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This paper presents a fully-continuous novel liquid—liquid-extrac-
tion (LLE) platform for the purification of nanoparticles. The use of
multistage operation enhances the purity of the final stream
without the expense of high solvent consumption. Two case
studies, purification of CdSe quantum dots in organic solvent and
that of gold nanoparticles in water, demonstrate that the LLE plat-
form is versatile, non-destructive, and highly efficient.

In the past decade, nanoparticles in various forms and compo-
sitions have been extensively studied. A significant amount of
these emerging materials have been commercialized in areas
such as displays,’ catalysis*> and personal care.” To meet the
growing industrial demand, much work has focused on
transitioning from batch to flow preparation of metal, oxide
and semiconductor nanoparticles.**® Purification steps are
required to remove impurities as well as unreacted precursors
in order to transform as-synthesized nanoparticles to their
product form. To the best of our knowledge, only a few studies
have been conducted with in-line purification of nanoparticles,
which is essential to achieving fully continuous production of
these materials.

There are well-established batch processes for nanoparticle
purification, including those based on polarity, electro-
phoresis, and size differences between the impurity and nano-
particles."’ These methods encounter technical challenges
and losses in purification efficiency when converted directly
into flow. For example, the widely-used precipitation/redissolu-
tion (PR) method involves solid formation that may cause clog-
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ging in a flow system. Jeong’s group pioneered the use of free-
flow electrophoresis to purify semiconductor nanoparticles
(quantum dots) on a microfluidic chip.'* However, the separ-
ation efficiency and particle yield were lower than those for the
batch process. Recently, they improved the purification
efficiency and the yield by using porous electrodes in the flow
channel.”® As opposed to their previous work, this technique
required two additional washing steps to purify and recover
the particles on the electrodes, which makes the process semi-
continuous. Hutchison et al. applied diafiltration, a size-based
separation technique, to continuously purify gold nano-
particles in aqueous solution."* This technique is limited by
the development of membrane materials, particularly when
the membranes are not compatible with organic solvents in
which nanoparticles are prepared.

One possible alternative is liquid-liquid extraction (LLE).
LLE, a polarity based technique, has been well studied as a
batch method for nanoparticle purification."> LLE allows
impurities to be selectively extracted into one phase while the
desired nanoparticles remain in the other immiscible phase.'®
The major advantages of LLE are easy scale-up, non-destructive
operation and minimal energy requirements.'® In this work,
we design and use the LLE platform to perform continuous
purification of nanoparticles. The platform is reconfigurable
into either one or multiple stages. Each stage features tubing
with segmented flow for mass transfer between phases and a
membrane for separation of the two phases. The tubing allows
a controlled residence time for complete extraction of pre-
cursors from their original phase to the other immiscible
phase. A mixed biphasic flow in micro- or submillimeter-chan-
nels typically has a well-defined flow pattern with a large inter-
facial area,'® providing a reproducible and fast extraction rate.
Generally, at this submillimeter scale, the two phases are
mixed into the tubing with different patterns ranging from
parallel to segmented to irregular droplet, depending on flow
properties and tube dimensions."”'® Here, a segmented flow
is obtained with high mass transfer rate provided by the high
surface-to-volume ratio and the enhanced mass convection
inside each droplet."®?° A residence time of 10 s to 20 s inside
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Fig. 1 (A) A scheme of a platform for 5-stage countercurrent extraction. Each stage, or module, comprises of (a) mass transfer tubing, (b) mem-
brane separator. The more polar phase is delivered to a subsequent stage by (c) peristaltic pumping with multiple channels driven by (d) the same
roller. (B) Drawing showing extraction of free ligands/precursors inside the mass-transfer tubing. The two phases form segmented flow. (C) Picture

of the five-stage-LLE platform.

the tube is experimentally proven to be sufficient for complete
mass transfer at the scale of interest.

The separation is achieved by the different wettability of the
membrane by the two solvents (see Fig. S1 and S2t for the
drawing and picture of the membrane separator with detailed
description). By using a hydrophobic membrane, the less polar
phase wets and permeates the membrane while the more polar
phase is retained. To maintain successful separation, a fixed
pressure difference between retentate and permeate sides is
required (APmem = PEL. — Phem).”"* Incorporation of a self-
tuning pressure control diaphragm facilitates the use of the
unit and isolates it from downstream pressure fluctuations.”?
This control element functions similarly to a dome-loaded
pressure regulator in which an elastic film opens and closes a
valve. To open the valve, the retentate has to build up pressure
equal to (Phem + Paia), Where Py, is an additional specific
pressure exerted by the diaphragm. With a suitable design, the
film can provide Pg;, to be within an operating window for
APpem. In other words, APpem is self-tuned to Pgj,, and
decoupled from any downstream pressure fluctuations such as
pumping between stages. In this work, AP, is estimated
based on solvent properties and interfacial measurements
(calculation available in ESIf). The combined effects of fast
mass transfer (extraction) and complete separation result in a
high percentage extraction at each individual module. The
extraction can be improved further by cascading these
modules into a multistage format.

The multistage extraction can be carried out in either cross-
current or countercurrent fashions. For a small scale, the
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crosscurrent extraction (sequential washing) is more common
owing to its simple setup. However, theoretically, the counter-
current extraction is more efficient than the crosscurrent
extraction. As shown in Fig. 1, the previously described individ-
ual extraction stages are constructed into a multistage format.
We connect them such that the two phases flow in opposite
directions throughout the entire platform.** The more polar
phase goes from stage 1 to stage N, and the other way around
for the less polar phase. At any stage i, the two phases are
mixed inside a T-mixer and then flow co-currently into the
membrane separator. The two phases are separated and deli-
vered to adjacent stages. The less polar phase permeates the
membrane and flows to stage i — 1 by itself owing to the net
pressure drop of the platform. On the other hand, the more
polar phase is retained and delivered to stage i + 1 by peristal-
tic pumping. The pumping rate is set to be higher than the
maximum flow rate of the retentate to avoid partial blockage
to the flow.>® Overall, it is important to emphasize that the
flow inside each extraction module is co-current, but the net
flows throughout the platform are countercurrent.

The capability of the LLE platform is demonstrated by two
model nanocrystal case studies: (i) CdSe quantum dots (QDs)
in octane, (ii) gold nanoparticles (Au NPs) in water. In the first
system, CdSe QDs are prepared in a high-temperature and
high-pressure tube reactor, utilizing octane as the solvent.”®
The cadmium and selenium precursors are cadmium oleate
(CdOA,) and trioctylphosphine selenide (TOPSe), respectively.
Excess trioctylphosphine is used as a neutral ligand to improve
the solubility of CdOA, in octane. Excess precursors and
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Table 1 Experimental conditions for purification of CdSe QDs by LLE.
The highlighted boxes indicate the changed variables in the comparative
experiments

Experiment A B C D E F G*
Solvent :AZCE :]ilVEF: EIGZOEI] MeOH MeOH MeOH MeOH
#ofstages 1 1 [1___3 __ 5 _, 5 5
S/F ratio 1 1 1 1 1" "2" "2

“Experiment G is done by cascading one additional stage to remove
the residual methanol by ACN extraction.

ligands as well as byproducts generated during the synthesis
remain in the crude CdSe QD solution and have to be removed
by LLE. We examine systematically effects on separation
efficiency by varying different process variables including
solvent type, number of stages (N) and volumetric solvent-
to-feed (S/F) ratio. Detailed experimental conditions are
summarized in Table 1.

As shown in Fig. 2A, the absorption spectra of the CdSe
QDs remain constant before and after the purification, indicat-
ing that LLE is non-destructive to the nanoparticles (TEM
image of the purified CdSe QDs is available in ESI, Fig. S37).
The recovery yield (the amount of particles obtained after the
purification divided by the amount of particles in the feed
solution) is close to 100% in all conditions (calculation
method in ESI and Fig. S4f). In Fig. 2B, the intensities of
sharp peaks in the NMR spectrum significantly decrease after
the multistage extraction, suggesting that the concentrations
of the free ligands and impurities decrease. Similar phenom-
ena are observed in *'P NMR (Fig. $51). The removal of ligands
is also confirmed by TGA (Fig. S6t), where a significantly lower
mass loss is detected in the LLE purified sample (Exp F) com-

A Stock B

Stock
*
Exp A J
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Exp C

Absorption (AU)
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T T T T T T T T
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Fig. 2 (A) UV-Vis spectra of the stock and representing LLE purified
samples. All the purified samples maintain their absorption character-
istics after extraction. (B) 'H NMR spectra of the CdSe stock solution and
the LLE purified solution through experiment G. The marks in the
spectra indicate peaks associated the NMR solvent toluene (asterisks),
the internal standard ferrocene (square) and the extracting solvent
methanol (triangle).
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pared to the stock solution. In order to better compare the
extraction performances under various conditions, the ligand
population of each purified sample is quantified by "H NMR
and the absorption spectrum.?” The impurities are sorted into
two groups: the OA and TOP species. The OA species include
the excess cadmium precursor CdOA, and oleate-containing
byproducts such as oleic acid. The TOP species represent the
excess selenium precursor TOPSe, the excess ligands TOP and
the byproduct trioctylphosphine oxide (TOPO). The OA species
are calculated based on the NMR integral of the olefin region
and the TOP species are determined by NMR integrals of the
hydrocarbon region after subtracting the contribution from OA
and the solvent. The lower level (0% removal) is estimated
from the concentration of both species in the crude solution.
The upper level (100% removal) is established by measuring
the ligand population of CdSe QDs purified by gel permeation
chromatography (GPC), which is known to be an effective
method for isolating nanoparticles from impurities
(Fig. S71).%®

We first study the effect of solvents, using a single extrac-
tion stage (N = 1) and S/F = 1. Acetonitrile (ACN), dimethyl
formamide (DMF), and methanol (MeOH) are selected as the
extraction solvents based on their immiscibility with octane at
room temperature. MeOH yields effective extraction for both
OA and TOP species while DMF only shows effective extraction
on OA, and ACN barely removes impurities (Fig. 3). We also
examine the scalability of this technique. By using CdSe QD
solutions with different concentrations (13 uM and 80 pM),
similar purification efficiencies are observed.

MeOH is known to be effective in removing CdOA, species
during the precipitation/redissolution (PR) purification
process, and can even replace the bound CdOA, species on the
nanoparticle surface.?**°® Compared to MeOH, DMF and ACN
are considered as weak-coordinating or even non-coordinating
solvents in the PR method, and are used in multiple PR cycles
to avoid damage to the nanoparticles.?*' However, compared
to the PR method, LLE is a significantly milder purification
process (see quantum yield discussion in ESIf), and the

B OA Species N ——
1004 ™ TOP Species

Solvent selection

A B & D E F G

Percentage of excess ligands removed
1

Fig. 3 Percent extraction of OA and TOP from CdSe QD feed solution
with different operating conditions. The dashed boxes highlight the
changed variable in the comparative experiments as described in
Table 1.
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extracting solvents are not directly in contact with the nano-
particles, which minimizes the risk of surface damage caused
by the coordinating solvents.'' Therefore, as the most effective
extracting solvent, MeOH is chosen to be used for the later
studies.

We also assess the effect of the number of stages (N). The
amount of OA and TOP species removed from the crude solu-
tion increases with a larger number of stages (Fig. 3). The
extraction gradually reaches its capacity as N becomes larger.
Here, we also verify the reproducibility of our LLE technique.
The percentage extraction of the ligands remains constant
even after running this system for around 50 min (Fig. S87),
suggesting that continuous and reproducible nanoparticle
purification can be achieved with the LLE platform.

To further enhance the degree of separation, we alter the
S/F ratio. Increasing the S/F ratio from 1 to 2, the percentage
extraction reaches 89% and 90% for OA and TOP, respectively.
However, the MeOH and octane phases become miscible as
the S/F ratio increases, especially with the presence of excess
ligands at the interface. When we increase the S/F ratio to 5,
CdSe QDs precipitate inside the mixing tubing as a result of
the two phases becoming miscible under this condition
(Fig. S9t). To achieve a higher capacity, other techniques
should be incorporated into our platform. For example, an
extracting agent, such as fatty amines, can be added to
enhance the distribution coefficient of the ligands."’

As a final step, residual methanol content in the purified
CdSe QDs octane phase is considered. As mentioned pre-
viously, methanol is known as a coordinating solvent to the
CdSe QDs surface and the residual methanol may negatively
affect any downstream processing of the nanoparticles such as
shell growth or ligand exchange. Utilizing headspace chromato-
graphy (HS-GC), we are able to determine the methanol
content in the octane phase after the extraction. For the best
condition (Exp. F), the methanol content is 15.02 mg mL™". To
remove the methanol, an additional stage of extraction is
implemented such that the octane phase from the 5-stage
extraction is mixed with a stream of ACN. ACN effectively
removes the methanol, reducing the final methanol content
down to 0.20 mg mL™" (~99% methanol removed). As a non-
coordinating solvent, the residual ACN content within the
CdSe QDs octane phase is 12.32 mg mL™", which is likely to
have negligible influence on later stage nanocrystal surface
modification.

As a second demonstration of the LLE platform, we investi-
gate the separation of excess thiol-PEG ligands from aqueous
gold nanoparticle solution (Au NPs). As opposed to the CdSe
QDs system in which the extraction is from nonpolar to polar
organic phases, the extraction of the Au NP system is from
aqueous to organic phase. Toluene is used as the extracting
solvent. The absorption spectra of Au NPs remain constant
before and after LLE, which suggests that there is no size or
size distribution change of the NPs during purification
(Fig. S107). Thermogravimetric analysis (TGA) measures the
feed and purified Au NPs in order to determine the fraction of
thiols being removed. The smaller mass loss between 300 °C
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Fig. 4 TGA curves of the stock (red) and LLE purified (blue) thiol-PEG
capped Au NPs. The curves have been normalized to 200 °C, where the
solvent water has been completely removed.

and 450 °C for the extracted sample indicates that LLE can
also be used to purify thiol-PEG capped Au NPs (Fig. 4). If we
attribute the entire mass loss between 200 °C and 500 °C to
the removal of the organic ligand molecules from the system,
then the organic/inorganic ratio decreases approximately 26%
after extracting with toluene under the following condition:
S/F=2,T=18°C, N=5. ATEM image of the Au NPs drop cast
directly from the LLE solution reveals the discrete inorganic
particles after purification (Fig. S117).

Conclusions

We have successfully demonstrated continuous purification of
nanocrystals using a multistage liquid-liquid extraction plat-
form through two distinct systems: CdSe QDs in organic
solvent and Au NPs in water. The effects of different process
conditions such as extracting solvent type, number of stages
and volumetric solvent-to-feed ratio have been examined
systematically in this work. Using our method, we obtain
highly purified nanoparticles with nearly complete recovery in
a reproducible manner. This LLE platform opens up a new
window for inline purification of nanoparticles as it has
benefits of low energy/material consumption and high scal-
ability compared to conventional methods. It can potentially
be adapted with the flow synthesis of the nanocrystals so as to
enable a fully continuous production of nanomaterials.
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