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Introduction

Anion-exchange facilitated selective extraction of
sulfate and phosphate by overcoming the
Hofmeister bias¥

Anamika Gogoi,? Dipjyoti Dutta,? Beatriz Gil-Hernandez &<
and Sandeep Kumar Dey@*ab

Selective recognition and removal of sulfate and phosphates from aqueous media in the presence of highly
competing anions is very demanding because of their biological and environmental implications. In this
paper, we present the anion recognition approach for the selective and efficient extraction of sulfate by
nitrophenyl-functionalized tris-urea receptors (L;—Lp) from highly competitive agueous media with an
equivalent concentration of nitrate and other anions. Tetrabutylammonium hydroxide has been used for
the first time as a phase transfer anionic extractant for sulfate-exchange from the aqueous phase to the
organic phase (dichloromethane) containing a tris-urea receptor (L;—Lz). The sulfate extraction efficacy
of L, (=84-90%) was observed to be higher than those of L; (=76-82%) and Lz (=68-75%) in
competitive extraction experiments. In contrast, an analogous nitrophenyl-functionalized tris-thiourea
receptor (L4) has been recognized for the selective and efficient extraction of phosphates from aqueous
media in the presence of several competing anions including sulfate and nitrate, with =85-92%
extraction efficiency. In this case, tetrabutylammonium acetate has been used as a phase transfer anionic
extractant for phosphate exchange between the two immiscible phases. Due to the higher acidity of tris-
thiourea —NH groups in comparison to the analogous tris-urea, tetrabutylammonium hydroxide could
deprotonate a hydrogen bond donating —NH group of the thiourea receptor and phosphate extraction
was observed to be inefficient in such a case. Several liquid-liquid extraction (LLE) experiments have
been carried out to establish the selective removal of sulfate and phosphates by the tripodal receptors
from competitive aqueous media having different combinations of two or more anions. The LLE
products obtained from organic phases were characterized by NMR (*H, **C, *'P, and *°F) spectroscopy
to affirm the oxoanion selectivity of the receptors and purity of the complexes. The tripodal receptors
can easily be recycled for successive extraction cycles by simply washing the LLE products (oxoanion
complexes) with a methanol-water (1: 1, v/v) solvent system followed by filtration.

phosphates is recognized to have an unfavourable impact on
the environment.> The extraction of sulfate from nitrate-rich

The design and synthesis of hydrogen bond donor (HBD) anion
receptors for the selective recognition and separation of
oxoanions, mainly sulfate and phosphates, are of significant
relevance because of their importance in biology and ecology.*
The uncontrolled release of anthropogenic sulfate and
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alkaline aqueous media is a major goal in the remediation of
nuclear wastes as sulfate interferes with the vitrification
process.®> An excessive presence of phosphates and sulfate in
fresh water ecosystems can lead to eutrophication to a signifi-
cant extent, and an excess of sulfate is also held responsible for
the permanent hardness of ground water.* Liquid-liquid
extraction (LLE) and liquid-solid extraction (LSE) of ionic
species from water is a rapidly progressing industrial tech-
nology for selective anion separation motivated by the advances
in understanding of anion recognition chemistry.>® The anion
recognition approach for the development of synthetic sepa-
rating agents for sulfate and phosphate extraction can relatively
be affordable and highly efficient than selective crystallization
technique, which is a comparatively slow process for anion
separation in water.>®
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Over the past two decades, several HBD receptors have been
developed for the selective recognition of sulfate and phos-
phates in organic and (semi)aqueous media.”® However, only
a limited number of receptors have been demonstrated to
selectively separate sulfate and phosphate from aqueous media
in the presence of competing anions.’ Both sulfate and phos-
phates have higher hydration energies in comparison to chlo-
ride, nitrate and other anions (AGyg —1080, —465, —350 and
—305 kJ mol " for SO,>~, H,PO,, Cl~ and NO; ", respectively),
which makes it challenging for majority of the HBD anion
receptors to overcome the Hofmeister bias for sulfate and
phosphate separation from water. Nonetheless, Sessler and
Moyer et al. has reported an alkylated cyclo[8]pyrrole, fluori-
nated calix[n]pyrroles (n = 4, 5) and bipyrrole-strapped calix[4]
pyrroles which are capable of extracting sulfate from aqueous to
organic phase by anion-exchange (1-5, Scheme 2)."* Bowman-
James and Sessler et al. has also suggested that the use of HBD
macrocycles might allow to overcome the Hofmeister bias for
selective sulfate extraction from water in the presence of
competing anions (6, Scheme 2).'°” The term Hofmeister bias
refers to the generally observed order of anion extraction/
separation and follows the sequence, ClO,~ > I~ > NO;~ > Br~
>Cl” > F > OH > CH;CO,” > HPO,>” > SO,>” > CO;*>™ >
PO,’~." Several ion-pair receptors consisting of urea or squar-
amide HBD groups have also been reported for the selective
extraction of alkali sulfate salts from water."

The choice of tripodal anion receptors (Scheme 1) for the
present studies is based on their higher binding affinity for
sulfate or phosphate among various anions.”® The anion
binding affinity of the receptors (L;-L,) in solid and solution-
states (DMSO-dg) have previously been reported by our group
and Gale et al.®® The receptors have been shown to form self-
assembled molecular capsules with oxoanions by hydrogen
bond (HB) interactions, where the urea-based receptors (L;, L,
and L;) showed higher binding affinity for sulfate and the
thiourea-based receptor (L,) showed higher binding affinity for
hydrogenphosphate in "H-NMR titration experiments. To find
a possible application of these receptors in anion separation, we
envisioned that the tris-urea/thiourea receptors (L,;-L4) would
facilitate the efficient extraction of sulfate and phosphates by
anion-exchange between the two immiscible phases in the
presence of a suitable quaternaryammonium salt.
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Scheme 1 Molecular structures of urea and thiourea-functionalized
tripodal anion receptors for selective sulfate and phosphate extraction
(synthesis details in the ESIt).
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Wu et al. has recently reported a series of second generation
tripodal hexa-urea receptors for selective sulfate extraction from
an aqueous solution in the presence of competing anions (7,
Scheme 2).** Recently, we have reported that the positional
isomers of a novel second-generation tripodal tris-urea recep-
tors can selectively extract phosphate or arsenate from
competitive aqueous media depending upon the position of the
nitro group on the peripheral phenyl moiety (meta- vs. para-
nitrophenyl)."”> However, a second generation tripodal anion
receptor is generally synthesized in three reaction steps, which
would significantly raise the overall cost of LLE process using
a quaternaryammonium salt as phase-transfer anionic extrac-
tant. We believe that the tren-based urea and thiourea-
functionalized first generation tripodal receptors (Scheme 1)
could possibly find applications in LLE of tetrahedral oxoanions
from water in the presence of competing anions due to their
well-established higher binding affinity for sulfate or phos-
phates. Along this line, Ghosh et al. has demonstrated the
efficient extraction of sulfate from water with carbonate
complexes of tris-urea receptors in the presence of competing
anions (8, Scheme 2).** The hydrogen bonded carbonate
capsules of tris-urea receptors were obtained as crystals from
dimethyl sulfoxide solution of the receptor mixed with tetra-
butylammonium hydroxide. As crystallization is a slow process
for supramolecular self-assembly and often show moderate
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Scheme 2 Notable HBD-based sulfate extractors known in the
literature 101416
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yield of crystals, it is desirable to come up with a quick and
efficient method of sulfate extraction using economically viable
HBD receptors and quaternaryammonium salt. Further, tren-
based tris-urea receptors can easily be synthesized in a single
reaction step with high yields (>80%) under non-inert condi-
tions, in contrast to calix[n]pyrroles, tetra-amide macrocycles,
tripodal hexa-urea (Scheme 2) and squaramide-based ion-pair
receptors which are often tedious to synthesize due to multi-
step reactions.

Motivated by the current research interest on the selective
separation of oxoanions from highly competitive aqueous
media,"*™*® herein we report the LLE of sulfate by tris-urea
receptors (L, L, and L) from alkaline aqueous media in the
presence of several competing anions (SeO,>", HPO,’”,
HAsO,>~, CO5;*~, CH3CO, , NO;, ClI”~ and F~). Unlike the
previous reports on sulfate extraction by HBD receptors using
quaternaryammonium salts of chloride or nitrate, here we have
used a sulfate selective tris-urea receptor mixed with tetrabu-
tylammonium hydroxide, (n-Buy,N)'OH~ for anion-exchange
between the immiscible aqueous-organic phases. In contrast
to the sulfate selective tris-urea receptors (L, L, and Ls), tris-
thiourea receptor (L,) can selectively and efficiently extract
phosphate from an aqueous solution in the presence of
competing oxoanions and halides. The differences in oxoanion
selectivity of the analogous tris-urea and thiourea receptors (L,
and L,) arises due to the different extent of HBD acidity of -NH
groups, where the more acidic tris-thiourea receptor prefers to
selectively recognize the more basic phosphate due to receptor—-
anion complementarity. We have carried out a large set of
competitive LLE experiments and NMR (‘H, **C, *'P and '°F)
analysis of the LLE products to validate the anion selectivity of
each receptor. We have also demonstrated that LLE is a quick
and efficient method of obtaining the hydrogen bonded
oxoanion complexes of urea and thiourea-based receptors with
good yield and purity.

Results and discussions

Both urea and thiourea are strong hydrogen bond donor groups
and the receptor-anion interactions can simply be observed in
"H-NMR spectroscopy, where a downfield chemical shift of the
urea/thiourea -NH signals suggest hydrogen bonding between
a receptor and an anion in the solution-state."**” In general,
a large downfield shift of the -NH signals correspond to strong
receptor-anion binding where the receptor-anion comple-
mentarity plays an important role in determining the anion
selectivity ie., the acidity of the urea/thiourea groups of
a receptor should complement the basicity of the anion for
selective anion recognition. Thus, it is anticipated that each of
the anion complexes of tripodal receptors (L,-L;) would
generate a distinct "H-NMR spectrum showing different extent
of downfield chemical shift of the -NH (-NH,, or -NHp) signals.
The oxoanion (SO,>”, Se0,>”, HPO,>”, HAsO,> , CO;*")
complexes of tris-urea receptors (L;-L3) were prepared by LLE
(water—-dichloromethane) of an oxoanion by a receptor in the
presence of two equivalents of (n-BuyN)"OH ™ acting as anion-
exchanger between the aqueous-organic phases, and the
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hydrogen bonded complexes were obtained from the organic
phase (see ESIf). Due to the higher acidity of thiourea -NH
groups, the oxoanion complexes of tris-thiourea receptor (L;)
were obtained by LLE (water-dichloromethane) of an oxoanion
by the receptor in the presence of two equivalents (n-Buy,-
N)'CH;CO, " (see ESI}). On the other hand, chloride, acetate,
nitrate and hydroxide complexes were obtained from the
organic phase after thoroughly washing the dichloromethane
solution of a tripodal receptor (L;-L4) and a tetrabutylammo-
nium salt (ClI7, CH3CO, , NO;~ and OH ") with an aqueous
solution of alkali metal salt of the respective anions (see ESIT).
After complete characterization of the isolated anion complexes
by NMR spectroscopy (DMSO-ds), LLE of sulfate and phosphate
has been carried out from aqueous media in the presence of one
or more competing anions by the tripodal receptors (see ESIT).

Anion complexes of tris-ureas

The "H-NMR spectrum of meta-nitrophenyl functionalized tris-
urea receptor (L;) showed the appearance of urea -NH signals at
6.3 and 9.0 ppm for -NH,, and -NHg, respectively (Fig. 1). The
aromatic region of the "H-NMR spectrum of sulfate complex [(7-
BuyN),(2L,-SO,4)] has clearly been observed to be distinctively
different when compared to the spectra of other anion
complexes (Fig. 1), except having a close similarity with the
selenate complex [(n-BuyN),(2L, - SeO,4)] (Fig. S5 and S6, ESIT). In

% -NHq
% -NHp l ‘

ul
[ j
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[in-BusN)(L+Cl)]

[(n-BusN)2(2L+S04)]
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[(n-BusN)2(2L+-CO3)]

[(n-Bu:N)(L+OH)]
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[ T
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Fig. 1 Aromatic region of the 'H-NMR (DMSO-dg) spectra of Ly and
the receptor—anion complexes showing variable downfield shift of the
urea —NH signals in different complexes relative to L;. (Full spectra are
provided in the ESI, Fig. $5-513+). The 'H-NMR spectra of selenate,
phosphate and arsenate complexes of L, are provided in the ESI.{
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Table1 H-NMR chemical shift values (6 ppm) of the urea/thiourea —NH protons (-NH,, and —NHpg) observed in the anion complexes of tripodal
receptors Ly_4 (NO = Not observed). The receptor—anion stoichiometries have been confirmed from the *H-NMR integral values of anion

complexes (aromatic —CH signals of receptor and —CHjs signal of (n-BusN)* cation)

Anion complexes of Ly 4 L1-NH,, L1-NHg L2-NH,, L2-NHp L3-NH,, L3-NHp L4-NH,, L4-NHg
L,(n=1,2,3o0r4) 6.3 9.0 6.4 9.3 6.1 8.5 8.1 10.2
[(n-BuyN),(2L,-SO,)] 7.3 9.6 7.4 10.0 7.0 9.1 9.1 11.0
[(n-BugN),(2L,,-SeO4)] 7.3 9.7 7.5 10.1 6.8 9.1 9.0 11.0
[(n-BuyN),(2L,- HPO,)] 7.2 9.7 7.3,10 10.1, 13.0 6.8 9.1 8.8, 11.8 10.8, 12.9
[(n-BusN),(2L,,- HAsO,)] 7.5 10.2 7.4,9.7 10.3, 13.1 6.7 9.1 9.0, 11.8 11.4, 13.0
[(n-BusN),(2L,- CO3)] 7.7 10.5 7.9 10.8 7.4 9.6 NO NO
[(n-BusyN)(L,- CH;CO,)] 6.9 10.0 7.4 10.5 6.8 9.4 8.9 11.3
[(n-BuyN)(L,,- C1)] 6.6 9.6 6.8 9.8 6.5 9.1 8.5 10.8
[(n-BuyN)(L,,-OH)] 7.2 10.3 7.7 10.6 NO 9.4 NO NO
[(n-BuyN)(L,,- NO;)] 6.4 9.1 6.5 9.4 6.1 8.5 8.3 10.3

particular, one of the urea -NH signals (-NH,, or -NHj) have
appeared at different chemical shift (6) value in different anion
complexes of L, (Fig. 1 and Table 1). Notably, the -NHj signals
of [(n-BuyN)(L;-CH;CO,)] (acetate complex), [(n-BuyN)(Ly-OH)]
(hydroxide complex), and [(n-BuyN),(2L;-CO;)] (carbonate
complex) showed large downfield shifts (A¢) of 1.0, 1.3 and
1.5 ppm, respectively with respect to the free receptor L, (Fig. 1
and Table 1). Although the -NHj, signals of sulfate complex and
chloride complex [(n-BuyN)(L,-Cl)] were observed to appear at
similar positions (Aé 0.6 ppm), but the downfield shift of -NH,,
signals were distinctly different exhibiting larger shift in the
sulfate complex (Fig. 1). The downfield shift of -NH,, g signals
were observed to be larger in the arsenate complex [(n-Bus-
N),(2L;-HAsO,)] than in the phosphate complex (Table 1,
Fig. S12 and S13, ESIt). *'P-NMR spectrum of the phosphate
complex showed two signals at 4.5 and 8.8 ppm suggesting the
presence of two different phosphate species in the isolated
complex from LLE experiment (Fig. S14, ESIf). Negligible
downfield shifts of -NH,, g signals were observed in the spec-
trum of nitrate complex [(n-Bu,N)(L,-NO3)] suggesting weak
receptor-anion interactions (Fig. 1).

The "H-NMR spectrum of para-nitrophenyl functionalized
tris-urea receptor (L,) showed the urea -NH signals at 6.4 and
9.3 ppm for -NH,, and -NHy, respectively (Fig. 2). An appre-
ciable downfield shift (A6 > 1 ppm) of -NHjp signals were
observed in the spectra of acetate, carbonate and hydroxide
complexes of L, (Fig. 2 and S15-S17, ESIf), similar to the
analogous anion complexes of L, (Fig. 1). Notably, the "H-NMR
spectra of sulfate and selenate complexes of L, were observed to
be comparable, and two sets of -NH,, g signals were observed in
the spectrum of phosphate complex [(n-BuyN),(2L,-HPO,)]
suggesting the presence of two different phosphate species
(HPO,>~ and PO,’") in the isolated complex from LLE experi-
ment (Fig. 2 and Table 1). A similar "H-NMR spectrum has also
been observed for the arsenate complex [(n-BuyN),(2L,- HAsO,)],
as phosphate and arsenate are oxoanions of the same group
(Group-15) similar to sulfate and selenate (Group-16) and thus,
have similar chemical properties. The percentage of [2L, - PO,]*~
and [2L,-HPO4]*~ present in the isolated phosphate complex
can be quantified by integrating the aromatic -CH signals,
where the signals at 7.7 and 7.9 ppm (2 -CH each) have

16188 | RSC Adv, 2023, 13, 16185-16195

appeared exclusively for the [2L,-PO,J*~ and [2L,-HPO,]*",
respectively and the signal at 7.5 ppm is a combination of both
the hydrogen bonded adducts (Fig. S20, ESIt). The -CH integral
values suggested that the ratio of [2L,-PO,]*~ and [2L, - HPO4]*~
present in the isolated phosphate complex is =40:60. The
integral values of urea -NH signals can also be used to calculate
the PO,*> /HPO,>™ ratio, but due to the broad nature of -NH

* -NHq *
% -NHg l

L.

[(n-BusN)(2L7S04)]

[(n-BueN)2(2L2Se0x)]

. *%
A A
[(n-BusN)2(2L2HPO4)]

*
= : : M/\

[(n-BusN)>(2L2HASO4))

[(BusN)(L2OH)]

Fig. 2 Aromatic region of the 'H-NMR (DMSO-dg) spectra of L, and
the receptor—anion complexes showing variable downfield shift of the
urea —NH signals in different complexes relative to L, (full spectra are
provided in the ESI, Fig. S15-524%). The *H-NMR spectra of carbonate,
acetate and nitrate complexes of L, are provided in the ESIL.¥
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Fig. 3 X-ray structure of the sulfate-encapsulated complex [(n-Bugs-
N)»(2Ls-SOLLE' tetrabutylammonium cations are not shown for
clarity. N=H---O hydrogen bonds are shown in blue dotted lines and
C—H---m interactions are shown in green dotted lines.

signals, the ratio may significantly vary (=35-40:65-60).
Similarly, the ratio of [2L,-AsO,]>” and [2L,-HAsO,]* present
in the isolated arsenate complex was observed to be =20 : 80, as
calculated from the -CH (7.7 and 7.9 ppm) and -NH (10.3 and
13.1 ppm) integral values.

The "H-NMR spectrum of fluorophenyl functionalized tris-
urea receptor (Lz) showed the urea -NH signals at 6.1 and
8.5 ppm for -NH,, and -NHg, respectively suggesting that the -
NH groups are less acidic (polarized) in L; than its nitrophenyl
analogue L, (Fig. S31 and Table 1). The urea -NH,, g signals have
experienced different extent of downfield chemical shift in the
anion complexes of L;. The carbonate complex [(7-BuyN),(2L;-
-CO3)] has shown the highest shift of -NH,, g signals (A 1.1-1.3
ppm) and negligible shift has been observed in the nitrate
complex [(n-BuyN)(L;-NO3)]. Although the -NHj signals of
sulfate, phosphate and chloride complexes have appeared at
similar positions (Aé 0.6 ppm), but the shift of -NH,, signals
were observed to be distinctly different (Table 1 and Fig. S26-
S35, ESIY).

Single crystals of sulfate complex [(n-BuyN),(2L3-SO,)] was
obtained from a dimethyl sulfoxide solution of the LLE product
(sulfate extraction by L;) at room temperature. The hydrogen
bonded complex has crystallized in monoclinic I2/a space
group. X-ray structure elucidation revealed the formation of
a sulfate encapsulated dimeric capsular assembly of the
receptor (Fig. 3). The encapsulated sulfate ion forms sixteen
N-H:--O hydrogen bonds (mean N---O distance = 3.12 A) with
the six urea groups of two oppositely oriented receptor mole-
cules (Table S1, ESIt). The dimeric assembly is further stabi-
lized by two aromatic C-H- -7 interactions (C---7 distance =
3.54 A) between the fluorophenyl groups of the receptor
molecules.

Selective extraction of sulfate

Based on the observed anion affinity (association constants) of
tris-urea receptors (L;-L;) as determined from quantitative 'H-
NMR experiments,”® we have carried out liquid-liquid extrac-
tion (LLE) of sulfate by a tris-urea receptor in the presence of
several competitive anions (selenate, hydrogenphosphate,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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nitrate, carbonate, acetate and chloride/fluoride). In the first set
of LLE experiments, L; (100 mg) was dissolved in dichloro-
methane (20 mL) in the presence of two equivalents of (n-Bu,N")
OH™ and an aqueous solution of sulfate and a competing anion
(one equiv. each of Na,SO, and an alkali metal salt of competing
anion dissolved in 20 mL of deionized water) was added to the
organic media and stirred for an hour. In the second set of LLE
experiments, an aqueous solution mixture of sulfate and two
competing anions (one equiv. alkali metal salts of (i) SO,>",
HPO,*>~ and NO;~, (ii) SO,*~, CH;CO, ™ and CO;>", (iii) SO,>",
Cl™ and F dissolved in 20 mL of deionized water) was added to
the dichloromethane solution and stirred for an hour. The pH
of the aqueous media containing different combinations of
alkali metal salts was adjusted to about 10.0 (£0.2) in each case
by adding a few drops of dilute NaOH solution, considering the
importance of sulfate separation from alkaline nuclear waste
media. The receptor-anion complexes were obtained from the
dichloromethane phase as yellow powders with =76-82% yield
(relative to L,) depending on the competing anions. However, in
the absence of competing anions, about 85% yield was obtained
in sulfate extraction experiment. The "H-NMR spectra of all the
LLE products closely resemble the spectrum of [(r-BuyN),(2L;-
-SO,4)] (A6 -NH,, 1.0 £ 0.1 and A¢ -NHg 0.6 + 0.1), suggesting
the selective extraction of sulfate from competitive aqueous

* -NHqg
% -NHp *

(d)

114
1A
Ik

®

72 70 68 66 64 62

110 108 106 104 102 100 98 96 94 02 90 B8 86 84 82 80 78 7.6 74

1 (ppm)

Fig. 4 Aromatic region of the *H-NMR spectra of sulfate complex [(n-
Bu4N)»(2Ly-SO4)] obtained in the presence of (n-BusN)™ hydroxide and
(a) selenate, (b) hydrogenphosphate, (c) carbonate and acetate, (d)
chloride and fluoride, (e) hydrogenphosphate and nitrate, (f) hydro-
genphosphate, carbonate and nitrate, in LLE experiments. (Full spectra
are provided in the ESI, Fig. S36-S467). The spectrum in each case
closely resembles the spectrum of sulfate complex, [(n-BusN),(2L;-
-SO,4)] affirming clean sulfate extraction by L.
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Scheme 3 Recognition-guided selective extraction of sulfate by
nitrophenyl-functionalized tris-urea receptors from competitive
aqueous media at pH = 10.

solution (Fig. 4 and S36-S46, ESIT). In a control experiment, the
sulfate complex obtained after thoroughly washing a dichloro-
methane solution of L; and (n-Buy,N)"HSO,~ (two equiv.) with
an aqueous solution of Na,SO, (one equiv.) showed similar 'H-
NMR spectrum with four aromatic -CH and two -NH signals
(Fig S47, ESIT). *'P, *C and "°F NMR spectra of the compounds
obtained from the above specified set of LLE experiments
showed the absence of signals for HPO,>~, CO5;>~, CH3CO,~
and F, and thereby affirming the clean extraction of sulfate
ions in the presence of competing anions. The selective
extraction of sulfate by L, has also been achieved in the pres-
ence of three competing anions such as, HPO,>~, NO;~, CO;>~
and SeO,>”, CH3CO, , F~ (Scheme 3 and Fig. S45 and S46,
ESIT). EDX analysis of the compounds were also performed to
validate the absence of competing anions like, selenate and
arsenate.

Similar set of competitive LLE experiments have also been
performed with L, (Scheme 1). Sulfate could easily be extracted
from an aqueous to an organic phase within an hour in the
presence of a competing oxoanion such as, selenate, hydro-
genphosphate, carbonate and acetate at pH = 10 (Fig. 5 and
S48-S51, ESIf). Efficient sulfate extraction has also been ach-
ieved in the presence of two and three competing anions
(CO3*>7, CH;CO, /NO; /Cl~ and HPO,>”, CO;>", NO; /Cl")
with =84-90% yield of sulfate complex relative to L, (Fig. 5 and
S54-S58, ESIt). It is important to mention that the presence of
an equivalent amount of CI~ or NO; ™~ in an aqueous solution of
SO4>~ has shown some degree of partial interference towards

1 Single crystal X-ray crystallography data of [(n-Bu,N),(2L;-SO4)] CCDC no.
2247494, F = CgeH 32F¢N16010S, M = 1696.13, T = 293 K, Space group = I2/a,
a =27.2148(9) A, b = 13.1020(4) A, ¢ = 28.9686(11) A, @ = 90°, § = 114.483(4)°,
v =90° V = 9400.5(6) A>, Z = 4, u = 0.918 mm ™}, D = 1.198 g cm >, F(000) =
3640, 0 (max) = 72.503, data completeness = 0.977, measured reflections = 20
122, independent reflections = 9108, observed reflections (I > 2 s(I)) = 6797,
parameters = 569, R;(F) = 0.0816, WR,(F*) = 0.2943, S = 1.069.
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Fig.5 Aromatic region of the 'H-NMR spectra of sulfate complex [(n-
Bu4N),(2L;- SO,4)] obtained in the presence of (n-BusN)* hydroxide and
(a) hydrogenphosphate, (b) selenate, (c) carbonate, (d) acetate, (e)
carbonate and chloride (f) hydrogenphosphate, carbonate and nitrate,
in LLE experiments (Full spectra are provided in the ESI, Fig S48—-S587%).
All the spectra closely resemble the spectrum of [(n-BusN)(2L,-SO4)]
affirming clean sulfate extraction by L,.

sulfate extraction by L; and L,, within an hour of LLE time
(Fig. S40, S52 and S53, ESIt). However, the interference from
Cl” and NO;  have been overcome by the addition of an
equivalent amount of F~, CO;>~ or HPO,>~ to the aqueous
solution mixture (Fig. 4, 5, S41-43 and S54-56, ESI{). An addi-
tional LLE time of 15-20 minutes has also resulted in clean
sulfate extraction by L, and L, in the presence of CI” or NO; ™ as
a competing anion.

Unlike L,, sulfate extraction efficiency of fluorophenyl-
functionalized tris-urea receptor was comparatively lower
(=68-75% relative to L3) in competitive media and clean sulfate
extraction could not be achieved in the presence of an equiva-
lent amount of Cl~ or NO;~ (Fig. 6 and S67-69, ESIt), even in
the presence of CO;>~ and HPO,>~ or a longer LLE time (1.5
hours). However, sulfate could efficiently be extracted by Lz in
the presence of other competing anions such as, fluoride,
hydrogenphosphate, carbonate and acetate within an hour of
LLE time at pH = 10 (Fig. 6). Powder XRD patterns of [(n-Bu,-
N),(2L3-SO,)] obtained in the presence of competing anions
were observed to be in close similarity with the simulated XRD
pattern of the crystal structure (see ESIT).

It is important to highlight that the association constants (K,
calculated by "H-NMR in DMSO-d,) for sulfate binding by the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Aromatic region of the *H-NMR spectra of (a) Lz and spectra of
sulfate complex [(n-BuyN),(2L3-SO4)] obtained in the presence of (n-
BuyN)* hydroxide and (b) hydrogenphosphate (c) hydrogenphosphate
and fluoride, (d) carbonate and acetate, (e) hydrogenphosphate,
carbonate and fluoride, (f) spectrum showing inefficient extraction of
sulfate by Lz in the presence of chloride and carbonate, (g) spectrum
showing no extraction of sulfate in the presence of nitrate in LLE
experiments (full spectra are provided in the ESI, Fig. S59-S69+).

tris-urea receptors (L;-L;) were reported in the order of > 10*
M ! (logK, 4-4.5, error limit 10-15%)."* Competitive LLE
experiments have revealed that the nitrophenyl-functionalized
tris-urea receptors are better sulfate extractors than their fluo-
rophenyl analogue considering the extraction efficacy and
sulfate selectivity. Nitrophenyl bonded to a urea -NH group can
induce greater polarization of urea groups (higher -NH acidity)
in comparison to halophenyl aromatic and thus, L; and L, form
stronger hydrogen bonds with anions in the solution-state
which resulted in superior sulfate selectivity.

Anion complexes of tris-thiourea

The "H-NMR spectrum of tris-thiourea receptor Ly showed the -
NH signals at 8.1 and 10.2 ppm for -NH,, and -NHg, respectively
suggesting that the thiourea -NH groups are more acidic (polar-
ized) than its urea analogues L,-L, (Fig. 7 and Table 1). The
aromatic region of the "H-NMR spectrum of phosphate complex
[(n-BuyN),(2L4- HPO,)] has clearly been observed to be distinc-
tively different in comparison to rest of the anion complexes of L,
(Fig. 7), except having a close similarity with the arsenate complex

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Aromatic region of the 'H-NMR (DMSO-dg) spectra of Ly and
the receptor—anion complexes showing variable downfield shift of the
thiourea —NH signals in different anion complexes relative to L4. (Full
spectra are provided in the ESI, Fig S70-S771).

[(n-BuyN),(2L,-HAsO,)] (Fig. S70 and 71, ESI}). Similar to the
phosphate/arsenate complexes of L,, two sets of -NH,, s signals
were also observed in the 'H-NMR spectra of phosphate and
arsenate complexes of L, suggesting the presence of two different
phosphate/arsenate species in the isolated complexes from LLE.
In a control experiment, the phosphate complex obtained after
thoroughly washing a dichloromethane solution of L, and (n-
BuyN)'H,PO,~ (two equiv.) with an aqueous solution of K,HPO,
(one equiv.) showed a similar "H-NMR spectrum with two sets of -
NH,, s signals and three aromatic ~CH signals. The aromatic -CH
signals at 7.9 and 8.0 ppm (2 -CH each) have appeared for
[2L,-HPO,]*", and the -CH signal at 7.7 ppm (4 -CH) suggested
the presence of [2Ls-PO,*~ (Fig. 7). The -NH, s signals for
[2Ls-PO4]*~ were observed to appear at higher 6 values (-NH,,
11.8 ppm, and -NHg 12.9 ppm) in comparison to the downfield
shift of -NH,, g signals for [L,- HPO,]*~ (-NH,, 8.8 ppm, and -NHp
10.8 ppm). The percentage of [2L4-PO,*" and [2Ls HPO,]*~
present in the isolated phosphate complexes has been quantified
by integrating the aromatic -CH signals. For example,
[2Ls PO4J*™ to [2L4-HPO,J* ratio in complexes obtained in the
presence of tetrabutylammonium CH;CO, , CI7, F~ and NO;~
were calculated to be =10:90, 20:80, 60:40 and 85:15,
respectively (control experiments, ESIT). The "H-NMR spectrum
of carbonate complex [(n-BuyN),(2L4-COs)], showed disappear-
ance of the thiourea -NH,, 3 signals, indicative of anion-induced
broadening of highly polarized -NH peaks (Fig. 7). The "H-NMR
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spectra of sulfate complex [(n-BuyN),(2L4-SO,4)], and selenate
complex [(n-BuyN),(2L,-SeO,)] were observed to be similar, and
an appreciable downfield shift of the -NH,, g signals (Ad 0.8-1.1
ppm) have been observed in the sulfate/selenate and acetate
complexes relative to the free receptor (Fig. 7 and $73-S75 ESIY).
The downfield shift of -NH,, g signals in chloride complex [(n-
Bu,N)(L,- Cl)] was observed to be comparatively less (Aé 0.4-0.6
ppm) suggesting weaker receptor-chloride interactions than
receptor-oxoanion interactions (Fig. 7). However, negligible
downfield shift of the -NH,, g signals in nitrate complex [(n-Bu,-
N)(L4-NOj3)] suggest very feeble interactions of the receptor with
a nitrate anion (Fig. 7).

Selective extraction of phosphate

Similar to the sulfate extraction experiments, we have carried
out liquid-liquid extraction (LLE) of hydrogenphosphate by the
tris-thiourea receptor in the presence of a competitive anion
(hydrogenarsenate, sulfate, selenate, carbonate, nitrate and
chloride). In the first set of LLE experiments, L, (100 mg) was
dissolved in dichloromethane (20 mL) in the presence of three
equivalents of (n-Buy,N")CH;CO,~ and an aqueous solution of
hydrogenphosphate and a competing anion (one equiv. each of
K,HPO, and an alkali metal salt of competing anion dissolved
in 20 mL of deionized water) was added to the organic media
and stirred for an hour. In the second set of LLE experiments,
an aqueous solution mixture of hydrogenphosphate and two
competing anions (one equiv. alkali metal salts of (i) HPO,>~,
HAsO,>~ and NO;~ (ii) HPO,>~, SO,*>~ and Cl~ (iii) HPO,*",
SO4>~ and NO;™~ dissolved in 20 mL of deionized water) was
added to the dichloromethane phase and stirred for an hour.
The 'H-NMR spectra of the isolated LLE products closely
resemble the spectrum of [(n-BuyN),(2Ls-HPO,)] in each case
(Fig. 8), suggesting the selective extraction of phosphate from
competitive aqueous media with 85-92% extraction efficiency
(relative to L,). The exclusive formation of phosphate complexes
in the competitive LLE experiments has further been confirmed
by *'P-NMR spectroscopy (Fig. $78-S86, ESIf). The selective
extraction of phosphate has also been achieved in the presence
of three competing anions (SeO,>", CO;*~, ClI~ and SO,*”,
HAsO,>~,NO; ") establishing L, as a highly selective receptor for
phosphate extraction (Fig. 8, S88 and S89, ESIT). EDX analysis
have also been performed to validate the absence of competing
anions such as arsenate and selenate in the LLE products.

It is interesting to note that, depending on the competing
anion(s), the ratio of [2L,-PO,]*>~ to [2Ls-HPO,]*~ complexes in
the LLE products has varied considerably most likely due to the
effect of different competing anion(s) on the HPO,>~ < PO,*~
equilibrium in aqueous solution. For instance, in the presence
of CO;>” as a competing anion for phosphate extraction, the
[2Ly-PO4J*” to [2Ls-HPO,]*™ ratio was calculated to be 90: 10,
and in the presence of Se0,>” as a competing anion, a ratio of
30:70 was calculated from the aromatic -CH integral values
(Fig. 6, S78-S81, ESIf). While ~50: 50 mixture of [2L,-PO,J*~
and [2L,-HPO,]>~ was obtained in the presence of HAsO,>~ and
NO; ™~ as competing anions, =10 : 90 ratio was observed in the
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Fig. 8 Aromatic region of the 'H-NMR spectra of phosphate
complexes obtained in the presence of (n-BusN)* acetate and (a)
selenate, (b) carbonate, (c) hydrogenarsenate and nitrate, (d) sulfate
and chloride, (e) sulfate and nitrate, (f) selenate, carbonate and chlo-
ride, showing the presence of both [2Ls-HPOL%~ and [2L4-PO413~
complexes in different ratios in the isolated LLE products. Black dots
represent the —CH signals corresponding to [2L4-HPO4?~ and green
dot represent the —CH signal for [2L4-PO4I>~. The [2L4-HPOLI*>~ to
[2L4-PO,4I~ ratio can be calculated from the given —CH integrals (full
spectra are provided in the ESI, Fig. S78-589% including **P-NMR
spectra).

presence of SO, and ClI/NO;~ as competing anions (Fig. 8
and S82-S87, ESIY).

Sulfate extraction under environmentally relevant conditions

The average distribution of four major anions along the upper
Ganga River basin (India) varied approximately as bicarbonate
(70%), sulfate (25%), nitrate (3%) and chloride (1%), while the
presence of phosphate and fluoride are considerably low.'®
Thus, based on the distribution of major anions in Ganga basin,
an aqueous solution (20 mL) of four different sodium salts has
been prepared containing 7 equiv. of bicarbonate, 2.5 equiv. of
sulfate, 0.3 equiv. of nitrate and 0.1 equiv. of chloride with
respect to 100 mg of L, or L,. Tetrabutylammonium acetate (two
equiv.) was used as an anion-exchanger in the organic phase for
sulfate extraction experiments. As the concentrations of nitrate
and chloride were significantly less as compared to sulfate and
the presence of carbonate have proven to reduce the interfer-
ence from nitrate and chloride in the LLE of sulfate, we have

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Suitable choice of tetrabutylammonium salts for the efficient extraction of sulfate or phosphate by the tripodal receptors (Ly, L, and L)

from aqueous to organic media (in the absence of competing anions)

n-Bu,N" salts (anion-exchanger) L, (LLE of SO,>7)

L, (LLE of S0,>7) L, (LLE of HPO4>")

(n-BuyN)'OH v
(n-BuyN)"CH;CO,~ v
(n-BuyN)'F~ v
(n-BuyN)*Cl™ X
(n-BuyN)'NO;~ X

observed an efficient extraction of sulfate by L, and L, in the
presence of excess bicarbonate to obtain the hydrogen bonded
sulfate complex (Fig. S90 and S91, ESI¥).

Another study showed that the average distribution of four
major anions in the Brahmaputra River basin groundwater
(India) varied approximately as bicarbonate (91%), sulfate
(3.5%), chloride (3.5%) and nitrate (1%).* This implies that the
concentration of bicarbonate is 26 times more than the
concentration of sulfate and chloride in the groundwater
samples tested. Sulfate extraction from an aqueous solution
containing equivalent amount of chloride and large excess of
bicarbonate (26 equiv.) was not successful with L, and L,.

For a comparative study, we have also carried out LLE of
sulfate and phosphate by L, and L, in the absence of competing
anions. The extraction efficiency of thiourea receptor L, was
observed to be better than the urea receptor L, both for sulfate
and phosphate extraction, when tetrabutylammonium acetate
was used as an anion-exchanger. The sulfate extraction effi-
ciencies of L, and L, were observed to be 85% and 90%
respectively, considering the formation of a 2:1 receptor-
sulfate complex, which were evident from the integral values of
"H-NMR spectra of sulfate complexes (see ESIf). However,
sulfate extraction efficiency of L, exceed 90% when tetrabuty-
lammonium hydroxide was used as an anion-exchanger. The
phosphate extraction efficiencies of L, and L, were observed to
be 82% and 92% respectively, considering the formation of a 2 :
1 receptor-phosphate complex. The higher extraction efficiency
of L, than L, is possibly due to the higher acidity of -NH protons
(-NH polarization), which implies that the thiourea receptor
can form stronger hydrogen bonds with sulfate/phosphate in
the solution-state resulting in better extraction efficiency
than L,.

Control LLE experiments

In order to establish the best choice of anion-exchanger for the
clean and efficient extraction of sulfate by the tris-urea receptors
(Ly and L,), we have initially carried out several control LLE
experiments using tetrabutylammonium salts of hydroxide,
nitrate, acetate, chloride and fluoride. The order of basicity of
the anions with respect to hydroxide follows the sequence OH™
>F > CH3CO, > Cl” > NO; . Tetrabutylammonium fluoride
and acetate have proven to be effective anion-exchangers for
sulfate extraction by tris-ureas, similar to (n-Bu,N)'OH™.
Whereas, tetrabutylammonium chloride and nitrate have been
found to be inefficient anion-exchangers for sulfate extraction
from aqueous media (Table 2). Considering the importance of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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sulfate separation from alkaline nuclear waste media, the use of
(n-BuyN)'OH " for sulfate-exchange from an aqueous phase to
the organic phase is well justified, and has proven to be highly
efficient for selective sulfate extraction in competitive
environment.

Similarly, control LLE experiments have also been performed
to validate a suitable choice of tetrabutylammonium salt for the
clean and efficient extraction of phosphate by the tris-thiourea
receptor L,. It has been found that the use of tetrabutylammo-
nium hydroxide can deprotonate a more acidic thiourea -NH
proton and thus, phosphate extraction by L, was unachievable
in the presence of (n-BuyN)'OH . However, tetrabutylammo-
nium salts of acetate, chloride, fluoride and nitrate have proven
to be effective anion-exchangers for phosphate extraction by the
thiourea receptor (Fig. $92-S96, ESIt) unlike sulfate extraction
by tris-urea receptors (Table 2).

So as to validate the anion selectivity order of tripodal
receptors in LLE experiments, control experiments were carried
out using different combinations of anions (equivalent
amounts of two alkali metal salts dissolved in deionized water)
in a sequential method. The phosphate selective thiourea
receptor can selectively extract chloride in the presence of
sulfate/selenate, and sulfate in the presence of selenate/
arsenate (Fig. S97-S99, ESIf). The receptor can selectively
extract selenate in the presence of arsenate and all of these
anions can individually be extracted in the presence of tetra-
butylammonium acetate. Thus, the selectivity order for LLE of
anions by L, was established as, HPO,>~ > Cl~ > SO,>™ > SeO,>~
>HAsO4>~ > CH;CO, . Similarly, the selectivity order for LLE of
anions by L;_, was established as, SO,>~ > ClI” > HPO,*>~ >
Se0,>” > HAsO,”>~ > CHsCO, . The selective extraction of
phosphate over selenate and arsenate was further confirmed by
3'p-NMR analysis.

Conclusion

In conclusion, we have demonstrated the efficient extraction of
sulfate from highly competitive alkaline aqueous media (pH =
10) by nitrophenyl-functionalized tris-urea receptors (L;-L,) in
the presence tetrabutylammonium hydroxide (two equiv.)
acting as an anion-exchanger between the immiscible aqueous-
organic phases. Sulfate can selectively be extracted from the
alkaline aqueous media in the presence of nitrate, phosphate
and other competing anions establishing L, and L, as effective
HBD receptors for sulfate removal from aqueous media. Sulfate
extraction efficacy of L, (= 84-90%) were observed to be higher
than L, (=76-82%) and L; (= 68-75%) in the presence of two or
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three competing anions in LLE experiments. Thus, L, can
certainly be considered as the best sulfate extractor as it could
selectively extract sulfate from an alkaline aqueous solution
containing equivalent amount of sulfate, carbonate/
hydrogenphosphate and nitrate/chloride, unlike L; (Fig. 3-5
and ESIT) which exhibited significant interference from nitrate
or chloride towards efficient sulfate extraction.

Furthermore, efficient extraction of phosphate from water
have also been demonstrated in the presence of several
competing anions by using a nitrophenyl-functionalized tris-
thiourea receptor, L, and tetrabutylammonium acetate as an
anion-exchanger. Because of the higher acidity of tris-thiourea -
NHg protons in comparison to its analogous urea receptor (L),
tetrabutylammonium hydroxide has been found to deprotonate
a thiourea -NH group in LLE experiments and thus, LLE of
phosphate was carried out in the presence of a less basic tet-
rabutylammonium acetate. Tetrabutylammonium acetate and
fluoride can also be used for the selective extraction of sulfate by
L;-L,, similar to phosphate extraction by L, (Table 2). Notably,
no interference from nitrate and chloride has been observed in
the LLE of phosphate by the tris-thiourea receptor.

Overall, we have shown that structurally simple and easy to
synthesize first-generation HBD tripodal receptors L, and L, can
efficiently be employed for the selective extraction of sulfate and
phosphate, respectively with up to 90% extraction efficiency
depending on the competing anion or anionic mixture. Most
importantly, all the receptors can easily be recycled for the
successive LLE process by simply dispersing the oxoanion
(sulfate/phosphate) complex in methanol-water (1:1, v/v)
protic solvent media under stirring (for 15 min), followed by
filtration to obtain the recycled product. The easy-to-synthesize
tren-based tris-urea/thiourea receptors (mainly L, and L,) can
thus be considered as promising oxoanion receptors for the
selective removal of sulfate and phosphates from aqueous waste
media.

Finally, from a future perspective, it is of utmost necessity to
find a low cost HBD receptor which can selectively and quickly
extract sulfate from highly alkaline nitrate-rich aqueous waste
media containing varying amount of other competitive ions.
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