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ABSTRACT
Fouling problems caused by lignin have been limiting the use of membranes in the recovery of
value-added materials from biorefinery streams. Fortunately, laccase-based catalytic pretreat-
ments enable modification of lignin to the less fouling form. Because the mechanisms behind
the fouling caused by ligneous compounds in wood-based streams are still not deeply understood,
the aim of this study was to find out how laccase oxidation affects membrane fouling caused by
pressurized hot-water extract. The effect of laccase on the fouling tendency of birch extract was
explored both with adsorptive and pressure-driven experiments. The results suggested that lac-
case treatment increased the molar mass of lignin and improved significantly filtration capacity
of commercial polyethersulphone membrane, possibly due to formation of less dense foulant
layer during the filtration. Based on FTIR and BET results laccase oxidation decreased both
adsorptive and pressure-driven fouling caused by lignin. However, decreases in pure water per-
meabilities were higher for the samples that were fouled with laccase treated extract. This may
have originated from the transformation in the fouling mechanism from the pore narrowing to
the pore blocking and could be prevented by the selection of a membrane with a different pore
size.

1. Introduction
Modern biorefinery concepts target to exploit the full potential of lignocellulosic biomass via production of diverse

high-value products such as platform chemicals, novel polymers and next generation biofuels from different compo-
nents of biomass. Separation, purification and concentration of hemicelluloses, lignin and phenolics from process
streams for further processing is essential in order to reach potential bio-based products. [1, 2] Ultrafiltration has
proven to be a very promising separation technique for the fractionation and recovery of lignin and hemicelluloses
from wood extracts. However, the commercial membranes available are typically fairly hydrophobic and thus prone
to fouling by lignin and wood extractives. [2, 3, 4] The presence of lignin in the wood extract is detrimental also for
value-added utilization of hemicelluloses. It may have negative effect e.g. on xylitol production or fermentation of
xylose/xylan to ethanol due to its inhibitory effect on performance of microorganisms [5, 6]. The stucture of lignin
dissolved in pressurized hot-water extracts is expected to have a similar linear structure than native lignin [7]. Presence
of lignin-carbohydrate complexes is also probable [8].

Enzymatic laccase treatment provides an attractive approach for fragmentation and chemical modification of lignin
to less sticky form [1, 9]. Laccases are copper containing biocatalysts that possess both polymerizing and depolymer-
izing activity depending on the size and chemical structure of the substrate [1, 10, 11]. Besides polymerization and
depolymerisation of lignin laccases have been applied also to break linkages between lignin-hemicellulose complexes
and to increase themolecular size of hemicelluloses by crosslinking them via lignin side groups bound to them. [12, 13]
Laccase treatment removes also phenolic compounds [14, 15]. When combined to membrane filtration, this kind of
pretreatment which breaks the molecules to smaller compounds and/or aggregates them to larger compounds, might
influence the flux favourably [3, 16]. Laccase treatment can be done either prior to filtration or during the filtration via
immobilization of the laccase on the surface of the membrane. Laccase treatment combined with mebrane filtration
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Table 1
Applications of combined laccase treatment and membrane filtration for removal and sep-
aration of phenolic compounds.

Origin of laccase Laccase immobilization method Membrane type Material Application Reference

T. versicolor Reverse filtration of laccase Commercial NF/UF PES, RC – [17]
+ dopamine coating

T. versicolor TiO2 nanoparticles Lab-made PES – [18]
+ APTES and GLU linkers

T. versicolor Electron beam grafting Filter, 0.45 µm PVDF Removal of bisphenol A [19]
T. versicolor Reverse filtration of laccase Commercial NF/UF PA, poly- Removal of bisphenol A [20]

+ dopamine coating piperazinamide
R. vernificera GLU crosslinker Electrospun HPEI/PES Removal of bisphenol A [21]
T. versicolor Polydopamine/PEI coating Commercial NF PA, PES, Removal of bisphenol A [22]

+ adsorption of laccase polypiperazine
T. versicolor Reverse filtration of laccase Commercial NF PA Removal of bisphenol A [23]

+ dopamine, dopamine/PEI
or dopamine/Cu2+ coating

T. versicolor Reverse filtration of GO and Commercial NF PA Removal of bisphenol A [24]
laccase + dopamine coating,
adsorption of laccase
+ dopamine/GO coating

T. versicolor – Filter, 0.45 µm CA Removal of bisphenol A [25]
and its derivatives

T. versicolor Reverse filtration of PEI, Commercial NF/UF PAN, RC, PA Removal of bisphenol A, [26]
diclofenac and tetracycline

MOFs and laccase
+ dopamine coating

T. versicolor GLU crosslinker Commercial MF TiO2 Degradation of bisphenol A [27]
P. sanguineus
T. versicolor Hydrazide linker Commercial UF PVDF Removal of phenylurea [28]

pesticide in wastewater
T. versicolor Crosslinked laccase aggregates Commercial MF PS Removal of pharmaceuticals [29]

in solution
A. oryzae Adsorption and filtration of Commercial UF PES Removal of organic dye [30]

laccase and CNTs crystal violet
A. oryzae Immobilization on Al pellets, Lab-made PS Degradation of glucose-glycine [31]

Maillard products
APTES and GLU linkers

F. fomentarius – Commercial UF ZrO2/TiO2 Removal of phenolic compounds [32]
of pomegranate juice

A. oryzea – Commercial UF/MF PES, PS Removal of guaiacol, catechol [33]
and m-cresol

T. versicolor – Commercial NF PA, PES, RC Separation of vanillic, p-coumaric [34]
and ferulic acids from mono-
saccharides

A. oryzea – Commercial UF PES, PS Removal of phenolics and COD [35]
from pulp and paper wastewater

T. versicolor – Filter, 0.45 µm Nylon Removal of lignin from prehydro- [5]
lysis liquor of kraft dissolving pulp

– Commercial NF – Removal of lignin from prehydro- [16]
lysis liquor of kraft dissolving pulp

– – Commercial UF/MF �-Al2O3, PS Separation of high molecular [12]
mass hemicelluloses

– – Commercial UF PS Laccase combined with bentonite [3]
to remove lignin from birch extract

APTES = 3-aminopropyltriethoxysilane, CA = cellulose acetate, CNTs = carbon nanotubes, COD = chemical oxygen demand,
GLU = glutaraldehyde, GO = graphene oxide, HPEI = hyperbranched, PEI = polyethyleneimine, PES = polyethersulfone,
PS = polysulfone, PVDF = polyvinylidene fluoride, RC = regenerated cellulose

has been applied to removal and separation of various phenolic compounds including micropollutants, polyphenols
and lignin (Table 1).

In addition to hemicelluloses and lignin, pressurized hot-water extracts contain wood extractives and organic acids
that affect processing of the streams and decrease the purity and value of the hemicellulose fractions [36]. Dissolved
and colloidal extractives such as lignans, triglycerides, steryl esters and free fatty and resin acids have been shown
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Table 2
Characteristics of the pressurized hot-water extract. *Measured at 25 ◦C.

Raw material Birch
pH* 3.3
Viscosity (mm2/s)* 1.01
TOC (g/L) 15.7
Dry matter (g/L) 32.3
UV absorbance at 280 nm 126
Lignin (g/L) 3.5
Mn (Da) 421
Mw (Da) 684

to foul ultrafiltration membranes in filtration of pulp and paper mill process water [37, 38]. Removal of colloidal
extractives prior to ultrafiltation of process water from thermomechanical pulping of spruce has been shown to increase
the flux remarkably [39]. Laccase appears to be able to catalyze the oxidation of resin acids with conjugated double
bonds and fatty acids with several double bonds, probably via secondary reactions that follow the initial oxidation
of phenolic hydroxyl groups [40, 41, 42]. It has been shown in previous studies that the use of laccase-mediator
systems enables indirect oxidation of non-phenolic, conjugated wood extractives to higher molecular mass reaction
products. The oxidation removes efficiently most of the lipophilic extractives present in paper pulps from different
origins. [43, 44, 45]

Membrane filtration combined with laccase catalyzed oxidation for lignin modification provides a possibility to
contribute on lignin physicochemical properties, which may enhance the separation efficiency in membrane based pro-
cesses. Laccase pretreament has been shown to enhance nanofiltration process of prehydrolysis liquor of hardwood
kraft dissolving pulp [5, 16], and when combined to adsorption on bentonite, ultrafiltration efficiency of birch wood ex-
tract [3]. In both of the cases it was suggested that the filterability increased due to the removal of lignin, but the formed
membrane fouling layers were not characterized. Since the general mechanisms behind the membrane fouling caused
by ligneous compounds in wood extracts are still not know as the issue has not been deeply examined, this study aims
to to achieve understanding on the influence of laccase oxidation on the lignin originated fouling phenomena occurring
on the membrane surface. Based on our knowledge, this is the first study where the effect of laccase pretreatment on the
membrane fouling layer composition and structure after the filtration of wood-originated streams has been character-
ized. In this study, the membrane fouling experiments were performed with and without pressure to study the changes
both in pressure-driven and adsorptive fouling potentials birch wood extract. The effect of laccase pretreatment on
the degree of fouling of the used PES UF membrane was evaluated by pure water permeability measurements, ATR-
FTIR spectroscopy, contact angle measurements and Brunauer-Emmet-Teller nitrogen adsorption/desorption analysis.
Changes in wood extracts were characterized by UV analysis, total organic carbon measurement and size exclusion
chromatography.

2. Materials and Methods
2.1. Pressurized hot-water extract

Pressurized hot-water extract was obtained by cooking birch chips in a batch reactor setup at 160 ◦C for 90 min at
pressure of 5–7 bar. The weight ratio of water to wood was 6 : 1. The extract was frozen for storing and melted for use.
Prior to the experiments the extract was warmed up to 25 ◦C and centrifuged for 30 min at 9880 rpm (Sorvall RC-28S
centrifuge, GSA rotor, RCF = 10 000) to separate the supernatant from insoluble sediment. Characterization of the
birch extract (Table 2) showed that the extract contained lignin 3.5 g/L, most of the dry solids being xylan. Lignin
concentration in the extract was measured by UV280 (in 0.1 M NaOH) and taking into account the contribution of
furfurals, who also absorb UV-light at 280 nm. The dissolved lignin was oligomeric based on its molar mass measured
by alkaline size exclusion chromatography. Description of the analytical methods hereinafter (2.4).
2.2. Ultrafiltration membrane

The commercial UH004 P polyethersulphone ultrafiltration membrane (Microdyn Nadir GmBH) with cut-off val-
ues of 4 kDa was used in all experiments.
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2.3. Experimental procedure
The pure water permeability was measured before and after the filtration and adsorption experiments to evaluate

degree of membrane fouling. ATR-FTIR spectroscopy was used as complementary method in fouling evaluation to
characterize the changes caused by fouling and to compare the amount of ligneous foulants on different membranes.
Brunauer-Emmett-Teller (BET) nitrogen adsorption was applied to study changes in porosity and surface area as the
result of fouling. Retentate and permeate samples from pressure-driven fouling experiments were measured by UV
spectroscopy and TOC analyzer to study the changes in retention.
2.3.1. Laccase treatment

Laccase catalyzed treatment of pressurized hot-water extract was used to modify the physicochemical properties
of the lignin in extract. The enzymatic treatment was carried out at 60 ◦C in an open class container under efficient
magnetic mixing to allow air (O2) entrance to the extract for 15 min. Commercial M120 laccase (from Trametes sp.,
Amano) with dosing of 500 nkat/g of lignin was used (protein 0.06 wt% of lignin). The alteration of lignin structure
was characterized by size exclusion chromatography. Laccase activity was determined against guaiacol (at pH 3.5) as
previously considered relevant in the case of lignin substrates [46, 47].
2.3.2. Pressure-driven filtration experiments

Pressure-driven filtration experiments were carried out by using a 300 mL nitrogen-pressurized and magnetically
stirred dead-end Amicon cells (area 38 cm2). Membranes were at first pressurized at 5.4 bar in order to stabilize them.
Then, the pure water permeability was measured at 2 bar and 25 ◦C. Pressure-driven fouling step was done at 25 ◦C
by filtrating reference extract and laccase treated extract at 5.4 bar until the yield of the permeate was 31 %. The cell
was rinsed with pure water (2 × 100 mL) and finally, the pure water permeability was measured at 2 bar.
2.3.3. Adsorption experiments

Adsorption experiments were carried out by using a 4-cell cross-flow filter (area 40 cm2) with two discrete flow
lines for pure water permeability measurements and adsorption step. A schematic diagram of the experimental setup
is shown in Fig. 1. Besides reference extract and laccase treated extract (cells B and C), pure water (cell A) and
pH-adjusted water (pH 3.3, cell D) were circulated as references in the adsorption step. pH of the water was adjusted
with hydrochloric acid (37 % Ph. Eur., VWR Chemicals) in order to see the affect of acidity on the performance of the
membrane. The temperatures of feed tank and adsorption solutions were kept at 25 ◦C by using heat exchanger and
water bath.

In the beginning of the experiment the transmembrane pressure was increased stepwise to 5 bar in order to pres-
surize and stabilize the membrane. Then the pure water permeability was measured at 3 bar with cross-flow velocity
of 0.64–0.68 m/s. Adsorption step was carried out without applied pressure at 25 ◦C by using peristaltic pump. The
pressure generated by the peristaltic pump was 0.1 bar and the cross-flow velocity was ∼0.004 m/s. The solutions
were circulated for 2 hours and the adsorption step was followed by quick flushing of the setup at 3 bar and pure water
permeability measurement at 3 bar. Both permeate and retentate were returned to the feed tank during pressurization
and pure water permeability measurements.
2.4. Analytical methods
2.4.1. UV spectroscopy and liquid chromatography

In addition to lignin, furfural and 5-HMF (5-hydroxymethyl-2-furaldehyde) (degradation products of carbohy-
drates) have absorption maxima close to 280 nm. Thus, the accurate determination of aromatic lignin concentration
in hot-water extract by UV spectroscopy (at 280 nm) requires the elimination of furfural contribution. Furfural and 5-
HMF concentrations were quantified using a Flexar®HPLC-RI (PerkinElmer, Waltham, MA, USA) system equipped
with an Aminex column (HPX-87H, 300 mm × 7.8 mm, Bio-Rad, CA, USA) under isocratic conditions (40 ◦C) at a
flow rate of 0.5 mL/min of 2.5 mM H2SO4. The results were calculated by using corresponding standards: Furfural
(Sigma-Aldrich) and 5-HMF (Sigma-Aldrich). The UV absorbance of the extract was measured at 280 in 0.1MNaOH.
Based on the furfural concentration by HPCL (380 mg/L) and its specific absorptivity value, 146.9 L/(g⋅cm) [48], ab-
sorbance contribution of 56 for furfural at 280 nm was computed. The extract did not contain 5-HMFs. Aromatic
lignin concentration was obtained by subtracting the computed absorbance of furfural (56) from the absorbance of the
extract (126), and using the absorptivity value of 20.0 L/(g⋅cm).
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Figure 1: Schematic of the cross-flow filtration system used in the adsorptive fouling experiments.

2.4.2. Size exclusion chromatography
Alkaline size exclusion chromatography (SEC) was used to analyze the weight average molar mass (Mw), number

average molar mass (Mn) and polydispersity (PD) of the wood extracts before and after the laccase treatment. The
samples were dissolved in 0.1 MNaOH and prefiltered through 0.45 µm syringe filters. The molar mass measurements
were performed with Waters HPLC system equipped with a UV detector at 280 nm. 0.1 M NaOH solution was used
as eluent at a flow rate of 0.5 mL/min at 25 ◦C. PSS MCX 1000 and 100 000 Å columns were used. The molar mass
results were calculated against polystyrene sulphonate standards (3420–148 500 g/mol).
2.4.3. Retention measurements

The changes in retention were determined by measuring total organic carbon (TOC) and UV absorbance from
permeate and retentate samples taken during the pressure-driven fouling experiments. TOC was analyzed by using
Shimadzu TOC-L total organic carbon analyzer. UVmeasurements were done in the range of 190–400 nmwith a Jasco
V-670 spectrophotometer. Absorbances were recorded at room temperature in quartz cells with 1 cm path lengths. The
absorbances at 202 nm (unsaturated chains and carbohydrate monomers) and 280 nm (unconjugated phenolic hydroxyl
groups and aromatic rings) were applied to calculate concentrations of different chemical species. The retentions were
calculated from concentrations in the feed (cF ), retentate (cR) and in the permeate (cP ) by using the relation:

Retention = (1 −

cP
cF+cR
2

) ⋅ 100

2.4.4. Infrared spectroscopy
Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) was carried out as an analytical

method to measure the amount of lignin originated fouling. Membranes from both adsorption and pressure-driven
fouling experiments were analyzed using Perkin-Elmer Frontier spectrometer equipped with a diamond crystal. 10
spectra were measured for each membrane from different points in the range of 400–4000 cm−1. For each spectrum 4
scans were collected with the resolution of 4 cm−1 and data interval of 1 cm−1. The scans were co-added and processed
with ATR correction, baseline correction and normalization.
2.4.5. Contact angle

Contact angles were measured by KSVCAM101 instrument connected to a CCD camera. Sessile dropmethod was
applied and the captured images were treated by curve fitting analysis with CAM 2008 software in order to determine
the contact angle. Samples were dried in a desiccator before the measurements.
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Figure 2: Impact of laccase treatment on lignin molar mass distribution of the birch hot-water extract.

2.4.6. Brunauer-Emmett-Teller (BET) nitrogen adsorption
BET analysis can be used for measuring surface area and pore size distribution of membrane. The method is

based on physisorption and desorption of a gas on the surface and inside the pores of the sample. [49, 50] Pore size
measurements were done by using 3Flex surface characterization analyzer (Micromeritics Instrument Corporation)
and nitrogen gas. The membrane samples were prepared for analysis by cutting them into small pieces and degassing
by the Smart VacPrep 067 unit under vacuum at 50 ◦C for 4 hours [51]. During the analysis samples were placed under
vacuum and immersed in liquid nitrogen. BJH method and reference curve of Harkins-Jura method were applied to
calculate the pore size distributions in the mesopore area from the measured desorption isotherms. t-plot method was
applied to obtain micropore volumes of the samples.

3. Results and Discussion
3.1. Laccase-induced changes in the wood extract

The hypothesis was that laccase will modify lignin present in the wood extract, which can then decrease fouling
caused by lignin. Molar mass distributions of reference extract and laccase treated extract are show in Fig. 2. It
can be seen that the molecular mass distribution of laccase treated extract shifted to higher molecular weights. The
laccase treatment caused clear change in colour from light to dark brown and increase in molar mass (Mw) of lignin
(80 %, from 680 Da to 1230 Da). Polydispersity increased from 1.6 to 2.3. Laccase treatment caused also partial lignin
agglomeration, which changed the extract from clear to turbid. The agglomerates were separated by centrifugation and
dissolved in alkali for molar mass determination. The agglomerated lignin (Mw 1870 Da) showed higher molar mass
than that measured from the treated extract.
3.2. Fouling experiments

The pressure-driven fouling experiments performed with the UH004 P membrane at 25 ◦C showed that the filter-
ability of the laccase treated extract was better than the filterability of reference extract (Fig. 3). Flux of the laccase
treated extract was higher in the beginning of the filtration and declined in all of the experiments. Filtrations were
continued until VR value of 30 % where the flux of the reference extract was ∼5 kg/m2h and the flux of the laccase
treated extract was twice as high, ∼10 kg/m2h. Increase in filtration capacity as the result of the laccase treatment may
be partly explained by the removal of agglomerated high molecular mass lignin. Based on the UV absorption at 280
nm the retention of lignin increased about 10 % after the laccase treatment. The slight increase in retention of lignin
found after the laccase treatment can be attributed to the polymerization of lignin. The increase in lignin retention was,
however, not big enough to be seen also in TOC retention values because fraction of the lignin was small.

Minor differences in the reduction rate of the membrane capacity in the beginning of the filtration experiments as
the result of the laccase treament (Fig. 3) may indicate that laccase oxidation has altered the cake layer formation or
membrane fouling by pore-blocking slightly. Because the laccase oxidation changed the molecular weight distribution
of lignin molecules, the resulting larger lignin molecules might have more limited access inside the membrane pores.
But on the other hand, even though lignin molecules with certain size range may enter the membrane skin layer less
frequently, they may block the pores of the membrane more severely. Thus in the development of laccase pretreatment
processes, the matching of the membrane pore size and size of the resulting lignin molecules should be considered [3].
Virtanen et al.: Preprint submitted to Separation and Purification Technology Page 6 of 13
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Figure 3: Filtration capacities in pressure-driven filtrations of reference extract (# and  ) and laccase treated extract (▵
and ▴) at 25 ◦C.

In addition, laccase treatment might have modified lignin molecules to a form that differs from the chemical struc-
ture of native lignin. Because the concentration of lignin was rather low in the studied extract, laccase oxidation has
potentially lead to intramolecular cross-linking and compaction of linear lignin molecules [52]. As the lignin gets more
globular the exposed surface area decreases and there are fewer interactions with membrane surface. The change in
the shape of the molecules would also weaken the possibility of lignin accessing pores. Linear molecules can snake
through the membrane pores whereas globular molecules of the same molecular weight are rejected cause they are not
able to deform [53]. The changes in lignin structure might also alter beneficially the structure of the secondary layer,
which is formed on the membrane surface during the filtration.

The pure water permeabilities (PWP) before and after pressure-driven and adsorption experiments are presented
in Fig. 4. Pure water permeabilities decreased more in the pressure driven filtration experiments than in adsorption
experiments of reference extract and laccase treated extract. Thus it seems that applied pressure results in more severe
fouling. Interestingly, the decrease in pure water permeabilities was higher when the wood extract was treated with
laccase both in pressure-driven and adsorption fouling experiments. This could be also explained by the changes in
lignin molar mass distribution as the result of the laccase treatment because even small amount of lignin with certain
size could block the pores and induce severe decline in the permeability of the membrane.

ATR-FTIR spectroscopy was applied as complementary technique to study degree of fouling. Through FTIR
analysis it is possible to detect the peak at 1490 cm−1 that can be related to the amount of lignin. Infrared spectra
of membranes from pressure-driven fouling experiments in Fig. 5 show that laccase treatment decreased membrane
fouling caused by lignin both in pressure-driven and adsorption experiments. Based on intensities of the spectra the
level of lignin originated fouling was the highest in the pressure-driven filtration of reference extract and about half
lower in the pressure-driven filtration of laccase treated extract. Adsorption of reference extract lead to almost as high
fouling degree as pressure-driven filtration of laccase treated extract. Adsorption of laccase treated extract caused
about half less lignin originated fouling than adsorption of reference extract. Decrease in lignin originated fouling
after the laccase treatment can be partly explained by the smaller amount of lignin present in the extract.

All in all, fouling decreased the contact angle of the membranes, i.e. surface of membranes turned into more
hydrophilic compared to membranes which had seen only pure water (Tab. 3). Similar hydrophilization of the poly-
sulphone and polyethersulfone membranes as the result of fouling has been observed when spruce hydrolysate [2],
polyphenolic compounds [54] and dextran [55] have been filtered. Also modification of PES based membrane with
birch DES-lignin (extracted from wood by a deep eutectic solvent) has been shown to increase hydrophilicity of the
membrane surface [56].

The contact angle decreased to 47◦ after pressure-driven fouling and to 51◦ after adsorptive fouling caused by the
reference extract. The contact angle results together with IR spectra indicate that the surface of the membrane turned
into more hydrophilic due to the fouling. Fouling caused by the laccase treated extract decreased the contact angle
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Figure 5: Infrared spectra of membrane from pressure-driven and adsorptive fouling experiments. Non-overlapping lignin
originated foulant peak can be detected at 1490 cm−1.

to 57◦ after the pressure-driven fouling and to 39◦ after the adsorptive fouling. This might indicate that also some
other factors besides the fouling caused by lignin are affecting the hydrophilicity. Because laccase decreased the lignin
originated fouling it is possible that the other foulants than lignin, such as extractives are more present on the surface.

Higher increase in hydrophilicity as the result of adsorptive fouling after the laccase treatment could stem from
higher degree of organization of the fouling layer after adsorption, when compared to the formation of fouling layer
under pressure. During adsorptive fouling process the foulants can self-organize more freely but in the pressure-
driven fouling the deposition of the foulants may vary more. Based on the previous studies foulants which may either
increase or decrease the contact angle depending on their orientation include wood extractives (e.g. fatty acids, resin
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Table 3
Contact angle (CA) result with standard errors of the mean.

Sample name CA (◦)

Pressure-driven Reference extract 47 ± 2
experiments Laccase extract 57 ± 5

Adsorption Reference extract 51 ± 5
experiments Laccase extract 39 ± 0

Pure water 74 ± 4
Water at pH 3.3 64 ± 3

acids and triglycerides) and phenolics possessing both hydrophobic and hydrophilic parts in their structures [57, 37].
For example, in the adsorption of amphiphilic foulants the hydrophobic heads of the molecules are adsorbed onto the
relatively hydrophobic membrane and the hydrophilic parts are orientated towards the solution [57, 58]. In addition,
surface roughness has effect on the apparent contact angle values [59].

Determination of wood extractives in prefiltered reference extract and in prefiltered laccase treated extract was tried
by liquid-liquid extraction and gas chromatography analysis as described by Örså and Holmbom[60] but the analysis
succeeded only partly due to the unexpected precipitation problems. Addition of silylation compounds BSTFA (bis-
(trimethylsilyl)-trifluoroacetamide) and TMCS (trimethylchlorosilane) induced precipitation of laccase treated samples
whereas reference extract samples remained dissolved. Based on the analysis of the dissolved fraction of the laccase
treated sample (in which unexpected precipitation occured) there were at least some lignin residuals, lipophilics and
fatty acids and trace amounts of other extractives. However, due to the problems in the analysis the total amount of
wood extractives in the laccase treated sample is not known. Fully dissolved prefiltered reference extract samples
contained significantly higher amounts of lignin residuals, lignans, syringaresinols and lipophilics than laccase treated
samples. There were also minor amounts fatty acids, resin acids, sterols, medioresinols, syringaresinols and steryl
esters. Thus, based on the literature and the clear change in the sample matrix due to the laccase treatment, it can be
concluded that laccase treatment may have modified besides lignin also extractives present in the pressurized hot-water
extract.

Results of the BET nitrogen desorption measurements are listed in Tab. 4. Changes in the specific surface area,
specific pore volume and in the average pore diameter in the mesopore region show that fouling increased surface
area, total pore volume and average pore size of the samples. These changes might originate from the formation of the
porous fouling layer on the surface of the membrane. Fractions of the micropores were determined by t-plot method
and the results are shown in Tab. 4. The disappearance of the small diameter pores as the result of fouling supports the
observed changes in pure water permeabilities (Fig. 4). Micropore volume was the highest in the samples, which had
seen only pure water and the lowest in the samples that were fouled by the wood extract in pressure-driven filtrations.
Thus it seems that part of the fouling is caused by the pore blocking. Because the microporosity of the samples from
the adsorption experiments was almost on the same level than in the pure samples (around 0.0006 cm3/g), the results
suggests that practically no pore blocking happened during the adsorptive fouling.

Pore size distribution of membrane samples based on the pore volume data from nitrogen desorption isotherms are
presented in Fig. 6. Fouling of the membrane lead to increase in pore volumes of pores that had diameter larger than
10 nm. Order of the increase in pore volumes follows the same trend than degree of lignin originated fouling revealed
by FTIR spectra (Fig. 5). Reference extracts caused slightly higher increase in pore volumes than laccase treated ex-
tracts both in pressure-driven and adsorption experiments and pressure-driven experiments caused significantly higher
increase than adsorption experiments.

Altogether, the IR and BET results are in line with each other and support the finding that laccase oxidation de-
creased lignin originated fouling layer formation both in adsorptive and pressure-driven experiments. However, laccase
treatment caused higher decrease in the pure water permeability. The changes in the micropore volumes revealed that
the reference extract and laccase treated extract decreased the amount of micropores broadly as much. Thus the higher
decrease in pure water permeability after the laccase treatment must originate from the changes in the structure and
physicochemical properties of the deposited fouling layer and or from the changes in membrane pore blocking. Trans-
formation in the foulingmechanism from the pore narrowing to the pore blocking is supported by themicropore volume
results. Native, more linear lignin molecules could form densely packed layer on the surface of the membrane during
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Table 4
Surface area, total pore volume and average pore sizes based on nitrogen adsorption–
desorption isotherms. Estimated micropore volume and micropore area based on t-plot
model.

Surface area Pore volume Desorption Micropore Micropore
Sample name (m2/g) (cm3/g) pore size (nm) volume (cm3/g) area (m2/g)

Pressure-driven Reference extract 10.03 0.053 21.14 0.00041 1.17
experiments Laccase extract 9.65 0.051 20.97 0.00042 1.22

Adsorption Reference extract 9.31 0.041 17.73 0.00059 1.64
experiments Laccase extract 9.17 0.039 17.07 0.00059 1.63

Pure water 1 8.20 0.033 16.31 0.00067 1.75
Pure water 2 8.11 0.033 16.34 0.00060 1.61
Water at pH 3.3 7.88 0.032 16.38 0.00053 1.45
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Figure 6: Logaritmic differential pore volume distributions from nitrogen desorption data.

the filtration, have easier access into to pores of the skin layer of the membrane, adsorb on the pore walls and narrow
the pores but the permeability of the membrane would be maintained. Laccase treated lignin with increased size and
globular shape could in turn form less densely packed layer on the surface of the membrane during the filtration and
have more restricted access into the membrane pores. However, globular lignin foulants could block the pore openings
completely if the size of the foulant and size of the pores would be matching and even small amount of foulants would
be sufficient to decrease the permeability significantly. The decreases in the micropore volumes would be roughly the
same if foulants were on the pore walls vs. on the pore openings.

Pure water permeability results may have been also affected by the hydrophilization resulting from the fouling. In
general, the membrane fouling leads to decrease in permeability but an increase in hydrophilicity might counteract
the effect of fouling by improving the pure water flux due to the improved wetting of the membrane. Increase in pure
water flux as the result of adsorption has been observed after deposition of alkaline lignin on polyamidemembrane [61],
adsorption of humic acid on polyamide and polyethersulfone membrane in the neutral pH [58], adsorption of vanillin
on polyethersulfone membranes [62] and after adsorption of nonionic Triton®X-100 surfactants on polyethersulfone
membranes [63]. Due to this the higher decrease in pure water permeability after the laccase treatment may be partially
explained by the lower amount of hydrophilic lignin in the fouling layer. Changes in the presence and orientation of
amphiphilic foulants such as extractives after the laccase treatment may have also affected the permeability of the
water through the fouling layer. It should be kept in mind that besides lignin and extractives also hemicelluloses and
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lignin-hemicellulose complexes might play the role in the fouling. Thuvander et al. have shown that polysaccharides
can cause significant irreversible fouling [64]. It is also possible that hemicelluloses linked to lignin are drawn to the
surface of the membrane when the lignin part get adsorbed.

4. Conclusions
The goal of this study was to find out how the laccase catalyst prevents the membrane fouling caused by the

lignin present in the wood extract. In this study, ultrafiltration was combined with laccase pretreatment of birch hot-
water extract. The results showed that laccase treatment changed size and physiochemical properties of lignin and
might have modified lignin molecules to less sticky form that differs from the structure, shape and/or size of native
lignin. In filtration experiments, the catalytic pretreatment of the extract lead to significantly better filtration capacity.
Laccase induced physiochemical changes and changes inmolecularmass distribution can possibly explain the improved
filterability of the birch extract. Based on the FTIR spectra and BET results the laccase treatment decreased both
adsorptive and pressure-driven fouling caused by lignin. Larger lignin molecules have potentially less interactions
with membrane surface, and cause less fouling than the more linear lignin. Contrary to the other findings, the decrease
in pure water permeabilities was higher when the wood extract was treated with laccase both in pressure-driven and
adsorptive fouling experiments. However, the changes in the micropore volumes revealed that the reference extract
and laccase treated extract decreased the amount of micropores similarly. Adsorptive fouling decreased the amount of
micropores only slightly and pressure-driven fouling caused the decrease of about 30 %. Thus, the higher decrease in
pure water permeability after the laccase treatment could be explained by the transformation in the membrane fouling
mechanism from pore narrowing to complete pore blocking as the result of the changes in the size and shape of the
foulants. The selection of a membrane with a different pore size could possibly prevent the fouling problem faced in
this study and the acquired improvement in the filterability could enhance the process stability and fulfill the demand
for industrial applications. Thus, the gathered knowledge on studied pretreatment method and on mechanisms causing
lignin originated fouling can be applied in the development of more efficient and economic filtration processes to
fractionate and purify lignocellulosic streams.
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