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ABSTRACT: To address environmental concerns, improving synthesis processes in the ¢~ )
nanoparticle field was a major challenge. Several processes of bismuth nanoparticle synthesis have
been proposed in the past 10 years, but none of them have answered to all green chemistry
principles suitable for nanomaterials. In this work, two syntheses of bismuth nanoparticles involving b-Glucoss
conventional thermal heating and microwave irradiation were compared in batch. All parameters | ©°:*¢H0—> CiHu0s+60;
have been studied to optimize the size and distribution of metallic bismuth nanoparticles. The
choice of precursor, reducing agent, coating agent, solvents, the evaluation of quantities and the
follow-up of reduction step, never documented before, have been fully described in this work.
Following this optimization, the validation of synthesis reproducibility confirmed that microwave
irradiation was the best process for obtaining bismuth nanoparticles according to green chemistry
criteria. This study was continued using a millifluidic process to increase productivity. This
continuous flow synthesis under microwave irradiation responded to industrial challenges and |\
provided access to monodisperse bismuth nanoparticles that were characterized by several
techniques.
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B INTRODUCTION view of many advantages and different applications of metallic
bismuth, the development of a new process to synthesize
these nanoparticles is considered in this work. Our strategy
has been developed with respect to all settings established in
greener nanoparticle preparation.”**” Indeed, in the published
articles mentioning metallic bismuth NPs syntheses, which
have been reviewed and critically discussed, no synthesis is

answer this challenge, the concept of green nanotechnology kn9wn3§“ light of the six pr.inc.ip les of new nan(?material
has been proposed by applying the green chemistry principles design. Recently, we have' optimized and made a rel%able and
to nanoparticle synthesis across the nanoproduct lifetime.” " reproductive synthesis of bismuth NPs by sonochemistry that

Over the past years, metallic bismuth nanoparticles (NPs) 1s lpartlall(yl gzreen. Hov‘\ir.evle)r, thl; SYntheS.ISHStIH uses an orgamc
have attracted great attention due to their interesting solvent (l,2-propanediol) and, especially, a toxic reducer

properties. Bismuth is a diamagnetic semimetal with a very (bora'ne morpholine). ) ]

small band gap. This material shows several properties such as This .encouraged us to design a neW Wa},’ Of bismuth NPs
high magnetoresistance, thermal conductivity, and high synthesis .that resp ects all the six principles of new
anisotropic electronic behavior.” In the literature, electronic nanomater1al§ design. . .
applications showed that bismuth could transfer from a T"? do_this, we have' en.gmeered a synthesis that must
semimetal to a semiconductor because the bismuth NPs size is consider the following criteria:

decreased. This property is linked to quantum conﬁnementﬁ, e Do not use an organic solvent but water as a green
which gives a thermoelectric efficiency at room temperature. solvent.

Bismuth NPs are also studied as chemical catalysts to reduce
nitrobenzene to azobenzene.” On the other hand, Cui et al.

Huge progress in nanotechnology research and development
now makes it possible to produce nanomaterials with
unprecedented properties, enabling access to new applications
in many industrial fields, especially in the biomedical field.'
However, the impact on the environment and the health of
new nanoparticle production remains a major challenge. To

have characterized bismuth NPs photocatalytic activity'.8 Received: January 19, 2021 §§T§Iﬂ[‘jﬂ|ﬁ%
Finally, several recent works have shown the interest of Revised:  June 10, 2021

bismuth NPs in medical applications,” especially as anti- Published: July 6, 2021

microbial agents, as contrast agents in X-ray imagingm_14 or

in photoacoustic imaging,”~'® and as radiosensitizers that can
. . 32 15-18,24,26,27
potentiate radiotherapy or thermotherapy. In

[
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Figure 1. Research program to develop a greener bismuth NPs synthesis process.
Table 1. Solubility of Bi(III) Salts at pH = 14 (Ac, acetate; Cit, citrate)
Bi(1II) salt @ 10 mM BiCl, BiAc, Bi(NO;), Bi,(CO;), [(NH;);Bi(Cit),] NaBiCit
solubility at pH 14 insoluble insoluble insoluble insoluble soluble soluble

Do not use toxic reducers such as sodium borohy-
dride’’ and hydrazine hydrate’ but, on the contrary,
use a feedstock renewable reducer, D—glucose.33

Use water-soluble precursors to consider synthesis in
flow millifluidic systems.

Do not require a high energy input (unlike top-down
methods, thermal decomposition, or polyol synthesis).
Minimize the excess of reactants and use capping agents
based on renewable feedstock such as citrate.

Limit waste reduction at the synthesis step but
especially in the purification step.

To achieve this optimization, the choice of precursors
(bismuth sources and reducer), reaction conditions, activation
method (thermal versus microwaves),”* and purification will
be studied.

All the advantages of our batch procedure and their
influence on the size and distribution of nanoparticles will be
highlighted. Finally, to increase bismuth NP productivity, the
extrapolation of batch to flow chemistry conditions will be
demonstrated and then bismuth NPs obtained will be
characterized in detail.

Taking into account all these reaction parameters, this work
proposes and discusses a simple, eflicient, robust, and
reproducible synthesis to obtain bismuth NPs according to a
greener process.

B RESULTS AND DISCUSSION

A new research strategy to develop greener and optimized
conditions has been developed to synthesize metallic bismuth
NPs that can be extrapolated into a millifluidic continuous
process.

Our research approach has been conceptualized to develop

a bismuth NP synthesis that fully respects the green chemistry
principles. This work has been organized as follows (Figure
1):

(i) The choice of the solvent, the reducing agent, and the
capping agent employed to select environmentally
friendly and safe reactants.

(ii) The choice of a heating system to reduce the energy
requirements and to ensure the synthesis reproduci-
bility: conventional heating system or microwave
system.

(iii) The selection of a productive and reproducible
purification process.

(iv) The robustness of the batch process. Indeed, in the field
of metallic nanoparticle synthesis, it is essential to
ensure the reproducibility of results as we have already
shown in previous publications.”**’
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(v) The extrapolation of the batch process to the millifluidic
continuous process. Indeed, the use of millifluidic
continuous operating systems is tremendous to Eroduce
valuable chemical nanoparticles in the scale-up.”>*°

(vi) The exhaustive characterization of produced bismuth
NPs.

Bismuth NPs Synthesis in the Batch Process.
Selection of Reagents, Solvents, and Reaction Monitoring.
To establish a greener bismuth NPs preparation, first, water is
selected as a solvent.”” Indeed, water is a green solvent (it is
interesting to get rid of the organic solvent in the perspective
of the medical use of bismuth NPs) and residues of organic
solvents may pose problems in terms of toxicology.”® It should
be emphasized that few syntheses of metallic bismuth NPs are
described in an aqueous medium.*

This choice is not without consequences since the use of
both a water-soluble precursor of Bi(Il) and a nontoxic
water-soluble reducing agent is required.

Some water-soluble reducing agents such as citric acid,®
ascorbic acid,® or D-glucose40 have been used in the literature,
particularly for metallic gold nanoparticle synthesis. Our
choice stopped on D-glucose because this compound is
nontoxic, bio-sourced and is thus perfectly compatible with a
green synthesis. In the literature describing bismuth NPs
synthesis, D-glucose has never been used as a reducing agent
but only as a coating agent to stabilize the nanoparticles."’

The reducing power of p-glucose depends on the pH of the
solution.”” The Pourbaix diagram shows that the reducing
power of p-glucose is higher at a basic pH.** Not knowing a
priori the oxidation-reducing potentials of different Bi(III)
salts, the pH is set at 14 to maximize the reducing capacity of
D-glucose.

In order to minimize mixing problems and avoid the use of
heterogeneous conditions, which can cause potential difficul-
ties in terms of reproducibility and are unfavorable for further
millifluidic extrapolation, several bismuth(I1I) salts were tested
at pH = 14. The solubility screening is evaluated by visual
inspection after 1 h (Table 1).

The only two soluble Bi(IIl) salts at pH 14 are bismuth
ammonium citrate and sodium bismuth citrate. The sodium
bismuth citrate precursor was chosen instead of bismuth
ammonium citrate to maximize atom economy (absence of an
ammonium cation). In addition, the citrate counter-ion can
act as a coating agent for the nanoparticle. Finally, citrate can
be bio-sourced from Yarrowia lipolytica bacteria,"" which adds
benefit in terms of green chemistry.

The use of water as a solvent also allows us to monitor the
reduction of Bi(Ill) to Bi(0) by a pH measurement. Indeed,

https://doi.org/10.1021/acssuschemeng.1c00396
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Figure 2. Theoretical pH jump for a total reduction of Bi(III) to Bi(0) (final pH) (left). Final pH calculated from initial pH and initial Bi(III)

concentration (10 mM) (right).

the reduction of Bi(II) by p-glucose is described by the
following redox equations (eqs 1—3):
Reduction of Bi(Ill) by p-Glucose [Bi(IlI)]

B +3¢ B{

O

Glucose +3 OH" —— >  gluconate + 2 H,O + 2¢”

@

1 Bi** + 1.5 Glucose + 4.5 OH 1 Bi® + 1.5 gluconate + 3 H,0 ©)

 —

These equations show that the total reduction of Bi(IIl) to
Bi(0) requires a stoichiometric ratio of D-glucose/Bi(Ill) of
1.5 and is accompanied by a consumption of 4.5 hydroxide
ions, leading to a pH decrease. Accordingly, a simple
measurement of the pH change during the reaction can be
used to monitor the reduction and evaluate the reaction
conversion.

The final theoretical pH, corresponding to a total reduction
of Bi(Ill) to Bi(0), is a function of bismuth concentration.
The final pH is evaluated via the following equation in the
function of the pHy . (eq 4).

Calculation of Final pH from the Bi(Ill) Concentration
according to pH;

nitial

10—14
— 4.5 x [Bi(1II)]

pH final = —log

10
10~ PHinitial

(4)

In the batch experiment, the initial Bi(III) concentration
was fixed at 10 mM. Under these conditions, a sudden jump
ApH is deduced from eq 4 for a pH;, of 12.7. Indeed,
under a pHj;;, of 12.7, all the OH™ ions of the basic solution
are consumed to completely reduce 10 mM Bi(III) (Figure
2).

The calculated data in Figure 2 (left) show that the initial
pH should not be reduced below 12.7 to avoid a significant
and brutal acidification. Indeed, at acid pH values (pH < 5),
bismuth NPs are degraded by acidic dissolution (data not
shown). Therefore, the pH range usable in our synthesis is set
at 12.7 < pH < 14 to ensure a basic final pH to manage the
stability of bismuth NPs. As previously mentioned, our first
experiments are carried out starting from an initial pH fixed at
14 to benefit from the maximum reducing power of D-glucose,
even if at this pH, the jump of pH allowing one to monitor
the reaction is weak (ApH = 0.03).

Selection of Heating in Batch. Following the selection of
reagents and the solvent to respect the principles of green
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chemistry, we carried out preliminary reaction in batch using a
conventional thermal heating and a purification using the
centrifugation technique (Scheme 1 and Table 2).

Scheme 1. Conditions of Bismuth NPs Synthesis by
Conventional Thermal Heating

HO

Bi Citrate
(C=10 mM™)

NaOH,, pH = 14

Conventional thermal heating
or microwaves
Bi@citrate
Centrifugation

Table 2. Sizes of Bismuth NPs Obtained by Different
Activation Methods (Purification by Centrifugation)

sizes (nm) in number

activation reaction time (proportions %)

conventional thermal heating 2 h 30 min 94 + 22 (65%)
(120 °C) 222 + 89 (35%)
microwaves (120 °C) 1 min 924 + 201 (62%)

283 + 46 (38%)

In addition to monitoring the pH jump, the formation of
nanoparticles is followed visually (appearance of a black
coloration) and by measuring the hydrodynamic diameter
with DLS (expressed in number).

This preliminary study allowed to demonstrate that our
reaction conditions completely reduce Bi(IIl) to Bi(0)
(complete pH jump = 0.03) with p-glucose at pH 14. A
minimum temperature of 120 °C and a time reaction of 2 h
30 min have been necessary to obtain a black solution of
bismuth NPs characterized by bimodal size distributions of 94
+ 22 nm (65%) and 222 + 89 nm (35%) (Table 2). These
first preliminary results were very interesting and highlighted
new greener conditions to obtain bismuth NPs in aqueous
conditions with nontoxic precursors and reagents.

However, these results had to be optimized because the
bismuth NPs obtained were polydisperse in DLS and also the
reaction conditions used were not completely ideal from the
point of green chemistry view with a hourly productivity
limited to 6 mg. Especially in terms of safety and energy
consumption, the high temperature (required a sealed tube)

https://doi.org/10.1021/acssuschemeng.1c00396
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and the long reaction time implied an important energy
consumption (Table S1).

To overcome these drawbacks and develop a greener
synthesis, we have considered replacing the conventional
thermal heating by the use of microwave. It is indeed well
known that microwave heating’” not only reduces the
chemical reaction times by several orders of magnitude (and
consequently minimizes the energetic need related to the
reaction) but also improves the yield of nanoparticle
synthesis.**~* In addition, it is important to select reaction
conditions such as mixing (mass transport) and heating (heat
transport), which can be controlled very precisely to achieve
good reproducibility in terms of size distribution of nano-
particles.”® Indeed, inhomogeneities in the growth process can
be amplified by thermal gradients in the reaction mixture, thus
producing poor nucleation processes and consequently broad
size distributions. In this regard, dielectric volumetric heating
brought by microwaves, which is able to heat a reaction
mixture very homogeneously and very rapidly, should provide
interesting conditions for the preparation of monodisperse
nanoparticles.”’ Finally, beyond the efficient internal heating
and the corresponding acceleration of reaction kinetics
(dissolution of precursor, nucleation, and growth), micro-
waves can have additional effects influencing the properties of
the nanoparticles obtained such as the selective heating or
nonthermal effect even if the existence of these effects is not
clearly demonstrated and is still the subject of scientific
controversy.48’49

To our knowledge, several methods of metallic nano-
particles synthesis under microwave irradiation have been
proposed in the literature,”" >> but only four publications
described the use of microwaves to produce bismuth
NPs.>*7*% All these publications used the polyol route
where polyol acts as both a polar solvent and a reducing agent.
However, in these publications, the irradiation conditions have
often been described on domestic microwave ovens and a lack
of specific information due to an approximate description of
power, reaction temperature, and pressure has been identified
concerning the metallic nanoparticles synthesis. To our
knowledge, no synthesis of bismuth NPs in water as a solvent
activated by an alternative energy-input system, such as
microwaves, has been described. Water is classified as a
medium microwave-absorbing solvent with a tan 6 of
0.123.*** However, the addition of polar reagents such as
D-glucose and citrate could increase the absorbance level of
our reaction medium.

In a microwave batch study, two modes of microwave
device use were tested: dynamic mode and power fixed mode.
In dynamic mode, the temperature was kept constant at 120
°C to compare the results to those obtained in conventional
thermal heating conditions.

A total reduction of Bi(Ill) to Bi(0) (complete pH jump)
was obtained in 1 min, confirming the acceleration of kinetics
by microwaves. However, bismuth NPs sizes were much larger
than those obtained with conventional thermal heating (Table
2).

Thus, the comparison between the conventional heating
and the “dynamic” mode with a fixed temperature was not
attractive as these conditions induce the aggregation of
bismuth NPs.

The second microwave mode, “power fixed” mode, was
tested to compare the influence of microwave power on the
size and polydispersity of bismuth NPs. In the few works
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using microwave irradiation to prepare bismuth NPs, all used
this fixed power mode in reference to domestic microwave
ovens previously used.

The reaction time was determined by pH monitoring to
obtain a complete pH jump, indicating the total reduction of
Bi(III) salts to Bi(0) species.

At a high power of 100 W, a monodisperse population of
large size is observed to be relevant to bismuth NPs
aggregates (Table 3, entry 1). At a lower power (50 W),

Table 3. Experimental Conditions under Microwave
Irradiation in Power Fixed Mode (Purification by
Centrifugation)

entry reaction time®  power  sizes (nm) in number (proportions %)
1 2 min 100 W 757 + 158 (100%)
2 2 min 10 sec 75 W 115 + 34 (82%)
315 + 87 (17%)
3 3 min 30 sec S0 W 122 + 16 (15%)

196 + 39 (30%)
476 + 248 (55%)

“Time to achieve a complete pH jump.

polydispersed nanoparticles (three size populations) are
isolated over a longer time of 3 min 30 sec (Table 3, entry
3). The most interesting results are obtained at 75 W after 2
min 10 sec of microwave irradiation (Table 3, entry 2), less
energy consumption compared to conventional thermal
heating (Table S1).

Under these last conditions, a bimodal distribution in size is
obtained quite comparable to conventional thermal heating
(Table 2) but in a shorter reaction time (two orders of
magnitude).

Selection of the Purification Process. For all these first
small-scale experiments, bismuth NPs are purified by
centrifugation, a technique very frequently used in the
literature for bismuth NPs.’* To consider a scale-up, we
used an experimental ultrafiltration device that is a faster,
safer, and more productive purification system in comparison
to centrifugation.”®*’

These two purification methods (centrifugation and ultra-
filtration) were compared (Table 4) on the same batch of
bismuth NPs obtained in our best microwave conditions
(Table 3, entry 2).

Table 4. Sizes of Bismuth NPs Purified by Centrifugation
or Ultrafiltration

sizes (nm) in number
(proportions %)

115 + 34 (82%)

purification method

successive centrifugations (X3) at 4000

pm 315 + 87 (17%)
ultrafiltration on regenerated cellulose filter 115 + 31 (100%)
5 kDa)

The removal of low-molecular-weight species such as salts,
gluconate, and sodium citrate was followed by conductimetry
measurement of the supernatant for centrifugation and the
filtrate for ultrafiltration.

A similar main hydrodynamic diameter of 115 nm is
obtained for both purification techniques, but very interest-
ingly, after ultrafiltration, the monodispersity of bismuth NPs
is improved with a monomodal distribution in DLS. The

https://doi.org/10.1021/acssuschemeng.1c00396
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centrifugation technique likely induces bismuth NPs aggrega-
tion when these are concentrated in the pellet of the
centrifuge tube. Therefore, in our view of green chemistry,
ultrafiltration is very interesting because it allows rapid, safer,
and efficient purification and also allows obtaining bismuth
NPs of uniform sizes without inducing their aggregation
unlike centrifugation.

Reproducibility and Repeatability. To confirm the
potential of bismuth NPs synthesis and purification con-
ditions, an intra- and inter-operator reproducibility study is
performed (Scheme 2). The bismuth yield of our experiments

Scheme 2. Batch Synthesis Conditions of Bismuth NPs
under Microwave Irradiation

Bi Citrate ik >
(C=10mM) NaOH,, pH = 14

75 W, 2 min 10 sec

Ultrafiltration Bi@citrate

is also evaluated via a bismuth NPs digestion protocol
followed by a colorimetric assay of the digested bismuth (see
Experimental Section) (Table ).

Table S. Intra- and Inter-operator Reproducibility of
Bismuth NPs Synthesis under Microwave Irradiation in
Power Fixed Mode

yield after
number  average sizes (nm) in number ultrafiltration
operator  of test (average proportions %) purification
A 9 113 + 40 (100%) 72%
B 3 127 + 30 (100%) 749%

The obtained bismuth yields after purification by ultra-
filtration were only in the order of 72—74%, which
demonstrated a loss of around 25% in the purification step
(as the total reduction of Bi(IIl) observed thanks to the pH
jump). Moreover, the intra- and inter-operator reproducibility
was excellent, demonstrating the viability of both synthesis
conditions and the ultrafiltration purification system.

Stability Study of Bismuth NPs. The stability of bismuth
NPs in aqueous solution at a concentration of 1 mM was then
studied by sedimentation time evaluation with a visual
observation. Bismuth NPs resulting from our reproducibility
study were stable for 15 min (Table 6, entry 1).

In an attempt to increase the stability, we modified the

following (Table 6):

Table 6. Sedimentation Time of Bismuth NPs Prepared at
Initial pH 13 or 14 Formulated or Not with 10 equiv of
Citrate

added
initial pH of citrate sedimentation  sizes (nm) in number
entry synthesis (equiv) time (min) (proportions %)
1 14 0 15 113 + 40 (100%)
2 14 10 45 113 + 63 (100%)
3 13 0 60 141 + 80 (100%)
4 13 10 180 96 + 37 (100%)
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e The formulation of bismuth NPs with an excess of
citrate. After adding the citrate, the solution is activated
for 1 min under microwave irradiation at 75 W.

The initial pH of the reaction at the value of 13. This
pH decrease has been considered to better control the
pH jump (Figure 2) and to anticipate a switch from
batch to millifluidic syntheses with less aggressive
conditions for the HPLC device.

The formulation with an excess of citrate stabilized the
bismuth NPs (Table 6, entries 2 and 4). Remarkably, the
modification of the initial pH at 13 also induced a stabilization
of bismuth NPs (Table 6, entries 3 and 4). The effect was
synergistic since the most stable bismuth NPs were those
synthesized at pH = 13 with a formulation containing 10
equiv of sodium citrate (Table 6, entry 4).

Productivity Increase of Bismuth NPs in Green Con-
ditions. These first results obtained in batch using microwaves
were interesting thanks to the sizes and reproducibility
obtained. Nevertheless, the productivity of these experiments
remained low: 40 mg/h of bismuth NPs per batch. To
improve this productivity, our conditions were transposed
from batch to a continuous millifluidic flow process. As
mentioned previously, obtaining monodisperse NPs depends
on the j[uality of the heat and mass transfers in the selected
process.”’ In this perspective, to simultaneously optimize the
heat and mass transfers, the coupling of continuous flow’® and
microwave seems ideal’”~®* and responds to current industrial
challenges.®®

Moreover, the use of a continuous millifluidic flow process
makes it possible to satisfy the two criteria of green chemistry,
“inherently safer chemistry for accident prevention” and “less
hazardous chemical syntheses”, using a process at pH 13.
Millifluidic chemistry is becoming a strategic tool for carrying
out hazardous chemical reactions more safely and for
optimizing the safety of a chemical process.””” This basic
pH is compatible with all millifluidic systems, which can be
manufactured to avoid corrosion problems. Indeed, HPLC
pumps or peristaltic pumps can be made entirely metal-free
(PTFE), plungers and seals can also be made of silicon
carbide, which is resistant to very harsh conditions. In
addition, commercial millifluidic systems, such as Corning G1
SiC, are suitable for an industrial scale-up and can operate at a
basic pH.%*

Synthesis of Bismuth NPs. For that purpose, a millifluidic
setup is designed with an HLPC pump (an adjustable flow
rate between 1 and 2 mL/min) to inject the reaction mixture
in a Teflon tubing heated by microwaves (Figure 3). The
millifluidic system is inspired from the literature® and is made
of a Teflon cylinder that holds the Teflon tubing. To ensure
the maximum absorption of microwaves, the tubing diameter
(3.2 mm) is chosen to be much lower than the depth of
microwave penetration in water (a few centimeters). Bismuth
NPs synthesized are cooled at room temperature at the exit of
the reactor and then collected. Preliminary experiments have
shown the need of a flow rate regulator at the output of the
experimental device to regulate the flow rate inside the reactor
(Figure 3).

The reaction conditions used in flow are directly
extrapolated from our batch work and the purification is
carried out by ultrafiltration. The pH is lowered to pH 13 to
better control the pH jump (Figure 2) and to work under less
aggressive conditions for the HPLC material. To ensure a
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Figure 3. (a) Photograph of the millifluidic system under microwaves. (b) Photograph of the reactor with Teflon tubing.

complete pH jump and, thus, a total reduction of Bi(IIl), 3
equiv of D-glucose is also required. To allow better and faster
solubilization of reagents, 10 equiv of citrate is finally added
(Scheme 3). To avoid fouling and runaway fluids, the

Scheme 3. Millifluidic Synthesis Conditions of Bismuth
NPs Using Microwaves

HO

Bi Citrate
(C=3mMm)

Citrate (10 eq.)
NaOH,,pH =13

Bi@citrate
25 W, 2 min 55 sec

Ultrafiltration

concentration of bismuth sodium citrate is optimized to 3
mM and the power to 25 W. In this case, for a concentration
of 3 mM, the jump ApH, deduced from Equation 4, was
observed for a pHj,. of 12.2.

The influence of the flow rate and, therefore, the residence
time was studied and bismuth NPs sizes were compared below
(Table 7).

Table 7. Influence of the Flow Rate and Residence Time on
Bismuth NPs Sizes

sizes (nm) in
number

entry flow rate residence time  (proportions %) pH jump

1 1.0 mL/min 3 min 30 sec 64 + 30 (100%) complete

2 1.3 mL/min 2 min 55 sec 44 + 16 (100%) complete

3 1.5 mL/min 2 min 15 sec 131 + 64 (71%) complete
46 + 8 (29%)

4 2.0 mL/min 1 min 45 sec 163 + 68 (67%) incomplete

39 + 8 (33%)

When the flow rate was set at 1.0 mL/min, monodisperse
bismuth NPs of about 64 + 30 nm were obtained, but fouling
(Table 7, entry 1) was observed in the tubing. For a flow rate
greater than 1.5 mL/min, NPs were polydispersed and
characterized by a bimodal size population (Table 7, entries
3 and 4). For a flow rate of 2 mL/min, the pH jump was
incomplete; the residence time in the reactor was probably
too low to ensure a total reduction (Table 7, entry 4). Finally,
the optimal flow rate was reached at 1.3 mL/min. A complete
pH jump was ensured, no fouling was observed, and
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monodisperse NPs with a size of 44 + 16 nm were obtained
(Table 7, entry 2).

Using these last conditions, we have confirmed the intra-
and inter-operator reproducibility of bismuth NPs synthesis in
our microwave millifluidic system (Table 8).

Table 8. Intra- and Inter-operator Reproducibility of
Bismuth NPs Synthesis in Our Microwave Millifluidic
System

average sizes (nm) in yield after
number number (average ultrafiltration
operator  of tests proportions % pH jump purification
A 3 38 + 19 (100%) complete 75%
B 3 52 + 21 (100%) complete

The results presented in Table 8 demonstrated that this
millifluidic synthesis coupled to ultrafiltration purification was
reproducible with hydrodynamic sizes similar to those of the
initial reaction (Table 7) and the pH jump was identical for
each experiment (0.07). The yields were similar to those
obtained in batch. However, the millifluidic system signifi-
cantly improved the synthesis productivity to 96 mg/h of
bismuth NPs (in comparison with 40 mg/h in batch). In a
pre-industrial perspective, this productivity could be further
improved by the increase in the number of microreactors to
produce a parallel network.”®

Characterizations of Bismuth NPs. Further character-
izations of bismuth NPs obtained in batch (Table 6, entry 4)
and the flow process (Table 7, entry 2) were performed
below.

A TEM measure has given a mean diameter of 3 + 1.0 nm
(Figure S1) for bismuth NPs obtained under microwaves in
batch. An identical size distribution was observed for
homogeneous bismuth NPs obtained by flow chemistry
coupled to microwaves (3 = 1.3 nm) (Figure S1). The sizes
obtained by TEM are much smaller than the hydrodynamic
diameters measured by DLS at pH = 13 in batch (96 + 37 nm
(100%)) and in the flow process (44 + 16 nm (100%)). The
sizes obtained by DLS are usually bigger than those obtained
by TEM.”' TEM and DLS sizes often do not corroborate
because DLS is an intensity-based technique and TEM is a
number-based one, and moreover, DLS is very sensitive to the
presence of reversible aggregation of nanoparticles in
solution.”” These differences are more limited in continuous
flow probably due to the less formation of aggregates in
solution.

For these bismuth NPs with a size distribution of 3 + 1.0
nm (TEM), the XRD analysis is not usable due to broad
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peaks and low signal-to-noise ratios probably due to the small
size of bismuth NPs, as recently commented in the literature
on nanomaterials (Figure S3).”

The nature of bismuth NPs coating was determined by FT-
IR and UV spectroscopy. Purified bismuth NPs were
characterized by Fourier transform infrared (FT-IR) spectros-
copy and compared to citrate molecules (Figure S2). A large
band centered at 3415 cm™" for the OH function on bismuth
NPs showed the presence of citrate as an essential component
of NPs coating. A significant shift from 3367 to 3415 cm™'
suggested a high association between citrate and the surface of
bismuth NPs. Other major peaks such as C=0 bands (1575
cm™ (b) and 1582 cm™! (¢)) and C—O bands (1398 cm™
(b) and 1396 cm™ (c)) demonstrated the presence of citrate
coated on the surface of bismuth NPs whatever the used
process by comparison with the FT-IR spectrum of citrate.

UV spectroscopy has also confirmed the presence of citrate
on the bismuth NPs surface (Figure S4) as the spectrum of
our bismuth NPs was identical to that described in the
literature by Fang et al.”* The peak at 268 nm corresponds to
the plasmonic band of bismuth NPs, which demonstrates the
metallic structure of our bismuth NPs.

Finally, purified bismuth NPs were characterized by thermal
gravimetric analysis (TGA) (Figure SS).

The TGA curve showed three losses of mass: one of them
was centered on 50 °C corresponding to water (5—10%), and
another was centered on 250 °C corresponding to citrate (5—
12%) by analogy with citrate-coated gold nanoparticles.”

The surface density of citrate molecules adsorbed by the
nanoparticle (nhgand/ nm?) was quantified by thermogravimetry
using the equation below (eq S).

Calculation of n by Nanoparticle

citrate

weight percent of citrate (%) _ Migand X MWigand

MW,

nanoparticle

weight percent of bismuth (%) (5)

where the molecular weight of the nanoparticle
(Mw, ) was calculated via the following equation (eq
6a):

anoparticle

— 4 3
nanoparticle — £ X NA X = XaXr nanoparticles
P 3 P

(62)
where N, is the Avogadro number, p is the density of bismuth
(9790 kg/m?), and r is the radius of the nanoparticle (1.5 nm
estimated by TEM). This calculation made it possible to
obtain a value of a number of citrate molecules per
nanoparticle (nhgand) and then a surface density of ligand
equal to 1 citrate per nm” for bismuth NPs obtained by batch
and by the flow process. This surface density is directly
dependent on the metal studied, nanoparticle size, pH of the
colloidal solution, and chemical composition of the nano-
particle surface, as described in the literature.”

All of the FT-IR, UV, and TGA analyses have confirmed the
production of citrate-coated bismuth NPs. Moreover, if we
cluster all characterizations in the table below (Table 9), we
observe that similar bismuth NPs were obtained in batch and
in the continuous flow process. This showed our capability to
produce these metallic nanoparticles in the 100 mg scale with
our home-made millifluidic system under microwaves.
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Table 9. Comparison of Data between Batch and Flow
Chemistry Processes

characterization batch process  flow chemistry process
hydrodynamic diameter (DLS) 96 + 37 nm 44 + 16 nm
size (TEM) 3 + 1.0 nm 3+ 1.3 nm
FT-IR citrate coating citrate coating

UV spectroscopy citrate coating citrate coating

B CONCLUSIONS

The review of the literature’® showed that no published
bismuth NPs synthesis simultaneously respected all the
principles of green nanochemistry.

In this work, we have designed a greener synthesis
methodology that allowed reproducible access to bismuth
NPs.

For that purpose, we have designed a synthesis that:

e Did not use an organic solvent but water as a green
solvent.

Used p-glucose as a nontoxic and feedstock renewable
reducer.

Used a sodium bismuth citrate precursor to maximize
atom economy as the citrate counter-ion acted as a
coating agent for the nanoparticle.

Did not require a high energy input by using microwave
heating.

Reduced reaction time.

Has limited waste reduction at the purification step by
using ultrafiltration.

Answered to an industrial challenge to use microwave
activation to the scale-up.

D-Glucose as a reducing agent has never been described to
our knowledge to obtain bismuth NPs. This reducing agent
has made it possible to monitor the conversion of Bi(Ill) to
Bi(0) by measuring the decrease in pH due to the reduction
step. The monitoring of the conversion by pH-metry has
never been previously demonstrated, to our knowledge, in NP
synthesis.

All parameters of synthesis under microwave irradiation and
purification have been optimized to study their influence on
the size and distribution of nanoparticles. Our microwave
batch synthesis and purification conditions allowed to produce
monodisperse bismuth NPs with a DLS diameter of about 90
nm with very short reaction times (2 min 30 sec) (pH = 13).
All the analytical characterizations have shown the obtaining
of metallic bismuth NPs covered with citrate.

Finally, to increase the productivity of bismuth NPs
synthesis and ensure an efficient scale-up, we have
extrapolated our batch conditions (pH = 13) to a continuous
millifluidic process.

To this end, we designed an experimental device coupling a
HPLC pump and a Teflon reactor immersed in the microwave
cavity.

After optimization of conditions, this process made it
possible to increase the hourly productivity of nanoparticles
by a factor of 16 (respectively 2.4) compared to the
conventional thermal (respectively microwaves) heating
batch process. This productivity could be further improved
by the increase in the diameter of the tube, the flow rate and
the number of microreactors to produce a parallel network.

This millifluidic system made it possible to obtain, after
purification by ultrafiltration, bismuth NPs of smaller size (44
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nm in DLS) in comparison with the batch system. The intra-
and inter-operator reproducibility of this millifluidic synthesis
has been demonstrated and all analytical characterizations
have shown the obtaining of bismuth NPs covered with
citrate.

B EXPERIMENTAL SECTION

Reagents. Bismuth citrate sodium (Alfa Aesar, >94%), p-glucose
(Sigma, 99.5%), citric acid (Labosi, >98%), bismuth chloride (Acros,
>99%), bismuth carbonate (Rectapur, 83%), bismuth nitrate
pentahydrate (Acros, 98%), bismuth acetate (Alfa Aesar,>99%),
bismuth citrate ammonium (Fluka >99%) and dithizone (TCI,
>85%) were used in this study. All solutions were prepared using
fresh, distillated H,O.

Synthesis of Metallic Bismuth NPs in Batch by Thermal
Activation. Bismuth citrate (1 equiv, 0.05S mmol, 20 mg) and p-
glucose (1.7 equiv, 0.08 mmol, 16 mg) were solubilized in NaOH
solution (1 M, S mL). The pH was measured (pH = 14) and the
solution was heated to 120 °C during 2 h 30. At the end of the
reaction, pH was again controlled and a pH jump was observed. The
reaction mixture was acidified to pH 10 with a nitric acid solution (1
M). The nanoparticles were isolated by centrifugation at 4000 tr-
min~' (2.585 g) (Heraeus Primo centrifuges RCF, three washings
with water at pH = 10 during 45 min, 30 min and 30 min). After
purification, NPs were dispersed in water at pH = 10 and
characterized by DLS.

Synthesis of Metallic Bismuth NPs in Batch under
Microwave Irradiation. Bismuth citrate (1 equiv, 0.05 mmol, 20
mg) and D-glucose (1.7 eq, 0.08 mmol, 16 mg) were solubilized in
NaOH solution (1 M, S mL). The pH was measured either pH = 14
or pH = 13 according to the experiment and the reaction was carried
out under microwave irradiation (CEM Corporation, USA) at 75 W
for 2 min 10 (pH = 14) or for 2 min 30 (pH = 13). At the end of the
reaction, pH was again controlled and a pH jump was observed. The
reaction mixture was acidified to pH 10 with a nitric acid solution (1
M). Ultrafiltration was performed on a S kDa cellulose filter (Merck)
with a washing solution at pH = 10. The conductivity value of the
filtrate was identical to those of washing water value (approximately
40 pS/cm). Purified NPs were dispersed in water at pH = 10 and
characterized by DLS.

Synthesis of Metallic Bismuth NPs in Continuous Flow
under Microwave Irradiation. In a conical flask, citric acid (10
equiv, 3 mmol, 570 mg) and bismuth citrate (1 equiv, 0.3 mmol, 120
mg) were dissolved in distilled water (76 mL). The pH was adjusted
by using an aqueous solution of NaOH (5 M) to obtain a pH = 13
and a total volume of 80 mL. p-Glucose (3 equiv, 0.9 mmol, 162 mg)
was added to the previous solution. The pH was measured and must
be equal to 13. The solution was then pumped through the reactor
by a HPLC pump (Waters, 600 controller). The flow reactor, made
of 1/8 o.d. (0.32 cm) Teflon tubing, was irradiated under
microwaves with a power of 25 W and the flow rate was set at 1.3
mL/min during 22 min. The flow controller (valve 3: conicity, 3°%; 1
turn) installed at the end of Teflon tubing set the flow rate. The hot
fluid was cooled in the tubing and collected in a flask. The crude was
then purified by ultrafiltration (filtration membrane of 30 kDa,
Merck) until the conductivity value of the filtrate was identical to
those of the washing water value (approximately 40 uS/cm). After
purification, NPs dispersed in water were characterized by DLS.

Characterizations of Bismuth Nanomaterials. Nanoparticles
were analyzed by Fourier transform infrared (FT-IR) spectroscopy
on a PerkinElmer Spectrum II equipped with a diffuse reflectance
accessory. Two milligrams of nanoparticles was mixed with 10 mg of
KBr. The spectra were recorded with a resolution of 2 cm™ and with
64 scans. Dynamic light scattering (DLS) measurements were
performed on a Malvern ZetaSizer ZEN3600 instrument equipped
with a 633 nm laser (scattering angle, 175°) at 25 °C on a bismuth
NPs solution (1 mM) diluted in water (RI, 1.33; viscosity, 0.8872).
Three replicate measurements were performed by analysis in a
cuvette ZENO118 (200 yL). An instrumental algorithm was used to

supply the hydrodynamic diameters as number distributions
(bismuth RI, 2.145; absorption, 2.988). The measurements were
presented with the average size of NPs + standard deviation. Images
were taken by transmission electron microscopy (TEM) on a Philips
CM120 transmission electron microscope operating at 80 kV.
Microscopy analyses were performed as follows: 200 uL droplets
of the colloidal dispersion were cast onto formvar/carbon-coated
copper grids (400 mesh) for a few minutes. From the TEM images,
the bismuth NPs diameter distribution was determined from
recorded images with Image] software version 1.48 (at least 300
counted particles). The measurements were presented with the
average size of NPs =+ standard deviation. Thermal stability and
composition analyses (TGA) were carried out on a TGA QS500-type
measuring instrument (TA Instruments, USA) under a nitrogen flow
of 50 mL/min. The temperature was increased from 25 to 450 °C
with a temperature gradient of 10 °C/min.

The coating agent number per nanoparticle was estimated by the
next equation (eq 6), where the molecular weight of nanoparticles
(MW) was estimated from:

Formula of Nanoparticles Molecular Weight

MW,

nanoparticles

4
=pX NA X g XX r3nanoparticles (6)
The UV—visible absorption spectra were collected using a Genesy
10UV scanning UV spectrometer (Thermo Spectronic) on a bismuth
NPs solution (I mM). The UV-—visible calibration line was
established with a growing concentration of bismuth NPs and a
freshly prepared dithizone solution 0.01% (w/v) in ethanol (1 mL).
To evaluate the bismuth yield, bismuth NPs (2 mg) were solubilized
in a HCl solution (1 M, S mL). The reaction mixture was digested
under microwave irradiation for 2 h at reflux. HCI solution (1 M, §
mL) and distilled water (90 mL) were added to dilute the HCI
solution (0.1 M, 100 mL). The solution absorbance was measured by
UV—visible spectroscopy to evaluate the bismuth yield (eq 7).

Formula to Evaluate Bismuth Yield

3

4 4
N x 3 sphee X 0.524 = N, X ngm’sBi X yield

(7)

where 7., is nanosphere radius; 0.524, compactness of a
rhombohedral structure; N,, Avogadro number; n, number of
moles of bismuth atoms introduced via the precursor; ry;, atomic
radius of bismuth (160 pm); and yield, yield valued by UV—visible
spectroscopy.
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