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Abstract: 8 

As the Recycling of wood waste becomes more important each year, wood products that contain 9 

urea-formaldehyde resins gained more attention due to the release of formaldehyde and other 10 

chemicals which have a critical impact on humans health and the environment. In this study, the 11 

hydrolysis of wood wastes from a French furniture industry was studied under different controlled 12 

conditions (temperature/pressure, steam ratio). An original on-line method to measure the emission 13 

of formaldehyde and ammonia using a FTIR spectrometer and a dilution system was applied 14 

successfully in this study. The effect of operatory conditions on formaldehyde and ammonia released 15 

is discussed. A mathematical model was also introduced to model the behavior of the ammonia and 16 

formaldehyde emission in the hydrolysis of wood waste. 17 

Keywords: 18 

Wood waste remediation, Urea-formaldehyde resin, hydrolysis, FTIR on-line measurement, Kinetic 19 

modelisation 20 

21 

Environmental Implication: 22 

This paper is focused on the hydrolysis process used to remove pollutants from wood waste, namely 23 

from the furniture sector. Such waste contains high quantities of resins, namely urea-formaldehyde 24 

resins which contains nitrogen and are responsible for Nox emissions during its valorization by 25 

combustion or of formaldehyde and ammonia if the landfilling is preferred. This work aim therefore 26 

to develop a depollution process using no chemical reagent and being as energy efficient as possible 27 

to favor the use of end-life wood as raw material for different industrial sectors such as wood panel 28 

boards (Insulation panels, MDF, particleboard, …). 29 

1. Introduction30 

31 

Renewable energy is undoubtedly the most suitable approach to the challenges caused by fossil 32 

fuels. As a significant part of the biomass, wood is the focus of many studies. Wood has several 33 

advantages regarding the bio-economy concept. Wood as a natural material offers many outstanding 34 

characteristics in thermal conductivity and mechanical strength, which expands its use into many 35 

areas. Its consumption has increased from the beginning of the last century for different new 36 

applications (Bernstein et al., 2016) such as energy production, building materials, chemicals, etc. At 37 

the same time, wood waste consumption from end-of-life wood-based products is increasing. Wood 38 

waste contains additives and pollutants (resins, paints, preservatives, heavy metals, etc.) and 39 

contaminating materials (metals, plastics, glass, stocks, etc.), making recycling wood waste much 40 

more complicated than raw wood (Besserer et al., 2021).  41 
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Wood waste-based matters from products at their end-life show a notable amount of material to be 42 

valued in agreement with EC Waste Directive 2008/98. The construction, destruction, and aged 43 

furniture waste that holds many wood-based agglomerates, are the main waste streams in the 44 

European Union (Ihnát et al., 2017). In France in 2018, the furniture industry as a great source of 45 

agglomerated wood waste materials such as particleboards (PBs), produced almost 2 million tons of 46 

pieces of furniture which half ended up landfilled (Waste furniture sector France report, 2020). 47 

Today, the wood waste management strategy is mainly based on disposal (landfill and incineration), 48 

energy recovery, and material recovery (Lykidis and Grigoriou, 2008). 49 

Even if the material recovery way is much more complicated than others, it appears to be the best 50 

way for various reasons; it allows extending carbon storage in matters, which could slow down its 51 

release in CO2 form at end-life energy recovery (Lubke et al., 2020). This large amount of material 52 

could also constitute an abundant and inexpensive source of raw matter for new materials 53 

production while limiting economic stress on the wood industrial field caused by increased wood 54 

consumption (Besserer et al., 2021). 55 

The main contaminant of furniture waste wood, especially PBs and MDF (medium density 56 

fiberboard), is the resin used as glue. The most common resin is urea-formaldehyde (UF) resin (Irle et 57 

al., 2010). Indeed, UF glue presents many advantages with a low cost, a high chemical reactivity 58 

(short polymerization duration), and an absence of color after polymerization (Liu et al., 2018; Irle et 59 

al., 2010). Unlike other waste wood contaminants (plastics, metals, glass) which could be sorted 60 

automatically, adjuvants like resin could not be easily eliminated (Ren et al., 2022). It is therefore 61 

essential to find a way to “clean up” such a waste before using it as new raw material for recycling. 62 

Two ways have been identified to remove UF resin from wood waste. The first one is the pyrolysis 63 

process conducted in low severity conditions (between 250 and 300°C for some minutes). In different 64 

studies, it was shown that low-temperature pyrolysis (<350°C) could remove up to 70% of the 65 

nitrogen in PBs (Girods, 2008; Girods et al., 2008, 2009a, 2009b), in which the nitrogen content was 66 

used as resin content indicator knowing that natural nitrogen content in wood is very low (<0.1%) 67 

(Cowling and Merrill, 1966). Low-temperature pyrolysis mixed with combustion was also suggested 68 

(Jiang et al., 2010). This approach was could be insufficient since ammonia might still be converted to 69 

nitrogen oxides during the combustion step in oxygen-rich circumstances. 70 

The second way identified is based on one of the weaknesses of UF resin, namely its sensibility to 71 

water which limits, therefore, its use in outdoor applications (Irle et al., 2010). It is known that the 72 

presence of moisture can make the UF polymer chain go through a hydrolysis reaction (i.e., the 73 

chemical mechanism described in Fig. 1) which leads to shorter polymer pieces and aggravates the 74 

mechanical properties of the wood-UF composite (Besserer et al., 2021).  75 
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 87 

The susceptibility of UF-based adhesives to hydrolysis can be used in favor of recycling wood-based 88 

PBs that use these adhesives as glue in their structure.  89 

 

 + CO(NH2)2 

Figure 1. Prolysis of urea—formaldehyde resin (adapted from Hagel and Saake, 2020) 



The condensation and hydrolysis reactions of UF resin are largely described in the literature 90 

(Samaržija-Jovanović et al., 2011; Myers, 1986; Myers, 1982; Pizzi and Mittal, 2003). The hydrolysis 91 

reaction of UF resin leads mainly to forming formaldehyde, urea and intermediate compounds (resin 92 

fragments) of various molecular weights (Lubis et al., 2018). According to Myers and Koutsky (1990), 93 

the hydrolysis of all the bonds of the UF resin leads to the release of formaldehyde, with the 94 

exception of the C=O carbonyl and C-N amide bond. The works of Wan et al. (2014) and  Hagel et al. 95 

(2020) showed an increase in pH is linked to the presence of ammonium ions in the water, which 96 

suggests the production of ammonia following the hydrolysis of the UF resin polymers.  97 

Steam cooking can be used to separate the UF resin from the wood fibers in wood wastes by 98 

hydrolysis in a pressurized saturated steam environment (Lubis et al., 2018). It has been shown that 99 

the hydrolysis of cured resins is strongly affected by the pH of the medium in the following order acid 100 

> neutral > alkali. The optimum conditions to eliminate UF resin from MDF were found to be 80°C for 101 

2 hours in the presence of oxalic acid (Lubis et al., 2018). Compared to acidic conditions, pure steam 102 

treatments are less expensive due to the use of less corrosive materials, and there is no need for a 103 

separation step, which makes the process more environmentally friendly (Hagel et al., 2020). 104 

Another study also showed that this hydrolysis reaction could be facilitated by treatment at higher 105 

temperatures using water steam. In the study, water steam at temperatures of 150–190°C for 10–20 106 

minutes removed almost 80% of the resins (Wan et al., 2014). Different approaches have been tried 107 

to approximate the stability of UF resins facing hydrolysis by testing the formaldehyde release and 108 

structural stability (Park et al., 2013; Ringena et al., 2006).  109 

Among all the information, it could be stated that literature is rich concerning the hydrolysis process 110 

used to “clean up” wood waste contaminated by UF resin. In literature, studies on this concept have 111 

been performed mainly in the liquid phase, using chemical agents. In addition, no possible on-line 112 

monitoring of the depollution of UF has been proposed. To our knowledge, no articles deal with 113 

neither the on-line measurement of emissions during the hydrolysis nor the kinetics of such a curing 114 

process. 115 

It is therefore proposed in this work to investigate hydrolysis as an efficient method for the 116 

depollution of wood waste under steam pressure at lab scale in batch mode. The effect of the couple 117 

pressure/temperature and the steam ratio on the efficiency and the kinetics of the reaction has been 118 

studied. Gas emissions are on-line measured through FTIR spectrometer analysis to follow in real-119 

time the decomposition products of UF resin. HPLC measurements on liquids and Kjeldahl on solid 120 

phases are performed to confirm FTIR measurements. Finally, a kinetic model based on a simplified 121 

chemical mechanism is proposed to allow the prediction of gas emissions according to steam curing 122 

operatory conditions. This last point is essential to supply reliable information for scaling such a 123 

process at the industrial scale. 124 

 125 

 126 

2. Materials and methods 127 

2.1 Wood wastes 128 

The crushed wood waste was supplied by VALDELIA (A French eco-organism that ensures the 129 

collection of professional waste furniture). The waste is crushed by their sorting center, allowing a 130 

relatively homogeneous mixture. The particle size of the wood waste supplied ranges from 0 to 131 

30 mm. After the reception, the wood waste is first sorted using a mechanical sieve, equipped with a 132 

1cm×1cm sieve in order to remove fine particles as well as metal pieces manually. 133 



The composition of the waste batch used in our study (about 4m3) is evaluated on the content of 2kg 134 

of wood waste: 42% of raw wood, 51% of particleboard and 7% of fiberboard. No MDF was identified 135 

in this batch of wood waste.  136 

It was decided to choose actual waste coming from landfill and not from new panels in order to 137 

simulate properly the use of waste. Indeed, their storage in landfill (wet and outdoor conditions, 138 

micro-organisms) can lead to the beginning of glues degradation (Lee et al., 2014). The proportion of 139 

waste contaminated by melamine-formaldehyde and phenol-formaldehyde resins is therefore 140 

unknown. The nitrogen content on a dry basis was measured at 2.5%. 141 

Wood waste was dried in stainless steel bins in an oven at 103°C for 7 days before the steam cooking 142 

experiments to get rid of unstability of moisture of waste with time and to assume a better control of 143 

the inlet waste sample mass. Moisture content after the drying step was assumed to be inferior to 144 

2%. 145 

 146 

2.2 Kjeldahl analysis 147 

 148 

Kjeldahl analysis is a relatively simple method for determining nitrogen of various nitrogen 149 

compounds such as amines and quaternary ammonium salts. It does not allow the direct dosage of 150 

nitrates, nitrites, nitrosyls, and cyanides, which must first be reduced to ammonia (Hepburn, 1908). 151 

The Kjeldahl method was performed in three steps of mineralization, distillation, and titration 152 

(Hepburn, 1908). The mineralization process was performed in a BUCHI Speed Digester K-436. 153 

Titration was afterward performed using a digital pH meter (Titroline easy, Schott, Mainz, Germany). 154 

Kjeldahl was used to evaluate the mass of nitrogen removed by comparing the mass of nitrogen in 155 

the solid sample before and after the experiment. Assuming that the mass loss of waste is negligible 156 

during the test (loss of mass not determinable on the device), the mass of nitrogen removed can 157 

then be calculated. 158 

2.3 HPLC method 159 

 160 

High-Performance Liquid Chromatography (HPLC) was used to quantify the formaldehyde in liquid 161 

samples, a well-known method available in the literature (Ihnát et al., 2017; Li et al., 2007; Nishikawa 162 

and Sakai, 1995; Wahed et al., 2016; Xu et al., 2011). The HPLC measurement was performed on a 163 

ThermoFischer UltiMate 3000, equipped with an Acquity UPLC BEH C18 column, with a particle size 164 

of 1.7 µm (50mm x 2.1mm id.). Separation was achieved using a mixture of water/acetonitrile (60:40, 165 

v/v between 0-4 min - 10:90, v/v between 4-6min - 60:40, v/v between 6-10min). The total run time 166 

was 10 min. The flow rate was 0.3 mL/min and the injection volume was 1 µL.  167 

The formaldehyde contained in the sample requires a derivatization step to be quantified by HPLC. 168 

The pH of the sample is first adjusted to 5. 1 mL of solution is taken and centrifuged for 10 min at 169 

12,000 rpm. The sample is then filtered with a syringe and a 45µm diameter nylon filter. 20 µL of the 170 

sample was placed in a 1.5 ml glass vial with 30µL of DNPH solution (derivatization reagent) and 1 mL 171 

of acetonitrile (disperser). The sample was mixed using a Vortex-mixer and stored for HPLC analysis. 172 

The HPLC software automatically calculates the amount of formaldehyde measured in the sample by 173 

comparing the area obtained with the area of a 2µg/ml standard solution. 174 

 175 



2.4 FTIR measurements 176 

 177 

HPLC and Kjeldahl methods determine depollution process efficiency, but they are off-line and 178 

quantitative analysis. That is why an on-line qualitative and quantitative measurement method has 179 

been developed to characterize hydrolysis products of wood waste and follow the kinetic of 180 

pollutants devolatilization. Infrared spectrometry has been chosen for these analyzes since it allows 181 

fast, qualitative and quantitative analysis of the gas phase. Since gas effluents of the hydrolysis 182 

process mainly consist of water steam (more than 99 vol.%) and because of a high sensibility and a 183 

large adsorption band of water with Infrared spectrometry, a dilution system (dilution in nitrogen 184 

with a ratio close to 100x) has been added. 185 

The infrared spectrometer (FTIR) used was a GASMET DX-4000 FTIR multi-component gas analyzer 186 

(Temet Instruments OY, Finland), a portable FTIR gas analyzer. The resolution of the obtained spectra 187 

was 8 cm-1. The device was used to measure the ammonia and formaldehyde emissions during 188 

hydrolysis. The calibration of the FTIR spectrometer was obtained on pure water steam after dilution 189 

in nitrogen. 190 

Formaldehyde calibration curves were established by vaporization of liquid solutions with 191 

concentrations from 250 to 8000 mg/L under steam atmosphere (between 2250 cm-1 and 2850 cm-1). 192 

Ammonia calibration curves were established using ammonia gas tanks with different concentrations 193 

of 500, 1000, and 5000 ppm under nitrogen atmosphere (between 910 cm-1 and 1150 cm-1). All 194 

calibrations were performed using the dilution system to avoid any error in the dilution ratio. 195 

2.5 Steam-cooking pilot (depollution by hydrolysis at lab-scale in batch mode) 196 

The steam cooking pilot used to perform the experiments is a combination of different apparatuses 197 

(steam generator, reactor, furnace, and condensation system). The steam generator could produce 198 

and maintain pressure up to 8 bars inside the reactor. The reactor is an inox 2.5-liter volume vessel, 199 

which is placed inside an oven. A schematic view of the steam cooking pilot is presented in Fig. 2. 200 

 201 
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 212 

Figure 2. Steam cooking apparatuses schematic view 213 

Inlet samples were introduced through the head of the reactor via a feed line. A manual quarter-turn 214 

valve allowed the opening and closing of the supply line. For the extraction of the treated materials, 215 

an automated quarter-turn valve made it possible to open the reactor via a horizontal pipe through 216 

which the treated materials, under pressure, escaped and were collected at the base of the cyclone 217 

which ensures the solid/vapor separation.  218 

The reactor was supplied with steam (produced by a steam generator fitted with a pressure 219 

regulator), and the pressure was measured using a needle gauge. In order to analyze on-line the 220 

hydrolysis products, a steam leakage flow is controlled through a needle valve. The steam flow allows 221 

also to evaluate the effect of the steam ratio which is given as the ratio between steam flow and the 222 

mass of waste sample used for the test (gsteam/min/gwood waste). A condensation system composed of 223 

two coolers in series supplied with cold water by a high-power cryostat (Unichiller 022-H-MPC with a 224 

maximum power of 3335W) is positioned at the outlet of the polluted steam flow line. The 225 

condensed liquid was then collected in a container weighed by a scale connected to a computer 226 

which calculates and records continuously instant steam flow rate. The condensation system thus 227 

designed allows a maximum condensation flow rate of 30 gsteam/min. 228 

A tiny part of the polluted vapors is automatically sampled to feed the gas measurement device 229 

(dilution system + FTIR spectrometer). This sampling flow is assumed largely lower than the steam 230 

leakage one, ensuring a good steam leakage flow measurement. The gases leaving the reactor 231 

consists mainly of water vapor (not far from 99%) which makes it impossible for the on-line gas 232 

analysis by FTIR measurement (.due to the broad band of water adsorption in the infra-Red). This is 233 

why a dilution system was used to dilute the gas to be analyzed (dilution rate close to 100). 234 

Preliminary tests have shown the effectiveness of the method.  235 

Regarding the dosage of formaldehyde, quantifications were also carried out by HPLC on the liquid 236 

phase collected to verify the accuracy of the measurement by IRTF. Concerning the one ammonia, 237 

nitrogen balance was performed by measuring nitrogen content in solids before and after 238 

experiments. 239 

Two parameters were tested during the experiments: The temperature/pressure couple and the 240 

steam ratio (gsteam/min/gwaste). Regarding the temperature-pressure couple, the temperature of the 241 

oven was always set at a few degrees above the dew temperature (according to steam pressure) to 242 

avoid any condensation of the steam in the reactor and, therefore to work under dry steam.  243 

2.6 Tested conditions 244 

Tests in different conditions were performed to evaluate the effects of pressure/temperature couple 245 

as well as steam ratio. Close to all tests were performed with 40g of waste sample. Because of the 246 

limitation of steam leakage flow at 30 gsteam/min, tests for 1.5 and 3 gsteam/min/gwaste steam ratios 247 

were carried out with lower sample mass. The duration of each run was 1 hour. Tests were 248 

triplicated and the average results are presented here. All tested conditions are summarized in table 249 

1. 250 

Table 1. Different conditions tested during the experiments 251 

 Pressure (bar) Temperature Wood waste steam flow Steam ratio 



(°C) dry mass (g) (gsteam/min) (gsteam/min/gwaste) 

Effect of 

temperature 

2.5 139 40 30 0.75 

3.5 148 40 30 0.75 

4.5 155.5 40 30 0.75 

5.5 162 40 30 0.75 

6.5 168 40 30 0.75 

Effect of 

steam ratio 

3.5 148 40 10 0.25 

3.5 148 40 20 0.5 

3.5 148 40 30 0.75 

3.5 148 20 30 1.5 

3.5 148 10 30 3 

 252 

3. Results and discussion 253 

3.1. Hydrolysis products characterization by on-line FTIR measurement 254 

Fig. 3. shows the typical absorbance spectrum obtained by FTIR during the hydrolysis of wood waste 255 

during steam cooking. It appears that only three species are produced during degradation, at least in 256 

detectable quantities: carbon dioxide (double peak at 2650 cm-1), ammonia (double peak at 950 cm-257 
1), and formaldehyde (around 2800 cm-1). This is consistent with the literature (Wan et al., 2014; 258 

Hagel et al., 2020; Park et al., 2013; Ringena et al., 2006). Hagel et al. (2020) also reported the 259 

production of acids (acetic and formic), but their presence in the gas phase was not identified. It 260 

could be due to their too low concentration or to the fact that being less volatile than ammonia and 261 

formaldehyde, these compounds stay in a liquid state in these conditions. 262 

Peaks corresponding to water vapor appear in negative (3500-4000 cm-1 and 1400-1800 cm-1). This 263 

point is expected because, in order to avoid the saturation of the water vapor response (present in a 264 

large majority in front of the other species), the blank (reference measurement) was carried out 265 

under pure water vapor (after dilution). The presence of the other constituents under test 266 

conditions, therefore, reduces the water content in comparison with the reference measurement, 267 

which explains the negative values.  268 

 269 

Figure 3. The infrared spectrum of wood waste degradation products by steam cooking 270 



3.2. Confirmation of using FTIR as a replacement to HPLC for measurement of ammonia and 271 

formaldehyde 272 

Formaldehyde, which is transferred from the wood waste to the gas (as is liquidated in the 273 

condenser), is generally measured by HPLC (Ihnát et al., 2017; Lee et al., 2014). However, since HPLC 274 

measurement requires a long time for each sample, using FTIR directly for analyzing outlet steam 275 

was tested. The test was performed at 3.5 bar, 10g/min steam flow, and 40g initial dried crushed 276 

wood waste. Every 6 minutes, liquid samples are recovered for the HPLC test, while FTIR measures 277 

formaldehyde and ammonia on-line. The result is shown in Fig. 4. 278 

 279 

Figure 4. Comparing the concentration of formaldehyde during the steam cooking test measured by HPLC and FTIR 280 

As shown in Figure 4, the results obtained from HPLC and FTIR are reasonably close to each other. 281 

Therefore, for the rest of the tests, FTIR is used to measure the outlet steam directly.  282 

3.3 Effect of Steam ratio on steam cooking of wood waste 283 

The first studied parameter was the steam ratio. Fig. 5 (a) and (b) show the results of formaldehyde 284 

and ammonia removal. As it can be seen from the curves below, whether for formaldehyde or 285 

ammonia, the flow of pollutants eliminated during the tests increases rapidly before decreasing 286 

throughout the test. The elimination of formaldehyde is almost complete at the end of the test in 287 

one hour, while this is not the case for ammonia.  288 
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 290 

Figure 5. (a) Formaldehyde and (b) ammonia emissions as a function of time and steam/wood waste ratio. 291 

Integrating these curves makes it possible to determine the total amount of formaldehyde and 292 

ammonia removed during the test. The results can be seen in Fig. 6. 293 
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 294 

Figure 6. Effect of steam ratio (SR) on the total removal of formaldehyde and ammonia. 295 

It can be seen that by increasing the flow per gram of initial mass, the total mass of both ammonia 296 

and formaldehyde increases until a certain point (over 1.5 steam ratio values). The quantity of 297 

formaldehyde released is in the range of 13 to 25.5 mg per gram of waste while the one of ammonia 298 

is between 10.1 to 17.6 mgNH3/gwaste. Comparing these results with the literature is difficult since, to 299 

our knowledge, no article reports results concerning ammonia and formaldehyde released in the gas 300 

phase. All references dealing with the hydrolysis of UF resin (Myers and Koutsky, 1990; Ringena et al., 301 

2006; Park and Jeong, 2011; Park and Causin, 2013; Lubis and Park, 2018; Grigsby et al., 2014), wood 302 

waste such as Particleboard (Lykidis and Grigoriou, 2008; Wan et al., 2014), and MDF (Wan et al., 303 

2014; Hagel and Saake, 2020; Lubis et al., 2018; Lubis et al., 2020; Kraft and Roffael, 2003; Grisgby et 304 

al., 2014) present analyzes of the hydrolysate in the liquid phase. Some studies carried out in the 305 

liquid phase were at atmospheric pressure and not under pressurized steam (Lykidis and Grigoriou, 306 

2008; Wan et al., 2014; Hagel and Saake, 2020). 307 

Nevertheless, not all data from different studies can be compared. Concerning ammonia, it is 308 

reported that the formation of free ammonia from the degradation of cured UF resins leads to the 309 

formation of ammonium ions (NH4OH-) in the solution and an increase in the pH of the extract 310 

solution (Lubis and Park, 2018; Lubis et al., 2021). Only the pH of the solution is therefore measured 311 

as an indicator of ammonia production, but it remains a qualitative analysis. Moreover, a 312 

competition between acid release by wood hydrolysis (acetic and formic acid) in severe conditions 313 

and ammonia production makes it impossible to use only pH to quantify ammonia production (Hagel 314 

and Saake, 2020). 315 

Another possible way to quantify ammonia is nitrogen titration in the liquid phase. Some authors 316 

(Lubis and park, 2018; Lubis et al., 2020; Kraft and Roffael, 2003; Grisgby et al., 2014) report such 317 

measurements, but the calculation of ammonia production is never have been done. Only nitrogen 318 

balance is performed to evaluate the reliability of the results.  319 

Concerning formaldehyde release, different studies (Ringena et al., 2006; Park and Lee, 2015; Lubis 320 

and Park, 2018; Lubis et al., 2020) report formaldehyde titration in the liquid phase, but tests were 321 

performed on UF resin and not on waste wood. Values reported vary between 1 to 70 mg/g of resin; 322 

still, it remains difficult to compare. Lykidis and Grigoriou, 2008 and Wan et al., 2014, who worked on 323 

wood waste steam hydrolysis, only measured the free formaldehyde emissions at the surface of 324 

panel boards produced with the hydrolysed waste wood. Only Kraft and Roffael, (2003), who studied 325 
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the hydrolysis of MDF samples in water at a temperature between 100°C and 130°C (pressure not 326 

defined) for 20 minutes, reported formaldehyde release between 21.6 to 34.2 mg/g of waste which is 327 

quite similar to results provided in the presented study. 328 

To evaluate the accuracy of FTIR measurement, a comparison between the nitrogen removal rate 329 

(wt. %) calculated from online gas analysis and from solid analysis (nitrogen content before and after 330 

steam cooking measured by Kjeldahl analysis) is performed. which the result is shown in Fig. 6. Even 331 

if values are quite similar (except for the 0.25 steam ratio), it is noticeable that the trends given by 332 

FTIR analysis (an increase of the nitrogen removal with steam ratio) are no more discernable with 333 

results obtained through Kjeldahl analysis. This point could be explained by the fact the loss of mass 334 

during the test has not been taken into account in the calculation of the nitrogen removal through 335 

Kjeldahl analysis.  Fig. 7 shows that the sum of the mass of formaldehyde and ammonia removed 336 

during the test per gram of sample is between 23 to 43 mg which corresponds to 2.3 to 4.3% of mass 337 

loss. The characterization of hydrolysis production in part 3.1 also reveals the presence, in low 338 

quantities, of carbon dioxide which conducts to a higher loss of mass. Taking into account this 339 

increasing mass loss with steam ratio, it can be assumed that the nitrogen removed calculated from 340 

the solid analysis will therefore follow the same trends like the one obtained with FTIR 341 

measurements. 342 

 343 

Figure 7. Comparison of nitrogen removal using the Kjeldahl method and FTIR analysis according to steam ratio.  344 

 345 

The percentage of nitrogen eliminated is between 36.4 and 69%, according to the results obtained by 346 

gas analysis, while it is about 70% according to the analysis of solids. Considering the loss of mass of 347 

the samples, the values obtained by analysis of the solids would tend to increase. This indicates that 348 

the nitrogen removal rate is either overestimated by the solid analysis or underestimated by the gas 349 

analysis. It is quite difficult to conclude the origin of these discrepancies. Nevertheless, these values 350 

are consistent and in agreement with Lubis et al. (2018) who reported a nitrogen removal in the 351 

range of 40 to 80% for 2 hours for a MDF sample hydrolysis test in water between 40°C and 100°C.   352 
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3.4 Effect of pressure/temperature on steam cooking of wood waste  354 

The next studied parameter was the pressure/temperature couple. The results can be seen in Fig. 8 355 

(a) and (b). It is clear from these curves that pressure/temperature has a positive effect on the rate of 356 

pollutant removal in the same way.  357 

 358 

 359 

Figure 8. Effect of pressure/temperature on (a) formaldehyde and (b) ammonia removal from wood waste. 360 

As previously explained, the total quantity of formaldehyde and ammonia eliminated during each 361 

test is determined by integrating the curves. The results are shown in Fig. 9. 362 
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 363 

Figure 9. Effect of temperature on the total removal of formaldehyde and ammonia. 364 

From the results obtained above, it can be interpreted that whatever the conditions were, 365 

formaldehyde elimination was almost complete after one hour of the experiment. The total mass of 366 

formaldehyde is independent of the temperature and reaches 20.6 mg of formaldehyde per gram of 367 

waste. 368 

Regarding ammonia, elimination is almost complete for the two highest pressures (5.5 and 6.5 bars), 369 

while it is not complete for the lower pressures. The mass of ammonia eliminated increases with 370 

pressure. However, it is difficult at this stage to say whether this is an effect of the 371 

pressure/temperature or whether it is only because the reaction does not have enough time to 372 

complete over the entire duration of the test. The released quantities of ammonia are between 11 to 373 

21 mgNH3 /gwaste. 374 

Fig. 10 shows the evaluation of the reliability of FTIR measurements. The conclusions are entirely 375 

similar to the conclusions made in the previous paragraph. The trend of increasing nitrogen removal 376 

rate with the severity of treatment with gas analysis (from 33.2 to 58.1%) is much less in comparison 377 

to the results obtained by solids analysis (67 to 72%). This is due to the fact that mass loss was not 378 

taken into account during the tests. Similarly, a significant difference is observed between the values 379 

obtained by solids analysis, which are overestimated compared to gas analysis. The results are 380 

consistent and comparable to those obtained by Lubis et al. (2018). 381 

 382 

Figure 10. Comparison of nitrogen removal using the Kjeldahl method and FTIR analysis according to temperature.  383 
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3.4 Modelling ammonia and formaldehyde removal from wood waste 384 

3.4.1 Description of the model 385 

It is tried here to find a model which describes as best as possible emissions of both formaldehyde 386 

and ammonia from wood waste through hydrolysis according to experiments operatory conditions. 387 

The modeling will not concern the tests for a steam ratio of 1.5 and 3 as the masses of the samples 388 

are not 40g.  389 

Initially, it was considered that the wood waste consists of wood and UF resin. Therefore: 390 wood waste = λW × wood + λR × Resin          (1) 391 

λW and λR are the relative mass contents of wood and resin respectively in 
gwood gwood waste
 and 392 

g
resin

g
wood waste


 . 393 

The model consists of numerically evaluating the production rates (gcompound⁄min⁄gwaste) and the 394 

cumulative masses (gcompound⁄gwaste) of formaldehyde and ammonia emitted during the hydrolysis 395 

reaction. These species are emitted during the degradation of the UF resin and not of the wood, so 396 

the model is focused only on the degradation of the resin and not that of the sample as a whole. 397 

According to the literature (Myers, 1986), the crosslinking of UF resins takes place according to 398 

several (reversible) dehydration reactions, which take place simultaneously in series and in parallel to 399 

form increasingly high molecular weight urea and formaldehyde polymers. Examples of these 400 

reversible reactions, for lower molecular weights, are given here: 401 

OC(NH2)
2
 + HOCH2OH ⇌ H2NCONHCH2OH+ H2O                                             (2) 402 

urea (U)                  formaldehyde (F)         monomethylolurea (UF) 403 

 404 

H2NCONHCH2OH + HOCH2OH ⇌ HOCH2NHCONHCH2OH+ H2O                                           (3) 405 
monomethylolurea (UF)          formaldehyde (F)                      dimethylolurea (FUF) 406 
 407 

H2NCONHCH2OH + OC(NH2)
2
 ⇌ �H2NCONH
2CH2+ H2O                                            (4) 408 

 monomethylolurea (UF)                   urea (U)                methylenediurea (UFU) 409 
 410 

2× H2NCONHCH2OH ⇌ �H2NCONHCH2
2O+ H2O                               (5) 411 
  monomethylolurea (UF)                dimethyleneurea ether (UFOFU) 412 

A very simplified reaction mechanism is then proposed to describe the hydrolysis phenomenon of 413 

the resin present in the waste. The solid R (resin) is modified during a first hydrolysis reaction to give 414 

an intermediate compound I without producing formaldehyde or ammonia. The intermediate 415 

compound I then corresponds to the partially depolymerized resin. In turn, it degrades during 416 

reaction 2 into urea (U) and formaldehyde (FA). Urea is then finally degraded into gaseous ammonia 417 

(NH3) and carbon dioxide (CO2) during reaction 3. α,  β
NH3

,  β
FA

,  γ and γ
C
 correspond respectively to 418 

the masses of I (partially depolymerized resin), U, FA, NH3, and CO2 produced per unit mass of parent 419 

compounds. Thus, the units of α,  βNH3,  βFA,  γ and γC are respectively 
gI gR
 , 

g
U

g
I


 , 
g

FA
g

I

 , 

g
NH3

g
U


 , 420 

and 
g

CO2
g

U

 . The reaction mechanism can thus be outlined as below: 421 

R
+ H20 (k1)������  α×I                        (6) 422 



I
+ H20 �k2
�������  βNH3×U + βFA×FA                        (7) 423 

U
+ H20 �k3
�������  γ×NH3 + γ

C
×CO2                                    (8) 424 

Assuming that the kinetic laws of degradation are in first order with respect to the reactants and in 425 

zero-order with respect to the water vapor (present in large quantities and therefore content is 426 

stable during the reaction), the material balances of the compounds are as follows: 427 

• Solids (resonated on the mass–closed system): ��gcompound min⁄ & gwaste' ( 428 

dmR�t

dt


 = - k1× mR�t
                           (9) 429 

dmI�t

dt


 = α× k1 × mR�t
- k2 × mI�t
                               (10) 430 

dmU�t

dt


 = β
NH3

 × k2× mI�t
 -k3 × mU�t
                                     (11) 431 

• Gas (resonated on the density – open system): )*g
compound

min⁄ +
g

waste

' , 432 

Q × ρ
i
 represents the flow rate of species leaving the reactor through the outlet pipe; 433 

Vg × dρ
i
�t


dt

  represents the variation of the mass of species within the reactor; 434 

With Vg, the reactor volume (2.5 L) and Q, the steam flow in L/min (taking into account the 435 

temperature and pressure conditions within the reactor). The analytical integration of the differential 436 

equations is not essential, a so-called “iterative” numerical method is used here. Knowing the initial 437 

value of each of the masses (or densities) (R(0) = λR; I(0) = U(0) = ρNH3(0) = ρFA(0) = 0), the initial value 438 

of the variation rate of the mass (or density) of species can be determined (
dmi(0)

dt

  or 

dρ
i
(0)

dt

 ). 439 

Considering this value remains constant between two measurement steps (iteration step = 0.1 440 

minutes), the value of the quantities at the next iteration step can then be determined by the 441 

following equation: 442 

mi(n+1) = mi(n)+
dmi(n)

dt

 × Δt, with Δt the sampling time; Δt = 0.1 min 443 

The production rates of formaldehyde and ammonia )*g
compound

min⁄ +
g

waste

' , emitted during the 444 

hydrolysis reaction as a function of time are represented by the term Q×ρi(t). The cumulative masses  445 

*g
compound

g
waste


 + of formaldehyde and ammonia emitted per unit mass of sample during the 446 

hydrolysis reaction are determined according to the following equation: 447 

mi�t+∆t
=mi�t
+Q×ρi�t
                                                                                           (15) 448 

For each experimental condition, error functions (sum of the squared difference between the 449 

calculated and the experimental values) on the production rates �2345 6789:  ;<6 2345 67=>& are 450 

calculated. These different error functions can be added as needed to optimize the desired 451 



parameters according to the different tests to be taken into account. All errors obtained are 452 

summarized in Table 2. 453 

 454 

Table 2. Error function table 455 

   NH3 FA 

T°C T(K) SR erfc dmNH3 erfc dmFA 

148 412 0.25 1.85 1.58 

148 412 0.5 0.93 1.30 

148 412 0.75 0.10 2.39 

Sum "Effect SR" 2.88 5.27 

139 412 0.75 0.35 5.43 

148 421 0.75 0.10 2.39 

155.5 428.5 0.75 0.31 6.63 

162 435 0.75 2.85 34.30 

168 441 0.75 2.71 49.52 

Sum "Effect T" 6.32 98.27 

Sum "Effect SR and T" 9.20 103.54 

Global sum of error functions 112.74 

 456 

 457 

 458 

3.4.2 Determination of the parameters of the model 459 

      3.4.2.1 Determination of parameters α and γ (constants) 460 

α, represents the ratio between the mass of the intermediate compound I produced (MI) and the 461 

mass of the compound R consumed (MR): 462 

α= MI MR
                                                                                                                          (16) 463 

The first reaction of the proposed reaction mechanism (eq 6) is considered representative of the 464 

depolymerization of the resin (by hydrolysis) without the production of urea, formaldehyde, or 465 

ammonia. This reaction can then be similar to the breaking of methylene ether bridges by hydrolysis 466 

(inverse of the fourth reaction for the production of dimethylurea ether (eq 5)). These are present 467 

throughout the cross-linked network of the UF resin and do bind not only resin monomers 468 

(monomethylolurea) but also dimers, trimers as well as a wide variety of fragments of varying 469 

degrees of polymerization. The precise determination of the parameter α is therefore theoretically 470 

impossible. Nevertheless, by doing the calculation for the case of the fourth reaction (Eq. 5) written 471 

in the direction of hydrolysis this time, the following equation can be obtained:  472 

H2NCONH-CH2OCH2-HNOCNH2 + H2O ⇌ 2�H2NCONHCH20H
                                                 (17) 473 
              dimethylurea ether (UFOFU)              + water         2 ×   monomethylolurea (UF) 474 

The first reaction of the proposed mechanism (eq 6) reacting one mole of compound R with one 475 

mole of water to give one mole of compound I, which can be explained as below: 476 

MI=  MR+MH20                                                                                             (18) 477 

Thus, by combining equations (16) and (18): 478 



α= �MR+MH20& MR'                                                                                                                                      (19) 479 

Considering that R represents the UFOFU dimer and based on equation (19), the following equation 480 

can be obtained:  481 

α=
�MUFOFU+MH20&

MUFOFU
' =

�162+18

162


 =1.11                                                               (20) 482 

In this specific case, the value of α is 1.11. For the other cases, which necessarily involve fragments of 483 

larger molecular weights, the value of α will decrease and tend towards 1 for the highest molar 484 

masses. Thus, even if the value of α cannot be calculated precisely, it is between 1 and 1.11. 485 

Therefore, it was set to 1 for convenience. The reaction is then considered as depolymerization 486 

without gaining mass, at least not significant given the high molecular weight of the resin fragments. 487 

The value of α is not decisive for the model. 488 

Regarding γ, it is worth considering the last reaction of the proposed mechanism (eq 8), which 489 

describes the hydrolysis of urea into ammonia and carbon dioxide: 490 

OC(NH2)
2
+H20 ⇋2 NH3 +CO2                                                                                                                           (21)                                                  491 

(60 g)           (18 g)       (34 g)      (44 g) 492 

For 1g of urea consumed, 0.567g of ammonia (34/60) is produced. Therefore, the value of γ is set to 493 

0.567. 494 

3.4.2.2 Determination of other model parameters: 495 

Determination of the parameters value and the kinetic constants was carried out according to 496 

different methods based on different hypotheses: 497 

• Case 1: The rate constants ki only depends on the temperature; 498 

o Case 1-a: βNH3 and βFA are variable; λR, α, and γ are constants 499 

o Case 2-a: λR is variable; βNH3 and βFA are constants 500 

• Case 2: The rate constants ki depends on the temperature and steam ratio. Other parameters 501 

remain constant. 502 

3.4.2.2.1 Case 1-a: 503 

The rate constants k1, k2, and k3 only depend on the temperature according to the Arrhenius law: 504 

ki�T
=k0i× exp  *-Eai
R.T


 +                                                                                                                                 (22) 505 

In order to account for the effect of the vapor ratio (SR) on the final quantities of formaldehyde and 506 

ammonia emitted, the values of specific parameters are dependent on SR. 507 

• λR: λR is the theoretical mass content of resin. Based on particleboard and MDF content in 508 

waste wood, the UF glue content as the resin is around 10%. Knowing that in the batch of 509 

wood waste used in this study, the rate of particleboard and fiberboard is around 80%, the 510 

UF resin content in the samples is then around 8%. The value of λR is then fixed at 0.08 511 gresin gwood waste
  knowing that this value is not decisive. 512 

• βNH3 and βFA: these parameters are independent of temperature but dependent on the value 513 

of the steam ratio. Therefore, it was decided to use the cumulative masses of formaldehyde 514 

and ammonia experimentally measured during the experimental tests. According to the 515 



numerical model proposed, for 1 g of wood waste, the theoretical masses *gcompound gwaste
 + 516 

at infinity mass of formaldehyde mFA(∞) and of ammonia mA(∞) are equal to:  517 

mFA�∞
= λR × α × β
FA

                                (23) 518 

mNH3
�∞
= λR × α × γ × β

NH3

               (24) 519 

It appears here that the values of λR and α are not decisive as the parameters βNH3 and βFA will be 520 

determined from the experimental values of the theoretical masses when hydrolysis is completed 521 

and from the product λR × α. Thus, if the value of this product is changed, the values of βNH3 and βFA 522 

will be changed proportionally without changing anything in the model. Since this cannot be 523 

determined experimentally, it is impossible to verify whether the value of the various parameters is 524 

correct. It is only the value of the product of these different parameters that influence the result in 525 

terms of the amount of ammonia and formaldehyde produced. For formaldehyde, the values of 526 

mFA(∞) according to the different parameters are known as the reaction is complete after of 527 

experiment period regardless of the conditions. The values of βFA can then be deduced from the 528 

experimental values according to the expression: 529 

β
FA_exp

 �T, SR
=
mFA�∞
(T, SR) �λR× α
'                                                                                            (25) 530 

An evolution in logarithmic form makes it possible to adequately describe the evolution of βFA as a 531 

function of steam ratio using the following equation: 532 

β
FA_Calc

 = 0.1082 × ln(SR) + 0.2886                                                                                            (26) 533 

The values of βFA_Exp and βFA_Calc are presented in Table 3. 534 

Table 3. Values of βFA_Exp ,  βFA_Calc, βNH3_Opt and  βNH3_Calc 535 

SR T (°C) T (K) mFA(∞)  βFA_exp βFA_calc mNH3(∞) βNH3_opt βNH3_calc 

0,25 148 421 0,01295 0,1619 0,1387 0,0101 0,2225 0,2830 

0,5 148 421 0,01837 0,2296 0,2136 0,0151 0,3322 0,3961 

0,75 148 421 0,0206 0,2575 0,2575 0,0164 0,4621 0,4623 

0,75 139 412 0,0206 0,2575 0,2575 0,0111 0,4621 0,4623 

0,75 148 421 0,0206 0,2575 0,2575 0,0164 0,4621 0,4623 

0,75 155.5 428.5 0,0206 0,2575 0,2575 0,0191 0,4621 0,4623 

0,75 162 435 0,0206 0,2575 0,2575 0,0187 0,4621 0,4623 

0,75 168 441 0,0206 0,2575 0,2575 0,0210 0,4621 0,4623 

For ammonia, the values of mNH3(∞) as a funcbon of the various parameters are unknown as the 536 

reaction is not complete at the end of the experiment period except for the test at 435K for a steam 537 

ratio of 0.75. For this condition, the value of βNH3_Exp (0.75) can then be deduced from the 538 

experimental value according to the following expression: 539 

β
NH3_Exp

 �0,75
=
mNH3

�∞
�435 ;0,75
 �λR× α×γ
' = 
0,0209 �0,08×1×0,567

 =0,462                            (27) 540 

The values of βNH3 for the other values of steam ratio will then be obtained by optimization. Knowing 541 

the values of the different parameters of λR,  α, and  β
FA

, the optimization of the kinetic parameters 542 

k01, Ea1, k02, and Ea2 is carried out by minimizing the sum of the error functions obtained for 543 

formaldehyde on the production rate �erfc dmFA
 for conditions where the temperature is variable 544 



(yellow box on table 2). Knowing only the value β
NH3_Exp

 �0.75
 = 0.462 for a steam ratio of 0.75, the 545 

values of the kinetic parameters k03 and Ea3 are optimized only for the tests with a steam ratio of 0.75 546 

and with temperatures variables by minimizing the sum of the error functions obtained for ammonia 547 

on the production rate (erfcdm_NH3, the orange box on table 2). The values of the βNH3 for the different 548 

values of steam ratio are optimized one by one. Knowing the evolution of the values of βNH3_Opt as a 549 

function of steam ratio, an equation is used to calculate these values as a function of steam ratio 550 

according to the following expression:  551 

β
NH3_Calc

 = A × ln(SR) + B                                                                                   (28) 552 

The constants A and B as well as the kinetic parameters k03 and Ea3 are finally optimized 553 

simultaneously for all the tests (green box on table 2). 554 

β
NH3_Calc

 = 0.1632 × ln(SR) + 0.5093                                                                 (29) 555 

The values of βNH3_Opt and βNH3_Calc are listed in Table 3. 556 

The velocity laws are assumed to be of zero-order concerning the water vapor, assumed to be in 557 

large quantities. As a result, the values of k determined previously are "apparent" values and the 558 

"real" k depends on the density of the water vapor pressure under the conditions of the various 559 

tests: 560 

kapparent = kreal×ρ
water

                                                                                                  (30) 561 

Based on the ideal gas law, the density of water according to the experimental conditions (Pressure 562 

and Temperature) is calculated with the following equation: 563 

ρ
water

(P, T) = 
P×Mwater

RT
                                                                                             (31) 564 

The value of ki_apparent is then divided by the density of the saturation vapor pressure ρwater for the 565 

conditions of the various tests. The ki_real of the three reactions is plotted as ln(ki_real) = f(1/T) to 566 

determine the new values of k0i_real and Eai_real.  567 

 568 

3.4.2.2.2 Case 1-b: 569 

As it was shown that the evolution trends of βNH3 and βFA values follow a similar shape, it is expected 570 

that evolution trends for λR could also be represented by a logarithmic form according to the eq (32): 571 

λR  = C × ln(SR) + D                                                                                 (32) 572 

λR is then no longer considered as the resin content in the waste but as the reactive part of the resin, 573 

which depends only on the value of the steam ratio. The kinetic constants k0i_real and Eai_real remain 574 

unchanged as do the values of α and γ. The values used for βNH3 and βFA, those obtained for an steam 575 

ratio of 0.75 are β
NH3

=0,462 β
FA

=0,2575. The values of C and D are optimized by minimizing the 576 

global sum of the error functions on the production rate (grey boxes in table 2): 577 

λR  = 0.0313 × ln(SR) + 0.0887                                       (33) 578 

3.4.2.2.3 Case 2: 579 

The values of λR, α, and γ remain unchanged from case 1-a (λR =0.08; α=1; γ=0.567). The values used 580 

for βNH3 and βFA are those obtained for a steam ratio of 0.75 (βNH3= 0.462, βFA = 0.2575). The rate 581 



constant k1_real follows Arrhenius law; It is therefore only dependent on the temperature and not on 582 

the steam ratio: 583 

k1_real�T
=k01_real× exp  *-Ea1_real

R.T

 +                                      (34) 584 

The rate constants k2 and k3 are both dependent on T (according to Arrhenius law) and steam ratio: 585 

ki_real�T
=k0i_real× exp  *-Eai_real

R.T

 + ×exp *-Hi

SR

 +                       (35) 586 

The dependence of the constants k2 and k3 with respect to the value of the steam ratio is explained 587 

by taking into account transfer phenomena at the surface of the sample. By increasing the ratio of 588 

water vapor to the mass of the sample (SR), the concentration of water vapor at the surface of the 589 

sample increases which leads to an increase in the rate of the reaction. 590 

The values of the parameters λR, α, and βFA being known, the kinetic parameters k01, Ea1, k02 and Ea2 591 

(dependence of k1 and k2 as a function of T) and the parameter relating to the dependence of k2 with 592 

the value of steam ratio (H2) are optimized by minimizing the sum of the errors obtained for 593 

formaldehyde on the production rate (box in yellow in Table 2). The value of βFA is then optimized 594 

and obtained as βFA =0.237. 595 

The values of the parameters λR, α, γ, and βNH3 are known. The kinetic parameters k03 and Ea3 596 

(dependence of k3 as a function of T) and the parameter relating to the dependence of k3 with the 597 

value of the steam ratio (H3) are optimized by minimizing the sum of the errors obtained for 598 

ammonia both on the cumulative mass and on the production rate (box in orange in the table of 599 

errors). The value of βNH3 is then optimized and obtained as βNH3 =0.476. 600 

3.4.3 Presentation and comparison of model results: 601 

All the model parameters for the different cases studied are listed in Tables 4 and 5. The three 602 

approaches considered for the model made it possible to represent the production of formaldehyde 603 

and ammonia as a function of time and the cumulative masses eliminated during the tests for all 604 

assessed conditions. Here only the curves relating to Case 1-b are shown to avoid confusion (Fig. 11 605 

to 14). 606 

Table 4. Kinetic parameters of the model for the 3 cases studied 607 

 Case 1-a Case 1-b Case 2 

K01 Ea1 or H1 K01 Ea1 or H1 K01 Ea1 or H1 

Temperature 

effect 

Stage 1 3.36E+06 5.74E+04 3.36E+06 5.74E+04 1.25E+06 5.40E+04 

Stage 2 1.74E-01 4.35E+03 1.74E-01 4.35E+03 2.13E-01 2.44E+03 

Stage 3 2.77E+00 1.69E+04 2.77E+00 1.69E+04 6.29E+00 1.98E+04 

Steam ratio 

effect 

Stage 2 
- - - 

4.31E-01 

Stage 3 9.44E-02 

 608 

Table 5. Stoichiometric parameters of the model for the three cases studied 609 

 Case 1-a Case1-b Case 2 

λR 0,08 0,0313×LN(SR) + 0,0887 0,08 

α 1 1 1 

γ 0,567 0,567 0,567 



βFA 0,0882×LN(SR) + 0,2829 0,258 0,237 

βNH3 0,1632×LN(SR) + 0,5093 0,462 0,476 

 610 

The comparison of the different modeling approaches can be made by comparing the values of the 611 

sums of the error functions given in Table 6. The values of the overall errors on the production rates 612 

for the three cases are very similar (between 112 and 113). On the other hand, the difference is more 613 

marked when comparing the overall errors on the cumulative masses this time (between 5431 and 614 

7263). It seems the least efficient is Case 2, although it is the one that, from a physical point of view, 615 

is closest to reality. Nevertheless, each approach makes it possible to obtain satisfactory 616 

representations. 617 

 618 

 619 

 620 

 621 

 622 

 623 

 624 

 625 

 626 

 627 



Table 6. The comparison of the different modeling approaches done by comparing the values of the sums of the error functions. 628 

 

erfc production flow erfc cumulated masses 

Case 1-a Case 1-b Case 2 Case 1-a Case 1-b Case 2 

NH3 FA NH3 FA NH3 FA NH3 FA NH3 FA NH3 FA 

T°C T(K) SR erfc dmNH3 erfc dmFA erfc dmNH3 erfc dmFA erfc dmNH3 
erfc 

dmFA 

erfc 

mNH3 
erfc mFA erfc mNH3 erfc mFA erfc mNH3 erfc mFA 

148 421 0.25 1.09 1.58 1.11 1.86 0.32 4.66 275.23 221.27 123.01 166.82 74.91 2463.83 

148 421 0.5 0.55 1.30 0.68 1.18 0.07 0.99 137.99 310.08 256.14 187.66 8.07 160.91 

148 421 0.75 0.06 2.39 0.06 2.40 0.08 0.86 2.94 392.44 5.73 373.93 10.18 66.33 

Sum "Effect SR" 1.70 5.27 1.85 5.43 0.46 6.50 416.16 923.79 384.88 728.40 93.17 2691.07 

139 412 0.75 0.21 5.43 0.20 5.46 0.10 2.64 25.99 1343.23 27.61 1374.95 23.32 1482.13 

148 421 0.75 0.06 2.39 0.06 2.40 0.08 0.86 2.94 392.44 5.73 373.93 10.18 66.33 

155.5 428.5 0.75 0.18 6.63 0.20 6.59 0.28 10.20 68.59 474.37 91.83 445.41 60.97 285.50 

162 435 0.75 1.69 34.30 1.69 34.20 2.13 44.06 142.24 664.09 115.86 640.77 257.52 1039.01 

168 441 0.75 1.60 49.52 1.64 49.55 1.87 41.11 91.82 698.40 121.19 684.67 37.82 883.04 

Sum"Effect T" 3.74 98.27 3.78 98.20 4.46 98.86 331.58 3572.52 362.23 3519.72 389.83 3756.01 

Sum (Effect SR and T) 5.44 103.54 5.63 103.63 4.93 105.36 747.73 4496.30 747.10 4248.12 483.00 6447.08 

Global sum of error 

functions 
108.98  109.26  110.29  5244.04 4995.23 6930.08 
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Figure 11. Effect of steam ratio on cumulative masses of FA and NH3 emitted from wood waste under (a) 2.5 bar, (b) 3.5 

bar, (c) 4.5 bar, (d) 5.5 bar, and (e) 6.5 bar. 
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Figure 12. Effect of temperature on outlet flow of FA and NH3 emission from wood waste under (a) 2.5 bar, (b) 3.5 bar, (c) 

4.5 bar, (d) 5.5 bar, and (e) 6.5 bar. 
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Figure 13. Effect of steam ratio on cumulative masses of FA and NH3 

emitted from wood waste at steam ratio of (a) 0.25, (b) 0.5, and (c) 

0.75 under 3.5 bar. 
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Figure 14. Effect of steam ratio on outlet flow of FA and NH3 emission 

from wood waste at steam ratio of (a) 0.25, (b) 0.5, and (c) 0.75 under 

3.5 bar. 



4. Conclusion 723 

The effect of pressure/temperature and the steam ratio on the hydrolysis of wood waste has been 724 

investigated. It could be first noticed that an original method to analyze gas emissions under rich 725 

water vapor atmosphere by FTIR measurement has successfully been used.  726 

The hydrolysis gas products were mainly formaldehyde and ammonia, while carbon dioxide was also 727 

produced in low quantities. The evaluation of the effect of the steam ratio shows a dependence of 728 

the quantity of formaldehyde and ammonia released below 1.5 gsteam/min/gwaste. A plateau is 729 

observed for higher steam ratio values. 730 

The evaluation of the effect of the pressure/temperature couple shows that total formaldehyde 731 

emissions are independent of this factor. This point has not been experimentally demonstrated, but 732 

the numerical model based on this assumption allows to well represent the experimental evolution 733 

of ammonia.  734 

The nitrogen removal rate in the range of 33 to 70% is reached, which shows the efficiency of the 735 

hydrolysis process to remove resin from waste. Nitrogen balance shows a good correlation between 736 

nitrogen elimination calculated from gas and solid analysis highlighting the reliability of the FTIR 737 

measurement method, which also is confirmed by formaldehyde analysis using HPLC in the liquid 738 

phase. 739 

Finally, the three approaches proposed in this work for the numerical modelisation of ammonia and 740 

formaldehyde emissions according to operatory conditions give all a good fitting between 741 

experimental and calculated values. All information regarding quantification of ammonia and 742 

formaldehyde emissions as well as numerical modelization could now be used as reliable technical 743 

results to study the scale-up of such a process. 744 
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