International Journal of /
* Environmental Research m\DP|
and Public Health F

Review
Wood-Based Panel Industry Wastewater Meets
Microbial Fuel Cell Technology

Renata Toczylowska-Mamiriska

Warsaw University of Life Sciences — SGGW, Institute of Biology, Department of Physics and Biophysics,
159 Nowoursynowska St., 02-776 Warsaw, Poland; renata_toczylowska@sggw.pl

check for

Received: 27 February 2020; Accepted: 29 March 2020; Published: 31 March 2020 updates

Abstract: Although the wood-based panel industry is not considered to be a water-consuming sector,
it generates ca. 600 M m> of wastewater every year on a global scale. The wastewater is usually
highly polluted and environmentally toxic even after dilution. Common wastewater treatment
techniques require high-energy input or addition of various chemicals to the treated wastewater,
which cause secondary pollution and production of toxic sludge. Microbial fuel cells (MFCs) have
become an attractive technology, allowing for zero-energy treatment of various types of wastewater
with simultaneous production of electric current. Recent investigations have shown that MFCs can
also be utilized for sustainable treatment and energy production from the wastewater generated by
the wood-based panel industry. This article contains a critical summary of the investigations in this
field as well as a discussion of the research needed and perspectives for the future.
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1. Introduction

Sectors of the wood-based panel industry differ in terms of water usage in the production process.
In contrast to pulp and paper production, which is known to be one of the largest industrial water
consumers [1], wood-based panel production is commonly considered to be a dry sector with low water
demand, whereas world wood-based panel production can generate up to ca. 600 M m® of wastewater
every year [2]. Wood panels are the most popular among wood-based materials, and during the
production process water is used to soak logs for plywood production for cooling down materials
and equipment or for cleaning the facilities. Wastewater from production of wood-based materials
is usually highly polluted. Chemical oxygen demand (COD) values were measured in a wide range
from 200 to 11,000 mg O,/L depending on the operation stage that generated the wastewater [3-5].
They contain a wide range of various substances among which wood degradation products, wood
extractives, heavy metals or even surfactants introduced during cleaning processes can be found.
Investigations indicate that wood industry wastewaters are of high environmental toxicity even after
extensive dilution [6].

One of the most water-consuming processes during panel production is wood hydrothermal
treatment during which logs are soaked in basins filled with water, which results in an increase in wood
plasticity before debarking and veneer cutting. As hydrothermal treatment is usually carried out at
temperatures of 50-70 °C, under such conditions cellulose, lignin and products of their degradation as
well as wood extractives (e.g., resin acids, tannins or phenolic compounds) are eluted [7], so wastewater
COD values are usually above 3000 mg Oy/L (Table 1). Wood extractives are naturally produced in
trees to protect them against pathogen attack (e.g., bacterial or fungal), but their presence in wastewater
makes such waste environmentally toxic [8]. Beside extractives, lignin and its derivatives are also
resistant to microbial degradation and cause toxic and hormonal effects in aquatic environments [9]. To

Int. . Environ. Res. Public Health 2020, 17, 2369; doi:10.3390/ijerph17072369 www.mdpi.com/journal/ijerph


http://www.mdpi.com/journal/ijerph
http://www.mdpi.com
https://orcid.org/0000-0003-0827-4084
http://www.mdpi.com/1660-4601/17/7/2369?type=check_update&version=1
http://dx.doi.org/10.3390/ijerph17072369
http://www.mdpi.com/journal/ijerph

Int. |. Environ. Res. Public Health 2020, 17, 2369 20f8

limit fresh water consumption, many plants reduce the frequency of water exchange in basins, which
leads to accumulation of contaminants and higher environmental toxicity. This in turn necessitates the
use of effective in situ treatment procedures to reduce wastewater contamination.

Table 1. Chemical composition of wastewater generated during wood hydrothermal treatment, sampled
from different plants, in milligrams per liter (mg/L).

Reference [4] Reference [4] Reference [4] Reference [5] Reference [2,10]
COD 5150 7860 6834 3343 4900
pH 4.8 4.8 5.1 52 5.6
Total solids 2550 n.a. n.a. 2200 476
susIT)Ztr?;ion 1800 n.a. 1780 480 500
Cl- 560 na. 37 50 37
Total Fe n.a. n.a. n.a. 16 78
NH4-N 1.7 n.a. 50 2.2 n.a.
Phenols 52 n.a. 94 n.a. n.a.
Lignin/tannins 560 870 n.a. n.a. 250
S0,% 160 na. <d.l. 100 na.
Cellulose n.a. na. n.a. na. 280
Organic acids n.a. na. n.a. n.a. Max. 62 for fOI’II.liC a.cid
and 44 for acetic acid
Furfural na. na. n.a. n.a. 25
Alcohols n.a. n.a. n.a. n.a. Max. 6 for

1-phenylethanol

Among the treatment techniques that are utilized for wastewater from the wood-based panel
industry the most popular is coagulation using aluminum sulphate. The exemplary efficiency of
COD removal from plywood wastewater was reported to be 57%, but was accompanied by so-called
secondary pollution (introduction of chemicals to the wastewater during treatment) and generation
of toxic sludge that needs to be managed [11]. Application of adsorption and coagulation methods
allowed for 91% removal of lipophilic extractives from wet debarking process wastewater, though
managing the sludge generated during treatment was still a necessity [12]. An example of a method
that avoids wastewater secondary pollution is an advanced oxidation process known as the Fenton
process, which when applied to sawmill wastewater treatment resulted in an 80% COD reduction [13].
Unfortunately, the application of advanced oxidation processes involves high treatment costs and a
high-energy demand that can reach 11 kWh/kg COD [1].

Investigations conducted by many research groups around the world have indicated that the
problem of sustainable wastewater treatment may be resolved by the application of microbial fuel
cell (MFC) technology [14]. The undeniable supremacy of MFCs over other wastewater treatment
techniques is due to (1) no energy input, (2) no chemicals added during the process and (3) the electric
current produced during treatment as an energy surplus. MFCs are bioelectrochemical systems that
allow organic matter to be converted directly into electric current by utilizing microorganisms [15]. A
typical MEC is composed of two electrodes, an anode and a cathode, placed in compartments separated
by a cation-specific membrane. In the anode chamber, under anaerobic conditions, electrogenic
microorganisms oxidize organic substances and transfer released electrons to the anode. Protons pass
through the cation-specific membrane to the cathode [16]. Electrons are then directed from the anode to
the cathode through an electric circuit comprising external resistance, which results in the generation
of electric current in the system. In the cathode compartment, electrons and protons combine with
oxygen, and water is formed. In the case of complex substrates, such as wastewater, microbial consortia
need to be used. In such consortia there are fermentative and methanogenic species that decompose
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complex substances into simple organics that can be further used by electrogenic species for current
production [17]. MFCs were successfully applied in the treatment of various types of wastewater
(including industrial) with the use of dual-chamber and single-chamber reactors [18].

At the Warsaw University of Life Sciences, for the first time MFC technology has been applied in the
management of wood industry wastewater. All the investigations were conducted with single-chamber
reactors with an air cathode (Figure 1) [5]. In a single-chamber reactor a graphite anode was placed in
an anaerobic chamber filled with hydrothermal treatment wastewater (WHTW). The microorganisms
in the WHTW oxidized organic substances present in wastewater, and electrogenic species of the
consortium transfer released electrons to the anode. The electrons were then transferred through an
external circuit to the air cathode, which resulted in current generation in the system. In this way
current was produced from WHTW in the MFC, and simultaneously wastewater was treated by the
decomposition of organic matter, which caused the reduction of wastewater COD.
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Figure 1. Schematic representation of the production of electric current from hydrothermal treatment
wastewater (WHTW) in a single-chamber air-cathode microbial fuel cell (MFC) with simultaneous
treatment of wastewater.

This article summarizes the research on the application of MFC technology for the treatment of
WHTW generated from the wood-based panel industry with simultaneous current production. Critical
factors affecting power production and wastewater treatment efficiency, as well as future research
directions, are discussed.

2. Significance of External Resistance

External resistance is a basic parameter that influences wastewater treatment efficiency and power
production in MECs. It is known that maximum power is produced in an MFC when external resistance
equals the internal resistance of the system [19]. However, it was recently reported that the effect of
external resistance on wastewater treatment efficiency is different for various wastewater types [2].
When malodorous surface water or brackish wastewater were used in MFCs, COD removal efficiency
was constant, independent of the resistance applied [20,21]. According to Katuri et al. [22], the highest
COD removal was obtained for the highest applied resistance, and the current produced was maximum,
when mixed brewery and domestic wastewaters were used as substrate.
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Previous investigations on WHTW in single-chamber MFCs revealed that external resistance
is an important parameter that strongly influences both wastewater treatment efficiency and power
production. Changing the external resistance from 500 to 1000 () resulted in an increase in COD removal
efficiency from 65% to 94% and an increase in power production from ca. 10 to ca. 100 mW/m? [2].
Though 1000 () was the optimal resistance for maximizing COD removal efficiency, maximum power
was not observed with the same resistance. Maximum power production (178 mW/m?; ca. 4 W/m?3)
was measured for R = 2000 (), at which COD removal efficiency was not maximal (ca. 80%). As
different resistances are needed for the optimization of either treatment efficiency or power production,
the selection of external resistance depends on the choice of the parameter to be maximized. Since
wood-based industry wastewaters differ greatly in terms of degree of pollution and contaminant
concentration, the choice of optimal external resistance should be made individually for every specific
wastewater used.

3. Raw Wastewater Microbial Consortium Composition

Analysis of wastewater generated during wood hydrothermal treatment indicates that its microbial
composition differs between plants or even between individual basins within a single plant. The
phenomenon results from different conditions of wood treatment and different origins of logs. The
most critical factors are the time for which the water is utilized in the basins (which can vary from
one week to several months), but also temperature (usually in the range 50-65 °C), wood species type
(hardwood or softwood) and microbial composition of the soil in which the trees were grown. Table 1
shows the chemical composition of wastewater from basins in different plants where hardwood was
treated hydrothermally. When the water in the basin was changed once a year [4] or less frequently [5],
the total amount of solids in the wastewater was much higher (>2000 mg/L) than in the case of water
changed every few weeks, where total solids were below 500 mg/L [2,10]. The amount of lignin and
tannins was also higher (560-870 mg/L) when the water was changed less frequently versus 250 mg/L
in water changed every few weeks [2,10]. However, the amount of chlorides and ammonium nitrogen
in WHTW is strongly influenced by wood origin. Large differences in the concentrations of these ions
(e.g., chlorides 560 and 37 mg/L) were measured in samples taken from the same basin at intervals of a
few months, after the treatment of different hardwood species [4].

Investigations into power production in MFCs fed WHTW sampled from various plants
demonstrated that power is not always produced from this substrate, despite similar COD values.
Analysis of microorganisms by genomic sequencing in various samples of WHTW revealed apparent
differences in microbial consortia composition (Figure 2). The presence of different species in wastewater
consortia resulted in different power production in MFCs. In plant 1 where water in the basin was
changed every few weeks, the dominant genera were Lactobacillus and Candida (Figure 2). Both
L. delbrueckii and C. xylopsoci are species that assimilate simple sugars, but they are not able to use the
cellulose and lignin that are abundant in WHTW. Thus, power production from raw WHTW sampled
from plant 1 was not possible, as the measured values did not exceed 1 mW/m?. In plant 2, WHTW was
sampled from the basin where water had not been changed for 4 years, and only the evaporated portion
was replenished. As a result, the microbial consortium was dominated by Thermoanaerobacterium
species, which produced a power density of 71 mW/m? in the MFC from raw WHTW without any
supplementation. Thermoanaerobacterium are thermophilic bacteria known for their ability to ferment
cellulose and hemicellulose with end products such as acetate or hydrogen that can be used by
electrogenic bacteria for current production [5].
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Figure 2. The composition of microbial consortia in WHTW from different plants.
4. Wastewater Preconditioning

Wood-industry wastewaters are difficult substrates for microorganisms to utilize. The presence of
cellulose and lignin derivatives, as well as wood extractives toxic to bacteria, make such environments
unfavorable for microorganism development. However, bacteria are known for their remarkable
adaptation abilities, which enable them to survive in harsh conditions. Preconditioning of the
consortium to give a more favorable environment for microorganisms may help desirable species
to acclimatize and develop. Anaerobic sludge consortium preconditioning with nitroethane was
previously found to cause a four-fold increase in power density that was related to suppression of
methanogenic bacteria development [23]. A two-fold increase in power produced in MFCs inoculated
with anaerobic sludge was also observed after inoculum temperature pretreatment [24].

Investigations into WHTW showed that power production in WHTW-fed MFCs can be enhanced
by bioaugmentation of WHTW by the addition of municipal wastewater [5]. This approach allowed
development of new consortia where the most abundant microorganisms were Anaerobaculum mobile and
Hydrogenophilus halorhabdus, and the power produced was increased from 71 to 360 mW/m? (Figure 2,
plant 2). In this consortium H. halorhabdus was a thermophilic species with the ability to decompose
complex substrates, while A. mobile was previously described as a sulfur reducer, which explains its
electrogenic activity [5]. Similarly, preconditioning of WHTW from plant 1 (Figure 2) at 45 °C allowed for
development of a new consortium dominated by fungi of Trichocomaceae spp. together with the bacteria
species A. insolitus and Geobacter sulfurreducens. In this consortium, Trichocomaceae spp. decomposed
cellulose and fermented it to acids and alcohols that were further used by A. insolitus to produce acetic
acid, a substrate for electrogenic G. sulfurreducens, one of the best known current-producing species [10].
Development of such a consortium allowed for stimulation of power production of 334 mW/m? (ca.
8 W/m?), while no power was produced without preconditioning.

5. Conclusions

Previous investigations into WHTW indicate that the application of MFC technology leads to
a reduction in water usage and prevents the generation of environmentally toxic wastewater in the
wood-based panel industry. MFCs surpass every available method of wastewater treatment as not
only do they eliminate secondary wastewater pollution and energy consumption, they also allow
simultaneous energy production during the treatment process. The maximum COD removal efficiency
obtained to date is 94%, and the maximum power density is 9 W/m?, which corresponds to a current
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density of 18 A/m3. However, optimization of wastewater treatment or current production in MFCs
should be run separately as different conditions are needed to maximize each of these two parameters.

The amount of power produced is strictly dependent on the external resistance applied, so the
first step should be to choose the optimal resistance for maximizing power production. As shown
recently by Kloch and Toczytowska-Mamiriska [2], changing external resistance in the range from 100
to 2000 Q) allowed power production to be enhanced from 8 to 178 mW/m? during WHTW treatment
in MFCs. One very important parameter that affects the amount of power produced is the microbial
composition of consortia in raw wastewater. Our previous results proved that some WHTW (consortia
dominated by Lactobacillus spp.) yielded no power production, while for WHTW sampled from another
plant, power production of 71 mW/m? was obtained [5]. This explains why optimization of current
production in MFCs should match the specific wastewater used in situ. If a consortium that naturally
occurs in wastewater does not result in satisfactory current production, it can be bioaugmented or
preconditioned. In some cases, bioaugmentation of a consortium by mixing WHTW with municipal
wastewater may result in a few-fold increase of power produced in MFCs [5]. In turn, temperature
preconditioning of WHTW can be an effective method for stimulating power production from the
WHTW that previously yielded no power production (Figure 3).
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Figure 3. Summary of different power densities produced in MFCs fed WHTW.

Investigations into optimization of WHTW treatment in MFCs revealed that WHTW treatment is
dependent on external resistance and the time of MFC operation. Maximum COD removal efficiency
was observed after 3 weeks of MFCs working at a resistance of R = 1000 (). Application of optimal
resistance and MFC start-up time allowed for COD reduction to the value 200 mg O,/L, which is a
sufficient level to recycle the treated water in the plant [2].

6. Perspectives

Future investigations dealing with the application of MFC technology for the treatment of
wood-based panel industry wastewater assisted by current production should focus on maximizing
power production in the system by researching the optimal conditions required for microorganisms to
develop and produce electricity. The currently obtained maximum power production of 9 W/m3 is
still not satisfactory, though when we take into account single-basin volume (ca. 2000 m?) and the
fact that there can be several basins in a single plant, we can obtain power production as high as ca.
300 kW from WHTW generated in one plant. If MFC technology was also applied to the treatment of
wastewater other than WHTW generated in the plant then the power produced would be even greater.
Besides power production, there is a need for further investigation into wood-based panel industry
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wastewater treatment efficiency. Although high efficiency of COD removal has been obtained, there
have been no studies that consider the removal of heavy metals or detailed investigations into removal
of lignin, tannins, resin acids and the products of their degradation. The preliminary investigations
performed at the Warsaw University of Life Sciences indicate that lignin is not removed in MFCs
during the WHTW treatment process [10]. Thus, this should be a stimulus for detailed studies in this
field aimed at researching the conditions that might resolve the issue of lignin.

Currently, on the world scale we are able to produce a maximum of ca. 5 GW of energy from
wastewater generated during the production of wood-based panels with the use of MFC technology.
This shows that MFCs have a large potential application in the wood industry, and the obtained power
production is a good starting point for further investigations, especially when compared to the amount
of energy produced by photovoltaics, which in Poland is ca. 1 GW a year [25]. Considering current
production, we could have saved 600 M m? of water a year if MFC technology had been put into
practice in the wood-based panel industry.
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