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ABSTRACT: Chemical tracers are indispensable tools for y
enhancing reservoir characterization and optimizing production *(’Y:" }Q R

processes in the oil and gas industry. Particularly, interwell water x,)‘ ® S _
tracers provide key data for efficient water flood management and o 7 YA eresolved
the improvement of production rates. However, the analysis of \Y Y i imaging
these water tracers within reservoir fluids is challenging, requiring - -
laborious separation and extraction steps that often rely on } A ~4
complex instruments and skilled operators. Real-time analysis is “} {e Y Functionalized
especially problematic in remote areas with limited access to well- DPA  Tb% Macrocycic ~ Paper-based

tracer ligand platform

equipped laboratories. To address these challenges, we introduce a
paper-based platform for the time-resolved fluorescence detection
of dipicolinic acid (DPA) tracers complexed with terbium ion (Tb**). Our innovation is driven by the need to simplify tracer
analysis, make it portable, and enhance accessibility for oilfield applications. By leveraging the unique properties of cyclen-based
macrocyclic ligands, we have achieved the stable and sensitive immobilization of Tb*" on quartz microfilter paper, eliminating the
need for extensive laboratory-based procedures. We achieve the stable and sensitive immobilization of Tb** on quartz microfilter
paper by leveraging the unique properties of cyclen-based macrocyclic ligands. This innovation enables the formation of highly
fluorescent, oil-blind, and optically detectable DPA-Tb*" complexes at the paper surface. We visualize and capture these fluorescence
signals using an intensified charge-coupled device camera via time gating, effectively suppressing undesirable fluorescence originating
from crude oil. The quantification of DPA concentrations is achievable down to 158 ppb (9.45 X 1077 M), as confirmed through
time-resolved fluorescence microplate reader measurements. We also demonstrate the practicality of our technology by detecting
DPA tracers in the presence of crude oil contamination, a common challenge encountered in oil production wells.

1. INTRODUCTION sophisticated instruments operated by skilled professionals.
For instance, while industrial conventional fluorobenzoic acid-
based tracers exhibit exceptional transport behavior with low
detection limits, their analysis demands intricate sample
preparations, including chemical derivatization using hazardous
chemicals, to enable their detection using analytical techniques,
ie, gas chromatography-tandem mass spectrometry.”'” This
poses significant challenges in implementing tracer analysis
systems, especially in remote regions with limited access to
well-equipped laboratories.

To address these challenges, paper-based platforms have
emerged as a practical solution. They have demonstrated their
effectiveness in various fields including environmental

Chemical tracers have become indispensable tools in the oil
and gas industry for the purpose of reservoir characterization
and production optimization.'~ Through the injection of
tracers into injection fluids and subsequent monitoring of their
presence in adjacent production wells, tracer tests yield a
wealth of information pertaining to reservoir well connectivity
and heterogeneity. Recent advancements in tracer technology
have significantly accelerated the process of data acquisition
and analysis. Innovations such as microencapsulation techni-
ques® and the utilization of fluorescent-based tracers for near-
real-time drilling depth monitoring” have enhanced tracer
applications in reservoir engineering. These methods facilitate
more rapid and accurate assessments of the reservoir
conditions. Notably, interwell water tracers offer valuable Received:  November 8, 2023
insights that enable efficient water flood management and Revised:  January 18, 2024
enhanced production rates with more precise predictions.' ™ Accepted: January 24, 2024
However, the analysis of these water tracers in reservoir fluid Published: February 6, 2024
often necessitates time-consuming separation and extraction

procedures to eliminate solution interference, requiring
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Figure 1. Schematic illustration of surface functionalization for interwell chemical tracer detection on a quartz microfiber filter paper substrate.

monitoring, healthcare diagnostics, food safety, and water
quality assessment.''~'* These applications have highlighted
the potential of paper-based platforms to provide rapid results
through low-cost, portable, and user-friendly devices while
minimizing the need for sample and reagent consumption. By
leveraging the advantages of paper-based platforms, engineers
in the oilfield can conveniently obtain tracer analysis without
the need for bulky laboratory setups. Moreover, the compact
nature of these platforms facilitates their transportation
through challenging oilfield environments.

In our previous efforts aimed at developing interwell water
tracers for oilfield applications, we have successfully developed
optically detectable tracer systems that utilize lanthanide
chelate complexes.'* ™ In particular, dipicolinic acid (DPA)
and its derivatives have been employed to monitor the flow of
water within oil reservoirs. These tracers serve as ligands for
terbium ions (Tb*"), facilitating efficient sensitization of Tb**
through energy transfer upon complex excitation, leading to a
high degree of lanthanide luminescence.”' > Importantly, the
resulting complex demonstrates longer lifetime luminescence,
which effectively filters out any background fluorescence
signals originating from crude oil, enabling ultratrace-level
detectability of the tracers. In addition, DPA-based tracers
exhibit high stability in challenging high-salinity, high-temper-
ature subsurface environments'>~'’ They also demonstrate
minimal retention to carbonate reservoir rock matrices,
allowing them to efficiently traverse through interconnected
pore networks.

Expanding upon the benefits presented by lanthanide-based
chemistry for oilfield tracers and harnessing the potential of
paper-based platforms in this context, our current study
introduces a chemically versatile paper-based platform
specifically designed for the time-resolved fluorescence
detection of DPA-Tb** complexes at the paper surface. In
the proposed platform in Figure 1, DPA tracers react with Tb*"
that is bound to the surface of a quartz microfiber filter paper
substrate, resulting in the formation of a highly fluorescent, oil-
blind, and optically detectable complex. To enhance the
robustness and sensitivity of the detection process, we have
first introduced cyclen-based macrocyclic chelating agents to
the paper surface via organosilanization. These macrocyclic
agents possess an exceptional affinity for Tb>,”’ ™' enabling
the stable and secure immobilization of Tb** at the paper
surface through the formation of chelates. This crucial step
establishes a reliable platform that facilitates the desired
interaction between Tb** and DPA tracers. To capture and
visualize the fluorescence signals before and after the detection
of DPA tracers, an intensified charge-coupled device (ICCD)
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camera was utilized, which can effectively suppress any
undesirable fluorescence originating from crude oil via time-
gating. Through fluorescence imaging of the functionalized
substrates, we investigated the detection limits of DPA tracers
on the functionalized paper platform by varying concentrations
of DPA tracers in water solutions. Finally, we demonstrated the
time-resolved fluorescence imaging of DPA at trace levels in
water solutions in the presence of crude oil. This type of
contamination is commonly encountered in field applications
when tracers are recovered in oil production wells. The ability
to accurately detect and analyze fluorescence signals in the
presence of such crude oil contaminants is crucial for the
practical application of this technology in oilfield environ-
ments.

2. EXPERIMENTAL SECTION

2.1. Materials. All chemicals and reagents were purchased
from Sigma-Aldrich and used without additional purification
unless noted otherwise. 1,4,7,10-Tetraazacyclododecane-1,4,7-
tris(t-butyl acetate) was purchased from AmBeed. Tri-fert-
butyl 2,2/,2"-(10-(3-(trimethoxysilyl)propyl)-1,4,7,10-tetraaza-
cyclododecane-1,4,7-triyl)triacetate (DO3A-tBu-TMS) was
synthesized according to a previously reported method.***
Deuterated solvents for NMR spectroscopy were purchased
from Cambridge Isotope Laboratories, Inc. Quartz microfiber
filters (Grade QM-A) were purchased from Cytiva. 3-
Iodopropyltrimethoxysilane was purchased from Gelest.

2.2. Characterization. 'H and "*C NMR spectra were
acquired by Bruker Ascend 500 spectrometer at 500 and 126
MHz for 'H and "C, respectively. ATR-FTIR spectra were
obtained using a Thermo Scientific Nicolet iSSOR FTIR with a
Ge crystal for ATR. Oxygen plasma treatment of paper surface
employed using a plasma etch system PE-SO (Plasma Etch,
Inc.). The static water contact angles on the surfaces were
measured using a Ramé-Hart goniometer (model 250) by
vertical deposition of 5 yL water droplets. Scanning electron
microscope (SEM) images were obtained using a JEOL JSM-
7100F SEM at an accelerating voltage of 15 kV. The energy-
dispersive X-ray spectroscopy (EDS) was measured using
Oxford Instruments EDS system attached to SEM. The time-
resolved images were acquired using an ICCD camera (PI-
MAX 4:1024B/EM, Teledyne Princeton Instruments). The
samples were illuminated by a pulsed light source using a UV
LED (Thorlabs). A diffuser glass (200 grit, Thorlabs) was
placed in front of the LED to ensure uniform illumination of
the samples by the LED light. Additionally, a green lens filter
(Edmund Optics) was installed in front of the camera objective
lens to gather emission wavelengths centered around 540 nm
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for Tb*. A 96-well microplate (Thermo Scientific Nunc
MicroWell 96-Well, black) with a polystyrene film at the
bottom was utilized to minimize scattered UV light from the
substrate and ensure uniform spacing for imaging. LightField
data acquisition software (Teledyne Princeton Instruments)
was used to control and process images captured by the
camera. Additional fluorescence intensity data was obtained
using a BioTek Synergy H1 microplate reader.

2.3. Synthesis of the Macrocyclic Ligand. Tri-tert-butyl
2,2',2"-(10-(3-(trimethoxysilyl)propyl)-1,4,7,10-tetraazacyclo-
dodecane-1,4,7-triyl)triacetate was synthesized according to a
previously reported method with slight modifications.’>**
1,4,7-Tris(tert-butoxycarbonylmethyl)-1,4,7,10-tetraazacyclo-
dodecane (DO3A-t+-Bu, 1.00 g 1.94 mmol) and anhydrous
potassium carbonate (0.54 g, 3.88 mmol) were added to a
round-bottom flask with a stir bar. After the solution in
anhydrous acetonitrile (50 mL), 3-iodopropyltrimethoxysilane
(0.84 g, 2.91 mmol) was added, and then the mixture was
heated to 80 °C and refluxed for 48 h. After the mixture was
cooled to room temperature, the white precipitate was
removed by filtration. The filtrate was concentrated in vacuo
to yield a light yellow solid, which was used in the following
surface functionalization step without further purification
(quantitative yield). '"H NMR (500 MHz, chloroform-d) &
3.43 (s, 9H, Si—(OCHj;);), 3.27—1.90 (m, 24H, CH,C=0,
N—(CH,),~N), 1.71-1.50 (m, 2H, CH,—CH,—Si), 1.33 (d, ]
= 16.2 Hz, 27H, t-Bu), 0.41 (t, ] = 8.3 Hz, 2H, CH,—CH,—Si).
13C NMR (126 MHz, chloroform-d) &: 172.28, 172.05, 82.04,
81.98, 56.90, 56.76, 56.43, 54.44, 50.38, 50.34, 50.16, 50.12,
27.79,27.77, 16.44, and 6.67. *°Si NMR (99 MHz, chloroform-
d) 5 —42.51. FT-IR (ATR) p 2974, 2936, 2836, 2820 (C—H),
1725 (C=0), 1155 (C-0), and 1098 (Si—0) cm™.

2.4. Surface Functionalization. Quartz microfiber filter
paper slides, approximately 75 X 25 mm in size, were treated
with oxygen plasma for 1 min. Subsequently, these paper
substrates were immersed in a solution of synthesized DO3A-
tBu-TMS in dry toluene at room temperature for 17 h. The
ratio employed was 0.1 mmol of DO3A-tBu-TMS per slide of
quartz paper with 60 mL of toluene used to fully submerge
each paper slide. Following the organosilanization, the paper
substrates underwent thorough washing with pure toluene and
were then dried using N,. The next step involved the
hydrolysis of the tert-butyl ester groups. The paper substrates
were soaked in a 1:3 mixture of trifluoroacetic acid (TFA) and
dichloromethane (DCM) for 3 h at room temperature.
Following hydrolysis, the substrates were washed with DCM
and dried using N,. In the final step, the papers were immersed
in a TbCl;-6H,0 solution with a total of 60 mL of water and
0.1 mmol of lanthanide added per slide. The pH of the
solution was adjusted to fall within the range 6.5—7.0 by
adding dilute NaOH or HCI drops. The papers were allowed
to soak in the TbCl; solution overnight at 60 °C. The final
functionalized papers were washed with water and dried using
compressed air.

2.5. Imaging Procedure for Tracer Detection.
2.5.1. General Imaging Procedures for Tracer Detection.
2,6-Pyridinedicarboxylic acid (DPA) solutions with various
concentrations were prepared in DI water via stepwise dilution,
ranging from 1 ppb to 100 ppm (5.98 X 10~ to 5.98 x 107*
M). Small circular samples with a diameter of 6 mm were
excised from the functionalized quartz paper using a hole
punch. Samples with uniform background fluorescence were
identified using the time-resolved camera and assembled into
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test groups. These grouped samples were subsequently
immersed in 1 mL of DPA solutions with varying
concentrations for 30 min. Then, the samples were placed in
a 96-well microplate to maintain their positions evenly spaced.
Each sample was wet with 40 uL of deionized water before the
microplate was inverted within the camera setup, enabling
imaging through the clear plastic well bottoms. The ICCD
camera was positioned vertically, pointing downward, with the
sample stage placed parallel to the tabletop. The images were
acquired using 300 on-CCD accumulations and signal
amplification of 50. The gating was set to a repetitive cycle
with delay of 500 ps with a full measurement window of 1.2
ms. Sample illumination was employed using a pulsed UV LED
excitation at 300 nm with 360 s pulse width. For each data
collection, we captured 50 frames, and the resultant
fluorescence intensity was determined by averaging these
frames. For background noise reduction, a reference back-
ground was acquired with the LED turned off, used for
background subtraction during data analysis using the
LightField data acquisition software.

2.5.2. Tracer Detection Using a Microplate Reader. A 276
nm 4,/495 nm A, filter cube was used to collect the
fluorescence intensity data from the BioTek Synergy HI1
microplate reader. The samples were placed on a 96-well
microplate with a polystyrene film at the bottom. The time-
resolved fluorescence signals at 495 nm were recorded upon
excitation wavelength at 276 nm with 100 us of delay and 300
us of gate time. The measurement height was 1 mm with 135
of fluorescence signal gain.

3. RESULTS AND DISCUSSION

A cyclen-based macrocyclic ligand, 1,4,7,10-tetraazacyclodode-
cane-1,4,7,10-tetraacetic acid and their derivatives have been
extensively studied for lanthanide complexation because of
their high affinity toward the target lanthanide ions including
Tb>.*’*" The stability of the binding is attributed to the
presence of four nitrogen atoms within the cyclen ring, which
establish robust binding sites for lanthanide ions. Additional
carboxylic acid groups further enhance the binding affinity,
thereby improving the sensitization efficiency for lanthanide
ions. Furthermore, it can be readily subjected to synthetic
elaboration to achieve structural versatility because of the
inherent amine functionality. In order to demonstrate these
desired properties on a paper-based surface, we have
synthesized tri-tert-butyl 2,2’,2"-(10-(3-(trimethoxysilyl)pro-
pyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl ) triacetate
(DO3A-tBu-TMS) as shown in Figure 2. This was
accomplished by introducing a pendant trimethoxysilyl group
using 3-iodopropyltrimethoxysilane into a precursor starting
reagent of 1,4,7-tris(tert-butoxycarbonylmethyl)-1,4,7,10-tet-
raazacyclododecane (DO3A-tBu), employing a previously
reported method with slight modifications.”>* The incorpo-
ration of the pendant trimethoxysilyl group facilitates the

CO,tBu EOZtBu
—\ Si(OMe)3
[N‘ N‘H;| 1 "si(OMe) N N/\/\
— (]
tBuOZC\/N\ /N Kzgﬂoj;(&%"f"' tBquc\/N\ ,N
BuO,C tBuO,C
DO3A-tBu DO3A-tBu-TMS

Figure 2. Synthetic scheme of DO3A-tBu-TMS.
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Figure 3. (a) Schematic illustration outlining the individual steps of the surface functionalization process. (b) Water contact angle measurements of
each step of the surface functionalization on a quartz glass substrate. (c) ATR-FTIR spectra of the DO3A-tBu, DO3A-tBu-TMS, a quartz glass
functionalized with DO3A-tBu-TMS, and a quartz microfiber filter paper functionalized with DO3A-tBu-TMS. (d) EDS spectrum of the quartz
paper surface functionalized with Tb*" chelated to the macrocyclic ligand. Terbium peaks are highlighted in pink. (e) SEM image of the
functionalized quartz paper surface and EDS maps of the corresponding area for silicon and terbium.

subsequent organosilanization process with surface hydroxyl
groups present on the paper-based substrate, thereby
anchoring the macrocyclic ligand onto the paper surface.
Figure 3a provides a schematic illustration outlining the
individual steps of the surface functionalization process. To
create a surface functionalized with Tb** chelated to the
cyclen-based ligand, anchored on a paper surface for DPA
detection, the initial step involved treating a quartz microfiber
filter paper substrate with oxygen plasma to introduce hydroxyl
groups onto the surface. A quartz microfiber filter paper
substrate was selected for this study due to its relatively lower
fluorescence background under UV light excitation compared
to other types of filter papers, which is desirable for the
sensitive detection of DPA tracers. The substrate was then
immersed in a solution of DO3A-tBu-TMS in dry toluene at
room temperature for 17 h, allowing effective ligand anchoring
via organosilanization. Subsequently, the substrate underwent
hydrolysis of tert-butyl ester groups through immersion in a 1:3
mixture of TFA and DCM for 3 h at room temperature. Lastly,
the substrate was enriched with Tb*" through the formation of
chelates with the surface-anchored ligands during an overnight
immersion within a TbCl; solution at 60 °C. Each step of the
surface functionalization was confirmed through water contact
angle measurements on a quartz glass substrate treated with
the same functionalization procedure (Figure 3b). It should be
noted that analyzing the surface of the functionalized quartz
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paper using water contact angle measurements posed
challenges due to its tendency to absorb water droplets,
rendering accurate measurement unattainable. On the initial
pristine quartz glass substrate, a 5-uL water droplet displayed a
contact angle of 38.7 + 0.2°. Following oxygen plasma
treatment, the droplet exhibited immediate spreading upon
contact with the substrate with a contact angle of 4.6 + 1.1°,
indicating a significant enhancement in surface hydrophilicity.
During the organosilanization with DO3A-tBu-TMS, the
wettability of the surface was altered, resulting in an increased
contact angle of 48.6 + 0.4° due to an increased hydro-
phobicity stemming from the hydrophobic tert-butyl ester
groups on the macrocyclic ligand. This observation confirms its
successful incorporation on the surface. Subsequently, through
hydrolysis using TFA, the tert-butyl ester groups were
converted into carboxylic acid groups. This conversion
corresponded to an observed increase in surface hydrophilicity,
evident in a contact angle of 33.6 + 0.4°. Finally, following the
introduction of Tb*', the contact angle experienced a further
decrease to 24.1 = 1.7°, likely attributed to the introduction of
charged ions. The changes in surface hydrophobicity align with
the expectation at each step in the functionalization process.
The characterization of the functionalized surface on a
quartz microfiber filter paper substrate was performed by
attenuated total reflection-Fourier transform infrared (ATR-
FTIR) spectroscopy (Figure 3c). The macrocyclic ligand
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DO3A-tBu-TMS and its precursor compound DO3A-tBu were
first characterized for comparison with the peaks observed on
the quartz glass and paper surface treated with DO3A-tBu-
TMS. DO3A-tBu exhibited a distinctive N—H stretching band
at 3246 cm ™}, indicative of the secondary amine, which became
absent after its reaction with 3-iodopropyltrimethoxysilane,
leading to the formation of DO3A-tBu-TMS. Both DO3A-tBu
and DO3A-tBu-TMS showed characteristic tert-butyl ester
bands in their spectra, with a C=0O stretching band at 1730
cm™ and a C—O stretching vibration at around 1150 cm™.
Additionally, the broad C—H stretching modes attributed to
both the fert-butyl groups and the CH, groups were observed
in the range of 2844—2978 cm™'.>* We then analyzed quartz
glass and a quartz microfiber filter paper substrate function-
alized with DO3A-tBu-TMS. In the case of the functionalized
quartz glass, the anticipated C=0 and C—H stretching bands
were clearly discernible, providing evidence of DO3A-tBu-
TMS immobilization on the quartz glass surface via organo-
silanization. However, it is noteworthy that the inherently
rough and fibrous surface of quartz paper substrate posed
challenges in detecting functional groups. The C—H stretching
modes observed in the 2853—2980 cm™" range in the spectrum
of functionalized quartz paper indicated the presence of
surface-anchored DO3A-tBu-TMS on the paper surface.
However, considerable noise signals from the pristine quartz
paper emerged between 1500 and 2000 cm™', making the
differentiation of the C=0 stretching band from the fert-butyl
ester group challenging. Additionally, the distinction of the
tert-butyl ester C—O band proved to be challenging due to the
substantial overlap with the extensive Si—O band from the
quartz paper.

The progression of the Tb*>" binding to the macrocyclic
ligand anchored on the paper surface after TFA hydrolysis was
confirmed by SEM equipped with EDS to determine Tb**
composition on the functionalized surface as shown in Figure
3d. The EDS spectrum distinctly presents the characteristic Lar
X-ray emission peak for Tb®' at around 6.27 keV, thereby
confirming the presence of Tb®" chelates at the paper
surface.”” The morphology of the functionalized paper
shows a typical rough fibrous surface (Figure 3e). During the
EDS signal mapping of the corresponding areas for silicon and
terbium, a uniform distribution of Tb>* across the substrate
surface was clearly observable.

To further investigate the effect of surface functionalization
for Tb** incorporation via chelate formation with the surface-
anchored ligands, time-resolved fluorescence imaging was
employed by using an ICCD camera with a 500 us gate
delay upon pulsed UV LED excitation at 300 nm. The camera
was positioned vertically and oriented downward onto a
horizontal sample stage parallel to the ground (Figure 4a). A
control sample was prepared by immersing pristine quartz
paper into a TbCl; solution at 60 °C overnight. Under the
time-resolved camera, the functionalized quartz paper ex-
hibited fluorescence nearly four times higher than the
nonfunctionalized paper (Figure 4b). Since both substrates
underwent immersion in a Tb*" solution, followed by thorough
washing, the significantly increased fluorescence from the
functionalized substrate suggests effective chemical binding of
Tb** to the surface. It is important to note that while Tb**
itself has weak fluorescence, this fluorescence becomes evident
when contrasted with the control sample under observation by
the time-resolved camera. This comparison is possible due to
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Figure 4. (a) Configuration of time-resolved fluorescence imaging
using an ICCD camera. (b) Comparison of Tb** fluorescence signals
on pristine and functionalized quartz paper by using the time-resolved
camera.

the relative fluorescence being imaged against the almost
negligible fluorescence of the nonfunctionalized substrate.

To demonstrate DPA tracer detection using our paper-based
platform, small circular samples were obtained from function-
alized quartz paper via a 6-mm diameter hole punch (Figure
5a). Since Tb** background fluorescence signals could vary
between substrates, samples exhibiting consistent and homo-
geneous background fluorescence were initially identified using
the time-resolved camera and grouped for equitable compar-
ison before DPA detection. The grouped samples were
subsequently immersed in 1 mL of DPA solutions with
varying concentrations for 30 min and then securely positioned
within a 96-well microplate to ensure uniform spacing for
imaging. Each sample was wetted with 40 uL of deionized
water before the microplate was inverted onto the sample stage
for imaging through the clear plastic well bottoms, with the
added water enhancing even adhesion to the wells.
Fluorescence images of the quartz papers treated with different
concentrations of DPA were acquired after pulsed excitation at
300 nm using a UV LED with 360 us pulse width, which
excites the DPA complexed with the surface-anchored Tb*'.
Following a 500 us delay upon switching off the LED, the
ICCD camera captured the Tb** emission from the excited
complexes with a full measurement window of 1.2 ms. A
diffuser was employed to ensure uniform illumination of the
samples by the LED light. Additionally, a green lens filter was
integrated to gather emission wavelengths centered around 540
nm for Tb*". In Figure Sb, the fluorescence intensity increases
as the concentration of DPA increases. The control quartz
paper, which has incorporated Tb** but no DPA treatment,
displays negligible fluorescence when compared to that of the
DPA-treated quartz papers. The fluorescence of the quartz
paper reacted with SO ppb (2.99 X 1077 M) of DPA is
distinctly discernible from the control sample. This could
facilitate field engineers in detecting tracers from oil field-
produced water through a simple visual inspection using the
camera. The fluorescence intensity data were extracted from
each captured image using LightField data acquisition software
and plotted against the DPA concentration, revealing an
approximately linear correlation with an r-squared value of 0.90
(Figure Sc). While the camera allows the optical detection of
DPA presence at concentrations as low as tens of ppb,
challenges emerge from the autoscaling feature and arbitrary
fluorescence intensity units of the camera as well as variations
in background fluorescence among samples. These factors
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Figure S. (a) Photograph of a functionalized circular quartz paper. (b) Time-resolved fluorescence camera image of DPA detection at varying
concentrations and (c) their fluorescence intensity extracted from each captured image using LightField data acquisition software plotted against
DPA concentration. The corresponding molar concentrations for the given values in ppb are as follows: 25 ppb (1.50 X 1077 M), 50 ppb (2.99 X
1077 M), 100 ppb (5.98 X 1077 M), 250 ppb (1.50 X 107 M), 500 ppb (2.99 x 107 M), and 1 ppm (5.98 X 107 M). (d) Averaged time-resolved
fluorescence intensities of three sets of samples treated with varying concentrations of DPA recorded on a microplate reader.

collectively hinder direct comparisons across different grouped
samples.

Further confirmation of DPA detection on the function-
alized paper platform was achieved through time-resolved
fluorescence measurements using a microplate reader. Three
sets of samples, each consisting of seven circular quartz papers
functionalized with Tb*" bound to the surface macrocyclic
ligand and exhibiting consistent and uniform background
fluorescence within their respective groups, were subjected to
DPA detection. They were immersed in DPA solutions with
varying concentrations, and their time-resolved fluorescence
was subsequently recorded using a microplate reader. The
fluorescence signals at 495 nm were recorded upon excitation
at 276 nm with a 100 ys delay and 300 ps gate time. This delay
time allows for the suppression of crude oil fluorescence
signals, as their fluorescence lifetimes are relatively shorter
compared to those of the DPA-Tb* complex. The averaged
time-resolved fluorescence intensities upon detecting DPA
concentrations ranging from 25 ppb to 1 ppm (1.50 X 1077 to
5.98 X 107° M) are presented in Figure 5d. The background
Tb" signal from the control quartz paper exhibited a slightly
discernible fluorescence intensity in comparison to the
measurement acquired by an ICCD camera, where no
measurable fluorescence was observed from the control sample
when contrasted with the brighter images that detected higher
concentrations of DPA. The limit of detection in concentration
was calculated as (mean, + 36, — a)/b, where mean,
represents the average fluorescence intensity of three measure-
ments of the control quartz paper, 6y, is the standard deviation
for the control, a is the intercept of the linear regression, and b
denotes the slope of the linear regression. Based on the
microplate reader measurements, the calculated limit of
detection for DPA was 158 ppb (9.45 X 107" M).

To demonstrate the practical application of our time-
resolved imaging technology in the proposed paper-based
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platform, we conducted imaging on samples immersed in 25
ppb (1.50 X 1077 M) of DPA in water containing crude oil
(Figure 6). Such contamination scenarios are plausible in field

2 mm

Figure 6. Photograph of a functionalized circular quartz paper
immersed in 25 ppb (1.50 X 1077 M) of a DPA solution containing
crude oil and its time-resolved fluorescence camera image.

settings during the recovery of tracers from oil production
wells. We found that while the presence of crude oil on the
paper obscured the fluorescence signal from the Tb*'-
complexed tracer, crude oil itself did not contribute to the
measured signal, likely due to the effective background
fluorescence filtration provided by oil-blind, time-resolved
imaging. In practical oilfield applications, note that the
presence of high salt concentrations in produced water may
hinder the direct complexation of DPA with Tb*". To address
this, a preprocessing step, such as solid-phase extraction, can be
employed to preconcentrate DPA tracers and remove salts
from the produced water, ensuring effective complexation and
accurate detection using the paper-based platform.">'® This
technique can also be adapted for applications similar to pH
strips, where various substrates soaked in known tracer
concentrations are imaged alongside an unknown sample,
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enabling rapid and semiquantitative analysis of unknown
samples for tracer detection.

4. CONCLUSIONS

In conclusion, we demonstrated an innovative paper-based
platform for the time-resolved fluorescence detection of DPA
tracers complexed with Tb*', with a particular focus on its
applicability within the oil and gas industry. The surface
functionalization of quartz microfiber filter paper with cyclen-
based macrocyclic ligands successfully anchored Tb* to the
quartz paper surface through the formation of chelates,
enabling stable and sensitive DPA-Tb*" complex formation
on the paper surface. Time-resolved fluorescence imaging,
aided by an ICCD camera, was used to capture and visualize
the fluorescence signals from the DPA-Tb*" complexes on the
paper surface. This technique effectively suppresses unwanted
fluorescence signals originating from crude oil or other
contaminants. Based on microplate reader measurements, the
quantification of DPA concentrations is achievable down to
158 ppb (945 X 1077 M). We also demonstrated the
practicality of our technology by detecting DPA tracers in
the presence of crude oil contamination. The developed
technology is noteworthy for its versatility, as it extends
beyond DPA-Tb*" complexes, opening possibilities for the
exploration of optical sensors based on various lanthanides. By
harnessing the inherent benefits of paper-based platforms, our
approach offers a portable, cost-effective, and user-friendly
solution for efficiently detecting DPA tracers in challenging
oilfield environments.
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