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Abstract
The amidoxime-functionalized biopolymer/graphene oxide gels were prepared and their performance in the application of 
the adsorption separation of uranium (VI) in aqueous solution has been studied. The prepared gels were characterized by 
using scanning electron microscopy, energy dispersive spectroscopy, Fourier transformed infrared spectra, and X-ray dif-
fraction to determine the microscopic morphology, chemical composition and crystal structure. The adsorption performance 
of the gels including the effects of solution pH and contact time on the adsorption capacity has been evaluated by a batch 
adsorption technology. The adsorption isotherms and kinetics were measured, and the experimental data were analyzed and 
shown to be agreed with the Langmuir isotherm and the pseudo-second-order kinetic model. The results demonstrated that 
the adsorption process was the rate-limiting step in the separation process.
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List of symbols
c0  U(VI) ion concentration in the initial solution 

(mg L−1)
ce  U(VI) ion concentration at equilibrium (mg L−1)
ΔG°  Change in the Gibbs free energy (J mol−1)
ΔH°  Change in standard enthalpy (J mol−1)
K1  Rate constant (L min−1)
K2  Rate constant (g mg−1 min−1)
Kd  Distribution constant (mL g−1)
Kd,M  Distribution coefficients of the competing metal ion 

(L g−1)
Kd,U  Distribution coefficients of U(VI) (L g−1)
KF  Constants of Freundlich model (mg g−1)
KL  Constant of Langmuir model (L mg−1)
m  Weight of adsorbent (g)
n  Freundlich linearity index

qe  Amount of U(VI) ions adsorbed at equilibrium 
(mg g−1)

qm  Theoretical maximum adsorption capacity per unit 
weight of the adsorbent (mg g−1)

qt  Amount of it at time t (mg g−1)
R  Universal gas constant (8.314 J mol−1 K−1)
ΔS°  Change in standard entropy (J mol−1 K−1)
SU/M  Distribution selectivity coefficient
T  Temperature (K)
t  Time (s)
v  Volume of the solution (L)

Introduction

Nuclear energy has many benefits advantages our life, how-
ever, it has also generated a large amount of uranium-con-
taining wastewater, which is very hazardous and possesses 
a seriously threat to human being and bio-organisms. There-
fore, it has to be managed and treated carefully before being 
discharged into the environment [1]. Recently, there have 
been numerous remediation technologies proposed, studied 
and developed for the removal of uranium, such as chemi-
cal precipitation [2], ion exchange processes [3, 4], solvent 
extraction [5], biological treatment [6], membrane processes 
[7, 8], and adsorption [9, 10]. Among these approaches, 
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adsorption is widely used due to its low cost, high efficiency, 
and easy-to-operate.

Due to their higher surface area and multiple active sites, 
nanoparticles have been considered as one of the most suit-
able efficient adsorbents for the nuclear wastewater treatment 
application [11]. Graphene oxide (GO) is a type of two-
dimensional carbon nanomaterials. A large quantity of oxy-
gen atoms is present on the surface of the GO in the forms 
of epoxy, hydroxyl, and carboxyl groups, which make GO 
more soluble in aqueous solution and easier to be chemically 
modified [12]. However, the use of GO results in irreversible 
coagulation, which would slow down the process of adsorp-
tion and decrease the adsorption capacity. In our previous 
work [13, 14], chitosan (CS), bovine serum albumin (BSA) 
and sodium carboxymethyl cellulose (CMC) could graft on 
to the surface of GO and provide required stability for effec-
tive removal of uranium (VI).

Uranium-containing wastewater often contains differ-
ent coexisting ions such as  Nd3+,  La3+,  Ce3+,  Sr2+,  Ni2+, 
 Co2+ and  Ba2+. Therefore, how to improve the selectivity 
of adsorbents on uranium over other ions in the wastewater 
is a critical aspect of the application. Amidoxime, one of 
the most effective chelating groups, has attracted increasing 
attention for its demonstration of the enhancement on selec-
tive adsorption of Uranium [15, 16]. According to recent 
studies [17–19], amino acids, polyamines and metformin, 
which contain multiple nitrogen based moieties, can facili-
tate the binding of the –COOH or –OH groups onto biopoly-
mer/graphene oxide gels by hydrogen bonds or acid–base-
type electrostatic attraction, transforming the assembly of 
GO nanosheets into hydrogels. Therefore, it is a reasonable 
speculation that the amidoxime functionalized biopolymer/
GO gels may serve as adsorbents with high selectivity to 
uranium (VI).

This study focuses on the synthesis of amidoxime-func-
tionalized biopolymer/graphene oxide gels and the assess-
ment of its selectivity adsorption capability of U(VI). The 
adsorption performance of GO-CS-AO/GO-CMC-AO 
toward U(VI) under various conditions was evaluated by 
batch experiments. The effects of initial concentrations, pH 
value, temperature and contact time, were studied to deter-
mine the optimum adsorption conditions. The adsorption 
isotherms, kinetic models, and thermodynamic parameters 
of the adsorption process, which is critical for potential 
application of the adsorbent, were also investigated.

Materials and methods

Materials

Graphite powder (99.85%, average particle size of ≤ 30 μm) 
were purchased from Sinopharm Chemical Reagent Co., Ltd 

(China). Chitosan (CS) in flake form, with a deacetylation 
percentage of approximately 90% was purchased from China 
Chemical Agent Co., Ltd. Sodium carboxymethyl cellulose 
(CMC, 263.2) was purchased from Aladdin Chemical Rea-
gent CO., Ltd (China). All other chemical agents of analyti-
cal reagent grade were used without further purification. The 
water, which was deionized by a Milli-Q Water Purification 
system, was used throughout the work. GO were prepared 
by modified Hummers method.  U3O8 need to be dried at 
105 °C for 2 h before the U(VI) stock solution preparing. For 
preparing stock solution with concentration of 1 mg mL−1, 
1.1792 (± 0.0001) g of  U3O8 was dissolved in a 1000 mL 
flask with deionized water [14].

Preparation of GO‑CMC‑AO/GO‑CS‑AO

GO-CS and GO-CMC gels were prepared by using a similar 
procedure as described in the literatures [13, 14].

The GO-CS-AO/GO-CMC-AO was prepared from 
3-Aminopropyltriethoxysilane (APTES) with amidoxime 
groups. 200 mg of GO-CS/GO-CMC gels was dispersed in 
the mixture containing 100 mL absolute ethanol, 5 mL of 
ammonia and 100 μL APTES. The suspension was stirred 
at 25 °C for 16 h and then the dispersion were filtered and 
washed alternately with deionized water and pure alcohol 
for 3 times, respectively. The product was dried in a vacuum 
oven at 60 °C for 12 h.

The acrylonitrile (AN) was pretreated by reflux extraction 
method. 500 mg of this product was ultrasonic dissolved in 
50 mL of dimethyl sulfoxide (DMSO). 0.5 g of azodiisobu-
tyronitrile (AIBN) and 2 mL of purified AN were added in 
the above solution. Then it was stirred in a 65 °C water bath 
for 72 h. After separating the mixture by centrifugation, the 
solid phase was washed with DMSO for 3 times followed 
by washing with deionized water for 5 times. Finally, the 
product was dried in vacuum at 60 °C. The second product 
was put into a 80 mL mixture of methanol and deionized 
water (1:1 volume ratio), followed by the addition of 1.08 g 
of sodium carbonate and 1.40 g of hydroxylamine hydro-
chloride. Thus made mixture was stirred at 65 °C for 36 h 
and isolated by centrifugation. The filtered solid was washed 
with deionized water for 5 times and dried in a vacuum oven 
at 60 °C for 12 h. Thus obtained products were referred as 
GO-CS-AO/GO-CMC-AO gels in the paper.

Adsorption experiments

In each experiment, 10 mg of the adsorbents were added into 
a 20 mL U(VI) solution with known concentration and pH 
value in a flask. The pH value was adjusted by 0.1 mol L−1 
 HNO3 and 0.1 mol L−1 NaOH solution. After shaking the 
flask at a thermostatic shaker bath for 3 h, this mixture 
was centrifuged at 5000 rpm for 10 min to separate the 
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suspension from the solution. The concentration of U(VI) 
in the solution was determined by the arsenazo III method 
with a visible spectrophotometer at 650 nm. The adsorption 
amount of U(VI) was calculated according to Eq. (1):

Characterization

The prepared gels were characterized by the following 
instruments. The Infrared spectra were obtained using the 
KBr disc method (400–4000 cm−1) on a FTIR spectrometer 
(Nicolet 380, Thermo Scientific Brand, USA). XRD pattern 
of samples were carried out on D8-A25 (Bruker Instrument 
Co., Ltd., Germany). The SEM image and the EDS analysis 
were conducted on Nova Nano scanning electron micros-
copy 450 (FEI Co., Ltd., USA) and EX-250x (Horiba Co., 
Ltd., Japan), respectively.

Result and discussion

Characterization of GO‑CS‑AO/GO‑CMC‑AO gels

The surface morphologies of GO-CS-AO/GO-CMC-AO 
revealed by SEM analysis were depicted in Fig. 1. The 
thicker GO nanosheets was observed in both Fig. 1a, b. It 
also shows clearly a rough surface containing a large num-
ber of wrinkles, which were different from that of GO (not 
shown). The interconnected pores shown in Fig. 1, enable 
the solute in the solution to diffuse through the gels, making 
GO-CS-AO/GO-CMC-AO suitable to the further applica-
tions of U(VI) adsorption.

FTIR spectra of GO-CS-AO/GO-CMC-AO were 
shown in Fig. 2. For GO-CS-AO, the characteristic peaks 
at 1633 cm−1 and 1550 cm−1 relate to correspond to the 
vibrations of –NH2 group and O=C stretching of the car-
boxyl group, respectively. The new broad adsorption 
bands at 1340 cm−1 and 1047 cm−1 correspond to –CH2, 

(1)qm =

(

C0 − Ce

)

v

m
.

and C–O–C groups. For GO-CMC-AO, the characteristic 
peaks at 1560 cm−1 and 1330 cm−1 belong to –NH2 in the 
amidoxime group and the C–O–C groups, respectively. The 
new peak observed at around 900 cm−1 in both GO-CS-
AO and GO-CMC-AO is the vibrational absorption peak of 
the amidoxime group (N–O group). These results confirm 
the successful formation of GO-CS-AO/GO-CMC-AO gels 
through cross-linking.

XRD pattern of the samples were measured to further 
confirm the success of synthesis procedure. As shown in 
the Fig. 3, the characteristic diffraction peak of GO at 12.2° 
decreased, and the diffraction peak of chitosan at 2θ = 23° 
has weakened in Fig. 3 (right), the diffraction peak (at 12.2°) 
disappeared and a sharp peak (at 21.6°) was observed from 
Fig. 3 (left), indicating existence of typical crystalline struc-
ture of cellulose. All these changes in the XRD patterns sug-
gest that GO was transformed to GO-CS-AO/GO-CMC-AO 
successfully.

The SEM–EDS analysis along with elemental mapping 
was carried out for U(VI)-loaded GO-CS-AO/GO-CMC-
AO and the imagines were shown in Fig. 4. Based on the 
EDS analysis, U (VI) ions had been adsorbed onto the 

Fig. 1  SEM images of GO-CS-
AO (a) and GO-CMC-AO (b)

Fig. 2  FTIR spectra of GO-CS-AO and GO-CMC-AO
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GO-CS-AO/GO-CMC-AO successfully. Figure 4 shows the 
SEM with EDS spectra of O and C which are principle com-
ponents of the gels. Moreover, it was clearly observed from 
the mapping images that uranium was uniform distributed 
in the gels.

Effect of pH on adsorption

The pH may affect the U(VI) species distribution and the 
acid–base properties of the sorbent, and therefore, influences 
the affinity to U(VI). The results of pH (range from 3.5 to 
6.5) effect on the adsorption process with the initial U(VI) 
concentration of 100 mg L−1 at 298 K are shown in Fig. 5. 
The U(VI) adsorption capacity of GO-CS-AO/GO-CMC-
AO increased dramatically as the pH value increased. It is 
due to the variation of uranium speciation and the changes 
of adsorbent surface charges at different pH conditions. 
A relatively high concentration of  H+ at lower pH value 
leads to the increasing competition between  H+ and the 
positive uranium species such as  UO2

2+,  UO2(OH)+, and 

Fig. 3  XRD pattern of GO-CS-
AO (right) and GO-CMC-AO 
(left)

EDS

USEM SEM U

EDS

Fig. 4  SEM-EDS mapping of U(VI)-loaded GO-CS-AO (left), GO-CMC-AO (right) of selected area

Fig. 5  Effect of pH on adsorption
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 (UO2)3(OH)5+ for the available adsorption sites. Thus, it 
would protonate the carboxyl and hydroxyl groups of the GO 
sponge and GO-biopolymer gels to form –COOH and –OH 
groups. With increasing pH value, the reducing concentra-
tion of  H+ results in the conversion of the –COOH and –OH 
into –COO– and –O– groups, respectively. The negative 
charged groups create the electrostatic attraction between 
GO-CS-AO/GO-CMC-AO surface and the cationic uranium 
species. Moreover, the adsorption capacity of U(VI) slightly 
decreased at pH of 6.5 since the further increased pH value 
will lead electrostatic between the ions. As a result, the opti-
mal pH of 6.0 was selected in the subsequent experiments.

Adsorption kinetics

The adsorption kinetics is closely related to the contact time. 
Kinetic studies were performed at 288, 298, 308 K respec-
tively. The effect of the contact time has been investigated 
over the range from 5 to 180 min with the initial U(VI) con-
centration of 100 mg L−1 at pH of 6.0, the results were plot-
ted in Fig. 6. As shown, the adsorption capacity of U(VI) 
increases with increasing contact time. The capacity levels 

off at contact time of between 120 min and 180 min at all 
different temperatures. Hence, 120 min appears to be the 
optimum contact time and would be used for all the conse-
quent experiments.

The pseudo-first-order rate equation and the pseudo-sec-
ond-order rate equation were applied to assess the experi-
mental data of U(VI) ions absorbed onto GO-CS-AO/GO-
CMC-AO gels to determine the adsorption mechanism. 
These two rate equations can be expressed as follows:

The pseudo-second-order model (t/qt vs. t  ) generated 
by using nonlinear methods was shown in the inset of 
Fig. 6. The corresponding data of pseudo-first-order model 
( ln (qe − qt) vs. t, not shown) and the pseudo-second-order 
model are summarized in Table 1.

From Table 1, the correlation coefficient (R2) value of 
pseudo-second-order kinetic model is significantly larger than 

(2)ln
(

qe − qt
)

= ln qe − K1t

(3)
t

qt
=

1

qe
t +

1

K2q
2
e

.

Fig. 6  Effect of Contact time on adsorption capacity for GO-CS-AO (left) and GO-CMC-AO (right); Inset shows the linearized pseudo-second-
order plot

Table 1  Kinetic parameters for the pseudo-first-order and pseudo-second-order models

Adsorbents T (K) C0 (mg L−1) qe,exp (mg g−1) Pseudo-first-order Pseudo-second-order

K1  (min−1) qe,cal (mg g−1) R2 K2 (mg min−1) qe,cal (mg g−1) R2

288 100 126.7 3.54 322.5 0.838 4.96 165.56 0.990
GO-CS-AO 298 100 135.78 2.42 184.0 0.905 4.23 171.52 0.993

308 100 149.17 3.10 263.0 0.852 4.45 181.56 0.986
288 100 153.64 3.06 290.5 0.763 6.02 162.86 0.983

GO-CMC-AO 298 100 163.68 2.86 265.1 0.834 7.14 172.11 0.995
308 100 175.80 3.22 321.6 0.920 7.15 182.81 0.998
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that of pseudo-first-order kinetic model. Therefore, it indicates 
that pseudo-second-order kinetic model fits the experimental 
data better than the pseudo-second-order models, as illustrated 
in the insets of Fig. 6. The data in Table 1 indicate that the cur-
rent adsorption process might be considered as chemisorption 
and is rate-limiting step.

Effects of initial ions concentration on adsorption

In adsorption processes, the equilibrium isotherm studies for 
predicting the behavior of U(VI) ions adsorption onto the 
adsorbent surfaces are necessary and critical. The obtained 
experimental data were nonlinearly regressed by using the 
Langmuir and Freundlich isotherm models as expressed in 
the following equations:

(4)
Ce

qe
=

Ce

qm
+

1

qmKL

(5)ln qe = ln KF +
1

n
ln Ce.

The Ce versus qe of U(VI) on GO-CS-AO/GO-CMC-AO 
is plotted in Fig. 7. The adsorption capacity approached satu-
ration level gradually, and the adsorption amount increased 
with the increasing initial concentration. The Langmuir 
isotherm (Ce vs. Ce/qe) on GO-CS-AO/GO-CMC-AO for 
the adsorption process are plotted in the inset in Fig. 7. As 
shown, the Langmuir model fit the adsorption data very 
well, suggesting a monolayer coverage on both adsorbents.

The corresponding parameters calculated from the two 
isotherms models are summarized in Table 2. It shows high 
correlation coefficient, indicating that Langmuir and Fre-
undlich models are applicable and the adsorption of U(VI) 
onto GO-CS-AO/GO-CMC-AO surface undergoes a process 
of monolayer coverage. The Langmuir isotherm model was 
found to fit the adsorption data better based on the value of 
correlation coefficient. Estimated from the Langmuir model, 
the maximum capacity of U(VI) absorbed onto GO-CS-AO 
is 248.75 mg g−1 which is lower than that of GO-CMC-AO 
(327.86 mg g−1).

The batch adsorption results of U(VI) ions removed by 
reported adsorbents are listed in Table 3. As shown, the maxi-
mum adsorption capacity of GO-CS-AO/GO-CMC-AO are 
higher than the reported results, indicating that they are two 

Fig. 7  Effects of initial concentration on adsorption capacity for GO-CS-AO (right) and GO-CMC-AO (left); Inset shows the linearized Lang-
muir plot

Table 2  Constants in Langmuir 
and Freundlich isotherms

Adsorbents T (K) qm,exp (mg g−1) Langmuir Freundlich

qm,cal (mg g−1) Kd (L mg−1) R2 KF (mg g−1) n R2

288 187.27 238.25 0.015 0.981 15.03 2.35 0.897
GO-CS-AO 298 225.95 245.09 0.016 0.993 11.55 2.60 0.905

308 243.36 248.75 0.023 0.996 14.60 2.56 0.913
288 260.85 302.11 0.152 0.993 75.92 2.38 0.904

GO-CMC-AO 298 286.85 315.57 0.178 0.993 78.63 2.60 0.935
308 306.98 327.86 0.182 0.996 77.64 2.78 0.962
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highly effective adsorbents. Therefore, these two adsorbents 
could achieve enhanced adsorption selectivity of U(VI) from 
wastewater containing coexisting ion.

Effects of temperature on adsorption

Thermodynamic considerations of an adsorption process are 
necessary to determine whether the process is spontaneous or 
not. The relationship among standard enthalpy (ΔH°), stand-
ard entropy (ΔS°) and Gibbs free energy (ΔG°) were described 
by Eqs. (6) and (7):

(6)ln KL = −
ΔH◦

RT
+
ΔS◦

R

(7)ΔG◦ = ΔH◦ΔTΔS◦

The Van’t Hoff plots shown in Fig. 8 were used to deter-
mine the values of ΔH° and ΔS° based on Eq. (6). The 
values of ΔH° and ΔS° could be obtained from the slope 
and intercept of Fig. 8 (lnKd vs. 1/T). Moreover, based on 
the value of ΔH° and ΔS°, the value of ΔG° was calculated 
by using Eq. (7). The thermodynamic parameters of the 
adsorption isotherms at 288, 293, 298, 303 and 308 K are 
listed in Table 4. The decrease of ΔG° value with the ris-
ing temperature demonstrates a more energetically favora-
ble adsorption at higher temperatures. The positive values 
of ΔH° suggest that these two adsorptions are endothermic 
reactions, which are consistent with the effect of temper-
ature. Some structural changes, caused by the displace-
ment of adsorbed water molecules occurred during the 
adsorption process. The positive values of ΔS° implies the 
increasing disorderness and randomness with increasing 
at the solid-solution interface. All the above mentioned 

Table 3  Comparison of the 
U(VI) removed by various 
adsorbents

Material pH Temp. (K) Equilibrium 
time (min)

Adsorption 
capacity (mg g−1)

References

GO@chitosan 5.0 313 150 204.1 [13]
GO@cellulose 5.0 303 150 101.0 [20]
UiO-66@amidoxime 5.5 313 800 227.8 [21]
Mesoporous silica @ amidoxime 5.0 298 120 277.3 [16]
GO-CS-AO/GO-CMC-AO 6.0 308 120 248.75/327.86 This study

Fig. 8  Van’t Hoff plots for the uptake of U(VI)

Table 4  Thermodynamic 
parameters of U(VI) adsorption 
at different temperature

Adsorbents ΔH° (kJ mol−1) ΔS° (J mol−1 K−1) ΔG° (kJ mol−1)

288 K 293 K 298 K 303 K 308 K

GO-CS-AO 22.69 143.52 − 18.64 − 19.36 − 20.08 − 20.79 − 21.51
GO-CMC-AO 28.73 156.37 − 1 6.30 − 17.09 − 17.87 − 18.65 − 19.43

Fig. 9  Selective adsorption of U(VI) on GO-CS, GO-CS-AO, GO-
CMC, and GO-CMC-AO
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thermodynamic characteristics reflects the affinity of the 
GO-CS-AO/GO-CMC-AO towards the U(VI). 

Adsorption selectivity

The selective adsorption of GO-CS-AO/GO-CMC-AO for 
U(VI) ion with the coexistence of  Nd3+,  La3+,  Ce3+,  Sr2+, 
 Ni2+,  Co2+ and  Ba2+ ions has been investigated with the 
m/V = 0.5 g L−1, C0 = 100 mg L−1 for a single metal ion 
at pH of 6.0. The adsorption process of U(VI) and the 
seven competing cations on GO-CS-AO/GO-CMC-AO 
are described according to their distribution coefficients 
( Kd ). The distribution selectivity coefficient (SU/M) were 
calculated as follows:

Figure 9 shows the distribution coefficients of U(VI) 
and coexist ions on GO-CS, GO-CS-AO, GO-CMC, and 
GO-CMC-AO. As shown, the adsorption capacity of U(VI) 
ions on GO-CS-AO/GO-CMC-AO composites is much 
higher than those of other metal ions. Such outstanding 
selectivity is mainly attributed to the grafted groups (the 
–NH2, –N–OH moiety). The –NH2, –N–OH moiety con-
tribute directly to the adsorption of U(VI) ions on GO-CS-
AO/GO-CMC-AO composites. Compared with GO-CS/
GO-CMC, the highly selective adsorption resulted from 
the plentiful amino groups of amidoxime in GO-CS-AO/
GO-CMC-AO. It supports the conclusion that amidoxime 
functionalization adopted in this study is effective and that 
GO-CS-AO/GO-CMC-AO exhibits desirable selectivity 
for U(VI) over a range of coexisting metal ions.

Regeneration studies

The regeneration of adsorbent is important in commer-
cial implementations. 0.1 M  HNO3 was used as desorp-
tion agent in this study. Figure 10 shows the adsorption 
efficiency of the adsorbent after one to four adsorption/
desorption cycles. As shown in Fig. 10, with increasing 
number of cycles, the adsorption capacities of U(VI) on 
the GO-CS-AO/GO-CMC-AO decreased gradually. The 
removal efficiency remained at over 90% of the initial 
value after four cycles, and then it decreased from the fifth 
cycle. Therefore, the good performance of the regenerated 
GO-CS-AO/GO-CMC-AO adsorbents makes them suitable 
for U(VI) adsorption.

(8)Kd =
C0 − Ce

Ce

×
V

m

(9)SU/M =
kd,U

kd,M
. Conclusions

In conclusion, the preparation of amidoxime-functional-
ized biopolymer/graphene oxide gels and their applica-
tion for U(VI) adsorption separation from aqueous solu-
tion were investigated in this study. The analysis results 
of FTIR, XRD, SEM, and EDS indicated that the GO-
CS-AO/GO-CMC-AO were synthesized successfully. The 
factors which affect the U(VI) adsorption were studied 
by batch experiments, and solution pH of 6.0 and contact 
time of 120 min were found to be the optimum conditions 
for U(VI) absorbed onto GO-CS-AO/GO-CMC-AO. As 
compared to Freundlich model, Langmuir model demon-
strated better description of the adsorption progress. The 
results indicated that the homogeneous solid surface of the 
synthesized gels with the regular monolayer adsorption 
of U(VI). The adsorption kinetics followed the pseudo-
second-order rather than pseudo-first-order kinetic model. 
The parameters of the adsorption thermodynamics calcu-
lated from the temperature dependent isotherms suggested 
that the adsorption process was endothermic and spontane-
ous. The adsorption selectivity was evaluated by compar-
ing the adsorption efficiencies of single ion solution with 
that of solution containing coexisting ions.
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