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HIGHLIGHTS

® Successful amidoximation of SiO,/
polyacrylonitrile composite (SiO,/
PAO).

® PAO/SiO, highly efficient for Ga(III)
recovery from slightly acidic solution.

® Ga(Ill) desorption using 0.5M HCl
solutions for sorbent recycling.

® PAO/SiO, sorbent is selective for Ga(IIl)
recovery from multi-metal solutions.

® Ga(Ill) efficiently and selectively re-
covered from Bayer liquor using SiO,/
PAO.
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ABSTRACT

The copolymerization of styrene with divinylbenzene (DVB) in the presence of silica particles produces a commercial
silica-supported polymer (SiO,-P) that was chemically reacted with acrylonitrile to synthesize silica-supported
polyacrylonitrile (PAN/SiO,). PAN/SiO, was functionalized by grafting amidoxime moieties to produce PAO/SiO,
sorbent (silica-supported polyacrylamidoxime). The sorbent (PAO/SiO,) was characterized by XPS, TGA, FTIR, pHy,.,
elemental and SEM-EDX analyses and tested for Ga(III) recovery from aqueous solutions. The sorption performance
was investigated through the study of pH effect, sorption isotherms at different temperatures, and uptake kinetics
under slightly acidic conditions (around pH 4) and at pH close to 13.7 (similar to Bayer liquor). The equilibrium was
reached within 60 min; the kinetic profiles can be fitted by the pseudo-second order rate equation (PSORE) and the
resistance to intraparticle diffusion equation (RIDE). The maximum sorption capacity reaches 1.34 mmol Gag ™' at
25°C (1.76 mmol Ga g~ " at 55 °C): the sorption process is endothermic for solutions prepared by alkaline dissolving
of Ga,O3. The sorption capacities are higher for solutions prepared with Ga(NOs); salt: the maximum sorption
capacity increased up to 2.1-2.6 mmol Gag ™! (from 25 to 55 °C). Langmuir and Sips equations were used for fitting
sorption isotherms. Metal desorption and sorbent recycling were performed using 1.5M HCI solution. Forty-five
minutes were sufficient for achieving complete desorption of Ga(IIl). Sorption and desorption performances remain
stable for a minimum of 5 cycles. Sorbent selectivity for gallium recovery was demonstrated in the presence of an
excess of competitor cations. The sorbent was successfully applied for Ga(Ill) recovery from Bayer liquor at high pH
values (around 13): combining relatively high efficiency and selectivity compared with LSC-600 amidoxime resin.
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1. Introduction

Gallium is widely applied in high-tech industries, such as optoe-
lectronics and microelectronics for manufacturing high-quality semi-
conductors, LED lights, mobile phone devices, television and notebook
displays, solar cells, and pharmaceutic/radiology drugs [1-5]. Cur-
rently, these industrial sectors represent about 80-85% of the total
demand on this metal. All these applications in strong expansion re-
quire intensive production. Actually, gallium is not extracted from
specific mining resources [6], and this metal is only recovered as a by-
product of the exploitation of bauxite, vermiculite, coal gangue (as
associated mineral), or from high-alumina fly ashes [7,8]. Therefore, it
is important to seek an effective way to recover gallium from these
secondary resources [9]. Bayer liquor is produced as a result of alu-
minum leaching from bauxite under pressure and heating; this is one of
the most used resource for the extraction of Ga(III).

The most conventional processes for the treatment of Bayer liquor
include solvent extraction, electrochemical deposition, fractional pre-
cipitation and ion exchange. However, many of these technologies have
important drawbacks that hinder their application [10]. For example,
the electrochemical deposition method was banned in most countries
because of the high toxicity of mercury [11]. The fractional electrolytic
process has been basically suspended because of heavy environmental
burdens. The Kelex 100 extractant (based on 8-hydroxyquinoline), in-
vestigated and patented by Helgorsky and Leveque [12], was used in
the solvent extraction process of Bayer liquor as a reaction accelerator
[13]. However, the poor cost-effectiveness and the partial dissolution of
the extractant in the liquor (which also affects the composition and the
extraction performance of the residual solution) have also limited the
use of the process. Compared with the above methods, the ion-exchange
process appears fast and easy to operate: sodium aluminate can be
processed without addition of supplementary reagent. It is commonly
accepted that resins currently represent the best for recovering gallium
from Bayer liquors.

For the last decades, ion-exchange and chelating resins [14-18] and
biosorbents [19,20] have been designed and used for the recovery of
toxic and precious metals. For example, silver ions can be recovered
using amidoxime/guanidine resins [21]. Kataoka et al. [22] firstly re-
ported that chelating resins that bear both =NOH group and another
active group among =NH, —NH,, —SH or —OH, have a great affinity for
gallium. However, they faced various problems, associated, for ex-
ample, to diffusion properties, which limited their practical use in ex-
traction. For example, weak mass transfer properties and interference of
vanadium on gallium extraction contribute to hindering their applica-
tion for the treatment of complex solutions such as Bayer liquor ex-
traction [23]. There is still a need for developing new materials that
could efficiently and selectively recover gallium from complex solutions
with optimized mass transfer performances.

Porous silica-based sorbents are very useful supports because of the
possibility to manufacture relatively small physical particle size, with
high surface area and pore volume [24-30]. In many cases, especially
with poorly structured materials, the sorption kinetics is limited by the
resistance to intraparticle diffusion (inside the resin); decreasing the
size of resin particle lead to faster kinetics. For example, Do,EHPA/SiO5-
P resin exhibited a much faster kinetics than D,EHPA/XAD-7 resin [31]:
its faster kinetics was directly correlated to their fine particle size
(about 40-60 um; this means about 10-times lower than the size of
D,EHPA/XAD-7 resin) [32].

Therefore, in this work, a composite associating silica particles and
poly(acrylonitrile), is synthesized, before being functionalized with
grafting of amidoxime groups, physico-chemically characterized and
applied for Ga(III) sorption. Indeed, amidoxime-based resins are very
efficient for metal binding [33-35].The effect of different parameters
(such as pH, temperature, presence of competitor metals) is in-
vestigated for optimizing the pH, determining the sorption isotherms
and investigating the uptake kinetics. The sorption properties are

compared at pHo 4 (optimum value) and pH 13.7 (corresponding to
alkalinity of Bayer liquor) with a conventional amidoxime-based resin
(i.e., LSC-600 resin). Gallium desorption and sorbent recycling is also
investigated before considering the selective recovery of gallium from
complex Bayer liquor.

2. Material & methods
2.1. Material

Ga,03 (purity > 99.99%) used as the main source of Ga(IIl), was
purchased from Shanghai Macklin Biochemical Co., Ltd (Shanghai,
China). The stock metal solutions were prepared at the concentration of
1000mg L' in 1M sodium hydroxide solution, before being diluted
with ultrapure water (UPW) to the desired concentration, just before
use. In order to evaluate the impact of the composition of the solution,
some experiments were also performed using Ga(NOs); salt for pre-
paring the solutions; the Ga origin will be systematically reported in the
caption of the relevant figures.

Hydroxylamine hydrochloride, divinylbenzene (DVB), acrylonitrile
(AN), acetophenone, diethyl phthalate, benzoyl peroxide (BPO),
ethanol, sodium hydroxide, sodium carbonate, hydrochloric acid and
nitric acid were supplied by Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). Commercial resin (LSC-600, Sunresin New Materials
Co., Ltd., Shaanxi, China) was provided by Tiandong Aluminum Plant
(Guangxi, China). Silica was supplied by Asahi Chemicals, Co Ltd.
(Osaka, Japan). Table AM1 (see Additional Material Section) reports
the main characteristics of silica particles and commercial resin (con-
sidered as reference material; i.e., LSC-600).

The circulating Bayer liquor, provided by China Aluminum
Corporation (Beijing, China), contains 65 elements that are summarized
in Table AM2 (see Additional Material Section). The most relevant
elements (in terms of abundance or commercial interest) in this solution
are Cs, Rb, Ga, V, Ca, and Al with concentrations as high as 230 mg L™ *,
380mg L™!, 182mg 17!, 96mg L™ %, 98mg L™ and 35g L™, re-
spectively.

2.2. Synthesis of PAO/SiO; resin

2.2.1. Preparation of PAN/SiO, resin

The composite support (SiO,-P) with mean diameter of 50-100 um
(0.6 um pore size, and 0.69 pore fraction) was obtained by copoly-
merization of styrene with divinylbenzene (SDB) and immobilized on
SiO, particles (silica content was close to 17-18 wt%) [36,37]. One
hundred g of silica particles was placed in a rotary evaporator flask and
dried in vacuum for 60 min (under a pressure lower than 3000 Pa); air
was then purged with a N, stream for 30 min. Two hundred mg of in-
itiator (BPO) were dissolved in a mixture of 22.95 g of acrylonitrile and
3.32mL of DVB, the reagents were then added drop wise to the mixture
of diluent containing 43.66 mL of acetophenone and 29.1 mL of diethyl
phthalate. The mixture was vigorously rotated for 2h at 24 °C, before
being maintained under reflux (in silicone-oil bath) at 90 °C for 7 h to
complete polymerization. The produced material (silica-supported
polyacrylonitrile, PAN/SiO,) was washed several times with acetone
and water to remove unreacted monomers, diluents and small mole-
cular substances before being dried under vacuum overnight at 40 °C.

2.2.2. Functionalization of PAO/SiO, sorbent

A fixed amount (6.25 g) of NH,OH-HCl was dissolved in 200 mL 1:1
(v/v) deionized water/ethanol in a three-necked flask under N, atmo-
sphere, 4.58 g Na,CO;3; were then added to the solution. Ten grams of
PAN/SiO, sorbent were added to prepared solution under reflux at
70°C for 5h in a water bath [38,39]. The produced yellowish silica-
based polymeric composite (silica-supported polyacrylamidoxime,
PAO/SiO,) was filtered off, washed several times with ethanol and
dried in vacuum overnight at 40°C. Figure AM1 (See Additional



Material Section) schematically shows the preparation process for
composite particles of PAN/SiO, support and PAO/SiO, sorbent. Fig. 1
shows the expected structure of the synthesized resin (PAO/SiO5).

2.3. Characterization of the sorbent

FT-IR spectrometry analysis was performed in the range
4000-400 cm ™! using a Shimadzu IRTracer-100 FT-IR spectrometer
(Tokyo, Japan). All the samples were dried at 60 °C before being ana-
lyzed. Samples were conditioned as KBr disk containing 1% (w/w) fi-
nely ground material particles. Carbon, hydrogen, and nitrogen con-
tents were determined using elemental analysis (2400 Series II CHNS/O
elemental analyzer, Perkin-Elmer, Waltham, MA, USA). The thermal
decompositions of PAN/SiO, and PAO/SiO, were evaluated by TG-DTA
equipment (Netzsch STA 449 F3 Jupiter, NETZSCH-Geradtebau HGmbh,
Selb, Germany); analysis was carried out under N, atmosphere condi-
tions (in platinum cell). Morphological studies of the commercial resin
and PAO/SiO, were performed by scanning electron microscopy
(Phenom ProX SEM, Thermo Fisher Scientific, E indhoven, The
Netherlands) at an accelerating voltage of 15kV. The chemical com-
position of the samples was semi-quantitatively characterized by energy
dispersive X-ray analysis (integrated to Phenom ProX SEM. In addition,
BET surface area and porosity of the resin were recorded with a
Micromeritics TriStar II (Norcross, GA, USA) system at 77 K, and using
the BET equation with N, gas and desorption branches of isotherms
based on BJH methods, respectively. BET samples were swept for 4 h at
120 °C with N, gas before testing.

The pHpzc was obtained using the pH-drift method [40]: 100 ( + 5)
mg of sorbent was shacked with 30mL of a 1M and 0.1 M NaCl at
different initial pH values (pH, in the range 1-14); after 48 h of contact,
the equilibrium pH (pH.q) was determined using a S220 Seven Compact
pH/ Ionometer. The pHpyc value corresponds to the condition:
pHO = pHeq~

XPS spectra were measured using an ESCALAB 250XI* instrument
(Thermo Fischer Scientific, Inc., Waltham, MA, USA) with monochro-
matic X-ray Al Ka radiation (1486.6 eV) and the following operating
parameters: spot size: 500 um; absolute resolved energy interval cali-
brated with Ag3ds,» line (0.45eV) and Cls line (0.82eV); sample-
preparation pressure was set to 108 mbar; the full-spectrum pass en-
ergy and the narrow-spectrum pass energy were fixed to 50 eV and
20 eV, respectively.

2.4. Sorption experiment

2.4.1. Sorption studies

Metal ion binding capacity was measured by the batch equilibration
technique with varying pH solutions (pH 3 to 14) after dilution of stock
metal solution (in the case of the evaluation of pH effect). To avoid
precipitation at low pH values, Ga(IIl) solutions were dissolved in 1
( £ 0.1) M sodium hydroxide; the concentration of Ga(IIl) in the solu-
tions did not exceed 50mg L~ (except for sorption isotherms). The
presence of precipitate was systematically checked before validating
experimental results. Some experiments were also performed using
gallium nitrate salt for the preparation of the solutions in order to
measure the relative impact of the composition of the solution (high
salinity). The pH of the solutions was controlled by 0.1 M/1 M HCI or
NaOH solutions.

Sorption tests were performed using a fixed solid/liquid ratio (sor-
bent dosage, SD) close to 280 mg L.~ '. The suspension was maintained
under agitation on a reciprocal shaker (agitation speed: 150 rpm) for
48 h. The equilibrium pH was monitored; 5 mL of the supernatant was
withdrawn, filtrated on a fi lter me mbrane (0.45 um ). Th e residual
concentration of Ga(IlI) (Ceq, mg Ga L™ ! or mmol Ga L™ 1) was analyzed
by inductively coupled plasma atomic emission spectrometry (ICPS-
7510 Shimadzhu, Tokyo, Japan) under the following conditions: 15 L
min ! plasma gas flow and 0.6 L min ~ ! nebulizer gas flow. Most of the

experiments were performed at pH close to 4. However, in order to
evaluate the efficiency of the sorbents for industrial-like solutions (such
as the Bayer liquor) complementary tests were also performed with
solutions prepared at pH 13.7. For uptake kinetics samples were reg-
ularly contacted over 48 h of contact and filtrated samples were ana-
lyzed for residual concentration. In the case of sorption isotherms the
initial concentration was varied between 20 and 300 mg Ga L™ ".

The sorption capacity (q, mg Ga g~ * or mmol Ga g~ 1) was calcu-
lated using the mass balance equation:

q= (Co — Ceq)V/m~ (@)

where q is sorption capacity (mg Ga g~ or mmol Ga g~ 1), C, and Ceq
are the initial and the equilibrium concentrations of gallium in solution
(mg L™! or mmol L™1), V and m are the volume (L) and the weight of
dry sorbent (g), respectively.

Gallium desorption was tested using 1.5M HCI solutions (SD:
400 mg L~ !) with a contact time set to 1 h. The recycling of the sorbent
was characterized over 5 successive sorption and desorption cycles by
comparing sorption and desorption efficiencies under similar experi-
mental conditions; sorption step: the sorbent (20 mg) was mixed with a
50mg Ga L™ solution for 24h (SD: 400mg L™ Y); a rinsing step was
systematically processed between each sorption and desorption step.

In order to approach the selectivity of the sorbents for Ga in com-
plex solutions, such as the Bayer liquor, sorption capacities were de-
termined and compared for Ga(III) (1.09 mM) in the presence of excess
of Al, Mg, Ca (1.71 mM, 1.88 mM, 2.4 mM, respectively). Different pH
values (in the range 1-14) were tested and the equilibrium pH values
were monitored together with the determination of sorption capacities,
g, and selectivity coefficient, Scyje1,me2 calculated according to:

Yeq,Me1

Mel =

_ d _ Ceq,Mel

Seme1/me2 = T,dMeZ = Gegme
Ceq,McZ (2)

Note: all experiments were duplicated in order to evaluate the re-
producibility: the overall variation did not exceed 5%. Detailed ex-
perimental conditions are systematically reported in the caption of the
figures and tables.

2.4.2. Modeling uptake kinetics and sorption isotherms

The uptake kinetics may be controlled by the intrinsic reaction rate
using conventional equations (pseudo-first order reaction rate (PFORE)
[41,42] and the pseudo-second order reaction rate (PSORE) [43]. These
models have been initially designed for describing homogeneous che-
mical reaction; their extension to model heterogeneous sorption process
means that the apparent rate coefficients integrate the contribution of
the mechanisms of resistance to diffusion. The resistance to in-
traparticle diffusion was modelled using the so-called Crank equation
[44]. Table AM2 (see Additional Material Section) reports the relevant
equations.

Fig. 1. Suggested structure of PAO/SiO, sorbent.



The sorption isotherms represent the distribution of the metal be-
tween the liquid and the solid phases at equilibrium for different initial
metal concentrations. They are usually fitted by conventional models
such as the equations of Langmuir [45,46], Freundlich [47] and Sips
[48]. Relevant equations are reported in Table AM3 (see Additional
Material Section).

2.4.3. Tests on Bayer liquor

In order to evaluate the potential of this sorbent for industrial ap-
plication, a series of tests was performed on a complex Bayer liquor
sample containing 65 different elements (Table AM4, see Additional
Material Section). A special attention has been paid to the selectivity of

Table 1

the sorbent for Ga(IIl) against Al(III) and V(V) because of their large
excess or their potential interest in the Bayer liquor sample. Uptake
kinetics have been compared together with the distribution coefficients
for AI(III) and V(V) (and then the selectivity coefficients Scg,,v and
Scgasa1)- The pH of the solution was adjusted at different pH values (i.e.,
11.3 and 11) and the losses on precipitation of the most representative
elements were determined prior to testing sorption performance on
both the sorbent and the commercial resin (i.e., LSC-600). On the final
step of this study, the sorbent was successfully applied toward circu-
lating Bayer liquor with 65 metal ions, including AI(III), V(V), and Ga
(III) ions.

SEM and EDX analysis of the commercial resin, PAN/SiO,, PAO/SiO, sorbent after sorption and desorption from simu-

lated Bayer liquor.

Specification

SEM analysis

EDX analysis

Commercial
resin

Element |[Element [Atomic Weight
Symbol |[Name _|Conc. |Conc.

C Carbon | 58.61] 5255
N Nitrogen | 22.54| 23.57
() Oxygen 16.22| 19.37
Na Sodium 2.63| 451

e R B N

PAN/SiO,
sorbent

Element

Element |Atomic|Weight
Symbol "

Name | Conc. |Conc.
Oxygen | 45.70| 40.82
25.03

PAO/SiO,
sorbent

PAO/SiO;
sorbent +
Ga(III) from
simulated
Bayer liquor

Element [Element |Atomic ' Weight
Symbol |Name |Conc. |C

o Oxygen | 50.78| 50.88
Si Silicon 16.72| 27.33

C Carbon | 17.52] 10.85
N Nitrogen | 14.98| 10.95

Element [Element |Atomic (Weight
Symbol |Name Conc. | Conc.

o Oxygen [39.54 [38.7
Si Silicon  |11.14 |21.52
e Carbon |37.81 |29.22
N [Nitrogen [9.97 ]9.48

[Ga [Gallium _[1.54  [1.08

PAO/SiO,
sorbent after
desorption

Element [Element [Atomic [Weight
Symbol |Name |Conc. |Conc.
[ Oxygen | 53.67
c Carbon | 22.82
~ Nitrogen | 11.81
si Silicon 11.70

Commercial

Element Element |Atomic |Weight
Symbol |Name Conc. |Conc.

Oxygen | 40.24] 42.78
Carbon | 38.50| 30.73

resin +
Ga(III) from
binary
solution

Nitrogen
Sodium

10.72
10.40

16.47
9.68

Gallium

0.07:

0.34.




3. Results & discussion
3.1. Characterization of the sorbent

3.1.1. Morphological investigations — SEM & SEM-EDX analysis

The morphological structure and the chemical composition of the
sorbent surface have been characterized by SEM observations and EDX
analysis. Table 1 reports the characterization of commercial resin (LSC-
600), PAN/SiO, and PAO/SiO, sorbents before and after sorption from
highly alkaline solution (at a pH value close to those found for Bayer
liquor). The SEM observation shows the difference in size of the resins:
around 400-500 pm for LSC-600 commercial resin vs. 170-180 um for
PAO/SiO,. In addition, the sorbent shows the presence of micro-pores
on its rougher surface. These characteristics let expect the sorbent to get
higher external and specific surface area (see below for confirmation on
BET analysis).

The semi-quantitative EDX analysis confirms the high percentage of
organic components (i.e., C, N, O) compared to SiO, support. This is a
clear evidence of the successful grafting of PAN (and its amidoxime-
derivative). Hence, N and O fractions increase from 5.86% and 40.82%
on PAN/SiO, to 10.95% and 50.88% on PAO/SiO,, respectively. The
functionalization of PAN increases the density of highly reactive groups
(amidoxime groups): N content increases from 4.184mmolNg~ ' to
7.818 mmol N g~ '; this means that the substitution degree of ami-
doxime groups onto nitrile groups exceeds 80%.

EDX analysis was also performed on the material after being mixed
with the Bayer liquor-like solution for 6 h. The mass fractions of Ga, O,
N, C and Si elements reach 1.08%, 38.7%, 9.48%, 29.22% and 21.52%,
respectively. The sorbent is efficient for binding Ga(IIl) at short contact
time. The sorbent was also characterized at different contact times (up
to 20 days, Table AM5, see Additional Material Section): surprisingly
the EDX confirms that the amount of Ga immobilized on the sorbent
decreases with contact time (above 6 h). The affinity of the sorbent for
Ga(IIl) decreases with increasing the agitation time. In addition, the
long stay of the sorbent in the alkaline Bayer liquor contributes to de-
stabilizing the material (deformation of the spherical beads, probably
associated to partial dissolving of Si in very alkaline solutions). How-
ever, Table AM5 confirms that Si content at the surface increases after
being in contact with the Bayer liquor EDX analysis till 5 days of contact
(up to 19.5% mass fraction) while above 5days of contact, the Si
content tends to decrease and stabilize around 15% mass fraction. The
variation of Si content at the surface of the beads may be associated to
Si binding and/or migration of Si from core to outer surface of the
composite.

EDX analysis was also performed on G a(Ill)-loaded sorbent after
elution by 1.5M HCI solution (see below). Gallium element completely
disappears from the surface of the polymer: HCI is highly efficient for
desorbing Ga(Ill) and the material is not de-structured after being in
contact with highly acidic solutions. This is consistent with FTIR ana-
lysis (see below).

3.1.2. Textural properties of sorbents

The surface area, pore size, and pore volume of the commercial
resin and PAO/SiO, are summarized in Table 2. The specific surface
area (SSA) and pore volume of the PAO/SiO, resin 133.4m?g~! and
0.7cm®g ™! are significantly h igher t han t he v alues o btained with
commercial LSC-600 resin (i.e., 49m?g~! and 0.1cm®g~' respec-
tively). This is consistent with the strong reduction in the average pore
size of the two materials: 514 A for LSC-600 vs. 72 A for PAN/SiO»; it is
noteworthy that the coating of silica particles strongly changes the
textural properties of the support (SSA: 68 m? g~ !; average pore size:
686 A). Increasing specific surface area is e xpected to e nhance mass
transfer properties and improve uptake kinetics.

3.1.3. FT-IR analysis
Fig. 2 shows the most interesting peaks of FT-IR spectra for PAN/

SiO, and PAO/SiO, materials; the spectra of Ga(Ill)-loaded amidoxime
sorbent and metal-desorbed materials are also presented. Full scale
spectra (400-4000cm ') appear on Figure AM2 (see Additional
Material Section). The peak appearing at 2240 cm ™! is assigned to the
stretching vibration of nitrile groups (C=N group) on polyacrylonitrile
grafted silica [49,50]; this is corroborated by the band at 2928 cm”},
which is attributed to C—H stretching in aliphatic methyl groups [49].
After amidoximation (PAO/SiO, sorbent), the broad band at
3422 cm ™! is intensified because of the OH and NH groups (amidoxime
moiety) immobilized on PAN/SiO, sorbent. The peak at 2240 cm™!
disappears due to the grafting of amidoxime on nitrile groups [50], and
a new band is appearing at 1669 cm~*'; this band is assigned to the
stretching vibration of C=N secondary amide [51,52]: amidoxime is
successfully grafted on the sorbent and replaces nitrile groups. A new
peak appears at 1382 cm ™! (associated to —OH stretching peak [53]).
On the other hand, the peak at 939 cm ! confirms the presence of the
N—O group of amidoxime [50,54]. Three peaks assigned to Si—O—Si
[55] for PAN/SiO,, PAO/SiO,, Ga(Ill)-loaded sorbent and metal-des-
orbed material can be identified: (a) a broad peak (overlapped with
C—O stretching signal) appears at 1107 cm ™%, 1110cm ™%, 1109 cm ™!
and 1108 cm ™!, respectively [56]; (b) the peak overlapped with C—C
peak appears at 800cm ™', 798cm ™!, 802cm ™' and 805cm™?, re-
spectively [55], and another one appearing at 460 cm ™!, 460 cm ™%,
463 cm ' and 464 cm ™, respectively [55,57,58].

These different observations confirm the presence of the silica core,
the grafting of acrylonitrile and the efficient functionalization of the
nitrile groups with amidoxime moiety. The general structure of the
sorbent is then confirmed.

The spectrum of Ga(lll)-loaded sorbent is characterized by little
shifts and decreased intensities for the peaks assigned to N—O, NH and
OH peaks as shown in Fig. AM6 (see Additional Material Section). The
intensities of the signals (transmittance) for —OH, C—N and —C=N
bands in PAO-SiO, sorbent decrease from 23%, 55% and 17% to 13%,
51% and 10%, respectively. In addition, the peak for N—O completely
disappears after metal binding. This is a first indication that these
chemical groups, which are characteristics of amidoxime compound,
are involved in metal binding. This is consistent with the character-
ization of Ga(IIl) binding on HF528 resin (an amidoxime-modified ac-
rylonitrile-DVB resin) [59]. Long et al. [60] reported the appearance of
apeak at 595cm ™ ! after Ga(1II) sorption on a resin bearing amidoxime
groups and the weak impact of metal binding on nitrogen-based com-
pounds: they concluded that Ga(III) sorption occurred on the O group of
amidoxime group. Zhao et al. [10] also reported for Ga(Ill) recovery
from Bayer liquor using LSC-700 amidoxime-based resin that gallate
ions (i.e., Ga(OH), ) are bound on deprotonated OH group of ami-
doxime moiety. The large band associated to silica does not allow
identifying this peak on the PAN/SiO, sorbent; in addition Ga(IIl) was
bound on the sorbent at pH close to 4, where Ga(IIl) is not present as
gallate: the sorption mechanism is probably different. It is noteworthy
that after Ga(Ill) desorption, the spectrum of the sorbent is partially
restored: the main characteristic peaks are identified again. Figure AM3
(see Additional Material Section) shows the FTIR spectra of commercial
resin (LSC-600), before and after Ga(III) sorption and after metal des-
orption. The sorption of Ga(Ill) is followed by a decrease in the in-
tensity of some peaks associated to NH and OH groups (at 3300 cm ™ 1):
the functional groups C=N—OH is involved in metal binding. This is
confirmed by the weakening of the N—O peak at 970 cm ™!, after Ga(III)
sorption. These results obtained at pH close to 4 are consistent with the

Table 2
Textural properties of PAO/SiO, and LSC-600 resin.

Sample name Surface area/(mz/g) Pore size/A Pore Volume/(cms/g)

LSC-600 4.9 514.0 0.1
PAO/SiO, 133.4 72.4 0.7
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Fig. 2. FTIR spectra of PAN/SiO,, and PAO/ SiO, for identifying the chemical
modifications of the support; for amidoxime sorbent: spectra after Ga(IIl)
sorption and after metal desorption (scaled to the wavenumber range:
400-2400 cm ).

observations on PAO/SiO, sorbent. The partial conversion of PAN into
PAO (see below) also means that some nitrile groups not converted may
be available for possible interactions with Ga(III) ions.

3.1.4. Element analysis

The percentages of carbon, nitrogen, and hydrogen at different
stages of the synthesis procedure have been monitored by elemental
analyzer. The most significant marker of the chemical modification in
either PAN or PAO is the nitrogen content; this is roughly consistent
with the supposed reaction pathway: nitrogen content progressively
increases. As expected, the second step in the synthesis (conversion of
PAN into PAO due to hydroxyl amine hydrochloride reaction) increases
N content (Table 3). Nitrogen content increases from 2.94%
(2.1mmolg™ 1) to 4.04% (2.88mmol N g~ !). Based on the suggested
reaction pathway (Figure AM1, see Additional Material Section) the
variation in nitrogen content (close to 37%) means that the substitution
degree approaches only 37%, lower than the value retained from the
semi-quantitative elemental analysis obtained through EDX character-
ization.

3.1.5. Thermo-gravimetric analysis

The thermal stabilities of PAN and PAO resin were measured under
nitrogen atmosphere using TGA (Figure AM4, see Additional Material
Section). In the case of PAN sorbent, thermal decomposing is char-
acterized by three stages: (a) first removal of water and bound solvent
molecules occurs between 25.7 °C and 109.7 °C [52,61]; the mass loss
counts for about 7.0%; (b) in the second stage, identified in the tem-
perature range between 109.7 °C and 405.3 °C, the mass loss represents
19.2%; this stage is probably due to degradation of polymer backbone
(with two alternative or concomitant degradations: styrene-DVB back-
bone and/or acrylonitrile moiety) [62]; and (c) finally, the last step
(counting for about 11% in terms of weight loss) occurs between
405.3 °C and 617.9 °C (centered around 500 °C) corresponds to the final
degradation of the remaining organic materials. For PAO sorbent
thermal degradation, four-step mass-loss can be identified; as shown on
both TGA and DSC profiles. The first mass-loss (arounds 9.8%) happens
in the range 25.7-108.6 °C (assigned to water and solvent). The second

stage (mass-loss close to 9.7%) in the degradation process is observed
between 108.6 °C and 290.5 °C; this is assigned to the decomposition of
functional groups of hydroxyl and amine moieties on amidoxime
backbone. It is noteworthy that this second phase in the degradation
occurs at a much lower temperature than for PAN/SiO, material:
amidoxime moiety is less thermally stable than acrylonitrile group; this
is consistent with the conclusions reported by Ajmal et al. [63] and
Zhari et al. [64]. The third stage in the thermal degradation of PAO/
SiO, ranges between 290.5 °C and 407 °C (about 18.6% mass-loss); this
is assigned to the decomposition of the polymer chain. The final stage
takes place between 407 °C and 690 °C (counting for 9.9 mass-loss); this
is attributed to the final degradation of the remaining organic materials
[65]. The total mass losses represent 36.7% and 48.0% for PAN/SiO,
and PAO/SiO, sorbents, respectively. This clearly demonstrates the
increase in hydrocarbon content in the amidoximated material com-
pared to its PAN precursor. On the other hand, the residual material at
temperature above 700 °C represents the approximate amount of silica
core in the resins (i.e., about 63% and 52% for PAN/SiO, and PAO/SiO,
sorbents, respectively): a substantial part of the materials is represented
by inactive silica core.

3.1.6. pHpzc analysis

Fig. 3 shows the titration curve for the determination of the pHpyc
(pH-drift method); two experiments were performed changing the
concentration of the background salt (i.e., 1M and 0.1 M NaCl). The
maximum pH variation is reached at pHy around 4 (i.e., ApH between
1.5 and 2.4, depending on the background salt). The values of pHpzc are
very close (i.e., 6.84 and 6.85 for 1 M and 0.1 M NacCl, respectively).
This means that the PAO/SiO, sorbent is positively charged in acidic
solutions and negatively charged in alkaline solutions. The positively
charged sorbent may repulse cationic species; increasing the pH de-
creases the positive charge of the material and then reduces the re-
pulsive effects. These characteristics will be critical for pH control on
sorption performance through the attraction/repulsion effects crossed
to the effects of metal speciation.

3.1.7. XPS identification

XPS analysis was performed on the sorbent before and after Ga(III)
sorption in order to confirm the sorption mechanism (Fig. 4: full XPS
survey). Table AM7 (see Additional Material Section) shows the XPS
spectra of the C Is, O 1Is, N 1s and Ga 2p signals (including band de-
convolution) while Table AM8 (see Additional Material Section) reports
the assignment of the deconvoluted bands and their relative atomic
fractions. The effective sorption of Ga(Ill) is confirmed by the appear-
ance of the specific Ga 3d signals but also by substantial shifts in the
binding energies (BEs) of selected signals and appearance of new peaks
(in the deconvoluted profiles) because of the modification of their
chemical environment after metal binding. In the 1110-1150 eV range,
two peaks are appearing (corresponding to Ga 2p3z,, and Ga 2p;,»
bands, around 1117.6 eV [66] and 1144.3 eV, respectively; the splitting
spin-orbit is close to 27 eV) and a loss feature for a BE of 1132 eV. The
individual bands can be deconvoluted with a large peak corresponding
to Ga(Ill) bound species and a much smaller peak corresponding to
native oxide at higher BEs (i.e., close to 1119.6 eV and 1144.7 eV).

For C 1s bands, the deconvolution of the signal into bands associated
with C—C, C—H, C—NH, and C=NOH contributions and the compar-
ison of XPS spectra for raw material and metal-loaded sorbent show a

Table 3
Chemical compositions (C, H and N mass percentages) of PAN/SiO, and PAO/
SiO,.

Sample name C (%) H (%) N (%) N (mmol. g~ 1)
PAN/SiO, 12.52 1.323 2.94 2.10
PAO/SiO, 12.55 1.644 4.04 2.88
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Fig. 3. Determination of pHp,c by the pH-drift method (sorbent dosage, SD: 2 g
L™%; background salt:(1 M NaCl (grey symbols), and 0.1 M NaCl (black sym-
bols)); contact time: 48 h).
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Fig. 4. XPS spectra of PAO/SiO, before and after Ga(Ill) loading (full survey).

shift of the BEs of the nitrogen-based groups (i.e., C—NH, and C=NOH)
toward higher BEs (4 =2eV). This clearly demonstrates that the en-
vironment of C element in these reactive groups has been affected by
gallium binding.

Table AM8 (see Additional Material Section) reports very small
shifts for C—O and O—H signals on O Is signal [67]. These reactive
groups (on amidoxime moiety) are shifted by 0.3-0.4eV. The O Is
signal (at 532.48 eV), assigned to SiO, [68,69], is not affected by metal
binding. A new peak, assigned to O-Ga, is also appearing at 530.3 eV;
this may be attributed to either Ga precipitate or interaction of ami-
doxime with Ga(III).

The comparison of the signal N 1s on the sorbent before and after Ga
(III) sorption shows poor variation in the band corresponding to -NH,
in terms of BE while its relative atomic fraction decreases by about
25%. On the opposite hand, the deconvoluted band that corresponds to
=NOH is increased in terms of atomic fraction while its BE is shifted
toward lower BE after Ga(IIl) sorption. In addition, a new signal at
398.35eV, assigned to N-Ga clearly confirms the interaction of ami-
doxime moiety with Ga(III).

XPS spectra demonstrate that both O- and N- based reactive groups
of amidoxime moieties are sharing electrons with Ga(Ill) after metal
binding.
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Fig. 5. Effect of pH on sorption capacity for Ga(IIl) using PAN/SiO, and pH
variation during metal sorption: (a) Ga,Os solution, (b) Ga(NOs3); solution
(Sorbent dosage, SD: 280 mg L™ Co: 0.567 mmol Ga L™ T: 25°C; agitation
speed: 150 rpm; contact time: 48 h).

3.2. Sorption properties

3.2.1. pH effect

The pH is a critical parameter in the management of sorption pro-
cesses, especially for the binding of metal ions. Indeed, the pH influ-
ences the speciation of the metal in solution (hydrolysis, complexation,
precipitation [70,71]) and the ionic charge of reactive groups at the
surface of the sorbent (protonation and deprotonation of functional
groups).

Fig. 5 shows that the pH is hardly affected during metal sorption:
the variation does not exceed 0.8 pH unit. The sorption capacity is
sharply increased between pH 2 and 4, reaches a maximum around 5.2
and progressively decreases with increasing the pH. This can be directly
correlated with the predominating Ga(IIl) species. In acidic solutions,
free Ga(lll) is predominating: below pH 3, Ga®* is the major species
and Ga(OH)?" fraction progressively increases with pH. Between pH 3
and 4.5, protonated hydrolyzed species predominate (Ga(OH)?>* and
Ga(OH),* to a lesser extent). Anionic hydrolyzed species (i.e., Ga
(OH), ) begins to form at pH 3.8 and becomes predominant at pH
higher than 4.5 (at this pH, neutral species Ga(OH)3 reaches its max-
imum fraction close to 10% of total gallium) [71]. Zhang et al. [70]
report slightly different predominance ranges around pH 5: between pH
4 and 6, they report predominance of the neutral species (i.e., Ga(OH)3)
while the anionic species (i.e., Ga(OH), ~ ) becomes to form at pH 4 and
predominates over pH 6. The pHpyc of the sorbent has been determined
by the pH-drift method (see above, Section 3.1.6.) close to 6.85. At pH
below 6.85, the sorbent is protonated and positively charged: this may
repulse metal cations and explain the low sorption capacity of PAO/
SiO, sorbent; with the pH increase the sorption repulsion progressively
decreases and enhances metal binding. A pH close to 5-5.5 seems to be



a good compromise between metal speciation and protonation/depro-
tonation properties of the reactive groups of the sorbent. Amidoxime
moieties have been characterized as the main functional groups in-
volved in metal binding (FTIR and XPS characterizations). Zhao et al.
[10] discussed the mechanisms involved in Ga(IIl) binding using ami-
doxime-based sorbent. They reported that 3 different mechanisms can
explain metal ion sorption on amidoxime groups: (a) binding on oxygen
group (from —OH), (b) binding on both O and N donor atoms (to form a
5-membered chelate ring), and (c) the third mode that involves n2 in-
teraction with N—O oximido reactive group. Based on FTIR analysis
they concluded that Ga(III) was bound by deprotonation of —OH group
and local binding. In the present case, FTIR and XPS analyses have
shown that the chemical environment of N and O reactive groups have
been affected by Ga(III) sorption. The chelate formation appears to be
more appropriate for describing metal binding; similar mechanism was
reported for the binding of uranium on amidoxime-based sorbent [72].
This is consistent with the deprotonation of —OH and NH groups. The
decrease of sorption capacity with increasing pH is associated to the
change in protonation of the sorbent, and the shielding effect of Na™
ions on N and O reactive groups.

The profiles shown on Fig. 5 for solutions prepared by G a,O3 mi-
neralization in NaOH solutions and by dissolving of Ga(NO;); salt do
not different in the pH edges and the m aximum s orption is equally
observed around pH 5. The main difference is reported in terms of
sorption capacities: the nitrate salt allows reaching a higher sorption
capacity under comparable experimental conditions (i.e.,
1.44mmol Ga g~ ! vs. 1.08 mmol Ga g~ 1). The high ionic strength as-
sociated to NaOH dissolving contributes to decrease the availability of
reactive groups (due to competition or shielding effects).

The occurrence of metal hydrolysis and precipitation phenomena at
high concentration at pH 5-5.5 make selecting pH 4 as the working pH
more appropriate for further basic studies. However, the sorption stu-
dies were also performed at pH 13.7 for evaluating sorption perfor-
mance for industrial effluents like Bayer liquor. In highly alkaline so-
lutions, Ga(IIl) is present as hydrolyzed anionic species (i.e., mainly Ga
(OH)s*7) [70,71].

3.2.2. Uptake kinetics

The uptake kinetics has been investigated at pH 4 and pH 13.7 for
both PAO/SiO, and LSC-600 (a commercial amidoxime-based resin)
(Figs. 6-8). The analysis of kinetic profiles d oes n ot bring only in-
formation on the time required for reaching equilibrium but also on the
stability of the material (and its interaction with target solute) and on
the controlling step in the sorption mechanism.

Under selected experimental conditions (i.e., SD: 0.25 mg L~! and
gallium concentration in the range 20-40mgG al™! or
0.364-0.595 mmol Ga L™ 1) at pH 4.01, the time required for reaching
the equilibrium does not exceed 60 min (Figs. 6 and 7). Seventy % of
total sorption occurs within the first 15 min of contact: sorption takes
place on the very accessible sorption sites at the surface of the sorbent
and the first external layers of the material. In the second step, a slower
sorption occurs driven by the diffusion into the pores of the composite
sorbent (amidoximated PAN immobilized on silica particles). Fig. 6
compares the modeling of kinetic profiles w ith the 3 m odels (i.e.,
PFORE, PSORE and RIDE) for PAO/SiO, and the commercial ami-
doxime resin (LSC-600). The sorption kinetics are comparable: the
contact time required for reaching equilibrium (about 60 min) is of the
same order of magnitude for the two sorbents; although the equilibrium
concentration is significantly lower for PAO/SiO,. Table 4 reports the
parameters of the models for the two sorbents. For solutions prepared
by mineralization of Ga,O3 in NaOH the kinetic profiles were best fitted
by the PSORE and the RIDE equations, while for the solution prepared
with G a(NQO;); salt the PFORE and the RIDE fits better experimental
profiles (lower estimated variance, EV and calculated sorption capacity
at equilibrium closer to experimental value of Qeq,exp). These data also
shows that the rate coefficients and the equilibrium sorption capacities

are higher for PAO/SiO, than for LSC-600 resin. The intraparticle dif-
fusivity of Ga(Ill) in the sorbents depends on the composition of the
solution but remains in the range 0.59-1.10 x 10~ *m?*min~" for
PAO/SiO, and around 1.6 x 10~ '° m? min~! for LSC-600. The slightly
higher diffusivity of Ga(Ill) in the commercial resin can be explained by
the larger size of pores (Table 2); however, this effect is reduced by the
much higher specific surface area of the PAO/SiO, sorbent. The com-
posite sorbent appears competitive under selected experimental con-
ditions with the commercial resin.

At pH 13.7, the sorption of Ga(IIl) is poorly efficient with LSC-600
resin: under selected experimental conditions (Co: 90mgGa L™ or
1.326 mmol Ga L.™!, and SD: 0.3 g L™ ') the sorption capacity remains
below 4mg Gag™! (Fig. 8). The PAO/SiO, resin shows a very complex
kinetic profiles that can be decomposed in three phases: (a) strong
decrease in relative Ga(Ill) concentration within the first 30 min of
contact, (b) stabilization of sorption (constant residual Ga(III)
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Fig. 6. Comparison of kinetic profiles for Ga(lll) sorption using PAO/SiO,
sorbent and LSC-600 commercial resin (Co: 25 mg GaL™ 1_0.364mmol GaL™}%;
SD: 0.25¢g LY pHo: 4.12; T: 25 °C; Gap03 dissolved in NaOH solution).
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Fig. 7. Modeling of Ga(III) uptake kinetics on PAO/SiO, using the PFORE and
RIDE equations (Co: 40 mg Ga L™ ! — 0.595 mmol Ga L™ ; SD: 0.25g L™ %; pHy:
4.12; T: 25 °C; Ga(NO3)5 salt).

concentration between 15 and 30 min and 90 min of contact (with a
sorption capacity close to 35 mg Gag™'), and (c) progressive release of
bound Ga(Ill) (after 48h of contact the sorption capacity is below
1 mg Ga g_l). The disappearance of Ga(Ill) is confirmed by the SEM-
EDX semi-quantitative analysis of PAO/SiO, exposed to Bayer liquor for
increasing contact time (Table AM4, see Additional Material Section).
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Fig. 8. Comparison of kinetic profiles for Ga(lll) sorption using PAO/SiO,
sorbent and LSC-600 commercial resin (Co: 90 mg Ga L ™! — 1.326 mmol Ga L™ ;
SD: 0.3g L™ pHo: 13.7; pHeq: 12.13; T: 25°C).

The surface of resin particles is progressively damaged and the analysis
of surface shows the presence of increasing amounts of Na element and
important fluctuations in the weight percentages of elements such as C
or Si. The aggressive conditions of Bayer liquor cause partial degrada-
tion of the support and competition or screening effects of ions present
in high concentration (such as sodium). This may explain this pro-
gressive loss of sorption performance. While using PAO/SiO, sorbent
for the treatment of Bayer liquor it will be necessary limiting the con-
tact of the resin with the solution below 90 min using batch mode
preferentially to fixed-bed column system.

Other sorbents used for the recovery of gallium from aqueous so-
lutions were characterized by similar or even higher equilibrium time
than PAO/SiO,: IRA-910, ES-346 and PAO-AN-DVB required equili-
brium times as high as 150, 240 and 40 min, respectively [11,73,74].

3.2.3. Sorption isotherms

The Ga(IlI) sorption isotherms were carried out at pH 4 with PAO/
SiO, sorbent at 3 temperatures (i.e., 25, 40 and 55 °C) in two kind of
matrices (Ga(NOs3)s and Ga,O3 mineralized in NaOH solution) (Fig. 9).
The nitrate-based solution shows the conventional profile typical of
Langmuir-type isotherm whatever the temperature: (a) strong increase
of sorption capacity, followed by (b) a saturation plateau. The max-
imum sorption capacity increases with temperature: the sorption me-
chanism is endothermic. For Ga(III) sorption isotherm at pH 4 in the
case of complex solutions (prepared by Ga,O3 dissolving in NaOH) the
profiles are atypical at T: 25°C and 40 °C. The sorption isotherm are
characterized by a sigmoidal trend: the profile begins with an un-
favorable trend with the sorption that remains negligible below a limit
Ga(Ill) concentration (close to 0.2mmol Ga L™?) before strongly in-
creasing. The high salinity (presence of sodium) may introduce at low
metal concentration an important competition between the sorbent and
Na(I) for binding/complexing gallate ions. At T: 55 °C, this effect is not
noticeable: the profile is close to the Langmuir-type shape. For the
sorption isotherms obtained at pH 13.7 with Ga,03/NaOH solutions
(Fig. 9) the same trends are observed: conventional Langmuir-type
profile at T: 55 °C, sigmoidal shape at T: 25 °C and T: 40 °C.

The modeling of sorption isotherms by conventional Langmuir and
Freundlich models is made difficult by the sigmoidal shape of the
curves. Actually, the Sips model allows fitting much better the curva-
tures of the isotherms (Figs. 8 and 9). Table 5 shows the parameters of
the models at the different temperature and for the different types of
solutions. The power-type form of the Freundlich equation is not ap-
propriate to fit the saturation plateaus. The Langmuir equation gives
good fit of isotherms in the case of gallium nitrate solutions and for
gallium-complex solutions at T: 55 °C. In most cases, the Sips equation
gives much better mathematic correlation; obviously the introduction



Table 4

Kinetic parameters for the sorption of Ga(Ill) at pH 4 using PAO/SiO, and LSC-600.

Sorbent Cp (mg Ga L™ Qeg,exp PFORE PSORE RIDE
[mmol Ga L™1] (mmol Ga g~ %)
Qeq,1 ky x 102 EV Qeq2 ky X 102 EV D, x 10'° EV
(mmol Gag™!) (min~?%) (mmol Ga g~") (L mmol~* min™%) (m? min™1)
PAO/SiO," 40 [0.595] 1.44 1.42 12.7 0.0058 1.48 16.6 0.0044 1.10 0.024
PAO/SiO," 25 [0.364] 0.908 0.836 11.5 0.0094  0.900 18.0 0.0046  0.59 0.15
LSC-600"" 25 [0.364] 0.384 0.391 1.76 0.00035 0.431 5.07 0.00108 1.61 0.13

(Experimental conditions - SD: 0.25g LY pHo: 4.12; T: 25 °C; *: Ga(NO3)3 solution; **: Ga,03/NaOH solution).
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Fig. 9. Ga(IlI) sorption isotherms at different temperatures using PAO/SiO,
sorbent at pH 4 using Ga(III) solutions prepared by dissolving of Ga,O3 in NaOH
solution or Ga(NOs3)s; salt.

of a third-adjustable parameter facilitates the mathematical fit. How-

ever, the simulated curves show a better approximation of the inflexion

at low metal concentration than the Langmuir equation (see Fig. 10).
Apart the thermodynamic effect, increasing the temperature may

contribute to increase pore size of the sorbent via the expansion of the
polymer network; this make ions passing through the pores more freely
[75]. With temperature increase, the swelling of the polymeric matrix
and the additional energy brought to the system contribute to overcome
the mass resistance to ion transfer [76,77].

The comparison of maximum sorption capacities for PAO/SiO,
under different experimental conditions (temperature, pH and compo-
sition of the solution) shows great differences. Under the most favorable
conditions (i.e., gallium nitrate solutions, at pH 4) the maximum
sorption capacity varies between 2.12 and 2.61 mmol Gag~'. This
value is consistent with the nitrogen content in the sorbent (i.e.,
2.88 mmolNg’l) (Table 2). This means that Ga(III) can be bound to
the sorbent through interactions with both —NH, and —NHOH reactive
groups. In the case of less favorable conditions (i.e., pH 4 with complex
solutions and high salinity due to Ga,Os3 dissolving in NaOH) the
maximum  sorption capacities range between 1.34 and
1.76 mmol Ga g~ !, In this case the molar ratio between Ga(Ill) and —N
groups is closer to 1:1; this means that the metal ion is probably bound
on either —NH, or —NHOH groups due to the competition of ions and
the effect of ionic strength. The molar ratio between Ga(Ill) and N is
even worst in the case of the sorption of Ga(Ill) at pH 13.7 from com-
plex solution (Bayer liquor-like pH): maximum sorption capacities
range between 0.52 and 0.80 mmol Gag~ . The change in pH affects
metal speciation, and sorption mechanism; in addition, the ionic
strength limits the availability of reactive groups for metal binding.

In order to standardize the conditions for calculation of thermo-
dynamic parameters, the Sips equation was used for calculating the
sorption capacity of the sorbent under the different experimental con-
ditions for a standard equilibrium concentration of 1 mmol Ga L™ . The
values were used for calculating the distribution coefficients Kq = qeq/
Ceq (mL g_l). The Van’t Hoff equation was used for calculating ther-
modynamic parameters (change in system entropy: AS®, enthalpy: AH®
and free energy: AG?)

AS®  AHP

Ky = — - =——
4T R RT (1a)
AG® = AH® — TASO (1b)

Table 5
Ga(Ill) sorption isotherms using PAO/SiO, sorbent at pH 4 and different temperatures — Modeling with the Langmuir, Freundlich and Sips equations.
Salt background T (°C) PH  qm,exp (mmol Ga ¢~ 1) Langmuir Freundlich Sips
Qm,.. (mmol Ga g’l) b (L mmol™%) R? kg n R? Qm,s (mmol Ga g’l) bs (Lmmol ™) ng R?
Ga,03/NaOH 25 4 1.34 2.10 0.909 0.887 1.954 0.950 0.832 1.354 6.01 0.269 0.954
40 4 1.54 2.60 0.772 0.939 1.728 1.074 0.899 1.533 7.10 0.256 0.981
55 4 1.76 1.82 19.7 0.944 6.599 1.714 0.944 2.343 2.66 3.04 0.979
Ga(NO3)3 25 4 2.12 2.14 14.4 0.928 4.448 1.777 0.746 2.102 20.0 1.20 0.956
40 4 2.31 2.28 34.9 0.828 5.338 2.060 0.793 2.583 5.60 1.70 0.843
55 4 2.61 2.49 542 0.825 7.408 2.480 0.830 2.956 6.10 2.58 0.872
Ga,03/NaOH 25 13.7 0.52 0.688 1.327 0.691 2.207 0.354 0.631 0.537 4.03 0.501 0.736
40 13.7 0.61 0.838 1.094 0.860 2.049 0.400 0.796 0.682 2.05 0.677 0.885
55 13.7 0.80 0.994 1.576 0.981 2.415 0.561 0.950 1.005 1.52 1.020 0.981
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Fig. 10. Ga(lIl) sorption isotherms at different temperatures using PAO/SiO,

sorbent at pH 13.7 — Comparison of isotherm models (solutions prepared by

dissolving Ga,O3 in NaOH solution).

Table AM9 (see Additional Material Section) reports the thermo-
dynamic parameters for the sorption of Ga(Ill) on PAO/SiO, under
different experimental conditions. The negative values of AG® and the
positive values of AH® mean that the sorption of Ga(III) is spontaneous
and endothermic. On the other hand, the positive value of the entropy
indicates that the randomness of the system increases with the sorption
of Ga(III) at the interface solution/sorbent.

The sorption capacities of PAO/SiO, for Ga(Ill) are compared in
Table 6 to the sorption capacities of alternative materials (biosorbents,
sorbents, resins, impregnated resins, minerals or activated carbon)
forsynthetic or Bayer Liquor solutions. As a general comment, the
sorption properties of grafted composite are: (a) higher than biosor-
bents, and some amidoxime resins; (b) comparable to those obtained
with several resins like CL-P204 Levextrel resin, but (¢) lower than
some of the most efficient Ga(III) sorbents like P507 extraction resin

and 3-IDA-EPI-OCS.

3.2.4. Metal desorption and sorbent recycling

Metal desorption is a key step in the design of sorption process since
the competitiveness of the process is controlled by the necessity to re-
cycle the sorbent. In addition, the desorption step, if well optimized,
allows substantially increasing the concentration of the target metal in
the eluate. This can be also the opportunity to contribute to the se-
paration of the target metal from competitor metals (which could be co-
adsorbed during the sorption step).

The sorbent collected after kinetic tests on pH 4 solution has been
used for evaluating the desorption kinetics (Figure AM7, see Additional
Material Section). An acidic solution (1.5M HCI solution) has been
selected for processing metal elution. The acid is expected to displace
the equilibrium due to the protonation of reactive groups (consistently
with the effect of pH on Ga(IIl) sorption). A contact time of 30 min is
sufficient for desorbing about 96% of gallium bound to PAO-SiO,, while
the complete desorption is achieved within 40 min of agitation (at the
agitation speed of 150 rpm).

The recycling was tested over five successive cycles of sorption/
desorption, using again 1.5M HCI solutions for metal elution and a
water rinsing step between each sorption and desorption steps. Fig. 11
compares the efficiencies of sorption and desorption at each cycle. The
sorption and desorption performances remain remarkably stable (losses
in efficiency remain below 10% and 8%, respectively).

The stability of the sorbent at the end of the 5 sorption/desorption
cycles was monitored by SEM-EDX analysis (Figure AM 8, see
Additional Material Section). The general structure of sorbent is not
affected despite the use of 1.5M HCI solution. The semi-quantitative
analysis does not show drastic changes in the chemical composition of
the sorbent; this is consistent with the FTIR analysis of the sorbent (see
Section 3.1.3). The reactive groups are not significantly affected by the
alternating steps of sorption and desorption.

3.2.5. Sorption in multi-metal solutions — Selectivity properties

The complexity of industrial effluents, of ore leachates may strongly
influence (and decrease) sorption properties. It is thus necessary before
evaluating the feasibility of the global process to evaluate the impact of
complex matrices on sorption performance. In order to reach a better
overview of the ability of PAO/SiO for treating Bayer liquor a first step
consisted in testing the sorption of Ga(Ill) in a multi-metal solution
containing Mg(II), Al(III) and Ca(Il) (in excess compared to Ga(IIl)).

Table 6
Comparison of Ga(Ill) sorption capacities (mg g~ ') for different types of sor-
bents.

Sorbent pH q(mgGag™h References
Crab shell, 2.4 17.0 [78]
chitosan (powder) 10.6
CL-P204 Levextrel resin 2.8 42.5 [79]
P507 extraction resin 3.0 82.3 [80]
Discarded tea 3 5.6 [81]
Ga(Il)-imprinted/CNTs 3.0 5.2 [82]
Bentonite 2.5 10.7 [83]
Nano-TiOy 7.3 4.1 [84]
3-IDA-EPI-OCS 2.8 139.6 [70]
Amidoxime resin 29.2 [10]
Hydroxamic Acid Resin - 8.6 [53]
Activated charcoal - 5.8 [85]
PAO/SiO, 4.01 63.3 This work
D201 14 0.19 This work
IRA900 14 0.11 This work
LSC-600 resin 13.7 3.6 This work
LSC-600 resin 4.01 26.7 This work
Si0, 14 0.00 This work
PAN/SiO, 14 0.01 This work
PAO/SiO, 13.7 35.2 This work
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This test was carried at different pH values (pHj in the range 1-13) in
order to select the most appropriate conditions for selective separation.

Fig. 12 shows the strong impact of pH on the selectivity coefficients
Ga(IlI)/Mg(II), Ga(Ill)/Al(III) and Ga(IIl)/Ca(Il). Sorption levels for
metal cations are very low at pH 1.22 and the selectivity is negligible.
On the other side, at higher pHs, the sorbent has a strong selectivity
against cations, especially against Mg(Il): the selectivity coefficient
SC(Ga/Mg) is maximum (around 450-500) for pH in the range 4-6; at
higher pH the selectivity decreases and stabilizes around 100 at pH
higher than 7.5 (selectivity below 50 for pH lower than 4). The optimal
selectivity against Ca(Il) is slightly shifted toward pH 5.5-7.2 (with
SC(Ga/Ca) close to 220-320); the SC stabilizes around 100 in a large
range of pH values (2.28-4.18 and 7.38-8.71) but increases again in
very alkaline solutions to reach a value as high as 430 at pH 12.8. For Al
(II) the highest selectivity coefficients are obtained at pH 2.28-3.27
(SC(Ga/Al) around 180) and at pH higher than 7.8 (SC(Ga/Al) varying
between 250 and 340). The lowest SC are generally obtained around pH
7.5, probably because of indistinct precipitation phenomena.

In any case the sorbent has a remarkable preference for Ga(II) over
selected metal cations making possible the separation of Ga(IIl) from
multi-metal solutions; taking into account the beneficial effect of opti-
mizing pH choice. Figure AM9 (see Additional Material Section) sche-
matizes the preferential pH ranges for optimizing separation. The molar
fraction in the sorbent is calculated at the different pH values for

plotting metal loading areas. At pH close to 5.5, Ga(III) represents more
than 90% of metal load on PAQ/SiO,. It is remarkable that Ga(III),
despite having a very close chemistry to AI(III) (both of them are
forming amphoteric hydroxides), is selectively bound to PAO/SiO..
This is a very interesting property since AI(III) is frequently found in the
leachate of ores and industrial effluents (including bauxite leaching in
the circulating Bayer liquor). The softness parameters for selected me-
tals follow the order: Ca(Il) [—0.66] < Mg(I) [—0.41] < Al(II)
[—0.31] < Ga(Ill) [+0.29] [86]; this may explain the great difference
in the sorption behavior of PAO/SiO, for these different metal ions.
This preference can be also correlated to their first pKs: Ca(Il)
[5.2] < Mg(Il) [11.5] < AI(III) [14.0] < Ga(IIl) [37.0] [87]. On the
opposite hand, the variation in their hydrated radius does not show a
clear trend since Ga(IIl) [0.62 [o\] has a hydrated radius close to the
values of AI(III) [0.55 f\] and Mg(II) [0.72 10\] and much lower than for
Ca(ID) [1.12A] [88].

Table AM10 (see Additional Material Section) shows the SEM-EDX
analysis of PAO/SiO; sorbent after contact with the multi-metal solu-
tion at 3 pH values. The weight fraction of Ga element (at the surface of
the sorbent) remains in the range 0.39-0.44%. At pH 2.8, all the metal
ions are bound to the sorbent (with weight fractions in the range
0.06-0.27%): this is the less selective pH. On the opposite hand, apart
Ga(Ill) at pH 5.9 AI(II) only is significantly bound (weight fraction
0.06%) while at pH 12.8 Mg(ll) is the only other metal loaded on PAO/
SiO,. This is consistent with the trends observed in Fig. 12.

3.2.6. Application to the treatment of circulating Bayer liquor

The chemical composition of the Bayer liquor is reported on Table
AM4 (see Additional Material Section). Among the 65 analyzed ele-
ments, the concentration of 31 metal ions exceeds 10 mg L™ . The so-
lution is very alkaline: the original pH is close to 14. The huge amount
of AI(III) (i.e., about 35g L~ !) make the solution very complex (with
levels of concentrations of iodide, tungsten, sulfur and phosphorus
elements exceeding several grams per liter). Gallium is the tenth ele-
ment in concentration; with a level of 180 mg Ga L™'. Bayer liquor is
usually considered the main source of Ga extraction for commercial
applications.

The Bayer liquor was directly tested for Ga(IIl) recovery using PAO/
SiO,. However, two additional tests were also performed on solutions
whose pH was controlled to 11.3 and 11 (taking into account that the
original pH was close to 14). The pH control induces a strong pre-
cipitation: the precipitate, mainly constituted of aluminum hydroxide
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Fig. 12. Ga(IIl) sorption on PAO/SiO, from multi-metal solutions — Selectivity coefficients in function of equilibrium pH (SD: 0.825g L™ '; Co: 1.8 ( £ 0.2) mmol L™*
for Ca(Il), Mg(Il) and AI(III); 1.01 mmol L~! for Ga; pHo: 1.0-13.0; contact time: 6 h; T: 22 + 1 °C).



and carbonates, appears below pH 11.5 and the amount of produced
precipitate increases with decreasing the pH (Table AMI11, see
Additional Material Section). The main elements semi-quantitatively
analyzed in the precipitate are Al, Na, Mg, Si and Ca, while the pre-
cipitation of Ga is negligible. This is confirmed by the ICP-AES analysis
of the supernatants (treated effluents after filtration) as appearing in
Table 7. The precipitation steps maintain high levels of aluminum,
tungsten, and silica.

Sorption experiments were compared for the three solutions (ori-
ginal pH; i.e., pH 14) and after pH control at pH 11.3 and 11. Table 7
shows that, at pH 13.7, the sorbents (i.e.; LSC-600 and PAO/SiO-) have
roughly the same sorption capacities for AI(III), Si(IV), Ca(II), Mg(II)
and Cu(I); LSC-600 binds higher amounts of W(V), V(V), Zn(Il) and Fe
(ILII), while PAO/SiO, is more efficient for Ga(Ill) re covery. At pH
11.3, the sorption capacities of the composite sorbent are maintained
for G a(III), W(V), Si(IV), V(V), while for the other metal ions the
sorption capacities decrease. Decreasing the pH to 11 contributes to
decrease the sorption capacities of all the metal ions except for Al(III)
and for G a(Ill) (the sorption capacities is increased from 15 to
21mgGag™h.

The selectivity coefficients ar e ca lculated (F igure AM 10, see
Additional Material Section). The highest selectivity coefficients are
obtained after controlling the pH to 11-11.3; It is noteworthy that va-
lues as high as 318 and 422 can be achieved against AI(III), despite a
huge excess of this metal compared to Ga(Ill). This is consistent with
the results reported in Fig. 12. PAO/SiO, sorbent has also a remarkable
selectivity for Ga(III) against W(V) and Si(IV) close to 135-138 and to a
lesser extent to Zn(II) (about 59) when the pH is controlled to 11. The
selectivity of the sorbent is decreased at higher pH values. However, at

Table 7

the original pH of the Bayer liquor (i.e., pH 13.7) the levels of Ga(III)
selectivity coefficients are higher for PAO/SiO, compared to LSC-600
commercial resin, at least for AI(III), W(V) and Si(IV).

Table AM12 (se Additional Material Section) shows the SEM ob-
servations of the sorbents after being in contact with the Bayer liquor at
selected pH values and the EDX analysis of the their surface. At pH 13.7
several elements can be identified on both LSC-600 and PAO/SiO,
sorbents. The pre-treatment of the Bayer liquor at pH 11.3 and better at
pH 11 allows the binding of alternative metals and Ga is the most re-
presentative metal immobilized on PAO/SiO, sorbent (complementary
evidence of sorbent selectivity for Ga(III) at this pH).

Taking into account the selectivity coefficients and the sorption
capacities, it seems that the pre-treatment of the Bayer liquor at pH 11
allows (a) precipitating limited amounts of valuable metals, (b) main-
taining appreciable sorption capacities for Ga(Ill), and (c) reaching high
selectivity coefficients against the most abundant metals.

4. Conclusion

The deposition of poly(acrylonitrile) at the surface of silica particles
and the further functionalization of nitrile groups (converted into
amidoxime functions) allows preparing a very efficient sorbent for Ga
(III) recovery from acidic and alkaline solutions. FTIR and XPS analyses
confirm the chemical modification of the sorbent and allow identifying
the contribution of amine and hydroxyl groups (on the amidoxime
moiety) in metal binding.

The optimum pH for Ga(Ill) sorption is close to 5.5 at low metal
concentration. To prevent metal precipitation at higher concentration,
sorption performances were investigated at pH 4. The composition of

Evolution of the concentration of major metal ions in the solution at the different steps in the pre-treatment (initial concentration, residual concentrations after
precipitation at pH 11.3 and 11), loss percentage during precipitation steps and sorption capacities for PAO/SiO, sorbent (as a comparison the sorption is also carried

out at pH 13.7 with LSC-600 commercial resin).

Metal Cp (mg LY Precipitation step Sorption step

Residual concentration (mg L™ ") after precipitation Loss after precipitation (%) Sorption capacity (mg metal g~*)

pH 13.7 pH 11.3 pH 11

pH11.3 pH 11 pH11.3 pH 11 LSC-600 PAO/SiO, PAO/SiO, PAO/SiO,
Al 35,000 27,100 15,000 22.57 57.14 20 16 7.2 7.8
w 2900 2560 2510 11.72 13.45 14 5 4.8 3
Si 560 510 490 8.93 12.5 6 5 6.6 0.6
Ca 98 80 76 18.37 22.45 10 10 4.2 1.2
A 96 82 79 14.58 17.71 11 4 3.6 2.46
Ga 180 165 162 8.33 10 6 15 15.6 21
Mg 5.7 5 4.9 12.28 14.04 2.6 2.9 0.24 0.24
Fe 15 13 13.8 13.33 8 4.4 21 1.26 1.548
Zn 23 22 21.5 4.35 6.52 4.8 1.2 0.3 0.06
Cu 5 4.5 4.2 10 16 1.1 0.8 0.12 0.06
Metal Co (mg L™1) Precipitation step Sorption step

Residual concentration (mg L™ ?) after precipitation Loss after precipitation (%) Sorption efficiency (%)

pH 13.7 pH 11.3 pH 11

pH 11.3 pH 11 pH 11.3 pH 11 LSC-600 PAO/SiO, PAO/SiO, PAO/SiO,
Al 35,000 27,100 15,000 22.57 57.14 0.1 0.0 0.0 0.1
w 2900 2560 2510 11.72 13.45 0.5 0.2 0.3 0.2
Si 560 510 490 8.93 12.5 1.1 0.9 2.2 0.2
Ca 98 80 76 18.37 22.45 10.2 10.2 8.8 2.6
A% 96 82 79 14.58 17.71 11.5 4.2 7.3 5.2
Ga 180 165 162 8.33 10 3.3 8.3 15.8 21.6
Mg 5.7 5 4.9 12.28 14.04 45.6 50.9 8.0 8.2
Fe 15 13 13.8 13.33 8 29.3 14.0 16.2 18.7
Zn 23 22 21.5 4.35 6.52 20.9 5.2 2.3 0.5
Cu 5 4.5 4.2 10 16 22.0 16.0 4.4 2.4

(Experimental conditions: T: 22 + 2°C; SD: 1g L™ for experiments at pH 13.7; and 1.67 g L™ ! for experiments at pH 11.3 and 11; contact times: 6 h).



the solution (illustrated by the use of different matrices) significantly
influences sorption properties and the maximum sorption capacity may
reach up to 2-2.5 mmol Ga(IIl) g_l, under the most favorable condi-
tions. The sorption isotherms are efficiently modelled by the Langmuir
equation for “simple” solutions; however, in the case of complex solu-
tions having high salinity, the unfavorable sorption at low metal con-
centration makes the Langmuir failing to describe the experimental
profile and the Sips equation is more appropriate. Similar trend is ob-
served at pH 13.7. The evaluation of thermodynamic parameters shows
that the sorption is endothermic, spontaneous and contributes to in-
creasing the randomness of the sorbent/sorbate system. The equili-
brium of sorption is reached within 1h of contact (under selected ex-
perimental conditions) and both the resistance to intraparticle diffusion
equation (Crank equation) and the pseudo-first o rder r ate equation
successfully fit experimental profiles. Metal desorption can be operated
using 1.5M HCI solutions and the sorption and desorption properties
are maintained over 5 cycles (with limited decrease in performances).

In preliminary experiments, the sorbent was efficiently tested for
the recovery of Ga(Ill) from Bayer liquor. Controlling the pH to 11 al-
lows the selective recovery and separation of G a(Ill) against major
elements such as AI(III), Si(IV) and W(V). The global performance of
this material deserves complementary experimentations for application
in the valorization of Ga(Ill) and other metals present in this type of
effluent that could actually be considered an important secondary re-
source of valuable metals.
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