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Manufacturing Medium-density Fiberboards and Wood
Fiber Insulation Boards Using a Blood Albumin
Adhesive on a Pilot Scale

Kolja Ostendorf, Patrick Reuter, and Markus Euring *

An albumin adhesive derived from animal blood was used for the first time
for the production of two kinds of fiberboard in a dry process: medium-
density fiberboard (MDF) and wood fiber insulation board (WFI).
Additionally, the curing for WFI was completed using an innovative hot-
air/hot-steam (HA/HS) process. There is a general importance to develop
alternatives to substitute common binding agents, such as urea-
formaldehyde (UF) or polymeric methylene diphenylene diisocyanate
(pMDI) resins, and to develop value-added opportunities for such waste
material from slaughterhouses. An adhesive analysis was performed to
understand the curing reaction of these protein adhesives, which showed
good properties in regards to viscosity or gel time. The physical-
mechanical results showed on the one hand that the albumin adhesive
could compete with UF-bonded MDF regarding tensile strength and
modulus of rupture in conformity to the European Standard, but it failed to
meet requirements for thickness swelling. The albumin adhesive also can
compete with pMDI bonded WFI regarding tensile and compression
strength, but it showed non-viable results for short-term water absorption.
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INTRODUCTION

Blood albumin is an animal protein with a long historical use as adhesive for wood-
based products. There are several patents from early to the mid- 20" century that indicate
the popularity of animal protein-based glues, e.g., Henning (1920), Lindauer (1923), Cone
(1934), and Gossett et al. (1959). At that time, plywood, airplane constructions, and
furniture were glued with albumin-based adhesives (Detlefsen 1989). With the invention
of synthetic resins, such as phenol-formaldehyde resin (PF) and urea-formaldehyde resin
(UF), these kinds of protein adhesives almost vanished due to their limited availability,
higher price, and shorter shelf-life (Sellers 1985; Detlefsen 1988).

In regards to actual developments in the wood-based panel industry, there is an
increasing demand for natural adhesives due to several aspects (Adhikari et al. 2017). On
one hand, the common UF adhesives are based on crude oil, which is non-renewable and
dependent on unsteady oil prices (Wilson 2010). On the other hand, and more importantly,
UF and related resins emit formaldehyde, which is carcinogenic for humans (IARC 2006;
Pizzi and Mittal 2011; European Chemical Agency 2014). Based on these facts, there have
been several studies with the goal of (partially) substituting synthetic resins with natural or
green alternatives, enzymes such as laccase (Euring et al. 2015; Kirsch et al. 2016, 2018),
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plant proteins such as wheat gluten (Lei et al. 2010) or soy (Fan et al. 2016), and blood
albumin (Lin and Gunasekaran 2010).

The strong performance of synthetic resins has led to high standards for adhesives
applied in the wood industry, and these same levels of performance would need to be met
by modern natural binders as well. There are several challenges to face, such as the
handling of adhesives, which can be troubled by a high viscosity, low solids content, long
pressing times, or insufficient moisture and resistances to water and mold. These
challenges are due to the complex chemical structure of proteins and the fact that protein
sources usually contain different types of proteins. The motivation to overcome these
obstacles is to create a health- and environmental-friendly product which is completely
based on natural resources (Frihart and Lorenz 2017). Blood or products derived from it
are used in several areas, such as agriculture (animal food, fertilizer), the food industry
(colorant, foaming and gelling agent, emulsifier, dietary supplements, etc.), medicine,
pharmacy, and microbiology (Bah et al. 2013; Ofori and Hsieh 2014).

The history of fiberboards is derived from the pulp and paper industry and can be
traced back to 1898. Due to inhomogeneous wood pulping processes at that time, waste
fibrous material that was oversized or too bundled for paper production were utilized to
produce an early type of insulation board. All boards were fabricated in a wet process,
which offered several disadvantages, especially the limited maximum possible thickness
of 12 mm. The first efforts of producing fiberboards in a dry process were in 1945. Fifteen
years later, the first plant for producing MDF was set up in the USA (Deppe and Ernst
1996; Irle et al. 2012). This was a breakthrough for MDF production and the dry process
itself, but it simultaneously meant a creeping decline for the wet process due to its
disadvantages, i.e., wastewater, limited board thickness, and screen print surface. Today,
MDF belongs to the most important type of wood-based panel (Deppe and Ernst 1996).

The industry for wood fiber insulation board (WFI) is steadily growing due to an
increased demand for healthy living (Dorsch et al. 2017) and upcoming national
regulations for thermal insulation of buildings (Asdrubali et al. 2015). Natural building and
insulating materials are capable of both generating an improved indoor climate as well as
strong thermal and sound insulating properties (Reyer et al. 2002; Dorsch et al. 2017).
Today, most of WFI is produced within a dry process in a similar manner to MDF. The
difference is in the curing method: while MDF is cured by pressing it between two hot
plates under high pressure, WFI is cured via a steam-air-mixture that flows through the
fiber mat, supplying a maximum temperature of 100 °C. Therefore, the used binders are
limited to those hardening at such temperature levels, which are namely polyurethane
resins (PUR) such as polymeric methylene diphenylene diisocyanate (pMDI). However,
this kind of synthetic resin is both high-cost and hazardous for humans due to the formation
of aerosols when sprayed onto fibers (Euring and Kharazipour 2013).

In 2013, Euring and Kharazipour patented a new curing technology for WFI,
utilizing a combination of hot air (HA) and hot steam (HS). First, the fiber mat is heated
up by hot air to variable temperatures (80 °C to 160 °C). Then, hot steam is injected for 10
to 30 s, which leads to a prompt increase in temperature by taking advantage of the
condensation effect. Thereby, the application of the binders used is no longer limited to
those PUR resins. Thus, the application of natural binders for the fabrication of WFI
becomes a lucrative research approach; such research has already been completed for the
enzymatic treatment of fibers or UF resin (Euring et al. 2015; Kirsch et al. 2018).

Except for the previously mentioned plywood adhesive applications, there have
been no considerable approaches using blood protein binders for board manufacturing or
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in appropriate research. Yang et al. (2006) used different protein hydrolysates, inter alia
blood meal, in combination with PF-resins in different solid-to-solid ratios. The medium-
density fiberboard (MDF) produced with blood-PF-resin were stated to fulfill the
requirements for exterior use according to the American National Standard ANSI A208.2
(2016). The only reported experiments on developing a blood meal-based adhesive have
been stated by Li et al. (2018). They modified a blood-meal-water-solution (28%) with
different additives to improve their properties.

Therefore, this study focuses on the application of an innovative animal protein-
based adhesive for the production of two types of fiberboards for the first time: MDF and
WFI. And more specifically: completely natural-based and no formaldehyde emitting
fiberboards. The fiberboards were manufactured in a dry process and their physical-
mechanical properties were tested and compared to boards bonded with UF (MDF) and
pMDI (WFI).

Additionally, an adhesive analysis was performed with regards to gel time,
viscosity, and pH value for a better understanding of the curing reaction of albumin
adhesive. This research constitutes a pioneering study, in view of the fact that there have
been no comparable studies that utilize an albumin adhesive sprayed onto wood fibers
within a dry process for the production of these kinds of fiberboards.

EXPERIMENTAL

Materials
Wood fibers

Coniferous wood (80% spruce wood and 20% fir wood) was defibrated into fibers
with application of a thermo-mechanical-pulping (TMP) process and supplied by GUTEX
Holzfaserplattenwerk H. Henselmann GmbH & Co. KG (Waldshut-Tiengen, Germany).
15 kg wood fibers were used with a moisture content of 10% per batch.

Blood albumin

Whole blood powder (Vollblutpulver) from pork was provided by Fritz Hacker
GmbH & Co. KG (Vaihingen an der Enz, Germany). The amount of albumin adhesive was
15% based on absolute dry mass of the wood fibers.

Urea-formaldehyde resin

Commercial UF-resin Kaurit 340 with a solid content of 68%, a pH value of 7.5,
and a molar ratio F/U of 1:1 was obtained from BASF SE (Ludwigshafen, Germany) and
used for reference MDF. The amount of UF was 10% referred to absolutely dry wood
fibers.

Hydrophobic agents

HydroWax of the type 138 for MDF and Syntec Blue for wood fiber insulation
boards with solid contents of 60% and 55%, respectively, were purchased from SASOL
Wax GmbH (Hamburg, Germany) and used in this study. The MDF and WFI were treated
with 1% Hydrowax 138 and 2% Syntec Blue respective based on absolute dry mass of
wood fibers.
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Polymeric methylene diphenylene diisocyanate

Commercial pMDI I-Bond WFI 4370 from Huntsman Corporation (Rotterdam,
Netherlands), with a minimum methylene diphenyl diisocyanate (MDI) of 60% and a
minimum standard of 13% polyol, was used for reference WFI. The amount of pMDI used
was 4% based on the absolutely dry mass of the wood fibers.

Methods
Analysis of the used adhesives

Before gluing, the adhesives (UF, pMDI, and albumin adhesive) were analyzed to
draw potential conclusions on their gluing properties. Therefore, the adhesives were
analyzed for their pH value according to EN 1245 (2011), their viscosity conforming to
EN 12092 (2002), their gel time in accordance to EN 9396 (2001), and their solid contents
according to EN 827 (2006). The gel time was measured at a temperature of 105 °C to
simulate the thermal conditions inside the boards while pressing. Regarding the viscosity,
the analysis was conducted with a rheometer, which measured the viscosity at different
shear rates (s). For the later results, the viscosity was shown for 511 s*and 1000 s. All
measurements were performed at an adhesive temperature of 20 + 2 °C and were repeated
four times. As an exception, the pMDI resin was only examined on its solids contents, and
the pH was measured using a pH indicator instead of a pH meter. The other test was not
conducted due to sensitive laboratory equipment.

Production and Testing of MDF and WFI

Both MDF and WFI were produced at the Biotechnikums (Gottingen, Germany)
own pilot plant in a dry process. Before gluing, the fibers were dried in the integrated flash
tube at 130 °C to a moisture content of approximately 6% to 7%.

The albumin adhesive was prepared several hours before application by mixing
27% blood powder with 46% water and 27% sugar alcohol as bonding agent. Before
application, the adhesive was sieved, and 1% to 2% of hydrophobic agent was added.
Regarding UF-resin, 2% of an ammonium sulphate solution was added as hardener. The
glue was analyzed as described above and then blended with wood fibers with the help of
an air-pressure atomizer spray nozzle. Afterwards, the glued fibers were loosened in the
cyclone and transferred to the fiber bunker via a conveyer belt. Previously, UF-variants
were gently dried to a moisture content of 8% to 9%. Albumin-treated fibers were not dried
to avoid protein degradation by drying with high temperatures (> 60 °C) to yield a moisture
content of 15%. Therefore, the press time factor had to be adjusted later on.

Next, fibers were spread to a homogenous fiber mat and were pre-pressed as a last
step before curing. For the MDF, with a board size of 600 mm x 450 mm, a desired density
of 800 kg/m3, and a thickness of 10 mm, curing took place in a hot press (G. Siempelkamp
GmbH & Co. KG, Krefeld, Germany) at a temperature at 200 °C. For WFI, fibers were
cured via hot-air/hot-steam (HA/HS) according to methods by Euring et al. (2015) and
Kirsch et al. (2018), with a board size of 650 mm x 650 mm, a final density of 180 kg/m?,
and a thickness of 40 mm. First, the fiber mat was heated up to 130 °C; then hot-steam was
injected for 10s. The self-engineered hot-air/hot-steam apparatus was equipped with a hot
air unit (Leister Technologies GmbH, Hagen, Germany) and hot-steam unit (MG
Dampftechnik, Bedburg, Germany), which enabled the production of insulation boards in
a batch mode. For WFI bonded with pMDI, two types of references were prepared, one by
just applying hot-steam for 60 s to simulate the industrially preferred curing method and
the other by combining hot-air/hot-steam likewise to albumin adhesives. A hot-steam
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induced curing for 60 s was completed for the albumin adhesive as well, but the results
were rejected due to lack of measurability of highly unstable boards.

Each treatment was replicated four times. After conditioning at 20 °C and 65%
relative humidity (RH) for MDF and 23 °C and 50% RH for WFI, the boards were tested
for their physical-technological properties. The MDF samples were tested for internal bond
strength (IB) in accordance with EN 319 (1993), modulus of rupture (MOR) according to
EN 310 (1993), and thickness swelling (TS) according to EN 317 (1993). Additionally, the
formaldehyde emission was measured by a gas analysis method according to EN 12460-3
(2016). The WFI were tested relative to their tensile strength/IB according to EN 1607
(2013), compression strength (CS) in accordance to EN 826 (2013), and short-term water
absorption (WA) according to EN 1609 (2013). All tests, except TS or WA, were
conducted with a universal testing machine (Zwick/Roell Z010; Zwick Roell Group, Ulm,
Germany) with a maximum capacity of 10 kN.

Table 1. Overview of the Manufactured Boards within this Study Separated for
Panel Type and each Conducted Variant

Panel Type
Parameter MDF WFI
UE-Ref Al A2 pMDI pMDI Al A3
" | (MDF) (HS) (HA/HS) (WFI)
Gluing (%) 10 15 15 4 4 15 15
Curing time 9 21 21 15 6 6 6
(s/mm)
Hydrophobic
agent (%) 1 / 1 / / / 2
Curing process hot press (200°C, 200bar) hot-steam hot-air/hot-steam
Thickness (mm) 10 40
Density (kg/m3) 800 180
Repetitions 4 4

Note: UF-resin, pMDI-resin, albumin adhesive without (A 1) and with addition of 1% (A 2), and 2%
of hydrophobic agent (A 3). pMDI cured via hot-steam (HS) and albumin adhesive/pMDI via hot-
air/hot-steam (HA/HS) treatment.

RESULTS AND DISCUSSION

Adhesive Analysis

The results for the analysis are summarized in Table 1. The albumin-based binders
showed slight changes in their pH value, whereas the pure albumin adhesive (A 1) showed
a pH of 7.46. The pH was slightly increased through addition of 1% (MDF) of hydrophobic
agents to 7.47 (A 2) and 2% (WFI) to 7.55 (A 3). Compared to the references, UF showed
a pH of 7.64 and the used pMDI had a pH range of 5.1 to 5.5.

Regarding the gel time at 105 °C, there was an accelerated curing or rather
coagulation of the albumin adhesives when adding 1% or 2% of hydrophobic agent from
79.8s(A1)to 76.5s (A 2) or 67.5s (A 3). The UF resin took the longest time for curing
with 171.2 s, whereas the gel time of the pure pMDI was not measureable due to the fact
that the curing reaction is initialized by the presence of active hydrogen (Dunky 2002).
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Table 2. Results for Adhesive Analysis of the Used Adhesive Systems

Viscosity
. Gel Time Solid Content (mPa's)
Adhesive pH (s) (%) Shear Rates (s1)
511 1000
UF-Ref. 7.64 (+0.02) | 171.2(+8.18) | 62.8(+0.92) | 480.9 (+9.47) | 418.3 (+ 2.49)
A1l 7.46 (+ 0.02) 79.8 (+ 0.5) 57.8(+3.32) | 213.4(+7.69) | 185.7 (+ 2.26)
A2 (MDF) | 7.47 (+0.01) 76.5 (+ 9.61) 52.6 (+ 0.96) | 266.2 (+6.29) | 216.7 (+ 3.37)
A 3 (WFI) 7.55 (+ 0.01) 67.5 (+ 4.36) 49.9 (£0.42) | 2746 (+7.62) | 213.4 (+2.75)
51to05.5
pMDI-Ref. (bH indicator) / 99.5 (+ 0.20) 325 to 475 (Huntsman 2010)

Note: UF-resin, pMDI-resin, albumin adhesive without (A 1) and with addition of 1% (A 2), and 2%
of hydrophobic agent (A 3). Analysis was completed for pH-value, gel time, solid content, and
viscosity for two different shear rates. The standard deviation is shown in parentheses.

The solid contents of the used albumin glues were 57.8% (A 1), 52.6% (A 2), and
49.9% (A 3). The UF-reference had a solid content of 62.8% (UF) and 99.5% of the pMDI-
reference.

Concerning the viscosity of the protein adhesives, the addition of hydrophobic
agents led to a slight increase between 266.2 mPa's (A 2) and 274.6 mPa-s (A 3) at a shear
rate of 511 s, and 216.7 mPa's and 213.5 mPas at 1000 s towards the pure albumin
adhesive (A 1) with 213.4 (511 s%) or 185.7 mPa-s (1000 s!). The highest viscosity was
measured for the UF and pMDI references. The UF showed a viscosity of 480.9 mPa-s at
511 s or 418.3 at 1000 s™. According to the manufacturer, the viscosity of pMDI resin
ranged between 325 mPa's and 475 mPa‘s (Huntsman 2010).

Overall, the adhesive analysis for albumin glues revealed some correlations. One
observation was that by adding hydrophobic agents to the albumin adhesive, the pH
increased and the solids content was lowered. This was due to the alkaline paraffin
dispersions HydroWwax 138 (pH 9) and Syntec Blue (pH 9.5), which showed low solid
contents and yielded higher water contents of solutions A 2 and especially A 3. This could
be considered as being a negative factor for further processing because more water was
applied to the fibers, which extended the pressing time. On the other hand, the viscosity
was increased, which still allowed an easy handling, especially a good sprayability of the
adhesives. The adjustment of the viscosity was a sensitive measure because of the
wettability onto wood together with a penetration into wood (Dunky 2002). Cheftel et al.
(1992) observed an increased viscosity with alkalization due to a partial protein unfolding.
The general reduction of viscosity on higher shear rates could be explained by structural
changes within the adhesive systems that regulated the smoothness behavior of its polymer
chains (Pal 2006).

Another positive impact was the reduction of the gel time, which might have been
due to the mentioned alkalization of the glue, leading to a partial protein denaturation and
thus an accelerated coagulation. The hardened protein adhesives had a gel-like consistency
while the UF samples were hard and brittle. The curing reaction for UF resins starts at
temperatures above 80 °C and ends at 100 °C to 110 °C (Siimer et al. 2003). Therefore, a
fully cured resin at this measuring temperature of 105 °C was assumed.

Physical-technological Properties of MDF
The results for IB and TS are summarized in Fig. 1. The internal bond strength (1B)
provides a measure of the tensile strength perpendicular to the panel and is an important
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parameter for the gluing quality. The thickness swelling describes the swelling behavior
within 24 h of a MDF specimen stored in a water bath and is likewise to TS an indicator
for gluing quality.
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Fig. 1. IB and TS of albumin adhesive-bonded MDF without (A 1) and with (A 2) addition of 1%
hydrophobic agent and a 10% UF-reference (IB is illustrated as bars, and the TS is pictured as
lined markers); requirements for 10-mm-thick MDF for IB according to EN 622-5 (2010): = 0.6
N/mm?2 and for TS according to EN 622-5 (2010): < 15%

Using the pure albumin adhesive, boards achieved an IB of 0.65 N/mm?2 and
0.73 N/mm2 when hydrophobic agent was added, whereas UF-reference gained an IB of
0.68 N/mm2. The European standard EN 622-5 (2010) for 10-mm MDF requires a
minimum value of 0.6 N/mm?2 for IB, so every variant conformed to this requirement.

Regarding the results for TS, there was an expected reduction from 32.8% (A 1) to
18.1% (A 2) when adding hydrophobic agent to the albumin adhesive. The UF-reference
reached a value of 17.7% for TS. According to EN 622-5 (2010), a maximum TS value of
15% is mandatory. In conclusion, none of the tested variants were able to achieve this value
specification.

The results showed that albumin adhesive could compete with the UF resin in
regards to IB and TS. Until now, there were no actual studies about the utilization of a pure
blood meal-based adhesive for the production of MDF or WFI. Yang et al. (2006) tested
the performance of blood meal mixed with a PF resin, which gained improved properties
compared to UF- or PF-bonded fiberboards. The albumin adhesive is able to interact with
hydroxyl groups on the wood fiber surfaces adhesively by forming hydrogen bonds (Li et
al. 2018). On an intramolecular level, the albumin itself is linked cohesively by disulfide
bridges (Lin and Gunasekaran 2010). This caused a sufficient gluing but was not stable
against water, which was underlined by the high TS for A 1. In general, the stability of
hydrogen bonds between wood and protein adhesive is highly dependent on the presence
of water, which is able to weaken or even breaking these kind of intermolecular forces
(Nordqvist 2012). Through addition of 1% hydrophobic agent (A 2), there was a clear but
insufficient decrease in TS to meet the standard.
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In contrast, there was a marginal increase in IB. This might have been due to the
alkaline hydrophobic agent (pH 9) causing a slight alkali modification of the protein.
Alkaline modification is a proper way to modify proteins (Hettiarachchy et al. 1995; Hale
2013). The results were supported by the adhesive analysis of the albumin adhesives, where
A 2 showed an improved curing reaction compared to the untreated A 1. Simultaneously,
the viscosity slightly increased for A 2, possibly leading to a better adhesive penetration
into wood for an enhanced interaction with the components.

The additional insufficient values for TS with UF-bonded MDF could be explained
by the fact that the used K 340 belongs to the low formaldehyde-containing UF resins with
an F/U molar ratio of 1:1, which are unstable against hydrolysis (Dunky and Niemz 2002).
Avrising from this recognition, a future solution might be a slight increase of hydrophobic
agent (up to 1.5%).

The MOR and results of the formaldehyde emission are summarized in Fig. 2. The
MOR describes the force required for a MDF specimen to fail when it is centrally charged.
The formaldehyde emission measured via gas analysis describes the emitting level of MDF
specimen within 4 hours and a temperature of 60°C and air volumetric flow rate of 60 I/h
under normal pressure.
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Fig. 2. MOR and formaldehyde emission (FA) of aloumin adhesive-bonded MDF without (A 1)
and with (A 2) addition of 1% hydrophobic agent and a 10% UF-reference (MOR is illustrated as
bars, and the FA is pictured as lined markers); requirements for 10-mm-thick MDF for MOR
according to EN 622-5 (2010): = 22 N/mm? and for FA according to EN 13986 (2015): <4.5
mg/mh for category E1

For MOR, values of 43.8 N/mm? (UF-Ref.), 51.1 N/mm? (A 1), and 53.8 N/mm?
(A 2) were achieved. The European Standard for 10-mm MDF demands a minimum MOR
of 22 N/mmz, which all of the tested variants were able to conform to by more than two
fold.

With respect to the formaldehyde emission measured via method of gas analysis,
there was an explicit reduction for the adhesive with 0.21 mg/m? h (A 1) and 0.07 (A 2)
mg/m2 h towards the UF-Reference with 1.55 mg/m? h. According to EN 13986 (2015) for
the classification of formaldehyde release from wood based panels measured by gas
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analysis method, there is a maximum emission of < 4.5 mg/m? h for E1 categorized boards.
In this study, all of the produced boards were able to meet this threshold.

The results showed that the albumin adhesive was able to outclass results for MOR
of UF-bonded boards while emitting virtually no formaldehyde. The low formaldehyde
emission of the albumin adhesive formulations is based on a natural emitting level of wood
for formaldehyde as metabolite caused by partial thermal wood degradation (Salem and
Bohm 2013). There was a slight increase in MOR when adding 1% of hydrophobic agent,
due to a possible alkaline modification. Regarding formaldehyde emission of UF-bonded
MDF, the low emitting potential can be explained by the low molar F/U ratio. By reducing
formaldehyde content in the UF, the emission level naturally decreased but is also
negatively affecting mechanical properties (Dunky 2002).

Overall, a noteworthy critical evaluation of the results of albumin adhesive-bonded
MDF was the high moisture content after gluing and resultant higher pressing time. When
looking at industrial measures, the pressing time for UF-bonded MDF differs between 9
s/mm and 11 s/mm depending on the plant type (Mantanis et al. 2018). In this study, the
pressing time for albumin bonded MDF was 21 s/mm. Therefore it was more than doubled
in comparison to UF (9 s/mm). From an industrial perspective, this would result in higher
production costs and a decreased board output.

As an optical disadvantage, the dark glue line of the resulting fiberboard was
noteworthy, due to the brownish color of the aloumin adhesive. In further investigations
there should be some pre-drying experiments with different temperature ranges for albumin
adhesive-glued fibers to test if protein denaturation occurs and if there is a possible
negative impact on board properties.

As preliminary conclusion, this study showed promising first results for albumin
adhesive bonded MDF. The boards showed good mechanical properties while almost no
emission of carcinogenic formaldehyde. Though, there is a further need of optimization
towards commercially produced MDF, especially in regard to reduce thickness swelling.

Physical-technological Properties of WFI

Figure 3 shows the IB and WA for WFI. The IB is measured in the same manner
as for MDF. The WA describes the water uptake of WFI specimen within 24 h when it is
exposed to constantly 10 mm water up to the lower edge. In regards to the pMDI references,
the IB improved using the hot-air/hot-steam (28.3 KPa) instead of merely applying hot-
steam (22.6 kPa) for curing. The same applies to the values for WA with values of 3.38
kg/m? (pMDI (HS)) and 1.13 kg/m? (pMDI (HA/HS)). In relation to the albumin adhesive
formulations, there was a decrease in IB via adding 2% of a hydrophobic agent (21.0 kPa
for A 3). In contrast, there was an explicit improvement for WA when adding a
hydrophobic agent to the albumin adhesive, gaining a value of 2.82 kg/m? in comparison
to A 1 with 35.1 kg/m2.

The results for IB and WA for WFI reasonably confirmed the results for MDF that
the albumin adhesive-bonded WFI could compete with the pMDI-bonded references.
However, there was a decrease in IB strength when adding 2% hydrophobic agent to the
albumin glue. In contrast to the adhesives analysis where the addition of a paraffin
emulsion showed an improved curing reaction, the addition did not lead to enhanced 1B
properties. Roffael et al. (2005) observed that there is no negative influence on board
properties when adding 0.1% to 1% of a paraffin solution to fiberboard. When there is more
than 1%, there might be an exceeded coating effect of wax particles on fiber surfaces (Back
1987), preventing the protein from building up a covalent bonding as stated above or a
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fiber-to-fiber bonding. However, the addition of paraffin is indispensable for a sufficient
reduction of the water absorption when using albumin adhesive.
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Fig. 3. IB and WA of albumin adhesive-bonded WFI via hot-air/hot-steam without (A 1) and with
(A 3) addition of 2% hydrophobic agent and two different cured 4% pMDI references using 60 s
hot-steam (pMDI (HS)) and hot-air/hot-steam (pMDI (HA/HS)); IB is illustrated as bars, and the

WA is pictured as lined markers

In relation to a product from the industry, GUTEX Thermowall® which requires a
minimum IB of 20 kPa and WA of > 1 kg/m? (GUTEX 2019a), the elevated results for
albumin bonded WFI are at least comparable regarding IB. The addition of 2%
hydrophobic agent certainly led to a massive decrease in water uptake but is not sufficient
enough to meet values less than 1 kg/m2.

When comparing the two pMDI-references, there was an increase in IB and a
decrease in WA when curing via hot-air/hot-steam, which demonstrated that this resin was
fully crosslinked at temperatures above 100 °C (Euring and Kharazipour 2013; Euring et
al. 2015). Due to the higher temperatures, the mobility of the polymers within the resin
was enhanced and thus their ability of crosslinking was improved (Zeppenfeld and
Grunwald 2005).

Figure 4 shows the results for CS. The CS is measured by applying a defined
compressive force perpendicular to the surface of a WFI specimen up to 10% compression.
For the pMDI-references, there was an increase of CS from 150.4 kPa (pMDI (HS)) to
200.9 kPa (pMDI (HA/HS)) when curing WFI boards with hot-air/hot-steam instead of
merely hot-steam. The albumin adhesive-bonded WFI gained CS values of 228.5 (A 1) and
232.9 (A 3).

The results showed that the albumin variants could compete with those bonded with
pMDI. The protein-bonded variants showed an even higher pressure resistance. In relation
to these references, pMDI (HA/HS) showed an improved value for CS compared to pMDI
(HS), which indicated a fully cured resin with enhanced adhesive strength like discussed
for IB. Regarding the albumin adhesive, there was no decrease in CS when adding a
hydrophobic agent, which meant that the paraffin might have affected the IB in a negative
way, but did not necessarily affect the CS.
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Fig. 4. CS of albumin adhesive-bonded WFI via hot-air/hot-steam without (A 1) and with (A 3)
addition of 2% hydrophobic agent and two different cured 4% pMDI references using 60 s hot-
steam (pMDI (HS)) and hot-air/hot-steam (pMDI (HA/HS))

A comparable industrial, commonly pMDI-bonded WFI showed board properties
of 20 kPa (IB), 150 kPa (CS), and WA of < 1 kg/m2 (GUTEX 2019a). The obtained results
were comparable to such a product, except for WA.

For a better understanding, further repetitions should be completed, such as an up-
scaling to industrial scale. Furthermore, tests with blow-line gluing should be implemented
where the protein-glue is exposed to heat.

Initially, this study focused on if the protein adhesive was suitable for the
production of WFI in general and if the occurred bonding was sufficient enough for gluing
fibers in such a low-density range by using the hot-air/hot-steam process. It was shown that
with some limitations regarding WA, the adhesive effect of animal-based protein on wood
fibers was suitable for the production of pressure-resistant WFI

Nonetheless, in regards to WFI, thermal insulation properties need to be realized in
future studies. First investigations regarding thermal conductivity were carried out. The
thermal conductivity of the used fiber material (GUTEX Thermofibre®) in packed state is
Jp =0.038 W/mK (GUTEX 2019b). The thermal conductivity of the comparable GUTEX
product (180 kg/ms3, 40 mm) is 0.043 W/mK (GUTEX 2019a). After loosening, gluing and
re-compacting to 180 kg/m? and a thickness of 40 mm, a thermal conductivity between
0.043 and 0.044 W/mK was measurable, indicating that thermal conductivity is in
particular dependent on the density and moisture content of the board and not on type of
binding agent or board thickness (Foglia 2006; Sonderegger and Niemz 2009; Brombacher
2015).

This study constitutes a feasibility study for an albumin adhesive for manufacturing
MDF and WFI on a pilot-scale, showing good properties in terms of sprayability and
mechanical properties of the boards. However, there are some questions left regarding the
pricing and availability of blood meal as a basis for albumin adhesive. Following, there is
a theoretical exemplary calculation for hog: According to Warriss and Wotton (1981), hog
blood amounts 5.3% on total slaughter weight. For 2019, a worldwide emergence of 114.59
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million metric tons in pig slaughter weight is estimated (Statista 2019). This leads therefore
to a theoretical amount of pig blood of 6 million metric tons. Under consideration of 80%
moisture content in pig blood (Okanovic et al. 2010) the (theoretical) yield of blood meal
from fresh blood is about 1.2 million metric tons. One ton of the used albumin adhesives
contain 27% blood meal, making it possible to produce 4.44 million metric tons of albumin
adhesive out of 1.2 million metric tons blood meal. In comparison, the wood based panel
industry consumes approximately 18.5 mio. t of amino-resin (such as UF-resin) and
470,000 t of pMDI (EUWID 2018). The provider, Fritz Hicker GmbH, claimed a price
range for (ready-to-use) albumin adhesive between 00.33 and 0.85 $/kg, depending on the
purity of the basic materials. Looking at translated UF-resin prices at about 0.32 $/kg
(EUWID, 2017), the adhesive costs could be more than doubled in worst case. Given these
sheer figures, especially in regard to the amino resin, the albumin adhesive would not be
able to replace common resins at any scale. However, imaginable could be the use as
environmental-friendly and no-emission niche product. Due to its long historical use,
especially in the US, there should be a broad acceptance within the population for this kind
of fully natural product, together with appropriate marketing campaign.

CONCLUSIONS

1. The analysis of the albumin adhesive resulted in partially improved properties in
comparison to urea-formaldehyde (UF) or polymeric methylene diphenylene
diisocyanate (pMDI) resin such as lowered gel time and viscosity and showed therefore
good process ability for application on wood fibers.

2. The albumin adhesive for gluing wood fibers was found to be a suitable natural-based
alternative to UF resins for the production of no-emission, environmental-friendly
medium-density fiberboard (MDF).

3. The albumin adhesive for gluing wood fibers was also a suitable natural-based
alternative to pMDI for the production of pressure-resistant, environmental-friendly
wood fiber insulation board (WFI).

4. The hot-air/hot-steam process was suitable for curing this natural-based albumin
adhesive for the production of WFI and also improved the performance of pMDI.
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