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Bioavailability and hyperaccumulation of copper (Cu) in Pityrogramma calomelanos was
evaluated using sequential extraction technique (SET) and atomic absorption spectrophotometry
(AAS). Bioaccumulation factor (BAF) was found to be greater than 1 which means that P.
calomelanos is a metallophyte, a plant capable of accumulating metals into its roots and shoots.
Translocation factor (TF) which was less than 1 signified that P. calomelanos is a possible
excluder, a plant that prevents metal transport to the plant shoots. The highest Cu uptake in
the fronds was 821.60 mgc,/Kg g,y weigne indicating that the plant is not a hyperaccumulator.
Fourier transform infrared (FTIR) spectrum of the soil, above and below ground parts of the
plant revealed shifting of the absorption bands which is indicative of the interaction of Cu with
the functional groups present in the plant and soil. FTIR spectra of above and below ground
parts of the plant showed the interaction of Cu with the O-H group of the carboxylic acid at
2973 em-1, Cu with C=0 group at about 1639 cm! and Cu with C-H group at 1162 cm-!. FTIR
spectra of the soil illustrated the attachment of Cu to soil minerals by the emergence of the
1033 cm! peak. Bioavailable Cu through SET analysis revealed 430.70 mg,/kg,,; of soluble
and exchangeable Cu, 380.67 mg./kg,; of Cu bound to carbonates and 425.97 mg /kg,,; of

Cu bound to iron and manganese oxides.
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INTRODUCTION

Copper (Cu) is a metal that has many applications in
human society from power generation and transmission to
electronic product manufacturing, and to the production of
industrial machinery and transportation vehicles. Copper
is also an essential trace mineral and enzyme co-factor
for oxidases such as cytochrome ¢ oxidase, superoxide
dismutase and tyrosinases and is important for both
physical and mental health of organisms, but it can be toxic
at high levels. Cu accumulates in the environment in its
free state, eventually reaching concentrations hazardous
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to health as it generates reactive oxygen species such as
superoxide, hydrogen peroxide, and the hydroxyl radicals
that damage proteins, lipids and DNA (Das et al. 2013;
Rascio and Navari-izzo 2011).

Most copper is mined and its high concentration in mining
sites is a pressing concern today. It is abundantly mined in
the Philippines from the mining sites located in Surigao
and Manila City. The Mines and Geosciences Bureau of
the Philippines, Philippine Metallic Mineral Production
Statistics as of March 2014 showed that 376,106 dry
metric tons (dmt) of copper (Cu) concentrate were
produced in 2013 (Republic of the Philippines Department
of Environment and Natural Resources - Mines and
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Geosciences Bureau). Copper is a metal that usually
leaches off from mining sites into households and other
infrastructures through wastewaters and contamination.
High Cu soil contamination can result in health hazards
and environmental destruction attributed to its high
toxicity (Yang et al. 2002).

The solubility of Cu in the soil environment is mainly
contributed by Cu2* ion. Copper bound to organic matter
(OM) are known to significantly reduce bioavailability
and mobility in organic soils hindering a plants’ ability to
take up Cu due to the formation of stable Cu-OM chelates
using carbon and nitrogen groups like -COOH and other
aliphatic and aromatic electron-rich groups found in organic
matter structures (Artiola, 2005). The bioavailability and
toxicity of the metals in polluted soils are influenced by the
total metal content and the metal ion speciation in the soil.
Although fractionation is typically operationally defined,
the bioavailability of copper to soil fauna and plants can
often be closely related to the distribution of metal fractions
in the soil. For example, exchangeable copper, which can
be extracted from soil matrix using salt, is believed to be
the most important, if not the only, bioavailable fraction
for plant root accumulation. The theory behind sequential
extraction technique (SET) is that the most mobile metals
are removed in the first fraction and continue in order
of decreasing mobility. All SETs facilitate fractionation.
Tessier and co-workers (1979) named these fractions
exchangeable, carbonate bound, Fe and Mn oxide bound,
organic matter bound, and residual. These are also often
referred to in the literature as exchangeable, weakly
absorbed, hydrous-oxide bound, organic bound, and lattice
material components, respectively (Ratuzny et al. 2009).
Typically, metals of anthropogenic inputs tend to reside
in the first four fractions and metals found in the residual
fraction are of natural occurrence in the parent rock (Hall
et al. 1996).

Phytoremediation, a term applied to a group of technologies
that use plants to reduce environmental toxins primarily
those with anthropogenic origin, is a developing
technique that provides low cost and environmentally-
sustainable process in removing Cu from soil (Peer et
al. 2005). Phytoremediation includes phytoextraction,
phytodegradation, phytovolatilization, rhizosphere
degradation, rhizofiltration, phytostabilization, and
phytorestoration (Long et al. 2002). Only 24 known
species of plants are hyperaccumulators of copper,
indicating that such plants accumulate 1000 mg of copper
per kg dry leaf tissue (Baker, 1989). Pityrogramma
calomelanos, commonly known as pakong-gubat or fern,
belongs to the family Pteridaceae and is a wild and exotic
fern known as an arsenic hyperaccumulator. It can be
found in tropical and sub-tropical regions of the world. It
is a known hyperaccumulator of arsenic. Accumulation of
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the heavy metal is up to 8,350 ug As/g dry weight (mostly
in the fronds), while the rhizoids contain 88 to 310 pg As/g
dry weight (Francesconi et al. 2002).

P. calomelanos has been reported to grow abundantly in
copper mining sites found in Surigao and Manila City and
its potential for phytoremediation was observed by field
experiments conducted by Ateneo de Manila University
and funded by the Department of Science and Technology.
Bansah and Addo (2016) reported the phytoremediation
potential of plants including P. calomelanos. They
investigated P. calomelanos for the remediation of mine
degraded soils in Ghana and results revealed that the plant
accumulated significant amount of heavy metals including
copper. Perlatti et al. (2016) evaluated the biogeochemical
processes in the rhizosphere of different native plants
including P. calomelanos in an abandoned mining site
in Brazil. Results indicated that the plants under study
promote phytostabilization of copper.

Thus this study primarily aims to assess the bioavailability
of Cu in P. calomelanos, to determine the amount of
copper uptake accumulated by the fronds (above ground)
and roots (below ground) of P. calomelanos at various
concentrations of copper solutions using atomic absorption
spectrophotometry (AAS) and to provide an analysis for the
potential use of P. calomelanos as means of phytoremediation
in Cu-contaminated mining sites through assessing its
accumulation of Cu and the bioavailability of Cu in its
soil for further applications and analysis. Hence, further
investigation for its potential as Cu hyperaccumulator using
pot experiments under controlled conditions was proposed.

MATERIALS AND METHODS

Mature P. calomelanos ferns were provided by Manresa
Farms in Cagayan de Oro City. The plants were maintained
under greenhouse conditions. They were placed in pots,
fenced in, distanced equally with each other, and provided
with sufficient sunlight. A roof served as protection against
rain contamination. Soil was kept moist by adding distilled
water to pots every day during the experimental period.
No nutrients were given to the plants in the course of the
experiment.

Copper Treatments, Transplantation, Sampling of
Mature P. calomelanos and Soil Sampling

Plants in untreated soil were utilized as control set-up with
3 replicates. Seven kg of soil for each Cu treatment was
soaked and mixed with 2.1 L of Cu solutions. For each
treatment, the following Cu concentrations were used:
500, 1000, 2000, 3000, 4000, and 5000 mg/kg,.; added
as CuSO,4* 5H,0 (99.999% trace metals Sigma-Aldrich).
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Transplantation of mature plant was conducted 10 days
after Cu treatment of the soil. Sampling was conducted
61 days after transplantation.

For soil sampling, samples were taken from 0 cm to 15
cm depth. Soil samples passed through a 40 mesh sieve
before they were air-dried at room temperature. The
residual moisture was removed by heating at 100°C for 3
h. Oven-dried samples were pulverized to a fine powder
and sieved through a <1 pm sieve.

Atomic Absorption Spectrophotometry Analysis of
Cu in Plant and Soil

Analysis of copper in soil was based on the US EPA
Method 3050B. In brief, oven dried soil sample was
mixed thoroughly and subjected to a mechanical shaker
to homogenize. Particles were separated by using a 40
mesh sieve. Soil sample was added with 10 mL of 1:1
(v/v) HNO; : H,O solution, heated at 95°C for 10-15 min
without boiling and cooled. Additional mL of concentrated
HNO; was added and it was heated for another 30 min.
The solution was allowed to evaporate and 2 mL of reagent
water and 3 mL of 30% H,0O, were added to the solution
and warmed. Ten mL concentrated HC] was added to the
sample and heated again on a hot plate and refluxed at
95°C for 15 min, cooled, and filtered. The filtrate was
collected in a 100-mL volumetric flask and diluted to the
mark with distilled water. The sample was analyzed by
AAS (AAnalyst 400 Perkin Elmer).

Copper in plant samples were analyzed based on the AOAC
Official Method 957.03. Plant samples were separated using
plant cutters into above ground biomass, consisting of the
leaves and stems, and below ground biomass, consisting
of the roots. Samples were washed and allowed to dry in
oven at 65°C for 72 h. Plant sample was weighed and ashed
in a muffle furnace at 500°C for 2 h and cooled. Ash was
wetted with 10 drops water and added with 3 mL of HNO;.
Excess HNO; was evaporated on a hot plate set at 100°C.
The plant sample was transferred quantitatively in 100-mL
volumetric flask and 10 mL 5% lanthanum solution was
added to the mixture and diluted to volume. Lanthanum was
used to act as a releasing agent that prevents interference
from phosphate which might be present as a soil nutrient.
The supernatant was decanted and transferred in a 100-mL
volumetric flask and diluted to the mark using 10% HCI
and sample was subjected to AAS analysis.

Fourier Transform Infrared Spectrophotometry
Analysis

Plant samples, above and below ground, were homogenized
using a mortar and pestle and dried at 65°C until constant
weight to remove water in the plant. Treated and untreated
plant samples, roots and fronds, were then subjected
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to FTIR spectrophotometer analysis-Attenuated Total
Reflectance (ATR) (Perkin Elmer Spectrum 100). Soil
samples were homogenized and dried at 85°C until
constant weight to remove excess water. A very small
amount of soil was placed in the ATR crystal area and
IR spectra were collected from 500 cm! to 4000 cm-!.

Sequential Extraction Technique Analysis.
Bioavailability of Cu for the uptake into P. calomelanos
was measured using SET analysis as described by Tessier
et al. (1979). Figure 1 shows the schematic diagram of
the procedure.

Statistical Analysis

The difference in Cu uptake for each interval treatments
and each fraction in the sequential extraction analysis
were established by t-test.

RESULTS

Soil Parameter Analysis

The soil conditions prior to Cu treatments are shown in
Table 1. Nitrogen, phosphorus, and potassium are known
as the primary plant nutrients because they generally
promote plant growth. Cation exchange capacity (CEC)
is the total capacity of a soil to hold exchangeable ions.
It influences the soil’s ability to hold onto essential
nutrients like N, P, and K (Nam et al. 2006). These soil
parameters (NPK and CEC) showed no significant effect
on bioavailability of metal as indicated by Degryse and
co-workers (2009). High organic matter content (17.27%)
in the soil indicates that the Cu present in the soil is non-
bioavailable since the organic matter would likely interact
through complexation reaction with Cu making it difficult
for Cu to be translocated (Degryse et al. 2009). The soil
pH of 6.64 was a little beyond the acceptable range. An
increased soil pH would eventually lead to a decreased
bioavailability of Cu. This is due to the precipitation of
metals in an alkaline environment (Takac et al. 2009).

P. calomelanos has been found to take up copper either
in its roots and fronds as reported by Perlatti and co-
workers (2015) in their study on the analysis of Cu on
several plants including P. calomelanos from abandoned
mining sites in Northeastern Brazil (Perlatti et al. 2015).
In this current study, mature P. calomelanos plants
were exposed to different concentrations of Cu in a
controlled environment in Manresa farm. Fronds are
the components of the above-ground part of the plant,
and the roots are considered as the below-ground part
of the plant. Results indicating the uptake of Cu in P.
calomelanos are shown in Figure 2.
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Figure 1. Schematic diagram of SET analysis
Table 1. Profile of Soil Sample Used in the Study.
Soil Analysis Result Acceptable Range Reference
pH 6.64 6.3-6.5 Wuana and Okieimen, 2011
Nitrogen (%) 0.41 0.15-0.50 Astera, 2015
Phosphorus (mgp/kg,.;)) 97.6 85-100 Astera, 2015
Potassium (mgg/kg,;) 1,110 1,000-1,500 Astera, 2015
Organic Matter (%) 17.27 3.0-6.0 Schoenholtz, et al, 2000
Cation Exchange Capacity (m.eq/100g;) 20.55 1-100 Reganold and Harsh, 1985
Texture Sandy Loam Loam
Initial Cu Content (mg,/kg.i;) 188.00 100-300

Copper Uptake of P. calomelanos in 61 days

In order for a plant to be considered as a hyperaccumulator,
all these criteria should be met: (a) the bioaccumulation factor
(BAF), which is defined as the ratio of metal in plant dry mass
to those in soil, is greater than or equal to 1 (Masarovicova et
al. 2010); (b) the translocation factor (TF), which is defined
as the total metal content in plant shoot to that in the roots,
must also be greater than or equal to 1 (Masarovicova et al.
2010); and (c) the Cu uptake is greater than 1000 mg of Cu
per kg of the above ground part of the plant. Figure 3 shows
the results of the calculated bioaccumulation factors and
translocation factors of P. calomelanos.

Bioavailability is the proportion of total metals that are
available for incorporation into the living organism, in
this case P. calomelanos. SET was employed for the
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measurement of the bioavailability of Cu in the soil.
Bioavailability of Cu for the uptake into P. calomelanos was
measured using SET analysis. Figure 4 shows the summary
of the SET analysis of the soil treated with 4000 mg/kg, ;-

Fourier Transform Infrared (FTIR)
Spectrophotometry Analysis

FTIR analysis was conducted to study the interaction of Cu
with functional groups present in the soil, above ground and
below ground parts of the plant. FTIR spectrum of plant and
soil revealed shifting of absorption bands of functional groups
in the presence of Cu at 500 mg /kg,.; and 4000 mg /kg..i
treatment. This signifies that there is interaction between Cu
and the functional groups present in the plant and soil.
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DISCUSSION

The data in Figure 2 revealed that Cu in P. calomelanos
above-ground has lower concentrations with a range of 19.58
to 821.18 mgc,/Kg 4y weighe than the uptake of Cu below-
ground, with a range 0f 262.93 to 6883.32 mg¢,/Kg gy weight-
This difference in Cu uptake in the above ground and below
ground is attributed to the inability of the plant to translocate
Cu from the roots to the shoots. Based on the above results,
P. calomelanos has a tendency to sequestrate more heavy
metals in the roots than in the shoots. This is a characteristic
of a non-hyperaccumulating plant (Degryse et al. 2009).
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Furthermore, it was observed that the ratio of P.
calomelanos in the above ground to the below ground
remains consistent at 0.1 even if there is an increasing
trend of Cu uptake in both parts of the plant. This
could mean that P. calomelanos could exhibit the
same ratio even at concentrations beyond 5000 ppm
of Cu treatments making it a non-hyperaccumulating
plant. Based on the criteria of a hyperaccumulator, it is
implied that P. calomelanos is not a hyperaccumulator.
These results in Figure 3 illustrated a higher Cu uptake
in the below ground than the above ground part of the
plant. Furthermore, the highest uptake in the above
ground was only 821.18 mgc,/Kgyy yeign: (at 5000 mgc,/
kg, treatment) showing that P. calomelanos is not a
hyperaccumulator although an increasing trend of Cu
uptake in the above ground part of the plant was observed
as Cu treatment was increased.

Based on the TF values, P. calomelanos can be classified
as an excluder having TF values ranging 0.074-0.119. An
excluder is a plant that excludes metal uptake to the shoot
and keeps it in the roots instead. On the other hand, based
on the BAF values of greater than 1, P. calomelanos can
be considered as a metallophyte. A metallophyte is a plant
that uptakes Cu from soil to the plant organ, both above
ground and below ground parts of the plant.

The amount of bioavailable Cu taken by the plant per
fraction is the difference between the Cu concentration
in the soil without plant and soil with plant divided by
the amount of Cu initially present per fraction. SET
analysis of the treated soil with plants was analyzed
after 61 days to assess which chemical form of Cu did P
calomelanos took up from the soil. Results showed that
a significant amount of bioavailable Cu was lost in the
soil with plant after 61 days. The highest % of Cu that
was taken by the plant was 82.45% in the first fraction
which was attributed as extractable Cu. This is followed
by fraction 2 which is the Cu bound to carbonates, and
the Cu bound to iron-manganese oxides. These 3 fractions
contained the bioavailable fractions of Cu since fraction
1, the extractable Cu, is considered as the free metal
form. Fractions 2 and 3 — Cu bound to carbonates and
Cu bound to iron-manganese oxides, respectively — are
ligand-free as indicated by Degryse et al. (2009). Hence,
these fractions were the forms of Cu that was taken up by
P. calomelanos. On the other hand, the amounts of Cu in
fractions 4 and 5 were way below those of fractions 1, 2
and 3. This could be explained by the chemical form of
Cu present in fractions 4 and 5. Cu bound to the organic
matter in fraction 4 and Cu bound to the soil matrix in
fraction 5 contained the non-bioavailable fractions of Cu
due to the strong adhesive forces of the complexation
reaction between Cu and organic matter and Cu and the
soil matrix (Degryse et al. 2009).
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Figure 5 illustrates a slight shift in the 1595 cm!
absorption band of the above ground part of the plant. This
band is attributed to the binding of Cu at the amide C=0
group that can be found in the phytochelatin compound
of the plant (Merlin et al. 2014). Moreover, the absorption
band at 2973 cm-! which has shifted to 2918 cm-! can be
associated to the binding of Cu with the carboxylic acid
O-H group that can also be found in the phytochelatin
compound of the plant (Peer et al. 2005). A significant
shifting of the absorption band at 2973 cm! and at 1036
cm! was also observed. This is due to the binding of
Cu with C-O group. These shifts in absorption bands
confirm the presence of Cu in the above ground part of
the plant. The addition of Cu increases the absorption
band intensities of the amide, carboxylic acid, and alkane
groups because addition of Cu favors phytochelatin
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Figure 5. FTIR spectra of the above-ground part of untreated P.
calomelanos and treated P. calomelanos with 500 mgc,/
kg, and 4000 mgc /kg ..

biosynthesis due to the increase production of glutathione,
a major component found in phytochelatin (Peer et al.
2005; Javaid et al. 2011). Furthermore, FTIR analysis
of the below ground part of the plant showed shifting
of absorption bands at 2938 cm-! to 2927 cm! and 909
cm! to 911 cm!.These are indicative of the binding of
Cu at the carboxylic acids O-H group and C-O groups, as
shown in Figure 6 (Peer et al. 2005; Javaid et al. 2011).
FTIR spectra of the untreated soil and treated soil with
500 mge kg and 5000 mge /kg.;; showed a shift in
the absorption band at 1033 cm-! as shown in Figure 7.
These are indicative of Cu bound to minerals like iron and
manganese (Robertson et al. 2016).

Statistical Analysis

T-test revealed that there was a significant difference
in the Cu uptake for each interval treatments in the
above ground and below ground parts of P calomelanos.
There was also a significant difference in the amount of
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bioavailable copper for each fraction in the sequential
extraction analysis.

CONCLUSION

Copper is a metal known for its numerous uses. It
is commonly mined which has contributed to the
contamination of mining sites. One of the ways to
rehabilitate copper mining sites is by phytoremediation
using P. calomelanos.

P. calomelanos was investigated for its ability to
accumulate copper by evaluating its BAF and TF values.
Results revealed that BAF values ranged 1.462-1.983
which suggested that the plant is a metallophyte. TF
values ranging 0.074-0.119 showed that it is an excluder.
P. calomelanos accumulated 821.18 mg of Cu per kg
of the above ground part of the plant making it a non-
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hyperaccumulator. Using sequential extraction technique
(SET), Cu was found to be bioavailable as extractable Cu,
Cu bound to carbonates, and Cu bound to iron-manganese
oxides. Non-bioavailable forms of Cu were Cu bound to
organic matter and Cu bound to the soil matrix.

FTIR spectra analysis of the P. calomelanos revealed
that Cu attaches to the C-O, C=0 and O-H groups that
are found in the phytochelatin compound in the above
ground part of the plant. Cu was also observed to bind
with minerals like iron and manganese in the soil.
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