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ABSTRACT

This study investigates the biosorption performance of Penicillium chrysogenum for the removal
of Hg(II) under different chemical pretreatments and pH conditions. Untreated fungal biomass
exhibited high intrinsic sorption efficiency, reaching 97.93%, indicating the presence of functional
groups capable of binding mercury through ion exchange and surface complexation. Alkali
pretreatment using alkali further enhanced Hg(II) removal and prevented the desorption. Biomass
treated by 1IN NaOH could reach 98.56% of removal, while 2N NaOH could achieve 98.62% of
removal. This improvement is attributed to the deprotonation of acidic ligands and increased
exposure of active sites resulting from partial cell wall disruption. In contrast, HC1 1 N
pretreatment reduced sorption efficiency to 80-91%, likely due to protonation of binding groups
and structural degradation of the fungal cell wall. Variation in solution pH revealed optimal
biosorption at pH 6- 8, while a significant decline at pH 9 suggested the formation of Hg-hydroxo
complexes and partial desorption from negatively charged surfaces. These findings demonstrate
that alkali-modified P. chrysogenum serves as an efficient biosorbent for mercury removal, with
performance strongly influenced by surface chemistry and solution pH. This work provides
mechanistic insights into fungal biomass modification and offers a promising approach for low-
cost treatment of mercury contaminated wastewater.
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INTRODUCTION

Heavy metal contamination—including mercury
(Hg)—in water and industrial wastewater poses a
serious threat to the environment and human health.
Heavy metal ions can settle in sediments,
accumulate in aquatic organisms, and enter the food
chain, causing long-term toxicity (Shetty et al., 2025).
Therefore, efficient, economical, and
environmentally friendly remediation methods are
needed to reduce heavy metal concentrations in
wastewater.

One intriguing method is biosorption—the
adsorption of metal ions by biomass (living or dead),

through non-metabolic mechanisms such as ion
exchange, complexation, and surface binding
(Legorreta-Castafeda et al., 2020). Microorganisms,
particularly fungi, have been widely studied as
biosorbents because their cell walls are rich in
functional groups (carboxyl, hydroxyl, amino,
phosphate—even sulfhydryl), which are capable of
strongly binding heavy metals (Aslam et al., 2025).

Several studies have shown that chemical
activation or modification of fungal biomass (e.g.,
through pH control or cation activation) can
significantly enhance metal sorption capacity
(Hassan, 2023; Mondal et al., 2018).

The effectiveness of biosorption by P. chrysogenum

Corresponding author’s email: akida.mulyaningtyas@ums.ac.id



2 MULYANINGTYAS ET AL

i
i

-,
e TR

a0

‘%"
Ve b
it [

'.-a
W,
ﬁ-L
-r(**-i'""‘n:- 'y
\r‘ﬁ-ﬂ 4. b R Tt
RS

PJ'."'
i'i-';
i

I

i
A

N
W

| 'v.l'
[y

Y
1
i
A
WAL
g

i
iy
K
L)
l‘ft
Ph
(=

%
"
t

Fig. 1. Microscopic view of P. chrysogenum.

is highly dependent on operational conditions—
including solution pH, the surface state of the
biomass, and the chemical treatment of the cell wall.
Variations in pH and chemical modification can
alter the surface charge and availability of functional
groups, thus affecting the affinity for metal ions.
Numerous-studies on other fungi and heavy
metals besides Hg exist; however the literature
specifically focusing on Hg and P. chrysogenum is
relatively limited. With this background, this study
aimed to evaluate the biosorption capacity of Hg(II)
by P. chrysogenum—comparing the effectiveness
between natural (untreated) biomass, alkaline- or
acid-modified biomass, and studying the effect of
solution pH on sorption efficiency. The results are
expected to provide a better mechanistic
understanding of the role of fungal biomass surfaces
in binding Hg, as well as clarify the potential of P.
chrysogenum as a practical biosorbent for the
remediation of Hg-contaminated wastewater.
Fungi remove mercury through several
mechanisms, i.e., cell wall binding, intracellular
accumulation and reduction, enzymatic
transformation. Fungal cell walls are known to have
functional groups (hydroxyl, carboxyl, amino),
which can bind mercury.and bind mercury ions
(Martinez-Juarez et al., 2012). Polysaccharides (like
chitin and glucans) and proteins in the cell wall
provide binding sites for mercury, often through
displacement of protons depending on pH (Anuar et
al., 2020). In intracellular accumulation, some fungi,
like Mucor hiemalis and Metarhizium robertsii, can
accumulate mercury inside cells and reduce it to less

toxic elemental mercury (Hoque and Fritscher,
2016). Certain fungal species, such as Metarhizium
robertsii, have enzymatic systems—including
methylmercury demethylase (MMD) and mercury
ion reductase (MIR)—that enable the
biotransformation of mercury compounds. These
enzymes facilitate the demethylation of
methylmercury and the reduction of divalent
mercury [Hg(II)] to elemental mercury [Hg(0)], a
less toxic and more volatile form that can
subsequently be released from the system (Pietro-
Souza et al., 2020), (Wu et al., 2025).

MATERIALS AND METHODS

Microorganism Preparation

The materials used in this study included mercury
nitrate solution (HgNO), P. chrysogenum biomass,
potato dextrose broth (PDB) as the fungal growth
medium, formaldehyde, distilled water, sodium
hydroxide (NaOH), hydrochloric acid (HCI),
standard laboratory glassware, and an autoclave.
All experiments were conducted at the Chemical
Engineering Laboratory, Universitas
Muhammadiyah Surakarta.

P. chrysogenum was cultured in liquid PDB
medium for 96 h to obtain sufficient fungal biomass.
The harvested biomass was washed twice with
distilled water and inactivated using 1%
formaldehyde to prevent metabolic interference
during biosorption. The inactivated biomass was
then dried in an oven at 60°C for 24 h and divided
into four equal portions. To investigate the effect of
chemical pretreatment, three portions were soaked
separately in NaOH 1 N, NaOH 2 N, and HCl 1 N
for 30 min, followed by rinsing, oven-drying under
the same conditions, and storage until use.

Biosorption Procedure

Biosorption experiments were performed using
batch procedures. The initial concentration of Hg in
the working solution was determined using an
Atomic Absorption Spectrophotometer (AAS). For
each run, 1 g of fungal biomass was added into 40
mL of Hg solution in an Erlenmeyer flask. Samples
were withdrawn at predetermined time intervals,
and the biomass was separated from the liquid
phase via filtration or sedimentation. The resulting
supernatant was analyzed using AAS to determine
the residual Hg concentration. All experiments were
conducted in triplicate for each variable, including
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untreated biomass, chemically pretreated biomass
(NaOH 1 N, NaOH 2 N, and HCl 1 N), and varying
pH conditions. The percentage biosorption removal
was calculated based on the difference between
initial and final metal concentrations with equation:

Initial concentration — final concentrations

%Removal = x 100

initial concentration
RESULTS AND DISCUSSION

Untreated P. chrysogenum

Initially, the Hg content in the sample solution was
17.38 ppm. The untreated biomass of P. chrysogenum
exhibited consistently high Hg(II) removal
efficiency, ranging from 97.5% to 98.8% within 5-120
minutes. The rapid decrease in Hg concentration
during the first 5-10 minutes indicates that
biosorption was dominated by surface-controlled
mechanisms, particularly ion exchange and
complexation on cell-wall functional groups. Fungal
cell walls contain abundant carboxyl, hydroxyl,
amino, and phosphate groups, all of which exhibit
strong affinity for Hg?" ions (Martinez-Juérez et al.,
2012). These findings align with several studies
reporting that dead fungal biomass can serve as a
fast, efficient biosorbent due to its non-metabolic
binding abilities (Dhankhar and Hooda, 2011).

Table 1. Biosorption of Hg(II) using untreated P.

chrysogenum.
Time, minute Hg(II) Removal, %
concentration, ppm
5 1.21 93.04
10 0.30 98.27
20 0.38 97.81
60 0.43 97.52
120 0.36 97.93

The nearly constant removal in a short time
suggests that equilibrium was reached rapidly, as
the characteristic of biosorbents with high surface
reactivity. However, after 10 minutes, the proportion
of removal decreases, indicating that Hg(Il) is still
being released from the biosorbent bond.

Effect of alkali pretreatment

Both alkali treatments enhanced the biosorption
performance relative to untreated biomass. For the
function treated with 1 N NaOH, the average
percent removal was 97.18% while treatment with 2
N NaOH resulted in an average percent removal of

98.34%. Alkali pretreatment is known to
deprotonate acidic sites from -COOH into —-COO~
and partially disrupt cell-wall polysaccharides,
exposing additional binding sites. This increases the
negative surface charge, thereby enhancing the
affinity for positively charged or Hg(Il) ions (Fourest
et al., 1994).

Table 2 shows the final concentration and
removal percentage of Hg(II) after biosorption using
mold treated by 1 N NaOH.

Table 2. Biosorption of Hg(II) using P. chrysogenum
treated by 1 N NaOH.

Time, minute Hg(II) Removal, %
concentration, ppm

5 1.35 92.23

10 0.35 97.98

20 0.28 98.38

60 0.22 98.73

120 0.25 98.56

Treatment using 2 N NaOH showed the same
pattern. Initially, 2 N NaOH showed a higher
sorption rate than 1 N. This indicates that stronger
alkali activation makes the cell wall more open,
increases micro and meso porosity, initial access to
surface functional groups (-OH, -COOH, -NH),
diffusion of Hg(II)?* ions to active sites. However, at
longer contact times (= 20-120 minutes), both
became almost the same with a difference of only
0.1-0.3% so that they were considered significantly
the same. This means that the final capacity
(equilibrium sorption capacity) did not increase
again even though the NaOH was made stronger.
(Dhankhar and Hooda, 2011).

Table 3. Biosorption of Hg(II) using P. chrysogenum

treated by 2 N NaOH.
Time, minutes Hg(II) Removal, %
concentration, ppm
5 0,38 97,81
10 0,27 98,44
20 0,32 98,15
60 0,23 98,67
120 0,24 98,62

Alkali pretreatment significantly enhances the
performance of P. chrysogenum by increasing the
stability of Hg(II) biosorption. This is achieved by
deprotonating acidic functional groups on the cell
wall, which creates a stronger negative surface
charge for stable complexation with Hg(II)(II) and
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ensures the sorbent is less susceptible to desorption
under fluctuating environmental conditions (Varas
et al., 2025).

Effect of acid pretreatment

Acid treatment significantly reduced the biosorption
capacity, with removal efficiencies decreasing to 80—
91% depending on contact time. This decline is
attributed to the protonation of functional groups
such as -COO™ into -COOH, and -NH into -NH*,
resulting in decreased negative charge density and
weaker electrostatic attraction toward Hg(II) ions.
Acid pretreatment also dissolves structural cations
(Ca?*, Mg?*) and can damage chitin-glucan
structures in fungal cell walls, thereby reducing the
number of binding sites available for metal
adsorption. These mechanisms are widely
supported in fungal sorption literature (Varas et al.,
2025), (Molebatsi et al., 2025).

Table 4. Effect of pH on biosorption.

pH Hg(IT) concentration, % removal
ppm

5 8.276 98.38

7 .0.38 97.81

8 0.32 98.15

9 0.28 84.12

The occurrence of desorption at elevated pH is
well supported by mechanistic studies of metal
biosorption, where high alkalinity disrupts metal-
ligand interactions and alters metal speciation
(Dhankhar and Hooda, 2011).

Overall interpretation

From the data obtained. it can be seen that untreated
P. chrysogenum biomass already has a very high
Hg(II) biosorption capacity. reaching an average of
around 98% in a relatively short time. This high
result can be explained by the passive biosorption
mechanism inherent in the fungal cell wall.
particularly the chemical interaction between Hg(II)
and specific functional groups. P. chrysogenum is
highlighted as a biomaterial with substantial
adsorption capacity for heavy metals attributed to
its cell wall composition rich in chitin. glucan. and
protein. The biosorption process is passive
(nonmetabolic) and involves physicochemical
interactions between metal ions and functional
groups on the cell surface (Kurniawan et al., 2023).
(Sun et al., 2023). The process is dominated by ion

exchange. surface complexation. and micro-
precipitation. with chitin and chitosan (biopolymers)
playing key roles in metal sequestration (Kurniawan
et al., 2023).

Although untreated P. chrysogenum already
exhibits a high capacity for Hg(II) biosorption.
NaOH pretreatment remains essential because the
objective of biosorption applications extends beyond
achieving high removal in ideal laboratory solutions
to ensuring stability consistency and durability of
the biosorbent under real wastewater conditions
(Legorreta-Castafieda et al., 2020). Alkali treatment
stabilizes the fungal cell wall by removing easily
degradable organic components. reduces batch-to-
batch variability. and opens the chitin—chitosan
matrix. resulting in a more homogeneous surface
that is resistant to fouling by organic matter and
competing ions. Moreover. NaOH modification
increases the accessibility and binding strength of
functional groups. making the sorbent less
susceptible to desorption when pH or ionic
composition fluctuates (Rouhollahi et al., 2014).
Therefore, NaOH pretreatment provides structural
and operational advantages that untreated biomass
cannot offer. making it a critical step for ensuring
reliable and scalable biosorption performance
(Javaid et al., 2011).

CONCLUSION

Biosorption using untreated fungi yielded
significant results, reaching 97.93% at 2 hours;
however, a tendency for desorption was observed.
This signifies that the bonds formed were not yet
stable.

In general, treatment with alkali slightly
increased the percentage of removal and opened
active sites, making the bonds more stable. There
was no significant desorption observed in
biosorption using biomass that had been treated
with NaOH. Treatment with 1 N NaOH increased
the biosorption capacity to 98.56% within 2 hours.
While treatment with 2 N NaOH had a comparable
biosorption capacity, but with accelerated
biosorption at 5 minutes and prevented desorption.

Meanwhile, treatment with acid actually reduced
the biosorption capacity to 80.49-91.37%. The pH of
the solution also had a significant effect. The most
optimal pH for biosorption was 6-8. Overall this
study has successfully demonstrated the high
potential of Penicillium chrysogenum biomass as an
efficient, low-cost biosorbent for Hg(II) removal.
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