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Biosorption of Mercury (ll) lons from Agueous Solutions
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ABSTRACT

he focus of present study was to evaluate the potential of Phanerochaete chrysosporium loaded monolithic
composite cryogel columns for the removal of Hg?* ions from aqueous environments. The swelling degree
of the composite column was 6.68 g H,0/g whereas the plain cryogel column was observed as 7.12 g H,0/g.
Optimum working conditions for the column were determined. The reuse of the column was investigated and
the results showed that this specific column can be used heaps of times with observing no decrement the Hg?*

biosorption capacity significantly. Synthetic wastewater studies were also applied and the biosorption capacity
for Hg?* was 75.22 mg/q.

Key Words
Biosorption, cryogel, heavy metals, Hg?* ions, Phanerochaete chrysosporium.

6ZET

u calismanin amaci, Phanerochaete chrysosporium yUukli mololitik kompozit kriyojel kolonlarla sulu ortam-

lardan Hg?* iyonlarinin uzaklastiriima potansiyelini arastirmaktir. Yikli olmayan kolonun sisme derecesi
712 g H,0/g iken kompozit kolonun sisme derecesi 6.68 g H,0/g'dir. Kolonun optimum calisma kosullari belir-
lenmistir. Kolonun tekrar kullanilabilirligi incelenmis ve sonuglar bu 6zgil kolonun Hg?* biyosorpsiyon kapasi-
tesinde 6nemli bir azalma gbzlenmeden defalarca kullanilabilecegdini gostermistir. Yapay atik su calismalari da
uygulanmis ve bu sistem i¢in Hg?* icin biyosorpsiyon kapasitesi 75.22 mg/g olarak bulunmustur.
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INTRODUCTION
One of the most toxic heavy metals, mercury
is released to the environment via natural
events and industrial activities [1]. It can
accumulate into human body through food
chain and can cause serious health problems
[2]. Mercury mainly damages nervous system,
reproduction and immune response, and can
cause liver and kidney impairments [3].

Due to the serious ecological and health
effects of mercury, number of methods such as
precipitation-neutralization, reverse osmosis,
ultra-filtration, solvent extraction, electro-
deposition etc., have been introduced to remove
mercury from wastewater [4]. As an alternative
to the conventional methods, biosorption is
an assuring method to remove heavy metals
from wastewater [5]. Biosorption is a passive
process of metal ion binding by dead or living
biomass such as magnetic yeast cells [4], fungi,
bacteria, molds, seaweeds and crab shells [6,71].
The use of dead biomass has some preferences
over living ones, such as less sensitive to heavy
metal ion concentrations and medium conditions
(ie, temperature and pH), no need nutrition and
controlling of concentration of biomass [7-9].

Cryogels are 3D macroporous polymeric
matrices produced at subzero temperatures [10].
Cryogelation starts with that the monomeric
or polymeric precursors form cross-linked
gel in unfrozen or moderately frozen phases
while aqueous phase produces ice crystals
under frozen conditions. After cryogelation, ice
crystals are thawed at room temperature (RT)
and macroporous structure is obtained [11]. In
cryogelation step, the polymerization phase
concentrate in a small volume due to growing ice
crystals and it provides formation of thick pore
walls which results in a mechanically stable and
sturdy structure [12].

Herein, poly(hydroxyethyl methacrylate)
[PHEMA] based composite cryogel loaded with a
white rot fungus, P. chrysosporium was produced
for efficient biosorption of Hg? ions from
agueous solutions. P. chrysosporium powder was
added into monomer solution of hydroxyethyl
methacrylate (HEMA), and PHEMA monolithic

column was prepared via cryogenic treatment.
Plain PHEMA cryogel (i.e. non-loaded with the
fungus) was also synthesized as control group.
Cryogels can be good candidate as biosorbents
in biochromatography because of some effective
features such as supermacropores of the cryogel
matrix, low pressure drop, short diffusion path,
and short residence time [13-15]. The effect of
pH on biosorption capacity was investigated by
measuring the biosorption of Hg?" ions on the
inactivated fungus loaded PHEMA cryogel at
different pH values. The maximum biosorption
capacities of both P. chrysosporium loaded and
plain PHEMA cryogel columns were studied by
changing the concentrations of Hg?* ions in the
agueous solutions.

Experimental

Materials

White-rot basidiomycete, Phanerochaete
chrysosporium ME446 strain (ATCC-3454) was
obtained from Hacettepe University, Science
Faculty, Department of Biology, Biotechnology
Division (Ankara, Turkey). Malt Extract Agar was
obtained from Merck AG (Darmstadt, Germany).
HEMA and N-N'- methylene-bisacrylamide
(MBAAmM) were purchased from Fluka A.G.
(Buchs, Switzerland). N,N,N’,N"-tetramethyl
ethylene diamine (TEMED) and ammonium
persulfate (APS) were purchased from Fluka
(Buchs, Switzerland). All other chemicals were
of reagent grade and were provided from Merck
AG (Darmstadt, Germany). Water used in all the
studies was purified and deionized by a Barnstead
D3804 NANOpure®. Buffer systems and sample
solutions were filtered through 0.2 um membrane
(Sartorius, Gottingen, Germany). Before use, all
glassware were extensively washed with dilute
nitric acid.

Microorganism and Growth Conditions

Culture of P. chrysosporium (strain ATCC 446)
was maintained on supplemented malt agar
slants. Growth medium was made up of (in g L-1of
distilled water); D-glucose, 10.0; malt extract, 10.0;
peptone, 2.0; yeast extract, 2; thiamin-HCI, 0.007;
KH,PO,, 2.0; MgS0,.7H,0, 1; agar, 20. Spores
were prepared by suspention in steril Water and
Spore Production in the slants usually requires



3-5 days of growth at 39°C. The growth medium
was supplemented with 1.0 mL of trace element
solution (containing g/L of distilled water);
MgSO,.7H,0, 3.0; Na,MoO0,.2H,0, 0.01; MnSO,.
H,0, 0.5; NaCl, 1.0; H,BO,, 0.01; FeSO,.7H,0,
0.1; nitrilotriacetate, CoCl, 0.1; ZnSO,.7H,0, 0.1;
AIK(S0,),12H,0, 0.01; CuSO,.5H,0, 0.. Stock
culture of P. chrysosporium suspended in 5.0 mL
distilled water and transferred into 500 mL flask
containing 100 mL of malt extract broth, and the
flasks were incubated on an orbital shaker (140
rpm) for 7 days at 30°C. After this process, the
microorganisms were obtained from the medium
by filtration and washed with purified water a
couple of times. Then the biomass was kept in an
oven to dry at 90°C for 24 h. Finally, the biomass
was grinded in a grinder and the fungus powder
was obtained.

Preparation of Phanerochaete chrysosporium
Loaded Cryogel Columns

Precisely, the cross-linker MBAAmM (0.3 g) was
dissolved in 12.0 mL of purified water and the
main monomer HEMA (1.3 mL) was added into
this solution. Then, the mixture was degassed and
keptin anice bath for 10 min. At this stage, fungus
particles (i.e. Phanerochaete chrysosporium)
were added to the mixture with vigorous stirring.
The amount of loaded fungus was varied in the
range of 50-250 mgq. Free radical polymerization
initiated by APS and TEMED was used in order to
produce cryogel columns. APS (20 mg, 1% (w/v) of
the total monomers) was added into the solution
in the ice bath. After 2-3 min., TEMED (25 pL, 1%
(w/v) of the total monomers) was added and the
solution was stirred for 1.5 min. Subsequently,
the polymerization solution was transferred into
plastic syringes (5 mL, id. 0.8 cm) whose bottom
was closed. The syringes containing the monomer
solution was kept in frozen state at -16°C for 24
h and afterwards thawed to r.t. Then the cryogel
columns were washed with 150 mL of water and
stored in buffer including 0.02% sodium azide
(NaN,) at 4°C until use.

Characterization of Cryogel Columns

The specific surface area of cryogel columnsindry
state was analyzed by Brunauer-Emmett-Teller
(BET) with an analyzer (Quantachrome, NOVA
2000, USA). Cryogels (1.0 g) placed in a sample
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holder and degassed using N,-gas at 150°C for 1
h. Adsorption of the gas was performed at -210°C
and desorption was applied at RT. Data obtained
from desorption step were used for the specific
surface area calculation.

To determine the swelling degree (S) of cryo-

gel columns, each sample was dried to constant
weight (W , g) and then soaked in distilled water
in an isothermal water bath (25+0.5°C) for 2 h.
Then, the swollen cryogel columns were removed
from water, carefully wiped using a filter paper,

and weighed (W, g). The equilibrium mass swel-
ling degree was calculated by the following equ-

ation:

S=(W,W_)/W, [1]

The total volume of macro-pores in the swol-

len cryogel matrix was roughly estimated by the
following equation:
Macroporosity (%) =[((W,-W,))/W,1x100 (21

where W, and W, are fully swollen gel and
squeezed gel weights (g), respectively.

The surface morphologies of the cryogel co-
lumns were investigated using a scanning elect-

ron microscope (SEM). The frozen cryogels were
lyophilized and then mounted on a SEM sample
holder and sputtered for gold film coating for 2

min. The surface of cryogels was scanned at de-

sired magnification to study the wall morphology
of cryogels in a SEM (Jeol Ltd., JSM 5600, Tokyo,
Japan).

Hg?* Biosorption Studies

To optimize the biosorption capacity of composite
cryogel column, the prepared Hg?* ion solutions
were passed through the cryogel column using a
peristaltic pump. Effects of the loading amount of
fungus, equilibrium Hg?* concentration, medium
pH and flow-rate on the biosorption rate and
capacity were examined. As a source of Hg?
ions, nitrate salt was used. The concentrations
of the Hg?* ions in the agueous solution were
determined using a flame atomic absorption
spectrophotometer (Shimadzu Model AA-6800
Flame, Japan). Deuterium background correction
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was performed during the experiments. The
instrument response was periodically controlled
with a known Hg? standard solution. All the
biosorption experiments were done in replicates
of three and the sample solutions were analyzed
in replicates of three as well. For each set of
data given, standard statistical methods were
performed to find the mean values and relative
standard deviations. Confidence of intervals at
95% were calculated for each set of data in order
to find the margin of error. The amount of metal
biosorption per unit mass of the cryogel was
calculated using the concentration difference.

Regeneration and Reuse

Elution of Hg?" ions from the P. chrysosporium
loaded cryogel column was performed as follows;
50 mL of 0.1 M HNO, solution as elution agent
was pumped through the cryogel column at a
flow rate of 1.0 mL/min for 3 h at RT. The final
mercury ion concentrations in the solution was
found by using a flame furnace atomic absorption
spectrophotometer. The elution ratio was
measured from the amount of Hg?* ions biosorbed
on the column and the final concentration of Hg?*
ions in the elution medium. In order to test the
reusability of the cryogel column, biosorption-
elution cycles were repeated 10 times by using
the same composite column.

Heavy Metal from Artificial
Wastewater

Biosorption of heavy metal ions was studied from
synthetic wastewater including 1.0 mmol/L of
Hg?*, Cu?*, Ni?*, Zn?*, Fe3*, Co?*, Cd?*, Cr3* and Al**.
Salinity of the synthetic wastewater was adjusted
with NaCl (700 ppm). After biosorption, the
concentration of the metal ions in the remaining
solution was found via a flame furnace atomic

Biosorption

absorption spectrophotometer as described
above.

Results and Discussion

Characterization Studies

A supermacroporous cryogel column was

fabricated via cryogelation in the moderately
frozen state of monomers and polymer precursors.
Before the cryogelation,  Phanerochaete
chrysosporium were added to the monomer

solution. The SEM images of the internal structure
of the cryogel matrix are presented in Figure 1a.
As seen in the figure, the cryogel column has
large supermacropores (up to 100 um) and flow
channels which allow the effective migration of
solute molecules in aquatic system. Early studies
showed that flow of mobile phase were performed
by both convection and diffusion in cryogel
matrix [12]. Moreover, solute molecules are
primarily transported via convective transport in
cryogels unlike it is mainly diffusion in hydrogels
[12]. Therefore, the mass transfer resistance
is negligible [16]. Because cryogels have large
flow channels, and so, generate very little back-
pressure, it is possible to work at high flow rates
with the cryogel columns. When the squeezed
cryogel was immersed in distilled water, it filled
with water and within 1-2 s came back its original
size and shape. The equilibrium swelling degree
was 6.68+0.32 g H,0/qg for the P. chrysosporium
loaded PHEMA and 7.12+0.15 g H,0/qg for the plain
PHEMA cryogels (Table 1). Compared with the
plain cryogel, the equilibrium swelling degree of
composite cryogel was decreased owing to the
incorporationof solid fungus particles. Asdepicted
in Figure 1b, the macroporosity measurements
were calculated based on the ratio of the weight
difference of reswollen and initial fully swollen
cryogel to initially fully swollen cryogel. Cryogel
column presents high macroporosity values as
discussed in Table 1.

Biosorption of Hg?* lons

Effect of Loaded Fungus Amount

The Hg? ion adsorption capacities of the P.
chrysosporium loaded PHEMA cryogel column
with different loaded fungus amounts are
presented in Figure 2. It was observed that Hg?*
ion adsorption capacity of the fungus loaded
column was improved significantly because of the
loaded fungus amount up to 100 mg. Then, the
slope of adsoption raise decreases significantly
because it reached a saturation level. The further
increase in the loading amount may have resulted
in the decrease of surface area of composite
cryogel column.

Effect of Equilibrium Concentration of Hg?* lons
The effects of equilibrium concentration of Hg?*
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initial fully
swollen
cryogel

squeezed
cryogel

reswollen
cryogel

100 um

Figure 1. (a) SEM images of the monolithic cryogel column. (b) The optical images of initial fully swollen, squeezed and
reswollen cryogel.

Table 1. Physical properties of monolithic cryogel columns.?

Polymer Surface area (m?/g) Swelling degree (g H,0/g) Macroporosity (%)
P. chrysosporium loaded
PHEMA 16.1 (+0.78) 6.68 (+0.32) 712 (£ 0.15)
Plain PHEMA 14.2 (+0.28) 712 (+0.15) 80.2 (£0.78)

@Numbers in the parenthesis show the standard deviation for n= 3.

140

120

100

80

60

AdsorbedHg(ll) (mg/g cryogel)

20

0 50 100 150 200 250 300
Loaded fungus (mg)

Figure 2. Effects of loaded fungus amount on biosorption of Hg?* ions by Phanerochaete chrysosporium loaded cryo-
gel column from aqueous solutions. Flow rate: 0.5 mL/min pH: 6.0; Hg?* concentration: 100 mg/L; T: 25°C.
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onto the biosorption capacity of fungus loaded
PHEMA cryogel column and plain PHEMA cryogel
column are demonstrated in Figure 3. Hg*
biosorption capacity of the fungus loaded cryogel
column firstly increased with the increase in
equilibrium concentration of Hg?*. As discussed in
literature, it is claimed that this increase can be a
result of an increase in electrostatic interactions
(relative to covalent interactions), fungus' sites
that shows progressively lower affinity for metal
ions [17,18]. Then the biosorption capacity reached
a stable value at around an equilibrium Hg?*
concentration of 100 mg/L, which means reactive
functional groups on the fungus particles were
saturated with Hg?". The maximum biosorption
capacity was 88.2 mg/g of polymer. The results
demonstrated that the P. chrysosporium loaded
cryogel column has a higher binding capacity for
Hg?* than those of the plain cryogel (4.2 mg/qg).
Because of carboxyl and phosphate groups on
the cell wall, the cell wall of fungi is negatively
charged [19]. During biosorption, coordination
complex was formed by these negative charged
groups of the P. chrysosporium and Hg?* ions in
the solution. Furthermore, there is no specific
binding groups on PHEMA for metal ion due to
inert structure. It should be noted that a negligible
amount of Hg?* biosorbed nonselectively on the
plain cryogel structure.

Effect of pH Change

In metal biosorption, the various mechanisms
including complexation, coordination, adsorption,
and microprecipitation may take roles separately
or even synergistically [20,21]. Because one of
the main interactions between fungi and metal
ions is coordinate bonds, the medium pH is one
of the most important factor governing metal
biosorption in the biosorbent [22]. In literature,
the theoretical and the experimental precipitation
curves of mercury ions showed that precipitation
(i.e. mercury hydroxides) begins above pH 8.0
[23]. The effect of pH on Hg?* biosorption by
the cryogel column was studied at different pH
values in the range of 2.0-7.0 as shown in Fig. 4.
Biosorption rate of Hg?* ions varied with different
pH values in a coordination complex since metal
ion acts as a Lewis acid, and the ligands, i.e.

negatively charged groups on the fungus, act
as Lewis bases. Figure 4 presents that higher
biosorption values were obtained at higher pH
values. The underlying logic of this statement is
that protoninthe medium acts as a competitorion
with the Hg?* ions to form a coordination complex
with the biosorption sites on the fungus. As the
pH of the solution increases, the functional group
of the funqus are deprotonated and negatively
charged, which means that Hg?* ions can bind to
these groups at a higher amount [17,24].

Effect of flow rate

The biosorption amounts of Hg?* at different
flow-rates are presented in Figure 5. Results
showed that increment of the flow-rate through
the column caused a decrement in the Hg®
biosorption capacity by fungus loaded cryogel
column. The amount of biosorbed Hg?* decreased
significantly from 88.2 mg/g to 74.1 mg/g polymer
with the increase of the flow-rate from 0.5 mL/
min to 4.0 mL/min. Similar results were observed
in the literature [25-28]. It is an expected result
because contact time between the Hg?* ions and
the fungus particles is longer at lower flow-rates
[29,30]. Therefore, Hg?* ions have more time to be
able to form a coordination complex with active
sites of the fungus; thus a higher biosorption
amount is obtained.

Regeneration and Reuse

The regeneration of the column is one of the
considering factors for commercial applications.
In order to investigate the stability and reusability
of the P. chrysosporium loaded PHEMA cryogel
columns, the biosorption-elution cycle was
repeated ten times using the same cryogel column.
During elution process, elution agent HNO,
disrupts the coordination spheres of chelated Hg?*
ions and then Hg?" ions were released from the
cryogel matrix into the elution medium [24]. As it
is expressed in Figure 6, there was no significant
loss in the biosorption capacity of the cryogel
column after the regeneration process.

Biosorption from Artificial Wastewater

Table 2 indicates that biosorption capacities of the
P. chrysosporium loaded PHEMA cryogel columns
from artificial wastewater. The biosorption
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Figure 3. Effect of equilibrium Hg?* concentration on biosorption of Hg?* ions by Phanerochaete chrysosporium loaded
cryogel column from aqueous solutions. Flow rate: 0.5 mL/min pH: 6.0; T: 25°C.
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Figure 4. Effect of medium pH on Hg?* biosorption by the cryogel column. Flow rate: 0.5 mL/min pH: 6.0; T: 25°C.
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Figure 5. Effect of flow-rate onto the biosorption amount. Hg?* concentration: 100 mg/L; pH: 6.0; T: 25°C.
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Figure 6. Biosorption-elution cycles for Hg?*; Flow rate: 0.5 mL/min; pH: 6.0; Hg?* concentration: 100 mg/L; T: 25°C.
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Table 2. Biosorption of heavy metal ions from artificial wastewater on the P. chrysosporium loaded PHEMA cryogel: Con-
centration of each metal ions: 1.0 mmol/L; Flow rate: 0.5 ml/min; pH: 6.0; adsorption time: 100 min.

lons Biosorption (mg/q)
Hg?* 75.22 (£2.04)
Cu® 24.15 (£1.13)
Ni2* 12.91(+0.85)
Zn?* 7.85 (+0.74)
Fe2 5.59 (+0.62)
Cd* 16.86 (£0.92)
Co* 5.30 (+0.54)
Cr3+ 7.28 (+0.45)
AR+ 2.97 (£0.52)

capacity of the composite cryogel column for Hg?*
from artificial wastewater was found 150.44+3.36
mg/q. It is clear that the presence of other metal
ions causes a decrease in the biosorption capacity
of the P. chrysosporium loaded PHEMA cryogel
for Hg?* owing to competitive effect of the metal
ions. However, it is a relatively small decrement
in synthetic wastewater if compared with the
biosorption capacity in single solutions.

Conclusion

Biosorption is the removal of substances, such
as metal ions or metal containing species from
solution investigated by biological material or
bioproducts including fungi, yeast, bacteria, and
algaeviaphysicochemicalbinding[31-33].Inrecent
years, biosorption has gaining important role for
removing heavy metals from aquatic systems
[5]. In this study, we designed monolithic cryogel
composite columns loaded with P. chrysosporium
to remove Hg?"ions from agueous solutions. One
of the most unique properties of cryogels is their
macroporosity providing low back pressure even

though particle is loaded in the cryogel matrix.

Dead P. chrysosporium is preferred due to no
need nutrition and controlling of concentration
of biomass. The biosorption of Hg?* ions on the
cryogel column depends on the experimental
conditions particularly medium pH and the
equilibrium concentration of Hg?* ions in the
medium. As compared with the control columns
(i.e. plain PHEMA columns), P. chrysosporium
loaded PHEMA cryogel columns showed much

more biosorption capacity for mercury ions.
Repeated biosorption and elution cycles denoted
the feasibility of the P. chrysosporium loaded
PHEMA cryogel columns for Hg?* biosorption.
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