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Abstract

To address the quantitative distortion problem caused by the primary internal filtration
effect (PIFE) resulting from coexisting substances in the fluorescence detection of aromatic
pollutants, this study proposes a multi-component concentration quantification correction
model that integrates transmittance absorbance and lateral (90°) fluorescence intensity.
Using styrene as the target analyte and anthracene/phenanthrene as representative in-
terferents, by establishing a coupled framework of excitation light decay dynamics and
fluorescence emission, the nonlinear PIFE problem was transformed into a linear regression
task. The experimental results show that: under the coexistence of anthracene and phenan-
threne, the model reduces the detection deviation of styrene from 40 to 63% to within
10%, and the correction accuracy of the three-component mixed system is increased by
3-5 times. This work provides a theoretical framework for fluorescence quantitative analy-
sis in complex systems, and also offers a new method for high-precision online monitoring
of aromatic organic pollutants.

Keywords: aromatic pollutants; inner filter effect; model correction; fluorescence
detection accuracy

1. Introduction

Owing to the proven carcinogenic, teratogenic and mutagenic properties, aromatic
organic pollutants are becoming the most significant persistent environmental pollutants
of concern in water body management [1-4]. They have extremely low water solubility,
ranging from 1077 to 107® mg L~!. This imposes higher requirements for high detection
sensitivity and poses significant challenges for analysis. It is well known that the traditional
chromatography-mass spectrometry method has extremely high sensitivity. However, its
sample pretreatment is cumbersome and the analysis time is long. The biggest challenge is
that this method is difficult to achieve in situ monitoring [5,6]. Relatively speaking, fluo-
rescence spectroscopy technology, due to its ability to achieve nanomolar detection limits,
rapid response time and non-destructive operation characteristics, has instead become
a rapid screening method for aromatic pollutants and is widely applied [7]. However,
this method also has its own scientific challenges. When multiple aromatic substances
coexist, the high-concentration group will strongly absorb the excitation light, thereby
generating the primary internal filter effect (PIFE) [8-10]. This will cause the fluorescence
spectrum to be distorted and the original linear relationship between fluorescence intensity
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and the concentration of the analyte will be disrupted. Thus, the detection of the target
analyte becomes inaccurate. Therefore, reducing the nonlinear interference caused by PIFE
has become one of the core challenges and important approaches for achieving precise
fluorescence quantification [11-13].

According to the previous literature, the strategies for addressing PIFE-induced quan-
tification errors are as follows [14-20]:

(1) Physical dilution: By diluting the test samples, the PIFE was reduced to an insignifi-
cant level. However, aromatic pollutants in water are usually of low solubility, the
dilution process may result in the fluorescence signal being below the detection limit
of the instrument, severely reducing the sensitivity. Moreover, this method is opera-
tionally complex and dependent on laboratory conditions, making it unsuitable for in
situ online monitoring.

(2) Optical path optimization: The common approach is to use short-path colorimetric
cells, frontal illumination geometries, or specialized optical components to phys-
ically shorten the propagation distance of light in the medium, thereby reducing
PIFE. However, these improvements on the instruments merely involve a trade-off
between reducing PIFE and sensitivity /generality, and cannot fundamentally solve
the nonlinear correction problem in high-concentration multi-component systems.

(3) Chemometric and machine learning integration: This is a method that constructs
a “virtual sensor array” through the excitation-emission matrix (EEM) fluorescence
spectroscopy, combines chemometrics or deep learning models, and utilizes pattern
recognition technology to distinguish structurally similar polycyclic aromatic hy-
drocarbons (PAHs) while retaining PIFE information. However, the deep learning
method heavily relies on large-scale and representative training datasets.

(4) Spectroscopic-mathematical compensation: The principle is to conduct independent
measurement of the full spectral absorption, and then estimate the excitation/emission
attenuation along the optical path by reversing the Beer-Lambert law. This allows
for subsequent correction of the fluorescence readings. Typically, this includes pure
absorption correction, internal standardization based on Raman scattering, and ad-
ditional absorption body linearization. The only drawback is that fluorescence and
transmittance measurements usually require separate optical paths, resulting in higher
implementation costs in the field.

Although these methods have promoted the development of this field, there are still
several limitations—including strong reliance on empirical calibration, limited adaptability
to multi-component systems, and insufficient real-time correction capabilities. To address
these challenges, we developed a novel PIFE correction strategy based on the synchronous
“transmission—fluorescence dual detector” measurement. A schematic overview of this
workflow is illustrated in Figure 1, which presents the complete measurement and correc-
tion process. This method constructs a physically based concentration regression model to
solve the PIFE problem and has three key innovations:

(1) At the model level, through rigorous derivation and collaborative interpretation,
we combined the total absorbance (from the transmission detector) along the path
AC with the excitation signal at point B (from the 90° side fluorescence detector) to
transform the nonlinear PIFE problem into a linearly solvable regression problem,
without relying on empirical parameters.

(2) At the technical level, the dual detector can simultaneously capture complementary
“macroscopic absorption” and “microscopic fluorescence” information, enabling in
situ PIFE correction for high-concentration samples.

(3) At the application level, this model can be extended to any n-component mixture, and
only one measurement is required to accurately determine the concentration of each
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component. This paradigm provides theoretical rigor and practical reliability for the
high-throughput in situ monitoring of aromatic organic pollutants in complex aquatic
environments, and can be extended to other fluorescence-based analysis fields (such
as dissolved organic matter characterization and drug detection).
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Figure 1. The schematic diagram of the optical detection system. The arrow indicates the direction of
light propagation. Points A, B, and C are reference points for path length (see Section 3.1 for details).

Based on the above analysis, we propose a dual-detector (transmission—fluorescence)
PIFE correction strategy. The central hypothesis of this work is that by simultaneously
measuring the transmission absorbance (via a transmission detector) and the in situ exci-
tation light intensity (via a 90°side fluorescence detector), and by establishing a physical
coupling model between excitation light decay and fluorescence emission, the nonlinear
PIFE problem can be transformed into a linear regression framework, thereby enabling
accurate quantitative analysis of various aromatic pollutants without relying on empirical
calibration parameters. Table 1 summarizes the advantages and disadvantages of the
existing PIFE correction strategies mentioned above compared to our proposed method.

Table 1. Comparison of existing PIFE correction strategies and the proposed method.

Strategy

Advantages Limitations

Physical dilution

Aromatic pollutants in water have low solubility;
dilution may cause fluorescence signal to fall below
detection limits; operationally complex and
laboratory-dependent; unsuitable for in situ

online monitoring

Simple operation; no special
equipment required

Optical path optimization

Trade-off between PIFE reduction and

Reduces PIFE at hardware level;
straightforward implementation

sensitivity /generality; cannot fundamentally solve
nonlinear correction problems in high-concentration
multi-component systems

Chemometric & machine
learning integration

Capable of handling complex spectral
data; discriminates between similar
compounds

Heavily relies on large-scale and representative training
datasets; limited generalizability; lacks physical
interpretability

Spectroscopic-mathematical
compensation

Physically interpretable; no empirical
calibration needed; deterministic
correction

Fluorescence and transmittance measurements usually
require separate optical paths; high implementation cost
in field deployment

This work:
transmission—fluorescence
dual-detector method

No empirical parameters; real-time in
situ correction; applicable to
multi-component mixtures; low
hardware cost; single-shot
measurement; no iterative algorithms

Correction accuracy limited when total absorbance
exceeds 2.0; real water matrix validation in progress as
next-phase work
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2. Principles of Fluorescence Detection for Aromatic Compounds

Aromatic organic pollutants, especially polycyclic aromatic hydrocarbons (PAHs),
have unique molecular structures (as shown in Figure 2). When exposed to ultraviolet-
visible light (UV-Vis), they exhibit characteristic fluorescence, which provides a funda-
mental basis for the rapid and highly sensitive detection of trace aromatic pollutants in
water [21,22]. Aromatic and PAH molecules consist of one or more benzene rings linked by
conjugated m-bonds, forming an extended delocalized m-electron system. When a sample is
irradiated with UV light of an appropriate wavelength, the 7-electrons of the aromatic pol-
lutant absorb photon energy, and undergo an electron transition. Subsequently, the excited
electrons undergo non-radiative relaxation processes—including vibrational relaxation
and internal conversion—to dissipate a portion of their excess vibrational energy. They
then return to the ground state, with the concomitant emission of fluorescence photons via
radiative transitions. This entire photophysical sequence strictly follows the Stokes shift
rule, whereby the emitted photons are of lower energy than the absorbed photons, resulting
in emission wavelengths that are invariably longer than the excitation wavelength. Such
a well-defined spectral fingerprint not only enables qualitative identification of aromatic
pollutants but also provides a direct linear basis for quantitative concentration inversion
based on fluorescence intensity measurements.

“SCH,

(a) (b) (©)

Figure 2. Molecular structures of aromatic compounds. (a) Anthracene; (b) phenanthrene; (c) styrene.

Structure determines property, and the aforementioned structure—property relation-
ship has been clearly demonstrated in this study. The absorption spectra shown in Figure 3
were recorded using an Agilent Technologies cary 8454 UV-Vis spectrometer at room tem-
perature, and the fluorescence spectra shown in Figures 3 and 4 were recorded using a
HORIBA Duetta fluorescence spectrometer at room temperature. As shown in Figure 3a—c,
the absorption spectrum of anthracene shows a typical fine vibrational structure in the
ultraviolet-visible light region. The main absorption peaks are located near 338 nm, 356 nm,
and 375 nm, presenting a characteristic triple peak, which can be attributed to the highly
symmetrical 7 -electron distribution of its linear conjugated tricyclic skeleton. Phenan-
threne shows a significant absorption peak near 292 nm, and its absorption band is mainly
concentrated in the ultraviolet region of 250-300 nm. Due to the angular ring conjugated
structure of phenanthrene, which alters the energy level spacing and transition dipole
moment, its absorption peak position and peak shape are significantly different from those
of anthracene. Unlike anthracene and phenanthrene and other polycyclic aromatic hydro-
carbons which have vibrational fine structures, styrene, as a single-ring vinyl-substituted
aromatic hydrocarbon, lacks the vibrational coupling effect of a rigid polycyclic system in
its molecular skeleton, and thus only presents a single wide peak at ~245 nm. As shown
in Figure 3d—f, anthracene (ANT), phenanthrene (PHE), and styrene (St) exhibit distinct
emission spectral peaks in the ultraviolet-visible light region due to their different ring
systems and substitution patterns. Anthracene has a linearly conjugated tricyclic core,
and its characteristic triplet structure shows the maximum absorption peaks at 381, 402,
and 424 nm, reflecting its highly symmetrical 7 electron distribution. Phenanthrene is
an isomer of anthracene, but its triplet mode is different, with peaks located at 347, 364,
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and 385 nm, which is caused by the change in energy level spacing and transition dipole
moment due to its angular ring conjugation structure. In contrast, styrene, as a single-ring
vinyl-substituted aromatic hydrocarbon, lacks the vibrational fine structure characteristic
of polycyclic pollutants, so it only shows a strong single band at 308 nm. These unique and
well-separated spectral bands can serve as reliable fingerprint features for rapid qualitative
analysis of the corresponding pollutants in water samples, even in complex matrices, and
have good applicability. In addition, the combined intensity of each characteristic peak
is also positively correlated with the analyte concentration over a wide dynamic range
(Figure 4), providing a simple and reliable basis for quantitative analysis without the need
for complex sample pretreatment.
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Figure 3. Absorption spectra of aromatic compounds. (a) Anthracene; (b) phenanthrene; (c) styrene;
fluorescence spectra of aromatic compounds. (d) Anthracene; (e) phenanthrene; (f) styrene.
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for aromatic compounds.

It is worth noting that, as mentioned above, anthracene and phenanthrene exhibit

strong absorption bands in the ultraviolet region, which significantly overlap with the
excitation band (255 nm) and emission band (approximately 308 nm) of styrene. This
spectral overlap is the physical basis for the primary internal filter effect (PIFE) in a mixed
system of these three substances. Specifically, the excitation light is absorbed and attenu-
ated by the coexisting chromophores before reaching the target analyte, and the emitted
fluorescence is further absorbed before detection. Additionally, other common coexisting
components such as dissolved organic matter (DOM), heavy metals, and turbidity may also
interfere with fluorescence measurements through the internal filter effect. These coexisting
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conjugated pigments produce non-specific attenuation of the excitation and emission light,
thereby reducing the fluorescence intensity reaching the detector and affecting the accuracy
of quantitative analysis. This problem is particularly severe when the target analyte is
present with high concentrations of aromatic interfering substances (such as anthracene
and phenanthrene).

Compared to physical dilution, instrument optimization, data algorithm integration
and other correction strategies, the spectral-mathematical compensation method is concep-
tually the most attractive one, as it provides a deterministic and physically based correction
method that does not require sample dilution, and avoids the hardware trade-offs caused by
optical modification as well as the data dependence of machine learning. However, in prac-
tical applications, it often requires an independent absorbance measurement channel and
precise optical alignment, which significantly increases complexity and cost, especially for
in situ monitoring in the field. In our present work, we adopted the spectral-mathematical
compensation strategy in a low-cost manner. Only an additional transmission detector
was added beside the fluorescence channel, which does not rely on empirical parameters,
iterative algorithms, or cumbersome calibration processes. By establishing a strict linear
regression model that couples the total absorption along the optical path with the lateral
collected fluorescence signal, it can quantitatively correct the main internal filter effect.
This simple and physically based method can effectively solve the PIFE (internal filter
effect) distortion problem that has long plagued fluorescence quantitative analysis of multi-
component systems, providing a potential feasible approach for accurate and real-time
monitoring of aromatic pollutants in complex aquatic environments.

3. Mechanistic Model
3.1. Physical System Description

As shown in Figure 1, in our transmission—fluorescence synchronous detection system,

a single-color excitation light (with wavelength A, and initial intensity Iy) is incident

vertically onto point A’ of the sample chamber. The core of the detection device consists

of an integrated dual-channel optical structure, which includes two spatially separated
and functionally complementary units: the fluorescence detection channel is located at the
90° direction of the incident light beam (point B’), used to record the fluorescence signal
emitted along the direction perpendicular to the excitation light at point B; the transmission
detection channel is installed at the rear of the sample chamber and coaxial with the
excitation path (point C’), used to measure the residual intensity I; of the excitation light
after passing through the entire sample. During the system modeling process, the lengths
of the two optical paths are particularly important. Here, L; = | AB|, which is the distance
from the sample chamber entrance to the fluorescence excitation point B; L, = | AC|, which
is the total path length through the sample.

The specific measurement steps are as follows:

(1) Acquisition of initial intensity: The initial light intensity Ij is determined by measur-
ing the signal using blank samples (such as ultrapure water or pure solvents), and
this value can be used as the reference benchmark for all subsequent attenuation
and emission.

(2)  Excitation at point B: The excitation light propagates to point B in the sample chamber,
where each fluorescent component absorbs the excitation light and emits fluorescence.

(3) Transmission measurement at point C: The excitation light continues to propagate to
point C in the sample chamber, and the transmitted light intensity I¢ is measured at
point C'.
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(4) Fluorescence spectral acquisition at B: The fluorescence spectrum is obtained at point
B, based on the light intensity of the incident light at point B and the fluorescence
conversion rate.

(5) Correction of the fluorescence spectrum: Since the absorbance from point A to point B
causes the excitation light to be attenuated by the time it reaches point B, the actual
fluorescence emission intensity should be proportional to the number of photons
absorbed at point B. Therefore, the absorbance information was used to correct the
fluorescence spectrum.

(6) Model calibration: By collecting the spectral data of standard samples with known
concentrations as the training set, the fluorescence response spectra of each substance
are obtained, forming a fluorescence response matrix. Each column in this matrix
corresponds to the corrected fluorescence spectral vector of a specific component.
Eventually, the relationship between the fluorescence spectrum and the concentration
can be obtained by correcting it.

(7) Concentration inversion for unknowns: For an unknown mixture, we simultaneously
measure its fluorescence spectrum (at point B) and transmission spectrum (at point
C, obtaining the absorbance AC under the excitation wavelength). By solving the
relationship equation, the concentration vector is obtained.

The proposed model rests on the following fundamental assumptions:

e  The solution contains n fluorescent components with concentration vector ¢ = [c1, cp,
o]t

e  Absorption of excitation light by each component obeys the Beer-Lambert law.

e No reabsorption of emitted fluorescence occurs during transmission (dilute solution
condition, or negligible fluorescence optical path BB).

e  Fluorescence emissions from different components are independent with no energy
transfer.

e The system operates under steady-state optical response conditions.

3.2. Optical Propagation Model
3.2.1. Excitation Light Attenuation Kinetics

At the excitation wavelength Ay, the intensity of the excitation beam at a distance x
from the cell entrance follows the exponential attenuation law:

dI(x)
dx

= —al(x), :Z:l:l €i(Aex)Ci 1)

where a denotes the total absorption coefficient of the sample at Aex, which is related to the
molar absorptivities and concentrations of all absorbing species by & = X&j(Aex)c;.
The intensity reaching the fluorescence excitation point B (located at distance L; from

the entrance) is therefore:
Ig = pe *h 2)

Meanwhile, the transmitted absorbance over the full path length L, = 1ACI is
defined as:
Aac = —log10(1;/Ip) 3)

where I; is the transmitted intensity measured at point C. By virtue of the Beer-Lambert
law, the transmitted intensity is related to the total absorption coefficient by:

Iy = Ipe "2 4)
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Inverting this relationship yields the total absorption coefficient directly from the

measured absorbance:
o= AAcli’l(lo)

Ly

Combining Equations (2) and (5), we obtain the corrected excitation intensity at point

)

B, now expressed in terms of experimentally accessible quantities:
I = 10~ l1Aac/L2 (6)

This expression is central to our correction scheme, as it accounts for the attenuation
of excitation light along the A — B path using only the measurable absorbance A4c.

Furthermore, the theoretical limit of this correction can be quantified through uncer-
tainty propagation. For the current optical geometry, the excitation intensity at fluorescence
observation point B can be restored from the absorbance measured along the A-C path to
Iz = Iolo_LlAAC/LZ, Aac = 710g10(1t/10), where L1 = | ABI, L, = | AC|, I; is the transmitted
intensity, and the corresponding multiplicative correction factor is G = 10~t144c/L2, Since
Aac = —logl0(l;/Ip), under the condition that the errors of [y and I; are independent, differ-

entiation can be obtained: 04 = ﬁ \/ (01,/11)? + (07, / 10)2, and it is obtained through the
first-order propagation of G:

& = m0) oy = (/102 + (o /) )

Under the ideal limit of zero noise and zero stray light, Beer-Lambert attenuation can
always be inverted algebraic, so the correction results are accurate at any finite absorbance,
and there is no universal theoretical upper limit. Any finite boundary is entirely determined
by the transmission measurement channel. While in actual instruments, as Iy = Ip10~A4c
approaches the detector noise and stray light background, the relative uncertainty increases
rapidly. Under the condition of photon noise limitation (where the reference uncertainty of
the incident beam can be ignored), the lower limit is:

Gﬁ>ﬂ; 8)
G ™ Ly \/Ny10—Aac

where Ny represents the photon/electron count detected in the blank sample during
104Ac/?
. . . . . . NO

increase in one unit in absorbance (a tenfold decrease in transmittance), the corrected

the integration time. This lower limit increases proportionally with : for each

relative uncertainty is multiplied by 10'/2 & 3.2, that is, two absorbance units increase
approximately tenfold. This explains the reason why the recovery error rises sharply once
Aac exceeds about 2.0 in this configuration. For the specified acceptable correction relative
uncertainty 0, the corresponding upper limit of absorbance is:

L, 2
Amax = loglO[NO (5ﬁ) ] (9)
In real systems, detector readout noise, dark current drift, light source fluctuation,
ADC quantization error and stray light all need to be included in a o. Especially, when
the background fraction s = Istrqy /I of stray light exists, the observed transmittance is ap-

proximately Ty = 10-44C

+ 5. Therefore, the measurable absorbance gradually approaches
—log10s. This confirms that the actual boundary is determined by the instrument and
geometric configuration, rather than the universal threshold at point A4c = 2.0. In our
current prototype system, Aac > 2.0 corresponds to T < 1%. At this point, the transmitted

signal is comparable to the contribution of the comprehensive background/noise, and the
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propagation of the corrected uncertainty is consistent with the observed increase in the
recovery error.

3.2.2. Fluorescence Generation and Detection

Upon excitation at point B, the fluorescence intensity contributed by component i at
emission wavelength A, is proportional to the number of photons absorbed by that com-
ponent, which in turn depends on both the local excitation intensity and the concentration
of the component:

Fi()\em) = fi(/\em)CiIB (10)

Here, f;(Aen) is the fluorescence emission efficiency function of component i, which
encapsulates the quantum yield of the fluorophore, the spectral response of the detection
system, and the geometric collection efficiency—all at the emission wavelength of interest.

Because the fluorescence contributions from different components are independent
(i.e., no energy transfer occurs among them), the total detected fluorescence spectrum is
simply the linear superposition of the individual component spectra:

It is important to note that in the absence of inner filter effects (i.e., when A4c = 0),
Equation (8) reduces to the familiar linear relationship between fluorescence intensity

Ll *AAC /L2

and concentration. However, when PIFE is present, the factor 10~ introduces a

concentration-dependent attenuation that must be removed for accurate quantification.
To eliminate this excitation-dependent attenuation, we define a normalized fluores-
cence intensity that is independent of the total absorbance:

FAem) = Y o ki(Aem)ci (12)
and similarly define the component-specific response coefficient:

ki(/\em) :fi(/\em) (13)

With these definitions, the total normalized fluorescence spectrum takes the compact
linear form:

F(Aem) = Y ki(Aem)cs (14)

This formulation is the cornerstone of our quantitative approach: it transforms the
original nonlinear problem—where PIFE couples concentration and fluorescence inten-
sity in a multiplicative manner—into a linear system that can be solved by standard
regression techniques.

3.2.3. Concentration Inversion: A Linear Regression Formulation

We select m emission wavelengths (1 > 1) and denote the normalized fluorescence

intensities at these wavelengths as IN-"]» = F(Aem,j), with kjj = ki (Aep,j). Equation (11) then
simplifies to:

Fi=Y 0 kjci (15)

N - o 1T
where F = {F 1, Fp, ..., F m} is the vector of normalized fluorescence intensities at the

selected wavelengths, c = [c1, ¢, . . ., cu]T is the unknown concentration vector, and K is an
m X n matrix whose elements k;; = k; ()\em, /-) are the response coefficients of component i at
wavelength j.
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Given that m > n and the system is overdetermined, the optimal solution for the
concentration vector is obtained by minimizing the residual sum of squares in the least-
squares sense:

= (KTk)"UTF (16)

This solution requires only two inputs: the pre-calibrated response matrix K (obtained

from standard solutions) and the measured normalized fluorescence vector F (derived from
the raw fluorescence spectrum and the simultaneously acquired absorbance A4c). The
inversion is non-iterative, parameter-free, and computationally efficient, making it suitable
for real-time implementation in online monitoring scenarios.

4. Experimental Verification
4.1. Experimental System

As shown in Figure 5, on the customized transmission—fluorescence synchronous
measurement system platform we developed, both orthogonal fluorescence and transmis-
sion absorption spectra can be simultaneously collected in the shared optical path. It can
real-time compensate for the internal filtration effect in high-concentration samples and
support wide dynamic range, single-point calibration quantitative analysis of multiple
components in complex matrices. The lighting module is composed of an LED with a
central wavelength of 255 nm. The emitted light passes through a band-pass filter and
is then collimated by a lens assembly into a parallel beam with a diameter of 3 mm and
a divergence angle of no more than 0.5 mrad. The fluorescence collection channel is at a
90° angle relative to the excitation axis and is located at point B in the sample chamber.
A variable aperture (with an aperture range of 0.5-3 mm) is set in the collection path to
suppress stray light and ensure that the fluorescence emitted by the sample enters the
spectrometer with both spectral purity and spatial consistency. The excitation scattered
light is then completely blocked by a long-pass filter and finally received by the fluores-
cence spectrometer. The transmission optical path continues along the original optical axis,
extracts the target spectral band through a short-pass filter, and then reduces it to the PD
linear region through an attenuator, and is finally received by the low-noise Si-PIN PD for
calculating the total optical path absorbance Asc = —log10(I¢/Ip).

Cuvette
LED /

_ Transmission Detector

N A

Power

Fluorescence Detector

L’\/ VA =%

Computer

Figure 5. The schematic diagram of the experimental system.

The transmission channel follows the same optical axis beyond the sample cell. After
exiting the cuvette, the beam traverses a short-pass filter that isolates the spectral region
of interest, followed by a neutral-density attenuator that brings the signal level within the
linear dynamic range of the photodetector. The resulting signal is captured by a low-noise
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Si-PIN photodiode, whose output is used to compute the full-path absorbance according to
AAC = —10g10(1t/10).

4.2. Instruments and Reagents

The relevant experiments in this study were all conducted using a self-built
transmission—fluorescence synchronous detection system, which included a high-speed
CMOS fiber optic spectrometer (manufacturer: AVANTES (Apeldoorn, The Netherlands);
model: AvaSpec-ULS2048CL-EVO), a power meter (manufacturer: THORLABS (Newton,
NJ, USA); model: S120VC), and a self-built optical path. The experimental reagents used
in this study (styrene, anthracene, and phenyl) were all of analytical purity or higher,
purchased from Thermo Fisher Scientific (Waltham, MA, USA).

4.3. Experimental Validation
4.3.1. Sample and Standard Solution Preparation

The standard stock solutions of styrene, anthracene, and phenanthrene (with a concen-
tration of 500 mg/L each) were prepared using methanol as the solvent. The concentrations
of styrene ranged from 0 to 4000 pg/L, the concentration of anthracene ranged from 0 to
600 pg/L, and the concentration of phenanthrene ranged from 0 to 2000 pg/L.

To systematically verify the internal filtration effect compensation model, a series of
multi-component mixed standard solutions were prepared in this study. The concentrations
were designed to cover different concentration gradients and interference combinations, as
shown in Table 2.

Table 2. Concentration design of multi-component mixed solutions for model validation.

Solution ID Styrene ug/L Anthracene pg/L Phenanthrene pg/L Design Purpose
M1 0-1500 50 - Binary, low-level interferent
M2 0-1500 100 - Binary, medium-level interferent
M3 0-1500 200 - Binary, high-level interferent
M4 0-1500 - 200 Binary, low-level interferent
M5 0-1500 - 500 Binary, medium-level interferent
M6 0-1500 - 1000 Binary, high-level interferent
M7 0-1500 50 200 Ternary, low-level cross-interference
M8 0-1500 100 500 Ternary, medium-level cross-interference
M9 0-1500 200 1000 Ternary, high-level cross-interference

4.3.2. Transmission—Fluorescence Dual-Mode Spectral Acquisition

The spectral data were collected using the self-built transmission—fluorescence syn-
chronous detection system as described in Section 4.1. The specific parameter settings are
as follows: The excitation light source at 255 nm is collimated with a constant intensity
and incident on the sample. The spectral response range of the fluorescence spectrometer
is 200-1100 nm. The integration time for data acquisition is optimized and adjustable
within the range of 10 ms to 5 s based on the sample concentration to ensure that the signal
intensity is within the linear response range of the detector. Three measurements are taken
for each sample and the average value is calculated. The PD photodetector response range
for the transmitted light signal is 200-1100 nm. The transmittance T and absorbance A
are accurately calculated by using the photoelectric signal from the detector target surface.
The samples were measured at room temperature (25 + 1 °C) in standard quartz cuvettes,
with a transmission path length of 4 cm. The data processing was completed through a
self-written MATLAB program (version R2023b).
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4.3.3. Interference Analysis
Single-Interferent Systems

(1) Anthracene interference on styrene:

As shown in Figure 6a, the absorbance of anthracene exhibits excellent linearity with
concentration over the range of 0-200 pg/L (R% > 0.999), indicating that self-absorption is
negligible in this interval. The corresponding fluorescence curves (Figure 7a) are also linear,
with the most intense emission peak located at 401 nm. When anthracene coexists with
styrene, however, the intrinsic linear range of styrene (0-1500 nug/L, Figure 7b) is disrupted,
as illustrated in Figure 8. In the presence of 50 ug/L anthracene, deviation from linearity
begins when styrene exceeds 500 pg/L; at 100 pg/L anthracene, the threshold drops to
300 ug/L; and at 200 pg/L anthracene, a negative deviation already emerges at 200 pug/L
styrene, with the maximum measured value falling by 40% (Figure 8c). After correction
with the proposed model, the deviation between the recovered fluorescence values and the
true concentrations is reduced to within 10% at all concentration levels examined.
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Figure 6. Absorbance intensity curves of aromatic compounds at different concentrations.
(a) Anthracene; (b) styrene; (c) phenanthrene.
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Figure 7. Fluorescence intensity curves of aromatic compounds at different concentrations.
(a) Anthracene; (b) styrene; (c) phenanthrene.
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Figure 8. Interference on fluorescence intensity of styrene by anthracene at different concentrations.
(a) 50 ug/L; (b) 100 ug/L; (c) 200 pg/L.

(2) Phenanthrene interference on styrene:

Figure 6b demonstrates that the absorbance of phenanthrene remains linear up to
2000 pg/L, and its fluorescence peak at 347 nm also shows a linear concentration de-
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pendence (Figure 7b). Figure 9 reveals that phenanthrene at 200 ug/L already induces
a discernible inner filter effect when styrene exceeds 500 pg/L; at 500 and 1000 ug/L
phenanthrene, the threshold is further compressed to 300 pg/L and 200 ug/L, respectively,
with the maximum deviation reaching as high as 58% (Figure 9¢). Following correc-
tion, the deviations are confined to within 10%, with the exception of extremely high
concentration regimes.
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Figure 9. Interference on fluorescence intensity of styrene by phenanthrene at different concentrations.
(a) 200 pg/L; (b) 500 pg/L; (¢) 1000 g/ L.

Composite Interference Systems

Figure 10a—c correspond to the three composite systems of anthracene 50 pgL~! and
phenanthrene 200 pgL~!, anthracene 100 pgL~! and phenanthrene 500 ugL~!, and an-
thracene 200 ugL~! and phenanthrene 1000 pgL~!. As shown in the figure, the original
linear relationship of styrene at concentrations ranging from 0 to 1500 ugL~! was disrupted:
at low concentration mixing the critical value still remained at 500 pgL ! (Figure 10a), at
medium concentration mixing it dropped to 200 pgL~! (Figure 10b), and at high concentra-
tion mixing, it significantly deviated within 200 ugL_l, with the maximum deviation of
63% (Figure 10c). After model correction, the recovery deviations of the low and medium
concentration composite systems were controlled at 5% and 10% respectively, while the
high concentration system, due to the excessively low transmittance, the deviation after
correction still reached 30%. An increase in residuals when A ¢ > 2.0 does not indicate the
failure of the correction equation based on Beer-Lambert. Rather, under the current optical
configuration, it reflects the amplification of the uncertainty of the transmission channel
when the transmitted signal drops below 1%.
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Figure 10. Interference on fluorescence intensity of styrene by anthracene-phenanthrene mixtures at
different concentrations. (a) anthracene: 50 pug/L, phenanthrene: 200 ug/L; (b) anthracene: 100 ug/L,
phenanthrene: 500 pg/L; (c) anthracene: 200 pug/L, phenanthrene: 1000 pg/L.
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The above results indicate that the dual-channel (transmission—fluorescence) collabo-
rative correction system proposed by us can quantitatively eliminate the internal filtration
effect of anthracene and phenanthrene on styrene. Under a single interference condition,
regardless of the presence or absence of anthracene or phenanthrene, the maximum de-
viation after correction has continuously decreased from 40 to 58% to within 10%. In
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the anthracene—phenanthrene composite system, at low to medium concentration levels
(anthracene < 100 pg/L, phenanthrene < 500 ug/L), the quantitative accuracy still remains
within 5-10%. However, when the total absorbance exceeds 2.0, that is, when the trans-
mittance is lower than 1% under the current optical configuration, the correction error
rises to 30%, indicating that the existing path length has approached the actual limit of this
measurement system.

Thus, the correction strategy we proposed is highly applicable within the conventional
trace-to-medium concentration range, but has inherent limitations at extremely high con-
centration levels. Currently, efforts are being made to restore the correction accuracy under
these complex conditions by optimizing experimental parameters, such as reducing the
optical path length or using attenuated excitation intensity. This will also be our future
public relations focus and will be covered in subsequent reports.

5. Conclusions and Outlook

This study is aimed at the high-sensitivity and fluorescence detection requirements of
trace aromatic organic compounds in water environments. In response to the first-order
internal filtration effect (PIFE) caused by the coexistence of high-concentration anthracene
and phenanthrene in fluorescence detection, which interferes with the quantitative anal-
ysis of styrene, an innovative internal filtration effect compensation model based on the
“transmission—fluorescence dual detector collaborative correction” strategy was proposed.
By establishing the excitation light attenuation kinetics equation and the coupling model of
fluorescence emission, this method effectively converts the nonlinear deviation caused by
IPFE into a linear regression problem. The present work focuses on method development
and concept validation, and the field application in real environmental matrices has been
listed as the next phase of our work.

The experimental results show that our method demonstrates high efficiency and
robustness in various scenarios. Under a single interference condition, this model can
continuously reduce the maximum deviation of styrene detection from 40 to 58% to within
10%. In low to medium concentration anthracene—phenanthrene anthracene composite
systems (anthracene < 100 pg/L, phenanthrene < 500 pg/L), the corrected measurement
accuracy reaches 5-10%, which is 3 to 5 times higher than the uncorrected measurement
results. This indicates that this method can effectively restore the linear relationship
between fluorescence intensity and analyte concentration, which is usually disrupted by
PIFE. Thus, even in the presence of strong absorbing coexisting species, reliable quantitative
analysis can still be achieved. Furthermore, this model can be essentially extended to any
n-component mixture.

The practical operating range of the current prototype is approximately Aac < 2.0,
which is limited by the detector’s signal-to-noise ratio and stray light level. To extend the
dynamic range to environmental samples with high turbidity and high DOM content, the
following strategies can be adopted: (1) Variable optical path flow cells or replaceable short
optical path quartz cuvettes can directly reduce the absorbance according to A = ecL; (2)
the front or shallow excitation/collection geometry configuration shortens the effective
excitation and emission optical path; (3) light source attenuation or adjustable excitation
power can prevent detector saturation, but real-time Iy reference measurement must be
carried out simultaneously; (4) increasing the radiation intensity of the light source or
the integration time within the linear range, using a transmission detector with a higher
dynamic range/lower noise, and improving the baffle and filter can increase Ny and reduce
stray light; and (5) for samples with severe particle scattering or extremely high DOM, short-
path transmission measurement combined with dilution, filtration or separate scattering
correction should be adopted before concentration inversion.
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Currently, we are exploring its application in more complex environmental matrices
containing dissolved organic matter, heavy metals, and suspended particles. The inte-
gration of the dual detector system with microfluidic devices and optical probes is also
underway, aiming to achieve fully automatic, real-time, and in situ monitoring of aromatic
pollutants in natural water bodies, industrial wastewater, and drinking water sources.
More broadly, the physical principle underlying our method—that is, correcting optical in-
terference through the synergistic effect of absorbing spectral information and fluorescence
information—is not only applicable to the analysis of aromatic pollutants but can also be
extended to other fluorescence-based application fields.

In summary, this research provides a theoretically rigorous, experimentally verified,
and practically feasible solution that effectively overcomes the long-standing problem of
PIFE (photobleaching/fluorescence decay) that has hindered fluorescence quantitative
analysis in multi-component systems. By bridging the gap between basic optical physics
and application environmental monitoring, we believe that our transmission—fluorescence
co-correction paradigm has taken a significant step forward in the pursuit of high-precision,
real-time, and on-site deployable optical sensors for water quality assessment and their
broader applications.

Author Contributions: Conceptualization, ].B.; methodology, D.Z. and L.Z.; software, D.Z.; valida-
tion, D.Z. and S.L.; formal analysis, D.Z. and S.L.; investigation, D.Z.; resources, L.Z.; data curation,
D.Z.; writing—original draft preparation, D.Z.; writing—review and editing, J.B., L.Z., and S.L.;
visualization, D.Z.; supervision, J.B.; project administration, ].B.; funding acquisition, ].B. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China, grant number 2022YFC3700903.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: Author Dawei Zhang and Jie Bao were employed by QuantaEye (Beijing)
Technologies Co., Ltd. The remaining authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed as a potential conflict of interest.

References

1.

Pathak, A.; Kumar, A ; Kurrey, R,; Yadav, S.; Chandra, T.L. A Comprehensive Exploration of Polycyclic Aromatic Hydrocarbons:
Environmental Origins, Analytical Techniques, Health Implications, and Remediation Strategies. J. Ravishankar Univ. 2026, 39,
100-132. [CrossRef]

Hossain, M.S.; Lima, M.A.; Jamee, M.E,; Jahan, T.; Ditthakit, P.; Rahman, M.S.; Chanda, S.; Omit, M.S.; Bordin, C.; Hridoy, M. A.
Assessing the Genotoxic Effects of Emerging Organic Contaminants in Water Systems: Current Trends and Future Directions.
Scientifica 2026, 2026, 5677364. [CrossRef]

Vijayanand, M.; Ramakrishnan, A.; Subramanian, R.; Issac, PK.; Nasr, M.; Khoo, K.S.; Rajagopal, R.; Greff, B.; Azelee, N.I;
Jeon, B.H.; et al. Polyaromatic hydrocarbons (PAHs) in the water environment: A review on toxicity, microbial biodegradation,
systematic biological advancements, and environmental fate. Environ. Res. 2023, 227, 115716. [CrossRef]

Kumari, A.; Upadhyay, V.; Kumar, S. A critical insight into occurrence and fate of polycyclic aromatic hydrocarbons and their
green remediation approaches. Chemosphere 2023, 329, 138579. [CrossRef]

Saroha, C.; Bisaria, I.; Singh, M.; Gupta, A. Emerging Mass Spectrometry Technologies in Phytochemical Analysis. Mass Spectrom.
Lett. 2025, 16, 95-110.

Rankin-Turner, S.; Heaney, L.M. Deployable Mass Spectrometry for Rapid On-Site Bioanalysis. LCGC N. Am. 2022, 40, 14-18.
[CrossRef]

Du, M.; Chen, W,; Qian, C.; Chen, Z.; Chen, G.L.; Yu, H.Q. Using Rayleigh Scattering to Correct the Inner Filter Effect of the
Fluorescence Excitation—-Emission Matrix. Anal. Chem. 2023, 95, 12273-12283. [CrossRef]

https://doi.org/10.3390/chemosensors14090201


https://doi.org/10.52228/jrub.2026-39-1-6
https://doi.org/10.1155/sci5/5677364
https://doi.org/10.1016/j.envres.2023.115716
https://doi.org/10.1016/j.chemosphere.2023.138579
https://doi.org/10.56530/lcgc.na.lt8569n1
https://doi.org/10.1021/acs.analchem.3c01093
https://doi.org/10.3390/chemosensors14090201

Chemosensors 2026, 14, 201 16 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Vinther, L.; Broholm, M.M.; Schittich, A.R.; Haugsted, T.; McKnight, U.S.; Draborg, H.; Bjerg, P.L.; Wiinsch, U.J. Fluorescence
spectroscopy as an indicator tool for pharmaceutical contamination in groundwater and surface water. Chemosphere 2025,
372, 144009. [CrossRef]

Bharadwaj, S.P.; Gogoi, P.; Dutta, P. Highly Efficient Fluorescence Sensing of Polycyclic Aromatic Hydrocarbon Anthracene by
Chlorophyll. Water Air Soil Pollut. 2026, 237, 135. [CrossRef]

Li, X.; Zhou, Z.; Yang, T.; Qiang, ].; Wang, X. A modified inner-filter effect model with emission angle in fluorescence spectra.
Measurement 2025, 256, 118467. [CrossRef]

Weitner, T.; Friganovic, T. Inner filter effect correction for fluorescence measurements in microplates using variable vertical axis
focus. Anal. Chem. 2022, 94, 7107-7114. [CrossRef]

Wang, T.; Zeng, L.; Li, D. A Review On The Methods For Correcting The Fluorescence Inner-Filter Effect Of Fluorescence Spectrum.
Appl. Spectrosc. Rev. 2017, 52, 883-908. [CrossRef]

Friganovic, T.; Weitner, T. Reducing the Inner Filter Effect in Microplates by Increasing Absorbance? Linear Fluorescence in
Highly Concentrated Fluorophore Solutions in the Presence of an Added Absorber. Anal. Chem. 2023, 95, 13036-13045. [CrossRef]
Larsson, T.; Wedborg, M.; Turner, D. Correction of inner-filter effect in fluorescence excitation-emission matrix spectrometry using
Raman scatter. Anal. Chim. Acta 2007, 583, 357-363. [CrossRef]

Kothawala, D.N.; Murphy, K.R.; Stedmon, C.A.; Weyhenmeyer, G.A.; Tranvik, L.J. Inner filter correction of dissolved organic
matter fluorescence. Limnol. Oceanogr. Methods 2013, 11, 616-630. [CrossRef]

Li, W,; Fu, Y;; Liu, T,; Li, H.; Huang, M. High-throughput fluorescence quantification method based on inner filter effect and
fluorescence imaging analysis. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2024, 318, 124422. [CrossRef]

Ceresa, L.; Kimball, J.; Chavez, J.; Kitchner, E.; Nurekeyev, Z.; Doan, H.; Borejdo, J.; Gryczynski, I.; Gryczynski, Z. On the origin
and correction for inner filter effects in fluorescence. Part II: Secondary inner filter effect-the proper use of front-face configuration
for highly absorbing and scattering samples. Methods Appl. Fluoresc. 2021, 9, 035005. [CrossRef]

Bevilacqua, M.; Rinnan, A.; Lund, M.N. Investigating challenges with scattering and inner filter effects in front-face fluorescence
by PARAFAC. J. Chemom. 2020, 34, €3286. [CrossRef]

Li, W;; Fu, Y;; Liu, T,; Li, H.; Huang, M. Accurate correction method and algorithm of fluorescence secondary inner filter effect
(sIEF) in fluorescence quantitative analysis. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2023, 288, 122147. [CrossRef]
Wamsley, M.C. Instrument and Methodology Development for Expanding the Capabilities of Optical Spectroscopic Techniques.
Ph.D. Thesis, Mississippi State University, Starkville, MS, USA, 2024.

Stedmon, C.A.; Markager, S.; Bro, R. Tracing dissolved organic matter in aquatic environments using a new approach to
fluorescence spectroscopy. Mar. Chem. 2003, 82, 239-254. [CrossRef]

Soursou, V.; Campo, J.; Pic6, Y. Revisiting the analytical determination of PAHs in environmental samples: An update on recent
advances. Trends Environ. Anal. Chem. 2023, 37, €00195. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/chemosensors14090201


https://doi.org/10.1016/j.chemosphere.2024.144009
https://doi.org/10.1007/s11270-025-08813-2
https://doi.org/10.1016/j.measurement.2025.118467
https://doi.org/10.1021/acs.analchem.2c01031
https://doi.org/10.1080/05704928.2017.1345758
https://doi.org/10.1021/acs.analchem.3c01295
https://doi.org/10.1016/j.aca.2006.09.067
https://doi.org/10.4319/lom.2013.11.616
https://doi.org/10.1016/j.saa.2024.124422
https://doi.org/10.1088/2050-6120/ac0243
https://doi.org/10.1002/cem.3286
https://doi.org/10.1016/j.saa.2022.122147
https://doi.org/10.1016/s0304-4203(03)00072-0
https://doi.org/10.1016/j.teac.2023.e00195
https://doi.org/10.3390/chemosensors14090201

	Introduction 
	Principles of Fluorescence Detection for Aromatic Compounds 
	Mechanistic Model 
	Physical System Description 
	Optical Propagation Model 
	Excitation Light Attenuation Kinetics 
	Fluorescence Generation and Detection 
	Concentration Inversion: A Linear Regression Formulation 


	Experimental Verification 
	Experimental System 
	Instruments and Reagents 
	Experimental Validation 
	Sample and Standard Solution Preparation 
	Transmission–Fluorescence Dual-Mode Spectral Acquisition 
	Interference Analysis 


	Conclusions and Outlook 
	References

