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ZnO has industrial utility as a solid sorbent for the removal of polluting sulfur compounds from petroleum-based
fuels. Small ZnO nanoparticles may be more effective in terms of sorption capacity and ease of sulfidation as
compared to bulk ZnO. Motivated by this promise, here, we study the sulfidation of ZnO NPs and uncover the
solid-state mechanism of the process by crystallographic and optical absorbance characterization. The
wurtzite-structure ZnO NPs undergo complete sulfidation to yield ZnS NPs with a drastically different
zincblende structure. However, in the early stages, the ZnO NP lattice undergoes only substitutional doping

by sulfur, while retaining its wurtzite structure. Above a threshold sulfur-doping level of 30 mol%, separate
Received 20th August 2018 . . . ) i
Accepted 4th October 2018 zincblende ZnS grains nucleate, which grow at the expense of the ZnO NPs, finally yielding ZnS NPs. Thus,
the full oxide to sulfide transformation cannot be viewed simply as a topotactic place-exchange of anions.

DOI: 10.1039/cBra06949b The product ZnS NPs formed by nucleation-growth share neither the crystallographic structure nor the size

rsc.li/rsc-advances of the initial ZnNO NPs. The reaction mechanism may inform the future design of nanostructured ZnO sorbents.
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Zinc oxide (ZnO) nanoparticles (NPs), due to their cost-
effectiveness and biodegradability, have a multitude of appli-
cations'™ including coatings*® and pigments,>*® catalysis,****
energy storage,”'* and environmental remediation.”** ZnO
NPs have particular appeal as sorbents for scavenging polluting
sulfur compounds such as mercaptans and hydrogen sulfide
(H,S) from petroleum-based fuels:>*>” ZnO + H,S — ZnS + H,0.
Lattice O®~ in the ZnO is replaced with S*~ scavenged from the
pollutant. Bulk powders of ZnO have already been used for
adsorptive removal of H,S,**** but NPs have specific advantages.
With smaller grain sizes, mass transport limitations are lifted.*
Whereas sulfidation is limited to the surface of bulk ZnO, with
NPs, the entire mass of ZnO can undergo sulfidation, enabling
high sorbent capacity.”® Volume and morphology changes
resulting from restructuring of the solid can also be more easily
accommodated with NPs,* allowing regenerable use of the
sorbent. Finally, the high specific surface area of NPs allows
more enhanced kinetics of the sulfidation reaction, potentially
facilitating much lower desulfurization temperatures as
compared to the conventional operating temperatures of 650—
800 OC.23’29

In this context, small few-nm size ZnO NPs can be expected
to be particularly promising, but it is important to understand
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the manner in which these NPs undergo sulfidation. The
structural mechanism of the sulfidation process®** may have
critical differences compared to bulk ZnO powders or even
larger NPs of tens of nm in size* and may therefore influence
sorbent design. In a seminal study, Park et al.*® studied the
sulfidation of hexagonal-shaped 14 nm ZnO nanocrystals (NCs)
at high temperature (235 °C) using hexamethyldisilathiane. The
reaction was found to involve the anion exchange of 0>~ with
$>~ in the NC lattice. The overall shape and crystallography of
ZnS NCs was templated by the initial ZnO NCs. However, due to
the faster outward diffusion of Zn>" as compared to the inward
diffusion of S*7, the exchange reaction was accompanied by
a nanoscale Kirkendall phenomenon, as a result of which the
ZnS NCs formed were hollow.

Here, we track the step-wise sulfidation of smaller (ca. 5 nm)
ZnO NPs using optical spectroscopy and X-ray crystallography.
Prior to the onset of sulfidation, O*~ in wurtzite ZnO NPs
undergoes substitutional doping with S~ without any major
change in its structure. Upon reaching a critical concentration
of sulfur doping, separate zincblende ZnS grains form and grow
into ZnS NPs. Thus, the sulfidation of these small ZnO NPs
studied here is not simply a topotactic or templated place-
exchange of anions; rather the nucleation and growth of
a separate ZnS crystallite is involved in the latter stages.

Experimental methods
Synthesis of ZnO NPs

The synthesis of 4 nm ZnO NPs was based on a procedure from
Kamat and coworkers®* with some changes. Briefly, 0.05 M of
zinc acetate dihydrate (1.095 g) was added to 50 mL of ethanol

This journal is © The Royal Society of Chemistry 2018
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in a 100 mL three-necked round-bottom flask. The flask was put
under Ar, heated to 80 °C, and refluxed for 2 h followed by
gradual cooling down to room-temperature over the course of
1.5 h. The zinc precursor solution (0.05 M) was stored in
a desiccator and was used for a period of up to three months
from the preparation date. Whenever needed, a batch of ZnO
NP colloid was prepared by the hydrolysis of the zinc precursor
using lithium hydroxide (LiOH) powder. Typically, 20 mg of
LiOH was added directly to 3 mL of the precursor solution
diluted with 12 mL of ethanol. The resulting reaction mixture
was sonicated for 20 min without heating. The resulting colloid
solution was washed by adding an equal volume of acetone and
centrifuging at 10 000 rpm for 20 min. The precipitated colloid
was redispersed in 25 mL of ethanol. The colloid was allowed to
stand for 5 h or more to allow NP growth to stabilize before
sulfidation studies or other measurements. The ZnO colloid was
typically used up to a week from its preparation.

Sulfidation of ZnO NPs

The conversion from ZnO to ZnS NPs was carried out at
a temperature of 45 °C. We started with a colloid of ZnO NPs
dispersed in ethanol (at a concentration which yields an
absorbance of ~1 at the ZnO excitonic peak maximum). The
colloid was transferred to a 20 mL glass vial immersed in a water
bath set at 45 °C. To this colloid, a solution of sodium sulfide
(Na,S) in ethanol (3.1 mg mL ') was added in aliquots of 10 uL
with vigorous stirring. After each addition, the reaction was
allowed to approach completion by waiting a duration of
40 min, after which ~3.5 mL of the colloid was transferred to
a quartz spectrophotometry cuvette and a UV-vis extinction
spectrum in the range of 220-600 nm was measured. After the
measurement, the colloid was returned to the reaction vial. The
reaction appeared to reach saturation upon the addition of 11.9
umol of $>~, at which point no further change in the excitonic
features in the absorbance spectrum were observed.

At various stages of sulfidation, the NPs were subject to other
characterization described below. For this, the colloid subject
was subject to sulfidation in steps, as described above, up to
a specific stage identified by the total molar amount of S*~
added. The colloid was then purified from excess reagents and
salts by washing with acetone and centrifugation at 10 000 rpm
for 20 min. The precipitated colloid was redispersed in ethanol
for further characterization.

PXRD

Powder X-ray diffraction (pXRD) patterns were collected for NPs
at multiple stages of sulfidation. The diffraction measurements
were conducted on a Rigaku Miniflex 600 powder X-ray
diffractometer operated at full power (40 kV to 15 mA) with
Cu K, radiation wavelength (1.54 A). Data was collected in
reflection mode in the 26 range of 20°-75° using a step size of
0.04°, with scan times lasting for 2-3 h. pXRD samples were
prepared by drop-casting NPs from a colloid dispersed in
ethanol into a thick film on a zero-background quartz substrate.
Before each run, the quartz substrate was cleaned by rinsing in
aqua regia and DI water. Diffraction patterns were plotted in
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Origin Lab software and manual baseline subtraction was per-
formed for each of the patterns.

Elemental analysis

The elemental composition of the NPs, specifically the molar
ratio of S : Zn, was determined at three stages: the initial ZnO
NPs before sulfidation, the intermediate stage obtained by the
addition of 1.99 umol of $*>~, and the final ZnS NPs achieved by
the addition of 11.9 umol of > to the ZnO NPs. These samples
were each purified of reagents and salts twice by washing with
acetone and centrifugation. The washed precipitate was
subsequently dried in quartz digestion tubes by flowing N, gas.
Samples were subject to inductively-coupled plasma atomic
emission spectroscopy (ICP-AES) measurements, the results of
which are presented in Table 1.

Electron microscopy

The initial ZnO NPs and final ZnS NPs were subject to TEM
imaging. For ZnO NPs, 6 mL of ZnO colloid prepared as
described above was treated with 0.3 mL of oleic acid and
washed with 6 mL of acetone followed by centrifugation at
10 000 rpm for 20 min. Then the precipitated colloid was
dispersed in ethanol. About 50 pL of the diluted ZnO NP colloid
was drop cast onto an ultrathin carbon grid, which was then
allowed to dry in a vacuum desiccator. ZnS NPs were prepared
by complete sulfidation of 6 mL of ZnO colloid accomplished, as
described above, by addition of $>. The ZnS NP colloid was
treated with 0.3 mL of oleic acid and washed with 6 mL of
acetone followed by centrifugation at 10 000 rpm for 20 min.
Then the precipitated colloid was dispersed in ethanol. The
TEM grid, held by tweezers was dipped into the colloid once and
then allowed to dry in a vacuum desiccator. TEM imaging was
performed on a JEOL 2010-EFFEG instrument operating at 200
kV. NP size analysis was performed using the Fiji software. The
diameter of each NP identified in a representative image was
determined manually along three arbitrary directions across the
NP and averaged.

Structure factor simulations

For the initial ZnO and the early-stage sulfur-doped ZnO NCs,
PXRD patterns were simulated using the program PowderCell.
The program performs a structure factor calculation using
crystal symmetry, lattice parameters, atomic positions, site
occupancies and Debye-Scherer broadening as input parame-
ters. Input parameters for each simulated pattern are presented
in Table 2. The X-ray wavelength was set to 1.54 A corresponding
to Cu K, radiation. The starting model was ZnO in a wurtzite

Table 1 Elemental composition of the NPs at key stages in the
sulfidation

Stage S/Zn, molar ratio
Initial (ZnO) 0

Intermediate (1.99 pmol of $>~ added) 0.27

Final (ZnS) 1.06

RSC Adv., 2018, 8, 34476-34482 | 34477
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Table 2 Crystallographic parameters for structure factor simulations shown in Fig. 2b and d
Wycoff Site occupancy {002}/{101}

S/Zn molar ratio Element position x y z factor (SOF) intensity
0.00 o 2b 0.3333 0.6667 0.6600 1.00 0.72

n 2b 0.3333 0.6667 0.2200 1.00
0.10 o 2b 0.3333 0.6667 0.6600 0.90 0.77

S 2b 0.3333 0.6667 0.6600 0.10

Zn 2b 0.3333 0.6667 0.2200 1.00
0.11 o 2b 0.3333 0.6667 0.6600 0.89 0.77

S 2b 0.3333 0.6667 0.6600 0.11

n 2b 0.3333 0.6667 0.2200 1.00
0.19 o 2b 0.3333 0.6667 0.6600 0.81 0.81

S 2b 0.3333 0.6667 0.6600 0.19

Zn 2b 0.3333 0.6667 0.2200 1.00
0.24 o 2b 0.3333 0.6667 0.6600 0.76 0.84

S 2b 0.3333 0.6667 0.6600 0.24

Zn 2b 0.3333 0.6667 0.2200 1.00
0.29 o 2b 0.3333 0.6667 0.6600 0.71 0.86

S 2b 0.3333 0.6667 0.6600 0.29

Zn 2b 0.3333 0.6667 0.2200 1.00

lattice, characterized by the space group P63mmc. The O and the
Zn atoms were placed in the 2b Wycoff positions. The lattice
parameters were set to 3.247 A and 5.179 A along the a and the ¢
crystallographic directions, respectively, which provided the
closest fit to the peak positions of the experimentally measured
pXRD reflections of the wurtzite ZnO NPs. These lattice
parameters, while close to the known parameters of bulk ZnO (a
=3.250 A and ¢ = 5.204 A),* are marginally smaller, which may
be explained by a small degree of compressive strain in the NPs.
A peak-dependent Debye-Scherer broadening (FWHM) of 0.79°
was applied at a 26 of 20°, along with a Lorentzian peak profile.
The pXRD pattern simulated with these parameters matched
the experimental pattern of the initial ZnO NPs, especially in
terms of the {002}:{101} peak intensity ratio. For sulfur-doped
ZnO NCs, the structure was modeled by substitution of a frac-
tion of the O~ by S> in the 2b Wycoff positions. Four different
S/Zn molar ratios of 0.1, 0.11, 0.24, and 0.29 were tested,
simulated pXRD patterns of which matched experimental
patterns (in terms of the {002}:{101} peak intensity ratio) of the
NPs at added S*~ amount of 0.4, 0.79, 1.99, and 2.78 pmol,
respectively.

Results and discusions

The ZnO NPs, synthesized by a known procedure,® had an
average size of 4.7 nm (Fig. 1a and b) as found from TEM and
a wurtzite structure as shown by their pXRD pattern (Fig. 2a,
dark purple curve). The NPs were subject to sulfidation with
Na,S in ethanol at 45 °C. The sulfidation was performed as
a titration, wherein molar aliquots of Na,S were added in a step-
wise manner. Upon cumulative addition of 11.9 umol of Na,S or
$*7, the ZnO NPs underwent complete sulfidation. This is evi-
denced by the complete loss of diffraction peaks of wurtzite ZnO
and the appearance of the {111} and {220} reflections of zinc-
blende ZnS in the pXRD pattern (Fig. 2a, brown curve). In the
elemental analysis (Table 1) of the final-stage NPs, a S/Zn molar
of ca. 1 was measured, which supports the complete sulfidation

34478 | RSC Adv., 2018, 8, 34476-34482

of ZnO NPs to form ZnS. TEM showed ZnS NPs with an average
size of 2.7 nm, significantly smaller than the size of the starting
ZnO NPs. The smaller grain size of the ZnS is also reflected in
the greater Debye-Scherer broadening of the pXRD peaks of the
final-stage ZnS NPs (Fig. 2a, brown curve) as compared to those
of the starting ZnO NPs (Fig. 2a, dark purple curve). From the
Debye-Scherer broadening of the {111} peak (26 = 29°, FWHM
= 3.79°) of the final ZnS NPs, we estimated the NP size D:

- 094
" FWHM in radians x cos 6

D

to be 22.6 A or 2.3 nm. 1 is the incident X-ray wavelength of 1.54
A. The size estimated from pXRD is close to the one estimated
by TEM (Fig. 1d).

At each step of the titration, the NP colloid was characterized
by UV-vis extinction spectrophotometry (Fig. le) and pXRD
(Fig. 2a), which shed light on the manner of sulfidation. The
starting ZnO NPs exhibited an extinction spectrum with an
exciton peak around 3.66 eV. This excitonic peak reflects the
band-gap of these NPs, which is smaller than the bulk value® of
3.37 eV due to the effect of quantum confinement.

With the sequential addition of $>~ in the range of 0-1.99
pumol, the ZnO exitonic peak shifted to lower energies (Fig. 1f).
This shift cannot be attributed to the formation of ZnS. ZnS has
a higher band-gap than ZnO,** so ZnS formation would have
resulted in a shift to higher energies. Moreover, pXRD showed
that, in the 0-1.99 umol range of added S>~, the NPs maintain
their wurtzite ZnO structure (Fig. 2a) and no diffraction peaks
related to ZnS are observed. However, elemental analysis of the
NPs obtained by treatment with 1.99 umol of S* revealed a S/Zn
molar ratio of 0.27 (Table 1). Thus, the ZnO NPs appear to be
significantly sulfur-doped. Such sulfur doping can explain the
red-shift of the exciton peak. Zinc oxysulfides, ZnO, _,S,, with x
= 0-0.3 are known to have a lower band gap than ZnO due to the
effect of band-bowing.** If the sulfur-doping were to be limited
to an outer shell of each NP, the resulting intermediate-stage
NPs would consist of a shrunken ZnO core surrounded by

This journal is © The Royal Society of Chemistry 2018
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Fig.1 (a) Representative TEM image of the synthesized ZnO NPs, (b) histogram of NP diameter for n = 120 NPs showing an average of 4.7 nm with

a standard deviation () of 0.5 nm. (c) Representative TEM image of the synthesized ZnS NPs, (d) histogram of NP diameter for n = 40 NPs showing an
average of 2.7 nm with a standard deviation (¢) of 0.6 nm. (e) Absorbance spectra (hormalized from 0 to 1 in the 270-380 nm range) of the colloid at
various stages of ZnO NP sulfidation, in terms of the moles of Na,S added. The exciton peak positions of the initial ZnO NPs and the final ZnS NPs are
marked by the vertical dotted lines. (f) The ZnO NP and the ZnS NP exciton peak energies in eV plotted as a function of the moles of Na,S added. The
exciton peak energies were extracted from the absorbance spectra in (e), which were first subject to manual baseline subtraction, without which it is
difficult to discern from the plotted spectra the broad and weak ZnS exciton peak at the early stages of sulfidation.

a ZnS shell. Such NPs would exhibit a blue-shifted ZnO exciton
peak as compared to the exciton peak of the initial ZnO NPs. On
the other hand, we observe a red-shift of the ZnO exciton peak at
the early stages in the sulfidation (Fig. 1f, bottom panel), which
is consistent with the attainment of an oxysulfide composi-
tion.** In other words, the sulfur-doping extends across the NP
lattice.

Further confirmation of and insight into the sulfur-doping of
the ZnO NPs at the early stages of the sulfidation (0-2.78 pmol
of $>7) is obtained from a closer analysis of the pXRD findings.
We performed pXRD simulations (Fig. 2d) of sulfur-doped ZnO
lattices, where a fraction of the 0>~ anions were replaced by $*~,
without any other modification of the wurtzite structure. The
simulated pXRD patterns of sulfur-doped ZnO resemble the
simulated pattern for wurtzite ZnO (Fig. 2d). However, there is
one difference: the ratio of the {002}:{111} peak intensity is
higher for the sulfur-doped ZnO NPs as compared to the
undoped ZnO NPs. Larger the S/Zn molar ratio (Fig. 2d), greater
is the ratio of the {002}:{111} peak intensity. This computed
trend matches with the trend observed in the experimental
PXRD, as shown in Fig. 2b. Thus, the pXRD analysis confirms
that at the early stages of the sulfidation, the ZnO NPs undergo
substitutional doping by sulfur. Simulations predict that NPs
subject to 1.99 pmol S*~ have a S/Zn molar ratio of 0.24, which is
close to the elemental analysis findings (Table 1).

At the point of 2.78 pmol added >, a broad absorption peak
emerged at higher energies, i.e., 4.6 eV. This peak can be
attributed to newly formed ZnS NPs. After all, ZnS is known to

This journal is © The Royal Society of Chemistry 2018

have a higher band-gap than Zn0O.** Upon further addition of
$>7, the newly emerged excitonic peak increased in absorbance
and shifted to lower energies (Fig. 1e and f). Alongside, the ZnO
exciton peak decreased in strength until it was fully extin-
guished. These spectral trends can be explained by the
following manner of sulfidation.

A small ZnS domain nucleates from the heavily sulfur-doped
ZnO NPs. The considerably higher excitonic peak energy of
4.6 eV relative to the bulk ZnO band-gap* of 3.72 eV suggests
that the nucleated domain is ultrasmall. As more S*>~ becomes
available, the ZnS domains grow further, which is manifested in
the red-shift of the ZnS excitonic peak and increase in its
absorbance (Fig. 1e and f). Concomitantly, the ZnO domains,
which serve as the source of Zn, shrink in volume, which is
reflected in a small blue-shift of the ZnO excitonic peak along
with a decrease in its absorbance beyond 3.57 umol added S>.
Eventually, the ZnO excitonic peak was fully extinguished. The
final ZnS NPs exhibited a spectrum with a single excitonic peak
at 3.94 eV, corresponding to small NPs.

The pXRD results provide further support to the above-
described mechanism of sulfidation in the post-doping stages.
At 4.37 pmol of added $>7, a broad peak appeared at the posi-
tion corresponding to the major {111} reflection of zincblende
ZnS, which serves as a structural indicator of ZnS nucleation.
This diffraction peak grew in relative intensity and also nar-
rowed with increasing addition of $*>~, which would be consis-
tent with a growth in ZnS domains. Alongside, with increasing
addition of S>7, the wurtzite ZnO diffraction peaks became

RSC Adv., 2018, 8, 34476-34482 | 34479
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Fig. 2 (a) Experimental pXRD patterns (baseline subtracted) are shown for NPs at various stages of the sulfidation transformation from wurtzite
ZnO to zincblende ZnS, indicated by the moles of Na,S added. Peaks are assigned to major reflections, as labeled by the {hkl} Miller plane
notation, with wurtzite ZnO reflections shown by purple sticks and zincblende ZnS ones by brown sticks. (b) The {002}:{101} peak intensity ratio
from experimental patterns (black data points) and from simulations (red data points) plotted at the early stages of sulfidation. Lines are meant to
guide the eye. (c) A magnified view of the experimental pXRD patterns plotted to highlight the peak reflection changes occurring in the early
stages of sulfidation: 0, 0.4, 0.79, 1.99, and 2.78 pmol of $>~. The color legend is the same as that of (a). (d) Simulated pXRD patterns for NCs at
early stages of sulfidation, plotted with the same magnified view as that in (c). The legend specifies the molar ratio of S/Zn used in the pXRD
simulation. The crystallographic parameters used for the pXRD simulations at each stage are tabulated in Table 2. All patterns are shown vertically
stacked and major reflections are labeled by the {hk{} Miller plane notation.

gradually weaker in relative intensity, until they were fully by nucleation and growth of separate ZnS domains, a process
extinguished. The final pXRD pattern is indicative of NPs in expected to be replete with inherent heterogeneities.

a single ZnS phase, as also confirmed by the elemental analysis

(Table 1). The final ZnS NPs appear to have a broader size .

dispersion (Fig. 1d, standard deviation of 22%) as compared to Conclusion

that of the initial ZnO NPs (Fig. 1b, standard deviation of 11%).

The final NPs are formed by sulfur-doping of ZnO NPs followed The scheme in Fig. 3 summarizes the mechanism of sulfidation

that is drawn from the results taken as a whole. The sulfidation

ZnS

& growth TR

Sulfur-doped ZnO

Fig. 3 Pictorial depiction of the atomistic mechanism of sulfidation. Zn atoms are shown in yellow, O in green, and S in red. The structures were
generated in Vesta software. The ZnO crystallite was based on a wurtzite (W) P63mmc unit cell containing 2592 atoms. The sulfur-doped
crystallite was made by replacing some of the O atoms by S atoms. The ZnS crystallite is based on zincblende (ZB) F43m structure containing
1963 atoms. The morphologies and shapes of the final ZnS NPs formed by the nucleation-growth mechanism do not bear a topotaxial rela-
tionship with the initial ZnO NPs.
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of ZnO NPs is preceded by a stage where the NPs undergo
substitutional doping by S>~. The wurtzite ZnO lattice remains
otherwise unmodified in its structure. Above a concentration of
ca. 30 mol% S*~ dopants, ZnS nucleates from the ZnO. The
threshold concentration probably corresponds to the solubility
limit of S*~ in ZnO. As more S*~ becomes available, ZnS
domains grow by supply of Zn** from ZnO. The O*>" diffuses
into solution. Thus, the complete phase transformation of the
NPs from ZnO to ZnS cannot be considered simply as a top-
otactic exchange of anions in analogy to cation exchange reac-
tions.***” Rather the post-doping stage sulfidation is more akin
to a dissolution-reprecipitation process known in mineralogy,*®
although the reprecipitation (nucleation-growth of ZnS) may
occur in interfacial contact with the sulfur-doped ZnO NPs. The
ZnS NPs formed from the nucleation-growth process share
neither the crystallographic structure nor the morphology or
size of the initial ZnO NPs. In topotactic sulfidation, the
differences between the equilibrium unit cells of ZnO and ZnS
would result in lattice strain and stress; in sulfidation occurring
via the reprecipitation-like mechanism found here, such
stresses and any resulting thermodynamic or kinetic bottle-
necks in the solid-state transformation would be relieved. This
mechanism of sulfidation must be taken into consideration
when developing small ZnO NP-based sorbents for uptake of
sulfur compounds from fuels. The major restructuring involved
in going from the oxide to the sulfide can have major implica-
tions for the engineering design and operation of NP-based
sorbent columns.
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