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ABSTRACT: Phosphorus-rich biomass can cause operational problems in combustion units. Na-

phytate, a model compound used to simulate phosphorus in biomass, was studied in a laboratory-

scale reactor under temperature and gas atmosphere conditions relevant for pyrolysis, combustion 

and gasification in fixed bed or fluidized bed reactors to understand the P and Na release behavior. 

Solid residues from Na-phytate thermal conversion were analyzed using inductively coupled 
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plasma with optical emission spectrometry in order to quantify the P and Na release. The release 

mechanism was evaluated based on Fourier transform infrared spectroscopy analysis of the 

residues, measurement of the flue gas CO/CO2 concentration, characterization of flue gas particles 

using scanning electron microscopy with energy dispersive X-ray spectroscopy, and by 

thermodynamic equilibrium calculations. Na-phytate decomposed in several steps under nitrogen 

atmosphere, starting with condensation of the phosphate OH-groups, followed by carbonization in 

the temperature range 300-420°C. In the carbonization process, the phosphate units detached from 

the carbon structure and formed cyclic NaPO3. Above 800°C, the C in the char reacted with the 

melted NaPO3 to form CO and gaseous elemental P. When the char produced from flash pyrolysis 

of Na-phytate at 800°C for 10 min was exposed to 1% O2, 10% CO2 or 10% H2O (in N2) the release 

of Na and P to the gas phase in the temperature range 800-1000°C was around 0-7%. However, 

the release of P in an inert atmosphere, with a holding time of 2 h or until full char conversion had 

been achieved, increased from around 4% at 800°C to almost 30% at 1000°C. The results indicated 

that a carbothermic reduction reaction is responsible for the release of P and that NaPO3 

vaporization is not the dominating mechanism for P and Na release at temperatures below 1000°C. 

Little P was released in the O2, CO2 and H2O containing gases because these gas species consumed 

the char and thereby inhibited the release of P. 

1. INTRODUCTION 

Combustion of biomass for heat and power generation has been considered a viable option for 

partial replacement of fossil fuels. There has been an increasing interest for using alternatives to 

the traditional wood and woody biomass, such as using herbaceous and agricultural biomass 

byproducts or residues from different industries. Some of these biomasses, such as grain- and seed-

originated biomass, or biomass from the animal industry contain high levels of P. Examples of the 
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former are dried distillers grains with solubles (DDGS)1 and wheat bran2,3 from bioethanol 

production, rapeseed meal/cake4 from rape methyl ester (biodiesel) production, soybean 

meal/cake5 or rice bran,6 whereas the latter are e.g. chicken litter7,8, animal manure, and meat and 

bone meal9,10. 

The high levels of P in such fuels can cause operational problems such as bed agglomeration in 

fluidized bed systems,1,11–13 slagging in burners,12,14 ash deposition in downstream equipment such 

as economizers and baghouse filters,2 and deactivation of selective catalytic reduction (SCR) 

catalyst15–18. Some of these problems are related to the release of P from the fuel to the gas phase. 

Work has been undertaken to assess the P release behavior from different biomasses, such as wheat 

bran,2 wheat grain,19,20 different algae21 and rice bran,6 but when it comes to the release mechanism 

the conclusions are not unanimous. These studies have focused mainly on pyrolysis2,6,21 and 

combustion,2,19,21 whereas less is known about the P release under gasification conditions,20,21 

which are relevant for gasifiers and chemical looping combustion (CLC) systems. 

Most of the P in grain- and seed-originated biomass is present in the form of phytate, the salt 

form of phytic acid, shown in Figure 1. For many cereals and oilseeds the phytate content is 

normally in the range of 1-3 wt% and accounts for 60-90% of the total P content in the seed.22,23 

Phytate has also been shown to be the major P source in chicken litter and account for some of the 

P in e.g. cattle and swine manure since it is not fully digested.7 Apart from acting as a P storage 

and energy depot, phytate, with its six phosphate groups can bind several cations with multiple 

charges and therefore also act as storage for metal ions such as Na, K, Mg, Ca, Fe and Zn.24 The 

phytate units are commonly concentrated in certain areas referred to as globoids.24 Phytate alone 

can therefore be considered a good model compound to be used when trying to understand the 
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local reactions taking place in the globoids and the fate of P during thermal conversion of some P-

rich biomass. 

 

Figure 1. Chemical structure of phytic acid. 

The thermal decomposition of phytic acid and different phytates has been investigated in several 

studies using thermal gravimetric analysis (TGA).25–36 In several cases the purpose was to 

investigate the potential of using phytic acid25,26,35,36 and different phytates28–34 as flame retardant 

additives. Most of these studies are limited to a maximum temperature of 800°C, with only a single 

study reaching 1000°C29. The decomposition mechanism has only been briefly discussed in a few 

instances,25,30 in which vaporization of free water, carbonization and dehydration of phosphate 

groups were suggested to be the main steps. But gas analysis and/or characterization of the residues 

to support the proposed mechanisms are missing. Most of the studies were conducted in air,25–31 

but some also using N2
26,32–34,36. However, in combustion and gasification processes the 

concentration of other gas species, such as CO2 and H2O is often considerable and will participate 

in reactions with the fuel. In contrast to previous studies, the motivation of this work is to study 
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release of P under pyrolysis, combustion and gasification conditions to shed light on the release 

mechanism and the key factors that control the release using phytate as a model compound.  

In this work the thermal decomposition of a commercially available Na-phytate in different 

atmospheres (100% N2, 1% O2, 10% CO2 or 10% H2O in N2), heating rates, and temperatures 

(800-1100°C) was studied in a horizontal tube reactor. The release of P and Na was quantified by 

analysis of the raw material and residues using inductively coupled plasma coupled with optical 

emission spectrometry (ICP-OES). The understanding of the release mechanism is supported by 

quantification of C release, determined using CO and CO2 gas analysis. Released P species 

captured on a filter membrane was also analyzed using scanning electron microscopy coupled with 

energy dispersive x-ray spectroscopy (SEM-EDS). Thermodynamic equilibrium calculations were 

also performed and compared with the experimental results.  

2. MATERIALS & METHOD 

2.1. Materials. Na-phytate used in this work was purchased from ZellBio GmbH (product no. 

P-195). The elemental composition of the used Na-phytate, determined using ICP-OES (P & Na) 

and an elemental analyzer (C & H), is shown in Table 1. The Na/P molar ratio of the Na-phytate 

was close to 1 and can therefore be described as an Na6-phytate, but will be referred to as Na-

phytate in this work. Activated carbon, sold as a filter material to be used for beverage purification 

was purchased in retail. Sodium dihydrogen phosphate monohydrate (NaH2PO4∙H2O) of high 

purity grade (>99%) was purchased form Merck (product no. 6346). Activated carbon and 

NaH2PO4∙H2O was mixed and ground in a mortar to a fine powder. Activated carbon, to be used 

for a blank test was also ground separately in a mortar. Cyclic Na-metaphosphate (NaPO3)3 was 

produced by keeping NaH2PO4∙H2O at 550°C for 5 hours.37 NaH2PO4∙H2O is known to decompose 

into NaPO3 in several steps over the temperature range 170-350°C.38,39 Amorphous NaPO3 was 
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produced by heating NaH2PO4∙H2O to 650°C, which is above the melting point of NaPO3 

(628°C40), and then quickly cool the melt. 

Table 1. Elemental composition (as received) of Na-phytate used in this work. The molar ratio of 

C:P:Na is 1:0.96:0.93. 

 Weight% Std. dev. 
(wt%) 

C 8.4 0.1 

H  2.44 0.07 

P 20.8 0.2 

Na 14.9 0.2 

Oa 53.5  

a Calculated by difference. 

2.2. Horizontal tube reactor. A horizontal tube reactor with a gas mixing and distribution panel, 

a gas conditioning unit and a gas analyzer was used for the experiments. A schematic drawing of 

the setup can be seen in Figure 2. The reactor consisted of an alumina tube with water-cooled 

flanges, placed in a three-zone electrically heated oven. The reactor had an inner tube, made of 

alumina, extending from the reactor inlet into the hot zone of the reactor. This allows insertion of 

the sample crucible in the inner tube while injecting secondary gas between the outer and inner 

tube. A water-cooled reactor section, from which the sample crucible could be pushed into the hot 

zone using a steel rod to allow for high heating rates, was mounted at the inlet of the reactor tube. 

Similarly a high cooling rate could also be obtained by retracting the crucible back into the cooled 

section. A thermocouple could be inserted together with the crucible to monitor the temperature at 

the crucible throughout the experiments. The temperature difference across the sample crucible 

was measured to be 10-15°C at most. A thin alumina tube, enclosed by insulation inside the reactor, 
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was placed at the outlet of the reactor to avoid deposition of particles in the flue gas on the colder 

surfaces in the back-end of the reactor tube. 

 

Figure 2. Schematic drawing of experimental setup. 

A steam generator from VEIT GmbH, type 2365 / 2.2 kW, was connected to the setup in some 

of the experiments in order to allow for the addition of steam to the feed gas. The feed gas pipe 

was extended into the reactor with a length somewhat greater than the cooled section of the reactor 

to minimize condensation in that part of the reactor. To further minimize condensation, the dry 

feed gas was also pre-heated to 160°C and a blanketing flow of N2 making up 10% of the total gas 

flow was injected in the cooled part of the reactor whenever steam was added to the feed gas. The 

steam flow was set using a control valve. The steam generator is operating with an on/off control 

between 3.5 and 4 bar(g) causing some fluctuations in the feed gas flow, but based on the CO/CO2 

concentrations measured in the flue gas these fluctuations seemed relatively small. Tests of the 
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control valve setting performed over about an hour indicated that the steam flow averaged over 

that period deviated less than 10% between different tests.  

A hot flue gas filter unit was connected in a few instances to allow for the capture and subsequent 

analysis of flue gas particles. The unit was equipped with bypass valves enabling sampling at 

specific times throughout each experimental run. The filter membrane used was a Whatman 

Nuclepore Track-Etched Membrane made of polycarbonate having a pore size of 0.1 μm.  

After passing the flue gas conditioning unit, part of the flue gas was sent to a CO/CO2/O2 

analyzer of type Rosemount MLT4, by Emerson Process management GmbH & Co. OHG. The 

gas analyzer has one low and one high range measurement cell for both CO (up to 10 000 ppm and 

30%) and for CO2 (up to 3000 ppm and 20%). 

The samples, consisting of around 2 g, were treated using either slow or fast heating rates. When 

heated slowly, the sample was placed in the reactor and heated with a maximum rate of 15°C/min 

measured locally at the crucible. The temperature was increased from 25°C up to around 1100°C, 

at which it was retracted back into the cooled zone of the reactor allowing for a relatively fast 

cooling rate of the sample. The heat loss from the reactor is limiting the heating rate at higher 

temperatures, resulting in a non-linear temperature profile. Fast heating was performed by pushing 

the sample from the cooled section of the reactor into the hot section, resulting in heating rates of 

>100°C/min. Temperature fluctuations locally at the sample in the oxidizing atmosphere were 

minimized by the large gas flow (in relation to sample mass), together with low concentrations of 

O2 (1-5%) in the primary gas. Based on the CO/CO2 concentration measured in the flue gas, the 

oxidation was relatively slow and the temperature measured next to the crucible did not display 

any temperature overshoot. 
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To investigate the release of P and Na in different gas atmospheres, the Na-phytate was first 

heated fast to 800°C in an N2 atmosphere, where it was kept for 10 min to produce a char that, in 

a second step could be exposed to a different gas atmosphere and/or temperature. This was done 

in order to avoid temperature overshoot caused by reactions between the evolved volatiles and the 

char at higher temperatures. In the second step, the char was exposed to either 100% N2, or a gas 

composition of 1% O2 in N2, 10% CO2 in N2, or 10% H2O in N2. To investigate the influence of 

temperature, char produced in the same manner as above was quenched by retraction into the 

cooled section of the reactor. The produced char was then inserted into 900°C or 1000°C and 

exposed to the gas compositions specified above. Afterwards, the sample was retracted from the 

hot zone once the CO and CO2 concentration was around 20 ppm, or after 2 h, whichever came 

first. 

In some of the cases, secondary air was injected during char production to determine the total 

release of C. Primary air and secondary air were used in a ratio resulting in the overall O2 

concentration being either 4% or 10%. 

A total gas flow rate of 5 L/min (20°C, 1 atm) was used in all cases, except when the hot flue 

gas filter was in use, in which a flow of 3 L/min (20°C, 1 atm) was applied to avoid too high an 

overpressure in the reactor. 

The element P forms stable phosphates with a wide range of other elements. A challenge is 

therefore to find a crucible material that can contain the sample without too much interaction and 

preferably can be used in all gas atmospheres of interest. Four different crucible materials were 

tested; Al2O3, ZrO2, Pt and SiC. A few materials previously used in similar work were also 

evaluated based on experience and data available in literature. The details of the investigation can 

be found in the supporting information, section 1. Despite interactions between the Al2O3 crucible 
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and the sample residues, Al2O3 was chosen as the crucible material for all the later work since the 

sample residues could be collected relatively easy and the damage made to the crucible was 

limited. The inorganic phosphate is contained in the char structure for most of the experiment and 

it is probably not until most of the char has been consumed that most of the inorganic phosphate 

come in contact with the crucible bottom. By quantifying the amount of Al present in the residues 

using ICP-OES the interaction with the crucible can be accounted for to some extent. The Al2O3 

crucibles used were purchased from Kyocera Fineceramics Nordics AB. 

2.3. Sample & residue characterization. To determine the levels of P and Na in the raw Na-

phytate and the produced residues, inductively coupled plasma coupled with optical emission 

spectrometry (ICP-OES) analysis using United States Environmental Protection Agency (US 

EPA) method 3052 was performed. Around 0.25 g of sample was digested in 6 ml HNO3 65%, 2 

ml HCl 30% and 2 ml HF 40%. 12 ml H3BO3 10% was subsequently used for complexation and 

the sample diluted to 50 ml with Milli-Q water. The samples were diluted 5 and 50 times for 

analysis and 3 injections were made. All samples were analyzed in duplicates. 

The levels of C and H in the raw Na-phytate were determined using a Eurovector EuroEA3000 

elemental analyzer. The Na-phytate was analyzed six times with a good repeatability. 

Selected sample residues were examined using X-ray diffraction (XRD) analysis. The powder 

diffraction patterns were collected with a Huber G670 powder diffractometer in the 2θ range 3 to 

100° in steps of 0.005° using CuKα1 radiation (λ = 1.54056 Å) for 15 h. The data were collected 

in transmission mode from a rotating flat plate sample inclined 45° relative to the primary beam. 

A Thermo Scientific Nicolet iS5 Fourier-transform infrared spectroscopy spectrometer equipped 

with a iD7 attenuated total reflection (FTIR-ATR) optics accessory with a diamond crystal was 
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used to collect ATR-FTIR spectra of Na-phytate and the produced residues. Eight scans over the 

range 400 to 4000 cm-1, using a resolution of 4 cm-1 were performed for each sample.  

For analysis using scanning electron microscopy with energy dispersive x-ray spectroscopy 

(SEM-EDS) the residues collected from the sample crucible were dispersed on double-sided 

carbon tape mounted on an aluminum stub. When a filter membrane was used to collect particles 

in the flue gas, a piece of the membrane was cut out and mounted on the carbon tape. The samples 

were silver sputtered in a Quorum Q150R S Plus to a thickness of 10 nm. Images were acquired 

using a Prisma E SEM from Thermo Scientific at 20 kV using the backscattered electrons signal. 

2.4. Residual weight and release quantification. The residual weight of each sample was 

obtained using weight measurements according to eq 1. 

W=
mresidue

mRM
 1 

Where W (wt%) is the residual weight fraction, mRM (g) is the mass of the raw material (RM) used, 

and mresidue (g) the mass of the sample residue obtained according to eq 2. 

mresidue=mcr & residue-mcr empty 2 

Where mcr & residue (g) is the mass of the crucible containing the residues and mcr empty (g) is the 

mass of the empty crucible measured before the experiment. Selected experimental runs with 

repetitions showed that the repeatability of W was satisfactory. 

The release of carbon was calculated by integrating the CO and CO2 concentrations measured 

in the flue gas. 

The release of P and Na was quantified using a mass balance calculation based on weight 

measurements and elemental analysis of the raw material and sample residues. For the activated 

carbon and NaH2PO4∙H2O mixture, the elemental concentration of Na and P in the raw mixture 

was calculated based on the stoichiometry and weight ratio of the compounds used instead of by 
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ICP-OES analysis. When no interaction with the sample crucible is taking place, eq 3 can be used 

to calculate the release of P and Na: 

Ri= (1-
mresidue∙Ci

residue

mRM∙Ci
RM ) ∙100% 3 

Where Ri (%) is the release of element 𝑖, Ci
residue

 (g/g) and Ci
RM

 (g/g) the concentration of element 

i in the residue and the raw material respectively, determined using ICP-OES analysis. However, 

since Al2O3 from the crucible dissolved in the sample residue in several of the experiments, eq 3 

has to be corrected to account for the dilution of the sample residue. This was done by using the 

correlation represented by eq 4. 

mresidue∙Ci
residue

=mAl residue∙Ci
Al residue

 4 

Where mAl residue (g) is the mass of the sample residue containing the dissolved Al2O3 and Ci
Al residue

 

(g/g) the concentration of element 𝑖 in the residue containing the dissolved Al2O3, which is 

obtained from the elemental analysis. Due to strong interactions between the residue and crucible 

it was not always possible to collect all residues from the crucible and reliably determine mAl residue 

using a weight measurement. Therefore, mAl residue was determined assuming all Al present in the 

residue has contributed to an increase in mass corresponding to Al2O3 and calculated according to 

eq 5. 

mAl residue=
mresidue

1-CAl
Al residue

∙(1+
3

2⁄ ∙MO

MAl
)

 5 

Where MO (g/mol) and MAl (g/mol) are the molar mass of atomic oxygen and aluminum 

respectively. 

mAl residue calculated using eq 5 did generally fit well with the weight determined by taking the 

difference between mcr & residue and the crucible weight after the residues had been removed and 

the crucible cleaned thoroughly. 
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Experiments performed in the inert atmosphere were repeated and, based on the residual weight, 

found to have a satisfactory repeatability. 

The expanded uncertainties of the release measurements were estimated using instrument and 

equipment characteristics, the uncertainty of the calibration gas concentrations and the standard 

deviation of the elemental composition quantifications. A confidence level of 95% was used. 

2.5. Thermodynamic equilibrium calculations. To understand if the observed P release results 

are in line with what can be expected based on available thermodynamic data, equilibrium 

calculations were performed using the commercially available software FactSage, version 7.3.41 

The database FactPS, containing data for pure substances, was used. The database FToxid contains 

data for the compounds in the Na2O-P2O5 system, including a description of the molten solution, 

which is important for this work. However, a thermodynamic assessment and a description of the 

liquid solution based on a thorough review of available experimental data was published recently.40 

Since modelling details for the liquid solution are available in the latter case,40 the data from this 

evaluation was used instead of the FToxid database. The FactSage FactPS database contain few 

gaseous P oxides known to be relevant under combustion conditions; namely PO, PO2, P2O5, P4O10 

and P4O6, whereas no HxPOy gas species are available. Thermodynamic properties of some HxPOy 

species, including HOPO, HOPO2, PO(OH)2, H3PO4 and P(OH)4, based on quantum calculations 

are available,42 and were included in the thermodynamic equilibrium calculations. In addition, the 

data for PO2 and P4O6 were updated based on more recent assessments.43–45 Thermodynamic 

properties of NaPO3(g) are not available in the FactPS database and were therefore calculated 

using data available in literature40,46–48 and included in the model. A complete list of all species 

included in the model can be found in the supporting information, section 3. 
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The quantities of each element used in the calculations were set to represent the composition of 

the char, where the amount of Na and P was known from ICP-OES analysis and the amount of C 

was calculated using the concentration of C in the raw sample and the release of C during the char 

production. All H was assumed to be released from the sample during the char production. The 

amount of O was set to meet the oxidation states of Na2O and P2O5, which corresponded well to 

the mass calculated by difference. The amount of feed gas was calculated by approximating the 

time in the reactor to 1 h. 

3. RESULTS & DISCUSSION 

3.1. Slow heating of Na-phytate. 3.1.1. ATR-FTIR. In order to understand the thermal 

decomposition behavior of Na-phytate, the compound was heated to different temperatures 

ranging from 110 up to 1075°C, and the residues were analyzed using ATR-FTIR. The resulting 

spectra are shown in Figure 3. The spectrum of Na-phytate treated at 110°C is similar to that of 

untreated Na-phytate, but the sample has lost 5.0% in weight, which is presumably the free water 

bound to the sample. The peaks at around 1650 and 1400 cm-1 are typical for OH-units, probably 

being O-H bending in hydrate and P-O-H bending respectively,49,50 and are still visible after 

drying. The 1180 and 1050 cm-1 peaks can be associated with the symmetric and asymmetric P-O 

stretch.50–52 The absorbance at 910 cm-1 is probably due to P-O-H bending, which previously50 was 

assigned to this range. This is supported by the spectrum of a Na12-phytate,53 in which there is little 

absorbance in this region since H was replaced with Na on all phosphate groups. The smaller three 

peaks located in the interval 840 to 785 cm-1 have previously been assigned to three different 

conformational types of phosphate groups in an Na12-phytate.53 Upon further heating to 200 and 

300°C, the peaks associated with OH-groups at 1400 and 1650 cm-1 disappears and the peaks 

associated with the P-O stretch shift to somewhat higher wavenumbers. The absorbance caused by 
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the asymmetrical stretch appears to shift more, relative to the symmetrical stretch, a phenomenon 

which has previously been observed e.g. for phosphate units in DNA undergoing dehydration52 

and was explained to be related to a decrease in hydrogen bonding to the phosphate oxygen atoms. 

The peak at 910 cm-1 in the phytate sample appears to shift towards lower wavenumbers upon 

heating to 200 and 300°C. This shift might appear because P-O-P bonds start forming through 

dehydration of the phosphate groups by reaction between neighboring units within the same 

molecule or nearby molecules. The peaks at 710 and 863 cm-1 becoming visible at 200°C are 

typical for linear P-O-P linkages.54,55 

 

Figure 3. ATR-FTIR spectra of residues obtained after heating Na-phytate (solid lines) or 

NaH2PO4∙H2O (dashed lines) to different temperatures in an N2 atmosphere. All Na-phytate 

samples were heated with a heating rate not exceeding 15°C/min and cooled quickly once the 
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target temperature had been reached, except the sample dried at 110°C for 20 min and the sample 

treated at 800°C for 10 min, which had both a fast heating and cooling rate. 

Between 300 and 420°C there is a noticeable change in the spectrum. The spectrum obtained at 

420°C is characteristic for cyclic sodium metaphosphates. For reference, the spectrum obtained 

for the cyclic compound (NaPO3)3 is included in Figure 3, which also fits well with the spectra 

reported for (NaPO3)3 by others.55,56 The spectrum has an unresolved triple peak in the range 1340-

1240 cm-1 and a peak at 950 cm-1 caused by the P-O-P linkage in these cyclic compound compared 

to the linear polyphosphate counterpart for which the P-O-P linkage gives a peak at 850 cm-1.55 

The two absorptions near 770 cm-1 and one near 700 cm-1 are also characteristic for the cyclic 

metaphosphates.55 

This indicates that the phosphate groups might have detached from the phytate network to form 

cyclic sodium meta-phosphates. Visual inspection of the Na-phytate heated up to 300°C revealed 

a brown colored sample which appeared unchanged in size. The sample heated to 420°C was black 

and had swelled, indicating that the phytate structure might undergo a carbonization process, 

possibly in connection with the formation of cyclic metaphophates. When the Na-phytate was 

heated fast to 800°C, the resulting spectrum is very similar to that of NaPO3 glass, which is shown 

for reference in Figure 3 and is similar to what has previously been reported.55 The cyclic meta-

phosphate which formed during the carbonization process probably starts melting between 420 

and 800°C (melting point of NaPO3 is 628°C40), forming a melt consisting of larger Na-

metaphosphate chains distributed in the char structure. 

At 1075°C the spectrum of the Na-phytate residue has changed due to crucible material 

dissolving in the residual Na-phosphate melt, which was confirmed using XRD and by 

determination of the elemental composition through both SEM-EDS and ICP-OES, see supporting 



 17 

information, section 1 & 2, for additional details. A similar spectrum was obtained by heating 

NaPO3 alone in a Al2O3 crucible, also shown in Figure 3. 

A schematic summarizing the thermal decomposition of Na-phytate based on ATR-FTIR results 

is shown in Figure 4. 

 

Figure 4. Suggested decomposition mechanism of Na-phytate in inert atmosphere. Indicated 

temperature ranges represent typical ranges observed in this work and in literature,25,26,35,36,27–34 

and are expected to vary with experimental conditions such as heating rate. 

3.1.2. Evolution of CO and CO2. The CO+CO2 concentration in the flue gas from heating of Na-

phytate in oxidizing and inert atmospheres is shown in Figure 5. The profiles are rather different. 

In the oxygen atmosphere, most of the C appears to evolve in two major peaks. The first peak is 

rather smooth and is present from around 300 to 700°C. The second stage has a rather ‘spiky’ 
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appearance. The appearance is probably due to the ratio of Na-phosphate to C increasing 

throughout the process, resulting in a layer of inorganic Na-phosphate covering the residual char 

as illustrated in Figure 6. This has previously been suggested as one of the reasons for the flame-

retardant properties of P-containing compounds.57,58 If there is gas evolving within the char 

structure, gas might be building up within it. Sudden release of CO/CO2 might be taking place in 

bursts as the Na-phosphate layer cracks/ruptures causing the observed peaks as illustrated in Figure 

6. The peaks have a width of about 0.5 min, which might be considered too long for cracks/ruptures 

of the Na-phosphate layer to be the cause of these peaks. However, considering that the CO/CO2 

needs to diffuse from the sample in the crucible out into the bulk gas, and then travel through the 

reactor volume, downstream piping and flue gas conditioning section, it is reasonable that 

dispersion of CO/CO2 is taking place, which will result in widening of the peak. The response time 

of the analyzer is also expected to contribute to some widening of the peaks. 

 

Figure 5. CO+CO2 concentration in the flue gas when heating Na-phytate in an oxidizing (5% O2 

in N2) atmosphere, inert atmosphere and inert atmosphere with secondary air added to achieve an 

overall O2 concentration of 10% O2 in the flue gas, together with the temperature measured at the 

crucible. 
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Figure 6. Illustration of progressive Na-phosphate layer formation on char, when Na-phytate is 

heated in an oxidizing atmosphere, suggested to cause the fluctuating CO+CO2 concentration in 

the flue gas.   

In the case of the inert atmosphere, which was performed both without and with secondary air, 

it can be seen that there seem to be a release of C in other forms than CO/CO2 between 300 and 

400°C, which is probably associated with the carbonization process. The major release of C takes 

place from around 800°C up to above 1000°C. The reason for this will be explained in the 

following section. 

3.1.3. Residual weight and release. The residual weight of the samples together with the release 

of Na, P and C is shown in Table 2. The residual weight of the sample heated in an oxidizing 

atmosphere was 68%, which is close to the theoretical value of 73% for 6 NaPO3 units forming 

per each Na-phytate molecule when accounting for a free water content of 5.7 wt%. The residual 

weight is considerably lower after treatment in the inert atmosphere compared to the oxidizing 

atmosphere and 34% P was released, whereas only 10% of the Na was released. Clearly, a reaction 

must be taking place within the char resulting in the observed weight loss and considerable P 

release. The reaction is most likely a carbothermic reduction between NaPO3 and C, possbily 

similar to the reaction Hennig Brand, who is often credited the discovery of P, is believed to have 

performed when he discovered P in 1669.59 The overall reaction can be written: 

O2 CO/CO2 O2 CO/CO2 O2 CO/CO2

CO/CO2

NaPO3Char

NaPO3 layer
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 4NaPO3 + 5C → Na4P2O7 + P2(g) + 

5CO(g) 
R1 

The released C/P molar ratio determined for Na-phytate correspond well to the stoichiometry in 

R1. In what form P comes off in the gas phase is uncertain, but the final gas composition might 

depend on the P4 ⇄ 2P2 equilibrium. Below around 1000°C the association as P4 would be 

thermodynamically more favored, whereas it shifts towards P2 above this temperature.60 

Table 2. Residual mass of Na-phytate heated to 1075°C in 5% O2, N2 or N2 with secondary air 

and for activated carbon mixed with NaH2PO4∙H2O heated to 1100°C, together with the 

determined release of Na and P using ICP-OES, and release of carbon, determined using CO/CO2 

flue gas analysis.  

Sample Gas condition Residual mass (%) 
Release (%) 

Na P C 

Na-phytate 5% O2 68    

 N2 52 10 ± 5 36 ± 2 89 ± 5 

 N2 + sec. air (outlet: 

10% O2) 
53    

C + NaH2PO4∙H2O N2 49 5 ± 4 40 ± 2 84 ± 4 

 

3.1.4. Comparison with literature. In literature, some TGA studies using phytic acid and 

different phytates in an oxygen environment are available. In a study dedicated to thermal 

decomposition of phytic acid,25 the decomposition mechanism was suggested to be taking place in 

the following four steps: 1) 25-160°C (mass loss 40.8%), vaporization of free water; 2) 160-290°C 

(5.5%), release of H2O formed during carbonization; 3) 250-450°C (9.2%), release of H2O due to 

decomposition of OH-groups; 4) 450-860°C (41.5%), thermal decomposition of phytate groups 
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and elimination of elemental carbon. The meaning of ‘phytate groups’ was not clearly defined and 

to what extent P is actually present bound to the char structure versus transformed to e.g. inorganic 

phosphoric acid was not elucidated in the literature.25 But the suggested release of C starting from 

around 450°C is in agreement with the observations in this work. However, based on the results 

from this work, it seems as if step 3) and 2) are taking place in reverse order, i.e. condensation of 

the OH-groups is taking place before the carbonization process. Additional TGA investigations of 

phytic acid have been performed in oxidizing atmospheres, but without focus on the decomposition 

mechanism.26,27 There is no element present in phytic acid that will form stable phosphates at 

higher temperatures, hence almost complete mass loss is reached at about 700-800°C.  

When it comes to phytates, little is available with regards to the decomposition mechanism in 

oxidizing atmospheres. Na12-phytate ∙ 14H2O was heated up to 450°C.28 Water molecules were 

hypothesized to be released continuously up to 300°C. Between 300 and 400°C an additional mass 

loss is visible, which was not commented, but might be associated with the carbonization process. 

In order to investigate the stability of different metal phytates, M6-phytate hydrates (M=Mn, Cu, 

Co, Zn, Ni and Sn) containing chloride ions, have also been heated in air up to 1000°C.29 The main 

thermal decomposition steps believed to be taking place were listed as loss of water, release of the 

chloride ions and decomposition of the aliphatic ring, but the specific mechanisms were not 

connected to the events on the TGA curve. In another study, the decomposition of K2-phytate and 

KxNiy-phytate (where it was believed that x=6 and y=1) was discussed based on TGA/DSC 

analysis.30 It was reported that 3 H2O molecules were released continuously up to 184°C and 

167°C respectively. Between 220-410°C an additional loss, concluded to be a result of the release 

of six carbon atoms and one molecule of H2O was reported for K2-phytate, whereas it for Ni-

phytate took place in the temperature range 167-375°C. This contradicts the observation in this 
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work, where most of the C was is released above these temperature intervals. From 410 to 600°C 

an additional loss was observed, which was proposed to be 5 H2O molecules evolving from the 

decomposition of 4 KH2PO4 units and the liberation of a H2O molecule bound through interaction 

with the Ni ion. However, it seems as if the release of water, being a consequence of the 

carbonization and decomposition of hydrogen-phosphates, is taking place first and that the loss 

observed above 410°C is a result of the char being oxidized by the carrier air. In another study, 

Na6-, Al3-, Fe4- and La3-phytate where investigated for use as flame retardant additives using TGA, 

but no comments on the different mass loss events were made.31 The Na6-phytate31 exhibited a 

substantial drop in the temperature range 300-400°C and at 500-600°C, which based on the results 

in this work would correspond to the carbonization process and oxidation of the carbon structure.  

Seemingly only a couple of TGA experiments with phytic acid have been performed in an inert 

atmosphere and the analysis of the result is laconic or non-existent.26,36 Samples of the same phytic 

acid source was tested in both air and N2 with a temperature gradient of 10°C/min, revealing that 

not until about 550°C a difference in the mass loss became apparent.26 The difference gradually 

increased up to 6% at the end of the run at 700°C.26 This suggests that the char oxidation is not 

considerable until around 550°C, which is in line with the observation in this work.  

No TGA analysis of a metal phytate heated in 100% N2 seem to be available for temperatures 

above 800°C. A CaMg-phytate was heated in a Pt crucible up to 700°C.32 Based on the resulting 

weight change it was concluded that the change observed beyond 200°C is due to decomposition 

of P=O and P-O groups in the phytic acid, whereas the drop occurring beyond 620°C was a result 

of carbonization. However, based on the results in this work it is reasonable to argue that 

carbonization is taking place at lower temperatures and that the P, which has not formed stable 

phosphates with Ca and/or Mg, is being released to the gas phase above 600°C. In another study, 
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an Na-phytate with unspecified ratio of Na:phytate units was heated to 800°C and the released 

gases analyzed using FTIR.33 No comments to the decomposition mechanism were made apart 

from that H2O, CO2 and C=O containing compounds were the major species released based on the 

FTIR result. Judging from the 3D FTIR diagrams it appears as if H2O is released mainly up to 

400°C, whereas CO is primarily evolving above 400°C, which is in agreement with the results 

from this work. The gas released from Zn6-phytate ∙ 6H2O heated in a TGA was analyzed using a 

mass spectrometer and the intensities for the mass-to-charge ratio corresponding to CO2, CO and 

H2O reported.34 Unfortunately the experimental details, such as the gas atmosphere, are missing. 

It is worth stressing that only in a few instances of the referenced work have the crucible material 

used been specified. However, based on the investigation of crucible interactions in this work, it 

is clear that the choice of material will influence the result. 

3.1.5. Characterization of particles in flue gas. A filter membrane was used to capture particles 

in the flue gas evolving from Na-phytate in the temperature range 875-965°C, covering the major 

peak of CO in the flue gas. A SEM image of the filter, together with the elemental analysis 

performed using EDS is shown in Figure 7. No Na was detected on the filter using SEM-EDS, 

suggesting that little NaPO3 vaporization has taken place or that NaPO3 deposited in the upstream 

piping and tubing. That all NaPO3 that potentially vaporized would have deposited upstream the 

filter is however deemed unlikely considering the short residence time from the reactor to the filter. 

That NaPO3 was released and then transformed into elemental P in the gas phase is also unlikely 

since Na in that case also would have been detected on the filter. Vaporization of NaPO3 might 

have taken place above the maximum temperature used for the collection of flue gas particles with 

the membrane filter. 
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In what form P is present on the filter is uncertain, but the filter membrane had a red appearance 

after exposure to the flue gas, which might be caused by the presence of red P on the filter. After 

being left for a few days the residue first turned bright green and after an additional few days it 

turned white. The change of color is perhaps caused by oxidation of the P to P4O10. 

 

Figure 7. SEM image of membrane filter used to collect flue gas particles evolving from Na-

phytate in the temperature range 875-965°C when heated slowly in an N2 atmosphere from 25°C. 

An EDS mapping analysis showed that apart from the presence of C and O (16 and 37 mole% 

respectively), which the filter is composed of, a considerable amount of P (47 mole%) was spread 

out evenly on the filter. The accuracy of the C and O content using the current technique is limited 

and should be taken with some reservation. Some oxidation of the P might also have taken place 

during the time from particle collection until analysis. However, the results verify that no Na is 

present on the filter. 

3.2. Carbothermic reduction of NaH2PO4∙H2O using activated carbon. In order to verify if 

the reaction(s) taking place in an inert atmosphere is due to the reaction between an inorganic 

phosphate and a carbon source, NaH2PO4∙H2O and activated carbon was mixed and heated slowly 

from 25 to 1100°C. The compounds were mixed in a Na:C molar ratio of 5:6, which is similar to 
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that of the Na-phytate. NaH2PO4∙H2O is known to decompose into NaPO3 in several steps over the 

temperature range 170-350°C.38,39 

The resulting CO/CO2 concentration, together with blank runs using only activated carbon or 

NaH2PO4∙H2O and the CO/CO2 profile obtained using Na-phytate, together with the residual mass 

can be seen in Figure 8. During the activated C blank run, almost no CO/CO2 is released and the 

remaining weight is close to the original weight. However, the mixture of C and NaH2PO4∙H2O is 

causing a considerable release of CO when heated. The release is taking place at somewhat higher 

temperatures compared to Na-phytate, which might be a consequence of mass transfer limitations. 

In the Na-phytate char the Na-phosphate is probably more evenly distributed in the char since the 

original molecule contained both the Na, P and C. The mixture of C and NaH2PO4∙H2O, even 

though ground thoroughly in a mortar, might have a particle size distribution which will inflict 

mass transfer limitations. The melted NaPO3 might also interact with the crucible to a larger extent 

since the mixture probably does not swell as much as the Na-phytate during the carbonization 

process, thereby limiting its interaction with activated carbon. 

 

Figure 8. CO+CO2 concentration in flue gas evolving from heating of NaH2PO4∙H2O mixed with 

activated C together with blank run of each individual compound, compared to Na-phytate, shown 
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on left y-axis. Symbols in green, shown on right y-axis, represent the residual weight fraction of 

the mixture and blank runs for each individual compound, together with a calculation of the 

residual weight fraction based on the measured CO concentration in the flue gas and the 

stoichiometry in R1. 

Using the theoretical mass loss caused by release of water when NaH2PO4∙H2O decompose into 

NaPO3 together with the stoichiometry of reaction R1 and the measured CO concentration in the 

flue gas, the expected residual mass throughout the experiment was calculated and is shown in 

Figure 8. The calculated mass fits well with the residual mass measured at the end of the 

experiment. The P, Na and C release, shown in Table 2, are also similar to the result obtained for 

Na-phytate, suggesting that a similar reaction is taking place. 

Carbothermic reduction of phosphate rock has long been used for production elemental P and 

has been investigated in several studies,61 but there are seemingly only a couple of studies 

investigating such reactions with alkali metaphosphates. According to a study in which activated 

carbon was heated together with either a sodium trimetaphosphate (NaPO3)3 or potassium 

polymetaphosphate (KPO3)n, the reduction of alkali metaphosphates is taking place in two steps at 

1000°C described by the overall reactions R2 & R3 below, where M=Na, K.62 

 5MPO3 + 5C → M5P3O10 + 0.5P4(g) + 

5CO(g) 
R2 

 4M5P3O10 + 5C → 5M4P2O7 + 0.5P4(g) 

+ 5CO(g) 
R3 

Na5P3O10 is decomposing starting from a temperature of 625°C40 and judging from the phase 

diagram of the Na2O-P2O5 system,40 the Na-phosphate mixture would be present in liquid form at 
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the applied temperature, so the actual composition of the melt might be a mixture of phosphates 

with different lengths,63 rather than explicitly in the form of Na5P3O10. 

The released C/P molar ratio was 2.1 at 1000°C, which is lower than the theoretical ratio of 2.5 

required as per the reactions R2 & R3, which was explained by vaporization of NaPO3 taking place 

simultaneously.62 The kinetics of the different processes were determined, and the rate of release 

by means of carbothermic reduction was about 6 times higher compared to NaPO3 vaporization, 

whereas it decreased to around 3 at 1100°C yielding a released C/P ratio of about 1.8.62 Even 

though the results cannot be compared directly due to the different experimental methods, a 

qualitative comparison with the P and Na release in Table 2 shows that a result in the same order 

of magnitude was obtained in this work. At 1250°C for NaPO3, and already from 1100°C for 

KPO3, the released C/P ratio was 2.5 and no increase in the alkali/P ratio in the condensed phase 

was observed, which was suggested to be caused by reaction R4 taking place at these 

temperatures.62 

 4MPO3 + 10C → 2M2O(g) + P4(g) + 

10CO(g) 
R4 

The reason (Na, K)PO3 vaporization was suggested not to dominate at 1100°C (for K) and 

1250°C (for Na an K) was that a process such as the depolymerization reaction of the alkali-

phosphates might be limiting the rate of vaporization:62 

 (MPO3)n → (MPO3)n-1 + MPO3 →  

(MPO3)n-1 + MPO3(g) 
R5 

Work has also been performed using an amorphous Na-K-Mg-ultraphosphate, with a molar ratio 

of Na:K:Mg:P of about 1:1:5:20 in the temperature range 1000-1400°C.64 The results suggested 

that reactions similar to R2-R4 are taking place with the intermediates (Na, K)MgP3O9 and 

different Mg-phosphates forming throughout the reduction process. 
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3.3. Behavior of Na-phytate char in different atmospheres and temperatures. 3.3.1. Char 

production. Typical CO/CO2 concentration profiles resulting from fast heating of Na-phytate from 

room temperature to 800°C both with and without using secondary air are shown in Figure 9, 

together with the temperature measured at the crucible. In Table 3 the C release is shown. 20% of 

the C present in Na-phytate is released in the form of CO or CO2. The cases with secondary air 

reveal that almost 30% is also released in other forms, resulting in only about 50% of the C 

remaining in the char. The free water present in the sample, as well as the water forming through 

intra- and intermolecular dehydration of the phytate units upon heating are likely reacting with the 

C in the sample, causing some degree of C release. The fast heating might also contribute to the 

high C release caused by the structure not having had time to form a stable char network with other 

units. 

 

Figure 9. Typical CO+CO2 concentration profile in the flue gas evolving from Na-phytate shown 

on left y-axis together with the temperature measured at the crucible shown on the right y-axis 

during the first 5 minutes of the char production at 800°C. Some delay is expected to be present in 

the concentration profile due to the residence time between the sample and gas analyzer. 
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Table 3. Residual weight and C release during char production using Na-phytate. 

 Residual weight C released 

 Average 

(%) 

Std. dev. 

(%) 

No. of 

samples 

Average 

(%) 

Std. dev. 

(%) 

No. of 

samples 

Without sec. air 72.3 0.2 6    

    CO    18.1 0.8 10 

    CO2    3.0 0.5 10 

    Total    21.1 1.1 10 

Sec. air, 4% O2 72.1 0.4 2    

    CO + CO2    46.4 0.02 2 

Sec. air, 10% O2 72.3 0.4 4    

    CO + CO2    49 3 4 

 

3.3.2. Behavior in different atmospheres and temperatures. The residual weight, P release and 

Na release for the Na-phytate char exposed to different temperatures and atmospheres can be seen 

in Figure 10. After exposure to 1% O2, 10% CO2 and 10% H2O, the residual weight is similar over 

the entire temperature range, whereas the weight loss in the inert atmosphere is considerably higher 

at 900 and 1000°C. At these temperatures, the P release in the inert atmosphere is also higher, 

close to 30% at 1000°C compared to around 0-7% for the other gas environments. In the inert 

atmosphere, the Na release is lower than the P release and does not follow the same behavior with 

temperature. This suggests that release by vaporization of NaPO3 is not the dominating release 

mechanism. The somewhat higher Na release at 1000°C might indicate that some vaporization of 

NaPO3 is taking place. However, the difference compared to the other atmospheres might be 

within, or close to the measurement uncertainty.  
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The lower P release observed in the O2, CO2 and H2O environments can be explained by the 

char being consumed in competing reactions faster than it reacts with the Na-phosphate in the 

carbothermic reduction. The competing reactions can be described by the following overall 

reactions: 

 C + O2 → CO2 R6 

 C + CO2 → 2CO R7 

 C + H2O → CO + H2 R8 

In the case of CO2 and H2O environment, CO is formed in the former case and CO and H2 in the 

latter, which provides a reducing atmosphere. However, these gas species seem not to favor the 

release of P, but whether this is due to a too low concentration of CO and/or H2, a short residence 

time in the char bed, or if the carbothermic reduction takes place exclusively with the char as a 

reducing agent is uncertain. 

 

Figure 10. Residual weight (left), P release (middle) and Na release (right) of Na-phytate char 

before and after being treated in different atmospheres and at different temperatures. The vertical 

bars represent the estimated expanded uncertainty. 

In Figure 11, the release of P and C in the inert atmosphere, excluding the release during the 

char production itself, is shown together with the molar ratio of released C/P at the different 

50%

55%

60%

65%

70%

75%

80%

700 800 900 1000 1100

M
a

s
s
 (

w
t%

)

Temperature ( C)

N₂
1% O₂
10% CO₂
10% H₂O
Char

-10%

-5%

0%

5%

10%

15%

20%

25%

30%

700 800 900 1000 1100

P
 r

e
le

a
s
e

 (
%

)

Temperature ( C)

-10%

-5%

0%

5%

10%

15%

20%

25%

30%

700 800 900 1000 1100

N
a
 r

e
le

a
s
e

 (
%

)

Temperature ( C)



 31 

temperatures. The release of C and P follows a similar trend and the ratio between the two, which 

is around 2 is fairly close to the theoretical stoichiometric ratio of 2.5 required according to R1. 

The somewhat lower value at 1000°C might be due to some of the release taking place in the form 

of NaPO3 vaporization. The C release at 1000°C is close to 50%, which means that most of the C 

was consumed at this temperature, since the other half had already been consumed during the char 

production. It is therefore likely that the availability of C is limiting the release of P at the higher 

temperature. 

 

Figure 11. Release of C and P (left axis), together with the molar ratio of released C/P (right axis) 

as a function of temperature in the inert atmosphere during step 2 (not including the 10 min char 

production). The vertical bars represent the estimated expanded uncertainty. The circle 

representing the molar ratio of released C/P at 800°C is faded and the vertical bar left out because 

the uncertainty is far greater than the axis bounds due to the high relative uncertainty of the P 

release at 800°C. 
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would be obtained in such case cannot be verified but will be discussed based on the obtained 

results. Higher Na/P molar ratios are expected to result in an unchanged, or a lower P release. At 

higher temperatures, the carbon availability seem to be limiting the P release, but compounds with 

a higher Na/P molar ratio are generally more stable, which might inflict kinetic limitations 

resulting in a lower P release. For lower Na/P ratios, the carbothermic reduction reaction is 

expected to be faster since there is less Na present to form stable Na-phosphates. The carbon 

availability might still be limiting the release, but release of P through vaporization of P2O5 might 

also be taking place. If phytates with different molar ratios can be obtained the effect on P release 

should be experimentally verified in future work. 

3.3.3. Thermodynamic equilibrium calculations. The result of the thermodynamic equilibrium 

calculations are shown for the 100% N2 and 1% O2 in N2 atmospheres in Figure 12. The 10% CO2 

and 10% H2O atmospheres are similar to the results for the 1% O2 atmosphere, and can be found 

in the supporting information, section 3.4. In the O2, CO2 and H2O environments, only small 

amounts of P, in the form of NaPO3, were predicted in the gas phase. The remaining P was 

predicted to be present in the slag, whereas the C had been converted to CO2 in the 1% O2 and 

10% H2O atmosphere, and to CO in the 10% CO2 atmosphere. In the inert atmosphere, the C is 

predicted to be present as 97% CO and 3% CO2 at 600°C, while the distribution shifts towards 

around 80% CO and 20% CO2 at 1200°C. The P release at 1000°C in the inert atmosphere is 

predicted to be 24%, which is in good agreement with the experimental result of 25%. The P 

release is predicted to be in the same range at lower temperatures, which was not observed 

experimentally and might indicate that the reaction is kinetically limited at these temperatures. The 

amount of NaPO3(g) at 1000°C is around 0.3%, which is somewhat different from the experimental 

result. Whether this is a consequence of inaccurate thermodynamic properties of NaPO3(g), a 
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greater uncertainty in the experimental Na release result than estimated or that a reaction such as 

to R4 has taken place, is not certain. At higher temperatures, the presence of PO is also predicted. 

Studies of NaPO3 vaporization have previously reported that apart from NaPO3, species such as 

PO2 and Na are detected in the gas phase at higher temperatures. 47,48 In the presence of CO, the 

PO2 species might shift towards PO through simultaneous formation of CO2.  

 

Figure 12. Distribution of P according to thermodynamic equilibrium calculations in the (a) 100% 

N2 atmosphere using an input composition of 6.99 mmol C, 6.41 mmol Na2O, 6.61 mmol P2O5, 

and 12.48 mol N2, and (b) 1% O2 in N2 atmosphere using an input composition of 6.99 mmol C, 

6.41 mmol Na2O, 6.61 mmol P2O5, 0.12 mol O2, and 12.35 mol N2, at 1 atm. Species accounting 

for more than 2% of the P are included. The result for the 10% CO2 in N2 and 10% H2O in N2 

atmospheres are similar to those shown in (b) and are therefore left out, but can be found in the 

supporting information, section 3.4. 

3.3.4. Comparison with literature. The data available on P release from P rich biomass treated 

under pyrolysis, combustion or gasification conditions are summarized in Figure 13, together with 

the results obtained in this work. Few previous investigations have been performed so a detailed 

comparison will have limited value, but some overall comments will follow. In the inert 
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environment, the obtained result is in the same order of magnitude as the results reported for three 

different types of algae at higher temperatures in a fixed bed.21 The levels of phytate, if even 

present in the investigated algae are unknown, but it was shown in other work that phytate is 

present in some types of algae.65 The release of P determined in this work in the inert atmosphere 

is also similar to what was obtained for rice bran6 with a high heating rate either by continuous 

feeding or pulse-feeding into a drop-tube reactor (denoted method B and C in Figure 13 

respectively) at 900°C. In the combustion and gasification atmospheres the results are rather 

different. Whereas the Na-phytate did not have a particularly high release in the O2, CO2 and H2O 

environment, the algae21 treated at 1000°C exhibited a release in the range of 10-40% under 

pyrolysis, combustion and gasification conditions. Pellets of wheat grain residues investigated in 

a macro-TGA from 600°C up to 950°C exhibited a release of about 10% at the lower temperatures 

and increased to almost 20% at 950°C in both the combustion19 and gasification20 environment. 

 

Figure 13. Release of P as a function of temperature as determined for Na-phytate in this work 

together with literature data for inert (left), combustion (middle) and gasification (right) 

conditions. The abbreviations OD, TPC and Tet represents three different types of algae.21 A, B 
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and C represent three different types of sample feeding.6 The abbreviation WGR is short for wheat 

grain residues.19,20 

There might be several reasons for the difference observed between the P release from Na-

phytate and the values reported for biomass combustion and gasification in literature: 

1) In both the work performed with algae21 and residual bran2 the biomass was first exposed to 

an inert atmosphere for a period of time in order to avoid temperature overshoot caused by 

combustion of the volatiles released during pyrolysis; for the algae treated at 850°C the time was 

reported to be 15-60 min at 850°C and for the residual bran the time was 60 min. If the release of 

P took place during this initial period, it might explain why there is a difference compared to the 

results in this study, in which the char was inserted directly into the O2, CO2 or H2O environment 

at 900 and 1000°C. 

2) Biomass often contains considerable amounts of e.g. K, Mg and Ca, whose phosphates might 

behave differently compared to the Na-phosphate formed in this work. 

3) In the biomasses investigated in other work, the ratio of C to phosphates is higher compared 

to that in phytic acid, which means there might be more C available for the carbothermic reduction 

causing the release of P. 

4) The release P by means of alkali phosphate vaporization might be of greater importance for 

biomass compared to Na-phytate. Since KPO3 has a higher vapor pressure compared to NaPO3,
66 

the vaporization of KPO3 can be expected to be of greater importance for biomass with a higher 

abundance of K. The ratio of released K/P from combustion of a residual bran at 1100°C was close 

to 1, which suggests that vaporization of KPO3 might have been the primary release mechanism at 

this temperature.2 However this might also be a consequence of a reaction similar to R4, where K 

and P is released in the form of K2O and P4. For algae the (Na+K):P ratio indicated that P might 



 36 

be released in other forms than (Na, K)PO3.
21 By measuring the release at different stages during 

the combustion and gasification of wheat grain residues, it was shown that the release of P 

primarily took place during the devolatilization stage, whereas the release of K took place 

primarily during the char conversion stage.19,20 However, the maximum temperature investigated 

was 950°C, at which vaporization of alkali phosphates might not be significant.  

4. CONCLUSION 

The thermal decomposition of the model compound Na-phytate and the release of P and Na in 

different atmospheres and temperatures was studied. Based on ATR-FTIR analysis of residues 

produced by heating Na-phytate it could be shown that Na-phytate undergoes a dehydration 

through condensation of the phosphate OH-groups, probably both through intra- and inter-

molecular reactions. Between 300 and 420°C the structure undergoes a carbonization process, 

which is coupled with a loss of a minor part of the C and the formation of inorganic cyclic 

(NaPO3)n. Heating to 800°C results in the formation of linear (NaPO3)n units in the char structure, 

which probably have formed because the temperature is exceeding the melting point of NaPO3. 

Upon further heating in an inert atmosphere the char was shown to react with NaPO3 in a 

carbothermic reduction reaction causing the release of CO and elemental P into the gas phase. A 

similar reaction was not seen in the oxidizing atmosphere because the char was consumed by the 

oxygen at lower temperatures. The carbothermic reduction reaction was also observed in the same 

temperature interval for a mixture of NaH2PO4∙H2O and activated carbon with a C/P ratio similar 

to that of Na-phytate. 

Char was also produced from Na-phytate by flash pyrolysis at 800°C for 10 min and then 

exposed to different gas atmospheres and temperatures in order to study the release of P and Na 

under different conditions. In the temperature range of 900-1000°C, the release of P was 
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considerably higher in the inert atmosphere compared to in the 1% O2, 10% CO2 and 10% H2O 

cases because of the char being consumed in competing reactions with O2, CO2 and H2O. Some 

release caused by NaPO3 vaporization might also have taken place. 

The P release in the inert atmosphere seem to correspond well to the few results available in 

literature. However, the release mechanism identified in this work remain to be verified for 

biomass, in which other phosphates, e.g. K, Mg or K-Mg-phosphates might have a different 

reactivity. The higher ratio of C to phosphate in biomass compared to in Na-phytate might on the 

other hand also favor carbothermic reduction reactions. 
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ATR, attenuated total reflection; CLC, chemical looping combustion; DDGS, dried distillers 

grains with solubles; EDS, energy dispersive x-ray spectroscopy; FTIR, Fourier-transform 

infrared spectroscopy; ICP, inductively coupled plasma; OES, optical emission spectrometry; 

SCR, selective catalytic reduction; SEM, scanning electron microscopy; TGA, thermal 

gravimetric analysis; XRD, X-ray diffraction. 
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