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INTRODUCTION 

 

 Polyurethane (PU) is used in numerous medical applications including catheter and general purpose tubings, surgical drapes 

and wound dressings. One other common use is in implants. It is an abundant plastic that is composed of urethane linkages. It  is 

formed by reacting a di- or polyisocyanate with a polyol through an exothermic polymerization process (see Fig. 1).  

 

 
 

Fig. 1: General urethane condensation reaction 

 

 The most commonly used isocyanates are toluene diisocyanate (TDI) and methylene bisphenyl diisocyanate (MDI). TDI is 

often an 80:20 mixture of 2,4-toluene diisocyanate (2,4-TDI) and 2,6-toluene diisocyanate (2,6-TDI). 2,4-TDI is highly toxic. The 

main commercial polyols that are used to make PU are polyether- or polyester-based. The ether and ester bonds have lower 

hydrolytic stability than the urethane bond [1]. Pavlova et al. determined the hydrolytic stability of polyurethanes based on 

Abstract 
 
Background: In addition to uses in home furnishings and the construction sector, polyurethane foam (PUF) is also 
prevalent in medical products such as scaffolds and implants. However, these   applications raise concerns for human 
health as the use of this material can result in exposure to the carcinogenic substance 2,4-toluenediamine (2,4-TDA). 
The objective of this study was to identify easily extracted PUF-residuals and to study the removal of them in a 
biodegradation experiment including immobilized Trametes versicolor. Ultra-high-performance liquid 
chromatography-quadrupole/time of flight mass spectrometry (UHPLC-Q-TOF MS) was used in MS and MS/MS-mode to 
confirm the identities of PUF-related compounds and follow their concentration changes. Results: Except for 2,4-TDA 
and 2,6-TDA which were confirmed by standards, previously not reported substances were tentatively identified, 
among them TDA-dimers. These dimers include homodimers, heterodimers containing 2,4-TDA and 2,6-TDA and 
compounds that are hydroxylated.  The experiments that were performed in an acidic fungal culture revealed a not 
previously described removal of these compounds below the approximate nM detection limit. The mechanisms behind 
their removal may include biosorption to fungal mycelia, bioaccumulation, use of them as nutrients or extracellular 
catabolism. Conclusion: The results of this study not only highlight the ease by which harmful compounds were 
extracted from the investigated PUF-quality which is used in non-medical applications, but also the possibility to use 
fungal-based methods to eliminate them. This could be facilitated by an initial extraction of PUF (excluding fungi) 
followed by a removal of the substances with PUF-immobilized Trametes versicolor. The findings in this study may be of 
interest to further investigate PUF-residuals in products aimed for medical applications. 
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polyester and polyether polyols and concluded that the hydrolytic stability of polyether polyols was higher in alkaline (20% 

NaOH) and aqueous media while polyester polyols were more stable in acidic medium (20% HNO3) [2]. The hydrolysis of 

urethane bonds requires extreme conditions, such as temperatures over 100 
o
C or highly alkaline or acidic conditions. 

 Furthermore, most important, hydrolysis of polyether or polyester polyols in polyurethane cannot produce TDA since the 

production of one molecule TDA requires the rupture of two urethane bonds [3].  

 Polyurethane foam (PUF) is produced by adding a blowing agent which evaporates during the exothermic reaction and yields 

bubbles, leading to soft porous polymers [4]. It has been reported that unreacted TDI is present in PUF [5,6]. However, these 

results have been questioned since it was not concluded whether the detected TDI stemmed from residual TDI or from foam 

degradation during extraction or derivatization procedures [7].  

 

 
 

Fig. 2: Reaction between isocyanate and water 

 

  Figure 2 shows the conversion of an isocyanate to a primary amine. Thus, the residual 2,4-TDI and 2,6-TDI molecules in 

PUF are transformed to 2,4-toluene diamine (2,4-TDA) and 2,6-toluene diamine (2,6-TDA), respectively, upon contact with 

water.  

2,4-TDA is a class A carcinogen [8]. Experiments in rats demonstrated that the hydroxylamine resulting from 2,4-TDA 

hydroxylation by hepatic microsomes is genotoxic based on a positive response in the Ames test. The hydroxylamine was shown 

to promote the cellular proliferation of mutated cells. In contrast to 2,4-TDA, 2,6-TDA is a mutagen rather than a carcinogen [9].  

 

 

                                 
 

Fig. 3: Chemical structures of 2,4-TDA (A) and 2,6-TDA (B). 

 

 When this is taken into account, in vivo PU/PUF applications must be carefully considered. One of these is medical uses 

including breast silicone gel implant covers. The leakage of 2,4-TDA from polyester-based PUF implant covers has been 

investigated in both a human trial and a rat study. In the study performed on women, approximately half (30 out of 61) of patients 

had measurable levels of 2,4-TDA in their urine [10]. In the study performed on female rats [11], a low release of 2,4-TDA was 

monitored in the plasma samples. This research concluded that polyurethane foam-covered breast implants present an 

unreasonable health risk when the results were extrapolated to reflect 2,4-TDA bioavailability in humans. 

 The in vivo release of 2,4-TDA from PUF is influenced by several factors that act synergistically. These are (1) enzymatic 

activities, (2) oxidizing agents, and (3) mechanical loads (environmental stress cracking). The enzymatic degradation not only 

includes the hydrolysis of polyester and polyether, but also the cleavage of polyurethane bonds [12]. Thus, the in vivo release of 

2,4-TDA from PUF following the cleavage of urethane bonds can occur at mild conditions with respect to pH and temperature.  

 The extraction conditions are vital to extracting residual TDA from a PUF sample. That is, the residuals must be readily soluble 

yet the polyester or polyether groups in the PU-oligomers cannot be allowed to hydrolyze in solution. This hydrolysis of polyester 

and polyether groups could cause an amalgam of acids and alcohols that, in the worst case, would render the reliable 

quantification of residual TDA impossible. 

 Fortunately, 2,4-TDA and 2,6-TDA can be easily extracted from PUF. Johnson et al. [13] used a 0.1% w/v acetic acid 

solution (pH = 3.3) to extract these compounds. The pKa values for the conjugate-acid forms of 2,4-TDA and 2,6-TDA have been 

reported as 5.58 and 4.69, respectively [14]. In the study performed by Johnson et al., the protonated amines were analyzed using 

hydrophilic interaction chromatography (HILIC) and tandem mass spectrometry (MS/MS) employing positive electrospray 

ionization. A similar extraction protocol (i.e. under acidic conditions) was applied by Mutsuga et al. [15].  

 Earlier studies have questioned whether the TDA detected in PUF samples is a hazard or an analytical artefact (a similar issue 

exists for TDI and PUF) [7]. Hall et al. [16] draw the conclusion that the urethane oligomers in PUF extracts containing 10
-4

 M 

NaOH could hydrolyze into TDA. However, this study, which used GC-MS, did not consider the risk of thermal degradation of 

these oligomers when passing through the heated liner. It has been shown that the depolymerization of polyurethanes starts at 

temperatures < 280 
o
C [17], and Hall et al. used an injector temperature of 250 

o
C.  

 Advanced oxidation procedures (AOPs) have been used to degrade 2,4-TDA in synthetic wastewaters [18]. The results 

showed that this amine species, initially at a concentration of 0.5 mM (61.0 mg L
-1

), could be completely removed from water at 

pH 7 by treatment with UV/H2O2. Successful biodegradation of TDA-isomers has been performed in activated sludge acclimated 

with aniline and TDA [19]. The acclimation period was approximately 200 days and it was determined that no external carbon 

sources were needed for the biodegradation. Another study explored selected bacteria and fungi for the biodegradation of TDA 

(A) (B) 
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isomers [20]. The TDA isomers were the sole carbon source, and Thielevia sp. (phylum Ascomycota) was chosen for degrading 

2,4-TDA. The results showed that the fungus was faster at degrading this particular diamine than the bacteria. 

 The objective of the present study was to identify easily extracted PUF-residuals and to study the removal of them in a 

biodegradation experiment including immobilized Trametes versicolor. In the present investigation, PUF cubes were used as 

supports (carriers) for immobilized Trametes versicolor (T. versicolor) mycelia. The choice of this white rot fungus (WRF) 

species was motivated by its reported use in the biodegradation of small aromatic xenobiotic compounds [21,22]. The ability of 

immobilized T. versicolor to remove 2,4-TDA and 2,6-TDA, as well as their derivatives, from PUF was studied in a nutrient 

solution (pH 4). 

The mild extraction conditions excluded any hydrolysis of polyurethane and should thus only include residuals of TDA and its 

derivatives. The identification of these compounds was performed using both electrospray ionization (ESI) UHPLC-Q-TOF-MS 

and MS/MS in positive mode. The presented removal procedure is novel. The findings can be useful for PUF applications which 

do not allow any leachage of residual substances.  

  

MATERIALS AND METHODS 

 

Chemicals and glassware 

 PUF (Eheim pickup 160) was purchased from Eheim GmbH & Co. KG (Deizisau, Germany). This PUF quality is used in 

filters for home aquariums. Diclofenac sodium salt, D-(+)-glucose (≥99.5%), ammonium tartrate dibasic (≥98%), 2,4-

diaminotoluene (98%) and 2,6-diaminotoluene (97%) were purchased from Sigma-Aldrich (St. Louis, MO). Diclofenac-d4 with 

an isotopic enrichment of 98 atom% deuterium, was obtained from C/D/N Isotopes Inc. (Quebec, Canada). Emsure® Sulfuric acid 

(95-97%), LiChrosolv® Hypergrade acetonitrile (≥99.9%), and LiChrosolv® water for chromatography were purchased from 

Merck (Darmstadt, Germany). Ammonium acetate (≥99.0%) for the preparation of the mobile phase was obtained from Fluka 

(Darmstadt, Germany). The Erlenmeyer borosilicate glass flasks (VWR International, Radnor, PA) included polypropylene (PP) 

screw-caps and polytetrafluoroethylene (PTFE) membranes through which air can diffuse. The nutrient solution used throughout 

the experiments (including fungal growth onto immobilization supports and biodegradation experiments) contained 6.0 g L
-1 

D-

(+)-glucose and 3.3 g L
-1 

ammonium tartrate with a carbon: nitrogen molar ratio (C:N) of 6.6. The pH of the solution was adjusted 

to 4.0 with 1.0 M sulfuric acid.  

 Tap water from General Electric Healthcare (softened at site), Uppsala, Sweden was used unless otherwise specified. 

Fungus:  

  T. versicolor (strain AG1383) was obtained from the Culture Collection of Basidiomycetes, Institute of Microbiology, 

Academy of Sciences of the Czech Republic in Prague. The fungus was maintained by subculturing every second month onto 

disks containing modified malt extract agar supplied by the National Veterinary Institute (SVA, Uppsala, Sweden) at ambient 

temperature. At each subculturing event, an aseptic (70% ethanol) hollow punch with an inner diameter of 10 mm was used to 

sample a mycelia-covered disk and then transfer the sample to a new plate (one agar pellet for each new plate). After one week of 

storage in the dark at ambient temperature, the prepared disks were stored in a refrigerator for a maximum time period of two 

months.  

 

Instrumentation and general MS-settings 

  An Agilent Technologies 6550 iFunnel Q-TOF LC/MS system (Agilent Technologies, Santa Clara, CA), including an Agilent 

Technologies 1290 Infinity UHPLC system consisting of a 1260 iso pump (G1310B), 1290 binary pump (G4220A), thermostat 

(G1330B), 1290 sampler (G4226A), 1290 thermostated column compartment (G1316C) and electrospray ionization (ESI) was 

used for quantitative analysis. Agilent MassHunter software (version 06.00) was used for data acquisition and processing. The 

drying gas flow rate and temperature were set to 14 L min
-1

 and 150 
o
C, respectively, while the sheath gas flow and temperature 

were set to 11 L min
-1

 and 350 
o
C, respectively. The capillary voltage was set at 4000 V. The mass spectrometer was operated in a 

positive polarity electrospray ionization mode with an acquisition rate of 3 scan sec
-1

. The scanned m/z range was 100 – 1000. 

Lock masses with m/z 121.05087300 (protonated purine) and m/z 922.00979800 (protonated hexakis-(1H,1H,3H-tetrafluoro-

pentoxy) phosphazene) were used. At each analysis occasion (i.e. day), the instrument was calibrated in positive mode using the 

Agilent CheckTune procedure, which demands a mass accuracy < 1 ppm and a resolution > 20000. A Zorbax Eclipse plus C18 

rapid resolution HD (2.1 x 50 mm, 1.8 µm) UHPLC-column from Agilent Technologies was used for separation purposes.  

 

Experiments in Erlenmeyer flasks containing PUF-carriers: 

  The experiments were performed in 500 mL bottom-baffled Erlenmeyer flasks. Three flasks were filled with 300 mL nutrient 

solution each. Approximately 2.7 g of PUF cubes (1 cm
3
) were added to each of the three Erlenmeyer flasks, after which the 

flasks were autoclaved (125 °C, 30 minutes). The autoclavation procedure was motivated by the desire to create an environment, 

initially free from bacterial contamination. Two of the flasks were inoculated with 15 agar plugs covered with mycelia. All of the 

flasks were agitated (50 rpm) for one week, after which one of the flasks containing mycelia was withdrawn and autoclaved to 

establish a heat-killed control. Thus, the three flasks contained three different conditions: (1) active fungus; (2) heat-killed control 

and (3) carrier control. Diclofenac was then added to the flasks to a final concentration of 10 mg L
-1

. The removal of this 

compound by adsorption and T. versicolor mediated biodegradation mechanisms is previously reported [22]. Nutrient stock 

solution stored in a 1000 mL glass bottle was used as the blank in UHPLC-Q-TOF MS runs. Samples, 4 mL each, were taken 

from the three flasks at 0, 1, 2, 4, 6, 22, 29, 46, 70, 94 and 166 hours. From the collected samples, 2.2 mL was used for a laccase 

enzyme assay and 1.4 mL for UHPLC-Q-TOF analysis. The latter samples were frozen to stop the secretion of enzymes. The time 

between sampling and a sample entering the freezer was estimated to be 15 minutes. For subsequent experiments, an internal 
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standard (diclofenac-d4) was added to a concentration of 0.1 mg L

-1 
once the samples had thawed, after which the samples were 

centrifuged and transferred to glass vials. The diclofenac-d4 was initially added for the purpose of measuring diclofenac decay 

[22]. In the present study, it was used to semi-quantitatively determine the concentration levels of TDA and its derivatives. The 

UHPLC-QTOF MS analyses were performed in triplicates. 

  

UHPLC-Q-TOF MS and MS/MS-analyses 

  Mobile phases A and B consisted of LiChrosolv
®

 water containing 2.0 mM ammoniumacetate (pH 7.0) and hypergrade 

acetonitrile, respectively. The flow rate and temperature were set to 0.3 mL min
-1

 and 30 
o
C, respectively. The mobile phase 

contained initially 90% A. After a 6 minutes linear decrease to 10% A, an isocratic period of one minute followed, after which this 

phase was linearly increased from 10% to 90% over a time period of one minute and then kept at this concentration for three 

minutes to equilibrate the column. Next, 3 µL of undiluted sample was injected. MS data were obtained by positive ESI. Eluted 

peaks were analyzed in Q-TOF full-scan MS mode, MS/MS mode and by measuring absorbance at 276 nm. Diode array spectra 

(DAD) were continuously collected over the 100 – 600 nm range. The MS/MS fragmentations were performed using three 

collision energies (10, 20 and 40 V). The collision gas of choice was Nitrogen 5.0 with a purity of 99.99999% from AGA 

(Lidingö, Sweden), and the collision pressure was set to 2.1 bar. In the full-scan mode, accurate protonated masses were compared 

with exact masses of TDA and TDA-derivatives. An acceptable error limit of 2.5 ppm was applied to these mass measurements. 

Spectra from detectable TIC-peaks were investigated, and the most abundant ions were evaluated using the ChemSpider search 

engine.  

 

Statistical methods: 

     In Table 1, the calculations of accurate and exact masses in MS and accurate masses in MS/MS-mode, were facilitated by use 

of Agilent MassHunter software (version 06.00). Furthermore, using this software, elemental compositions were suggested for 

detected ions. In full scan MS-mode, the software ChemSpider was used to evaluate possible chemical structures of suggested 

elemental compositions [23]. The elemental compositions of the product ions were interpreted by the web-based program 

ChemCalc [24].  

 

RESULTS AND DISCUSSION 

 

  The experimental culture (EC) included a live T. versicolor culture, nutrient solution and PUF-carriers. The heat-killed 

control (HKC) consisted of nutrient solution, carriers, and a T. Versicolor culture that had been killed during autoclaving. The 

carrier control (CC) contained only carriers and nutrient solution. Blank (BL) samples refer to samples containing only the 

nutrient solution.  

  The results of UHPLC-Q-TOF MS (full-scan mode) for samples from various experimental conditions (EC, HKC and CC), 

compared against a BL run, are shown in Fig. 4. The samples were collected from the Erlenmeyer flasks (EC, HKC, CC) two 

hours after the addition of diclofenac. Substances that were identified (TDA) and tentatively identified (TDA-derivatives) are 

marked with indices (1-12).  

 

 
 

Fig. 4: UHPLC-Q-TOF MS results for samples collected two hours after the addition of diclofenac. The addition of diclofenac 

was preceded by one week of fungal immobilization on PUF (EC and HKC). Total Ion Chromatograms (TIC); Colors: EC (black), 

HKC (blue), CC (red) and (BL) green.  

 

  The data files were processed by the Find Compound by Formula algorithm and the two isomers of TDA were identified in 

peaks 1 (tR 0.81 min.) and 2 (tR 1.32 min.) of HKC and CC, but not in EC- samples by a [M + H]
+ 

ion at m/z 123.0919 (accurate 

mass), which differs by 1.6 ppm (0.2 mDa) from the theoretical (exact mass) m/z of the proton adduct of TDA (123.0917). An 

integration of the extracted ion chromatogram (EIC) areas for peaks 1 and 2 of the CC sample showed that m/z 123.0919 was over 

4 times more abundant in peak 2 than in peak 1. The identities were confirmed by injecting samples containing reference solutions 

of the compounds at 100 µg L
-1

 in nutrient solution into the chromatographic system. The retention times were 0.83 min. (peak 1) 

and 1.27 min. (peak 2) and the accurate masses were m/z 123.0920 for both reference samples. The mass error was 2.4 ppm (0.3 

mDa). Product ion scans for the precursor ion (m/z 123.0919) in CC over retention time windows that covered peaks 1 and 2 

showed similar product ions in both peaks with m/z 77.0397 and 108.0693. These ions were found at CIDs of 10, 20 and 40 V. 

The mass-to-charge ratios correlate with a phenyl cation and a de-methylated cation radical of TDA, respectively. The mass errors 
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were 7.4 and 8.3 ppm, respectively. A larger mass error in MS/MS is explained by the absence of lock-masses in the TOF. 

MS/MS was also performed on 2,4-TDA and 2,6-TDA references dissolved in nutrient solution to 100 µg L
-1

. Their product ions 

were similar to the experimental findings in CC (m/z 77.0396, 108.0691 and 77.0398 and 108.0691 respectively). The conclusion 

was that peaks 1 and 2 in Fig. 4 contained 2,6-TDA and 2,4-TDA, respectively. 

 Full-scan spectra were collected for peaks 3 and 4. One abundant ion was present (m/z 177.0661) in both peaks. Since the 

compound was present in EC, HKC and CC, it must be derived from PUF. No decline of the peak intensity was visible in any of 

the controls through the experiment. The ratios between the integrated ion intensities at tR 1.4 and 1.6 min. and the integrated IS 

(diclofenac d-4) intensity at m/z 300.0496 were approximately 8 (the IS concentration was 0.1 mg L
-1

). Using the MassHunter 

algorithm “generate formulas from spectrum”, a proton adduct with an elemental composition of C9H9N2O2 was suggested. The 

nitrogen rule confirmed the presence of two nitrogen atoms. The exact m/z for the ion is 177.0659, which reflects a mass error of -

1.1 ppm. The MassHunter MS score for the compound was 98% using default settings for MS accuracy, isotope spacing and 

abundance contribution to the score. Product ion spectra were acquired and are shown in Fig. 5. In Fig. 5B which represents the 

40V CID energy, a water loss is present at m/z 159.0550. The ion at m/z 131.0602 in Figs. 5A and 5B matches the ion species 

[M+H – CH2O2]
+
. The product ion at m/z 119.0490 which is seen in Fig. 5A, can be explained by an [M+H - CH2N2O]

+ 
ion 

species, whereas the ion at m/z 104.0490, which is abundant in Fig. 5B, was considered to be an [C7H6N]
+
 ion species (mass error 

4.8 ppm). The ion at m/z 91.0538 is explained by a tropylium [C7H7]
+
 ion. Furthermore, three characteristic ions were abundant 

(m/z values of 77.0386, 65.0380 and 51.0226) in Figure 5B: the ion at m/z 77.0386 most probably represents a phenyl cation 

[C6H5]
+
 while the other two ions originate from the fragmentation of benzene molecules into [C5H5]

+ 
(m/z 65.0380) and [C4H3]

+ 

(m/z 51.0226) (see Fig. 5 and Table 1).  
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Fig. 5: Product ion spectra of a precursor ion with m/z 177.0660 (A), 20 V CID and (B), 40V CID. The analysed EC sample was 

collected at 69h.  

 

Table 1: Summary of accurate mass measurements of fragment ions in product ion spectra of EC sample collected at 69 h. using 

UHPLC-Q-TOF MS/MS. Precursor ion: m/z 177.0660. The CID-values show at which collision induced energy the respective m/z 

was obtained. The elemental compositions are shown in their uncharged state. 

 

(A) 

(B) 
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Elemental   Accurate       Exact   Mass error Ionic species CID (V)

composition  mass, m/z       mass, m/z   mDa       ppm

C9H8N2O2 177.0661 177.0659    -0.1         -1.1  [M+H]
+

10, 20

C9H7N2O 159.0550 159.0553    0.3         1.9  [M+H-H2O]
+

40

C8H7N2 131.0602 131.0604    0.2         1.5  [M+H-CH2O2]
+

40

C8H7O 119.0490 119.0497    0.7         5.9  [M+H-CH2N2O]
+

20

C7H6N 104.0490 104.0495    0.5         4.8  [M+H-C2H3NO2]
+

40

C7H7 91.0548 91.0538  -1.0      -10.9  [M+H-C2H2N2O2]
+

40

C6H5 77.0391 77.0386  -0.5        -6.5  [M+H-C3H4N2O2]
+

40

 
 

  Based on MS/MS data and an intrinsic property search in ChemSpider Chemical Database, the compound was tentatively 

identified as a hetoerocyclic molecule including a toluene moiety, and in the other ring structure, two oxygen and two nitrogen 

atoms are present. The water loss in the product ion spectra indicates that at least one of the oxygen atoms is present as a 

hydroxyl. The presence of a toluene moiety and two nitrogen atoms indicate that the origin is TDI. However, the ring structure 

requires a molecule with the isocyanate groups in ortho-position. It is known that in the synthesis of TDI using TDA and 

phosgene, unwanted ortho-TDI is formed. It is also known that the two adjacent isocyanate groups react by forming tolyl 

imidazoline-one [25]. However, this compound has an elemental composition of C8H8N2O. Thus, CO is missing to match the 

investigated substance with the elemental composition C9H8N2O2 (uncharged state). A carboxylation of tolyl imidazoline-one 

using CO2 that was evolved in the iscocyanate – water reaction cannot be excluded (see Fig. 2). Previously a CO2 mediated 

synthesis (cyclization) of quinazoline-2,4 (1H,3H)-dione in water was reported using 2-aminobenzonitrile and dimethyl 

formamide in dense CO2 [26]. In the present study, the compound, preferably contain a quinoxaline backbone. See Fig.6. The 

presence of two peaks (3 and 4 in Fig.4) is explained by alternative methyl group positions. 

 

  
 

Fig. 6: Chemical structure of methyl (1H)-quinoxaline-2-one, 3-ol. 1 

  

  As previously mentioned, no decline of the compound(s) was seen during the experiment in any of the controls or in the 

experimental culture. This means that they adsorb poorly to PUF and biomass. Furthermore, quinoxalines are known as antifunga l 

agents, which means that it is not expected that T. versicolor can use them as nutrients [27].  

  Full-scan spectra were collected for peaks 5-10, which were only present in HKC and CC samples (Fig. 4). Two relatively 

abundant ions were identified in these spectra (m/z 271.1562 and 287.1509). These mass-to-charge ratios correspond well with 

proton adducts of (1) a TDA-dimer and (2) a hydroxylated TDA-dimer (TDA-dimer-OH), respectively. The TDA-dimer 

formation is explained by the reaction between an isocyanate group in one TDA molecule with an amine-group in another 

molecule [28].  

 

 
 

Fig. 7: Reaction between an isocyanate and an amine (urea formation). 

 

  The accurate mass of the TDA-dimer [M + H]
+ 

ion (m/z 271.1562) showed a mass error of 1.1 ppm (0.3 mDa) when 

compared to the exact mass of the ion (m/z 271.1559). The accurate mass of the proton adduct of the TDA-dimer-OH was m/z 

287.1509, which shows a mass error of 0.3 ppm (0.1 mDa) when compared to the exact mass of the ion (m/z 287.1508). The 

product ion spectra are shown in Figures 8 and 9.  

  The presence of peaks 5-10 in Fig.4, can be explained by different isomeric forms of TDA, including homodimers, 

heterodimers containing 2,4-TDA and 2,6-TDA, and compounds that are hydroxylated at various positions. Proton adducts of the 

TDA-dimer-OH isomers (m/z 287.1509) were most abundant at peaks with retention times of 2.5, 2.6 and 2.8 minutes whereas the 

proton adducts of the TDA-dimer isomers (m/z 271.1562) were abundant in earlier peaks (retention times of 2.0, 2.2, and 2.4 

minutes)  
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Fig. 8: Product ion spectrum of TDA-dimer isomer using a precursor ion with m/z 271.1562, with collision voltage set to 40 V. 

The analyzed sample was collected from the heat-killed culture (HKC) one day after the addition of diclofenac, which was 

preceded by one week of fungal immobilization on PUF. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: Product ion spectrum of a hydroxylated TDA-dimer isomer using a precursor ion with m/z 287.1509, with collision voltage 

set to 20 V. CC-sample collected one day after the addition of diclofenac. 

  

  

  The mass accuracies of the product ions (including proton adducts, carbocations and cation radicals), shown in Figures 8 and 

9 were all below 10 ppm. Peak 11 in Fig. 4 is identical with IS (diclofenac d-4). Peak 12 in Fig. 4 had an abundant ion at m/z 

249.1959. Using the MassHunter algorithm “generate formulas from spectrum”, a proton adduct with an elemental composition of 

C15H25N2O was suggested. The exact mass of the ion was m/z 249.1962. The mass error was 1.2 ppm (0.3 mDa) and the score was 

98.61%. Product ion spectra at CIV 10, 20 and 40 V revealed most abundant ions at m/z 123.0922, 108.0683 and 57.66975. m/z 

123.0922 is identical with protonated TDA, m/z 108.0683 can be traced to demethylated TDA (see Fig. 8). The most probable 

origin of the m/z 249.1962 ion is the reaction product of a partly hydrolyzed TDI-molecule with a fatty acid (see Fig. 10A and 

10B). In the suggested substance, the isocyanate-group in position 4 (least sterically hindered) is reacted with the fatty acid. Since 

the uncharged molecule contains an even mass number, the nitrogen rule is obeyed.  

 

           
 

 

Fig. 10: General reaction between an isocyanate and a carboxylic acid (A) and the suggested molecule with an elemental 

composition of C15H24N2O 

 

4 x10 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 

1 
1.1 
1.2 
1.3 
1.4 
1.5 

+ESI Product Ion (2.374-2.438 min, 4 Scans) Frag=400.0V CID@40.0 (271.1561[z=1] -> **) H0_1.d  
108.0693 

77.0397 

123.0932 

134.0493 114.0929 
94.0662 159.0924 271.1562 173.1092 

212.0893 197.1043 

Counts vs. Mass-to-Charge (m/z) 
75 80 85 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 200 205 210 215 220 225 230 235 240 245 250 255 260 265 270 

106.0663 

 

 

   

4 x10 

0 
0.2 
0.4 
0.6 
0.8 

1 
1.2 
1.4 
1.6 

+ESI Product Ion (2.649-2.742 min, 3 Scans) Frag=400.0V CID@20.0 (287.1506[z=1] -> **) A0_1.d  
122.0618 

94.0662 

77.0397 139.0883 
108.0693 

148.0419 
287.1509 

271.1560 165.0683 227.1103 202.1952 
247.1123 

Counts vs. Mass-to-Charge (m/z) 75 80 85 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 200 205 210 215 220 225 230 235 240 245 250 255 260 265 270 275 280 285 290 295 

 

 
  

(A) 

(B) 



24 
Citation: Åke Stenholm et al., 2019. Removal of toluene diamine and its derivatives from polyurethane foam using immobilized Trametes versicolor. Advances 

in Environmental Biology 13(2): 17-29.DOI:10.22587/aeb.2019.13.2.4 

 
  Fatty acids are occasionally present in the production of flexible polyurethane foams as chain-extenders. One of these acids 

is neo-heptanoic acid [29].  

  The ions that were used to identify TDA, TDA-dimers and hydroxylated TDA-dimers were missing from the collected EC 

fractions (MS-mode). The same pattern was observed in simultaneous UV- monitoring at λ 276 nm, as peaks 5-10 in Fig. 4 are 

discernible in HKC and CC samples, but not in EC samples. Peak 1 was also present, but was excluded from Fig. 11 due to its 

high intensity. Some of the peaks from UV monitoring correspond well with the pattern shown in Fig. 4 and have slightly shorter 

retention times than what was observed in MS detection, which can be explained by the DAD detector being positioned before the 

MS detector. The absorbance at 276 nm supports the presence of aromatic structures.  

 

 
 

Fig. 11: UHPLC-Q-TOF results (UV-detection at 276 nm) for samples collected two hours after the addition of diclofenac, which 

was preceded by one week of fungal immobilization on PUF (EC and HKC). Colors: EC (black), HKC (blue), CC (red) and (BL) 

green. 

 

  Peak 2 contains 2,4-TDA and peaks 5-10 contains TDA-dimers and monohydroxylated TDA-dimers. Peaks 3 and 4 which 

were tentatively identified as quinoxaline derivatives using MS and MS/MS could not be identified in CC and HKC at 276 nm. 

The reason is probably low molar absorption coefficients for these heterocyclic compounds at this wavelength [30]. Peak 11 

contains IS and peak 12 contains the suggested TDA fatty acid adduct (see Fig.10B).  

 The presence of the [M + H]
+ 

ions corresponding to 2,4-TDA as well as the TDA-dimers and the monohydroxylated TDA-

dimers was monitored in EC, HKC and CC samples throughout the entire duration of the experiment. Extracted ion 

chromatograms (EICs) covering 2,4-TDA, the TDA dimer, and the TDA-dimer-OH at retention times of 1.3, 2.2 and 2.7 minutes, 

respectively, were integrated to compare levels between the three different experimental conditions over the course of the 

experiment.  

 The ratios of the integrated EICs of 2,4-TDA (m/z 123.0919), the TDA-dimer (m/z 271.1562), the TDA-dimer-OH (m/z 

287.1509) and diclofenac d-4 (m/z 300.0496) in CC and HKC are shown in Fig. 12. The ions at m/ z 123.0919, m/z 271.1562 and 

m/z 287.1509 were not detected in EC samples. 
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(C) 

 

Fig.12: A representation of ratios of integrated extracted ion chromatograms (EIC) of CC (∆) and HKC (♦) samples for (A) 2,4-

TDA (m/z 123.0919, tR 1.3 min) (B) TDA-dimer (m/z 271.1562, tR 2.2 min), (C) TDA-dimer-OH (m/z 287.1509, tR 2.7 min) and 

d4-diclofenac (m/z 300.0496, tR 3.0 min). The graphs present the intensities of the compounds (reported as quota between 2,4-

TDA, TDA-dimer, TDA-dimer-OH and d4-diclofenac) throughout the duration of the experiment. Triplicate injections were 

performed for each sample 

  

 The initial differences in the 2,4-TDA, TDA-dimer and TDA-dimer-OH to diclofenac d-4 ratio between the CC and HKC 

samples (Fig. 12) can be explained by the biosorption of these substances by the dead biomass in the HKC culture and/or the 

influence of living fungi during the one-week immobilization period. In HKC samples, the ratio continues to decline during the 

entire time course of the experiment. As the fungi in these samples had been killed by autoclaving, this decline can only be 

attributed to biosorption by the dead biomass. The reason for the absence of the compounds in EC at the initial sampling time 

(shown by the absence of m/z 123.0919, 271.1562 and 287.1509), while they were detectable in HKC can be explained by a 

desorption of the substances in the HKC-autoclavation procedure and eventually followed by a limited adsorption to the thermally 

transformed biomass. The approximate detection limit was in the low nM concentration range. A rapid biosorption of phenol and 

2-chlorophenol has previously been reported for native and heat-killed fungal mycelia in Funalia trogii pellets [31]. Based on the 

results, the authors concluded that the biosorption properties of native mycelia were more effective. The difference was explained 

by a loss of hydrophobic moieties in the heat inactivated fungal mass. The authors also showed that for the selected adsorbates, 

the pH was of importance (optimal biosorption occurred at pH 8). The functional groups present in the fungal mass, e.g. carboxyl, 

sulfone, phosphate and amino groups, are the reason for these pH-based differences in biosorption. 

 

  The intensity of the ion at m/z 249. 1972 (suggested TDA fatty acid adduct present in peak 12 in Fig. 4) was integrated and 

divided by the intensity of the integrated IS-ion (m/z 300.0496) (see Fig. 13). The ion was initially present in EC, but was not 

detectable after 8 hours. No decline in HKC can be seen as for TDA, TDA-dimer and TDA-dimer-OH. The fast decline in EC can 

be explained by its adsorption to native biomass, bioaccumulation, biodegradation by exo- or endoenzymes and by its role as a 

nutrient for the fungus. A sole nutrition/biodegradation explanation is not plausible since the HKC-levels then should be declined 

after one week incubation. The approximately similar levels in HKC and CC show that no biosorption to dead biomass occurred.  

 

 
 

Fig. 13: A representation of ratios of integrated extracted ion chromatograms (EIC) of CC (∆) HKC (♦) and EC (o) samples for 

m/z 249.1972, tR 4.0 min) and d4-diclofenac (m/z 300.0496, tR 3.0 min). The graph presents the intensities of the compounds 

(reported as a quota between m/z 249.1972 and d4-diclofenac) throughout the duration of the experiment. Triplicate injections 

were performed for each sample, 

  

 In the present study, the concentration of 2,4-TDA was approximated to be considerably higher than what was expected based 

on results from a previous study in which 2,4-TDI was extracted from PUF using toluene. Gagné et al. [5] reported a mean 2,4-

TDI content of 5 ng g
-1 

in three different PUF samples. A similar content of 2,4-TDA in the PUF cubes that were used in the 

present investigation would translate to a 0.3 nM concentration. However, the results depicted in Figures 12 indicate that the 

concentrations of 2,4-TDA and its derivatives were present at similar levels as the 0.1 mg L
-1

 diclofenac-d4 internal standard (0.3 
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µM), although a direct comparison is impossible due to differences in how readily TDA-containing compounds and diclofenac 

ionize. 

  The high and persistent levels of  2,4-TDA and its derivatives  in CC can be explained by the low adsorption of these 

compounds to PUF. It is known that molecules containing aromatic structures are easily adsorbed by PUF through hydrophobic 

interactions [22, 32-34]. However, in the present investigation, which was conducted at a pH of 4, the amines are mainly 

protonated. Only limited electrostatic interactions between the adsorbent and adsorbate are supposed to occur since the urethane 

(carbamate) bonds are not considered to act neither as acids or nor as bases over the normal pH range (1-14) [35]. However, there 

are reports that claim that these bonds are positively charged at low pHs [36,37] which would lead to an electrostatic repulsion of 

the protonated TDA molecules.  The use of amine-based polymers to attract negatively charged molecules at acidic pHs has been 

previously reported [38]. 

 

  No traces of TDA or its dimer-forms could be detected at nM concentration levels from the collected EC fractions. There are 

four hypotheses that could explain this lack of these compounds in EC:  

 

1. Biosorption to the T. versicolor mycelial cell walls 

2. Bioaccumulation in T. versicolor (build-up of compounds within mycelial cells that excludes metabolism) 

3. T. versicolor uses the target analytes as a nutrient supply, including endo-enzymatic catalysed catabolism and metabolism 

4. Biodegradation of the target analytes by exoenzymes secreted from the fungus (extracellular catabolism)  

 

 
 

Fig. 14: Different theories for the decline of 2,4-TDA in biodegradation experiments using T. versicolor. Intracellular processes 

are illustrated in green and extracellular processes in blue. Co-metabolism is the transformation of a non-growth substance in the 

presence of a growth substrate.  

 

  Extracellular biodegradation is often mentioned as the primary way that fungi contribute to biodegradation. In this process, 

the fungus requires an adequate supply of nutrients to secrete exoenzymes. In T.versicolor, there are at least four non-specific 

exoenzymes that are present (laccase, manganese peroxidase (MnP), lignin peroxidase (LiP) and versatile peroxidase (VP)). In a 

previous study, an increased laccase activity was monitored during the time course [22]. However, the other three degradation 

principles must also be considered. Of special interest is the possibility that the fungus can use TDA and its derivatives as 

nutrients. In the presented experiments, nitrogen and carbon, both of which are essential for fungal growth, were supplied as 

glucose (carbon source) and ammonium tartrate (carbon and nitrogen source). TDA and its derivatives are small molecules that 

contain both carbon and nitrogen. It cannot be excluded that they penetrated through the fungal cell walls and lipid bilayers 

through passive transport dependent on concentration gradients (i.e. not active, energy-driven transport). It has previously been 

reported that T. versicolor can use phenol as the sole carbon source [39]. Furthermore, it has been reported that the saprophytic 

fungal species Rhizopus sp. and Fusarium sp. can use aniline as the sole source of both carbon and nitrogen [40]. Similarly, 

among mycorrhizal fungi, it has been shown that the ericoid endophyte Hymenoscyphus ericae can utilize fatty acids as efficient 

as glucose [41].  

  

CONCLUSIONS 

 

  The presented experiments have demonstrated the ease by which it is possible to extract residual TDA and its derivatives 

from PUF in an acidic environment. Furthermore, it has been shown that PUF-immobilized Trametes versicolor is able to remove 

these compounds. It cannot be excluded that the fungus at least partly used the TDA compounds as nutrients (i.e. carbon and 

nitrogen source). The results are important to medical applications that require PUF that is free of residual TDA. If not already 
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performed, an initial acidic extraction of PUF by which these TDA-derivatives are removed would minimize the risk of an 

unwanted future leakage. The subsequent removal of these substances from the extracts using immobilized T. versicolor, as 

described in the present study, can be of interest as a waste treatment procedure. Future experiments aiming to investigate the 

capability of T. versicolor to use compounds like TDA as a nutrient source must include careful calculations about the nutrient 

supply necessary to keep the fungus viable during experiments.   
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