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The Biosorption of Lead from Aqueous Solutions by a Wood-immobilized Fungal Biosorbent

and vibrational frequency changes present on dried fun-
gal biomass, and immobilized and non-immobilized wood
sorbents before and after Pb(Il) treatment. The IR spec-
tra was obtained by placing 0.1 grams of the sorbent on
the metal disc of the FI-IR spectrometer (PerkinElmer,
Paragon 1000). Samples were analyzed in the wavenum-
ber range of 600 to 4000 cm~! at 32 scans. Spectragryph
(https://www.effemm?2.de/spectragryph/) was utilized in the
modification and generation of the spectra images.

2.7 Continuous Flow Column Filtration Test
(CF)

For the laboratory-scale Continuous Flow Column Filtration
(CF) assembly, a 240 mm column setup was utilized wherein
3.0 grams of WP and/or WP+F were utilized as filters to
adsorb 150 mL of 1000, 2000, and 4000 pg/mL Pb(NOs3).
solution that cyclically ran with a flow rate of 15 mL/min for
30 minutes. All experimental trials were done in triplicate.
After the run, residual lead ions in the solution were analyzed
using ICP-AES. Biosorption capacity (g) was calculated
following Chen et al. (2011):

_ V(@G Gr)
4 M

where ¢ is the metal uptake in mg metal/g of the biosorbent
or the amount of lead ions per gram of dry weight of the
biosorbent, V as the volume of the metal solution in L, C;
as the solution’s initial Pb(IT) concentration in pg/mL, Cs as
the solution’s residual Pb(II) concentration in p1g/mlL., and M
as the dry weight of the biosorbent in g.

2

2.8 Pb(II) Desorption from Biosorbent

In order to verify the Pb(II) uptake of WP+F in the CF test,
desorption of Pb(I) ions was done by treating each of the
biosorbents used in the set-up with 60 mL of 1.0 M Hy-
drochloric acid (HCI) solution shaken at 100 rpm, 25°C for
60 minutes. The sorbents were removed via gravity filtration
using Whatman (2) filter paper. The supernatant containing
the adsorbed Pb(Il), released onto the HCI solution, was an-
alyzed for Pb(II) concentrations via ICP-AES. Recovery in
percentage, (R,%) was computed following the work of Deng
et al. (2006):

My
R=— 100 3
A 3)
where My is the amount of Pb(II) desorbed and M, is the
amount of Pb(II) adsorbed.

2.9 Statistical Analysis

Statistical analysis of the data was performed using One-
Way Analysis of Variance (One-Way ANOVA) and Two-Way
Analysis of Variance (Two-Way ANOVA) whenever appli-
cable. Means were compared using Tukey’s multiple com-
parisons test (p < 0.05) and Sidak’s multiple comparisons

test (p < 0.05). Significant differences between standard
deviations were determined via Brown-Forsythe (P < 0.05).
All statistical tests were performed using GraphPad Prism
(v6.01).

3 Results

3.1 Preparation of Wood-immobilized Fungal
Biosorbent

Talaromyces macrosporus cells were immobilized on M.
oleifera wood to generate and characterize the biosorbent.
Representative microscopic and scanning electron micro-
graphs of the wood before and after immobilization of fungi
are presented in Figures 1 and 2B & C respectively. Whole
M. oleifera wood from Figure 1B showed numerous open
pores and interstices within xylem vessels that facilitated fun-
gal attachment to the wood. Successful colonization of the
WW is seen in Figure 1C, where fungal hyphae completely
encapsulated the WW after subsequent drying at 70°C even
after grinding (Figure 1C and 2C). Microscopic examination
reveals that colonization begins 48h after spore inoculation,
with complete coverage after 7 days.

Figure 1. Various stages of the generation of the wood-immobilized fungal
biosorbent. Dried uncolonized WW before immobilization of fungal hyphae
(A), complete colonization after 7 days (B), dried, colonized material after
24h drying, WW+F (C).

Figure 2. Surface micrographs obtained by Scanning Electron Microscopy
(SEM) of (A) dried T. macrosporus with visible mycelia, F, 1000x (B) dried
WW, 200x and (C) dried WW+F, 200x.

3.2 Initial CT

The ability of the biosorbent was determined through a con-
tact test using 1000 pg/mL Pb(NOs)s. Figure 3 shows a
comparison of a Pb(I)-contact test showing the removal effi-
ciencies of WW versus WP, with and without fungal coloniza-
tion. The removal efficiency of biosorbents with immobilized
fungi (WW+F and WP+F) is significantly higher (P < 0.05)
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than those with wood only (WW, WP). F had the highest con-
tact removal of Pb(II) at 91.02% while WW had the lowest
removal efficiency at 23.70%. However, removal efficiency
by F is not significantly different from the removal efficiency
of WP+F at 90.37% (P < 0.05).

Figure 3. Pb(II) ion removal efficiency of biosorbents in contact with 1000
pg/mL Pb(I) for 60 minutes. Means that share at least one similar letter
are not significantly different at Tukey’s multiple comparisons test (P <
0.05). Assuming equal variances, Brown-Forsythe test shows that there are
no significant differences between standard deviations of all test groups.

3.3 Fourier Transform

troscopy

Infrared Spec-

Possible functional groups of fungal, wood, and wood-
immobilized biomass applied in Pb(II) sorption were as-
sessed through infrared spectroscopy seen in Figure 4. The
FTIR spectra shown in Figure 5 depicts plausible Pb(II) bind-
ing sites in comparison to the biomass before and after Pb(II)
treatment.

All sorbents from Figure 4 contain a broad spectral range
of 3267.58 to 3338.77 cm~! indicating the presence of hy-
droxyl (-OH) and amine (-NH) groups. Bands observed at
peaks 2924.38 to 2901.65 cm ™! are characteristics of -CH
stretching, 1743.63 to 1731.59 cm~! are likely assigned to
C=0 stretching, 1627.03 to 1595.01 cm™~" are possibly re-
lated to amine groups, and peaks located at 703.33 to 663.97
cm ™! are assigned to C-S stretching. These frequencies were
detected in all samples as shown in Table 1.

The comparison of immobilized and non-immobilized
wood sorbents before and after Pb(II) treatment are shown
in Tables 2 and 3. An apparent change was observed only in
peak 1234 cm~! (C-C, C-0O, C=0 stretching) of WP, which
shifted into 1157.52 cm~! (C-O-C antisymmetric bridge
stretch) after lead binding (Table 2). For WP+F, apparent
changes were only observed in peaks 1639.71 cm~! (amide)
and 778.65 cm™! (arene), which shifted into 1631.10 cm ™!
(amide) and none respectively (Table 4).

Figure 4. FTIR spectra of sorbents: WP (A) (B) dried fungi (F), and (C)
dried wood immobilized with fungi (WP+F).

Figure 5. FTIR spectra of WP before (A) and after (B) Pb(Il) treatment,
and WP+F before (C) and after (D) Pb(II) treatment.
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Table 1. List of possible functional groups from fungal, wood, and
wood-immobilized biomass involved in Pb(II) sorption.

Biosorbent  Frequency (cm™) Functional Group
3267.58 -OH and/or -NH
2924.38, 2854.61 -CH stretch (Methylene)
1743.63 C=0 stretch (Alkyl carbonate)
N 1627.03 N-H bend (Amine)
Fungi
1408.25 -C-O stretch
1235.2 -C-O stretch (Ether) or -SOj stretching
935.22 P-O-C stretch (Aromatic phosphates)
703.33 C-S stretch (disulfide)
3339.47 -OH stretching (Alcohol)
2902.16 -CH stretching (Methyl or methylene)
1737.52 C=0 stretching (Carboxylic acid)
Aromatic ring skeletal vibration
1595.01 (C-H, (%,-N, or N-H)
Wood 1422.75 CHj; bending or CH, scissoring
1370.14 CH bending
1234.16 C-C, C-0O, or C=0 symmetric stretching
1104.21 -OH band
897.77 CH deformation
665.16 C-S or S-S stretch (disulfide)
3338.77 -OH stretching (Alcohol)
2901.65 -CH stretching (Methyl or methylene)
1731.59 C=O0 stretching (Carboxylic acid)
1639.71 C=0 and C-N-H stretching (Amide)
Wood 1423.46 CHj; bending or CH, scissoring
immobilized 1370.49 CH bending
with fungi C-C, C-0, or C=0 symmetric stretching
1233.01 (aromatic phosphate)
1157.47 C-O-C antisymmetric stretching
778.65 Aromatic C-H bend
663.97 C-S or S-S stretch (disulfide)

Changes in the frequencies of the wood before and after
fungal immobilization are presented in Table 4. Comparison
of the sorbents from Table 1 showed greater similarity in
the type of functional groups between WP and WP+F than
F and WP+F. Shifts in carboxylic acid (1737.52 to 1731.59
cm™ 1), C-O-C (1104.21 to 1157.47 cm ™! ), and aromatic CH
(897.77 to 778.65 cm 1) groups were observed between WP
and WP+F sorbents. A major change also appeared in the
band shift of 1595.01 to 1639.71 cm ™! suggesting a previous
aromatic ring modification to an amino or carbonyl group.

34 CF Test

Following the results of the contact test, the residual Pb(I)
ion concentration, removal efficiency, and biosorption ca-
pacity of WP versus WP+F in 1000, 2000, and 4000 pg/mL
Pb(II) concentrations were tested using a CF column setup
(Figure 6, 7 and 8)

Residual lead ion Pb(II) for WP and WP+F for all
concentrations is summarized in Figure 6 with WP+F
treatment having significantly lower (P < 0.05) residual
Pb(II) concentrations than WP signifying a higher Pb(II)
uptake than WP at 93, 167, and 183 pg/mL for 1000,
2000, and 4000 pg/mL respectively. WP residual Pb(II)
concentration resulted to more than twice the value as the
concentration also doubly increased from 1000 to 2000
pg/mL with 453 to 1323 pg/mL Pb(II) that remained and
2000 to 4000 with 1323 to 3380 pg/mL residual ions
left in the solution (Figure 6E). A decreasing trend of

Table 2. Comparison of FTIR spectra between wood (WP)
before and after Pb(II) sorption.

Before After Functional Group  Possible Assignments

-OH stretching Cellulose
333947 CERRLE (Alcohol) (Naumann, 2015)
-CH stretching N
2902.16  2901.16 (Methyl or  Cellulose (Mohacek-Gro
methylene) Sev etal. 2001)
_ . Xylans, hemicellulose
173752 17359 (S;]?oi"leitccg‘c‘;g) (Traore et al., 2017,
Y Fahey et al. 2017)
Aromatic ring . .
1595.01 1593.67 skeletal vibration Lignin (Faix 1991)
Lignin and cellulose
CH; bending or CH,  (Traore et al. 2017,
1422.75 1423.09 scissoring Fahey et al. 2017, Faix
1991)
. Polysaccharides (Liang
1370.14 1370.02 CH bending & Marchessault 1959)
. Cellulose (Liang &
) | CH y
I IRl 2 Wageing Marchessault, 1959)
From C-C, C-O, or
C=0 symmetric Lignin (Fahey et al.
1234.16 ~ 1157.52  stretchingto C-O-C 2017, Liang &
antisymmetric Marchessault, 1959)
stretching (Ether)
1104.21 1104.55 _OH band Polysaccharides (Higgins
’ ’ etal. 1961)
Lignin, primary and
secondary alcohols in
1032.09 1031.96 C-O stretching cellulose, and
polysaccharides
(Traore et al. 2017)
Beta-glycosidic bonds in
897.77 897.76 CH deformation cellulose
(Evans et al. 1992)
C-S stretch Disulfide bridges
(cysteine) from common
665.16 663.76 or S-S stretch plant cell wall proteins
(disulfide) (Galgoczy et al. 2019)
A 4000 8 4000 ¢ 4000 A
E 3000 E 3000
3 fol &
1000 .“ . ) I I . o
° control we WP +F ° control wep WP +F ° Control wp WP+
o e Teatment - etmant
L ™
2 2 0 2
0 0 : 0 ,;—l—AL

1000 2000 4000

10¢ 2000 2000
Initial Pb(1l) pg/mL. Initial Pb{(l) pg/mL Initial Pb(1l) ug/mL

Figure 6. Residual Pb(II) ion concentration of biosorbents (WP, WP+F) in
contact with 1000 (A), 2000 (B), and 4000 pg/mL Pb(II) (C) for 30 minutes
in assembled CF system. Comparison of residual Pb(II) ion concentration
of control (D), WP (E), and WP+F (F) in 1000, 2000, and 4000 pg/mL
Pb(II) concentrations. Means that share at least one similar letter are not
significantly different at Tukey’s multiple comparisons test (P < 0.05). Bars
indicate standard deviation of at least three replicates.
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Table 3. Comparison of FTIR spectra between wood immobilized with
fungi (WP+F) before and after Pb(II) sorption.

Before After Functional Group Possible Assignments

-OH stretching  Cellulose (plant) or chitin
333877 3338.79 (Alcohol) (fungi) (Naumann, 2015)
-CH stretching
(Methyl Cellulose (plant) or chitin
290165 2901.64 (fungi) (Naumann, 2015)
or methylene)
173159  1734.84 C=O0 stretching Xylans, hemicellulose,

(carboxylic acid) mannan (Naumann, 2015)

C=0 and C-N-H
stretching (amide)

Chitin amide

1639.71 1631.1 (Naumann, 2015)

CHj; bending or Lignin and cellulose

142346 1423.63 CH, scissoring (Naumann, 2015)
. Polysaccharides
1370.49  1369.91 CH bending (Naumann, 2015)
C-C, C-0, or C=0
1233.01  1234.02 symmetric Lignin (Fahey et al. 2017)
stretchine
C-0-C Polysaccharides (Fahey et
1157.47 1158.29 antisymmetric al. 2017, Liang &
stretching (ether) Marchessault 1959)
From aromatic CH (Llag:lalcn gzgljginet;_
778.65 - bend to apparent guaiacy .
loss of functionalit galactosyl residues
Y (Faheyetal. 2017)
66397 66361 C-S stretch or S-S Disulfide bridges

stretch (disulfide)  (Galgoczy et al. 2019)

Figure 7. Pb(II) ion removal efficiency (%) of biosorbents (WP, WP+F) in
contact with 1000, 2000, and 4000 ug/mL Pb(II) for 30 minutes in assembled
CF system. Means that share at least one similar letter are not significantly
different at Tukey’s multiple comparisons test (P < 0.05). Bars indicate
standard deviation of at least three replicates.

Table 4. Comparison of FTIR spectra between wood (WP) before and after
fungal colonization (WP+F).

Before  After  Functional Group Possible Assignments

Cellulose (plant) or

3339.47 333877 'Oxzﬁ‘;}l’)‘“g chitin (fungi)
(Naumann, 2015)
-CH stretching Cellulose (plant) or
2902.16 2901.65 (Methyl or chitin (fungi)
methylene) (Naumann, 2015)

Xylans, hemicellulose,
mannan
(Naumann, 2015)

C=O0 stretching

1737.52 1731.59 (atsaitio st

From aromatic ring
skeletal vibration

1595.01 1639.71 (lignols) to C=0 and
C-N-H stretching

Chitin amide
(Naumann, 2015)

(amide)
. Lignin and cellulose
CHj bending or CH
142275 142346 = 3 OCNAMEOTRR  pore etal. 2018,
scissoring Naumann, 2015)
137014 137049  CHbending ' osaccharides (Liang

& Marchessault 1959)

C-C, C-0O, or C=0 Lignin (Liang &

1234.16 123301 symmetric stretching ~ Marchessault, 1959)

C-0-C Polysaccharides (Fahey
1104.21 1157.47 antisymmetric etal. 2017, Liang &
stretching (Ether) Marchessault, 1959)
Lignin fragments
. (guaiacyl) and beta-
897.77  778.65 Aromatic CH bend

galactosyl residues
(Fahey et al. 2017)
Disulfide bridges
(Galgoczy et al. 2019)

C-S stretch or S-S

665.16  663.97 stretch (disulfide)

Figure 8. Biosorption capacity (q) of biosorbents (WP, WP+F) in contact
with 1000, 2000, and 4000 pg/mL Pb(II) for 30 minutes in assembled CF
system. Two-way ANOVA shows that means are statistically significantly
different at P < 0.05. Means that share at least one similar letter are not
significantly different at Tukey’s multiple comparisons test (P < 0.05). Bars
indicate standard deviation of at least three replicates.
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the removal efficiency of WP tested in increasing Pb(I)
concentrations presented in Figure 7 is congruent to these
results. However, the residual ion concentration of WP+F is
not significantly different at different Pb(II) concentrations
at P < 0.05 (Figure 6F). This is similarly represented in
Figure 7, where the removal efficiency of WP+F remained
statistically insignificant at 90-95%, unaffected by initial
Pb(II) concentration.

The biosorption capacity (g) of WP+F significantly
increases from 42.67 to 91.13, and from 92.3 to 184.83 as
Pb(II) concentration increases from 1000 ppm to 2000 ppm
and from 2000 ppm to 4000 ppm respectively (Figure 8).
The g of WP+F was also found to be significantly higher
than that of WP at P < 0.05, with the latter having an
insignificantly different ¢ for the same biosorbent groups
regardless of initial Pb(II) concentration.

A comparison of the residual Pb(I) concentrations
for the contact test and the CF test is shown below in
Figure 9. There are no significant differences between
the contact test and CF results at P < 0.05 for WP and WP+F.

Figure 9. Comparison of Contact test and CF residual Pb(II) ion concentra-
tion by biosorbents in contact with 1000 pg/mL Pb(II). Means that share
at least one similar letter are not significantly different at Tukey’s multiple
comparisons test (P < 0.05). Assuming equal variances, Sidak’s multiple
comparisons test shows that there are no significant differences between
computed (Contact Test) and actual values (CF) of all test groups.

T. macrosporus immobilized in wood was shown to yield
an average of 0.16 + 0.016 grams from Table 5. Furthermore,
preparation of the powdered wood-fungal biosorbent did not
exhibit fungal growth after 4 days of incubation from Figure
10.

3.5 Pb(I) Desorption from WP+F Biosorbent

Amounts of Pb(IT) desorbed and recovery percentage of the
powdered wood-fungal biosorbent (WP+F) are shown in
Figures 11 and 12.

Desorption of the Pb(Il) ions from WP+F biomass in
contact with all concentrations was not significantly different

Table 5. Fungal weight in immobilized biosorbent in grams (g). The
average weight increase by fungal colonization was 0.16 £ 0.016.

Dried Wood Dried Colonized Fungal Weight
(WW) (9) (WW+F) (9) ()

1.20 +0.002 1.40+0.010 0.20£0.010

1.25+0.002 1.42 £ 0.009 0.17 £ 0.020

1.25+0.003 1.43+£0.010 0.18 £0.020

0.94+0.010 1.04 +0.021 0.10 £ 0.020

0.91+0.012 1.05 +0.022 0.14£0.010

Figure 10. Triplicate viability test of WP+F tested on PDA plates sup-
plemented with 50 pg/mL amp. Photographs were taken after 5 days of
incubation at 30°C.

Figure 11. Comparison of adsorbed and desorbed Pb(II) ions of utilized
WP+F biosorbents in CF test for concentrations of 1000, 2000, and 4000
pg/mL. Two-way ANOVA shows that means are statistically significantly
different at P < 0.05. Means that share at least one similar letter are not
significantly different at Tukey’s multiple comparisons test (P < 0.05). Bars
indicate standard deviation of at least three replicates.

A B
A
100 100 .
¥ 80 0 S
i H e R?=0.9176
g o0 60 o
H
&
§ c 40
g .
&
20 20
o o
1000 2000 4000 o 1000 2000 3000 4000

Pb(I1) concentration in pg/mL

Figure 12. Percent recovery (%) of WP+F biosorbents from CF set-up in
contact with 1000, 2000, and 4000 pug/mL Pb(II) solutions after treatment
with 1.0 M HCI for 60 minutes. One-way ANOVA shows that means
are statistically significantly different at P < 0.05. Bars indicate standard
deviation of at least three replicates (A). A linear regression model produced
an R? value of 0.9176 to express the relationship between the data points

(B).
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(P < 0.05) from the Pb(II) ions adsorbed at 1000 pug/mL as
presented in Figure 11. However, it is important to note that
most of the Pb(Il) ions adsorbed by the biomass at 1000
pg/mL were recovered at 99.61% shown in Figure 12. From
the same figure, an almost linear decrease of the recovery
percentage was shown as the Pb(Il) ion concentration
doubles from 99.61% to 58.71% for 1000 to 2000 ug/mL
and 58% to 30.02% for 2000 to 4000 ug/mL. This trend is
supported by the regression model which produced an R?
value of 0.9176 indicating a large positive linear association.

4 Discussion

4.1 Preparation of Wood-immobilized Fungal
Biosorbent and SEM Analysis

Fungal colonization of the prepared biosorbent produced
similar results to the study using Carica papaya softwood
(Igbal and Saeed, 2006). The growth of T. macrosporus
mycelia along the surface of M. oleifera wood as shown in
Figure 1C presented a uniform distribution. This allows for
a greater number of open binding sites, and exposure of a
wider surface area for HM binding (Ding et al., 2019). This
represents one of the advantages of immobilized systems
over free cell suspension cultures where the latter is tightly
clumped resulting in diffusional restrictions and lower
surface area of adsorption (Ramrakhiani et al., 2016; Igbal
and Edyvean, 2004).

The entrapment of 7. macrosporus mycelia on M. oleifera
wood in a relatively short time span of seven days indi-
cates the efficiency in generating the biosorbent without
prior chemical treatment. This is in contrast with several
other modes of immobilization that are costly, laborious, and
require sophisticated equipment (Igbal and Saeed, 2006).
This also addresses common operative obstacles found in the
preparation of most immobilizing materials such as their poor
mechanical strength, restrictive diffusion capacities, and lack
of open spaces to accommodate active cell growth (Sriharsha
etal., 2017; Li et al., 2008).

4.2 Initial CT

The Pb(Il) removal efficiency of 7. macrosporus is high-
lighted in Figure 3 where the removal percentage of F
(91.02%), WW+F (64.81%), and WP+F (90.37%) are
significantly higher than that of WW (23.70%) and WP
(49.63%). These findings are in line with studies wherein
immobilants colonized with fungi removed more heavy
metals in solution than the immobilant alone (Sriharsha
et al., 2017; Zahmatkesh et al., 2018; Igbal and Saeed,
2006). This may be due to the sheer number of complex
fungal polysaccharide residues such as chitin and glucan,
which are found to be more abundant in available bind-
ing sites compared to other plant polysaccharides such

as cellulose and lignin (Ge and Li, 2018; Shakya et al., 2016).

However, the Pb(Il) removal efficiency between F and
WP+F were not significantly different from each other
despite the lower fungal biomass component of WP+F (0.16
+0.016 g) compared to F (1.20 + 0.006 g) as seen in Table 5.
This finding differs from the studies of Ding et al. (2019),
Sriharsha et al. (2017), Ramrakhiani et al. (2016), and
Igbal & Saeed (2006) wherein their immobilized system
biosorbents had a significantly higher removal efficiency
than fungi alone. This may indicate an inherent strength of
polarity and abundance of effective binding sites found on
the fungal cell wall even at low amounts of fungal biomass
(Ge and Li, 2018).

Aside from functional group abundance and availability,
it has also been suggested that fungal colonization of wood
has biochemical impacts on the structure of plant cell walls,
enhancing HM binding capacity (Saravanan and Ravikumar,
2015). Certain Ascomycete enzymes such as lignin per-
oxidase, hemicellulase, laccase, phenol oxidase, cellobiose
dehydrogenase, beta-glucosidase, and cellulase (Janusz et
al., 2017; Goyari et al., 2015), can cleave the covalent link-
ages between lignin, cellulose, hemicellulose, pectin, and
other polysaccharide components of lignocellulose, increas-
ing the number, distribution, exposure, and polarity of metal-
affinitive functional groups in wood tissue (Zhao et al., 2018).

4.3 FTIR Analysis

The FTIR spectra of dried fungal biomass, wood immobi-
lized, and non-immobilized sorbents from Figure 4 were
analyzed to list and verify possible sorbent-metal ion binding
sites in Pb(I) removal. FTIR has previously been used to
identify potential sorption sites for Pb(II) in fungal biomass
(Aytar et al., 2014), various wood and cellulosic tissues
(Traoré et al., 2017; Fahey et al., 2017; Malik et al., 2016),
and wood derived materials (Putra et al., 2014).

Dried fungal biomass has been documented to pos-
sess hydroxyl, amino, and carboxyl groups from N-
acetylglucosamine as components of their chitinous cell
walls which have been proven to bind to Pb(II) ions (Long
et al., 2019; Sriharsha et al., 2017; Gube, 2016). Similarly,
sulthydryl (Akar et al., 2007) and carbonyl groups (Aytar
et al., 2014) have been also documented in Pb(II) binding.
Results from Table 1 confirm the presence of several
functional groups common to other Ascomycetes capable of
Pb(II) sorption (Long et al., 2019).

Similar to fungal biomass, the use of cellulosic materials
in the removal of various heavy metals including Pb(II) has
been described and summarized extensively (Malik et al.,
2016). Cellulosic, hemicellulosic, and lignin components
from wood sorbents may contain hydroxyl, amino, aromatic,
and carbonyl groups responsible for HM binding (Putra et
al., 2014). These components were detected in WW, WP,
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