 
through conventional physical (evaporation, ultrafiltration, 
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reverse osmosis) or chemical (neutralization/precipitation, 
ion exchange, electrodialysis) treatment methods. However, 
these traditional approaches not only need high investment 
and operating costs but also are inefficient in low-strength 
effluents. Therefore, environmentalists explored cost-
effective, easy-handling, high-efficiency, and environment-
friendly techniques for the removal of radionuclides from 
wastewater.

In the past decades, biosorption has emerged as a 
potential alternative method for the removal of radionu-
clides from uranium-contaminated wastewater. Various 
biosorbents have been chosen for uranium removal, such 
as bacteria [4], fungi [5], aquatic plants [6,7], and agricul-
tural and forestry residues [8]. Among these, certain algae 
have proven to be inexpensive and environment-friendly 
biosorbents because they are not only easily available and 
regenerated, but have high recovery. Moreover, only a small 
amount of sludge required to be treated.

Myriophyllum spicatum (Eurasian watermilfoil) is a sub-
merged perennial aquatic plant that grows in lakes, ponds, 
and slow-moving rivers. It can adapt well to a wide range 
of water environment, including eutrophic, brackish, and 
highly alkaline water. The high density of M. spicatum neg-
atively affects wildlife and fish populations and makes rec-
reational activities impossible. Therefore, M. spicatum can 
be often considered an aquatic weed or waste product. If 
M. spicatum could be harvested, sundried, and further used 
to clean up uranium-polluted wastewater, then we have 
converted waste into something valuable. Previous inves-
tigations have reported the use of M. spicatum to remove 
various heavy metals, such as Zn, Cu, Pb, and Ni [9–12]. 

A previous study has also reported that living M. spica-
tum could accumulate up to 1600 mg/kg uranium because 
its feathered leaf structures provide a considerable surface 
with a significant number of uranium adsorption sites [13]. 
Feasibility investigation for large-scale applications sug-
gested that the biosorption processes are more appropriate 
than the bio-accumulation processes in that living organ-
isms usually need the supplementation of nutrients and 
thereby increase chemical oxygen demand or biological 
oxygen demand in wastewater. Moreover, a healthy bio-
logical population keep is difficult because of metal tox-
icity and other inappropriate environmental factors [14]. 
In this study, nonliving biomass of M. spicatum was used 
as a biosorbent to remove U(VI) from aqueous solution. In 
the present work, M. spicatum was used for U(VI) removal 
from an aqueous solution. Several parameters that affect 
U(VI) adsorption, such as medium pH, adsorbent dose, 
shaking time, and temperature, were studied. The adsorp-
tion kinetics, isotherms, and thermodynamics were also 
investigated. The possible mechanism for the adsorption 
of U(VI) onto M. spicatum biomass was also examined by 
Fourier transform infrared spectroscopy (FTIR), scanning 
electron microscopy (SEM), and X-ray photoelectron spec-
troscopy (XPS).

2. Materials and methods

2.1. Biosorbent source and pretreatment

M. spicatum biomass used in the present study was 
purchased from Honghu Liangshui Aquatic Plant Co. Ltd., 

Jingzhou, China. The fresh biomass (without roots) was 
rinsed thoroughly with running water to remove silt, sand, 
diatoms, and other epiphytic organisms and then cut into 
pieces. The sliced biomass was dried under sunlight for 3 
d and subsequently dewatered at 80°C for 24 h in a dry-
ing oven. The dried biomass was pulverized into fine pow-
der and allowed to pass through an 80-mesh-opening-size 
sieve. The treated biomass was placed in a desiccator for 
subsequent use in biosorption experiments.

2.2. Preparation of uranium stock solution

To prepare a stock U(VI) solution, 1.1792 g of U3O8 was 
dissolved in 10 mL of concentrated HCl (r = 1.18 g/mL) and 
2 mL of 30% H2O2 in a beaker. Then, the solution was heated 
till dry and 10 mL HCl (r = 1.18 g/mL) was introduced. The 
solution was further diluted up to a total volume of 1.0 L 
with distilled water in a volumetric flask to obtain a U(VI) 
stock solution (1000 mg/L) [15]. Other concentrations of 
U(VI) were obtained by proper dilution according to the 
experimental requirements.

2.3. Batch adsorption experiments

Generally, 0.12 g of adsorbents was added to a series 
of 250 mL stoppered conical flasks containing 100 mL 
of uranium solution with the desired initial U(VI) con-
centrations (50–300 mg/L). The pH of the solutions was 
adjusted when required by adding HCl (1.0 or 0.1 M) 
or NaOH (1.0 or 0.1 M) and by using a pH meter. Then, 
these flasks were shaken on a reciprocal rotary shaker 
at 140 r/min for specified durations at the desired tem-
peratures (298–318 K). The supernatants were sampled 
at appropriate time intervals, centrifuged at 5000´g for 5 
min, and then used to determine residual U(VI) concen-
trations through standard spectrophotography [16]. The 
uranium removal efficiency (Ad%) and uranium adsorp-
tion capacity (Q) can be determined according to the fol-
lowing equations:

Ad
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−
×0

0
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where Ad% is the U(VI) removal efficiency; Qe and Qt are 
the adsorption capacity (mg/g) at equilibrium and at time 
t (min), respectively; C0, Ct, and Ce are the initial U(VI) con-
centration, liquid-phase U(VI) concentration at time t, and 
equilibrium U(VI) concentration (mg/L), respectively; V is 
the volume of the aqueous solution (L); and W is the mass 
of the adsorbent (g). All the experiments were conducted 
in triplicate, and the arithmetic mean values of the calcu-
lations were recorded. Blank experiments were conducted 
to ensure that no adsorption occurred on the walls of the 
glassware.
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2.4. Kinetic modeling

Kinetic models are employed to describe the rate-deter-
mining step of the adsorption process. Two commonly used 
kinetic models, namely, pseudo-first-order and pseudo-
second-order models, were selected to analyze the kinetic 
data and to understand the rate-determining step of U(VI) 
adsorption onto M. spicatum biomass.

The pseudo-first-order equation is a simple kinetic 
model describing the kinetic process of liquid–solid 
phase sorption [17], and its linear formula can be written 
as follows: 

Q Q et e
k t= − −( )1 1  (4)

where k1 is the rate constant of the pseudo-first-order sorp-
tion (min−1). Evidently, k1 can be calculated from the slope of 
the plot of ln(Qe − Qt) vs. t.

The pseudo-second-order model based on the adsorp-
tion equilibrium capacity may be expressed in the following 
linear form [18]:

t
Q

t
Q k Qt e e

= +
1

2
2  (5)

where k2 is the rate constant of pseudo-second-order 
adsorption [g/(mg·min)]. Evidently, Qe and k2 can be deter-
mined experimentally by plotting t/Qt vs. t and further lin-
ear regression analysis.

The Elovich model is a rate equation based on the 
adsorption capacity in linear form, which is generally 
expressed by the following equation [19]:

Q tt
E

E E
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= +
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β
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where αE is the initial adsorption rate [mg/(g·min)] and βE 
is the desorption constant (g/mg). Evidently, aE can βE be 
determined experimentally by plotting Qt vs. ln(t) and fur-
ther linear regression analysis.

2.5. Equilibrium modeling

Three extensively used adsorption isotherm models, 
namely, Langmuir, Freundlich, and Temkin, were selected 
to correlate the experimental data and to accurately describe 
the adsorption isotherms. The deviation between experi-
mentally observed and theoretically calculated data can be 
described by the square of the correlation coefficient (R2).

The Langmuir model is based on the assumptions 
of adsorption homogeneity, such as uniformly energetic 
adsorption sites, monolayer surface coating, and no interac-
tions among adsorbate molecules in neighboring sites [20]. 
The linear Langmuir equation can be written as follows:

Qe
bQ C

bC
e

e

=
+

max

1
 (7)

where Qmax is the maximum possible amount of metals 
adsorbed per unit of weight of adsorbent (mg/g) and b is 
a constant associated with the affinity of binding sites for 
metals (L/mg). 

The Freundlich isotherm may be suitable for nonideal 
uptake onto heterogeneous surfaces involving multilayer 
adsorption [21]. The linear Freundlich equation can be 
expressed as follows:

Q K Ce F e
n= 1/  (8)

where KF is the Freundlich constant depicting the adsorp-
tion capacity of the adsorbent ((mg/g)(L/mg)1/n) and n is 
the Freundlich exponent depicting adsorption intensity 
(dimensionless).

The Temkin model assumes a linear decrease in heat of 
adsorption along with surface coverage [22], and its linear 
form is written as follows:

Q a K a Ce T e= +ln ln  (9)

where KT is an equilibrium parameter corresponding to the 
maximum binding energy (L/g) and a is a dimensionless 
constant related to the temperature and adsorption system. 
The Temkin isotherm considers the interaction between 
adsorbent and adsorbate and is based on the assumption 
that the free energy of adsorption is a function of the surface 
coverage.

2.6. Thermodynamic parameters of biosorption

The thermodynamic parameters, including change 
in free energy (∆G0), enthalpy (∆H0), and entropy (∆S0) 
related to the adsorption process can be calculated by 
using the following Gibbs–Helmholtz Eq. (10) and van’t 
Hoff Eq. (11) [23]:

∆G0 = ∆H0 – T∆S0  (10)

ln K
S
R

H
RTL = −

∆ ∆0 0

 (11)

where R is the universal gas constant (8.314 J·mol−1·K−1) and 
T (K) is the absolute temperature, KL (L/g) is an equilibrium 
constant obtained by multiplying the Langmuir constants 
Qmax and b. According to Eq. (11), the parameters ∆H0 and 
∆S0 can be calculated from the slope and intercept of the 
plot of ln KL against 1/T.

2.7. Characterization of biosorbent

The sample of M. spicatum (0.12 g) exposed to 100 mL 
of 150 mg/L U(VI) solution at pH 5.0 for 1 h was centri-
fuged (5,000×g, 5 min) to remove all supernatants. Then, the 
precipitate was further dehydrated by vacuum drying. The 
samples before and after U(VI) biosorption were character-
ized by using the following three instrumental analyses. 
FTIR was conducted by using the NICOLET iS10 (Thermo 
Scientific) between 500 and 4,000 cm−1 and by using KBr 
pellets. The surface morphology of M. spicatum surface was 
determined by SEM (Model S-4800 Hitachi, Tokyo, Japan). 
The samples were gold-coated before SEM observation. 
XPS (Thermo ESCALAB 250, USA) with a monochromatic 
Al Kα X-ray beam (energy = 1,486.5 eV and power = 150 W) 
was adopted to determine the elementary composition and 
relative uranium content on the surface of M. spicatum. XPS 
spectra were recorded in the fixed analyzer transmission 
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mode with a pass energy of 20 eV and a step size of 0.1 eV 
and obtained at 8 × 109 Pa.

3. Results and discussion

3.1. Influence of contact time and biosorption kinetics

The effect of contact time on the adsorption of U(VI) 
onto M. spicatum is shown in Fig. 1. The adsorption was 
rapid in the first 30 min and reached up to 84.21% at 80 min. 
Given that the U(VI) uptake remained almost unchanged 
after 80 min, the optimum contact time was determined as 
80 min in the following experiments.

The parameters of the pseudo-first-order, pseu-
do-second-order, and Elovich models are calculated and 
summarized in Table 1. The squared correlation coef-
ficients (R2) were 0.9341 for pseudo-first-order model 
and 0.9569 for Elovich kinetic model. As R2 of these two 
models are much less than 0.99, neither of these two 

models are appropriate to describe the U(VI) biosorp-
tion kinetics by M. spicatum due to the obvious lack of 
linear correlation. By contrast, the R2 value for the pseu-
do-second-order kinetic model was 0.9963 and close to 
1.0, and the theoretical equilibrium adsorption capacity 
(Qe,2 = 90.49 mg/g) derived from fitting was very close to 
the experimental equilibrium adsorption capacity (Qe,exp 
= 84 mg/g), implying that the U(VI) biosorption process 
could be perfectly described by pseudo-second-order 
kinetics equation.

The pseudo-second-order kinetic model has also been 
reported to fit uranium adsorption data better than that 
of the pseudo-first-order model [24]. The perfection of the 
pseudo-second-order model in predicting kinetic data sug-
gested that the overall rate of the U(VI) biosorption pro-
cess appeared to be controlled by chemical adsorption and 
that the adsorption behavior might involve valency forces 
through sharing or exchanging electrons between U(VI) 
ions and M. spicatum. 

3.2. Influence of pH

The medium pH value is considered a critical param-
eter for biosorption system which significantly affects the 
protonation degree of the adsorbent as well as the exis-
tent forms of the adsorbate in the solution. The effect of 
pH on U(VI) adsorption was examined at different pH 
values ranging from 1.0 to 7.0. The uranium removal effi-
ciency apparently increased with increasing pH from 1.0 
to 5.0 and the highest U(VI) removal is achieved at pH = 
5.0 (Fig. 2). Notably, at lower pH, the dominant form of 
uranium is uranyl (UO2

2+) and the competition between 
H+ and uranyl for the active functional groups (–OH, –
NH2, etc.) limits its removal. Along with the increase 
of pH toward neutral pH up to 5.0, these functional 
groups deprotonated and their chelating ability with 
uranyl could be enhanced, which consequently increased 
the U(VI) removal. On the other hand, the decrease of 
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Fig. 1. Effect of time on U(VI) adsorption onto M. spicatum and 
plot of the pseudo-first-order, pseudo-second-order and Elovich 
kinetic equation (temperature = 298 K; pH = 5.0; U(VI) concen-
tration = 150 mg/L; M. spicatum dosage = 1.2 g/L (w/v); solution 
volume = 100 mL).
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Fig. 2. Effect of pH on U(VI) adsorption onto M. spicatum (tem-
perature = 298 K; contact time = 80 min; U(VI) concentration = 
150 mg/L; M. spicatum dosage = 1.2 g/L (w/v); solution volume 
= 100 mL).

Table 1
Kinetic parameters of U(VI) adsorption onto M. spicatum

Model Parameter Value

Pseudo-first-order k1 (min−1) 0.0691
Qe, 1 (mg/g) 80.79
R2 0.9341

Pseudo-second-order k2 (g/(mg·min)) 1.078 × 10−3

Qe, 2 (mg/g) 90.49
R2 0.9963

Elovich αE (mg/(g·min)) 0.06491
βE (g/mg) 32.29
R2 0.9569
Qe, exp (mg/g) ca. 84
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UO2
2+ and the formation of different stable monovalent 

uranyl species, such as [UO2(OH)]+, [(UO2)2(OH)3]
+, and 

[(UO2)3(OH)5]
+ complexes, could be responsible for the 

decline of the adsorption capacity [24]. The monova-
lent cations had greater affinity to the algal surface and 
they could substitute single hydrions on separate active 
adsorption sites. Furthermore, divalent uranyl could 
only replace two hydrions on the neighboring adsorption 
sites of the alga but could not react with those binding 
sites farther from one another. When the pH increased 
further from 5.0 to 7.0, the U(VI) removal diminished 
(Fig. 2). Actually, schoepite precipitation could occur at 
higher pH value exceeding 5.0 [26], thereby decreasing 
the uranium adsorption because of the decline of U(VI) 
concentration in solution. Therefore, the solution pH was 
adjusted to 5.0 in all subsequent studies to obtain the 
optimum adsorption efficiency.

3.3. Influence of initial U(VI) concentration and adsorption 
isotherm

The adsorption isotherms were employed to examine 
the adsorption characteristics of biosorbents via batch tests, 
which is useful for explaining the adsorption mechanism. 
To evaluate the adsorption capacity of M. spicatum, the 
initial U(VI) concentration changed from 50 mg/L to 300 
mg/L. The U(VI) adsorption capacity increased with the 
initial concentration and reached the saturation plateau 
when the initial U(VI) concentration was 250 mg/L (Fig. 3). 

Langmuir, Freundlich, and Temkin models were 
applied to correlate the adsorption data (Fig. 3). The relative 
adsorption parameters are shown in Table 2. The R2 values 
of the plots of Langmuir, Freundlich, and Temkin isotherms 
showed that the Langmuir adsorption model fit best with 
the experimental data. Besides, the calculated value of Qmax 
(136.61 mg/g) from Langmuir equation was relatively close 
to the experimental value (122.24 mg/g). In consideration 
of the above two points, Langmuir was the best one to char-

acterize U(VI) adsorption behavior onto M. spicatum among 
the three models. The result also revealed that the U(VI) 
biosorption might be considered as a monolayer adsorption 
on homogeneous surface, namely, having uniform adsorp-
tion energies for all the binding sites without interactions 
between the adsorbed metal ions. 

Several other investigations have reported the Qmax 
values of some low-cost biosorbents for U(VI) adsorption 
(Table 3). Evidently, a comparison of these Qmax values 
showed that M. spicatum has greater uranium adsorption 
capacity than most of the other biosorbents.

A further analysis of the Langmuir equation can be con-
ducted on the basis of a dimensionless equilibrium param-
eter (RL), as given by the following equation [36]:

R
b CL

01
=

+ ×
1

 (12)
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Table 2
Isotherm parameters for the adsorption of U(VI) onto M. 
spicatum

Model Parameter Value

Langmuir Qmax (mg/g) 136.61
b (L/mg) 0.0859
R2 0.9952

Freundlich KF (mg(1 − n)·g·L−1) 30.19
n 3.167
R2 0.8879

Temkin KT (L/g) 0.9806
a 27.64
R2 0.9571

Table 3 
Comparison of the U(VI) adsorption capacity with other 
biosorbents

Biosorbent Qmax (mg/g) Reference

Aspergillus niger 12.5 [27]
Fungus Pleurotus ostreatus 19.95 [28]
Biochar derived from 
Eucalyptus wood

27.2 [29]

Dried and pyrolyzed tea and 
coffee waste

59.5 [30]

Brown algae Dictyopteris 
polypodioides

62.5 [31]

Hydrilla verticillata (L.f.) 
Royle 

78 [32]

Brown algae Laminaria 
japonica 

96.4 [33]

Green algae Cladophora 
hutchinsiae

152 [34]

Trapa bispinosa 171 [35]
Myriophyllum spicatum 136.61 This research
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where C0 and b were defined previously, and RL param-
eter provides information as to whether the adsorption 
is unfavorable (RL > 1), linear (RL = 1), favorable (0 < RL 
< 1), or irreversible (RL = 0). In this study, when the ini-
tial U(VI) concentration increased from 50 mg/L to 300 
mg/L, the RL value decreased from 0.189 to 0.037. Appar-
ently, all of the RL values are in the range of 0–1. This 
finding reflects that RL values fall between 0 and 1.0 in all 
cases, indicative of favorable U(VI) biosorption onto the 
surface of M. spicatum.

3.4. Thermodynamic parameters

The ∆H0 and ∆S0 values for the adsorption process were 
obtained from the plot of ln KL vs. 1/T and the thermody-
namic parameters (∆H0, ∆S0, and ∆G0) were calculated, and 
the results are summarized in Table 4. The negative values of 
∆G0 demonstrated that the adsorption process was a spon-
taneous process over the temperature range of 288 K to 318 
K. The decrease in the negative value of ∆G0 with increasing 
temperature implied that the adsorption is more favorable 
at high temperatures. The positive ∆S0 (30.12 J·mol−1·K−1) 
reflected the increased randomness of the adsorbed species 
at the solid-solution interface during the U(VI) adsorption 
onto M. spicatum. A positive ∆H0 (4.19 kJ/mol) for this study 
suggested that the adsorption of U(VI) onto M. spicatum was 
an endothermic process in nature. In summary, adsorption 
of U(VI) on M. spicatum is a spontaneous, enthalpy-driven 
process from the thermodynamic viewpoint. These results 
agreed with two other studies reported on the biosorption 
of uranium by melanin [37] and sunflower straw [38].

3.5. Biosorbent characterization

3.5.1. FTIR spectra of M. spicatum

By comparing the FT-IR spectra of the biosorbent 
obtained before and after U(VI) biosorption, the functional 
groups on the biosorbent surface responsible for the U(VI) 
biosorption process were identified (Fig. 4). As for the FT-IR 
spectrum of raw M. spicatum without exposure to U(VI), 
the surface structure of the M. spicatum biosorbent was 
complicated and contained various functional groups. The 
broad absorption band near 3,271.76 cm−1 could be assigned 
to the O–H and N–H stretching vibrations, indicating that 
hydroxyl (–OH) and amino (–NH2) groups were abundant 
on the surface of M. spicatum. The peaks observed at 2,924.31 
and 1,417.90 might correspond to the C–H stretching vibra-
tion and scissoring vibration of methylene (–CH2–) in the 
carbon chain. The peak at 1,601.59 cm−1 could be ascribed 
to the presence of C=O stretching vibrations. The inten-
sive peak at 1,009.07 cm−1 could be attributed to the C–OH 
stretching vibration.

After U(VI) adsorption, the peak positions observed at 
2,924.31 and 1,417.90 cm−1 were kept nearly constant, but 
their intensities weakened. This finding implied that meth-
ylene on the surface moved inside and thus it made no 
contribution to U(VI) adsorption. By contrast, the peaks at 
3,271.76 and 1,009.07 cm−1 shifted to 3,292.85 and 1,011.96 
cm−1, respectively. This significant shifting of peak positions 
to higher frequency suggested that hydroxyl and amino 
functional groups on the biosorbent surface combined with 
U(VI) ions. Moreover, the characteristic peaks of hydroxyl 
and amino functional groups after biosorption weakened 
compared with those before U(VI) biosorption, which also 
indicated that many original free hydroxyl and amino 
groups might be used to adsorb U(VI) coordinatively and 
resulted in the decrease of their density. In general, the O 
atom in –OH and the N atom in –NH2 both hybridize in 
the sp3 arrangement. Two lone pairs of electrons located on 
the O atom and one lone pair of electrons located on the 
N atom can enter the empty orbital of positively charged 
U(VI) cations and form coordination bonds. In summary, 
hydroxyl and amino groups could play an important role in 
U(VI) biosorption.

3.5.2. SEM images of M. spicatum

Fig. 5 shows the SEM photographs of the M. spicatum 
surface before and after U(VI) biosorption. Before bio-
sorption of U(VI), M. spicatum has a well-defined struc-
ture assuming rectangular texture on its surface (Fig. 5a). 
Although the rectangle assignment is rather regular indica-
tive of the orderly alignment of the algal cell, the surface 
configuration is uneven and has concaves around all rectan-
gles, which is favorable to the sequestration of U(VI). How-
ever, the uneven degree on the surface were reduced and 
somewhat disappeared after U(VI) biosorption (Fig. 5b), 
which implied that the concave could be filled by U(VI) due 
to intermolecular interaction. In other words, the M. spica-
tum surface was appropriate for the biosorption of U(VI) 
and a stable bond was established between the biosorbent 
and adsorbate.

Table 4
Thermodynamic parameters for adsorption onto M. spicatum

∆H0 
(kJ·mol−1)

∆S0 
(J·mol−1·K−1)

∆G0 (kJ·mol−1)

288 K 298 K 308 K 318 K

4.19 30.12 –4.48 –4.78 –5.09 –5.37
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Fig. 4. FTIR spectra of M. spicatum: (a) before U(VI) adsorption 
and (b) after U(VI) adsorption.
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3.5.3. XPS spectra of M. spicatum

XPS is considered as a surface-sensitive quantitative 
tool, which can be used to determine the elemental com-
position and chemical state of various elements existing 
within a certain material. The element composition and 
atomic concentrations in the raw M. spicatum sample and 
after U(VI) uptake were obtained through XPS survey scan 
(Fig. 6 and Table 5). As for the raw M. spicatum sample, C, 
O, and N constituted three major nonmetals of M. spica-
tum; Ca, Fe, and Al are its three major metal constituents 
(Fig. 6a). Obviously, no U element was detected in the struc-
tural component of M. spicatum.

After M. spicatum was exposed to U(VI), the uranium 
signal was clearly detected (Fig. 6b). Other investigations 
have documented that the peaks of 4f5/2 and 4f7/2 of U(VI) 
were present at 392.9 ± 0.3 and 382.2 ± 0.3 eV [39, 40], respec-
tively. In this study, the primary U4f peaks assigned to ura-
nium were present at 382.18 eV for 4f7/2 and 392.98 eV for 
4f5/2, both of which were in the aforementioned binding 
energy range. Thus, uranium remained in the unchangingly 
hexavalent state all through the biosorption. The two bind-

ing energy values at 382.18 and 392.98 eV reflected the bond 
between U(VI) ion and hydroxyl and amino groups [41,42]. 
The atomic concentrations of Ca, Al, and Fe were noted to 
drop below the detection limit after the U(VI) biosorption 
process. The result implied that ion exchange between U 
and the structural component of M. spicatum (Ca, Al, and 
Fe) could occur. According to the XPS and FTIR analyses, 

Fig. 5. SEM micrographs of M. spicatum: (a) before U(VI) adsorp-
tion, magnification ×250; and (b) after U(VI) adsorption, mag-
nification ×250.
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Fig. 6. XPS analysis of M. spicatum (a: before U(VI) adsorption; b: 
after U(VI) adsorption).

Table 5 
XPS atomic concentration (in percentage) of relevant chemical 
elements in M. spicatum sample before and after U(VI) uptake

Elements in the 
alga sample

Before U(VI) uptake After U(VI) uptake

C 58.01 68.13
O 31.92 27.21
N 4 4.56
Si 2.86 –
Al 1.72 –
Fe 0.01 –
Ca 1.49 –
U – 0.11
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plus the above discussion of pH effect, we speculate that ion 
exchange and coordination might be two likely biosorption 
mechanisms responsible for U(VI) biosorption.

4. Conclusions

In this study, M. spicatum was found to be a promising 
biosorbent for the efficient removal of U(VI) from aque-
ous solution. The optimum pH for U(VI) removal by M. 
spicatum is 5.0. The biosorption of U(VI) onto M. spicatum 
followed Langmuir isotherm with a maximum adsorp-
tion capacity of 136.61 mg/g. The adsorption of U(VI) 
onto M. spicatum follows the pseudo-second-order model. 
Thermodynamic parameters, including ∆G0, ∆H0 and ∆S0, 
indicated that the adsorption process was feasible, sponta-
neous and endothermic in nature. The biosorption mech-
anism could be explained as the dual effect of surface 
complexation and ion exchange. The abundant hydroxyl 
and amino groups on the M. spicatum surface may play an 
important role in U(VI) biosorption. On the basis of our 
experimental results, M. spicatum might also be appropri-
ate for the removal of other metals. Therefore, more stud-
ies on the adsorption performance of M. spicatum towards 
other contaminants are ongoing in order to determine the 
likelihood of using it as a promising backfill material in 
wastewater treatment.
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