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Abstract Presence of heavy metals in industrial dis-
charge warrants the adoption of efficient and cost-effec-
tive treatment technologies. In this work, lichen Parmo-
trema tinctorum biomass was utilized as biosorbent for
removal of Ni (II) from metal finishing industry efflu-
ents. Optimal adsorption was observed at pH 7, stirring
speed of 300 rpm, 120 min incubation from independ-
ent batch experiments. Adsorption isotherm at opti-
mal conditions followed Langmuir model (R*>0.974)
with a maximum adsorption capacity of 33.92 mg g~ ..
Adsorption kinetics could be described with pseudo-
first-order model (R*>0.98). Fourier transform infrared
spectroscopy of pristine and metal loaded P. tinctorum
biomass indicated electrostatics and ionic interaction in
the adsorption process. Biosorbent treated water showed
no inhibition against agriculturally important microor-
ganisms like Phosphobacter sp. and Azospirillum sp.
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in microbial toxicity assay. Similarly, biosorbent treated
water offered better germination and growth for Vigna
radiata than the untreated water in greenhouse phyto-
toxicity assessment. Though the result suggests detoxi-
fication of industrial effluents following P. finctorum
biosorption, reusability of treated wastewater in agricul-
tural practice warrants multi-tiered ecotoxicity assess-
ment, and long-term environmental impact analysis.
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1 Introduction

Disposal of heavy-metal-laden industrial wastewater
into the soil-water continuum appears to be a global
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environmental concern (V. Kumar et al., 2019).
Wastewater if released untreated, the non-biodegrada-
ble, persistent heavy metals can bioaccumulate in the
food chain and can be a threat to the ecosystem (Gitet
et al., 2016; S. Gupta et al., 2010). Nickel, one of the
key heavy metals, is widely used in mining, electro-
plating, and metal processing industries where con-
centration in electroplating effluents could be as high
as 1000 mg 1! (Duong et al., 2019; Min et al., 2019).
Due to increased mobility in acidic soils, nickel can
seep into the groundwater (Mamindy-Pajany et al.,
2013).

As a common source of heavy metal poisoning,
nickel has been associated with carcinogenic, terato-
genic, and mutagenic potential even at concentrations
of about 1.0-10 mg 17! (Martinez et al., 2019; Peters
et al., 2016). Long-term exposure to nickel can cause
cancer and lung fibrosis, as well as dermatitis (Bux-
ton et al., 2019; Gad, 2014). The permissible limit of
nickel in drinking water, according to the U.S. Envi-
ronmental Protection Agency (EPA), is 0.02 mg 17!
(USEPA, 1986). Electroplating industries in India
are mandated to keep a nickel concentration below
3 mg 17! in the effluent (CPCB, 2012).

Several treatment modalities have been suggested
for the removal of nickel from industrial effluents
using conventional physico-chemical processes such
as precipitation (Mubarok & Lieberto, 2013), ion
exchange, electrochemical process, electrodialysis
(C. Wang et al., 2020), and/or membrane distillation
(Duong et al., 2019) processes are commonly applied
for the treatment of industrial effluents. However, due
to technical or economical constraints, the application
of such processes is somehow restricted. The need
for simple, economical, and effective separation tech-
nologies for removing heavy metals from wastewater
streams is rational.

Due to metal binding capacities of varied bio-
logical material, utilization of biomass resources for
removal of toxic metals from wastewater has been
promising (Jianlong Wang & Chen, 2009). Inactive
and dead biomass can remove heavy metals from
dilute solutions based on their intrinsic property to
bind and accumulate these pollutants either through
ion exchange, precipitation, or sorption by physi-
cal forces (Javanbakht et al., 2014). Following metal
biosorption, acute toxicity of effluent wastewater can
significantly be reduced as often been measured in
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bacterial or plant-based bioassay systems (Hemachan-
dra & Pathiratne, 2015; Khan et al., 2019), such as
suitability in seed germination which can vouch for
reuse of treated water in agricultural purposes (Priac
et al., 2017; D. Wu et al., 2018). Natural adsorbents
are environmentally friendly, inexhaustible, and of
low cost which can either be reused or simply dis-
posed of by incineration (Rangabhashiyam et al.,
2019).

Lichens have been inducted in the biomonitoring
process for metal contamination (Klos et al., 2018)
as they effectively reflect integrated long-term accu-
mulation, and not necessarily short-term patterns
(Garty, 2002). Lichens have also been found to bind
metals in a strongly pH-dependent manner, which can
be extrapolated to make use of lichen biomass as an
adsorbent for the removal of heavy metal from indus-
trial effluent (Senol et al., 2019). However, the metal
biosorption potential of dried lichen biomass has been
tested in very limited studies (PipiSka et al., 2008).

Parmotrema tinctorum has been used as spice and
flavoring agents among some ethnic groups in India
(Upreti et al., 2005). Cobalt adsorption by P. tincto-
rum foliose has been effective under acidic conditions
with a maximum adsorption capacity of 22.10 mg g
(Ohnuki et al., 2003). P. tinctorum can accumulate
Pu(VI) and U(VI) on the upper and lower surfaces
and in cortical and medullary layers (Jabbar & Wall-
ner, 2015).

However, in absence of any credible report on
nickel adsorption by the lichen, the present study
investigates the efficiency of P. tinctorum on nickel
removal from wastewater effluent adopting batch
studies under different operating conditions. Experi-
ments were carried out to establish relevant adsorp-
tion kinetics and maximum adsorption capacity from
isotherms analysis. The attenuation of metal toxicity
in wastewater, following the biosorption process, was
evaluated against soil microorganisms and changes in
seed germination patterns in phytotoxicity assay.

2 Materials and Methods
2.1 Collection of Industrial Wastewater

The raw effluent from the metal finishing industry
was collected from Villangudi, a village in Madurai
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district, Tamil Nadu, India. Following sedimentation,
the wastewater supernatant was collected, filtered
(0.45 pm), and stored for further studies.

2.2 Collection and Preparation of Biosorbent

The biomass of Parmotrema tinctorum (Despr. ex
Nyl.) Hale, used as a biosorbent, was collected from
Dr. Vinayaka, K. S., lichen taxonomist from Shimoga,
Karnataka, India. About 70 g of biomass was taken,
washed in deionized water, and dried in a hot air oven
at 80 °C for 48 h. The dried biomass was grounded
to a fine powder, sieved to 100 mesh sizes (150 um),
transferred into a polythene packet, and stored in a
cool and dry place.

2.3 Nickel Biosorption with Parmotrema tinctorum
2.3.1 Optimal Adsorption Conditions

All adsorption parameters were measured in a batch
system using diluted effluent from metal finishing
industries in deionized water. The effects of initial pH
(3-8), agitation speed (100-350 rpm), and incubation
time (30—-180 min) on Ni biosorption were examined.
Solution pH values beyond pH 8 were not considered
to avoid the formation of insoluble Ni(OH), (S. Singh
& Shukla, 2017). Batch adsorption experiments were
carried out in 100 ml conical flasks containing 50 ml
Ni spiked solution (100 mg 17!) and 2 g I"! of bio-
mass. Unless otherwise specified, experiments were
conducted at pH 7.0, 30 °C, incubated at 300 rpm for
120 min, as the reference condition. Samples were
withdrawn at predetermined time intervals and cen-
trifuged at 5000 g for 10 min. The residual metal
concentration of the supernatant was determined by
atomic absorption spectroscopy (AAS) with Varian
AA240 spectrometer. The average of triplicates has
been reported in data analysis. The amount of heavy
metal adsorbed was calculated using the following
equation

(CO - Ce)
9e=""71 )
where g, is the amount of metal adsorbed per unit
mass of adsorbent (i.e., mg g~!). C, and C, are the

initial and residual concentrations of metal ions (mg
17!) before and after adsorption, respectively. V is the
volume of the adsorption medium (1), and M is the
mass of the adsorbent (g).

The removal efficiency is calculated as in Eq. 2.

Removalefficiency(%) =

CO_C
< x 100
c @)

where C, is the aqueous phase metal concentration at
any given time ¢.

2.3.2 Adsorption Isotherm

Isotherm studies were conducted in a series of 100 ml
stoppered conical flasks containing diluted metal
solutions. In the experimental sets, an initial dose
of metal ion concentration was fixed at 100 mg 11,
while varying the biosorbent dose between 2 and
5 g 17", The pH, agitation speed, and incubation time
were invariant across the sets. After incubation, sam-
ple solutions were separated from biosorbent by cen-
trifugation at 5000 X g for 10 min, and residual nickel
concentration in supernatants was measured.

The equilibrium data for metal adsorption were
analyzed using four different isotherm models: Lang-
muir, Freundlich, Temkin, and Dubinin—Radushk-
evich (D-R) isotherms. Langmuir isotherm assumes
monolayer sorption onto a fixed number of equivalent
binding sites without any interaction between adsorb-
ate molecules and is represented by Eq. 3.

_ CImKI Ce

1= T7KC, G)

where g, is the amount of nickel adsorbed (mg g™')
on the adsorbent surface at equilibrium, C, is the
equilibrium nickel concentration (mg 17!), g, is the
maximum adsorption capacity (mg g~!), and K, is
the Langmuir constant related to binding strength (1
mg ).

The Freundlich isotherm is an empirical equation
for multilayer, heterogeneous adsorption sites and is
given by Eq. 4.

9. = K;C, “)

The adjustable parameters, K, denotes the adsorp-
tion capacity and # is the heterogeneity factor related
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to the intensity of adsorption, where n< 1 describes
favorable adsorption.

The Temkin isotherm considers indirect adsorbate/
adsorbate interactions on the adsorption process and
is given by Eq. 5.

q, = BlnA + BinC, 5)

where B=RT/b represents Temkin constant; A (1 g~")
is Temkin adsorption potential. Required parameters
(from the models) were obtained from non-linear
least-square regression where sum of square error
between experimental and modelled g, values was
minimized while iterating the parametric guess val-
ues using fmincon algorithm in Matlab 2018b (Math-
Works®). Parameter confidence intervals were also
estimated using a non-parametric bootstrapped resa-
mpling procedure. These parameters were interpreted
to determine the models that suitably described the
adsorption process.

D-R isotherm does not assume a homogeneous
surface and provides an insight on the nature of
adsorption, i.e., whether physical or chemical one
(Ayawei et al., 2017; Inyinbor et al., 2016). The
linear form of the D-R isotherm is expressed as in
Eq. 6

In(q,) = In(q,,) — k&* (©6)

where g, is the amount of Ni adsorbed per unit weight
of adsorbent (mg/g), g,,.« 1s the maximum adsorption
capacity (mg/g), k is the constant related to the sorp-
tion energy (mol*/J?), and ¢ is the Polanyi potential,
which is given by Eq. 7 (Hu & Zhang, 2019)

1
=RTIn[ 1+ —
=km(ie ) ®

where R is the gas constant (8.314 J/mol. K) and T
is the temperature (K). The mean energy of sorption
E (kJ/mol) is calculated by Eq. 8.

E=7§ ®)

Energies of absorption values between 1 and
8 kJ/mol indicate a physisorption, while ener-
gies between 9 and 16 kJ/mol are characteristic of
chemisorption process (Nishikawa et al., 2018).
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2.3.3 Adsorption Kinetics

The experiments were conducted in 100 ml stoppered
conical flasks containing 50 ml of Ni spiked solution
(100 mg 17!) at its native pH of 7.0, with 2 g 17! biosorb-
ent. The experimental sets were incubated at a constant
agitation speed of 300 rpm at room temperature. Sam-
ples were withdrawn from different experimental sets
after an incubation period of 30, 60, 90, 120, 150, and
180 min. Samples were immediately filtered, and nickel
concentration was measured using AAS.

The movement of metal ions from the bulk of the
solution to adsorbent can be neglected in the well-
agitated system and the process can be regulated by
boundary layer diffusion and/or binding to a specific
adsorption site (Burks et al., 2014). A pseudo-first-
order (PFO), pseudo-second-order (PSO), and intrapar-
ticle diffusion (IPD) models (Egs. 9-11) were probed to
describe the kinetics.

g, =q.(1—e™) ©
g 4. kyq?
¢, = ki (11)

where k,, k,, and k; are rate constants of adsorption
in PFO (min~!), PSO (g mg™' min™'), and IPD (mg
g~! min~"3) models, respectively. The adsorption

capacity (mg g~') measured at time ¢ is q

2.4 Biomass Characterization Pre- and
Post-adsorption

2.4.1 X-ray Diffraction (XRD)

The P. tinctorum biomass before and after nickel
(II) ion adsorption was examined using an X-ray
diffractometer (RIGAKU, Ultima —III, Japan) with
a Cu Ka X-ray source (4=0.15406 nm, 40 kV). The
sample was scanned between 20 of 10-90° using a
continuous scan mode at a scanning speed of 10°
min~!,
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2.4.2 Fourier Transform Infrared (FTIR)
Spectroscopy

The FTIR spectra of both pristine and nickel (II)
treated biosorbent were recorded in the transmission
mode between 4000 and 500 cm™! at room tempera-
ture using KBr pellet at a resolution of 4 cm™! (Shi-
matzu, Prestige-21, Japan).

2.5 Attenuation of Nickel Toxicity in Treated
Wastewater

2.5.1 Microbial Toxicity

The attenuation of toxicity in the biosorption process,
if any, was verified with two agriculturally important
microorganisms, i.e., Phosphobacter sp. and Azos-
pirillum sp. (Souza et al., 2015). Freshly grown (4 h)
bacterial culture of those indicator species was trans-
ferred onto Mueller—Hinton agar plates using sterile
cotton swabs. Untreated or biosorbent treated water
samples containing reference nickel concentrations of
40, 50, 60, and 70 mg 17! were added (100 pl) into
2 mm diameter wells punctured into the agar. Plates
were incubated at 37 °C for 24 h and subsequently
examined for the zone of inhibition.

2.5.2 Phytotoxicity in Seed Germination and Plant
Growth

The soil used in the greenhouse experiment was col-
lected from about 2 cm depth in and around Karunya
University campus, Coimbatore, after removal of
the surface vegetation. The soil (42.5% clay, 45.3%
silt, and 12.2% sand) was air-dried, sieved to less

than 2 mm, and sterilized by autoclaving at 120 °C
for 20 min for three consecutive days. Phytotoxicity
experiments were conducted in 5000 cm® pots, with
2 kg of sterilized soil adjusted to 66% of its water
holding capacity, in a greenhouse controlled climatic
conditions (18-25 °C). Vigna radiata seeds collected
from the local market were surface sterilized (soak-
ing in 2.5% sodium hypochlorite for 5 min), washed
with distilled water, and placed into soil pots (6 seeds
in each pot). Two different treatments were adopted,
i.e., pots were daily irrigated with (i) biosorbent
treated wastewater (mixed with 5 g 17! of P. tincto-
rum biomass for 3 h at 300 rpm and filtered) and (ii)
untreated wastewater, and germination rate, growth
were recorded after 7 days.

3 Results and Discussion

3.1 Biomass Characterization Before and After Ni
Biosorption

FTIR spectroscopy was used to identify func-
tional groups present in the biomass, promoting
the adsorption of the Ni (II) ions from the aque-
ous solution as in Fig. la. Presence of a broad
intense band at~3400 cm™' indicates the pres-
ence of O-H stretching vibration due to hydroxyl
and carboxyl groups (Khajavian et al., 2019). A
peak at 1617 cm™! suggests asymmetric stretch-
ing of the carboxylic (C=0) double bond on bio-
mass surface (Mohammed et al., 2019), which
remains nearly unaffected (1618 cm™") following
Ni adsorption. Absorbance intensity in the range
1000-1100 cm™! is a characteristic fingerprint

Fig.1 The change ina @
FTIR and b XRD absorp-
tion pattern for P. tinctorum
biomass following Ni
adsorption
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region for polysaccharides due to vibration modes
of COC =bonds. The absorbance band positioned at
1074 cm™! and 3422 cm™! in P. tinctorum biomass
shifted to 1079 cm™' and 3425 cm™, respectively,
following Ni (II) adsorption. Shift of absorbance
band from~ 1074 (related to amide or phosphate
groups) to 1079 cm™! has also been reported in fun-
gal biomass following Ni adsorption (Enayatizamir
et al., 2020). The slight shifts in the peaks of func-
tional groups following Ni (II) adsorption reflect
the binding or attachment of metal ions on the cell
walls of P. tinctorum biomass (Sharma et al., 2021),
possibly through ion exchange mechanism (S. A.
Singh & Shukla, 2016; S. Singh & Shukla, 2017).
However, possibility of any chemical interaction
can be rejected (Sar1 et al., 2007). Similar obser-
vations have been made in other studies, and those

Fig. 2 Effect of a incuba- (a)
tion time, b stirring speed

detailed features of the IR spectrum differ depend-
ing on the biomass involved (Herrera-Barros et al.,
2020).

The XRD of original and nickel adsorbed P. tinc-
torum biomass is shown in Fig. 1b. The existence of
XRD peak at 20 of 15.28° (biomass) and 15.02° (Ni
adsorbed biomass) is an amorphous form of the cel-
lulose family. Similarly, XRD peaks at 21.24° and
20.20° are suggestive of cellulose family crystalline
phases (Kardam et al., 2014).

3.2 Effect of Operating Parameters on Nickel
Biosorption

The results of Ni (II) adsorption as a function of time
from the biosorption study are shown in Fig. 2a. It
revealed that the extent of adsorption increased rap-
idly during the initial stage and then became slower at
a later stage till the equilibrium is attained. It should

(b)
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be noted that though 44% of the Ni (I) was adsorbed
within 30 min, an equilibrium adsorption of about
59.66% was reached nearly after 180 min. These
assessments on equilibrium time are important to
design wastewater treatment applications.

The effect of agitation speed in the range of
100-350 rpm was studied for P. tinctorum medi-
ated Ni removal (Fig. 2b). The rate of adsorption is
controlled by either film diffusion or pore diffusion,
depending on the amount of agitation in the system.
The extent of biosorption increased with stirring
speed between 100 and 300 rpm, possibly due to a
decrease in boundary layer thickness, reduction in
surface film resistance, and increase in mass transfer
rate. At 350 rpm, the biosorption efficiency was found
to be slightly lower, possibly to inadequate contact
between Ni (II) ions and binding sites due to vortex
formation at high agitation speeds (Long et al., 2018).

The effect of pH on the biosorption of nickel onto
P. tinctorum biomass was studied in the range pH 3
to pH 8. Figure 2c shows the effect of pH on Ni (II)
adsorption, where maximum removal of 58.89% was
achieved at pH 7. At lower pH values (i.e., pH<7),
Ni (II) adsorption by P. tinctorum biomass stead-
ily declined. This could possibly be attributed to
increased competition between hydrogen and nickel
ions for adsorption sites (Krika et al., 2016). As
the pH increases, the active sites of the biosorbent
become negatively charged and able to bind posi-
tive metal ions in solution (Shweta Gupta & Kumar,
2019). However, optimal pH for Ni adsorption has
been shown to vary in literature depending on cat-
achrestic biosorbent (Herrera-Barros et al., 2020;
Sudha et al., 2015). The decrease in nickel absorp-
tion at pH 8 in the present study may be associated
formation of a metal ion complex with the hydroxide
ion (OH") in the aqueous or metal ion precipitation
(Foroutan et al., 2019). The dependency of Ni (II)
adsorption on pH suggests electrostatic adsorption or
surface precipitation as the predominant mechanism,
though cation exchange and surface complexation
cannot be ruled out (Shen et al., 2017).

3.3 Adsorption Isotherm

The fitness of Langmuir, Freundlich, Temkin, and
D-R isotherms for Ni (II) adsorption on biomass
adopting non-linear approach is shown in Fig. 3,
and corresponding isotherm parameters along with

22 1 O Experimental
Langmuir model
Freundlich model
Temkin model
D-R model

10 20 30 40 50
Ce (mg ™)

Fig. 3 The isotherms for Ni (II) adsorption onto P. tinctorum
biomass as evaluated with non-linear Langmuir, Freundlich,
Temkin, and D-R isotherm models

regression coefficients are presented in Table 1.
Though all the four isotherm accounts the adsorp-
tion reasonably well, the regression coefficient for
Langmuir model is marginally better (R*, 0.974) than
the others. The confidence intervals for the param-
eter estimates and regression coefficients, using
the non-parametric bootstrap resampling approach,
also suggest the same. The ¢g,, and K; estimates for
the Langmuir model through non-linear least-square
regression were 33.92 mg g~! and 0.13 1 mg~},
respectively.

The Langmuir model assumes a homogene-
ous adsorption site without any putative interac-
tion between the adsorbed Ni (I) on the nearby free
adsorption sites. A dimensionless constant, referred
as separation factor, formalized from Langmuir
model, i.e., R, = 1/(1+ CyK,), can be used to char-
acterize whether an adsorption system is “favorable”
or “unfavorable” (Hall et al., 1966). Calculated R;
value of 0.070 in present isotherm analysis suggests
favorable adsorption behavior (Ahmadi et al., 2016).
The estimated Freundlich model parameter n< 1 also
suggests the physisorption process (Foroutan et al.,
2017).

The least-square estimates of maximum Ni (II)
adsorption capacity (g,,) and adsorption free energy
(E) using non-linear D-R adsorption model were
31.78 mg 17! and 4.74 kJ mol~!, respectively. The
result suggests role of physisorption behind the
nickel adsorption by P. tinctorum biomass. Other
studies have also reported physisorption of Ni (II)

@ Springer
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Table 1 Isotherm parameters on adsorption of Ni (II) onto P. tinctorum biomass

Parameters  Isotherm models®

Freundlich Langmuir Temkin D-R model

K, n R? K, 4 R? A B R? E an, R?
Estimate 11.04 026 0.96 0.13 3392 0.97 211  6.50 097 474 3178 0.97
Lower CI° 927 022 094 0.11 32.14 096 129 556 095 444 3053 095
Upper CI° 12.65 030 1.00 0.16 3559 1.00 395 743 1.00 511 3286 098

Estimates of best-fit model parameters are shown in boldface

*Model parameter unit: K, a g"); K, { mg’l); q,, (mg g’l); Al g’l); E (kJ/mol)
®Confidence intervals are based on 5000 non-parametric bootstrap sampling

40

O Expt.

— Pso, R% 0.96
— PFO, R%0.99
— 1PD, R% -2.53

0

100 120 140 160 180 200
Time (min)

0 20 40 60 80

Fig. 4 Ni (II) adsorption kinetics using P. tinctorum biomass
using PFO, PSO, and IPD models

from aqueous solution using lignocellulosic biomass
(Chanda et al., 2021) and activated carbon (Abd El-
Magied et al., 2018). Gupta et al. (2019) observed
nickel adsorption onto modified Aloe vera leaf pow-
der to be a physisorption process with mean free
energy of 2.88 kJ mol~!. Adsorption forces in phy-
sisorption are weak permitting fast attainment of
equilibrium (U. Kumar, 2011). Studies also suggest
that mode of sorption of Ni (II) onto biomass carbon
could be physisorption, ion exchange, or chemisorp-
tion, depending on prevailing sorption conditions
(Nnaji et al., 2021).

3.4 Kinetics of Biosorption
The experimental data for Ni (II) adsorption onto P.
tinctorum fitted well with PFO as well as PSO kinet-

ics (Fig. 4). The values of ¢, calculated from these
models were compared with experimental g, values

@ Springer

Table 2 Kinetic constants for Ni (II) adsorption on P. tincto-
rum biomass using PFO, PSO, and IPD models

Kinetic Expt. g, (mg Kinetic parameters

model g’l) T+ >
q.(mgg™) “kykyk; R

PFO 29.83 29.82 0.044 0.993

PSO 29.83 32.78 0.002 0.956

IPD - - 2.70 —2.535

“ky: min~!, ky: @ mg™! min~!, k;: mg g~! min=%3

(Table 2). It was observed that the values of experi-
mental and modelled g, are very similar in PFO
model whereas they differed appreciably in PSO
model. The regression coefficient (R?) for the PFO
model (0.993) is higher as compared to that of PSO
model (0.956). The IPD model failed to fit the data
for adsorption kinetics (R*= —2.535).

The kinetics of the adsorption process is governed
by the efficiency of the steps involved in the move-
ment of adsorbate to the adsorbent surface, diffu-
sion to surface pores, particle, and binding to active
sites. As multiple events take place simultaneously
or sequentially, of which some could be slower than
others, the overall kinetics may be explained with
more than one kinetic model (Senol et al., 2021).
Among the different adsorption kinetic models, PFO,
and even to a greater extent PSO model, has gained
popularity in biosorption systems. Linearization of
PFO (which is often the case) introduces discontinu-
ity at equilibrium, making the linearized PSO a better
choice even for datasets that inherently fit PFO (Rev-
ellame et al., 2020).

Ni biosorption could follow either PFO or PSO
kinetics depending on the physical state of biomass.
For example, Isik (2008) observed Ni adsorption
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to be PFO for non-living biomass, whereas for liv-
ing biomass, the PSO kinetic was more appropriate.
The author suggested the involvement of different
metal uptake processes, i.e., intracellular uptake in
viable cells, in addition to the passive uptake onto
the cell surface of both viable and non-viable cells.
PFO adsorption model is based on the sorption
capacity of solids in solid-liquid systems where
adsorbate moves only to unoccupied adsorption
sites (Jiao Wang et al., 2015). On the other hand,
PSO adsorption kinetics could be attributed to the
chemisorption process through the formation of
covalent bonds (Ezeonuegbu et al., 2021).

3.5 Comparison of Biosorption Capacity

The Ni (I) biosorption by different bacterial, fungal,
algal, and lignocellulosic biomass in other reported
studies is included in Table 3, for comparison. It is
evident that Ni adsorption capacity varied signifi-
cantly across different biosorbents. For example, in
algal species, the adsorption capacity varied between
3.72 and 52 mg g~'. The maximum Ni (II) capacity
by P. tinctorum in this study is better than other lichen
biomass such as 9.71 mg g~! by Ramalina fraxinea
(Candan et al., 2017), or 7.9 mg g~! by Cladonia fur-
cata (Sari et al., 2007), but inferior to Diploicia cane-
scens which can adsorb about 66.7 mg g~! at pH 5
(Hannachi & Boubaker, 2016). In most of the referred

Table 3 The comparison of Ni (II) removal efficiency for biosorbents reported in literature

Type Biosorbent Optimal condition Choice of isotherm g, (mg/g) References

Algae Cystoseria indica 25°C,pH6 Freundlich 18.17 (Khajavian et al., 2019)

Algae Durvillaea antarctica pH 5.0 Sips 32.85 (Guarin-Romero et al.,

2019)

Algae Sargassum sp. 30°C,pH S5 Langmuir 52¢ (Barquilha et al., 2017)

Algae Chrysophyta, Chloro- pH7 Temkin 9.85 (Mohammed et al., 2019)
phyte, Cyanophyta

Algae Chara sp. pHS5 Langmuir 3.72 (Kalash et al., 2020)

Algae Scenedesmus obliquus 30°C,pH7 Langmuir 25.76 (Akhtari et al., 2021)

Algae Sargassum hemiphyllum 35 °C, pH 4-8 Langmuir 429 (Fan et al., 2019)

Bacteria Arthrospira platensis pH 4.0 Langmuir 13.4 (Zinicovscaia et al., 2018)

Bacteria B. cereus Unknown Langmuir 50.2 (Kashyap et al., 2021)

Bacteria Streptomyces roseorubens 40 °C, pH 5 Langmuir 208 (Long et al., 2018)
SY

Bacteria Planococcus sp. n.a Langmuir 34 (Hoseini et al., 2020)

Bacteria Brevibacterium sp. n.a Langmuir 101 (X. Wu et al., 2021)

Fungi P. chrysosporium 36 °C,pH 6 Langmuir 46.5 (Noormohamadi et al.,

2019)

Fungi Penicillium sp. pH5.5 Freundlich 63.6 (Sundararaju et al., 2020)

Fungi A. flavus, N. crassa pH 5-6 Langmuir 4.5, 3.68 (Sharma et al., 2021)

Fungi A. oryzae, A. clavatus, A. 38 °C Langmuir 0.94, 1.0, 1.30 (Gunjal, 2021)
Sfumigatus

Agricultural waste Acorn shell — Quercus  pH 8 Freundlich 104 (Aranda-Garcia &
crassipes Cristiani-Urbina, 2018)

Agricultural waste Alkali-modified lemon pHS5 Langmuir 36" (Villen-Guzman et al.,
peel 2021)

Agricultural waste Sugarcane bagasse 30°C,pH6 Freundlich 123.46 (Ezeonuegbu et al., 2021)

Agricultural waste Swietenia macrophylla 25°C,pH9 Langmuir 13.42 (Chanda et al., 2021)
sawdust

Lichen P, tinctorum pH7 Langmuir 33.92 This study

LC, lignocellulosic or plant-based

Author reported g,, values were in mmol g~
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studies, the optimal biosorption condition has been
reported to be in moderately acidic, possibly to avoid
unfavorable competition with hydrogen ions under
strong acidic pH, or hydroxide complexes or causing
precipitation in alkaline pH (Senol et al., 2021).

3.6 Microbial Toxicity

Different dilutions of untreated effluent waste-
water, from the metal finishing industry, inhib-
ited the growth of agriculturally important
microorganisms, viz. Phosphobacter sp. and
Azospirillum sp., as reflected from a clear zone
of inhibition as shown in Fig. 5 and Table 4.
However, no zone of inhibition was observed
when biosorbent treated water was used. The
toxicity of untreated effluent increased with an
increase in Ni (II) concentrations. Fungal treat-
ment mediated toxicity attenuation of dye on
various microbial culture has been studied, but

Fig. 5 Effect of treated (left
quadrants) and untreated
(right quadrants) wastewa-
ter effluent on the growth
of a, b Phosphobacter sp.
and ¢, d Azospirillum sp. in
agar well diffusion assay.
The numeral near the wells
indicates the volume (40,
50, 60, 70 pl) of treated or
untreated water loaded

@ Springer

Table 4 Microbial toxicity of treated and untreated metal fin-
ishing effluent against Azospirillum sp. and Phosphobacter sp

Conc. of  Zone of inhibition on Petri plate (mm)?*
Ni (II) in

sample Phosphobacter sp. Azospirillum sp.

(mg 1™ Untreated  Treated Untreated Treated
ww ww wWW WW

40 17 n.d 18 nd

50 18 n.d 20 nd

60 20 n.d 22 nd

70 21 nd 24 nd

n.d., no significant zone of inhibition

there is no report on soil microorganisms as test
subject.

In this study, the untreated metal finishing efflu-
ent was toxic and their toxic effects increased with
the increase in concentration.
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Fig. 6 Seed germination
in greenhouse experimental
sets (day 7) irrigated with
a biosorbent treated and b
raw untreated metal finish-
ing effluent

3.7 Study on Seed Germination Effect

Similarly, a comparison study on treated and
untreated water based on the seed germination effect
was studied using Vigna radiata seed, since industrial
wastewater is typically more toxic for agricultural
purposes. Two out of six seeds germinated on day
3 when irrigated with untreated wastewater. How-
ever, in case of treated water group, 100% germina-
tion was observed. The high inhibiting effects with
untreated effluent could be related to increase osmotic
stress due to high level of heavy metals (Kaboosi,
2017). Moreover, plant growth was evidently better in
treated water set, when recorded on 7th day (Fig. 6).
The results clearly suggest attenuation of phytotoxic-
ity for metal finishing effluent following biosorption
with P. tinctorum biomass.

4 Conclusions

Biomass of P. tinctorum can effectively remove Ni
(II) from metal finishing effluent with a maximum
adsorption capacity of 33.923 mg g~!. The adsorp-
tion process is dependent on pH of the medium and
follows Langmuir isotherm of favorable physisorp-
tion. Reduction of microbial toxicity and phytotoxic-
ity of metal finishing effluent were evident when the
wastewater was pretreated with P. tinctorum biomass.
Though the study opens up the possibility of using
P. tinctorum biomass to treat metal finishing indus-
tries wastewater for agricultural repurposing, com-
prehensive tired toxicity analysis is warranted in this
direction.
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