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Abstract 

This study focused on using medium density fiberboard (MDF) effluent as a culture medium 

for Pseudomonas putida PX1 (P. Putida) for reducing volatile organic compounds (VOC) in 

pinewood. This process effluent stream is rich in wood extractives and primarily composed of 

various carbohydrates, polyphenols (lignans and stilbenes), and organic acids, particularly 

fatty and resin acids. In a first step, a general workup procedure for MDF effluent was 

developed by removing and recovering growth inhibiting substances, such as resin acids by 

centrifugation and membrane filtration, followed by recovery of valuable bioactive 

compounds, particularly lignans and stilbenes, by adsorption. Using this approach, a scalable, 

fixed-bed adsorption system packed with polyvinylpolypyrrolidone (PVPP) was developed to 

remove and selectively recover polyphenols (lignans and stilbenes) from MDF effluent. The 

capacity of the PVPP for 7-hydroxymatairesinol (HMR) as a model lignan was determined as 

37.4 mg g−1 at 1% breakthrough. However, highly polar substances, such as sugars, sugar 

alcohols, small organic acids, and salts, were not retained on the column and remained in the 

flow-through for further use as a cultivation medium for P. putida, a VOC degrading soil 

bacterium. P. putida was successfully cultivated in this residual carbohydrate rich effluent 

stream. It was shown that a wide range of substrates in the effluent stream in addition to C5- 

and C6-sugars, such as glycerol, acetate, succinate, and citrate, were efficiently metabolized 

without adding other nutrients. In a further step, P. putida cultures were applied to pinewood 

strands, markedly reducing VOC. To address requirements for industrial fiberboard 

production, the potential for seasonally varying MDF effluent in a year-round cultivation 

process of P. putida to reduce VOC in pinewood strands was investigated Seasonal variations 

with abundant fermentable carbon sources during colder periods and few carbon sources 

during warmer periods were observed across four years. VOC reduction in pinewood strands 

with P. putida after mixed substrate fermentation under controlled conditions showed very 

promising results for industrial application. Total VOC (TVOC) emissions decreased by more 

than 55% in only 3 h. Most aldehydes and terpenes were effectively reduced by 67%–100%, 

except for Δ-3-carene and α-terpinolene, which decreased by 20%–22%. Combined, our 

results identify a promising approach to reuse the currently unused MDF effluent stream in a 

year-round biotechnological process to produce VOC-reduced wood products, such as 

oriented strand boards (OSB). 
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AgBB Ausschuss zur gesundheitlichen Bewertung von 

Bauprodukten  
Approx. Approximately 
BOD Biological oxygen demand 
CFU Colony-forming units 
COD Chemical oxygen demand 
e.g. Exempli gratia – for example 
END Enterodiol 
ENL Enterolactone 
EU European Union 
GHS/LPC Globally harmonized system of classification, labeling and 

packaging of chemicals 
h Hour 
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HPLC/DAD High-performance liquid chromatography with diode-

array detection 
HPSEC High-pressure size exclusion chromatography 
i.e. Id est – that is 
IC Ion chromatography 
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MDF Medium density fiberboard 
MPLC Medium pressure liquid chromatography 
MWD Molecular weight distribution 
n sample size (natural number) 
OD 600 Optical densities measured at a wavelength of λ=600 nm 
OSB Oriented strand boards 
P. Putida Pseudomonas putida PX1 (NCIMB 10684) 
PHA Polyhydroxyalkanoates 
pO2 Partial pressure of oxygen 
PVPP-RS Polyvinyl polypyrrolidone - Regenerable 
SEM Scanning electron microscopy 
sp. Species 



 
 

SPE Solid-phase extraction 
SPME Solid-phase microextraction 
SSE Stuffing screw effluent 
SVOC Semi volatile organic compounds 
TD Thermo desorption 
TMP Thermomechanical pulp 
TOC Total organic carbon 
TVOC Total volatile organic compounds 
UV Ultra violet 
VFA Volatile fatty acids 
VOC Volatile organic compounds 
VVOC Very volatile organic compounds 
WHO World health organization 
λ Wavelength  
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1. Introduction  

Wood processing industries must deal with various raw material streams, particularly in 

wood-based panel production. Producing medium density fiberboard (MDF) is very water-

intensive with approx. 1,400 L/m³ fiberboard according to Wilson (2010), leading to large 

amounts of process effluent originating primarily from pretreatment by squeezing out steam-

pretreated softwood chips. Raw material variability and subsequent effluent streams require 

flexible solutions with constant monitoring to ensure process stability and meet regulatory 

limits for disposal or reuse. Biological wastewater treatment (active sludge treatment) 

provides a flexible and continuously adaptable microbial consortium to lower 

chemical/biological oxygen demand (COD/BOD), as well as volatile organic compounds (VOC) 

from waste air streams in MDF production (Portenkirchner et al., 2003). Following additional 

processing steps, particularly membrane filtration and reverse osmosis, the effluent stream 

can be reused in the process, but is laborious and costly without exploiting effluent for 

additional benefits. MDF process effluent is mainly composed of various carbohydrates, 

polyphenols (lignans and stilbenes), and organic acids, particularly fatty and resin acids. 

Recovering valuable compounds from unused process streams can reduce the organic carbon 

load, resulting in a lower oxygen demand during biological treatment and thus lowering 

treatment costs. Polyphenols are of great interest due to their antioxidant effects, such as 

scavenging reactive oxygen species and thus have potential as cancer-protecting substances 

(Deyama and Nishibe, 2016). Lignans are present in different softwood species, such as 

spruce, fir, pine, and larch, where they are mainly concentrated in the knots (Holmbom et al., 

2003) and are considered important phytoestrogens as they exhibit a variety of biological 

activities when metabolized to the mammalian lignans enterolactone (ENL) and enterodiol 

(END) by intestinal bacteria (Yoder et al., 2014). Recovery of polyphenols from MDF effluent 

is challenging due to the complex matrix and low concentrations of valuable target 

substances, such as lignans and stilbenes. Traditionally, the primary goal when handling 

wastewater from pulping and biomass processing industries was solely to decrease 

chemical/biological oxygen demand (COD/BOD) and eliminate toxic substances with minimal 

cost. A key aspect of improving overall sustainability for the industry is direct reuse of effluent 

(Ashrafi et al., 2015). The current literature focuses more on utilizing effluent streams, for 

instance, by fermentation. Specific microorganisms can use multiple carbon sources to 
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produce a desired product, while simultaneously reducing COD/BOD. For example, acidogenic 

fermentation of pulp mill effluents can be the initial step for generating 

polyhydroxyalkanoates (PHA) by producing volatile fatty acids (VFA) (Bengtsson et al., 2008). 

A vast number of Pseudomonas species are ubiquitous in soil and water and can adapt to 

challenging environments, including adverse conditions, such as high and low temperatures 

and poor nutrient availability. Further, pseudomonads are known for their ability to 

metabolize a wide range of substrates, such as hydrocarbons, aromatic compounds, and 

terpenes (Mirpuri et al., 1997, Poblete-Castro et al., 2012, Yoo et al., 2001). Some 

Pseudomonas species can metabolize aldehydes and terpenes in liquid culture (Bicas et al., 

2008; Cheng et al., 2013; Kleinheinz et al., 1999) and pinewood strands (Widhalm et al., 2016). 

α-Pinene, the major terpene in pinewood (Kleinheinz et al., 1999), is classified as an irritant 

and hazardous to the environment, according to the Globally Harmonized System of 

Classification, Labeling, and Packaging of Chemicals (GHS/LPC). Large amounts of wood 

products made from pinewood in buildings, such as oriented strand board (OSB), can 

deteriorate indoor air quality due to elevated concentrations of aldehydes and terpenes, 

whereby chronic exposure to these VOC may lead to “sick-building-syndrome” (Makowski 

and Ohlmeyer, 2006; Wilke et al., 2013). While terpenes are naturally occurring in softwoods 

originating from wood resin, most aldehydes, such as hexanal, octanal, nonanal, and their 

related unsaturated derivatives are emitted as secondary VOC, stemming mainly from the 

autoxidative cleavage of unsaturated fatty acids. Therefore, these secondary emissions show 

a delayed release, which is important for storage conditions and further use (Makowski et al., 

2005). For unsaturated aldehydes, starting from 2-butenal up to 2-undecenal, very low EU-

LCI (lowest concentration of interest) values were derived in 2015 and remain under 

discussion in 2021 for incorporation in the German AgBB scheme (AgBB, 2015; AgBB, 2021). 

Developing and implementing innovative VOC reduction strategies is crucial for complying 

with these requirements. 

In this thesis, a sustainable process reusing MDF effluent as a cultivation medium for VOC 

degrading bacteria and subsequent application of these bacteria to reduce emissions in 

pinewood was developed. Valuable fractions, such as lignans and stilbenes, were recovered 

by adsorption before cultivation. Industrial applicability of the process was emphasized by 

optimizing cultivation conditions in mixed substrate fermentation and reducing treatment 

times of pinewood strands while aiming to effectively reduce VOC emissions. 
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2. State of the art 

2.1. MDF effluent treatment and reuse 

MDF is widely used in furniture, laminate flooring, door panels, and drawer fronts and 

provides excellent substrate for paintings, foils, or wood veneers. In 2020, MDF accounted 

for approximately 21% (12 million m³) of the total wood-based panel production in EU27, UK, 

and EFTA, according to the annual report of the European Panel Federation (2021). 

In general, MDF is created by breaking down debarked wood logs into wood chips that are 

further refined into fibers. These wooden fibers are mixed with resin and undergo pressure 

and high temperatures to form panels. Wood chips are pretreated with steam to facilitate 

refining by softening lignin in the middle lamella while avoiding degradation of structural 

lignin and cellulose. McDonald et al. (2000) found by analyzing screw press effluent from an 

MDF plant that effluent mainly contained low molecular sugars and low amounts of degraded 

lignin. During thermomechanical pretreatment, a large effluent stream is generated by 

squeezing water out of the steam-pretreated wood chips that is rich in total organic carbon 

(TOC) and contains various carbohydrates, polyphenols, and organic acids. The latter include 

colloidal fatty and resin acids stabilized by hemicelluloses and various cations (Otero et al., 

2000). After removing particles, resin, and fatty acids by sedimentation and flocculation or 

flotation, biological wastewater treatment (active sludge treatment) provides a flexible and 

continuously adaptable microbial consortium to lower chemical/biological oxygen demand 

(COD/BOD), as well as VOC from waste air streams in MDF production (Portenkirchner et al., 

2003; Wagner, 2000). After additional processing steps, particularly membrane filtration and 

reverse osmosis, the effluent stream can be reused in the process, but is laborious and costly 

without exploiting the effluent for additional benefits. Different approaches to valorize MDF 

effluents or similar effluents from pulp mills or thermomechanical pulp (TMP) processes have 

been investigated, but have not yet been established at scale. For example, methane 

production by anaerobic digestion of TMP wastewaters was recently demonstrated by Gao et 

al. (2016) in a hollow fiber-submerged anaerobic membrane bioreactor and was successfully 

applied to MDF, according to Arias et al. (2020). Dessì et al. (2018) revealed hydrogen 

production from TMP wastewaters by dark fermentation preferably at high temperatures is 

possible. An innovative approach for converting carbohydrates to electricity using pulping 
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industry wastewater in a microbial fuel cell using Pseudomonas fluorescens as the primary 

energy-producing bacterium was published by Kaushik and Jadhav (2017). Furthermore, VFA, 

a substrate for polyhydroxyalkanoates (PHA) production (Queiros et al., 2014), can be 

produced from pulp mill effluents by acidogenic fermentation (Ben et al., 2011; Bengtsson et 

al., 2008). 

 

2.2. Polyphenols  

Polyphenols are of great interest due to their antioxidant effects, such as scavenging reactive 

oxygen species, and thus offer potential cancer-protecting substances (Deyama and Nishibe, 

2016). Lignans are considered among phytoestrogens, exhibiting a variety of biological 

activities when metabolized into mammalian lignans enterolactone (ENL) and enterodiol 

(END) by intestinal bacteria (Yoder et al., 2014). Phytoestrogens are weak estrogens found in 

plants, which are structurally similar to endogenous estrogens, but show both estrogenic and 

anti-estrogenic effects (Adlercreutz et al., 1992). Currently, lignans and their promoted health 

benefits are attracting significant research interest. Yeung et al. (2020) used quantitative 

analysis of approximately 10,700 lignan-based publications starting from 1970 to reveal 80% 

were published after the year 2000 and 50% after 2010. Lignans are used in different research 

fields concerning human health, such as colon, breast, prostate, and intestinal cancers, as well 

as menopausal syndromes and cardiovascular disease (Landete, 2012). For example, Qu et al. 

(2005) showed lignans contribute to antitumor activity of wheat bran in colon cancer SW480 

cells and treatment with END or ENL, as well as their combined treatment, led to reduced cell 

numbers. Moreover, a meta-analysis of 21 studies (Buck et al., 2010) exploring the effects of 

lignans and enterolignans on breast cancer risk found high lignan intake of postmenopausal 

women was associated with significantly lower risk of breast cancer. This was, however, not 

applicable for all women participating in these studies. Given the mechanisms behind the 

anticarcinogenic effects of END and ENL are not yet fully understood, more research is needed 

to develop methods for treating and preventing cancer using lignans. Bylund et al. (2005) 

showed that HMR, the main lignan from purified Norway spruce (Picea abies) knot extracts, 

significantly inhibits growth of lymph node carcinoma in prostate cancer xenografts in mice. 

These results corroborate with a previous study using lignan-rich diets (Bylund et al., 2000), 

confirming the biological activity of lignans. The lignan nortrachelogenin can provoke prostate 
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cancer cells to produce tumor necrosis factors, related to apoptosis-inducing ligands, while 

not triggering the non-malignant prostate cell line (Peuhu et al., 2013). More information on 

structure, source, isolation, and bioactivity of lignans and their glucosides can be found in the 

review published by Teponno et al. (2016) containing information from over 200 peer-

reviewed articles from 2009–2015. Stilbenes, such as resveratrol and pinosylvin and their 

derivatives have also received increasing interest due to their antioxidant (Stojanović and 

Brede, 2002), antibacterial, and antifungal properties (Lee et al., 2005). Cancer 

chemopreventive/anti-inflammatory (Park et al., 2004; Park et al., 2013) and antioxidant 

(Fang et al., 2002) effects of pinosylvin in cancer cells, as well as the protective effects of 

pinosylvin in human retinal pigment epithelial cells against oxidative stress (Koskela et al., 

2014), have also been reported. 

 

Polyphenols are typically obtained by extracting different plant materials, such as fruits, 

herbs, vegetables, bark, or knot wood with a polar solvent (Rajbhar et al., 2015). Flaxseed, 

sesame seed, sunflower seeds, and cereals, such as rye and wheat, are commonly used due 

to their high polyphenol content and availability. Recovering polyphenols from effluents has 

the advantage of using target substances already extracted, but usually the concentration is 

quite low and dealing with large amounts of diluted effluent streams with complex 

composition is challenging. Valorization of wood hydrolysate from TMP, fractionating 

hemicelluloses, aromatic compounds, and extractives has previously been investigated in 

several research papers together with filed patents (Al Manasrah et al., 2012; Persson et al., 

2010; Sundberg et al., 2002). Recently, a membrane process with consecutive ultra- and nano-

filtration steps to obtain lignin- and lignan-enriched fractions from TMP-effluent were 

developed (Villain-Gambier et al., 2020). Lignans are present in different softwood species 

such as fir, pine, and larch, where they are mainly concentrated in the knots (Holmbom et al. 

2003). HMR is the predominant lignan (70%–85%) in Norway spruce (Picea abies) knots with 

lignan content between 6% and 24% (Willför et al., 2003a) and various lignans up to 3% have 

been found in pine knots (Pinus spp.) (Willför et al., 2003b). Additionally, pinosylvin stilbenes 

were found in pine heartwood/living knots (0.2%–2% and 2%–8%) (Hovelstad et al., 2006). 

Eckerman and Holmbom (2004) developed and patented a process called ChipSep to separate 

knots from normal wood, enabling the industrial production of HMR from knots. The Swiss 

company Linnea SA (Riazzino, Switzerland) has been producing HMR as potassium acetate 
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adduct from Norway spruce (Picea abies) knots at large scale as a dietary supplement (Korte 

et al., 2014). Dietary supplements comprising HMR, flaxseed, or sesame lignans are currently 

marketed in the US by retailers including Products Development LLC (Chandler, AZ, USA). 

 

2.3. VOC  

VOC, in general, are defined by a low boiling point and high vapor pressure. VOC are divided 

into subgroups starting from very volatile organic compounds (VVOC) to VOC and up to semi 

volatile organic compounds (SVOC), according to the WHO (1989). While the subgroups 

appointed by the WHO (1989) are defined within specific boiling point ranges, the European 

Collaborative Action (ECA 1997) defined retention time (RT) ranges following separation on a 

non-polar GC-column limited to specific substances: VVOC:RT < C6 (n-hexane); VOC:RT range 

between C6 and C16 (n-hexadecane); and SVOC: RT range between C16 and C22 (n-

docosane). The definition by the ECA (1997) is used by the Committee for Health-related 

Evaluation of Building Products (AgBB) in the actual German AgBB (2021) scheme and in VOC 

testing methods, such as DIN ISO 16000-6 (2010). Emission limits for single substances are 

sourced from LCI values and, for the actual AgBB (2021), most LCI values are adopted from 

LCI values published by the European Commission subgroup on EU-LCI values (agreed EU-LCI 

values (December 2021)). In particular, for unsaturated aldehydes, starting from 2-butenal up 

to 2-undecenal, very low EU-LCI values were derived in 2015 and in 2021 are still considered 

for incorporating into the German AgBB scheme (AgBB, 2015; AgBB, 2021). 

 

2.4. VOC emissions from wood 

The major VOC emitted from softwoods are aldehydes and terpenes, while hardwood 

emissions consist mainly of aldehydes and organic acids (Roffael 2006, Risholm- 

Sundman et al. 1998, Paczkowski et al. 2013). Terpenes are comprised of approximately 85%–

98% of TVOC emissions, depending on the wood species, with spruce (Picea abies) and larch 

(Larix decidua) on the lower and scots pine (Pinus sylvestris) on the higher end (Englund and 

Nussbaum, 2000; Steckel et al., 2010; Wajs et al., 2007). The mayor terpenes in softwood, 

particularly pine, are α-pinene and Δ3-carene and, to a lesser extent, β-pinene, terpinolene, 

camphene, and limonene (Harman-Ware et al., 2016; Risholm-Sundman et al., 1998). 

Terpenes were found as primary emissions that are naturally occurring substances originating 
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from resin, whereas aldehydes are secondary VOC emissions formed mainly from 

autoxidation of unsaturated fatty acids. Aldehyde emissions initially increase and decrease 

over a long period, while terpene emissions continuously decrease from day 0 (Butter and 

Ohlmeyer, 2021; Makowski and Ohlmeyer, 2006). Engineered wood products, especially with 

thermal treatment during production, e.g., hot pressing, differ in their emission behavior 

compared with unprocessed wood. Multiple studies investigating VOC emissions from OSB 

found increased shares of aldehydes several weeks after production. Shortly after production, 

terpenes were the dominant substance group, but increasing amounts of aldehydes may be 

due to oxidation of unsaturated fatty acids, accelerated during manufacturing (Makowski et 

al., 2005; Salthammer et al. 2003; Wilke et al., 2013). 

 

2.5. Reduction approaches for VOC 

Numerous strategies have been developed to lower total VOC emission levels and reduce the 

negative impacts on indoor air quality and consequently human health. In addition to 

microbial reduction, several other approaches to reduce VOC emissions have been reported, 

including thermal reduction strategies such as heat treatment of pinewood (Manninen et al., 

2002) and particleboards (Jiang et al., 2017), thermal degradation of terpenes (McGraw et al., 

1999), and elevated storage temperature within wood chips for pellet production (Gabriel et 

al., 2015). Chemical degradation of terpenes from pinewood with sodium carbonate, sodium 

sulfite, sodium hydroxide, and mixtures of these substances has also been investigated by 

Roffael et al. (2015). Qin et al. (2020) compared VOC emissions from pine (Pinus radiata) 

following treatment with either sodium bicarbonate or aqueous ozone solution. Furthermore, 

studies have explored biodegradation and biotransformation with different fungi in liquid 

culture (Lee et al., 2015; Qi et al., 2002) and reduced VOC from waste gases with biofilters 

containing fungi (Jin et al., 2006; Van Groenestijn and Liu, 2002). Furthermore, Agrawal and 

Joseph (2000) described fungal bioconversion of α-pinene by Aspergillus niger and Stratev et 

al. (2011) successfully treated pinewood (Pinus sylvestris) with Ophiostoma piliferum, 

reducing aldehyde emissions and precursors. Kallioinen et al. (2003) and Burnes et al. (2000) 

further showed bacteria, mostly different Pseudomonas species, isolated from spruce (Picea 

abies) and pine (Pinus sylvestris) wood chips can degrade fatty acids and resin acids, which are 

aldehyde precursor substances, in liquid solution and on wood chips. Based on preliminary 
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work to this thesis, Stratev et al. (2015) used effluents, including a natural microbial 

consortium, from wood processing industries to reduce aldehydes within pinewood and found 

complete removal of aldehydes after five weeks. Pseudomonas was part of this microbial 

consortium, as well as Klebsiella and Bacillus. Recently, Widhalm et al. (2018) showed 

pretreating pinewood strands with a mixed culture of Pseudomonas and the ascomycete 

Penicillium nigricans significantly reduced α-pinene, β-pinene, and Δ3-carene emissions from 

OSB. 
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3. Research issues and goals 

MDF is widely used in furniture, laminate flooring, door panels, and drawer fronts. During 

thermomechanical pretreatment, a large effluent stream rich in TOC containing various 

carbohydrates, polyphenols, and organic acids is generated. This effluent stream requires 

expensive treatment before disposal, the potential of which remains unused. Therefore, the 

main goal of this thesis was to develop a reuse scenario for MDF effluent and leverage its full 

potential as a sustainable, environmentally benign process. At the production site of the MDF 

plant, OSB are also manufactured and are frequently used as indoor construction elements. 

Here VOC reduction is explored, as exposure limits concerning VOC emissions (TVOC, LCI) are 

continuously lowered. Therefore, this research focused on valorization of MDF effluent by 

recovering valuable substances and reusing the stream in a biotechnological VOC reduction 

approach for pinewood strands, which can be used in OSB manufacturing. 

 

After thoroughly characterizing MDF effluents, polyphenols, namely lignans and stilbenes, 

were identified as valuable substances due to their antioxidant and potential cancer-

protecting properties. The first challenge was to address the large amounts of diluted process 

effluents that contain only small amounts of polyphenols (50–100 mg l−1). Using technical 

implementation, a scalable fixed-bed adsorber for recovering lignans and stilbenes, which can 

be regenerated, was successfully developed. Carbohydrate rich flow-through after adsorption 

served as a starting point for biotechnological VOC reduction (Lindemann et al., 2020a, 

Publication 1). 

 

The next step involved cultivating VOC reducing bacteria, particularly P. putida, in MDF 

effluents after polyphenol adsorption to subsequently reduce VOC in pinewood strands. P. 

putida can metabolize a wide range of substances in MDF effluents, yielding sufficient biomass 

for distinct VOC reduction when applied to pinewood strands following a short adaption step 

with a model terpene. Pre-cultivation of P. putida in carbohydrate rich MDF effluents and 

subsequent VOC reduction showed comparable results to pre-cultivation in synthetic M9 

minimal medium (Lindemann et al., 2020b, Publication 2). 
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Monitoring MDF effluents for four years revealed seasonal variability, in particular sugar 

quantity, that required adjusted amounts of N-source for optimized biomass production. For 

industrial application, year-round, stable cultivation processes and short treatment times of 

wood strands are essential. Cultivation conditions for P. putida in MDF effluents were thus 

optimized for nitrogen demand in shake flask experiments and cultivation conditions in a 

batch bioreactor with controlled pH, stirring, aeration, and off-gas analytics. These 

optimizations drastically reduced treatment times of pinewood strands and the adaption 

phase (Lindemann et al., 2022, Publication 3). 
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4. Materials and Methods 

All experiments conducted and methods used in this thesis are detailed in the following 

materials and methods section. Further detail is available in the associated published articles, 

which are referenced at the end of each paragraph [P1, P2, P3]. 

 

4.1. Analysis and work-up of MDF effluent 

Origin of MDF effluents  

MDF effluents were sampled monthly from an MDF plant in Wismar, Germany (Egger 

Holzwerkstoffe Wismar GmbH & Co. KG) for four years (04_2017-04_2021). Briefly, the MDF 

process involves steaming of wood chips at approximately 120°C at elevated pressure, 

followed by squeezing water out of the steamed wood chips using a stuffing screw. This 

stuffing screw effluent (SSE) was then diluted by a steam condensate, yielding the MDF 

effluent. Spruce (Picea Abies) and pine (Pinus Silvestris) are primarily used for MDF production 

at the Wismar plant. Softwood comprises more than 90% of the wood mix, but a precise 

composition cannot be assigned to sampled batches because only rough daily averages are 

available [P1, P2, P3]. 

 

Work-up procedure for MDF effluent  

Fibers and non-colloidal particles were removed from MDF effluents via centrifugation. 

Tangential flow membrane filtration, using a 30-kDa cut-off membrane cassette, was then 

performed to remove colloidal particles, resin, and fatty acids. Centrifuged and filtrated 

effluents were then loaded onto a medium pressure liquid chromatography (MPLC) column 

filled with regenerable PVPP-RS. Flow-through containing unbound substances was collected 

and the loading procedure was stopped prior to polyphenol breakthrough that were then 

eluted with methanol (described later), followed by column recalibration. The complete 

production scheme and product streams are shown in Figure 1 [P1, P2, P3]. 
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Analysis of carbohydrates in MDF effluent  

Sugars and sugar alcohols in different process effluent samples were determined by high-

performance anion-exchange chromatography with pulsed amperometric detection (HPAEC-

PAD) Separation: Isocratic elution in water with post-column addition of base for PAD. Sugars 

were quantified by calibrating peak areas with authentic standards. Sugar alcohols were not 

adequately separated with this method. A sum parameter was thus, defined by quantifying 

sugar alcohols as an equivalent to pinitol (the predominant sugar alcohol identified in process 

effluents). This fraction primarily represented sugar alcohols as confirmed by gas 

chromatography coupled with mass spectrometry (GC/MS) as an orthogonal method. Column 

eluates of five consecutive injections were pooled, freeze-dried, derivatized (silylation), and 

analyzed by GC/MS. Sugar alcohols were identified by mass spectra using commercial mass 

spectral libraries and quantified as percentages of total peak area [P2, P3]. 

 

Anion, cation, and organic acid analysis 

Inorganic ions and organic acids in process effluent samples were determined by ion 

chromatography equipped with conductivity detectors and an autosampler for simultaneous 

injection into both anion and cation columns via two sample loops. All ions were quantified 

by peak area calibration using authentic standards for chloride, nitrate, sulfate, phosphate; 

acetate, propionate, formate, succinate, citrate; sodium, ammonium, potassium, magnesium, 

and calcium [P2, P3]. 

  

 

Figure 1:  Process scheme of integrated biorefinery concept for MDF process waters (Lindemann et al., 

2020a). 
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COD of MDF effluent analysis 

According to DIN ISO 15705 (2002), COD of MDF effluents was performed directly at the MDF 

plant in Wismar, Germany (Egger Holzwerkstoffe Wismar GmbH & Co. KG). To facilitate 

comparison with other substances, COD is represented in g/L rather than conventional mg/L 

[P3]. 

 

Scatterplots, histograms, and correlation coefficients  

OriginPro was used to plot scatterplots and histograms. For Spearman's correlation 

coefficient, data were ranked (average rank) and calculated according to the following 

equation (Dodge, Y. 2008b):  =  1 −  ∑   (   )  ,      

 Where  denotes the difference between the two ranks of two different observations and 

n represents the number of observations. The partial Spearman’s correlation coefficient was 

calculated using the following equation (Dodge, Y. 2008a): 

 

,  =  : ,   ( : ,  × : , )  : ,  ×   : , ,     

where :(x,y; x,z; y,z) represents the Spearman’s correlation coefficient between two 

variables (x,y; x,z; y,z) whereby x,y denote variables to correlate and z represents the control 

variable [P3]. 
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4.2. Adsorption and recovery of polyphenols 

PVPP-RS particle size and shape analysis 

Particle size measurements of PVPP-RS were conducted using laser diffraction in liquid 

suspension. The analyzed light energy data referred to a sphere with the same volume as the 

measured particle, yielding a diameter of an equivalent sphere. The derived distributions 

were volume/mass distributions and calculated means D[4,3] were volume/mass moment 

means (De Brouckere mean diameter). Particle shape and size were also examined by 

scanning electron microscopy. Samples were sputter-coated before analysis [P1]. 

 

pH optimization of polyphenol adsorption  

HMR was dissolved in pH 3, 5, 7, and 9 buffer solutions and loaded onto self-packed solid-

phase extraction (SPE) cartridges filled with PVPP-RS. Equilibration, loading, washing, and 

elution of SPE cartridges were performed at ambient temperature. Equilibration and washing 

were performed with respective buffers and elution was performed with methanol. HMR 

concentration in the collected fractions was determined by UV absorption at a λ = 280 nm 

wavelength in a spectrophotometer. For calibration, HMR solutions were separately prepared 

for each pH in their respective buffer [P1]. 

 

PVPP-RS polyphenol capacity 

A Ø 50-mm MPLC was filled with PVPP-RS after swelling in H2O and removing fine material. 

The slurry was transferred into the column and the column bed was packed using an MPLC-

system. To plot a breakthrough curve, column flow-through was monitored using a 

preparative UV detector. HMR was used as a lignan model substance and column 

breakthrough was monitored at λ = 280 nm. An HMR solution with neutral pH was loaded 

onto the column until complete breakthrough was achieved. Adsorbed HMR was eluted with 

methanol. Column capacity was calculated based on the area under the breakthrough curve 

using numeric integration [P1]. 

 

Polyphenol adsorption and recovery 

Two columns of different sizes, Ø 25 mm and Ø 80 mm, were used for MDF effluent 

adsorption. Flow rates up to 15 ml min−1 for the smaller column and 60 ml min−1 for the larger 
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column were applied. An MPLC setup with two pumps, a preparative UV detector (λ = 280 

nm), and a fraction collector was used for loading, elution, and monitoring adsorption. After 

loading the column with MDF effluent, a washing step with dilute acid was performed until 

UV absorption at 280 nm decreased to starting values. Gradient elution of polyphenols was 

performed with methanol and dilute acid. The collected polyphenol fractions were analyzed 

by GC/MS and high-performance liquid chromatography with diode-array detection 

(HPLC/DAD). After elution, columns were washed with base and acid, then recalibrated with 

dilute acid. To ensure polyphenols were completely retained in the column, some of the 

collected fractions during the adsorption process were extracted using a non-polar solvent 

and extracts were analyzed by GC/MS after derivatization (silylation). The collected 

polyphenol fractions were also characterized in the same manner by GC/MS after 

derivatization. For sugars and sugar alcohols, fractions were freeze-dried rather than 

extracted before derivatization (silylation). Substances were identified using commercial 

mass spectral libraries. Peak areas in total ion chromatograms were quantified as equivalents 

of internal standard (ISt) heneicosanoic acid for substances with a RT of <21 min, while betulin 

was used for substances with a RT of >21 min, including lignans. Pinosylvin monomethyl ether 

was additionally confirmed via HPLC RT and UV (DAD) spectrum compared with an authentic 

standard using a reversed-phase column [P1, P2, P3]. 

 

4.3. P. Putida Cultivation 

Microorganism, medium preparation, growth conditions  

Pseudomonas putida NCIMB 10684 (P. putida), was obtained from the National Collection of 

Industrial, Food, and Marine Bacteria (Aberdeen, Scotland, UK) and maintained in Petri dishes 

on Standard Nutrient Agar No. 1. This strain was selected due to its superior ability to degrade 

α-pinene at a relatively low optimal temperature according to public databases (Widhalm et 

al., 2016). P. putida was grown at an optimal temperature of 25°C in sterilized M9 minimal 

salts medium in sealed Erlenmeyer flasks (Widhalm et al., 2018) to obtain a liquid phase 

culture for further tests. Each flask was also supplemented with MgSO4, trace elements 

solution, and glucose and the resulting medium was used for subsequent tests. For all 

experiments, 1 mL of pre-culture was inoculated into additional flasks for cultivating various 

media. 
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By measuring optical density (OD600) on a spectrophotometer, bacterial growth was 

determined according to Cheng et al. (2013). The number of colony-forming units (CFU) was 

determined per mL of suspension (CFU mL−1). A serial dilution of bacterial suspension was 

made with 0.9% aqueous NaCl for this purpose, streaked out on agar plates, incubated at 

25°C, and counted after 24–48 h [P2, P3]. 

 

P. putida growth experiments  

The presence of inhibiting substances and bioavailable carbon sources [P2] other than 

monosaccharides in MDF effluents were examined with P. putida liquid cultures in original 

MDF effluent after removing fibers and colloids, before polyphenol adsorption, and during 

flow-through of the polyphenol adsorption column without adding other nutrients. The 

original MDF effluent or column flow-through were sterilized before inoculation, but pH 

remained unadjusted and varied from 5.6 to 7.0. 

 

Growth of P. putida on individual carbon sources present in MDF effluent [P2] 

Myo-inositol, citrate, acetate, succinate, glycerol, and xylitol were tested as individual carbon 

sources. MgSO4 and trace element solution were added to all flasks and three out of six flasks 

were further supplemented with glucose. Bacterial growth was determined by measuring 

optical densities at a wavelength of λ = 600 nm (OD 600) using a spectrophotometer. 

 

Optimized biomass production for availability of nitrogen sources [P3] 

Carbohydrate rich MDF effluent was used in either its native form or supplemented with 

ammonium chloride as a nitrogen source. Additionally, MDF effluent with low amounts of 

available carbon sources was used in its native form or supplemented with either glucose or 

both glucose and ammonium chloride. Samples were taken at the beginning of cultivation 

and after 24 h to determine biomass (OD 600) and media composition [P2, P3]. 

 

Batch fermentation 

Batch fermentation was performed in a glass bioreactor with a total volume of 6 L together 

with a combined carbon dioxide/molecular oxygen (CO2/O2) analyzer. A carbohydrate rich 

MDF effluent was used for batch fermentation. Airflow rate remained constant (high) until 
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the conditioning phase. Stirrer speed, temperature, and pH also remained constant 

throughout batch fermentation and conditioning phases. Partial oxygen pressure (pO2) was 

measured online using a sensor based on oxygen-dependent luminescence quenching. A 

conditioning phase with a model terpene (α-pinene) was applied after 24 h batch 

fermentation. During this conditioning phase, airflow rate decreased and the exhaust gas 

cooler cooled down to minimize α-pinene losses from evaporation. [P3] 

 

4.4. VOC reduction within pinewood  

Pinewood treatment with P. putida and VOC sampling 

Pinewood strands were obtained from Fritz Egger GmbH (Wismar, Germany) and moisture 

content was unadjusted (100% ± 10% [wwater/wdry wood]). For pinewood treatment with P. 

putida, pre-cultures grown in M9 medium or various MDF effluents were first conditioned for 

terpene degradation by adding small amounts of model terpene (α-pinene) and further 

incubated for 24 h. Conditioned bacterial cultures were then used to inoculate crushed fresh 

pinewood strands. Emission tests of pinewood strands under laboratory conditions were 

initially performed in headspace vials, then in μCTE™ microchambers. In general, crushed 

pinewood strands were inoculated with conditioned P. putida pre-culture by applying liquid 

cultures to strands with a 1 ml/g ratio and incubating at 25°C ± 2°C (Widhalm et al., 2018). 

Unsterile strands moistened with tap water served as controls. For detailed evaluation of 

volatile substances, further experiments were performed in microchambers. A microchamber 

consisted of six parallel cells each with a volume of 48 cm3 arranged in a heating block with a 

constant flow of approximately 50 ml/min. Crushed pinewood strands were weighed into 

Erlenmeyer flasks, inoculated with bacterial solution, and incubated for defined treatment 

times. Strands were then heat treated overnight, cooled in a desiccator, and put into μCTE™ 

microchambers. Emissions were adsorbed on Tenax®Ta tubes and measured via 

thermodesorption (TD) connected to GC/MS [P2, P3]. 

 

Analysis of VOC emissions 

Wood samples in headspace vials were analyzed for volatilized compounds by solid-phase 

microextraction and subsequent gas chromatography–mass spectrometry (SPME/GC–MS) 

(Stratev et al., 2015). Cyclodecane, dissolved in methanol, served as an ISt and added to 
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headspace vials immediately before analysis. VOC was adsorbed on a SPME fiber inserted 

through the septum into the vial at an elevated temperature. Temperature program and 

other separation parameters were set according to Stratev et al. (2015). TenaxTa tubes were 

analyzed following DIN ISO 16000-6 (2010) using a TD-unit connected to a GC/MS system [P2, 

P3]. 

 

5. Summary of scientific publications 

In the first publication: “Selective recovery of polyphenols from MDF process waters by 

adsorption on a macroporous, cross-linked pyrrolidone-based resin“ (Publication 1), a work-

up procedure for MDF effluent to remove fibers and growth inhibiting substances as well as 

to fractionate and recover valuable substances was developed. The focus in this publication 

was laid on the development of a scalable, fixed-bed adsorption system for the removal and 

selective recovery of polyphenols (lignans and stilbenes) from MDF effluent. Before 

adsorption, fibers and non-colloidal particles were removed from the effluent by 

centrifugation and a tangential flow membrane (30-kDa cut-off) filtration was carried out to 

remove colloidal particles, resin and fatty acids. Polyphenols were then isothermally 

adsorbed on a MPLC column packed with PVPP-RS, a regenerable macroporous, cross-linked 

pyrrolidone-based resin. The capacity of PVPP-RS for HMR as a model lignan was determined 

to be 37.4 mg g−1 at 1% breakthrough. pH-optimization of the adsorption process, conducted 

on a smaller scale using self-packed SPE cartridges, showed that the fraction of HMR bound 

to PVPP is decreasing with increasing pH. Best results were thus obtained at the lowest tested 

pH (3). However, at pH 5 and 7 still more than 90% of HMR were adsorbed. Loading at slightly 

acidic pH and subsequent gradient elution of polyphenols with methanol were monitored at 

λ =280 nm, and elution conditions for selective polyphenol recovery from MDF effluent were 

optimized based on GC/MS analyses of the obtained fractions. Lignans were eluted in 

successive fractions containing the individual lignans in different proportions, followed by a 

pinosylvin fraction. Highly polar substances such as sugars and sugar alcohols, however, were 

not retained on the column and remained in the flow-through. Brown deposits accumulating 

at the top of the column over time were largely but not completely removed by regeneration 

of the column with NaOH, followed by formic acid. The majority of brown deposits was 

recovered in the NaOH eluate and most likely represented polymerized aromatics such as 



19 
 

lignin oligomers as supported by molecular weight distribution (MWD) analyses by means of 

alkaline high-pressure size exclusion chromatography (HPSEC). The potential of crosslinked 

pyrrolidone-based (PVPP) resins for the selective adsorption and recovery of valuable 

polyphenols, particularly lignans from MDF process effluents using a fixed bed adsorber, was 

successfully demonstrated.   

The second publication:” An integrated process for combined microbial VOC reduction and 

effluent valorization in the wood processing industry” (Publication 2) focused on the 

utilization of pre-treated MDF effluent as a culture medium for P. putida for reduction of 

volatile organic compounds (VOC) in pinewood. All MDF effluents contained glucose, 

fructose, mannose, arabinose, and galactose in varying proportions. The most obvious 

differences among effluent samples were high concentrations of glucose, mannose and 

particularly fructose in two process effluents sampled in April and May compared to effluents 

sampled in August and September indicating a seasonal effect (see Publication 3). The 

inhibiting effect of polyphenols on the cultivation of P. putida was demonstrated with simple 

growth experiments in shaking flasks, conducted with two different MDF effluents, before 

and after adsorption of polyphenols onto PVPP as described in Publication 1. In a second step, 

we monitored the growth of P. putida with single carbon sources, apart from 

monosaccharides, that naturally occur in process effluents, particularly organic acids and 

sugar alcohols, either alone or in combination with glucose. P. putida metabolized acetate, 

citrate, succinate, and glycerol as sole carbon sources but not myo-inositol and xylitol. No 

substance was completely inhibitory for growth of P. putida, because a distinct increase in 

biomass (OD 600) occurred in all media supplemented with glucose as additional carbon 

source, but for some an extended lag phase was observed. P. putida, cultivated in MDF 

effluents was applied to pinewood strands for VOC reduction after a 24h adaption phase with 

small amounts of a model terpene (α-pinene) added to the culture. This P. putida culture 

applied to pinewood reduced emissions of α-pinene and Δ3-carene by 80% and 50%, 

respectively, while β-pinene and α-terpinolene were reduced by 100% within 4 days. During 

work-up of larger volumes of MDF effluent to remove polyphenols, a partial breakthrough of 

UV absorbing substances (λ=280nm)  was observed, but no polyphenols (i.e., lignans and 

pinosylvin) were detected as determined by GC/MS. Potential candidates could be 

glycosylated polyphenols or low molecular weight (MW) lignin- carbohydrate complexes. The 

latter assumption is supported by comparison of UV spectra and MW distributions (HPSEC) 
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of original effluent and different fractions obtained during the adsorption process. Changes 

in the chemical composition of the flow-through over time may affect the VOC reducing 

potential of P. putida on pinewood. Therefore, the flow-through of two independently 

processed effluents was fractionated and the first three fractions were used for pre-

cultivation of P. putida, followed by application of cultures onto pinewood strands. A distinct 

reduction in TVOC emissions was always achieved irrespective of fraction, but fraction 1 from 

both effluents provided the best conditions for pre-cultivation and subsequent VOC 

degradation. It was shown, that MDF effluent after removal of inhibiting substances, as 

presented in Publication 1, is suitable for cultivation of P. putida and subsequent reduction 

of aldehydes and terpenes in pinewood.  

In the third publication: ” Potential of a year-round, closed-loop process for volatile organic 

compounds reduction in pinewood strands by Pseudomonas putida PX1 cultivated in 

seasonally varying process effluents” (Publication 3)the focus was laid on the analytical 

assessment of the seasonal variability of MDF effluent and its impact on the cultivation of P. 

putida and subsequent VOC reduction in pinewood. Furthermore, fermentation 

characteristics were determined and optimized for industrial application.  Parameters 

important for cultivating microorganisms such as carbohydrates, organic acids, anions, and 

cations were monitored monthly for 4 years to determine the crucial factors for establishing 

a robust year-round continuous industrial process. Sugar concentrations and, to a lesser 

extent, the concentration of sugar alcohols underlie great seasonal variations with high 

quantities during the colder months of the year and low quantities during the warmer 

months. However, another reason for the fluctuations is the varying proportion of stuffing 

screw effluent (SSE) in the total process effluent, because, in the current process, SSE 

originating from the wood chips is diluted with the condensate from a steam generator cycle. 

The proportion of SSE in MDF effluent is generally higher during the colder months (50%–

90%) than during the warmer months (10%–50%) of the year. This may be explained by higher 

amounts of rainfall, and as a consequence, moister wood logs during these months. To assess 

the relationships between relevant variables, scatterplots, histograms and correlation 

coefficients (Spearman’s rank) were compared. A significant correlation between sugars and 

mean temperature (seasonal effect) was found when conducting partial correlations 

controlled for the dilution (proportion of SSE in MDF effluent) confirming the seasonal 

variability with low sugar concentrations in summer and fall and high concentrations in winter 
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and spring. For optimal growth of P. putida on the fermentable carbon sources available in 

MDF effluent, further essential nutrients such as nitrogen and minerals must be present in 

sufficient quantities. Thus, a theoretical nitrogen demand was calculated based on literature 

data for P. Putida KT2440. According to this demand, nitrogen sources present in MDF 

effluent required for optimal biomass production are insufficient when abundant carbon 

sources are available and should be supplemented. In shake flask experiments P. putida was 

grown in two different MDF effluent batches, representing MDF effluent with high and low 

nutrient (carbon source) content, respectively, either in their original form or supplemented 

with an additional carbon or nitrogen source. Nitrogen supplementation proved crucial for 

optimal biomass production. Interestingly, while almost no biomass was produced under 

nitrogen-limitation, still all carbon sources were depleted, eventually transformed to carbon 

storage polymers. In a batch bioreactor with controlled pH, stirring, aeration and off-gas 

analytics, growth kinetics of P. Putida cultivated in MDF effluent were monitored. Glucose 

and succinate were metabolized at high rates from the start, whereas most of the other 

substrates showed a lag phase from 2 to 4 h. Upon depletion of organic acids and all sugars, 

except fructose, a sharp decline of both oxygen uptake and off-gas CO2 occurred. A metabolic 

switch to fructose was apparent at approximately 4.5 h when oxygen uptake resumed. 

Ammonium was the preferred nitrogen source but also nitrate was used after depletion of 

the easier source. The conditioning step with α-pinene was successfully reduced in this setting 

to 2 hours compared to 24 hours before (see publication 2). This time reduction could be 

attributed to superior mixing and aeration in the bioreactor compared to shaking flask 

cultures. Additionally, treatment time of pinewood strands was drastically reduced to 3 h, to 

fulfill requirements for industrial application, while still reducing total VOC emissions by more 

than 55% and most aldehydes and terpenes by 67-100%. The time saved for conditioning, and 

particularly for the treatment of pinewood strands, is crucial for industrial applications and 

shows the potential of microbial VOC reduction and MDF effluent recycling. 
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6. Conclusions 

The potential of a fixed-bed adsorber with a crosslinked pyrrolidone-based (PVPP) resin to 

selectively adsorb and recover polyphenols, particularly lignans and stilbenes from MDF 

effluents was demonstrated. Polyphenols often inhibit microorganisms, and although their 

removal would increase the efficiency of a downstream biological clarification plant, a reuse 

scenario of the carbohydrate-rich stream after adsorption seems more promising. To 

cultivate P. putida in MDF effluent for subsequent VOC reduction in pinewood, the removal 

of polyphenols was found necessary. Additional carbon sources and minerals were not 

required to produce substantial amounts of biomass. Apart from sugars, several other carbon 

sources in MDF effluents are metabolized as a single carbon source as well as in combination 

with glucose. 

Further, application of P. putida biomass obtained from pre-cultivation in MDF effluent 

efficiently reduced VOC emissions from pinewood. To deal with seasonal variations of MDF 

effluents, results of 4 years monitoring suggest that online or at-line measurements of major 

carbon and nitrogen sources in the MDF effluent feed and nutrient supplementation are 

necessary to ensure a robust process for optimized biomass production. Cheap carbon 

sources, for instance, mixed glucose and fructose molasses, may be used because P. putida 

can metabolize various carbon sources. In future research, even a continuous fermentation 

process may be envisioned that can be paced according to the needs of the production line 

of, for example, OSB. A key challenge in this context, however, will be the implementation of 

the adaptation phase with either a subsequent adaption step or continuous dosage of α-

pinene. The economic feasibility of the process is strongly dependent on the price of the 

value-added product, in this case, the VOC-reduced OSB, and on international regulatory 

limits (EU-LCI). Furthermore, VOC-reduced OSB has great potential for the Asian market, as 

Asian customers are not accustomed to odorous terpenes emitting from European softwood 

species. 
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biotransformation of monoterpenes in two Pseudomonas species, and
Widhalm et al. (2016) showed that an adapted mixed culture of Pseu
domonas metabolized aldehydes and terpenes in pinewood. Greatly
reduced emissions of these compounds were observed after only 3 days.
α Pinene, the major terpene in pinewood (Kleinheinz et al., 1999), is
classified as an irritant and hazardous to the environment according to
the Globally Harmonized System of Classification, Labeling and
Packaging of Chemicals (GHS/LPC). Large amounts of wood products
made from pinewood in buildings may thus negatively affect indoor air
quality due to elevated concentrations of aldehydes and terpenes.
Chronic exposure to these VOC may be a cause of “sick building syn
drome” (Makowski and Ohlmeyer, 2006; Wilke et al., 2013). To avoid a
negative impact on indoor air quality and consequently on human
health, various strategies to lower total VOC emission levels have been
pursued. Manninen et al. (2002) and McGraw et al. (1999) found that
terpene emissions from pinewood are less after heat treatment than
after air drying. Chemical degradation of terpenes from pinewood with
sodium carbonate, sodium sulfite, sodium hydroxide and mixtures of
these substances has also been investigated by Roffael et al. (2015).
Furthermore, biodegradation and biotransformation with different
fungi in liquid culture (Lee et al., 2015; Qi et al., 2002) and reduction of
VOC from waste gases with biofilters containing fungi (Van Groenestijn
and Liu, 2002) has been reported. Recently, Widhalm et al. (2018)
showed that pretreatment of pine wood strands with a mixed culture of
Pseudomonas and the ascomycete Penicillium nigricans resulted in a
significant decrease of α pinene, β pinene and Δ3 carene emissions
from oriented strand boards (OSB).

In this study, we demonstrate the suitability of MDF process effluent
originating from steam pretreatment of wood chips as a medium to
cultivate P. putida, after recovering resin, fatty acids, and polyphenols.
Cultures of P. putida can reduce aldehydes and terpenes in pinewood
strands. No additional carbon source or other nutrients are required.
Reusing MDF effluent for the cultivation of VOC reducing bacteria
would allow the manufacture of wood products with reduced emissions
from treated pine wood strands sustainably and at low cost.

2. Material and methods

2.1. Origin of MDF process effluents and general preparation procedures

Process effluents were obtained from a MDF plant in Wismar,
Germany (Egger Holzwerkstoffe Wismar GmbH & Co. KG) between
April and September 2017 (PE A: April 2017; PE B: May 2017; PE C:
August 2017; PE D: September 2017). TOC values of the sampled ef
fluents varied between 1 and 2 g/L (data not shown). Briefly, the MDF
process involves steaming of wood chips at about 120 °C at elevated
pressure, followed by squeezing water out of the steamed wood chips
using a stuffing screw. The material is then fed into a defibrator where
it is mechanically broken down into fibers, while the water is dis
charged as process effluent exhibiting TOC values between 1 and 2 g/L
(data not shown). Each effluent sample was sampled into a sterile
container at around 80 °C directly behind the stuffing screw. The con
tainer was immediately sealed to avoid contamination. Spruce and pine
are the primary woods used for MDF production at the Wismar plant,
but small percentages of fir and beech are also used. The amount of
softwood comprises> 90% of the wood mix, although a precise com
position cannot be assigned because only rough daily averages are
available.

The work up procedure for the process effluent involved several
steps. Briefly, fibers and non colloidal particles were removed from
MDF process effluent by centrifugation. Tangential flow membrane
filtration using a 30 kDa cut off membrane cassette was then performed
to remove colloidal particles, resins, and fatty acids. Adsorption and
removal of polyphenols was performed using a medium pressure liquid
chromatography (MPLC) column (25 mm diameter) filled with PVPP
RS (5.8 g). The flow through of the column was collected and loading

stopped before polyphenol breakthrough. Polyphenols were then re
covered by elution with methanol. Full details on preparation and the
development of the adsorption system can be found in Lindemann et al.
(2020).

2.2. Chemicals

Chemicals for medium preparation, monoterpenes and toluene D8
standard and sugar/sugar alcohol standards, (D (+) glucose, D
(+) xylose, D (+) arabinose, D (+) galactose, D (+) mannose, D
(−) fructose, D (+) pinitol), trimethylchlorosilane (TMCS, ≥99.0%),
heneicosanoic acid (> 99%) and betulin (> 98%) were obtained from
Sigma Aldrich (St. Louis, MO, USA). Anion multi element standards
(Certipur® Anionen Multielement Standardlösung I (F−, PO4

3−, Br−)
and II (Cl−, NO3

−, SO4
2−)) and cation multi element standard

(Certipur® Kationen Multielement Standardlösung VI) (NH4
+, K+,

Na+, Ca2+, Mg2+) were purchased from Merck KGaA (Darmstadt,
Germany). Organic acid standards (acetate, propionate, formate, suc
cinate, and citrate) were purchased from Carl Roth GmbH & Co.KG
(Karlsruhe, Germany). PVPP RS (Divergan® RS, cross linked poly 1 (2
oxo 1pyrrolidinyl) ethylene for use in regenerable processes, average
particle size 80 100 μm) was kindly provided by BASF SE
(Ludwigshafen, Germany). Milli Q Water was prepared according to
DIN ISO 3696 (1991). All other chemicals used were of analytical
grade.

2.3. Microorganism, medium preparation, and growth conditions

Pseudomonas putida NCIMB 10684 was obtained from the National
Collection of Industrial, Food and Marine Bacteria (Aberdeen, Scotland,
UK) and maintained in Petri dishes on Standard Nutrient Agar No.1
(Carl Roth GmbH, Karlsruhe, Germany). This strain was selected due to
its superior ability to degrade α pinene at a relatively low temperature
optimum as revealed by a search of public databases (Widhalm et al.,
2016).

P. putida was grown at an optimal temperature of 25 °C in 50 mL of
sterilized M9 minimal salts medium in sealed 250 mL Erlenmeyer flasks
on a rotary shaker at 200 rpm for 72 h (Widhalm et al., 2018) to obtain
a liquid phase culture for further tests. One liter of M9 contained 6 g
Na2HPO4, 3 g KH2PO4, 0.5 g NaCl, and 1 g NH4Cl. Each flask was also
supplemented with 0.1 mL of 1 M aqueous MgSO4, 0.125 mL trace
elements solution, and 0.25 mL of a 20% (w/v) glucose solution. This
medium was used for several subsequent tests. For the trace element
solution, 2.7 g FeCl3, 0.2 g ZnCl2, 0.2 g CoCl2, 0.2 g Na2MoO4, 0.1 g
CaCl2, 0.13 g CuCl2, 0,05 g H3BO3 and 10 mL (37%) HCl were diluted
with sterile water to 100 mL. For all experiments, 1 mL portions of this
pre culture were inoculated into additional flasks for cultivation in
various media.

2.4. Growth experiments of P. putida in liquid culture

The presence of inhibiting substances and bioavailable carbon
sources other than monosaccharides in MDF process effluents were
examined with P. putida liquid cultures in original effluent after re
moval of fibers and colloids and before adsorption of polyphenols, and
in the flow through of the polyphenol adsorption column without the
addition of other nutrients. Original effluent or column flow through
were sterilized before inoculation but pH was not adjusted and varied
from 5.6 to 7.0. Subsequently, myo inositol, citrate, acetate, succinate,
glycerol, and xylitol were tested as individual carbon sources at final
concentrations of 0.01 M in M9 medium. For each carbon source, six
100 mL sterilized Erlenmeyer flasks containing 40 mL medium were
prepared, followed by the addition of 0.1 mL MgSO4 (1 M) and 0.125 μl
trace elements solution. Three of the six flasks were further supple
mented with 250 μl of a 20% (w/v) glucose solution. Each flask was
inoculated with 2 mL of M9 grown P. putida pre culture, capped with a
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cotton plug and incubated at 200 rpm and 25 °C.
Bacterial growth was determined by measuring optical densities of

bacterial cultures at a wavelength of 600 nm (OD 600) on a Shimadzu
UV 1800 spectrophotometer (Shimadzu Corp., Kyoto, Japan) (Cheng
et al., 2013). When effluents exhibited variable background absorption
at 600 nm, the OD 600 value immediately after inoculation was sub
tracted from OD 600 values at later time points. Data thus represent
newly formed biomass.

2.5. Pinewood treatment with P. putida and VOC sampling

Pinewood strands with approx. dimensions 2.5 cm × 12 cm length
and 0.5 cm thickness were obtained from Fritz Egger GmbH (Wismar,
Germany). Moisture content was 100% ± 10% (wwater/wdry wood) and
was determined for 10 random samples with a Sartorius MA 150
moisture analyzer (Sartorius AG, Göttingen, Germany).

For pinewood treatment with P. putida, pre cultures grown for 72 h
in M9 medium or various effluents were first conditioned for terpene
degradation by adding 0.05 mL α pinene and further incubated for
24 h. Conditioned bacterial cultures were then used to inoculate cru
shed fresh pinewood strands.

Emission tests of pinewood strands under laboratory conditions
were initially performed in headspace vials and later on also in μCTE™
micro chambers/thermal extractors (Markes International Ltd.,
Llantrisant, UK). Specifically, 2 g of crushed pinewood strands were
inoculated with 2 mL conditioned P. putida pre culture and incubated in
20 mL headspace vials (Thermo Scientific, Vienna, Austria) at
25 °C ± 2 °C (Widhalm et al., 2018). Unsterile strands moistened with
2 mL of tap water served as controls. For a detailed evaluation of vo
latile substances, further experiments were performed in μCTE™ micro
chambers. A micro chamber consists of six parallel cells with a volume
of 48 cm3 each, arranged in a heating block. Two grams of crushed
pinewood strands were weighed into Erlenmeyer flasks, inoculated with
2 mL of bacterial solution, and incubated for defined treatment times.
Thereafter, strands were heat treated at 103 °C ± 2 °C overnight,
cooled in a desiccator and then put into micro chambers. After a con
ditioning phase of 1 h at 23 °C, VOC were sampled on Markes C1 AAXX
5003 Tenax TA tubes (Markes International Ltd., Llantrisant, UK).
Sampling time was 30 min at an airflow rate of 50 mL/min. A one μl
toluene D8 standard was added to each tube before sampling.

2.6. Analysis of VOC emissions with GC MS

Wood samples in headspace vials were analyzed for volatilized
compounds by solid phase microextraction and subsequent gas chro
matography mass spectrometry (SPME/GC MS) (Stratev et al., 2015).
A solution of cyclodecane dissolved in methanol (1:100) served as an
internal standard. Five μl of this solution was added through the septum
to each headspace vial immediately before measurement. VOC were
adsorbed on a Supelco divinylbenzene/carboxene/poly
dimethylsiloxane SPME fiber inserted through the septum into the vial
for 25 min at 50 °C. Fiber desorption was performed on an Agilent
7890A/5975C GC MS system with a CTC Combi PAL autosampler and
splitless injection of the analytes into an Agilent 19091S 433 column
with dimensions 30 m × 0.25 mm × 0.25 μm. Temperature program
and other separation parameters were set according to Stratev et al.
(2015).

Tenax tubes were analyzed following DIN ISO 16000 6 (2010) using
a TD 100 Thermodesorption Unit (Markes), connected to an Agilent
7890A/5975C GC MS system. Analytes were separated on a HP PONA
column (Agilent) with the dimensions 50 m × 0.2 mm × 0.5 μm. The
following temperature program was used: 3 min at 35 °C, 35 °C →
160 °C at 10 °C min−1, 160 °C → 260 °C at 20 °C min−1, hold time at
260 °C was 10 min.

2.7. Analysis of carbohydrates in process effluent with HPAEC/PAD

Sugars and sugar alcohols in different process effluent samples were
determined by high performance anion exchange chromatography with
pulsed amperometric detection (HPAEC PAD) on a Dionex ICS 5000+
system (Thermo Scientific) with Dionex CarboPac PA1 guard and ana
lytical (2 × 250 mm) columns (Thermo Scientific) at 0.26 mL/min as
follows. Preconditioning: 200 mM NaOH/65 mM sodium acetate for
10 min, followed by water for 7 min. Separation: Isocratic elution in
water with post column addition of 67 mM NaOH for 18 min. Injection
volume: 10 μl. Sugars were quantified by calibration of peak areas with
authentic standards (D arabinose, D galactose, D glucose, D mannose,
D xylose, D fructose) run along with samples in each sequence.

Sugar alcohols were not adequately separated with this method. A
sum parameter was therefore defined by quantifying sugar alcohols as
pinitol (the predominant sugar alcohol identified in process effluents)
equivalents of total peak area eluting between 1.5 min and 2.2 min.
This fraction represents mainly sugar alcohols as confirmed by GC MS
as an orthogonal method. Column eluates from 1.5 min to 2.2 min of 5
consecutive injections were pooled, freeze dried, derivatized, and
analyzed by GC MS according to Lindemann et al. (2020). The sugar
alcohols were identified by mass spectra using Wiley and NIST mass
spectral libraries and quantified as percentages of total peak area.

2.8. Analysis of anions, cations, and organic acids in process effluent with
IC

Inorganic ions and organic acids in process effluent samples were
determined by ion chromatography (IC) on a Dionex ICS 5000+ system
(Thermo Scientific) equipped with conductivity detectors and an au
tosampler (Dionex AS DV) for simultaneous injection onto both anion
and cation columns via two 25 μl sample loops.

Inorganic anions and organic acids were separated on a Dionex
IonPac AS11 HC analytical column (4 × 250 mm) with a Dionex ATV
HC trap pre column (9 × 75 mm) at 1.5 mL/min as follows. Gradient
elution: 1.5 mM NaOH from 0 to 5 min, 1.5 mM 5 mM NaOH from 5
to10 min, 5 mM 23 mM NaOH from 10 to 18 min, 23 mM 50 mM
NaOH from 18 to 20 min, 50 mM from 20 to 25 min, 50 mM 1.5 mM
from 25 to 27 min. Suppressor: Dionex AERS 500 (4 mm); suppressor
current 19 mA from 0 to 5 min, 83 mA from 5 to 18 min, 186 mA from
18 to 27 min.

Cations were separated on a Dionex CS12A analytical column
(4 × 250 mm) with a CG12A guard column (4 × 50 mm) at 1 mL/min.
Separation: Isocratic elution in 20 mM methanesulfonic acid for 28 min.
Suppressor: Dionex CERS 500 (4 mm); Suppressor current 59 mA.

All ions were quantified by calibration of peak areas with authentic
standards of chloride, nitrate, sulfate, phosphate; acetate, propionate,
formate, succinate, citrate; sodium, ammonium, potassium, magne
sium, calcium.

3. Results and discussion

3.1. Process effluent composition

The chemical composition of the soluble fraction of four process
effluent samples PE A, PE B, PE C, and PE D, collected over 6 months
and after removing fibers, resin acids, fatty acids, and colloidal particles
(Lindemann et al., 2020), was characterized by determining the pre
sence of essential nutrients for the growth of P. putida, particularly
inorganic anions and cations, monosaccharides, sugars alcohols, and
organic acids (Fig. 1). All samples contained glucose, fructose, man
nose, arabinose, and galactose in varying proportions. The most ob
vious differences among effluent samples were high concentrations of
glucose, mannose and particularly fructose in PE A and PE B, compared
to PE C and PE D. Data obtained from 26 effluent samples collected
regularly over 3 years indicated seasonal variations with elevated
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2008). Pseudomonads are well known for their ability to withstand 
challenging environments and are used in bioremediation of several 
recalcitrant substances such as various phenolic compounds (Wasi et al., 
2013; Shourian et al., 2009; Kumar et al., 2005). Some Pseudomonas 
species have also been used to metabolize aldehydes and terpenes in 
liquid culture (Cheng et al., 2013; Bicas et al., 2008; Kleinheinz et al., 
1999) and pinewood strands (Widhalm et al., 2016). In previous work 
(Lindemann et al., 2020a, 2020b), the authors presented a method for 
recovering valuable polyphenols from MDF process effluent (PE) via 
adsorption and a process for microbial VOC reduction in pinewood 
strands by Pseudomonas putida PX1 cultivated on the residual 
carbohydrate-rich effluent stream. 

While terpenes are naturally occurring in softwoods originating from 
wood resin, most aldehydes such as hexanal, octanal, nonanal, and their 
related unsaturated derivatives are emitted as secondary VOC, resulting 
mainly from the autoxidative cleavage of unsaturated fatty acids. Thus, 
these secondary emissions have a delayed release, which is important for 
storage conditions and further use (Makowski et al., 2005). The Globally 
Harmonized System of Classification, Labelling, and Packaging of 
Chemicals classifies aldehydes and terpenes as irritants and hazardous to 
the environment. Several pinewood products in buildings, especially 
particleboards promptly used after production because of rapid drying 
and short storage times, may be affecting indoor air quality negatively 
due to higher aldehyde and terpene emissions. To avoid chronic expo-
sure to these VOC, which have a negative impact on indoor air quality 
and ultimately on human health, known as “sick-building-syndrome” 
(Wilke et al., 2013; Makowski and Ohlmeyer, 2006), total VOC emis-
sions should be reduced. For unsaturated aldehydes, starting from 2- 
butenal up to 2-undecenal, very low EU-LCI (lowest concentration of 
interest) values were derived in 2015 and are still under discussion in 
2021 for incorporation in the German AgBB scheme (AgBB, 2015; AgBB, 
2021). To comply with these requirements in the future, innovative VOC 
reduction strategies will be inevitable. Apart from microbial reduction, 
several other approaches to reduce VOC emissions have been reported. 
Thermal reduction strategies, including heat treatment of pinewood 
(Manninen et al., 2002), thermal degradation of terpenes (McGraw 
et al., 1999), and elevated storage temperature within wood chips for 
pellet production (Gabriel et al., 2015), have been reported. Chemical 
degradation of terpenes in pinewood using sodium sulfite and sodium 
hydroxide was performed by Roffael et al. (2015). The use of biofilters 
for VOC reduction from waste gases and contaminated air was reported 
by Van Groenestijn and Liu (2002) using fungi and by Natarajan et al. 
(2017) using a mixed microbial culture. Biotransformation of terpenes 
in liquid culture with different fungi was demonstrated by Lee et al. 
(2015) and Qi et al. (2002). 

The primary objective of this study was to show that the 
carbohydrate-rich effluent stream discharged from MDF production can 
be used year-round as a nutrient medium for continuous production of 
P. putida biomass, which, in turn, is applied to pinewood strands for VOC 
reduction. When combined with drastically reduced treatment times for 
pinewood strands using P. putida, the results show that the process is 
technically feasible, paving the way for zero-waste industrial production 
of VOC-reduced pinewood strand boards. 

2. Materials and methods 

2.1. Chemicals 

Sigma Aldrich (St. Louis, MO, USA) provided chemicals for media 
preparation, monoterpenes, toluene D8 standards, and sugar/sugar 
alcohol standards, i.e., D-(+)-glucose, D-(+)-xylose, D-(+)-arabinose, D- 
(+)-galactose, D-(+)-mannose, D-( )-fructose, and D-(+)-pinitol. Anion 
multi-element standards (Certipur® Anionen-Multielement-Stand-
ardlosung I (F−, PO43−, Br−) and II (Cl−, NO3−, SO42−)) and cation multi- 
element standard (Certipur® Kationen-Multielement-Standardlosung VI 
(NH4+, K+, Na+, Ca2+, Mg2+)) were purchased from Merck KGaA 

(Darmstadt, Germany). Carl Roth GmbH & Co. KG (Karlsruhe, Germany) 
provided organic acid standards (acetate, propionate, formate, succi-
nate, and citrate) were purchased from. Milli-Q-Water was prepared 
according to DIN ISO 3696 (1991). Other chemicals used were of 
analytical grade and purchased from Sigma Aldrich (St. Louis, MO, 
USA). 

2.2. Origin of PE and general workup procedure 

PE batches were sampled monthly from an MDF plant in Wismar, 
Germany (Egger Holzwerkstoffe Wismar GmbH & Co. KG) for 4 years 
(04_2017-04_2021). Briefly, the MDF process involves steaming of wood 
chips at approximately 120 ◦C at elevated pressure, followed by 
squeezing water out of the steamed wood chips using a stuffing screw. 
This stuffing screw effluent (SSE) is diluted by a steam condensate, 
yielding the PE used in this study. Primarily, spruce and pine are used for 
MDF production at the Wismar plant. The number of softwood com-
prises more than 90% of the wood mix, but a precise composition cannot 
be assigned to the sampled batches because only rough daily averages 
are available. The workup procedure for PE involved several steps, 
including centrifugation, filtration, and adsorption, to remove fibers, 
colloidal and non-colloidal resin, and fatty acids, as well as polyphenols. 
Additional information about the PE workup for subsequent use as a 
nutrient medium for cultivating bacteria can be found in Lindemann 
et al. (2020a). 

2.3. Analysis of anions, cations, and organic acids in PE by ion 
chromatography (IC) 

According to Lindemann et al. (2020b), inorganic ions and organic 
acids in PE samples were determined by IC on a Dionex ICS 5000+
system (Thermo Scientific) equipped with conductivity detectors and an 
autosampler (Dionex AS-DV) for simultaneous injection onto both anion 
and cation columns. All ions were quantified by calibrating peak areas 
with authentic standards of chloride, nitrate, sulfate, phosphate, acetate, 
propionate, formate, succinate, citrate, sodium, ammonium, potassium, 
magnesium, and calcium. Citrate and succinate data were available only 
from 10/2019 onward, as they were not analyzed before that date. 

2.4. Analysis of carbohydrates in PE by HPAEC/PAD 

Sugars and sugar alcohols in PE samples were determined by high- 
performance anion-exchange chromatography with pulsed ampero-
metric detection (HPAEC/PAD) on a Dionex ICS 5000+ system (Thermo 
Scientific). Sugars were quantified by calibrating peak areas with 
authentic standards of D-arabinose, D-galactose, D-glucose, D-mannose, 
D-xylose, and D-fructose. Sugar alcohols were inadequately separated 
using this method. Therefore, a sum parameter was defined by quanti-
fying sugar alcohols as pinitol (the predominant sugar alcohol identified 
in PE equivalents. This fraction mainly represented sugar alcohols, as 
confirmed by gas chromatography–mass spectrometry (GC–MS) as an 
orthogonal method. Detailed information about gradients and IC sys-
tems can be found in Lindemann et al. (2020b). 

2.5. Analysis of COD of PE 

According to DIN ISO 15705 (2002), COD of PE was performed 
directly at the MDF plant in Wismar, Germany (Egger Holzwerkstoffe 
Wismar GmbH & Co. KG). Spectroquant® COD Cell Tests (Merck, 
Darmstadt, Germany) were used to measure COD. To facilitate com-
parison with other substances, COD is represented in g/L, rather than of 
the conventional mg/L. 

2.6. Cultivation of microorganisms 

By measuring the optical density (OD600) on a Shimadzu UV-1800 
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spectrophotometer (Shimadzu), bacterial growth was determined ac-
cording to Cheng et al. (2013). The number of colony-forming units 
(CFU) was determined per mL of suspension (CFU mL−1). A serial 
dilution of the bacterial suspension was made with 0.9% aqueous NaCl 
for this purpose. From each dilution, 0.1 mL was then streaked out on 
agar plates and incubated at 25C for 24 h. 

2.6.1. Pre-culture 
Pseudomonas putida NCIMB 10684 (PX1) was obtained from the 

National Collection of Industrial, Food, and Marine Bacteria (Aberdeen, 
Scotland, UK) and kept in Petri dishes on Standard Nutrient Agar No.1 
(Carl Roth GmbH, Karlsruhe, Germany). According to Widhalm et al. 
(2018), P. putida was pre-grown in 100 mL Erlenmeyer flasks containing 
50 mL sterile M9 minimal salts medium, and for pre-cultivation of the 
fermentation inoculum, 500 mL flasks were used, containing 200 mL 
M9. In addition, 0.2% (v/v) 1 M aqueous MgSO4 solution, 0.25% (v/v) 
trace element solution according to Widhalm et al. (2018), and 0.1% (w/ 
v) glucose were added. Cultivation was performed in a rotary shaker 
(Infors AG, Bottmingen, Switzerland) at 25C and 200 rpm. 

2.6.2. Shake flask experiments 
100 mL Erlenmeyer flasks containing 50 mL sterile filtered PE were 

used. PE A was used in either its native form or supplemented with 5.4 
g/L ammonium chloride. PE B was used in its native form or supple-
mented with either 0.5 g/L glucose or both 0.5 g/L glucose and 5.4 g/L 
ammonium chloride. All flasks were inoculated with 2% (v/v) pre- 
culture and grown on a rotary shaker at 25 ◦C and 200 rpm. As previ-
ously stated, samples were taken at the beginning of the cultivation and 
after 24 h to determine biomass (OD600) and media composition. 

2.6.3. Batch fermentation 
Batch fermentation was performed in the “Minifors 2” glass biore-

actor (Infors AG, Bottmingen, Switzerland) with a total volume of 6 L, 
along with a BlueInOne Ferm combined CO2/O2 analyzer (BlueSens 
GmbH, Herten, Germany). Native PE A was inoculated with 10% (v/v) 
pre-culture to a final volume of 4 L. The airflow rate was kept constant at 
0.5 L/min until the conditioning phase. Stirrer speed, temperature, and 
pH were kept constant throughout the batch fermentation at 800 rpm, 
25 ◦C, and pH 7.0, respectively. 4 M NaOH and 20% (v/v) H3PO4 were 
used to adjust and maintain the pH at 7.0 ± 0.1. pO2 was measured 
online using a VisiFerm DO Arc 325 H0 –Sensor (Hamilton, Reno, 
Nevada, USA), based on oxygen-dependent luminescence quenching. 

A conditioning phase of 2 h with 0.12% (v/v of the remaining 
working volume, which decreased from 4 L to approx. 2 L because of 
continuous sampling) α-pinene was applied after 24 h batch fermenta-
tion. During this conditioning phase, the airflow rate was reduced to 0.1 
L/min, and the exhaust gas cooler cooled down to 2 ◦C to minimize 
α-pinene losses due to evaporation. 

2.7. Pinewood treatment and analysis of VOC emissions 

VOC reduction tests were conducted on pinewood strands in μCTE™ 
microchambers (Markes International Ltd., Llantrisant, UK). Fritz Egger 
GmbH (Wismar, Germany) provided pinewood strands with approxi-
mate dimensions of 2.5 cm × 12 cm length and 0.5 cm thickness. 
Moisture content was 100% ± 10% (wwater/wdry wood) and was deter-
mined for 10 random samples using a Sartorius MA 150 moisture 
analyzer (Sartorius AG, Gottingen, Germany). A microchamber system is 
made up of six parallel cells, each with a volume of 48 cm3 each, ar-
ranged in a heating block. Particles were weighed into a 50 mL Erlen-
meyer flask and were then treated with pre-conditioned bacterial 
suspension (1 mL per g of wood). Untreated wood strands samples and 
wood strands treated with the same amount of water were used as 
controls. After the defined treatment time, the treatments were termi-
nated by heat at 103 ◦C ± 2 ◦C overnight. After cooling down, VOC 
emissions from wood strands were sampled on Markes C1-AAXX-5003 

Tenax TA tubes (Markes, UK). The sampling time was 30 min at an 
airflow rate of 50 mL/min. 1 μL toluene D8 standard was added to each 
tube before sampling. Tenax tubes were analyzed according to DIN ISO 
16000-6 (2011) using a TD-100 thermodesorber (Markes, UK), which 
was connected to an Agilent 7890A/5975C GC–MS system. Analytes 
were separated on an HP-PONA (19091S-001) column (Agilent) with the 
dimensions 50 m × 0.2 mm × 0.5 μm. The following temperature pro-
gram was used: 3 min at 35 ◦C, 35 ◦C → 160 ◦C at 10 ◦C min−1, 160 ◦C → 
260 ◦C at 20 ◦C min−1, and hold time at 260 ◦C was 10 min (Stratev 
et al., 2015). 

2.8. Scatterplots, histograms, and correlation coefficients 

OriginPro (Version, 2021, OriginLab Corporation, Northampton, 
MA, USA) was used to plot scatterplots and histograms. 

For the Spearman's correlation coefficient, data were ranked 
(average rank) and calculated according to the following equation 
(Dodge, Y. 2008b): 

ρs 1 6∑n
t 1d2

i

n(n2 1) (1)  

where di denotes the difference between the two ranks of two different 
observations, and n represents the number of observations. 

The partial Spearman's correlation coefficient was calculated using 
the following equation (Dodge, Y. 2008a): 

ρs,par
ρs:x,y

(
ρs:x,z*ρs:y,z

)
1 ρ2

s:x,z

√
* 1 ρ2

s:y,z

√ (2)  

where ρs:(x,y; x,z; y,z) represent Spearman's correlation coefficient be-
tween two variables (x,y; x,z; y,z); x,y denote variables to correlate; z 
represents control variable. 

To calculate correlation and partial correlation coefficients, the data 
point 02_2021 was removed for all variables, as there was an obvious 
outlier (very untypical volume flows, probably due to a documentation 
mistake) in SSE in PE, and SSE in PE was used in many correlations and 
as the control variable in partial correlations. 

3. Results and discussion 

In previous work (Lindemann et al., 2020a, 2020b) the authors 
showed that after removal of growth-inhibiting substances and selective 
recovery of polyphenols, cultivation of P. putida PX1 as well as subse-
quent microbial reduction of VOC in pinewood strands is possible. 
However, fluctuating composition and quantities of PE from wood 
processing complicate substantial reuse in terms of circular economy 
approaches. A first step to overcome these challenges is a comprehensive 
analytical assessment over a prolonged period to evaluate the overall 
potential of the process stream. Parameters important for cultivating 
microorganisms such as carbohydrates, organic acids, anions, and cat-
ions were monitored monthly for 4 years to determine the crucial factors 
for establishing a robust year-round continuous industrial process. 

In Fig. 1, the concentrations of different monosaccharides and sugar 
alcohols present in PE from fiberboard production for four years (04/ 
2017–04/2021) are shown (numerical data, including standard de-
viations, are provided in the supplemental material). The main sugars 
found in PE are fructose and glucose, whereas galactose and arabinose 
are typically found in lower concentrations. Xylose is not shown 
because, in most samples, its concentration was below 1 mg/L. Sugar 
concentrations and, to a lesser extent, the concentration of sugar alco-
hols underlie great seasonal variations with high quantities during the 
colder months of the year and low quantities during the warmer months. 
Seasonal fluctuations in monosaccharides content have already been 
reported by Hou (1985) for sugars in spruce trunk wood. Terziev et al. 
(1997) found more low-molecular-weight sugars (mainly glucose and 
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carbon storage polymers (PHAs and glycogen) occurred in P. putida, 
while carbon catabolism was repressed. These results further support the 
importance of nutrient supplementation for optimum growth. 

Sugar alcohols in PE A with and without nitrogen supplementation 
were only partly consumed during the 24 h cultivation (Fig. 4a) and 
even increased to some extent in supplemented PE B. This probably is an 
artifact caused by bacterial metabolites that may have co-eluted with the 
sugar alcohol fraction thus overestimating them during HPAEC/PAD 
analysis. Due to incomplete separation by HPAEC/PAD, sugar alcohols 
in native PE are represented as a sum parameter and account for 
approximately 76% of the total peak area, as previously discussed 
(Lindemann et al., 2020a). 

In Fig. 5, fermentation data of a 24 h batch fermentation of P. putida 
PX1 with PE A as a culture medium are shown. OD600, sugar alcohols, 
sugars, organic acids, ammonium, and nitrate were analyzed hourly for 
the first 8 h, and 24 h. CO2 off-gas and pO2 were recorded online, 
whereas temperature, pH, stirrer speed, and aeration were kept constant 
throughout the fermentation process. 

Glucose and succinate were metabolized at high rates from the start, 
whereas most of the other substrates showed a lag phase from 2 to 4 h. 
Between 3 and 4 h fermentation times, uptake rates for most substrates 
started to increase and CO2/pO2, reaching their maximum/minimum 
values. Upon depletion of organic acids and all sugars, except fructose, a 
sharp decline of both oxygen uptake and off-gas CO2 occurs. A metabolic 
switch to fructose, the major carbon source in PE A, is apparent at 
approximately 4.5 h when oxygen uptake resumes and speeds up 

concomitantly with rapid fructose consumption. At 6 h, oxygen uptake 
started to drop again probably because of ammonium depletion and 
switch to nitrate as a nitrogen source. Ammonium was the preferred 
nitrogen source during the main phase of the fermentation until deple-
tion, while nitrate consumption occurred mainly between 8 and 24 h. 
After 8 h, fructose was depleted, and oxygen uptake remained constant 
for a while, probably due to the consumption of residual carbon sources. 
Because no samples were taken after 8 h, it is unclear whether it is ac-
etate depleting at 10 h with another sudden drop in oxygen uptake. 
While the shaking flask experiments in Fig. 4 showed that nitrogen 
availability is a key factor for successful biomass production, the goal of 
this batch fermentation was to obtain a more detailed picture of in-
terdependencies between carbon and nitrogen sources and to observe 
the simultaneous consumption of different carbon sources. 

After the 24 h fermentation time, a 2 h conditioning step with 0.12% 
(v/v) α-pinene and reduced aeration (0.1 L/min) was applied. Previous 
work (Widhalm et al., 2016, 2017) has demonstrated that the meta-
bolism of monoterpenes, in general, is significantly accelerated in 
P. putida PX1 by adding α-pinene as the sole carbon source directly to the 
culture. As a result, the biochemical machinery of P. putida PX1 is 
already adapted to the target substances when the culture is added to 
pinewood later in this study. α-pinene is used in the conditioning step as 
one of the major monoterpenes released from pinewood and is thus 
primarily responsible for increased terpene emissions from pinewood 
products (Yoo and Day, 2002; Stratev et al., 2015). Here, the condi-
tioning step was successfully reduced to only 2 h compared to 24 h in 
previous work (data not shown; Lindemann et al., 2020b). This suc-
cessful time reduction could be attributed to the bioreactor's superior 
mixing and aeration, compared to shake flask cultures, and the resulting 
higher availability of oxygen and α-pinene during the conditioning 
phase. As microbial degradation of α-pinene by P. putida PX1 requires 
oxygen, for instance, in the first oxygenation step for α-pinene epoxide 
formation (Trudgill, 1990), high concentrations of dissolved oxygen 
may be beneficial for both the conditioning phase and bacterial treat-
ment of pinewood strands. Pinewood strands were treated with the 
conditioned bacterial suspension for 3 h at 23 ◦C in airflow-controlled 
microchambers (μCTE™ microchambers: Markes International Ltd., 
Llantrisant, UK). The resulting VOC emissions after bacterial and control 
treatments are listed in Table 1. Results indicate that the bacteria 
reduced total volatile organic compounds (TVOC) emissions by more 
than 55% compared to water-only treatment. Most aldehydes and ter-
penes were effectively reduced (67%–100% reduction), except for Δ-3- 
carene and α-terpinolene (approximately 20%–22% reduction). The 
high concentration of α-terpinolene in the water treated sample did not 
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