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ABSTRACT

In this study, the dried biomass of strain Pestalotiopsis sp. FW-JCCW was employed as an adsorbent for
the biosorption of thallium (T1) and cadmium (Cd). Influential factors including reaction pH, initial
concentration of T1* and Cd*, agitation speed, reaction temperature and contact time on the biosorption
capacity of TI*and Cd** were investigated. Isotherm tests showed that the Langmuir model provides
the best fit for equilibrium data of both metals, with maximum biosorption capacity of 99.80 mg/g for
TI* and 98.01 mg/g for Cd?*. In addition, the pseudo-second-order model described biosorption kinetics
more effectively than the pseudo-first-order model. Thermodynamic parameters indicated that biosorp-
tion of TI*and Cd** is a spontaneous and endothermic process. In addition, the biosorbent was character-
ized through Brunauer Emmett Teller analysis (BET), Fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy and energy disperse spectroscopy (SEM-EDS) and X-ray photoelectron
spectroscopy (XPS). The characterization results demonstrate that functional groups (C-O, -OH or - NH,
-CN and -COOH) on the surface of the strain contribute to the biosorption. In conclusion, Pestalotiopsis

sp. FW-JCCW can be used as an effective biosorbent for removing T1* and Cd?** from wastewater.
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1. Introduction

With rapid global industrialization, the release of heavy
metals into the environment is a considerable concern [1-3].
Heavy metals accumulation in the environment and asso-
ciated human exposure can be detrimental, even at low
concentrations [4,5]. Thallium (Tl) and Cadmium (Cd) are
highly toxic metals that can endanger human health and
ecosystem; they are often discharged into the environment

*Corresponding author.

without adequate treatment. Tl and its compounds are
mainly leached from ore-processing sites and enter human
body through the digestive system or skin contact, caus-
ing mutagenicity and carcinogenicity [6,7]. The Minimum
Lethal Dose (MLD) of TI for adults and children is 12 and
8.8 mg/kg, respectively [8]. Cd is mainly derived from
metal refineries, waste batteries and paints, and can cause
kidney damage or other diseases [9,10]. According to the
National Primary Drinking Water Regulations of the United
States Environmental Protection Agency, the Maximum
Contaminant Level (MCL) of Tl and Cd in drinking water is
0.002 and 0.005 mg/L, respectively [11-13].
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Conventional physiochemical methods for heavy metal
remediation include precipitation, filtration, coagulation
evaporation, ion exchange, membrane separation and sol-
vent extraction [14-16]. However, from the perspective
of being cost-effective and sustainable, these methods are
inefficient, but expensive, particularly at low metal con-
centrations of 1-100 mg/L [17]. Compared with these tech-
niques, biosorption is a more economical and efficient for
remedying heavy metal pollution. It is a physiochemical
process in which a certain type of biomass spontaneously
aggregates and binds contaminants to its cell structure [18];
it is considered a cost-effective biotechnology method for
handling complex wastewater containing multiple met-
als [19]. Biosorption tests are typically performed using
bacteria, fungi, and algae as biosorbents, because of their
abundant mycelium, fungi tend to perform biosorption
efficiently, suggesting that they have numerous biosorption
sites, with enhanced biosorption performance [20]. Pre-
vious studies have indicated that many fungi species are
proficient biosorbents for biological adsorption, with con-
siderable biosorption performance. For example, Kwon et
al. [21] reported effective lead and zinc biosorption with
the extracellular polysaccharide of Pestalotiopsis sp. KCTC
8637P, indicating that Pestalotiopsis sp. is a potentially use-
ful biosorbent for heavy metals removal. Thus, this fungal
strain could be applied to the biosorption of other heavy
metals such as Tl and Cd, and to the authors” knowledge,
no such studies have yet been conducted.

In the present study, the dried biomass of the endo-
phytic fungi Pestalotiopsis sp. FW-JCCW was employed to
remove TI* and Cd* from an aqueous solution. Batch exper-
iments were performed to study the effect of reaction pH,
initial concentration of both metals, agitation speed, reac-
tion temperature and contact time on TI* and Cd*" removal.
In addition, isotherm, kinetics and thermodynamic models
were used to describe the biosorption process. Furthermore,
the surface structure and functional groups were character-
ized through BET analysis, FTIR, SEM-EDS and XPS both
before and after biosorption.

2. Materials and methods
2.1. Isolation of endophytic fungi resistant to TI*and Cd*

The method used to isolate fungi is similar to that pre-
sented in the authors” previous study (Long et al.) [22]. In
brief, the healthy roots and stems of Miscanthus were col-
lected from Dabaoshan tailings in Shaoguan, Guangdong
Province, China (N24°33’51.60”, E113°42’37.76"). The fresh
plants were cut and divided into roots, stems and leaves
after washing with tap water to remove soil and other
attachments. The cut parts were surface-disinfected with
75% ethanol for 2 min and 5% sodium hypochlorite solu-
tion for 1 min, washed with sterile water three times to
remove residual chemicals, and then further cut into 0.5
cm segments with sterile blades and cultured on Czapek’s
medium containing 20 mg/L TI* and Cd?**at 25°C for 48 h.
The mature colonies grown in the culture media were trans-
ferred to a new media containing higher concentration of
TI* and Cd*. These steps were repeated for domestication
with increasing concentrations of TI* and Cd*, until the
Minimum Inhibitory Concentration (MIC) of the fungal

colony was obtained. The resulting strain showed excellent
resistance to both Tl*and Cd*" and was subjected to prolif-
eration and culture to serve as an adsorbent for subsequent
biosorption [23].

2.2. Chemicals and reagents

All reagents were of analytical grade, available from
Guangzhou Huaxin reagent Co. Ltd. (Guangdong, China).
The working solution was serially diluted from standard
solution (1000 mg/L) daily. Deionized water was prepared
using the DI water equipment YL05-20L 75G, (Shenzhen,
China). Endophytic fungi were inoculated into a potato
dextrose broth and cultured at 25°C in 250 ml triangle flasks
on a shaker with an agitation speed of 150 rpm for 48 h.
The fungal biomass collected through filtration was then
thoroughly washed with deionized water to remove any
remaining media, dried in an oven at 100°C for 2 h, and
ground to a powder for use as an adsorbent in future bio-
sorption.

2.3. Phylogenetic analysis of strain Pestalotiopsis sp. FW-JCCW

Pestalotiopsis sp. FW-JCCW 165 rDNA was extracted
and amplified using polymerase chain reaction (PCR;
ABI ProFlex 96-well). The following universal primers
were designed: 5-TCCGTAGGTGAACCTGCGG-3" and
5-TCCTCCG CTTATTGATATGC-3’". The amplification pro-
gram was conducted as follows: pre-denaturation for 4 min
at 94°C; 32 cycles of denaturation for 1 min at 94°C, anneal-
ing for 40 s at 55°C, extension for 40 s at 72°C; and final
extension for 3 min at 72°C. Next, the resulting products
were purified, sequenced, and analyzed on the MEGAS5.2
to perform a multiple sequence alignment comparison with
the GenBank database. The neighbor-joining phylogenetic
tree was built with Kimura-2 model to analyze sequence
similarities [24].

2.4. Batch experiments

Experimental factors were tested to determine the opti-
mum biosorption conditions for Tl* and Cd** by using an
adsorbents dosage of 2 g/L in a 100 ml solution. The experi-
mental factors included reaction pH (2-9), initial concentra-
tions of both metals (20-100 mg/L), agitation speed (60-210
rpm), reaction temperatures (20-40°C) and contact time
(090 min). All batch experiments were repeated in tripli-
cate, and the results were expressed in average value with
standard deviation. The concentrations of TI* and Cd?** in
the aqueous solution were measured by inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES) after
centrifugation and wet digestion. The biosorption capaci-
ties (mg/g) of both TI* and Cd* were evaluated using the
following equation [25]:

c,-C)Vv
qezi( °Mf) )

where g, is the equilibrium TI* or Cd* biosorption capacity
of the biosorbent (mg/g dry biomass); C,and C, are the ini-
tial and residual metal concentration of T1* and Cd?** in solu-
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tion, respectively (mg/L); V is the volume of the solution
(L), and M is the mass of the biomass used (g dry biomass).

2.5. Isotherms

To understand the biosorption processes for TI* and
Cd?* and estimate their biosorption characteristics, the fit-
ting of the Langmuir and Freundlich model was examined
[26]:

1 1 1 1
+

qe - qmaxKL Ce qmax

)

where g, (mg/g) represents the maximum biosorption
capacity of the monomolecular layer of the biosorbent and
K, (L/mg) is associated with the affinity of the binding sites
[27]. In addition, the dimensionless separation factor, R,
is an essential coefficient of the Langmuir isotherm and is
defined as:

1

R=13 K,C, ®)
where C, is the initial concentration of metal ions in the
solution (mg/L), R, indicates the shape of the isotherm:
when R >1, it is unfavorable; when R =1, it is linear; when
0<R, <1, it is favorable; and when R, =0, it is irreversible [28].

The Freundlich isotherm is generally expressed as fol-
lows:

qe = Kch/n (4)

It can be rewritten linearly as follows:
1
Ing, =—InC, + InK, )
n

where K, (L/g) is related to the biosorption capacity, and
n is an empirical parameter related to the biosorption
intensity.

2.6. Kinetics

The pseudo-first-order and pseudo-second-order mod-
els are the most frequently used models for describing the
biosorption process; they are used to describe the biosorp-
tion of TI* and Cd* [Egs. (6) and (7)] [29] as follows:

kit ;
2.303 ©)

log(q, —q,)=logq, -

where g, (mg/g) is the biosorption capacity at equilibrium,
g, (mg/g) is the quantity absorbed at time t, and k, (i) is the
rate constant at equilibrium.

The pseudo-second-order model, derived from the basis
of solid phase sorption. It is used to describe the whole bio-
sorption process and can be expressed by the following lin-
ear equation [30]:

t 1 t

—_——— — 7
a kg, @)

where g, (mg/g) is the quantity of biosorption at equilib-
rium, g, (mg/g) is the quantity of biosorption at time ¢ (™),
and k, (g/mg/h) is the rate constant of the biosorption
process.

2.7. Thermodynamics

Thermodynamic parameters are also significant fac-
tors for the biosorption of heavy metals. The parameters of
Gibbs free energy (AG’), enthalpy (AH") and entropy (AS°)
were used to describe the thermodynamic behavior for T1*
and Cd?*" during biosorption of Pestalotiopsis sp. FW-JCCW
at three temperatures (293, 303, and 313 K), in the following
equations [31]:

C,-C V
k,=—0 —c 8
4 cC M (8)

0 0
kA5 _AH )

R RT
AG" = AH —TAS" (10)

2.8. Characterization of the dried biomass
2.8.1. Brunauer Emmett Teller (BET) analysis

The specific surface area and pore size distribution of
Pestalotiopsis sp. FW-JCCW were determined using nitrogen
adsorption at 77 K on a TriStarll 3020 Series Surface Area
and Porosity Analyzer (Micromeritics Instrument Corpora-
tion, USA) [32].

2.8.2. Fourier transform infrared spectroscopy (FTIR)
analysis

Both before and after biosorption, the dried biomass
was mixed and pulverized with KBr, pressed into a uniform
transparent sheet, and finally placed in a BRUKER TEN-
SOR27 Raman infrared spectrometer to measure the func-
tional groups at a wavenumber range of 4000400 cm™ [33].

2.8.3. Scanning electron microscopy and energy disperse
spectroscopy (SEM-EDS) analysis

The morphology and elementary compositions of dried
biomass both before and after biosorption were determined
by SEM-EDS (JSM-7001F) at room temperature.

2.8.4. X-ray photoelectron spectroscopy (XPS) analysis

The XPS spectra of the biosorbents before and after
biosorption were obtained using a Theta Probe Angle-Re-
solved XPS System (hv=1486.6 eV; Kratos Axis Ultra, Japan)
to identify the element and compounds of Pestalotiopsis
sp. FW-JCCW. Correction of the deviation of the binding
energy (BE) owing to relative surface charging was con-
ducted at the the C 1s level, with BE of 284.6 eV as an inter-
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nal standard. All XPS spectra were fitted using XPSPEAK4.1
[34,35].

2.9. Desorption studies

To understand the feasibility and efficiency of using this
adsorbent in recycling, desorption of TI* and Cd** onto the
strain Pestalotiopsis sp. FW-JCCW was performed at a pH of
5 and 6 for TI* and Cd*, respectively. Adsorption-desorp-
tion cycles were repeated four times with 0.1 mol/L HCl at
room temperature. Before biosorption, 0.01 g of the biosor-
bents of Tl* and Cd?** were added to 10 ml of the eluate in
a 50 ml Erlenmeyer flasks and continuously stirred at 150
r/min for 60 min. The final concentrations of T1* and Cd?**
in the supernatant were determined through ICP-AES indi-
vidually, and the desorption efficiency was calculated using
the following formula [36].

Amount of T1/Cd desorbed
Amount of T1/Cd Absorbed

Desorption efficiency (%)= x100%

3. Results and discussion
3.1. Phylogentic analysis of strain Pestalotiopsis sp. FW-JCCW

The phylogenetic tree for the ITS gene sequence of
this fungi strain is shown in Fig. 1, blasted with other ITS
genetic sequences from the GenBank. The strain has more
than 98% sequence homology with Pestalotiopsis sp., sug-
gesting that the isolated strain can be identified as Pestaloti-
opsis sp. FW-JCCW (accession number: KX349438).

Few studies on heavy metals biosorption by Pestaloti-
opsis sp. have been reported. However, Ramrakhiani et al.
[37] reported the feasibility of this fungal strain in remov-
ing Pb* and Zn?" in wastewater and indicated that it is a
potential biosorbent capturing other heavy metals such as
TI* and Cd*.

3.2. Influencing factors on TI* and Cd** removal

The reaction pH is crucial in the biosorption of heavy
metals, because it affects the interaction of biosorbents and
heavy metal ions in aqueous solution [38,39]. Fig. 2a shows
that the reaction pH has a significant effect on the biosorp-
tion of the two metals. At low pH, the biosorption efficien-
cies of TI* and Cd** increases with an increase in the reaction
pH; a maximum efficiency was reached at pH 5 and 6 for
TI* and Cd?*, respectively. The biosorption capacity of TI*
increases from 12.21 to 20.06 mg/g when the pH increases
from 2 to 5. Similarly, the biosorption capacity of Cd*
increases from 10.90 to 25.17 mg/g when the pH increased
from 2 to 6. These changes occurred because low pH cre-
ates a competitive relationship among H,O*, TI*, and Cd*,
causing the protonation of active sites and resulting in low
biosorption [40]. As the pH gradually increases, a greater
number of negatively charged surfaces became available for
ion-exchange of TI* and Cd*, leading to an increase in bio-
sorption. However, the continual in pH leads to an increase
in negatively charged hydroxide ions in the solution, which
compete with the active sites on the biosorbent surface and
react with metal ions to form precipitates, resulting in a
decrease in the biosorption capacity [41,42].

Similar trends in the removal of the two metals were
noted over an initial concentration range of 20-100 mg/L
(Fig. 2b). The biosorption capacity of TI* increased from
12.16 to 44.18 mg/g, whereas that of Cd* increased from
10.25 to 36.05 mg/g, because the initial concentration gen-
erated an crucial driving force for overcoming mass transfer
resistance of metals between the aqueous and solid phases.
Hence, more metals could be captured onto the active sites
on the surface of the strain. Similar results were reported by
Kim et al. [43].

As shown in Fig. 2¢, the biosorption capacity of both
metals increases with the agitation speed, it reached a maxi-
mum at 150 r/min with 22.69 mg/g for TI* and 27.86 mg/g
for Cd*, and then gradually decreased. In this biosorption

KT192379.1 Pestalotiopsis sp. ZG-1-2-2
ea| KP217176.1 Pestalotiopsis sp. P3.2
KC540782.1 Pestalotiopsis sp. orcha?2
| VKX349438.1 FW-JCCW

HM190148.1 Pestalotiopsis oxyanthi
JX556231.1 Pestalotiopsis protearum strain CPC 1777
841 4F409956.1 Pestalotiopsis aquatica

GU395992.1 Pestalotiopsis photiniae isolate Pp.jind09
g1 DO812914.1 Pestalotiopsis fici strain PSHI2004Endol06-1
DQ813432.1 Pestalotiopsis theae strain PSHI2004Endo46
B DQ812913.1 Pestalotiopsis theae strain w147

ﬁ HQO022338.1 Pestalotiopsis cf. microspora ROG-2010 strain LA270
I EF055214.1 Pestalotiopsis olivacea strain MS002

10l EF055217.1 Pestalotiopsis olivacea strain YY8C

0.005

Fig. 1. The phylogenetic tree of Pestalotiopsis sp. and related strains with the neighbor-joining method.
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Fig. 2. Effects of different environmental parameters on the biosorption of TI* and Cd** by Pestalotiopsis sp. FW-JCCW (a) pH, (b) TI*
and Cd?** initial concentration, (c) agitation speed, (d) temperatures and (e) contact time.

system, the higher agitation speed provided more opportu-
nities for contact between the metal ions and the biosorbent
binding sites, which promoted the biosorption capacity.
However, the decline in biosorption at higher speed may

be due to improper contact between the metal ions and the
binding sites with respect to the vortex formation, making
TI* and Cd?** biosorption less effective. Similar results have
been reported with the removal of other heavy metals [44].
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The biosorption capacity progressively increased with
increase in the reaction temperature (Fig. 2d), suggesting
that TI* and Cd** have an endothermic nature during the
biosorption process because of three possible reasons:
(1) the increased temperature increases the diffusion rate
of TI* and Cd?*" to the biosorbent; (2) the increased tem-
perature increases the degree of ionization of functional
groups, which is more conducive to biosorption; and (3)
the high temperature is more favorable for metal and bio-
sorbent complex formation [45]. Similar phenomena were
reported by Badawia et al. [46] with the biosorption of AI*
and Pb?* onto the biomass of chitosan-tannic acid-modi-
fied biopolymers.

The biosorption of TI* and Cd* on the dried biomass
comprised two phases of biosorption: a primary fast phase
and a slow phase (Fig. 2e). In the fast phase (< 10 min), the
initial rate of biosorption for both metals was fast, which
is potentially attributed to the presence of numerous active
sites on the surface of the biosorbent, available for TI* and
Cd?** at a initial high concentration gradient. In the slow
phase, the biosorption capacity increased slowly with time
(from 10 to 50 min); this is related to few available active
sites and low concentration gradient during this period,
resulting in a reduction in effective collisions between
active sites and metal ions [47]. Taken together, the results
indicate that the biosorption of Pestalotiopsis sp. FW-JCCW
to T1* and Cd* is a rapid process.

3.3. Isotherms

Table 1 and Fig. 3 (a, b) summarize the linear fitting of
experimental data with Langmuir and Freundlich models.

Table 1

K. Chen et al. / Desalination and Water Treatment 111 (2018) 297-309

The correlation coefficients of both metals with the Lang-
muir model Fig. 3a (TL: 0.9980, Cd: 0.9990) were higher
than those with the Freundlich model Fig. 3b (T1: 0.9939,
Cd: 0.9888), suggesting that the Langmuir model is more
favorable for describing the biosorption process occur-
ring with TI* and Cd*". Table 2 shows the results of other
research work with respect to TI* and Cd** biosorption for
several microbes used as adsorbents. In this study, the max-
imum biosorption capacities were 99.80 and 98.01 mg/g for
TI* and Cd?*, respectively. The results agree with those of
a study using the dried biomass of Landoltia punctata and
Spirodela polyrhiza, for which the maximum Pb*" adsorption
capacity were 250 and 200 mg/g, respectively [48].

3.4. Kinetics

Dynamics curve fittings for the biosorption of TI* and
Cd?** are presented in Figs. 4a, b, and the corresponding
correlation parameters for each model are listed in Table 3.
For the two metals, the correlation coefficients obtained by
fitting the experimental data of the pseudo-second-order
model Fig. 4a (T1: 0.9990, Cd: 0.9995) were higher than those
for the pseudo-first-order model Fig. 4b (Tl: 0.9919, Cd:
0.9883), suggesting that the pseudo-second-order model
is more suitable for explaining the biosorption kinetics of
TI* and Cd*. Next, the g, values calculated by the pseu-
do-second-order model (TI: 12.72 mg/g, Cd: 11.33 mg/g)
were found to be approximately equal to the correspond-
ing experimental values (T1: 12.45 mg/g, Cd: 10.89 mg/g),
however, the g, values of the pseudo-first-order model (TL:
5.64 mg/g, Cd: 6.64 mg/g) were only equal to approxi-
mately 50% of the values. Thus, the pseudo-second-order

Constants simulated by Langmuir and Freundlich models for the biosorption of T1* and Cd?** by Pestalotiopsis sp. FW-JCCW

Biosorbate Langmuir model Freundlich model
K, e (Mg/8) R R, n K; R?
T1 0.0092 99.80 0.9980 0.5205 1.3421 1.6616 0.9939
Cd 0.0073 98.01 0.9990 0.5776 1.3067 1.2869 0.9888
0104 a 391
3.6 4
0.08 4 ]
3.3 4
0.06
g T
- £ 3.0 1
0.04 4
4 2.7 4
0.02 4 y
] « T 24 4
4 Cd
0.00 ey — S —
0.00 0.02 0.04 0.06 0.08 2.7 3.0 3.3 3.6 3.9 4.2 4.5
1/1C InC

Fig. 3. Plots of isotherms of T1* and Cd?** biosorption on Pestalotiopsis sp. FW-JCCW. Langmuir (a) and Freundlich (b) models.
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Table 2
Comparison of biosorption capacity with other biosorbents

Biomass type Metal g, (mg/g) Reference
Modified Aspergillus niger  TI 0.97 [9]
Pseudomonas fluorescens Tl 93.76 [8]
Scenedesmus acuminutus Tl 833.33 [13]
Pestalotiopsis sp. TI 99.8 this study
Aspergillus niger Cd 1.31 [19]
Penicillium chrysogenum Cd 215 [16]
Penicillium purpurogenum  Cd 1104 [20]
Pestalotiopsis sp. Cd 98.01 this study

model is relatively more suitable for describing the kinetics
of the Pestalotiopsis sp. FW-JCCW for the Tl and Cd biosorp-
tion processes.

3.5. Thermodynamics

The calculated thermodynamic parameters are pre-
sented in Table 4. The negative values of AG at all tested
temperatures (293, 303, and 313K) indicated the spontaneity

303

of TI* and Cd* bioisorption by the dried biomass of Pestalo-
tiopsis sp. FW-JCCW. The AG value decreased with increase
in temperature, indicating that the biosorption is favor-
able at a higher temperature [49]; these results are similar
to those of Henriques and B. Henriques [50]. The positive
AH values indicated that the biosorption process of TI* and
Cd* on the surface of the dried biomass is inherently endo-
thermic, and the positive values of AS imply an increase in
randomness after biosorption.

3.6. TI* and Cd** desorption

In practical applications, recycling after biological
adsorption is crucial. As shown in Fig. 5, the desorption
efficiencies of Tl and Cd onto Pestalotiopsis sp. FW-JCCW
decreased by 7.27% and 10.60%, respectively, after four
cycles, similar to the biosorption of lead ions from aque-
ous solution by Sargassum filipendula reported by Ayushi
Verma [51].

3.7. Characterization of Pestalotiopsis sp. strain
3.7.1. FT-IR analysis

The FT-IR spectra before biosorption showed strong
and broad bonds at 3399.61 cm™, indicating the bonded

Table 3
Constants simulated by the pseudo-first-order and pseudo-second-order model for the biosorption of TI* and Cd** by Pestalotiopsis
sp. FW-JCCW
Biosorbate = Experimental Pseudo-first-order Pseudo-second-order
q, (mg/g)
g, (mg/g) k, (min™) Rz q, (mg/g) k, (g mg'min™) R?
Tl 12.4450 5.6390 0.0550 0.9919 12.7227 0.0330 0.9990
Cd 10.8978 6.6359 0.1011 0.9883 11.3250 0.0324 0.9995
1.24
0.8 -
0.4 -
_ 004
= :
& -0.44
- 3
2 .0.84
1.2 4
1.6 -
2.0 -
T T T T v v v v
0 10 20 30 40 50 60 0 20 40 60 80 100
t(min) t (min)

Fig. 4. Plots of isotherms of T1* and Cd?* biosorption on Pestalotiopsis sp. FW-JCCW. Pseudo-first-order (a) and pseudo-second-order
(b) models.
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Table 4

The thermodynamic parameters of Pestalotiopsis sp. FW-JCCW after biosorption of T1* and Cd**

T(K) Tl Cd
AG(kJ/mol) AH°(kJ/mol) AS°(J/mol K) AG(kJ/mol) AH°(kJ/mol) AS°(J/mol K)

293 -215.99 -174.56
303 -388.33 128.87 17.24 -313.75 104.15 13.93
313 -560.73 —453.05

92

B
88 - B Cd

"

Desorption (%)
[+:]
o

76 -
72 -
0 1 2 3 4 5
No. of cycles

Fig. 5. Desorption efficiency and cycles for T1* and Cd?** biosorption by Pestalotiopsis sp. FW-JCCW.

hydroxyl (-OH) or amine (-NH) groups (Fig. 6). After bio-
sorption, the peak at 3399.61 cm™ blue-shifted to 3419.86
cm™ for TI* and to 3458.79 cm™ for Cd*, respectively, indi-
cating that the two groups had participated in biosorption
[52,53]. The peak of the N-H group (because of the bending
of amide or C-N stretching in -CO-NH- at 1617.13 cm™ )
blue-shifted to 1637.38 cm™ for TI* and to 1656.85 cm™ for
Cd?*, respectively, indicating that these functional groups
are associated with Tl and Cd biosorption processes.
Another peak at 1043.22 cm™ shows that C-OH stretching
blue-shifted to 1052.56 cm™ and 1062.69 cm™ for TI* and
Cd?*, respectively, indicating that C-OH is also involved in
the biosorption of TI* and Cd* [54].

3.7.2. SEM-EDS analysis

The surface of the biosorbent was regular and homoge-
neously smooth prior to biosorption (Fig. 7). The specific
surface area and pore size distribution of Pestalotiopsis sp.
FW-JCCW were 17.23 m? g*!, and 0.0034 cm® g”', respec-
tively. However, numerous pores of varied sizes, along
with scale-like precipitates, were observed on the sur-
face of the dried biomass after biosorption, which may be
attributed to the adsorbed metal Tl and Cd causing the

Transmittance (%)
o
(o]
1

(=4
i
1

0.2 -

x 1 * I % ) L) ) i 1 L ) ™ ]

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 6. FT-IR spectrum of Pestalotiopsis sp. FW-JCCW before and
after biosorption, (a) before biosorption, (b) after TI* biosorp-
tion, and (c) after Cd** biosorption.
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Fig. 7. SEM-EDS analysis of Pestalotiopsis sp. FW-JCCW. Before (a), T1* biosorption (b), and Cd?** biosorption (c).

uneven biosorbent surface [55]. In addition, according to
the EDS analysis, Tl and Cd peaks appeared on the EDS
spectra after biosorption of T1* and Cd?**, whereas no such
peaks were found in the spectra before biosorption. This
result confirms that the morphological changes were due
to the presence of the two heavy metals [56]. Simultane-
ously, changes in the carbon, oxygen and nitrogen contents
after biosorption (Table 5) suggest that surface functional
groups of the biosorbent are involved in the reaction. This
finding is similar to the result reported by Kulkarni et al.
[57], who used Bacillus laterosporus to adsorb Cd** and Ni*
from industrial wastewater.

3.7.3. XPS analysis

The XPS results (Fig. 8) indicated that after TI* and Cd*
biosorption, a new peak appeared with a BE of 113.2 eV
for TI* and 402.4 eV for Cd*[58], which belonged to the TI
4f and Cd 3d core levels, respectively. Hence, TI* and Cd*
were successfully absorbed onto the surface of the dried
biomass.

The Cls peaks were split into the following sub-peaks:
C-H at around 285 eV, C-O and C-N at around 286 eV, and
O=C-O and C=0 at around 288 eV (Table 6, Figs. 9a, d, g)
[59]. After biosorption, the ratio of the peak area of C-C/
C-H increased from 61.49% to 68.96% for T1* and 80.42%
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Table 5

EDS analysis of Pestalotiopsis sp. FW-JCCW before and after T1* and Cd** biosorption

FW-JCCW Wit%
C (@) N S Na T1 Cd
Before 67.59 29.14 3.21 0.04 0.02 0 0
biosorption
Tl-loaded 73.38 21.86 4.12 0.27 0.03 0.28 0
Cd-loaded 75.35 19.51 3.03 0.53 0.08 0 146
FW-JCCW At%
C (@) N S Na TI Cd
Before 73.38 23.51 2.25 0.08 0.03 0 0
biosorption
Tl-loaded 7847 17.55 3.64 0.11 0.02 0.02 0
Cd-loaded 81.09 16.08 2.38 0.21 0.04 0 017
Cd*, indicating that R-NH,/R,-NH and R-NH,* may be
1 o involved in the biosorption. Similarly, the O 1s XPS spectra
- Ots | 1) 1| C1s were split into four component peaks: O-H at around 531

iy |
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Fig. 8. The full XPS analysis of Pestalotiopsis sp. FW-JCCW before
and after T1* and Cd** biosorption.

for Cd*, respectively, that of C-O/C-N decreased from
36.86% to 28.29% and 16.64 for TI* and Cd*, respectively;
and the contents of O=C-O/C=0 increased from 1.65% to
2.75% and 2.94% for TI* and Cd*, respectively, which may
be due to TI* and Cd** biosorption and surface changes of
the biosorbent loaded with Tl and Cd. The results show that
the functional groups such as carboxyl, hydroxyl, alcohol,
ketone and ether may also be involved in the biosorption
of thallium and cadmium. The N 1s XPS spectra of the T1*
and Cd* loaded biosorbent were split into three individ-
ual component peaks as follow: R-NH,/R,-NH at around
400 eV; R-NH,* at around 402 eV; and NO," at around 406
eV (Figs. 9b, e, h) [60]. After biosorption, the amount of
R-NH,/R,-NH increased from 68.18% to 77.80% for TI*, but
decreased to 62.92% for Cd*; and the amount of R-NH,*
decreased from 31.82% to 22.20% for T1* and to 23.93% for

eV, C=0 at around 531.5 eV, and C-O at around 532.65 eV
(Figs. 9¢, f, i). A new peak (C-OH) appeared at 534 eV with
a percentage of 1.87% for TI*and 6.60% for Cd?**, which is
attributed to the emergence of TI-O/Cd-O with the original
oxygen-containing functional groups peaks (C-O/C=0) on
the surface of Pestalotiopsis sp.. After biosorption, the peak
area percentage of C-O decreased from 87.43% to 77.13%
for T1* and 83.10% for Cd?*, whereas that of C=0O decreased
from 12.57% to 8.52% for TI* and 6.49 % for Cd**. This result
is similar to that presented in the previous study of W.
Zhang [61].

4. Conclusions

The dried biomass of Pestalotiopsis sp. FW-JCCW poten-
tially acts as a highly effective biosorbent for the removal
of TI* and Cd?* from wastewater. In addition, the reaction
pH, initial concentration, reaction temperature, agitation
speed and contact time have substantial influence on the
biosorption of both TI* and Cd?**. For TI*, the maximum
biosorption capacity reaches 99.80 mg/g at a reaction pH
of 5.0, initial concentration of 100 mg/L, agitation speed
of 150 rpm, temperature of 313 K and contact time of 50
min, with a biological biosorption dose of 2 g/L in 100 ml.
For Cd*, the maximum biosorption capacity reaches 98.01
mg/g at pH of 6.0, initial concentration of 100 mg/L, agi-
tation speed at 150 rpm, temperature of 313 K with a con-
tact time of 50 min.

The Langmuir isotherm model proficiently describes
the biosorption of TI* and Cd*. In addition, the pseu-
do-second-order kinetic model performs more effectively
describes biosorption kinetics than the pseudo-first-order
model. Thermodynamic analyses indicate that a sponta-
neous and endothermic biosorption process occurs. Fur-
thermore, characterization by BET analysis, FTIR, SEM-EDS
and XPS demonstrate that various functional groups (C-O,
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Summary of binding energies for the biosorbents
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E (eV) Possible group Original (%) TI-FW-JCCW (%) Cd-FW-JCCW (%)
Cls 284.78 C-C/C-H 61.49 68.96 80.42
286.08 C-O/C-N 36.86 28.29 16.64
287.78 C=0/0=C-0 1.65 2.75 2.94
288.00 O=C-OH/0O=C-OR
N 1s 399.88 R-NH,/R,-NH 68.18 77.80 62.92
401.78 R-NH.* 31.82 22.20 2393
405.78 NO, 13.16
O1ls 532.65 C-O 8743 7713 83.10
531.50 0=C 12.57 8.52 6.49
531.10 O-H 12.49 3.82
533.90 C-OH 1.87 6.60
a Cls-before biosorption Ib c Ols-before biosorption
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Fig. 9. The XPS analysis of Cls (a: Cls-before biosorption; d: C1s-T1; g: C1s-Cd), N1s (b: N1s-before biosorption; e: N1s-T1; h: N1s-Cd)
and Ols (c: Ols-before biosorption; f: Ols-T1; i: Ols-Cd) Pestalotiopsis sp. FW-JCCW before and after TI* and Cd* biosorption.
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-NH, -OH and -COOH) on the surface of the strain are
involved in biosorption.
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