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Abstract In order to develop an effective and econom-
ical method for removing U(VI) from the low concen-
tration radioactive wastewater with the U(VI) concen-
tration of less than 1 mg L™, the biomass of Aspergillus
niger was prepared and modified with ethylenediamine,
and the biosorption of uranium from the low concentra-
tion radioactive wastewater by the unmodified and the
modified biomasses was investigated in a batch system.
The modified biomass exhibited the adsorption efficien-
cy of 99.25 % for uranium under the optimum condi-
tions that pH was 5.0, the contact time was 150 min, and
the biosorbent dose was 0.2 g L™'. The adsorption fitted
well to Langmuir isotherm, and the maximum sorption
capacity of the modified biomass for U(VI) was deter-
mined to be 6.789 mg g ' which increased by 36.45 %
compared with the unmodified biomass. The adsorption
kinetics was better depicted by pseudo-second-order
kinetic model. The Gibbs free energy change (AG),
enthalpy change (AH®), and entropy change (AS?)
showed that the process of U(VI) adsorption was spon-
taneous, endothermic, and feasible. The changes in the
groups, morphology, and the presence of U(VI) on the
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surface of the adsorbents which were characterized by
FT-IR, SEM, and EDS, demonstrated that the U(VI) was
successfully adsorbed onto the modified biomass.
Moreover, the UO,>" absorbed on the modified biomass
can be released by 0.1 mol L™" HNO; with high desorp-
tion efficiency of 99.21 %. The results show that the
modified biomass can remove U(VI) from low concen-
tration radioactive wastewater more effectively than the
unmodified biomass.

Keywords Aspergillus niger- Ethylenediamine -
Biosorption - Low concentration radioactive wastewater -
U(VI)

1 Introduction

Uranium mining and hydrometallurgy usually produce
large volumes of low concentration radioactive waste-
water with U(VI) concentration of lower than 1 mg L™
(Xu et al. 2010) which is 20 times the maximum accept-
able concentration of uranium for drinking water (GB
23727-2009) stipulated by the standardization technol-
ogy committee of the national nuclear industry of
People’s Republic of China (SAC/TC 58). Such low
concentration radioactive wastewater can cause damage
to kidney, liver, and bone and even result in cancer
(Wang et al. 2010; Kushwaha and Sudhakar 2013),
and Canada, USA, and People’s Republic of China
stipulate that the maximum acceptable concentrations
of uranium for drinking water are 20, 30, and 50 ug L',
respectively (Wang et al. 2011; Anirudhan et al. 2009).
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Therefore, the low concentration radioactive wastewater
is of concern for public health (Elsabawy et al. 2011)
and the effective and economical methods for its treat-
ment should be developed.

The conventional methods such as chemical precip-
itation, membrane separation, solvent extraction, and
ion exchange are both ineffective and uneconomical
for removing U(VI) from the low concentration radio-
active wastewater (Luo et al. 2006). Although some
researchers have studied the biosorption methods
(Wang et al. 2010; Li et al. 2004; Bai et al. 2010; Bhat
etal. 2008; Ghasemi etal. 2011; Ding et al. 2012; Cheng
et al. 2011; Xie et al. 2008; Geng et al. 2003; Akhtar
et al. 2007) and other researchers have dealt with the
modification methods for biosorbents (Bai et al. 2010;
Bayramoglu et al. 2006; Chen et al. 2014a, b; He et al.
2014; Pillai et al. 2013), the methods they proposed are
only for high concentration radioactive wastewater with
the U(VI) concentration of much higher than 1 mg L™".

The objective of this research was to develop an
effective and economical biosorption method for re-
moving and recovering U(VI) from the low concentra-
tion radioactive wastewater. Since Aspergillus niger has
been proved to have many carboxyl and phosphate
groups on its surface capable of adsorbing heavy metals
and may be an effective and economical biosorbent for
heavy metals (Khambhaty et al. 2009; Kapoor and
Viraraghavan 1997; Tsekova et al. 2010; Ding et al.
2012), it was selected to accomplish this objective. In
this research, the biomass of 4. niger was prepared and
modified with ethylenediamine; the experiments on
adsorbing U(VI) from the low concentration radioactive
wastewater were conducted; the adsorption mechanism
was analyzed by SEM-EDS and FT-IR; and the exper-
imental data were fitted with equilibrium isotherm, ki-
netic and the thermodynamic models. Furthermore, ex-
periments on adsorption-desorption cycling were
conducted.

2 Materials and Methods

2.1 Preparation of Unmodified Biomass

The A. niger for the present research was isolated from
uranium wastewater and identified by Microbial Type
Culture Collection (MTCC), Guangdong Institute of

Microbiology, People’s Republic of China. The micro-
organism was inoculated on the potato-dextrose agar
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(PDA) plates and was cultivated at 30 °C until the plates
were covered with spores. The liquid medium was ob-
tained by adding 20 g sucrose into 1 L potato filtrate
which was obtained by putting 200 g of potato into 1 L
distilled water and boiling for 10 min (Ding et al. 2012).
The microbial suspension with ODg( value of approx-
imately 0.1, where ODyg indicates the absorbance, or
optical density, of a sample measured at a wavelength of
600 nm, was then prepared with pipette on the sterile
console. The inoculated medium was continuously cul-
tured on a rotary shaker at 25 °C and 200 rpm for 3 days.
The culture fluid was filtrated for the mycelium, and the
mycelium was then washed with sterile water until the
filtrate became neutral. After that, the biomass was dried
in an oven at 50 °C for 24 h. The completely dried
mycelium was ground to powder, and the powder was
sieved through a 100 mesh standard test sieve to obtain
the unmodified biomass of 4. niger for the adsorption
experiments.

2.2 Chemical Modification of the Biomass

Ten grams of the unmodified biomass was
suspended in 200 mL of N,N-dimethylformamide
(DMF), heated and stirred continuously in a three-
necked flask. Thirty-five milliliters of sulfur
dichloride (SOCI,) was added dropwise to the
suspension. The temperature of the mixture was
kept between 95 and 100 °C by controlling the
heating rate carefully after the temperature of the
mixture reached 80 °C. Then, the mixture was
stirred for another 4 h. With the reaction mixture
cooling to room temperature, it was poured into a
beaker containing 500 mL ice water and was
stirred continuously. The precipitate was obtained
by filtering, then washed with distilled water and
3 % ammonium hydroxide successively to remove
the residual sulfite remained on the A. niger chlo-
ride until the supernatant became neutral. Finally,
after the filtered solid was dried at 50 °C for 10 h
under vacuum (Mwangi and Ngila 2012), it was
ground into powder and stored in a desiccator.
Five grams of the neutralized chlorinated biomass
was mixed with 25 mL of ethylenediamine, and the
mixture was stirred at 80~85 °C for at least 3 h under
reflux conditions. The solution was filtered; the resultant
solid was washed three times with distilled water and
ethyl alcohol respectively and then dried under vacuum
at room temperature for 24 h; and the modified biomass
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of A. niger was obtained for the adsorption experiments.
The general reaction occurs as follows:

RCOOH + SOCl,— RCOCI + SO, + HCl (1)

RCOCI
+ NH,CH,CH>NH,— RCONHCH,CH,NH,
+HCl (2)

2.3 Reagents

The standard stock solution of uranium (1 g L") was
prepared by putting 1.1792 g U3Og into a 100-mL
beaker, adding 10 mL of hydrochloric acid, 3 mL of
hydrogen peroxide, and two drops of nitric acid into the
beaker, and dissolving the U;0g completely under
heating on a sand bath. The solution was then diluted
with distilled water to 1 L. The standard solution of
uranium was prepared by diluting the standard stock
solution to 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8 mg L
All the reagents were of analytical grade.

2.4 Instrumentation

The concentration of uranium in solution was measured
using trace uranium analyzer (WGJ-III, China). The
precision pH meter (PB-20 (PB-S), Germany) calibrated
by the buffer solutions (pH 4 and 6.86) was used to
adjust the pH of the solution. The liquid medium was
autoclaved at 121 °C for 20 min in an autoclave (VB-40,
Germany). The plates which cultured 4. niger were
placed in the water-jacket thermostatic constant incuba-
tor (GSP-9080MBE, China) at 30 °C for 4 days. The
vacuum drying oven (BZF-50, China) was used to dry
the modified biomass in the study. The centrifuge (TGL-
16H, China) was used to treat the solution from the
adsorption experiments. All the distilled water for the
experiments was produced on the central distilled water
system platform (CN120RDM1-230, UK).

2.5 Adsorption Experiments

In the batch adsorption experiments, the unmodified and
the modified biomass, each weighing 0.02 g, were
added into the two flasks, respectively, each containing
100 mL of uranium solution, and the two flasks were

shaken on a rotary shaker at 25 °C and 200 rpm for 2.5 h
unless otherwise stated. After the adsorption reached
equilibrium, the solution was separated by centrifuga-
tion at 8000 rpm for 5 min, and the concentration of
U(V]) in the supernatant was determined by WGJ-III
type trace uranium analyzer at A=652 nm. In measuring
the concentration, special J-22 fluorescence enhance-
ment agent was put into the solution in order that it
reacted with the uranyl ions to form a compound with
higher fluorescence intensity. The determined metal ion
content was used to evaluate the adsorption capacity and
efficiency. All the experiments were conducted in
triplicate.

The adsorption capacity of the adsorbent was calcu-
lated by Eq. (3); the removal efficiency (%) was deter-
mined using Eq. (4); and the adsorption distribution
coefficient K, (mL g ') was determined by Eq. (5):

(Co— Co)V
_ o)V 3
q - (3)
R(%) = Co-Ce . 100% (4)

0

Co—C,V

Ky = -
d o m (5)

where ¢ (mg g ') is the adsorption capacity of the
adsorbent, C, (mg L") and C, (mg L") represent the
initial concentration of U(VI) and the concentration of
U(VI) at equilibrium, respectively, R (%) is the removal
efficiency, V (L) is the volume of the uranium solution,
m (g) is the mass of the adsorbent, and K, (mL g ') is the
adsorption distribution coefficient.

All the data were analyzed using OriginPro8.0
software.

3 Equilibrium and Kinetic Studies
3.1 Equilibrium Isotherm Models

The adsorption equilibrium between the metal ions
adsorbed by the adsorbent and metal ions in the
solution can be described by the Langmuir,
Freundlich, and Dubinin-Radushkevich (D-R)
models.
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For the Langmuir model, it is hypothesized that all of
the adsorption sites on the surface of the adsorbent were
uniformly distributed and the adsorption equilibrium
was balanced dynamically. Therefore, the surface of
the adsorbent was covered with monomolecular layer
of solute.

A linear form of the Langmuir isotherm equation is
given as follows (Kiran et al. 2005):

1 n ( 1 > 1 ()
qe qmax quax Cé’

where ¢, (mg g ') is the amount of the adsorbed
metal ions at equilibrium, C, (mg L ') is the
concentration of uranium at equilibrium, ¢,,.
(mg g ') is the maximum adsorption capacity,
and b (L mg ') is the Langmuir isotherm coeffi-
cient related to the energy of adsorption.

The essential characteristics of the Langmuir iso-
therm can be described by the separation factor Ry,
which is defined by the following equation (Bai et al.
2013):

1

R ———
SR I YGA

(7)
R; indicate that the type of the isotherms is either
irreversible (R;=0), favorable (0<R;<1), linear (R;=1),
or unfavorable (R;>1).
The Freundlich isotherm model is an empirical one
for adsorption on irregular surfaces, and its linear

equation is given by the following equation (Kiran
et al. 2005):

1
Ing, = InK p + ;lnCe (8)

where K and n are the Freundlich constants for
adsorption capacity and adsorption intensity, re-
spectively. The adsorption is favorable when
0<ic<i1

The D-R isotherm model, which is used to separate
the physical adsorption process from the chemical one,
describes a single adsorption of an adsorbent which has
the homogeneous pore structure. The linear form of D-R
isotherm equation is expressed as follows (Guler and
Sarioglu 2013):

Ing, = Inq,—(<* )

where ¢,, (mol g ') is the amount of single satu-
rated adsorption, 3 (mol® J2) is the activity coef-
ficient related to the adsorption energy, and ¢
(J mol™") is related to the concentration of metal
ions at equilibrium (¢ = RTln(l +CL) ).

The free energy £ (kJ mol ') for the adsorption is
calculated as follows (Bai et al. 2013):

E=—e (10)

Fig. 1 FT-IR spectra of the
unmodified biomass, the
modified biomass unloaded with
U(VI), and the modified biomass
loaded with U(VI)

@ Springer

T T
4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 6001/cm

LIS L B L B L | LI B B



Water Air Soil Pollut (2014) 225:2206

Page 5 of 16, 2206

E can indicate that the adsorption process is a physical
one (E <8 kJ mol ") or a chemical one (E >8 kJ mol ).

3.2 Kinetic Studies

Dynamic models are extensively used to discuss the
mechanism of the adsorption and the factors controlling
the adsorption rate. In this research, the Lagergren’s
pseudo-first-order and pseudo-second-order kinetic
models and the intraparticle diffusion model were used
to analyze the experimental data.

The Lagergren’s pseudo-first-order kinetic equation
is expressed as follows (Yuvaraja et al. 2014; Pillai et al.
2013):

k
log(¢e1=4,) = logg, 5355 (11)

The Lagergren’s pseudo-second-order kinetic equa-
tion is expressed as follows (Bai et al. 2012):

t 1 t
= + — 12
4q; k2q62 9 ( )

The initial adsorption rate equation is expressed as
follows:

H = kyq? (13)

The intraparticle diffusion equation is expressed as
follows (Liu et al. 2013):

q, = kit® 14
t

where ¢, (mg g), g, (mg g '), and g., (mg g
denote the adsorption capacity at time ¢, the theoretical

amount of metal ions adsorbed at equilibrium, and the
experimental adsorption capacity, respectively; k
(min "), k» (gmg! min 1), and (g mg_1 min ') are
the rate constants for the Lagergren’s pseudo-first-order,
the pseudo-second-order, and the intraparticle diffusion
models, respectively.

3.3 Thermodynamic Studies

The thermodynamic parameters including the standard
Gibbs free energy change (AG®), standard enthalpy
change (AH®), and standard entropy change (AS°) are
the basic indicators for determining whether the adsorp-
tion reaction is spontaneous and whether the adsorption
reaction is endothermic or exothermic one. The three
thermodynamic parameters can be calculated respectively

as follows (Aslani et al. 2012; Vijayaraghavan and Yun
2008):

AG® = —RTlnk, (15)

"HV | mag WD |d o 20 um
20.00 kV|5 000 x|10.3 mm | E 5 FEI _Quanta-200

HV | WD det | spot
20.00 kV |5 10.6 mm|ETD 0

Fig. 2 SEM images of the unmodified (a) and the modified
biomass before (b) and after (¢) adsorption treatment
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(16)

where K, represents adsorption distribution coefficient,
T denotes the absolute temperature (K), and R is the gas
constant (R=8.314x 10> kJ(mol K) ).

3.4 Characterization

The functional groups on the surface of the unmodified
and the modified biomasses were analyzed and identi-
fied qualitatively by Fourier transform infrared spec-
trometer (IR Prestige-21, Japan). All the infrared spectra
were measured over the range 4,000-400 cm™' region
with a resolution of +4 cm . Surface morphology of the
unmodified and the modified biomasses was obtained
using scanning electron microscope (SEM) (JSM-
6360LV, Japan), which is considered as the most reliable
tool for the determination of physical structure of
biosorbents (Ahmed et al. 2014). The elements on the
modified biomass after adsorption treatment were ana-
lyzed by EDS spectrum using energy-dispersive spec-
troscopy (EDX-GENESIS60S, Germany).

3.5 The Elution of Uranium and Regeneration
of Biomass

Different desorption solutions such as HCI, HNOs,
NaOH, Na,CO;, NaHCO;, and ultrapure water were
used to release the uranium absorbed on the modified

Fig. 3 SEM-EDX images of the 21 7

modified biomass after U(VI)
adsorption

1.7
1.2 4
KCnt

0.4

Au

biomass. The modified biomass samples were mixed
with 50-mL regenerating solution in concentration of
0.1 mol L™" and kept shaking in a rotary shaker at 25 °C
and 200 rpm for 2.5 h. The best desorption solution can
be determined based on the amount of desorbed urani-
um calculated in the following formula (Akhtar et al.
2007):

qq = CaV/M (17)

da

The desorption efficiency (%) = (18)
where g, q,; (mg g ') is the amount of the desorbed
U(VI), V (L) is the volume of the desorption solution,
and ¢ (mg g ') is the amount of the adsorbed U(VI).

The adsorption-desorption process was repeated for
five cycles in order to study the performance of the
regenerated adsorbent.

4 Results and Discussion
4.1 Material Characterization
4.1.1 FTIR

Figure 1 shows the FT-IR spectra for the unmodified
A. niger, modified A. niger, and the modified 4. niger

Wi%

Element

CK 18.93 56.16
NK 04.39 11.17
OK 07.54 16.79
SK 0435 04.83
CIK 00.23 00.23
187 27.64 04.14
u AuL 36.93 06.68
Correction
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Fig. 4 Effect of pH on the
adsorption of U(VI) by the i
unmodified and the modified 90
biomass (Co 0.5 mg L™"; m ]
02 gL'; 7298 K; ¢ 150 min) 80 1

100

70—_
60;
50
40;

30 4

Removal efficiency (%)

20 |

—a— unmodified biomass
—o— modified biomass

after adsorption treatment. Curve 1 shows that a
strong band at 3381 cm ' was dominated by —OH
stretching groups in carboxylic and —NH stretching
groups (Erkaya et al. 2014). The peaks observed at
2925 and 2854 cm™' were due to the C—H stretching
(Anirudhan et al. 2012), and the peak at 1641 cm '
was attributed to the C=O stretching in carboxyl
groups (Saeed et al. 2005). Curve 2 shows that the
modification did not generate great changes in the
peaks of the major groups capable of adsorbing
U(VI). Compared with curve 1, a new peak at

4 6 8 10
pH

1053 ecm ' in curve 2 was assigned to the C-N
stretching (Deng and Ting 2005). Curve 2 also
shows a new characteristic peak at 1548 cm ',
which was ascribed to the angular deformation of
the N-H (amine group) of ethylenediamine from the
A. niger (Mwangi and Ngila 2012). Curve 3 shows
that the intensity of the FT-IR spectrum of the
modified biomass loaded with U(VI) was higher than
that of the modified biomass unloaded with U(VI),
indicating that the groups of —OH, —C=0, and —
CONH could interact with U(VI).

Fig. 5 Effect of contact time on 26
adsorption of U(VI) by the
unmodified and the modified
biomass (Cy 0.5 mg L™'; m 244
02 gL', T298 K; pH 7 for the
unmodified biomass, 5 for the
modified biomass) 2.2
)
on
£ 20-
=
1.8
1.6

100

T T T T
[ © © ©
S © N o

T
3
Removal efficiency (%)

T
~
N

—=— q, of modified biomass
—e— q, of unmodified biomass

—A— R(%) of modified biomass
—*— R(%) of unmodified biomass

T
[2]
©

T
[o2]
hS

-100

T T T T T T T
100 200 300 400 500 600 700 800
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Table 1 The comparison of other adsorbents with the modified Aspergillus niger

Adsorbents Couevr) (mg Lfl) Gmasruvr) (Mg gfl) References

Citrus grandis 100 39.37 Saleem and Bhatti 2011
Trichoderma harzianum 100 612 Akhtar et al. 2007
Orange peels 100 16.12 Mahmoud 2013
Immobilized Aspergillus fumigatus beads 60 34.72 Wang et al. 2010
Saccharomyces cerevisiae-crosslinked chitosan-magnetic nanoparticle 50 724 Saifuddin and Dinara 2012
Calcium alginate beads 25 400 Gok and Aytas 2009
Sulfolignin-polyacrylamide graft copolymer (PAAm-SL) 25 45.22 Simsek and Ulusoy 2013
Polyacryl hydroxamic acid 8.87 1.504 Satpati et al. 2014
Acid-activated sodium feldspar 0.5 0.346 Ding et al. 2014
Ethylenediamine-modified biomass of Aspergillus niger 0.5 6.789 Present work

4.1.2 SEM

Figure 2a shows the SEM image of the unmodified
biomass whose surface was smooth. Figure 2b shows
that the surface of the modified biomass became rough;
many foam-like structures occurred on the surface of
biomass; and the biomass became loose and porous due
to the modification. As a result, the specific surface area
of the biomass was significantly increased and the
groups were uniformly distributed on its surface. As
shown in Fig. 2c¢, after the modified biomass adsorbed
U(VI), its surface became more flat. The reason for this

may be that the U(VI) ions combined with the groups on
the surface of the biomass and the gaps on the surface
was then filled with U(VI) (Saeed et al. 2005).

4.1.3 EDS

Figure 3 shows the SEM-EDX images of the mod-
ified biomass after adsorption treatment. In order
to make the surface of film be conductive, the
surface was coated with a layer of gold before
the detection. From the analysis of the elemental

Fig. 6 Effect of initial U(VI) 40
concentration on adsorption of T
U(VI) by the unmodified and the
modified biomass (pH 7 for the 3.6
unmodified biomass, 5 for the
modified biomass; ¢ 120 min for 3.2
the unmodified biomass, 150 min
for the modified biomass; m 28
02gL™"; T298 K) '
o 24
g
o
2.0
1.6
1.2
0.8 4

—&— unmodified biomass
—&— modified biomass

0.2
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Fig. 7 Effect of adsorbent dose 100 4 10
on adsorption of U(VI) by the
unmodified and the modified
biomasses (pH 7 for the 96
unmodified biomass, 5 for the -8
modified biomass; # 120 min for 92 |
the umnodifled biqmass, 150 min _ R (%) of unmodified biomass I
g"grgtlllf)m"d‘ﬁed biomass; T S - —e— R (%) of modified biomass | 5 _
% —A— q of unmodified biomass %
S g —*— q of modified biomass £
b= b * o
[}
E L4
g 80 \
5 *
~
A
76 -
\A\* |5
\A\*
72 | A
68 T T T T T T T T T 0
0.05 0.10 0.15 0.20 0.25 0.30
Biosorption dosage (g/L)

composition of the sample showed in Fig. 3, it can
be seen that the U(VI) adsorbed on the biomass
amounted to 27.64 %. This indicated that the
modified biomass can absorb U(VI) efficiently.

4.2 Effect of Initial pH

Figure 4 shows the effect of pH on the removal efficien-
cy of U(VI) by the unmodified and the modified bio-
mass. For the unmodified biomass, the removal efficien-
cy of U(VI) increased from 1.65 % at pH 2 to 77.8 % at
pH 7, and when the pH was greater than 7, it decreased.
For the modified biomass, the removal efficiency of
U(V]) increased from 49.51 % at pH 2 to 99.25 % at
pH 5, and when the pH was greater than 5, it decreased.
The reason for this variation trend may be that the
presence status of uranium was changed in the solution,
and the active sites were protonated. At low pH, the
predominant species of U(VI) were UO,>", the

concentration of H' ions was greater, and they competed
with UO,*" for binding sites. As pH increased, the
UO,?" shifted to (UO,),(OH),**, (UO,OH)", and
(UO,)3(OH)s" (Moghaddam et al. 2013), which com-
bined more easily with adsorption sites than H', and the
biomass carried more negative charges; thus, they could
attract more U(VI) ions (Chen et al. 2014a, b). With the
further increase of pH, the removal efficiency decreased
with the increase of the concentration of the dissolved
carbonate which could compete with the adsorption site
(Aytas et al. 2011). Therefore, further experiments on
the unmodified and the modified biomass were carried
out for pH values greater than their optimum pH values.

4.3 Effect of Contact Time

It is obviously shown in Fig. 5 that the removal efficien-
cy of the modified biomass was up to 99.25 % at
150 min and the concentration of U(VI) could rapidly

Table 2 Adsorption isotherm constants for the adsorption of U(VI) by the unmodified and the modified biomass

Langmuir

Freundlich

Dubinin-Radushkevich

Gmac(mgg) b (L mg") R R, Kp(Lgh Un R

gm(mgg ) Bmol I E(KImol') R

Unmodified 4.314 6.368
Modified 6.789 54.556

09681 <1 6.140
09747 <1 36.760

0.584 0.9415 3.710
0.616 0.9258 9.049

221x10°%  4.756
1.06x10°%  6.87

0.9624
0.9693

@ Springer



2206, Page 10 of 16

Water Air Soil Pollut (2014) 225:2206

meet the national standard requirements (GB 23727-
2009) within 5 min. The adsorption capacities of the
unmodified and the modified biomass increased rapidly
during the first phase, and they decelerated and reached
equilibrium after 120 and 150 min, respectively. It can
be concluded that the adsorption during the first phase
may be physical adsorption or ion exchange, and the
adsorption during the second phase may be complexa-
tion, microprecipitation, or saturation of the binding
sites (Ronda et al. 2013; Kulkarni et al. 2013).

4.4 Effect of Initial U(VI) Concentration

Although lots of previous research shown in Table 1 has
investigated the removal of U(VI) from mining industry
wastewater, comparatively little research has studied the
adsorption of low concentration of U(VI) for it is more
difficult than high levels of U(VI) concentration, and
this may due to that the driving force provided by the
initial U(VI) concentration could overcome mass trans-
fer resistance in the adsorption process (Kulkarni et al.
2013).

In our study, the effect of different initial U(VI)
concentrations varying from 0.2 to 0.8 mg L™ on the
adsorption of U(VI) by the unmodified and the modified
biomass is shown in Fig. 6. As shown in Fig. 6, the
adsorption capacities of the unmodified and the modi-
fied biomass increased from 0.82 to 2.62 mg g ' and
from 0.99 to 3.85 mg g ! with the increase of the initial
U(VI) concentration, respectively. It can also be ob-
served in Fig. 6 that the adsorption capacity of the
modified biomass was larger than that of the unmodified
biomass at different initial U(VI) concentrations. It
should be noted that neither the adsorption capacity of
the unmodified biomass nor that of the modified bio-
mass have reached the saturation point. Then, the results
could only demonstrate that the U(VI) biosorption ca-
pacity of the modified biomass is higher than that of the
unmodified biomass in low concentration radioactive
wastewater.

4.5 Effect of Adsorbent Dose on Adsorption

As can be seen from Fig. 7, the removal efficiency of
U(VI) by the modified biomass increased from 89.7 to
99.25 % when the adsorbent dose increased from 0.05 to
0.2 gL', and this was due to the increase of the number
of'the active sites for adsorbing U(VI) with the increase
ofthe adsorbent dose. The removal efficiency decreased

@ Springer

slightly when the dose was larger than 0.2 g L ™!, and this
could be attributed to the screening effect or partial

a
16|
| |
14 y=0.0364x+0.2318
“ ] R*=0.9681
12 ]
Ei 104 y=0.0027x+0.1473
E) R’=0.9747
.08
=
0.6 -
0.4 -
A unmodified biomass
0.2 = modified biomass
T N T ’ T N T N T ’ T
0 100 200 300 400 500
1/C, (L/mg)
b 1.6
1.4
1.2
y=0.6158x+3.6044
1.0 R’=0.9388
0.8
@ 06
2
~, 0.4
g
024
0.0
024
04 A unmodified biomass
. ®  modified biomass
0.6 T T T T T T T T
-6.5 -6.0 -5.5 -5.0 -4.5 -4.0 -3.5 -3.0 -25 -2.0 -1.5 -1.0
InC, (mg/L)
c 1.6
1.4
L)
1.2
1.0 y=-1.06 x10*x+2.2027
R’=0.9693
0.8 -
% 0.6
2
~—, 04+
i~
=
02 y=221¥10"x+1.3111
R’=0.9624
0.0
-0.2 4
A unmodified biomass
0.4+ = modificd biomass u
0.6 T T T T
0.00E+000 5.00E+007 1.00E+008 1.50E+008 2.00E+008 2.50E+008
£ (F/mol’)

Fig. 8 Langmuir isotherms (a), Freundlich isotherms(b), and
Dubinin-Radushkevich isotherms (¢) of U(VI) on the unmodified
and the modified biomass
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Table 3 Parameters for kinetic models for the adsorption of U(VI) by the unmodified and the modified biomass

Intraparticle diffusion

Pseudo-second order

Pseudo-first order

RZ

C(mgg")

k(gmg'min™) H(mgg'min) R kiq(mg g ' min %) ¢, (mgg ")

R g.(L g™

k(L mg ")

g (mg g™

0.8277
0.9176

1.52
2.05

0.052

0.9991
0.9999

—1.449

—0.367

1.98
2.46

0.9031
0.9872

0.749 0.059

Unmodified
Modified

248

0.044

7.39

1.222

0.035

0.463
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Fig. 10 Fitted lines of 9.0
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aggregation on the surface of the biomass (Prodromou
and Pashalidis 2013). Although the variation trend of
the removal efficiency of U(VI) by the unmodified
biomass was almost the same as that by the modified
biomass, the maximum removal efficiency by the un-
modified biomass was only 78.88 %.

4.6 Adsorption Isotherms

Table 2 lists the adsorption isotherm constants which
were deduced from the intercepts and the slopes of the
linear plots of 1/gq, versus 1/C, (Fig. 8a), Ing, versus
InC, (Fig. 8b), and Ing, versus > (Fig. 8c), respectively.
The results of correlation coefficient exhibited in Table 1
demonstrated the data of both biosorbents fitted the
Langmuir isotherm best with a satisfactory correlation
coefficient values higher than 0.96. This can be con-
cluded that the adsorption was a monolayer one (Ahmed
etal. 2014) and mainly controlled as chemically (Resmi

etal. 2012). The maximum U(VI) sorption capacity was
4314 mgg " for unmodified biomass and 6.789 mg g~
for modified biomass. This phenomenon showed that
the U(VI) sorption capacity of modified biomass was
relative higher than that of unmodified biomass for the
ethylenediamine treatment provided more amine groups
and then more sites could be used in U(VI) sorp-
tion. The value of b for the modified biomass was
also higher than that of unmodified biomass,
which implied the ability of bonding uranium for
the unmodified biomass was stronger. Since the
value of Ky of the modified biomass was higher
than the unmodified biomass, it can be considered
that the adsorption capacity of the modified bio-
mass was higher than the unmodified biomass.
The results of Table 2 indicate the adsorption pro-
cesses were favorable. For both kinds of the biosorbents,
althoughE were less than 8§, their correlation coeffi-
cients of Langmuir isotherms were larger than D-R
isotherms, which indicated that the adsorption process

Table 4 Thermodynamic parameters for the adsorption of U(VI) by the unmodified and the modified biomass

AH® (kJ mol ") AS® Jmol ' K AG® (kI mol ™)
238 K 288 K 293 K 298 K 303 K
Unmodified 5.09 69.37 -14.51 ~14.93 -15.25 -15.57 -15.91
Modified 27.52 164.16 -19.02 -19.71 -20.63 -21.2 -22.33
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Table S Desorption rate for different desorption solutions

Desorption agent Desorption rate (%)

HCI 91.98
HNO; 99.21
NaOH 80.74
Na,COj3 2.02
NaHCO; 1.63
Ultrapure water 1.22

of U(VI) was given priority to with chemical adsorption
accompanied by physical adsorption.

4.7 Kinetic Modeling
versus 1'% (Fig. 9¢) are summarized in Table 3. As can
be seen, the adsorption kinetic data show a very good
agreement with the pseudo-second-order model as the
correlation coefficients for the two adsorbents were over
0.999. The theoretical values of ¢, were 1.97 mg g~ ' for
the unmodified biomass and 2.45 mg g ' for the mod-
ified biomass, and they were very close to the experi-
mental data (qel,unmodiﬁed:2 mg gils qe1,modified =
2.48 mg g ). Based on these results, it could be con-
cluded that the adsorption process of U(VI) was mainly
dominated by chemical adsorption, which could be at-
tributed to ion exchange, chelation, and complex

between the adsorbent and the adsorbate (Kushwaha
and Sudhakar 2013).

4.8 Thermodynamic Studies

Figure 10 shows the plot of InK,; versus 1/7, and the
thermodynamic parameters obtained from the plot are
presented in Table 4. It can be seen that all the values of
AG® for the unmodified and the modified biomass were
negative, indicating that the adsorption of U(VI) by both
the adsorbents were spontaneous. Meanwhile, for both
adsorbents, the values of AG® decreased gradually with
the increase of the temperature, indicating that rising
temperature was conducive to U(VI) adsorption at high
temperature (Gok and Aytas 2009). The positive value of
AH° for the unmodified and the modified biomass were
found to be 5.09 and 27.52 kJ mol ', respectively, indi-
cating that the adsorption processes were endothermic.

The positive value of AS® suggested that the degree
of randomness was increasing at the solid-liquid inter-
face attributed to the liberation of the free water mole-
cules to the solution during the adsorption of U(VI) by
both biosorbents (Bai et al. 2013).

4.9 Desorption, Regeneration, and Reuse Studies

HCI (0.1 mol L™"), HNO;, NaOH, Na,COs;, NaHCOs,
and ultrapure water were used to conduct experiments

Fig. 11 Results of experiments
on five cycles of adsorption- 100
desorption using 0.1 M HNO; as
desorption agent
99
S
&
= 98 +
=]
Q
Qo
)
o
.5 97 |
&
2
O
8 96
95

[ —m— modified biomass]|

@ Springer



2206, Page 14 of 16

Water Air Soil Pollut (2014) 225:2206

on the desorption, and the results were given in Table 5.
It can be seen that 0.1 mol L™' HNO; was the optimum
eluant for the desorption, and the desorption rate of
U(VI) reached 99.21 %.

Experiments on five cycles of adsorption-desorption
were conducted using 0.1 mol L™' HNOs, and the
results are presented in Fig. 11. In the desorption exper-
iments, the desorption rates maintained between 95.38
and 99.09 %. The results indicated that the modified
biomass could be regenerated and reused for extracting
U(VI) from low concentration radioactive wastewater.

5 Conclusions

The adsorption experiments showed that under the ex-
perimental conditions that the initial U(VI) concentra-
tion of the low concentration radioactive wastewater
was 0.5 mg L™, pH was 5, and the dose of the modified
biomass of 4. niger was 0.2 g L', the adsorption arrived
at equilibrium in 150 min, the removal efficiency of
U(VI) amounted to 99.25 %, and the U(VI) concentra-
tion decreased to the level lower than the maximum
acceptable concentration of uranium for drinking water.
The equilibrium isotherm of the adsorption was found to
be in good agreement with Langmuir model, and the
maximum adsorption capacity of the modified biomass
for U(VI) was calculated to be 6.789 mg g '. The
adsorption kinetics was found to follow the pseudo-
second-order model, indicating that the adsorption pro-
cess of U(VI) was dominated by chemical adsorption
between the modified biomass and the U(VI) ions. The
thermodynamic studies showed that the adsorption pro-
cess of U(VI) was feasible, spontaneous, and endother-
mic. FT-IR analysis was conducted, and the amide and
hydroxyl groups on the surface of the modified biomass
were found to be responsible for the adsorption of
U(VI). The desorption and regeneration studies showed
that 0.1 mol L™' HNO; was the most effective desorp-
tion agent, and the desorption rate was still as high as
95.38 % after five cycles of adsorption and desorption.
The results show that the biosorption method based on
the ethylenediamine-modified biomass of 4. niger was
an effective and economical one for treating the low
concentration radioactive wastewater.
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