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ABSTRACT

Lithium salts are significant for numerous commercial and industrial applications. This paper
proposes a simulated integrated scheme for salt recovery from seawater. The developed scheme tar-
gets the separation of Lithium from brine as an end product. It comprises chemical treatment, mem-
brane separation, thermal separation and ion exchange processes. The selected integrated scheme is
designed according to screened and analyzed reported data on separation technologies as well as
equilibrium/kinetics of lithium adsorption using selective adsorbents. The developed 20,000 m?®/d
seawater desalination/salt recovery scheme is estimated to produce recovered salts of 113, 186 and
1,670 ton/d of raw calcium, magnesium and sodium, respectively. The separated mixed potassium
and lithium chloride salts amounted to about 575 ton/d and 47 kg/d (including 62% lithium chlo-
ride), respectively. For lithium adsorption, the required amount of selected manganese oxide adsor-
bent was estimated to be 0.5 ton/column bed based on the equilibrium exchange capacity of the
selected lithium adsorbent. The estimated overall lithium recovery was 72%. These results confirm
the promising features of the developed desalination/salt recovery process.
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scheme

1. Introduction

There has been recently a growing demand for Li recov-
ery due to its myriad applications in rechargeable batteries,
light aircraft alloys and next generation of nuclear fusion
fuel; as well as in different industries such as rubber syn-
thesis, pharmaceuticals, ceramics, refrigerants, aluminum,
grease and lubricants [1-3]. There are various lithium
resources in land and in water. The former contributes to
a total of about 14 million tons that are found in mine ores
and salt lake brines. The major salt lakes that produce lith-
ium are Atacama in Chile, Hombre Muerto in Argentina
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and the Great Salt Lake. The first two lakes produce about
70% of the total global lithium [4,5].

Seawater and desalination brines are becoming attractive
alternative resources for Li production. Seawater contains
approximately 230 billion tons of Li but with very low aver-
age concentration of about 0.1-0.2 ppm. The quantity of
brine discharged from desalination plants has been sensibly
increasing in the last 15 years and this trend is expected to be
maintained in the near future. The average concentration of
lithium in desalination brines is about 0.27 ppm [3, 6]. Lith-
ium was recovered from seawater and brines using magne-
sium precipitation [4], mixed solvent extractant system to
recover Fe, Cu, Al, Co, Ni and Li [7], membrane separation
using nanofiltration (NF) and reverse osmosis (RO) [2,5,8,9].
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Adsorption could be a promising technique if the appropri-
ate adsorbent was selected [10,11]. Lithium selective inor-
ganic adsorbents were prepared and used by a number of
workers; many of them have focused on lithium selective
manganese oxide adsorbents [1,3,12-18]. A combined system
comprising adsorption followed by multistage electrodialy-
sis was employed to enrich lithium in brine by up to 1,500
and 1,800 ppm, respectively. The adsorbent was granulated
manganese oxide powder that contained lithium. Effluent
Lithium concentrate was then passed to a precipitator to sep-
arate lithium in the form of lithium carbonate [19]. In another
study, a granular adsorbent comprising lithium manganese
oxide and a polymeric binder was used to recover lithium
from aqueous solutions. About 25 mg/g adsorption capacity
was obtained at 200 mg/L of lithium [20].

Numerous technical and economic challenges mandate
development of an innovative cost effective process for
lithium recovery as part of an integrated scheme for salt
recovery from marine resources and desalination brines.
The proposed scheme aims at treating seawater with a typi-
cal capacity of 20,000 m?/d by firstly recovering Ca and Mg
via precipitation, concentrating the effluent solution using
RO, then removing monovalent ions (other than Li) from
the RO concentrate via engineered solar ponds and finally
recovering Li by means of ion-exchange. To our knowledge,
this is the first reported process proposed for the recovery
of Li from softened RO brines (RO concentrates) generated
from softened seawater. It is also the first to recover Li after
prior removal of other monovalent ions. Thus although this
process targets Li recovery, it offers the added advantage of
recovering other monovalent ions along with Ca and Mg.

2. Approach and methodology

A medium-scale integrated seawater desalination/
salt recovery scheme having water production capacity of
20,000 m*/d has been developed. Focus was given to the
process of lithium recovery incorporated in this scheme. Li
is accompanied by other salts (e.g., KCl, NaCl) that were
also estimated to be recovered. The scheme comprises units
for chemical treatment, reverse osmosis (RO) membrane
separation, solar pond and ion exchange system (IX).

2.1. Process description

Mediterranean Seawater was employed as the feed
and its typical composition is given in Table 1. As shown
in the process flow diagram in Fig. 1, Ca and Mg ions in
feed water are first removed via a two-stage precipitation
system. Afterwards, the softened water stream is desali-
nated through an RO plant. Monovalent ions in the RO
concentrate are then removed via solar pond evaporation
and finally Li, in the concentrated stream, is removed via an
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2.2. Owverall process design

The developed process design is based on extensive
screening and analysis of the reported experience of direct
relevance to the proposed scheme pertinent to salt recovery
from seawater and desalination brines in general and lith-
ium in particular [2,4,10,12,14,15,18,19,21-24], in addition to
the author’s previous work [25,26] [2].

2.2.1. Overall mass balance calculations

Amounts of salts produced from the developed desali-
nation/salt recovery facility were determined by over-
all mass balance calculations, from which the amounts of
adsorbents were determined. Basis for calculations were
20,000 m?/d of fresh water with average total dissolved sol-
ids (TDS) as indicated by WHO guidelines.

The mass balance calculations were based on perfor-
mance indicators and main technical specifications for the
proposed processes as depicted from previous endeavors
and investigations done by authors. In addition, some of
the membrane technical parameters were evaluated using
WT-Cost IIO software developed by the Bureau of Recla-
mation and Moch Associates. Such indicators include, for
example, precipitation efficiencies using different precip-
itants (for the chemical precipitation units), membrane
recovery and rejection (for the RO unit), solubility limits
at different degrees of salinity (for the solar pond), equi-
librium and kinetic parameters for the selected adsorbents
(for ion exchange and elution units). These indicators are
shown in Table 2 and explained thoroughly in section 3. The
results of mass balance, given as elemental composition of
each stream are presented in Fig. 1.

2.3. Unit process design calculations
2.3.1. Precipitation processes

Ca and Mg ions were separated via a two-stage pre-
cipitation process using sodium carbonate, followed by
sodium hydroxide. Precipitation calculations were based on
the authors” previous experimental and theoretical results
regarding precipitation of Ca and Mg from saline solutions
[25,26].

2.3.2. RO desalination process

Softened water produced from the precipitation units
was desalinated via an RO system. Recovery and rejec-
tion for the RO system were estimated to be 35% and
99.6%, respectively [2,22,23,25] according to the following
equations:

ion-exchange process. Salt Rejection = (1—CP / Cf) x 100 1)
Table 1

Typical composition of Mediterranean feed seawater [25,26]

Element Ca* Mg?* Na* K* Li* Cl- SO,* TDS
Concentration (mg/L) 440 1,460 11,000 500 0.1 20,000 27,000 36,320
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Fig. 1. Schematic flow diagram of the proposed integrated desalination/salt recovery scheme.

Table 2

Typical performance indicators for the main processes/units adopted in the proposed desalination/salt recovery scheme

Process Element removal efficiency (%) Water recovery*/
Ca2+ Mg?* Na* K Li+ Cl- Concentration
factor (%)
Precipitation [21,25,26] 95.5 (C) 98 (C) - - - - -
14 (OH) 97 (OH)
RO membrane system 96-99.6 95.5-99.6 95-99.6 94-99.6 94-99.6 95-99.6 35/-
[2,22,23,25, 27-32]
Solar pond [24,31-37]
Stage (I) - - 70-74 - - 75 -/74
Stage (II) - 75 70-74 75 - 75 -/95
Stage (III) - - 70-74 - - 75 -/98.5
IX [12,18,38] - - - - (11 mg/g) (95-100)/—

*From seawater and RO brine.

Recovery % =(Q, / Q;)x100 2)
where C and C, are the concentrations of permeate and
feed, respectively; while Qp and Q, are the flow rates of
permeate and feed, respectively. Mass balance equation for
the RO unit is:

QyxCp=(Q,xC,)+(Q.xC,) ®)

where Q _is the concentrate flow rate.

2.3.3. Solar pond evaporation

Three-stage solar pond evaporation was performed on
the RO concentrate in order to remove monovalent ions.
Solar pond concentration factor is estimated to be 74% —
98.5% (as will be discussed in section 3.2).

2.3.4. lon-exchange adsorption

Li is finally concentrated in a two-stage ion exchange
system. Selection of adsorbent was based on reported
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equilibrium and kinetic parameters for selected lithium
adsorbents, as well as, the authors previous work [12,18,20,
39-42]. Equilibrium and kinetic parameters for selected lith-
ium adsorbents are compiled in Tables 3 and 4, respectively.

3. Results and Discussion
3.1. Seawater softening and RO desalination

As shown in Fig. 1, feed water stream is subjected to calcium
precipitation (removal efficiency 95.5%) using sodium car-
bonate at pH 9.2 (Precipitator C). The choice of pH value is
based on previous experimental and theoretical studies of the
authors [25,26], as well as other international endeavors [21].
The formed precipitate is expected to contain mainly calcium
ions accompanied with some magnesium ions, as well as other
trace water contaminants such as barium, strontium, silica, ...
etc. The first precipitator overflow is then directed to a sec-
ond precipitator for magnesium precipitation using sodium
hydroxide at pH 12 (Precipitator OH) with about 98% removal
efficiency, as previously reported by Irving [21]. The precipitate

should contain mainly magnesium hydroxide. It was revealed
that seawater softening using sodium carbonate resulted in
maximum Ca concentration reduction from 440 to 21 mg/L.
Further, the corresponding Mg concentration reduction was
from 1,460 to 1,316 mg/L. Overall Ca and Mg separation pro-
cess efficiencies were 99.9% and 97% which agrees with the
authors’ previously published work [26]. Fig. 1 presents the
flowrate and TDS content of each stream, as well as, amounts
of salts recovered from different units. The developed scheme
enabled overall water recovery of about 30%. Raw CaCO, gen-
erated after the first chemical precipitation amounted to about
113 ton/d, while magnesium hydroxide Mg(OH), obtained
from the second precipitator was about 186 ton/d.
Afterwards, the supernatant of the second precipita-
tor is directed to an RO membrane unit with 35% recovery
and an average overall rejection of 99.6% as calculated using
“WT Cost II” software, along with ion specific rejection
values. These values depend on feed water content, oper-
ating conditions including adjusted pH, temperature, feed
pressure, recovery and specific water quality requirements
[22,23,27-30]. It is worth mentioning that pH was adjusted

Table 3
Equilibrium parameters for the state-of-the-art adsorption studies
Adsorbent Feed solution  Equilibrium Maximum sorption  Sorption pH/ Ref.
model capacity (mg/g) constant temperature (°C)
Manganese oxide based adsorbents
MnO,nano crystalsion  Synthetic Langmuir 16.77 27 L/mg 9.2/20 [16]
sieve
MnO, nanorod Synthetic - 20.36 - 10.1/30 [14]
LiMn,O, or Li,MnO, Synthetic - 25 - 11/25 [20]
(LiC1)
Nano-sieve Synthetic Competitive 33.7 K,=973mg/L 12/20 [18]
H, 5L, Mg, ,,Mn, ,,O, adsorption K= 0.03 mg/L
Sievel: Synthetic Langmuir 34.07 3957 L/mg 12/25 [39]
H1436 LiU.O7Mn1.6SO4
Sieve2: Langmuir 40.98 1957 L/mg
Hl.4lLi0.07Mn1.6504
MnO, nanorod Synthetic Freundlich 45.68 Kf: 35.76 10.1/30 [17]
n=12
Manganese oxide —polymer modified based adsorbents
PVC-H, Mn, O, Synthetic Langmuir 36.77 497 L/mg 12/25 [43]
Li ion sieve membrane
PAN (20%)—H16Mnlv60 A Simulated Langmuir 10.7 099 L/mg 11/25 [40]
Liion sieves seawater
desalination
retentate
Non-manganese oxide based adsorbents
Titania ion sieves Synthetic Freundlich 25.46 Kf= 347 9.2/30 [15]
n=12.56
Amberlite IR 120 Na-H  Synthetic proposed 2.2-20 0.4-0.65 7/- [41]
Molecular sieve 13X (LiCl) ion exchange
model 25 03 7/-
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Table 4
Kinetic parameters for the state-of-the-art adsorption studies

Adsorbent Feed solution ~ Kinetic model Sorption Rate constant ~ pH/temperature C, Ref.
capacity (oC)/time (h) (mg/L)
(mg/g)

Manganese oxide based adsorbents

MnO, nanocrystals Synthetic Pseudo- first 11.73 2.16*10 s 9.19/20/120 68.38 [16]

ion sieve order

MnO,nanorod Synthetic Pseudo-first 38 3.29*10*s™! 10.1/30/25 69 [17]

order

Nano-sieve Synthetic Pseudo-second 25 0.0078-0.0092 12/20/24 10 [18]

H, . Li, (M8, order 31.2-33.2 0.012 g/mgh 50

Mn, 0, 100

Sievel: Synthetic 35 12/25/20 50 [39]

H1,36 Li0.07Mnl.6504

Sieve2: 40 12/25/20 50

H1.41LiU.O7Mn1.65O4

MnO, Synthetic 16.56 10.1/30/30 69 [14]

nanorod

Manganese oxide —polymer modified based adsorbents

PVC-H,, Mn, 6O \ Synthetic Pseudo-second 33.41 27154 12/25/8 150 [44]

Liion sieve order m?/mg.h

membrane

Chitosan (19%) Li Mn  Synthetic Pseudo-second 10 0.04 g/mg/day 7-10.2/-/ 30 [45]

oxide granules

(LiC)

order

in compliance with specifications given by membrane manu-
facturers as well as the type of membrane used. “WT Cost I”
software estimated that the RO seawater membranes requires
seven elements per vessel with a total of about 1,300 elements
and 185 pressure vessels. The estimated specifications of the
used membranes are given in Table 5.

3.2. Solar pond concentration

The RO reject stream, with calculated TDS approach-
ing 72,500 mg/L, is then fed to a multistage solar pond for
sequential salt precipitation [24,33,34]. The precipitation
sequence in the solar evaporation pond tends to precipitate
almost pure sodium chloride salt since the steps preceding
solar evaporation decreased the concentration of possible
carbonate salts (Ca and Mg) [34]. According to the solubility
limits at different degrees of salinity, concentration factors
and precipitation efficiencies, sodium chloride is estimated
to precipitate first, followed by potassium chloride/sodium
chloride mixed salt and finally more sodium chloride is pre-
cipitated in the final lithium concentration step [33-35]. The
overall concentration factor is initially 74% in the first stage
where the TDS approaches about 72,826 mg/L, and reaches
95% in the second stage where the TDS approaches about
96,994 mg /L then finally reaches 98.5% [36] in the last stage
where the TDS approaches about 329,448 mg/L. Accord-
ingly, the average salts precipitation efficiency approaches
75% [33,37]. Sodium chloride separated from the solar pond
in the first stage was 1,670 ton/d. While, the amounts of
separated mixed potassium chloride, sodium chloride and

Table 5

The estimated specifications of the membrane used
Parameter Value
Element flow, gpd (m?®/d) 4,000-9,000 (15.1-34.1)
Fouling factor 0.8-1.0
Feed pressure, psig (bar) 700-1,200 (47.6-81.5)
Pressure drop, psi (bar) 25-60 (1.7-4)
Elements per vessel 6-8
Chloride rejection, % 99.0-99.8
Sulfate rejection, % 99.5-99.9

magnesium sulfate salts were estimated to be about 45, 521
and 9 ton/d, respectively from the second stage.

In the third precipitation stage, lithium is concentrated
by about 2.5 times relative to its concentration in the effluent
of the second stage [33-35] such that it finally approaches
11.7 mg/L, as calculated from the overall mass balance.

Concentrations of the major investigated ions (Ca, Mg,
Na and Li) that exist in the effluent streams of the different
process units preceding ion exchange are shown in Fig. 2.
It is clear that calcium and magnesium ions concentrations
significantly decrease after their precipitation, then the
concentrations start to increase gradually after concentrat-
ing the solution in the different stages of the solar pond.
As for lithium and sodium, their concentrations increase
gradually as they pass across the different units of the
developed scheme. The amount of this increase depend on
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Fig. 2. Concentrations of the major investigated cations [(a) Calcium, (b) Magnesium, (c) Sodium, (d) Lithium] present in the effluent

streams of the different process units preceding ion exchange.

the concentration factors and the separation (precipitation)
efficiencies pertinent to each process, as was shown earlier.

3.3. Lithium recovery via adsorption

The final solar pond Li concentrated effluent stream
is directed to an ion exchange (IX) adsorption and elution
(regeneration) columns for the recovery of lithium as will
be discussed in section 3.2.4. Selection of the Li selective
adsorbent depends mainly on the analysis of reported equi-
librium and adsorption kinetics data for selected lithium
adsorbents Reported equilibrium and kinetic parameters
for selected lithium adsorbents were compiled, screened
and analyzed; values thereof are given in Tables 3 and 4,
respectively. More detailed discussion on the ion exchange
step will be dealt with in the following sections.

3.3.1. Adsorption equilibrium

Table 3 summarizes the results of the equilibrium stud-
ies conducted for lithium adsorption onto various adsor-

bents. The equilibrium parameters and the conditions at
which they were measured are given. Clearly, most of the
reported studies employed manganese oxide based adsor-
bents and these showed higher maximum sorption capaci-
ties than titania based adsorbents as well as the commercial
polymeric adsorbents of Amberlite and Molecular Sieve.
Furthermore, MnO, nano-rod exhibited the highest sorption
capacity among the reported adsorbents and this amounts
to about 46 mg/g obtained at pH 10.1 and 30°C.

3.3.2. Adsorption kinetics

The studies reported on the kinetics of lithium adsorption
were also summarized in Table 4 which compiles the kinetic
parameters and the conditions at which they were determined.
The highest sorption capacities (40 mg/g) were exhibited by
ion sieve H, ,Lij ;Mn, O, within 20 h and at an initial con-

centration 0%4150 0mg/ L. The adsorbent PVC-H, Mn, O, Li ion
sieve membrane achieved a slightly lower sorption capacity in
amuch lower time of 8 h but at a much higher initial concentra-

tion of 150 mg/L [39]. Given that the concentration of lithium
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in brine and seawater is very low, the former adsorbent is more
appropriate for lithium recovery under saline conditions.

3.3.3. Ion exchange features

A dual-column system is proposed for adsorption.
The system comprises two columns working in parallel
either for adsorption or regeneration mode. Li selective
Manganese oxide based adsorbents were selected for this
study based on the fact that they exhibited higher adsorp-
tion capacities relative to their counterparts as shown in
Table 4. The lithium concentration before being fed to the
adsorption column is (11.7 mg/L) as depicted in Fig. 1.
Ion exchange adsorption will be conducted after adjusting
the pH to 8 [18]. About 85%-90% of the final volume of
the concentrated effluent from the pond evaporation pro-
cess will be fed to the IX column. Considering the working
parameters adopted in this study (pH 8,11.7 mg/L initial
concentration and 571 m®/d feeding rate), and according to
reported work by Tian et al. [18], the static sorption capacity
was estimated to be 11 mg/g for the adsorbent ion Sieve
H, L, Mg, Mn, O, [18] at the pre -mentioned con-
ditions. This value for the capacity was employed as the
dynamic sorption capacity for the proposed column. The
efficiencies of column adsorption and elution are assumed
to be 85% and 90%, respectively [38]. Thus, the correspond-
ing amount of adsorbent required for each column bed will
therefore be 0.5 ton in order to produce 29.4 kg /day lithium
chloride accompanied with 17.8 kg/day sodium chloride,
where the LiCl/NaCl weight ratio approaches 1.67 accord-
ing to Yoshizuka et al. [12].

The dynamic sorption capacity, which in case of sym-
metrical breakthrough curves, corresponds to a t, 1 value
(the time corresponding to half the maximum concentration
(0.5 x Cf)) is determined from the following equation [46]:

q-m=C, xt,,xF 4)

where g is the dynamic sorption capacity (mg/g), m is the
mass of adsorbent (g), C, is the feed bulk concentration
(mg/m?®), and F is the flow rate (m®/d). The adsorption cycle
time is determined to be about 20 h and overall lithium
recovery approaches 72%.

It was reported that mixed lithium chloride/sodium chlo-
ride stream could be separated by elution (regeneration) using
aqueous hydrochloric acid and molar selectivity of Li* vs. Na*
up to 2,300 times could be achieved [13]. Purification of Li salt
carrying stream is a subject for current investigations. Lithium
chloride salt could be finally produced adopting well known
concentration methods such as crystallization [43].

3.4. Process sensitivity and Limitations

The estimated amounts of produced salts may be increased

by more than 50% due to:

¢ Enhanced solar pond operation time which may increase
lithium concentration in the final effluent.

e Basis for calculations was 20,000 m?®/d of fresh water but
the proposed system is promising for higher capacities.

¢ Possible variations of the different types of RO mem-
brane process design and process conditions (recovery,
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rejection, feed temperature, number of stages... etc), the
estimated salt production may vary significantly due
to uncertainties which govern such types of integrated
desalination and salt recovery schemes.

* We built our system on the most reliable lithium selective
adsorbent, while adsorbents under investigation (such
as lithium iron phosphate [47]) could be investigated
for more efficient lithium recovery. This will increase the
process efficiency, selectivity and estimated produced
salts and decrease the adsorbent amount required.

¢ Increasing trends to use NF for pretreatment before RO
may further increase process reliability [48] and elimi-
nate chemical precipitation and lead to system compact-
ness and process efficiency.

* Also, conservative measure for loading efficiency has been
adopted due to uncertainties pertinent to scaling up calcu-
lations. Work is still ongoing to improve adsorbent loading.

4. Conclusions

An innovative 20,000 m®/d integrated approach for
salt recovery from seawater was proposed for the selec-
tive recovery of lithium from desalination brine as an
end product. The proposed scheme incorporated chemi-
cal treatment, membrane separation, thermal separation
process and ion exchange. Reported data on equilibrium
and kinetics of lithium adsorption using inorganic adsor-
bents have been collected, screened, analyzed and com-
pared in terms of their performance. The features of
reliability, environmental and process flexibility of the
developed recovery scheme are obvious. The developed
seawater desalination/salt recovery scheme enabled over-
all water recovery of about 30% and also the recovery of
raw calcium carbonate, magnesium hydroxide and sodium
chloride salts of 113, 186 and 1,670 ton/d, respectively.
About 575 ton/d of mixed potassium salts were separated,
while 29.4 kg/d lithium chloride was produced from brine
with overall lithium recovery 72%. In view of the reported
lithium adsorption equilibrium data, the required amount
of a selective manganese oxide adsorbent for lithium was
estimated to be 500 kg/column bed.

Acknowledgements

“This work was financially supported by the Science
and Technology Development Fund (STDF) of Egypt, under
grant number STDF/3991”.

References

[1] K. Yoshizuka, A. Kitajou, M. Holba, Selective recovery of
lithium from seawater using a Novel Mno, type Adsorbent
lii — Benchmark Evaluation, Ars Sep. Acta, 4 (2006) 78-85.

[2] A.Somrani, A.H. Hamzaoui, M. Pontie, Study on lithium sepa-
ration from salt lake brines by nanofiltration (NF) and low pres-
sure reverse osmosis (LPRO), Desalination, 317 (2013) 184-192.

[38] A.Kitajou,. T. Suzuki, S. Nishihama, K. Yoshizuka, Selective
recovery of lithium from seawater using a novel mno2 type
adsorbent ii enhancement of lithium ion selectivity of the
adsorbent, Ars Sep. Acta, 2 (2003) 97-106.



318

[4]
[5]

(6]

[7]

(8]

9]

[10]

(11]

[12]

(13]

[14]

[15]

[16]

(171

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

M.H. Soroura et al. / Desalination and Water Treatment 61 (2017) 311-318

H. Hamzaoui, A. M'nif, H. Hammi, R. Rokbani, Contribution to
the lithium recovery from brine, Desalination, 158 (2003) 221-224.
T. Hoshino, Development of technology for recovering lithium
from seawater by electrodialysis using ionic liquid membrane,
Fusion Eng. Des., 88 (2013) 2956-2959.

M. M. H. El-Sayed, H.A. Hani, M.H. Sorour, Polymeric ion
exchangers for the recovery of ions from brine and seawater,
Chem. Eng. Process Technol,, 2 (2014) 1020.

Y. Pranolo, W. Zhang, CY. Cheng, Recovery of metals from
spent lithium-ion battery leach solutions with a mixed solvent
extractant system, Hydrometallurgy, 102 (2010) 37-42.

X. Wen, P. Ma, C. Zhu, Q. He, X. Deng, Preliminary study on
recovering lithium chloride from lithium-containing waters
by nanofiltration, Sep. Purif. Technol., 49 (2006) 230-236.

Y. Gang, H. Shi, W. Liu, W. Xing, N. Xu, investigation of mg?**/
li* separation by nanofiltration, Chin. J. Chem. Eng., 19 (2011)
586-559.

JM. Lee, W.C Bauman, Recovery of Mg** from brines. US pat-
ent 4183900; 1980.

H. Ohya, T. Suzuki, S. Nakao, Integrated system for complete
usage of components in seawater: a proposal of inorganic chem-
ical combination on seawater, Desalination, 134 (2001) 29-36.

K. Yoshizuka, M. Holba, T. Yasunaga, Y. Ikegami, Performance
evaluation of benchmark plant for selective lithium recovery
from Seawater, J. Ion Exchange, 18 (2007) 450—453.

K. Yoshizuka, K. Fukui, K. Inoue, Selective recovery of lithium
from seawater using a novel mno, type adsorbent, Ars Sep.
Acta, 1(2002) 79-86.

Q.H. Zhang, S.P. Li, SY. Sun, X.S. Yin, ].G. Yu, Lithium selective
adsorption on low-dimensional titaniananoribbons, Chem.
Eng. Sci., 65 (2010) 165-168.

Q.H. Zhang, S.P. Li, SY. Sun, X.S. Yin, J. G. Yu, LiMn20, spinel
direct synthesis and lithium ion selective adsorption, Chem.
Eng. Sci., 65 (2010) 169-173.

Q.H. Zhang, S. Sun, S. Li, H. Jiang, J. G. Yu, Adsorption of lith-
ium ions on novel nanocrystal MnO,, Chem. Eng. Sci., 62 (2007)
4869-4874.

Q.H. Zhang, S.P. Li, SY. Sun, X.S. Yin, ].G. Yu, Lithium selective
adsorption on 1-D MnO, nanostructure ion-sieve, Adv. Powder
Technol., 20 (2009) 432—-437.

L. Tian, W. Ma, M. Han, Adsorption behavior of Li* onto
nano-lithium ion sieve from hybrid magnesium/lithium man-
ganese oxide, Chem. Eng. J., 156 (2010) 134-140.

L. Chang, Y.L. Jiang, J.Y. Shiu, J.R. Lin, Processes for produc-
ing lithium concentrate from brine or seawater, US patent
2004/0074774 Al.

JY. Shiu, J.R. Lin, D.Ch. Lee, Y.M. Chen, Ch.Ch. Liu, Method
for adsorbing lithium ions from a lithium-containing aqueous
solution by a granular adsorbent, US 2003/ 0231996 Al.

L. Irving, The precipitation of calcium and magnesium from
seawater, ]. Mar. Boil. Assoc., 14 (1926) 441-446.

R.R. Dupont, T.N. Eixenberg, E.J. Middlebrooks, RO in the
Treatment of Drinking Water, Report, paper 505. 1982. Avail-
able online at: http:/diginalcommonsisu.edu/water_rep 505
M. El-Nashar, History and Current Status of Membrane
Desalination Processes, Encyclopedia of Desalination and
Water Resources (DESWARE), UNESCO Encyclopedia of Life
Support System [EOLSS], Oxford, UK. UNESCO, 2009.

R. Mills, Brine Mining the Puna for Potash and Lithium (2011)
Available online at: http://www.financialsense.com/contrib-
utors/richard-mills/2011/06/24/brine-mining-the-puna-for-
potash-and-lithium

M.H. Sorour, H.A. Hani, H.F. Shaalan, Gh. A. Al-Bazedi, Pre-
liminary techno-economics assessment of developed desali-
nation/salt recovery facility based on membrane and thermal
techniques, Desal. Wat. Treat., 55 (2015) 2416-2422.

M.H. Sorour, H.A. Hani, H.F. Shaalan, Gh. A. Al-Bazedi,
Schemes for salt recovery from seawater and RO brines using
chemical precipitation, Desalination and water treatment,
Desal. Wat. Treat., 55 (2015) 2398-2407.

T. Trusu, S. Nakao, S. Kimura, Calculation of ion rejection by
extended Nernst-Plank equation with charged reverse osmo-
sis membranes for single and mixed electrolyte solutions,
J. Chem. Eng. Jpn.,, 24 (1991) 511-517.

(28]

[29]

(30]

(31]

(32]

(33]

(34]

[35]

[36]

[37]

(38]

(39]

(40]

(41]

[42]

D.E. Galli, Demetrio Humana, Rene Enrique Santillan, Pat-
ent Application Title: Process for Recovering Lithium from a
brine, Patent application number: 20110300041 (2011).
M.R. Kumar, K. Saravanan, Application of reverse osmosis
membrane system for treatment of effluent in textile knitted
fabric dyeing, Afr. J. Biotechnol,, 10 (2011) 15756-15762.
K.P. Lee, T.C. Arnot, D. Mattia, A review of reverse osmosis
membrane materials for desalination-development to date and
future potential, J. Membr. Sci., 370 (2011) 1-22.
C. Watson Jr, OJ. Morin, L. Henthorne, Desalting Handbook
for Planners, U.S. Department of the Interior, Bureau of Rec-
lamation Technical Service Center (USBR), Desalination
and Water Purification Research and Development Program
Report No. 72, 2003.
A. Al-Karaghouli,. L.L. Kazmerski, Energy consumption and
water production cost of conventional and renewable-energy-
owered desalination processes, Renew. Sust. Energ. Rev., 24
(2013) 343-356.
H. Harraz, Evaporative salt Deposits, Fourth Year of Geology
Conference Tanta University, 2012-2013.
D.E. Garrett, Handbook of Lithium and natural Calcium Chlo-
ride — their deposits, processing, uses and properties, 2004;
Elsevier Academic Press.
P. Baert, T. Bosteels, P. Sorgeloos, Chapter 4.5 Pond Prediction
196-251, Manual on the Production and Use of Live Food for
Aquaculture, Eds. P. Lavens, P. Sorgeloos, FAO Fisheries Tech-
nical Paper. No. 361. Rome, FAO. 1996, p. 295.
P. Dama-Fakir, A Toerien, Evaporation Rates on Brine Produced
during Membrane Treatment of Mine Water, Abstracts of the
International Mine Water Conference 19th —23rd October 2009
Proceedings, Produced by: Document Transformation Tech-
nologies cc, Pretoria, South Africa,Conference organized by:
Cilla Taylor Conferences, ISBN Number: 978-0-9802623-5-3.
M. Coleman, Review and discussion on the evaporation rate
of brines, actis, Environmental Services, 1-12 (2000). http://
www.actis.com.au/evaporation_rate_of_brines.pdf.
H.A. Hani, M.M. H. El-Sayed, A.A. Mostafa, N.M. El-Defrawy,
M.H. Sorour, Removal of Cr (IIl) in batch and pilot scale
dynamic systems using Zeolite NaA prepared from Egyptian
Kaolin, Int. Chem. Environ. Eng. ], 3 (2012) 158-166.
L. Wang, C.G. Meng, W. Ma, Study on Li* uptake by lithium ion-
sieve via the pH technique, Colloids Surf. A, 334 (2009) 34-39.
J. Lemaire, L. Svecova, F. Lagallarde, R. Laucournet, P.X.
Thivel, Lithium recovery from aqueous solution by sorption/
desorption, Hydrometallurgy, 143 (2014) 1-11.
HJ. Hong, LS. Park, T. Ryu, J. Ryu, B.G. Kim, K.S. Chung, Gran-
ulation of Lil.33Mn1.6704 (LMO) through the use of cross-
linked chitosan for the effective recovery of Li+ from seawater,
Chem. Eng. J., 234 (2013) 16-22.
M.H. Sorour, A.M. EL-Rafei, H.A. Hani, Synthesis and charac-
terization of electrospun aluminium doped Li, Mn, O, Spinel,
Ceramics Int., 42 (2016) 4911-4917.

[43] EM.]. Deberitz, D.K. Kobele, W.N. K. Schade, Method for sepa-

(44]

[45]

[46]

(47]

[48]

rating NaCl from LiCl solution, US Patent 6063345, 2000.

G. Zhu, P. Wang, P. Qi, C. Gao, Adsorption and desorption
properties of Li* on PVC-H1.6Mn1.604 lithium ion-sieve mem-
brane, Chem. Eng. J., 235 (2014) 340-348.

M.J. Park, G.M. Nisola, A.B. Beltran, R.E.C. Torrejos, J.G. Seo,
S.P. Lee, H. Kim, W]. Chung, Recyclable composite nanofiber
adsorbent for Li* recovery from seawater desalination reten-
tate, Chem. Eng. J., 8 (2014) 73-81.

M.M.H. El-Sayed, H.A. Chase, Single and two-component cat-
ion-exchange adsorption of the two pure major whey proteins,
J Chromatogr. A, 1216 (2009) 8705-8711.

R. Trocoli, A. Battistel, FL. Mantia, Selectivity of a lithium-
recovery process based on LiFePO,, Chem. Eur. J. 20 (2014)
9888-9891, DOI:10.1002/chem.201403535.

G.A. Bazedi, R.S. Ettouney, S.R. Tewfik, M.-H. Sorour, M.A.
El-Rifai, Salt recovery from brine generated by large-scale sea-
water desalination plants, Desalination and water treatment,
Desal. Wat. Treat., 52 (2014) 4689-4697.



