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he recovery of lithium from seawater via adsorption is a promising separation technique

that could be incorporated within integrated salt recovery schemes. In this work, spinel-
type manganese oxide adsorbents were prepared and utilized for selective lithium adsorption
from synthetic solutions. The semi-dry solid-state method was adopted to prepare spinel-type
ion sieves using different manganese and lithium sources; manganese carbonate, manganese
oxide, lithium carbonate and lithium hydroxide. Synthesis was conducted at different Li/
Mn starting molar ratios, firing temperatures and firing durations. The prepared spinels were
characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM). Moreover,
average particle size and zeta potential were measured for selected spinel adsorbents. In
addition, their sorption capacities and lithium removal efficiencies from synthetic solutions

were evaluated. Lithium uptake results suggested that the spinels (H, | Li

) prepared

O.OXMnl .7304,05

from manganese carbonate and lithium hydroxide at Li/Mn ratio of 0.75 exhibited at pH 12
the highest lithium sorption capacity among other prepared spinels. The equilibrium of lithium
sorption onto this adsorbent was best described by Langmuir isotherm model and the maximum
equilibrium sorption capacity was found to be 50 mg/g. This capacity was obtained using 0.25
g/L of the adsorbent at pH 12 and its value is higher than previously reported values. Thus, the
prepared spinel shows promising features that favor its utilization for lithium removal from

wastewater and concentrated brines.

Keywords: A. synthesis, D. manganese oxide spinels, E. lithium selective adsorbents, E.

equilibrium adsorption.

Introduction

The distinguished properties of lithium have
deemed it attractive for various applications such
as lithium ion batteries, nuclear fusion fuels,
light weight aircraft alloys and manufacture of
ceramics, glass, and lubricants, in addition to
pharmaceutical compounds necessary for drug
delivery [1, 2]. Terrestrial and marine sources of
lithium are not abundant. Lithium ion reserves in
seawater amount to approximately 2.5 x 10'*Kg,
and its concentration ranges between 0.1-0.2 ppm
[3-5].

Various technologies have been adopted for
lithium recovery from seawater and desalination
brines and these include, but are not limited to,
membrane processes using nanofiltration (NF)

and reverse osmosis (RO) [2, 6-8], precipitation
[9], adsorption [10, 11] or a combination thereof
[12]. Adsorption proved to be a promising method
for lithium recovery due to its high efficiency,
selectivity, reproducibility and operability for
scale-up. The majority of the reported adsorption
studies utilized inorganic adsorbents based on
manganese oxide in the form of nanocrystal ion
sieves [13], nanorods [14], and spinels [15, 16]
. Hydrous manganese oxide spinels were also
blended with polymers such as polyacrylonitrile
(PAN) and polyvinyl chloride (PVC) to obtain
PAN-H, Mn, O, and PVC-H, Mn O, Li ion
sieve membranes, respectively. At equilibrium,
the former removed 10.7 mg/g of lithium from
simulated seawater desalination retentate at pH
11 [17] , while the latter sorbed 36.77 mg/g from
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an aqueous synthetic lithium chloride solution at
pH 12 [18]. In addition Few studies used other
inorganic and polymeric adsorbents. Titania ion
sieves were employed and sorption capacities up
to 25 mg/g were obtained at pH 9 [19]. Maximum
sorption capacities obtained by commercial
adsorbents of Amberlite IR 120 Na, Amberlite
IR 120 H and Molecular Sieve 13X were 22, 20
and 25 mg/g, respectively at pH 7 [20]. MnO,
nanorods and nanocrystals exhibited lithium
sorption capacities ranging from 17.8 to 45 mg/g
[13, 14, 21].

Amongst all the investigated lithium
adsorbents, manganese oxide based adsorbents are
considered the most promising lithium adsorbent
materials [11, 22-24] . Maximum reported lithium
sorption capacities from synthetic or saline
solutions for the different types of manganese
oxide spinel types ranged from 12 mg/g to 45 mg/g,
depending on the spinel structure, preparation
method and employed sorption conditions [3, 11,
15, 16, 23, 25-27]. Spinels are generally prepared
via hydrothermal, emulsion or solid state reaction
techniques, in addition to other methods such as
electrospinning [28-30]. It was concluded from
reported literature that Li/Mn mole ratio as well
as heating/firing temperatures have major impact
on lithium uptake [23].

This work aims at synthesizing a novel high
lithium uptake capacity adsorbent to be used
for Li recovery from seawater. This is achieved
through investigating the effect of different spinel
synthesis conditions on lithium sorption capacity
in order to obtain a selective adsorbent with
high performance efficiency. In this regard, the
semi-dry solid-state method was adopted for the
preparation of spinel Li-Mn oxides using various
manganese and lithium sources, at different Li/
Mn starting molar ratios, firing temperatures and
durations. Morphology, structure, zeta potential,
particle size and performance of the prepared
adsorbents were also evaluated. The adsorbent
with the best performance was selected for further
isotherm investigations for the determination of
the maximum adsorption capacity.

Materials and Methods

Materials

Materials used in this study were lithium
hydroxide (LiOH.H,O), lithium carbonate
(Li,CO,), lithium chloride (LiCl), manganese
oxide (MnO,) from (Loba Chemie, India),
manganese  carbonate  (MnCO,)  (Fluka,

Egypt. J. Chem. 60, No.4 (2017)

Germany), sodium hydroxide, sodium chloride
and hydrochloric acid (33%) (Fluka and Sigma
Aldrich).

Methods

Synthesis of lithium manganese oxide spinels

Lithium manganese oxide spinels were
prepared via a semi-dry solid-state reaction
between a manganese source precursor of either
MnO,or MnCO, together with a lithium source
precursor of either LiOH-H,O or Li,CO, The
powdered manganese and lithium precursors
were mixed at different Li/Mn molar ratios (0.75-
1.5) and were ground for 15 min. The prepared
spinels were divided into two groups according
to the starting lithium molar ratios (group I) and
to the effect of the use of the different starting
precursors (group II).

Two firing regimes were adopted as presented
in Fig. 1. In the first regime (firing regime “a”),
the mixture was heated at 425°C for 5 hr in an
electric oven (LabTech) at a heating rate of
4°C/min. It was then cooled for 1.5 hr at room
temperature, mixed and ground again for 15
min. However, in the second firing regime (firing
regime “b”), a portion of the previous mixture
obtained from regime “a” was sintered at 500°C
for 5 hr with the same heating rate of 4°C/min.
Then it was slowly cooled at a rate of (1°C/min)
for up to 12 h. Before using the produced spinels
for lithium sorption, each spinel powder was
acid washed by soaking overnight in (0.5-1 M)
hydrochloric acid (HCI) solution 2-3 times. Acid
washing step was performed to allow for the
ion-exchange between Li" ions in the adsorbent
and H" ions in HCI solution in order to produce
H-Mn oxide spinels with ion-exchangeable
protons [26]. The volume of HCI solution was
adjusted such that the molar ratio of H" in the
solution to Li" in the adsorbent was more than 40
as reported in previous work [3] .

The obtained powder was then filtered using
I-micron millipore filter, washed twice with
deionized water, then dried at 110°C for 2hr and
finally left to cool down to room temperature. The
flowchart in Fig. 1 illustrates the steps pertaining
to each of the two firing regimes “a” and “b”.
The different employed precursor combinations
and synthesis conditions for the prepared spinels
are compiled in Table 1. Group (I) includes the
adsorbents prepared under different Li/Mn molar
ratios (0.75-1.5) using the same precursors of
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LiOH.H,O and MnO,. Group (I) adsorbents are
la, 2a, 3a, 1b, 2b and 3b, where “a” and “b” refer
to the two employed firing regimes. Group (II), on
the other hand, includes the adsorbents prepared
using different combinations of manganese and
lithium precursors at Li/Mn molar ratio of 0.75
and it is divided into two subgroups IIA and
1IB. Subgroup IIA encompasses the adsorbents
prepared using LiOH.H,O as the lithium-based
precursor, whereas subgroup IIB encompasses
those prepared using Li CO,.

Characterization of the prepared adsorbents
The crystalline structures of the precursors,

Mn Li precursor
precursor LiOH.H>O/Li,C
MnO>/MnC O3
O=
l |

v

mixing/grindin

g
(1S5 min)

v

firing at 425°C
(5h, 4°C/min)

v

cooling at RT
(1.5h)

synthesized ion sieves and delithiated spinels were
determined by X-ray phase analysis using Bruker
D8 Advance with secondary monochromatic
beam Cu Ka radiation at 40 Kv and 40 mA
diffractometer. Morphology of the prepared
adsorbents was characterized by scanning electron
microscopy (SEM, Quanta FEG250) equipped
with EDS, using an accelerating voltage of 15-30
kV, magnification up to 400,000 and resolution for
W 3.5 nm. Average particle size and zeta-potential
of the synthesized ion sieves were measured using
a zeta-sizer nano series instrument (Malvern
Instrument, UK) with a nano-zeta sizer of 532 nm
laser wavelength.

sintering at
500°C
(5h, 4°C/min)

slow cooling

el (12h, 1.5°C/min)

Fig. 1. Flowchart showing the steps of each of the firing regimes “a” and “b”. Solid and dashed lines belong to

regimes “a” and “b”, respectively.

TABLE 1. Precursor combinations and synthesis conditions for the prepared lithium-manganese oxide spinel

adsorbents.
Group Adsorbent code Li/Mn Precursors
Ia, Ib 0.75
2a, 2b 1.00 .
I LiOH.H,0 MnO,
3a, 3b 1.50
4a, 4b MnO,
A 0.75 LiOH.H,0
5a, 5b MnCO,
6a, 6b MnO,
1B 0.75 Li,CO,
7a, 7b ’ MnCO,

TN

* a: Firing regime “a”: Samples fired at 425°C, Shr.

** b: Firing regime “b”: Samples fired at 425°C, 5hr followed by 500°C, 5 hr.
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Performance evaluation and equilibrium studies

Batch contacting experiments were conducted
in 250-500 ml flasks by adding a certain amount
of each of the prepared adsorbents to a specific
volume of lithium chloride synthetic solution of
initial concentration 45 mg/l ata dose of 1 g/L.. The
pH of the mixture was adjusted to either pH 8 or 12
by using a mixed buffer solution (0.1 M) of sodium
chloride and sodium hydroxide in the ratio of 2:1
by volume. Afterwards, the mixture was shaken
overnight at 150 rpm and room temperature in a
shaking water bath (Julabo, SW-20C). It was then
filtered using 1-micron millipore filter (Whatman
filter paper 42) and the supernatant was collected
to be further analyzed using an atomic absorption
flame spectrophotometer (AAS) type (GBC
Avanta). The sorption capacity (g) was calculated
by mass balance using the following equation
[30].

x V 1)

where q is the amount of Li ions sorbed in (mg/g
adsorbent), C_and C are the initial and equilibrium
ion concentrations (mg/L), respectively; V is the
volume of saline solution used in litre (L) and m
is the weight of dry adsorbent (g).

The dose effect of the spinel that possessed
the highest Li sorption capacity among the other
prepared ones was studied varying from 0.25-
1 g/L at under the same investigated adsorption
conditions.

Based on the findings of the previous
sections, equilibrium isotherm experiments were
performed on the selected spinel adsorbent. The
adsorbent was added to each of a series of flasks
containing synthetic lithium chloride solution at
the selected optimum dose and pH, different initial
concentrations (5-51 mg/L). All experiments were
carried out in duplicates and the mean values
are presented. Experimental data was fitted to
Langmuir and Freundlich isotherm models.
Langmuir sorption isotherm assumes monolayer
surface coverage on a structurally homogeneous
adsorbent having energetically identical sorption
sites. The linear form of Langmuir isotherm is
given by:

=5 - @)
where C, is the equilibrium aqueous metal
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ion concentration (mg/L), ¢, is the amount of
metal ions adsorbed per gram of adsorbent at
equilibrium (mg/g), ¢, and b are the Langmuir
constants related to the maximum sorption
(saturated monolayer) capacity and the free energy
of sorption, respectively. The values of g (mg/g)
and b (L/g) can respectively be determined from
the slope and intercept of the linear plot [32-34].

Freundlich isotherm describes multilayer
sorption on heterogencous surfaces. The
logarithmic form of the equation can be expressed
as

log(q.) =log(K;) + %log(cc) 3)

where K, is a rough indicator of the sorption
capacity ((mg/g)/(L/mg)") and 1/n indicates
sorption intensity. The magnitude of the exponent
I/n gives an indication of the favorability of
sorption [32, 33, 35].

Results and Discussion

Characterization of the prepared spinels

Spinels’ structure: XRD analysis

The structure of the acid washed spinels was
analyzed by XRD. Figure 2 shows the XRD
patterns of Group I adsorbents prepared using
LiOH.H,0 and MnO, with different Li/Mn molar
ratios of 0.75, 1 and 1.5. Adsorbents prepared via
firing regime “a” are (la), (2a) and (3a) while
those prepared via firing regime “b” are (1b),
(2b) and (3b), respectively. The figure shows that
the cubic face-centered spinel H, Li , Mn .0, .
(as identified by XRD card no. 51-1584) was
formed in all Group I adsorbents fired via both
firing regimes except sample (3a) which was
prepared at high Li/Mn ratio (1.5) and was
fired at 425°C. The pattern pertaining to sample
(3a) reveals an amorphous phase with low
crystallinity. However, peaks of the starting
tetragonal MnO, precursor can also be observed
in the XRD patterns ( as identified by XRD card
no. 81-2266) of spinels (la) and (2a) having
molar ratios of 0.75 and 1, respectively; as well
as in the patterns of the adsorbents prepared via
regime “b”, but to a much lesser extent. This
implies that raising the firing temperature leads
to complete formation of the spinel. It can also be
deduced from the figure that the intensity of the
spinel peak gradually decreases with increasing
the molar ratio which indicates that the best
molar ratio that is suitable for the formation of
the spinel is 0.75.
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Fig. 2. XRD patterns for Group I spinel adsorbents prepared at different Li/Mn molar ratios.

The effect of the starting precursors on the
formation and the structure of the spinels has been
investigated. Figures 3A and 3B, respectively
show the XRD patterns for Group IIA and Group
IIB spinel adsorbents prepared via firing regimes
“a” and “b” using the same Li/Mn ratio of 0.75
and different starting precursors of lithium
(LiOH.H,O or Li,CO,) and manganese (MnO,
or MnCO,). The cubic face-centered spinel
H, Li,,Mn .0, was also confirmed for all
samples 4,5,6,7 of group II adsorbents. As can
be seen in Fig. 3A and for Group ITA adsorbents,
a peak for MnO, appears clearly only in the
XRD pattern of spinel (4a) indicating incomplete
formation of the spinel. In addition, it can be
observed that the intensity of the spinel peaks
increased noticeably when MnCO, was used as
a starting precursor with lithium hydroxide as
clear from the XRD patterns of spinels 5a and
5b. As for Group IIb adsorbents shown in Fig.
(3B), the MnO, peak also appears only in the
XRD pattern of spinel (6a). Furthermore, the use
of two carbonate-based precursors (sample 7)
produced spinels of lower crystallinity (7a and
7b) than that obtained with spinels using only one
of the precursors in the carbonate form and the
other in the oxide form (6a and 6b). In addition,
the intensity of the spinel peak for (6b) is higher
than (6a) indicating that all the starting precursors
were consumed in the formation of the spinel
upon rising the temperature.

It was found that the average crystal size of
the prepared lithium manganese oxide spinels,
as calculated from Scherrer equation, for group
(D), (ITA) and (IIB) was in the range of 10-58

nm, 33-44 nm and 24-35 nm. It also noticed
that incorporation of lithium and manganese
carbonates decreases the resulting crystallite size.

From the above XRD analysis, it can be
inferred that the cubic face-centered spinel
H, Li ,Mn O,  was formed for all the
prepared adsorbents except (3a) probably due to
the combined effect of using high Li/Mn ratio
and firing at a relatively low temperature (425°C).
However, the spinel was not completely formed
for adsorbents la, 2a, 4a and 6a. This could
probably be ascribed to the use of MnO, rather
than MnCO, as a precursor, the former being a
less reactive form of Mn. On the other hand, XRD
patterns for spinels 5a, 5b, 7a and 7b prepared
using MnCO, precursor with either precursors
of Li (LiOH.H,O or Li,CO,) indicate complete
formation of spinel. In addition, the intensity of
the spinel peak and hence crystallinity is generally
higher for spinels prepared using firing regime
“b” than those prepared via regime “a”. This
could be due to employing relatively higher firing
temperature and a slower cooling rate in regime
“b”. The slow cooling rate probably allowed for
better crystal formation. The use of a Li/Mn ratio
of 0.75 and a MnCO, precursor could thus be
recommended for the preparation of spinels.

Spinels’ morphology: SEM imaging

Scanning electron micrographs of selected
lithium manganese oxide spinel adsorbents of
each of Groups I and II are shown in Fig. 4. As
can be seen, all the prepared lithium adsorbents
are composed of cubic particles along with their

Egypt. J. Chem. 60, No.4 (2017)
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aggregates. The figure also shows the presence of

rod shape that probably belongs to the tetragonal
precursor MnO,. The nanorods can thus be more
clearly observed in adsorbents (1a), (1b), (2a) and
(2b) where the XRD patterns showed that they still
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contain the precursor MnO,. As for adsorbents
(5a), (5b), (7a) and (7b), the morphology is mostly
cubic due to the complete formation of spinel as
confirmed by the XRD patterns. These results
agree with other reported work [11,22,36].
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Fig. 3. XRD patterns for Group II spinel adsorbents prepared at 0.75 Li/Mn molar ratio, A) Group IIA adsorbents

and B) Group IIB adsorbents.
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Quanta FEG250

Fig. 4. SEM images for the prepared spinel adsorbents, A) group I and B) group II (scale bar is 3 pm).

Preliminary performance evaluation

Sorption capacities for the different prepared
adsorbents were evaluated. Sorption was
conducted at pHs 8 and 12 using 0.1 g adsorbent
in 100 ml of 45 mg/L lithium chloride solution.
These two pH values were chosen such that
pH 8 mimics the pH of seawater, while pH 12
has been previously reported to yield high Li
sorption capacities for spinel based adsorbents
[15, 18]. In what follows, factors influencing
sorption performance of each group will be
discussed in separate subsections.

Group I adsorbents

Influence of Li/Mn starting molar ratio

Figure 5A depicts sorption capacities of
samples 1, 2 and 3 at pH 8 and 12, which
were prepared via firing regime “a”. Among
these adsorbents and as observed from the
figure, adsorbent (3a) prepared using Li/Mn
molar ratio of 1.5 exhibited the highest lithium
sorption capacity (4.4 mg/g) at pH 8, which
may be attributed to the amorphous phase of the
spinel. While, adsorbent (1a) prepared using

Li/Mn molar ratio of 0.75 exhibited the highest
lithium sorption capacity (12.1 mg/g) at pH 12.
This may be attributed to the presence of MnO
in samples la and 2a as shown by XRD which
decreased the sorption capacity of the samples
especially at lower pH.

Figure 5B shows sorption capacities for
Group [ adsorbents (samples 1, 2 and 3)
prepared via firing regime “b” fired at 500
C. Clearly, sample (1b) prepared using Li/
Mn molar ratio of 0.75 exhibited the highest
lithium sorption capacity (12.6 mg/g) at pH
8; whereas adsorbent (2b) prepared using Li/
Mn molar ratio of 1.00 showed the highest
sorption capacity (11.1 mg/g) at pH 12 with
24% removal efficiency. For regime “b” and at
pH 8, the figure also shows that the sorption
capacity decreases with increasing Li/Mn
molar ratio which does not hold true for pH
12. For regime “a”, there is, however, no clear
trend for pH 8, while an inverse proportionality
between sorption capacity and ratio is observed
at pH 12.

Egypt. J. Chem. 60, No.4 (2017)
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Fig. 5. Lithium sorption capacities at pH 8 and 12 for Group I adsorbents prepared via firing regime A) ”a” and

B) ”b”.

Influence of firing regime

Regarding the adopted firing regimes, it can
be deduced from Fig. 5A and B that at pH 8, all
Group I adsorbents prepared via firing regime
“b” exhibited better lithium sorption capacities
than their counterparts prepared via regime “a”;
except for adsorbent (3a) where the spinel was not
formed as shown earlier by XRD.

Furthermore, amongst all group I adsorbents,
adsorbent (1b) yielded the highest sorption
capacity of 12.6 mg Li/g at pH 8. At pH 12, on
the other hand, adsorbents prepared via firing
regime “a” were more favorable than their ”b”
counterparts since they yielded higher sorption
capacities. This is in exception to adsorbent (2b).
The Group I adsorbent with the highest sorption
capacity at this pH (12) is adsorbent (1a) with a
capacity of 12.1 mg Li/g.

In terms of sorption capacities, adsorbent (1b)
prepared using the least employed Li/Mn ratio of
0.75 is the most favorable amongst other group I
adsorbents. It showed a sorption capacity of 12.6
mg/g at pH 8 and removal efficiency of 27%.

Group Il adsorbents

Influence of manganese precursor source

Figure 6A and B show the sorption capacities
at pHs 8 and 12 for Group I1A adsorbents prepared
via regime “a” and “b”, respectively using two
manganese-based precursors with LIOH.H,O at
fixed Li/Mn molar ratio of 0.75. It is clear from
Fig. 6A that for the adsorbents prepared via
firing regime “a”, adsorbent (5a) prepared using
MnCO, exhibited higher lithium sorption than
adsorbent (4a) with capacities of 7.8 mg/g and
21.5 mg/g at pH 8 and 12, respectively. It is also
clear from Fig. 6B that adsorbent (4b) prepared
using MnO, showed favorable lithium sorption
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than adsorbent (5b) with a capacity of 12.6 mg/g
at pH 8. However, adsorbent (5b) prepared using
MnCO, was more favorable than (4b) as it showed
a sorption capacity of 14.96 mg/g and a removal
efficiency of 32% at pH 12.

Also, shown in Fig. 6A are the sorption
capacities for Group [IB adsorbents prepared using
two manganese-based precursors with Li,CO; at
fixed Li/Mn molar ratio of 0.75. It is clear from the
figure that for Group IIB adsorbents prepared via
firing regime “a”, adsorbent (7a) prepared using
MnCO, exhibited better sorption performance
than 6a where it showed capacities of 7.4 and
19.3 mg/g at pH 8 and 12, respectively. For the
adsorbents prepared via firing regime “b”, Fig. 6B
shows that adsorbent (7b) is more favorable than
(7a) since it exhibited sorption capacities of 9.8
and 13.4 mg/g at pH 8 and 12, respectively. The
corresponding removal efficiencies were 21 and
29%, respectively.

Influence of firing regime

Regarding the adopted firing regimes, it can
be deduced from Fig. 6A and B that Group IIA
adsorbents prepared via regime “a” manifest
higher sorption capacities at pHs 8 and 12
than those prepared via regime “b”, except
for adsorbents (4a) and (4b) at pH 8. From the
above, it can be concluded that the highest lithium
sorption capacity for Group IIA adsorbents was
obtained at pH 12 using adsorbent (5a) prepared
using MnCO, and LiOH.H,O.This adsorbent
showed a sorption capacity of 21.5 mg/g and
removal efficiency of 48%.

Concerning the adopted firing regimes for
group [IB samples, it can be deduced from Fig. 6A
and 6B that at pH 12, samples prepared via firing
regime “a” (6a) and (7a) exhibited better lithium
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sorption capacities than their “b” counterparts
(6b) and (7b). The opposite holds true for the
same adsorbents at pH 8. In conclusion, the most
favorable adsorbent of Group IIB is adsorbent (7a)
prepared using MnCO, and Li,CO,. The adsorbent
exhibits a sorption capacity of 19.3 mg/g and 43%
removal efficiency.

From the above investigations, it can thus be
concluded that higher lithium sorption capacities
were obtained for the adsorbents prepared via
firing regime “a” at both employed pH values.
The use of a two-step firing regime similar to
that of regime “b” has been previously reported
in literature [27] and was employed to obtain
Li Mn,O, spinels. In this study, however, it was
possible to obtain spinels with high sorption
capacity and using the low firing temperature
regime “a”. Among all the prepared adsorbents,
the highest sorption capacities were obtained at
pH 12 for adsorbent (5a) (21.46 mg/g) prepared
from LiOH.H,0 and MnCO,, and adsorbent

28
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Fig. 6. Lithium sorption capacitiesatpH 8 and 12 for GroupI1

=

(7a) (19.3 mg/g) prepared using MnCO, and
Li,CO,. The two adsorbents (5a) and (7a) have
comparable sorption capacities at both pH
8 and pH 12. It has to be noted herein that the
XRD results for these two adsorbents indicated
complete formation of the spinels. In addition, it
was found that using MnCO, precursor resulted
in better sorption performance, especially when
combined with LiOH.H,O. The values of the
obtained sorption capacities are comparable with
those of Wang et al. [23] and Kitajou et al. [3] who
obtained sorption capacities of 23 mg/g and 12-
16 mg/g at pH 8, respectively. Accordingly, the
electron dispersive spectrum (EDS) of selected
spinel (5a) was examined. The EDS spectrum,
Figure 7 shows very strong signals for O and Mn
(main spinel elements). No detection of lithium or
hydrogen was observed since they are difficult to
detect by EDS analysis due to their small atomic
sizes.
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Fig. 7. Electron dispersive spectrum (EDS) of the prepared spinel adsorbent (5a).

Egypt. J. Chem. 60, No.4 (2017)



706

M. H. SOROUR et al.

Zeta potential and zeta sizing measurements

To gain more insight into the factors affecting
sorption at the tested pH values, average particle
size and zeta potential were measured for the two
most favorable adsorbents (5a) and (7a) and the
two adsorbents with the least sorption capacities
(2a) and (3b). Table 2 compiles values thereof at
pH 7, 8 and 12. For all adsorbents, particle size
decreases while charge negativity increases with
increasing the pH. The increase in the negative
charge of the particles could have increased the
repulsion forces between them and hence led
to better dispersion and consequently smaller
particle size. As shown earlier, better sorption
capacities for all adsorbents were achieved at the
higher pH of 12.This could be owed to the smaller
particle size and the higher charge negativity at
this pH. The smaller size provides larger surface
area for sorption, while the high negative charge
allows for better electrostatic interaction with
lithium ions. Values of the average particle size
for adsorbents (5a) and (7a) are respectively
733 and 702 nm at pH 8 as well as 511 and 437
nm at pH 12, while charge negativity values are
-107 and -118 mV at pH 8 as well as -116 and
-131 mV at pH 12.These values are statistically
close within a 15% maximum error. As a result,
sorption capacities for (5a) and (7a) adsorbents

are comparable as deduced earlier.

Furthermore, adsorbents (5a) and (7a) possess
higher sorption capacities than the others, for
example adsorbents (2a) and (3b), which could
be due to their smaller particle size. The charge
negativities for adsorbents (5a) and (7a), however,
are not necessarily higher than adsorbents (2a)
and (3b). This is because the former adsorbents
are composed mostly of spinel structures, whereas
the latter adsorbents constitute other phases. To
compare sorption behavior of these adsorbents
that have different structures and morphologies,
charge density will have to be considered.

Spinel dose effect

Based on the findings of section 3.2, spinel
(5a) is considered the spinel that possesses the
highest lithium adsorption capacity at pH 8 (7.82
mg/g) and pH 12 (21.46 mg/g). Accordingly,
its dose was varied between 0.25-1 g/L lithium
chloride solutions at pH 12 and 45 mg Li /L and
the results are shown in Fig. 8. It is confirmed
that decreasing the spinel (5a) dose resulted in
increasing the lithium adsorption capacity from
21.46 mg/g to 41.5 mg/g indicating its increased
ability for lithium uptake.

TABLE 2.Average particle size and zeta potential values for selected adsorbents at pH 7, 8 and 12.

Average particle size (d.nm)

Zeta-potential (mV)

pH7 pH 8 pH 12 pH 7 pH 8 pH 12
Sa 1039 7332 510.9 +0.185 -107 -116
7a 849.9 702.4 436.8 262 -118 -131
2a 1546 972.7 585.6 225 -75.0 -175
3b 960 887.2 791.5 -10.1 -85.1 142
45
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Fig. 8. Spinel (5a) dose effect on Li sorption capacity at pH 12 and different initial concentrations.
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Equilibrium studies

Based on the findings of the previous
sections, sorption behavior for the most favorable
adsorbent (5a) was further investigated at the
optimum dose. Figure 9 illustrates the effect of Li
initial ion concentration on the sorption capacity
using 0.25 g/L of the adsorbent (5a) at pH 12 for
a range of initial concentrations ranging from 5
to 51 mg/L. It is clear that sorption capacity of
Li ions increases linearly with increasing initial
ion concentration. Capacity increased from 15 to
45 mg/g with increasing initial Li concentration
by about 10 fold (from 5 to 51 mg/L). This
increase could be owed to increasing the metal
ion concentration gradient which overcomes
mass transfer resistance. As shown in Fig. 9,
the corresponding removal efficiencies declined
from 80 to 21% by increasing Li ion initial
concentration. The equations describing the
relation between the initial concentration, C , and
each of the sorption capacity, q, and the percent
removal are shown in the figure.

50 100

-.5: y=0.6265¢+13.239
Eygp- - %0
2
H =
% 30 ¢ mglilg 0 E
v
e B %Removal E
0 g
2w- - 40
g R
Q
]
-
m 10 - -0
3 y=183.95¢0572
R?=0.9865
0 ‘ : : : : 0

0 10 20 30 40 50 60
Li initial concentration, mg/L
Fig. 9. Sorption capacity and removal efficiency
of Li onto 0.25 g/L of the most favorable
adsorbent (5a) at pH 12 and different initial
concentrations.

To determine the maximum equilibrium Li
sorption capacity for adsorbent (5a), isotherms
pertaining to the sorption of Li ions onto the
adsorbent at pH 12 and 28+2°C are depicted in Fig.
10. Data fitted to both Langmuir and Freundlich
isotherm models are also shown.

Sorption parameters and correlation factors
obtained from the slopes and intercepts of linear
plots pertaining to Langmuir and Freundlich models
are compiled in Table 3. As evident from R?values,
lithium sorption can be better described by Langmuir
rather than Freundlich model. This indicates
monolayer coverage of ions on the outer surface of
adsorbent (5a), with maximum equilibrium sorption
capacity (q,) of 50 mg/g. These results agree with
reported work [15, 17, 18]. Table 4 presents values
of the maximum equilibrium sorption capacities (q, )
reported in previous literature for manganese oxide
based Li adsorbents, along with the value obtained
in this study which is higher than the other reported
values.

60
50 -
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/
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Fig.10. Sorption isotherms of Li ions onto the
prepared spinel adsorbent (Sa) at pH 12
and 28+2°C. The dashed lines represent
data fitted by Langmuir and Freundlich
isotherm models.

TABLE 3. Langmuir and Freundlich isotherm parameters for the sorption of Li ions onto the prepared spinel

adsorbent (5a) at pH 12 and 28+2°C.

Tsotherm

Langmuir

q,, (mg/g) 50.0
B (L/g) 0.123
R? 0.930
Freundlich

K ((mg/g)/(L/mg)") 13.8
n 3.57
R? 0.90
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TABLE 4. Maximum equilibrium sorption capacities as reported in literature, along with maximum value obtained

in this study.

adsorbent pH/temperature(°C)
PAN (20%) -H, Mn, O,
11/25
Li ion sieves
MnO, nano crystals ion sieve 9/20
LiMn,O, or Li,MnO, 11/25
PVC-H, Mn, O,
12/25
Li ion sieve membrane
on sieve
12/25
Hl.41L10.O7Mn1.6504
MnO nanorod 10/30
Li1.33Mn1.6704
Conclusions

Manganese oxide based spinels were
prepared for selective lithium sorption from
synthetic solutions. The adopted semi-dry solid
state synthesis involving different combinations
of manganese-based and Li-based precursors fired
using two different firing regimes were performed.
The prepared adsorbents were characterized
by X-ray diffraction (XRD), scanning electron
microscopy (SEM) and dynamic light scattering
(DLS) measurements. Nano-sized cubic face-
centered spinels of H, Li  Mn O, were
obtained. Furthermore, preliminary performance
evaluation showed that lithium sorption is better
conducted at pH 12 than at pH 8 where higher
sorption capacities are achieved due to the smaller
average particle size (from 437 to 511 nm) and
higher charge negativity of the adsorbent particles
(from -131 to -116 mV) at this pH. In addition,
the most favorable adsorbent was prepared using
LiOH.H,0 and MnCO, precursors under the
low-temperature firing regime and it yielded the
highest sorption capacity of 21.5 mg/g at pH 12,
45 mg/L initial concentration of lithium chloride
and 1 g/L adsorbent dose. This could be attributed
to the use of MnCO, precursor which supports the
complete formation of the spinel as confirmed by
the XRD results. Further studies were performed
on this adsorbent. It was found that sorption
capacity increases linearly with increasing
initial concentration. Adsorption of Li was best
described by Langmuir isotherm, indicating

Egypt. J. Chem. 60, No.4 (2017)

q,, mg/g reference
10.7 [17]
16.8 [13]
25.0 [16]
36.8 [18]
41.0 [15]
45.7 [14]

35 [25]

monolayer coverage of ions on the outer surface
of the adsorbent with maximum equilibrium
sorption capacity g _of 50 mg/g at pH 12 and 0.25
g/L adsorbent dose. In view of the above, it was
possible to prepare a novel spinel-type manganese
oxide adsorbent via a modified synthesis method
that utilizes a low-temperature firing regime with
MnCO, as a precursor along with LIOH.H,O. The
prepared adsorbent could be a potential candidate
for the selective sorption of lithium.
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