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Abstract: The fate of eight metal ions, Co(ll), Cr(lll), Cr(VI), Cu(ll), Fe(lll), Mn(Il), Mo(VI) and Ni(ll), intro-
duced as minor components in the well-known aqueous biphasic system PEG-400/Na,S04/H,0 was inves-
tigated at T = 25°C and as a function of the increasing PEG-400 amount in the system. Among this list, the
six cations Co(ll), Cr(l11), Cu(ll), Fe(ll1), Mn(l1) and Ni(ll) tend to be excluded from the upper PEG-rich phase
as the PEG amount is increased, a behavior which is similar to that of Na(l), a major component of the
system and the binodal curve (shape and position) is not modified by their presence. By contrast, the two
oxoanions Cr(VI) and Mo(VI) accumulate in the upper PEG-rich phase (up to ca. 100%) as PEG amount in
the system is increased, which is similar to a traditional extraction phenomenon, assimilating PEG to the
(organic) extracting phase. The extraction mechanism, ascribed to the PEG crown-ether open chain prop-
erties, is supported by experiments where the PEG structure is slightly modified.

Keywords: Cr(VI), aqueous biphasic systems, extraction, crown-ether like properties of polyethylene gly-
col (PEG)

1. Introduction

Aqueous Biphasic Systems (ABS) can be defined as mixtures of three different chemical compounds,
one being water, and the other two inducing either a monophasic or a biphasic state of the sample, de-
pending on the temperature and on their proportions. In the followings, these latter two compounds will
be called ABS inducers, because both of them are needed to get a biphasic liquid/liquid state. The chemical
nature of these two compounds has dramatically evolved in the published literature, reflecting a shift in
the interest of the scientific community towards constantly new challenges. Common compositions used
to involve two polymers, such as polyethylene glycol, polypropylene glycol or dextran [1-3]. These were
followed by mixtures of a polymer as above and an inorganic salt such as NaNOs, Na,SO, etc. [4,5]. More
recently, ionic liquids (ILs, here defined as salts with a melting temperature below 100 °C) have offered a
“boost” to the field [6—8] either associated to polymers [9,10], inorganic salts as above [11,12] or mineral
acids [13,14]. Even two “simple” salts can form ABS with water [15,16].
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Apart from fundamental studies involving the determination of the binodal data (as a function of pol-
ymer molecular weight, IL chemical nature or temperature for example), ABS have also been used to per-
form liquid/liquid extraction of molecular compounds or biological entities [17-19]. The introduction of
ILs together with mineral acids in ABS composition allowed efficient metal ion extraction, even in the
absence of any extracting additional compounds [20-23]. Although this ILs/mineral acid combination may
be considered as a breakthrough in the field, in view of more environmentally-friendly process, it does
not totally avoid toxic compounds, because the deleterious impact of ILs on environment is now assessed
[24] and because releases of mineral acids have also some environmental concerns [25,26].

In order to lower the environmental impacts of extraction, it would be interesting to investigate other
compositions, avoiding as much as possible mineral acids and ILs. Therefore, this work aims at deriving
general rules regarding metal ion behaviour in ABS comprising Na,SO4 and a non-toxic, very cheap mate-
rial, polyethylene glycol (PEG). Emphasis was put on the fate of several transition metal ions: Co(ll), Cr(lll),
Cr(VI), Cu(ll), Fe(lll), Mn(ll), Mo(VI) and Ni(ll). Insights into the extraction mechanism of the only two
oxoanions of this list, Cr(VI) and Mo(VI), are obtained.

This work is of fundamental nature but it has some potential applied aspects. In this respect, the con-
centrations of the different metal ions and of the Na,SO, salt were fixed as a compromise between differ-
ent criteria. In view of the fundamental aim of this work, we had to cope with the different salt solubilities,
the need for a rather high Na,SO, concentration, in order to obtain the biphasic state, but nevertheless
avoiding immediate crystallization [27]. On an applied perspective, many industrial wastes are based on
aqueous sulfate media and contain several ions of interest to this study. For example, deadly chromium
sulfate salts are used in the tanning industry [28,29], while Co, Fe, Mn and Ni, among other elements, are
found in the leachate of NiMH batteries obtained by use of sulfuric acid [30]. Fe, Cu, Co, Cr, Mn, and Ni
are present together with sulfate ions in pickle liquors of the steel [31] and copper industry [32]. In this
last example, the Na,SO4 a concentration is in the range of 135 g/L and the concentration ratios of Na;SO4
to the metal ions vary from ca. 4 to more than 100. We therefore chose to test the robustness of the
system PEG-400/Na,S04/H-0 by setting a single individual concentration of all the metal ions and a Na;SO4
concentration close to the value of 135 g/L cited above.

2. Materials and Methods
2.1 Chemicals

Polyethene glycol with an average molecular weight of 400 (abbreviated as PEG-400) was acquired
from Chem-lab with a purity of 99% while polypropylene glycol with an average molecular weight of 400
(abbreviated as PPG-400) and tetraethylene glycol dimethyl ether (abbreviated as TEG-DE) were acquired
from Sigma-Aldrich. The chemical structures of these organic compounds are displayed in scheme 1.
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Scheme 1: Chemical structure of (left to right): PEG, PPG and TEG-DE (source: Wikipedia).



Sulfuric acid H,SO4 (96% in water) was provided by Carl Roth while Na;SO4 was purchased from Fisher
Chemicals. The metal salts used in this work are CoS04.7H,0 (Fluka, pur. >99 %), CuS0O4.5H,0 (Alfa Aesar,
pur. 98-99%), Cr(SO4); (Alfa Aesar, pur. 98-99%), Na,Cr0O4.4H,0 (Prolabo, pur. 99%), Fe>(SO4)s (Fluka, pur.
98-99%), MnS04.H,0 (Carl Roth, pur. 98%), Na;Mo004.2H,0 (Prolabo, pur. 98-99%) and NiSO4.6H,0 (Acros,
pur. 98-99%). All these chemicals were used as received. The water used in all experiments was passed
through a purification system Milli-Q apparatus commercialized by Merck (18 MQ).

2.2 Stock solution preparation

First, for studies in the absence of metal salts, an aqueous solution of Na,SO4 was prepared at 145 g/L
(1.02 M) and its pH was adjusted between 1.9 and 2.2 with H,SO4, which closely corresponds to the second
pka value of H,SO..

Second, single metal stock solutions in Na;SO4/H,0 as described above were prepared to investigate
the influence of metal ions onto the binodal curve in the system PEG-400/Na,S0./H,0. The metal ions
considered are: Cr(lll), Cr(VI), Fe(lll), Mo(VI) and Ni(ll). The samples were stirred overnight to allow the
total dissolution of the salt. Concentrations equal to 5.0 g/L of salt have been prepared, except for Cr(lll)
for solubility limit reasons. The AAS analysis performed lead to a concentration of 2.3 g/L for Cr(lll) satu-
rated solution. Considering the preparation protocol, the ratio (in g) of Na,SO4 to the metal ion is equal to
29 (except for Cr(lll)). For one particular experiment, a concentration of 20 g/L of Cr(VI) salt was also
prepared, following the same procedure. These metal stock solutions were used only for the binodal de-
terminations.

Third, single metal stock solutions in Na,SO4/H>0 as described above were prepared to investigate the
extraction of Co(ll) and of the above mentioned metalions : Cr(lll), Cr(VI), Cu(ll), Fe(lll), Mn(ll), Mo(VI) and
Ni(l1).

2.3 Phase diagrams by turbidity method

The binodal curves were determined using the classical turbidity method [6], starting with a known
amount of PEG-400 (which is in liquid state at room temperature). Dropwise additions of an aqueous stock
solution of Na;SO, at 145 g/L (without or with metal salt, accordingly) and, alternatively, ultrapure water,
allows to change the state of the system from monophasic to biphasic and vice versa. The weights of
added water and Na,SO, stock solutions were measured using a balance (Precisa gravimeters AG + 0.0001
g). The solution was kept under constant agitation using a magnet (400 rpm) and was thermoregulated at
T=25°CorT=40 °C by the use of a water heating/cooling system. In the following, in line with our
previous work [13], we will note the ABS as PEG-400/[Na,SOs+ Me(x)]/H,0, where Me(x) stands for the
metal ion and its oxidation state, in order to pinpoint the preparation protocol.

With this procedure, the total amount of water in any ABS sample is the sum of the ultra-pure water
added and the water from the Na,SO, acid aqueous solution (without or with metal ions). This has been
duly considered in the calculations.

The binodal curves thus obtained are plotted in an orthogonal 2D plot, where the x axis corresponds
to the weight percentage (wt%) of the Na,SO, salt, while the y-axis corresponds to the weight percentage
(wt%) of PEG-400. The remaining wt% corresponds to the contribution of water and metal salt, if any, to
the total mass of the sample. For example, a concentration of 5 g/L of Ni(ll) for a total weight percent of



Na,SO, of ca. 10 % corresponds to 0.86 wt% of Ni(ll) sulphate salt in the sample. At maximum, a concen-
tration of 20 g/L of Cr(VI) for a total weight percent of Na,SO, equal to ~10 % corresponds to ca. 5 wt% of
Cr(VI) sulphate salt in the sample.
2.4 Experimental protocol, phase characterisation and quantifications

Experiments were performed at T = 25 °C, using a thermostatic bath. Before mixing, densities of the
various aqueous phases have been recorded at the working temperature. The PEG-400 density is equal to
1.11 (T = 25°C). Then, a known mass of PEG-400 was contacted with a known mass of the aqueous
[Na;SOs+Me(x)] stock solution in order to test the mixtures 20/80, 30/70, 40/60 wt% of PEG-400 and
aqueous solution, respectively. The masses of the PEG and aqueous solutions were chosen in order to
obtain a lower phase with a volume above 10 mL (typical example for 20 wt% of PEG-400: 10 g of PEG-
400 plus 40 g of aqueous solution). There was no ultra-pure water added. Metal ions were Co(ll), Cr(lll),
Cr(VI), Cu(ll), Fe(ll1), Mn(l1), Mo(VI) and Ni(ll). Samples were shaken by hand for a few seconds only, which
was proved enough to reach equilibrium. All the mixtures studied were in the biphasic state, while the
mixture 10/90 wt% of PEG-400/[Na,SO4+Me(x)] was monophasic, whatever the nature of the metal ion.
Photos of some of the samples with Cr(lll) and Cr(VI) are presented in Fig. 1, while samples with Co(ll) and
without added metal ions can be found in the ESI (Fig. SO). Once samples were equilibrated at T = 25 °C,
the volumes of the upper and lower phases were recorded and then the two phases were carefully sepa-
rated. As compared to the situation before mixing, important changes in the volumes of the two phases
could be observed. It should be highlighted that pipetting the total upper phase is almost impossible with-
out pollution from the lower phase, which would be deleterious to the analytical characterisations. It was
thus decided to pipette as much as possible of the upper phase, then to discard the interface to finally
attain the lower phase without pollution. Subsequently, densities and pH were measured for the upper
and lower phases. The experimental uncertainty on volume determination of the upper and lower phases
is equal to 0.1 mL. Global mass balance was checked as mass of upper phase plus mass of lower phase
compared to the total initial mass and was within the 98-107% range.
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Fig. 1: Samples at 20/80 (left); 30/70 (middle); 40/60 wt%(right) of PEG-400 plus [Na,SO4+ Me(x)] aqueous
solution for a: Me(x) = Cr(lll) and b) for Me(x) = Cr(VI).



All upper phases and all lower phases with Na(l) alone were stable for days, while a slow crystallization
process was observed for the 40/60 wt% samples with added metal ions. The same crystallization phe-
nomenon was observed for some of the lower 30/70 wt% phases with added metal ions, on a longer time
scale. Therefore, in view of analytical measurements, aliquots were taken right after phase separation or
right after a heating and cooling cycle to ensure all possible crystals were dissolved.

For the general characterisation of the phases, the pH was measured with the help of a pH-meter
from Sl Analytics, Titration Titroline® 6000/7000, while 'H NMR was used to quantify PEG-400 amounts in
the lower phases of all samples, except for Mn(ll) samples, due to the paramagnetic character of this ion.
To this aim, the phases were diluted in DMSO/D,0 and comparison of the integrals of the PEG and DMSO
signals allowed PEG determination, using a calibration line (R = 0.9985) between 1.20 wt% and 38.81 wt%
of PEG-400.

AAS/AES instrument is a Perkin Elmer Pinaacle 900F with an accuracy of + 0.5%. It has been used for
Co(ll), Cr(111), Cr(V1), Cu(ll), Fe(ll), Mn(l1), and Ni(ll) determinations in the upper and lower phases, by the
use of specific lamps, while Na(l) has been measured in the emission mode. Mo(VI) amounts in the upper
and lower phases were obtained by use of ICP-MS (Perkin Elmer NexION 2000c). Standard solutions of
Mo(VI) at 0, 5, 10 and 20 ppb containing a fixed concentration of an internal standard (2.5 ppb of Rh) were
used for calibration. Samples were diluted (dilution factor is ca. 1000) in ultra-pure nitric acid solution
(2%) to reach the calibration range and the same internal standard was added. Recorded masses are se-
lected according to their natural occurrence and polyatomic and isobaric interferences. Analysis was per-
formed on ®Mo amu (atomic mass unit). Data were analyzed with the Syngistix for ICP-MS Software. SAA
and ICP-MS results are expressed in concentrations (mg/L). Measuring the volumes of the upper and lower
phases allows to access to the masses of ions in each phase. The mass balances were checked for Na(l)
and all metal ions individually. These were in the ranges 91-101% for Na(l) and 92-101% for individual
metal ions.

Quantification of ion presence in the upper phase was done through the percentage determination,
P%(M), of a given species M, as follows:

P%(M) = 100 Z_? (1)
where M is the total mass of the species introduced in the system, expressed in grams, and M, is the mass
of the species in the upper phase of the ABS at equilibrium, expressed in grams. Experimental uncertain-
ties on P% values are in the range of 5% and are mainly connected to volume estimates for the upper
phase and to the AAS/ICP-MS experimental uncertainties.

In a traditional extraction process for species M, P%(M) is increasing as the (organic) extracting phase
amount (in our case, PEG-400) is increased. In the following, we will thus use the term “extraction” in this
case, while we will use “partition” if increasing the PEG-400 amount induces a decrease in P% values.

A photometric kit by Spectroquant was used to measure sulphate ions through colorimetric analysis.
The instrument used is a spectrophotometer from Xylem (WTW series, Photolab $12). The measurement
principle is based on the reaction of barium ions with sulphate ions to give the poorly soluble barium
sulphate salt at pH between 2 and 10. The resulting turbidity is measured by the spectrophotometer.
Samples containing sulphates are pre-diluted in a concentration range of 100 to 1000 mg/L. The standard
deviation of the method is 10.3 mg/L SO4%. All sulphate forms (SO4% and HSO4) of the sample are taken



into account, owing to the pH of the buffer provided in the method. Interferences in sulphate determina-
tion for the foreign substances Cu(ll), Fe(lll), Mn(ll) and Ni(ll) above 1 g/L are indicated by the manufac-
turer, and interferences already appearing above 0.1 g/L for Cr(lll) and 0.25 g/L for Cr(VI) are mentioned.
For our experiments, it has been checked that metal ion concentrations of Cu(ll), Fe(lll), Mn(ll) and Ni(ll)
in the upper phases are always largely below the limit of 1 g/L, which makes the determination of P%(sul-
phate) through equation 1 reliable. By contrast, this is not the case for the upper phases of samples con-
taining Cr(lll) and Cr(VI) so P%(sulphate) has not been determined for these samples. The mass balance
of sulphate ions in any of the sample under study has not been checked because it is subject to experi-
mental bias in the lower phase as explained above.

Experiments with TEG-DE and PPG have also been carried out but they concerned solely Cr(VI) stock
solutions, at T = 25 °C, with the same protocol as described above. Amounts of TEG-DE or PPG were equal
to 20, 30 and 40 wt%. The Cr(VI) percentage, P%(Cr(V1)) was investigated, together as the volume of upper
and lower phases, densities and pH.

3 Results and discussion
3.1 Binodal curves: effects of metal ion type, metal ion concentration and temperature

In a first step, Figure 2 compares the binodal curve obtained in this work for the system PEG-
400/NazS04/H0, at T = 25 °C pH = 2.2 (no metal ions added) with the published data for PEG-
400/NazS04/H20 (no pH value indicated), acquired at T = 30 °C [33] and data from [34] for PEG-
400/Na»S04/H,0 at T = 25 °C (no pH value indicated). Fig. 2 evidences a very good agreement between
the three data sets. In fact, temperature effects have been proved to be negligible for PEG-
400/NazS04/H>0 in the range 25 — 45 °C [34].
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Fig. 2: Binodal curves for the system PEG-400/Na;SO4/H,0. Blue circles: T = 25 °C, pH = 1.9, this work;
Orange squares: T = 30 °C data from [33]; green triangles T = 25 °C, data from [34].

To the best of our knowledge, these are the two closest comparisons we can make with available
literature data as the previously published papers have dealt with PEG of much larger average molar
masses, and/or different temperatures or pH values. For example, Taboada et al. have used PEG-4000
[35] at T = 25 °C (no pH value indicated) while Snyder and co-workers used PEG-3350 or PEG-1000 at T =
25 °C (no pH value indicated) [36]. Furthermore, these latter data [36] have been acquired by determina-
tion of the tie-lines, which is a method more subject to experimental uncertainties than the turbidity
method we used for the binodal determination. Another publication with which comparison is not
straightforward displays data for PEG-600/Na,SO4/H,0 at T = 27 °C and pH 7, adjusted by NaOH addition
(4].

In a second step, Fig. 3 gathers the binodal curves collected at T = 25 °C for Cr(lll), Cr(VI), Fe(lll), Mo(VI)
and Ni(ll) containing systems together with the data in the absence of metal ions. Then, Fig. 4 focuses on
the change of concentration for Cr(VI), from 5 g/L to 20 g/L at T = 25 °C, while Fig. 5 shows the effect of
increasing temperature, for Cr(VI) =5 g/L, from T = 25 °C to 40 °C.
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Fig. 3: Binodal curves obtained for several systems of the type PEG-400/[Na,SO4+ Me(x)]/H,0 at T = 25 °C.
Empty black squares: no metal added; green solid triangles: Cr(lll); solid red diamond: Cr(VI); purple
circles: Fe(lll); orange empty circles: Mo(VI); empty green triangles : Ni(ll). All data are from this
work. Crosses (x) correspond to the three pristine samples studied for extraction (no metal added, see
text, section 2.4).
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Figure 5. Binodal curves for the systems PEG-400/[Na;SO4+[Cr(VI)]/H20. Solid red diamonds: [Cr(VI)] = 5
g/Land T = 25 °C; empty black diamonds: [Cr(VI)] =5g/Land T =40 °C

As can be seen from Figs. 3, 4 and 5, all curves are superimposed on the curve obtained in the absence
of metal ions. The ABS PEG-400/Na,S04/H,0 is not sensitive to temperature effects [34] in the range 25 —
45 °C, and this is confirmed even in the presence of Cr(VI) (see Fig. 5). As already pinpointed in the exper-
imental section 2.3, the contribution of the metal ions to the total weight of the mixture is less than 5
wt%. Therefore, it is not surprising that all curves superimpose in Figures 3 to 5. In brief, in these experi-
ments, the Cr(lll), Cr(VI), Fe(lll), Mo(VI) and Ni(ll) metal ions, present either as cations or anions, are to be
considered as minor additives to the ABS PEG-400/Na»S0.4/H>0, not disturbing the phase separation phe-
nomenon. Several literature data show that the mixture PEG-4000/CuSO4/H,0 is an ABS [37—40]. This
means that even in large amounts, Cu(ll) is excluded from the PEG-rich phase as Na(l) is. This phenomenon
would thus not be dependent on the concentration of (at least) the Cu(ll) ion and of Cr(VI) (up to 20 g/L).

As a consequence, attempts to fit the unique binodal curve we obtain will not give useful information,
because none of the parameters of the empirical expressions found in the literature (for a brief review,
see [14]) could be correlated to the physico-chemical parameters we investigated (addition of metal ions,
change in temperature or change in metal ion concentration). This argument also holds for any other
search for correlation, for example with the hydration capacity of ions or with the Hofmeister series.

The determination of binodal curves in the presence of ions as additives is rather scarce in literature.
The closest possible comparison with the present work concerns the system PEG-8000/Na;S04/H>0, at T

=23 °Cand pH = 7.4 (by the use of a phosphate buffer), to which NaCl or KCl were added [41]. In this case,
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the protocol is slightly different from ours, because the NaCl or KCl salts were added as solutes in an
aqueous solution of the phosphate buffer while in our protocol, metal salts have been added in an aque-
ous solution of Na;SO4. Therefore, adopting our way of notation, the system of Ferreira et al. would be
written as: PEG-8000/Na,SO4/[H20+ NaCl (or KCl)]. Another obvious difference between our data and the
work of Ferreira and co-workers relies in the different chemical nature of the additives. As concerns the
effect of NaCl and KCI, both salts lead to a shift of the binodal curve towards the left, with no significant
difference between NaCl and KCI [41]. The maximum NaCl weight contribution is estimated to be 4 wt%
(ca. 0.7 mol of NaCl per kg of sample) in these samples. NaCl was also shown to impact the position of the
binodal curve for a very different ABS, namely P4 4,4,14ClI/HCI/H,0 [20], where P4 4,4,14Cl is the ionic liquid
tributyltetradecylphosphonium chloride. Already at 1 wt% NaCl (i.e. 0.17 mol of NaCl per kg of sample)
added, a very significant shift of the binodal curve could be observed, as compared to the binodal in the
absence of NaCl. For comparison, the maximum amounts we introduced are in the range of 0.05 mole per
kg of sample for NiSO, and of 0.12 mole per kg of sample for Cry(SO4)s. Striking differences can also be
found when comparing the data of this work with those we previously published for P4a4.4414Cl/[HCI +
Me(x)]/H20, where Me(x) stands for Cr(lll) or Ni(ll) [13]. In this previous study, increasing concentrations
of Cr(lll) or Ni(ll) (chloride salts) induced a significant left shift of the binodal curve, provoking a phase
separation at much lower ABS inducers concentrations, although the maximum weight contribution of
these metal ions was in the range of a few wt%. Even more surprisingly, the addition of Fe(lll)Cl; led to a
strong distortion of the shape of the curve for P444414Cl/[HCI+Fe(l11)]/H20 [13].

3.2 Partition behaviour of metal ions: Co(ll), Cr(lll), Cu(ll), Fe(lll), Mn(ll), Ni(ll)

Densities of the upper and lower phases are listed in Table S1, while Table S2 displays the volume
percentages of the upper and lower phases and Table S3 presents the pH values of all samples. Plots of
the corresponding data can be found in Figs. S1 to S3, respectively. A remarkable stability of the upper
phase density is observed, whatever the PEG amount and the metal ion added, at d = 1.09 + 0.01. This
value is very close to the density of PEG-400 (d = 1.11, T = 25 °C) and is in line with the limited amount of
PEG-400 to be present in the lower phase (see Table S4 and Fig. S4). By contrast, the density of the lower
phase increases from 1.18 + 0.01 for all samples at 20 wt% PEG to 1.30 + 0.02 for 40 wt% PEG. These
trends are in very good agreement with the average density of the upper phases equal to 1.084 + 0.004
for PEG-1000/Na;S04/H,0 at T = 25°C [36], and with an increase from 1.2 to 1.4 for the lower phase den-
sities as mentioned for the system PEG-3350/Na,S04/H,0 at T = 28°C [42]. Density values of upper phases
close to 1.08 were also observed for PEG-4000/CuS0O.4/H>0 [38]. The relative volume of the upper phase
significantly increases from (73 £ 2) % to (84 + 1) % as PEG increases from 20 wt% to 40 wt%. This expected
increase is independent of the presence or absence of added metal ions. Finally, one may conclude to a
slight increase in pH values as the PEG amount is increased, for both the upper and the lower phases,
which nevertheless display similar pH values for a given PEG amount. This can be ascribed, at least in part,
to an increase of the total volume of the sample, due to PEG addition.

No significant change upon metal ion addition (up to 1 g/L in the [Na;SO4+Me(x)]/H,0 starting solu-
tion) can be inferred from any of these data (density, volume ratio and pH). This observation is in line with
our previous conclusion in section 3.1 above that the added metal ions are simply minor additives to the
ABS PEG-400/Na>S04/H,0.
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We now first focus on the pristine samples, i.e. PEG-400/Na;S04/H,0 (no metal ions added) whose
positions in the phase diagram are shown as crosses in Fig. 3. The first column of Table 1 displays the
P%(Na(l)) and P%(sulphate) values for the three PEG amounts of this study for the pristine sample (no
metal ions added). In these three samples, the formation of a biphasic state leads to the presence of Na(l)
both in the lower and the upper phase, the latter one containing from 30 % to 12.6 % of Na(l) ions as PEG-
400 varies from 20 wt% to 40 wt%. The mass transfer phenomenon towards the upper phase is thus not
very efficient and is less effective as the amount of PEG is increased. This observation directly derives from
the binodal curve in Figure 3 and is a well-known result in the ABS community [43]: increasing the amount
of polymer leads to a better segregation of the other biphasic inducer, i.e. the inorganic salt Na,SQO,, in
the lower phase. Similarly, data can also be considered as the mass transfer of sulphate ions, from 42%
down to ca. 19%.

Table 1: P% values of sodium and sulphate entities in the upper phase for the various metal ion extracted.
The case without metal ions added is also included (first column, Na(l)).

PEG-400 | Na(l) co(l) | cr(im) cr(Vv1) cu(ll)y | Fe(nn) | Mn(in) | Mo(vl) | Ni(ll)
(wt%)

sodium

20 30.2 32.5 38.2 39.6 32.8 35.6 32.1 33.7 324

30 19.6 20.7 29.9 31.0 22.3 25.1 22.7 21.9 20.9

40 12.6 11.9 21.5 23.0 12.9 18.5 13.0 15.4 11.2
sulphate

20 42.0 43.0 n.d n.d 39.5 51.1 40.7 39.9 40.0

30 21.9 25.5 n.d n.d 24.0 27.4 22.4 24.2 23.5

40 18.8 15.1 n.d n.d 12.6 20.2 159 16.2 17.6

n.d. not determined (see section 2.4).

Considering the neutral character of PEG-400, the displacement of Na(l) ions should be accompa-
nied by that of sulphate ions and vice versa in order to compensate the charges. However, in order to
exactly compensate for the positive +1 charge of one single sodium cation, the sulphate counter-anion
can be either in the HSO4 form or, if under the SO4% form, there will be two Na(l) cations transferred
simultaneously. Note that the contribution of H* to the charge compensation can be neglected, as H" ions
are ca. 2 orders of magnitude less present than Na(l) cations. From the data in Table 1, it is deduced that
two Na(l) ions are not exactly charge-compensated by one sulphate ion for PEG-400 amount equal to 20
wt%, while the other two values P%(Na(l)) and P%(sulphate) are closer to one another. The only plausible
explanation is that part of the sulphate ions are transferred as HSO,". In other words, the salt Na,SO4
initially introduced in the sample is partly turned to NaHSO, in the upper phase. As a consequence, the
compositions of the upper and lower phases cannot be plotted in Fig. 3, which x-axis is based on Na,SO4
wt% contribution and not on that of NaHSO.. In this respect, it should be stressed that in the previous
works displaying tie-line data for closely related systems Na(l) was measured by AAS [35], conductivity
[34] or ionic chromatography [36], but sulphate ions were never measured independently. Regardless of
the results of the other publications, in the context of our work, the binodal curve in Figure 3 should be
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used only as a help for the preparation of samples starting from PEG-400, ultra-pure water and Na,SO4
and tie-lines cannot be drawn in a 2D plot.

We then turn to the systems with added metal ions. The positions of the samples in the phase diagram
are almost identical to those presented in Fig. 3 in the absence of metal ions and are thus not plotted for
the sake of clarity. Again, this is due to the very low contribution of the metal ions to the total mass of the
samples. This plot shows that samples composed of 10 wt% of PEG-400 + 90 wt% of [Na,SO4+Me(x)] aque-
ous stock solutions are all monophasic, as experimentally observed.

Fig. 6 shows the P%(Na(l)) values, as a function of the PEG-400 amount and depending on the added
metal ions, while Fig. 7 gathers the corresponding P%(sulphate) values except for Cr(lll) and Cr(VI) (see
section 2.4). Data are collected in Table 1. Fig. 8 shows the individual P% values, for Co (Il), Cr(lll), Cr(V1),
Cu(ll), Fe(ll1), Mn(l1), Mo(VI1) and Ni(ll) for the three different mass contributions of PEG-400 investigated:
20, 30 and 40 wt%. The corresponding values are presented in Table 2.

50
—B—Na(l)
a0 1 Cu(ln)
Mn(l1)
30 + Co(ll)
X
< Ni(11)
T 2 ¢ Mo(VI)
2
§ | l:l\ :
a ~ —o—Fe(ll)
10 4
—A—Cr(IlN)
—e—Cr(VI)
(] : : : : :
15 20 25 30 35 40 45

PEG-400 (wt%)

Fig. 6: P%(Na(l)) values for the three PEG compositions in samples with and without added metal ions. T
=25 °C.
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Fig. 8: P% values for metal ions as a function of PEG-400 wt%. P%(Na(l)) values for the pristine samples

(no metal ions added) are also included. T = 25 °C.
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Table 2. P% values of the metal ions as a function of PEG-400 amount. Data for Na(l) (no metal ions added)
are also included (first column).
PEG-400 | Na(l) | Co(ll) | cr(inn) | cr(v1) | cu(ll) | Fe(it) | Mn(ll) | Mo(v1) | Ni(ll)
(wt%) (%) | @8 | (%) | (%) (%) (%) (%) (%) (%)
20 30.2 41.4 52.8 88.3 42.1 46.1 41.9 82.4 42.6
30 19.6 16.6 26.4 92.5 13.3 19.9 13.3 88.3 14.1
40 12.6 6.9 16.1 | 99.2 6.0 10.8 6.0 99.2 6.3

First, Figs. 6 and 7 evidence the difference between P%(Na(l)) and P%(sulphate), as already ob-
served for the pristine sample. This common trend for all samples whatever the presence or absence of
added metal ions is perfectly in line with the negligible impact of the latter on the biphasic state of the
samples.

Second, examination of Figs. 6 to 8 evidences a common decreasing trend of P%(Na(l)), P%(sul-
phate) and P% values for Co(ll), Cr(lll), Cu(ll), Fe(lll), Mn(Il), and Ni(ll) samples as PEG amount is increased.
In particular, data for Co(ll), Cu(ll), Fe(lll), Mn(ll) and Ni(ll) are very close to one another, while those for
Cr(lll) differ slightly. Again, this is ascribed to the low amount of sulphate salts added with the metal ions.
The behavior of all these metal cations means their corresponding sulphate salts are PEG-400 partners in
view of ABS formation, as already discussed for Na,SO, in the pristine samples. In fact, it could be consid-
ered as a kind of additivity of two ABS formation phenomena. The major one (in terms of its component
amounts) would be that of PEG-400/Na,SO4/H,0 ABS formation, to which the formation of PEG-400/sul-
phate salt of Me(x)/H.0 would simply superimpose. Indeed, three of the sulphate metal salts we used,
CuS0g4, Fe,(S04)3 and MnSO4 are known to be ABS inducers in the systems PEG-3350/CuSQO4/H,0 (no tem-
perature indicated) [44], PEG-4000/CuSO./H,0 (T =5 °C to 45 °C) [37,38], PEG-4000/Fe,(S04)3/H,0 at T =
50 °C [45] and PEG-2000/MnSQ4/H,0 (T = 25 °C) [18]. ZnSO, is also an ABS inducer together with PEG-
3350 [44]. To the best of our knowledge, there are no published data for the other ions of interest to this
work. Anyway, the behavior we observe for Co(ll), Cr(lIll), Cu(ll), Fe(Ill), Mn(ll), and Ni(ll) cannot be tagged
as an extraction process induced by PEG-400.

3.3 Extraction mechanism for Cr(VI) and Mo(VI)

By contrast, the behavior of the two oxoanions Cr(VI) and Mo(VI) stands out from those of the other
metal ions, as their amount in the upper phases increases as a function of PEG amount, from 88 to 99 %
for Cr(VI) and from 82 % to 99 % for Mo(VI). As already pinpointed, in classical liquid-liquid extraction of
metal ions, increasing the relative volume (or mass) of the organic extracting added phase promotes trans-
fer of the targeted metal ions towards it. This is exactly what is observed in this work for Cr(VI) and Mo(VI1),
PEG-400 being the extracting phase in our case. The main differences between classical liquid-liquid ex-
traction systems and so-called ABS are to be found in the absence of extractant and in the high amount
of water in both phases in the ABS case [46].

Extraction/partition of Cr(VI), Cr(lll),Mo(VI) and other metal ions of interest to our work, by use of
systems close to ours, has already been studied in the literature. Literature data of interest to this work
are gathered in Table 3. For chromium studies, P%(Cr(VI)) equal to ca. 92% and P%(Cr(lIl)) close to zero
were measured in the system PEG-1500/Na,S04/H,0 at T = 25°C [47]. Increasing the tie-line length of the
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sample leads to an increase in P%(Cr(VI)), from ~ 84 % to ~100 %, which is a strong indication of an extrac-
tion mechanism according to our definition. Similarly, in view of Cr(Ill)/Cr(VI) separation, the system PEG-
4000/Na,S04/H,0 was investigated and provided (at best) P%(Cr(VI)) close to 100%, while Cr(Ill) was not
extracted (pH = 3, no temperature indicated). Increasing the PEG-4000 amount has a positive effect on
Cr(VI) extraction, but the amount of Fe(lll) and Co(ll), among other tested metal ions, in the upper phase
was negligible [48]. The system PEG-1000/Na,S04/H,0 (initial pH = 2, T from 30 °C to 60 °C) induces an
increased partition of Mo(VI) from 97.7% to 99.5% as PEG is increased from 10 to 20 wt%, again a signa-
ture of an extraction process [49]. These authors also shown that the slight pH increase of the system,
equal to ca 0.2 pH units, is not ascribable to the presence or absence of the Mo salt. All these data are in
line with our chromium and molybdenum results.

Other very interesting published data concern the system PEG-400/Na>MoQ4/H,0, which displays a
binodal from 15 °C to 30 °C [50]. In this case, Mo(VI) simply follows the trend already observed for Co(ll),
Cr(ll1), Cu(l), Fe(ll1), Mn(Il), and Ni(ll), that is the sodium salt Na,MoQj, is an inducer of the biphasic state
and MoO4> has simply replaced SO4%. Recently, Muruchi and co-workers used the system PEG-
4000/Na;Mo04/H,0 to perform ReO4 extraction [51]. In this case, the amount of ReOy is small as com-
pared to that of Na;MoO,4 and the authors observed extraction of ReOs (P%(ReOs) = 88%) while the
MoO4?* role is that of an ABS inducer. Although appearing at first sight rather different from one another
(see Table 3 for a list), the mixtures used in the literature are in fact chemically very close to one another.

A first comment deduced from examination of Table 3 is that the molar mass of PEG is not a deter-
mining parameter of extraction, although PEG-4000 has been widely used in the literature. More inter-
estingly, and as already observed by other authors [49][52], the only ions to be extracted are oxoanions:
As(l11), As(V), Cr(VI), Mo(V1), Re(VII), Tc(VII), V(V) and W(VI) (see Table 3). However, sodium salts of some
of these oxoanions can also act as ABS inducers (Na,MoQ., Na,WO4), meaning that, in this case, W(VI) and
Mo(VI) are not extracted according to our definition. In the absence of other published results, the only
discriminant parameter appears to be the relative amounts: The oxoanion in larger amounts is the ABS
inducer while that in lower amount experiences extraction. There is a need of a sufficient amount of so-
dium salt (either Na,SO4, Na2MoOsor Na,WQ,) to induce the ABS, as described by the binodal curve. In all
the literature cited and in our own experiments, the amount of the other salt is too low to induce the ABS,
so it is either extracted or not, depending on ions affinity towards the upper phase. Therefore, we postu-
late that extraction versus ABS inducer character is simply a matter of relative amounts of the various
oxoanions in competition in the system.

On another aspect, the terms “kosmotropic” (or water-structuring) versus “chaotropic” have been
used by several authors to distinguish ions that may be extracted, allegedly being chaotropic ones, while
the supposedly kosmotropic ions are not [53]. Table 3 demonstrates that being kosmotropic (or cha-
otropic) is not an intrinsic property but is an extrinsic one, depending on the chemical composition and
circumstances, which most probably reduces the interest of these terms.
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Table 3: Systems of the literature of interest to this work.

system comment reference
PEG-4000/Na;Mo004/H,0 Binodal data only; Na,Mo0O, as ABS inducer [50]
PEG-2000/Na,;W04/H,0 Binodal data only; Na;WQ, as ABS inducer [53]
PEG-2000/Naz;Mo04/H,0 Binodal data only; Na,MoO, as ABS inducer [53]
PEG-4000/Na;Mo04/H,0 Na>MoQ, as ABS inducer; Re(VIl) extraction [51]
PEG-400/CuS04/H,0 CuS0O, as ABS inducer; Re(VII) extraction [40]
PEG-4000/CuS04/H,0 CuS0O4 as ABS inducer; Mo(VI) extraction [38]
PEG-1000/Na;504/H20 Na,SOa as ABS inducer; Mo(VI) extraction [49]
(and PEG 2000, PEG 4000)
PEG-4000/Na»S04/H,0 Na,SO4 as ABS inducer; As(V) and As(lll) extraction [54]
Triblock-poly- Na,SO, as ABS inducer; Mo(VI), V(V) W(VI) extraction [55]
mer/Na;S04/H,0

PEG-2000/Na,S04/H,0
PEG-2000/Rb,504/H,0 Na»S0s, Rb,SO4 Cs,504, as ABS inducers; Tc(VII) extraction [56]
PEG-2000/Cs,S04/H,0

PEG-2000/Na;Mo0,/H,0 Na,Mo0O, as ABS inducer; Re(VIl) and Tc(VII) extraction [53]
PEG-2000/Na;W04/H,0 Na,WO, as ABS inducer; Re(VII) and Tc(VIl) extraction [53]
PEG-400/Na,S04/H,0 Na,S0O, as ABS inducer; Mo(VI) and Cr(VI) extraction This work

A still pending question is that of the extraction mechanism observed in this work for Cr(VI) and
Mo(VI). Extraction of oxoanions by sulphate/PEG-based ABS has long been compared to the extraction
properties of crown-ethers by several authors [43,44,57-60]. All these publications suggest that PEG
should be considered as a flexible open-chain crown-ether. Indeed, crown-ethers (dissolved in organic
solvents) are well known to extract Group(l) or Group(ll) cations, depending on the size of their cavity.
Obviously, the extraction of alkaline or alkaline-earth cations by crown-ethers should be accompanied by
the extraction of a counter-anion, in order to insure electroneutrality of both phases. Actually, some pa-
pers discuss the extraction of Cr(VI) by use of crown-ether [61,62]. Assuming an extraction mechanism of
Na(l) ions in our samples by the open ether-like chain of PEG-400, this would unavoidably lead to the
concomitant extraction of the counter-anion which is not involved in the ABS formation. In our case it
corresponds to oxoanions in too low amount to participate to the binodal curve, i.e. Cr(VI) or Mo(VI).
There would thus be two different phenomena in our Cr(VI) and Mo(VI) samples. First, ABS formation,
involving PEG-400 and the most abundant salt, which, in our experiments, is always Na,SO4, and, second,
a “crown-ether like” extraction of Na(l), leading to the concomitant extraction of the less abundant anion
of our samples, i.e. Cr(VI) or Mn(VI1).

Recently, Sun et al. admitted that their previous suggestion of the formation of the PEG.H* entity,
which would have interacted with Cr(VI), was incompatible with their pH dependent studies in the system
PEG-2000/Na,S04/H,0 and they finally concluded that “the ether oxygen groups in the PEG could also

+7

combine with other cations such as Na* to form positively charged PEG.Na*” [59]. In order to support the

crown-ether like extraction mechanism of Cr(VI), experiments using two other organic compounds were
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performed. PPG displays a sterically hindered ether function, owing to the -CH; group inserted in the pol-
ymeric chain, while TEG-DE was chosen as a short chain, well defined, substitute of PEG-400 in which the
-OH terminal groups of PEG have been replaced by -CHsz groups (see scheme 1). The partition results,
expressed as P%(Cr(VI)), are displayed in Table 4. Values for densities evidence similar trends for the three
type of polymers. The upper phase density is rather constant for each compound while the density of the
lower phase increases as a function of the polymer amount. Similarly, the volumes percentages of the
upper and lower phase follow the same trend for PEG-400, TEG-DE and PPG, with an increase of the upper
phase volume and a concomitant decrease of the lower phase percentage as the polymer amount is in-
creased. As for the pH values of the upper and lower phases, PEG-400 and TEG-DE show rather similar
trends while PPG values differ. All data can be found in the ESI (Tables S5 to S7).

Table 4. P%(Cr(VI)) values for PPG and TEG-DE for three wt% values. Data for PEG-400 are also presented
for comparison purpose.

PPG/TEG-DE/PEG-400
PPG TEG-DE PEG-400
(Wt%)
20 52.6 86.8 88.3
30 58.6 91.7 92.5
40 67.0 98.8 99.2

Examination of Table 4 shows that TEG-DE extracts Cr(VI) almost as efficiently as PEG-400 does. Slight
differences in the P% values are ascribable to the difference in mole to mole ratio between PEG/Cr(VI)
and TEG-DE/Cr(VI), for the one part, and also possibly to the slightly smaller ether chain of TEG-DE, which
makes the ether chain less flexible, thus possibly less adapted to Na(l). A preferred coordination number
of Na(l) towards 6 ether oxygens has been reported [43]. The plot of the Na(l) complexation constants for
several PEG-like structures, where only the terminal -OH groups have been symmetrically substituted by
several motifs (-H, -CHs, -C;Hs, -C¢HsO or -CsHioN), onto PEG of molecular weight ranging from 200 to 2000
shows that the most determining factor for PEG-Na(l) complexation is not the nature of the terminal group
but the length of the ether motif [43]. This conclusion should thus apply to the Na(l) counter-anion ex-
traction and our results on Cr(VI) extraction are perfectly in line with this deduction. By contrast, PPG is
much less efficient for Cr(VI) extraction. This is ascribable to the (partially) hindered ether function, which
reduces the ability of PPG to interact with Na(l), as compared to PEG. The comparison between PPG and
TEG-DE results confirms that ether groups are necessary for extraction, thus strongly supporting the
crown-ether like extraction mechanism.

4 Conclusion
The main conclusions of this work, either derived from our experimental results or from a minute
examination of literature data, can be summarized as follows:
- The binodal features of the ABS system PEG-400/Na,SO./H,0 appears to be very robust to chem-
ical modifications, such as T variations or addition of metallic sulphate salts.
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- A metallic ion introduced in small amounts in the well-known ABS system PEG-400/Na;SO4/H,0
as its sulphate salt, will behave as an additional ABS inducer, i.e. its P% value will decrease as the
PEG amount is increased.

- Inthe presence of two oxoanions, the one in highest quantity will behave as the ABS inducer and
the other one will be extracted, PEG and water being the other two mandatory components of
the ABS.

The extraction mechanism of Cr(VI) and Mo(VI) can be related to the capacity of the PEG chain to
behave as an open crown-ether chain, thus extracting the counter-cation, leading to the concomitant
extraction of the oxoanion, in order to fulfill the electroneutrality principle. This extraction mechanism is
rather efficient, with P% values close to 100%, while using a very cheap and non-toxic compound, PEG.

Therefore, being able to selectively extract a very toxic oxoanion, such as Cr(VI), from sulphate aque-
ous media by simply adding PEG-400, an affordable non-toxic chemical, has a clear and beneficial envi-
ronmental impact. The change from ABS inducer to extracted ion depending on amounts has also proba-
bly a lot of applied potential. It appears as one of the first “rule of thumb” to predict the extraction or not
of ions in complex industrial liquid samples. Work on this fundamental subject is currently under progress
in our laboratory.

Finally, once extracted, Cr(VI) or Mo(VI) should be recovered and disposed of in a proper way, in order
to fulfill environmental concerns. This recycling depends on the industrial needs for some specific chemi-
cal forms of the Cr or Mn elements (either ingot, oxide, salts or hydroxide, for example) and is currently
under study in our laboratory.
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Supplementary materials: figures SO to S4, tables S1 to S4
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Fig. SO: Samples at 20/80 (left); 30/70 (middle); 40/60 wt%(right) of PEG-400 plus [Na,SO4+ Me(x)] aque-

ous solution for a: Me(x) = none and b) for Me(x) = Co(ll).
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Fig. S1: Densities of the upper(U) and lower (L) phases, as a function of PEG-400 amount, for all samples.

See Table S1 for data.
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Fig. S2: Volume of the upper phase (U) and of the lower phase (L) as a function of PEG-400 amount and

for all samples (calculated in percentage of the total volume). See Table S2 for data.
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Fig. $3: pH values of the upper (U) and lower (L) phases, as a function of PEG-400 amount, for all samples.

See Table S3 for data.
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Fig. S4: PEG-400 amount in the lower phase. See Table S4 for data.
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Table S1: Densities as illustrated in fig. S1.

Phase densities

|

(";E;) Na() | cum) | mn(n) | con) | Nim) | Moqvi)

e 20 1.09 1.09 1.08 1.09 1.09 1.09 1.09 1.09 1.10
§ 30 1.09 1.08 1.07 1.08 1.08 1.09 1.08 1,09 1,09
> 0 109 | 109 | 108 | 100 | 100 1.09 109 | 109 | 110
e 20 1.18 1.18 1.17 1.19 1.17 1.19 1.17 1.18 1.18
2| 30 126 | 125 | 124 | 126 | 126 126 126 | 124 | 1.24
3

40 1.30 1.31 1.30 1.31 1.33 1.29 1.29 1.27 1.28

Table S2: Data for the upper and lower phase volume ratio (calculated in percentage of the total volume),

as illustrated in fig. S2.

Phase volumes (%)

|

(:,5;) Na() | cun) | mngn | com) | migny | moqvi)

e 20 72.6 71.1 72.3 74.8 72.1 70.7 73.6 75.2 76.7
2| 3 784 | 765 77.7 798 | 763 77.4 78.0 79.9 81.9
> 40 83.2 82.5 84.0 83.4 83.6 83.7 83.3 83.7 85.5
- 20 27.4 28.9 27.7 25.2 27.9 29.3 26.4 24.8 23.3
% 30 21.6 23.5 22.3 20.2 23.7 22.6 22.0 20.1 18.0
3

20 168 | 175 | 160 | 166 | 164 16.3 167 | 163 | 140

Table S3: pH values for the upper and lower phase, as illustrated in fig. S3.

pH of the phases

|

(";E;) Na() | cum) | M) | com) | wign) | Moqwi)

e 20 2.8 2.7 2.6 2.6 2.6 2.8 2.7 2.4 2.7
2 30 3.0 28 28 28 27 2.9 2.9 26 28
> 40 3.2 3.0 3.0 2.9 2.9 3.1 3.0 2.7 3.0
|20 26 26 25 25 25 28 26 23 25
S| 30 2.8 2.7 27 27 26 2.9 27 24 26
3

40 3.0 2.8 2.9 2.8 2.8 3.0 2.8 2.5 2.7

Table S4: PEG-400 amount in the lower phase.

PEG-400 amount in lower phase (%

)

7 T o | e [l | on | oo _
0

20 6.74 7.66 6.81 8.04 6.76 8.95 6.28 9.27
30 1.30 1.93 1.12 1.80 1.58 1.13 2.07 1.73
40 0.61 0.26 0.29 0.31 0.13 0.08 0.30 0.85
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Table S5: Densities of upper and lower phases for the PEG-400, TEG-DE and PPG experiments on Cr(VI)

repartition.
Phase densities

(Wt%) PEG TEG-DE PPG
. 20 1.10 1.05 1.03
§ 30 1.09 1.04 1.03
> 40 1.10 1.03 1.03
_ 20 1.18 1.20 1.12
% 30 1.24 1.25 1.13
- 40 1.28 1.30 1.15

Table S6: Data for the upper and lower phase volume ratio (calculated in percentage of the total volume),

for the PEG-400, TEG-DE and PPG experiments on Cr(VI) repartition.

Phase volume (%)

(Wt%) PEG | TEG-DE | PPG
. 20 77.0 78.0 | 43.0
2 30 82.0 79.0 52.0
> 40 86.0 84.0 60.0
. 20 23.0 220 57.0
% 30 18.0 210 | 480
- 40 14.0 160 | 40.0

Table S7: pH values for the upper and lower phase, for the PEG-400, TEG-DE and PPG experiments on
Cr(VI) repartition.

pH of phases

(wt%) PEG TEG-DE PPG

N 20 2.7 2.5 3.5
@

s 30 2.8 2.7 3.6
o]

40 3.0 2.9 3.8

i 20 2.5 21 1.7
o

3 30 2.6 2.2 1.6
S

40 2.7 2.3 1.5
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