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Abstract

Lithium is registered as a serious pollutant that causes environmental damage to an irrigation water supply. Freshwater green alga
(Oocystis solitaria) was studied for its potential to remove lithium ions from aqueous solutions. The Plackett-Burman design was
applied for initial screening of six factors for their significances for the removal of lithium from aqueous solutions using Oocystis
solitaria cells. Among the variables screened, pH, lithium concentration, and temperature were the most significant factors
affecting lithium removal. Hence, the levels of these significant variables were further investigated for their interaction effects
on lithium removal using the Box—Behnken statistical design. The optimum conditions for maximum lithium removal from
aqueous solutions by Qocystis solitaria were the initial lithium concentration of 200 mg/L, contact time of 60 min, temperature of
30 °C, pH 5, and biomass of Oocystis solitaria cells of 1 g/l with agitation condition. Under the optimized conditions, the
percentage of maximum lithium removal was 99.95% which is larger than the percentage of lithium removal recorded before
applying the Plackett-Burman design (40.07%) by 2.49 times. The different properties of Oocystis solitaria, as an adsorbent,
were explored with SEM and via FTIR analysis. The spectrum of FTIR analysis for samples of Oocystis solitaria cells before
lithium biosorption showed different absorption peaks at 3394 cm 1, 2068 cm !, 1638 cm !, 1398 cm !, 1071 ecm™ !, and 649
cm | which has been shifted to 3446 cm_l, 2924 cm_l, 1638 cm_l, 1384 cm_l, 1032 em™ !, and 613 cm_l, respectively, after
lithium biosorption by the alga. The treatment of aqueous solution containing lithium with Oocystis solitaria cells immobilized in
alginate beads removed 98.71% of lithium at an initial concentration of 200 mg/L after 5 h. Therefore, Oocystis solitaria may be
considered as an alternative for sorption and removal of lithium ions from wastewaters.
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Introduction

In recent years, there has been growing concern for ecological
effects and public health impacts associated with environmen-
tal pollution by metals. Contamination of soil with lithium has
been increased in recent years due to the high use and disposal
of lithium-based products. It is probable that lithium is one of
the metals that has recently become a serious environmental
contaminant. Lithium is a highly reactive element; it is the
lightest alkali metal and can be toxic except when given in
tiny amounts. Lithium is naturally present at small concentra-
tions in fresh water (0.07—40 pg/L), seawater (170—190 pg/L),
sediment (56 mg/kg), soil (3—350 mg/kg), and Earth’s crust
(20-60 mg/kg) (Wedepohl 1995). It is present in trace
amounts in numerous plants, plankton, and invertebrates at
concentrations of 69 to 5760 parts per billion; its functions
are uncertain. Lithium bioaccumulation by marine organisms
is much higher than terrestrial organisms (Chassard-Bouchaud
et al. 1984).

Lithium and its compounds are used in numerous industrial
applications, including heat-resistant glass and ceramic indus-
tries; flux additives for iron, steel, and aluminum production;
manufacture of high-performance grease lubricants, rocket
propellants, lithium batteries, and lithium-ion batteries; and
production of pharmaceuticals and nuclear fusion furnace
(Miyai et al. 1978; Kaneko and Takahashi 1990). Lithium
salts, especially the carbonate (Li,COs), are the drug of choice
for the treatment of manic—depressive disorders (Grandjean
and Aubry 2009) and in the treatment of other psychiatric
conditions (Léonard et al. 1995).

Lithium is recorded as a dangerous pollutant because it
reacts with water to produce the caustic lithium hydroxide
and hydrogen (Furr 2000). Lithium concentration entering
irrigation water supplies should be <2.5 mg/L (Kjolholt
et al. 2003). Lithium has numerous effects on humans and
on other organisms (Aral and Vecchio-Sadus 2008). The entry
of lithium metal into the food chain with possible biological
magnification can pose a serious risk to humans. Lithium car-
bonate can produce multiple toxic symptoms including glyco-
gen synthesis, hematopoiesis, thyroid abnormalities (present-
ing mainly as hypothyroidism and goiter), hair loss, decrease
in food taste, weight gain, stomach and gastrointestinal distur-
bances, edema, hand tremor (Kato et al. 1996), diarrhea, dry
mouth, excessive saliva, polyuria, central nervous system and
renal tubular damages (Aral and Vecchio-Sadus 2008;
Grandjean and Aubry 2009), and sometimes coma and death
(Litovitz et al. 1994). Lithium causes disturbances in the in-
vertebrate’s (Léonard et al. 1995) and rat embryo’s develop-
ments (Klug et al. 1992). Lithium preferentially affects activ-
ities of Mg**-containing enzymes (Birch 1988). It competes
with Mg”* and binds selectively to DNA and impairs DNA
synthesis (Kuznetsov et al. 1971; Becker and Tyobeka 1990).
Therefore, the cleaning up of lithium contamination in the

@ Springer

environment is an important subject particularly in water pu-
rification technology (Tsuruta 2005).

Conventional methods applied for the recovery of lithium
from aqueous solutions include adsorption (ion exchange), co-
precipitation as lithium aluminate, and solvent extraction.
However, these methods have several limitations.
Sometimes, these methods are ineffective to separate lithium
or concentrate in trace concentrations. Some methods that use
ion exchange resins to recover lithium have the potential to
pollute the environment (Tsuruta 2005; Cicek et al. 2018).
However, there is little information on lithium removal using
microorganisms. Biosorption is a promising alternative bio-
logical technique for treatment of wastewater that uses low-
cost biological materials for removal of toxic metal ions
(Volesky 2003). Biosorption of lithium using microorganisms
is environmentally friendly, cost-effective, and highly efficient
in diluted effluents. It has been known for several decades that
various green microalgae have proven properties that could be
used for bioremediation of metal pollution (Priyadarshani
et al. 2011; Ajayan et al. 2011). The biomass of living algae
exhibits an affinity to metal cations because of its negative
surface charge. The metal cations enter algal cells either by
active transport or by endocytosis through chelating proteins.
Subsequently, they are usually transported by intracellular
protein carriers (Kastanek et al. 2015).

The objectives of this study were to investigate the poten-
tial of the unicellular green alga, Oocystis solitaria, as a cost-
effective biosorbent for the removal of lithium ions from aque-
ous solutions; to optimize lithium ions removal; and to char-
acterize the algal surface before and after the biosorption pro-
cess. In addition, the immobilized Oocystis solitaria biomass
was used in lithium removal.

Materials and methods
Isolation and cultivation of alga

Oocystis solitaria is a green alga, isolated from a water sample
collected from the Nile River, Egypt. The algal purification
was performed according to Andersen (2005), and the green
alga was identified according to Philipose (1967). Oocystis
solitaria was grown in axenic cultures at 24 °C = 2 °C under
a continuous illumination intensity of 3600 lux in a 20-L bot-
tle containing 12 L of BG-11 medium (Rippka et al. 1979) for
the 12-day incubation period. The alga was harvested and
filtered by filter paper, and then the fresh biomass was used
in biosorption experiments.

Preparation of lithium solutions

Lithium solutions were prepared by dissolving lithium sulfate
(Li,SOy) in distilled water) 100 mL to attain the required
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concentrations (25-300 mg/L). The initial pH of each concen-
tration was adjusted with 0.1 N H,SO,4 or 0.1 N NaOH to the
needed pH value.

Selection of significant variables for lithium removal
by the Plackett—-Burman design

The Plackett-Burman design (PBD) (Plackett and Burman
1946) is an effective method used for identifying the variables
that have significant effects on the process. In this study, the
12-trial PBD was used to screen and assess the effect of the
selected six factors either positively or negatively on lithium
removal efficiency and to select the significant variables af-
fecting lithium removal. The six independent variables includ-
ing contact times (60 min or 180 min), initial concentration of
lithium (25 mg/L or 200 mg/L), and the physical parameters
such as pH level (4 or 7), biomass concentration (1 g/L or 4
g/L), temperature (25 °C or 50 °C), and static or agitation
condition were investigated at low (—) and high (+) levels.
For each run, the lithium removal was measured and calculat-
ed in terms of percentage (%) (Choudhary et al. 2011).
The PBD is based on the first-order model

Y = [y + 28X (1)

where Yis the experimental lithium removal percentage, X;
is the level of each independent variable, (3, is the model
intercept, and (; is the linear coefficient.

Oocystis solitaria cells were thoroughly mixed in
Erlenmeyer flasks with the lithium solution. The suspensions
were kept under specific conditions. After each contact time
interval (60 min or 180 min), the residual concentration of
lithium in the solution was quantified by using inductively
coupled plasma atomic emission spectroscopy (ICP-AES)
(Thermo Scientific).

Optimization of lithium removal by the Box-Behnken
design

The experimental Box—Behnken design (BBD) (Box and
Behnken 1960) is a response surface methodology used to
estimate the optimal levels of the significant independent var-
iable that bring out maximum lithium removal, the individual
and interaction effects between the selected process variables
affecting lithium removal by Oocystis solitaria. Three factors
with the highest confidence levels were selected for further
optimization using the Box—Behnken design based on the
experimental Plackett-Burman design results. These factors
were pH (Xj, 5-9), lithium concentration (X5, 100-300 mg/
L), and temperature (X3, 30-60 °C). Design-Expert software
(version 7) for Windows was employed to generate the Box—
Behnken design with 15 different experiments and three cen-
ter points. The significant variables were assessed at three

coded levels (— 1 for low, 0 for middle, and + 1 for high
levels).

To correlate the relationship between the lithium removal
percentage (Y) and the significant three factors and for
predicting the optimal factor levels, the following second-
order polynomial equation was used:

Y = By + X BXi + X BilXiF + L BN X, (2)
i i i

where Y is the predicted lithium removal percentage, X; is
the coded levels of independent variables, [, is the regression
coefficients, 3; is the interaction coefficients, 3; is the linear
coefficient, and (3;; is the quadratic coefficients.

Trials were performed in triplicates, and intermediate
values were given. Three additional confirmation experiments
were conducted to verify the model precision.

Statistical analysis of the data

Design-Expert software (version 7) and Minitab software
were used for the experimental designs and statistical analysis,
and Statistica software (version 8.0) (StatSoft Inc., Tulsa,
USA) was used to plot the 3-D surface plots.

Lithium quantification by ICP-AES

Lithium concentrations in the solutions were determined by
means of ICP-AES (Thermo Scientific, Germany) according
to the method described by El-Naggar et al. (2018a). High
pure acids and certified reference materials from Merck
(Darmstadt, Germany) were included in the analyses through
application of QA/QC program according to specification of
ISO 17025. The recovery of metals was within the certified
limits as 10 ppb to 1000 ppb. To get the final concentration,
the solution was diluted with 0.1 mM H,NO; and the final
dilution factors were used (American Public Health
Association (APHA) 2005). The reagent blanks in water were
below the limit of detection which is 2.82 ppb. Both the initial
and residual concentrations were quantified, and the losses of
positive control after filtration did not exceed 0.1% of the
examined element concentrations. The acidified samples were
filtered through disposable 0.2-um PTFE syringe filters
(DISMIC-25HP; Advantec, Tokyo, Japan) into 10 mL
Teflon tubes. The membrane filters were washed with the
equal sample volume of Li-free water. All the analyses were
performed in triplicate.

The efficiency of Oocystis solitaria to remove lithium ions
from aqueous solutions was calculated quantitatively by using
the following equation:

Ci—Cy

Removal efficiency (%) = x 100 (3)
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where Cy is the residual lithium ions concentration (mg/L)
and C; is the initial lithium ions concentration (mg/L). All
determinations of lithium ions in the solutions were carried
out in triplicates, and the determination of lithium removal is
an average of three trials.

Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) analysis was performed ac-
cording to the method of El-Naggar et al. (2018b) to confirm
the presence of functional groups on the surfaces of Oocystis
solitaria cells before and after lithium biosorption.

Scanning electron microscopy

To assess the change in the surface morphology of the algal
cells before and after lithium removal, the dry Oocystis
solitaria biomass samples were gold coated and examined
under the electron microscope (Oxford X-Max 20) with dif-
ferent magnifications at 20 kV.

Immobilization of Oocystis solitaria in alginate beads
and its application in lithium removal

Immobilized microalgae have been used in a variety of
bioprocesses such as the removal of metal ions. The capacity
of Oocystis solitaria cells for lithium ions biosorption from
aqueous solution was determined using a separating funnel
packed with immobilized Oocystis solitaria cells in sodium
alginate beads. Sodium alginate solution (4%) was prepared
by adding 4 g sodium alginate to 100 mL of distilled water and
well mixed with continuous stirring for better dissolution at 60
°C for 30 min (Kumar and Saramma 2012). After cooling, 1 g
of Oocystis solitaria cells was added with continuous stirring
for 5 min at room temperature.

The beads were obtained by dropping the suspension of
cells and sodium alginate mixture using a 3-mL syringe in
2.5% CaCl, solution (cold and sterile) in sterile condition at
room temperature with gentle stirring. The obtained beads
were spherical with an average diameter of 1.5 mm + 0.2
mm. To remove the unreacted CaCl,, the beads were washed
several times with sterile distilled water, and to harden and
stabilize the beads, they were stored at 4 °C overnight in sterile
distilled water. As a control, sodium alginate beads were pre-
pared without incorporation of Qocystis solitaria cells. A
100-mL separating funnel packed with alginate—algal beads
was used to perform the biosorption experiment and eluted
with lithium ions solution (200 mg/L). Five-milliliter aliquots
were collected regularly (every 30 min for up to 5 h) at a flow
rate of 3 mL/min and analyzed for lithium quantification. The
absorption capacity of Qocystis solitaria for lithium ions was
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calculated by the difference between lithium solution concen-
trations before and after absorption.

Results and discussion

A variety of toxic organic (such as industrial solvents, insec-
ticides, dyes, and pesticides) as well as inorganic (such as
fertilizers and metals) pollutants represents an important envi-
ronmental problem because of their toxic effects and their
accumulation throughout the food chain. Metal ions were
one of the biggest water pollution problems. Many traditional
methods of decontamination have been developed but have
not been effective due to economic and technical constraints.
A variety of absorbents was used to remove pollutants
(Table 1). Throughout the world, there is an ongoing interest
in developing promising new, efficient, and cheaper technol-
ogies for the efficient destruction and removal of pollutants.
Among them is cost-effective and environmentally friendly
phycoremediation, involving the use of algae to remove pol-
lutants from the environment.

The process of metal biosorption from aqueous solutions is
significantly influenced by several variables including type
and biomass concentrations (Li and Tao 2015) and physico-
chemical factors (Park et al. 2010) like temperature, pH, dis-
solved oxygen, initial metal concentration, and contact time.
Optimization of metal biosorption process using the tradition-
al one-factor-at-a-time approach, which varies only one vari-
able at a time while keeping all other variables at a constant
level, is difficult, laborious, time-consuming, and expensive.
In addition, it ignores the effects of interactions between dif-
ferent variables, leading to misinterpretations of the results.
Therefore, these defects can be eliminated by optimizing all
the variables collectively by using statistical experimental de-
signs such as the Plackett—-Burman design and response sur-
face methodology (El-Naggar et al. 2013; El-Naggar 2015).

These statistical designs can be conducted on several steps of
an optimization process. The variables could be screened for,
firstly, the identification of the significant variables and, second-
ly, the optimization of the significant variable levels (Nawani
and Kapadnis 2005). The statistical experimental designs have
many advantages over the traditional method, since the interac-
tions among the process variables can be studied. These
methods are suitable for experiments involving multiple vari-
ables and are less time-consuming because fewer experiments
are performed (Chang et al. 2006; Banik et al. 2007).

Screening of process variables affecting
the biosorption of lithium by Oocystis solitaria using
the Plackett-Burman design

The effects of different process variables such as pH, contact
time, biomass concentrations, temperature, dissolved oxygen,
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Table 1 A variety of absorbents used to remove pollutants
Pollutant Adsorbent References
Toxic metal ions in waste water Various biomass of plant and microbial origin Gupta et al. (2015)

(Cd, Pb, Cr, Cu, Co, Hg, Ni, Zn, Se)
Chrysoidine Y (hazardous azo dye) Bottom ash and de-oiled soya Alok et al. (2010)
Dye-tartrazine Titanium dioxide Gupta et al. (2011)
Methylene blue and methyl orange Zn0O/CuO nanocomposite Saravanan et al. (2013a)
Methylene blue and methyl orange ZnO nanorods Saravanan et al. (2013b)
Methylene blue and methyl orange Hg-doped ZnO nanorods Saravanan et al. (2013c)
Organic and inorganic pollutants Carbon nanotubes and fullerene Gupta and Saleh (2013)
Rhodamine B Carbon nanotube/tungsten oxide Saleh and Gupta (2011)
Metals, dyes, phenols, and other organic compounds Rice husk and rice husk ash Ahmaruzzaman and Gupta

(2011)

Methyl orange dye
Methyl orange and methylene blue

Methylene blue and Safranin-O Fe;04 NPs

Phenol Pyrolyzed sewage sludge

Phenolic compounds Activated carbons
Degradation of aqueous methylene blue solution

Methyl orange, methylene blue, thodamine 6G,
and thodamine B
Nitrophenol compounds

Methylene blue and methyl orange
Chromium Activated carbons
Methyl orange and methylene blue Zn0O

Organic pollutants

Methyl orange
1-(2-Ethoxyphenyl)-3-(3-nitrophenyl) triazene

Mesoporous carbon

Zn0O/Ag/CdO nanocomposite

ZnO/Ag nanocomposite

Fe@Au bimetallic nanoparticles

ZnO/y—Mn,03 nanocomposite

Vanadium pentoxide V,0s/ZnO
Carbon nanotubes and titanium dioxide
Multiwalled carbon nanotubes

Mohammadi et al. (2011)
Saravanan et al. (2015)
Ghaedi et al. (2015)
Gupta et al. (1998)
Gupta et al. (2014b)

Ce0,, V,05, CuO, Ce0,/V,0s5, and CeO,/CuO nanocatalysts Saravanan et al. (2013e)

Saravanan et al. (2013d)

Gupta et al. (2014a)
Saravanan et al. (2014a)
Gupta et al. (2013)
Saravanan et al. (2013f)
Saravanan et al. (2014b)
Saleh and Gupta (2012)
Khani et al. (2010)

and metal concentrations on the lithium biosorption have been
studied. The Plackett—-Burman design was used to identify the
most significant process variables for maximum removal of
lithium from aqueous solutions by using Qocystis solitaria
cells. Oocystis solitaria is a small, unicellular green alga with
ovoid or lemon-shaped cells (Fig. S1). The Plackett-Burman
design experiment was conducted in 12 trials (N = 12) with
two levels (high and low levels) for each independent variable
to study the effect of different process variables on the per-
centage of lithium removal. Caution must be exercised while
setting the high and low levels, since the small variation in the
level may not show any effect, and the large difference in the
level of a sensitive variable can hide other variables
(Greasham and Inamine 1986). The experimental Plackett—
Burman design matrices selected for the screening of signifi-
cant variables along with the corresponding lithium removal
percentages and residuals are shown in Table 2. The Plackett—
Burman design experiments showed a markedly wide varia-
tion in lithium removal % (Table 2); this variation reflected the
importance of the optimization process to attain maximum
lithium removal. There was a wide variation in lithium

removal percentages ranging from 89.58 to 97.14% through-
out the different trials of the Plackett-Burman design experi-
ment. This variation highlighted the importance of the optimi-
zation process to attain higher lithium removal percentage.

Multiple regression analysis and analysis of variance

In order to evaluate the relationship between lithium removal
percentages and the independent process variables, the data
that were analyzed using multiple regression statistical analy-
sis and the analysis of variance (ANOVA) are represented in
Tables 3 and 4. The estimated main effect of each examined
variable on lithium removal percentage was calculated and is
illustrated in Table 3 and Fig. 1a. If the estimated main effect
was positive, a higher level was required during further opti-
mization studies. The large positive or negative estimated
main effect indicates that the process variable has a large im-
pact on lithium removal percentage, while the near-zero effect
means that the process variable has little or no effect on lith-
ium removal. The percentages of contribution of different var-
iables are shown in Table 3.

@ Springer
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Table 2 Twelve-trial Plackett-Burman experimental design for evaluation of independent variables with coded and actual levels along with the

observed and predicted values of lithium removal by Oocystis solitaria

Run no. Coded and actual levels of independent variables

Lithium removal (%) Residuals

Time (min) Lithium conc. (mg/L) pH Temperature (°C) Biomass (g) Agitation—static Actual value Predicted value
1 -1 60 -1 25 -1 4 +1 50 +1 4 +1  Agitation 95.1 95.31 -0.30
2 -1 60 -1 25 +1 7 +1 50 +1 4 —1 Static 96.17 95.99 0.18
3 -1 60 +1 200 +1 7 +1 50 -1 1 +1  Agitation 94.75 99.78 -0.32
4 +1 180 -1 25 +1 7 +1 50 -1 1 +1  Agitation 96.43 95.99 0.44
5 +1 180 -1 25 -1 4 -1 25 +1 4 +1  Agitation 92.53 91.81 0.72
6 -1 60 +1 200 -1 4 -1 25 -1 1 +1  Agitation 95.55 94.98 0.57
7 +1 180 +1 200 -1 4 +1 50 -1 1 —1 Static 96.43 96.09 0.34
8 +1 180 +1 200 +1 7 -1 25 +1 4 +1  Agitation 95.77 96.89 -1.12
9 -1 60 -1 25 -1 4 -1 25 -1 1 —1 Static 89.58 90.57 -0.99
10 +1 180 -1 25 +1 7 -1 25 -1 1 —1 Static 91.82 91.87 -0.05
11 +1 180 +1 200 -1 4 +1 50 +1 4 —1 Static 96.36 96.70 -0.34
12 -1 60 +1 200 +1 7 -1 25 +1 4 —1 Static 97.14 96.28 0.86

The — 1 sign corresponds to the minimum value, and the + 1 sign corresponds to the maximum value of the input parameter range

Different process variables were screened at a confidence
level of 95%. If the variable showed significance at or above
the confidence level of 95%, it indicated that the variable was
effective in lithium removal %. Also, the lower probability
value (P value < 0.05) indicates that the process variable has
a significant effect on the lithium removal. The results showed
that lithium concentration (B) with a very low probability
value (0.002) was the most significant factor affecting lithium
removal percentage by Oocystis solitaria which is followed in
significance by temperature (D) and then pH (C) with P values
of 0.003 and 0.018, respectively. Also, the results revealed
that agitation/static (F)), biomass (E), and contact time (A)
are insignificant factors with lower effects (1.2, 0.62, and —
0.6, respectively) and lower contribution percentages (11.516,
5.950, and 5.758, respectively). The statistical significance of
the model was determined by the results of ANOVA which
showed that the model was highly significant as was

demonstrated by Fisher’s F test of 13.586, the ¢ statistic of
347.628, and a very low P value of 0.006.

The coefficient of each factor represents the extent to which
this factor affects the removal of lithium. Moreover, it was
clear that agitation/static, biomass, temperature, pH, and the
concentration of lithium had positive effects on lithium re-
moval (the values of coefficients are 0.60, 0.31, 1.46, 0.94,
and 1.60, respectively). The contact time is an insignificant
variable and has a negative effect on the removal of lithium
(the value of coefficient = — 0.30) which means that low con-
tact time levels can have a positive effect on lithium removal.

The values of determination coefficient (R?) are usually
used to verify the quality of the model and to provide a mea-
sure of the variation in observable response values that can be
explained by experimental factors. The value of R* is always
between 0 and 1. When the value of R? is close to 1, the model
is stronger and the response is best expected. In our study, the

Table 3  Regression statistics for the experimental results of the Plackett-Burman design used for lithium removal by Qocystis solitaria

Source df Coefficient Effect ¢ statistics P value Confidence level (%) Contribution (%)
Intercept 95.19 347.628 0.000%* 100

Contact time (A) 1 -0.30 -0.6 —1.086 0.327 67.3 5.758

Lithium conc. (B) 1 1.60 32 5.834 0.002: 99.8 30.710

pH (O) 1 0.94 1.88 3.448 0.018%* 98.2 18.042
Temperature (D) 1 1.46 2.92 5.317 0.003* 99.7 28.023

Biomass (E) 1 0.31 0.62 1.129 0.310 69 5.950
Agitation—static (F) 1 0.60 1.2 2.206 0.078 92.2 11.516

R=0.9707; R* = 0.9422; adjusted R*> = 0.8729; PRESS = 25.9122

df degree of freedom, P level of significance

*Significant values
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Table 4  Analysis of variance (ANOVA) for the experimental results of
the Plackett-Burman design

df SS MS F Significance F
Regression 6 73344  12.224  13.586  0.006*
Residual error 5 4.499 0.900
Total 11 77.843

df degree of freedom, F Fisher’s function

*Significant values

R? value is 0.9422 which means that the variation in the lith-
ium removal of 94.22% can be explained by the model used.
The current R* value of 0.9422 indicates a better relationship
between the observed and the expected response values. In

3.5
3
2.5
£
é 2
w
:453 1.5
<
E 1
=
=) 0.5
(1}
-0.5
-1 R
a Independent variables
I
vitsiom oncentrasion | <01
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=
] Agitation -Static i 11.52
Biomass i 5.95
Time i 5.76
b 0 5 100 15 20 25 30 35
99
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5 ]
S 30
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5
3 -2 -1 0 1 2 3
c Standardized Residual

Fig. 1 a Estimated effects of independent variables. The red color
represents the most significant positive independent variables affecting
lithium ions biosorption removal. b Pareto chart. ¢ The normal probability
plot of the residuals for removal of lithium ions by Oocystis solitaria
determined by the first-order polynomial equation

addition, the highest value of the adjusted R* (0.8729)
(Table 3) indicates a high significance level of the model
and greater precision in the correlation between the experi-
mental variables and the lithium removal.

The Pareto chart shown in Fig. 1b showed that the concen-
tration of lithium (B) was the most significant factor affecting
lithium removal (30.71%) followed by temperature (28.02%),
pH (18.04%), agitation/static (11.52%), biomass (5.95%), and
then contact time (5.76%).

A first-order polynomial equation that defines the removal
percentages of lithium was derived in terms of the indepen-
dent variables. By neglecting the insignificant terms, the fol-
lowing regression equation was obtained:

Lithium removal (%) = 95.19 + 1.60 lithium concentration
(mg/L) + 0.94 pH + 1.46 temperature (°C) (4)

In a confirmation experiment, to assess the Plackett—
Burman accuracy, the expected optimum conditions to at-
tain maximum removal of lithium by Oocystis solitaria
from aqueous solutions were an initial lithium concentra-
tion of 200 mg/L, contact time of 60 min, temperature 50
°C, Oocystis solitaria biomass of 1 g/L, and pH 7 with
agitation condition. The maximum lithium removal obtain-
ed under these optimum conditions was 99.2% which is
higher than the percentage of lithium removal obtained pri-
or to application of the Plackett—Burman design (40.07%)
by 2.47 times.

Statistical optimization of lithium removal
by Oocystis solitaria using the BBD

Based on the results of the Placket-Burman design, the BBD
was used to determine the optimal levels of the most signifi-
cant factors affecting the removal of lithium and also to study
their interactions. In this study, a total of 15 experiments with a
different combination of pH (X;), the concentration of lithium
(X5), and temperature (X3) were performed. Coded and actual
levels of the three independent factors are presented in
Tables 5 and 6. Contact time with a negative coefficient and
the biomass (insignificant factor) were maintained in BBD
experiments at their low levels of PBD. The experimental
results and the results of theoretically predicted lithium re-
movals along with the residuals are shown in Table 5. Based
on the obtained experimental results of the BBD, percentages
of lithium removal ranged from 90.24 to 99.95. The highest
lithium removal percentage was obtained in trial no. 5
(99.95%) at pH 5, temperature of 30 °C, and lithium concen-
tration of 200 mg/L. While the minimum lithium removal
percentage was recorded in trial no. 10 (90.24%) at pH 7, a
temperature of 60 °C, and a lithium concentration of 100 mg/
L. The predicted lithium removal percentages fit well with
those of the experimentally obtained lithium removal
percentages.
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Table 5 Box—Behnken design representing the observed and predicted lithium removal % by Oocystis solitaria
Standard order Run Type Variables Lithium removal (%) Residuals
X X5 X3 Experimental Predicted
7 1 Factorial -1 0 +1 92.6 92.52 0.08
15 2 Center 0 0 99.87 99.43 0.44
2 3 Factorial +1 -1 0 94.6 94.69 —-0.09
12 4 Factorial 0 +1 +1 95.57 95.74 -0.17
5 5 Factorial -1 0 -1 99.95 99.90 0.05
13 6 Center 0 0 98.54 99.43 -0.89
6 7 Factorial +1 0 -1 95.16 95.24 —0.08
14 8 Center 0 0 0 99.89 99.43 0.46
3 9 Factorial -1 +1 0 97.73 97.64 0.09
11 10 Factorial 0 -1 +1 90.24 90.10 0.14
11 Factorial +1 +1 0 97.44 97.22 0.22
12 Factorial +1 0 +1 95.35 95.40 —0.05
13 Factorial 0 -1 -1 97.45 97.28 0.17
14 Factorial -1 -1 0 95.82 96.04 -0.22
10 15 Factorial 0 +1 -1 95.64 95.78 —-0.14

Multiple regression analysis and ANOVA

The experimental Box—Behnken design results were analyzed
using multiple regression analysis, and the results of ANOVA
are shown in Table 7 and Table S1. The regression model
contains three linear (X7, X,, X3), three interaction (X1.X>,
X1X3, X>X3), and three quadratic X12, X2, X5%) effects
(Table 7). Cui et al. (2009) reported that a regression model
with an R* value greater than 0.9 was considered to be very
highly correlated. The present regression model has an R
value of 0.9865 which means that the variation in the lithium
removal of 98.65% can be explained by the model. In addi-
tion, the adjusted R* value (0.9621) was too high to confirm
the great significance of the model (Table 7). The predicted R
indicates how the regression model predicts responses for new
experiments successfully. The predicted R? value of 0.9400 is
in a reasonable agreement with the adjusted R* value of
0.9621. This indicates a good adjustment between the ob-
served and predicted values. The adequate precision value of
the present model was 22.4905, indicating that the model can
be used to navigate the space of design. The PRESS value is
6.31, and the values of mean and standard deviation are 96.39
and 0.53, respectively (Table 7). The low value of the coeffi-
cient of variation % (CV = 0.55%) indicates the high precision
of the performed experiments (Box et al. 1978).

The statistical significance of the quadratic model was de-
termined by the results of ANOVA which implies that the
model is highly significant as was demonstrated by the high
F value of 40.52 and the very low probability (P) value of
0.0004 (Table 7). The nonsignificant lack of fit (P value =
0.9367) indicates that the experimental results obtained were
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well fitted with the model. The significance of each coefficient
was determined by the P value as shown in Table 7.
Interpretation of the experimental results in Table 7 was de-
pendent on the signs of the variable coefficients and P values
to understand the interactions between the test variables.
Fundamentally, interactions between two factors can be either
positive or negative on the response. The negative sign indi-
cates an antagonistic effect, but the positive sign indicates a
synergistic effect on the response. From P values, we can see
that linear coefficients of X, and X3, the interaction between
X1 X3 and X>X3, and quadratic effect of X, X;, and X5 are
significant. The interaction between X; and X3 (pH and tem-
perature) and the interaction between X, and X3 (concentration
of lithium and temperature) had a significant effect with P
values of 0.0009 and 0.0011, respectively. Furthermore, the
P values indicate that of the three variables examined, the
quadratic effect of X3 (X5%) had a very significant effect on
the removal of lithium by Oocystis solitaria (P value =
0.0002). On the other hand, the linear coefficients of pH and
interaction between pH and concentration of lithium are not
significant.

Table S1 shows the results of fit summary to determine
higher-order polynomial model significant terms and insignif-
icant lack-of-fit test. The results of the fit summary (Table S1)
show that the quadratic model is a highly significant model
and suitable model that fit the Box—Behnken design of lithium
removal by Qocystis solitaria with a very low P value of
0.0004 and nonsignificant lack of fit (P value = 0.9367).
The quadratic model has the highest adjusted and predicted
R? values 0f 0.9621 and 0.9400, respectively, and the smallest
standard deviation of 0.53.
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Table 6 The actual factor levels corresponding to the coded factor
levels chosen for Box—Behnken design experiment

Variable Variable code  Coded and actual levels
-1 0 1
pH Xi 5 7 9
Lithium conc. (mg/L)  X; 100 200 300
Temperature (°C) X3 30 45 60

By applying the variable coefficients (Table 7), the second-
order polynomial equation that describes the relationship be-
tween lithium removal % by Oocystis solitaria (Y) in terms of
pH, the concentration of lithium, and temperature was obtain-
ed for predicting the optimal point

The predicted value of lithium removal (%) (Y) =+ 99.43 —
0.44 (pH) + 1.03 (lithium concentration) — 1.81 (temperature)
+0.23 (pH x lithium concentration) + 1.89 (pH X temperature)
+ 1.79 (lithium concentration x temperature) — 1.00 (pH)2 -
2.04 (lithium concentration)2 —2.67 (temperamlre)2 ®))

The normal probability plot of the residuals

Figure 1c shows the normal probability plot (NPP) of the
experimental results to verify the adequacy of the model.
The predicted values of the model were plotted against the
residuals in a way that make the points close to a diagonal

straight line for lithium removal %. Departure from this diag-
onal line means a deviation from normality. Figure 1¢ shows
that the residuals from the predicted responses follow a normal
distribution and close to the diagonal straight line. This means
that the model had been validated.

Contour and 3-D plots

To determine the optimal levels of the tested variables and
their interaction effects upon lithium removal, the 3-D re-
sponse surface plots and 2-D contour plots for the pairwise
combinations of the three variables (X.X>, XiX3, and X>X3)
were drawn. Lithium removal % was plotted on the Z-axis
against two process variables while keeping the other vari-
ables at its zero level, as illustrated in Fig. 2.

The 3-D and contour plot in Fig. 2a shows lithium removal
as a function of the effects of pH (X;) and lithium concentra-
tion (X>), while maintaining temperature (X3) at its zero level
(45 °C). It was observed that a relatively higher percentage of
lithium removal was high at low and middle levels of pH (X7).
But, the percentage of lithium removal was decreased at low
and high levels of lithium concentration (X;). The maximum
lithium removal percentage was obtained at the middle level
of lithium concentration. For optimization of the process pa-
rameters, the point prediction option in the software was used.
The maximum predicted lithium removal of 99.60% has been
obtained at the optimum predicted levels of pH 6.5 and lithi-
um concentration of 220 mg/L at a temperature of 45 °C.

Table7  Regression statistics and analysis of variance (ANOVA) for the Box—Behnken design results used for lithium removal % by Oocystis solitaria
Source Coefficient estimate df F value P value probability > F
Model 99.43 9 40.52 0.0004*

X; (pH) -044 1 5.53 0.0654

X5 (lithium concentration, mg/L) 1.03 1 30.03 0.0028%*

X; (temperature, °C) —1.81 1 91.56 0.0002*

X1X3 0.23 1 0.76 0.4233

XiX3 1.89 1 49.93 0.0009%*

X2 X3 1.79 1 44.77 0.0011%*

X2 —-1.00 1 12.92 0.0156*

X,? -2.04 1 53.87 0.0007*

P -2.67 1 92.50 0.0002%

Residual 1.42 5

Lack of fit 0.23 3 0.13 0.9367

Pure error 1.20 2

Total correlation 105.22 14

Standard deviation = 0.53; mean = 96.39; CV % = 0.55; PRESS = 6.31; R?
22.4905

df degree of freedom, F* Fisher’s function, P level of significance

*Significant values

=0.9865; adjusted R* = 0.9621; predicted R* = 0.9400; adequate precision =
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Figure 2a shows that the initial lithium ions concentration
significantly affected the biosorption of its ions. Lithium con-
centration is one of the most important variables affecting the
lithium biosorption. Lithium ions biosorption has been in-
creased with an increasing concentration of lithium ions till
the maximum reached. However, increased lithium concentra-
tion leads to a gradual reduction in the lithium removal per-
centage. The maximum metal adsorption at the initial higher
concentration of metal ions can be attributed to the fact that all
adsorption active sites on the surface of the algal biomass were
initially vacant and remain unsaturated which enhances high
adsorption of metals initially (El-Sikaily et al. 2007;
Aravindhan et al. 2007). Subsequently, with increased metal
concentration, the removal rate of metal decreased due to the
binding sites available on the surface of algae which has been
saturated (Ho et al. 2001). Increasing the concentration of
metal ions increases the adsorption capacity of the adsorbent
due to increased mass transfer rate (Garg et al. 2008).

The initial pH of the solution has been reported in many
studies to be the most important process factor influencing the
biosorption of metal ions by biosorbents (Pagnanelli et al.
2003) and affecting the availability of the binding sites to
the sorbate resulting in a decrease or increase in metal
biosorption (Vijayaraghavan and Yun 2008; Dadrasnia and
Ismail 2015). Since the mechanism of the biosorption process
is well known to be ion exchange and the pH could affect the
net charge and the functional groups on the biosorbent sur-
face, which affects the availability of sorbent binding sites
(Romera et al. 2007), protons compete with cations of metal
and H* for the sorbent binding sites (Dadrasnia and Ismail
2015). Moreover, the pH value affects the metal ion solubility
in water (Romera et al. 2007). High alkaline pH value de-
creases the solubility of metal, resulting in low absorption rate
(Kumar et al. 2013). The maximum lithium biosorption was
obtained at a pH value of 3—-4. The increase in metal
biosorption with increasing pH can result due to decreasing
competition between metal ions and protons for the same
functional groups or due to the low positive charge of the
biosorbent, resulting in low electrostatic repulsion between
the metal ions and biosorbent surface (Reddad et al. 2002).
At pH 5-6, the electrostatic repulsions are reduced between
the positively charged metal ions and the adsorbent surface,
resulting in increasing the rate of metal removal (Ibrahim
2011; Momcilovic et al. 2011; Hassan et al. 2014). Further,
the reduction in the metal ion biosorption rate at higher pH
values may be related to the repulsion between the negative
charges of the sorbent surface and of anionic species in the
solution (Kumar et al. 2006; Esmaeili and Beni 2015) or may
be attributed to the decreased in the solubility of metals
(Kumar et al. 2013). Gupta and Rastogi (2008) stated that
higher pH values may affect the number of negatively charged
sorbent binding sites, which largely depend on the functional
group’s dissociation. Our results showed that the maximum
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lithium removal was recorded at pH 5. The low biosorption
rate of lithium at the alkaline pH value may be associated with
an increase in the ability of protons to compete with lithium
ions for the alga binding sites.

The 3-D graph and its contour plot (Fig. 2b) describes the
relationship between pH (X)), temperature (X3), and lithium
removal, while maintaining the concentration of lithium (X5)
at its zero level (200 mg/L). An increase in temperature be-
tween 30 and 35 °C tends to increase lithium removal. At
higher temperatures, lithium removal decreased. It was ob-
served that the maximum percentage of lithium removal
clearly supported at low and middle levels of pH (X;). At
higher levels of pH, lithium removal percentage could be
relatively low. The maximum predicted lithium removal of
100.071% has been obtained at the optimum predicted levels
of temperature of 32 °C, pH 5, and lithium concentration of
200 mg/L.

The rate of metal removal increases with an increase in
solution temperature by increasing solute kinetic energy and
the surface activity (Vijayaraghavan and Yun 2008; Park et al.
2010). Also, the increase in the biosorption rate with the in-
crease of temperature may be attributed to the formation of
new adsorption active sites, because of the increase in the rate
of metal ion diffusion within the pores of the algae biomass
surface as a result of the reduction of solution viscosity (Al-
Ashed and Duvnjak 1995) or due to the increase of the surface
area available to absorb the metal ions (Saleem et al. 2007).
However, at higher temperatures (higher than 45 °C), a de-
crease in the metal biosorption may occur as a result of phys-
ical damage to the biosorbent surface or because of the de-
struction of some active binding sites (Meena et al. 2005) or
because of the weak adaptive forces between the active bind-
ing sites of the biosorbent surface and the metal ions (Lian
et al. 2009). Conducting the biosorption process at room tem-
perature is always desirable due to the ease of repeating this
condition (Vijayaraghavan and Yun 2008).

Three-dimensional and contour plots presented in Fig. 2¢
show lithium removal as a function of lithium concentration
(X>) and temperature (X3), while pH (X;) was kept fixed at
zero level (7). An increase in lithium removal was found with
an increase of temperature up to 30-35 °C. The increase in
lithium removal was observed with increased lithium concen-
tration to the optimal level, and thereafter, the lithium removal
has been decreased. The maximum predicted lithium removal
was 99.76% at the optimum predicted temperature of 40 °C
and the lithium concentration of 205 mg/L at pH 7.

Verification of the model

The verification of the statistical model and second-order re-
gression equation was conducted by removal of lithium from
aqueous solution by using Oocystis solitaria under the opti-
mum conditions of 200 mg/L initial lithium concentration, 1
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g/L Oocystis solitaria biomass, and contact time of 60 min at
30 °C and pH 5 with agitation condition. Under these opti-
mized conditions, the experimental percentage of lithium re-
moval was 99.95%. The close relationship between the exper-
imental percentage of lithium removal (99.95%) and predicted
value from the model (99.90%) revealed the validity of the
model for the optimization of lithium removal under the used
conditions.
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Fig. 2 a—c Three-dimensional response surface and contour plots of the effects of pH (X)), lithium concentration (X>), and temperature (X3) and their
mutual effect on lithium ions removal by Oocystis solitaria

FTIR analysis

The cells of Oocystis solitaria were analyzed using FTIR
analysis before and after biosorption of lithium, and the
FTIR analysis spectra are shown in Table S2 and Fig. 3a.
FTIR analysis was performed to detect the variations in the
functional groups due to the interaction of metal ions with
Oocystis solitaria cells. The FTIR analysis spectra of
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Oocystis solitaria cells, before and after biosorption of lith-
ium, were measured within the range of 400-4000 cm !
wave number (Garg et al. 2008). The Chlorophyta possess
cell walls composed of cellulose, xyloglucan, mannans,
glucuronan, (I — 3)--glucan, and ulvans (Popper et al.
2011). Different functional groups that act as metal binding
sites can be provided by different components of the cell
wall. Lithium ions biosorption can occur on the cell surface
via the ion exchange mechanism, where the lithium ions
binds to the binding sites by replacing one acidic H, and
the access of lithium ions to the binding sites of alga surface
is improved with increased availability of these binding sites
(Fig. 3b).

The spectrum of FTIR analysis for Qocystis solitaria cell
samples before lithium biosorption showed different absorp-
tion peaks at 3394 cm ', 2068 cm !, 1638 cm ™', 1398 cm ',
1071 ecm ', and 649 cm™ ' which has been shifted to 3446
cm ', 2924 em ', 1638 cm ™, 1384 cm ™', 1032 em ™', and
613 cm', respectively, after lithium biosorption by the alga.
One new characteristic absorption peak at 464 cm ' was ob-
served. The absorption peak before lithium biosorption at
3394 cm ' wave number is the characteristic absorption peak
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of primary amine (N-H) vibration which is shifted by + 52
cm ! after lithium biosorption by the alga to the sharp peak
observed at 3446 cm™ ' which is assigned to the -OH or N-H
stretching vibration of cellulose (Ghosh and Mittal 1996).
Furthermore, during the biosorption process, a large upshift
of the peak at 2068 cm ™' to the peak at 2924 cm ™' by + 856
cm ! has occurred due to the interaction between the Oocystis
solitaria alga and lithium. The peak at 2068 cm " is assigned
to the C=N group (Van de Voort et al. 2007) while the peak
occurring at 2924 cm ™" is related to the C—H stretching vibra-
tion (Janakiraman and Johnson 2015). The strong peak ob-
served at 1638 cm ! corresponds to the broad O—H stretch
(Jackson et al. 2009). The absorption peak before lithium
biosorption at 1398 cm ' is shifted by — 14 cm™ ' to the ab-
sorption peak at 1384 cm™'. The peak at 1398 cm™' wave
number corresponds to the COO ™~ symmetric stretching of
fatty acids and amino acids and the peak of CH; bending of
protein (Li et al. 2014; Staniszewska-Slezak et al. 2015) while
the absorption peak observed at 1384 cm™ ' is assigned to the
formate ion, HCOO— (Hudson and Moore 2000). Also, during
the biosorption process, a shift of the peak at 1071 cm™ ' to the
peak which appeared at 1032 cm ' by —39 cm ™" has occurred
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Fig. 4 SEM micrograph of
Oocystis solitaria a before and b
after adsorption of lithium ions
from aqueous solution
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due to the interaction between the Qocystis solitaria alga and
lithium. The peak at 1071 cm ™' is assigned to the C-O
stretching vibration (Gunasekaran and Abitha 2005), and the
peak which appeared at 1032 cm ' corresponds to the O—CHj
stretching (Kudre et al. 2017). In algal cells before biosorption
of lithium, the characteristic absorption peak at 649 cm '
which is assigned to B—O bending vibrations (Zahariev et al.
2017) is shifted by —36 cm " after biosorption of lithium to
the peak at 613 cm™ " assigned to the C=C—C stretching vibra-
tion (Devi and Gayathri 2010), whereas the small bands
appearing at 464 cm ' correspond to the Si-O-Si asymmetric
stretching mode (Salem et al. 2015).

FTIR analysis confirmed that the main functional groups
on the cell surface of Oocystis solitaria that are involved in the
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process of lithium ions biosorption were alkanes, phenolic,
and amide groups.

Scanning electron microscopy

SEM images have clearly shown that Oocystis solitaria sam-
ples before and after lithium biosorption showed different sur-
face morphologies. Oocystis solitaria biomass before adsorp-
tion of lithium ions (Fig. 4a) displays a uniformly intercon-
nected structure with a continuous surface. While after lithium
biosorption by Oocystis solitaria biomass (Fig. 4b), biomass
walls became fragile with irregular surfaces and the appear-
ance of bright spots, indicating the ability of Oocystis solitaria
biomass to remove lithium from aqueous solutions.
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Fig. 5 Immobilization of
Oocystis solitaria in alginate
beads and its application in
lithium ions removal from
aqueous solution. a Sodium
alginate—Qocystis solitaria beads.
b Sodium alginate beads without
incorporation of the algal
biomass. ¢ Separating funnel
packed with alginate—algal beads

Immobilization of Oocystis solitaria cells in alginate
beads and its application in lithium removal

The ability of immobilized Oocystis solitaria (in sodium algi-
nate beads) to remove lithium from aqueous solution has been
studied (Fig. 5), and the results were presented in Fig. S2. The
results indicated that 98.71% of the lithium was removed after
treatment of aqueous solution containing 200 mg/L lithium
with immobilized Oocystis solitaria cells after 5 h, which is
significantly higher than the removal that was obtained by
using sodium alginate beads without merging the biomass of
alga as a control (90.19%) (Fig. S2). Some studies have re-
ported that immobilized cells have higher efficiency in metal
absorption than the free cells (Mallick 2002; Rangsayatorn
et al. 2004; Gadd 2009; Barquilha et al. 2017). The size of
beads used to immobilize biomass is a significant factor
(Mehta and Gaur 2005). The beads can be used in successive
biosorption cycles to remove the metal ions from the aqueous
solutions, indicating that immobilization can provide an effec-
tive and suitable technique for the repeated use of the
biosorbent (Ahmad et al. 2017).

Conclusion

Biosorption of heavy metals by natural materials provide po-
tential alternative and promising technology to overcome the
disadvantages of conventional methods to remove metal ions
from aqueous solutions and wastewater. The results of the
proposed technique indicate that lithium can be removed ef-
fectively from water using immobilized unicellular green alga,
Oocystis solitaria, cells in sodium alginate beads. Therefore,
Oocystis solitaria can be used as an alternative for sorption
and removal of lithium ions from wastewaters. Our study rec-
ommends that the study should continue to include the
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unicellular green alga, QOocystis solitaria, in a biologically
inert matrix which may be used in bead forms ingested orally
to remove lithium from biological fluids, e.g., gastrointestinal
fluids.
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