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Nanocrystalline nickel disulfide, NiS,, was mechanochemically prepared using ball milling procedures in inert
atmosphere, starting from 34:66 Ni:S powder mixtures. X-ray powder diffraction (XRPD) patterns showed that 6
h of milling are enough to allow the formation of the NiS, phase, which is accompanied by a small fraction of the
hexagonal NiS phase. Rietveld analysis indicates that the average crystallite size is about 22 nm for NiS, and 12
nm for NiS after 9 h milling. Transmission Electron Microscopy (TEM) analyses reveal that the composite is

mainly composed of large particles of hundreds of nanometers formed by crystalline agglomerates along with a
few squared nanocrystals. The as prepared material slowly reacts with air, being converted to sulfates along with
elemental sulfur as given by XRPD. The fresh and aged composite was used for the adsorption of methylene blue
(MB) from aqueous solutions. Adsorption of MB was faster in the aged material probably due to its higher surface
area when compared to the fresh sample.

1. Introduction

Dyes and pigments are widely used in textile, leather, paper and
plastic industry. Unfortunately, some industries discharge effluents rich
in these compounds directly into natural water bodies, threatening the
aquatic life. In addition, many of these dyes and pigments are carcino-
genic, mutagenic and teratogenic, therefore posing a serious hazard also
to humans [1-4].

Seeking to decrease the impact in the environment, various
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techniques have been developed for the removal of dyes from water,
such as adsorption [5], electrochemical coagulation [6], membrane
process [7], flocculation [8], electrochemical oxidation [9] and photo-
decomposition [10]. Due to its simplicity, adsorption processes are
widely used to this end, and several types of materials can be used
[11-14]. As surface area is one of the key parameters relevant for the
adsorption process, the use of nanoparticles (NPs) as adsorbents is
attracting due to their large specific surface are, which is translated to
good adsorption capacities [15-18].
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Among the different compounds used in studies dealing with the
treatment of water contaminated by dyes, methylene blue (MB) is one of
the most popular models. This dye has various applications, ranging
from temporary hair colorants [11] to antidote for methemoglobinemia
[19], for example. However, MB causes eye burns, which may lead to
irreversible injury to the eyes of humans and animals. If inhaled, may
cause coughing and shortness of breath. When swallowed, the dye
causes a burning sensation and may cause nausea, vomiting, profuse
sweating, mental confusion and painful micturition [20,21].

Transition metal sulfides have attracted great attention in a variety of
fields owing to their unique crystal structure and chemical properties.
Combined with the large specific surface area, the NPs of transition
metal sulfides are very promising materials for applications as adsor-
bents of dyes [22-25]. Nickel disulfide (NiS5) crystallizes as a structure
type Pyrite-FeS; with Pa-3 symmetry while nickel sulfide (NiS) appears
as a NiAs-like with P63mmc space group. Both compounds can be
applied in diverse fields. For example, NiS; can be used as super-
capacitor [26,27], catalyst [26,28,29], glucose sensor [30], lithium-ion
batteries [31], dye-sensitized solar cells [32]. Hexagonal NiS has ap-
plications in lithium ion battery [33], supercapacitors [34],
dye-sensitized solar cells [35] and oxygen reduction [36]. NiSy single
crystals can be synthesized by vapor transport [37], chlorine transport
[38], chemical transport [39], while NiS, nanocrystals are prepared by
microwave-assisted synthesis and hydrothermal method to give specific
shapes such as octahedral [40], cubic [26,40] and spheres [26]. In
addition, NiSy hollow spheres are prepared by a one-step template free
method [30] and widely by hydrothermal synthesis [28,41-43]. NiSy
dodecahedrons and microspheres are synthesized by solvothermal [44,
45] and hydrothermal [46] method. Besides, mechanical alloying (MA)
was applied to prepare several nickel sulfides, but only trace amounts of
NiS; were formed for the milling conditions of that study [47]. More
recently, active materials of NiSy and Fe-doped NiS, were prepared by
MA and wet milling. Cathodes in Li/NiS; and Li/Fe-doped NiS; cells
were both prepared by Planetary Ball Mill (PBM) and SPEX Mill (SM),
showing that SM can help to improve discharge capacities of both cells,
while wet milling can improve the characteristic of Li/Fe-doped NiSs,
but not Li/NiSy [31]. NiS; was synthesized by MA for Na/NiS; cells,
using a high energy SPEX mill with BPR (ball powder ratio) of the 30:1
and acid stearic as a kind of process control agent followed by wet
milling process [48].

The present study focus on the mechanochemical preparation of
nanocrystalline NiSo-NiS composite using a single step procedure in dry
atmosphere and mild conditions, differently from those already reported
(refs [31,47,48]) and the evaluation of its efficiency for MB removal
from water. The effect of different amounts of NiS,—NiS nanocrystalline
composite, adsorption time for dye removal and dye concentration were
evaluated, as well as the effect of aging in the adsorption process.

2. Experimental
2.1. Solid state synthesis

Starting mixtures of nickel (Sigma-Aldrich 99.99%) and sulfur
(Sigma-Aldrich 99.997%) high-purity powders with nominal composi-
tion of Ni34See were ball milled under argon gas up to 9 h using a SPEX
8000D Mixer/mill (working at 1425 rpm) high energy ball mill. The
powders were mixed and sealed under argon atmosphere in a 65 mL
cylindrical stainless steel container with nine stain steel balls (three with
an average diameter of 12.7 mm and six with an average diameter of
6.35 mm). The ball-to-powder weight ratio was 10:1. The synthesis of
the sample was stopped every third hour to fish out a small portion of the
sample for ex-situ characterization. Two batches were produced in order
to compare the as-milled and aged sample adsorption performance.
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2.2. Characterization

XRPD was performed using a PanAnalytical Xpert multipurpose
diffractometer on Bragg-Brentano geometry, equipped with a Cu Ka
source (A = 0.15418 nm), 0.04 rad soller slits, 1° fixed divergent and 1°
antiscattering slits and a fast solid state detector (Xcelerator). Generator
settings: 45 kV, 40 mA. The XRPD patterns were recorded in the 20 range
of 10-152° with a step size of 0.05° and counting time of 30 s per step.
The Nig4Sge sample milled for 9 h (aged for 15 days) was loaded inside a
0.3 mm-diameter quartz capillary and measured at the XRD1 beamline
of the Laboratério Nacional de Luz Sincrotron (LNLS), the Brazilian
synchrotron light source. The beam energy was set at 14 keV (A =
0.8857 A) and accurately determined using a Silicon powder standard
(NIST 640d). Diffraction data was collected in the 5-88° 20 range using a
single-photon counting silicon microstrip detector (MYTHEN II). The
data was reduced taking into account air and capillary contributions.
Rietveld refinements of the obtained data were performed using the
TOPAS software [49]. The fundamental parameters approach [50] was
used for XRPD pattern processing. The refined parameters were scale
factor, background (as a Chebyshev polynomial of fifth order), specimen
displacement, absorption, lattice parameters, crystallite size (lorentzian
contribution), micro-strain (gaussian contribution), Beq (isotropic
displacement parameters) for all the atoms, while the fractional
atomic-coordinates only refined for the x, y and z of S atom of the NiS,
phase.

TEM analysis was carried out in a JEOL JEM-1011 electron micro-
scope operating at 100 kV. JEMS electron microscopy simulation soft-
ware [51] was used to simulate the electron diffraction pattern from the
structural data obtained in the Rietveld refinement.

VSM measurements were taken at Microsense EV9 system from - 20
kOe to 20 kOe at room temperature.

The specific surface area was measured by the multipoint Brunauer-
Emmette-Teller (BET) using a Quantachrome 2200Novae at 77 K. The
BET Equation (1), uses the information from the isotherm to determine
the surface area of the sample, where W is the weight of nitrogen
adsorbed at a given relative pressure (P/Py), Wy, is monolayer capacity,
which is the volume of gas adsorbed at standard temperature and
pressure (STP, is defined as 273 K and 1 atm), and C is constant.

1 1 C-1(P ®
W[(Po/P) —1] W,,,C+ W,.C <170>

2.3. Dye adsorption properties

Adsorption of MB was performed using a fresh Nig4Seq sample pre-
pared by 9 h milling. In addition, the experiment was repeated using a
Ni34See sample aged for 11 months. For simplicity, these samples are
henceforth named NiS§*™" and NiSg°?. The kinetics for MB adsorption
were studied by the following procedure: the adsorbent NiS§e" and
NiS38d were added to 40 mL of deionized water, ultrasonicated for 10
min and magnetically stirred at 800 rpm for 5 min using a stir bar. The
adsorption experiment was started by the addition of 80 pL of a freshly
prepared MB solution (960 mg L~! in water). The contents were
magnetically stirred in the dark at 25 °C and 1 mL aliquots were with-
drawn at specific time intervals followed by centrifugation to remove
the adsorbent. The concentration of the dye left in solution was deter-
mined using a Varian Cary-50 UV-Vis spectrophotometer operating
from 400 to 800 nm.

The equilibrium adsorption capacity experiments were conducted
during 48 h in the dark, using concentrations of MB in the range
9.76-418 pM, 10 mg of adsorbent and total volume of 40 mL. The falcon
tubes containing the solutions were rotated at 80 rpm, 25 °C, in a model
MO-ARK - Major Science oven. The adsorbed amount of MB at equi-
librium was calculated by the following equation (2):
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C, —Ce
m

v 2

qe:

where g. (mg g~1) denotes the equilibrium adsorption capacity of MB
adsorbed per gram of the adsorbent, C, and C. (mg L) the initial and
equilibrium MB concentrations respectively, v the volume of the solu-
tion (L), and m the adsorbent mass (g).

3. Results and discussion
3.1. XRPD characterization

Fig. 1a shows the XRPD patterns of the Ni34Sgs samples with different
milling times. After 3 h of milling several Bragg peaks related to Ni and S
reactants are still observed. Quantification using the Rietveld analysis
amount to 9% and 25% (w/w), respectively. Besides, prominent peaks of
the NiS; (41%) and NiS (25%) phases are clearly observed. After 6 h of
milling only the NiS, phase coexists with the NiS phase, quantified by
90.2 and 9.8%, respectively. Rietveld-based quantitative analysis of the
XRPD pattern of the Nig4Sgg 9 h sample provided a NiSs: NiS phase ratio
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of 83:17 w/w, as seen in Fig. 1b. This result seems to be worse than that
reported by Liu et al. [31] which found the predominance of the NiS,
phase after 4 h of dry milling using an SPEX Mill (SM) at a high speed of
1000 rpm with ball powder ratio of 30:1 in the presence of stearic acid as
a process control agent. However, the XRPD reported in Ref. [31] is
quite noisy and displays high background which may mask the presence
of NiS phase or other minority phases in their samples. We believe a
careful XRPD analysis is needed in order to fully identify the different
phases present after the mechanochemical synthesis. Therefore, we
performed a comprehensive microstructural modeling of the as prepared
material and investigate the effect of aging time on its stability.

The structural and microstructural parameters of the NiS; and NiS
phases prepared by mechanochemistry are summarized in Fig. 1 c and d.
The lattice parameters a and c of the NiS phase showed a slight variation
with the milling time, remaining practically constant within the error
range, indicating that the increase in the milling time slightly influences
the lattice parameters of this phase. However, the lattice parameter of
the NiS, phase decreased with increasing of the milling time, indicating
that this phase is under a huge compressive stress, due to ball-powder-
ball collisions that induces extreme local pressures during the milling.
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Fig. 1. (a) XRPD of Niz4See with different milling times. Rietveld refinement plot (red line) for the Ni34S¢e 9 h sampleand peak markers (blue and green ticks refer to
NiS, — ICSD 166452 and NiS — ICSD 49665, respectively). Peak markers (or symbols) red and pink refer to reactants S (ICSC 27261) and Ni (ICSD 52265),
respectively. (b) Phase fraction, (c) lattice parameters and (d) microstructure parameters as a function of milling time. The circles refer to NiS, phase and the square
to NiS phase. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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The microstructural characterization shows that the NiS; phase has
average crystallite size of about 7 nm with 3 h of milling and increases
up to 22 nm with milling time increasing up to 6 h, remaining constant
up to 9 h. The micro-strain decreases for the first 6 h of milling and
remains constant up to 9 h, indicating that the NiS, phase reaches the
steady state, i.e., the equilibrium between the cold welding, fracturing
and rewelding. The average crystallite size of the NiS phase decreases
with milling time, while the micro-strain remains practically constant
within the error range. These characteristics suggest that the NiS
nanocrystals become smaller and more reactive as milling proceeds.

Table 1 summarizes the structural and microstructural parameters
obtained from Rietveld analysis for the Niz4Ses 9 h sample. For com-
parison, NiS, phase prepared using the spark plasma sintering process
(a =5.688818 ;\) [52] and the solid-state reaction between basic nickel
carbonate and elemental sulfur at 400 °C (a = 5.6824 }o\) [53] shows
lattice parameters higher than those found by us. This was also observed
for single crystals of NiS, prepared by chlorine transport (a = 5.6874 A)
[38] and NiS; nano-alloys synthesized by microwave assisted hydro-
thermal technique (a = 5.68 f\) [54]. When compared to other synthesis
methods, the NiS, obtained by ball milling has lower lattice parameter
and this can be due to the extreme local conditions (pressure and tem-
perature) induced by ball-powder-ball collisions, which tends to con-
tract the crystallites unit cells.

Few (15) days after its preparation the Nig4Ses 9 h sample was
reevaluated by XRPD using synchrotron radiation. The Rietveld refine-
ment plot is shown in Fig. S1. The main Bragg peaks observed in the
XRPD patterns were indexed as the NiS; and NiS phases. However, few
small extra peaks, observed at low angle region, were observed and
indexed as nickel sulfate. Despite this minor aging effect, no evidence
from milling tools contamination was detected. The microstructural and
structural parameters of the NiS, and NiS phases obtained by synchro-
tron radiation are in good agreement with the results obtained by con-
ventional XRPD (see Tables 1 and S1).

In order to verify the aging of the Ni34Sge 9 h sample, XRPD analysis
were taken up to 21 months after the synthesis process (see Fig. S2 and
the Rietveld results in Table S1) and the analyses of the observed pat-
terns showed a complex phase transition scene revealing the instability
of the sample for long term storage, i.e, aging effect. The aged-induced
phases after 21 months were identified as NiSO4(H20)6, NiSO4(H20)
and sulfur-alpha (S8), in amounts of 76,2%, 7.1% and 7.6%, respec-
tively. A tentative modeling of the intermediary aging effects was per-
formed for the samples aged for 0.5, 2 and 6 months (see Table S1) The

Table 1
Structural parameters obtained from Rietveld analysis for the NizsSes 9 h
sample.

Structure NiS, (Pa-3) NiS (P63/mmc)
Rwp 1.30

GoF 1.53

Phase fraction (%) 82.9 (7) 17.1 (7)
R-Bragg 0.876 0.591
Cell Volume (A%) 182.4(3) 54.04 (8)
Crystallite Size (nm) 22.4 (2) 12.2(9)
Micro-strain (%) 0.669((12) 1.00 (3)
ad) 5.672 (3) 3.422(2)
e - 5.330 (4)
Ni

x 0 0

y 0 0

z 0 0

Beq 1.15(4) 5.7 (4)
Occ. 1 1

S

X 0.39602 0.33333
y 0.39602 0.66667
b4 0.39602 0.25000
Beq 1.07(4) 0.0(3)
Occ. 1 1
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NiSO4(H20)e crystals belong to the tetragonal crystal system (tetrag-
onal-trapezohedral symmetry class 422, space group P41212), with re-
ported lattice parameters a = 6.783 A and ¢ = 18.288 A. This is a blue
green colored salt, highly water soluble, that can be used for many
technological applications such as fabrication of solar-blind filters [55]
and as a common source of Ni%t for electroplating. The NiSO4(H20)
crystal belong to the monoclinic crystal system (space group C2/c), with
reported unit cell parameters a = 9.878 A, b = 7.214 A, ¢ = 24.065 A and
S = 98.37° [56]. Both sulfates occur as rare minerals that can be ob-
tained as a by-product of copper refining or by dissolution of nickel
metal or nickel oxides in sulfuric acid.

The Rietveld results of the NiS, phase aged for 21 months (see
Fig. S2) showed that its structure is very similar to the fresh sample, with
lattice parameter a = 5.6712 f\, and that the microstructure continu-
ously changed, reaching an average crystallite size of the 32 nm and a
micro-strain of the 0.74%. All these facts reinforce our search for more
detailed and systematic comprehension of the complex phase transitions
induced by aging. Experiments are now in course and will be published
soon.

3.2. Microscopy characterization

The morphology of the mechanochemically synthesized Ni34See 9 h
sample was investigated using TEM and the representative results are
displayed in Fig. 2. Different magnifications reveal that the sample
consists of agglomerated particles of irregular-shape(Fig. 2a and b) with
a size ranging between 100 and 500 nm. These particles are formed by
small crystalline domains of around 24 nm and 13 nm for NiS; and NiS,
respectively, as given by the Rietveld microstructural analysis (see
Table 1). In addition, 20 nm x 20 nm single-crystal like squared nano-
particles are also found (Fig. S3), revealing a large size distribution of
the nanoparticles. Besides, micro-strain line broadening effect was also
considered in our microstructure modelling since the mechanochemical
process is well known to induce deformations, dislocations and others
kind of crystal disorder [52].

Fig. 2c shows the selected area electron diffraction pattern, revealing
discontinued rings formed by many intense spots. These results are
indicative of a high crystalline nature of the Nig4Sge particles and
confirm the large size distribution of the crystallites inside them, in
agreement with the XRPD data (Fig. 1). The intense spots on the
diffraction pattern of a single-crystal-like particle structure were
indexed as NiS, phase (see Fig. S3).

3.3. Specific surface area measurement

Surface area is one of the key parameters involved in the adsorption
efficiency of an adsorbent. The specific surface area of Ni34See 9 h fresh
and aged samples were investigated via BET analysis shown in Fig. 3.
Surface area of nanocrystalline Nig4Sgs 9 h as-milled and aged are 8.482
m? g1 (R? = 0.9917) and 12.033 m? g~ (R? = 0.98698), respectively.
The largest surface area of the Nig4Sgs 9 h aged sample can be attributed
to the new phases that appear on storage at ambient conditions which
increases the surface area of the nanocrystalline material. For compar-
ison, NiSy cubic particles with an average size of ~50 nm prepared by
low-temperature hydrothermal synthesis shows a surface area of 23 m?
g’1 [57]. Nanocubes (~200 nm), nanospheres (50-150 nm) and nano-
particles (<50 nm) of NiSy synthesized by microwave-assisted shows a
surface area of 12.0, 38.3 and 25.1 m? g7}, respectively [26]. The spe-
cific BET surface area of the NiSy microspheres (diameters of 4-8 pm),
derived from metal-organic frameworks, is calculated to be about 15.4
m? g’l [58]. The calculated specific surface areas based on the BET
method for NiS and NiS; (crystal sizes of 28.6 and 25.7 nm, respec-
tively), synthesized via microwave-assisted solvothermal method, are
47.6 and 21.1 m? g_l, respectively [59], while NiS; hollow microspheres
prepared by a one-step hydrothermal method shows a specific surface
area of the 13.10 m? g’1 [60]. The small specific surface area of Ni34Seg
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a)

Crystal : Ni52

Fig. 2. TEM images (a) and (b) of the Ni34Ses sample milled for 9 h with
different magnifications, (c) SAED pattern for comparison with its counterpart
image (a) indexed with NiS, phase from Rietveld results.

9 h prepared in this work can be explained by cold-welding mechanisms
which aggregate the crystalline domains into larger particles decreasing
the surface area. TEM images show that the sample consists of
irregular-shaped agglomerated particles with a size ranging between
100 and 500 nm. However, the Ni34Ses 9 h aged sample shows a specific
surface area similar to those of hollow microspheres, nanocubes and
microspheres mentioned above. Interesting, despite the cold-welding
mechanisms which decrease the surface area, after aging there is an
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increase in the surface area which ultimately impact positively the
adsorption of MB on nanocrystalline Ni34See as evaluated below.

3.4. Adsorption of MB

The nanocrystalline Ni34See prepared by mechanochemistry were
used as adsorbents for removing MB aqueous solutions. Two different
samples were used: as-milled and 11 months aged Ni3sSes 9 h. For
simplicity, these samples are named NiS§®" and NiS§8°? henceforth.
Fig. 4a shows the UV-Vis spectra of a MB solution taken at different
adsorption times in the presence of 1.88 g L! Nisges}‘. The intense band
at 664 nm is attributed to the 0-0 electron transition, while the shoulder
around 605 nm corresponds to the 0-1 transition of MB [61]. During the
adsorption kinetics, the intensity of both bands gradually decreased,
indicating that the amount of dye present in solution decreases, being
adsorbed on the surface of the nanocrystalline material. The effect of
NiS; amount on MB removal was also investigated in batch experiments
by changing the concentration of adsorbent in the range of 0.25-1.88 g
L~! (see Figs. S4 and S5 for the UV-vis spectra). As given in Fig. 4b, the
fresh and aged samples exhibit distinct removal efficiency: at 120 min,
0.25 g L! NiS38°d removes over 80% MB, whereas about 1.0 g L™* of
Nis§eh is needed to reach an equivalent dye removal. However, for
concentrations higher than 1.25 g L™! both samples showed identical
efficiencies, and over 94% MB was removed after 120 min when the
adsorbent concentration was 1.88 g L™1. The best performance of the
NiS; aged sample can be attributed to the larger specific surface area
once the phases observed after aging are highly water soluble and
cannot adsorb MB [62].

Adsorption kinetics of NiS,; nanocrystalline was studied by
measuring the time dependence of dye removal (C/C,) when different
concentration of adsorbent was used at constant initial dye concentra-
tion (Fig. 4c and d). These results indicate that both samples exhibit a
good dye adsorption, and about 40% of dye is adsorbed in less than 1
min when 1.88 g L™! of adsorbent is used. We can compare the mate-
rial’s performance with slightly similar materials, such as some transi-
tion metal sulfides or with a well-known commercial material for dye
adsorption such as TiOs. Liu et al. [63] synthesized FeS; crystallites via
solvothermal method, the material showed MB adsorption of up to
80.2% after 50 min using 1 g L™} of the adsorbent. Pure TiO, synthesized
using a sol-gel method removed only 7.5% of the MB after 2h at 0.1 g
L~L. However, when TiO, was doped with V, 85.2% MB was removed
after 2 h [64]. Hydrothermally synthesized flower like MoSy micro-
spheres possess significant adsorption ability of MB [65]. In a recent
study it was shown that graphene oxide (GO) adsorbs about 87.7% MB.
After doping with CdS nanoparticles the efficiency rises to 97.2% which
was explained by the negative surface charge generated by z-n in-
teractions between CdS and GO, increasing the adsorption rate of MB by
electrostatic interactions [66]. Amorphous CoMoS4 nanostructure pre-
pared by a facile cation exchange method can adsorbs MB very quickly
in a concentration range 10-40 mg L~?, achieving adsorption equilib-
rium in just 90 s. The corresponding maximum adsorption quantity
calculated by the Langmuir fitting is 292.4 mg g '. The absorption
process (that obeys the pseudo-second-order kinetics model) is mainly
controlled by chemisorption. The adsorption performance can be
attributed to the abundant active sites of amorphous CoMoS, nano-
structures as well as the mesoporous structure [67].

Here about 20 min are needed to reach similar removal using 1.25
and 1.88 g L' of NiSF*" and NiS3%*, respectively, showing that the
Niz4See 9 h samples have a good performance for the adsorption of MB
when compared to other similar materials and that the aging effects
observed in NiS3? resulted in higher surface area and better perfor-
mance for MB adsorption.

To better understand the adsorption mechanism involved, equilib-
rium adsorption capacity experiments were carried out. Fig. 5 is a plot of
the amount of dye adsorbed per unit mass of NiS3°? (q) as a function of
the equilibrium dye concentrations in the solution (Cc). The Nisgsed
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Fig. 3. Nitrogen adsorption isotherms for (a) Ni34Ses 9 h as-milled and (b) Ni34See 9 h aged samples.

500 550 600 650 700 750
A (nm)

-025gL"
-062gL”
-125gL"
188glL”

= L
—————
0.0+ T T T T T

0 20 40 60 80 100 120
Time (min)

Fig. 4. (a) UV-vis spectra of MB solution before adsorption process (black line with dots) and after adsorption process with NiS

o ——g————4
o~ _//./
./"" - NiS, as-milled
/ P --0-NiS, aged
[ /
"
0.5 1.0 15 20

Adsorbate concentration (g/L)

—-025gL"
062glL’
--1.25gL"
188¢gL"

o> o

b
* t'—-— — & ‘

0.0+ ' ; T - -

0 20 40 60 80

Time (min)

100 120

fresh cample. (b) Removal ratio of MB

for different adsorbent concentrations after 120 min of reaction. The dye concentration is 1.92 mg L. Adsorption of MB as a function of time on (c) NiS, ¥ and (d)

NiS,, 28ed samples.

sample was chosen since it showed the best performance for MB
adsorption. The data were fit using the Freundlich and Langmuir iso-
therms given in Egs. (3) and (4), respectively:

. =K. )
bgnC,
‘T 1+bC, “

Where ¢ is the adsorption capacity, Ce is the equilibrium concentration
of dye solution, q,, represents the maximum adsorption capacity, K¢is an
indicator of the adsorption capacity, b is the Langmuir constant and n is
the heterogeneity factor [68].

Table 2 shows the isotherms parameters for MB adsorption calcu-
lated using the two models. The Langmuir isotherm is valid for mono-
layer formation on a surface with a finite number of identical sites and
no interaction between adsorbed species [69]. Freundlich model is an

empirical relationship that describes heterogeneous surface adsorption
and multilayer adsorption in which the amount of adsorbed solute per
unit adsorbent mass increases gradually [70]. Based on the residual sum
of squares calculated by summing squared errors between data points
and predicted values, the data were better fitted to the Freundlich
isotherm. For favorable adsorption, n should be in the range 1-10 [71].
In addition, if 1/n is lower than 1 it indicates a normal adsorption;
otherwise, it is indicative of cooperative adsorption [72]. Therefore, MB
adsorption onto NiS; is considered a favorable normal adsorption. For
the Freundlich isotherm, the adsorption capacity of NiS; aged sample
was 31.6 mg g}, the good performance of NiS, as organic dye adsorbent
can be explain by its large specific area, which translates into a large
concentration of active sites for adsorption.

4. Conclusions

In summary, the NiSy-NiS nanocrystalline composite was
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Fig. 5. Adsorption isotherm for NiS§8°? with increasing dye concentration. Data
fitted using the Freundlich (red line) and Langmuir (blue line) equation. Error
bars were added using standard deviation calculation. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web

version of this article.)

Table 2
Isotherm parameters of the Langmuir and Freundlich isotherm model for
removal of MB by NiS3%? nanocrystalline.

Langmuir Freundlich
m (mg g™ b(Lmg™) R? K¢ (mg g™ N R?
144.8 0.085 0.905 31.6 3.062 0.988

successfully synthesized by mechanochemistry in argon atmosphere at
room temperature starting from Ni34See powder mixtures. The Nig4Sgs 9
h milled sample is composed of NiS; and NiS with 83:17 ratio, and the
average crystallite sizes are 22 nm and 12 nm, respectively. TEM anal-
ysis for Nig4See 9 h confirms the nanometric size of the crystalline do-
mains which are agglomerated in larger particles. The as prepared
material slowly reacts with air through a complex phase transition
scene, being mainly converted to nickel sulfate hexahydrate after long
term storage (tens of months) as given by XRPD analyses. Both the fresh
and aged samples showed good adsorption kinetics of MB from aqueous
solution, and about 40% of the dissolved dye is adsorbed in less than 1
min when 1.88 g L™! of adsorbent is used, reaching 94% after 120 min.
The aged Nig4Sge 9 h sample displays a larger surface area compared to
the fresh material, and this leads to faster MB removal from solution
with apparently no influence of its phase transformation in nickel sulfate
hexahydrate. For NiS3°d, adsorption data was better fitted by the
Freundlich model and the maximum adsorption capacity was 31.6 mg
g 1. In summary, the NiS,-NiS nanocrystalline composite prepared by
green chemistry is a good candidate for environmentally friendly
applications.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

CRediT authorship contribution statement

K.F. Ulbrich: Investigation, Methodology, Writing - original draft,
Writing - review & editing. E.N. Nishida: Investigation, Methodology,
Writing - original draft, Writing - review & editing. B.S. Souza: Formal
analysis, Funding acquisition, Resources, Supervision, Validation,

Materials Chemistry and Physics 252 (2020) 123226

Visualization, Writing - original draft, Writing - review & editing. C.E.M.
Campos: Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration, Re-
sources, Supervision, Validation, Visualization, Writing - original draft,
Writing - review & editing.

Acknowledgements

The XRPD and TEM/SAED/EDS measurements were performed at
Laboratério de Difracao de Raios-X (LDRX) and Laboratério Central de
Microscopia Eletronica (LCME) multiuser facilities at UFSC. The XRD1
beamline of Brazilian Sincrotron (LNLS) was accessed under the
approval of the proposal 20190070. We are grateful for the beamline
staff by their technical support during experiments. We also acknowl-
edge the financial support by Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico (funding processes 421747/2016-1 and 42574/
2018-4)), INCT Catalise, Coordenacao de Aperfeicoamento de Pessoal de
Nivel Superior — Brasil (CAPES) — Finance Code 001 and H. Bazani for
BET measurements and discussions.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matchemphys.2020.123226.

References

[1] G.B. Gerber, A. Le, P. Hantson, Carcinogenicity, mutagenicity and teratogenicity of
manganese compounds, Crit. Rev. Oncol. Hematol. 42 (2002) 25-34.

[2] K. Chung, Environmental carcinogenesis and ecotoxicology reviews azo dyes and
human health: a review, J. Environ. Sci. Heal. Part C. 34 (2016) 233-261, https://
doi.org/10.1080/10590501.2016.1236602.

[3] A.R. Gregory, W. Virginia, G. Consultants, Ames testing of direct black 38 parallels
carcinogenicity testing, J. Appl. Toxicol. 1 (1981), 0-5.

[4] K. Schneider, C. Hafner, 1. Jager, Mutagenicity of textile dye products, J. Appl.
Toxicol. MUTA. 24 (2004) 83-91, https://doi.org/10.1002/jat.953.

[5] M. Auta, B.H. Hameed, Chitosan — clay composite as highly effective and low-cost
adsorbent for batch and fixed-bed adsorption of methylene blue, Chem. Eng. J. J.
237 (2014) 352-361.

[6] C. Yang, J. Mcgarrahan, Electrochemical coagulation for textile effluent
decolorization, J. Hazard Mater. B. 127 (2005) 40-47, https://doi.org/10.1016/j.
jhazmat.2005.05.050.

[7]1 J. Wu, C. Liu, K. Hoong, S. Suen, Removal of cationic dye methyl violet 2B from
water by cation exchange membranes, J. Membr. Sci. 309 (2008) 239-245,
https://doi.org/10.1016/j.memsci.2007.10.035.

[8] S.S. Moghaddam, M.R.A. Moghaddam, M. Arami, Coagulation/flocculation process
for dye removal using sludge from water treatment plant: optimization through
response surface methodology, J. Hazard Mater. 175 (2010) 651-657, https://doi.
0rg/10.1016/j.jhazmat.2009.10.058.

[9] A.J. Méndez-Martinez, M.M. Davila-Jiménez, O. Ornelas-Davila, M.P. Elizalde-
Gonzélez, U. Arroyo-Abad, 1. Sirés, E. Brillas, Electrochemical reduction and
oxidation pathways for Reactive Black 5 dye using nickel electrodes in divided and
undivided cells, Electrochim. Acta 59 (2012) 140-149, https://doi.org/10.1016/j.
electacta.2011.10.047.

[10] B. Tryba, M. Piszcz, B. Grzmil, A. Pattek-Janczyk, A.W. Morawski,
Photodecomposition of dyes on Fe-C-TiO(2) photocatalysts under UV radiation
supported by photo-Fenton process, J. Hazard Mater. 162 (2009) 111-119, https://
doi.org/10.1016/j.jhazmat.2008.05.057.

[11] J.Yi, L. Zhang, Removal of methylene blue dye from aqueous solution by
adsorption onto sodium humate/polyacrylamide/clay hybrid hydrogels, Bioresour.
Technol. 99 (2008) 2182-2186, https://doi.org/10.1016/j.biortech.2007.05.028.

[12] K.G. Bhattacharyya, A. Sharma, Kinetics and thermodynamics of Methylene Blue
adsorption on Neem (Azadirachta indica) leaf powder, Dyes Pigments 65 (2005)
51-59, https://doi.org/10.1016/j.dyepig.2004.06.016.

[13] R. Ahmad, Studies on adsorption of crystal violet dye from aqueous solution onto
coniferous pinus bark powder (CPBP), J. Hazard Mater. 171 (2009) 767-773,
https://doi.org/10.1016/j.jhazmat.2009.06.060.

[14] C. Namasivayam, D. Kavitha, Removal of Congo Red from water by adsorption
onto activated carbon prepared from coir pith, an agricultural solid waste, Dyes
Pigments 54 (2002) 47-58.

[15] A. Afkhami, R. Moosavi, Adsorptive removal of Congo red, a carcinogenic textile
dye, from aqueous solutions by maghemite nanoparticles, J. Hazard Mater. 174
(2010) 398-403, https://doi.org/10.1016/j.jhazmat.2009.09.066.

[16] G. Moussavi, M. Mahmoudi, Removal of azo and anthraquinone reactive dyes from
industrial wastewaters using MgO nanoparticles, J. Hazard Mater. 168 (2009)
806-812, https://doi.org/10.1016/j.jhazmat.2009.02.097.


https://doi.org/10.1016/j.matchemphys.2020.123226
https://doi.org/10.1016/j.matchemphys.2020.123226
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref1
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref1
https://doi.org/10.1080/10590501.2016.1236602
https://doi.org/10.1080/10590501.2016.1236602
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref3
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref3
https://doi.org/10.1002/jat.953
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref5
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref5
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref5
https://doi.org/10.1016/j.jhazmat.2005.05.050
https://doi.org/10.1016/j.jhazmat.2005.05.050
https://doi.org/10.1016/j.memsci.2007.10.035
https://doi.org/10.1016/j.jhazmat.2009.10.058
https://doi.org/10.1016/j.jhazmat.2009.10.058
https://doi.org/10.1016/j.electacta.2011.10.047
https://doi.org/10.1016/j.electacta.2011.10.047
https://doi.org/10.1016/j.jhazmat.2008.05.057
https://doi.org/10.1016/j.jhazmat.2008.05.057
https://doi.org/10.1016/j.biortech.2007.05.028
https://doi.org/10.1016/j.dyepig.2004.06.016
https://doi.org/10.1016/j.jhazmat.2009.06.060
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref14
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref14
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref14
https://doi.org/10.1016/j.jhazmat.2009.09.066
https://doi.org/10.1016/j.jhazmat.2009.02.097

K.F. Ulbrich et al.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]
[38]
[39]

[40]

[41]

[42]

[43]

Z. Zhang, J. Kong, Novel magnetic Fe304@C nanoparticles as adsorbents for
removal of organic dyes from aqueous solution, J. Hazard. Mater. Jou. 193 (2011)
325-329, https://doi.org/10.1016/j.jhazmat.2011.07.033.

A. Asfaram, M. Ghaedi, S. Agarwal, Removal of basic dye Auramine-O by ZnS : Cu
nanoparticles loaded on activated carbon: optimization of parameters using
response surface, RSC Adv. 5 (2015) 18438-18450, https://doi.org/10.1039/
c4ral5637d.

C. Udeh, J. Bittikofer, S.T. Sum-Ping, Severe methemoglobinemia on reexposure to
benzocaine, J. Clin. Anesth. 13 (2001) 128-130.

A. Khodabandehloo, A. Rahbar-Kelishami, H. Shayesteh, Methylene blue removal
using Salix babylonica (Weeping willow) leaves powder as a low-cost biosorbent in
batch mode: kinetic, equilibrium, and thermodynamic studies, J. Mol. Liq. J. 244
(2017) 540-548.

D. Ghosh, K.G. Bhattacharyya, Adsorption of methylene blue on kaolinite, Appl.
Clay Sci. 20 (2002) 295-300.

A. Asfaram, M. Ghaedi, S. Hajati, A. Goudarzi, A. Akbar, Simultaneous ultrasound-
assisted ternary adsorption of dyes onto copper-doped zinc sulfide nanoparticles
loaded on activated carbon: optimization by response surface methodology,
Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 145 (2015) 203-212.

X. Wang, J. Ding, S. Yao, X. Wu, Q. Feng, Z. Wang, B. Geng, High supercapacitor
and adsorption behaviors of flower-like MoS2 nanostructures, J. Mater. Chem. A. 2
(2014) 15958-15963, https://doi.org/10.1039/c4ta03044c.

X. Liu, L. Ai, J. Jiang, Interconnected porous hollow CuS microspheres derived
from metal-organic frameworks for efficient adsorption and electrochemical
biosensing, Powder Technol. 283 (2015) 539-548.

U. Shamraiz, R. Azadar, A. Badshah, B. Raza, S. Saba, Functional metal sulfides and
selenides for the removal of hazardous dyes from Water, J. Photochem. Photobiol.
B Biol. 159 (2016) 33-41.

H. Pang, C. Wei, X. Li, G. Li, S. Li, J. Chen, J. Zhang, U. Nis, Microwave-assisted
synthesis of NiS2 nanostructures for supercapacitors and cocatalytic enhancing
photocatalytic H2 production, Sci. Rep. 1 (2014) 3577, https://doi.org/10.1038/
srep03577.

Z. Dai, X. Zang, J. Yang, C. Sun, W. Si, W. Huang, X. Dong, Template synthesis of
shape-tailorable NiS2 hollow prisms as high-performance supercapacitor materials,
ACS Appl. Mater. Interfaces 7 (2015) 25396-25401, https://doi.org/10.1021/
acsami.5b07941.

X. Song, W. Shen, Z. Sun, C. Yang, P. Zhang, L. Gao, Size-engineerable NiS2 hollow
spheres photo co-catalysts from supermolecular precursor for H2 production from
water splitting, Chem. Eng. J. 290 (2016) 74-81.

D. Mondal, G. Villemure, G. Li, C. Song, J. Zhang, R. Hui, J. Chen, C. Fairbridge,
Synthesis, characterization and evaluation of unsupported porous NiS2 sub-
micrometer spheres as a potential hydrodesulfurization catalyst, Appl. Catal. Gen.
450 (2013) 230-236.

C. Wei, C. Cheng, Y. Cheng, Y. Wang, Y. Xu, W. Du, H. Pang, Comparison of NiS2
and «-NiS hollow spheres for supercapacitors, non-enzymatic glucose sensors and
water treatment, Dalton Trans. 44 (2015) 17278-17285, https://doi.org/10.1039/
c5dt02724a.

X.J. Liu, Z.Z. Xu, H.J. Ahn, S.K. Lyu, 1.S. Ahn, Electrochemical characteristics of
cathode materials NiS2 and Fe-doped NiS2 synthesized by mechanical alloying for
lithium-ion batteries, Powder Technol. 229 (2012) 24-29, https://doi.org/
10.1016/j.powtec.2012.05.035.

Z. Li, F. Gong, G. Zhou, Z. Wang, NiS2/Reduced graphene oxide nanocomposites
for efficient dye-sensitized solar cells, J. Phys. Chem. C 2013 117 (2013)
6561-6566.

S. Ni, X. Yang, T. Li, Fabrication of a porous NiS/Ni nanostructured electrode via a
dry thermal sulfuration method and its application in a lithium ion battery,

J. Mater. Chem. 22 (2012) 2395-2397, https://doi.org/10.1039/c2jm15394g.
Z.Li, X. Yu, A. Gu, H. Tang, L. Wang, Z. Lou, Anion exchange strategy to synthesis
of porous NiS hexagonal nanoplates for supercapacitors, Nanotechnology 28
(2017), https://doi.org/10.1088/1361-6528/28/6/065406, 065406.

X. Zuo, S. Yan, B. Yang, G. Li, H. Zhang, H. Tang, M. Wu, Y. Ma, S. Jin, K. Zhu,
Template-free synthesis of nickel sulfides hollow spheres and their application in
dye-sensitized solar cells, Sol. Energy 132 (2016) 503-510, https://doi.org/
10.1016/j.solener.2016.03.034.

T. Huang, H. Fang, L. Xu, Z. Wang, Y. Xin, J. Yu, S. Yao, Z. Zhang, Electrocatalytic
performance of cubic NiS2 and hexagonal NiS for oxygen reduction reaction,

J. Catal. 359 (2018) 223-232, https://doi.org/10.1016/j.jcat.2018.01.019.

A. Fujimori, K. Mamiya, T. Mizokawa, Resonant photoemission study of pyrite-type
NiS2, CoS2 and FeS2, Phys. Rev. B 54 (1996) 329-332.

R.J. Bouchard, THE PREPARATION OF SINGLE CRYSTALS OF FeS2, CoS2, AND
NiS2 PYRITES BY CHLORINE TRANSPORT, J. Cryst. Growth 2 (1968) 40-44.

T. Suzuki, K. Uchinokura, T. Sekine, E. Matsuura, RAMAN SCATTERING OF NiS2,
Solid State Commun. 23 (1977) 847-852.

J. Zheng, W. Zhou, Y. Ma, W. Cao, C. Wang, L. Gou, Facet-dependent NiS2
polyhedrons on counter electrodes for dye-sensitized solar cells, Chem. Commun.
51 (2015) 12863-12866, https://doi.org/10.1039/c5cc03890a.

S. Peng, L. Li, H. Tan, R. Cai, W. Shi, C. Li, MS2 (M = Co and Ni) hollow spheres
with tunable interiors for high-performance supercapacitors and photovoltaics,
Adv. Funct. Mater. 2014 24 (2014) 2155-2162, https://doi.org/10.1002/
adfm.201303273.

M. Lu, X. Yuan, X. Guan, G. Wang, Synthesis of nickel chalcogenide hollow spheres
using an L-cysteine-assisted hydrothermal process for efficient supercapacitor
electrodes, J. Mater. Chem. A. 5 (2017) 3621-3627, https://doi.org/10.1039/
c6tal0426f.

P. Luo, H. Zhang, L. Liu, Y. Zhang, J. Deng, C. Xu, N. Hu, Y. Wang, Targeted
synthesis of unique nickel sulfide (NiS, NiS2) microarchitectures and the

[44]

[45]

[46]

[47]
[48]
[49]
[50]
[51]
[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Materials Chemistry and Physics 252 (2020) 123226

applications for the enhanced water splitting system, ACS Appl. Mater. Interfaces 9
(2017) 2500-2508, https://doi.org/10.1021/acsami.6b13984.

S. Yang, H. Yao, M. Gao, S. Yu, Monodisperse cubic pyrite NiS2 dodecahedrons and
microspheres synthesized by a solvothermal process in a mixed solvent: thermal
stability and magnetic properties, CrystEngComm 11 (2009) 1383-1390, https://
doi.org/10.1039/b900444k.

X. Li, J. Shen, N. Li, M. Ye, Template-free solvothermal synthesis of NiS2
microspheres on graphene sheets for high-performance supercapacitors, Mater.
Lett. J. 139 (2015) 81-85.

L. Wang, Y. Zhu, H. Li, Q. Li, Y. Quian, Hydrothermal synthesis of NiS nanobelts
and NiS2 microspheres constructed of cuboids architectures, J. Solid State Chem.
183 (2010) 223-227, https://doi.org/10.1016/j.jssc.2009.10.021.

T. Kosmac, D. Maurice, T.H. Courtney, Synthesis of nickel sulfides by mechanical
alloying, J. Am. Ceram. Soc. 76 (1993) 2345-2352.

X.J. Liu, S.D. Kang, J.S. Kim, L.S. Ahn, H.J. Ahn, Charge/discharge properties of
mechanically alloyed cathode material-NiS2 for Na/NiS2 cells, Rev. Adv. Mater.
Sci. 28 (2011) 98-102.

TOPAS, v4.2, Bruker AXS. Karlsruhe, Germany, 2009 (n.d.).

R.W. Cheary, A. Coelho, A fundamental parameters approach to X-ray line-profile
fitting, J. Appl. Crystallogr. 25 (1992) 109-121.

CIME, JEMS, (n.d.).

T. Takeuchi, H. Sakaebe, H. Kageyama, T. Sakai, K. Tatsumi, Preparation of NiS2
using spark-plasma-sintering process and its electrochemical properties,

J. Electrochem. Soc. 155 (2008) A679, https://doi.org/10.1149/1.2953496.

G. An, L. Chenguang, Y. Hou, X. Zhang, Y. Liu, Transition metal dichalcogenide
materials: solid-state reaction synthesis of nanocrystalline nickel disulfide, Mater.
Lett. 62 (2008) 2643-2646, https://doi.org/10.1016/j.matlet.2008.01.005.

E. Cebisa, S. Dalton, N. John, B. Wakufwa, Size-dependent and intra-band
photoluminescence of NiS2 nano-alloys synthesized by microwave assisted
hydrothermal technique, J. Alloys Compd. 552 (2013) 345-350, https://doi.org/
10.1016/j.jallcom.2012.10.102.

V.L. Manomenova, E.B. Rudneva, A.E. Voloshin, Crystals of the simple and
complex nickel and cobalt sulfates as optical filters for the solar-blind technology,
Russ. Chem. Rev. 85 (2016) 585-609, https://doi.org/10.1070/RCR4530.
B.Y.R.E. Gerkrn, W.J. Reppart, Structure of monoclinic nickel (II) sulfate
hexahydrate, Acta Crystallogr. C44 (1988) 1486-1488, https://doi.org/10.1107/
50108270188004238.

X. Chen, R. Fan, Low-temperature hydrothermal synthesis of transition metal
dichalcogenides, Chem. Mater. 13 (2001) 802-805, https://doi.org/10.1002/
chin.200127017.

T. Tian, L. Huang, L. Ai, J. Jiang, Surface anion-rich NiS2 hollow microspheres
derived from metal-organic frameworks as a robust electrocatalyst for the
hydrogen evolution reaction, J. Mater. Chem. A. 5 (2017) 20985-20992, https://
doi.org/10.1039/c7ta06671f.

N. Jiang, Q. Tang, M. Sheng, B. You, D.E. Jiang, Y. Sun, Nickel sulfides for
electrocatalytic hydrogen evolution under alkaline conditions: a case study of
crystalline NiS, NiS2, and Ni3S2 nanoparticles, Catal. Sci. Technol. 6 (2016)
1077-1084, https://doi.org/10.1039/c5¢y01111f.

Z. Wan, C. Jia, Y. Wang, In situ growth of hierarchical NiS2 hollow microspheres as
efficient counter electrode for dye-sensitized solar cell, Nanoscale 7 (2015)
12737-12742, https://doi.org/10.1039/c5nr03054d.

K. Bergmann, C.T. O’Konski, A spectroscopic study of methylene blue monomer,
dimer, and complexes with montmorillonite, J. Phys. Chem. 67 (1963) 2169-2177,
https://doi.org/10.1021/j100804a048.

M. Saeed, M.A. Jamal, A. Haq, M. Ilyas, M. Younas, M.A. Shahzad, Oxidative
degradation of methylene blue in aqueous medium catalyzed by lab prepared
nickel hydroxide, Int. J. Chem. React. Eng. 14 (2016) 45-51, https://doi.org/
10.1515/ijcre-2015-0088.

S. Liu, M. Li, S. Li, H. Li, L. Yan, Synthesis and adsorption/photocatalysis
performance of pyrite FeS2, Appl. Surf. Sci. 268 (2013) 213-217.

T.B. Nguyen, M.J. Hwang, K.S. Ryu, High adsorption capacity of V-doped TiO2 for
decolorization of methylene blue, Appl. Surf. Sci. 258 (2012) 7299-7305, https://
doi.org/10.1016/j.apsusc.2012.03.148.

J. Panda, B. Tudu, Hydrothermally synthesized flower like MoS2 microsphere: a
highly efficient adsorbent for methylene blue dye removal, AIP Conf. Proc. (2018),
https://doi.org/10.1063/1.5032462, 030127.

S. Dev, M. Singh, Metallic sulfide nanoparticles anchored graphene oxide:
synthesis, characterization and reduction of methylene blue to leuco methylene
blue in aqueous mixtures, J. Phys. Chem. Solid. 139 (2020) 109335, https://doi.
org/10.1016/j.jpcs.2020.109335.

Q. Li, X.-Q. Qiao, Y. Jia, D. Hou, D.-S. Li, Amorphous CoMo0S4 nanostructure for
photocatalytic H2 generation, nitrophenol reduction, and methylene blue
adsorption, ACS Appl. Nano Mater. 3 (2020) 68-76, https://doi.org/10.1021/
acsanm.9b01582.

T.-S. Kim, H.J. Song, M.A. Dar, H.-J. Lee, D.-W. Kim, Fast adsorption kinetics of
highly dispersed ultrafine nickel/carbon nanoparticles for organic dye removal,
Appl. Surf. Sci. 439 (2018) 364-370, https://doi.org/10.1016/].
apsusc.2018.01.061.

K. Shen, M.A. Gondal, Removal of hazardous Rhodamine dye from water by
adsorption onto exhausted coffee ground, J. Saudi Chem. Soc. 21 (2017)
$120-S127, https://doi.org/10.1016/j.jscs.2013.11.005.

H.-K. Chung, W.-H. Kim, J. Park, J. Cho, T.-Y. Jeong, P.-K. Park, Application of
Langmuir and Freundlich isotherms to predict adsorbate removal efficiency or


https://doi.org/10.1016/j.jhazmat.2011.07.033
https://doi.org/10.1039/c4ra15637d
https://doi.org/10.1039/c4ra15637d
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref19
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref19
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref20
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref20
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref20
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref20
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref21
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref21
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref22
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref22
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref22
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref22
https://doi.org/10.1039/c4ta03044c
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref24
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref24
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref24
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref25
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref25
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref25
https://doi.org/10.1038/srep03577
https://doi.org/10.1038/srep03577
https://doi.org/10.1021/acsami.5b07941
https://doi.org/10.1021/acsami.5b07941
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref28
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref28
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref28
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref29
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref29
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref29
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref29
https://doi.org/10.1039/c5dt02724a
https://doi.org/10.1039/c5dt02724a
https://doi.org/10.1016/j.powtec.2012.05.035
https://doi.org/10.1016/j.powtec.2012.05.035
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref32
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref32
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref32
https://doi.org/10.1039/c2jm15394g
https://doi.org/10.1088/1361-6528/28/6/065406
https://doi.org/10.1016/j.solener.2016.03.034
https://doi.org/10.1016/j.solener.2016.03.034
https://doi.org/10.1016/j.jcat.2018.01.019
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref37
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref37
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref38
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref38
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref39
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref39
https://doi.org/10.1039/c5cc03890a
https://doi.org/10.1002/adfm.201303273
https://doi.org/10.1002/adfm.201303273
https://doi.org/10.1039/c6ta10426f
https://doi.org/10.1039/c6ta10426f
https://doi.org/10.1021/acsami.6b13984
https://doi.org/10.1039/b900444k
https://doi.org/10.1039/b900444k
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref45
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref45
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref45
https://doi.org/10.1016/j.jssc.2009.10.021
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref47
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref47
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref48
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref48
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref48
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref49
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref50
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref50
https://doi.org/10.1149/1.2953496
https://doi.org/10.1016/j.matlet.2008.01.005
https://doi.org/10.1016/j.jallcom.2012.10.102
https://doi.org/10.1016/j.jallcom.2012.10.102
https://doi.org/10.1070/RCR4530
https://doi.org/10.1107/S0108270188004238
https://doi.org/10.1107/S0108270188004238
https://doi.org/10.1002/chin.200127017
https://doi.org/10.1002/chin.200127017
https://doi.org/10.1039/c7ta06671f
https://doi.org/10.1039/c7ta06671f
https://doi.org/10.1039/c5cy01111f
https://doi.org/10.1039/c5nr03054d
https://doi.org/10.1021/j100804a048
https://doi.org/10.1515/ijcre-2015-0088
https://doi.org/10.1515/ijcre-2015-0088
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref63
http://refhub.elsevier.com/S0254-0584(20)30597-6/sref63
https://doi.org/10.1016/j.apsusc.2012.03.148
https://doi.org/10.1016/j.apsusc.2012.03.148
https://doi.org/10.1063/1.5032462
https://doi.org/10.1016/j.jpcs.2020.109335
https://doi.org/10.1016/j.jpcs.2020.109335
https://doi.org/10.1021/acsanm.9b01582
https://doi.org/10.1021/acsanm.9b01582
https://doi.org/10.1016/j.apsusc.2018.01.061
https://doi.org/10.1016/j.apsusc.2018.01.061
https://doi.org/10.1016/j.jscs.2013.11.005

K.F. Ulbrich et al

[71]

required amount of adsorbent, J. Ind. Eng. Chem. 28 (2015) 241-246, https://doi.
0rg/10.1016/j.jiec.2015.02.021.

L. Anah, N. Astrini, Isotherm adsorption studies of Ni(II) ion removal from aqueous
solutions by modified carboxymethyl cellulose hydrogel, IOP Conf. Ser. Earth
Environ. Sci. 160 (2018), https://doi.org/10.1088/1755-1315/160/1/012017,
012017.

Materials Chemistry and Physics 252 (2020) 123226

[72] D. Robati, B. Mirza, M. Rajabi, O. Moradi, 1. Tyagi, S. Agarwal, V.K. Gupta,
Removal of hazardous dyes-BR 12 and methyl orange using graphene oxide as an
adsorbent from aqueous phase, Chem. Eng. J. 284 (2016) 687-697, https://doi.
0rg/10.1016/j.cej.2015.08.131.


https://doi.org/10.1016/j.jiec.2015.02.021
https://doi.org/10.1016/j.jiec.2015.02.021
https://doi.org/10.1088/1755-1315/160/1/012017
https://doi.org/10.1016/j.cej.2015.08.131
https://doi.org/10.1016/j.cej.2015.08.131

Fuel 271 (2020) 117651

Contents lists available at ScienceDirect

Fuel

journal homepage: www.elsevier.com/locate/fuel

Full Length Article

Efficient production of biodiesel by using a highly active calcium oxide
prepared in presence of pectin as heterogeneous catalyst

Check for
updates

2

Paula I. Acosta”, Roberta R. Campedelli”, Elder L. Correa”, Heitor A.G. Bazani’, Elvis N. Nishida",
Bruno S. Souza”, José R. Mora™"

@ Universidad San Francisco de Quito, Departamento de Ingenieria Quimica, Diego de Robles y Via Interocednica, Quito 17-1200-841, Ecuador
Y Department of Chemistry, Federal University of Santa Catarina, Floriandpolis, Santa Catarina 88040-900, Brazil

ARTICLE INFO ABSTRACT

Keywords: The cation binding ability of pectin was explored for the preparation of a highly active CaO catalyst for soybean
Biodiesel oil transesterification. The catalyst was prepared by the precipitation method using Na,CO3 and Ca(NO3), in the
Transesterification

presence of pectin followed by calcination. The best catalyst, CaP-600, was prepared at 600 °C and was char-
acterized by FTIR, TGA, BET, CO,-TPD and powder X-ray diffraction (PXRD). CaP-600 was characterized as CaO
containing carbonaceous materials left from pectin combustion. At only 1 wt% CaP-600 loading, biodiesel
conversion reaches 99% after 4 h with a methanol:oil = 7:1 M ratio. Importantly, the calcium content in the
produced biodiesel was only 0.7 ppm, which implies a satisfactory compliance with the ASTM D6751 and EN
14,214 standards. To the best of our knowledge, this is the best CaO catalyst reported for biodiesel production in
terms of efficiency and amount of calcium leached. For comparison, CaO prepared in the absence of pectin
showed poor catalytic activity in the optimized reaction conditions, demonstrating that the presence of the
biopolymer prior to the calcination step is crucial for the catalytic performance of the CaO particles. Possible

Heterogeneous catalysts
Highly active calcium oxide
Pectin

rationales for the biopolymer role are discussed.

1. Introduction

Approximately 85% of the total energy used by modern society
comes from fossil fuels. Therefore, these are still the most important
energy sources available [1]. However, considering its imminent de-
pletion and highly harmful environmental impact, modern society has
been searching for renewable and viable alternatives such as biofuels.

One of the most known biofuel is the mixture of alkyl esters of fatty
acids, called biodiesel. Since its physicochemical properties are similar
to conventional diesel, no engine adaptations are required for its use
when blended with petroleum diesel [2]. Besides, biodiesel also pre-
sents several advantages compared to petroleum diesel, which include
lower toxicity, lower emissions of pollutants such as carbon monoxide,
sulfur dioxide, particulate matter, polycyclic aromatic hydrocarbons
and aldehydes [3]. In addition, due to its chemical similarity with
natural oils and fats, its degradation in the environment is fast, reducing
the impact in cases of fuel leaks or spills [4]. For these reasons, this
biofuel can be considered a viable alternative to petroleum diesel.

Biodiesel is commonly obtained by the transesterification of trigly-
cerides, such as vegetable oils or animal fat, with a short-chain alcohol,
such as methanol or ethanol. A molar ratio of 3:1 with respect to the

* Corresponding author.
E-mail address: jrmora@usfq.edu.ec (J.R. Mora).
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triglycerides (Fig. 1) is needed. However, since the reaction products
are in equilibrium with reactants, excess alcohol is employed to achieve
high conversion [5]. Importantly, in order for the reaction to occur,
catalysts need to be added.

Commonly used homogeneous catalysts are strong acids, such as
hydrochloric and sulfuric acid, or strong bases such as potassium and
sodium hydroxide [6]. Bases are used more frequently because they
allow reactions to proceed at moderate temperature and pressure, and
relative shorter reaction time is needed [7]. However, the use of the
above mentioned hydroxides presents significant disadvantages in the
process, such as generation of soaps (secondary saponification reac-
tion). Besides, the resultant fuel can end up contaminated with alkaline
ions, which is usually remediated with several washing steps with
water. This increases the manufacture costs and the amount of waste-
water produced, originating an environmental pollution problem [8].

Currently there are several efforts to replace homogeneous catalysts
by heterogeneous ones in biodiesel production. For example, acidic
metallic oxides, such as modified zirconia, titania, and heteropoly acids
loaded on suitable supports have been investigated showing conver-
sions > 85%. However, these catalysts work in temperatures above
200 °C and at high methanol pressure [9], conditions that usually
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Fig. 1. General Transesterification reaction of triglycerides with methanol.

cannot be achieved in most reactors found in traditional biodiesel in-
dustry.

Enzymatic catalysis with lipases has also been demonstrated [10].
These biocatalysts permit easy product separation, operate at lower
temperature and yield a cleaner final product which does not require
copious washing with water. However, the reaction time is longer and
the associated costs are too high to render them a competitive alter-
native against traditional technologies [11].

On the other hand, the use of insoluble alkali metal oxides, such as
BaO, CaO and MgO, has proven to be very efficient for biodiesel pro-
duction. CaO is probably the most studied metal oxide due to its high
basicity, lower toxicity, high stability, easy handling and low cost. In
short, it is considered the most efficient heterogeneous catalyst for
biodiesel production, allowing high yields at low reaction times [8].
However, it has been widely demonstrated that a large amount of cal-
cium ions are released in the fuel phase in CaO biodiesel production
[12-19], exceeding the 5 ppm limit given in the ASTM D6751 and EN
14,214 specifications [20,21]. For example, when commercial CaO was
used as catalyst at 3 wt% and 65 °C, excellent conversion was achieved
after 75 min. However, the calcium content in the fuel phase was
51 ppm after centrifugation [13]. In another study, CaO was doped with
alkali metals using the incipient wetness method and used as a catalyst
at 5 wt% and 60 °C for 3 h. A quantitative biodiesel formation was
achieved, however the calcium content in the fuel ranged from 200 to
600 ppm [12].

Pursuing the removal of calcium ions present in biodiesel prepared
with CaO, some washing procedures have been studied by Alba-Rubi
et al.[22]. The authors demonstrated that washing biodiesel with water
or aqueous hydrochloric acid is not effective. In addition, the authors
demonstrated that using high doses (50 wt% in relation to biodiesel) of
sulphonic resins (DOWEX) almost completely removed Ca®* ions.
However, in this case the acid value of the final biodiesel did not meet
the regulatory standards.

An interesting strategy to reduce the leachability of calcium from
CaO is addition of modifiers in the oxide matrix. For example, it has
been shown that when CaO was modified with bromo-octane the
amount of calcium leached decreased to 26 ppm at 5 wt% catalyst
loading, 65 °C and 3 h [14].

The use of polymers as modifiers in the preparation of alkaline
oxides for biodiesel production has also been reported in the literature.
MgO was prepared by the precipitation of Mg(NO3), with ammonia in
the presence of poly(vinyl alcohol) (PVA) followed by calcination. The
authors observed a much higher catalytic activity for the material
prepared in the presence of PVA and concluded that the carbonaceous
residue coming from PVA combustion was responsible for the improved
activity [6]. In another study, the preparation of calcium-incorporated
chitosan spheres was reported and it was demonstrated that after cal-
cination a porous calcium oxide was produced [23]. Similarly, Fur-
usawa et al. reported the use of CaO-loaded alginate capsules for ra-
peseed oil transesterification with methanol [24].

In the present work, we investigate the use pectin as a modifier for
the preparation of CaO active for biodiesel production. Pectin was se-
lected for its high availability, low cost and the presence of carboxylic
acid groups in D-galacturonic acid units, which possess the ability of
efficiently complexing Ca®™" ions [25]. As will be shown, CaO prepared
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with addition of this biopolymer demonstrated higher catalytic activity
and a significant decrease in the amount of calcium leached to bio-
diesel, complying with international standards without the need of
additional washing steps. A detailed characterization of the prepared
catalysts and produced biodiesel using different techniques was con-
ducted. Finally, insights into the reasons behind the beneficial effect of
the biopolymer for catalyst performance are discussed.

2. Experimental
2.1. Materials

All reactants were used as received from the suppliers. Calcium
nitrate tetrahydrate from Loba Chemie (Purity: 99%, CAS No:
13477-34-4), sodium carbonate anhydrous from Loba Chemie (Purity:
99%, CAS No: 497-19-8), Calcium oxide from Sigma-Aldrich (99.9%,
CAS No: 1305-78-8) and pectin from Loba Chemie
(M.W = 30000-100000, degree of esterification = 63.0-66.0%, CAS
No: 9000-69-5). Commercial soybean oil Gustadina (PRONACA-Quito,
Ecuador). Methanol ACS Basic (99.9%) from Scharlau, Chloroform AR
(99.8% stabilized with ethanol) from Loba Chemie, Potassium
Hydroxide Pellets from Fisher Scientific, TLC silica gel 60 F254plates.

2.2. Catalyst preparation

Catalyst preparation was performed using the precipitation method
[6]. In a beaker, 100 mL of a 0.28 g/mL Ca(NO3),--4H,0 solution was
magnetically stirred at 400 rpm at room temperature. Then, 2 or 3 g of
commercial citrus pectin was slowly added, and the pH was adjusted to
2 with HC1 0.1 M. After stirring for 8 h approximately 50 mL of a 0.3 g/
mL Na,COj3 solution was slowly added until pH 10, and the mixture was
stirred for additional 4 h. The precipitate was filtered and washed 3
times with distilled water to remove all water-soluble salts, giving ap-
proximately 7.5 g of a white powder. The material was dried at 120 °C
for 4 h and calcined in air at 400 °C or 600 °C for 14 h. These samples
will be mentioned from now on as CaP-T, where P represents the pre-
sence of pectin and T is the calcination temperature. Reference mate-
rials were also produced with the same procedure but in absence of
pectin and they will be denoted as CaR-T. As no difference in catalytic
activity was found for materials prepared using 2 or 3 g of pectin, most
results given are for the catalyst prepared using 2 g of pectin. Therefore,
five materials were studied in detail: CaP(non calcined), CaP-400, CaP-
600, CaR-400 and CaR-600.

2.3. Conventional biodiesel (CB) prepared with KOH

A standard biodiesel sample was prepared using the well-estab-
lished KOH methodology. This sample will be referenced as conven-
tional biodiesel (CB). The transesterification reaction took place in a
Erlenmeyer flask with 0.5 g of KOH (1 wt% with respect to the oil),
14 mL of methanol and 50 g of soybean oil (6:1 methanol to oil ratio)
[26]. The contents were stirred at 500 rpm for 3 h at room temperature.
Subsequently, the final mixture was transferred to a separating funnel
to remove glycerol (lower phase) from the methyl esters. Once sepa-
rated, the biodiesel was washed with a mixture of 10 mL 0.1 M HCl and
10 mL 4 M NaCl. The aqueous phase was discarded, and the procedure
described above was repeated until pH 6-8 was reached. Then the
biodiesel was washed 3 times with 25 mL of distilled water and dried
using anhydrous magnesium sulfate.

2.4. Catalytic tests with the prepared materials

Test tubes with a concave base were used as batch reactors (see
Figure S1 for details). As a general procedure, the catalyst was loaded
into the reactor, followed by methanol and soybean oil. The tube was
closed with a screw cap, magnetically stirred at 1200 rpm and heated to
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65 °C in an oil bath. Initial experiments were performed with CaP-400,
CaP-600, CaR-400 and CaR-600 at 3 wt% catalyst (in respect to oil), a
methanol to oil ratio of 28:1 and 2 h reaction time, i.e., 22.2 mg cat-
alyst, 1 mL methanol and 740 mg oil. In subsequent experiments, op-
timizations were performed focusing on catalyst loading (0.5, 1.0, 2.0
and 3.0 wt%) and methanol to oil ratio (7:1, 14:1, 21:1 and 28:1) fixing
the reaction time at 4 h. In all cases, the workup was done by cen-
trifuging the reaction mixture at 4000 rpm for 5 min to separate the
solid catalyst from the reaction products. The supernatant, rich in
biodiesel, was directly analyzed by TLC, H'NMR and RI.

2.5. Biodiesel characterization

2.5.1. Thin layer chromatography (TLC)

TLC has been widely used to analyze biodiesel and glycerides mix-
tures [27-32]. This procedure is faster and more environment friendly
than GC and HPLC methods, for example, and is very convenient to
quickly screen large datasets. Therefore, in this work TLC was used in
initial assessments. These analysis were performed using Silica gel 60F
254 plates (see details on Figure S2) and petroleum ether, diethyl ether
and acetic acid mixture (8:1.9:0.1 v:v:v) as eluent [28]. Retention factor
(Rp) of relevant substances are given in Table S1. Spots were developed
in an iodine chamber.

2.5.2. Proton nuclear magnetic resonance (H'NMR)

After reaction contents were centrifuged, 50 pL of the supernatant
were withdrawn and diluted in 500 pL of CDCls. Biodiesel conversion
was accessed by H'NMR spectroscopy in a Varian AS 400 MHz instru-
ment using the so the method reported by Faraguna et al. [33]. In this
method, the area of the methoxy singlet (Hy;) that appears in the fatty
acid methyl ester (FAME) can be directly compared with the area of the
a-carbonylmethylene protons (Hyc), close to the ester group. When
conversion reaches 100%, the Hy; to Hyc area ratio should be 3:2.
Therefore, conversion X% can be calculated using Eq. (1).

X% = 100 X (2Hy;/3Hyc) (@)

2.5.3. Calcium analysis by capillary zone electrophoresis (CE)

CE analyses were performed using a methodology recently reported
for the determination of calcium in biodiesel samples [34]. The limit of
quantification is between 0.07 and 0.5 ppm. An Agilent Technologies
capillary electrophoresis system model 7100 CE equipped with a diode
array detector was utilized. The wavelength selected to determine the
cation concentration was 350 nm, with reference in 280 nm. The se-
paration voltage was fixed at 30 kV (positive at the electrode where the
sample was injected).

2.5.4. Refractive index

A Thermo Fisher Scientific refractometer model 334,610 was em-
ployed to measure the refractive index. A calibration curve was con-
structed with mixtures of oil and conventional biodiesel of known
composition from 0 to 100 wt% in intervals of 25%. For the analysis of
real samples, an aliquot of the reaction mixture was taken and mixed
with chloroform to accelerate phase separation. The chloroform phase
was separated and washed several times with water. Finally, the solvent
was evaporated completely, and the biodiesel/oil mixture was inserted
in the equipment. Each sample was measured in triplicate.

2.5.5. Gas chromatography-mass spectrometry (GC-MS) analysis

The GC-MS analysis was performed in order to confirm that no
molecular arrangement is occurring in the biodiesel produced with CaP-
600 in comparison with the biodiesel produced by the conventional
methodology (with KOH). The analysis was performed in a Shimadzu
GCMS-QP-2010 Ultra Plus with autosampler/autoinjector AOC-20i/s,
using a Thermo Scientific™ TRACE™ TR-WaxMS GC column. The vo-
lume injected was 0.2 uL with a split mode 1:10, injector temperature
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of 250 °C. The oven was configured as follow: initial temperature
150 °C, ramp to 250 °C at 25 °C/min; ramp to 253 °C at 1 °C /min; ramp
to 275 °C at 25 °C/min, and an isothermal hold at 275 °C for 2 min.
Helium was the carrier gas with a velocity of 13 mL/min.

2.6. Catalyst characterization

2.6.1. Fourier transform infrared spectroscopy (FTIR)

A Bruker instrument model ALPHA was employed to acquire the
FTIR spectra. Samples were prepared in ground spectroscopic grade KBr
pellets and a resolution of 4 cm ~'/128 scan was used for the analysis.
About 0.1 g of the catalyst was dispersed in 0.5 g of KBr using an agate
mortar and pestle, followed by the formation of a transparent pellet
which was immediately inserted in the equipment.

2.6.2. X-ray diffraction (XRD)

XRD diffraction patterns for calcined samples were recorded in a
Rigaku diffractometer model MiniFlexll. The equipment was operated
with a CuKa radiation source (A = 1.540562 /o\). Samples were scanned
in the range 10-90° for an angular 2theta (26) in steps of 0.02°.

2.6.3. Thermogravimetric analysis (TGA)

TGA analyses were performed in a Shimadzu TGA-50 using a ni-
trogen flow of 50 mL.min~'. A temperature ramp of 10 °C.min "' be-
tween 20 and 800 °C was used.

2.6.4. Nitrogen adsorption—desorption isotherms.

Nitrogen adsorption-desorptions isotherms were obtained by using a
QuantaChrome Instruments NOVA2200e at —196 °C. Surface areas
were determined using Brunauer-Emmett-Teller (BET) method. The
pore size was determined by Barrett-Joyner-Halenda (BJH) method
applied to the desorption branch of the isotherm, and pore sizes were
determined from a single point at relative pressure P/P° = 0,98.
Samples were degassed overnight at 200 °C under vacuum prior to
analysis.

2.6.5. Temperature programmed desorption (CO2-TPD)

Basicity of the samples was measured by the temperature pro-
grammed desorption of carbon dioxide (CO,-TPD) as probe molecule.
The patterns were recorded using a QuantaChrome ChemBET 3000
TPR/TPD Chemisorption Analyzer equipped with a thermal con-
ductivity detector (TCD). The sample was preheated in a U quartz tube
at

600 °C under the flow of He (100 mL.min~!) for 1 h, then cooling
until room temperature. After the cooling, the sample was kept under
the flow of CO, (100 mL.min~") for 40 mins at room temperature.
After, the sample was purged under flow of He

(100 mL.min " %) for 30 min in order to eliminate physisorbed CO,.
The TPD analysis was carried out from ambient temperature to 600°
(10 °C.min ") under flow of

He (100 mL.min~1). CO, concentration in the effluent stream was
monitored by using and the areas under the peaks were integrated to
determine the amount of CO, desorbed. TCD calibration was performed
by passing known volumes of CO, three times. The evaluation of the
peaks was done utilizing the equipment software TPRWin.

3. Results and discussions
3.1. Biodiesel production

3.1.1. Initial screening

The conditions used for the initial tests were a catalyst loading of
3 wt% (in respect to oil) and a methanol to oil molar ratio of 28:1.
Reactions were carried out for 2 h at 65 °C. After this period, the tubes
were centrifuged, and the supernatant analyzed by TLC.

The effect of adding 2 or 3 g of pectin during the catalyst
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Fig. 2. TLC plates for biodiesel samples obtained with CaP-400, CaR-400, CaP-600 and CaR-600 catalyst respectively comparing with CB. The spot with R¢ 0.8-0.9

corresponds to FAME, while the spot with Ry ~

preparation step was first evaluated. As shown in Figure S3, no sig-
nificant differences were found in the catalytic activity of these mate-
rials. This is in accordance with the observation that the amount of
precipitate obtained after addition of Na,CO3 was the same when 2 or
3 g of pectin were used, indicating that no > 2 g of pectin can be co-
precipitaded with the formed CaCOs_On this basis, the results reported
henceforward are for the catalyst prepared using 2 g of pectin.

As can be seen in Fig. 2, CaR-400 does not lead to formation of
biodiesel, while activity of CaP-400 was significantly higher. However,
for CaP-400 a large spot corresponding to triglycerides was still ob-
served after 2 h, indicating that the reaction has not been completed.
On the other hand, quantitative biodiesel formation was observed in
reactions conducted with CaP-600 and CaR-600. Therefore, further
studies were conducted with these materials only.

Considering that Ca®* leaching to biodiesel is of great concern in
the biodiesel industry, we determined the amount of Ca** leached in
the reaction catalyzed by CaP-600 using the above-mentioned reaction
condition. Surprisingly, only 0.70 = 0.01 ppm Ca®>* was found in the
biodiesel phase. This value is much lower than the value established in
the ASTM D6751 and EN 14,214 standards [21,35]. For comparison,
Table 1 shows the amount of calcium leached to biodiesel along with
other relevant information found in the literature for biodiesel pre-
paration using CaO prepared by different methodologies. As can be
seen, none of the materials shown comply with the value set by most of
biodiesel specification standards.

3.1.2. Reaction optimization

In a different set of experiments the effect of the amount of me-
thanol and catalyst loading in the transesterification reaction were
evaluated. The reaction mixtures composition were initially analyzed
by TLC. Fig. 3 shows the TLC plates for each of the biodiesel samples
obtained by varying the amount of methanol and catalyst employed. By
visual inspection, it is possible to determine the most efficient combi-
nation that allows maximum conversion to biodiesel.

As can be seen in Fig. 3, with the exception of conditions employing
0.5 wt% catalyst, it is possible to observe that conversions were nearly
quantitative even at low methanol to oil molar ratio. The condition
employing 1 wt% catalyst and 0.25 mL of methanol (molar ratio me-
thanol:oil = 7:1) is the most efficient one (reaction yield of 99%) and
was chosen in further experiments for resource savings reasons. In ad-
dition, to the sake of comparison, we also performed the reaction in this
optimized condition using CaR-600 and commercial CaO. As a result,
very small conversion to biodiesel was observed by TLC (see Fig. 4),
when is compared with the high yield obtained with CaP-600. This
result alone testifies that pectin is an efficient modifier for the pre-
paration of highly active calcium based catalyst.

Next, we investigated the reaction progress as a function of reaction

0.6 corresponds to triglycerides. See the ESI for further details.

time using the optimized condition with CaP-600. As can be seen in
Fig. 5, FAME formation can be clearly observed already after one hour,
while over 180 min are needed for complete conversion. Therefore,
further experiments were conducted by setting the reaction time at 4 h.

3.1.3. Quantification of FAME% by H' NMR and RI

In order to corroborate the qualitative TLC results described above,
conversions to FAME was analyzed by H'NMR for the biodiesel samples
obtained with CaP-600 catalyst. Fig. 6 shows the H'NMR spectra of the
conventional biodiesel in the top (CB) and as received soybean oil (TG)
in the bottom. The most important signals that allow biodiesel con-
version assesment are the Hy, singlet at 3.65 ppm from the FAME
methoxy group, not observed in the starting soybean spectrum, and the
Hyc signal from the a-carbonylmethylene group close to the ester
group, which is observed in all fatty ester derivatives. Conversion
acessed by H'NMR was calculated using Eq. (1) using the spectra shown
in Figures S4-S11.

The use of refractive index (RI) for conversion calculation was also
explored using the calibration curve shown in Figure S12. Fig. 7 shows
the conversion accessed by RI and H'NMR as a function of time for the
preparation of FAME using 1 wt% CaP-600, 7:1 methanol to oil ratio at
65 °C. As can be seen, conversion accessed by RI and H* NMR are very
similar. In addition, the results indicate that almost conversion higher
than 95% can be achieved after 3 h, in agreement with the results given
by qualitative TLC analysis.

In order to confirm that no molecular rearrangements took place
during the reaction, a GC-MS analysis was performed. As can be seen in
Figure S13, the chromatogram for the biodiesel prepared with CaP-600
is similar to that of the biodiesel prepared using the conventional
methodology (with KOH), demonstrating that the samples are chemi-
cally identical. In addition, the chromatograms are in agreement with
those reported in the literature for soybean biodiesel [37].

Compared to CaO prepared by various methods given in Table 1,
CaP-600 performs better both in terms of conversion and amount of
methanol needed. In addition, CaP-600 is more active than supported
CaO. For example, at 3 wt% and 9:1 methanol to oil ratio conversion is
90% after 6 h when CaO supported on Al,O3; was used [18]. On the
other hand, 3 wt% zeolite supported CaO with 9:1 methanol:oil results
in 95% after 3 h [38]. Finally CaO-MgO-Fe,03-Al,03-Si0, at 1 wt%
and 12:1 methanol:oil reaches 93% after 5 h [39].

3.1.3.1. Reutilization of catalyst CaP-600. CaP-600 recycling
experiments were conducted at 2 wt% catalyst loading, 7:1
methanol:oil ratio, at 65 °C for 4 h. After this time the flask was
cooled to room temperature, the contents centrifuged, and the liquid
phase was removed using a Pasteur pipette. Finally, additional
methanol and oil were loaded, followed by immersing the reactor in
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as shown in Fig. 4, CaP-600 is much more active than CaR-600, yielding
quantitative biodiesel formation (= 100%) with only 1 wt% of catalyst
and a molar ratio methanol:oil = 7.1. Therefore, CaP-600 and CaR-600
are analyzed in detail in the next section.

3.2. Characterization of catalysts

3.2.1. Ftir

In Fig. 9 are shown the FTIR spectrum of the non-calcined sample
(CaP) along with the spectra of the materials prepared in presence and
absence of pectin calcined at 600 °C, CaP-600 and CaR-600, respec-
tively. Although the spectra are very similar, some important differ-
ences were found. CaP displays a broad band between 3400 and
3000 cm~! typical of polysaccharides. This region also has

p * . ¥

Fig. 5. plates of samples obtained with CaP-600 at different reaction times.

contributions from the water O-H stretching [41]. For CaP-600 and
CaR-600 the O-H stretching and bending are clearly visible at 3600 and
1620 cm ™~ ?, respectively. All materials display a broad band centered at
1460 cm ™! and sharp peaks near 700 and 850 cm™! which can be
attributed to COs vibrations [41]. The fact that both calcined materials
display bands attributed to carbonaceous species can be explained by
the reaction of calcium oxide with carbon dioxide in the presence of
moisture to form CaCOj as reported elsewhere [42]. For CaP the band
centered near 1460 cm ™! is considerably broader which can be ex-
plained by the contributions from the stretching vibrations of the car-
bonyl group of pectin. In addition, the peaks observed from 1150 to
1050 cm ™! for CaP confirm the presence of pectin [43]. The latter
peaks, which are obviously absent in CaR-600, are weakly observed in
CaP-600, which indicates formation of carbonaceous structures during
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Fig. 6. Expanded H' NMR spectra of the conventional biodiesel sample (top) and TG from the soybean oil (bottom). The full spectra are given in the supporting

information.
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the calcination process. The spectrum of the pure pectin shown clearly
the corresponding peaks of the carboxylate (-COO", 1643 cm™!) and
methyl ester (-COOCH3, 1755 cm ™) groups present in this biopolymer.

3.2.2. Xrd

The XRD patterns for the non-calcined and calcined materials pre-
pared in the presence of pectin are presented in Fig. 10. The pattern for
CaP is in agreement with formation of CaCO; (diffraction peaks
20 = 24.4° and 39.6°) [15]. Besides, the peaks at 26 = 29°, 36° and 43°
can be attributed to the presence of calcium pectinate in the sample CaP
[44]. On the other hand, the diffraction pattern of CaP-600 and CaR-
600 suggest that the major component is CaO, with diffractions peaks at
32.1°, 37.4°, 53.9°, 64.1°, 67.4°, 79.5° and 88.6° [45].

3.2.3. Tga

In Fig. 11 are shown the TGA profiles for CaP and CaP-600 in N,
atmosphere. CaP displays a first mass loss in the range of 50-150 °C
which can be attributed to evaporation of the water in the sample. In
the range 150-600 °C several weight loss events are observed and can
be attributed to thermal decomposition of pectin as observed elsewhere
[43] and indicate that a considerably amount of pectin is left in solution
during catalyst preparation. Above 600 °C a large weight loss is
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Fig. 10. XRD patterns of the CaP and CaP-600.

observed which can be attributed to the decomposition of calcium
carbonate in agreement with the behavior previously reported [46-48].
Regarding the TGA analysis of CaP-600, it shows an unexpected mass
loss of approximately 15% in the range 400-450 °C. This thermal event
can be attributed to dehydroxylation of Ca(OH), which was formed by
water adsorption on CaO. [49] A second weight loss occurs in the range
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600-780 °C, and this can be attributed to the decomposition of calcium
carbonate formed by the adsorption of atmospheric CO,.[50] In order
to confirm that the weight loss observed for CaP-600 are the result of
water and CO, adsorption by the material stored at ambient condition,
another TGA analysis was performed with a sample that was quickly
stored in a sealed container under argon atmosphere after calcination.
As can be seen in Figure S14, this material does not lose mass when
heated up to 800 °C. In summary, the TGA analysis indicates that CaP is
converted to nearly pure CaO when calcined at 600 °C. In addition,
small amounts of Ca(OH), and CaCO3 are formed when CaP-600 is
exposed to air.

3.2.4. Bet

The nitrogen adsorption—-desorption isotherms of the oxides CaP-
600 and CaR-600 are given in Fig. 12. As it can be seen, a hysteresis
loop is observed in both materials, and a type III isotherm is identified.
By using the classical BET and BJH methods, it is possible to obtain the
specific surface area (S), the pore volume and the average pore dia-
meter respectively. These results indicate that CaP-600 has a specific
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surface area 15.8 times larger than the CaR-600 (S = 19.45 and
1.23 m?/g, respectively). This increase of the specific area probably is
due to the fact that the carbon matter (from incomplete calcination of
pectin) deposited on the surface of CaO is amorphous, displaying irre-
gularities that contribute to the increment of the specific area. This fact
is also reflected in the pore volume and pore diameter analysis. While
CaP-600 displays a pore volume of 61.20x10 cm>/g and an average
pore diameter of 60.59 A, CaR-600 has a pore volume of 5.16x10 cm®/
g and an average pore diameter of 17.08 A. As reported elsewhere [51],
pore size is an important parameter for biodiesel catalysts due to the
size of a typical triglyceride (about 58 A). The large structural differ-
ences of the prepared oxides are certainly related to the striking dif-
ferences in catalytic activity observed for CaP-600 and CaR-600, de-
monstrating that pectin is a highly efficient structuring agent for the
preparation of reactive CaO.

3.2.5. Cor-Tpd

The amount of basic sites was determined by the peak areas (black
lines) that were deconvoluted (red lines) in the equipment software,
based on known volumes (and peak area) of CO5 injected. According to
Fig. 11, it is observed a decrease of signal intensity obtained by the
detector of the sample CaP-600 (and consequently the amount of basic
sites) in relation to the sample CaR-600. On the other hand, CaP-600
presents weak basic sites (below 160 °C) compared to CaR-600. The
quantity and the strength of the basic sites are shown in Table 2.

Although the pectin functionalized sample shows ca. 12% of the
basicity content of the commercial sample, the catalytic activity was
highly efficient and with low calcium leaching, which may be related to
the carbonaceous layer around calcium oxide (observed in the FTIR),
which may have increased the porosity and kept calcium within the
structure.

Due to the fact that a carbonaceous layer is covering the CaO par-
ticles, some basic sites may be protected and are unable to participate in
the reaction, resulting in the reduction of strong-medium basicity
(above around 300 °C), as observed in Fig. 11A. However, basic sites in
the corners of the carbon matter layer may act as weakly basic sites,
explaining the signals at temperatures below 270 °C in Fig. 13B. Im-
portantly, these basic sites are strong enough to deprotonated methanol
to allow the transesterification reaction.
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Fig. 12. N, adsorption-desorption isotherms of CaR600 and CaP600.
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Table 2
Results from the CO,-TPD analysis.

Sample Site strength [51] Total of sites
(wmol.g~")
Weak Medium (160 Strong
(<160 °C) -400 °C) (> 400 °C)
CaR-600 - 119.818 144.454 264.272
CaP-600 5.150 11.346 14.908 31.404

Alkaline earth metals are often used for transesterification reactions,
and theoretically, the more basic the material, the better the catalytic
activity [52].

However, Veiga et al. report the lack of relationship between the
amount of CO, adsorbed (as Lewis’ basic sites) and the catalytic activity
of a material [53]. Also, carbonaceous species formed from pectin
calcination, which can be in the deprotonated form, may contribute to
the increase of catalytic activity [54].

3.3. Mechanistic insights into pectin-Ca interaction and biodiesel production

Based on the results obtained in this work, some insights can be
given on the role of pectin for the production of highly active and low-
leaching CaO catalyst. Fig. 14 gives a schematic representation of this
process. Prior to addition of sodium carbonate, Ca?* ions bind to
pectin. This binding process is driven by electrostatic interaction as
studied in detail by Fang et al. [55], who demonstrated that for high
methoxy content pectin each calcium ion binds two galacturonic acid
units. Once sodium carbonate is used to raise the pH a precipitate
containing calcium carbonate and calcium pectinate is formed as de-
monstrated by PXRD and TGA analysis. When the material is calcined,
CaCOj is converted to CaO, while pectin suffers an incomplete calci-
nation, leaving a layer of carbon matter deposited on the CaO particles.
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As pointed by Mariani et al. [56], who used pectin to create me-
soporous magnetic iron oxides, the energy supplied during pectin
combustion along with the gas release favor formation of finely divided
powders, which the authors describe as “puffs”. A similar process
probably takes place during CaP-600 formation. Therefore pectin acts
as a structuring agent, being able to produce a porous structure, with
pores large enough to accommodate the triglyceride, after calcination.

4. Conclusions

In this work it was demonstrated that pectin is a very promising
material for the preparation of CaO active for biodiesel production
when the calcination is carried out at 600 °C. The catalyst is active for
biodiesel production even at low molar methanol to oil ratio (7:1) and
low catalyst loading (1 wt%), with minimum Ca®* leaching to the final
product. CaP-600 is mostly composed of CaO along with some carbo-
naceous residues on the structure as shown by FTIR and PXRD. When
CaP-600 is compared to the corresponding CaR-600, important differ-
ences were found in terms of surface area, pore volume and basicity.
The increase in the surface area can be associated with the release of
gases during combustion and the deposition of carbon matter on the
CaO surface. These structural and compositional differences provoked
by pectin are certainly responsible for the large catalytic activity and
low leachability of CaP-600. Preparation of CaO using pectin of dif-
ferent degrees of esterification are currently being carried out in our
laboratories.
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An Imidazole-Rich Pd(ll)-Polymer Pre-catalyst for the
Suzuki-Miyaura Coupling: Stability Influenced by Dissolved
Oxygen and Reactants Concentration

Elvis N. Nishida,” Elder C. Leopoldino,” Laize Zaramello,” Higor A. Centurion,®
Renato V. Goncalves,™ Ricardo F. Affeldt,” Carlos E. M. Campos,” and Bruno S. Souza*"

Herein a novel Pd(ll)-polymeric pre-catalyst was prepared by
coordinating Pd(ll) ions to a low cost imidazole/carboxylate-rich
polymer. The material displays good activity in the Suzuki-
Miyaura coupling towards a range of aryl bromides and iodides
in iPrOH/H,0 mixtures at 25 or 60°C. Catalyst longevity and
recyclability proved to be sensitive to the concentration of the
cross-coupling partners. When the concentration of PhBr is high
(IPhBr1=250 mmolL™"), inactive Pd(0) aggregates were de-

Introduction

Palladium cross-coupling reactions are routinely used in
research laboratories worldwide and in industry for the
preparation of high added value products, such as pharmaceut-
icals and agrochemicals." Among important C—C coupling
reactions, the Suzuki-Miyaura (SM) lie among the most exten-
sively used. In the seminal works of the 1970's"*” and
1980’5, soluble metal precursors combined with phosphine
ligands were employed as catalysts. Despite good yields, the
original procedures displayed some drawbacks, such as long
reaction times, ligand sensitivity to air, catalyst deactivation and
use of toxic aprotic solvents (NMP and DMF).B'%'¥

As concerns about the protection of environment and
workers increased in the last decades, greener methodologies
and processes for improved and safer organic synthesis became
mandatory and modern synthetic methods should be devel-
oped according to the Twelve Principles of Green
Chemistry.">"'7 DMF, for example, is classified as a ‘substance of
very high concern™®'¥ in Europe. Thus, aspects such as the use
of safer solvents, energy saving reactions as well as catalyst
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tected. On the other hand, when the reaction was performed at
20-fold dilution ([PhBrl=12.5 mmolL™") the material could be
reused up to 12times without significant loss of catalytic
activity. In this condition, minimum amount of Pd(0) was
detected by XPS analysis and no Pd(0) aggregates were
observed by XRPD. Importantly, it was found that the presence
of oxygen is fundamental for avoiding formation of inactive
Pd(0) aggregates.

recovery should be pursued also in the field of Pd cross-
coupling reactions.

A classical approach to allow the recovery of the precious
metal is the use of supports that can be easily separated by
filtration or centrifugation. It is generally acknowledged that the
heterogeneous material serves as a source of soluble palladium
species that are active as homogeneous catalysts.”” Therefore
the supports should possess a good affinity for the metal, but
the coordinating interaction should not impair the reaction rate
considerably. In addition, Pd nanoparticles are commonly
formed in these reactions,” ! and the insoluble support can
help hinder the formation of larger, less reactive,
aggregates,”* ¥ enhancing catalyst longevity.?**”

Binding Pd species on polymers is an interesting strategy to
generate recoverable catalysts.””” Compared to traditional
supports, such as metal oxides or carbon, the support can be
more easily tuned by inserting coordinating groups using
simple chemical steps.?®34

Among the myriad of heterogeneous supports for Pd
immobilization, many contain the imidazole group as a key
component. For example, Yamada and co-workers®>*® synthe-
sized a poly(imidazole)-based polymer that was used to
encapsulate Pd(ll). The material showed impressive catalytic
activity in Heck-Mizoroki, SM and Tsuiji-Trost coupling reactions.
The high activity of this Pd-polymer is in line with the finding of
Trzeciak and Augustyniak,®?” who reported that imidazole can
stabilize Pd(ll) and Pd(0) species involved in SM reactions,
enhancing the metal longevity by avoiding deactivation
through agglomeration. Similarly, Szulmanowicz and co-
workers®® studied the catalytic activity of homogeneous Pd(l)
complexes with different imidazole ligands towards the SM
coupling, showing good to excellent activity for different
activated aryl bromides and phenylboronic acid.

In addition, efforts to develop easily recoverable imidazole-
based catalysts have been reported, such as immobilization of

© 2021 Wiley-VCH GmbH
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Scheme 1. Preparation of PECIm from PEMA and API followed by binding to Pd(ll) ions.

Pd in nano silicon functionalized with a N-heterocyclic
carbenes," covalent organic frameworks,?? silsesquioxane
matrix,®? and a SBA-15 derivative.*® Although the materials
display high catalytic activity in cross-coupling reactions, their
preparation involve many steps, rendering them less practical
for industrial applications.*" This issue brought to attention by
De Vries and co-workers"'**! who pointed out the disadvan-
tages in the immobilization of Pd on heterogeneous supports
prepared by dispendious synthetic routes, with long reactions
time and under harsh conditions.["***?

Allying the strategy of simple functionalization of commer-
cial polymers with ligands opens a possibility to develop
potential stabilizers for Pd(ll) with relatively straightforward
synthetic routes. With this goal, the present work describes a
new polymeric composite derived from the commercial poly-
mer poly(ethylene-alt-maleic anhydride) (PEMA) functionalized
with 1-(3-aminopropyl)imidazole (API) in a single step. Because
the polymer (PECIm) bears imidazole and carboxylate groups it
acts as an efficient ligand, avoiding formation of Pd(0)
aggregates which are less reactive in the SM reaction. In this
work, the pre-catalyst, Pd/PECIm, was applied in SM reaction
and its catalytic activity and recyclability evaluated.

Results and Discussion
Preparation and characterization of Pd/PECIm

PECIm polymer was prepared by a one-step modification of
PEMA with APl as reported by Leopoldino and coworkers.”
This polymer bears carboxylate and imidazole units able to
coordinate to Pd(ll) ions. Complexation was carried out by the
slow addition of a K,PdCl, solution to an aqueous PECIm
solution (Scheme 1). After a few minutes of mixing, pale yellow
solids could be detected by naked eye. The mixture was stirred
overnight and the solids were isolated by filtration, followed by
several washings with water. FAAS analysis of the as obtained
solid, labeled Pd/PECIm, revels that it contains 11.3 wt% Pd.
Based on nitrogen found by elemental analysis of Pd/PECIm
(see Table S1) it is possible to conclude that there are
approximately two monomeric units of PECIm for each Pd(ll)
ion.

Although PECIm is highly soluble in water, Pd/PECIm does
not dissolve in this solvent, even under vigorous heating. This
can be explained by the formation of Pd(ll) crosslinks between

ChemCatChem 2022, 14, €202101596 (2 of 10)

polymer chains and is a good indicative of a strong association
between the polymer and the Pd(ll) ions. The infrared spectrum
of Pd/PECIm is very similar to that of pure PECIm (Figure S2),
giving no clear clues to help pinpoint if the Pd(ll) ions are
coordinated to the carboxylate or imidazole groups, or both.
However, valuable information could be obtained by XPS and
TGA.

A comparison of the TGA of PECIm and Pd/PECIm is given in
Figure S3. The PECIm polymer displays two marked weight loss
events up to 300°C: from 25 to 110°C, 5 wt%, attributed to
residual solvent desorption, and from 120 to 275°C, 10 wt%,
attributed to water elimination from the thermal imidation, a
reaction that takes place between vicinal carboxylate and amide
groups as reported previously.?**? Interestingly, as shown in
Figure S3, this second weight-loss event is not observed in Pd/
PECIm, which can be explained by the coordination of the
carboxylate groups to Pd(ll). To further confirm the importance
of the imidazole group for Pd(ll) binding, a control experiment
was performed by functionalizing PEMA with 1-propylamine,
affording structure A in Figure 1. Surprisingly, this polymer does
not form insoluble solids in contact with Pd(ll). Similarly, the
diacid derived from PEMA hydrolysis, B in Figure 1, also does
not form a precipitate in contact with Pd(ll) ions. These are
compelling evidence for the importance of the imidazole group
for strong palladium association to the polymer. Additional
information about the N™%=*_,pd coordination comes from
the nitrogen region of the XPS spectrum of Pd/PECIm given in
Figure S4. Free PECIm displays N signals attributed to the
imidazole ring (N™9%°') at 398.7, 400.8 and 402.0 eV and amide
carbonyl (N°™%) 3994 eV. After the addition of Pd(ll), the
398.7 eV signal is shifted to lower energy, being overlapped
with the N°™® signal at around 399.4 eV (see Figures 522). A
similar shift of the N™9" after complexation with Pd(ll) was
reported by Mathew and Srinivasan, who developed Pd

Figure 1. Polymers obtained by reaction of PEMA with propylamine (A) and
water (B) that do not form insoluble complexes with Pd(ll).
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catalysts for alkene hydrogenation where the metal was
coordinated to polyvinyl imidazole supported on Si0,."”

Suzuki-Miyaura optimization and reaction scope

The SM reaction between phenylboronic acids and aryl
bromides was chosen to probe the catalytic activity of Pd/
PECIm. Aiming to make the reaction as simple and green as
possible, sodium hydroxide was selected as a base and no
phosphines ligands were employed. The solvent selection was
made based on those indicated by the studies of Byrne"® and
Prat™ who considered the practical aspects of green solvent
usage in the pharmaceutical industry.

As given in entry 1, Table 1, water as the sole solvent leads
to about 63% biphenyl yield at 25°C, 0.5 mol% Pd, after
120 minutes. We hypothesized that decreasing media polarity

Table 1. Solvent screening for Suzuki-Miyaura coupling between PhBr and
phenylboronic acid.”!

i Pd/PECIm
@Br T L 7N
HO 4&: Solvent \:/
T (°C), t (min)

Entry mol%Pd T[°C] t[min] Solvent® Conversion [%]"

1 0.5 25 120 H,O 63

2 0.5 25 120 iPrOH n.r.

3 0.5 25 120 iPrOH/H,O 92

4 0.5 60 10 iPrOH/H,O 92

5 0.5 60 10 EtOH/H,0 65

6 0.5 60 10 n-BuOH/H,0 85

7 0.5 60 10 ACN/H,0 34

8 - 60 10 iPrOH/H,0 n.r.

[a] Reaction conditions: PhBr (0.5 mmol), phenylboronic acid (0.6 mmol),
NaOH (1.0 mmol), solvent (Vyy, =2 mL), Pd/PECIm (2.5 mg, 11% wtPd).”
Pure or 1:1 (v:v) mixtures, [b] Conversion by UV-Vis, with calibration
curves from biphenyl, [c] With PECIm only.

by running the reaction in pure /PrOH would increase the
biphenyl yield. However, in this solvent, no coupling product
was formed (entry 2). Surprisingly, excellent conversion was
observed in a 1:1 iPrOH/H,O mixture (entry 3), in agreement
with the results reported by Szulmanowicz and coworkers.™®
We further explored this solvent mixture by conducting the
reaction at 60°C and 92% yield could be obtained in only
10 min (entry 4), demonstrating promising results in compar-
ison with previous works on Pd immobilized catalysis."**** We
believe iPrOH/H,O mixture outperforms the pure solvents due
to the proper dissolution of PhBr and ionic reactants, such as
hydroxide and trihydroxyboronate anions.®**" In addition, it is
possible to speculate that water is essential to form a solvent
film on the pre-catalyst, making Pd(ll) ions available to the
reactants. The use of EtOH/H,0 and n-BuOH/H,O gives moder-
ate to good yields, while ACN/H,O is a poor solvent system
(entries 5-7). Although the solvent scope is relatively limited, it
appears that polar protic solvents favor product formation. As a
control experiment, the reaction does not occur when Pd/
PECIm is replaced by PECIm only (entry 8).

With an optimized system in hand, we explored the
substrate scope in the SM reaction in iPrOH/H,0 at 60°C and
the results are given in Table 2. Excellent yields were obtained
for a variety of aryl iodides, including the less reactive 4-
iodoanisole (entries 1-4). Similarly, high yields were obtained
with aryl bromides and boronic acids, including those with
donor groups (entries 5-11). The presence of an ortho methyl
group in the aryl halide or boronic acid results in a slight
decrease in yield (entries 12-13). Unfortunately, Pd/PECIm was
not active for 4-bromoaniline (entry 14). Indeed, the reaction
mixture was brownish for this compound, and the recovered
polymer was much clearer, indicating that the amine removed
the Pd from the polymer.

Table 2. Substrate scope for Suzuki-Miyaura coupling®
! - /ﬂRj Pd/PECIm R’ R2
@x SO /TN 05 motw) @J’ \
\ / Hd \:_/f . NaQH —
iPrOH/H,0, 60°C

Entry X R R? Time [minutes] Yield [9%]® TON TOF [h~']¥
1 | H H 10 90 180 1080
2 | 4-OCH; H 10 92 184 1104
3 | 4-COCH, H 10 95 190 1140
4 | 4-NO, H 10 95 190 1140
5 Br H H 10 92 184 1104
6 Br 4-CN H 30 95 190 380
7 Br 4-NO, H 10 95 190 1140
8 Br 4-COCH; H 10 95 190 1140
9 Br 4-OH H 30 94 188 376
10 Br H 4-OCH, 10 95 190 1140
11 Br H 4-N(CH,), 10 920 180 1080
12 Br 2-CH, 10 77 154 924
13 Br H 2-CH, 30 74 148 296
14 Br 4-NH, H 10 n.r. - -
[a] Reaction conditions: aryl halide (0.5 mmol), phenylboronic acid (0.6 mmol), NaOH (1.0 mmol), iPrOH (1.0 mL), water (1.0 mL), Pd/PECIm (2.5 mg),
[b] Isolated yield, [c] 3.0 eq. of NaOH, [d] TOF calculated based on total Pd atoms in Pd/PECIm. n.r.: no reaction.
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Post-reaction catalyst characterization

For the successful reactions reported above, the material's color
changed from pale yellow to grayish, indicative of reduction of
Pd ions with possible formation of Pd nanoparticles (Pd
NPs).5*4 |n fact, the formation of Pd NPs on the recovered
catalyst was evidenced by TEM analysis, where particles of
about 4.1 nm diameter were detected (Figure 2A and 2B). In
addition, the presence of Pd NPs was further confirmed by X-
ray powder diffraction (XRPD) of the recovered catalyst. As
given in Figure 2C, the typical diffraction patterns of metallic Pd
were observed at 40, 45, 66 and 80 ° and the mean diameter
determined using the Rietveld analysis was 3.154+0.10 nm.
X-ray Photoelectron Spectroscopy (XPS) analysis was further
used to confirm the presence of Pd(0) species after the SM
reaction (Figure 3). The pristine pre-catalyst Pd/PECIm displays
two signals centered at 337.9eV and 3433 eV (Figure 3A),
which agree with those observed for Pd(Il).”*°** This result
confirms that, as expected, no reduction takes place during the
binding of the Pd ions to the polymer support. After the SM
reaction, new signals appear at 335.2eV and 340.4 eV (Fig-
ure 3B) which can be attributed to formation of Pd(0).>”
Formation of Pd NPs in situ has been vastly observed in
various catalytic systems where the employed base, solvent or
reactants added can act as the reducing agents.®>***”! Seeking
to identify the reducing agent involved in our reaction system,
a few control experiments were conducted. No color change is

observed when Pd/PECIm is heated solely in the solvent media,
with or without NaOH. Conversely, after phenylboronic acid is
added to this mixture the Pd/PECIm becomes gray in minutes,
indicating the formation of Pd NPs. These observations are in
line with those reported in the literature where phenylboronic
acid was identified as the reducing agent in Pd catalyzed
reactions.*®*”

Catalyst recycling, poisoning tests and base effect

The main advantage of using polymer-bound Pd catalysts is the
ease of recovery and recycling due to the low solubility in the
reaction media. Therefore, recyclability of Pd/PECIm was
evaluated towards the SM reaction between PhBr and phenyl-
boronic acid applying the optimized condition of entry 3,
Table 1, i.e., 0.5 mol% Pd, 60°C, 10 minutes, 250 mmolL™" PhBr.
As shown in Figure 4A, a similar yield (93%) is reached in the
second use, while the yield drops to 70% in the third use. The
reaction time was increased to 20 minutes in the fourth and
fifth uses, however, the yields dropped to 67 and 50%,
respectively, clearly demonstrating that the catalyst is unstable
under these conditions. Seeking to provide a reasoning for the
yield decrease, samples from the first and fifth cycles were
analyzed by TEM, which revealed that, on consecutive recycling,
larger particles were formed (Figure S5). To maintain catalyst
performance, the recycling was repeated at 25°C, while the

A 60. B C — Pd/PECIm before use
| 0 e = 408 £0.61 nm — PA/PECIm after use
7k 3 501 /T . — Rietveld fitting
(-] .’.’ 5 :
s | / \'\ <
& 40+ { =
: c . \ 2
1 Q \ -
. 3 30 / \ 8
o 1 [ i [
[ f’ \ =
w 20 / E
1 J,.-" 1 =5
10+ / \\ — T
21 28 35 42 49 56 63 30 40 50 60 70 80 90

Diameter (nm)

60
20 (degree)

Figure 2. Characterization of recovered Pd/PECIm after the SM between PhBr and phenyl boronic acid using conditions of Table 1, entry 4, conducted at 4-
fold scale. (a) TEM micrograph, (b) particle size histogram of Pd NPs counts and (c) XRPD analysis before and after the SM coupling.

A
P(ll) 3.,
Pd 3d (th 3%

Pd(ll) 3d,,

Intensity (A.U.)

Pd(0) 3d,,
Pd(0) 3d, PAlll) 34, %

Pd 3d

Pd(ll) 3d,, [

Intensity (A.U.)
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Binding energy (eV)

348 346 344 342 340 338 336 334 332
Binding energy (eV)

Figure 3. XPS analysis of Pd/PECIm before (A) and after (B) the SM coupling of PhBr with phenylboronic acid using conditions of entry 3, Table 1. Insets show

the cumulative plot of fitted data.
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Figure 4. Recycling experiments in SM reactions. [PhBr] =250.0 mmol L', [phenylboronic acid] =300.0 mmol L', [NaOH] = 500.0 mmol L', Pd/PECIm (2.5 mg,
0.5 mol % Pd), iPrOH (2.0 mL), H,0 (2.0 mL). (A) 60°C after 10 or 20 minutes. (B) 25 °C after 120 minutes.

reaction time was increased to 120 minutes. Surprisingly, in this
condition, the catalyst performance was even worse and
consecutive yields were 97, 24, 5 and 4 % (Figure 4B).

Seeking to understand the effective nature of the catalysis
involved in these reactions, we turned our attention to the
effect of added of poisons, such as EDTA, CS, and Hg(0).
Therefore, kinetics for biphenyl formation was followed by UV-
Vis analysis in the absence and presence of such poisons. Since
for most substrates the reaction is completed in only
10 minutes at 60°C, for convenience the temperature was
reduced to 25°C and the Pd loading raised to 2.35 mol%. In
addition, the concentration of the cross-coupling partners was
reduced 20-fold to avoid biphenyl precipitation and deposition,
which would negatively impact the acquisition of reliable
kinetic data. The kinetic results in this so-called “dilute
condition” are summarized in Figure 5. It is generally accepted
that EDTA poisons exclusively Pd(ll) species,®® while CS, and
Hg(0) poisons Pd(0).°*? As shown in Figure 5, the addition of
100 eq. of EDTA at 20 minutes completely inhibits the reaction
because it coordinates to Pd(ll), which cannot be reduced to
Pd(0). Interestingly, 0.5 eq. of CS, (in relation to Pd) instantly
halts the reaction, while when 0.25 eq. of CS, is added the
reaction initially stops and after a latency period of 30 minutes
more product is formed. Similarly, a much shorter, but still
observable latency period occurs in the presence of 0.125 eq. of
CS,. These results demonstrate that (i) Pd(0) is the active species
and (ii) between 25% to 50% of the Pd(ll) contained in the
polymer is released to solution and is converted to Pd(0), the

100_:A ;,Am' ofpoison o . -0- 9
4 | 9"
_. 80 ¢
=
oo |
T B0+ .3 9|
= | g %o .
g 404 H Q_;'
° 9 i
-] | g.gg_-g_';.a.::a:::::.::e.::::::;a
o 204 --@ - Without poisoning
,a-‘ @ - Hg droplet
1 D-ﬂ'- @ - 100 eq. EDTA
odar @-05¢eq CS,

0 10 20 30 40 50 60 70 80 90 100

remaining resting coordinated to it. Additionally, when Hg is
added the inhibition is not instantaneous because it takes time
to Pd(0) be trapped by the relatively large mercury droplets.®

The results reported in Figure 5 indicate that Pd/PECIm acts
a reservoir of Pd(ll), which are converted to the active form
Pd(0). In order to elucidate if the reaction displays a homoge-
neous or heterogeneous mechanism, the reaction was repeated
at 25°C and its contents filtered using a 0.2 um PTFE syringe
filter. Then, the filtrated was recharged with substrates and
base and the biphenyl formation was monitored as before. As
shown in Figure S6, the reaction proceeds after the filtration,
suggesting that Pd/PECIm acts a pre-catalyst in a homogeneous
approach, releasing soluble Pd species into solution. This is
further confirmed by ICP-MS analysis of the mother liquor
which reveals that about 231 ppb Pd is dissolved in the reaction
media after the first reaction cycle.

We then focused on understanding the sigmoidal behavior
for biphenyl formation in the absence of poisons. As can be
seen in Figure 6A, the sigmoidal shape is similar for a variety of
substrates. In principle, this could be attributed to an induction
period where the catalytic species Pd(0) are formed as
suggested for several Pd(ll) pre-catalysts.>>?**** However, a
different explanation is given. Although no protons are
exchanged during the reaction, it is known that the base plays
an important role in the SM reaction and is generally accepted
that "OH ions can accelerate the transmetallation step.F'
However, the base can also lead to less reactive trihydroxybor-
onates. Because during the reactions reported in Figure 6A the

’ 3
100 £
Add. of CS, . £
[ ?
~ 80 S 4
= ; /
] : {
T 60+ J )
= 3 " ]
5 '_.o
404
o . J
2 gaaa--o:-u------a-------a- =210
A 30 L
201 g @ 0.125eq.CS,
27 @ 0.250eq.CS,
0 '6 3 @- 0.500 eq. C5,
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Figure 5. (a) Kinetic profiles for the SM reaction with different poisoning agents. [PhBrl=12.5 mmol L™, [phenylboronic acid]=15.0 mmol L™,
[NaOH] = 25.0 mmol L', Pd/PECIm (1.2 mg, 2.35 mol% Pd), 25°C, iPrOH (2.0 mL), H,0 (2.0 mL). (b) Influence of carbon disulphide. CS,=0.125-0.500 eq. in

relation to Pd. All results are average of two separate runs.
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Figure 6. (a) Kinetic profiles for the SM reaction of different aryl bromides with phenylboronic acid. Reaction conditions: [aryl bromide] =12.5 mmolL™",
[phenylboronic acid]=15.0 mmolL™", [NaOH] = 25.0 mmolL™', Pd/PECIm (1.2 mg, 2.35 mol % Pd), 25°C, iPrOH (2.0 mL), H,0 (2.0 mL). (b) Influence of NaOH in
the formation of biphenyl. Reaction conditions: [PhBr] = 12.5 mmol L™, [phenylboronic acid] = 15.0 mmolL™", [NaOH]=0-50 mmolL™", Pd/PECIm (1.2 mg,
2.35 mol % Pd), 25°C, iPrOH (2.0 mL), H,O (2.0 mL). Data for 4 eq. NaOH (red dots) was truncated at 100 minutes for presentation purposes. The full graph is

given in Figure S7. All results are average of two separate runs.

concentration of “OH varies by 50 %, we suspected that it could
influence the reaction kinetics. Thus, the effect of NaOH
concentration was evalutead. As seen on Figure 6B, no product
was detected in the absence of NaOH, while the initial reaction
rate, calculated at low conversion, follows the order 1>2>
4 eq. of “OH. Interestingly, maximum conversion at 100 minutes
is reached when 2 eq. of NaOH are employed. In addition, the
shape of the curves is also affected by the amount of base
added, being approximately linear at 4 eq. up to 100 minutes
(the full curve is given in Figure S7), sigmoidal at 2 eq. and close
to first order at 1 eq. These results suggest that a large excess
of base is detrimental to the reaction, which is in agreement
with Amatore and co-workers,® probably due to formation of
less reactive trihydroxyboronate. In summary, the sigmoidal
behavior exhibited for biphenyl formation can also be explained
by the rate acceleration caused by the decrease in ~OH
concentration as the reaction advances.

Serendipitously we found that the catalyst recovered after
the kinetic experiments maintains its catalytic activity at 25°C
(Figure 7A). Notably, the amount of Pd released falls on
recycling: 231, 19 and 52 ppb were detected in solution after
the first, third and fifth cycle, respectively. Moreover, the
recycling was also carried out at 60°C using the more “dilute”

condition, and the catalyst performance is maintained after 12
uses, and an average yield of about 90% (Figure 7B) was
obtained after 7 min. These results are in striking difference
with the recycling experiments using the more concentrated
condition of Figure 4 indicating that the pre-catalyst fate during
the reaction depends on substrate concentration.

TEM analysis of the post reaction catalyst suggests that Pd
NPs are being formed, whose sizes increase after successive
recycles (see Figure S8). Although the formation of Pd(0) NPs is
commonly reported in the Pd catalyzed cross-coupling reac-
tions, this is not supported by XRPD analysis because the
amount of Pd(0) aggregates is not enough to generate the
typical diffraction patterns of metallic Pd (see Figure S9). In
addition, the XPS high-resolution spectra of the Pd 3d,
displayed in Figure 8, presented a combination of Pd(ll) and
Pd(0) after the first use of the catalyst, in an atomic
concentration of 84.8% of Pd(ll) for the diluted catalyst and
39.9% for the concentrated condition, the Pd(0) observed after
the use of the catalyst agree with the reductive process that
occurs during the SM reaction. After the fifth use, the atomic
concentration of Pd(ll) is 72.2% and 69.8% for the diluted and
concentrated condition respectively. The decrease in Pd(0)
contribution might be associated with the increase of these
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Figure 7. Recycling experiments of Pd/PECIm for biphenyl formation. Reaction conditions: [PhBr]= 12.5 mmol L™, [phenylboronic acid] = 15.0 mmolL™",
[NaOH] =25.0 mmolL™", Pd/PECIm (1.2 mg, 2.35 mol % Pd), iPrOH (2.0 mL), H,0 (2.0 mL). A) Kinetics of biphenyl formation at 25°C; B) biphenyl yield
determined by UV-Vis after 7 minutes at 60 °C. All results are average of two separate runs.
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Figure 8. XPS analysis of the recovered catalyst after the first and fifth use at the

particles size, resulting in a reduction of the surface area
available for XPS analysis, resulting in an apparent increase of
the Pd(ll) portion. Therefore, akin to Latocheski et al.'® who
reported the formation of Pdl, nanoparticles, the particles
shown in Figure S8 are mainly composed of Pd(ll) ions.

Our results are in agreement with the current view that
chemical reduction of Pd(ll) into Pd(0) on the surface of the pre-
catalyst diminishes its performance.”” In fact, when fresh Pd/
PECIm was reduced with NaBH, it becomes inactive (results not
shown), indicating that keeping a large Pd(Il)/Pd(0) ratio is of
paramount importance for catalyst performance. In line with
our findings, Li and Zeng™' reported that minimization of
metallic palladium formation and aggregation is important to
maintain catalyst activity in the Suzuky-Miyaura cross-coupling.
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diluted (A and B) and concentrated (C and D) conditions.

These authors report that the oxygen gas present in the solvent
could be responsible for the oxidation of Pd(0) back to Pd(ll),
avoiding catalyst deactivation. As indicated in Figure 9A, this
appears to be also the case in the present work because the
reaction is slower when performed under argon, the effect
being more pronounced in the second cycle, evidencing the
role of oxygen in the oxidation of Pd(0) to Pd(ll), as observed
also by others.53®” The positive O, effect is also in agreement
with the release of Pd(ll) from amorphous PdO present on the
particle surface as pointed elsewhere for several different Pd
catalysts.*®

The benefit of the PECIm polymeric ligand for maintaining
Pd longevity can be seen by comparing Figure 9B and Fig-
ure 7A. As can be seen in Figure 9B, although the kinetics is
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Figure 9. A) Influence of oxygen in the SM coupling. Closed and open symbols correspond to first use and recycle, respectively. Results for optimized reaction
under air was plotted for comparative purposes. All reactions were performed in duplicate. B) Performance of K,PdCl, after recovery and reuse. Reaction

conditions: [PhBr]=12.5 mmolL™", [phenylboronic acid] = 15.0 mmol L™, [NaOH] =

(2.0 mL).
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Table 3. Comparison of the catalyst preparation and activity of Pd(Il) containing polymers in the SM coupling between PhBr and phenylboronic acid.
Stabilizer Number of steps for stabilizer preparation/additional Reaction details TOF Reference

reactants and solvents
PEMA modified with API 1/Acetone 60°C, 0.16 h, 0.5 mol % Pd, 1080  This work
NaOH, iPrOH/H,0O 386
60°C, 0.11 h, 2.35 mol % Pd,
NaOH, iPrOH/H,0
1-vinylimidazole:N-isopropylacryl- several/ammonium persulfate, TEMED, inert atmos- 100°C. 2 h, 0,004 mol% Pd, 12500 Yamada
amine phere TBAF K,CO,, H,0 20125
2,2"-Dipyridyl-Based Hypercrosslinked 4 steps/FeCl,, dichloroethane, formaldehyde dimethyl 80°C, 1 h,0.23 mol% Pd, EtOH 413 Xu 20207
polymer acetal, AICl;, CH;OH, DMF
Phenanthroline-based microporous Several/AICl;, CHCl;, acetone 80°C, 0.5 h, 0.6 mol% Pd, EtOH/ 330 Wang
organic polymer H,0 201973
Poly(N-vinylimidazole-co-N-vinylcapro-  Several/EtOH, diethylether, AIBN 80°C, 4 h, 1.0 mol% Pd, 1:1 28 Selivanova
lactam) EtOH/H,0 201472
Modified poly(styrene-co-maleimide) 3 steps/DMF, Et;N, acetic anhydride Reflux, 2 h, 1.8 mol% Pd, H,0 26 Soltani
2020[69]
Modified poly(styrene-co-maleimide) 3 steps/DMF, Et;N, acetic anhydride Reflux, 3 h, 1.8 mol% Pd, H,0 18 Heravi
2014[70]
2,6-bis(benzimidazolyl)pyridine modi- 1/Ethyl acetate 50°C, 5 h, 2.7 mol% Pd, K,CO;, 7 Renuka
fied Merrifield resin THF 2018

leaching

Ph—-Br + Ph—B(OH),

Ph—Ph

Scheme 2. Proposed mechanism for Pd/PECIm in SM reaction.

more rapid with K,PdCl, than with Pd/PECIm, on recycling a
continuously drop in biphenyl yield is observed which is related
to formation of Pd black as detected by the naked eye, which
was not the case for Pd/PECIm (Figure S10). These results
confirm the fundamental role of PECIm to stabilize Pd species,
preventing the disorderly growth of Pd black, maintaining the
activity of the metal for additional uses.

For comparison purposes, in Table 3 the TOF for the SM
coupling between PhBr and phenylboronic acid catalyzed by
other Pd(Il)/Pd(0) catalysts based on modified polymers are
given. As most reactions reported are conducted at different
temperature, usually above 80°C, the comparison is not
straightforward. Nonetheless, Pd/PECIm outperforms most
examples. Additionally, in most examples the material's prepa-
ration involves several steps and different solvents and
reactants are employed, which is not the case for Pd/PECIm.

Scheme 2 depicts the proposed mechanism involved in the
SM reaction using Pd/PECIm. Initially, leached Pd(ll) are reduced
by phenylboronate, entering the catalytic path as Pd(0). After
reductive elimination, Pd(0) can (i) enter a new catalytic cycle,
(i) agglomerate as inactive Pd NPs, (iii) be trapped by PECIm or
(iv) be oxidized by molecular oxygen followed by coordination
to PECIm. If the agglomeration rate is higher than the rate of
oxidation/binding to PECIm, catalyst activity is decreased. This
explains why catalyst recyclability is sensitive to the concen-

ChemCatChem 2022, 14, €202101596 (8 of 10)

e

coordination

Pd NPs

tration of reactants rather to temperature: in the more
concentrated condition, the concentration of Pd(0) is high,
favoring formation of less reactiveaggregates. On the other
hand, at the denoted “dilute condition”, the concentration of
Pd(0) is kept low, which translates into excellent catalyst
recyclability because large particles are not formed.

Conclusions

Herein we described a green and straightforward protocol for
the preparation of a novel Pd-based polymeric pre-catalyst Pd/
PECIm. The material was efficient for the SM reaction of a
variety of arylbromides and iodides in iPrOH/H,O mixture,
displaying good to excellent yields in short reaction times at
60°C. Poisoning experiments are consistent with the homoge-
neous pathway, with the material acting as a Pd(ll) source,
which is reduced to Pd(0) in solution, entering the SM reaction
cycle. The amount of metal released to solution falls in the ppb
range, allowing the recovery and reuse of the catalyst with only
marginal leaching. Importantly, we demonstrate that catalyst
longevity is sensitive to the concentration of reactants. In the
more concentrated condition, formation of inactive Pd(0)
particles was observed, leading to poor recyclability. On the
other hand, at the denoted “dilute condition”, such particles
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were not observable, the amount of Pd(0) on the recovered
catalyst is kept low and the catalyst can be reused several times.
These findings open new strategies to prevent catalyst
deactivation during palladium catalyzed reactions involving
monomeric species.

Experimental Section

Reagents and Materials: All solvents, aryl halides, boronic acids,
inorganic salts and bases were obtained from Sigma-Aldrich with
98% purity or better and were used as received. The polymeric
precursor PEMA (Sigma-Aldrich, lot #MKCC4605) has an average
Mw 100,000-500,000.

Synthesis of PECIm: PECIm was synthesized according to procedure
described by Leopoldino and coworkers.**

Preparation of Pd/PECIm: In a 100 mL volumetric flask, an 0.2 molL™’
aqueous solution of PECIm (502.34 mg; MM, onomer =251.17 gmol ™)
was prepared. The resulting solution was magnetically stirred until
complete solubilization of the polymer. To this solution, 100 mL of
an aqueous solution containing 326 mg of K,PdCl, was added
dropwise with the aid of an addition funnel. Promptly after the
addition of a few drops, formation of small pale-yellow precipitates
was observed, indicating the formation of the polymer complex.
After the complete addition of K,PdCl, to the system, it was left
stirring overnight. The resulting precipitate was filtered, washed
with deionized water (4x 100 mL), acetone (2x100 mL) and dried
in a vacuum oven at 60°C for 6 hours. The pale yellow amorphous
solid (575 mg) was obtained in about 70% yield with respect to
Pd(ll) from the starting salt, and has 11.3 wt% Pd as determined by
FAAS analysis.

General procedure for Suzuki-Miyaura reaction: In an 8 mL screw cap
glass tube was added phenyboronic acid (0.6 mmol), 1.0 ml NaOH
1.0 molL™" stock solution (1.0 mmol) and /PrOH (1.0 mL). The
mixture was magnetically stirred until the phenyboronic acid was
solubilized. Then, aryl halide (0.5 mmol) was added and the reaction
mixture was stirred for 1 minute. Finally, Pd/PECIm (2.5 mg,
0.52 mol% Pd) was added. The tube was closed and placed in an
oil bath at 60°C with strong magnetic stirring. After the desired
time, the reaction contents were extracted with EtOAc (4x1 mL) and
the organic layer washed with brine (2x1 mL) and H,0 (2x1 mL).
After phase separation, which could be accelerated by centrifuga-
tion, the organic phase was dried with sodium sulfate, filtered and
the solvent was eliminated under vacuum. The obtained solid/oil
was analyzed by 'H NMR, allowing the determination of the
reaction yield.

Kinetic experiments in Suzuki-Miyaura reaction: In a 5 mL glass flask
with screw Teflon cap was added phenylboronic acid (0.06 mmol),
PhBr (0.05mmol), NaOH 1.0molL™" stock solution (0.1 mL,
0.1 mmol), H,O (1.9 mL) and iPrOH (4 mL). Under strong magnetic
stirring the reaction was started by the addition of Pd/PECIm
(2.35 mol% Pd). The reaction progress was monitored by UV-Vis
following biphenyl formation (A,.,=250 nm). Aliquots were col-
lected at selected intervals, centrifuged, and diluted in a 3 mL
quartz cuvette containing iPrOH. Poisoning studies were conducted
following a similar procedure, the difference being the addition of
the selected poison after 20 minutes.

Recycling tests for Suzuki-Miyaura reaction: The reaction was
performed in a 5-fold scale. After the reaction was completed, the
catalyst was separated by centrifugation at 2000 rpm for 5 minutes,
followed by washing with iPrOH (2x 15 mL) and H,O (15 mL). The
material was then either used in another catalytic run or separated
for further characterization (XPS, TEM and XRPD).

ChemCatChem 2022, 14, €202101596 (9 of 10)
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Instrumentation and complementary data can be found in Support-
ing Information.
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ARTICLE INFO ABSTRACT

Keywords: N-heterocyclic carbenes (NHCs) are important compounds that are often prepared and used in water free
Surfactant environment. Herein we investigate transient formation of a NHC in the headgroup of zwitterionic imidazolium
Carbene sulfonate surfactants of the type 3-(1-alkyl-1H-imidazol-3-ium-3-yl)propane-1-sulfonate (ImS3-n) in water. As
Il:lﬂiille demonstrated by a series of 'H NMR experiments, the formation of the NHC reactive species is accelerated above
Aldehyde the critical micelle concentration of these surfactants due to an increased local concentration of the hydroxide or
Imidazolium deuteroxide ions (OH /OD") responsible for deprotonation of C(2)-H. The rate of NHC formation can be

modulated by the nature and concentration of the anions of added salts, reflecting the selectivity of anion binding
to the zwitterionic micelle surface. Analogous anion binding affects are observe in the NMR chemical shifts of the
C(2)-H signal of the imidazolium headgroup of the surfactants. The NHCs generated at the surface of ImS3-n
micelles promote the selective oxidation of 4-nitrobenzaldehyde to 4-nitrobenzoic acid, a reaction known to be
catalyzed by nucleophilic carbenes. Below the cmc or in the presence of a short-chain non-micelle-forming
analogue, 3-(1-methyl-1H-imidazol-3-ium-3-yl)propane-1-sulfonate (ImS3-1), no selective oxidation of 4-nitro-
benzaldehyde takes place. The results demonstrate the importance of the micellar microenvironment for con-
trolling the reactivity and selectivity of chemical reactions involving NHC species in aqueous media and can

ultimately lead to greener catalytic systems.

1. Introduction

N-Heterocyclic carbenes (NHCs) are reactive species of great interest
for catalytic applications, both by themselves as nucleophilic catalysts or
combined with metal centers in organometallic catalysts. Popular NHCs
are those derived from imidazolium cations (ImH™"), which are weakly
acidic and can be deprotonated by bases to form the corresponding
formally neutral imidazol-2-yl carbene (Scheme 1). Reliable estimates of
the pK, values for the deprotonation of C(2)-H of ImH" range from 21.2
to 23.8 in water [1]. Since all of these pK, values are well above that of
H>0, thermodynamics disfavors the formation of NHCs in this solvent. In
addition, in bulk water the reverse reaction of protonation of an NHC is
only limited by solvent reorganization, with an estimated rate constant
kuon of the order of 10! L mol ! s7L. Therefore, in the vast majority of
reactions that involve NHCs as reactive intermediates, water must be
excluded from the reaction medium.

Although water-free media are typically employed in NHC catalyzed
reactions, in the 1960’s it had already been proposed that NHCs derived

* Corresponding author.
E-mail address: bruno.souza@ufsc.br (B.S. Souza).

https://doi.org/10.1016/j.molliq.2023.122395

from thiamine and its analogues were the active catalytic species in
water, including in several reactions occurring in living organisms [2].
Given the current incentives to replace organic solvents by aqueous-
based solvent media, applications of NHCs and their complexes in
aqueous media have recently gained attention [3]. Although the use of
carbenes as organocatalysts in pure water might appear to be counter-
intuitive, a few examples, centered around the benzoin condensations of
aldehydes, have been reported. Of particular interest is the report of
Iwamoto et al. [4] that N,N-dialkylbenzimidazolium salts bearing at
least one long aliphatic chain proved to be quite efficient catalysts for
the benzoin reaction of benzaldehyde. Although the authors claimed
that “hydrophobic tails in the pre-catalyst certainly play an important
role in the micelle formation”, they did not investigate this possibility
further. Similar results were also reported by Bi et al. [5].

Motivated by the above findings, we hypothesized that micelle for-
mation might play an important role in NHC formation in aqueous
media due to the fact that cationic micelles can attract and concentrate
hydroxide anions at their surface and consequently could increase the

Received 14 February 2023; Received in revised form 12 May 2023; Accepted 17 June 2023

Available online 20 June 2023
0167-7322/© 2023 Elsevier B.V. All rights reserved.


mailto:bruno.souza@ufsc.br
www.sciencedirect.com/science/journal/01677322
https://www.elsevier.com/locate/molliq
https://doi.org/10.1016/j.molliq.2023.122395
https://doi.org/10.1016/j.molliq.2023.122395
https://doi.org/10.1016/j.molliq.2023.122395
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2023.122395&domain=pdf

R.J. Alves et al.

amount of carbene generated from ImH™. As is the case of the related
sulfobetaines, the zwitterionic ImS3-n imidazolium surfactants (Scheme
2) also form micelles in aqueous solution that selectively interact with or
“bind” the anions of added salts at their surface. By controlling the type
and amount of added salt, it is thus possible to manipulate the micellar
surface potential and hence the local concentration of hydroxide ion in
the vicinity of the micelle-water interface, which in turn should control
the formation of the corresponding surfactant-derived NHC at the
micelle surface.

2. Materials and methods
2.1. Materials

The 3-(1-alkyl-imidazolium-3-yl)propane-1-sulfonate surfactants,
ImS3-n, with n = 10, 12, 14, and 16, were prepared according to the
procedure described by Tondo et al. [6]. The short-chain analogue 3-(1-
methylimidazolium-3-yl)propane-1-sulfonate (ImS3-1) was synthesized
as described by Reichert et al. [7]. Because these molecules are slightly
hygroscopic, they were stored under high vacuum prior to the hydro-
gen—deuterium exchange kinetic experiments. 2-Aminobenzamide
oxime (ABAO) was prepared according to the procedure of Ressmann
et al. [8]. CTAB, SDS, the sulfobetaine SB3-12, 4-nitrobenzaldehyde,
TEMPO, deuterium chloride (35 wt %, 99,5 % D), sodium deuteroxide
(40 % wt, 98 % D), and deuterium oxide (99 % D) were purchased from
Sigma Aldrich and used without further purification. All salts and sol-
vents were dried using standard methods.

2.2. Methods

NMR experiments were carried out on a Bruker AC200 NMR spec-
trometer operating at 200 and 50 MHz for 'H and '3C, respectively. For
the '"H NMR spectra, 3-(trimethylsilyl)propionate (TMSP) was used as
internal reference in deuterium oxide and tetramethylsilane (TMS) was
used as the internal standard in DMSO-dg. Phosphate buffers were pre-
pared from a stock solution of KHyPO4 in D20 with ionic strength I =
0.10 (KCl) by the addition of DCI or NaOD as needed to provide the
desired final pH. The pHs of each mixed solution was determined using a
HANNA Instruments HI 113 model pH meter calibrated with standard
pH 4.00, 7.00, and 10.00 buffers (MS TECNOPON) at 25 °C. The pDs
were corrected by adding 0.40 to the pH meter reading [9].

2.3. NMR studies of the rate of hydrogen—deuterium exchange

The reactions were carried out in 0.10 mol.L. "} phosphate buffer at
the desired pH and were monitored immediately after the surfactant was
dissolved in the buffered solution. Values of the reaction progress, R,
were calculated using Eq. (1), where Ac(2).y and Acpg are the integrated
areas of the C(2)-H proton and of the CH; protons alpha to the sulfonate
headgroup at ca. 2.9 ppm, respectively. The first-order rate constants for
H/D exchange (kex) were determined by linear fit of plots of InR versus
time over at least 3 reaction half lives.

R= 100@ (€8]

Ac)-H
Aciz /g

H

® kon
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Scheme 2. The zwitterionic imidazolium surfactants investigated in this work.

2.4. Kinetics of 4NB conversion

The consumption of 4NB was followed spectrophotometrically at
300-500 nm (Varian Cary model 50 UV-Vis) at 25 °C using a quartz
cuvette. A 3 mL aliquot of an aqueous solution containing the desired
concentration of ImS3-n and 0.08 mol.L ! NaCl was prepared in an 8 mL
screw-capped glass vial maintained at 25 °C via a water-jacket. 4NB
(0.25 mmol) was added under magnetic stirring and the reaction was
initiated by the addition of aqueous NaOH. At specific time intervals, 10
pL aliquots of the solution were withdrawn and mixed with an excess (30
equivalent) of ABAO solution in sodium acetate buffer (0.10 mol.L’l,
pH = 4.5) and allowed to stand for 40 min. The extent of reaction was
determined from the absorbance at 405 nm of the product of the adduct
of 4NB with ABAO [8]. The calibration curve for adduct formation was
linear in the range of 0.10-1.0 mmol.L™! (% = 0.999; ¢ = 567 L.,mol’l.
cm ™! at 405 nm) as shown in Fig. S10.

2.5. Microscale 4NB oxidation

The oxidation of 4NB was performed using 0.25 mmol of 4NB in 3 mL
0f 0.08 mol.L ! aqueous NaCl, NaOH (0, 1, 3 or 5 M equivalents relative
to 4NB) with or without the surfactants ImS3-12, SB3-12, CTAB or SDS
(8.33 mmol.L‘l, 0.1 M equivalent relative to 4NB). Product isolation
was performed by extracting the final reaction mixture with ethyl ace-
tate to remove neutral compounds (unreacted 4NB and the corre-
sponding alcohol 4NBAl). After the above mentioned extraction, the
aqueous phase was acidified to pH 1 to protonate the conjugated base of
4NBAc. The neutralized organic acid was then extracted with ethyl ac-
etate. After solvent evaporation the crude product obtained from the two
extractions was submitted to NMR analysis. The product yields were
determined from the residual masses after solvent evaporation, taking
into account the mixture composition determined by *H NMR analysis.

3. Results and discussion

3.1. Salt effects on the H/D exchange at C(2) of the imidazolium ring of
ImS3-12

The transient formation of the NHC of ImS3-12 could be readily
detected via hydrogen—deuterium exchange at C(2) of the imidazole ring
in D20. The kinetics of the exchange were readily monitored by tracking
the decrease of integral of the C(2)-H signal by 'H NMR spectroscopy.
Kinetic experiments were conducted in 35.0 mmol.L™! solutions of
ImS3-12 in 0.10 mol.L ! potassium phosphate buffer, at pD 7.4. At this
concentration, Im3-12 is well above its critical micelle concentration,
which is 0.91 mmol.L™! in 0.08 mol.L ™! aqueous NaCl. Fig. 1 shows
semi-logarithmic plots of the reaction progress R (see the experimental
section for details) for the H/D exchange of C(2)-H of ImS3-12 in the

R~ N pi-Ro
>
\—/ \—/

Scheme 1. Generation of a N-heterocyclic carbene (NHC) from an imidazolium cation in water.
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Fig. 1. Anion-dependent kinetics of the hydrogen-deuterium exchange at C(2)-
H of ImS3-12 in D,0 in the presence of different added sodium salts (0.10 mol.
L’l), pD 7.4 (0.10 mol.L ! potassium phosphate buffer), 25 °C, [ImS3-12] =
35.0 mmol.L !, Linear fits to the kinetic plots are shown as solid lines.

presence of a series of different sodium salts. Representative 'H NMR
spectra are provided in Fig. S1 of the electronic supplementary infor-
mation (ESI). During the course of the reaction, the integral of the peak
at 9.04 ppm decreased, while the integrals of the peaks of the other
hydrogens of ImS3-12 remained constant, indicating that no degrada-
tion and/or isomerization of the surfactant had occurred under the re-
action conditions. The H/D exchange could be adequately described by
first-order kinetics and the corresponding observed rate constants for
deuterium exchange (kex) are summarized in Table 1. Although the kex
values are very similar for NaCl and KCl (see Fig. S2 in the ESI), indi-
cating the lack of a significant dependence on the nature of the cation,
the rate constants are strongly dependent on the nature of the anion of
the added salt.

As depicted in Scheme 3, the H/D exchange process is mediated by
the deprotonation of C(2)-H by DO, with transient formation of the
NHC of ImS3-12 [1]. The results in Fig. 1 and the anion-specific
dependence of kex for the H/D exchange of ImS3-12 are in agreement
with the relative propensities with which anions bind to zwitterionic
micelles, as determined by a number of different techniques, such as
potentiometry [6], capillary electrophoresis [10], isothermal titration
calorimetry [11], rates of acid hydrolysis[12] and acid-base equilibria
[6]. That the extent of anion binding can indeed govern the local con-
centration of OH ™ at the micelle-water interface was clearly demon-
strated by the inhibition of the hydroxide ion-promoted hydrolysis of
benzoic anhydride upon addition of perchlorate ions in micellar solu-
tions of sulfobetaine surfactants [13]. This phenomenon can be under-
stood in terms of the hydration energies of the anions, with strongly
hydrated anions such as C1™ and Br~ binding more weakly than large,
less hydrated anions such as SCN™ or ClO4. Thus, the stronger binding of
these less hydrated anions results in a more negative micellar surface

Table 1

First-order rate constants, key, for the H/D exchange at
C(2)-H of ImS3-12 in D,0, pD 7.4 (0.10 mol.L™!
phosphate buffer), 25 °C, in the presence of 0.10 mol.
L~! added salt NaX.

Anion (X) Kex 1072 min™?)
al- 11.1 +0.01
NO3 5.05 + 0.03
Br- 4.81 +0.01
BF; 1.75 + 0.03
Clo; 0.92 + 0.01

SCN™ 0.77 £ 0.01
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Scheme 3. The base promoted H/D C(2)-H exchange of ImS3-n in D-0.

potential and hence a lower local pH at their surface compared to more
hydrated anions under otherwise comparable conditions. This is further
illustrated by the good correlation between key and the binding of H30™"
to sulfobetaine micelles (Fig. 2) in the presence of different anions, as
represented by the apparent activation free energies for the specific
hydrogen ion-catalyzed hydrolysis of 2-(p-heptoxyphenyl)-1,3-dioxo-
lane in SB3-14 [10].

In addition to key, the C(2)-H chemical shift of ImS3-12 is clearly
affected by the anion type, as shown in Fig. 3. In contrast, under the
same conditions, the chemical shift of the C(2)-H proton of ImS3-1, a
short chain homolog that does not form micelles, remains close to
8.76-8.77 ppm regardless of the anion type. Similar anion-induced
changes were reported by Huynh et al. [14] for the chemical shifts in
CDCl3 of the C(2)-H proton of a series of 1,3-diisopropylbenzimidazo-
lium salts with different anions (iPrz-bimyH+X’) and were attributed
by them to anion-dependent effects on the hydrogen-bonding-mediated
ion-pairing of the anions with the C(2)-H proton. In the case of ImS3-12
micelles, the anions are hydrated and the chemical shift effects must be a
reflection of the relative anion affinities for the micellar interface.
Indeed, the relative order of the anion effect is not exactly the same, i.e.,
in the case of 'Pro-bimyH" the chloride anion induces a larger downfield
shift than bromide ion, while the reverse order is observed for ImS3-12.

3.2. The importance of micelle formation for the isotope exchange kinetics
and the 'H NMR chemical shifts of C(2)-H

Important evidence for the role of micelles in the deuterium ex-
change at C(2)-H was provided by experiments with the imidazolium-
sulfonate ImS3-10, which has a cme (9.44 mmol.L™! in 0.08 mol.L !
NaCl) high enough to allow the acquisition of 'H NMR spectra in the
concentration region around the cmc. Fig. 4A illustrates the dependence
of the rate of H/D exchange of C(2)H on the concentration of ImS3-10
compared to that in the presence of the non-micelle-forming homo-
logue InS3-1. For 35 mmol.L~! ImS3-10, key is similar to that observed
with 35 mmol.L™' ImS3-12 (Table 1). However, the rate decreases
markedly at concentrations close to the cmc, approaching the rate
observed for ImS3-1. As shown in Fig. 4B, the 'H NMR chemical shift of
the C(2)-H proton exhibits a similar dependence on the concentration of
ImS3-10, shifting from 8.96 ppm at 35 mmol.L™! to 8.83 ppm at 8.2
mmol.L ™}, as compared to 8.77 ppm for ImS3-1. In addition, Fig. 4B
shows that, at the equivalent concentration of 35 mmolL™}, the
downfield chemical shift of the C(2)-H proton of the series of homolo-
gous ImS3-n is influenced by the length of alkyl chain. The observed
order of the chemical shifts, i.e., ImS3-16 > ImS3-14 > ImS3-12 > ImS3-
10 > ImS3-1, is opposite to that of the cmces of the ImS3-n surfactants
and hence the relative contributions of the micellized and non-
micellized detergent monomers to the average value as a function of
hydrocarbon chain length.
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Fig. 2. Correlation between In ke, for the hydrogen—deuterium exchange of C(2)-H of ImS3-12 in D,0 in the presence of different 0.10 mol.L ! sodium salts at pD 7.4
and the variation of apparent free energy of activation for the specific hydrogen ion-catalyzed hydrolysis of 2-(p-heptoxyphenyl)-1,3-dioxolane (inset) in SB3-14,
taken from Ref. [10]. The dashed line is merely a guide to the eye.
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Fig. 3. Changes of the 1H NMR chemical shifts of the C(2)-H proton of ImS3-1 and ImS3-12 (both 35 mmol.L™Y) in the presence of different 0.1 mol.L ! NaX salts
in Dzo
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Fig. 4. (A) First-order kinetic plots of hydrogen-deuterium exchange at C(2)-H for ImS3-1 and ImS3-10 at different concentrations and (B) variations of H NMR
chemical shifts of C(2)-H. Concentrations are indicated in the graphs. Solutions prepared in D,0, pD 7.4 (phosphate buffer), 25 °C with [NaCl] = 0.10 mol.L !, Linear

fits to the kinetic data are shown as solid lines.

3.3. Oxidation of 4-nitrobenzaldehyde (4NB)

It is known that NHCs can catalyze the oxidation of aldehydes to the
corresponding acids in the presence of dissolved molecular oxygen via
the so-called “oxygenative” path [15]. Under these conditions, the
Breslow intermediate reacts with dissolved oxygen [16,17], affording an
internal peroxy zwitterion[15] that can react with another molecule of
aldehyde to generate two molecules of the corresponding carboxylic
acid or carboxylate ion. Since the mechanistic role of the NHC catalyst in
this reaction is well established, we studied the influence of the series of
ImS3-n surfactants on the oxidation of 4NB to obtain more evidence
regarding the formation of NHC derived from the imidazolium

surfactants and the influence of surfactant aggregation on the reactivity
of the NHC in aqueous solution. The reaction products are indicated in
Scheme 4 and the results are summarized in Table 2.

As an initial control, it was confirmed that 4NB (0.0833 mol.L’l) is
stable under the experimental conditions, being fully recovered after
stirring for 48 h in water in the absence of any additional reactants
(entry 1) under air. However, when 3 equiv of NaOH/mol of 4NB were
added, approximately equal amounts of 4-nitrobenzoic acid (4NBAc)
and 4-nitrobenzyl alcohol (4NBAIl) were isolated after 24 h (entry 2).
Formation of stoichiometric amounts of the acid and alcohol are evi-
dence of the occurrence of the Cannizzaro reaction, which is known to be
base-induced. In contrast, in the presence of 0.25 mol/L NaOH (3 equiv/
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Scheme 4. Products of the reaction of 4NB in air-equilibrated micellar solutions.

Table 2

Effect of surfactants on the selective oxidation of 4NB.
Entry  NaOH, mol/L (equiv/ Surfactant®  Time 4NBAc 4NBAL

mol 4NB) () %" %"

1° - - 48 nd nd
2 0.25 (3) - 24 50 (£2) 45 (£1)
3 0.25 (3) ImS3-12 4 92 (£1) 6 (£1)
4 0.417 (5) ImS3-12 2.5 85 (+3) 11 (£1)
5 0.0833 (1) ImS3-12 24 60 (£+2) nd
6 0.25 (3) ImS3-12 4.5 88 (£1) nd
7 0.25 (3) CTAB 6.5 36 (+1) 35 (£3)
8 0.25 (3) SDS 24 40 (£3) 38 (£3)
9 0.25 (3) SB3-12 8 45 (£2) 50 (£1)

nd = not detected.

2 8.33 mmol/L, or 10 mol% relative to 4NB.

b yields (average of two runs) were determined based on the isolated mass and
H NMR.

¢ Only the starting material was recovered.

dg3 eq of TEMPO, relative to 4NB, added. T = 25 °C, [NaCl] = 0.08 mol.L 1.

mol 4NB) and 8.33 mmol.L. " ImS3-12 (10 mol% relative to 4NB), the
aldehyde was completely consumed in only 4 h (entry 3), yielding 92 %
4NBAc and 6 % 4NBAI A further increase in the amount of base to
0.417 mol.L 1 (5 equiv/mol 4NB) diminished the amount of 4NBAc to
85 % and increased the amount of 4NBAl to 11 % after 2.5 h (entry 4). In
the presence of 0.0833 mol.L.”! NaOH (1 equiv./mol 4NB), the reaction
afforded 60 % 4NBAc as the sole product after 24 h (entry 5). The
variation of the selectivity according to the amount of added NaOH
reflects the fact that there are two competing reactions paths, the Can-
nizzaro reaction and the NHC-catalyzed 4NB oxidation, that have
different kinetic dependences on the NaOH concentration.

Additional evidence for the molecular oxygen-dependent reaction
path for the aldehyde oxidation under aerobic conditions was obtained
by performing the reaction under an argon atmosphere. Under this
condition, about 20 % of nitrosobenzaldehyde was formed after 6 h, in
addition to 4NBAc (44 %) and 4NBAl (15 %), as indicated by Hand '3C
NMR (see Figs. S3 and S4 for details). The presence of this compound
indicates that, in the absence of oxygen, the reaction follows the so-
called “oxidative” reaction path in which 4NB itself is responsible for
the oxidation of the Breslow intermediate, resulting in formation of the
nitroso compound [15,18]. Finally, replacing ImS3-12 by a cationic
(CTAB), anionic (SDS) or simple zwitterionic (SB3-12) surfactant
resulted in only the Cannizzaro reaction (entries 7-9), clearly demon-
strating that the presence of the imidazolium moiety of ImS3-12, and not
merely the fact that it is a surfactant, is responsible for the selective
oxidation reaction.

The performance of ImS3-12 can be appreciated by comparing its
efficiency to the results of Yoshida et al. [19] for the oxidation of 4NB to
4NBACc in the presence of various zwitterionic imidazolium salts akin to
the surfactants studied herein. The best results reported by these authors
were achieved using 3-(1-(2,6-diisopropylphenyl)-1H-imidazol-3-ium-
3-yl)propane-1-sulfonate (5 mol% relative to 4NB), which yielded 93 %
4NBAc in the presence of 2 equiv/mol 4NB of 1,8-diazabicyclo[5.4.0]
undec-7-ene (DBU). These authors also demonstrated that the reaction
did not occur in pure water and that the best results were achieved in
DMF, THF or DMA containing 10 % of water. These results further
support our hypothesis that the surfactant properties of ImS3-12, allied

with enhanced formation of the NHC, allow the replacement of tradi-
tional organic solvents by water.

The influence of micelles on the selective oxidation of 4NB was
further investigated by following the rate of 4NB disappearance in the
presence of the imidazolium-sulfonate surfactants of different chain
lengths. The reaction was followed by measuring the amount of
unreacted 4NB using 2-aminobenzamide oxime (ABAO) as reagent, as
reported elsewhere [8]. The relative amount of unreacted 4NB is given
in Fig. 5A. At 8.33 mmol.L. ! ImS3-10 or ImS3-1 (10 mol% relative to
4NB) and 0.0833 mol.1L~! NaOH (1 equiv./mol 4NB), no appreciable
consumption of 4NB was detected during 5 h. On the other hand, a
significant acceleration occurred when the concentration of ImS3-10
was increased to 12.5 mmol/L (15 mol% relative to 4NB), which is
above the cmec of this surfactant. For ImS3-12 and ImS3-14, the initial
rates of disappearance of 4NB were much faster and similar to each other
at 8.33 mmol.L ! surfactant (10 mol% relative to 4NB). When only 1
equiv of base was present, the conversion reached approximately 50 %
conversion after 6 h because the base is consumed during the reaction.
However, as shown in Fig. 5B, when 3 equiv. of base were added, full
conversion was attained. The consumption of 4NB under this last con-
dition was fit to a quadratic equation in order to estimate the initial
reaction rate (vg) from the value of the linear coefficient of the fit. As
shown in Fig. S5, the initial rates were linearly dependent on the mol%
of added ImS3-12 because more micelles are available for the oxidation
of 4NB. Moreover, when NaCl was replaced by NaSCN, the initial rate
decreased by approximately 30 %, in agreement with the expected effect
of increased anion binding on the reaction rate.

3.4. Apparent pK, values of the micellized surfactants

The H/D exchange kinetics allow the estimation of apparent pK,
values for the micellized imidazolium moeity. According to Amyes et al.,
[1] the H/D exchange mechanism of imidazolium derivatives occurs
through the steps shown in Scheme 1. Proton transfer from ImH" to OD™~
occurs with formation of an encounter complex in which proton transfer
is limited by solvent reorganization, kyeog. Using the approximations that
kreog is of the order of 10" s7! and kreog = kuon, the values of the
apparent pK, of the micellized ImS-n surfactants can be calculated using
Eq. (2) and are given in Table 3. The rate constant koy for deprotonation
by hydroxide ion, equal to kop/2.4 [1], was obtained from the slope of a
plot of ke against [OD ] (kex = kop[OD™]) measured in buffered solu-
tions of D50 in the range of pD 7.00-8.60 (see Figs. S6-S9 in the ESI).
The values of the apparent pKys of the micellized ImS3-n surfactants (n
= 10-16) are very similar, ranging from 21.3 to 21.9. These values are
close to those observed for a series of N-alkyl imidazolium salts in DMSO
[20]. Conversely, a series of N,N-alkyl methyl imidazolium salts with
alkyl = ethyl, n-butyl, n-hexyl, and n-octyl display pK,s of around 23 in
water [21], and a similar pK, value was reported by Amyes et al. [1] for
the N,N-dimethylimidazolium ion. Thus, micellization increases the
apparent acidity of the imidazolium groups of the ImS3-n surfactants
due to the increase in the local concentration of the hydroxide ion
compared to the bulk solution. Although the effect on the pKj, is small, it
is sufficient to generate low concentrations of reactive NHC that can
engage in the selective oxidation of 4NB. A similar situation has been
observed for the ionic liquid 1-ethyl-3-methylimidazolium acetate,
where the spontaneous generation of reactive and transient NHC in
minute amounts has been reported [22]
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Fig. 5. Oxidation of 4NB (A) in the presence of different amounts of ImS3-n with 1 equiv of NaOH (relative to 4NB) and 0.10 mol.L. ! NaCl and (B) in the presence of
2.5 % — 20 mol% ImS3-12, 3 equiv of NaOH and 0.1 mol.L ™! NaCl (closed symbols) or NaSCN (green stars). Dot lines are guides to the eye.

Table 3

Apparent pK, values of the imidazolium moiety of micellized ImS3-n surfactants.
Surfactant kop (L mol~'s™1) kow (L molts™1) pK."
ImS3-10 3.00 x 10° 1.25 x 10° 21.9 + 0.1
ImS3-12 7.16 x 10° 2.98 x 10° 21.5+ 0.1
ImS3-14 7.94 x 10° 3.31 x 10° 21.5+ 0.1
ImS3-16 1.14 x 10* 4.77 x 10° 21.3 + 0.1

2 Uncertainties calculated from the standard error in the experimental value of
kon (see Figs. S6-S9) and the reported error in the pK,, value (+0.01) [23].

k
pK, = pK, + log( ”"”) 2

k()H
4. Conclusions

As demonstrated herein, zwitterionic sulfonate-imidazolium surfac-
tants of the type ImS3-n can form transient NHC species in aqueous
solution. Formation of these NHCs is faster above the cmc of the sur-
factants due to the increase of the local concentration of hydroxide ions
at the micellar surface compared to the bulk solution. Importantly, the
rate of NHC formation, as indicated by the rate of the NHC-mediated
isotope exchange reaction, can be modulated by varying the concen-
tration and nature of the anion of added electrolytes. Less strongly
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hydrated anions tend to bind more strongly to the zwitterionic micelles,
leading to a reduction in the local concentration of hydroxide ions and
decreasing the rate of the isotope exchange reaction. The anion binding
also affects the 'H NMR chemical shift of the C(2)-H at the micellar
interface. Although these NHCs are short-lived, they can react efficiently
with 4NB, which is then selectively converted to 4-nitrobenzoic acid.
Future studies will further evaluate the catalytic activities of these ImS3-
n surfactants in other NHC-catalyzed reactions.
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found in the Supplementary Material online at https://doi.org/10.10
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