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ABSTRACT 

Conditions for phosphorylation of softwood kraft lignin was studied. Heating lignin at 150°C 
with ammonium dihydrogen phosphate water solution in the presence of urea gave a phosphor 
content in the worked-up product of ca. 2%. The intumescent behaviour during heating could 
also add to the fire stability of a potential product. In order to use lignin that has been treated 
with phosphoric acid as fire retardant in wood, acid removal or neutralisation is needed to obtain 
a final sustainable product. Water washing of phosphoric acid treated lignin led, however, to 
significant mass losses and a material that under suitable phosphorylation conditions (low 
temperature and shorter periods) could be efficiently solubilised in alkaline water. 

INTRODUCTION 

With changing building rules allowing a greater use of wood in taller buildings, interest for 
improving the fire stability of wood has grown rapidly. In addition, there is a desire to produce 
wooden products capable of resisting outdoor exposure, which has resulted in developing 
processes and products that are stable and not prone to leaching. Aiming for a modern biobased 
economy has meant that the use of renewable materials is highly sought after. Side streams 
from pulping processes contain considerable amounts of lignin residues and introduction of 
new fractionation technologies, particularly for significantly reducing sulphur content and 
increase reactivity of kraft lignin has led to new lignin applications being established (Stora 
Enso 2021).  
Lignin has recognised fire retardant properties, but these need to be improved in order to offer 
a viable alternative to commercial fire retardants currently available. This may be achieved by 
introducing elements known to have fire retardant properties such as phosphor, nitrogen, boron, 
silicon etc. Methods for producing thermally stable phosphorylated lignin for use in polymeric 
materials has been summarised (Yang et al. 2020). The introduction of phosphorous compounds 
could be done with sophisticated, reactive and significantly less toxic reactive compounds. 
However, the aim herein is to use more conventional compounds to establish a less highly 
developed chemical process suitable for commercial application, for example, alongside a 
traditional saw-mill.  
The phosphorylation of lignin is thought to occur by the reaction of hydroxyl groups in lignin, 
such as benzylic alcohols, which can be substituted under acid conditions with halogenides and 
even carboxylates, though the re-addition of water to a formed carbocation and further 
hydrolytic degradation and condensation are known competing reactions (Ede et al. 1988, 
Shioya et al. 2017, Ralph et al. 2018). In one study, kraft lignin was treated with phosphoric 
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acid followed by extraction/ultracentrifugation in cold acetone (Kim and Mazza 2008). 
Conversely, heating of kraft lignin in presence of ammonium dihydrogen phosphate salt and 
urea has been claimed to introduce phosphate groups into the lignin, in the form of ammonium 
salts (Gao et al. 2020). Kraft lignin was found to be a carbonisation agent when obtaining fire 
stable polylactic acid (PLA), in terms of the resulting intumescent properties due to the presence 
of ammonium dihydrogen phosphate (Maqsood et al. 2019). 

MATERIALS AND METHODS  

Softwood kraft lignin (DP 13) from Borregaard was phosphorylated in three ways: 1) 0.2 g 
lignin was mixed with 1 ml phosphoric acid (85%), heated at 50°C for 2h. followed by mixing 
with 10 ml acetone and supernatant (1 ml) dried in air. The product was heated at 100°C for 40 
min. and the residue was washed in water three times and dried in air. The residue obtained 
weighed 25 mg, 2) 0.60 g lignin was treated with 0.30 g ortho-phosphoric acid in 3 ml dry 
acetone at 40°C for 30 min., the residues were mixed with 10 ml water, filtered, washed three 
times in water and dried in air, yielding 0.08 g. 3a) 0.14 g lignin was mixed with 1.02 g urea, 
0.50 g ammonium dihydrogen phosphate and 2.5 ml 1 M NaOH in 10 ml water. The mixture 
was dried at 100°C for 2.5 h and heated at 150°C for 2h. which resulted in a dark foamy solid 
product that was mixed with 30 ml of hot water, filtered, washed with water and dried in air, 
yielding 0.087 g, 3b) were done in a similar way as 3a except 0.70 g of lignin was used, yielding 
0.70 g.  
Thermal gravimetric analysis (TGA) was performed in nitrogen gas (Lin et al. 2020). At least 
two replicates were performed for each treatment. Fourier transform infrared spectroscopy 
(FTIR) was recorded, scanning electron microscopy (SEM) with energy dispersive X-ray 
spectrometer (EDX) was performed (Lin et al. 2020). Each specimen has three replicates of the 
analysis.  

RESULTS AND DISCUSSION 

Thermo Gravimetric Analysis (TGA) 

It was noted that more material was left when kraft lignin was analysed up to 750°C than for the 
treated lignins (Fig. 1a). However, up to a temperature around 500°C, there was more material 
remaining for the treated lignins (treatment 1 and 3) than for kraft lignin. Such a faster loss of 
material at lower temperatures for the kraft lignin could be due to dehydration and 
aromatisation-type reactions giving a more thermally resistant lignin at higher temperatures. 
Treatment 3 was found to give larger amounts of final residue than treatments 1 and 2 and as 
such was more comparable to kraft lignin. 

Fourier Transformed Infrared Spectroscopy (FTIR) 

Phosphorous absorptions (830 cm-1 and 922 cm-1) are weak in the mid-IR region and was not 
found or assigned in our samples (Fig. 1b). A shift from 1207 cm-1 to 1220 cm-1 has been 
observed by heating kraft lignin with ammonium dihydrogen phosphate in the presence of urea 
indicating chemical modification of the guaiacyl unit in the lignin (Gao et al. 2020), though a 
similar shift was not observed in treatments 3. Presence of C=O absorption at 1712 cm-1 was 
found in phosphoric acid treated samples (treatment 1 and 2) indicating the presence of 
unconjugated ketones (Lundquist 1976). but not for phosphate salt treated (treatments 3) 
samples. In the product from treatment 3, an absorption was found at 1663 cm-1 indicated the 
presence of conjugated carbonyls. Absorption at 1678 cm-1 from urea was not clearly observed 
in products from treatment 3. The strength of absorption at 1028 and 1125 cm-1, related to C-O 
stretching absorptions, was mostly lowered but seemed to depend on the treatments (Fig. 1b).  
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a)                                                            b) 

Figure 1: Analysis of phosphorylated kraft lignin. a) Thermogravimetric analysis (TGA), b) FTIR 
 
Scanning Electron Microscopy, Energy Dispersive X-ray Spectroscopy (SEM-EDX) 
Presence of phosphor and sulphur together with dominating carbon and oxygen were evenly 
distributed in the sample from the dark product as well as other parts of products from treatment 
1 (Fig. 1a).  
 

 
 

Figure 2: SEM-EDX of phosphorylated softwood kraft lignins 
 
ortho-Phosphoric acid was dissolved in acetone favouring phosphorylation under more 
anhydrous conditions. However, phosphorus was not found in the formed purified solid residue 
(Fig. 1b). Unlike treatment 1, treatment 2 gave a brownish product comprising micrometer-
sized balls, which may open up for other applications. A product that is more thermally stable 
than kraft lignin may be formed by heating kraft lignin in the presence of ammonium 
dihydrogen phosphate and urea (Gao et al. 2020). At an equimolar ratio of lignin to ammonium 
dihydrogen phosphate, a dark solution at a pH of 6.8 was obtained after addition of NaOH (aq), 
whilst after heating a foamy dark product was also formed. Subsequent drying and heating a 
water solution of the kraft lignin at 150°C resulted in a fully water-soluble product being 
obtained. The product from treatment 3b was analysed by SEM-EDX and contained elemental 
carbon, oxygen, phosphorus, sulphur and nitrogen (Fig. 2). A phosphorus content of 2.8% and 
1.2% of nitrogen was found following analysis with SEM-EDX. Assuming that the phosphate 
group in the reagent became bonded to lignin hydroxyl groups (as lignin-OPO3

-(NH4)+), this 
corresponded to an upper limit of ca. 9% of bonded ammonium phosphate groups in the lignin. 
However, the phosphorus content fluctuated (1.9-2.8%) depending on the selected positions 
analysed.  
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CONCLUSIONS 

The results show the potential of using kraft lignin in the presence of urea and ammonium 
dihydrogen phosphate as a fire retardant in wood. Exposure to weathering conditions is needed 
to verify the stability of a treated wood product for outdoor uses. Treatment of kraft lignin with 
phosphoric acid seemed to be less favoured due a lower extent of phosphorylation and a more 
complicated process. 
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