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It may be mentioned that transformation towards a biobased
industry is one of the big challenges facing our human
society. Biotechnology is such a driver for change from
petroleum-based economy to a more sustainable biobased
economy. The use and development of biotechnologies for
bioproduction and bioremediation are of great interest across
a wide range of different communities. Moreover, during the
past decades, development of tools in manipulating genetic
framework empowered the cell factories as a reliable biore-
source of recombinant protein production. The number of
organisms that can be used as expression system is expanding.
Escherichia coli was the most studied and used platform
organism, then followed by the implementation of yeast as a
eukaryotic model organism. Recently, algal cells, insect cells,
and mammalian cells are catching up with their abilities of
posttranslationalmodifications. In addition to the living cells,
in vitro protein production is also emerging as one important
tool for recombinant protein production, especially in mem-
brane proteins, toxins, and aggregation prone proteins. Using
cell lysate or purified proteins as the source of transcription
and translation machinery, corresponding recombinant pro-
teins of certain genes can be produced within several hours.
The boosts of recombinant protein production develop along
with the biophysics methods. Nuclear magnetic resonance
(NMR) and liquid chromatography-mass spectrometry (LC-
MS) are now routinely used as identification and charac-
terization of recombinant proteins. Though the topics and

papers selected here are not a fully comprehensive represen-
tation of the research area of biotechnology for sustainable
development, we believe that the rich knowledge presented
in these quality papers should be shared with the scientific
community in the related fields.

This special issue received a submission of twenty-three
manuscripts with an acceptance rate of approximately 22%.
The specific papers are described with details as below.

The paper authored by R. Elkacmi et al. developed a
quick and easy separation process for extracting oleic acid
with high purity, biodegradable soap with a very good quality
as well as glycerol from olive mill wastewater, which could
cause detrimental effects on nature. It could recover valuable
products with an industrial scale. However, so much waste
going into the environment is neither reusable nor recyclable,
so phytoremediation remains one of the best choices to clean
up our environment.

The paper authored by H. Mubarak et al. presented
an interesting work on the metabolic modifications in the
species Boehmeria nivea L. subjected to different levels of
the arsenic (As) concentration under hydroponic conditions.
The cellular basis of the As tolerance in B. nivea L. is well
explained. We should believe that, with emerging technolo-
gies designed specifically for protecting the environment, the
globe will become clean and clear gradually again.

The paper authored by X. Zheng and D. Li studied
the synergistic effects between Rhizobium phaseoli and

Hindawi Publishing Corporation
BioMed Research International
Volume 2016, Article ID 7154916, 2 pages
http://dx.doi.org/10.1155/2016/7154916

http://dx.doi.org/10.1155/2016/7154916


2 BioMed Research International

Acidithiobacillus ferrooxidans in the bioleaching process
of copper. The work presented demonstrated that mixed
cultures using high-tolerance chemoheterotrophic bacteria
achieved better performance than pure cultures in bioleach-
ing process and suggested a method to address the challenge
of low leaching rate and inefficiency.

The paper authored by I. Beltrán-Hernández et al. pre-
sented a study on removing cadmium from aqueous solutions
using a natural adsorbent like nopal (Opuntia albicarpa L.
Scheinvar). The results presented suggested that using the
thermally treated nopal (TN) achieved the best removal of
cadmium (53.3%, corresponding to 0.155mg g−1) at pH 4.0.

The paper authored by Y. Ma et al. developed a colloidal
gold immunochromatographic assay (GICA) for detecting
immunodeficiency virus type 1 (HIV-1) p24 protein using
mouse monoclonal antibodies (mAbs). The work presented
achieved an overall specificity of 98.03% in the test and
suggested that this method could be used as a convenient and
efficient tool for early diagnosis of HIV infection.
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Human immunodeficiency virus type 1 (HIV-1) p24 protein is the most abundant viral protein of HIV-1. This protein is secreted
in blood serum at high levels during the early stages of HIV-1 infection, making it a biomarker for early diagnosis. In this
study, a colloidal gold immunochromatographic assay (GICA) was established for detecting p24 protein using mouse monoclonal
antibodies (mAbs). The HIV-1 p24 protein was expressed in E. coli strain BL21 and the purified protein was used to immunize
mice. Stable hybridoma cell lines secreting anti-p24 monoclonal antibodies were obtained after ELISA screening and subcloning
by limiting dilution. 34 different capture and labelingmAb pairs were selected by a novel antibody-capture indirect sandwich ELISA
and then applied in GICA to detect p24 protein.TheGICAmethod has a limit of detection (LOD) of 25 pg/mL and could detect p24
protein in all 10 positive samples obtained from the National Reference of HIV-1 p24 antigen. Out of 153 negative samples tested,
3 false positives results were obtained. The overall specificity of this test was 98.03%. The good sensitivity and specificity of this
method make it a suitable alternative to provide a more convenient and efficient tool for early diagnosis of HIV infection.

1. Introduction

P24 protein is derived from the Gag protein of HIV-1
and plays an important role in viral core assembly and
maturation [1, 2]. HIV-1 RNA, anti-HIV antibodies, and
p24 antigen are viral markers which have been used as a
target antigen for early detection of HIV-1 infection [3, 4].
Over the past two decades, HIV immunoassays have gone
through first-generation (using viral lysate for IgG antibody
detection), second-generation (using recombinant antigens
for IgG antibody detection), third-generation (IgM and IgG
antibodies detection), and fourth-generation (antibody and
p24 antigen detection) immunoassay. These test kits have
helped to shorten the “window period” and provide an early
diagnosis for suspected HIV infected samples as compared
with the third-generation immunoassays.

Enzyme linked immunosorbent assay (ELISA) is themost
commonly used immunoassay in the third- and fourth-
generation test kits for HIV diagnosis in China. The limit
of detection (LOD) for p24 antigen ranges from 11 pg/mL
to 70 pg/mL [5]. However, ELISA involves complicated pro-
cedures and requires long reaction time of at least 2 hours.
GICA has therefore been recognized as a popular diagnostic
tool for the detection of HIV antibody because of its user-
friendly format and easy and rapid rate of obtaining results
without the need for special equipment [6–8]. There is no
comprehensive study on p24 antigen detection using GICA
and thus, the development of HIV-p24 antigen GICA, which
can be used simultaneously with the HIV antibody GICA for
rapid HIV detection, is of great significance. In this work,
mAbs were screened against recombinant p24 protein and its
application in GICA for HIV-1 detection was explored.
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2. Materials and Methods

2.1. Strains, Plasmids, Enzymes, and Reagents. Competent E.
coli cells DH5𝛼 and BL21 (DE3) were purchased from TIAN-
GEN Biotech (Beijing, China). Restriction endonucleases
NdeI and XhoI, Premix LA Taq, and DNA Ligation Kit were
purchased from TAKARA Biotechnology Co., Ltd. (Dalian,
China). SP2/0-Ag14myeloma cells and pET-28a plasmidwere
preserved in our lab. All chemicals used in this study were of
analytical grade.

2.2. Samples Collection and Examination. The National Ref-
erence of HIV-1 p24 antigen containing 10 positive samples
(P1 to P10) and 10 sensitivity samples (L1 to L10) was
purchased from the National Institute for the Control of
Pharmaceutical and Biological Products (Beijing, China).
These sensitivity samples were p24 protein (WHO standards)
from the National Institute for Biological Standards and
Control (Hertfordshire, UK) and diluted to concentrations of
L1 (20 IU/mL), L2 (10 IU/mL), L3 (5 IU/mL), L4 (2.5 IU/mL),
and L10 (0 IU/mL). Serum samples (𝑛 = 153) were collected
from the General Hospital of GuangzhouMilitary Command
of PLA. HIV antibody and p24 negative samples were
confirmed by two different commercially available fourth-
generation HIV ELISA test reagents.

2.3. Gene Cloning and Recombinant Protein Expression. DNA
sequence of the 149∼354-amino acid sequence of HIV p55
Gag protein in the NCBI database (NP 057850.1) encoding
the p24 gene was designed with codon optimization and syn-
thesized by Shanghai Shenggong Co., Ltd. (Shanghai, China).
The purified p24 PCR product and the pET28a(+) plasmid
were both double digested with NdeI and XhoI restriction
enzymes and ligated by T4 DNA ligase to construct pET28a-
p24 plasmid. E. coli BL21 (DE3) with recombinant plasmid
were cultured in LB medium supplemented with 50𝜇g/mL
kanamycin at 37∘C until the logarithmic phase (at OD

600

of
0.6∼0.8) before induction with final concentration of 1.0mM
IPTG at 37∘C, 25∘C, and 18∘C to OD

600

of 2.0, respectively.
Recombinant protein was purified on a HiTrap Ni2+ column
using AKTAPurifier 100 (GE Healthcare Life Sciences, PA,
USA).

2.4. Production ofmAbs. Six-to-eight-week-old BALB/cmice
were immunized subcutaneously with 100 𝜇g r-p24 mixed
with the equal volume of Freund’s complete adjuvant (Sigma-
Aldrich, MN, USA). On the 14th and 28th day, mice were
boosted with 50𝜇g r-p24 mixed with the equal volume of
Freund’s incomplete adjuvant (Sigma-Aldrich, MN, USA).
On day 38, a final injection of 50𝜇g r-p24 in PBS was
administered intraperitoneally. Hybridoma and mAbs were
generated as described previously [9].

2.5. Antibody-Capture Indirect Sandwich ELISA. A novel
antibody-capture indirect sandwich ELISA method was
designed to screen the mAb pairs recognizing r-p24. ELISA
microtiter plates were coated with different mAbs (10 𝜇g/mL
in PBS, pH 9.6) and incubated overnight at 4∘C followed by
blocking with 3% BSA for 2 hr. For labeling of the detector

antibody, 2 𝜇g/mL of eachmAbwas dissolved in PBS dilution
buffer (containing 0.05% (v/v) Tween 20 and 1% (v/v) BSA)
and 0.1% (v/v) HRP conjugated goat-anti-mouse antibody
(GAM-HRP) for 30 minutes before use. About 75 𝜇L r-p24
(1 𝜇g of protein/mL in PBS) containing 4% healthy mouse
serum was incubated with 75 𝜇L detector mAb for 5mins
reaction time after which 100 𝜇L of the mixture was then
added to each well in duplicate and then rinsed after 30mins.
The subsequent peroxidase reaction step was performed and
all assay results were read with a microplate reader Thermo
Scientific MK3 (Thermo Fisher Scientific, MA, USA) at
wavelengths 450 nm.

2.6. Gold Immunochromatographic Assay for the Evaluation of
p24 Protein. Monoclonal antibody pairs were used as capture
and detector antibodies on the GICA platform. The detec-
tor antibody was labeled by conjugation to colloidal gold,
mixed with active blocker against heterophilic antibodies and
rheumatoid factor. The mixture was sprayed on glass fiber
at 40 𝜇L/cm2. The capture mAb, goat-anti-mouse IgG, and
active blocker were sprayed on a nitrocellulose membrane
at a concentration of 2.0mg/mL with a line thickness of
2 𝜇L/cm to form the test, control, and block lines, respectively.
Immunochromatographic test strips were made as described
previously [10]. A maximum of 70𝜇L sample was added to
the sample application site and the color development was
observed after 20mins.

2.7. GICA Test Strip Sensitivity to Recombinant p24 Antigen.
Serial dilutions of r-p24 (1000 pg/mL, 250 pg/mL, 100 pg/mL,
50 pg/mL, 25 pg/mL, 10 pg/mL, and 0 pg/mL) were applied to
the GICA test strips to check the sensitivity level at different
antigen concentrations. Strips were observed for a maximum
of 20mins and the color development was compared with a
standard color chart. The band intensity was then graded.

3. Results

3.1. Expression of Recombinant Protein. It was observed that
higher incubation temperatures resulted in the formation
of inclusion bodies while lower incubation temperatures
showed high expression levels of soluble r-p24 proteins. The
expression was carried out at 18∘C and the r-p24 protein
was purified on a HiTrap Ni2+ column with a total purity
of >95% (Figure 1(a), lane 7). The purified protein of interest
was confirmed by ELISA analysis of the protein using com-
mercially available monoclonal antibody against p24 antigen
(Figure 1(b)).

3.2. Screening ofmAbs. 28 stable anti-r-p24 hybridoma clones
were selected using indirect ELISA. Capture and detector
mAb combinations were paired and selected from these
28 clones for reactivity against the immunogen through
indirect sandwich ELISA. Of 784 (28 × 28) sandwich mAb
combinations, 34 pairs could react with r-p24 at 1𝜇g/mL and
13 of those showed strong sensitivity with the r-p24 protein.
A total of 15 mAbs pairs could react with 1 𝜇g/mL r-p24
and only 2 mAbs pairs could react with 1 ng/mL r-p24. An
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Figure 1: Preparation and identification of recombinant p24. (a) Expression and purification of recombinant p24. 1: whole cell lysate without
IPTG induction, 2: whole cell lysate with IPTG induction, and 3: flow through solution; lanes 4 to 7 are four different solutions eluted by
50mM, 150mM, 300mM, and 500mM imidazole buffer, respectively. (b) Indirect ELISA analysis of the recombinant p24. A: antip24 antibody
as the primary antibody, B: blank without primary antibody, C: blank without coating antigen, and D: blank without primary antibody and
coating antigen.

T C

Buffer

Absorption pad

Unused

MembraneColloidal
gold pad

Sample
adding area

1000 pg/mL

200pg/mL

100pg/mL

50pg/mL

25pg/mL

10pg/mL

Figure 2: Sensitivity of GICA to r-p24 antigen. GICA test strips were treated with different concentrations (1000 pg/mL, 200 pg/mL,
100 pg/mL, 50 pg/mL, 25 pg/mL, and 10 pg/mL) of r-p24 antigen. T and C represent the test and control lines, respectively.

antibody pair consisting of capture (3-1D5) and detector (4-
8A10) showed a relatively higher sensitivity to p24 and were
selected for later GICA tests.

3.3. Test Strip Sensitivity to Recombinant p24 Antigen. The
sensitivity of the test strips using capture (3-1D5) and detec-
tor (4-8A10) was determined by treatment with different
antigen concentrations (1000 pg/mL, 200 pg/mL, 100 pg/mL,
50 pg/mL, 25 pg/mL, 10 pg/mL, and 0 pg/mL) and the band
intensity was evaluated after 20mins by comparing with
a standard color chart. Desired sensitivity for GICA was
observed at 25 pg/mL of antigen (Figure 2).

3.4. GICA forHIV-1 p24 Positive andNegative Samples. GICA
lateral strips made of 3-1D5 and 4-8A10 were used to detect
HIV-1 p24 antigen positive serum samples from the National
Reference (NR) of HIV and p24 negative serum samples
(Table 1). P1 to P10 (p24 positive samples in the NR) were
consequently detected by the GICA method. Of the p24
sensitivity samples in the NR (L1 to L10), the L1, L2, and
L3 samples with higher concentrations of p24 protein were
positively detected by GICA while the lower concentration
samples (L4–L10) were negative. Compared with the fourth-
generation ELISA test reagent Vironostika HIV Uni-Form
II Ag/Ab (Biomérieux, Boxtel, The Netherlands), three false



4 BioMed Research International

Table 1: The detection results of National Reference for HIV-1 p24 antigen by GICA strips.

Sample Derivation of references Genotype Detection level
P1 P24 positive Sample 34# AE Faint
P2 P24 positive Sample 106# B Faint
P3 P24 positive Sample 116# B Medium
P4 P24 positive Sample 119# B Weak
P5 500 fold-diluted laboratory-grown virus sample A Not given Medium
P6 100 fold-diluted laboratory-grown virus sample A Not given Weak
P7 1000 fold-diluted laboratory-grown virus sample L B Faint
P8 10000 fold-diluted laboratory-grown virus sample L B Faint
P9 50 fold-diluted HIV-1 window period Sample P AE Faint
P10 WHO Standard p24 25U/mL B Medium
L1 WHO Standard p24 20U/mL B Medium
L2 WHO Standard p24 10U/mL B Weak
L3 WHO Standard p24 5U/mL B Faint
L4 WHO Standard p24 2.5U/mL B Negative
L10 Buffer for L Series B Negative
Detection level: Band intensity was read independently by two individuals.

positives were observed in the GICA test when p24 negative
serum samples (𝑛 = 153) were tested, giving an overall
specificity of 98.03%.

4. Discussion

The number of new HIV infection cases has been on the
increase despite numerous awareness programs and efforts
to curtail the spread of infection. With the introduction of
rapidHIV antibody test kits,HIV screening has becomemore
decentralized with more tests done on an individual rather
than batch [21]. Hence, there is an urgent need for simple,
inexpensive, rapid, and accurate detection formats to shorten
the window period of HIV testing and thereby reduce the
risk of transmitting the virus from person to person during
blood transfusion. GICA techniques have been applied in the
third-generation HIV rapid detection reagents, but there are
no commercialized available GICA rapid diagnostic reagents
which can quickly detect HIV antibodies and HIV-1 p24
antigen in clinical samples. The development of rapid HIV
testing reagents for p24 antigen detection could provide
an easy detection method and would further enhance the
sensitivity of currently available rapid test kits for early
detection of HIV infection; hence, the production of HIV-1
p24 rapid GICA detection reagent is of great significance.

The GICA method described here could provide a much
easier, rapid, and relatively inexpensive alternative to current
ELISA protocols for p24 antigen detection. The LOD of
25 pg/mL for p24 is close to that observed in many com-
mercially available antigen/antibody combination ELISAs.
The GICA also demonstrated a good ability to detect low
p24 concentrations in the National Reference of HIV-1 p24
antigen. This assay could detect all the 10 HIV-1 p24 positive
serum samples including HIV-1 AE and B genotype samples.
The sensitivity of the GICA was confirmed to be 5 IU/mL
whenWHO standard p24 sensitivity samples in the National
Reference of HIV-1 p24 antigen were tested.

Chemiluminescent microparticle immunoassays and
enzyme linked fluorescence assays have also been developed
recently for commercial use, but these require complete
packages of reagents and supports (Table 2). In the past
decade, HIV-1 p24 antigen assays have significantly
improved, as well as the introduction of new methodology
such as nanoparticle-based biobarcode amplification assays,
magnetic immunochromatography assays, and immunosen-
sor assays (Table 2). It has also been reported that the
ultrasensitive capacitive immunosensor assay can decrease
the LOD of p24 antigen detection to about 7.9 × 10−8 pg/mL
(Table 2). However, these assays generally require complex
instruments or well-trained technicians for their operation
which ultimately limit their use in point-of-care testing,
especially in remote areas of most developing countries.

In this research, a novel antibody-capture indirect sand-
wich ELISA method was used for the rapid screening of
antibody pairs. The selected antibody pairs showed good
performance when applied in both sandwich ELISA and
GICA. A total of 28 mAbs were obtained for combination
experiments to screen the mAb pairs that could function
well on GICA platform. Among these pairs, only one anti-
body pair showed the expected sensitivity for use on the
GICA platform. Nevertheless, it is anticipated that more
sensitive antibody pairs could be obtained by optimizing
the immunization and antibody preparation process so as
to enhance the sensitivity and specificity of the GICA kits.
Most GICA mAb pairs perform well on the ELISA platform
and some other immunological assays such as chemilumines-
cence microparticle immunoassay and fluorescence labeled
immunochromatography.GICA strips can be applied in qual-
itative detection or semiquantitative detection of antigens.
These results showed that the mAb pair can detect 20 pg/mL
p24 antigen in ELISA method with HRP system (data not
shown). In addition, fluorescent secondary antibody instead
of colloidal gold can be used [22], and the consequent signal
can be detected accurately bymachine for p24 quantification.
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A rapid assay for the simultaneous detection of both p24
antigen and HIV specific antibody would provide a rapid
diagnostic tool for screening HIV infected blood or serum
specimen and may serve as a better substitute in commer-
cially available fourth-generation ELISAs. Further researches
could focus on improving the sensitivity and specificity of
the GICA in detecting p24 antigen and HIV antibodies in
a single device and thus accelerate their application in the
fourth-generation HIV immunoassays.
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Arsenic (As) is identified by the EPA as the third highest toxic inorganic contaminant. Almost every 9th or 10th human in more
than 70 countries including mainland China is affected by As. Arsenic along with other toxins not only affects human life but
also creates alarming situations such as the deterioration of farm lands and desertion of industrial/mining lands. Researchers and
administrators have agreed to opt for phytoremediation of As over costly cleanups. Boehmeria nivea L. can soak up various heavy
metals, such as Sb, Cd, Pb, and Zn. But the effect of As pollution on the biology and metabolism of B. nivea has been somewhat
overlooked. This study attempts to evaluate the extent of As resistance, chlorophyll content, and metabolic changes in As-polluted
(5, 10, 15, and 20mg L−1 As) B. nivea in hydroponics. Toxic effects of As in the form of inhibited growth were apparent at the highest
level of added As. The significant changes in the chlorophyll, electrolyte leakage, and H

2

O
2

, significant increases in As in plant
parts, catalase (CAT), and malondialdehyde (MDA), with applied As revealed the potential of B. nivea for As decontamination. By
employing the metabolic machinery of B. nivea, As was sustainably removed from the contaminated areas.

1. Introduction

Ramie (Boehmeria nivea), commonly known as China grass,
is an important fiber crop which has been widely cultivated
and distributed in China. It is a perennial plant with at least
three harvests per year [1]. The principal end product of B.
nivea is textile grade fiber, famous for its fine characteristics
in textile industries [2]. The leaf and the root extracts of the
plant have antimicrobial, anti-inflammatory, antioxidant, and
hepatoprotective properties [3]. Ramie grows in the wild and
is known to colonize both active and abandoned metal mine
sites. It is capable of accumulating certain amounts of toxins

such as Sb, Cd, and Hg [4, 5]. Other studies have shown that
ramie can also tolerate certain amounts of heavy metals such
as mercury, lead [6], cadmium [7, 8], and arsenic [1].

Across the globe, centuries of unsustainable activities
have resulted in severe heavy metal contamination which has
damaged aquatic and terrestrial environments [9]. Arsenic
(As) is one of these reported toxins and is carcinogenic. It is
a ubiquitous element and its toxicity in the environment is a
global issue. The increasing As contamination in water, soils,
and crops in numerous countries such as India, Bangladesh,
Cambodia, Laos, Myanmar, China, Taiwan, United States,
Vietnam, Thailand, and Europe is well reported [9, 10]. The
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health problems associated with chronic exposure to As are
diabetes, cancer, poisoning, pathogenic potential of bacteria
or fecal coliform, and blood stream infections. In China, high
arsenic groundwater has been observed in the Datong basin
of Shanxi Province, Hetao basin of Inner Mongolia, Xinjiang
and Taiwan Provinces. In these regions, approximately 18.5
million people are at risk of exposure to high arsenic ground-
water [11].

Colonization of B. nivea and accumulation of heavy met-
als such as Sb, Cd, Pb, and Zn in metal-contaminated regions
have been reported. B. nivea has a high tolerance to As con-
tamination [12].The effect of As pollution on the biology of B.
nivea, the potential tolerance of B. nivea to As pollution, and
the metabolic changes in B. nivea under the reported ranges
of As contamination has not been documented. Based on the
above review [12], the objectives of the current study were to
evaluate plant growth,metabolic changes, and the ability ofB.
nivea L. to uptake and accumulate As in an attempt to deter-
mine the effects of As on chlorophyll content, antioxidative
systems, and lipid membrane peroxidation in order to better
understand the cellular basis of As tolerance in B. nivea.

2. Materials and Methods

2.1. PlantMaterials andGrowthConditions. Young shoot cut-
tings (14 cm) of B. nivea plants were collected from an
active and abandoned mining area in Xikuangshan, Hunan
Province, China (29∘N, 120∘E). The cuttings were planted in
sand for root initiation and then transferred to 1/2 strength
Hoagland solution until they reached a height of 30 cm (40
days).

2.2. Hydroponic Experiment. After 40 days, the plants were
transferred to 1/2 strength Hoagland solution (2 L) spiked
with 0, 5, 10, 15, or 20mg L−1 of arsenic. Arsenic (As) was
applied as NaAsO

2

(As-III, 100% purity). Each treatment
was replicated three times. After 14 days of As exposure, the
roots were immersed in 20mM Na

2

-EDTA for 30min to
remove the As adsorbed to the roots, and the entire plant
was rinsed three times with deionizedwater.The roots, stems,
and leaves were separated. For further analysis, some of the
fresh top leaves were frozen at −80∘C and some were dried
at 70∘C. The remaining Hoagland solution was filtered and
refrigerated for later As analysis.The stress tolerance index of
As-contaminated B. nivea was calculated according to Yang
et al. and Ismail et al. [1, 13].

The stress tolerance index (%) was calculated using the
following formula:

Stress tolerance index

=

Shoot length of stress plant
Shoot length of control plant

× 100.

(1)

2.3. Metabolism of B. nivea

2.3.1. Chlorophyll Analysis. The 6th fully expanded leaf from
the top of each plant was used to measure chlorophyll a,
chlorophyll b, and total chlorophyll (chl (a + b)). Chlorophyll

a, chlorophyll b, and chl (a + b) were analyzed according to
the methods of Arnon and Huang et al. [14, 15] and estimated
using the formulas of Ehsan et al. and Metzner et al. [16, 17]:

Chlorophyll a (𝜇gmL−1)

= 10.3 × 𝐸663 − 0.98 × 𝐸644

Chlorophyll b (𝜇gmL−1)

= 19.7 × 𝐸644 − 3.87 × 𝐸663

Total chlorophyll = Chlorophyll a + Chlorophyll b.

(2)

2.3.2. Assessment of Antioxidants. Physiological measure-
ments were performed on the 5th leaf from the top of plants
growing in well-watered As conditions. Approximately 0.2 g
of fresh tissue was homogenized in a precooled mortar with
5mL of 50mmol L−1 precooled phosphate buffer (pH 7.8).
The homogenate was centrifuged at 11,000 g for 20min at
4∘C. The supernatant (i.e., the enzyme extract) was used to
determine enzyme activities—superoxide dismutase (SOD),
peroxidase (POD), catalase (CAT), and malondialdehyde
content (MDA) [18, 19].

2.3.3. Assessment of Electrolyte Leakage and Hydrogen Perox-
ide Levels. Electrolyte leakages in 5mm long fragments of
fully expanded leaves were determined. The fragment tubes
were incubated in a water bath at 32∘C for 2 hours with
the initial electrical conductivity (EC) of the medium, EC

1

,
noted. The samples were autoclaved at 121∘C for 20min to
discharge the electrolytes and then cooled to 25∘C. The final
EC
2

was measured [20, 21]. Electrolyte leakage (EL) was
calculated using the following formula:

EL = (EC1
EC
2

) × 100. (3)

H
2

O
2

contents were assayed colorimetrically as docu-
mented by Jana and Choudhuri and Shakoor et al. [22, 23].
Thehydrogen peroxidewas extracted by homogenizing 0.05 g
leaf tissues with 3mL of phosphate buffer (50mM, pH 6.5).
The homogenate was centrifuged at 6,000 g for 25min. To
measure H

2

O
2

content, 2.5mL of the extracted solution
was mixed with 1mL of 0.1% titanium sulfate (Ti(SO

4

)
2

) in
20% (v/v) H

2

SO
4

. The mixture was centrifuged at 6,000 g
for 15min. The intensity of the yellow color supernatant was
analyzed at 410 nm. The H

2

O
2

content was calculated by
applying an extinction coefficient of 0.28mmol−1 cm−1.

2.3.4. Assessment of Relative Water Contents (RWC). The
RWC was determined using the methods of Huang et al. and
Yamasaki and Dillenburg [15, 24]. The fresh mass (FM) of
leaves was immersed in distilled water for 12 h to determine
turgid mass (TM). Leaves were then dried at 70∘C for 48 h
to determinate dry mass (DM). The RWC was calculated as
follows:

RWC = [ (FM − DM)
(TM − DM)

] × 100. (4)
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Figure 1: (a) Effect of As application, on the height of Boehmeria nivea L. (b) Effect of As application, on the tolerance index of Boehmeria
nivea. Values followed by different uppercase letters are significantly different at P < 0.05, for treatments. Different letters indicate significant
differences between treatments for each parameter, at significant level of 0.05. Values followed by the same letters for each parameter are not
significantly different at the 0.05 level (least significant difference). Values in the graph are mean (𝑛 = 3); error bars are standard deviation
(SD).

2.4. Arsenic (As) Analysis. The dried plant samples were
ground, sieved (1mm), and digested with HNO

3

: HClO
4

(4 : 1, v/v). The As concentration in plant parts was analyzed
using Induced Couple Plasma-Optical Emission Spectrome-
ter (ICP-OES) (Perkin Elmer, Precisely, Shelton, CT 06484,
USA, Optima™ 5300 DV Spectrometer). For accuracy of the
digestion and analyticalmethod, a blank sample (4mLHNO

3

+ 1mL HClO
4

) was also run with the samples.

2.5. Data Analysis. Analysis of variance (ANOVA) at a sig-
nificance level of 𝑃 < 0.05 was performed using the General
Linear Model (GLM) in the SAS package. The LSD test
and 𝑡-test were employed to compare significant differences
between means for the treatments at 𝑃 < 0.05. The results are
expressed asmeans± SD. Graphical analyses were carried out
using Origin Pro 8.5.

3. Results and Discussion

3.1. Growth of B. nivea. Field surveys have reported the pres-
ence of healthy growing B. nivea plants in toxic metal-con-
taminated areas [8, 25], but only a few studies have reported
As resistance in B. nivea. The higher tolerance of B. nivea,
compared to other plant species, for toxic [26] andheavymet-
als [27], has been estimated and documented. The metabolic
responses of B. nivea under specific As ranges, say between 10
and 250mg kg−1 soil, have not been assessed.

TheAs-contamination (hydroponic) treatments inhibited
the growth ofB. niveamore so as the contamination increased
(Figure 1(a)). Plant height decreased with increasing As con-
centration. At 0mg L−1 As, plant height ranged from 3.8 to
4 cm; the As treatments at 5, 10, 15, and 20mg L−1 reduced
plant height by 25, 32, 40, and 73% of the control, respectively.

The As tolerance index of B. nivea significantly decreased
(𝑃 < 0.05) as As concentration increased (Figure 1(b)) and
ranged from 27 to 77%.

3.2. Metabolism of As-Contaminated B. nivea L.

3.2.1. Chlorophyll Content of B. nivea L. The effect of applied
As on chlorophyll content is presented in Figure 2. As the
As concentration increased, all chlorophyll content measure-
ments (chl a, chl b, and chl a + b) significantly decreased
(𝑃 < 0.05) inB. niveaby 11–54%, 22–54%and 14–54%, respec-
tively, relative to the control (Figure 2). Singh et al. [28]
reported increased chlorophyll contents in Pteris vittata but
decreased chlorophyll contents in Pteris ensiformis under As-
induced stress.

3.2.2. Activities of Antioxidant Enzymes in B. nivea L. Increas-
ing As concentration had a significant (𝑃 < 0.05) effect on
SOD, CAT, and MDA concentrations in B. nivea (Figures
3(a)–3(d)). Compared with the control, increasing the As
concentration significantly decreased (𝑃 < 0.05) SOD
concentration in B. nivea, except at the highest applied As
(20mg L−1), while there were a nonsignificant reduction in
POD concentration and a gradual reduction in CAT concen-
tration at 10mg L−1, but a slight increase at 15 and 20mg L−1.
TheMDA content in As-contaminated B. nivea showed a sig-
nificant (𝑃 < 0.05) increasing trend with increasing As con-
centration.

In plants and living organisms, stress induces the gen-
eration of reactive oxygen species (ROS) which may cause
oxidative damage to proteins and enzymes. Excessive ROS
increases MDA, the last product of membrane liposome
peroxidation, which suggests lipidmembrane instability [29].
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Figure 2: Effect of As application, on the chlorophyll of Boehmeria
nivea L. Values followed by different uppercase letters are signif-
icantly different at P < 0.05, for treatments. Values followed by
different lowercase letters are significantly different at 𝑃 < 0.05,
for treatments. Values followed by different uppercase letters∗
are significantly different at P < 0.05, for treatments. Different
letters indicate significant differences between treatments for each
parameter, at significant level of 0.05. Values followed by the same
letters for each parameter are not significantly different at the 0.05
level (least significant difference). Values in the graph are mean
(𝑛 = 3); error bars are standard deviation (SD).

To reduce oxidative damage, plants initiate enzymatic and
nonenzymatic antioxidant defense mechanisms, of which the
synthesis of SOD, POD, and CAT is the most important. In
B. nivea, the greatest increase inMDA, relative to the control,
was at 20mg L−1 As (Figures 3(a)–3(c)), demonstrating that
POD andCAT areH

2

O
2

scavengers in ramie. SOD, POD, and
CAT activities had similar suppressive effects and enhanced
trends with As addition, except for POD concentration at
10mg L−1 As and CAT at 15mg L−1 As. The critical-stage
performance of antioxidants, in B. nivea, was at 20mg L−1 As.

SOD contents in B. nivea decreased by approximately
1.2, 1.5, 2.0, and 1 times of the control at 5, 10, 15, and
20mg L−1As, respectively (Figure 3(a)). Based on this and the
observed fluctuations, we conclude that SOD contributed to
the tolerance of B. nivea to As contamination. At 5, 10, 15, and
20mg L−1 As, POD content declined by approximately 1.1, 1.0,
1.2, and 1.0 times of the control, respectively (Figure 3(b)).
Similar decreasing trends of SOD and POD contents in
cadmium-stressed wheat (Triticum durum) and selenium-
stressed ryegrass (Lolium perenne) have been reported [19].
A study by Saidi et al. [30] reported suppressed activities of
SOD and POD in cadmium-contaminated bean plants, while
Huang et al. [31] reported increased SOD and POD contents
in hybrid ramie under increased salinity.

The CAT content in B. nivea decreased at 5, 10, 15, and
20mg L−1 by 1.6-, 2.3-, 1.4-, and 1.1-fold less than control

(Figure 3(c)). Silva et al. and Huang et al. [31, 32] reported
decreasing CAT content in aluminum-exposed rye and salin-
ity-stressed ramie. The decreased CAT activity with increas-
ing As contamination confirms the role of CAT in quenching
H
2

O
2

and preventing oxidative damage in B. nivea.
Increasing the concentration of As in B. nivea increased

MDA concentration from 1.12 times greater than control
at 5mg L−1 to 2.20 times greater than control at 20mg L−1
(Figure 3(d)). The increase at 20mg L−1 As suggests the role
of MDA in lipid peroxidation and the maintenance of home-
ostasis ofB. nivea. Increases inMDA activity below 20mg L−1
As inhibited biomass production which is a clear indication
of As tolerance of B. nivea. Our results of enhancedMDA and
CAT activities with As addition agree with those of Feng et al.
and Huang et al. [29, 31] who reported increased MDA and
CAT activities in drought-stressed drought-resistant ramie
cultivars, plants (ferns, rice, and maize) and hybrid ramie
(B. nivea), respectively. Our results suggest that B. nivea is
capable of alleviating oxidative stress and preventing lipid
peroxidation under a specified range (5–15mg L−1 As) of As
contamination. The highest increase in MDA (2.20 times
greater than control) at 20mg L−1 confirms lipid peroxidation
or damage to the plasma membrane which, in turn, inhibits
plant growth.

3.2.3. Electrolyte Leakage and Hydrogen Peroxide (H2O2) Lev-
els in B. nivea L. Solute leakage and H

2

O
2

content increased
in B. nivea with increasing As contamination (Figures 4(a)
and 4(b)).The increases in electrolyte leakage andH

2

O
2

from
5 to 20mg L−1 As ranged from 1- to 1.5-fold and 1.13- to 2-fold
greater than the control, respectively. The gradual increase in
MDA, electrolyte leakage, and H

2

O
2

from 5 to 15mg L−1 As
revealed that As toxicity accelerated the antioxidant defense
mechanism [15]. However, 20mg L−1 As resulted in oxidative
destruction in the plant. Similar trends for electrolyte leakage
and lipid peroxidation have been reported in Cu-, Cd-, and
Pb-contaminated Brassica napus [16, 20, 23].

3.2.4. Relative Water Contents (RWC) in B. nivea L. As con-
tamination reduced RWC in ramie, it was not significant (𝑃 >
0.05) (Figure 5). The reductions in RWC were 1.01–1.04-fold
less than the control (1–4%) at 5–20mg L−1 As. However, the
greatest reduction in RWC (4%) was recorded at 20mg L−1
As (Figure 5). The antioxidant defense mechanism enabled
B. nivea to maintain tissue water potential and, therefore,
cell turgor under the stress conditions [15]. Turgidity mainte-
nance under stress leads to themaintenance of comparatively
higher RWC under increasing As contamination (Figure 5).
Similar trends for RWC and lipid peroxidation have been
reported in Pb-contaminated ramie cultivars [15].

3.3. Arsenic (As) Concentration in B. nivea L. The As content
in dried roots and shoots (leaves plus stem) of B. nivea
increased significantly (𝑃 < 0.05) with increasing applied
As (Figure 6), more so in the shoots than the roots. Arsenic
(As) mostly accumulates in the aboveground parts of tolerant
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Figure 3: Effect of As application on antioxidant enzymes of Boehmeria nivea. (a): SOD; (b): POD; (c): CAT; (d): MDA. Values followed
by different uppercase letters are significantly different at P < 0.05, for treatments. Different letters indicate significant differences between
treatments for each parameter, at significant level of 0.05. Values followed by the same letters for each parameter are not significantly different
at the 0.05 level (least significant difference). Values in the graph are mean ± SD (𝑛 = 3); error bars are SD.

plants. The average amount of As remaining in the Hoagland
solution at the end of the experiment was 89%.

The concentrations of As in the shoots and roots of B.
nivea gradually significantly increased within a certain range,
that is, 330–150mg kg−1, respectively, compared to the con-
trol (94–75% > control). Shoot accumulation of As in B.
nivea at 5 and 20mg L−1 As was 4.0 and 15.5 times greater
than the control, respectively, while in the roots the respective
values were 8.0 and 17.0 times greater than the control,
respectively. The average amount of As remaining in the
Hoagland solution at 5, 10, 15, and 20mg L−1 was 85, 86, 88,
and 99% (i.e., 15, 14, 12, and 1% were absorbed by B. nivea),
respectively.Thus, the performance ofB. nivea improvedwith
increasing addition of As. The mobilization of As from roots
to leaves is the greatest threat to the food chain and the

survival of life on Earth, but this would not occur in B. nivea
because it annually sheds older leaves (which can be collected,
removed, and/or recycled) and is a commercial fiber crop;
hence, contamination of the food chain is avoided.

In contrast to our results, Otones et al. [33] recommended
Agrostis castellana (Boiss. & Reut.), Centaurea jacea L.,
Eryngium campestre L., and Scirpus holoschoenus L. for the
stabilization of As in abandoned mining areas. According to
this study, these plants showed low translocation factors, that
is, underground [As]> aboveground [As]. In accordancewith
our resultsHelichrysum oligocephalum,Hyoscyamus kurdicus,
Nonea persica, Salvia syriaca [34], Rumex acetosella L. [33],
Arundo donax [35], Isatis cappadocica, and Hesperis persica
[36] reportedly accumulate relatively high As concentrations
in their shoots.
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4. Conclusions

This study reports on the growth of B. nivea in As-contam-
inated hydroponic cultures up to 20mg L−1. Arsenic contam-
ination at high concentration, that is, 20mg L−1, can inhibit
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Figure 6: Effect of As application, on the As concentration in Hoa-
gland solution and plant parts of Boehmeria nivea L. Values followed
by different uppercase letters are significantly different at P < 0.05,
for treatments. Values followed by different lowercase letters are
significantly different at P < 0.05, for treatments. Values followed by
different uppercase letters∗ are significantly different at P < 0.05, for
treatments. Different letters indicate significant differences between
treatments for each parameter, at significant level of 0.05. Values
followed by the same letters for each parameter are not significantly
different at the 0.05 level (least significant difference). Values in the
graph are mean (𝑛 = 3); error bars are standard deviation (SD).
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growth, chlorophyll content, and SOD, CAT, and POD con-
tents in the plant by inducing electrolyte leakage, lipid per-
oxidation, and reducing RWC. However, up to 15mg L−1 As
resulted in limited cellular oxidative damage in B. nivea.
The plant accumulated higher As concentrations in shoots
than roots and thus gave higher translocation factors. The
ability to accumulate more metals in the stalk and leaves than
roots is a positive indicator. The metabolic and biochemical
processes in B nivea remain unaffected till 15mg L−1 As, but
at 20mg L−1 stress-induced oxidative damage was apparent.
This experiment suggests that B. nivea L. may extract a
considerable amount of As; however a field-based study is
needed to confirm these results.
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This study investigates the synergy of Rhizobium phaseoli and Acidithiobacillus ferrooxidans in the bioleaching process of copper.
The results showed that additional R. phaseoli could increase leaching rate and cell number of A. ferrooxidans. When the initial
cell number ratio between A. ferrooxidans and R. phaseoli was 2 : 1, A. ferrooxidans attained the highest final cell number of
approximately 2 × 108 cells/mL and the highest copper leaching rate of 29%, which is 7% higher than that in the group with
A. ferrooxidans only. R. phaseoli may use metabolized polysaccharides from A. ferrooxidans, and organic acids could chelate or
precipitate harmful heavy metals to reduce their damage on A. ferrooxidans and promote its growth. Organic acids could also
damage the mineral lattice to increase the leaching effect.

1. Introduction

The environment and natural resources are important topics
for research. Many researchers have reported the harm-
ful effects of heavy metals from tailings reservoir on the
environment [1, 2]. However, some heavy metals with high
value, such as copper, could be recycled from the tailings.
Bioleaching is commonly performed on low-grade copper
because it is cheaper, more environment friendly, and more
efficient than traditional methods [3, 4].

Bacteria require a strict reaction environment during the
leaching process; thus, the low leaching rate and inefficiency
have become a challenge [5]. Scholars have conducted studied
electric fields [6], catalysts [7], metal cations [8], and other
related topics to improve the leaching process. The use of
synergy among different bacteria is an important approach
in improving bioleaching. Donati et al. investigated the
collaborative leaching of Acidithiobacillus ferrooxidans and
Acidithiobacillus thiooxidans [9]. Deng et al. discussed the
collaborative leaching of Leptospirillum ferrooxidans and A.
thiooxidans [10, 11]. These studies found that mixed cultures
demonstrate better performance than pure cultures. Zhu and

Zhang found that the synergistic effects between chemoau-
totrophic bacteria and heterotrophic bacteria can improve
the leaching rate of heavy metals [12]. During the leaching
process, some additional bacteria could not endure the high
concentration of heavy metals or the strong acidic condi-
tion. Few researchers have studied the assistance of high-
tolerance chemoheterotrophic bacteria in the bioleaching
process which could adapt to the environment at pH = 2.
Thus, this study selected Rhizobium phaseoli to improve the
leaching efficiency by using the synergy between R. phaseoli
and A. ferrooxidans. R. phaseoli isolated from the nodules of
kidney beans (a type of overaccumulated plant) could grow
under strict conditions.

2. Materials and Methods

2.1. Materials

2.1.1. Sample. The tailing sample was collected from a copper
mine reservoir in Yunnan province, China. Early sample
analysis showed chalcopyrite as the main component, with
0.31% copper quality. However, the contents of other heavy
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Figure 1: SEM pictures of tailing sample ((4000x) and (6000x)).

Figure 2: Pictures of Acidithiobacillus ferrooxidans under optical microscope (1000x) and SEM (10000x).

metals especially toxic heavy metals (Cd 0.06403mg/g, Pb
0.33251mg/g, Ni 0.06227mg/g, etc.) were too little to affect
the bacteria, the average particle size of this sample was
18.30 𝜇m, and the content of sulfur was relatively high to pro-
vide the energy for A. ferrooxidans, so this tailing sample was
suitable for bioleaching. The results of SEM testing and total
content of heavy metals are listed in Figure 1.

2.1.2. A. ferrooxidans. The strain was isolated from an acid
mine drainage and stored in the biological lab of Chongqing
University, China. At the beginning of the experiment, 9K
liquidmediumwas inoculatedwith the strain and then placed
in constant temperature shaking with suitable environment.
Only the bacteria in logarithmic phase were used for this
experiment. Figures 2 and 3 show A. ferrooxidans under
opticalmicroscope and SEM, respectively.The pictures under
optical microscope and SEM are listed in Figure 2.

2.1.3. R. phaseoli. The strain, which is a type of heterotrophic
and aerobic bacteria, was obtained fromAgricultural Culture
Collection of China and initially isolated fromnodules of kid-
ney bean. The strain could use many types of carbon source
and grow in acidic environment. After previous domestica-
tion, the strain could grow normally in a copper concentra-
tion of 0.5 g/L and pH value of 2. The pictures under optical
microscope and SEM are listed in Figure 3.

2.1.4. Medium. Themedium of A. ferrooxidans and R. phase-
oli was, respectively, 9K liquid medium (composition: 3 g/L

(NH
4

)
2

SO
4

, 0.5 g/L K
2

HPO
4

, 0.5 g/L MgSO
4

⋅7H
2

O, 0.01 g/L
Ca(NO

3

)
2

, 0.23 g/L FeSO
4

⋅7H
2

O, 0.1 g/L KCl, and 1 L distilled
water) and YMA liquid medium (yeast morphology agar,
composition: 10 g/L mannitol, 1 g/L yeast powder, 0.5 g/L
K
2

HPO
4

, 0.2 g/L MgSO
4

⋅7H
2

O, 0.1 g/L CaHPO
4

, 0.1 g/L
NaCl, 4mL 0.5% boric acid solution, 4mL 0.5% sodium
molybdate solution, 10mL 0.4% Congo red, and 1 L distilled
water).

2.1.5. Experimental Equipment. Atomic fluorescence spec-
trometer (SK-2002B; Beijing, China), vertical pressure steam
sterilizer (YXQ-LS-30S; Shanghai, China), constant temper-
ature shaking (THZ-92A; Shanghai, China), pH-ORP tester
(ORP-421; Shanghai, China), microscope (XSP-8C; Shang-
hai, China), thermostatic incubator (LRH-250-A; Shanghai,
China), HPLC (Waters 2695; Shanghai, China), and hemo-
cytometer (XB-R-25; Shanghai, China) were used in this
experiment.

2.1.6. Analytical Methods. The concentration of copper was
tested with atomic fluorescence spectrometer, and leaching
rate was defined as the copper concentration in leaching
solution divided by the total copper content in the sample.
We, respectively, dissolved 100mg oxalic acid, 100mg malic
acid, 100mg formic acid, 100mg acetic acid, 100mg succinate,
100mg lactate, and 100mg citrate with buffer solution to
50mL, and then we detected organic acids with HPLC after
filtration and ultrasonic degassing. The chromatographic
conditions were listed as follows: chromatographic column
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Figure 3: Pictures of Rhizobium phaseoli under optical microscope (1000x) and SEM (10000x).

was Hypersil BDS C
18

(4.6mm × 250mm 5𝜇m), 0.5%
NH
4

H
2

PO
4

-H
3

PO
4

buffer solution was the mobile phase,
sample injection volume was 10 𝜇L, temperature was 30∘C,
flow rate was 1.0mL/min, and measuring wavelength was
214 nm. We counted the number of bacteria by hemocy-
tometer measurement. At first, we centrifuged or diluted the
bacteria liquid until the concentration was at the order of
appropriate magnitude and dyed the bacteria with trypan
blue; after that we counted the bacteria in the grids for 3 times
and calculated the concentration of bacteria with the corre-
sponding formula.

2.2. Experimental Procedure. Tailing sample (10 g) was
ground and divided into five groups, with each group con-
taining three parallel test flasks. The first group was the
sterile control group, and the other four groups were marked
from A to D. A. ferrooxidans bacterial liquid (10mL; 1.1 ×
107 cells/mL) was added to the four groups A–D. Groups B, C,
and D were added with 10, 5, and 1mL of R. phaseoli bacterial
liquid (9 × 106 cells/mL), respectively. The solution volumes
were then adjusted to 100mL, and noniron 9K liquidmedium
and initial pH values were adjusted to 2.2 with concentrated
sulfuric acid included in all five groups.The initialA. ferroox-
idans/R. phaseoli cell number ratios were about 1 : 1, 2 : 1, and
10 : 1 in groups B, C, and D, respectively, and tailing concen-
tration was 10% (w/v) in each flask. Finally, all the five groups
were placed in an air bath oscillator at 100 rpm and 25∘C.The
experiment lasted for 25 days, the pH values and cell num-
bers were measured daily, and copper concentrations were
measured every 3 days. We calculated the mean values as the
final testing results after omitting the finding with obvious
errors.

3. Results and Discussion

3.1. Change of pH Values. Figure 4 shows the changes in pH
values among the five groups.The pH values in all the groups
increased during the first 15 days.This increase was attributed
to the reaction of some alkaline substances as chalcopyrite
and ferrosulphide compounds with acids in the tailing and
the proliferation of A. ferrooxidans, which also consumed
hydrogen ions in the leaching solution, and the rate of neu-
tralization reaction was much more than the rate of bacterial
oxidation reaction. Furthermore, Fe2+ would be oxidized into
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Figure 4: Change of pH values in 5 groups.

Fe3+ as the energy of A. ferrooxidans; it consumed large
number of hydrogen ions as follows:

4Fe2+ +O
2

+ 4H+ bacteria
→ 4Fe3+ + 2H

2

O (1)

The pH level in the control group became stable on the
12th day and reached a value of 2.82 by the end of the exper-
iment. The pH levels in the other groups started to decrease
from the 16th day because of the near-depletion of alkaline
substances and the hydrolysis reaction of Fe3+. With the
growth of A. ferrooxidans, Fe2+ was oxidized to Fe3+, and the
hydrolysis reaction of Fe3+ continuously advanced and gen-
erated numerous hydrogen ions [13]. By the end of the exper-
iment, group B obtained the lowest pH value of 2.11 because
more organic acids were secreted by R. phaseoli [14].

3.2. Test Results of Organic Acids. Organics, especially those
with high content of small molecular organic acids, can cause
the cytoplasm acidification of chemoautotrophic bacteria
[15]. The reduction of oxygen at the extremity of the electron
transport chain could also be affected. Thus, organics can
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Table 1: Contents of organic acids in liquid culture mediums (mg/L).

Group Oxalic acid Malic acid Formic acid Acetic acid Succinate Lactate Citrate
B 78.4 27.3 2.1 13.7 8.6 Not detected 36.9
C 74.2 31.1 1.7 10.9 7.9 Not detected 34.1
D 69.1 24.9 2.3 11.2 1.8 Not detected 31.8

0 3 6 9 12 15 18 21 24

C
ell

 n
um

be
r (

ce
lls

/m
L)

Time (day)

Group A
Group B

Group C
Group D

10
7

10
6

10
8

(a) The cell number of A. ferrooxidans

0 3 6 9 12 15 18 21 24
C

ell
 n

um
be

r (
ce

lls
/m

L)

Time (day)

Group B
Group C
Group D

10
6

10
7

10
5

(b) The cell number of R. phaseoli

Figure 5: The cell number (ordinate after logarithmic transformation) of Acidithiobacillus ferrooxidans (a) and Rhizobium phaseoli (b).

damage the growth and metabolism of A. ferrooxidans.
Organic acids were the main metabolites of R. phaseoli. We
measured the contents of small molecular organic acids in
groups B, C, and D with HPLC. The results are listed in
Table 1.

As shown in Table 1, oxalic acid was the organic acid with
the highest concentration (78.4mg/L), whereas lactate was
undetected. The concentration of formic acid, which is the
most harmful acid to A. ferrooxidans, was relatively low [16].
Some studies showed that A. ferrooxidans can grow normally
when the content of acetic acid or oxalic acid is ≤100mg/L
[17]. However, the proper content of organic acids can even
stimulate the metabolic ability of Fe2+ in A. ferrooxidans.

3.3. Changes of the Cell Number of Bacteria. Figure 5 shows
the changes of the cell number of R. phaseoli and A. ferrooxi-
dans. R. phaseoli could also grow normally without an added
YMA liquid medium, and the remaining YMA medium in
the previous bacteria liquid might provide the carbon source
for R. phaseoli. However, R. phaseolimight have also used A.
ferrooxidansmetabolites as its carbon source.The logarithmic
phase in group B with the most initial R. phaseoli was
the shortest, and the stable phase in group B was also the
earliest. In the last few days, the cell number of R. phaseoli in
all the three groups tended to be stable and similar (about 5 ×
106 cells/mL) because the nutrients for A. ferrooxidans in the
9K medium added into the leaching environment were lim-
ited, and a certain number of A. ferrooxidans could provide
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Figure 6: The changes of copper leaching rates.

limited organic compounds for R. phaseoli. Therefore, the
differences became small toward the end of the experiment.

At the beginning of the experiment, the adaptation period
ofA. ferrooxidans in groups B, C, andD (withR. phaseoli) was
evidently longer than that in group A (without R. phaseoli).
This result may be attributed to the higher initial R. phaseoli
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Figure 7: SEM pictures of tailing sample after leaching.

concentration, which resulted in a longer adoption phase.
The two reasons for this phenomenon are as follows. (1) The
metabolites ofR. phaseoli (mainly organic acids) inhibited the
growth ofA. ferrooxidans to some extent. (2) R. phaseoli com-
petedwithA. ferrooxidans for other sources, such as dissolved
oxygen; thus, A. ferrooxidans needed more time to adapt to
the new environment.

At the end of the experiment, the numbers of A. fer-
rooxidans in groups B, C, and D were, respectively, 1.4 ×
108 cells/mL, 1.43 × 108 cells/mL, and 1.33 × 108 cells/mL,
which is about 2 × 107 cells/mL more than 1.16 × 108 cells/mL
in groupA.Themain compositions of extracellular polymeric
substances (EPS) of A. ferrooxidans were glucose, rhamnose,
nucleic acid, and protein. R. phaseoli are chemoheterotrophic
bacteria that consume metabolites in the EPS of A. fer-
rooxidans as complex organics were hydrolyzed into simple
organics, ATP, and [H] under the action of catabolism
enzyme.

The negative effect of organic acids on A. ferrooxidans
could be reduced. The low concentration of organic acids
could not harm A. ferrooxidans but could stimulate its
growth. Organic acids released by R. phaseoli could chelate
or precipitate the harmful heavy metals in the solution and
could reduce the hazard to A. ferrooxidans [15].

3.4. Changes of the Leaching Rate of Copper. Figure 6 shows
the changes in copper leaching rates among the five groups.
During the first four days, the differences among the five
groupswere not evident, and the leaching rates in groupswith
bacteria were obviously higher than that in the control group
from the fourth day. The leaching rates in groups B, C, and
D were higher than that in group A from the fourth day, as
well. At the end of this experiment, the leaching rate of group
A was 22.3%, which is 6.1% higher than that in the control
group 16.2%, proving that A. ferrooxidans could promote
copper leaching. Additional R. phaseoli could further raise
the leaching rate to 29%, especially in group C, where the
initial A. ferrooxidans/R. phaseoli cell number ratio was 2 : 1.
At the 25th day, the leaching rates in groups B and D were
27% and 26.1%, respectively. The leaching results provided
evidence that adding R. phaseoli could promote copper
leaching further due to the reasons mentioned previously.

Figure 7 shows the tailing sample with bacteria on its
surface in the leaching process. A. ferrooxidans adsorbed on
the surface with its flagellum at the beginning. The bacteria
oxidized minerals and obtained energy with the oxidizing
enzymes of Fe2+ and S, and then the electrons released in the
chemical oxidation reached the plasmamembrane which was
the combined point of bacterial respiration, A. ferrooxidans
destroyed the surface lattices of metal sulfide minerals to
oxidize them to themetal ions directly asmentioned earlier or
oxidized Fe2+ into Fe3+, and then Fe3+ oxidizedminerals with
its strong oxidative activity. The direct and indirect mecha-
nisms [18] are shown in Figure 8.

R. phaseoli could improve the growth and activity of A.
ferrooxidans. Moreover, R. phaseoli mainly secreted organic
acids, such as oxalic acid and citric acid. Oxalate anions con-
tain strong and stable electrons, and each citric acid molecule
can ionize three hydrogen ions. Thus, both oxalic acid and
citric acid are strong organic acids that could damagemineral
lattices to release copper ions into the leaching solution.

4. Conclusions

This study investigated the synergy between R. phaseoli and
A. ferrooxidans in the bioleaching process. The cell number
of A. ferrooxidans evidently increased because R. phaseoli
consumed some of the organicmetabolites ofA. ferrooxidans.
The number in group C was the highest at the beginning of
the 8th day, and organic acids could chelate or precipitate
harmful heavy metals to reduce their negative influence on
A. ferrooxidans. Therefore, the cell number of A. ferrooxidans
increased, whereas the cell number of R. phaseoli in the three
groups tended to be stable and similar. The leaching results
showed that R. phaseoli could obviously increase the copper
leaching rate from 22% to 29%. In addition to the increase in
the number of A. ferrooxidans, organic acids could also dam-
age the mineral lattices to release copper ions into leaching
solution. However, the low concentration of organic acids did
not exceed the endurance limit of A. ferrooxidans and even
promoted the leaching efficiency.

Research Gap and Outlook. This study found that the
synergy between Rhizobium phaseoli and Acidithiobacillus
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Figure 8: The schematic diagram of direct (a) and indirect leaching mechanism (b).

ferrooxidans could promote copper leaching efficiency, but
the leaching rate remained low and took a long time. For
future work, the authors aim to investigate the catalyst for
accelerating the leaching rates.
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The production of olive oil in Morocco has recently grown considerably for its economic and nutritional importance favored by
the country’s climate. After the extraction of olive oil by pressing or centrifuging, the obtained liquid contains oil and vegetation
water which is subsequently separated by decanting or centrifugation. Despite its treatment throughout the extraction process, this
olive mill wastewater, OMW, still contains a very important oily residue, always regarded as a rejection. The separated oil from
OMW can not be intended for food because of its high acidity of 3.397% which exceeds the international standard for human
consumption defined by the standard of the Codex Alimentarius, proving its poor quality. This work gives value addition to what
would normally be regarded as waste by the extraction of oleic acid as a high value product, using the technique of inclusion with
urea for the elimination of saturated and unsaturated fatty acids through four successive crystallizations at 4∘C and 20∘C to have a
final phase with oleic acid purity of 95.49%, as a biodegradable soap and a high quality glycerin will be produced by the reaction of
saponification and transesterification.

1. Introduction

The production of Moroccan olive oil has been growing and
its consumption has also increased (3.9 kg/inhabitant) in 2013
[1], thanks to its nutritional, medical, and economic impor-
tance; it participates with 5% in the Moroccan agricultural
GDP and 15% in agrifood exports [2]. Morocco is one of
the Mediterranean countries concerned with the attractive
developing production of olive oil, with an annual production
capacity of 1.5 million tons of olives (amount of 0.6 million
tons is triturated by about 565modern units and semimodern
ones and amount of 0.16million tons of olives per year is tritu-
rated by 15,000 traditional units calledmaâsra) [3]. Alongside
their activities, these traditional factories produce solid waste
called pomace, mainly used in composting [4], combustible
[5], biogas [6], tanning [7], or animal feed [8], and also liquid
waste called “Olive Oil Mill Wastewater (OMW),” a variation
amount between 0.5 and 1.5m3 per 1 ton of olives according
to the production method [9]. The “vegetation water” is sent
directly to the environmental medium which poses a serious
environmental problem because it contains in addition to the

acidic pH significant quantities of organic matter and poorly
biodegradable polyphenols.

The composition of this olive mill wastewater varies
depending on several factors such as the variety andmaturity
of the olives, the period of production, the climatic condi-
tions, farming methods, and the oil extraction mode [10].
The main physicochemical characteristics of the olive mill
wastewater of the region of Fes Boulemane [11] are given in
Table 1.

The physicochemical characterization of OMW of the
region of Fes Boulemane shows that this effluent has an
acid pH value, with a very high chemical oxygen demand
(COD) which proves that the OMWconstitutes an important
environmental problem.

Many biotechnological applications have been made to
utilize these liquids that we mentioned; the most commonly
used application shown is as follows.

(1) The Lagooning. This natural purification process reduces
the load rejection in organic matter and polyphenols existing
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Table 1: The main physicochemical characteristics of Moroccan
olive mill wastewater.

Parameters Values
pH 4.7
Acidity (%) 1.3
FM (%) 1
SM (g/L) 0.5
EC (mS/cm) 18.7
COD (gO

2

/L) 84.1
BOD
5

(gO
2

/L) 30
PP (g/L) 0.2
TNK (gN/L) 0.1
Chlorides (g/L) 5.1
FM: fat matter, SM: suspended matter, EC: electrical conductivity, COD:
chemical oxygen demand, BOD

5

: biochemical oxygen demand, PP: polyphe-
nols, and TNK: total nitrogen Kjeldahl.

in the olive mill wastewater, to obtain treated water that
meets the physicochemical quality standard; it is based on the
collection of OMW in ponds outdoors. The organic matter
is degraded under the effect of the biological activity of
microorganisms, leading to water denitrification [12–15].

This method has the disadvantages of excessive area
requirement, the release of bad odors, and the infiltration of
pollutants in the basement to land groundwater.

(2)TheComposting. Composting ofOMWis a technique used
to improve the physical, chemical, and biological properties
of soil. It is based on the decomposition of organicmatter into
stable products rich in humic compounds.

Several studies on composting of OMW were conducted
[16–18]. This technique improves the water retention in
sandy soils and aggregate stability and the cation exchange
capacity, which increasesmicrobial activity, and promotes the
degradation of pesticides and other organic compounds [19].

(3) Use as Fertilizer. Due to environmental restrictions of the
lagooning process of OMW, it can be used as a fertilizer. The
high organic load and the concentration of soluble nutrients
gives it wide use in agriculture [20, 21].

But its high pollution load, toxicity, and transport costs
may limit the use of OMW as fertilizers.

(4) Use as Animal Feed. The high content of sodium and
phenolic compounds in the OMW causes digestive disorders
in ruminants [22]. Concerning this problem, research has
therefore focused on reducing phenols by specific processes.
Dalmolive process [23, 24] reduces phenol to an acceptable
tenor. 29 kg of food can be produced by combining 50 kg
of OMW with 20 kg of exhausted pomace and 12.6 kg of
agricultural derivatives.

(5) Biogas Production. The anaerobic digestion process is
based on the biochemical conversion of organic matter to
produce carbon dioxide and methane [25–27].

A volume of 1m3 of OMW contains a concentration of
70 kg of chemical oxygen demand (COD) producing about

24.5m3 of methane. The energy of the biogas is used in
thermal formand can be converted into electrical energy [28].

Physicochemical and electrochemical processes were
used to treat this effluent in order to reduce the organicmatter
and toxicity to acceptable limits such as lime treatment [29,
30], coagulation-flocculation-hydrogen peroxide oxidation
[31], and phenolic treatment [32–34].

The principal aim of the present work was to develop a
simple and easy method to recover valuable products from
these effluents, discharged directly into the environment with
huge amount without effective treatment.

The originality of this work lies in the separation by a
natural setting of oil from olive mill wastewater, and after
several analyses of this separated oil, we found its acidity
higher than human consumption standard, which requires
searching recovery solutions by adaptation and application
of a fractional extraction technique of fatty acid from these
effluents for their valuation coupled on one hand to produce
soap and glycerin and on the other hand to extract pure oleic
acid contained in this extracted oil.

2. Materials and Methods

After the extraction of olive oil by pressing or centrifuging,
the resulting liquid contains oil and vegetation water; the
latter is separated by decanting or centrifugation.

Despite their treatment, the rejects from decantation and
centrifuging still contain very important oily residues, usually
discarded in the environmental media.

The residual oil after separation ofOMWmay not be used
for consumption for its high acidity (it reaches about 3.397%),
value exceeding the Codex Alimentarius standard [35].

In our work, we collected 90 L of OMW in the region
of Fes Boulemane and after storage in cans of 5 liters, they
are preserved in the laboratory for six months at room
temperature for decantation.

2.1. OliveMillWastewater Characterization. Olivemill waste-
water used in this work was collected from diverse traditional
crushing units of Fes Boulemane region, during the olive oil
year 2012/2013.

The source andmass fraction purity ofmaterials are listed
in Table 2.

2.2. Analyses

2.2.1. Oil Analysis. The chemical characterization of recov-
ered oil samples and the soap product was performed
according to the method of the International Organization
for Standardization (ISO) [36–46].

2.2.2. Samples Analysis by GC. The gas chromatography can
be applied directly to fatty acids and fatty esters. Regarding
triglycerides, they are used for the study of chain length after
conversion into methyl esters.

During separation, samples were analyzed using a gas
chromatography having the following characteristics:

Name: VARIANT 304 CX.
Column length: 50m.
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Table 2: Source and mass fraction of material.

Material Source Purity % mass
Sodium hydroxide VWR International 98%
Sodium chloride VWR International 99.5%
Potassium hydroxide VWR International 85%
Hydrochloric acid VWR International 37%
Ethanol VWR International 95%
Methanol VWR International 99.9%
Hexane VWR International 95%
Acetone VWR International 99%
Iodine monochloride VWR International 98%
Sodium thiosulfate VWR International 99.50%
Acetic acid VWR International 99.90%
Potassium iodide VWR International 99%
Ethyl oxide VWR International ≥99.5%
Chloroform VWR International ≥99%
Starch, soluble VWR International 99.00%
Phenolphthalein VWR International 99.00%
Urea VWR International ≥99%
Anhydrous sodium sulfate VWR International 99.00%

Stationary phase: silica.
Carrier gas: He.
𝑇 column: 210∘C.
Detector: FID (Flame Ionization Detector).

2.2.3. Determining Density. For measuring the density, our
sample is weighed with a balance and then placed into a
graduated cylinder filled with 100mL of water.

The elevation value of water volume in the graduated
cylinder has allowed us to calculate the value of the density.

2.2.4. Determining Boiling Point. To characterize our resul-
tant products we determined their boiling point, by placing
the samples (oleic acid, glycerol) in a test tube and a
thermometer in place, after heating with a hotplate until the
appearance of the first bubble of vapor, the boiling temper-
ature was determined by the thermometer at atmospheric
pressure.

2.2.5. Determining Melting Point. The Thiele tube is used to
determine the melting point of our products, the sample
is placed in a capillary connected with a thermometer and
immersed in the tube, and after heating the product began to
melt where we note the melting temperature.

2.3. Extraction of Oleic Acid. Oleic acid ((9Z)-octadec-9-
enoic acid) is an unsaturated fatty acid. This essential com-
pound of chemistry is also used as a surfactant to modify the
surface ofmagnetite particles [47], in the pharmaceutical field
[48], and is considered as a raw material for the production
of bioproducts little available in nature [49].

Several techniques have been developed to extract the
oleic acid from food waste; the most frequently used one is

based on the fractional distillation [50, 51] and the method
of inclusion with urea [52, 53]; it remains more advantageous
not only because of its lower cost and its better yield, but also
because of the quality of the recovered acid, as well as the low
temperature adopted for the extraction protecting oleic acid
oxidation.

In this work, the method based on the fractional crystal-
lization of urea described by Frémont andGozzelino [54] was
adopted. It thus permits the recovery of a highly purified oleic
acid with a very good quality; the difference was that they
worked with olive oil; then we can recover this acid by OMW.

2.3.1. Transesterification. The aim of this technique is to
transform the triglycerides which constitute the oil, tomethyl
esters. For this purpose, 200mL of this oil sample was mixed
with 600mL ofmethanol.The reaction is catalyzed by 100mL
of sodium methoxide (prepared before by mixing of 1 g of
sodium hydroxide with 100mL of methanol). The mixture is
subjected to heating under reflux for 3 hours at 60∘C period
considered sufficient for a perfect homogenization of the
mixture.

The mixture is then separated in a separatory funnel for
4 hours until the appearance of two phases: a top layer rich
in methyl ester and a lower layer rich in glycerol. After the
recovery of the latter, the separated upper phase is washed
properly with hydrochloric acid to neutralize excess sodium
hydroxide.

This upper phase of the first separation is rewashed a
second time with 100mL of distilled water, and to form two
layers, the upper one rich in pure methyl esters and the lower
one rich in water and methanol.

After separating the esters from the upper phase, the
lower phase is thus introduced into a separatory funnel in
the presence of hexane. A three-stage separation is performed
to maximize recovery of methyl esters, successive additions
of hexane were made at a rate of 25mL, and each addition
is followed by a separation by decantation. After the adding
of the pure methyl esters recovered in the first separation to
that extracted by hexane, the mixture was concentrated in
the rotatory evaporator, and the esters thus purified were also
weighed with an electronic scale.

2.3.2. Crystallization with Urea. The objective of this step is
to crystallize methyl oleate by the four successive crystalliza-
tions with a purity of about 95. 5% from the methyl esters of
fatty acids prepared.

For a first separation, we take 100 g ofmethyl estersmixed
with 100 g of urea and 1 L methanol, using a water bath to
achieve solubilization in alcohol.

After cooling overnight at 4∘C, our solution is filtered
on sintered glass, under vacuum of 1 bar maintained with a
vacuum pump (KNFNEUBERGER), trying to keep the same
conditions to obtain two phases solid C1 and filtrate F1.

Thefiltrate F1 ismixedwith 200 g of urea.Themixturewas
maintained at 4∘C, to have C2 crystals that will be rinsed and
mixed with 1.5 L of methanol and filtered under the vacuum
at room temperature.

Filtrate F3 product of the second crystallization is sub-
jected to a temperature of 4∘C after adding 120 g of urea.
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Table 3: Characteristics of recovered oil from OMW.

Parameters Values Norm Codex Methods
Acidity (%) 3.397 0.3–1 ISO 660 (determination of acid value and acidity)
Iodine index (g/100 g) 82.17 75–94 ISO 3961 (determination of iodine value)
Peroxide index (meqO

2

/kg) 11.26 ≤20–≤15 ISO 3960 (determination of peroxide value)
Saponification index (mgKOH/g) 189 184–196 ISO 3657 (determination of saponification value)
Refractive index (𝑛𝑑

20

) 1.4678 1.4677–1.4705 ISO 6320 (determination of refractive index)

The mixture is allowed to rest until the appearance of
crystalline phase C4.

This final phase additionally contains methyl esters urea
which must be removed by a hydrochloric acid solution and
separated after a natural decantation. These esters are then
extracted with hexane, and the excess of acid was removed by
pure water and then dried over anhydrous sodium sulfate.

After the removal of the solvent with the rotary evapora-
tor, we weighed resulting esters.

2.4. Saponification. For soap from OMW fast saponification
is performed, using a strong base in reflux mounting [55].

2.4.1. Implementation of the Saponification Reaction. A vol-
ume of 150mL of oil recovered from OMW is mixed with
150mL of ethanol in the presence of 30% sodium hydroxide
as an alkaline agent without forgetting a few grains of
pumice.

The mixture was kept heating under reflux for 4 hours at
50∘C, period deemed sufficient enough for the completion
of the saponification reaction until the solution becomes
limpid, and our mixture is allowed to settle for a fewminutes.
The reaction mixture is then separated into two phases, an
aqueous one rich in glycerin and a second heavier one which
is soap.

The reactionmixture was treated with a solution contain-
ing 200 g/L of sodium chloride; the neutralization of NaOH
significantly improves the separation of the two phases.

2.4.2. Separation by Filtration. The reaction mixture under-
goes a night of natural decantation, for 12 hours. Then, it
was vacuum filtered by suction on Büchner funnel through
a filter cloth (40 𝜇m). The recovered solid phase (soap) was
washed two times with 50mL of distilled water and dried by
sunshine.

2.5. Extraction of Glycerin. Glycerol (propane-1,2,3-triol) is a
coproduct which has three hydroxyl groups, functionalisable
and used in food [56, 57] and cosmetics [58, 59]; there
are two types of glycerol, a synthetic one obtained by the
petrochemical process in which propene is converted to
glycerol and natural one formed in the two processes of
saponification and transesterification [60].

After separation of the aqueous alkaline phase, we will
neutralize it with concentrated hydrochloric acid at 12%.
After a simple distillation followed by evaporation we can
isolate the glycerin (or glycerol).

Oil of OMW

Transesterification

Methyl esters

F: filtrate
C: crystals 

F4 (27.1524%) C4 (95.4951%)

F3 (90.1357%) C3 (80.2536)

F2 (43.881%) C2 (88.1354%)

F1 (82.3594%) C1 (35.9476%)

Figure 1: Fractional crystallization steps.

3. Results and Discussion

The oil of OMWwas recovered by natural decantation for six
months; the 90 liters gave 20 liters (yield 23%). This value is
slightly higher proving that despite these effluents treatment
remains rich in oil.The characteristics of this oil are shown in
Table 3.

Examination of the recovered oil characteristics has
shown that the acidity is greater than that for the Codex
Alimentarius standard due to lack of oil stability, bad storage
conditions, and low peroxide index explained by resistance to
oxidation during storage.

After a series of fractional crystallizations, we could have
in the end crystallized phase C4 rich in methyl oleate with a
purity of 95.49% (Figure 1).

We find that during these four successive separations
most of oleic acid either in the crystal or in the filtrate depends
on the temperature conditions and dilution.

The majority of saturated fatty acids are eliminated in the
first separation at a temperature of 4∘C, in the same condition
and by adding the urea to the filtrate F1; the rest will be
eliminated in the second crystallization, which gives rise to
phase C2 having in addition to the oleic acid an amount of
saturated fatty acid.

This phase will be diluted with methanol at 20∘C to
prevent the formation of inclusions, with the elimination of
fatty acids, and recover oleic acid in filtrate F3 with 90.1357%
purity.
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Table 4: Evolution of compounds during separation (% mass fraction).

Fatty acids Structure Composition F1 C1 F2 C2 F3 C3 F4 C4
Palmitic acid C16:0 9.3429 2.1019 38.8984 0.2920 4.2546 1.7856 12.9456 1.0024 2.5164
Palmitoleic acid C16:1 0.6096 1.6539 0.0357 2.8123 2.2454 2.5475 4.5789 6.6221 1.9015
Stearic acid C18:0 2.9059 0.0476 13.9547 0.2225 0.1614 — — — —
Oleic acid C18:1 74.018 82.3594 35.9476 43.881 88.1354 90.1357 80.2536 27.1524 95.495
Linoleic acid C18:2 10.9884 12.2856 4.8458 46.5568 3.6213 5.4456 2.2219 64.6214 1.5654
Linolenic acid C18:3 2.1352 1.5516 6.3178 6.2354 1.5819 0.0856 — 0.6017 0.4231

Table 5: Characteristics of separated oleic acid.

Parameters Literature [54] Values
Density — 0.898
Boiling point (∘C) — 360
Melting point (∘C) 14< <15 13.7

A final crystallization gave us by the addition of urea at
4∘C a final phase rich in oleic acid (95.4951%).

The evolution in the composition of fatty acids in the four
crystallizations is mentioned in Table 4.

In the first separation we could eliminate the saturated
acids C16:0 (palmitic acid) and C18:0 (stearic acid) with
significant fractions 38.8984% and 13.9547%, respectively.
After the second crystallization we could recover in filtrate
F2 some of these saturated acids and a part of the unsaturated
acids including oleic acid.

C2 crystals contain a small amount of saturated acids
which will be crystallized in the third separation where we
have used a large amount of methanol at room temperature
to form inclusions with these acids. We have also seen a
significant distribution of our oleic acid in both phases C3
(80.2536%) and F3 (90.1357%).

In the fourth crystallizing filtrate F3 gave birth to
crystalline phase C4 with a highly pure oleic acid and
(2.5164%) of palmitic acid and traces of other unsaturated
acids.

We can separate oleic acid, using saponification followed
by addition of hydrochloric acid, until the occurrence of an
oleic acid precipitate whose characteristics are presented in
Table 5.

The resulting oleic acid has a yellow color; it is insoluble in
water and soluble in some solvent such as ethanol, ether, and
chloroform; this product is used to prepare esters, alcohols,
and organometallic salt.

With the quality and purity of this compound, we can
produce biodiesel by esterification with alcohol.

The oxidative cleavage of the acid produces two unsatu-
rated carboxylic acids: azelaic acid (or acid nonanedioic) used
in the cosmetic and pharmaceutical field (treatment of skin
diseases including acne) and pelargonic acid (or nonanoic
acid) frequently used as fragrance for perfumes, antibacterial,
surfactants, and others [61, 62]. Figure 2 shows the variation
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Figure 2: Composition of methyl oleate in phases during crystal-
lization.
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Figure 3: Evolution esters mass during crystallization.

of the composition of methyl oleate during the stages of
crystallization.

The initial mixture (separated oil) contains 74.018%
methyl oleate, and after the first crystallization we are left
with a percentage of 82.3594%; C2 crystals resulting from
the second separation have a purity of 88.1354%. F3 and C4
contain 90.1357% and 95.495%, respectively. Frémont et al.
were able to extract an oleic acid with purity of 99.5% but by
starting from an olive oil and cooling to −60∘C of final phase
C4 mixed with an acetone solution.

The purity of our oleic acid is of the order of 95.4951%,
which is acceptable because we are working with olive mill
wastewater instead of virgin olive oil.

Transesterification of 200mL oil gave approximately
180.65 g of methyl esters where 100 g is used for crystalliza-
tion. After separating the four were able to get final phase C4
with mass of 46.98 g (Figure 3).
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Table 6: Characteristics of the resulting soap.

Parameters Values Literature [63] Methods
pH 8.7
Fatty acid 65.30% 64.60% ISO 685 (determination of total alkali content and total fatty matter content)
Moisture 5.60% 5.00% ISO 672 (determination of moisture and volatile matter content)
Combined alkali 8.85% 8.85% ISO 456 (determination of free caustic alkali)
Chloride 3.70% 3.90% ISO 457 (determination of chloride content—Titrimetric method)
Free alkali 0.10% 0% ISO 684 (determination of total free alkali)
Glycerol 0.70% 0.70% ISO 1066 (determination of glycerol content—Titrimetric method)

F1 C2 F3 C4
Phases

Yield separations

0

20

40

60

80

100

(%
)

Figure 4: Yield of four crystallizations.

3.1. Separation Yield. To know the efficiency of our process,
we have made a calculation of yield’s various crystallization
stages according to the following relation:

𝑌 = (

(mass ester ∗ purity)
(initial mass ∗ initial purity)

) ∗ 100. (1)

As a result we have found 46.98 g esters with a purity of
about 95.49%. We can say that the yield of our method is
very satisfying since we could reach a value of 60.61%, and we
also see after the calculation of yield of other separations the
results are very important because we have had results that
exceed 60% (Figure 4).

3.2. Saponification Yield. From 150mL (138 g) of oil we could
produce approximately 141.67 g soap whose characteristics
are presented in Table 6.

O

O O

O

Triglyceride Soap Glycerol

3(C17H33  -C-O-Na) + CH2-OH

CH2-OH

CH2-OH

Sodium hydroxide

CH2-O-C-C17H33

CH2-O-C-C17H33

CH2-O-C-C17H33 + 3NaOH (2)

We accept as data
𝑀 (oil) = 884 g/mol and𝑀 (soap) = 304 g/mol
and 𝑛 (oil) = 𝑛 (soap)/3
𝑚 (oil)/𝑀 (oil) =𝑚 (soap)/3 ∗M (soap)

Table 7: Characteristics of the resulting glycerol.

Parameters Literature [63] Values
Density 1.26 1.263
Boiling point (∘C) 290 290
Melting point (∘C) 17-18 17.5

with 𝑚 (oil) = 138 g and 𝑚 (soap) experimental =
141.67 g

𝑚 (soap) theoretical = 3 ∗ 304 ∗ 138/884 = 142.37 g

𝑌 = (

𝑚 (soap) exp
𝑚(soap) th

) ∗ 100

𝑌 = (

141.67

142.37

) ∗ 100 = 99.50%.

(3)

The yield of saponification was determined to know the
efficiency of our process, seeking to improve it more by the
optimization of operating conditions; 0.5% yield losses can
have various causes: parasitic reactions, losses at the various
stages of the synthesis (filtration, drying, and crystallization).

The saponification reaction allowed having a soap light
beige color with a clean look smooth to the touch with
abundant and consistent foam.

A comparison of the characteristics of soap obtained with
those relating to soap made from olive pomace [63] showed
that the values are quite comparable.

Glycerol derived from the saponification reaction and the
transesterification is a viscous liquid, which is transparent,
with a sweet taste whose characteristics are shown in Table 7.

Glycerin is soluble in water and in alcohols, very stable
under normal conditions of use, and nontoxic and has no
negative impact on the environment.

By comparing our glycerol and that produced by the
method described in [63], we observe that both have the same
characteristics, even if they do not belong to the same origin.

From 138 g of olive oil we could produce 9.14 g of glycerol
by saponification, and from 184 g we were able to get 11.31 g
by transesterification.

According to the results found in our process, an overall
recovery diagram can be proposed (Figure 5).
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Figure 5: General diagram of the process.

4. Conclusions

In this work, it was possible to recover valuable products from
a food waste that causes detrimental effects on nature.

In the first part, we have separated our oil from the olive
mill wastewater collected, just by natural decantation. And
we could extract oleic fatty acid as a product with a very
important commercial value, by fractional crystallization in
laboratory scale that we could separate it with a high purity
of 95.49%.

The second part of this workwas intended to saponify this
poor nutritional quality oil to produce good quality soap and
for the preparation of glycerin used in several areas.

In this work, we performed a quick and easy process for
extracting a very expensive fatty acid market from olive oil
wastewater with an easy method Instead of its preparation
from olive oil.
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The aim of this research was to investigate the use of a natural adsorbent like nopal (Opuntia albicarpa L. Scheinvar) for removing
cadmium from aqueous solutions with low concentrations of thismetal. Two treatments were applied to the cladodes: a dehydration
to get dehydrated nopal (DHN) and heating up to 90∘C to obtain a thermally treated nopal (TN). After examining the effect of
various pH values (2–7), the capacity of each biosorbent was examined in batch sorption tests at different dosages (0, 500, 1000,
1500, 2000, and 3000mg L−1).The results indicated that adsorption of cadmium to biomass of DHN and TNwas highly dependent
on pH and biosorbent dosage.The best removal of cadmium (53.3%, corresponding to 𝑞

𝑒

of 0.155mg g−1) was obtained at pH 4.0 by
using the TN sorbent. Infrared and Raman spectra confirmed that cadmium removal occurred via adsorption to –OH functional
groups.

1. Introduction

Heavy metals receive world attention due to their long-term
effects in the environment. Some of them, such as cadmium,
are only found at trace level in the terrestrial crust. However,
heavy metals are widely used in industrial processes and in
commonly used goods, thereby increasing their presence and
concentration in aquatic systems [1].

Cadmium has been classified into Group B1 as a probable
human carcinogen by the US Environmental Protection
Agency (EPA) and as a group I carcinogen by the Interna-
tional Agency for Research in Cancer (IARC) [2]. Conse-
quently, World Health Organization, EPA, and the European
Drinking Water Directive have established 0.005mg L−1 as
the maximum standard for Cd in water for municipal supply.
In wastewater, EPA has set an upper limit of 2mg L−1 in

the Cd concentration before discharge to receiving water
bodies [3].

Conventionally, heavy metals have been removed from
wastewater by processes including chemical precipitation,
coagulation/flocculation, flotation, ion exchange resins,
absorption, and membrane filtration. However, the running
costs of these processes are disadvantageous, as well as
the generation of chemical sludges in the case of chemical
precipitation [1, 4, 5].

Biosorption constitutes a low-cost and feasible method to
remove heavy metals from aqueous streams. By using cheap
and naturally abundant materials, this technology is well-
suited for local and full-scale applications. Biosorbents such
as living or dead microbial biomass, seaweeds, agricultural
wastes, sawdust, and modified cellulosic materials have been
studied for metal removal [1, 4–6].
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In developing countries, the abundance and inexpensive
nature of agricultural wastes make them a promising alter-
native to conventional chemical processes for heavy metal
removal. Moreover, these natural sorbents yield biodegrad-
able sludges and offer the possibility of metal recovering.
Among the natural materials investigated with this purpose,
nopal cladodes (Opuntia sp.) have been reported to have
a high potential for removal of turbidity [7], ions from
mine drainage [8], lead [9], and chromium [10]. Several
biosorbents have been used for removing cadmium, and they
have been shown to be a feasible alternative because high
efficiencies and adsorption capacities (𝑞

𝑒

) have been obtained
when elevated concentrations of cadmium (even as high as
1 g L−1) were tested [1].

This paper reports the removal of low concentrations of
cadmium from aqueous media by using cladodes of Opuntia
albicarpa L. Scheinvar. The objective of testing low concen-
trations was to simulate more common conditions, that is,
cadmium levels comparable to the upper limit of 2mg L−1
established for wastewater by EPA [3]. Two biosorbent prepa-
ration methods were tested in terms of removal efficiency.
Additionally, functional groups interacting with cadmium
were identified by using FTIR and Raman spectroscopy.

2. Materials and Methods

2.1. Cadmium Solutions. A stock cadmium solution
(10000mg Cd2+ L−1) was prepared by dissolving 1 g of
metallic cadmium (99.9% of purity, Sigma Aldrich) in 20mL
of concentrated HNO

3

. The solution volume was completed
up to 100mL with deionized water (Milli Q Plus Millipore
Columns Systems). Cadmium solutions (1.6 ± 0.02mg Cd2+
L−1) used in biosorption studies were made by appropriate
dilution of the stock solution with deionized water.

2.2. Natural Materials. Nopal specimens of Opuntia albi-
carpa L. Scheinvar were collected from Zempoala (Hidalgo,
Mexico), and only one-year aged cladodes were retained for
the study. Prior to treatment, cladodes were washed with
deionized water and cut in 3 cm × 1 cm segments of about 10 g
each.

2.3. Biosorbent Preparation. Biosorbents were obtained fol-
lowing two different treatments. Dehydrated nopal (DHN)
was prepared by drying cladode segments at 70∘C for 5 h.
In this way, a reduction of 82.7% of the total water content
could be achieved. Next, cladodes were ground using an
electric blender (Waring, USA) and sieved through 250–
600𝜇mmesh screens (Tyler test sieves #60 and #30, resp.).

Thermally treated nopal (TN) was prepared by heating
segments of cladodes (200 g in total) with 500mL of water
until boiling occurred (approximately to 90∘C at about 2000
meters above sea level). Then, the bulk mixture was liquefied
and dehydrated at 70∘C for 24 h. Dried nopal was ground and
sieved to obtain a particle size lower than 600𝜇m.

2.4. Biosorption Tests. Batch sorption tests were carried out
in triplicate on a standard jar test apparatus (Quimipura,

Mexico). Each jarwas filledwith 500mLof cadmium solution
(of about 2mgCd+2 L−1) and then stirred at 150 rpm for 1min.
Stirring speed was then lowered to 85 rpm for 4min and after
set to 20 rpm during 10min. Finally, samples were allowed to
settle for 30min [11]. The sorbent was recovered by filtration
of the settled material through Whatman 42 filter paper.

To assess cadmium removal, supernatant samples (taken
before and after a given treatment) were digested in a
microwave oven (MARSX-5) by following a standard tech-
nique [12]. Subsequently, samples were analyzed in anAtomic
Absorption Spectrophotometer (AAS, Varian 800).

The effect of pH on cadmium removal was studied at
different pH values (2–7) of the cadmium solution and with
500mg L−1 of DHN. pHwas adjusted by adding 1.0MHCl or
1.0M NaOH.The effect of the biosorbent dosage was studied
at five doses (500, 1000, 1500, 2000, and 3000mg L−1) of both
biosorbents.

2.5. Modeling of Biosorption. Percentages of cadmium
removal were adjusted to the Chapman sigmoidal expression:

% Cd removal = 𝑎 (1 − 𝑒−𝑏⋅𝑚)
𝑐

, (1)

where 𝑎 is the maximum percentage of Cd removal, 𝑚 is the
dosage of biosorbent, and 𝑏 and 𝑐 are empirical constants.
Curve fitting was carried out using SigmaPlot for Windows
version 12.0 (Systat Software, Inc.).

2.6. FTIR and Raman Spectroscopy Analyses. Before and
after being used in the jar tests, biosorbents were screened
by Fourier transform infrared (FTIR) spectroscopy (Perkin
Elmer Spectrum GX) using the KBr pellet method.

Raman spectra were obtained on a Perkin Elmer Spec-
trumGX, equippedwith aRamanmodule attachment, aNd3+
laser operating at 1064 nm in the near infrared, and a InGaAs
detector cooled with liquid N

2

. The spectral resolution used
was 4 cm−1. Samples of biosorbents were prepared in the
same way (KBr pellet) as for FTIR analyses. Likewise, biosor-
bents were analyzed before and after being used in jar tests.

3. Results and Discussion

3.1. Effect of pH on Biosorption. Since pH of aqueousmedia is
an important parameter controlling adsorption processes of
heavy metals [16], the effectiveness of DHN biosorbent was
examined at different initial pH values (2–7). The initial cad-
mium contents comprised between 1.593 and 1.806mg L−1.
After the jar tests, concentrations of cadmium comprising
between 1.32 and 1.63mg L−1 were measured. Figure 1 shows
the results in terms of cadmium removal percentages and
adsorption capacity (𝑞

𝑒

, mg Cd adsorbed g−1 biosorbent).
On the one hand, the lower cadmium removal observed at
pH 2 suggests a competition between Cd2+ and H+ for the
adsorption sites. On the other hand, the greatest cadmium
removal (18.5%, corresponding to 𝑞

𝑒

of 0.327mg g−1) was
registered at pH 4. Barrera et al. [8] reported that the uptake
of Cr(III) and Cr(VI) in acid mine drainage by Opuntia sp.
was maximum at pH 4 (99 and 77%, resp.). Similarly, a pH
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Figure 1: Effect of pH on cadmium removal by dehydrated nopal
(DHN). (-I-) Percentage of cadmium removal; (-e-) 𝑞
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, adsorption
capacity [mg Cd adsorbed g−1 biosorbent].
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Figure 2: Effect of biosorbent dosage on cadmium removal. (-I-)
DHN; (-e-) TN. The continuous lines represent the modeling of
the percentages of cadmium removal. The dashed lines represent
the progression of 𝑞

𝑒

, adsorption capacity [mg Cd adsorbed g−1
biosorbent].

range of 3–5 allowed a higher amount of Pb2+ to be adsorbed
by Opuntia streptacantha [9]. Fernández-López et al. [10]
also found that the adsorption of hexavalent chromium by
Opuntia cladodes is pH dependent and maximum at pH 2.
Consequently, an acidic pH value of 4 was used in further
testing of the biosorbents.

3.2. Effect of Biosorbent Dosage on Cadmium Removal. The
effect of varying the dosage of both biosorbents (DHN
and TN) from 500 to 3000mg L−1 at pH 4 is shown in
Figure 2. For DHN tests, the initial cadmium concentration
was 1.69mg L−1. At the end of jar tests, cadmium contents
comprised between 1.09 and 1.55mg L−1. The cadmium
uptake increased from 8.1 to 35.2% when the dose of sorbent

was raised from 500 to 1000mg L−1.Themeasured value of 𝑞
𝑒

also varied (from0.14 to 0.275mg g−1) alongwith the increase
of the biosorbent dose. Further increases of the dose of
biosorbent led to a diminution of 𝑞

𝑒

(equivalent to 0.1mg g−1
for a dosage of 3000mg L−1). Barka et al. [15] tested dehy-
dratedOpuntia ficus for removing high contents of cadmium
(30–300mg L−1), and they obtained efficiencies comprised
between 10.49 and 36.71% by using 500–4000mg L−1 of
biosorbent, respectively. Apparently, the use of dehydrated
Opuntia sp. at these doses leads to low-to-moderate removal
efficiencies to be obtained. In fact, biosorbents used for
removing low cadmium concentrations (1–10mg L−1) gener-
ally bring about low-to-moderate removal efficiencies [1, 13–
15], which is in agreement with our results (Table 1).

For TN tests, the initial cadmium concentration was
1.74mg L−1. After the jar tests, cadmium contents were
comprised between 0.81 and 1.35mg L−1. The increase of
biosorbent dosage from 500 to 2000mg L−1 increased cad-
mium uptake from 22.3 to 53.3% and diminished 𝑞

𝑒

from
0.39 to 0.155mg g−1 (Figure 2). Presumably, enhancement of
cadmium removal at higher biosorbent doses is due to an
increase in adsorption sites. However, further increasing of
biosorbent does not appear to be significant for improving
cadmium removal.

The results obtained by simulation of the Chapman
equation are also shown in Figure 2. The model appears to
depict the experimental data adequately, because the Pearson
correlation coefficients (𝑟2) were 0.998 and 0.999 for TN
and DHN, respectively. The 𝑎 value of (1), corresponding to
the maximum percentage of Cd removal, was 55.4 and 34.5,
respectively, and so the adsorption capacity of the biosorbent
was enhanced by the thermal treatment. The 𝑏 and 𝑐 values
were 0.0013 and 1.287 for TN results, respectively. For DHN,
𝑏 and 𝑐 were found to be 0.006 and 27.92, respectively.

3.3. FTIR Spectra of Biosorbents. Themain functional groups
involved in biosorption are binding groups located on the
surface of cell wall, as carboxyl, sulfonate, phosphate, amino,
amide, and imidazole [16]. Infrared spectroscopy allows the
identification of these moieties, as well as the detection of
changes in their vibrational modes due to bond formation.

Figure 3 shows FTIR spectra of DHN before and after
contact with a Cd solution at pH 4. Before exposition to
cadmium, the spectrum of DHN sorbent showed tension
bands at 3432 and 2924 cm−1, corresponding to O–C and
C–H bonds, respectively. C=O tension bands were observed
too, but at a lower frequency (1650 cm−1 instead 1700 cm−1).
This can arise from mutarotation changes of ketomoieties
into aldehyde or alcohol groups in biosorbent sugars, which
are likely to diminish the tension in the C=O bond. The
band found at 1623 cm−1 is assigned to C=O stretching in
amide groups. Finally, in the range of 1318–1036 cm−1, the
bands pointed to C–N and C–O stretching or deformation
vibrations of –CH, –OH, or –NH bonds. Table 2 summarizes
the association between infrared adsorption frequencies and
functional groups observed in FTIR spectra of biosorbents
(DHN and TN), which could be responsible for cadmium
removal.
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Table 1: Cadmium removal by biosorption.

Bioadsorbent [Cd]i (mg L−1) Sorption capacitya (mg/g) or
removal efficiencyb (%) Experimental conditions Reference

Rice husk 11.24 26.73a
[B] = 500mg L−1
𝑇 = 25∘C

pH = 2.0–6.0
[13]

Olive tree pruning waste 1–10 36.6a
[B] = 100mg L−1

pH = 5.5
𝑇 = 21 ± 0.4∘C
𝑡 = 120min

[14]

Dried cladodes (Opuntia ficus) 30–300 12.07–30.42a
10.5–36.7b

[B] = 500–4000mg L−1
pH = 2.3–6.5
𝑇 = 25–60∘C

[15]

Dehydrated nopal (DHN) of
Opuntia albicarpa L. Scheinvar 1.6 0.14–0.275a

8.1–35.2b
[B] = 500–1000mg L−1

pH 4.0 This study

Thermally treated nopal (TN)
Opuntia albicarpa L. Scheinvar 1.6 0.39–0.23a

22.3–53.3b
[B] = 500–2000mg L−1

pH 4.0 This study

[Cd]i: initial cadmium concentration, [B]: dosage of biosorbent.

Table 2: Functional groups present in treated Opuntia albicarpa L.
Scheinvar and their corresponding infrared absorption frequencies.

Frequency (cm−1) Assignment
3600 N–H amines groups
3428 Hydroxyl group
2850 C–H stretching
1623 C=O stretching of COOH
1414 Symmetric bending of CH

3

1317 C–N groups
1050 C–O groups

After being in contact with the Cd solution, a light
modification in the 3432–3440 cm−1 region (assigned to –OH
and –NH bond stretching) was noticed. The bands in the
1623–1036 cm−1 range also showed a small displacement.
These changes in the spectra could indicate Cd sorption
to the DHN. Likewise, Gupta and Rastogi [17] showed Cd
adsorption when Oedogonium sp. was used as biosorbent
through shifts of the IR bands at 1082, 1650, and 2924 cm−1.

Thermally treated nopal showed a strong interaction
with cadmium (Figure 4). After adsorption tests, bands at
2900–3600 cm−1 region (assigned to –OH and –NH groups)
exhibited a lower intensity, possibly due to presence of Cd in
these sites. Band intensity in the 1634–1034 cm−1 region also
diminished after the exposure to Cd. In Figure 5, functional
groups of the thermally treated nopal are compared against
those of the dehydrated biosorbent. In a general manner, the
TN sorbent produced bands of lower intensities than those
of dehydrated nopal, even though the later allowed a higher
cadmium removal.

3.4. Raman Spectra of Biosorbents. As FTIR spectra did not
indicate the presence of formal bonds, Raman spectroscopy
was used to characterize superficial interactions between
biosorbents and Cd.
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Figure 3: FTIR spectra of the dehydrated biosorbent (a) before and
(b) after the jar tests.
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Figure 6: Raman spectra of the dehydrated biosorbent (a) before
and (b) after the jar tests.

Figure 6 shows the spectrum of DHN biosorbent before
and after being in contact with Cd. Bands assigned to
C=O (1690 cm−1), COO–H (1690 and 1615 cm−1, with scissor
vibration), and C–C (1558–1535 cm−1) groups were detected,
as well as an intense C–H band at 3045–3035 cm−1. The band
at 3000 cm−1 is probably due to –OHmoieties and water [18].
Also, less-intense bands at 1088–1062 cm−1 (in-plane) and at
1033–1027 cm−1 (out-of-plane, deformation) were observed.
Such bands, although less intense, were also present after
adsorption tests, indicating a weak adsorption of Cd onDHN
sorbent. The rest of the bands were superimposed and less
defined than that of the C–H bond, which is understandably
the main functional group in compounds present in Opuntia
albicarpa L. Scheinvar.

Treated TN showed the same bands as DHN when
sorbents were analyzed by Raman spectroscopy prior to
adsorption tests (Figure 7). However, after being exposed to
Cd solution, these bands disappeared in TN.The lack of bond
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Figure 7: Raman spectra of the thermally treated biosorbent (a)
before and (b) after the jar tests.

vibration indicated that cadmium was retained only on the
biosorbent surface.

4. Conclusions

Thermally treated Opuntia albicarpa L. Scheinvar biomass
presented the best removal of cadmium in biosorption stud-
ies. Metal adsorption was highly dependent on the pH and
biosorbent dosage. IR and Raman spectra confirmed that the
removal of cadmiumoccurred via adsorption and showed the
interaction between cadmium and some functional groups
(O–H, N–H, N–C=O, C–O, and C–N). Since nopal is a
natural material widely distributed around the world, and the
preparation of the TN biosorbent is easy and inexpensive, it
could constitute an adequate metal removal technology for
developing countries.
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[8] H. Barrera, F. Ureña-Núñez, B. Bilyeu, and C. Barrera-Dı́az,
“Removal of chromium and toxic ions presents in mine
drainage by Ectodermis of Opuntia,” Journal of Hazardous
Materials, vol. 136, no. 3, pp. 846–853, 2006.
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