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Extraction, purification, and reuse of dyes 
from coloured polyester textiles
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Joel Miscall    1,2, Clarissa Lincoln1,2, Ciaran W. Lahive    1,2,11, 
Jason S. DesVeaux    2,4, Eli J. Fastow5, Karen I. Winey    5,6, Hoon Choi    1,2, 
Brandon C. Knott    1,2, Natalie Banakis7, Robert D. Allen    1,2, 
Gregg T. Beckham    1,2   & Katrina M. Knauer    1,2 

The removal of dyes from coloured textile waste represents a sustainable 
approach to textile recycling, enabling the recovery of valuable chemical, 
and material resources that would otherwise be discarded. Up to 40% of 
the greenhouse gas emissions from textiles originate from dye production, 
making e!cient recycling of dyes a major opportunity for curbing emissions 
and minimizing waste in both textile manufacturing and recycling. Here we 
demonstrate a process for the extraction, puri"cation, and reuse of mixed 
dyes from polyester textiles using bio-based, non-hazardous solvents 
selected on the basis of computational predictions for polyester and dye 
solubilities. Extracted dyes are puri"ed to individual compounds using 
counter-current chromatography and analysed via liquid chromatography–
mass spectrometry. Post-extraction characterization of the extracted dyes 
and polymer substrate con"rms dye colour retention and polyester fabric 
property preservation. Dye recycling is demonstrated by redyeing colour-free 
fabrics with the recovered dyes. We further show a potential process 
con"guration for dye removal using a #ow-through reactor packed with a 
textile substrate. The proposed dye removal process produces reusable, 
recyclable dyes, and dye-free fabrics, thus facilitating textile recycling.

Textile manufacturing produces ~1.2 billion tons of greenhouse gas 
emissions annually, accounting for ~6–7% of the planet’s total carbon 
budget1,2. With textile consumption projected to reach 102 million tons 
with a concomitant greenhouse gas emissions increase of 30% by 2030, 
urgent action to reduce global warming is needed1,2. One strategy to 
mitigate emissions and reduce waste from textile manufacturing is 
textile-to-textile recycling. Currently, mechanical recycling is the pri-
mary method for fibre recycling, involving the removal of ‘disruptors’ 

(for example, buttons, zippers, cuffs, and straps), garment washing and 
shredding, and melt extrusion into pellets for recycled fibre produc-
tion. However, mechanical fibre recycling is challenged by the presence 
of dyes, which cause contamination, discoloration, and degradation in 
recycled fibres3. This is especially the case for poly(ethylene terephtha-
late) (PET) fibres, which account for 54% of global fibre production4,5. 
Dyes can also be problematic in emerging chemical recycling meth-
ods that deconstruct PET fibres to monomers6,7. Taken together, the 
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(listed in Supplementary Table 1) at 25$°C and 100$°C. The results are 
shown for PET and Orange 30 in Fig. 1b,c and Supplementary Table 2.

Orange 30 dye was predicted to exhibit a distinctly lower 
solubility at both modelled temperatures in four solvents: (R)-
(+)-limonene (limonene), ethylene glycol (EG), poly(ethylene glycol) 
with a molar mass of 200$Da (PEG 200) and PEG 400. For PET, 4-PP, 
4-isopropylphenol (4-IPP), and thymol exhibited relatively higher 
solubility (~0.28$g$g%1) than the other tested solvents at 25$°C, and the 
solubility of most solvents was predicted to be higher at 100$°C than at 
25$°C. The PET solubility is 2.7 to 47 times lower than the dye solubility 
at 25$°C and 1.3 to 4.7 times lower than the dye solubility at 100$°C. This 
feature is particularly desirable for a dye extraction process, where 
dissolution of the dyes while maintaining the PET fibres intact could 
facilitate downstream recycling of the fibres. The complete dataset for 
Orange 30, Red 167.1, Blue 79.1, and PET is provided in Supplementary 
Fig. 2 and Supplementary Table 2. Similar trends were observed across 
the dyes at 100$°C. Furthermore, the partition coefficient (log P) of the 
dyes was predicted by COSMO-RS calculations to evaluate the relative 
affinity of dyes for PET fabric or the solvents (Supplementary Fig. 3 and 
Supplementary Table 3). The four solvents (limonene, EG, PEG 200, 
and PEG 400) showed negative log P values at both 25$°C and 100$°C, 
suggesting a stronger affinity for the PET fabric than the solvents.

To verify the solubility and the log P predictions above, a dye 
extraction experiment was conducted on PET fabrics dyed with Orange 
30 in different solvents (Fig. 1d,e). The Orange-30-dyed fabric was 
prepared via exhaust dyeing25 and subjected to a dye extraction pro-
cess. Here we chose a solvent treatment method based on previous 
studies3,9,11 using solvents at temperatures above the glass transition 
temperature of PET (~70$°C)31, to promote the release of the dyes. 
Among the solvent-treated fabrics (Fig. 1d), some exhibited a relatively 
white colour, indicating effective dye extraction, while others retained 
an orange colour, indicating ineffective dye extraction. The colour 
measurement and the mass loss of the fabrics after solvent treatment 
are detailed in Supplementary Tables 4 and 5. Among the eight sol-
vents with ineffective dye extraction listed in Supplementary Table 5, 
limonene, EG, PEG 200, and PEG 400 were predicted to be inefficient 
by COSMO-RS, as they exhibit lower solubilities than the other solvents 
in Fig. 1b,c. These four solvents were also predicted to partition into 
PET with negative log P values.

Additionally, the solutions obtained after the solvent treatment 
(Fig. 1e) provide insights into the impact that the solvents exhibit on 
dye integrity. Orange-coloured solutions suggest that the chemical 
integrity of the dye was retained, while the colourless γ-valerolactone 
(GVL) solution suggests that a chemical transformation occurred. GVL 
is a known oxidizing agent32, and it is possible that dye decomposition 
occurred at elevated temperatures in GVL. The extracted Orange 30 dye 
in acetic acid exhibited UV–Vis spectra comparable to those of the origi-
nal dye, indicating an intact chemical structure (Supplementary Fig. 4).

Combining the experimental results with the COSMO-RS data 
identified 12 potential solvents for effective dye extraction with colour 
retention of the extracted dyes from PET fabrics: acetic acid, 4-EG, 
4-PG, 4-PP, benzyl alcohol, cyrene, ε-caprolactone, guaiacol, eugenol, 
isoeugenol, 4-IPP, and thymol.

Dye extraction from coloured PET fabrics
To understand the practicality of this approach on realistic substrates, 
we subsequently evaluated the dye extraction process using commer-
cial post-industrial waste fabrics, encompassing multiple unknown 
dye chemistries and a range of garment types (namely, jersey, woven, 
and fleece fabrics). This selection served as a representative sample of 
the diversity found in PET clothing waste. Specifically, we used eight 
PET-rich garments (verified via infrared; Supplementary Figs. 5a and 
27a) with varied colours and textures supplied by Patagonia, Inc.: 
red-jersey, blue-jersey, green-jersey, orange-woven, green-woven, 
black-woven, black-fleece, and grey-fleece. Four solvents (acetic acid, 

development of an efficient method to extract dyes from waste fibres, 
which ideally could recover and purify dyes for reuse, holds promise 
for both established and emerging textile recycling platforms.

Multiple solvent-based treatments have been proposed for dye 
removal from PET fabrics, including the use of organic solvents3,8–14 
and supercritical carbon dioxide15. To date, effective solvent-based 
dye extraction has been shown with conventional organic solvents 
including xylene8,9, dimethylformamide9, dimethyl sulfoxide9,11,16, 
1,3-dimethyl-2-imidazolidinone17, alkylene glycols (for example, eth-
ylene glycol)8,9,12, and ether-alcohol solvents such as diethylene glycol 
monoethyl ether10. Bio-based solvents present promising alternatives 
due to their potentially lower toxicity and reduced life-cycle impacts 
on the extraction process18. Recent studies have begun exploring 
dye removal from fibres using bio-based solvents3,11,12, demonstrat-
ing their effectiveness in dye extraction. Subsequent dye recovery, 
separations, and reuse, however, are critical factors that remain to 
be investigated.

When the colour and chemical structure of dyes are maintained 
during an extraction process, recovered dyes can be separated from 
the extraction solvent and reused in textile dyeing. In particular, 
membrane-based separation is a promising technique for dye isola-
tion from dye/solvent mixtures due to mechanical simplicity, the ability 
to operate continuously, low energy requirements and high product 
recovery19,20. Extracted dyes are typically mixtures of multiple dye com-
pounds combined to achieve a specific colour. These mixtures can be 
further separated into individual dye molecules via chromatography 
techniques. Counter-current chromatography (CCC)21,22, a hydro-
dynamic type of liquid–liquid chromatography that uses a biphasic 
solvent system for both liquid stationary and mobile phases, has been 
used to produce highly pure molecules from complex systems. CCC 
could also be an effective tool for recovering isolated dye compounds 
from mixtures23,24.

In this study, we develop a solvent-based dye extraction, recovery, 
and reuse process for post-consumer PET-rich fabrics. We first screen 
20 solvents that have the potential to be sourced from bio-based feed-
stocks and exhibit low human health impacts via conductor-like screen-
ing model for realistic solvents (COSMO-RS) calculations for PET and 
dye solubilities, followed by experimental evaluation. Four solvents 
are selected as promising candidates for dye removal: acetic acid, 
4-ethylguaiacol (4-EG), 4-propylguaiacol (4-PG), and 4-propylphenol 
(4-PP). The extracted dyes are separated into individual dye compounds 
using CCC, and the separated dye fractions are characterized via liquid 
chromatography–mass spectrometry (LC–MS). To demonstrate the 
recyclability of the recovered dye mixtures, we successfully redye natu-
ral (that is, undyed and without chemical finishings) PET fabrics. Lastly, 
we demonstrate a potential process configuration for dye removal from 
PET textiles using a packed-bed reactor with solvent flow-through.

Results
Solubility prediction for disperse dyes and PET
An ideal solvent for dye extraction will selectively dissolve the dyes, 
facilitating the diffusion of the dyes out of the PET matrix and into 
the extraction solvent25. The solubility of PET and commonly used dis-
perse dyes (Orange 30, Red 167.1, and Blue 79.1) was estimated through 
molecular dynamics (MD) simulations and COSMO-RS calculations26–28 
(Fig. 1a and Supplementary Fig. 1). Density functional theory calcu-
lations were first performed using Gaussian 16 (ref. 29) to generate 
the COSMO polarization charge-density profiles for the 20 bio-based 
solvents, two control solvents (diethylene glycol monoethyl ether 
and water), a PET trimer, and the three dyes. For PET, multiple trimer 
configurations were selected from a 10-ns MD trajectory, and multiple 
low-energy conformers for the dyes and solvents were also selected 
(as described in the Methods). The generated charge-density profiles 
were then used in COSMO-RS calculations, as implemented in COS-
MOtherm30, to predict the solubilities of PET and dyes in each solvent 
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4-EG, 4-PG, and 4PP) were down-selected for further experiments, 
on the basis of the COSMO-RS predictions, initial solvent screenings 
(Supplementary Figs. 7–10), potential to be sourced from bio-based 
feedstocks, and predicted low human health toxicity (Supplementary 
Table 1). These selected solvents were evaluated for their ability to 
remove unknown dyes from the eight fabrics mentioned above (Supple-
mentary Figs. 5 and 6). The degree of dye removal was assessed visually 
(Fig. 2a and Supplementary Figs. 5 and 6) and through spectroscopic 
colour measurements (Supplementary Fig. 11 and Supplementary 
Table 6). Furthermore, optical micrographs of the solvent-treated 
fabrics confirmed no significant changes of the fabrics themselves 
during the dye extraction process (Supplementary Fig. 12).

As depicted in Fig. 2a, the solvent-treated fabrics exhibited a 
noticeably whiter appearance than the untreated fabrics, indicating 
significant dye extraction. However, the red dyes proved to be more 
recalcitrant, still displaying a light pink hue under regular testing 
conditions, presumably due to stronger interactions between the 
PET fibres and the red dye. To enhance the dye extraction from red 
fabrics, we increased both the temperature (up to 150$°C) and the 

exposure time (up to 72$h) (Fig. 2c,d and Supplementary Fig. 13). We 
observed that dye extraction improved at higher temperatures and 
longer times, as evidenced by the lighter colour of the treated fabrics. 
However, slight yellowing of the fabric was observed, indicative of PET 
degradation, which was confirmed by the reduced molar mass (Sup-
plementary Fig. 14 and Supplementary Table 7). The colour change in 
the red-jersey dye upon extraction suggests potential degradation of 
the dye at higher temperatures (Fig. 2d and Supplementary Fig. 13), 
rendering it unsuitable for reuse, which could be mitigated through 
changing the process configuration (vide infra). We also tested other 
types of fabric for dye extraction, including denim (cotton), poly-
cotton, nylons, and a nylon/spandex blend (Fig. 2e, Supplementary 
Figs. 15 and 16 and Supplementary Table 8).

Another indicator of effective dye extraction is the mass loss of 
the treated PET fabric, which could include dyes, microfibres, and 
other additives (Fig. 2b). The mass loss observed for acetic-acid-, 
4-EG-, and 4-PG-treated fabrics is comparable. However, the mass loss  
for 4-PP-treated fabrics is more than twice the values of the other 
solvents. We attribute this discrepancy to the higher solubility of PET 
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Fig. 1 | Solubility predictions of PET and dyes from COSMO-RS calculations. 
a, Workflow to obtain solubility prediction. b,c, Predicted solubility of PET 
and Orange 30 dye at 25$°C and 100$°C in 22 solvents: acetic acid, 4-EG, 4-PG, 
4-PP, ethanol, GVL, benzyl alcohol (BA), cyrene, ε-caprolactone (CL), limonene, 
levulinic acid (LA), valeric acid (VA), EG, guaiacol (G), eugenol (E), isoeugenol (IE), 

4-IPP, thymol, PEG 200, PEG 400, diethylene glycol monoethyl ether (DE),  
and water. d, PET fabrics with Orange 30 dye including an untreated control 
substrate and samples after dye extraction at 100$°C for 16$h in different solvents. 
e, Dye-extracted solutions from the PET fabrics shown in d.
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in 4-PP (as predicted by COSMO-RS; Fig. 1b,c), which may allow for 
higher solubilization of PET oligomers and microfibres during the 
extraction process. We also measured the mass loss of the treated 
PET under different conditions such as temperature, concentration, 
and time (Supplementary Fig. 17). The increased temperature varying 
from 80 to 150$°C resulted in a slight increase in mass loss. The fabric 
concentration varying from 1 to 12$wt% changed the mass loss in the 
range of 2.3–2.9$wt% for red-jersey and 3.8–4.7$wt% for black-woven. 
However, black-fleece showed a sudden increase in mass loss (from 
3.2 to 8.1$wt%) when the fabric concentration increased from 5$wt% to 
8$wt%. This is attributed to increased polymer loss during dye extrac-
tion, as confirmed by the observation that fibre fragments detached 
and dispersed into the solution.

Properties of recovered PET fabrics after dye extraction
To evaluate the impact of the dye extraction process on the PET struc-
ture, the physicochemical and thermal properties of the PET fabrics 
were investigated before and after extraction, via gel permeation 

chromatography (GPC), differential scanning calorimetry (DSC), 
thermogravimetric analysis (TGA), and X-ray scattering. Comparison 
of GPC chromatograms before and after solvent treatment revealed 
that the molar mass of the PET fabrics is virtually unaffected by the 
solvent treatment (Fig. 3a–c and Supplementary Table 9). Interestingly, 
the GPC traces of untreated fabrics exhibited not only the polymer 
peak at ~33$min but also additional small-molecule peaks between 40 
and 45$min. These peaks are attributed to the dye compounds in the 
untreated PET matrix, which were absent in the traces of the treated 
fabrics, indicating successful removal of dyes and potentially other 
additives without chemical degradation of the PET. The thermal proper-
ties and crystallinity of the treated PET fabrics did not show significant 
changes during the dye extraction process (Fig. 3d–i). Furthermore, 
X-ray scattering analysis was conducted to investigate the crystal struc-
ture of the PET fabrics. The results confirmed that the local crystal 
structure (Supplementary Tables 10 and 11) and semicrystalline micro-
structure (Supplementary Tables 12 and 13) of the treated PET were 
unaltered by the dye extraction process for both the dry (that is, after 

Red-jersey

Black-woven

Black-fleece

80 90 100 110 130 150 °C 80 90 100 110 150 °C 80 90 100 110 130 150 °C

Red-jersey

Untreated 80 °C 90 °C 100 °C 110 °C 130 °C 150 °C

130

Untreated Acetic acid 4-EG 4-PG 4-PP

Red-jersey

Black-woven

Black-fleece

a b

c

d

Black-woven Black-fleece

Denim
(cotton)

Polycotton
(PET + cotton)

Untreated Acetic acid 4-EG 4-PG 4-PP Untreated Acetic acid 4-EG 4-PG 4-PPe

2.4 2.7 2.1

4.84.7 4.8
3.6

8.5

4.2 4.4 4.5

12.1

Acetic acid 4-EG 4-PG 4-PP
0

5

10

15

M
as

s 
lo

ss
 (%

)

Solvent

 Red-jersey
 Black-woven
 Black-fleece

NS
NS

***
NS

***
***

Fig. 2 | Dye-extracted PET fabrics and solutions. a, Representative PET fabrics 
supplied by Patagonia, Inc. (red-jersey, black-woven, and black-fleece) before and 
after solvent treatment at 100$°C for 16$h in the four top-performing solvents: 
acetic acid, 4-EG, 4-PG, and 4-PP. b, Mass loss values for each fabric after solvent 
treatment. Each bar and its error bar represent the mean and standard deviation 
of triplicate measurements, respectively. Student’s t-test (two-sided) shows  
that the differences between acetic acid and 4-EG, acetic acid and 4-PG, and  
4-EG and 4-PG are not significant (NS), while the differences between acetic  
acid and 4-PP (P$=$0.0007 for red-jersey, P$=$0.0004 for black-woven, P$<$0.0001 
for black-fleece), 4-EG and 4-PP (P$=$0.0002 for red-jersey, P$=$0.0009 for  

black-woven, P$<$0.0001 for black-fleece), and 4-PG and 4-PP (P$=$0.0002 for  
red-jersey, P$=$0.0003 for black-woven, P$<$0.0001 for black-fleece) are very 
highly significant (***P$<$0.001) for all three fabrics. Note that the mass loss 
includes both the extracted dyes and PET fibre loss. The PET fibre loss in 4-PP 
is greater than that in the other three solvents. c, PET fabrics before and after 
solvent treatment in 4-EG as a function of temperature from 80 to 150$°C.  
d, Dye-extracted solutions from the PET fabrics shown in c. e, Denim (cotton) and 
polycotton (PET$+$cotton) before and after solvent treatment. Note that the dye 
extraction experiment above was performed with 1$wt% of fabric in each solvent 
at the given temperature for 16$h.
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solvent removal) and wet (that is, in the presence of solvent) states. 
Taken together, these findings show that the PET structure remains 
intact after dye extraction. As we envision the mechanical recycling of 
dye-extracted PET fabrics (Supplementary Fig. 18), the melt extrusion 
of dye-extracted PET fibres was performed to compare the properties 
of the ‘recycled product’ with those of post-consumer PET bottle flakes. 
PET fabrics, and bottle flakes demonstrated similar changes in colour 
and molecular weight during mechanical recycling, indicating that 
dye-free fibres can be recycled alongside bottle flakes (Supplementary 
Fig. 19 and Supplementary Tables 14 and 15).

Fractionation and characterization of extracted dye mixture
To separate and purify the extracted dye mixtures for potential 
reuse, we first obtained the dried dye mixture through solvent 
evaporation. Using the dried dye mixtures, we applied CCC, a liquid–
liquid chromatography method that leverages differences in parti-
tion coefficients in a biphasic solvent system to separate multiple 

components simultaneously (Fig. 4a). Traditionally, the Arizona system  
(heptane, ethyl acetate, methanol, and water) is used as the biphasic 
solvent in CCC21, but here we replaced ethyl acetate with cyclopen-
tyl methyl ether, which is a more environmentally friendly solvent33. 
Among the tested solvent compositions, a 3:1:3:1 volume ratio of 
heptane, cyclopentyl methyl ether, methanol, and water (HCMWat) 
was optimal for separating the four dye mixtures extracted from the 
red-jersey, blue-jersey, green-jersey, and black-woven fabrics.

The CCC fractions collected from the red-jersey dye mixture are 
shown in Fig. 4b. Successful separation of multiple dyes is evident 
from the diverse colours observed in the CCC fractions. Each dye 
fraction was characterized via LC–MS to identify its molar mass in 
the visible wavelength regime (Fig. 4c). Given that the lower phase 
(aqueous/polar phase) was used as the mobile phase, polar com-
pounds eluted earlier than non-polar ones. Of the 14 CCC fractions 
collected from the red-jersey dye mixture (Supplementary Figs. 20 
and 21), only 5 exhibited distinct colours as observed in the LC–MS 
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Fig. 3 | Recovered PET properties after dye extraction. a–c, GPC traces of 
PET fabrics for red-jersey (a), black-woven (b), and black-fleece (c) before and 
after solvent treatment at 100$°C for 16$h in acetic acid, 4-EG, 4-PG, and 4-PP. 
RI, refractive index. d, Thermal properties of the initial eight fabric materials; 
red-jersey, blue-jersey, green-jersey, orange-woven, green-woven, black-
woven, black-fleece, and grey-fleece. e,f, Melting temperatures (e) and per cent 

crystallinity (f) of PET fabrics for red-jersey, black-woven, and black-fleece before 
and after solvent treatment at 100$°C for 16$h in acetic acid, 4-EG, 4-PG and 4-PP. 
g–i, Thermal degradation behaviours of PET fabrics for red-jersey (g), black-
woven (h), and black-fleece (i) before and after solvent treatment at 100$°C for 
16$h in acetic acid, 4-EG, 4-PG, and 4-PP. DSC (d–f) and TGA (g–i) were used for 
these measurements. The DSC data in d are separate from those in e and f.
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chromatograms (Fig. 4c). The extracted dyes exhibited molar mass 
values ranging from 429.7 to 599.5$Da (Fig. 4c). Some MS peaks (for 
example, 486.6 and 429.7$Da) were observed between two effluent 
fractions due to peak overlap with similar retention times in CCC, 
suggesting the need for further optimization to fully separate dyes 
from each other. Interestingly, fractions 1 and 5 both exhibited a pink 
colour and the same molar mass (486.6$Da), despite the expecta-
tion of more non-polar groups in fraction 5. The other dye mixtures 
(blue-jersey, green-jersey, and black-woven dyes) were also success-
fully separated using CCC with the HCMWat solvent system (Supple-
mentary Figs. 20–22), highlighting the versatility of CCC for multiple, 
unknown dye mixtures.

Recycling of extracted dyes
To demonstrate dye reuse, we redyed the dye-free PET fabrics with the 
extracted dyes by applying the exhaust dyeing method. The closed-loop 
process included (1) extracting dyes from the commercially-derived, 
coloured PET fabrics using acetic acid; (2) removing the extracted dye 
from acetic acid via organic solvent nanofiltration (OSN) to recover a 
concentrated dye mixture (Supplementary Fig. 23); and (3) redyeing the 
same fabrics using the concentrated dyes via exhaust dyeing. As seen in 
Fig. 5, while there is a slight difference in the colour intensity between 
the untreated fabrics (Fig. 5a) and the redyed fabrics (Fig. 5c and Sup-
plementary Table. 16) due to the partial loss of dye contents during 
dye recovery processes and to differences between laboratory-based 
dyeing and industrial-scale processes, the original hues of the dyes 
were maintained.

Dye extraction demonstration in a flow-through reactor
Finally, to demonstrate dye extraction in a flow-based process, we 
used an 80-ml tubular reactor with acetic acid as the extraction sol-
vent (Fig. 6a). Red-jersey fabric pieces (5$($5$mm2) were packed in the 
reactor, with temperature measured by three thermocouples along 
the reactor length. Dye-containing solutions were collected as sam-
ples over time after acetic acid was passed through the reactor, and 
the dye-extracted fabric was collected after the experiment (Fig. 6b). 
The red-jersey fabric was selected for this experiment as it was found 
to be the most challenging dye to fully extract, and we posited that a 
flow reactor, involving a continuous flow of pure acetic acid at a high 
temperature through the fabric, would enhance the dye extraction.

To achieve effective dye removal and preservation from recalci-
trant red-jersey fabric, three separate extraction experiments were 
conducted under three different temperature settings: (1) constant 
temperature at 100$°C, (2) initial temperature at 100$°C followed by 
holding at 150$°C, and (3) initial temperature at 100$°C followed by 
holding at 180$°C. The second heating stages (150$°C or 180$°C) were 
initiated when the red-jersey dye colour began to fade (Fig. 6b). We 
hypothesized that extraction at 100$°C would ensure dye preservation 
in the solution, while subsequent extraction at 150$°C or 180$°C would 
enhance dye removal from the red-jersey fabric. The reactor outlet 
temperature for each experiment was used to control the desired 
temperature (100$°C, 150$°C, or 180$°C), and it was reached by heating 
the transfer line and the reactor. Temperature profiles from the three 
thermocouples placed in the reactor for each experiment are shown 
in Supplementary Fig. 24. The preheating step resulted in sample 1 
exhibiting a negligible dye concentration. In contrast, samples 2 and 3 
showed the highest dye concentration (approximately 0.25–0.3$wt%) 
within the initial 30–60$minutes, followed by a rapid decline in the 
subsequent 60–120$minutes (samples 3–5) (Fig. 6b,c and Supplemen-
tary Fig. 25).

The flow-through reactor allowed for higher loading of the fab-
ric substrate (~5$g; fabric concentration to the total solvent amount 
used, 1.9–2.4$wt%) and lower operating times (~5$h) than the batch 
system (~50$mg, 1$wt%, 16$h). Moreover, the extent of dye extraction 
was enhanced using the flow-through reactor compared with the batch 
experiments using the red-jersey fabric (Supplementary Tables 6 
and 17). Dye extraction was also enhanced with increasing operating 
temperatures. However, the flow reactor experiments showed more 
pronounced effects on the PET structure. The molar mass of the PET 
fabric decreased by 12%, 16%, and 28% for the 100$°C, 150$°C, and 180$°C 
samples, respectively (Fig. 6d and Supplementary Table 18). This reduc-
tion in molar mass suggests degradation of the PET backbone during 
extraction. Nonetheless, similar to the batch experiments, the removal 
of small molecules was confirmed by the absence of peaks around 
28–32$min in GPC traces of the treated red-jersey fabrics (Fig. 6d). 
Reductions in melting point and the per cent crystallinity of the PET 
fabric were also observed by 1.6% and 25%, respectively, as shown for 
the 180$°C samples (Fig. 6e), although the thermal degradation tem-
perature remained unaffected (Supplementary Fig. 26).

Discussion
This study demonstrates the effective extraction of disperse dyes from 
PET-based textiles, resulting in a cleaner fibre feedstock for mechani-
cal recycling and enabling textile-to-textile recycling. The recovered 
dyes can be separated from the extraction solvent through OSN and 
purified into individual dye molecules using CCC. While the results of 
this study are promising, several limitations and implications must 
be considered for further development. Although several solvents 
proved effective in dye extraction, those with low boiling points (but 
higher than the extraction operating temperature), low viscosity, and 
low toxicity are likely more ideal for process viability. Considering the 
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feasibility of scaling the proposed process, acetic acid appears to be the 
most optimal extraction solvent due to its availability in high volumes, 
low cost, widespread industrial use, ease of safe handling and potential 
to be sourced from bio-based resources.

To scale the proposed process with acetic acid for textile recycling, 
efficient solvent recycling is crucial to maintain favourable economics 
and minimal environmental impacts. In this work, OSN was used to 
separate the dyes from the extraction solvent, demonstrating that the 
solvents can be recovered and reused in the process (Supplementary 
Fig. 23). However, OSN may not yet be feasible on a large scale due to 
low flux and high membrane costs. When acetic acid is used as the 
extraction solvent, flash or vacuum distillation could be a promising 
alternative for solvent recovery at scale. Given that the process operates 
at temperatures between 100 and 150$°C, which is within the boiling 
point range of acetic acid (118$°C), flash distillation34,35 could recover 
a significant portion of the solvent for reuse.

Extracted dyes can be further separated into individual formula-
tion components via CCC after separation from acetic acid. CCC-based 
separation approaches are in the early stages of development and have 
opportunities for improvement. As a chromatographic technique, 
batch CCC provides purified products that are diluted two to five 
times relative to their feed concentration, depending on retention in 
the column. The product dilution results in large solvent consumption 
and high energy duty for the subsequent solvent recovery. To overcome 
product dilution, the product concentration needs to be increased 

while minimizing solvent consumption, which requires increasing the 
feed concentration, reducing the solute retention time, and ideally 
transitioning to a continuous CCC process. The nascency of CCC also 
makes it difficult to estimate the quantity and range of dyes that could 
be separated and used to replace new dyes. In the interim, an alterna-
tive, immediate reuse pathway is to repurpose these dye mixtures as 
black dyes, which is a common industrial practice. The global market 
volume for black dyestuffs (that is, mixed black dyes) in textile applica-
tions exceeds $11 billion, underscoring the potential value and volume 
of this reuse strategy36. Lastly, although this study demonstrated the 
use of CCC for dispersed dye separations, techno-economic analysis 
and life-cycle assessment of the full downstream process including 
product and solvent recovery will be required to evaluate the feasibility 
of using CCC in comparison to other separations, such as distillation 
alone or OSN/flash distillation. Understanding the economics and 
environmental impacts of the overall process can provide important 
criteria in the selection of a solvent and conditions for an industrially 
viable process.

In summary, we developed and demonstrated a conceptual 
process for the extraction, purification, and reuse of mixed dyes 
from polyester textiles. Integrating this technology into existing 
PET mechanical recycling systems has the potential to enable the 
additional recycling of up to 48 million tons of PET waste annually37. 
While further techno-economic analysis and life-cycle assessment 
are needed to assess scalability, the low cost of acetic acid and the 
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simplicity of the extraction process suggest strong potential for 
industrial application.

Methods
MD simulations
Initial system set-up was performed in CHARMM v.44 (ref. 38), and 
subsequent minimization and dynamics were performed with NAMD 
v.2.13 (ref. 39). The CHARMM C36 force field40,41 was used for PET with 
topologies, and additional force-field parameters were generated 
via the CHARMM generalized force field (CGenFF) program v.2.5  
(refs. 42,43) (Supplementary Tables 20 and 21). The TIP3P model was 
used for water44,45. A PET trimer was created from the atomic coordi-
nates reported by Daubeny et al.46 with chain ends capped with EG 
motifs. The PET trimer was then solvated in a 50$Å$($50$Å$($50$Å box of 
TIP3P water molecules. Periodic boundary conditions were applied in 
all three dimensions. In NAMD, a conjugate gradient minimization was 
performed for 3,000 steps. The box volume and atomic positions were 
then equilibrated for 1$ns at constant pressure (1$atm) and temperature 
(300$K). A Langevin thermostat with a collision frequency of 1$ps%1 was 
used to maintain the temperature at the target of each simulation. Pres-
sure was maintained at 1$atm using a modified Nosé–Hoover method47 
in which Langevin dynamics was used to control fluctuations in the 
barostat48,49 with a damping time of 100$fs and a period of 200$fs. A 
non-bonded cut-off distance of 12$Å was used, with a switching distance 
of 10$Å and a non-bonded pair list distance of 16$Å. The long-range 
electrostatics were described via the particle mesh Ewald method50 
with a sixth-order )-spline and 1-Å grid spacing. The velocity Verlet 
time-stepping integration method was used, with the full non-bonded 
interactions, full electrostatics interactions, and atom reassignments 
evaluated on every time step. For all MD simulations, a time step of 2$fs 
was used. The SHAKE algorithm51 was used to keep bonds to hydrogen 
atoms fixed. A 10-ns NVT production run followed NPT equilibration. 
The molecular configuration was output every 10$ps, and the 20 PET 
conformations with the lowest internal potential energy were selected 
for subsequent optimization and COSMO surface charge calculations.

COSMO-RS
Geometry optimization and COSMO calculations to generate the 
COSMO files were performed for multiple conformers of PET, solvents, 
and dyes at the BVP86/TZVP/DGA1 level of theory as implemented in 
Gaussian 16 (ref.29).

It has been demonstrated that more accurate solubility predic-
tions are obtained when several conformers are considered in the 
calculations52,53. Low-energy conformers of solvents and dyes were 
located using conformational analysis in Gaussian 16 (ref. 29) by rotat-
ing all hindered rotors, except C–CH3 rotors, by 120°, generating 3n con-
formers. For each of the three reported dyes (Orange 30, Blue 79.1, and 
Red 167.1), the 20 distinct lowest-energy conformers were considered; 
for solvents, any distinguishable conformers within 1$kcal$mol%1 of the 
lowest-energy conformer were considered. For PET configurations, 20 
conformers of a PET trimer in aqueous solution were selected from a 
single 10-ns MD trajectory as described above.

The COSMO files were then used in COSMOtherm30 to determine 
the solubilities of PET and dyes in each solvent at 25$°C and 100$°C. 
BP_TZVP_22 parameterization was used for all the COSMO-RS calcula-
tions. For PET with 39% crystallinity, a melting temperature of 260$°C, 
as measured in this work, and enthalpy of fusion of 54.3$J$g%1 (refs. 54,55) 
were used. The solubility xi of solute i was calculated as:

log(x
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− μ

solvent
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− ΔG
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)RTln(10) (1)
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 is the chemical potential of the pure solute i, and μsolvent

i

 is  
the chemical potential of the solute i at infinite dilution in the solvent. 
*Gfus is the solute’s Gibbs free energy of fusion. R is the gas constant, 
8.314 J⋅K%1 mol%1, T is the absolute temperature in Kelvin.

Partition coefficient predictions for disperse dyes between 
PET and solvents
COSMO-RS calculations were also used to determine the log P values of 
the commonly used disperse dyes (Orange 30, Red 167.1 and Blue 79.1) 
between PET (phase 1) and various solvents (phase 2). The log P values 
were computed using the equation:
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 is the chemical potential of compound j in infinite dilution in 
pure compound i, and VQ is the volume quotient V1/V2. The VQ param-
eter is estimated using the liquid density/volume QSPR method, which 
may introduce inaccuracy, particularly when there is a significant 
density difference between the two phases. Further details regarding 
the COSMO and COSMO-RS calculations are provided in the previous 
section. The limitations of COSMO-RS arise from its ability to compute 
only equilibrium properties, such that kinetic and transport effects 
will not be captured56.

Materials
Coloured and undyed PET fabrics, polycotton, nylon-6 (light green) 
and nylon-6/spandex were provided by Patagonia, Inc. Other fab-
rics, including denims, nylon-6 (red), and nylon-6,6 (brown), were 
sourced from Kontoor innovation, The ANDI Brand and authentic 
Cordura brand from ripstopbytheroll.com, respectively. All fabrics 
were identified via Fourier-transform infrared spectroscopy (FT-IR) 
data compared with the standard fabrics (Supplementary Fig. 27). 
Organic solvents including acetic acid (glacial, ACS reagent, +99.7%), 
4-EG (+98%, FCC, FG), 4-PG (+99%, FG), GVL (BioRenewable, +99%, 
ReagentPlus), benzyl alcohol (ReagentPlus, +99%), cyrene (BioRe-
newable, DMF, and NMP Substitute), ε-caprolactone (97%), limonene 
(97%), levulinic acid (98%), valeric acid (natural, +98%, FG), guaiacol 
(natural, +99%, FG), eugenol (natural, +98%, FG), isoeugenol (natural, 
99%, FG), 4-IPP (98%), thymol (+98.5%), PEG 200 (for synthesis), PEG 
400 (for synthesis), and diethylene glycol monoethyl ether (Rea-
gentPlus, 99%) were purchased from Sigma Aldrich. Other organic 
solvents including 4-PP (>99%), ethanol (anhydrous, 200 proof) and 
EG (+99%, laboratory reagent) were sourced from TCI Chemicals, 
KOPTEC and VWR Chemicals, respectively. All the organic solvents 
were used as received.

Batch reaction dye extraction
The PET and other fabrics were cut into ~2$cm2 or smaller (equivalent to 
~50$mg) per sample and submerged into a solvent (1$wt%) in a glass vial. 
The fabric solution was heated in a heating block on a hot plate at 100$°C 
for 16$h. The solvent treatment was also explored in different condi-
tions. After the solvent treatment, the treated fabric was transferred 
to ethanol at room temperature (RT) for rinsing the remaining solvent 
on the fabric, and dried under vacuum overnight at 100–130$°C in a 
vacuum oven. For a larger scale than ~50$mg of fabric, a round-bottom 
glass flask and a reflux condenser were used.

Flow-through dye extraction
The flow-through reactor was built in-house57 and modified. The 
red-jersey fabric (~5$g) was cut into small pieces (5$mm2) using a cut-
ting machine from Cricut, and the pieces were packed in the middle 
of the reactor by placing them between glass wool and glass beads. 
The reactor was filled with glacial acetic acid at RT using a flow rate of 
50$ml$min%1 through a pump with PEEK fluid path (Semba Octave BIO 
100 Pump) to reach the operating pressure of 100$psig. High-pressure 
nitrogen was used to regulate the reactor pressure during the experi-
ments. The solvent flow rate was adjusted to 1$ml$min%1. Preheating was 
required for 30–60$min to reach an operating temperature of 100$°C in 
the reactor. During preheating, the first liquid sample of solvent con-
taining extracted dye was collected in the sampling pot. After 100$°C 

http://www.nature.com/natsustain
https://ripstopbytheroll.com/


Nature Sustainability

Article https://doi.org/10.1038/s41893-025-01686-7

was reached, the extracted dye solution was collected every 30$min for 
120–150$min. For the 150$°C and 180$°C samples, a second heating step 
was required after the initial period at 100$°C. After the dye extraction 
was finished, the remaining solvent in the reactor was drained, and the 
pressure was released to take out the fabrics. The dye-extracted fabrics 
were rinsed with ethanol and dried in vacuum overnight.

Spectrophotometry
Colour and UV–Vis measurements were performed using UltraScan VIS 
from Hunter Lab and GENESYS 50 from Thermo Scientific. Reflectance 
and transmittance modes were used for colour and UV–Vis measure-
ments, respectively.

High-temperature GPC
A Tosoh EcoSec HLC-8321 High-Temperature GPC System with an 
autosampler and a differential refractive index detector were used. 
The mobile phase used was o-chlorophenol (OCB) (HPLC Grade, Sigma 
Aldrich). Tosoh’s Polystyrene-Quick Kit-M (PN 21916) was used to create 
the calibration curve from a series of polystyrene Mw standards. The 
solvent stock was set to 40$°C, while the pump oven was set to 50$°C. 
The columns, differential refractive index detector, injector valve and 
autosampler were all set to 110$°C. 6–20$mg of sample was placed in a 
Tosoh high-temperature 26-µm stainless-steel mesh filter, and OCB 
solvent was added to reach an end concentration of ~1.7$mg$ml%1 and 
heated on the autosampler for 2$h with occasional agitation. Run times 
for all standards and samples were 80$minutes. Eco-Sec 8321 software 
(Tosoh) was used for data processing. Mark Houwink correction values 
were applied (K$=$12.0$($10%5$dl$g%1 and α$=$0.70 for polystyrene (ref. 58); 
K$=$96.3$($10%5$dl$g%1 and α$=$0.658 for PET (ref. 59)).

DSC
The melting temperature and the per cent crystallinity were measured 
using a DSC 25 (Discovery Series, TA Instrument). The samples (5–10$mg 
in hermetically sealed aluminium pans) were first equilibrated at 0$°C, 
then heated to 300$°C and held at 300$°C for 5$min. Heating and cool-
ing steps were performed at a ramp rate of 10$°C$min%1. The per cent 
crystallinity was calculated on the basis of the heat of fusion for 100% 
crystalline PET (140$J$g%1)54,55.

TGA
Thermal degradation was tested using a TGA 5500 (Discovery Series, 
TA Instrument). The samples (5–10$mg) were heated from ambient 
temperature to 700$°C at 10$°C$min%1 under nitrogen.

X-ray scattering
X-ray scattering measurements were conducted using a Xeuss 2.0 
instrument from Xenocs with a Cu K, source. Small-angle X-ray scat-
tering (SAXS) and wide-angle X-ray scattering (WAXS) data were col-
lected simultaneously using a 1M Pilatus solid state detector and a 100K 
Dectris detector, respectively. X-ray scattering measurements were 
conducted with sample-to-detector distances of ~368$mm (WAXS) and 
1,207$mm (SAXS) under high flux collimation (slit 1 at 1.5$mm$($1.5$mm, 
slit 2 at 0.7$mm$($0.7$mm). Dry fabrics were mounted to the transmis-
sion stage with Kapton polyimide tape. Swollen fabrics were loaded 
into gel sample holders between two 12.5-µm-thick polyimide windows 
to eliminate solvent evaporation. An empty gel sample holder was 
also prepared to remove the scattering contribution of the polyimide 
window, using the following equation:
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where Is and Iempty are the transmitted intensities of the sample and the 
empty cell. Ts is the transmittance of the cell with the sample, and Tempty 
is the transmittance of the empty cell.

Per cent crystallinity was determined by fitting the amorphous 
halo to a double-Gaussian function and the crystalline peaks to Lor-
entzian functions; an example fit is shown in Supplementary Fig. 28. 
Dividing the integral of the crystalline signal by the total signal revealed 
the crystallinity by X-ray scattering. The long-period spacing was deter-
mined from the prominent peak at ~0.09$Å%1 in Lorentz-corrected SAXS 
data (see representative SAXS data and Lorentz-corrected SAXS data 
in Supplementary Fig. 29). The crystalline peaks were consistent with 
the triclinic unit cell reported in PET, and the d(100) spacing was given 
by the sharp peak at Q$-$1.78$Å%1.

FT-IR
A PerkinElmer FT-IR Spectrum 3 spectrometer equipped with a Univer-
sal ATR Sampling Accessory containing a Diamond/ZnSe crystal with 
one laser bounce was used. A background spectrum was run before 
each polymer sample. Each spectrum was run at ambient temperature 
with a wavenumber range of 650–4,000$cm%1, a resolution of 4$cm%1, 
and an accumulation of 16 scans. The force gauge was set at 75–80% 
of maximum pressure. All spectra were analysed using PerkinElmer 
Spectrum IR and Wiley KnowItAll software.

Membrane-based separation via OSN
Membrane permeability and dye rejection rates were evaluated using a 
dead-end filtration cell (Sterlitech HP4750). The cell contained an effec-
tive membrane area of 14.6$cm2. The OSN performance was character-
ized by using a commercial organic nanofiltration membrane (BORSIG 
oNF-2, Sterlitech) with the as-extracted dye/acetic acid solutions (dye 
concentration, 2–5$wt%) as the feed at RT at 500$psi of applied pressure 
with inert nitrogen gas. The volume of the feed was 300$ml. A stir bar 
was added to the filtration cell. All membranes were pre-compacted 
by pure acetic acid at 500$psi.

Membrane permeability (Permeability) was calculated as follows:

Permeability =

Δv

AΔtΔP

(4)

where *v is the volume of permeate collected during the time *t, A is 
the membrane area and *P is the applied transmembrane pressure for 
the filtration experiment.

The dye rejection rate (R) was calculated as follows:

R = (1 −

C

p
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f

) × 100% (5)

where Cp and Cf represent the dye concentration of the permeate 
and the feed solution (10$ml each), respectively. Their concentra-
tions were determined using a total organic carbon (TOC) analyser  
(Shimadzu, TOC-L).

Additionally, a multi-pass membrane experiment was performed 
to recover acetic acid and evaluate the overall dye rejection rate. The 
overall dye rejection rate was defined as the overall percentage of dye 
removal after a complete passage of the OSN membrane during the 
entire duration of the batch process with 300$ml of total volume as the 
starting feed solution. The permeate from the previous stage was used 
as the feed for the next stage. The dye concentrations of the permeate 
at different stages were determined using the TOC analyser.

CCC-based separation
The counter-current chromatography instrument (S1000, Dynamic 
Extractions) had a rotor with a column consisting of a length of per-
fluoroalkoxy tubing (inner diameter, 4$mm) coiled on two bobbins. 
The column volume was 81$ml. A chiller was attached to the CCC to 
maintain a constant temperature in the instrument chamber of 25$°C. 
The inlet and outlet of the column were connected to an HPLC system 
via flying leads tubing. The HPLC system was controlled by Clarity 
software (v.8.1).

http://www.nature.com/natsustain


Nature Sustainability

Article https://doi.org/10.1038/s41893-025-01686-7

The four extracted dye mixtures were separated using CCC. The 
solvent system for CCC was prepared by mixing heptane (Reagent-
Plus, 99%, Sigma Aldrich), cyclopentyl methyl ether (+99.9%, Sigma 
Aldrich), methanol (Certified ACS, Fisher Chemical), and water (18-ohm 
M laboratory deionized water, Thermo Scientific) (HCMWat) at a 3:1:3:1 
volume ratio with a total volume of 800$ml. When the HCMWat solvent 
system reached equilibrium after mixing, the upper and lower phases 
were taken separately using separate funnels, and then used for CCC 
stationary and mobile phases, respectively. For all dye mixtures, the 
feed samples were prepared by dissolving the dried extracted dyes in 
the HCMWat solution (50/50% UP and LP; dye concentration, 2–5$wt%) 
and were loaded on the sample loop (4.5$ml) using a six-way switching 
valve. For all samples, the operation conditions were as follows: a CCC 
rotation speed of 1,400$rpm, a flow rate of 2$ml$min%1, sample injection 
4.5$ml of the extracted dyes (100–300$mg$ml%1) diluted in HCMWat 
lower phase, the reverse phase in head-to-tail mode (lower mobile 
phase), and elution extrusion mode started at 30$min by loading the 
upper phase solution. The effluent fractions were collected every 2$ml.

LC–MS
The CCC effluents were analysed on an Agilent 1100 LC system (Agilent 
Technologies) equipped with a diode array detector and a G6120A 
single quadrupole mass spectrometer. Each sample was injected at a 
volume of 5$µl on a Phenomenex Kinetex 1.7$µm EVO C18 100 column 
(Phenomenex, 2.1$mm$($100$mm, PN 00D-4726-AN). The column tem-
perature was maintained at 30$°C, and the buffers used were 0.1% formic 
acid in water (A) and 0.1% formic acid in acetonitrile (B). The flow rate 
was held constant at 0.4$ml$min%1, resulting in a run time of 29$min. The 
mass spectrometer was scanned in both positive and negative mode 
from 100 to 1,500$m/z with a gas temperature of 350$°C, drying gas flow 
at 12.0$l$min%1, a nebulizer pressure of 40$psig, and a VCap of 3,500$v 
in both positive and negative mode electrospray. The diode array 
detector scanned from 245$nm to 900$nm UV–Vis ranges and plotted 
254$nm, 280$nm, and 360$nm wavelengths. The total ion chromatogram 
and diode array detector data were used to compare and tentatively 
identify candidates, by mass to charge ratio (m/z) and wavelength, of 
dyes detected in samples. Compounds that exhibited strong signals 
in the visible range (380–700$nm) were assumed to be dyes, and m/z 
values were recorded. Compounds reported here were all observed 
in positive mode and assumed to be [M$+$H]+ m/z ions, although other 
adducts are possible.

Dyeing and redyeing of the dye-free PET fabric
The exhaust dyeing method and materials provided by Archroma, 
Inc. were adopted. First, a dyeing solution was prepared with a dried 
disperse dye (5$wt%) and a mixture of textile additives in 1$l of deion-
ized water. The fabric subjected to dyeing (50$mg, 1$wt%) was added 
to the dyeing solution (5$ml) in a microwave vial and sealed with a 
pressure-resistant cap. The solution was heated under stirring in 
an oil bath at 130$°C for 1$h and then cooled down to 80$°C, and an 
after-clearing agent (3.5$g$l%1) was added to the solution. The solution 
was stirred at 80$°C for 20$min as the reduction clear step. The dyed 
fabric was rinsed with deionized water at RT and dried in vacuum at 
100$°C overnight.

Inductively coupled plasma optical emission  
spectroscopy analysis
To measure the concentrations of elements including chromium, iron, 
magnesium, nickel, and titanium in the dye-extracted solution from the 
flow-through reactor, samples were prepared via microwave-assisted 
digestion using a Milestone Ultrawave Single Reaction Chamber Micro-
wave Digester with a 15-vial rack. 0.1$g of each sample was digested in 
a combination of 4$ml of concentrated nitric acid (68–70%, ARISTAR, 
ACS, VWR Chemicals), 1$ml of fluoroboric acid (50%, laboratory, Fisher 
Chemical), and 1$ml of deionized water. After digestion, the samples 

were diluted to 20$ml with deionized water to produce a clear solution. 
The solution was analysed using an Agilent 5110 inductively coupled 
plasma optical emission spectroscope. The following wavelengths 
and modes were used: 283.563$nm axial for Cr, 259.940$nm axial for Fe, 
280.270$nm radial for Mg, 221.648$nm axial for Ni, and 336.122$nm axial 
for Ti. Calibration standards were measured using a six-point calibra-
tion curve (0.1–20$ppm) and had correlations of R$+$0.995.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The data that support the findings presented in this paper are available 
in the Supplementary Information.
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