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Abstract

Promising green leaching technique was used by Humic acid (HA) for removing uranium from Abu Zeneima spent residue
for environmental safety and cost-effective leaching. The studied residue is outlet from vat leaching process using sulfuric
acid leaching of carbonaceous shale ore material with initial uranium assays 185 ppm, which representing a hazardous waste.
The overall leaching efficiency assaying 93% of uranium using humic acid leaching at curing temperature 70 °C, 13% HA
with S/L ratio of 1/1.5 for 15 day. Kinetic study of leaching process proved diffusion controlling mechanism with activated
energy 10.297 kJ/mol. Finally; 98% of uranium was extracted using Amberlite IRA- 400 resin with purity of 97.3%.
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Introduction

Uranium processing is associated with a wide range of
potential adverse human health risks. The side effect of
uranium residue in mining sites and waste treatment opera-
tions is the radon decay products which represent the great-
est radiation-related health risk, Radon’s alpha-emitting
radioactive decay products is strongly and causally linked
to lung and bones cancer for humans. The radionuclides is
a greatest health-related concern in uranium processing are
those present in the (P8U), (**U), and (**’Th) decay series,
numerous factors are effect on release radiation including the
type of ore deposit, uranium grade, mineralogy of deposit,
variation in process, reagents used for the chemical dissolu-
tion of uranium-bearing mineral species, solid-liquid sepa-
ration method, purification method, precipitation and waste
accumulation [1]. In this context, it can be stated that, the
radioactive wastes were not only accumulate as a result of
uranium mining, but also during its processing resulted in
release of radioactivity into the environment and soils [2, 3]

Solvent extraction is one of standard process that cur-
rently used for the removing of metal ions with a high selec-
tivity [4-7], this technique was especially used for the high
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metal concentration as the same as precipitation technique.
The most efficient function groups in the solvent extraction
are that based on phosphorus moieties as alkyl phosphates
[5, 8-12], and phosphoric acid derivatives [13]. A wide
variety of functional groups characterized by a high affin-
ity but also selectivity toward uranium even in low concen-
tration from high saline solution. Among of these groups;
amidoxime groups on synthetic and biopolymer composites
[14-17], metal organic framework [18], sulfonic functional-
ized materials [16, 19-21], quaternary ammonium groups
based resin [22-26], and iminodiacetic-bearing groups [27].
A great attention in the last decades has been focused on the
modification and developments of highly adsorptive uranium
composites for enhancing the uranium recovery from indus-
trial effluents, mining solutions and sea water [28-33], as
well as the beneficial effects of bifunctional composites for
uranium adsorption [34—41].

Generally, uranium production was achieved via either
conventional and\or non-conventional leaching techniques
using mineral acids and/or alkaline reagents processes for
the former, and organic acids such as oxalic, citric, fulvic
or humic acids for the latter [42, 43]. Humic acids (HA) are
considered as a high-molecular-weight organic substance.
It is soluble in alkaline media, but insoluble in acidic media
[44—46]. It is worthy to mention herein that, Humic acids
have an acidic character. The carboxyl groups are strongly
acidic with dissociation constant in the range of 10%-10°,
while OH groups have a dissociation constant in the range
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of 10°~10"" [47]. HA have an affinity to make complexa-
tion with heavy and rare metals, as well as actinides. This
complexation is an important factor that influences the pre-
cipitation or migration behavior of high valent metal ions
besides adsorption and oxidation-reduction process[48,
49]. The complex equilibrium between uranium and Humic
substances was achieved at approximately 72 h with coor-
dination number varied from 1:1 to1:2 U (VI): HA as pH
increased from 3.0 to 6.0. The stability constant of com-
plexes decreased with increasing temperature, but also
increased with increasing pH value [50]. Also, De Melo
[51], and Chinese [3] are reported that a large number of
possible reactions and interactions of uranium with HA
which depends on the pH and cation concentration of the
leach liquors, the functional group and the degree of satura-
tion of the potential sorption sites.

On the other hand, HA can effectively interact with pol-
lutants, through sorption or covalent bond formation and
thus affect their mobility and transformation in soil. HA can
reversibly bind cations and non-ionic compounds, includ-
ing organic pollutants, by means of unspecific interaction
processes, such as electrostatic interactions, hydrogen bonds
and dipole interactions [52, 53].

In Egypt, several previous studies were focused upon the
recovery of uranium (U) and the associated valuable ele-
ments e.g., Cu, Zn, Ni, REE, etc. from Abu Zeinema uranif-
erous ore material of west central Sinai area, using different
leaching methods [54-60]. Also, from the environmental
point of view, the spent residue produced from Abu Zeinema
pilot plant have received special interest to be managed and
disposed of safely.

Accordingly, the present work was directed to study the
recovery of U from Abu Zienema pilot plant hazardous spent
residue using HA as a green lixiviate due to environmental
concerns. The working sample was collected from the solid
spent residue pile produced after sulfuric acid leaching pro-
cess. It was then specified and processed to study kinetics
of leaching process as well as the extraction of U content.

Experimental
Materials and chemical reagents

The working sample of the present study is a residue stored
after acidic treatment (i.e., 5% H,SO,) of carbonaceous shale
ore material in Abu Zienema pilot plant. It is noteworthy that
the sample with particle size about (— 100) mesh was firstly
dried at room temperature. Humic acid was purchased from
Egyptian Canadian for Humate Company, Egypt. Amberlite
IRA- 400 anion exchange resin for uranium extraction was
supplied from Rohmé& Hass Co., USA. Other chemicals used
in this study were from Merck-USA.
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Analytical procedures

Major oxides of the collected sample were chemically ana-
lyzed using X-ray fluorescence technique (XRF), Model
Rigaku EDXRF spectrometer NEX CG. Also, UV-VIS
spectrphotometer (Shimadzu UV-160A) was used for quan-
titative analysis of REE using 0.015% Arsenazo (IIT) and Ce
as reference according to Marczenko [61]. Uranium was ana-
lyzed by an oxidimetric titration method against ammonium
metavanadate in the presence of diphenyl amine-4-sulfonic
acid sodium salt as indicator [62], while Cu, Zn, Ni, Cr, V ...
etc. was measured using a Unicam Atomic Absorption Spec-
trophotometer model-969 (AAS) flame type at proper wave-
lengths. On the other hand, scanning electron microscope
(SEM-EXL 30 Philips type) coupled with X- ray analyzer
(EDX unit system) was used for conducting semi- quantita-
tive analysis of the prepared product of U.

Optimization of U leaching process

The leaching process of the concerned spent residue was
carried out via pug leaching technique. Using 10 g with size
-100 mesh or each round to detect the S/L ratio, time of agi-
tation and concentration of the added reagent. Humic acid
was used in this study at different (w/v) ratio. The matrix
was pugged for different periods of time (3-21 days). After
that the pugged mass was directed to water agitation leach-
ing using different amount of water. Agitation time at differ-
ent temperature was also studied for removing the dissolved
metal ions namely; U(VI), Fe(Ill), Cu(Il) and Zn(II) from
the pugged mass. Concentrations of the metal ions were esti-
mated and their leaching efficiencies were calculated. After
that, the leaching optimum conditions were investigated, a
sample weight of 1 kg was used for the humate leach liquor
preparation required for the subsequent U extraction process.

Optimization of U extraction process

The anion exchange resin Amberlite IRA-400 was used for
optimizing uranium extraction from the produced humate
leach liquor. For this purpose, batch experiments were con-
ducted using different reagent volumes (mL) of wet settled
resin (W.S.R) and leach liquor (R/L) at different pH values
with stirring for varied period of time (h). The obtained raffi-
nate solutions (V) were analyzed for the U concentration
(mgL_l) and extraction efficiency (%) was calculated. The
loaded resin, after washing with distilled water, was then
subjected for elution process to desorb the loaded uranium
using 1 N NaCl solution acidified with 0.2 N H,SO,. The
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eluate rich uranium solution was directed to U precipitation
process using H,O,.

Results and discussion
Chemical composition of the working sample

Chemical composition of the working sample analyses
(Table 1) shows different concentration of element constitu-
ents, the SiO,, Al,O; and Fe,O; considered as the main com-
ponents representing in the sample by 56.91%, 8.95%, and
8.80% respectively. On the other hand, U, Cu and Zn were
found to assay 185 ppm, 2800 ppm and 820 ppm respec-
tively. It is worthy to mention herein that, the high content of
U (185 ppm) in this spent residue reflects not only the high
radioactive type of waste but also the poor recovering of the
prior treatments. A matter which received special interest to
be managed and disposed of safety.

Humic acid leaching process

As mentioned above, from the chemical composition and the
nature of the studied spent ore residue, it was found neces-
sary to apply the non-conventional humitization leaching
process. Several relevant factors have been studied as follow:

Effect of humic acid concentration

In order to study the effect of humic acid concentration upon
the leaching efficiencies of the metals of interest. The sym-
metrically quaternized sampling material was firstly mixed
and pugged with humic acid at liquid/solid ratio (L/S) of 1/1
for 3 days at room temperature (25 +5 °C) at concentrations

Table 1 Chemical composition of Abu Zeneima spent ore residue

Major Oxides Conc. (%) Trace Elements Conc. (ppm)
Sio, 56.91 U 185
TiO, 0.53 Cu 2800
Al,O; 8.95 Zn 820
Fe,0; 8.80 REE 70
CaO 4.55 Ni 25
MgO 4.20 A% 58
MnO 0.45 Co 125
Na,O 1.95 Cr 74
K,O 0.90 Pb 65
P,05 0.40 Cd 27
SO, 3.40

L.O.I* 7.66

Total 98.70

L.O.I*¥: loss of ignition

ranged between 5 and 15%. The obtained matrix was under-
going water leaching for 30 min. with water/pugged cake
(W/PC) ratio of 1/2 at 70 °C. After filtration and washing,
the metals of interest were determined, and the dissolution
efficiencies were calculated by the mass balance equation.

The obtained data (Fig. 1a) showed that, the leaching
efficiencies of U, Cu and Zn increased significantly from
19.8, 18.2 and 11.5% to 44.5, 33.1 and 29.3% respectively
by increasing the acid concentration from 5 to 13%. On the
other hand, the higher increasing in acid concentration than
these ratios showed no considerable effect upon the leach-
ing efficiencies of all metal values. This may be attributed
to high stability of Cu and Zn complexes with humic acid
[63, 64]. With respect to the tendency of Fe, it was found
that, the leaching efficiency was relatively low (4.39%) with
different HA concentration due to the possibility of reduc-
tion to insoluble form of Fe (II) causing precipitation during
complex formation with humic acid [65, 66].

Effect of humic/spent ore residue (L/S) ratio

Different ratios of humic acid to spent ore residue ratio
(v/w) (L/S) was detected for the dissolution efficiency.
These ratios ranged from 1/1 to 3/1 using 13% humic acid,
for 3 days pugged time at room temperature. The obtained
matrix was then subjected to water leaching for 30 min, 1/2
of water/ pugged cake (W/PC) ratio at 70 °C. The obtained
data (Fig. 1b) indicated that, the leaching efficiencies of the
metals of interest increased by increasing ratios from 1/1 to
1.5/1, while the pH of the solution kept to 5.8. On the other
hand, increasing in humic acid ratio showed a negligible
significant effect upon the leachability of U, Cu and Zn. This
may be due to the fact that complexes of these elements are
very sensitive toward the changes in the pH and hence pre-
cipitation process takes place above pH 7. In this context,
Pandey et al. [67] reported that, the complex formation at
pH 3.50, 1 mol of humic acid complexed with 1 mol of
Cu and Fe, whereas in the case of Zn, 1 mol of humic acid
complexed with 2 mols of metal. This means that increasing
in humic acid ratio effect on pH value but also plays a great
role in the formation of complexes and hence the ratio of
humic acid (1.5/1) is enough to form complexation with the
metals under study.

Effect of pugging time

Time is considered as one of the most effected parameters in
the dissolution of ore constituents. This effect was studied at
varied time ranged from 3 to 21 days using HA concentra-
tion of 13% and (L/S) ratio of 1.5/1 at room temperature.
The pugged matrix was then subjected to water leaching for
30 min, and 1/2 water/ pugged cake (W/PC) ratio at 70 °C.
From the obtained data in Fig. lc, it was found that, leaching
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Fig. 1 Effect of acid concentration (a), humic acid to spent ore residue (L/S) ratio (b), and pugging time (c) upon the dissolution efficiencies of

the studied metal values

efficiency of U reached to maximum values 86.80% after
15 days and then decreased by increasing time up to 21 days.
The availability of metal ions decreases with time, as well
as metals which are built into the crystalline network and
also the amorphous structure of the mineral parts of soils
[68]. At the meantime, the leaching efficiencies of Cu and
Zn were slightly increased from 33.1% and 29.3% to 48.1%
and 34.5% respectively by increasing time from 3 to 15 days.

Effect of water agitation time

The effect of water agitation leaching time of pugged cake
upon leaching efficiencies of the studied metals was detected
in the range from 15 to 60 min. The other leaching condi-
tions were fixed at 2/1 W/PC ratio at 70 °C. The correspond-
ing leaching efficiencies (Fig. 2a) indicated that, 45 min rep-
resents the optimum time for dissolving U, Cu and Zn with
efficiencies of 89.5, 40.3 and 34.9%, respectively.

@ Springer

Effect of water to pugged cake (W/PC) ratio

Different (W/PC) ratio ranging from 2/1to 4/1 was stud-
ied at fixed conditions of 45 min agitating time at 70 °C
leaching temperature. The corresponding leaching efficien-
cies (Fig. 2b) proved that, the high U leaching efficiency
reached its maximum value of 92.8% at W/PC ratio of 3/1,
while Cu, Zn and Fe leaching efficiencies ranged about
41.2, 34.9 and 3.8% respectively.

Effect of water leaching temperature

The effect of water leaching temperature upon dissolution
efficiencies of the assigned metals was studied between
50 and 80 °C, while the other leaching parameters are
fixed at 45 min. agitation time and 3/1 W/PC ratio. The
obtained results were plotted in Fig. 2c emphasized that,
70 °C represents the optimum temperature for dissolving
of U. Beyond this temperature, the leaching efficiency of
U was decreased to 89.33%, while Cu, Zn and Fe leaching
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time, from this data, the optimizing leaching was assigned to
be 92.8% at 70 °C and after 45 min of leaching time.

Application of leaching kinetic models

The mathematical model of the un-reacted shrinking core,
which is the commonly used for describing the heterogene-
ous reactions (i.e., mineral leaching from ores). The reaction
rate, depending on the phase type, i.e., in the solid—liquid
phase, the reaction rate may depends on one/ or more of the
following types: (a) liquid film diffusion (mass-transfer), (b)
solid layer diffusion, and (c) surface or chemical reactions
[69]. The liquid-film diffusion resistance is eliminated or
minimized by effective stirring.

In order to determine the uranium type of leaching mech-
anism, the reaction-models were investigated. The obtained
results were analyzed by using the following kinetic rate
Egs. (1 and 2) to get the most fitted reaction mechanism.
Reaction rate expression controlled by the surface chemical
reaction:

1-(1-0"=kKc-t 1)

where K as rate constant (min~") for chemical reaction.
Reaction rate expression controlled by the diffusion
through the ash or product layer:

1-3(1 - x*2+2(1 - x) = Kt )

where K, is the rate constant (min~") for diffusion through
the product layer.

Figure 4 (a and b) shows the result of plotting 1— (1—x)
3 and 1-3 (1- x) 2 +2(1—x) as a function of time at dif-
ferent temperature values, which produce a straight line rela-
tions and the produced slope were assgned as the values of
K constants.

The k, and k; values computed from Eqs. (1) and (2). The
R? values are the comparison parameters of fitting the exper-
imental data with the theoretical one. The best fit values of

a + Chemical Reaction at 35:C O Chemical Reaction at 50:C

A Chemical Reaction at 60:C @ Chemical Reaction at 70-C

0.8 = y=0.0147x
m Chemical Reaction at 80:C R? = 0.9294
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0.6 z
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Fig.5 Plot of Ln K (min~') against reciprocal of absolute tempera-
ture (K‘l)

R? with that close to 1.0. The k. values vary in the rage of
0.010 to 0.014 min~', while the k, values ranged between
0.009 and 0.015 min~!. The R? values were in the range of
0.992 t0 0.996 and 0.913 to 0.943 for k, and k_ respectively.
Based on this data, it was found that, the convinced pre-
dominant dissolution mechanism of U collected from Abu
Zienema pilot plant leached by humic acid is a diffusion
controlled only.

Calculation of the activation energy

Arrhenius equation was used for calculation of activation
energy, by plotting the logarithmic values (of reactions rate
constants: K;) with the reciprocal of (the absolute) leaching
temperature (T) as shown in Fig. 5. The activation energy
of the reaction can be calculated using the following equa-
tion (3): -

k = Aexp (-Ea/R,T)
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Fig.4 a plot of 1—(1—x) 13 b Plot of 1-3(1—x) ¥*+2(1-x) at versus time for different temperatures
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where K is a reaction rate constant, recovery (conversion
fraction) in min™'; A is the frequency factor, constant min~!;
Ea is the apparent activation energy kJ mol™!; R, is the
universal gas constant=8.314J K=" mol™"; T is the reaction
temperature K.

From Fig. 4, the activation energy (Ea) was calculated as

follow:—Slope = _Ri
For Reaction rate expression controlled by the diffu-

sion:—Equation, y =-1.2385
Ea = [-1.2385 * 8.314] = —10.297 kJmol !

The apparent activation energy (Ea) was calculated
from the slope of straight line, which equivalent to 10.297
kJmole™ for diffusion-controlled reaction models. Based on
the (Ea) values, the predominant dissolution mechanism of

Table 2 Chemical composition

U from studied waste material was the diffusion controlled
only. This value is less than that mentioned by Crundwell
(2013) [70], who pointed out this activation energy for
diffusion-controlled reactions with values less than 20
kJmol~! and higher than 40 kImol~! for chemical controlled
reactions.

Results of uranium extraction process

Applying the above mentioned optimum experimental leach-
ing conditions upon 1 kg of spent ore residue yields 3.0 L of
humate solution. The pH of the produced leachate solution is
around 5.0 and assaying 57 mg L™! of U as given in Table 2.
This solution was subjected to treatment by Amberlite IRA-
400 which well known as strong anion resin exchange for U
recovery via equilibrium batch technique.

Optimization of uranium loading process

of the produced leach liquor at Constituents tcrgggin' Effect of pH The pH of pregnant leaching solution has two
(pH=5) mgL~ v significant parameters (a) affected on the metal speciation of
the dissolved metal ions, and (b) on the total charge of func-
u 57 tional groups in the adsorbent materials. So, it determined
Cu 385 the type of binding mechanism to be as ionic exchange or
Zn %5 chelating properties. The effect of different pH values upon
Fe 1114 U loading efficiency with R/L ratio of 0.2/50 and stirring
60 100
- al & b
X X
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> z
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Fig.6 Effect of pH (a), Effect of contact time (b) and the resin to Liquid ratio (c) upon U adsorption efficiency using R/L ratio of 0.2/50 and

stirring time of 20 min
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Fig.7 EDX analysis for the pre- v
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U
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time of 20 min. was studied at pH values ranging from 2.0
up to 5.0. Figure 6a illustrated that; the maximum adsorp-
tion efficiency of U reached to 54.3% at pH 3. However,
further decreasing in pH value has an opposite effect.

Effect of contact time The loading capacity was performed
at different contact time (i.e., 10, 20, 30, 40 and 50 min.).

RN, - UO,[HU] + 4NaCl + H,SO, — RN, - Cl, + Na,UO, [SO,]

97.3
K 1.9
v Na 0.8

s .ziso",;..«.o e ——

saturated loaded resin was applied for elution (using 1 N
NaCl solution acidified with 0.2 N H,SO, in batch tech-
nique for 40 min stirring in batch technique), after washed
with suitable volume of distilled H,O to remove any impu-
rities. Uranium concentration in the eluate solution (assay-
ing 3.4 g/L) was estimated (93.5% elution efficiency %).
The expected elution mechanism was appeared in the below
equation (4).

“

3(aq)

Under the experimental condition of R/L ratio adjusted to
0.2/50 and pH 3. The obtained data (Fig. 6b) indicated that,
the U adsorption efficiency increased from 23.3 to 79.2% by
increasing the contact time from 10 to 40 min., this is indi-
cating that the loading performances was relatively high.
However, increasing the time more than 40 min. cause a
decreasing in the U loading efficiency to 43.7%.

Effect of Resin/Liquid (R/L) ratio The adsorption efficiency
of U was studied at different sorbent dosage, this is by
using different ratios of Resin/Liquid (R/L), which ranged
from 0.2/50 to 0.8/50 at the optimum experimental condi-
tion of pH 3 and at 40 min of contact. The obtained data
in Fig. (6¢) clarified that, U adsorption efficiency increased
with increasing the resin volumes and reached to the maxi-
mum value (93.5%) at R/L ratios of 0.8/50. In this context,
it is important to mention herein that, the lower extraction
efficiency of U may be attributed to competition of some
interfering anions e.g. SO,*"and CI~ which contest the U
upon the resin sites [71].

Results of elution process and uranium precipitation
There are various advantages for using elution process and
choice the eluents. It is not only for desorption the loaded

ions from resin to use for another cycles, but also to obtain
U rich eluate solution suitable for U precipitation. The
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Finally, the obtained U rich eluate solution at pH 2.0
was treated with 5% NaOH solution for increasing the pH
value to 2.5 and then treated with H,O, solution to pre-
cipitate U. About 99% of U content was precipitated as
UO,.2H,0 after agitated time of 4 h at room temperature.
After filtration and washing, the precipitated uranyl per-
oxide cake was dried and identified using EDX analysis
method as shown in Fig. 7, while the purity was already
estimated as 97.3% via chemical analysis method.

Conclusions

Selective leaching was achieved by humic acid toward
the carbonaceous shale spent ore residue of Abu Zeneima
pilot plant, Southwestern Sinai, Egypt. The residual mate-
rials (the studied case) still have high level metal con-
centration that must be valorized. Among of these ions
Ti, Al and Fe with concentrations of 0.53, 8.95 and 8.8%
respectively, while other valuable trace elements were also
detected in high levels as U, Cu, Zn, REE, V, Co and Cr
with concentration of 185, 2800, 820, 70, 58, 125 and 74
mgL~! respectively. Humic acid used as type of selective
leaching agent for dissolving uranium. Based on the con-
centration values, it can be inferred that the predominant
dissolution mechanism of U is diffusion controlled only.
Humate leach liquor was prepared by applying optimum
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pug leaching conditions of 13% humic acid concentration
at 70 °C with 45 min stirring time. Amberlite IRA-400
anion exchange resin in batch technique was applied for
extraction of about 93.5% of U content at pH 3.0 with high
loading kinetic (maximum loading time was achieved by
stirring time 40 min) and R/L ratio 0.8/50. Uranyl perox-
ide was finally obtained (through precipitation from eluate
solution) with purity of 97.3%.
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