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Abstract This paper implies production of cellulase and xylanase enzyme using a
potent strain of Trichoderma harzianum for the efficient deinking of photocopier
waste papers. Different nutritional and environmental factors were optimized for
higher production of cellulase along with xylanase. After fermentation, maximum
enzyme extraction was achieved from fermented matter using a three-step extraction
process with increased efficiency by 26.6-29.3 % over single-step extraction. Static
solid state was found as the best fermentation type using wheat bran (WB) as carbon
source and ammonium ferrous sulfate (0.02 M) as nitrogen source. Subsequently,
inoculum size (8 x10° CFU/gds), incubation days (4 days), temperature (34 °C), initial
pH (6.0), and moisture ratio (1:3) significantly affected the enzyme production.
Cellulase and xylanase activities were found to be maximum at pH 5.5 and temper-
ature 55-60 °C with good stability (even up to 6 h). Furthermore, this crude enzyme
was evaluated for the deinking of photocopier waste papers without affecting the
strength properties with improved drainage as an additional advantage. The crude
enzyme-deinked pulp showed 23.6 % higher deinking efficiency and 3.2 % higher
brightness than chemically deinked pulp. Strength properties like tensile, burst indices,
and folding endurance were also observed to improve by 6.7, 13.4, and 10.3 %,
respectively, for enzyme-deinked pulp. However, the tear index was decreased by
10.5 %. The freeness of the pulp was also increased by 21.6 % with reduced drainage
time by 13.9 %.
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Introduction

Screening of microorganisms, evaluation of their nutritional and environmental necessities,
and selection of suitable substrates for the production of enzymes are some crucial steps for the
development of economically feasible process/technology [1]. The lignocellulosic biomass
(wastes from forestry, agriculture, and agro-industry) can provide a cheaper renewable sub-
strate for cellulase and xylanase production. Many microorganisms like fungi, bacteria, and
actinomycetes may be exploited to utilize these lignocellulosic wastes (LCWs) as carbon
sources to produce cellulolytic and xylanolytic enzymes [2]. Trichoderma and Aspergillus
species are some of the widely reported soft rot fungi for the commercial production of these
extracellular enzymes [3—5]. The cellulase enzyme complex is considered to be composed of
three hydrolytic enzymes for the complete hydrolysis of cellulose. These are endo-3-1,4-d-
glucanase (endoglucanase or CMCase which cleaves glycosidic linkages of the amorphous
parts of the cellulose randomly), exo-f3-1,4-glucanase (cellobiohydrolase or exoglucanase
which releases cellobiose from the nonreducing or reducing end from the crystalline parts of
the cellulose), and (3-glucosidase (cellobiase—which cleaves bond between glucose dimers
releasing sugar units) [6]. Xylanolytic enzyme such as (3-1,4 xylanase (1,4-3-D-xylan-
xylanohydrolase or endoxylanase) has the capability of hydrolyzing the xylosidic linkages in
xylan, the major component of hemicellulose [6, 7]. These enzymes possess increasing
demand for various biotechnological applications in different industries such as pulp and
paper, textile, food, feed, beverage, and biofuels production [3, 6, 8-10]. Although, most of the
industrial enzymes are produced by submerged fermentation (SmF) at commercial level, but
solid-state fermentation (SSF—the growth of microorganisms on solid materials without the
presence of free liquid) has also been considered for the better yield and the economical
production of enzymes in some countries [7, 10]. SSF is predominantly suitable for lignocel-
lulosic enzymes production for different biotechnological applications where the crude enzyme
may be used directly. Therefore, SSF allows to produce the concentrate enzyme sample
because the enzyme produced during the SSF is many folds higher than the SmF [10]. SSF
has many advantages over SmF for production of enzyme by fungi such as, larger volume with
higher concentration of product to facilitate recovery, simple process operation, better con-
tamination control, and a lesser amount of solvent for extraction of the enzymes, which
considerably reduce the downstream processing cost [10]. During the fermentation process
of LCW for cellulase production, xylanase is also expected to be produced because significant
amount of xylan present in LCW stimulates the coproduction of industrially important
xylanase [11, 12]. The induction of cellulase and xylanase was likely to be under separate
regulatory control in 7richoderma harzianum [13]. Even the xylan-deficient cellulosic sub-
strates have been reported to induce the cellulase as well as xylanase production in
Trichoderma reesei as explained by Aro et al. that cellulase regulator gene (ACEII) activates
xylanase regulation in 7. reesei [14]. Still, majority of the available literature have reported
either cellulase [15] or xylanase production [3, 7, 16, 17] by T. harzianum using LCW.
Cellulase and xylanase enzymes are the dominating enzymes for several biotechnological
applications in the paper industry [6]. In the recent years, paper makers have shown the interest
to find ecofriendly processes such as biodeinking (use of enzymes for deinking) due to
increasing environmental and economic concerns associated with conventional methods [8,
9, 18-25]. The deinking process involves the ink particles dislodgement from the fiber surface
and the separation of the dispersed ink. Among the different types of waste papers, mixed
office waste (MOW) paper is one of the most difficult to deink due to the use of thermosetting
toners consisting of nondispersible synthetic polymers as ink in photocopier or laser printers
for printing the paper [8, 9, 20, 21]. Toner is physically bonded to the fibers because of high
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heat, thereby making it difficult and expensive to remove by conventional chemical methods
[8, 9, 20, 22]. Different mechanisms like partial hydrolyzation and depolymerization (peeling
off effect), selective removal of fines and colloids, and defibrillation/fibrillation have been
proposed by many researchers for the enzymatic deinking [8, 9, 18-21]. The cellulase and
xylanase, reported in the literature to deink various types of papers, are commercial enzymes
(supplied by leading enzyme companies) [9, 22, 23] and are produced in the lab by different
microorganisms [4, 20, 21, 24, 25]. Very limited studies have used the crude cellulase having
xylanase activity for deinking, which may have additional benefits without affecting the
deinking performance.

Therefore, the ultimate aim of this study was to optimize the various nutritional and
environmental factors for maximum yield of cellulase (preferable) and coproduction of
xylanase enzyme by 7. harzianum through suitable fermentation process. Furthermore,
endoglucanase (using carboxy-methyl cellulose-CMCase), total cellulase activity (using filter
paper-FPase), and xylanase (endoxylanase) activities were characterized to find out the best
level of performance for enhancing the enzymatic efficiency. Then, suitability of this crude
enzyme as biodeinking agent for photocopier waste paper was also evaluated. Therefore, the
present study reports the production of crude cellulase and xylanase enzymes simultaneously
by newly isolated 7. harzianum PPDDN-10 NFCCI-2925 for the deinking of photocopier
waste papers.

Materials and Methods
Microorganism and Medium Composition

A total of 104 fungal strains were isolated by enrichment technique from the samples collected
from soil, decaying wood, and dung from the various sites of northern India. The fungal
mycelia were inoculated onto potato dextrose agar media and incubated for 6 days at 30 °C.
The isolated fungi were screened for the best cellulase and xylanase producer, primarily by the
congo red zone method on carboxy-methyl cellulose (CMC) and xylan agar media [26].
Secondary screening was done by the measurement of the cellulase and xylanase activities
of enzyme produced by SSF on wheat bran (WB) [27, 28].

For the enzyme production, Mandel and Reese nutrient salt solution (NSS) was modified by
replacing carbon and nitrogen sources only. The NSS contains yeast extract (3 g/l), K;HPO,
(2 g/l), CaCl, (0.3 g/l), Tween-80 (2 g/1), MgSO, (0.3 g/l), FeSO, (0.005 g/1), MnSO,4 (0.002 g/
1), ZnSO,4.7H,0 (0.0016 g/1), and CoCl, (0.0014 g/).

Inoculum Preparation

WB (4 %) agar petriplates were inoculated using culture from 6-day-old slant and incubated
for 6 days at 30 °C. After incubation, 10 ml of saline containing 0.1 % Tween-80 was added to
the plates and shaken gently. Saline solution containing spores was collected aseptically. Spore
count was determined by serial dilution followed by the spread plating method. Spore count
was expressed as colony forming units (CFU) per milliliter.

Enzyme Production

Fifteen milliliters of NSS was added to 5 g of oven-dried (OD) basis LCW in 250-ml
Erlenmeyer flasks for SSF, whereas for semisolid (SmSF) and SmF, this amount was kept at
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45 and 60 ml, respectively (these are the optimized values—data not shown). Prior to use, the
LCWs were washed several times with warm water to remove water-soluble impurities;
obtained lignocellulosic substrates were dried and ground in a laboratory grinder to obtain
fine particles (if necessary). The ground material was passed through a 100-mesh-size screen,
and the fraction retained on the screen was used for enzyme production. Sterilization was
performed at 121 °C and 1.021 kg/cm2 for 20 min in an autoclave after adjustment of initial pH
of medium to 6.0. Fungal spores (2% 10° CFU/gds) were inoculated in the flask for fermen-
tation and kept for 5 days.

Enzyme Extraction

After 5 days of incubation, crude enzyme (obtained after fermentation process) was extracted
with the extraction buffer (citrate buffer pH 4.8) in different NSS:extraction buffer volume
ratios of 1:1, 1:2, and 1:3 (15, 30, and 45 ml) in single-step as well as multiple consecutive
extractions (three-step extraction) for SSF. Extraction buffer was not added for SmSF and SmF
to avoid further dilution of enzyme. This fermented matter was squeezed with soft hand using
a glass rod. After that, this crushed fermented matter was kept for shaking for 15 min in a
shaker incubator at room temperature. The fermented product was filtered through three-
layered cheesecloth to extract the crude enzyme. The obtained filtrate was centrifuged at
10,000 rpm for 15 min at 4 °C, and the supernatant was used as the crude enzyme sample.

Analyses

The CMCase and FPase activities were determined in international units per milliliter (IU/ml)
and filter paper units per milliliter (FPU/ml), respectively, by measuring the amount of
reducing sugar in the reaction mixture using the dinitrosalicylic acid (DNS) method [27].
Xylanase (endo-1,4-3-xylanase) activity (IU/ml) was measured by a method described by
Bailey et al. [28]. The amount of protein was determined according to Lowry method [29].
Production of endoglucanase, total cellulase, xylanase, and protein was expressed in terms of
carbon source as [U/gram dry substrate (gds), FPU/gds, 1U/gds, and mg/gds, respectively.
Growth of the fungus was determined by measuring N-acetylglucosamine (milligrams of
glucosamine/gds) as described by Blix [30].

Optimization Procedure

The variables for enzyme production were optimized sequentially using the classical “change-
one-factor-at-a-time” method [9, 31]. All the experiments were carried out in triplicates
independently, and the results are represented as mean values with+standard deviations
(SD) at 95 % significant level.

Influence of different modes of fermentation on the production of endoglucanase, total
cellulase, xylanase, and supernatant protein was examined using solid state (SSF), semi-solid
state (SmSF), and SmF, each under static (S) and shaking (R) at 200 rpm conditions. These
were denoted as solid-state static [SSF(S)], semi-solid state static [SmSF(S)], submerged state
static [SmF(S)], solid-state shaking [SSF(R)], semi-solid state shaking [SmSF(R)], and sub-
merged state shaking [SmF(R)].

Different LCWs were used to select the best carbon source among corncob (CC), groundnut
shell (GS), coconut coir (COCO), sugarcane bagasse (SCB), rice husk (RH), rice straw (RS),
WRB, wheat straw (WS), and wood saw dust (WSD). These were used singly as well as in the
combinations with other LCWs in three different ratios of 3:1, 1:1, and 1:3 to evaluate the

@ Springer



3780 Appl Biochem Biotechnol (2014) 172:3776-3797

addition effect of mixed substrate on the production of enzymes. The spore density of 2x 10°,
4x10°%, 6x10° 8x10°, and 10x10° CFU/gds were inoculated in the fermentation media to
optimize the inoculum size on the enzyme production. To optimize the incubation days,
enzyme was harvested daily to determine enzyme activities until the 16th day. Fermentation
was carried out at various temperatures in the range of 2650 °C (the interval of 4 °C). Initial
pH of NSS was preadjusted ranging between 3 and 11 (at the interval of 0.5) with 1 M
NaOH/stO4.

To provide adequate suitable nitrogen source for cellulase and xylanase production,
alternative nitrogen sources were evaluated. Amount of inorganic nitrogen sources were
calculated to supply equimolar amounts of nitrogen while complex organic sources were
added in grams per liter. The following inorganic and complex organic N-sources were used in
different amounts after replacing the original N-source in NSS: (a) inorganic (0.01, 0.02, 0.03,
and 0.04 M of each): ammonium nitrate (AN), ammonium chloride (AC), ammonium ferrous
sulfate (AFS), and urea (UA); (b) complex organic (1, 2, 3, and 4 g/l of each): malt extract
(ME), yeast extract (YE), mycological peptone (MYP), and beef extract (BE). Moisture ratios,
i.e., ratio of WB concentration and volume of NSS (w/v), were kept as 1:1, 1:2, 1:3, 1:4, and
L:5.

A wide range of pH values (i.e., from 3.0-11.0 at an interval of 0.5) was used for the
determination of the pH optima for the enzymatic activity. Citrate buffer (pH 3.0-6.0),
phosphate buffer (6.5-9.0), and glycine-NaOH buffer (9.5-11.0) were used to cover the whole
range. The pH stability was checked by incubating the enzymes in the buffer of the pH 5.0 for
1,2,3,4,5,6,and 24 h at 40 °C. To find out the optimum temperature for each enzyme, the
temperature range was varied from 20 to 80 °C (5 °C interval) at pH 5.5. Crude enzyme was
preincubated at 55 and 60 °C for various times (0, 1, 2, 3, 4, 5, and 6 h) to determine the
thermal stability.

The large-scale production of enzyme for deinking experiments was carried out in a 1-1
Erlenmeyer flask containing 25 g of WB at the optimized parameters.

Deinking Experiments

To minimize the variation in ink content in all the experiments, one set of “standard” printed
sheets were prepared, and copier paper (sheet size 210%x297 mm, basis weight 75 gsm) was
used to produce photocopier waste paper after printing with Xerox black toner. These
photocopied paper samples were used for deinking experiments performed in this work. This
waste paper was manually torn into a size of approximately 1-in. squares. Before
hydrapulping, torn papers were soaked in tap water at desired consistency, at room temperature
overnight. The optimization of deinking process with lab-produced crude enzyme was per-
formed, as described in our previous study with chemicals and commercial enzymes [9]. The
hydrapulping of 250 g OD paper was carried out at different enzyme dose, consistency, and
time in hydrapulper (HP) to achieve an optimized value (data not shown). The pH was
maintained 5.5+0.1 with H,SO4/NaOH during the enzymatic deinking. Optimum enzyme
dose (0.8 IU/OD pulp) and 0.4 % of oleic acid were added during the hydrapulping stage at
55 °C for 60 min reaction time (including 30 min hydrapulping time) [9]. After the
hydrapulping process, the pulp was kept in boiled water for 15 min to inactivate the enzyme
to avoid any further enzymatic reaction. Washing alone did not remove all the toner ink
particles because the ink particles in the photocopier paper were of large size. In this case, it
was necessary to use a flotation process that could be followed by washing to separate smaller
toner particles from the fibers. The remaining 0.4 % of the oleic acid was added before
flotation with 0.25 % NaOH to form froth for flotation, and then the pulp was diluted to
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approximately 1 % consistency by using tap water. In all the treatments, whether chemical
or enzymatic, hydrapulping was followed by a 10-min flotation run in a laboratory
flotation unit at 40+2 °C temperature. At the end of flotation, the deinked fibers were
recovered on muslin cloth from the drain valve of the flotation cell. For the washing
process, the pulp was agitated manually for 5 min at 2 % consistency in a bucket. After
this, the pulp was transferred for filtration using a screen. This washing process was
repeated three times. Wastewater obtained from the final optimized experiments was
collected for the effluent studies.

The handsheets from the chemical- and enzyme-treated pulp were prepared and compared
for deinking efficiency, freeness, optical, and strength properties using TAPPI standard tests as
mentioned in our previous work [9].

Results and Discussion
Isolation, Screening, and Identification of Potent Cellulase and Xylanase Producer

After the primary and secondary screening, fungal strain PPDDN10 was selected as the most
active cellulase and xylanase producer among other isolated strains. The culture was identified
as genus Hypocrea lixii (which is a teliomorph of 7. harzianum) based on sequencing of the
genomic DNA, which showed 99 % sequence similarity with genus. The culture was identified
and deposited at NFCCI, Pune, India, with accession number NFCCI 2925.

Three-Step Extraction

The extraction efficiency of enzyme was increased by 76-86.6 % by three-step extraction
(volume size 15 mlx3 buffer) when compared with single-step extraction using volume size of
15 ml extraction buffer. It was observed that total enzyme production was enhanced by
increasing the volume of extraction buffer, but enzyme activity per milliliter was decreased
by 17.0-21.6 % due to dilution of the crude enzyme sample. The efficiency of three-step
extraction (volume size 15 mlx3) was enhanced by 26.6-29.3 % when compared with single-
step extraction using the same volume of buffer, i.e., 45 ml buffer (Table 1). These results are
in agreement with that of Rezende et al., who reported that the less volume of extraction buffer
used consecutively could recover more enzyme than the same total volume used in a single
extraction. They achieved 0.42 and 288 U/ml as the maximum activities of the extracted
endoglucanase and xylanase, respectively [32].

Optimization of Nutritional and Environmental Factors for Enzyme Production
Fermentation Type

The highest enzyme yield was observed with SSF under both static and shaking conditions.
Production of endoglucanase (14.80+0.69 IU/gds), total cellulase (3.96+0.28 FPU/gds),
xylanase enzyme (1,121.9+£64.1 1U/gds), and supernatant protein (18.92+0.70 mg/gds) was
slightly higher in the shaking condition than static SSF. In the static SSF, the respective values
were 14.12+0.54 1U/gds, 4.10+0.25 FPU/gds, 1,102.4+63.5 IU/gds, and 17.49+0.64 mg/gds,
while for the SmSF and SmF, shaking state fermentation has a remarkable difference over
static conditions (Fig. 1). The greater enzyme production under SSF compared with SmSF and
SmF might be due to the presence of the same environment provided to the fungus in SSF
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Fig. 1 Effect of fermentation type on the cellulase and xylanase production (WB=5 g, spores/gds=4x 10°,
incubation time=35 days, temperature=30 °C, pH=6.0, N-source=3 g/I YE, and moisture ratio=1:3)

conditions, i.e., closer to its natural habitat (wood and decayed organic matter) [33]. Pelleted
and filamentous growth as observed in semisolid and SmF can affect the rate of enzyme
production by influencing the mass transfer rate due to their characteristics [34]. In shaking
SmSF and SmF, the fungus was exposed to hydrodynamic forces, while in SSF growth, there
was no such negative effect due to restricted growth to the surface of the solid matrix [33]. In
addition, the filamentous fungi can easily penetrate into the solid substrates with their hyphae
(due to less dilution of the enzymes) that resulted into increased accessibility of all the
available nutrients within particles [10], and thus, enzyme production was higher in SSF.
Catabolite repression problem in SmSF and SmF is reduced or absent in SSF due to the
possible existence of microscopic gradients within the mass of cell aggregates or the changes
in cell permeability to sugars [35]. The SSF under static condition was selected for further
experiments due to its obvious advantages.

LCW as Carbon Source

Production of cellulolytic and xylanolytic enzymes was strongly dependent on the nature of
carbon source. The use of pure substrates (carbon source) such as CMC, cellulose, and xylan
has been shown to be uneconomical while the LCWs offer a cost-effective substrate for large-
scale production of cellulase and xylanase through SSF [1, 5]. Among various insoluble
LCWs, production of different enzymes was highest mainly with WB (a nutrient-rich inter-
mediate of the wheat processing industry) (Fig. 2a). The sequence of production was WB>
SCB>RH=RS>WS>GS>WSD>CC>COCO (endoglucanase), WB>RS>WS>SCB>CC>
RH>GS>COCO=WSD (total cellulase), WS>WB>RH>RS>WSD>CC>GS=SCB>CO-
CO (xylanase production) WB>RS>WS>RH>SCB>CC>COCO>WSD>CC (protein), and
SCB>RS>WB>WS>CC>RH>WSD>GS>COCO (fungal biomass). This variation in the
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production may be due to compositional variation in the LCW (i.e., amount of cellulose,
hemicellulose, and lignin) and nutrient availability of the used substrate [36].

WB showed better heat dissipation, air circulation, loose particle binding in moist condi-
tions and efficient penetration by mycelia, ability to retain high moisture content in SSF, and
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inducer for a cellulase as well as xylanase. WB is rich in carbohydrates, protein, fat, minerals,
bioactive compounds, and vitamins. Very low lignin and silica contents help in nutrients
availability easily [37]. The use of WB also eliminates the step of grinding due to its already
finer particle size. WB has been used for cellulase and xylanase production by Trichoderma
and Aspergillus sp. [16, 36, 39]. The other carbon sources used for 7. harzianum are melon
peel (26.5 U/mg of protein xylanase), sorghum flour (438 U/gds xylanase), RS (111.31 U/gds
endoglucanase, 6.25 U/gds total cellulase, and 433.45 U/gds xylanase), sunflower sludge
(8.84 U/gds xylanase), and SCB (0.42 IU/ml endoglucanase and 288 U/ml xylanase) [3, 7,
12, 17, 32].

Some researchers have used WB in combinations with other LCWs due to differ-
ence in nutrients as well as particle property to evaluate the addition effect of mixed
substrate [36, 40]. We observed that cellulase and xylanase producing efficiency of
the fungus was decreased when WB was mixed in combination with RS, SCB, and
WS (Fig. 2b). Fungal growth was also slightly decreased in mixed substrate than in
the individual one. These results are contrary with those obtained with Aspergillus
fumigatus using mixed substrate of RS and WB [36].

Inoculum Size

Inoculum size is also an important factor for the enzyme production. Lower inoculum
level may not be sufficient to initiate the growth of microorganisms resulting in
longer lag phase and slower enzyme formation [39]. Optimum spore density (number
of spores per unit weight of substrate) is important for SSF process. The maximum
enzyme production was obtained at spore density of 8x10° CFU/gds. The
endoglucanase, total cellulase, xylanase, and protein production were obtained 16.24
+0.59 IU/gds, 5.2940.19 FPU/gds, 1,561.6+26.9 IU/gds, and 18.42+0.91 mg/gds,
respectively for this spore density. There was no significant change in the xylanase
production at the spore density of 6x10° and 8x10° CFU/gds (Fig. 3). Higher spore
density can reduce or deplete the lag phase and promote over growth which results in
fast nutrient depletion [39].

Incubation Days

The highest cellulase (endoglucanase 17.84+0.61 1U/gds and total cellulase production
6.22+0.11 FPU/gds) and xylanase (1,114.94+95.3 [1U/gds) enzyme production was
obtained at days 4 and 5, respectively. The maximum soluble protein production
was 25.454+0.25 mg/gds at day 4 (Fig. 4). Glucosamine levels started to increase
after the first day of fermentation to the maximum of 92.68+1.65 mg/gds N-
acetylglucosamine on the fifth day due to the growth of the fungus during the
fermentation. At the start of fermentation, the organism was in an acclimatizing stage
and could not produce sufficient amount of the enzyme. On the fourth day, the culture
was in the log phase and secreted maximum cellulase and xylanase production, while
after the fourth day, the cellulase and xylanase production decreased due to possible
depletion of the nutrients from the culture medium. The fungal growth was stopped
after 5 days, as there was no increase in the glucosamine content. Increasing the
harvesting time might result in the accumulation of hydrolysis products such as
glucose and cellobiose, which are inhibitors for cellulase system activity and could
adversely affect the rate of cellulase production [41, 42]. After the consumption of
these sugars, the enzyme production was slightly increased on the ninth day that was
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followed by the decrease in the production after the 11th day due to deficiency of
nutrient, mycelial death (decreased glucosamine content), and action of the proteolytic
enzyme present in the culture medium. The earlier studies with the 7. harzianum have
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incubation time=variable, temperature=30 °C, pH=6.0, N-source=3 g/l YE, and moisture ratio=1:3)
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been reported 7 days as the optimum time for the maximum cellulase and xylanase
production [3, 17, 32,]. Fadel et al. have found the maximum production in just
2 days using sorghum flour [7].

Temperature

The temperature of the fermentation medium is one of the vital factors that have deep influence
on products. It was observed that enzyme production increased with an increase in temperature
of up to 34 °C with maximum production of endoglucanase (20.06+0.86 IU/gds), xylanase
(1,208.6+54.3 1U/gds), and soluble protein (26.19+1.20 mg/gds). The total cellulase produc-
tion was maximum (6.01£0.18 FPU/gds) at 30 °C. Deschamps et al. also reported the
maximum FPase activity of 7. harzianum at 30 °C [40]. After 34 °C, enzyme production
was decreased (Fig. 5). Higher temperature (38 and 42 °C) resulted in reduced fungal growth
and hence lower enzyme synthesis [43]. This fungus was not able to grow at the temperature
>42 °C.

Initial pH

Maximum endoglucanase (23.52+0.94 1U/gds), total cellulase (6.85+0.25 FPU/gds), and
xylanase (1,191.4+73.1 IU/gds) production were observed at initial pH 6.0, although maxi-
mum xylanase production (1,280.3+78.4 1U/gds) and soluble protein production (26.70+
0.62 mg/gds) were obtained at pH 6.5 (Fig. 6). Further increase or decrease in pH from this
level caused denaturation of the enzyme and retarded enzyme synthesis ability. Kocher et al.
[15] found pH 5.0 to be optimum for the T° harzianum Rut-C 8230 using RS as a substrate and
pH 5.8 for using WS (80 %) and bran (20 %) [40]. Change in the pH value of the culture
medium affected permeability of cells as well as stability of enzyme [39].
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Fig. 5 Effect of incubation temperature on the cellulase and xylanase production (WB=5 g, spores/gds=4x 10°,
incubation time=4 days, temperature=variable, pH=6.0, N-source=3 g/l YE, and moisture ratio=1:3)
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Nitrogen Sources

Cellulase production is known to be sensitive to the nitrogen source as well as to its level in the
medium [4, 44]. The ratio of C:N is most crucial for a particular process to obtain specific
production [11]. The maximum enzyme production, i.e., endoglucanase (26.22+0.81 [U/gds),
total cellulase (7.42+0.07 FPU/gds), and xylanase (1,942.4+84.0 1U/gds) was found with the
AFS at a dose of 0.02 M of available nitrogen concentration (Fig. 7a). It was comparable with the
results of the BE, but AFS is a cheaper nitrogen source than beef extract. According to Stewart
[45], cellulase production was always higher when ammonium salts were used. Xylanase
activities were generally higher with organic nitrogen sources. It was found to be maximum
(2,137.7+£68.41 IU/gds) with MYP at a dose of 2 g/l and the beef extract (2,119.27+67.82 [U/gds)
at 3-g/l dosage (Fig. 7b). The endoglucanase and total cellulase production was slightly lower than
those obtained with AFS. These results were in agreement with other investigation, in which
fungus was found to produce high xylanase activities when grown on organic nitrogen sources
[17].

Moisture Level (WB:NSS Ratio)

Moisture level of 1:3 was found to be an optimum ratio for the endoglucanase (27.49+0.99 1U/
gds), xylanase (2,165.44+158.15 [U/gds), and soluble protein production (30.91+1.34 mg/gds).
Total cellulase (8.03+0.41 FPU/gds) was observed maximum at ratio of 1:4 (Fig. 8). Higher and
lower water contents adversely affect the primary metabolic activities of microbes leading to a
slower enzyme synthesis. Lower moisture content resulted in the lower production of the enzymes
most probably due to reduced diffusion of solutes, nutrients, and gases to the microbial cells
throughout the fermentation period. A higher than optimum moisture level also lead to decreased
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production. This might be because of decreased porosity, alteration in particle structure, gummy
texture, lower oxygen transfer, and enhancement of the aerial mycelia [40, 41, 46].

Characterization of Cellulase and Xylanase Enzyme for Its Optima and Stability Toward pH
and Temperature

To be proven as an industrially important product, the characterization of these
enzymes requires knowledge of optimum pH and temperature as well as their stability
because CMCase, FPase, and xylanase activities are subjected to change with varying
pH as well as temperature [6].

Optimum pH and Stability

The pH optima profile showed that the pH of 4.5-6.0 was the best range [39]. The optimum
pH for the CMCase and xylanase activity was 5.5 while for the FPase activities, it was 5.0
(Fig. 9a). Stability of any enzymes in its optimum pH is prerequisite for any enzymatic
reaction. It was observed that only 5-12 % activity of CMCase, FPase, and xylanase was lost
at 40 °C up to 6 h, i.e., more than any anticipated enzymatic reaction time. Even after 24 h, its
activity was found to decrease up to 14-22 % (Fig. 9b).

Optimum Temperature and Stability
It was observed that optimum temperature was 60 °C for the CMCase and xylanase activity and
55 °C for the FPase activity which is similar to earlier work by Isil and Nilufer [16]. After 60 °C,

the enzymatic activities were decreased rapidly, and at 80 °C, enzyme was almost denatured,
i.e., having no activity (Fig. 9¢). Despite the high temperature optima of enzymes, the
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thermostability of an enzyme is also a very important property because at optimum temperature,
it should be stable, i.e., it should not get denatured before the desired reaction time.

All the cellulase components were optimally active in the assay at pH 5.5 and 60 °C.
CMCase, FPase, and xylanase lost 35-39 % of their activities when kept at 60 °C for 5 h
before assaying. The enzyme gave a good temperature stability up to 6 h at 60 °C (approx-
imately 50 % retained), and 20-24 % activities were lost when kept at 55 °C for 5 h (Fig. 9d).
This stability was higher than the previously reported value of about 80 % loss for 4 h [38].
Cellulase and xylanase enzymes that are stable at high temperatures can be used for different
applications in pulp and paper such as deinking of waste paper [8, 9] as well as LCW
saccharification processes to protect both substrate and products of the enzymatic reaction
from microbial contamination and deterioration [1]. These results are in agreement with
previous studies that the activity of xylanases isolated from Trichoderma is the highest at
pH and temperature ranges of 3.5-6.5 and 45-65 °C, respectively [14, 38].

The production of the endoglucanase, total cellulase, and xylanase enzymes was enhanced
by 3.2, 1.9, and 3.2 folds, respectively. The optimization of enzyme production was done on
the basis of endoglucanase. Total cellulase (FPase activity) was not improved as much as the
endoglucanase or xylanase because of its dependence on the exoglucanase and 3 glucosidase
enzymes which may have other optimum values as obtained with endoglucanase (Table 2).
During the optimization, the specific activities of the enzymes were sometimes increased or
decreased in the next optimized parameters. The reason may be the release behavior of certain
proteins or other enzymes due to change in the nutritional or operational parameters.
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Table 2 Activities and specific activities of the endoglucanase, total cellulase and xylanase enzyme at the
optimized parameters

Parameters Endoglucanase (CMCase)  Total cellulase (FPase)  Xylanase
(optimized value)
Activity Specitic Activity Specitfic Activity Specific
(TU/ml) activity (FPU/ml)  activity (TU/ml) activity
(IU/mg) (FPU/mg) (IU/mg)
Fermentation type 1.28+0.05 0.81+0.03 0.37+0.02  0.23+£0.01 100.2+£5.7 63.03+3.63
[SSE(S)]
LCW as carbon 1.33+0.04 0.78+0.02 0.42+0.05 0.25£0.03  93.046.1 54.4343.56
source (WB)
Inoculum size 1.4840.05 0.88+0.03 0.48+0.02  0.29+0.02 141.9£2.5 84.78+1.46

(8x10° CFU/gds)
Incubation days (4 days) 1.62+0.06  0.71£0.02  0.57+0.01 0.25£0.01 101487  44.15+3.78
Temperature (34 °C) 1.8240.08  0.77£0.03  0.51£0.02 0.21£0.01 109.9+49  46.15+2.07
Initial pH (6.0) 2.14+0.09  0.96+0.04  0.62£0.02 0.28+0.01 108.3£6.7  48.69+2.99

Nitrogen sources (FAS 2.3840.07 0.85+0.03 0.67+0.01 0.24+0.01 176.6+7.6 63.05+2.73
0.02 M)

Moisture level (WB:NSS  2.50+0.06 0.89+0.02 0.71+0.04 0.25+0.01 196.9+14.4 70.06+5.12
ratio) (1:3)

pH optima (5.5) 2.8740.05  1.02£0.03  0.74%0.03 027+0.02 2492+18.7  88.7246.12
Temperature optima 410011  146£0.07  0.69+0.02 025004 317.64212 112.9846.82
(60 °C)

All the values are of those experiments, which have the maximum endoglucanase production
SSF(S) solid-state static, WB wheat bran, NSS nutrient salt solution

During the large-scale production of enzyme for deinking experiments, the maximum 4.15
+0.42 TU/ml (1.48+0.15 IU/mg protein) CMCase, 0.67+0.12 FPU/ml (0.24+0.04 FPU/mg
protein) FPase, and 321.1£45.2 IU/ml (114.7£16.1 IU/mg protein) xylanase activities were
achieved at pH 5.5 and 60 °C.

Deinking Potential of Crude Enzyme and Its Comparison with Chemicals

The results of deinking with crude enzyme were compared with the conventional chemicals in
terms of optical and strength properties as well as freeness at their optimum conditions [4].

Deinking Efficiency

Deinking efficiency of crude enzyme have shown significant 23.6 % improvement over
conventional chemical deinking (Fig. 10). This improvement was caused by combined
cellulase and xylanase action, which detaches the attached ink particle from the fiber surface
by peeling off effect or freeing the entrapped ink with loosely bound microfibrils. Thus,
removal of fibrous material from toner particles would increase hydrophobicity and thereby
facilitate separation during flotation [8, 9, 18-20]. Giibitz et al. also achieved 94 % deinking
efficiency with xerographic and laser printed waste papers using a combination of
endoglucanase and xylanase [20].

Shifting of pH from alkaline (10.5 in chemical deinking) to acidic (5.5 in enzymatic
deinking) can facilitate the ink removal during flotation process due to the dissolution of the
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Fig. 10 Comparison between chemical deinking and enzymatic deinking in terms of deinking efficiency,
brightness, opacity, yield, residual ink, CODg, and BOD5

removed calcium carbonate coatings [22]. Additionally, size of the toner particles was lowered
due to low pH, which subsequently helped to remove the toner from the surfaces of the paper
fibers during the flotation process [47].

Optical Properties

Enzymatic deinked pulp was found to have 82.9 % brightness value, which was 3.2 % higher
than chemically treated pulp (Fig. 10). This might be due to the presence of xylanase enzyme
along with the cellulases in the crude enzyme, [18-20, 43], which is reported to extract xylan
with residual lignin. Some researchers have reported the decreased brightness value with
enzymatic deinking [4, 9, 24]. The opacity of crude enzymatic deinked pulp handsheets was
slightly higher (1.1 %) than that of the chemically deinked pulp (Fig. 10).

Strength Properties

Enzymatic deinked pulp handsheets were observed to have 6.7, 13.4, and 10.3 % higher tensile
index, burst index, and folding endurance, respectively (Fig. 11). Increased strength can be
signed to internal as well as surface fibrillation of the fiber by enzymatic action (SEM
photographs in Fig. 12) [9]. This development enhances the surface area of fiber and hence
improves interfiber bonding in spite of observed increased freeness. Previously, different
researchers have also observed the improved [9, 23, 24, 48], no effect [22], or decrease [20]
in strength properties of pulp obtained with enzymatically deinked pulp. Pala et al. found
improved as well as reduced tensile and burst index with different enzymes [23]. The increase
in burst index may be due to removal of the fines which facilitates the interfiber hydrogen
bonding. Tear index was reduced by 10.5 % lower than chemically deinked pulp due to
improved interfiber bonding (Fig. 11). Tearing will proceed more through breaking of fibers
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Fig. 11 Comparison between chemical deinking and enzymatic deinking in terms of tensile index, burst index,
folding endurance, and tear index

rather than breaking of fiber-fiber bonds. Other researchers have also observed similar type of
reduced tear index [20] (Fig. 11), but Singh et al. found the increased tear index [24]. Cellulase
selectively remove the fine fibers by enzymatic hydrolysis resulting into increased freeness,
while fibrillation of fiber enhances the hydrogen bonding due to exposure of more hydroxyl
groups, resulting into increased strength properties. Enzymatic deinked pulp have higher
proportion of the long fiber with less fine content as observed by Bauer-McNett classification
which suggests that cellulase maintain fiber integrity (data not shown).

The lower ash content (0.7 %) in crude enzyme deinked pulp was due to dissolution of filler
by more acidic conditions, while the same was 2.3 % in chemical treatment. The removal of
nonfibrous material (such as inorganic) in the flotation process would also facilitate the
interfiber bonds resulting into improved strength properties. This lower ash content has
resulted in 1.8 % lower yield as compared with chemical deinking (Fig. 10).

Fig. 12 SEM photographs of a chemically and b enzymatically deinked pulp showing fibrillation on fiber
surface and interfiber bonding
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Freeness

Generally, strength properties and freeness have an inverse relation in the conventional
treatment, but cellulase has the potential to improve both freeness and tensile strength
[9]. This crude enzyme was found to be also responsible for 21.6 % higher freeness
with reduced drainage time (14.0 %) than chemical deinking without affecting
strength properties (Fig. 13). Previously, different researchers [9, 20, 22] have pro-
posed that such an increase in freeness is due to selective removal of fine fibers by
controlled peeling action. The endoglucanase (CMCase) activity of cellulase is the
prerequisite for the improvement in the drainage of the recycled pulp [18].
Endoglucanase preferentially acts on the amorphous region and low molecular com-
ponents of the cellulose [19]. During the enzymatic deinking, enzyme detaches the ink
particles with some part of microfibrils as shown in Fig. 5a. As a result, the removal
of sufficient hydrophilic material also improves dewatering of the pulp as these
particles hold maximum water because of their high specific surface area [9].

Effluent Load

The effluent generated during the enzymatic deinking have 37.8 % lesser chemical
oxygen demand (COD) and 18.9 % lesser biological oxygen demand (BODs) value
than effluent of chemically deinked pulp (Fig. 10). The BODs/COD ratio was higher
for the enzymatic deinking, i.e., higher biodegradable components in effluent. Other
researchers also reported lower environmental load in enzymatic deinking than con-
ventional deinking due to less or no use of chemicals [24, 48].
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Fig. 13 Comparison between chemical deinking and enzymatic deinking in terms of freeness and drainage time
(DT)
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Conclusions

In the present research work, efforts were made to find the optimum conditions for the
enhanced production of cellulase and xylanase by 7. harzianum PPDDN-10 NFCCI 2925
for the deinking of photocopier waste papers. Three-step extraction was found to extract
the maximum enzyme from the fermented product for SSF. This study also supported that
SSF process is suitable particularly for lignocellulosic enzymes production. In the present
study, cheaper carbon source (WB) and nitrogen source (AFS) gave the maximum enzyme
production in just 4 days at 34 °C. This eliminates the use of costly carbon (CMC and
xylan) and nitrogen sources (MYP, BE). Characterization of the crude enzyme clearly
showed the better activity and stability at optimum pH and temperature. This crude
enzyme preparation has shown improvement in toner removal efficiency of photocopier
waste papers, better strength properties by preserving fiber integrity (larger fiber length),
and facilitating fibrillation as compared with chemical treatment. Cellulase having
xylanase activity was found to alleviate the brightness. The improved drainage with
enzymatic application might result into competent papermaking on higher speed ma-
chines. Enzymatic approach has the potential to reduce the pollution load. Therefore, the
conclusions of lab-scaled enzyme treatment with crude cellulase and xylanase enzyme of
T. harzianum could be applied in deinking of photocopier waste paper replacing chemical
deinking.

Acknowledgment Puneet Pathak acknowledges the Ministry of Human Resource Development, Government
of India, for providing an MHRD scholarship.
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