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ABSTRACT
The EU persistent organic pollutants (POPs) Regulation imposes strict limit requirements on the residues of

polybrominated diphenyl ethers (PBDEs) in flame-retardant textiles. However, due to the stable structure and strong
fiber matrix shielding effect of high-brominated diphenyl ethers, their degradation rate is slow, making it difficult to
meet compliance requirements during their service life. This paper focuses on the migration and degradation
characteristics of high-brominated PBDEs under real service conditions, constructs a multi-factor synergistic simulation
system integrating ultraviolet (UV) irradiation, wet-heat cycling, and periodic water washing, and uses gas
chromatography—mass spectrometry (GC—MS) to quantitatively track polybrominated isomers. The results show that
under the synergistic conditions of a triple stress, the concentration of BDE-209 dropped from 8.5 mg/kg to 1.2 mg/kg,
and the concentrations of the main products BDE-153 and BDE-99 were 3.2 mg/kg and 2.9 mg/kg, respectively. The
results indicate that this method effectively promotes debromination and contributes to the control of residues within
the EU POPs thresholds applicable to textile products. Although the total PBDE concentration remains within the EU
POPs thresholds applicable to textile categories, these products exhibit persistence, bioaccumulation potential, and
adverse biological effects that are comparable to or higher than that of the parent compound. This highlights that
regulatory compliance should be evaluated together with the inherent toxicity of degradation products to provide a

more comprehensive assessment of environmental safety.
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INTRODUCTION

Flame-retardant textiles are widely used in transportation, construction, and home furnishings, and their
flame-retardant properties are crucial to personal safety. Polybrominated diphenyl ether flame retardants
are widely used in fabric finishing due to their thermal stability and durability [1,2]. However,

polybrominated diphenyl ethers (PBDEs) have been listed as restricted substances in the EU persistent
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organic pollutants (POPs) Regulation, and the limit values have become increasingly stringent. According to
the amendments of Regulation (EU) 2019/1021, the sum of tetra-, penta-, hexa-, hepta-, and deca-BDE in
mixtures or articles is restricted to 10 mg/kg. For articles containing recovered materials, the permissible
level will be reduced from 500 mg/kg to 350 mg/kg by December 2025, and further to 200 mg/kg by
December 2027. For toys and childcare articles made of recovered materials, the concentration must not
exceed 10 mg/kg within 18 months after entry into force. These differentiated thresholds and staged
transition periods indicate that compliance assessment should not be reduced to a single numerical limit,
but must be understood within a multi-level regulatory framework. The residual concentration during the
service life has therefore become a critical parameter in evaluating both regulatory compliance and
environmental impact [3,4].

Currently, the migration and degradation laws of PBDEs in textiles remain unclear due to their high bromine
content, difficulty in release, and limited influence from environmental factors. Under the superposition of
stresses such as ultraviolet (UV) radiation, wet heat, and washing, they exhibit heterogeneous, nonlinear,
and multi-path behaviors within the fiber [5,6]. Existing studies mostly use static or single-factor conditions,
which makes it difficult to reveal their transformation characteristics and degradation rates under real
service environments, and lack quantitative analysis of the responses of different isomers [7,8]. Most of
these results remain limited by the absence of coupled stress conditions that dominate real service
environments, and the toxicological relevance of the degradation intermediates has not been sufficiently
addressed. These shortcomings restrict the accuracy of predicting long-term persistence and potential risks
of PBDEs in textiles. This study establishes a multi-stress collaborative framework combining UV irradiation,
wet-heat cycling, and washing forces, which links the observed debromination pathways with kinetic
modeling and toxicological interpretation to provide a more representative assessment of service-related
transformations.

Some studies have investigated the migration and degradation characteristics of PBDEs through
accelerated aging or static water washing. In contrast, others have monitored changes in isomers using
pyrolysis-chromatography and fitted the concentration trend to analyze the debromination behavior [9,10].
However, most of them ignore multi-stress coupling, lack systematic tracking of degradation products, and
the relationship between degradation rate and toxic products remains unclear. Compliance remains
challenging to ensure [11,12].

To solve the above problems, this paper constructed a multi-stress collaborative simulation platform of UV,
wet heat, and washing, combined solid phase extraction and GC-MS quantitative detection, tracks the
degradation path and structural evolution of PBDEs, extracts kinetic parameters based on the
pseudo-first-order model, and analyzes the dynamic change process inside the fiber. The research focuses
on limit control and aims to establish an effective connection between the degradation path and regulatory

compliance.
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RELATED WORK

The existence state and degradation behavior of PBDEs in flame-retardant textiles have always been the
core issues in environmental behavior research. The porous structure of fibers and the wettability of
interfaces form a shielding effect, significantly inhibiting migration and delaying degradation. Oumeddour
et al. [13] conducted an UV irradiation experiment combined with multiple analytical methods. They found
that the degradation rates of decabromodiphenyl ether (DecaBDE) and hexabromocyclododecane (HBCD)
exceeded 50%, with the release of volatile products, indicating a risk of migration and release under light
conditions [13]. This study shows that high-energy light can trigger the molecular breakage of PBDEs,
suggesting potential stability issues during service [13]. Portet Koltalo et al. [14] employed microwave
extraction in conjunction with X-ray fluorescence technology to determine the levels of PBDEs in hard
plastics. Although there are differences in the migration patterns compared to textile fibers, their analysis
of rapid screening errors provides a reference for methodological comparison. This finding reveals that
bromine elements and flame retardants do not have a direct correspondence in complex matrices,
reflecting the limitations of analytical techniques. Marti et al. [15] compared brominated and halogen-free
flame-retardant cotton fabrics and found that halogen-free residues were more stable and did not
penetrate the skin, indicating better safety. Although the above studies involve degradation and alternative
paths, there is a lack of systematic tracking of PBDEs’ behavior under multiple stresses in the fabric system
[16,17]. Many of the reported approaches rely on isolated laboratory conditions and describe
concentration variations without connecting the observed kinetics to toxicological outcomes or compliance
frameworks. The absence of such integration reduces their applicability for evaluating environmental safety.
The present work combines degradation kinetics with analysis of toxic product accumulation to address this
gap within a textile-specific context.

The photothermal degradation mechanism of PBDEs in polymers and environmental media is crucial for
understanding the evolution of their toxicity. Wang et al. [18] analyzed the thermal decomposition pathway
of BDE-209 based on density functional theory and noted that it generates toxic products through ether
bond cleavage and debromination. This study provides molecular-level evidence in support of the
high-temperature treatment mechanism [18]. Sun et al. [19] summarized the toxicity effects and
transformation mechanisms of BDE-209 from the perspective of environmental exposure and proposed
photothermal degradation control strategies. Most existing experiments are single-stress, lacking the
exploration of degradation mechanisms under the combined effects of UV, wet heat, and water washing.
Valenti-Quiroga et al. [20] investigated the photolysis reaction of PBDEs in the aqueous phase, revealing the
influence of wavelength and water quality on the degradation rate. Although research has expanded the
understanding of the photothermal degradation of PBDEs, the kinetic evolution under multiple stresses in

solid-state fabrics still lacks systematic verification. Unlike studies confined to single photolytic or thermal
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processes, the approach adopted here considers UV irradiation, heat, and washing as concurrent drivers of
degradation. This enables clarification of how stress interactions determine both the rate and direction of
debromination, while also linking the identified pathways to the toxicological relevance of dominant

intermediates, thereby extending current understanding of PBDE transformation in fiber systems.

MATERIALS AND METHODS

Material Preparation

Three typical flame-retardant textiles (polyester-based, cotton-based, and nylon-based) with significant
structural differences were selected to cover the common fiber configuration differences. The samples
were cut, numbered, and stored in a sealed container for subsequent analysis. Samples were cryo-ground
and sieved to avoid thermal degradation.

The initial concentration of PBDEs was determined by solid phase extraction combined with gas
chromatography—mass spectrometry (GC—MS) analysis. The target compounds were extracted multiple
times with chloroform/n-hexane (1:1) under ultrasonic conditions for pretreatment and then concentrated
by nitrogen blowing and purified using a silica gel column to remove impurities. BDE-209, BDE-153, BDE-99,
and BDE-47 were quantitatively calibrated separately. Each sample set was injected three times, and the
concentration was corrected based on the spiked recovery rate.

To clarify the distribution state of PBDEs in the fibers, the fiber cross-sections were characterized using
scanning electron microscopy (SEM) combined with energy-dispersive X-ray spectroscopy (EDS). The results
showed that PBDEs were concentrated in the core of nylon, tended to accumulate at the edges of polyester,
and were evenly distributed in cotton fibers, providing a structural basis for subsequent migration-factor
calculations and degradation pathway modeling.

When the degradation kinetic model was applied, the initial concentration of each sample was used as the
boundary condition of the pseudo-first-order reaction rate equation, and its mathematical expression was

given as:

C(f)=Cye™ (1)

In formula (1), C(t) is the concentration of PBDEs at any time point; C, is the initial concentration; and k
is the degradation rate constant. To ensure the accuracy of the model boundary conditions, Table 1 lists the
initial total concentration of PBDEs and the proportion distribution of the main isomers in the three types
of fiber samples, providing basic data support for subsequent kinetic parameter fitting and analysis of

migration behavior.
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Table 1 Distribution of initial PBDEs total concentration and isomer ratio of three types of fiber samples

Fiber Type Total PBDEs concentration (mg/kg) BDE-209 (%) BDE-153 (%) BDE-99 (%) BDE-47 (%)
Polyester 12.8 72.5 14.3 9.2 4

Cotton 10.4 48.6 22.5 18.3 10.6

Nylon 13.6 80.1 10.2 6.8 2.9

The application of the pseudo-first-order kinetic model in this study is based on the observation that the
primary debromination of PBDEs follows a dominant rate-limiting pathway under controlled stress
conditions. Although the degradation of high-brominated congeners in textiles involves heterogeneous
environments and concurrent migration processes, the exponential decay form of the model adequately
captures the overall temporal trend of concentration decline. The high correlation coefficients derived from
curve fitting indicate that the model provides an accurate representation of the experimental data within
the treatment timescales considered. At the same time, the rate constants derived from this approach
should be regarded as effective kinetic parameters that integrate the influence of diffusion resistance and
partial secondary reactions, rather than intrinsic reaction constants of a single molecular pathway. This
interpretation allows the model to provide a consistent quantitative framework for comparing degradation
behaviors under different stress combinations, while acknowledging that more complex mechanisms may
operate at the molecular level.

Considering the regulatory effect of different fiber types on the diffusion path, the migration-degradation

coupling model expression was further applied:
dc
Ez-kcwvzc (2)

In formula (2), D is the effective diffusion coefficient of PBDEs in the fiber, and V2C is the Laplace

operator of the spatial concentration gradient.

Multi-Stress Coupling Experimental Design

To simulate the environmental exposure process of flame-retardant textiles during their actual service life,
a collaborative experimental system was constructed to induce continuous superposition degradation
through four types of stresses: UV radiation, humidity, heat cycles, and periodic water washing. The
simulation system consists of three parts: an UV aging chamber, a constant temperature, humidity, and
heat chamber, and a water washing simulation device. A programmable control method is used to ensure
the cyclic stability and coupling controllability of each stress condition.

In the UV aging process, UV light in the 280-320 nm band was applied with an average irradiance of 4.5

mW/cm? at the sample surface. The samples were laid out in the light source area to ensure uniform
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irradiation. The irradiation energy flux and PBDEs degradation rate were fitted using a pseudo-first-order
model, and the irradiation response factor was applied to quantify the light reaction intensity.

Figure 1 shows the UV device and light source layout. In the schematic, the UV lamp array is positioned at
the upper section of the irradiation chamber, and the sensor modules are distributed around the exposure
area to monitor light intensity in real time. The samples are fixed on separate holders arranged in parallel
planes at the center of the chamber to ensure uniform exposure. Product A represents the polyester-based
textile, Sample B corresponds to the cotton-based textile, and Sample C corresponds to the nylon-based
textile. Their relative positions are indicated to reflect the experimental grouping and to maintain
comparability across different fiber types. Arrows in the schematic indicate the propagation direction of UV
irradiation and its intersection with each sample position, while the sensor connection lines illustrate the
link between the monitoring points and the data listed in Table 2. By placing irradiation sensor arrays at
different positions within the sample layer, the light intensity data for each measuring point was recorded.
The irradiance mean and standard deviation results for typical measuring points are listed in Table 2. The
numerical values show that the coefficient of variation of the irradiance distribution in the entire effective

area is controlled within the acceptable error range.
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Figure 1. Schematic diagram of the cross-sectional structure and light source distribution of the UV aging experimental device

Table 2. Statistics of the mean and standard deviation of irradiance at different measuring points on the sample irradiation plane

Sensor Position Mean Irradiance (mW/cm?) Standard Deviation (mW/cm?) Coefficient of Variation (%)
Center 4.52 0.08 1.77
Front-Left 4.48 0.11 2.46
Front-Right 4.54 0.09 1.98
Rear-Left 4.47 0.13 291
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Rear-Right 4.5 0.1 2.22

Average 4.5 0.1 2.27

The wet heat treatment was conducted at 75°C and 85% relative humidity, with four stages: heating,
constant temperature, cooling, and drying, resulting in a cyclic change that strengthened the sample’s
response to alternating temperature and humidity stress. The samples were tensioned and fixed on a
high-permeability bracket. The system features an embedded temperature and humidity feedback sensor,
which adjusts parameters in real-time and records the fiber’s moisture content and deformation coefficient
to characterize the synergistic effect of heat-induced deconstruction and moisture polarity migration. The
UV source operated in the 280-320 nm range with a spectral peak at approximately 305 nm and a half
bandwidth of about 40 nm. Over each 20 h irradiation cycle, the cumulative dose on the sample surface
was calculated to be 3.24 x 108 J/m?, providing a consistent basis for dose—response evaluation.

The water washing simulation utilized a program-controlled system that complied with ISO 6330. The
temperature was set at 50 °C, a low-foaming surfactant system was employed, and each round of washing
was completed under constant shear conditions. Freeze-drying was then performed to prevent further
thermal migration. The shear induced diffusion model was applied to evaluate the release response of
PBDEs.

The three types of stress were analyzed in a unified treatment stage, with each stage corresponding to 20 h
of irradiation, one wet-heat cycle, and two water-washing operations to ensure the consistency and
comparability among the experimental paths. Through multi-cycle composite treatment, the concentration
changes and debromination pathways of the main PBDE isomers were systematically tracked, and a

coupled evaluation system integrating degradation and migration was ultimately constructed.

PBDEs Extraction and Purification

After the service simulation treatment, the samples were pre-cooled, sealed, and numbered, and were
pre-homogenized under constant temperature conditions to preserve the original state of PBDEs and their
degradation products. After the samples were split according to the mass standard, the target compounds
were extracted in chloroform/n-hexane (1:1) by an ultrasound-assisted method, and the isomers were
extracted by combining ultrasonication and temperature control.

After centrifugation and dehydration, the extract was transferred to the solid-phase extraction system, and
the co-extracts were stripped by gradient elution using a macroporous silica column to ensure consistency
in the retention rate and migration path of the PBDEs.

Figure 2 shows the differences in chromatographic responses of the components in each segment of the

eluent under different polarity gradients. It can be observed that there is a significant difference in
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retention time between the main component and the degradation product, which provides a basis for

subsequent quantitative analysis.
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Figure 2. Chromatograms of components after PBDEs extraction and purification

During the purification process, a dual-channel separation strategy was employed to simultaneously
process the high-bromine parent and the low-bromine product, thereby avoiding chromatographic overlap.
To verify the retention efficiency of the purification process, internal standard calibration was applied, and
the recovery rate of each stage was evaluated using the standard curve method. To ensure the
conservation of substances and quality consistency during the extraction and purification process, the

system efficiency factor n is defined as:

— Cineas* I(ﬁnal (3)

Cinit‘msample

In formula (3), Cpegs is the PBDEs concentration measured in the final sample; Vj,g is the volume of the
concentrated solution; Cjy; is the initial PBDEs concentration of the fiber; and mg;p,,. is the mass of the

treated sample.

GC-MS Quantitative Analysis

The test solution was directly injected after purification and concentration, and PBDEs and their
degradation products were quantitatively detected using a GC-MS instrument. Split injection and a
fused-silica capillary column were utilized for high-resolution separations, and the heating program was

optimized to prevent tailing of high-boiling components. Each component was separated according to the
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number of bromine atoms and spatial configuration to ensure that the response signals of BDE-209,
BDE-153, BDE-99, and BDE-47 did not overlap.
The concentration calibration adopted the five-point external standard method to construct a standard

curve for regressing the concentration of each isomer. The fitting function was as follows:

Ai:ki.ci_l—bi (4)

In formula (4), A; represents the chromatographic peak area of the i-th PBDEs isomer; C; is the
corresponding concentration; k; is the response coefficient; and b; is the baseline drift correction
constant.

The scanning and selected ion monitoring (SIM) modes were combined to improve substance identification
and specificity. The SIM channels were set with characteristic ion pairs for each isomer, and the abundance
ratio window was optimized to reduce co-extraction interference. The peak area integration method was
used for data processing, combining retention time and ion abundance to identify the target component.
Method validation was performed to confirm the reliability of PBDE quantification. Table 3 summarizes the
quality assurance parameters, including detection limits, quantification limits, spiked recovery, repeatability
of parallel samples, and blank results. The values demonstrate sufficient sensitivity and accuracy to support

the concentration differences observed in this study.

Table 3. Quality assurance parameters for PBDEs analysis

LOD LOQ Spiked recovery
Analyte RSD of parallel samples (%) Blank result
(mg/kg) (mg/kg) (%)
BDE-209 0.02 0.05 89-104 6.5 Not detected
BDE-153 0.01 0.03 92-107 5.8 Not detected
BDE-99 0.01 0.03 85-102 7.2 Not detected
BDE-47 0.01 0.03 90-108 6.1 Not detected

As shown in Table 3, the LOD and LOQ values for the target congeners were below 0.05 mg/kg, indicating
sufficient sensitivity for detecting low-level residues in textiles. The spiked recovery rates ranged from 85%
to 108%, which falls within the acceptable range for quantitative analysis and demonstrates satisfactory
accuracy. The relative standard deviations of parallel samples were all below 8%, confirming good
repeatability of the measurements. Both process and vessel blanks showed non-detectable levels,
excluding any background interference. These results confirm that the analytical method provides reliable

support for the concentration differences reported in this study.
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Construction of Coupled Kinetic Model of Degradation and Migration

To comprehensively describe the changes in the spatiotemporal behavior of PBDEs under multiple stresses,
a coupled kinetic model integrating degradation and migration processes was developed. Taking BDE-209
as the main target, combined with the concentration change sequence of its main degradation products
BDE-153, BDE-99, and BDE-47, a pseudo-first-order kinetic equation was constructed based on the
measured data, and the time evolution law of PBDEs residues normalized by sample mass C(t) was used to

describe it:
C(t)=Cy-e™ (5)

In formula (5), G, is the initial concentration, k is the degradation rate constant, and t is the treatment
time in hours. The least squares method was used to perform nonlinear regression on the measured data,
extract the k value under each set of conditions, and test the residual sum of squares and determination
coefficient of the fitting curve to verify the model fit.

During the sample processing, the fiber matrix has a significant retention effect on PBDEs, and some
degradation pathways show secondary reaction characteristics. To capture nonlinear changes, the

instantaneous degradation rate function was applied:
dc
G=kC ()

The discrete derivative sequence was constructed using the concentration difference method, and the
slope of the fitting curve was differentially analyzed to identify the dynamic deviation trend of the
degradation rate concerning the treatment stage.

To further remove the interference of migration effects on the degradation path, the theoretical correction

concentration C,,,,(t) was applied:
Ceorr(O=C(t)+M(2) (7)

In formula (7), M(t) represents the cumulative amount of PBDEs that migrated to the surface or are lost
due to washing. This corrected concentration was used as the basis for kinetic modeling and the corrected
rate constants were recalculated. The cumulative migration term M(t) was determined by preparing
cross-sectional slices of the treated fibers, quantifying PBDEs in each layer, and integrating the amounts

along the thickness direction. The cumulative migrated load was normalized by sample mass, and the
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resulting values were fitted to the migration—degradation coupled model to obtain the migration rate
constant km through nonlinear regression of M(t) as a function of treatment time.

To characterize the structural dependence between products, the relative reaction factor Ry is defined as:

s
R= (8)

In formula (8), k; is the rate constant of the degradation product BDE-153, BDE-99 or BDE-47, and k,qq is
the degradation rate of the parent BDE-209.

At the same time, to analyze the migration behavior of PBDEs within the fiber, the longitudinal profile
concentration gradient method was employed to sample the treated specimens in the thickness direction
and construct a spatial distribution profile. The migration load per unit area Q, expression is:

0=~ ["" C)ax (©)

In formula (9), C(x) is the concentration of PBDEs at position x, and Ax is the sample layer thickness
interval.
To quantitatively characterize the migration ability of PBDEs from the interior to the surface, the migration

factor MF is defined:
MF== (10)

In formula (10), C, is the concentration of PBDEs in the surface area, and C; is the average concentration
of the entire sample.
Combining the GC-MS test results with the concentration data of the imbalanced area of the profile, the

degradation and migration synergy coefficient y is defined as:

My
X MgtM,,

(11)

In formula (11), My is the reduction of PBDEs due to degradation, and M,, is the loss due to migration.
Based on the comprehensive consideration of the two behaviors, a degradation-migration joint kinetic

model was constructed:

C(t)=Cy-e *mt (12)
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In formula (12), k,, is the migration rate constant, which is extracted by model regression. The ratio k,,/k
can be used to quantitatively evaluate the relative contribution of migration to the overall removal of

PBDEs.

EXPERIMENTAL RESULTS

Degradation Characteristics of PBDEs under Synergistic Effects of Multiple Stresses

In the flame-retardant textile PBDEs degradation experiment, the migration and transformation
characteristics of BDE-209 and its main degradation products BDE-153, BDE-99, and BDE-47 were
systematically analyzed by simulating different stress conditions. BDE-209 has a stable structure and a
complex degradation pathway, and is prone to generating debrominated products to varying degrees;
BDE-153 and BDE-99 have enhanced mobility and reactivity, while BDE-47 has a higher potential for
environmental diffusion. The experiment used single stress (UV S1, moist heat S2, water washing S3), two
stress combinations (UV + moist heat S4, UV + water washing S5, moist heat + water washing S6), and a
coupled combination of three stresses (S7), and dynamically tracked the degradation effects and synergistic
responses under various conditions for 180 hours. The treatment phase variables were used uniformly, and
the equivalent time, water washing rounds, and wet heat cycles were integrated to make each path
comparable and valuable for analysis. Figure 3 shows the trend of BDE-209 content and the composition of

PBDEs products at the end of each experimental group.
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Figure 3. Changes in PBDEs content and final residual distribution. (a) Changes in BDE-209 concentration at each treatment stage,

(b) Final composition and total residual content of PBDEs in each group
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During the dynamic degradation process, BDE-209 shows a downward trend in all seven treatment paths,
and the degradation rate is significantly affected by the stress type and combination mode. In the
three-stress coupling group, BDE-209 decreased from 8.5 mg/kg to 1.2 mg/kg, indicating that the combined
stresses weaken the fiber shielding effect and enhance molecular reactivity; the endpoint concentrations of
the UV+humid heat and UV+water washing groups were 2.5 and 2.9 mg/kg, respectively, indicating that UV
light is the main driver; while the residue in the water washing single factor group was still 5.0 mg/kg,
indicating that physical disturbance has limited effect on the fracture. In the three-stress group, while
BDE-209 was significantly degraded, the concentrations of BDE-153, BDE-99, and BDE-47 were 3.2, 2.9, and
1.4 mg/kg, respectively, resulting in a total residue of 8.7 mg/kg, which remains below the EU POPs
threshold applicable to textiles. In the UV + wet heat group, although BDE-209 was reduced to 2.5 mg/kg,
the product accumulated to 6.8 mg/kg, and the total load reached 9.3 mg/kg, indicating that some
intermediates are stable, limiting further decomposition. In the UV group, BDE-153 was 2.8 mg/kg and
BDE-47 was only 1.0 mg/kg, indicating that although light can stimulate the reaction, the degradation depth
is insufficient. The overall results show that multi-stress synergy not only improves the degradation rate of
PBDEs but also has significant advantages in controlling the final residue.

To verify the significance of these differences, statistical analysis was performed, and the results are
presented in Table 4. BDE-209, BDE-153, BDE-99, and BDE-47 all exhibited significant differences across
stress conditions (p < 0.001), with the triple stress group (S7) showing the most pronounced reduction in

BDE-209 compared with single-stress treatments.

Table 4. Final concentrations of PBDEs under different stress conditions with statistical analysis (corresponding to Figure 3b).

Stress group BDE-209 (mg/kg) BDE-153 (mg/kg) BDE-99 (mg/kg) BDE-47 (mg/kg)
S1(uv) 3.50+0.18 2.80+0.14 2.00+£0.10 1.00 £ 0.05
S2 (Heat & Humidity) 4.20+0.21 2.50+0.13 1.80 £ 0.09 0.80 +0.04
S3 (Washing) 5.00 £ 0.25 2.20+0.11 1.50£0.08 0.50+0.03
S4 (UV + Heat) 2.50+0.13 3.00+£0.15 2.50+0.13 1.30+£0.07
S5 (UV + Washing) 2.90+0.15 2.80+0.14 2.40+0.12 1.00 £ 0.05
S6 (Heat + Washing) 3.30+£0.17 2.70+£0.14 2.30+0.12 0.90 £ 0.05

S7 (UV + Heat +

. 1.20+£0.06 3.20+0.16 2.90+0.15 1.40 £ 0.07
Washing)
F-value 42.6 27.8 34.2 21.5
p-value <0.001 <0.001 <0.001 <0.001

The synergistic effect observed under multiple stresses can be attributed to the interaction of distinct

physicochemical processes. UV irradiation induces photolytic cleavage of ether bonds in BDE-209 and
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generates reactive intermediates that trigger debromination. Exposure to heat and humidity alters the fiber
microstructure by reducing crystallinity and increasing molecular mobility, which decreases the shielding
effect of the matrix and allows deeper penetration of irradiation. Washing imposes hydrodynamic shear
and solvation forces that remove loosely bound degradation products from the fiber surface and promote
diffusion of PBDEs toward the exterior. When combined, these stresses weaken the protective barrier of
the fiber, increase accessibility of reactive sites, and prevent product accumulation, resulting in an

enhanced degradation efficiency beyond the sum of individual effects.

Structural Distribution Characteristics of Degradation Products

To explore the degradation pathway and product distribution characteristics of PBDEs in flame-retardant
textiles, this experiment was designed with multi-stage stress treatment to simulate environmental
changes under various service conditions, systematically investigating the migration and degradation
behavior of PBDEs. The UV irradiation stage (A1) simulated light aging and broke the stable bonds of
high-brominated PBDEs; the wet-heat cycle stage (B2) accelerated the reaction rate through high
temperatures and humidity; and the water washing stage (C3) promoted product release through
mechanical shearing and solvent action. The chemical analysis focused on debrominated isomers such as
BDE-208 and BDE-207, and small-molecule products. GC-MS was used to quantify changes in product
abundance under multi-stage stress. Figure 4 shows the dynamic evolution trend of the products at each

stage.

Initial Stage 20.0 15.0

50.0
Al- 400 25.0 20.0
-40.0
B2- 350 30.0 20.0
S
o 53
o - 30 28.0 220 ]
& e -30.0 2
7] g
g <
& Al+B2 - 250 30.0 25.0 o
“ 2
=
-20.0 &
Al+C3- 200 25.0 30.0
B2+C3- 150 20.0 35.0 10.0
Al+B2+C3 15.0 40.0

BDE-208 BDE-207 BDE-206 BDE-205 BDE-153 BDE-99 BDE-47
Degradation Products

Figure 4. Distribution of PBDEs degradation products in flame retardant fabrics under multi-stage stress treatment
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Figure 4 shows that in the initial stage, BDE-208 accounted for 55% and was the main component. After UV
irradiation, the proportion of BDE-208 dropped to 40%, while BDE-207 and BDE-206 increased, indicating
that photochemical reactions induce debromination of BDE-208. The wet heat cycle further promoted the
process, and BDE-208 dropped to 35%. At the same time, BDE-153 and BDE-99 gradually accumulated,
indicating that the wet heat environment has a catalytic effect on the debromination process. In the cyclic
water washing, the proportion of BDE-206 increased to 22%. Under the three-stress combination, BDE-208
decreased to 10%, and BDE-206 and BDE-205 increased to 40% and 20%, respectively, indicating that the
superposition of multiple stresses significantly improves the degradation efficiency. This synergistic effect
may be attributed to the weakening of the fiber shielding effect and the superposition of reaction rates,
supporting the potential of multi-stage treatment in degrading PBDEs. The observed accumulation of
BDE-153 and BDE-99 demonstrates that debromination enhances molecular mobility but does not
necessarily reduce toxicological burden. Although the measured levels remain below the regulatory
threshold, previous toxicological studies indicate that these congeners present stronger
endocrine-disrupting effects and higher bioavailability, suggesting that their environmental implications
require systematic consideration in parallel with concentration control. The relative distribution of products
reflects stress-dependent pathways of debromination. UV irradiation favors stepwise removal of bromine
from para-substituted sites, producing intermediates such as BDE-208 and BDE-207. Wet heat promotes
deeper debromination within the fiber matrix, leading to increased formation of medium-brominated
congeners. Periodic washing facilitates the appearance of lower-brominated congeners by removing
intermediates and sustaining exposure of internal molecules. The detection of BDE-206 and BDE-205 under
combined stresses indicates parallel degradation routes, suggesting that multiple scission sites are
activated when shielding effects are reduced. These distributions demonstrate that stress-specific

interactions determine not only the rate but also the mechanistic direction of PBDE transformation.

Degradation Kinetics Fitting Results

To characterize the temporal variation of the residual concentration of high-brominated PBDEs in
flame-retardant textiles under various service conditions, this study conducted accelerated degradation
experiments under typical conditions. It employed a pseudo-first-order kinetic model for regression
analysis to achieve quantitative fitting. This section complements Section 4.1. The former focuses on the
change in residual concentration. At the same time, this section extracts the degradation rate constant and
constructs a comparison system to double-verify the kinetic evolution of BDE-209 under simulated
conditions. Figure 5 shows the comparison between the measured concentration and the fitting curve, as

well as the distribution of degradation rate constants under various conditions.
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Figure 5. Degradation trend and rate analysis of BDE-209 under multiple stresses. (a) Comparison between measured concentration

and fitting curve, (b) Degradation rate constant under various stress conditions

Under single UV stress, the concentration of BDE-209 dropped from 8.5 mg/kg to 3.5 mg/kg, with a fitting
rate constant of 0.0065 h™", and the curve fitting was good. Under wet and hot conditions, the degradation
was slow, the residue was higher, and the rate constant dropped to 0.0042 h', reflecting that its
destructive effect on the molecular structure is weak. The degradation rate of water washing treatment
was slightly lower, with a rate constant of 0.0031 h™, indicating that the embedding stability of PBDEs limits
mechanical desorption. Under the synergy of UV and wet heat, the rate constant increased to 0.0098 h™’,
indicating that thermal activation enhanced the photodegradation efficiency. In the combined action of UV
and water washing, the rate constant was 0.0085 h™", indicating a synergistic effect between photolysis and
interfacial migration. The rate constant for the combination of wet heat and water washing was only
0.0072 h™', indicating a weak synergistic effect, and degradation primarily occurs through
non-photoinduced pathways. The strongest degradation was achieved under the triple stress coupling
condition, with the concentration dropping to 1.2 mg/kg after 180 hours, and the rate constant reaching
0.0123 h™', indicating that multi-field synergy significantly weakens PBDE stability and promotes their
migration and degradation. The overall results indicate that a multi-stress environment increases the
degradation rate, with UV radiation playing a leading role. The statistical analysis of the degradation rate
constants is summarized in Table 5. The observed concentration differences among stress conditions were
higher than the quantification limits and were supported by the recovery and repeatability tests, which
demonstrates that these variations are analytically reliable. The results indicate that the triple stress
condition (S7) produces a significantly higher degradation rate constant than the UV single stress condition

(S1) (p < 0.01).
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Table 5. Degradation rate constants of BDE-209 under different stress conditions with statistical analysis (corresponding to Figure

5b).
Stress group k (h™) Significance (vs. UV)
S1(UV) 0.0065 * 0.0003 -

S2 (Heat & Humidity) 0.0042 + 0.0002 *p<0.05
S3 (Washing) 0.0031 + 0.0002 *p<0.05

S4 (UV + Heat) 0.0098 + 0.0005 **p<0.01

S5 (UV + Washing) 0.0085 * 0.0004 **p<0.01
S6 (Heat + Washing) 0.0072 + 0.0004 *p<0.05
S7 (All conditions) 0.0123 £ 0.0006 **p<0.01

The higher kinetic constants observed under combined stresses are consistent with a cooperative
mechanism involving photolytic initiation, thermally assisted bond destabilization, and washing-induced
product removal. The wet heat environment reduces the activation energy of bond scission by disrupting
bromine-substituted aromatic structures and increases segmental mobility, facilitating diffusion of PBDEs to
reactive sites. Washing continuously desorbs intermediate products from the surface, preventing shielding
of internal molecules and maintaining photon access. This interplay maintains active photolysis pathways

and accounts for the marked increase in degradation rate constants under the triple stress condition.

Regulatory Effect of Fiber Matrix on Degradation-Migration Behavior

To reveal the migration characteristics of highly brominated diphenyl ethers in different fiber matrices, this
study systematically measured the concentration profiles of PBDE isomers in the depth direction of fabrics
under simulated service conditions. Three typical fibers—cotton, polyester, and nylon—were selected,
representing natural fibers, hydrophobic polyester, and dense nylon, respectively. The three fibers differ
significantly in molecular polarity, crystallinity, and surface energy. By comparing the profiles of multiple
isomers, the enrichment and attenuation of PBDEs from the fiber surface to the inside were analyzed, and
the basis for understanding their migration shielding effect was established. Figure 6 shows the depth

concentration variation trend of different isomers in the three types of fibers.
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Figure 6. Migration depth profiles of different PBDEs isomers in three fiber materials. (a) BDE-209, (b) BDE-153, (c) BDE-99 (d)
BDE-47

In the migration profile of BDE-209, the concentration of cotton fiber decreased from 10.5 mg/kg to 1.8
mg/kg over the range of 0200 um, exhibiting a slow attenuation trend from the outside to the inside,
which offers little hindrance to the migration of PBDEs. The concentration of polyester on the surface was
9.2 mg/kg, and it decreased to 3.6 mg/kg at 100 um, indicating that its high crystallinity and hydrophobicity
have a significant shielding effect on BDE-209. The nylon curve was between the two, and its migration was
significantly affected by the regularity of molecular arrangement. Among the two medium brominated
isomers, BDE-153 and BDE-99, the concentrations of the three types of fibers were quite different. For
example, BDE-153 in cotton still has 0.5 mg/kg in the deep layer, whereas BDE-99 in polyester is only 0.1
mg/kg, indicating that low-molecular-weight isomers are more likely to be retained in the surface layer of
dense polyester, and their mobility is significantly limited. BDE-47, as the lowest brominated product, has
the shallowest profile gradient among all types of fibers, indicating that its migration ability is controlled by

molecular size and polarity, and it can more easily penetrate the fiber gaps.
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In summary, the migration behavior of PBDEs is significantly influenced by the fiber structure, with
crystallinity and polarity differences being the primary determining factors. The depth-resolved
concentration gradients provided the basis for calculating M(t) as the integrated migrated fraction. The
temporal evolution of these values was fitted with the coupled model, from which k., was derived, linking

the experimental profiles to the kinetic parameters.

Application and Interpretation of the Migration—-Degradation Coupling Model

The migration and degradation of BDE-209 show significant differences in different fiber systems. Cotton
fibers, due to their loose structure, facilitate diffusion of the contaminant, while the dense arrangement
and hydrophobic properties of polyester fibers restrict migration. In contrast, nylon fibers, due to their
polar groups, create a balance between migration and adsorption. To reveal the coupled behavior of PBDEs
in fiber matrices, this study introduced a migration-degradation coupling model based on fitted depth
distributions. This model splits the overall residual concentration into migration-dominated and
degradation-dominated contributions, and further compares the dynamic removal mechanisms of BDE-209
in different fiber materials. Figure 7 shows the fitted depth distribution curve on the left, while the

separation of migration and degradation contributions is shown on the right.
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Figure 7. Coupling characteristics of BDE-209 migration and degradation in different fiber materials. (a) Concentration distribution

fitting of BDE-209 in the fiber depth direction. (b) Separation analysis of migration and degradation contributions.

The results show that within the depth range of 0-160 um, the residue level in the surface region of cotton
fibers rapidly decreased from 10.5 mg/kg to 3.1 mg/kg, indicating that migration dominates and that open
interfiber gaps enhance the combined effects of degradation and migration. Polyester concentrations
dropped to 3.6 mg/kg at 100 um, but migration accounted for less than 30% of total removal, indicating

that the high-density structure enhances shielding and increases the contribution of degradation to overall
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removal. Nylon retained a residual level of 4.7 mg/kg at 120 um, demonstrating a dual control mechanism:
polarity enhances PBDE binding to the fiber, slowing migration, while some adsorption sites provide stable
pathways for degradation. These differences suggest that the fiber matrix structure directly determines the
coupled migration-degradation pattern of PBDEs, with cotton exhibiting a migration-dominant pattern,

polyester a degradation-dominant pattern, and nylon a balance between migration and degradation.

CONCLUSION

Based on the multi-stress simulation platform, this study constructed a coupling system of UV irradiation,
wet heat, and water washing, and combined GC-MS with a pseudo-first-order kinetic model to analyze the
degradation and migration characteristics of PBDEs in flame-retardant textiles. Under triple stress, the
concentration of BDE-209 decreased from 8.5 mg/kg to 1.2 mg/kg, and the degradation rate constant
increased to 0.0123 h™, which was significantly higher than under single-stress conditions, demonstrating
the effectiveness of multi-stress synergy in weakening the fiber shielding effect and accelerating molecular
dissociation. The endpoint concentrations of BDE-153 and BDE-99 reached 3.2 mg/kg and 2.9 mg/kg,
respectively, reflecting that the debromination chain is more complete and the total residual load remains
within the EU POPs thresholds set for textiles.

The distribution of intermediates confirms that distinct debromination pathways are selectively activated
under different stresses, and the accelerated removal of PBDEs arises from the interplay of photolytic bond
cleavage, thermally induced weakening of the fiber matrix, and hydrodynamic removal of intermediates.
The statistical validation presented in Tables 4 and 5 supports the significance of this synergistic effect in
both residual concentration and kinetic parameters, reinforcing the robustness of the conclusions.

At the same time, the accumulation of medium-brominated congeners such as BDE-153 and BDE-99
illustrates that the reduction of BDE-209 does not necessarily correspond to a reduction in toxicological risk.
These degradation products exhibit persistence and biological relevance that may lead to underestimated
hazards if compliance assessment relies solely on concentration thresholds. This highlights the necessity of
integrating degradation kinetics with toxicity evaluation to establish a more reliable framework for risk
assessment.

The findings provide mechanistic evidence for multi-stress cooperative degradation and offer a quantitative
reference for environmentally sustainable textile design. While the selected UV, wet heat, and washing
conditions reflect typical service stresses, they represent one accelerated configuration; the quantitative
outcomes may differ under other textile matrices or environmental settings. Future work should therefore
extend the coupled kinetic—toxicological framework to broader application scenarios, strengthening its role

in supporting regulatory compliance and environmental safety assessment.
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