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This work is based on the investigation of uranyl (V1) ion adsorption onto natural diatomite using batch
sorption method under different parameters such as pH, initial ion concentration, adsorbent amount and
effect of sulfate ion as a foreign ion. 8-hydroxyquinoline is used as a chromogen forming a pale-yellow
complex with U 022+ ions in chloroform, the absorbance was measured spectrophotometrically at Amax 460
nm, obtaining a linear calibration curve with R?=0.998, LOD=3.03 mg/L and LOQ=9.21 mg/L. Prior to
the implementation of the batch experiment, the morphology and composition of diatomite was confirmed
using XRF (Bruker S8 Tiger), XRD (Bruker D5005), FTIR (Bruker Vector 22), and SEM (JEOL JSM-
5610 LV) techniques. From spectrophotometric analysis, the results showed that the maximum uranyl ion
adsorption distribution coefficient reached at the initial concentration of 50ppm, pH 4.5, contact time 5hrs
and adsorption dosage of 2 g/L. There was no significant effect of sulfate ion on the adsorption affinity.
Adsorption isotherm was studied by Langmuir which was favourable model fitting with R?=0.996 and
maximum adsorption capacity of 16mg/g, and separation factor R, = 0.0122. Freundlich isotherm model
also applied for the same data and give a very straight line with R?= 1.00 and maximum adsorption
capacity of 200 mg/g. Temkin model was less fit and gave a negative isotherm curve with R?= 0.78, Ky=
0.9405 L/g, br=24.724 J/mol. Langmuir and Freundlich isotherms gave exothermic adsorption while
Temkin gave an endothermic one.
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1. Introduction

The rapid growth of contemporary corporations is creating major
threats to environmental ecosystems and human health through the
creation of contaminants such as: organic pollutants, heavy metals,
and radionuclides [1]. Radioactive nuclides enclosed in nuclear waste,
suchas %°Co, *Eu, 22Th, 25U, 2%Pu, and 2**Am, directly contaminate
surface water and groundwater sources [2]. Due to their persistent
radioactivity, these radionuclides accumulate in food chains and harm
human organs via radiation and metabolic reactions [3]. Consequently,
public anxiety over the safe disposal of nuclear waste exists [4]. Many
methods, such as chemical precipitation [5], ion exchange [6],
membrane separation [7], extraction [8] and adsorption [9, 10], have
been investigated for extracting and preconcentrating radionuclides
from contaminated wastewater [4]. Compared to other methods,
adsorption technology is repeatedly used to remove radionuclides
from agueous solutions because of its high efficacy, low cost and ease
of use.

Diatoms, which are extremely tiny opaline skeletons of diatomic
algae, or their fragments, make up the majority of the light, fine-porous
rocks known as diatomites. Diatomites come in a variety of colours,
including white, brownish grey, light grey, and yellowish grey.
Diatomites sometimes have adark and brown appearance because they
include organic contaminants such as plant remnants. It is appropriate
to describe diatoms as nanomaterials because their pores and pore
walls frequently have nanoscale dimensions. Each diatomite skeleton
has a distinctly organized micro- and nanoporous structure, as shown
in photomicrographs [11]. Diatomite has a structure that results in a
low density and a strong heat-insulating capacity when compared to
other materials with comparable compositions [12]. In this study,
natural white diatomite, as received without pretreatment and
characterized using XRF (Bruker S8 Tiger), XRD (Bruker D5005),
FTIR (Bruker Vector 22), and SEM (JEOL JSM-5610 LV) techniques
to assure its composition and morphology. The material was used to
study the removal of uranyl ions from aqueous solution following
batch experiment techniques. The study was conducted at different pH
values, initial ion concentrations and adsorbent amounts. Diatomite
was chosen for this work due to its porosity, availability, and density.
2. Experimental work

2.1 Materials

To prepare a stock solution of 1000 ppm UOZ™, an accurate amount
(2.2092 g) of uranyl nitrate hexahydrate, UO3(NO3)2.6H20 was
dissolved in sufficient amount of deionized water and the volume was
completed to 1000mL in volumetric flask. A 2.5% solution of 8-
hydroxyqunoline (8-HQ) was prepared in chloroform. 0.001, 0.01 and
0.1 N solutions of NaOH and HCI were prepared and used for pH
adjustment. Sulphate ion solutions, at concentrations of 2000, 3000
and 4000 ppm of sulfate ion solutions were prepared using potassium
sulfate.

2.2 Procedures

A raw diatomite sample was obtained from the Industrial Research
Centre, (Tripoli Libya) was manually ground using a porcelain mortar
and pestle. The material was passed through a 75-micron sieve and
then used without any further treatment. Using a batch experiment
method, the adsorption of uranyl ions was studied condsidering the
effects of several parameters such as: contact time, pH, initial ion
concentration, adsorbate amount and the presence of sulfate ions.
Unless stated a 100ppm solution was used for the experiments. The
pH was fixed at 4.5 + 0.05 for all the experiments except for when the

effect of pH was studied. The experiments were conducted in 50 mL
plastic tubes. Exact amounts of uranyl ions from the 12000ppm solution
were transferred to the tubes. Deionized water was added to a final
volume 30 mL. The pH was adjusted as required using diluted
solutions of HCI and NaOH. After the pH was adjusted, the mixture
was adjusted to 40 mL, well shaken after which 0.08+0.0005 g amount
of diatomite was added to a final dose of 2g/L for every experiment
except where the adsorbent amount was investigated. The tubes were
shaken at 80 strokes/minute for 3 hours (with a Memmert water bath),
centrifuged for 20 minutes at 4000 rpm (OHAUS) and finally filtered
through Whatman filter paper number 41. In a suitable separating
flask the remaining uranyl ions were then extracted using four aliquots
of a solution of 8-HQ-chloroform (10, 5, 5, 5mL), which were
collected together in a 50 mL volumetric flask and completed to the
mark with chloroform. Finally, the absorbance was measured at a
wavelength of 460nm using a DR 3900 spectrophotometer (HACH).
A calibration curve was established by preparing a series of uranyl ion
solutions (1.0 — 50.0 mg/L) were prepared by taking exact amounts of
uranyl stock solution (1000mg/L) to appropriate separatory funnels
(150mL), deionized water was added to make the aqueous phase
50mL. 10mL of 2.5% 8-HQ in chloroform were then added to each
funnel. After vigorously shaking, the lower organic layer was carefully
separated into 50mL volumetric flask. The aqueous layer remaining in
the separatory flask was then treated by three 5mL portions of 8-HQ
solution, and the extracts were collected together in the volumetric
flask. Finally, the volume was diluted to the mark with chloroform,
well shaken and measured spectrophotometrically at A 460 nm.

3. Results and Discussion

3.1 Mineral characterizations

The diatomite material was characterized by XRF, XRD, IR, and
SEM. Table 1 shows that the main components of the diatomite
mineral is SiO2 (87.5%), Al.03 (5.3%), Fe2Osand MgO which account
for 1.9% and 1.6% respectively. The Al.O03:SiOz ratio is 1:16, which
verifies that the Al:Si is 1:14. In other words, there is 14.5moles of Si
for each mole of Al. This analysis is compatible with the XRD analysis
(Figure. 1)

Table 1 Main chemical composition of the diatomite minerals
(XRF analysis).
Content SiO2 Al,03 Fe203 MgO K20

wt % 87.5 5.3 1.9 1.6 0.62
Content Na,O CaO Ti>0s Cl
wt % 1.1 0.15 0.24 1.5

Figure 1 shows a diffractogram of pure diatomite. The main
component is SiO2 which has clear peaks at 19° (4.67 A), 21°(4.23 A),
26° (3.42 A) and 35° (2.56 A) these are the main diatomite
characteristics consistent with previous reports[13]. Figure also shows
traces of halite, montmorillonite, and chlorite.
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Figure 2 shows the FTIR spectrum of natural diatomite which

highlights a broad peak at 3377 cm* related to the expansion vibration
of hydroxyl groups or water molecules adsorbed on the surface [13].
The spectral bands at wavenumbers 448 cm™ and 1043 cm™* represent
the intangible stretch of the Si-O-Si group association, while the peak
represents wavenumber of 796 cm™ extensions in the group [14].
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Fig. 2: FTIR spectra for the natural diatomite mineral
Figure 3 showsa SEM image of natural diatomite that was measured
using a JEOL JSM.5610LYV electron scanning microscope. Diatomite
frustules were studied and found to have two types of bumps: centric
discoid and pinnate elongated bumps which can clearly appear in the
figure [15], [16].

Fig. 3: Scanning electronic microscopy image of natural diatomite
3.2 Calibration curve
As shown in Figure 4, the calibration curve was linear with correlation
coefficient R? =0.9978.

Fig. 4: Calibration curve for standard U®* solution at 1-50 mg/L
The adsorption percentage %R (Q) was calculated using equation 3
and the adsorption capacity (q) was calculated using equation 4. The
distribution coefficient (Kg) was calculated using equation 5.

Q ="%x100 3)
CoC,

Ge = g x V(L) @
Co—C, _ V(mL)

Ka C. ~ m(g) ®)

where, Co and Ce represent the initial and equilibrium concentrations
respectively, V is the volume of the batch solution in liters or
millilitres and m is the adsorbent weight in grams.

3.3 Effect of contact time

To each of the eleven sample tubes (50 mL volume with a screw led),
4.0 mL of the stock uranyl solution was transferred. The procedure
was carried out as mentioned above for a contact time between 30 and
4320 minutes, after which the absorbance was measured. Initially the
adsorption coefficient (Kg) increased rapidly. Between 300 and > 4000
minutes the system reached equilibrium. Therefore, the rest of the
experiments were carried out for 5 hours. A graph was plotted for
contact time (minutes) vs log Kgq values as shown in Figure 5. A similar
behaviour was reported by EI-Sheikh et al [17].

2.8

0 2000 4000 6000
Time (minute)
Fig. 5: Effect of time on the adsorption of U02* on diatomite.

3.4 Effect of pH:

As shown in Figure 6, the Kq value was almost stable at pH values
between 2 and 4. Between 4 and 6 the curve shows a dramatic increase
in Ky. At pH values between 6 and 7, Kq increased very slowly and a
prompt increase was observed at pH 8. Above pH 8, the Ky decreased
dramatically. This inconsistency can be attributed to the difference in
uranyl ion species dominating the solution at different pH values. In
the presence of carbon dioxide during batch experiments in addition
to UOZ* , many other forms of uranyl hydroxides and carbonates such
as: U0, OHY, U0,C03, U0, (C05)3™ and U0, (C05)3™ can dominate
at a different pH values above 5 [18, 19]. Therefore, the rest of the
experiments were studied at pH 4.5.
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The effect of the initial ion concentration was studied at 50-200 ppm, 120 -
pH 4.5 and 2 g/L adsorbent. As shown in Figure 7, Ky decreases with —j—sUlfate-free
increasing uranyl ion concentration. This is attributed to the fact that
as the metal ion concentration increases, the number of negative sites & 100 1 —g—504500
on the adsorbent surface decreases. Therefore, the metal ion can not T A
find enough active sites and the system will be saturated at a E ggp | ——3041000 f
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ppm to 2.0 at 200 ppm of uranyl ions. E 5042000
This means that the Kq value has negatively changed by approximately - 60 - I
33%. This was in agreement with that reported for the adsorption of el
152E on some kinds of minerals including diatomite [14]. This result a0 -
is also in agreement with the adsorption of uranyl ions on kaolinite
[10]. A similar behaviour was found for uranyl adsorption on fibrous i
cerium phosphate [9]. 20
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£ ¥ Adsorption of uranyl ions on diatomite minerals in the pH range from
— ¢ & * 2 to 8 was studied in the presence of sulfate ions (0, 500, 1000 and
¥ 2 7 + 2000 ppm) as shown in Figure 9. At pH<4, sulfate ions slightly
Eﬂ enhance the adsorption of uranyl ions, regardless the order of sulfate
- ion concentration. Inthe presence of 500 ppm sulfate ions the adsorbed
1.5 . . . percentage increased from 3.4% to 19% at pH 2, but it increased from
7.3% to 32.5% at pH 4. At pH 3-4, the effect of sulfate ion
0 100 200 300 concentration was in the order of 500 ppm>1000 ppm>2000
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Fig. 7: Effect of uranyl ion concentration on the adsorption process
on diatomite

3.6 Effect of adsorbent amount

To a series of uranyl ion solutions of 100 ppm at pH 4.5, was added a
known amount of diatomite at a solid/liquid ratio of 0.5-5.0 g/L. Figure
8 shows that the adsorption percentage increased with increasing
adsorbent amount. This is due to the increase in negative sites on the
surface of the diatomite as the OH ™ group increases. It is clear that the
adsorption percentage (%R) increased from 27% at 0.5 g/L adsorbent
amount to 54% when the adsorbent amount reached 5g/L. Figure 9
also shows that, from 0.5 g/L to 3 g/L, %R changes by 20%, while
from 3 g/L to 5 g/L it changes only by 7%. This means that, the metal
ions can occupy more sites on the surface of the adsorbent at lower
solid/liquid ratios. This behaviour is expected, and has been observed
for the adsorption of uranyl ions on kaolinite [10]; uranyl ions on
fibrous cerium phosphate [9] and uranyl ions on Mesoporous Carbon
Impregnated with Tri octylamine [20]. The adsorption capacity (q)
decreases from 54 to mg/g with increasing adsorbent amount as shown
in Figure 9.

was insignificant according to Bachmaf et al. [21]. They found that
sulfate of approximately 500ppm can reduce the sorption of uranyl (12
ppm) onto bentonite, and they assumed that this effect was due to the
formation of a uranyl-sulfate complex or because of a competition
between uranyl ion and sulfate in acidic media. However, they studied
the behaviour in the presence of a NaCl solution, while our work was
performed without any electrolyte solution. In another study on the
sorption of uranyl (V) above 2000ppm on hydrous oxides (e.g TiO»,
ThO2 and Ce0>), the authors concluded that anions lIsuch as nitrate,
chloride and carbonate, reduced the sorption of uranyl ions, while
sulfate ions in some cases increased the adsorption of uranyl ions
which proposed to be due to uranyl-sulfate complex formation [22].
4. Adsorption modelling

An adsorption isotherm, which is a useful curve, often describes the
mechanisms governing the retention (or release) or mobility of a
chemical from aqueous porous media or aquatic habitats to a solid
phase at a constant temperature and pH value [10]. The executed batch
experiments yielded equilibrium isotherms for U02* ions. Following
the optimization of the pH in 40 mL aliquots of 100 ppm uranyl ion,
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various concentrations of diatomite (0.5 to 5.0 g/L) were applied.
Equation 2 was used to determine the adsorption capacity or quantity
of adsorbed UOZ* in mg per unit mass of adsorbent (g) in accordance
with the Langmuir isotherm.
The Freundlich isotherm is based on the idea that the adsorbate
adheres to the heterogeneous surface of an adsorbent and is relevant to
both  monolayer (chemisorption) and multilayer adsorption
(physisorption). This model effectively depicts the adsorption data at
low and intermediate concentrations on heterogeneous surfaces and
allows for a wide variety of adsorption sites on the solid surface [23].
Equation 1 is the linear Freundlich equation.

109 4max = logKy + +1ogC, e
By plotting log ge vs. log Ce, the value of the Freundlich constant (Kg)
was determined and found to be 2.0 mg*~@/™[Y"g=1 and n, an
empirical parameter reflecting the adsorption favourability (L/g) was
found to be 1.00. C, is the initial concentration (mg/L), and Kr and n
are related to the adsorption capacity (Qmax) and adsorption intensity,
respectively.
The Temkin isotherm is frequently used for environmental research,
and can be expressed by equation 2. where, q = solid-phase
concentration, ¢ = equilibrium liquid-phase concentration, R = gas
constant, Kr = temperature, and bt = adjustable parameters [14].

q= g In(Kyc) 2
4.1 Langmuir isotherm
Equation 6 was used to apply the Langmuir model to describe the
isotherm, where gmax (Mg/g) represents the maximum adsorption
capacity of the uranyl ion on diatomite, and K. (L/mg) represents a
constant that is indirectly related to the adsorption energy and
describes the attraction between the adsorbate (metal ion) and the
adsorbent (mineral). Equation 6 represents the Langmuir model in a
linear version [24, 25]. This model is based on the premise that
sorption occurs at specified homogenous locations within the sorbent
material, which is supported by Langmuir's theory.

1

e Ce
e — _—e 6
de Amax Amax>Ky, . . ( )
The slope and intercept of the linear equation (eq. 7) were used to

obtain the Langmuir constant (K.) to match the plot of Ce/ge vs Ce;
see equations 8 and 9.
y=mx+c @)
1
Imax = slope ®)
K, = C))

1
GmaxXintercept

Languimer isotherm

12 y =0.0623x - 0.0769
10 R1= 0.9964 ._..-‘

C.fq.
= =] = =] oo

L] S0 100 150 200
C. (mg.L)

Fig. 10: Langmuir isotherm model for 02" ion on kaolinite
According to Suleyman [24], the correlation constant R? for diatomite
is 0.9964, which indicates that the Langmuir model adequately
describes the adsorption data and yields a maximum adsorption
capacity of 16 mg/g. This claim describes the monolayer adsorption
behaviour U0Z* on diatomite (Figure 10). The maximum adsorption
capacity of uranyl on diatomite was greater than that for uranyl ions
adsorbed on kaolinite as reported earlier [10].

The maximum distribution coefficient of U02* ions on diatomite was
3.3 at initial uranyl ion concentration of 50 mg/L (Figure 8).

According to the Langmuir model, the equilibrium adsorption constant
(KvL), which is related to binding affinity, is equal to 0.813 L/mg. The
maximum uranium content per unit mass of diatomite for complete
mono-layer coverage (Qmax) is 16 mg/g. The separation factor (RL) was
found to be 0.0122 which means that the adsorption was favourable
where RL is calculated according to equation 10.

_ 1
R, = (14C,¥K;) 10)

4.2 Freundlich isotherm

The Freundlich isotherm behaviour of the uranyl ion on diatomite is
depicted in Figure 11. The Freundlich model appears to adequately
reflect the adsorption data because the correlation constant (R?) for
diatomite is 1.00, the adsorption capacity (K) is equal to 2.00, and the
adsorption intensity (1/n) is equal to 1.00 [26]. This claim describes
the behaviour of the UOZY ion during monolayer and multilayer
adsorption on diatomite. According to equation 4, the adsorption
capacity was found to be 200 mg/g.

Freundlich isotherm
2 y=x-0301 .'.
T 15 R*=1 P
¥
.
& 05
0
0 i 2 3
log (C.)

Fig. 11: Freundlich isotherm model for U02* ions on diatomite

4.3 Temkin isotherm

As shown in equation 5, for the Temkin model isotherm, Kr is the
Temkin isotherm equilibrium binding constant (L/g); bt is the Temkin
isotherm constant and R is the universal gas constant (8.314 J/mol.K);
T is the absolute temperature (298K). From the Temkin plot given in
Figure 12, the following values were estimated: R?=0.789, K= 0.9405
L/g and br= 24.724 J/mol, where bt equals the slope and Kr
=exp(intercept/bt). Temkin has an endothermic adsorption isotherm
which is less than Langmuir and Freundlich isotherms.

Temkin isotherm
25
= 20 i.
B 15 Vot
E
¢ 10 y=-1.3938x +22.724
5 R*=0.7891
0
0 2 4 6
In (C.)
Fig. 12: Temkin isotherm for the adsorption of uranyl ions on
diatomite.

5. Conclusion

In this work, adsorption behaviour of uranyl ions on natural diatomite
was studied at different pH values, contact times, adsorbent masses,
initial concentrations and ionic strengths. The suitable equilibrium
time was 5 hours. The suitable pH for the maximum removal of uranyl
ions on diatomite was 4.5, the contact time 5 hrs and the adsorbent
dosage was 2 g/L. The Langmuir and Freundlich isotherms exhibited
a very good fit and exothermic adsorption, while the Temkin isotherm
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exhibited endothermic adsorption behavior and fit less well than did

the other two isotherms.
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