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Sulfamic acid (NH3—SOg3) is an acidic zwitterion with many
applications. N-alkylated derivatives are introduced, which
can be used as a new class of metal extractants R2NH—SO3
and as new super-acidic ionic liquids [R2NH—SOsH][Tf2N].
The synthesis, properties and novel applications of this
versatile platform are discussed.

Sulfamic acid is an interesting compound due to its zwitterionic
nature and relatively strong acidity (pKa = 1).! It is closely related to
sulfuric acid, but it is a solid, making it unique among the strong
inorganic acids. It is prepared industrially by reacting urea with
sulfur trioxide and sulfuric acid (eq 1).22

O=C(NHz2)2 + SO3 + H2SO4 — CO2 + 2 NH3—SO3 (@)

Sulfamic acid is best described by the formula *NH3—SO3™ and not
by the tautomeric form NH2—SOsH, since the equilibrium is almost
completely shifted in the direction of the zwitterion.* It is used in a
wide variety of applications such as household cleaning product
because it is a safe, non-toxic alternative to the more volatile and
corrosive hydrochloric acid. Furthermore, its ability to form soluble
metal complexes with metal ions such as Ca(ll) and Fe(lll), makes it
very efficient for the removal of limescale and rust.>® Sulfamic acid
is also used in herbicides and flame retardants in the form of
ammonium sulfamate.?® Furthermore, N-alkylated sulfamic acid
derivatives have been of great interest as artificial sweeteners (e.g.
sodium cyclamate) and as therapeutic compounds in antibiotics, HIV
inhibitors and anti-cancer drugs.'356 The synthesis and chemistry of
N-alkylated sulfamate derivatives has been reviewed by Benson et
al. (1980).! Recently, interest has also grown in the domain of green
chemistry and acid catalysis since (N-alkylated) sulfamic acids are
considered to be eco-friendly, reusable and versatile acid catalysts.”
12 Metal sulfamate salts and complexes are also of interest because
of their very high solubility, due to the zwitterionic nature of
sulfamic acid. In fact, many sulfamate salts are amongst the most
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soluble metal salts known (e.g. Ni?*, Pb?"), making it an ideal
counterion for high current density electroplating.33 Metal
sulfamates can be prepared by reaction between sulfamic acid and a
metal carbonate or oxide (eq 2):

NiO + 2 NH3—SO3 — Ni(NH2S03)2 + H20 2

Sulfamate ions are ambivalent ligands, which leads to a rich
coordination chemistry.! For example, sulfamate complexes of
Zn(I1), Co(Il), Ni(ll) and rare-earth ions (La—Lu, Y) are bonded
through the oxygen atom, while sulfamate complexes of Pt(ll),
Pt(1V), Cr(l11), and Ru(l11) are bonded through the nitrogen atom.%#-
18 The strong affinity for metal ions and the differences in
coordination behaviour suggest that N-alkylated sulfamic acid
derivatives (pKa = -2)* could be excellent extractants. However, to
the best of our knowledge, such extractants have not been reported
yet. This Communication focuses on the extraction of metal ions
with new N-alkylated (zwitterionic) sulfamic acid extractants
(R2NH-S03), but also introduces closely-related double protonated
N-alkylated sulfamic acid ionic liquids ([R2NH—SOsH][Tf2N])
(Figure 1), as an interesting new class of super acids (pKa < -7)
which are more convenient and safer to handle than current super
acids (e.g. FSOsH). These super-acidic ionic liquids can serve as
new non-aqueous metal leaching systems.

R R szNe
\ CISOzH \ @ €] HTf,N \
NH —— NH—SO; ——> NH—SO3zH
/ /
R R R
Zwitterion lonic liquid
pK,=2 pK, <=7

Figure 1. Synthesis of N-alkylated sulfamic acid zwitterions R,NH-SO3 and the
corresponding super-acidic (double protonated) ionic liquids [R,NH-SO3H][Tf,N].
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The synthesis of N-alkylated sulfamic acids is straightforward, using
mono- or dialkylamines and chlorosulfonic acid to obtain the
corresponding N-alkylated sulfamic acid (eq 3).! Trialkylamines can
not be used as these form stable non-acidic adducts with SOs instead
of the sulfamic acid derivative.!® The resulting N-alkylated sulfamic
acid zwitterions are moderately strong acids (pKa = 2),! but they can
also undergo an additional protonation in the presence of very strong
Brensted acids, to form ionic liquids (eq 4).! Bistriflimic acid
(HTf2N) was used in this work since TfoN- anions tend to form
thermally stable, low-melting and lowly-viscous ionic liquids.?°

R2NH + CISOsH — R2NH-SOs + HCI 3)
R2NH-SO3 + HTf2N — [Ra2NH-SO3H][Tf2N] 4)

An overview of the synthesis procedures can be found in the ESI. A
list of the synthesized compounds is given in Table 1 and their
miscibility with various solvents is summarized in Table 2.

Table 1. List of the zwitterion extractants R,NH—SO; and the corresponding
protonated ionic liquids [R,NH—SOsH][Tf,N] described in this work.

Nr Compound Tm (°C)?

1 (Et),NH—SO4 Decomposes around 250 °C
2 (n-Oct),NH—-SO3 Decomposes around 250 °C
3 [(Et),NH—SO;zH][Tf.N] 59

4 [(n-Oct);NH—SO3H][T,N] 63

2 Melting temperature (Tm): measured by DSC.

Table 2. Miscibility of the N-alkylated sulfamic acid derivatives (1-4) in
different solvents (1:1 ratio vol/vol).?

2 3 4

Water + - - -

Ethylene glycol - - + +
Acetonitrile + - + -
N,N-Dimethylformamide + + - -
Methanol + + + +
Ethanol + + + +
Acetone + + +
Toluene - + - +
n-Heptane - + - -

2 Miscible (+), partially miscible (+) or immiscible (—)

The thermal stability of these compounds was investigated in
detail. In a first series of experiments these compounds were tested
at 25, 50 and 80 °C in water over a period of 24 h, during which no
signals of degradation were detected by NMR (ESI, Table S2—-S3).
Thermogravimetric analysis (TGA) under nitrogen atmosphere (5 °C
min) showed no degradation below 250-350 °C (Figure 2). The
TGA results are also compared with analogous sulfonic acid and
alkylsulfuric acid ionic liquids.?*%?
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Figure 2. TGA results (5 °C min) for the sulfamic acid zwitterion (Et),NH-SO3H
and the corresponding IL [(Et),NH-SO3H][Tf;N]. The TGA curves of the analogue
sulfonic  acid IL [(Et)sN-C3SO3H][Tf,N] and alkylsulfuric  acid IL
[(Et)sN-C,0SO;H][Tf,N] are added as a comparison and were obtained in
previous work.2%22

Compounds 1 and 2 were then tested as extractants (15 mol% in
the organic phase) in a series of solvent extraction experiments using
a biphasic water/heptane mixture (1:1 vol/vol) and a metal
concentration of 1 mmol L (pH 2.7) in the agueous phase. The
samples were shaken for 1 h at 25 °C, and then allowed to phase
separate. Total reflection X-ray fluorescence (TXRF) was used to
measure the metal concentrations in the aqueous and organic phase
in order to calculate the percentage extraction %E (eq 5):

_DMorg ()

Norg+Naq

%E =

Here, Norg and naq are the number of moles of the metal ion in the
organic phase and aqueous phase, respectively. The influence of the
extractant structure and the choice of metal counter ion (chloride or
nitrate) was tested (Figure 3). The extractant (Et)2NH-SOs3
performs significantly better in extraction than its homologue
(Oct)2NH-SOs with longer alkyl chains. There is also a
noticeable increase in extraction efficiency from nitrate media
compared to chloride media. Very little is known about this
type of sulfamic acid extractants. Therefore, we are currently
conducting further research to elucidate the extraction
mechanism using EXAFS measurements. Overall, these
alkylated sulfamic acids appear to be interesting extractants,
especially for the extraction of metal ions from nitrate solutions.
Advantages of this new class of extractants are that they show no
detergent behaviour and that they are less acidic (pKa = 2) than
sulfonic acids (R-SOsH) which have a pKa = -2 and show strong
detergent behaviour.222324 The higher pKa of sulfamic acids makes it
easier to strip the metals from the extractants, while retaining the
typical behaviour of —~SOsH extractants.?%?% It is also interesting
that a reversed extraction trend is present for the lanthanide
ions, similarly to what was observed for the closely related
sulfonic acid and alkylsulfuric acid extractants.?%.22
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Figure 3. Influence of the counter ions (chloride, nitrate) and the extractant
structure (Extr 1 (Et),NH-SO; or Extr 2 (Oct),NH-SOs3)) on the percentage
extraction (%E) of the ions: Fe(lll), Co(ll), Ni(l1), Cu(ll), Zn(I1), La(ll1), Nd(I11), Dy(lIl).

The sulfamic acid based ionic liquids (compound 3 and 4) are
also interesting new Brgnsted-acid ILs. To the best of our
knowledge, no examples of such protonated sulfamic acid ILs have
been reported until now. Existing reports claiming to have
synthesized ILs such as [EtsN—SO3H][CI],? and [butylimidazolium-
SO3H][CI],? are strongly in contradiction with the well-established
knowledge of sulfamation chemistry since tertiary amines do not
undergo sulfonation when contacted with chlorosulfonic acid (eq 3),
instead forming non-acidic adducts RsNSO3**° Sulfamic acid ILs
described in earlier reports, such as [succinimide-SOsH][HSO4],%
may in fact be in equilibrium with H2SO4 and succinimide-SOs, It
has been shown that the corresponding acid (H2SO4 pKa = -3) is
unable to fully protonate the sulfamic acid group thus resulting in
cross-protonation.t The complete protonation of sulfamic acid,
required to form an ionic liquid, can only be achieved using super
acids since literature data showed that even HCIO4 is unable to fully
protonate sulfamic acid.! We therefore selected the super acid
bistriflimic ~ acid (HTf2N).2?  The resulting compounds
[Ra2NH—SOsH][Tf2N] had a melting point around 60 °C (Table 2)
and can therefore be considered as an ionic liquid (Tm < 100 °C).
Their acidity was tested qualitatively in chloroform to avoid the
levelling effect of water. Equimolar amounts of phenol were added
to compare the degree of protonation of phenol (**C NMR) with
other strong mineral acids: H2SO4 (pKa1 = -3) and HSOsCl which is
an even stronger acid than HCIOs (pKa = -10).3%-%2 The full
experimental procedure is given in the ESI. Compounds 3 and 4 as
well as HSOsCI were able to fully protonate phenol (pKa = -7),%
while H2SO4 resulted only in the partial protonation of phenol.
This result shows in a qualitative way that these ILs are super acidic
(pKa < -7), but further NMR studies will be carried out to measure
the exact acidity constant.332 The interest of these super-acidic ILs
resides in the fact that they represent non-volatile and stable super
acids, which are miscible in organic solvents and solid at room
temperature, making them convenient to handle and to store. They
are therefore safe to use, especially compared to other super acids,
which are usually volatile fluorinated or chlorinated liquids at room
temperature and much more dangerous to handle (e.g. FSOsH,
CF3S03H).3+3%¢ Using these ILs, diluted in [Camim][CI] (1-ethyl-3-
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methylimidazolium chloride) (1:1 wt/wt), we were able to efficiently
dissolve high concentrations of metal oxides such as CuO, NiO,
Zn0O, MnO, MnO2, C0304, Fe203, La20s3, Nd20s3, and Dy20s. The
strong acidity of the sulfamic acid IL, combined with the solvating
ability of the chloride ions in [Czmim][CI] makes this non-aqueous
system efficient for the dissolution of metal oxides). This non-
aqueous leaching system can be operated up to 200 °C (no
decomposition was observed), which greatly enhances the
dissolution kinetics. A visualisation of the metal oxide dissolution in
sulfamic acid ILs and the previously discussed solvent extraction of
metal ions is provided in Figure 4.

Metal oxide dissolution Metal extraction

Cu Co Ni

—— [ —p—

K BEFORE| AFTER

i
|

Figure 4. NiO, CuO and Co;0, dissolved in [(Et),NH-SO3H][Tf,N]:[C;mim][CI] 1:1
wt/wt (Left). Extraction of Co(ll) ions from an aqueous chloride solution to a n-
heptane phase containing the zwitterion extractant (Et),NH-SO3 (Right).

To demonstrate the strength of this leaching system, we show the
dissolution of the notoriously inert lamp phosphors LaPQO4:Ce®*, Th%*
(LAP) and BaMgAli0017 (BAM). These compounds are very
relevant to the recycling of rare earths from lamp phosphor waste but
current state-of-the art recycling methods still use energy-intensive
alkali fusion (700-1000 °C with Na2COs) to convert them into
simple oxides so that they can be further processed.®”-% Figure 5
shows the influence of the sulfamic acid IL / [Czmim][CI] ratio on
the dissolution of BAM and LAP, demonstrating a clear synergy.
The dissolution Kinetics were also studied as function of the
temperature (90, 150 and 200 °C), and show a significant increase in
dissolution speed (ESI, Figure S1). We tested other IL diluents but
[Camim][CI] showed by far the best performance (ESI, Figure S2).

100
—s=—LAP 100 °C

—e— BAM 100 °C
80

60 4

40 -

Dissolution (%)

20

0 20 40 60 8I0 1(I)0
Sulfamic acid IL (wt%) in [C,mim][CI]

Figure 5. Dissolution of the lamp phosphors BaMgAl;;0,7:Eu** (BAM) and
LaP0O,:Ce3, Th3* (LAP) using different mixtures of [C,mim][Cl] and [(Et),NH-
SO3H][Tf;N]. The mixture was stirred at 100 °C for 24 h (solid/liquid ratio: 1/200).
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Finally, it is also worth mentioning that in the past acidic ILs (e.g
sulfonic acids) have been used as acid catalysts for organic
reactions.349-48 The super-acidic ILs described in this work could
therefore be of interested to researchers in this field as they show a
broad miscibility with organic solvents (Table 2).2%42

In summary, we have synthesized different N-alkylated sulfamic
acid zwitterions *NR2H-SOz" and the corresponding protonated
sulfamic acid ILs [NR2H-SOsH][Tf2N]. N-alkylated sulfamic acid
zwitterions are introduced as a promising new class of acidic metal
extractants with a convenient acidity (pKa ~ 2) and easy synthesis.
The corresponding protonated sulfamic acid ILs are new super
strong acids, which are safer to handle than currently known super
acids (e.g. FSOzH, CFsSOsH) which are often volatile and/or
unstable. The use of super-acidic sulfamic acid ILs dissolved in
[Comim][CI] resulted in a strong leaching system, capable of
dissolving very inert metal compounds in a temperature range of
25-200 °C. Further research on metal processing and recycling with
these promising ILs is ongoing. This Communication intends to
introduce these new compounds derived from sulfamic acid and
show some of its potential applications in the field of metal
processing.
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N-alkylated sulfamic acid derivatives are very interesting for metal processing. A
new class of metal extractants and super-acidic ionic liquids is introduced.
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