
Column leaching of uranium ore with fungal metabolic products
and uranium recovery by ion exchange

Yong-Dong Wang • Guang-Yue Li •

De-Xin Ding • Zhen-Yuan Zhang • Jie Chen •

Nan Hu • Le Li

Received: 15 October 2014 / Published online: 15 February 2015
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Abstract To verifying the feasibility of uranium recovery

with fungal metabolic products in large-scale applications,

column leaching and ion exchange of uranium was carried

out. The uranium recovery reached 81.76 % in 14 days.

The ion exchange curve for the leach solution obtained

with the metabolic products of Aspergillus niger was in the

shape of a wave. The elution curve was similar to that of

leaching with H2SO4. The results indicate that leaching

with the metabolic products of A. niger is a promising and

environmentally friendly method for exploitation of low

grade uranium ores in large-scale applications.

Keywords Column leaching � Uranium ore � Metabolic

product � Aspergillus niger � Ion exchange

Introduction

Uranium is one of the strategic elements and is used as a

fuel in nuclear power plants. The application of microor-

ganisms in the recovery of uranium can effectively reduce

investment cost, improve uranium recovery and shorten the

leaching cycle [1, 2]. Bacterial leaching of uranium with

chemoautotrophic bacteria has been extensively studied,

including Acidithiobacillus ferroxidans, Acidithiobacillus

thiooxidans, Acidthiobacillus caldus, Leptospirillum fer-

rooxidans, and so on [3, 4]. These microorganisms utilize

iron and sulfur as substrate and carbon dioxide as carbon

source [5, 6]. The substrate utilization way indicates that

the bacteria are only suitable for the leaching of sulfide

ores. For chemoautotrophic bacteria grow in an acidic

environment, the acidification pretreatment is required for

the leaching. For the leaching with A. ferroxidans, the pH

of the ore pulp has to be adjusted to two before A. ferr-

oxidans is inoculated [7], and uranium recovery can be

above 70 % after the acidification [8]. This indicates that A.

ferroxidans just plays an auxiliary role in leaching. In

addition, its growth is slow, and its biomass is small. All

these disadvantages limit the application of chemoauto-

troph bacteria in uranium leaching.

Many fungi are able to produce organic acids such as

citric and oxalic acids, and these metabolites can be used to

extract uranium from ores for organic acids can form

complexes with uranium. And mixed organic acids pro-

duced by fungi are cheaper than those pure organic acids

purchased from the market. Mishra et al. [9] isolated

Cladosporium oxysporum, Aspergillus flavus and Curvu-

laria clavata, and used them for uranium leaching from a

uranium ore with the pulp density of 10 % (w/v), obtaining

71, 59 and 50 % of the uranium recovery, respectively.

Hefnawy et al. [10] isolated Aspergillus terreus, Penicil-

lium spinulosum, and used them for uranium leaching form

a radioactive geologic sample, obtaining 75 and 81.5 % of

the uranium recovery, respectively. Desouky et al. [11]

extracted 30 % of uranium from thorium–uranium con-

centrate with the bioproducts of Aspergillus ficuum.

Compared with A. ferroxidans and other chemoauto-

trophic bacteria, fungi have four advantages in the leaching

of uranium ore [12, 13]. Firstly, chemoorganoheterotrophic

fungi can use utilize organic carbon source as substrate and
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can dissolve uranium at high pH. And the secreted organic

acids can react with calcium, aluminum, iron, and other

elements in gangue to form complexes with higher solu-

bility. Secondly, in addition to acidic ore, fungi can

transform uranium oxides, carbonates, and phosphates to

form uranium complexes with carboxylic acids. Thirdly,

fungi are the heterotrophic microorganisms characterized by

rapid growth rate, large biomass and short extraction cycle

[9–11]. For bagasse, mango bark, coconut shells, rice bran,

and other industrial and agricultural wastes can be utilized

by fungi, both fermentation cost and environment pollution

can be greatly reduced. Fourthly, fungal leaching has low

anti-corrosion requirement for equipment, since the organic

acids produced by fungi are mainly weak acids, which show

less environmental hazards than H2SO4 and other strong

acids and can be degraded by environmental microorgan-

isms. As an environment-friendly method, fungal leaching is

of huge development potential and wide application pros-

pect and has been extensively studied [14, 15].

Over the past years, only the orbital shaker experiments

other than the column experiments on fungal leaching of

uranium ore have been carried out. But, the column

experiments on fungal leaching of uranium ore are indis-

pensable for verifying the feasibility of fungal leaching of

uranium ore.

In the present study, an isolated and purified strain of

Aspergillus niger with high production capability of

organic acids was cultured and its metabolic products were

obtained. The column experiment on fungal leaching of

uranium ore was carried out with the metabolic products as

the leaching agent. Thereafter, the ion exchange experi-

ment was carried out with the leach solution, and the

recovery characteristics of complexes formed by uranium

and organic acids were discussed.

Materials and methods

Uranium ore

Uranium ore used in the experiment is core samples from a

uranium deposit in West China, and the main mineral is

pitchblende. The core samples were crushed and then

mixed to obtain comprehensive samples. After further

splitting, crushing and passing through a 10-mm sieve, ore

samples with the particle size of less than 10 mm were

obtained and then used for chemical composition analysis.

The obtained samples were analyzed by the atomic

absorption spectroscopy and the titration, and they were

found to have high contents of SiO2 and Al2O3. The con-

tent of U6? and U4? in the uranium ore was analyzed

followed the method of Shen ZQ [16]. The results showed

the content of U6? was significantly higher than that of

U4?, and the U6?/U4? ratio was 4.9 (Table 1). The ore

belongs to the easily leached uranium ore.

Strains and media

Aspergillus niger was enriched, separated, and purified in

our laboratory. The purified strain was identified with

physiological and biochemical methods as well as 26S

rDNA analysis by Microbiological Analysis Identification

Center in Guangdong Province, China. And the accession

number of partial sequence of 26S rDNA of the strain of A.

niger is KF990490. The culture medium was the potato

sucrose agar (PSA).

Preparation of the metabolic products of Aspergillus

niger

Spore suspension of A. niger was prepared and adjusted to

the OD600 (optical density of a sample measured at a

wavelength of 600 nm) value of 0.1. According to the

inoculation amount of 0.1 %, spore suspension was inoc-

ulated in PSA and cultured in a constant-temperature

(25 �C) shaker at the rotation speed of 200 r/min. When the

pH value of the culture solution reached 2.0–2.5, the cul-

ture solution was filtered with gauze to remove mycelia.

The obtained filtrate, which was the metabolic products of

A. niger, was analyzed using high performance liquid

chromatography (HPLC), and the analysis results indicated

that the metabolic products mainly included oxalic acid,

citric acid, and other organic acids. The concentrations of

various organic acids detected in the metabolic products

were shown in Table 2. The metabolic products were used

for column experiments of uranium ore.

Table 1 Compositions of uranium ores

Analysis items U U4? U6? SiO2 Al2O3 MnO2 Fe2?

Concentration/% 0.118 0.02 0.098 85.44 6.56 0.025 0.594

Analysis items Ca Mg CO2 Mo K Na Fe3?

Concentration/% 0.127 0.217 0.075 0.0043 0.589 0.065 1.49

Analysis items LOIa

Concentration/% 4.578

a Loss on ignition
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Column leaching and ion exchange

The two columns for leaching were 1,000 mm in height

and 100 mm in internal diameter. And the two columns for

ion exchange were 1,000 mm in height and 5 mm in

internal diameter, and 50 mL of 408 (II) strong base anion

exchange resin was loaded into the columns for ion

exchange. All the columns were made of plexiglass.

Uniformly mixed uranium ore (10 kg) with the parti-

cle size of less than 10 mm was loaded into the column

in segments, and the height of the loaded ore was

measured to be 900 mm. The drip irrigation method was

used. The daily irrigation volume of the metabolic pro-

ducts of A. niger was 1 L. Irrigation time of leaching

agent was 12 h. The irrigation intensity was 10.62 L m-2

h-1. The leaching was carried out at room temperature

(30–37 �C). The leach solution was collected to deter-

mine volume, uranium concentration, Eh value, and pH

value. When the uranium concentration in the leach

solution was below 50 mg L-1, the leaching was com-

pleted and the leached residue was collected to determine

the content of uranium. For the control, 7 g L-1 H2SO4

was used for the leaching of the same uranium ore under

the same conditions.

The leach solution was subjected to vacuum filtration,

and then it was used as the raw liquid for ion exchange.

Retention time was controlled to 10 min through regulating

the flow rate. The ion exchange effluent was collected in

50 mL (1 bed volume) fractions for analysis.

After the ion exchange was completed, 250 mL water

was used for the backwash of the ion exchange column.

Then the eluant (1 mol L-1 NaCl and 0.05 mol L-1 of

H2SO4) was used for elution. Retention time was controlled

to 10 min. The eluate was collected in 50 mL (1 bed vol-

ume) fractions for analysis.

Analysis method of uranium

After the added perchloric acid digested the organic material

in the leached residue samples to avoid interference, the

uranium contents in the leached residue samples were

determined by ICP-MS. ICP-MS was also used to determine

the uranium concentration in the elution solution.

Results and discussion

Column leaching test

The metabolic products of A. niger and H2SO4 showed the

similar leaching cycle and uranium recovery (Table 3).

During the leaching process with the metabolic products of

A. niger, the pH value was between 2.77 and 3.54 and the

Eh value was gradually decreased from 350 to 132 mV.

During the leaching process with H2SO4, the pH value of

the leach solution declined rapidly and was then main-

tained at 1.2 and the Eh value was gradually increased from

303 to 448 mV (Figs. 1, 2). In the leach solutions obtained

with the metabolic products of A. niger and H2SO4, aver-

age uranium concentrations were 689.12 and 660.01 mg

L-1, respectively. And the uranium recoveries were 81.76

and 83.90 %, respectively. The results indicated that the

leaching process with the metabolic products of A. niger

was mild, effective, rapid, and environment-friendly. The

uranium recovery from the leach solution obtained with

H2SO4 was slightly higher than that from the leach solution

obtained with the metabolic products of A. niger. The

difference might be interpreted as follows: the majority of

iron element was in the ferric state when the oxidation

potential was over 400 mV, which was more favorable for

uranium leaching [17].

Table 2 Compositions of the metabolic products of Aspergillus niger

pH value Oxalic acid (g/L) Citric acid (g/L) a-Ketoglutaric acid (g/L) Acetic acid (g/L) Succinic acid (g/L) Malic acid (g/L)

2.0 2.1581 0.9731 0.0121 0.1565 0.0837 0.1578

2.3 2.3546 0.8254 0.0109 0.2356 0.0781 0.1689

2.5 0.9863 0.8029 0.0091 0.2004 0.0779 0.1579

Table 3 Column leaching

results

a Leaching time refers to days

required to lower uranium

concentration in leach solution

to 50 mg/L or less

Bioleaching test Control test

Leaching agents Metabolic products of Aspergillus niger H2SO4

Leaching time (d)a 14 15

Leach solution volume (L) 14 15

Total solid-solution ratio 1.4:1 1.5:1

Uranium recovery (%) 81.76 83.90
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On the first day, the uranium minerals on the surface of

the ores were dissolved quickly by the metabolic products

of A. niger and H2SO4, and the uranium concentration in

the leach solution increased rapidly to its maximum.

Compared with H2SO4, the metabolic products of A. niger

allowed the higher uranium concentration in the leach

solution in this stage, because organic acids could react

with U6? and U4? to form soluble chelate complexes

simultaneously [18, 19], while H2SO4 could only react with

U6? to form soluble complexes [5].

When the uranium minerals on the surface of the ores

were almost dissolved, the leaching agents could be

accessible to the uranium minerals left through the micro

fissures and micro pores within ore particles. In this stage,

both of the metabolic products of A. niger and H2SO4

diffused slowly into the inner parts of the ore particles via

the micro fissures and micro pores and then reacted with

the accessible uranium minerals within the ore particles

[20]. As a result, the uranium concentration in the leach

solutions were maintained at the relatively low levels from

the 2nd to 4th day. However, the uranium concentration in

the leach solution from leaching of the uranium ore by the

metabolic products of A. niger was lower than that from

leaching of the uranium ore by H2SO4 in this stage.

(Fig. 3). The difference might be interpreted as follows:

firstly, the metabolic products of A. niger were defused into

the ore particles more slowly than H2SO4 because the

molecular weight of the former was bigger than that of the

latter; secondly, slightly insoluble U4? ions were oxidized

into soluble U6? ions in the H2SO4 leaching system when

the oxidation potential increased in the system. In addition,

after the pH decreased in the H2SO4 leaching system, the

solubility of uranium increased and hydrolysis precipita-

tion of U6? was prevented.

When the uranium concentrations in the leach solutions

from the two leaching systems reached 300 mg/L, they

showed the similar variation, and this was probably due to

the decrease of the U6? in the H2SO4 leaching system.

Ion exchange test

The variation of the uranium concentration in the ion

exchange effluent from the metabolic products of A. niger

leaching system showed a wavy curve. While the variation

of uranium concentration in the ion exchange effluent from

the H2SO4 leaching system exhibited the S-shaped curve,

whose breakthrough was occured at the 85th bed volume.

Fig. 1 Variation of pH of leach solution with time. The leaching

temperature was 30–37 �C, the concentration of H2SO4 was 7 g L-1,

the pH value of the metabolic products of Aspergillus niger was

2.0–2.5, and the irrigation intensity was 10.62 L m-2 h-1

Fig. 2 Variation of Eh of leach solution with time. The leaching

temperature was 30–37 �C, the concentration of H2SO4 was 7 g L-1,

the pH value of the metabolic products of Aspergillus niger was

2.0–2.5, and the irrigation intensity was 10.62 L m-2 h-1

Fig. 3 Variation of concentration of uranium in leach solution with

time. The leaching temperature was 30–37 �C, the concentration of

H2SO4 was 7 g L-1, the pH value of the metabolic products of

Aspergillus niger was 2.0–2.5, and the irrigation intensity was 10.62 L

m-2 h-1
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The uranium concentration in the ion exchange effluent

reached 502.26 mg L-1 in the 5th bed volume, amounted

to the saturation peak in the 15th bed volume, declined

rapidly to the minimum value (59.09 mg L-1) in the 45th

bed volume, and increased to the saturation peak again in

the 105th bed volume (Fig. 4). The variation might be

interpreted in the following aspects. In the initial ion

exchange stage, stable organic acid-uranium complexes

could not be formed on the resin due to the anion inter-

ference. Then, anions were eluted from the column and the

uranium concentration increased gradually. After all the

anions on the resin were substituted by organic acids,

uranium was fixed on the ion exchange resin, and the

uranium concentration in the ion exchange effluent

declined rapidly. Because of the continuous damage caused

by organic acids, the resin poisoning occurred and the color

of the resin gradually turned black from the top to the

bottom of the column. The uranium concentration in the

ion exchange effluent rose gradually until the saturation

peak was reached again.

Elution experiment

As shown in Fig. 5, the majority of uranium was eluted

with a few bed volumes of eluant. The uranium concen-

trations in the eluates from the two leaching systems

reached their peaks (6.65 and 7.29 g L-1) in the 5th and 6th

bed volumes, respectively. The H2SO4 leaching system

showed the higher peak. The uranium concentration in the

eluate was zero in the 20th bed volume. During the elution

process, the resin was gradually restored to its original

color from the black, indicating that the eluant could

alleviate or eliminate the resin poisoning caused by organic

acids.

Experiment results of column leaching of uranium ore

with the metabolic products of A. niger and H2SO4 showed

the similar uranium extraction rate, indicating that fungal

leaching of uranium ore was a promising uranium leaching

method. However, there were two problems to be solved

for this method. Firstly, the recovery of uranium from the

leach solution was a problem, because organic acids would

rapidly led to resin poisoning, which would resulted in the

rapid decrease of ion exchange efficiency. Secondly, the

metabolic products of A. niger contained residual spores

and nutrients, the residual spores were germinated to form

mycelia at the leaching temperature (30–37 �C), and

mycelia plugged the elution outlet in the late stage of

leaching. Therefore, the above two problems need to be

resolved in the application study of column leaching of

uranium ore with the metabolic products of A. niger.

Conclusions

(1) Column leaching of uranium ore with the metabolic

products of A. niger is a promising and environment-

friendly method for exploitation of low grade ura-

nium ores.

(2) The leach solutions obtained with the metabolic

products of A. niger and H2SO4 have the different

ion exchange characteristics and the similar elution

curves. The 408 (II) strong base anion exchange

resin is not applicable for the ion exchange of the

organic acid-uranium complexes.
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