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Abstract: The adsorption characteristics and mechanisms of spirulina powder were investigated when it was used as
adsorbent to recover ytterbium(IIl) from wastewater solution. Surface structure and element valence of the adsorbent
were analyzed by SEM and XPS for the exploring of its adsorption mechanism for ytterbium(IIl). The adsorption
characteristics of ytterbium(IIl) on spirulina powder was analyzed through assessing adsorption isotherm, kinetics and
thermodynamic models. The adsorption isotherm data were best explained by Langmuir model, and the adsorption
capacity of spirulina powder for ytterbium(Ill) was 72.46 mg/g when adsorption temperature was 318 K. The kinetic
experiment results showed that the pseudo-second order kinetic model can better simulate the adsorption process of
spirulina powder to ytterbium(III), indicating that the rate-controlling step was chemical adsorption. Spirulina can be an
efficient and economical ytterbium(III) recycling material, because it showed good adsorption stability and reusability

from the adsorption—desorption cycle experiment results.
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1 Introduction

The recovery of medium and heavy rare earths
from rare earth mine wastewater continues to be of
high importance since it represents a promising
strategy against the global supply crisis of rare earth
elements. However, the concentration of rare earth
ions in rare earth mine wastewater is usually below
100 mg/L, which makes recovery very difficult.
Therefore, it is essential to develop a method for
economically and reasonably recovering low-
concentration medium and heavy rare earth ions
from rare earth wastewater [1,2]. At present, the
methods commonly used to treat rare earth waste
water include precipitation and ion exchange [3,4].
However, those above two methods are generally
costly, less efficient and limited applicability. Also,
they will produce a large amount of waste that is
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noxious or difficult to be decomposed.

As a viable alternative, biological adsorption
method has received increasing interest due to their
cost-effectiveness and environmental benignity.
Also, bio-sorbents are broadly adapted to pH and
temperature ranges, and selectively adsorbed low
concentration metals [5—11]. The bio-sorption is
commonly realized from the passive binding of
metal ions with the active functional groups (such
as carboxyl groups, hydroxyl groups, amino groups)
contained in the polysaccharides, proteins and
uronic acids that are rich in the cell walls and some
extracelluar products of freshwater algaes. Due to
the content and type of active functional groups in
the freshwater algae are different, so the different
adsorption capacity appeared. Spirulina is a type of
filamentous blue-green microalgae (cyanobacteria)
that contains high levels of carbonate and
bicarbonate, and it is the most abundant in the
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tropical and subtropical lakes. Recently, it has been
successfully used as bio-adsorbent for the recovery
of Co(II) from leachates of LIB [12].

However, there are few reports on using
spirulina to recover rare earth ions. Therefore, the
adsorption performance of spirulina for Yb*" was
studied, and the possible adsorption mechanism was
discussed in this study. It should be noted that when
spirulina was used as adsorbent to recover heavy
metal ion, the adsorption separation can be
achieved through ion exchange. Rare earth ions
have a special valence electron configuration,
which makes them have a strong electron
withdrawing effect. Due to this special property, it
is easy to form coordination bonds with some active
functional groups, such as amino groups, and it is
achieved by the way that the nitrogen atoms on
—NH, provides a pair of lone electrons. Therefore,
when spirulina is used as adsorbent to recover rare
earth ions, the recovery may be mainly realized
from the formation of coordination bonds. As the
cell wall of dry spirulina power is broken, which
can expose more cell surface functional groups, so
the adsorption efficiency of the dried spirulina is
often higher than that of live algae. Therefore, dry
spirulina powder was chosen as bio-adsorbent in
this study. Moreover, the influences of various
parameters on the adsorption efficiency of spirulina
powder have been studied, such as contact time,
spirulina powder dosage and pH. Adsorption
equilibrium,  kinetics, and  thermodynamic
parameter were evaluated to understand the nature
of this adsorption process.

2 Experimental

2.1 Culture of bio-adsorbent

The culture processes of spirulina are as
follows: (1) the algae species were placed in
Zarrouk  medium and  exposed continuous
illumination through a cold light source 3000 Ix
with rotation (90 r/min) at 298 K for 24 h; (2) the
spirulina was subsequently separated from the
culture medium by centrifugation at 8000 r/min
(8 min); (3) the supernatant was discarded, and the
precipitate was washed five times with distilled
water; (4) the precipitate was dried in an oven at
343 K for 24 h; (5) the dried spirulina was ground
to a fine powder (<250 um) and sieved through a
75—-100 pm sieve, and which was used for all

further processes.

2.2 Bio-adsorbent characterization

A MLAG650 scanning electron microscopy
(SEM, FEI, USA) was used to investigate the
surface morphology of the spirulina before and after
adsorption of Yb*". The bond type of the spirulina
before and after adsorption of Yb’" were analyzed
by the multifunctional imaging electron energy
spectrometer XPS (Thermo Scientific Escalab
250Xi, Thermo Scientificc, USA) wusing a
monochromatic Al K, (A7v=1486.6 eV) with 150 W
power and 500 um beam spot.

2.3 Batch adsorption studies

A stock solution of Yb*" (1000 mg/L) was
prepared in distilled water using an accurate
quantity of Yb(NOs); (99.9%, AR, Aladdin Reagent
Co., Ltd.). Yb*" solutions at other concentrations
were prepared from the stock solution by dilution
and varied from 50 to 300 (mg/L). To determine the
optimum pH, contact time and spirulina powder
dosage and initial concentration for the adsorption
process, batch adsorption experiments were
performed at 298—318 K. The initial pH values of
the Yb*" solutions were adjusted from 2.0 to 6.0
using 1 mol/L H,SO4 or 1 mol/L NaOH, 0.1-0.8 g
of spirulina was added into 100 mL of Yb*" solution
(100 mg/L), and contact time was varied from 10 to
150 min. The samples were analyzed to determine
the Yb®" concentration by using Inductively
Coupled Plasma-Atomic Emission Spectrometry
(ICP-AES, GB/T 18115.11 — 2006). After the
adsorption test, the adsorbent and adsorbate were
separated by centrifugation.

The adsorption efficiency (4) of Yb*" on the
spirulina biosorbent was calculated by

CO — Ce

0

A=

x100% (1)

where Cy and C. (mg/L) represent the initial and
equilibrium concentrations of Yb*" in the solution,
respectively.

2.4 Desorption experiment

Various desorption agents such as 0.1 mol/L
ethylendiamine tetraacetic acid (EDTA), 0.1 mol/L
HCI and 0.1 mol/L HNO; were used in this study.
For desorption study, the spirulina was recovered
from the Yb*" solution using a filter after the
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adsorption experiments. The spirulina was washed
with distilled water under agitation at 180 r/min for
10 min for the removing of the residual Yb** on its
surface, and this washing process was repeated
three times. The spirulina was then soaked in
100 mL of desorption agent, and the mixtures were
shaken overnight. The relative desorption efficiency
(D) was calculated as

_G x100% 2)

Ca

where Cy is the desorbed amount of Yb*" by
desorption agent, and C, is the adsorbed amount of
Yb* by spirulina powder.

2.5 Adsorption isotherm models

In this study, four models
Freundlich, Redlich—Peterson
Radushkevich) were applied to study the adsorption
isotherm of Yb’" by spirulina. And the prediction
accuracy of these above four models has been
compared to determine which one is the best fit
model.

Langmuir model was used for modeling the
adsorption of Yb’" on homogeneous surfaces
without any interaction between the adsorbed ions.
The Langmuir isotherm can be explained by [13]:

(Langmuir,
and Dubinin—

QmIiLCe
= 3
Ta =7, K, C, )

where ¢.q (mg/g) is the amount of Yb* on the
adsorbent at equilibrium, ¢, (mg/g) is the
monolayer bio-sorption capacity of the adsorbent,
and Ki (L/mg) is the Langmuir adsorption constant,
which is related to the free energy of adsorption.

The essential features of the Langmuir
isotherm can be expressed in terms of equilibrium
parameter R;, which is a dimensionless constant
referred to as the separation factor or equilibrium
parameter. It can be defined by

1

— 4
1+ K, C, )

L

In contrast, the Freundlich model describes the
adsorption of metal ions on the heterogeneous
surfaces. It can be defined by [14]

qeq = KFCel/nF (5)

where Ky is a constant related to the adsorption
capacity, and 1/nf is an empirical parameter related

to the adsorption intensity, which varies with the
heterogeneity of the material.

The Redlich—Peterson isotherm contains three
parameters and incorporates the features of the
Langmuir and the Freundlich isotherms. It can be
described as [15]

1n[KR_P L 1] = gInC, +Inay , (6)

Deq
where arp (L/mg) and Krp (L/mg) are Redlich—
Peterson isotherm constants, and g (mol*/kJ?) is the
activity coefficient of adsorption energy.

The  Dubinin—Radushkevich  model is
generally applied to expressing the adsorption
mechanism with a Gaussian energy distribution on
the heterogeneous surface. It can be described as
the following equations [16]:

qeq =d; GXp(—ﬂgz) (7)
£=RTI[1+(1/C,)] )
1
E=— 9
5" ©)

where ¢, (mg/L) is the theoretical isotherm
saturation adsorption capacity, A (mol*/kJ?) is the
activity coefficient of adsorption energy, ¢ is the
Dubinin-Radushkevich isotherm constant, and £
(kJ/mol) is the mean adsorption free energy.

2.6 Thermodynamics of adsorption

A series of adsorption experiments were
conducted at 298-318 K to study the
thermodynamics of adsorption of Yb**on spirulina.
Adsorption experimental conditions are as follows:
pH of the solution was 5, the contact time was
60 min, the adsorbent dosage was 2 g/L, and the
initial Yb’" concentrations ranged from 100 to
300 mg/L. The changes in thermodynamic
parameters such as the Gibbs free energy (AG®),
enthalpy (AH®) and entropy (AS®) for the Yb*
adsorption process are obtained by using the
following equations:

AG®=—RTIn Kt (10)

K1=55.5x1000%173.04K, (11)
(C] (€]

K, = AS® AH (12)
R RT

where Kt is the dimensionless parameter calculated
from Eq. (11) using K, 55.5 is the number of moles
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of pure water per litre, 173.04 g/mol is the molar
mass of Yb (solute), R is the gas constant
(8.314 J/(mol-K)), and T is temperature (K). The
conversion of K| to Kr is strongly recommended for
correct thermodynamic parameters calculation [17].

2.7 Kinetic experiments

The experimental data used in the kinetic study
are the same as those used in the thermodynamic
study. Adsorption kinetic models, such as pseudo-
first order, pseudo-second order, Elovich kinetic
and intra-particle diffusion, were used to interpret
the experimental data for understanding the
adsorption kinetics of Yb’" on spirulina powder.
And the prediction accuracy of those above kinetic
models has been compared in order to determine
which one is the best fit model.

The equation used for the pseudo-first order
kinetic model is expressed as [18]

In(geq—g)=In geq—kit (13)

where ¢, (mg/g) is the adsorption capacity at time ¢,
and k; (min"") is the rate constant of the pseudo-first
order adsorption.

The equation used for the pseudo-second order
kinetic model is expressed as [19,20]

L 12 L (14)
qt kzqeq qeq

where k, (g/(mg-min)) is the rate constant of the
pseudo-second order adsorption. The linear form of
elovich kinetic model is expressed as

g, = %ln(ab)+%(1n ) (15)

where a (mg/(g-min)) is the initial adsorption rate,
and b (g/mg) is the Elovich desorption constant.

The linear form of the intra-particle diffusion
models is expressed as [21]

gkt *+C (16)

where &, (mg/(g-min"?)) is the rate constant of the

intra-particle diffusion, and C (mg/g) gives an idea
about the thickness of the boundary layer.

3 Results and discussion
3.1 Characterization of spirulina powder

SEM images of the spirulina before and after
adsorption of Yb*" are shown in Fig. 1. It can be

seen from Fig.1 that the morphological structure of
spirulina has been significantly changed after
adsorption of Yb**, and the surface of spirulina was
squeezed into wrinkles. The change of the
morphology structure indicated a good accessibility
of Yb*" onto the surface of spirulina.

Fig. 1 SEM images of spirulina before (a) and after (b)
adsorption of Yb*"

In order to investigate the change in the
chemical valences of the surface functional group
on the spirulina before and after adsorption of Yb*",
they were further characterized by the XPS test, and
the results are shown in Fig. 2.

Figure 2(a) shows that the N1s pattern and two
binding energy peaks appeared at 399.73 and
400.40 eV, which can be assigned to the C—NH,
band [22,23]. And the binding energy peaks were
slightly shifted towards high energy (399.93 and
400.62 eV) after adsorption of Yb*". Figure 2(b)
shows the YD 4d pattern, two binding energy peaks
appeared at the 1854 and 190.8 eV, which
respectively corresponded to the Yb 4ds, and Yb
4ds), [24]. Based on these above XPS results, it can
be inferred that the interaction occurred between
nitrogen and Yb atoms. CELEKLI et al [25] and
LARROSA et al [26] once mentioned that the
spirulina contains several functional groups, such as
amine, carboxyl, hydroxyl, aldehyde, ketone,
phosphate and sulfate, which are capable to interact
with the ions in solution. It can be speculated that a
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Fig. 2 X-ray photoelectron spectra of spirulina before
and after adsorption of Yb*": (a) N1s; (b) Yb 4d

coordinate bond has formed through the electron
sharing between the amino group of spirulina and
Yb*". The possible reasons are as follows: due to
the strong electric induction effect exerted by Yb’",
the shielding effect of the outer layer electrons on
the core layer electrons of N element is reduced, so
the valence electron layer density of N element was
reduced. It directly affects the electronic state of N
and Yb*"and increases the imbalance of the system.
Hence, the binding energy of the core electrons of
the N element was increased. As a result, a lone
pair of electron of (=N—) would donate to Yb*"
and form nitrogen atom of doped imine (=N'—).
Thus, the adsorption capacity of spirulina to Yb**
was improved. Taking into account the element and
chemical valences analytical results, it is reasonable
to speculate that the adsorption is closely related to
the amine group of spirulina.

3.2 Effect of adsorption conditions
The pH of the solution is one of the most
important factors that greatly affect the metal ion

adsorption process because the adsorption
efficiency is closely related to the charge of the
metal ions and the metal-binding site of the
adsorbent. And both of them can be influenced by
pH of the solution. To obtain the best pH for Yb’"
adsorption, the effect of pH on the Yb®" adsorption
by spirulina was investigated in the range of
2.0—6.0. Other adsorption experimental conditions
follows: contact time was 60 min,
adsorption temperature was 298 K and adsorbent
dosage was 1 g/L, initial Yb>" concentrations were
50 and 100 mg/L. The effect of pH on the
adsorption efficiency of Yb*" is shown in Fig. 3.

were as

100
o\o 80+ //\‘
> A
5 \.
5 60f
b
[}
g
= 40+
=
2

e — 100 mg/L
0 .
2 3 4 5 6

pH
Fig. 3 Effect of pH on adsorption efficiency (contact
time 60 min, adsorption temperature 298 K, adsorbent

dosage 1g/L, and initial Yb*" concentrations 50 and
100 mg/L)

Figure 3 shows that the adsorption of Yb*" onto
spirulina increases with the increase of solution pH
when the pH is less than 6.0. The maximum
adsorption efficiency was 87.62% when the pH was
5.0 and the initial concentration of Yb’" was
100 mg/L. The adsorption efficiency begins to
decrease when the pH increases to 6.0. The pH
value of the adsorption solution not only affects the
electronegativity of the surface groups of the
adsorbent, but also affects the binding capacity of
hydrogen ions and metal ions [27]. When the pH of
the solution is lower than a certain level, the
functional groups on the surface of the spirulina cell
wall are protonated and the adsorbent is positively
charged. The electrostatic repulsion generated at
this time affects the ability of the adsorbent to
adsorb Yb*". The lower the pH is, the greater the
repulsion becomes. The lower the pH of the
solution 1is, the greater the density of positively
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charged groups on the surface of the adsorbent
becomes, and the greater the electrostatic mutual
repulsion effect between Yb®" and positively
charged groups. When the pH value gradually
increases, more reactive groups will be negatively
charged, thereby providing more adsorption sites,
and positively charged Yb*" occupies the adsorption
sites on the surface, of the spirulina cell wall so the
ability to absorb Yb*" increases. Too high pH also
has an adverse effect on metal adsorption. When the
pH of the solution exceeds the metal ion solubility
product constant, a large amount of metal ions in
the solution will generate oxide precipitation,
making the adsorption process impossible.
Therefore, the pH was fixed at 5.0 for further batch
experiments.

Adsorbent dosage can determine the
adsorption capacity of an adsorbent for a given
initial concentration of the adsorbate in the liquid
phase, so it is important to investigate the effect of
adsorbent dosage on the adsorption capacity. The
effect of adsorbent dosage on the Yb*" recovery was
investigated in the range from 0.4 to 8 g/L. Other
adsorption experiment parameters were carried out
as follows: contact time was 60 min, pH was 5.0
and adsorption temperature was 298 K, initial Yb**
concentration was 100 mg/L. The effect of spirulina
dosage on the adsorption efficiency of Yb’' is
shown in Fig. 4.

75+

60

45}

Adsorption efficiency/%

30

0 2 4 6 8
Adsorbent dosage/(g-L™)
Fig. 4 Effect of spirulina dosage on adsorption efficiency

(contact time 60 min, pH 5.0, adsorption temperature
298 K, and initial Yb*" concentration 100 mg/L)

Figure 4 shows that the adsorption of Yb*"
onto spirulina increases with the increase of
spirulina dosage when the dosage is less than 6. The
adsorption efficiency begins to decrease when the

dosage of spirulina increases to 4 g/L. This result
indicated that the spirulina dosage of 2.0 g/L was
effective in complete adsorption of 50 mg/L Yb*".
Therefore, this biosorbent dosage was fixed for at
2.0 g/L further batch experiments.

Effect of contact time on the Yb** recovery by
the spirulina was investigated in the range from
10 to 150 min. Other adsorption experimental
conditions were as follows: pH was 5.0, the
adsorption temperature was 298 K, initial Yb®"
concentrations were in the range from 100 mg/L to
300 mg/L. The effect of contact time on the
adsorption efficiency of Yb*"is shown in Fig. 5. It
shows that the adsorption efficiency of the Yb**
increased instantly at the 30 min and
continued to increase gradually until the
equilibrium was reached at 60 min. Therefore,
contact time of 60 min was fixed for further batch

initial

experiments.

100

80 | —a

= — 100 mg/L
20 | e —200 mg/L
4 —300 mg/L

Adsorption efficiency/%

0 20 40 60 80 100 120 140 160
Contact time/min

Fig. 5 Effect of contact time on adsorption efficiency

(pH 5.0, adsorption temperature 298 K, adsorbent dosage

2 g/L, and initial concentration of Yb>* 100—-300 mg/L)

3.3 Adsorption isotherms

The adsorption isotherm can provide
information about the distribution of adsorption
molecules between the liquid phase and solid phase
at an equilibrium state. A suitable adsorption
isotherm model can be found based on the fitting of
isotherm data to various isotherm models. The
specific relationship between the concentration of
Yb*" and its degree of accumulation onto the
surface of spirulina was explained by the adsorption
isotherm study. In this study, the different isotherm
models such as Langmuir, Freundlich, Redlich—
Peterson (R—P) and Dubinin—Radushkevich (D—R)

were employed for fitting the experimental
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equilibrium adsorption data. Results are shown in
Fig. 6.

Non-linear regression analysis of adsorption
isotherm (Fig. 6) was carried out to determine the
adsorption parameters and the non-linear regression
coefficients. The obtained adsorption isotherm
parameters along with the non-linear regression
coefficients are shown in Tables 1-3.

It can be seen from Table 1 that the R was
range from 0.99—1.00 in the Langmuir model and
0.71-0.96 in the Freundlich model. The R* was

81
A
6t
= =
O
2o
= 47
&
S)
2t = —298 K, R?=1.00
e - 308 K, R>=1.00
4 --318 K, R?=0.99
0 100 200 300 400
C/(mg-L™")
(c)
60
"o 40|
on
£
<
20+ = —298 K, R?=0.98
e - 308 K, R=1.00
M 2 --318K, R>=0.93
. 1 L 1 1 1
0 100 200 300 400 500
G/(mg-L™)
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ranged from 0.92—0.96 in the Redlich—Peterson
(R—P) model (Table?2) and 0.93—-1.00 in the
Dubinin—Radushkevich (D—R) model (Table 3).
These values were sufficiently high suggesting that
the Langmuir, Redlich—Peterson and Dubinin—
Radushkevich are able to describe the biosorption
of Yb*" well. However, it can be concluded that the
Langmuir model was a more appropriate model
than Freundlich, Redlich—Peterson and Dubinin—

Radushkevich models when R?> values were
compared.
2.0
(b)
19+
e 1.8 e
50 A
£
g 17f
=
- . -7 = —208 K, R?>=0.96
16+ o308 K, R?=0.81
- 2--318 K, R?=0.71
15 | ! |
1.0 1.5 2.0 2.5 3.0
In[C,/(mg-L™")]
(d). < a
420 Te. s

407

In[g,/(mg-g™)]

= — 208 K, R*=0.92
¢ - 308 K, R*=0.96 .
36 4 --318 K, R?>=0.96 e

1000 1500 2000 2500 3000 3500 4000 4500

82

Fig. 6 Adsorption isotherm: (a) Langmuir isothermal adsorption model; (b) Freundlich isothermal adsorption model;
(¢) Redlich—Peterson model; (d) Dubinin—Radushkevich model

Table 1 Adsorption parameters and non-linear regression coefficients (Langmuir and Freundlich models)

Langmuir Freundlich
T/K
gu/(mg-g ") KJ/(L-gh R Ke/(L'gh) N R
298 64.94 0.05 1.00 22.06 5.20 0.96
308 69.93 0.08 1.00 21.14 5.08 0.81
318 72.46 0.06 0.99 24.41 5.34 0.71
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Table 2 Adsorption parameters and non-linear regression
coefficients (Redlich—Peterson model)

Krp/ ag.p/ g/

TR gy otLgly  motkr) K
298 0.34 1.23 1.90 0.92
308 0.33 1.24 2.33 0.96
318 0.39 1.23 1.92 0.96

Table 3 Adsorption parameters and non-linear regression
coefficients (Dubinin—Radushkevich model)

T/K  BI(10 " mol*-kI %)) E/(kJ-mol ") R’

298 1.97 15.93 0.98
308 2.68 13.66 1.00
318 2.12 15.36 0.93

The monolayer adsorption capacity (qm)
calculated from the Langmuir model was in the
range of 64.94—72.46 mg/g within a temperature
range of 298—318 K. It suggested an endothermic
nature of Yb*" adsorption on spirulina because
adsorption capacity appeared to increase with an
increase in the temperature (Table 1). The Ry value
calculated from Eq.(4) was in the range of
0.04—0.18 within an initial concentration of Yb**
ranging from 100 to 300 mg/L. This parameter
value (0<R;<1) indicated that the spirulina was a
suitable adsorbent for the adsorption of Yb’* from
aqueous solution. From the linear plot of Freundlich
isotherm, K and n were calculated as 22.06 L/g and
5.20 respectively. The adsorption process is found
to be favorable adsorption when 1/mg value lies
between 0 and 1, whereas 1/ng>1, and 1/n5=0 or 1
indicate unfavorable, and irreversible or linear
adsorption respectively. Therefore, the adsorption
of Yb*" onto spirulina was favorable under the
studied experimental conditions.

The value of g calculated from R—P isotherm
model can be used to test the suitability of
Langmuir model for the adsorption of Yb’" on
spirulina, and it was in the range of 1.900—2.330
within a temperature range of 298-318K.
Therefore, it can be stated that the adsorption of
Yb** onto spirulina can be well explained by the
Langmuir model, and this adsorption process is
related to a saturated monolayer of adsorbate
molecules on the adsorbent surface [12]. The D-R
isotherm model can be used to distinguish the

adsorption of Yb’" onto spirulina between the
physical process and chemical process. The mean
adsorption energy E can judge adsorption
mechanism as chemical ion exchange or
physical adsorption. If E value is in the range of
8—16 kJ/mol, it indicates that the adsorption process
is controlled by chemical adsorption mechanism; if
E value is less than 8 kJ/mol, it indicates that the
adsorption is a physical process [11]. It can be
found from Table 3 that the E value of the
adsorption of Yb*" onto spirulina powder was in the
range of 13.66—15.93 kJ/mol within a temperature
range of 298—318 K, indicating that this adsorption
process is controlled by chemical adsorption
mechanism.

3.4 Thermodynamic evaluation process

The AH® and AS® values were calculated from
the slope and intercept of a linear plot of In Kt vs
1/T. The values of all thermodynamic parameters
(AG®, AH® and AS®) are listed in Table 4. The AG®
was found to be —3.09, —3.20 and —3.32 kJ/mol for
the adsorption of Yb>* onto spirulina powder at 298,
308 and 318 K respectively. The negative AG
values indicated that the adsorption of Yb’" onto
spirulina powder was feasible and spontaneously
thermodynamical. The AH® parameter had a value
of 0.41 (kJ/mol). The positive AH® value indicated
the endothermic nature of the adsorption. The AS®
parameter was found to be 11.72 J/(mol-K). The
positive value of AS® suggested an increase in the
randomness at solid/solution interface during the
adsorption of Yb*" onto spirulina powder.

Table 4 Thermodynamic parameters of spirulina after

adsorption of Yb**
AG®/ AS®/ AHC/
T/K -1 11 -1
(kJ-mol ) (J-mol -K™) (kJ-mol )
298 -3.09
308 -3.20 11.72 0.41
318 -3.32

3.5 Adsorption Kinetics of ytterbium ions
Adsorption kinetics studies can reveal the
mechanism of adsorption and potential rate-
controlling steps such as mass transport or chemical
reaction processes, so they are useful to find the
optimum experimental conditions for full-scale
adsorption process. In this study, the different
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kinetic models such as the pseudo first-order and
pseudo second-order, Elovich and intraparticle
diffusion models were employed to study the
adsorption of Yb*" on spirulina. The results are
shown in Fig. 7. Using those above adsorption
kinetics, the amount of Yb’" adsorbed on spirulina
powder was calculated. The obtained adsorption
kinetic parameters along with R”> are shown in
Tables 5 and 6.

It can be seen from Table 5 that the R was
0.99-1.00 in the pseudo first-order adsorption
kinetic model and 1.00 in the pseudo second-order
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adsorption kinetic model. The R’ ranged from
0.72—0.82 in the Elovich adsorption kinetic model
and 0.53-0.63 in the intraparticle diffusion
adsorption kinetic model (Table 6). It can be
concluded that the pseudo-second order kinetic
model was a more appropriate model than pseudo
first-order, Elovich and intraparticle diffusion
models when the R® values were compared. The
obtained values of R being low indicates the
Elovich and intraparticle diffusion kinetic models
were not agreed with the experimental adsorption
data and the recovery of Yb*" from aqueous solution

80 80
(a) (b)
—i————A———-A.—___‘ A____A___‘__———A—A——i—~—-l
[} 'Y .. ] 60 r I/‘( A‘. ....... () o. . -
~ ~ )
= z 1
e o i
& . . &0 i —a = . .
£ g Y
= — 100 mg/L, R*>=1.00 20
o200 mg/L, R*=0.99 = — 100 mg/L, R?=1.00
+--300 mg/L, R>=1.00 e~ 200 mg/L, R?=1.00
ol 4--300 mg/L, R>=1.00
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Fig. 7 Kinetic results of Yb*" adsorption on spirulina biosorbent: (a) Pseudo-first-order equation; (b) Pseudo-second-
order dynamic equation; (c) Elovich equation; (d) Intra-particle diffusion model

Table 5 Comparison of pseudo first-order and pseudo second-order adsorption kinetic model parameters obtained at

different initial Yb*" concentrations for adsorption on spirulina biosorbent at 208 K

Pseudo first-order

Pseudo second-order

Co/(mg-L™)

Geq/(Mg- gh ki/min”" R? Geq/(Mg- gh ky/(g'mg ' -min”") R’
100 39.39 0.18 1.00 40.74 0.012 1.00
200 58.54 0.16 0.99 61.24 0.006 1.00
300 68.67 0.15 1.00 72.01 0.005 1.00
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Table 6 Comparison of Elovich and intra-particle diffusion adsorption kinetic model parameters obtained at different

initial Yb>* concentrations for adsorption on spirulina biosorbent at 298 K

. Elovich Intra-particle diffusion
Co/(mg-L ") - -1 2 -1 “1,_. —12 2
a/(mg'g 'min ) b/(g'mg ) R C/(mg-g ) ky/(mg'g "-min ") R

100 30.51 0.49 0.72 34.45 0.53 0.53
200 40.73 0.24 0.83 48.49 1.09 0.65
300 46.43 0.20 0.82 56.12 1.35 0.63

onto the surface of the spirulina cannot be

explained using these two kinetic models. Although W0 o

the fitting correlation of the internal diffusion gg SOL _

kinetic model is not very good, it can be used to %’ 0r

study the adsorption mechanism. Generally, if plots ‘é 60 __

of ¢, versus > pass through the origin, pore = S0F

diffusion is the only rate limiting step; if not, it is g 40r

considered that the adsorption process is also = 30r

controlled by film diffusion in some cases [21]. It 20r

can be seen from Fig. 7 that the plots of g, versus 107

0

1" did not pass through the origin. Hence,
intraparticle diffusion is not the only rate limiting
mechanism. In the light of these results, it can
speculate that the adsorption of Yb*" onto spirulina
is a complex process and both intraparticle
diffusion and surface sorption contribute to the
rate-limiting step.

3.6 Desorption performance

In order to apply spirulina powder to treating
real wastewater, the desorption process of Yb*" is
very important. Hence, EDTA (0.05, 0.1 mol/L),
HCI (0.05, 0.1 mol/L), and HNOs; (0.05, 0.1 mol/L)
were used for desorption of Yb®" from spirulina.
The temperature of desorption is 318 K and the
desorption time is 5 min. The results are shown in
Fig. 8.

As shown in Fig. 8, desorption ratio of Yb**
using 0.1 mol/L HNO; can reach up to 92.3%,
which is higher than other desorbents. Table 7
shows the adsorption capacity at equilibrium for
different types of rare earth metal ions over
different adsorbents collected from the literature.

The obtained adsorption capacity value from
this study is higher than most adsorbents listed in
Table 7. In addition, the adsorption rate of Yb*" can
be maintained at 71.4% after being recycled five
times, so the recyclability is acceptable. Hence,
spirulina powder could be a green alternative for
Yb* recovery, because it showed good adsorption
performance to it.

QIO LS L U\
O S 9
AR RO RS
o & & & && &o\
S o> N > & N
Q QS Q N Q-
Fig. 8 Desorption ratio of Yb’" for various desorbents
(desorption temperature 318 K, and desorption time
5 min)

Table 7 Comparison of adsorption capacity of spirulina
with other adsorbents to remove rare earth ions

Rare  Adsorption
Adsorbent earth capacity/  Ref.
ions (mg'g™")
. . 3+ ThlS
Spirulina Yb 87.6 study
ZIF-8 La®" 385.0 [28]
MIL-101 La®" 14.6 [29]
MIL-101-DETA La** 39.7 [29]
MIL-101-PMIDA La** 37.2 [29]
Magnetite@MIL-101-SO3  Ce** 34.8 [30]
MOF-808-EDTA La*" 200.0 [31]

3.7 Adsorption difference with coexisting of

other rare earth metal ions

Rare earth mine wastewater is usually a
complex system containing multiple rare earth ions.
At this time, the multiple rare earth ions in the
wastewater will generate competitive adsorption
site, interfere with the adsorption process of target
ions, thereby affecting the adsorption capacity of
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the target rare earth ion on biosorbent. For this
reason, the adsorption experiments of the difference
in the adsorption effect of spirulina powder to Yb**
was carried out when other rare earth metal ions
coexist.
respectively configured (100 mg/L Er’*+100 mg/L
Yb*; 100 mg/L Prr+100 mg/L Yb*; 100 mg/L
Er*+100 mg/L Pr’*+100 mg/L Yb’". The result is
shown in Fig. 8. It can be seen from Fig. 8 the
mixing of multiple rare earth ions will cause the
adsorption capacity of spirulina powder to Yb*"
decrease. The possible reasons are as follows: the
covalent indexes of different rare earth ions are
similar. Therefore different rate earth metal ions are
easy to form coordination bonds with the amino

Three sets of mixed solutions were

groups on the cell wall of spirulina powder, thereby
forming a competitive adsorption, resulting in a
decrease in its adsorption capacity for Yb’".

35
= Er
P i JYb
Ten =0 o Pr
2 25t [ ]
> -
5 20F Es — =
< N
o s o
< [
S 15t :
o fofolck fofoh
2 10 bos 2
g =
% £l £l
< 5 T c
0 2 2
Er+Yb Yb+Pr Er+Yb+Pr

Fig. 8 Adsorption effect of spirulina on Yb*" when other
rare earth metal ions coexisting

4 Conclusions

(1) The highest adsorption rate and desorption
rate reached 87.6% and 92.3%, respectively.

(2) The high adsorption capacity of spirulina to
Yb’* was derived from the formation of
coordination bridging between Yb*" and —NH, of
spirulina powder.

(3) Through the Langmuir isotherm analysis,
spirulina showed the maximum Yb®" adsorption
capacity of 72.46 mg/g.

(4) Kinetic studies indicated the experimental
data were fitted well by the pseudo-second-order
model, and the rate-controlling step was chemical
adsorption.

(5) The adsorption of Yb®>" onto spirulina
powder was an endothermic and spontaneous
process at the temperatures under investigation
(298-318 K).
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