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The tunable fluorescence and biocompatibility of fluorescent carbon nanoparticles (FCNs) makes them
appealing tracers in geothermal, environmental, and clinical applications. Here, we address FCNs syn-
thesized from reaction and pyrolysis of citric acid and ethanolamine. We examine the fluorescence and
the adsorption of these FCNs as critical parameters that influence their use in applications. FCN fluo-
rescence was observed to develop during pyrolysis and measured at pyrolysis temperatures ranging from
190 to 250 °C. Transmission electron microscopy shows that the FCN average diameter of approximately
13 nm is unaffected by pyrolysis temperature. However, pyrolysis temperature strongly affects fluores-
cence, which peaks at 210 °C. The surface hydrophobicity of the FCNs increases with pyrolysis temper-
ature as measured by retention on reverse phase chromatography. Together, these results suggest that
particle surface functionalities provide both fluorescence and hydrophilicity, and that these surface
functionalities are destroyed with excessive pyrolysis. To examine their surface adsorption, quartz crystal
microbalance measurements demonstrate that pyrolysis temperature increases FCN adsorption on
mineral surfaces. Surfaces with greater hydrophobicity show greater FCN adsorption. Adsorption is
unaffected by the presence of mono- or divalent ions in solution. This suggests adsorption by hydro-
phobic interaction for the Fe;03, SiO,, and AlSiO surfaces studied.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction carbon typically found in FCNs can be prepared through physical or

chemical methods [2]. Chemical approaches encompass a wider

Fluorescent carbon nanoparticles (FCNs) have garnered signifi-
cant attention in the past decade due to their unique optical
properties, ease of synthesis, and biological and environmental
compatibility. [1-5] Their optical properties include excitation-
dependent emission, high photostability, and high quantum yield,
on par with other nanomaterials produced using semiconductor
materials (e.g., quantum dots) [3,6]. Benefiting from their quick
synthesis and desirable properties, FCNs have been employed in
biological sensing and imaging, demonstrating their low toxicity
and biocompatability [2,3,7,8]. The fluorescent, nanoscale graphitic
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diversity of methods including oxidation of soot [9,10], electro-
chemical methods [11,12], and treatment of graphitic carbon (e.g.,
graphene, graphite) [13—15]. One of the most accessible chemical
methods to produce FCNs is through pyrolysis or carbonization of
carbon sources, which have varied in complexity from molecular
approaches [16—19] to polymeric biomaterials [20—22]. Some have
shown impressive quantum yields up to 60% [18,19,23,24]. Of these
approaches, the pyrolysis of citric acid with other molecular pre-
cursors has emerged as an inexpensive and scalable manner to
produce FCNs [4,16,18,19,23—25].

One emerging application for FCNs has been their use as
nanoparticle tracers in the characterization and diagnosis of sub-
surface fluid transport [26—31]. Tracers can be used in inter-well
flow experiments to determine the residence time distribution of
flow, to approximate porosity, or to identify channeling events
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[30,31]. These flow regime properties have important implications
for heat transfer, diffusional exchange, or chemical reaction rates.
Overall, understanding these properties in groundwater systems is
important for many applications including oil and gas, geothermal
energy, environmental remediation, and in situ leaching [30,32,33].
Ionic tracers such as bromide and chloride salts, deuterated water,
and molecular species such as aromatic acid derivatives have been
commonly employed [34,35]. However, diffusion of these tracers
into non-flowing or “stagnant” fluid-filled regions can lead to sig-
nificant misinterpretations of the residence time of flow [36,37].
Further complicating matters, halide tracers may undergo ion ex-
change reactions with clays and other minerals [33,38,39].

Nanoparticles (e.g., FCNs) have limited diffusion into stagnant
pores due to their larger size, and therefore hold significant po-
tential as conservative tracers for groundwater systems [31,40,41].
However, the development of noninteracting conservative tracers
is challenging as most nanoparticle formulations adsorb to sub-
surface structures, which can complicate their breakthrough curve
and use for the analysis of subsurface flow [26,30,37,38,42].
Adsorption to mineral surfaces can also be difficult to decouple
from the stability of the FCNs (i.e., resistance to agglomeration), as
both are affected by pH and ionic strength of the media [43,44].

FCNs synthesized from citric acid and ethanolamine are unique
because of their low adsorption to mineral surfaces and high sta-
bility under various temperature and salinity conditions in com-
parison to other nanoparticles [26]. Researchers have evaluated
several nanoparticle tracer formulations showing varying degrees
of stability and inert transport including functionalized silica [45],
paramagnetic iron-oxide [46], titanium oxide [47], and fullerene
nanomaterials [48]. Previously, multiple FCN formulations were
contrasted by measuring adsorption on calcite in various brine
compositions. When divalent salts are present, patches of calcite
surfaces become positively charged [27]. For some types of nano-
particles (including silica and malic acid/ethanolamine FCNs) this
can result in significant retention on calcite surfaces. However, the
formulation studied here (citric acid/ethanolamine FCNs) were
found to have remarkably little retention on calcite matching the
conservative bromide tracer in column retention tests, even with
high concentrations of monovalent or divalent salts [26]. This
stands in contrast to the adsorption of FCNs prepared with ethylene
diamine, which likely carry some residual positive charge and pH
dependence, even though they achieve higher brightness and
quantum yield (QY) [26,37].

Low adsorption of citric acid/ethanolamine FCNs has also been
shown in the field. Remarkably minimal adsorption was observed
in a in a major field test carried out at the Ghawar reservoir. The
FCNs were slightly less retained than the best inert (not-adsorptive)
chemical tracers when deployed in a >2 year test between wells
400 m apart at >100 °C in the carbonate Ghawar field in Saudi
Arabia [28,29,49]. These FCNs also proved to be non-adsorptive in
several smaller scale field tests in silicate rocks. They performed
equivalently to bromide and chloride tracers in all the field tests we
have carried out in silicate formations [38,39].

However, this promising work has suffered from a lack of
fundamental understanding of the mechanism behind interaction
with mineral surfaces. This understanding could lead to further
optimization of FCN surface properties to produce ideal nano-
particle tracers. To minimize subsurface adsorption, the nano-
particle surface properties need to be considered. Previous work
has demonstrated that size, charge, and hydrophobicity are key
parameters that dictate the nanoparticle interaction with proteins,
membranes, and other interfaces [50—53]. The minimal adsorption
of critic acid/ethanolamine FCNs has been previously attributed to
their near neutral surface charge ({-potential near zero), small size,
and highly hydrophilic decoration of the particles (see Table S1 for

compiled properties) [26—29]. However, nanoparticle surface hy-
drophobicity has also been seen to strongly influence these in-
teractions, increasing protein adsorption [54—56] and immune
modulation [57—59]. Thus, researchers have developed generaliz-
able methods to characterize nanoparticle hydrophobicity to
further understand and quantify its impact on function [60—62].
The characterization of nanoparticle surface hydrophobicity thus
appears as an important parameter to limit their interfacial in-
teractions with mineral surfaces. While our goal is to optimize
these nanoparticles for inert subsurface transport, our methods for
understanding and tuning surface interactions can be used in other
applications including environmental remediation [63—65].

Here, we seek to further optimize citric acid/ethanolamine FCNs
by minimizing their adsorption on various mineral surfaces, and
also to investigate particle fluorescence and particle size as
controlled by pyrolysis temperature [16]. Prior investigation indi-
cated that a lower temperature pyrolysis provided stronger fluo-
rescent brightness by quantum vyield compare to other
formulations, which we will expand upon [16]. Citric acid/etha-
nolamine FCNs are synthesized at multiple pyrolysis temperatures
from the same ethanolamine and citric acid precursor. After careful
dialysis, the spectral properties are measured to determine the
pyrolysis temperature that maximizes fluorescence. As nano-
particle surface charge has already been quantified to be neutral,
measurement of nanoparticle surface hydrophobicity was
completed by reverse-phase high-performance liquid chromatog-
raphy, showing increased nanoparticle hydrophobicity with py-
rolysis temperature. The increases in surface hydrophobicity
correspond to increases in nanoparticle adsorption measured by a
quartz crystal microbalance with dissipation monitoring (QCM-D).
The adsorption is greater on more hydrophobic surfaces. The FCN
adsorption is thus due to hydrophobic interactions between the
nanoparticles and the surface. Overall, this work demonstrates that
many properties of fluorescent carbon nanoparticles are related to
their synthetic process parameters, which can lead to their opti-
mization as subsurface nanoparticle tracers. Our results also apply
beyond nanoparticle tracers, illustrating how nanoparticle fluo-
rescence and hydrophobicity can be both tuned and characterized.

2. Materials and methods
2.1. Preparation of fluorescent carbon nanoparticles (FCN)

The synthesis procedure from Krysmann 2012 was replicated
[16]. Citric acid monohydrate (Sigma Aldrich) was combined with
ethanolamine (EMD Millipore) in a 1:3 M ratio as a neat mixture in
a round bottom flask. The flask was heated in a round bottom
mantle with a temperature controller. An air-cooled reflux
condenser was attached to condense any evaporating ethanol-
amine. The round bottom flask was stirred at 160 °C for 30 min
(~5 min of heat-up time), during which the reaction turned bright
yellow and then brown. The impure glassy yellow-brown liquid
was highly water soluble and will be referred to as the precursor
(see Fig. 1). Several grams of the precursor were pyrolyzed in a glass
beaker in a preheated atmospheric pressure oven at various tem-
peratures (190 °C, 210 °C, 230 °C, or 250 °C) for 2 h. The dark, so-
lidified material was cooled, dissolved in a minimal amount of
deionized water, and dialyzed against deionized water to remove
small molecules (Snakeskin, 3.5 kDa MWCO) [4,16]. The dialysis
was performed for approximately 1 week with the water changed
at least every 24 h, and terminated when minimal fluorescence was
detected in the dialysate. The nanoparticles were then lyophilized
for at least 48 h, resulting in a light fluffy solid that was sealed in a
desiccator to prevent re-hydration.
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Fig. 1. Synthetic scheme used to form the precursor through the condensation of citric acid and ethanolamine at 160 °C. The precursor was then pyrolyzed across a variety of
temperatures, dialyzed, and lyophilized to obtain the light, fluffy, solid fluorescent carbon nanoparticles illustrated. (A colour version of this figure can be viewed online.)

2.2. High performance liquid chromatography (HPLC)

HPLC was used to characterize the hydrophobicity of the parti-
cles and the precursor from their retention on reverse phase (C18)
silica. HPLC was performed on an 1100 Series Agilent HPLC system
using a reverse phase Agilent Eclipse Plus C18 column
(4.6 x 150 mm, 5 um) at 40 °C. Solvents for HPLC were water with
0.1% trifluoroacetic acid (solvent A), and acetonitrile with 0.1% tri-
fluoroacetic acid (solvent B). Compounds were eluted using a
standardized gradient of 3.17 %B/min at 1 mL/min, starting at 5%
AcN ramping to 100% in 30 min.

2.3. Quartz crystal microbalance with dissipation monitoring
(QCM-D)

A mineral crystal sensor chip of specified composition (SiO-,
Fe,03, or AlSiO from Q-Sense, Sweden) was cleaned in UV-Ozone
Procleaner (Bioforce, USA) for 20 min to remove any organic
contamination and then loaded into a quartz microbalance with
dissipation monitoring (Qsense E1, Biolin Scientific, Stockholm,
Sweden). The sensor chip was then equilibrated and autotuned
under flow of either water or saline solution (50 mM NaCl or 50 mM
CaCly) using a peristaltic pump (Ismatec Reglo Digital M2-2/12, Q-
Sense, Switzerland) at 100 pL/min. Once equilibrated, samples were
injected and flowed across the sensor chip and the signal response
was collected. After each run, the sensor chip was cleaned by
sonicating in 2% sodium dodecyl sulfate for 20 min, rinsing thor-
oughly with water, and drying with nitrogen. Duplicate runs were
collected for all conditions shown. FCN adsorption was calculated
using the Sauerbrey relation for rigid films [66].

3. Results and discussion

Fluorescent carbon nanoparticles (FCN) were prepared from
citric acid and ethanolamine as previously described [16]. The
condensation of ethanolamine and citric acid at 160 °C as a neat
mixture produced the “precursor,” which was examined by 'H and
13C nuclear magnetic resonance (NMR) as well as liquid chroma-
tography mass spectrometry (LCMS). The precursor predominantly
consisted of the triamide product of the condensation, with some of
the diamide product detected by LCMS (see Figs. S1, S2, and S5). An
additional product was also observed from the reaction that
matches an additional loss of water and ethanol in an intra-
molecular condensation from the triamide product. This result
suggests that additional condensation reactions can occur in the
precursor preparation process.

The precursor was pyrolyzed across a range of temperatures
from 190 °C to a maximum of 250 °C (Fig. 1), dialyzed, and lyoph-
ilized. These pyrolysis temperatures were chosen because previous
investigation indicated higher fluorescence was observed around
230 °C, lower than some other formulations [16]. As previously

reported, dialysis is crucial for “bottom-up” synthesis of FCNs to
remove highly-fluorescent small molecule contaminants from the
nanoparticles in the mixture [4]. The mass yield was assessed and
found to be 2%, 4%, 7%, and 26% for the 190 °C, 210 °C, 230 °C, and
250 °C pyrolysis conditions, respectively. These relatively low yields
indicated significant removal of smaller particles or unreacted
small molecules during dialysis. The mass yield increases with
pyrolysis temperature, which is in agreement with a pyrolysis
mechanism of molecular agglomeration and polymerization via
imide bonding, forming structures large enough to be retained
during dialysis [16].

Upon synthesis, the FCNs were characterized for their size and
dispersity by transmission electron microscopy (TEM). The images
were analyzed using the Image ] program to obtain particle size
distributions for each pyrolysis temperature. At least 70 particles at
each pyrolysis temperature were analyzed, using between three
and five images. The particle sizes were not statistically different
from each other; all centered at approximately 13 nm diameter,
with a significant right skew to the distribution (Fig. 2A). This is in
general agreement with previous work, which reported mean
particle size of 19 nm for this formulation [16]. Dynamic light
scattering (DLS) to determine particle size was attempted, but the
carbon nanoparticles demonstrated weak scattering that was
insufficient to analyze, even at higher nanoparticle concentrations.
Raw correlograms are included the Supporting Information
(Fig. S7) indicating the increases in sample concentration reduced
the construction of the correlogram, likely indicating strong sample
absorbance. Thus, {-potential measurements of the FCNs were not
readily made, though previous work has shown them to be near-
neutral with a reported surface charge of —1.5 + 2.0 mV
and —0.88 + 3.4 mV in DI water at pH 7.35 and in 2.21 M Nad],
0.74 M CaCl,, 0.18 M MgCl, pH 6.34, respectively [26,37]. Never-
theless, all pyrolysis temperatures yielded gram quantities of final
fluorescent carbon nanoparticles of the expected size (~13 nm).

Since this formulation of fluorescent carbon nanoparticles
(FCNs) has previously demonstrated low mineral surface adsorp-
tion [26], attention was first drawn toward understanding more
about the fluorescence mechanism. First, the FCNs were analyzed
for their absorbance and fluorescence. Excitation and emission
curves of the FCNs demonstrated an emission maximum at 466 nm
best excited at 376 nm (Fig. S8). A working concentration range was
determined where the fluorescence was observed to have a linear
response (Fig. S9). With these basic parameters, the precursor was
examined in detail by reverse phase HPLC with an in-line absor-
bance and fluorescence detector (Fig. 3A). This examination
revealed that a major peak in absorbance at 230 nm appearing at
3.5 min had little to no fluorescence. Other smaller peaks observed
by absorbance at 230 nm had significantly higher fluorescence. This
result suggests that the triamide product in the precursor is
nonfluorescent, and that pyrolysis was necessary to develop the
fluorescence of the FCNs. For further verification, the peak within
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Fig. 2. A. FCN size distribution as revealed by analysis of B. transmission electron
microscopy images. Multiple images were compiled for analysis such that n = 333, 70,
238, and 94 nanoparticles were analyzed from the 190 °C, 210 °C, 230 °C, and 250 °C
pyrolysis conditions, respectively. (A colour version of this figure can be viewed
online.)

the green shaded area was collected and analyzed by 'H NMR
(Figs. S3 and S4) and also for its fluorescence. This verified that the
triamide product and diamide product were nonfluorescent
(Fig. 3B).

Fluorescence intensity of the nanoparticles increased with py-
rolysis temperature up to a peak at 210 °C (Fig. 3B). However, at a
pyrolysis temperature of 230 °C and above, fluorescence intensity
dropped dramatically. This intensity tracked well with the quantum
yield determined to be 11%, 16%, 10%, and 4% for 190 °C, 210 °C,
230 °C, and 250 °C, peaking at modest pyrolysis temperatures and
matching literature reports for this formulation (see Table S1). A
similar transition is also observed in the broadness of the absor-
bance curves of the FCNs seen in Fig. 3C. Specifically, a narrow
absorption band appears at 342 nm within the FCNs produced at
190 °C and 210 °C that is only weakly observed in the precursor and
not at all in the purified diamide/triamide product. This absorption
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band is then abolished at pyrolysis temperatures of 230 °C and
above, coinciding with the decrease in fluorescence. The absorption
spectra broadening at these high pyrolysis temperatures suggests
diversification of absorptive functional groups. Also, there is a slight
redshift of the fluorescence emission as the pyrolysis temperature
increases, in agreement with previously reported observations [16].
The peak emission wavelength was approximately 465 nm for the
190 °C particles and was shifted to approximately 475 nm for the
250 °C particles, though this shift was small relative to the peak
width (Fig. S8).

During pyrolysis, the additional energy can drive further
chemical reactions (e.g., condensation). The presence of amide and
imide groups originally observed by Krysmann et al. [16] was
supported by FTIR in all FCN species (Fig. S10). Further condensa-
tion can produce the m-conjugated systems common to fluorescent
species, similar to the development of citrazinic acid derivatives in
other FCN formulations. [5,19,24,67] If the pathway suggested by
Song et al. [67] is followed, an additional condensation step will
provide an unsaturated ring. Examination of the precursor LCMS
revealed that an additional product can be identified that has un-
dergone an intramolecular condensation within the precursor
mixture, removing water and ethanol (Fig. S5). However, while it
could have developed fluorescent species, the pyrolysis can also
lead to the carbonization of the FCN species evolving volatile
electronegative functional groups such as ammonia and carbon
dioxide. Also, fluorescence of FCNs can arise from multiple edge or
surface trapped states of the core graphitic carbon, possibly
comprising multiple absorptive states [16,68—70] that appear as
broadening in the absorption spectra in Fig. 3C. Additionally, the
broadening of absorbance spectra matches the darkening of FCNs
themselves as seen in Fig. 1. X-ray photoelectron spectroscopy
(XPS) of the precursor and samples provided further insight into
the elemental analysis of the FCNs. The carbon content of the FCNs
steadily increased with pyrolysis temperature while oxygen con-
tent decreased, as observed in both survey scan data and decon-
voluted spectra (Figs. S11 and S12). Nitrogen content remained
relatively constant from precursor to 250 °C. This additionally
supports the loss of electronegative nitrogen and oxygen groups as
pyrolysis increases. Overall, the fluorescence maximum at 210 °C
may be attributed to the optimal development of fluorescent sur-
face groups with pyrolysis. The XPS data also captures the coin-
ciding buildup of carbogenic species, which increase with further
pyrolysis, but are less fluorescent than the fluorophores. Overall,
these data suggest that the fluorescence for this FCN formulation is
created optimally at 210 °C and then diminished under harsher
pyrolysis conditions.

The pyrolysis temperature clearly affects the FCN fluorescence
properties, likely through changes in chemical composition. In turn,
the pyrolysis temperature can be expected to affect the nano-
particle surface properties, which could affect their adsorption on
mineral surfaces. As mentioned, nanoparticle surface hydropho-
bicity is a key modulator of the nanoparticle interface, affecting
protein adsorption [54—56] with broader implications as hydro-
phobicity continues to be understood and engineered at inorganic
interfaces [52,53,71]. Several methods were available generally
including the measurement of partition coefficients of either
adsorbed fluorophores (e.g., Rose Bengal) or of the FCNs themselves
[60]. However, fluorescence measurements might not represent the
nanoparticle partitioning well if the nanoparticles are heteroge-
neous. If the molecular fluorophores suspected from the spectral
data were hydrophilic, then the partition would skew toward the
hydrophilic phase. Recently, researchers have been able to directly
quantify nanoparticle surface hydrophobicity, though the creation
of engineered surfaces is required [61,62]. Additionally, chromato-
graphic methods have been explored to examine FCNs by reverse
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phase [72,73] and anion exchange [74], which can quickly examine
the entire nanoparticle population with standard analytical
methods. Arguably, modern analytical chromatography columns
should provide reproducible engineered surfaces, though a
fundamental understanding of their retention and elution has not
yet been achieved [61,62].

Inspired by these methodologies, we investigated nanoparticle
surface hydrophobicity by retention on reverse phase (C18) HPLC
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Fig. 4. Analysis of FCNs surface interactions by retention adsorption. A. Analytical
high-performance liquid chromatography (HPLC) demonstrates retention and
adsorption of FCNs using a C18 column from different pyrolysis conditions (250 pg
injection, 1 mL/min, 3.17% AcN/min gradient with 0.1% TFA). Increased retention time
indicates an increase in the relative hydrophobicity. The 360 nm absorbance is re-
ported for the FCNs and the 230 nm absorbance is reported for the precursor, as shown
in Fig. 3A. Fluorescence for the FCN runs was not available. B. Quartz crystal micro-
balance with dissipation monitoring (QCM-D) measurements of the adsorption of
0.05 mg/mL FCNs using a silica (SiO;) sensor chip under flow (100 puL/min in 50 mM
CaCl,). (A colour version of this figure can be viewed online.)

(Fig. 4A). The fluorescent carbon nanoparticles were retained more
than the precursor itself. Moreover, the FCNs showed greater
retention as the pyrolysis temperature was increased, suggesting
that the FCNs produced at higher temperature (e.g., 230 °C and
250 °C) have a more hydrophobic surface. Coupled with the spec-
tral results discussed previously (Fig. 3), this also indicates that the
functional groups that help produce the FCN fluorescence are likely
hydrophilic. As the pyrolysis continues, functional groups that
carbonize to evolve off ammonia or carbon dioxide and elemental
carbon coincide with increased hydrophobicity.

In addition to examining the surface hydrophobicity, the
adsorption of the FCNs to mineral surfaces was measured directly
using a quartz crystal microbalance with dissipation monitoring
(QCM-D) (Fig. 4B). Material adsorbed onto the resonator surface
decreases the resonance frequency of the chip, allowing for sensi-
tive measurement of adsorption mass per unit area [75]. The FCNs
pyrolyzed at 190 and 210 °C showed little to no adsorption, while
the FCN pyrolyzed at higher temperatures (230 and 250 °C) showed
significant adsorption over baseline. Additional experiments pro-
bed the adsorption and desorption as a function of sample con-
centration using the FCNs prepared with 230 °C pyrolysis (Fig. S13).
These experiments demonstrate a nonlinear adsorption with very
little desorption. Silica and the slightly negatively charged FCNs are
generally considered to be hydrophilic [26]. The adsorption agrees
with the extended retention of the FCNs seen with HPLC in Fig. 4A.
Together, these data suggest that a pyrolysis temperatures >230 °C
increased the hydrophobicity of the FCNs and promoted their
adsorption. As the pyrolysis proceeds at higher temperature, the
carbonization could also be removing hydrophilic groups that
would otherwise promote surface hydration of the FCNs, including
those functional groups responsible for fluorescence. A relationship
between fluorescence and hydrophilicity was also suggested by
comparison of FCNs synthesized with malic and citric acid [27].

QCM-D experiments were conducted with the addition of both
mono- and divalent salt (Fig. S14), which can influence nano-
particle adsorption if the adsorption is electrostatic in nature
[26,43]. No significant difference was observed upon the addition of
either mono- or divalent salt. This result indicates that the
adsorption is not mediated by charge attraction, which could be
screened by monovalent salt or promoted by divalent salts. Thus,
this result is also in agreement that the adsorption is mediated by
hydrophobicity of the FCNs.

Finally, the adsorption of the FCNs to the hydrophilic silica (SiO3)
QCM-D sensor chip suggests that other mineral surfaces could
experience FCN adsorption. Thus, Fe;03 and AlSiO coated QCM-D
sensor chips were examined for FCN adsorption. These chips are
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analogues for hematite (iron oxide) and kaolinite, respectively
(Fig. 5A). The adsorption increased with the oxygen content of the
chip (Fe;03 > SiO, > AISiO). Static contact angle measurements
taken (water-air-surface) on the QCM-D sensor chips shows the
hydrophobicity of the surfaces increases with the FCN adsorption
(Fe03 — 56.6 + 0.25° > SiOp — 23.7 + 2.25° > AlSiO — 14.7 + 3.85°).
FCN adsorption was greater for mineral surfaces that were more
hydrophobic, indicating again that hydrophobicity is the mecha-
nism of particle adsorption.

4. Conclusions

Our results have provided detail on the optimization of fluores-
cent carbon nanoparticles (FCNs) produced from citric acid and
ethanolamine. Specifically, we controlled the synthesis conditions of
pyrolysis to optimize their fluorescence and surface properties, both
of which are paramount for their use as subsurface tracers and many
other applications. Spectroscopic measurements were used to
analyze the effect of pyrolysis conditions on fluorescence, and par-
ticle hydrophobicity was measured via HPLC. QCM-D was used to
further probe particle hydrophobicity, and demonstrate adsorption
to various mineral surfaces via hydrophobic interactions.

Our results support the generally reported mechanism of for-
mation: molecular units polymerize and agglomerate during py-
rolysis, likely through imide formation and subsequent
condensation reactions [6,16,67]. Spectroscopic measurements,
HPLC, and QCM-D together suggest that during the pyrolysis at
modest temperatures (190—210 °C), hydrophilic and fluorescent
functional groups form. Under these synthesis conditions, particles
are highly fluorescent and hydrophilic, and show minimal ab-
sorption to mineral surfaces (<10 ng/cm?). However, these hydro-
philic functional groups are susceptible to further reaction and FCN
carbonization as the pyrolysis temperature is elevated. This results
in a loss of fluorescence and increased adsorption to mineral sur-
faces; this is detrimental for subsurface tracers. This adsorption to
mineral surfaces was found to be insensitive to mono- and divalent
ions, which has important implications for their intended appli-
cation as subsurface nanoparticle tracers. Therefore, 210 °C was
ideal to produce the most fluorescent FCNs that also minimally
adsorb to mineral surfaces.

Further work is needed explore methods for tuning FCN size. To
measure the stagnant porosity in natural systems, we need inert
nanoparticles of greater size. Thirteen nanometer particles have a
low diffusion constant, but still diffuse significantly into stagnant
areas for long distance tests in warm reservoirs where tracer transit
takes years. Additionally, further work will explore the aggregation
behavior and stability of these FCNs as affected by their pyrolysis, as
increased surface hydrophobicity could drive aggregation. Addi-
tionally, tracer tests in flow-through columns containing sand or
other geological samples can be used to scale up the observations of
this study. Column tests can be useful for quantifying adsorption
onto heterogeneous mineral surfaces and further probing the effect
of dissolved solids. If similar mineral compositions are utilized in
the column tests, modeling and extrapolation of the QCM-D results
can be pursued. Tracer tests in columns will be important in
eventual interpretation of field tracer tests.

The ability to easily tune nanoparticle surface properties has
wide applications, including subsurface nanoparticle tracers
examined herein. With the ubiquitous consideration of nano-
particle surface hydrophobicity affecting the biological application
of nanoparticles [54,56], this work also has implications for other
formulations of fluorescent carbon nanoparticles for applications in
biological sensing, imaging, and more.
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Supporting Information

Table S1. Summary of critic acid/ethanolamine fluorescent carbon nanoparticle properties.

Property Pyrolysis  Amount Reference
Yield, by mass | 190 °C 2% (this work)
210°C 4% (this work)
230 °C 7% (this work)
250 °C 26% (this work)
Size (diameter) | 190 °C 12.4 £ 5.6 nm by TEM, n=333 (this work)
200 °C 3.5+2.1 nmbyDLS Y. Li et al. J Nanoparticle Res. (2014)!
210°C 15.9+11.7 nm by TEM, n=70 (this work)
230°C 12.5 + 7.0 nm by TEM, n=238 (this work)
230 °C 19 + 2 nm by TEM, n=150 (M. J. Krysmann et al., JACS, 2012)?
250 °C 13.2 £ 7.4 nm by TEM, n=94 (this work)
300 °C 8 £ 2.5 nm by TEM, n=150 (M. J. Krysmann et al., JACS, 2012)?
Surface charge | 200 °C |_01|_'|57T_L3é'0 mV by DLS in DI Water, Y. Li et al. J Nanoparticle Res. (2014)*
-0.88 £ 3.4 mV by DLS in ‘Oil Field
200 °C Brine’ (2.21 M NaCl, 0.74 M Y. Li, et al., J Nanoparticle Res. (2014)*
CaClz, 0.18 M MgCl2), pH 6.34
Quantum Yield | 180 °C 50% (M. J. Krysmann et al., JACS, 2012)2
190 °C 11% (this work)
210°C 16% (this work)
230 °C 15% (M. J. Krysmann et al., JACS, 2012)2
230 °C 10% (this work)
250 °C 4% (this work)
300 °C 4% (M. J. Krysmann et al., JACS, 2012)?

TEM: Transmission electron microscopy; DLS: dynamic light scattering; Quantum Yield of
nanoparticle solutions (0.01 — 0.1 mg/mL) was quantified following D. F. Eaton., Pure & Appl.
Chem. 60, (1988) pp. 1107 with reference to BODIPY FL (4,4-Difluoro-5,7-dimethyl-4-bora-3a,4a-


mailto:lks82@cornell.edu

diaza-s-indacene-3-propionic acid, 3 ng/mL — 3 pg/mL) using a TECAN Infinite® M1000 PRO
Microplate Reader (Manndorf, Switzerland) with Greiner UV-Star® flat bottom 96 well plates.

NMR

Nuclear Magnetic Resonance (NMR) spectra of the diamide/triamide product (purified from the
precursor via HPLC as described in the Main Text) were recorded on a Varian Unity INOVA
600MHz with a Varian 600 triple resonance XYZ PFG (HCN) inverted probe or a Bruker INOVA
500MHz spectrometer with cryoprobe at the Cornell University NMR Facility. Spectra were
analyzed by MestReNova (version 10.0.0). *H NMR chemical shifts are reported in units of ppm
relative to deuterated solvent. The *3C results point to the presence of the triamide product (see

Figure S1 and Figure S2).
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Figure S1 - 1*3C NMR of diamide/triamide product purified from the precursor.
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Figure S2 — 13C NMR of diamide/triamide product purified from the precursor, along with citric acid and

ethanolamine.
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Figure S3 - 'H NMR of diamide/triamide product purified from the precursor.
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Figure S4 - 'H NMR of diamide/triamide product purified from the precursor, and precursor (not purified)

LCMS

Liquid Chromatography Mass Spectrometry (LCMS) was performed on the precursor (not
purified). LCMS experiments were carried out on an Agilent 1100 LCMS system with a Poroshell
120 EC-C18 (3.0x100mm, 2.7um) column monitoring at 210 nm in positive mode for detection.
Solvents for LCMS were water with 0.1% acetic acid (solvent A) and acetonitrile with 0.1% acetic
acid (solvent B). A flow rate of 0.6 mL/min was used with a solvent B concentration starting at
5% and then increasing linearly with time from 5% to 100% solvent B over 10 min, remaining at

100% solvent B for 2 min, and then returning abruptly to 5% solvent B until equilibrated (3 min).
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Figure S5 - LCMS results of precursor with the major peak observed mass spectra of the triamide product.
The diamide product was also observed as a shoulder eluting before the triamide product. There was also
evidence for a possible additional product highlighted in the center that could be formed from the
additional condensation of the triamide product. This product is significant because it similarly matches
the pathway of observed citrazinic acid derivatives in FCNs prepared from citric acid and ethylene
diamine.>™

Transmission Electron Microscopy

Transmission Electron Microscopy (FEI T12 Spirit, 120 kV field emission) was used to image
particles after dialysis and freeze drying. The particles were suspended in water at 10 mg/mL and
sonicated for 20 minutes. 5 pL was pipetted onto a grid and then blotted. Ultra-thin carbon grids
were used in order to provide sufficient contrast in the images. Image J was used to obtain
particle size distributions for each pyrolysis temperature as mentioned in the Main Text. At least
70 particles at each pyrolysis temperature were analyzed, using between three and five images.
The particle size distributions were not statistically different from each other, all centered at
approximately 13 nm diameter, with a significant right skew to the distribution (Figure 2 in Main
Text). This is generally in agreement with a previous study which found the mean particle size to

be 19 nm.? Full-sized images are shown below in Figure S6.



Figure S6. Full-sized TEM micrographs of the fluorescent carbon nanoparticles (FCNs) prepared in this
work.

Dynamic Light Scattering

Dynamic Light Scattering (DLS) was attempted to confirm the particle size distribution of the
particles. Freeze dried particles were suspended in deionized water at concentrations ranging
from 0.25 mg/mL to 10 mg/mL and tested in triplicate. It was found that there was insufficient
scattering for the correlogram to be constructed as expected where the y-intercept approaches
~1 (see Figure S6). Moreover, there was significant variability between repeat runs, underlining
the poor quality of the light scattering. This was likely due to the high absorption of the samples;
automatically selected attenuation was consistently 10 or above. Sonication did not result in

consistent data. Nor did performing DLS prior to freeze drying.
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Figure S6. Dynamic Light Scattering correlogram. Triplicate measurements were attempted, labeled as a,
b, and c. Increasing the concentration of the analyzed sample did not increase the observed scattered
intensity, likely indicating strong sample absorbance. Because these samples were unfortunately not able
to be measured, {-potential measurements were not collected. However, previous examination of this
FCN formulation have revealed them to be near-neutral.>®

UV-Vis and fluorescence spectral data

Top reading absorbance and fluorescence measurements were taken in Greiner UV-Star® flat
bottom 96 well plates with 200 uL present in each well using a TECAN Infinite® M1000 PRO
Microplate Reader (Manndorf, Switzerland). Fluorescence excitation and emission scans were

performed to reveal peak excitation of 376 nm and emission at 466 nm (see Figure S8).
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Figure S8 - Fluorescence spectra of precursor, purified diamide/triamide product, and particles
pyrolyzed at various temperatures at a concentration of 0.05 mg/mL in water. Emission scan (left) and
excitation scan (right).



The peak fluorescence was plotted as a function of concentration as shown in Figure S9. The
relationship was close to linear for the entire concentration range analyzed, though the higher
pyrolysis temperatures appear to deviate slightly from linearity above approximately 0.05
mg/mL. Therefore, concentrations below 0.05 mg/mL are considered to be safely within the

linear range.
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Figure S9 - Fluorescence of precursor, purified diamide/triamide product, and particles pyrolyzed at
various temperatures as a function of concentration

FTIR

Fourier Transform Infrared Spectroscopy (FTIR) was used to identify functional groups present in
the particles and precursor. The spectra were obtained using a Nicolet™ iS50 FTIR Spectrometer
equipped with Attenuated Total Reflection capabilities. The particles/precursor were not

suspended in any solvent.

The results are shown in Figure S10. The peaks show the presence of amide groups (peaks at
1692, 1636, and 1540 cm™, indicated by solid grey lines). There is a very small peak at 1776 cm™
indicating the presence of interchain imide bonds on all samples excluding the precursor (dashed
grey line). The FTIR results were not able to show statistically significant differences between the

particles pyrolyzed at different temperatures.
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Figure S10 - FTIR results for precursor and particles pyrolyzed at various temperatures. Spectra are
normalized and y-shifted for clarity. Peaks at 1692, 1636, and 1540 cm™ correspond to amide groups
(indicated by solid grey lines). There is a small peak for the four pyrolyzed particles at 1776 cm?
corresponding to interchain imide groups (dashed grey line).

XPS

At the Cornell Center for Materials Research (CCMR), X-ray Photoelectron Spectroscopy (XPS)
measurements were collected using a Scienta Omicron ESCA-2SR with operating pressure ca.
1x10° mBar. Monochromatic Al Ka X-rays (1486.6 eV) were generated at 300 W (15 kV; 20
mA). Analysis spot size was 2 mm in diameter with a 0° photoemission angle and a source to
analyzer angle of 54.7°. A hemispherical analyzer determined electron kinetic energy, using a
pass energy of 200 eV for wide/survey and 50 eV for high resolution scans. A low energy

electron flood gun was used for charge neutralization of non-conductive samples.
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Figure S11 — A. Elemental composition from XPS survey spectra of carbon, oxygen, and nitrogen present
in the precursor and FCNs. B. The oxygen to carbon and C. nitrogen to carbon ratio from the survey data.
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Figure S12 — C 1s XPS spectra of FCNs and precursor. Voigt profiles were centered and fit at carbon
components representing general C=C/C-C, C-N (includes all amines, excludes amides), C-O (includes C-
OH and C-0-C), and C=0 (amide, ketones, etc.) bonds. From 190-250 °C, the consistent reduction in C-O
matches with the consistent reduction in oxygen content observed in the survey.



QCM-D
Quartz Crystal Microbalance with Dissipation (QCM-D) experiments were repeated with a
variety of particle concentrations. The results are shown in Figure S13. Particle adsorption

increased with particle concentration in a nonlinear manner. Particle desorption was minimal.
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Effect of Particle Concentration - Adsorption 230°C Particles, 50 mM CacCl2, Silica
230°C Particles, 50 mM CaCl2, Silica 0
. T
140 ¥ 20 ——0.001 mg/mL
[}
g 120 & 40 ——0.005 mg/mL
% 100 —0.001 mg/mL £ B0
£ & —0005mg/ml S -80 —0.01 mg/mL
s — g-
= 40 0.01 mg/mL % 100 0.05 mg/mL
3 23 0.05mgim. & -120 —0.1 mg/mL
< ——0.1 mg/mL -140
0 500 1000 0 100 200 300 400 500
Time (s) Time (s)

Figure S73 - Adsorption (loading) and desorption (flushing) of particles pyrolyzed at 230 °C at different
particle concentrations. Note the different y and x axis scales.
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Figure S84 — QCM-D results showing effect of salt concentration on adsorption of 230 °C particles

The type of salt in the QCM-D solution was varied to test the effect on adsorption. The blank
solutions in the three cases were 50 mM CaCl,, 50 mM NaCl, and deionized water. The blank
solution was introduced until the system was stable as described in the Main Text. 230 °C
particles at a concentration of 0.05 mg/mL in 50 mM CaCl,, 50 mM NacCl, or deionized water
was then introduced until adsorption reached a plateau, and then the baseline solution was re-
introduced. It was found that the presence of a divalent salt at 50 mM did not have a

statistically significant effect on adsorption relative to the replication error (Figure S14) . NaCl



showed only a minor decrease in retention relative to the replication uncertainty. This is in
agreement with a hydrophobic adsorption mechanism, where salt would not be expected to

have a significant effect.

Contact Angle of QCM-D Chip Surfaces

The contact angle measurements of QCM-D chips were completed using a Ramé-Hart
Instrument Co Model 250-F1 goniometer, Ace | light source, a PixeLINK camera, and 2 pL of
water from a Gilmont Instruments GS-1200 syringe. Images were taken in triplicate (n=3) in
PixeLINK Capture OEM and analyzed in DROPimage Advanced. Measurements are reported as
average * standard deviation. The Fe;0s3 surface had a contact angle of 56.6 + 0.25 degrees, the
SiO; surface had a contact angle of 23.7 + 2.25 degrees, and the AISiO surface had a contact

angle of 14.7 £+ 3.85 degrees.
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