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ARTICLE INFO ABSTRACT

Article history: Economic benefits of the pulp and paper industry have led it to be one of the most important industrial

Received 17 January 2014 sections in the world. Nevertheless, in recent years, pulp and paper mills are facing challenges with the energy

Eel\c/[ewezdollr:l revised form efficiency mechanisms and management of the resulting pollutants, considering the environmental feedbacks
ay

and ongoing legal requirements. This study reviews and discusses the recent developments of affordable
methods dealing with pulp and paper mill wastewaters. To this end, the current state of the various processes
used for pulp and paper production from virgin or recovered fibers has been briefly reviewed. Also, the
Keywords: relevant contaminants have been investigated, considering the used raw materials and applied techniques as
Pulp and paper industry the subject for further discussion about the relevant suitable wastewater treatment methods. The results of the
22¥Z;2cgi¢3gr:;;egntreatment methods present study indicated that adopting the integrated methods, alongside a combination of biological (e.g.,
Anaerobic digestion anaerobic digestion) and physicochemical (e.g., novel Fenton reactions) treatment methods, can be envir-
onmentally and economically preferable to minimize environmental contaminants and energy recycling.
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1. Introduction

Pulp and paper (P&P) industry is considered a large user and
producer of biomass based energy and materials (Svensson and
Berntsson, 2014). To maintain their profitability and overcome the
declining (Machani et al., 2014) and competitive (Karikallio et al.,
2011) markets, P&P mills are no longer limited to production of
pulp and/or paper; rather, they may adopt additional measures
including waste heat delivery to district heating systems (e.g.,
Ericsson et al., 2011; Klugman et al., 2009) and production of the
electricity, wood pellets, and dried bark as well as valuable
chemicals such as ethanol (e.g., Fornell et al., 2012; Phillips et al.,
2013) and materials like carbon fiber (see e.g., Maradur et al.,
2012), biofuels, etc. (Jonsson et al., 2011).

However, the pulp and paper (P&P) industry is now facing
challenges to comply with stringent environmental regulations.
These factories commonly produce considerable amounts of
wastewaters, especially from virgin raw materials processing. Such
effluents have the potential to adversely affect the receiving
aquatic environment through, for instance, slime production by
microorganisms such as Sphaerotilus sp. (Pellegrin et al., 1999) and
formation of scum, as well as toxicity to the exposed communities,
thermal impacts, color problems, and aesthetical issues (Pokhrel
and Viraraghavan, 2004), in case of incomplete treatment. The
generated effluents, based on factors such as raw materials used
and employed production process, commonly have a high COD
(Table 1) and a low biodegradability (defined as the ratio of BODs/
COD) and more than 200-300 different organic compounds and
approximately 700 organic and inorganic compounds (Karrasch et
al., 2006). Such substrates may include non-biodegradable organic
materials, adsorbable organic halogens (AOX), color, phenolic
compounds, etc. (Buyukkamaci and Koken, 2010), depending upon
the applied pulping process, additive chemicals, and the amount of
water consumed. Accordingly, in both traditional and emerging
P&P producers (e.g., Chen et al., 2012) such as United States
(Schneider, 2011), China (Zhu et al., 2012), and India (Afroz and
Singh, 2014), P&P mills are considered a major source of environ-
mental pollutants.

Pollutants which are released during several parts of P&P
production process can be reduced by adopting several internal
process improvements, especially in combination with manage-
ment measures. In this regard, European Commission (2001) has
described the best available techniques (BAT) to be adopted by
P&P mills. Moreover, several studies have been carried out with
the final purpose of reduction in the pollution load during the P&P
making process (Martin-Sampedro et al., 2011). However, the
external processes, including the primary clarification, secondary
treatment, and/or tertiary processes have remained the main
remediation ways used in P&P mills which can be simply divided

Table 1
Typical characteristics of effluents from P&P production processes.

into physicochemical and biological processes. In order to con-
tribute to more development of these technologies, it is beneficial
to demonstrate their current status. Hence, through a brief review
of P&P manufacturing techniques and key pollutants released
directly into the wastewater contents, recent and advanced P&P
wastewater treatment methods have been reviewed and discussed
in the present paper.

2. P&P production techniques and key pollutants

P&P are produced from virgin or recovered fibers (RCFs) as raw
materials. Chemical, mechanical, or a combination of them are
common pulp producing processes from virgin raw materials
while recovered pulp is produced from fiber recovering processes.
Produced pulp is further processed using additional non fiber
materials, such as fillers, to obtain the paper web.

2.1. P&P from virgin fiber

2.1.1. P&P from virgin fiber — production techniques

Manufacturing processes of paper and paperboard can be
generally divided into three steps: pulp making, pulp processing,
and paper-making (Avsar and Demirer, 2008). Pulping is the
process generally started by debarking which removes soil, dirt,
and bark from the wood raw materials and converts the plant fiber
into smaller pieces (chips) (Ali and Sreekrishnan, 2001). Resulting
wood pieces are cooked at high temperature and under high
pressure. Also, chemical techniques can be used to separate lignin
and hemicelluloses from cellulose, used for making paper. This
process is usually carried out by means of wet processes, which is
responsible for removing large amounts of organic compounds
from the processing wood (Vepsdldinen et al., 2011).

The yield of the mechanical pulping (MP), compared with
chemical-based processes, is generally high (90-95%), but the quality
of the products is significantly low (Pokhrel and Viraraghavan, 2004).
Improvement of MP can be achieved by several techniques, such as
thermo-mechanical pulping (TMP), chemo-mechanical pulping
(CMP), and chemical thermo-mechanical pulping (CTMP). In TMP,
the raw materials are exposed to pressurized steam for a short period
of time, followed by refining. Chemical treatments (e.g., by using
hydrogen sulfite (HSOs)) can also be applied to TMP during the
steaming stage for further modifications to form CTMP (Ekstrand et
al.,, 2013). In recent years, some studies have been carried out to
optimize the CTMP which produces fibers by biological (e.g., Lei et al.,
2012) or chemical pre-treatment (e.g., Pan et al., 2013) of wood chips
prior to refining. Chemical pre-processing of the raw materials,
before exposing to mechanical pulping, is another common way to
increase the efficiency of the process which is called CMP. Kraft pulp

Unit operations pH COD (mg/L) BODs (mg/L) BODs/COD TSS (mg/L) Reference

Wood yard and chipping® 7 1275 556 - 7150 Avsar and Demirer (2008)
Thermo-mechanical pulping 4.0-4.2 3343-4250 - - 330-510 Qu et al.(2012)

Chemical thermo-mechanical pulping® 743 7521 3000 - 350 Liu et al. (2011)

Kraft cooking section 135 1669.7 460 0.27 40 Wang et al. (2007)
Pulping process operations® 5.5 9065 2440 - 1309 Avsar and Demirer (2008)
Bleaching® 8.2 3680 352 - 950 Kansal et al. (2008)

Paper machine 6.5 1116 641 - 645 Avsar and Demirer (2008)
Integrated pulp and paper mill 6.5 3791 1197 - 1241 Avsar and Demirer (2008)
Recycled paper mill 6.2-7.8 3380-4930 1650-2565 0.488-0.52 1900-3138 Zwain et al. (2013)

@ Pulpwood storage, debarking, and chipping.
b Alkaline peroxide mechanical pulping (APMP).

€ Pulping, pulp screening, pulp washing and thickening, bleaching, and kraft repulping.

4 A combination of chlorination and alkaline extraction stages.



328 M. Kamali, Z. Khodaparast / Ecotoxicology and Environmental Safety 114 (2015) 326-342

(KP) is a widely used type of chemical pulping (CP) which is an
alkaline process to produce chemical pulp. The wood chips are
cooked in a solution of sodium hydroxide (NaOH) and sodium sulfide
(NaS,), called white liquor, to remove the lignin (Sainlez and Heyen,
2013). Moreover, some other inorganic compounds, such as Na,COs,
Na,SO4, NaySOs, and NayS,03, can be presented in the liquor
(Ekstrand et al., 2013). The resulting black liquor can be concentrated
and burned in a recovery furnace to yield an inorganic smelt of
Na,CO3 and Na,S to reproduce the needed chemicals for cooking
(Sainlez and Heyen, 2013). So far, some studies have been done with
the aim of increasing the produced pulp and decreasing the amount
of the related pollutants. The results of a recent study revealed that
partial substitution of MgO for NaOH could lead to a lower dissolu-
tion of chemical components in pulp fibers. As a result, the pulp yield
can be improved while decreasing the effluent load (Ye et al., 2012).
The neutral sulfite semi-chemical (NSSC) is a traditional CP which
uses a mixture of Na;SO3 and NaHCOs in order to dissolve the lignin
(Ekstrand et al., 2013). Bleaching process is the next step which may
be applied to brown pulp in order to improve brightness and to make
it appropriate for paper making operations. In this regard, several
bleaching agents can be used, such as chlorine, chlorine dioxide,
hydrogen peroxide, oxygen, ozone, etc., through elemental chlorine
free (ECF) or total chlorine free (TCF) bleaching processes. ECF is
mainly conducted by using ClO, and H,SO, in an acidic environment
or NaOH, which is often combined with O,, and hydrogen peroxide
in an alkaline phase are used to enhance the extraction stage of the
lignin oxidation. In TCF, different combination patterns of bleaching
acid (H,S0,4), ozone, O, chelating agents, and/or hydrogen peroxide
(P) steps are used (Ekstrand et al., 2013). P is an oxidant compound
which has been widely applied for pre-delignification of chemically
produced pulps, in bleaching sequences. This process is mainly used
to decrease the kappa number and increase the brightness and
stability of the produced pulps. Also, P can become more effective in
combination with the tetraacetyl-ethylene-diamine (Requejo et al.,
2012). Washing the produced pulps (e.g., by using an alkali caustic
soda) is then applied to remove the bleaching agents and hardly
biodegradable compounds (Ali and Sreekrishnan, 2001).

The final stage of P&P production is paper-making, in which the
processed pulp is combined with some materials including dyes,
resins, fillers such as clay, titanium dioxide, calcium carbonate, and
sizing agents like rosin and starch, to form the paper (Ali and
Sreekrishnan, 2001; Avsar and Demirer, 2008). Afterwards, the
mixture is dewatered by pressing and the resulting sheets are
dried, using air or heat (Santos and Almada-Lobo, 2012). In this
regard, paper-making industry is especially interested in increas-
ing the filler content of paper. This is mainly because they are
relatively cheap materials that improve the paper optical and bulk
properties and also its smoothness (Gamelas et al.,, in press).
However, the application of mineral fillers can affect the paper
strength properties. To overcome this problem, some measures
have been proposed such as complexation of fillers with cellulosic
fines (Subramanian et al., 2008), surface modification of fillers
(Shen et al., 2009), and filler pre-flocculation (Sang and Englezos,
2012). It must be stated that particle size of these minerals are in
the colloidal range. As a result, they are difficult to settle during
wastewater treatment (Nasser et al., 2013).

Paper making normally consumes a large amount of energy.
Chen et al. (2012), by analyzing the energy flow for three major
energy consuming P&P mills in Taiwan, concluded that paper
making consumes 47.2% of electricity and 94% of thermal energy,
compared with that for pulping process (41.7% and 4.5%, respec-
tively). Saving in energy and raw materials as well as low
environmental impacts can be achieved through employing new
methods and using new materials in paper making process.
Holmberg et al. (2013) stated that 32% of the electrical energy
and 9.6% of the total energy consumption goes to overcome the

friction in paper machines which is in the range of 15-25% in the
entire paper mill. They concluded that friction losses can be
reduced by 11% in the short term (about 10 years) and by 23.6%
in the long term (20-25 years) by adopting some measures such as
the use of low-friction coatings, surface engineering, appropriate
lubricants and fluids, novel additives, new materials in seals,
doctorblades, foam forming technology, and new designs. Manda
et al. (2012) illustrated that 60% and 35% wood saving for the
nanoparticle coated recovered fiber and micro TiO, coated CTMP
paper can be achieved, respectively. Moreover, the nanoparticle
coated recovered fiber paper offered up to 100% and 75% savings in
non-renewable energy use and greenhouse gases emission,
respectively, compared with conventional paper making processes
by using ECF bleaching of kraft pulp.

2.1.2. P&P from virgin fiber — key pollutants

The volume and properties of P&P wastewater and related
pollutants depend upon several factors, such as production scale,
the raw materials used, and applied production technologies (Tiku
et al., 2007). Long time ago (beginning of 20th century), produc-
tion of a ton of paper would require consumption of 500-1000 m>
of water (Holik, 2006). Thanks to technological advances, the
amount of water needed for different parts of paper making
processes has been significantly decreased, e.g., by using wet
processes (Bajpai, 2010). For instance, in German pulp and paper
industry, it has been decreased down to 13 m> per ton of produced
paper (Holik, 2006). Although small and medium pulp and paper
mills ( < 100t/d) normally generate smaller quantities of waste-
water, compared with large mills (> 100t/d), they produce a
higher pollution load (Garg, 2012). This is mainly due to the fact
that most of small and some of medium scale P&P mills do not
have an infrastructure for chemical recovery and they discharge
them directly into the produced effluents (Tewari et al., 2009; Tiku
et al., 2007).

In recent years, wood species have been the most widely used
raw materials for P&P manufacturing throughout the world
(Wanrosli et al,, 2007). For instance, Pinus radiata is the main
raw wood material in some countries such as New Zealand. The
effluents produced from these raw materials usually include high
amount of resin acids, which are naturally occurring in conifer
species (Fraser et al., 2009). The predominant key raw material in
south eastern European countries (such as Spain and Portugal),
Brazil, and other regions of the world is Eucalyptus, and in
particular Eucalyptus globulus, which provides the highest yield
with the best pulp quality in kraft pulping and TCF (Martinez-Inigo
et al., 2000). Sterols (mainly f-sitosterol), waxes, and f-sitosterol
esters are the main compounds in the deposits after kraft cooking
and oxygen pre-bleaching of such raw materials (Del Rio et al.,
1998).

In addition to the wood-based fibers, the production of cellu-
lose pulp from non-wood fibers has risen in recent years. Alter-
native materials mainly include agricultural residues such as
canola straw (Hosseinpour et al., 2010), residual vine shoots
(Jiménez et al., 2009), rice straw (Rodriguez et al., 2010), wheat
straw (Hedjazi et al., 2009), sunflower stalks (Khristova et al.,
1998), and sugar cane bagasse (Andrade and Colodette, 2014). The
ratio of the cellulose and other substances in such raw material
contents is considered an important factor to estimate the poten-
tial for production of waste materials during pulping process. This
variable is also very significant to assess the selected raw material
suitability for production of cellulose P&P (Rodriguez et al., 2010).

Cellulose pulp production is responsible for generation of large
amounts of wastewater resulting from cooking the raw materials,
especially when some sulphur-containing reagent is used (e.g., in
the kraft pulping processes). During wood preparation, soil, dirt
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Table 2

Major pollutants released from P&P making process (Ali and Sreekrishnan, 2001; Pokhrel and Viraraghavan, 2004; Tewari et al., 2009).

Process stage Wastewater
Volume Pollution  Effluent content
load
Raw material Low Low Suspended solids including bark particles, fiber pigments, dirt, grit, BOD, and COD.
preparation
Pulping Low High Color, bark particles, soluble wood materials, resin acids, fatty acids, AOX, VOCs, BOD, COD, and
dissolved inorganics.
Bleaching High High Dissolved lignin, color, COD, carbohydrate, inorganic chlorines, AOX, EOX, VOCs, chlorophenols,
and halogenated hydrocarbons.
Paper-making Depends on the extent of the Low Particulate wastes, organic and inorganic compounds, COD, and BOD.
recycling effluents
100 -
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Fig. 1. Enzymatic de-inking efficiency of different types of waste papers. Arrow bars illustrate means with standard error. Means with the same letter (a, b, ¢, d, A, B, C, D,
and E) showed no significant difference by least significance test at 5% level of probability (Lee et al., 2013).

Table 3
The amount of the consumed raw materials to produce 50 g/m? of printing and
writing paper (Hong and Li, 2012).

Materials Unit Writing paper

With RCF With wood pulp
Waste paper kg 1.36 -
Wood chips m? - 3.50 x 103
Chlorine kg - 0.07
Sodium hydroxide g - 4.49
Starch g 3.61 3.61
Talcum powder kg 0.10 -
Fresh water kg 3.20 84.88
Salt g 0.56 0.44
Husk kg 0.71 0.57
Chemicals organic g 12.14 12.14

and bark are removed from the raw materials. Consequently, the
effluents are highly colored, mainly due to their tannin content.
Resin acids are also included in debarking waters. Isopimaric,
sandacopimaric, levopimaric, abietic, dehydroabietic, neoabietic
and palustric acids are resin acids which can be generally found in
pulping wastewaters (Vepsdldinen et al., 2011). The pulp produced
in the pulping process is brown and, thus, subject to bleaching in
order to increase its brightness. Wastewater from this process
normally includes wood debris and soluble wood materials. More-
over, depending upon the type of pulping process, various toxic
chemicals, such as resin acids (which naturally occur in the resin of
tree wood), unsaturated fatty acids (such as oleic acids, linoleic
acid, and linolenic acid), diterpene alcohols, juvaniones, chlori-
nated resin acids, and others, are generated (Ali and Sreekrishnan,
2001; Pokhrel and Viraraghavan, 2004) with high levels of BOD
and COD (Freitas et al., 2009). For instance, effluents from TMP

process (white water), which is often responsible for the corrosion
problems in paper making machines (Tenno and Paulapuro, 1999),
are typically wood-based with normally medium strength and
concentrations ranging from 1000 to 6000 mg/L COD, including
easy biodegradable material, such as carbohydrates and organic
acids (Kortekaas et al., 1998). The lignin fraction causes high
concentration of COD in the white water which remains after
bleaching in the generated wastewater. It also includes some
chemical additives involved in the paper making processes such
as soluble silicates (3SiO; - Na,0), widely known as water glass
(Huuha et al., 2010). In addition to the mentioned compounds,
some other contaminants may appear in pulping process effluent.
As an example, black liquors, from the kraft process, generally
contain aqueous solution of sodium hydroxide and sodium sulfide,
which have been used to break up and remove the lignin, and they
are known to adversely affect the treatment facilities and aquatic
life (Betancur et al., 2009).

Chlorine-based bleaching processes are responsible for major-
ity of environmental problems. Related effluents normally contain
a large amount of chlorophenols, adsorbable organic halogens
(AOX) (Requejo et al., 2012), and extractable organic halogens
(EOXs) as well as a trace of toxic substances such as DDT,
polychlorinated biphenyls, and polychlorinated dibenzodioxines
(Karrasch et al,, 2006). Some halogenated polycyclic aromatic
hydrocarbons have been detected in KP mill products and dis-
charges (Koistinen et al., 1994). Also, dioxins, furans, chlorinated
lignosulfonic acids, and chlorinated resin acids are found to be
produced during the bleaching process (Ali and Sreekrishnan,
2001). Therefore, it is environmentally beneficial to establish and
develop alternative technologies, which use non-chlorinated oxi-
dant compounds such as oxygen, ozone or peroxide hydrogen.
However, in spite of being more environmentally friendly, com-
pared with ECF, TCF maintains a small niche market less than 5% of
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the world bleached chemical pulp production, because of higher
production costs and lower strength and brightness of the pro-
duced pulp (Bajpai, 2012). Nowadays, sequential ECF can be
considered representative of conventional ECF bleaching which
includes chlorine dioxide oxidation stage at acidic conditions and
alkaline extraction with aqueous sodium hydroxide (Calvo et al.,
2007). Table 2 summarizes the main pollutants which are nor-
mally produced during several steps of P&P making process.

2.2. P&P from RCF

2.2.1. P&P from RCF - production techniques

Recovering waste papers such as mixed office waste, old
newsprint and old corrugated container have been increasingly
used during recent decades because of a number of environmental
and economic reasons. FAO (2012) reported that the global
collection of recovered fibers for recycling purposes between
1970 and 2010 shows a significant increase from 30.8 million tons
to 208 million tons in 2010. Natural resources saving and reduc-
tion of both emissions and solid waste generation can be stated
the main reasons of such ongoing growth (Van Beukering and
Bouman, 2001).

Recycling the RCF can be conducted through processes which
can be mainly divided into pulping, high density screening and de-
inking stages. Pulping is generally applied to convert the waste
paper into the RCF dispersed in water and to prepare them for de-
inking process, which removes the ink particles from cellulose
fibers. Screening is responsible for the removal of large particles
with high and medium density, such as paper clips and staples.
De-inking can be considered as the main stage of the RCF recycling
process which basically consists of separation of ink particles from
the cellulose fibers and removal of the detached particles from
pulp slurry by washing for ink particles less than 25 um in
diameter (Borchardt et al., 1998) or floatation for larger particles
such as toner inks and laser printed papers (Zhenying et al., 2009).
Large amount of toxic substances, such as H,0,, NaOH, Na,SiOs,
Na,COs3, and other compounds like surfactants, are currently
applied as chemical de-inking agents with the aim of improving
the brightness of the produced pulp (Zhang et al., 2008). Some of
chemical reactive agents can also be applied in floatation process
in order to provide efficient COD removal from RCF slurries. In a
study conducted by Beneventi et al. (2009), it has been demon-
strated that the ozone floatation allowed increasing COD removal
from 41% to 63%. However, some particles such as toners usually
remain as large, flat, and rigid particles that are very difficult to
remove by application of current separation techniques, during
de-inking stage. The use of biological agents such as pectinases,
hemicellulases, cellulases, and lignolytic enzymes is a possible and
suitable option to deal with such persistent compounds, especially
in presence of surfactants. They can also be an effective solution
for de-inking high quality waste papers, namely mixed office
wastes with high contents of non-contact inks (Pala et al., 2004).
These methods bear some advantages over common chemical de-
inking techniques, such as avoidance of the use of alkali, simplify-
ing the de-inking process, and changing the ink particle size
distribution (Bhat, 2000). However, different enzymatic de-
inking efficiencies have been observed in de-inking various types
of waste papers. For instance, Lee et al. (2013) investigated the
enzymatic de-inking efficiency of different types of waste papers
using cellulase, hemicellulase, and xylanase. Based on the results
of their study, a high efficiency of 86.6% on laser-printed papers
was obtained while a relatively low de-inking efficiency of 12.9%
was observed with newspaper (Fig. 1).

Enzymatic de-inking by using, for instance, Celluclast 1.51L,
Trichoderma viride CCMI 84 and IOGEN celulase (Pala et al., 2004),
can reduce the wastewater treatment cost and make the process

eco-friendly through significant reduction in the produced COD
and BOD, as well as the requirements of conventional de-inking
chemicals. Zhang et al. (2012) estimated that applying the
enzymes to replace 50% de-inking chemicals can potentially
reduce COD load by 22-28%. Likewise, Singh et al. (2012) con-
cluded that a decrease of 20.15% and 22.64% in BOD and COD
values of effluents can be achieved by 50% replacement of
conventional chemicals by enzymatic de-inking agents. Moreover,
they observed 10.71%, 7.49%, 10.52%, and 6.25% improvements in
viscosity, breaking length, burst factor, and tear factor of hand-
sheets, compared with conventional chemical de-inking.

2.2.2. P&P from RCF - key pollutants

The wastewater generated in a RCF mill is quite small compared
with those from virgin P&P production process. Table 3 presents
the 2009-2010 annual data of a P&P plant in operation processes
in China (Hong and Li, 2012) which shows the relatively low
amounts of consumed fresh water and chemicals to produce 1 kg
of printing and writing paper (50 g/m?).

Metallic components (e.g., staples and ring binders), sand, glass,
plastic, coatings, and fillers are the impurities generally separated
from waste papers during recycling process. In addition, high con-
centrations of compounds such as 2,4,7,9-Tetramethyl-5-decyne-4,7-
diol (which is a surfactant in paints and printing ink) can be released
into the wastewater during paper recycling process (Guedez and
Piittmann, 2014). Moreover, pulping additive chemicals (such as
caustic soda, sodium silicate, hydrogen peroxide, and soap), de-
inking additives and ink particles, and other impurities such as short
fibers, fines and, fillers are pollutants normally generated in RCF mills
(Miranda et al, 2009; Monte et al.,, 2009). The wastes from these
factories, which normally contain compunds like Si and Ca (Raut et
al., 2012) can be reused in other manufacturing processes such as
light weight bricks production (see e.g., Raut et al., 2012) and cement
industry (see e.g., Yan et al., 2011).

The types and amounts of the generated pollutants are directly
related to the origin of the waste papers. From light-weight coated
paper, higher amounts of organics (because of the coating binders)
and lower amounts of inorganics (because of different manufac-
turing process and the used furnish) are released into the resultant
effluents compared with newsprint paper (Miranda et al., 2009). In
case of laser printing papers, the thermoplastic resins (commonly
polystyrene, the copolymerization of ethylene and vinyl acetate,
nitro cellulose, polyvinyl chloride (PVC), polyamide and polyester,
etc.) in the toner are generally melted and then adhered with
carbon black on the paper in printing process. Hence, traces of
such materials together with electric-magnetic iron oxide can be
found in the produced wastewater contents (Zhenying et al.,
2009). A sample characterization of RCF mill wastewater for
various physicochemical components, measured by Zwain et al.
(2013), is shown in Table 1.

3. Advances in P&P wastewater treatments

Several studies have indicated that P&P mill effluents can
potentially induce aquatic toxicity, especially at the reproductive
level (see e.g., Costigan et al., 2012; Hewitt et al., 2008; Waye et al.,
2014). Thanks to the developments occurred in the P&P treatment
methods; toxicity of the final discharged effluents has been greatly
decreased. However, such pollutants continue to be found in the
final treated effluents (Orrego et al., 2010). This is mainly due to
the remaining technical problems which lead to incomplete
degradation as well as economic limitations of some effective
P&P wastewater treatment methods. Recent studies, reviewed in
the present paper, have aimed to overcome such limitations of
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currently used P&P treatments to be of cost benefit and to be able
to fulfill the environmental protection requirements.

3.1. Physicochemical methods

The application of various physicochemical treatment methods,
such as sedimentation and floatation, coagulation and precipita-
tion, filtration, reverse osmosis, adsorption, wet oxidation, ozona-
tion and other advanced oxidation processes for P&P wastewater
treatment, has been well documented over the past two decades
because of their ability to remove a variety of suspended and
floating matters as well as toxic compounds from the produced
wastewaters.

3.1.1. Sedimentation and floatation

The effectiveness of sedimentation and floatation for clarification
of P&P mill wastewater has been previously reviewed by key
references (see Pokhrel and Viraraghavan, 2004; Thompson et al.,
2001). However, adoption of such systems seems to be dependent on
the employed P&P production process as well as applied secondary
treatment methods. Ekstrand et al. (2013), by comparing the
methane formation from different P&P production effluents, showed
that when the residue fibers contain relatively high cellulose content,
which normally occurs in the KP effluents, conducting the anaerobic
digestion without primary sedimentation may be more beneficial by
producing higher amounts of biogas, compared with dewatering and
burning of the fiber residues sediments.

3.1.2. Coagulation and precipitation

The basis of such methods is addition of metal salts to the
stream in order to generate larger flocs from small particles. Wang
et al, (2011) applied aluminum chloride as coagulant and a
modified natural polymer (starch-g-PAM-g-PDMC) as flocculant
for treatment of wastewaters from primary sedimentation tank.
They concluded that at the optimal condition (coagulant dosage of
871 mg/L, flocculant dosage of 22.3 mg/L and pH 8.35) the effi-
ciency of the turbidity and lignin removals and water recovery
were 95.7%, 83.4%, and 72.7%, respectively. Razali et al. (2011)
found that utilization of higher molecular weight polydiallyldi-
methylammonium chloride for P&P mill wastewater treatment is
more efficient in the overall performance of flocculation process,
compared with low molecular weights. However, they observed
that COD reduction by each tested polyDADMAC sample size was
more than 90%. Renault et al. (2009) showed the higher perfor-
mance of chitosan, as flocculant agent, in reduction of COD (above
80%) and turbidity (more than 85%), compared with that for
polyaluminium chloride (40-45% and 55-60%, respectively) from
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biologically treated cardboard industry wastewater. Eskelinen
et al. (2010) achieved up to 90% removal of COD by using chemical
precipitation, using 5 g/L Ca0O, and demonstrated the effectiveness
of this method, compared with ultrasonic irradiation in combina-
tion with Fenton-like oxidation (Fe**/H,0,) (12%), photo-Fenton
degradation (Fe?* [H,0,/UV) (20%), or electro-oxidation treatment
(28%) in reduction of COD, where the Fe(lll) and H,0, dose, pH,
agitation speed, and contact time were 1 and 3 g/L 6.9, 200 rpm,
and 60 min, respectively.

There has been an increasing interest in application of electro-
chemical methods, which are more technically and economically
feasible in large-scale operation (Soloman et al., 2009), in comparison
with other physicochemical treatment techniques. Electrocoagulation
treatments can be considered potential electrochemical P&P waste-
water treatment ways which are more effective to deal with high
molecular weight dissolved organic matters than the low molecular
weight compounds (Lewis et al., 2013). Removal of different pollu-
tants, using such methods, is significantly dependent on the opera-
tional conditions. Boroski et al. (2008) stated that commercial plates
composed of aluminum electrodes and iron electrodes show equal
statistical COD reductions from P&P industry effluents. In case of
other pollutants such as lignin, phenol, and BOD, Al electrode has
shown higher efficiency than Fe (Ugurlu et al., 2008). In addition, a
study to find out optimum conditions for decolorization and total
COD reduction in P&P mill wastewater revealed that the polyelec-
trolytes such as sodium silicate, calcium carbonate, and polyacryla-
mide can be omitted, saving on operational and environmental costs,
as they have no significant effect on the treatment process of
wastewaters from the P&P industry (Fig. 2) (Khansorthong and
Hunsom, 2009).

3.1.3. Membrane technologies

In recent years, various membrane technologies have been
applied for treatment of P&P mill wastewater. Reverse osmosis can
be considered one of these methods with the ability of pathogen
destruction (Asano and Cotruvo, 2004). However, such systems are
now challenging with technical and economical limitations,
related to the retentate disposal (Greenlee et al., 2010). In this
regard, adoption of proper pre-treatment methods seems to
enhance the performance of the RO systems. For instance, Li and
Zhang (2011) showed that pre-treatment of P&P mill wastewater
by using a composite flocculant (PAFSSB), prior to RO, can
efficiently reduce the COD up to 75%.

Chanworrawoot and Hunsom (2012) demonstrated that utiliza-
tion of a membrane electrochemical reactor can be an economic
and effective way for P&P wastewater treatment. It can happen by
facilitating the removal of color, BOD, COD, TSS, and TDS, as well as
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Fig. 2. The effect of polyacrylamide (PAM), as polyelectrolyte on removal percentages of color (a) and total COD (b) by electrocoagulation process (Khansorthong and

Hunsom, 2009).
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Fig. 3. Dechlorination pathways for 4-CP, 2,4-DCP, and 2,4,6-TCP by Fe® impreg-
nated silica (Dorathi and Kandasamy, 2012).

Table 4
Changes in the AOX and other P&P mill wastewater parameters, before and after
the treatment (Dorathi and Kandasamy, 2012).

Parameter Before treatment After treatment
pH 8.12 742

EC (pS/cm) 5132 5815

TDS (mg/L) 2314 2419

Chloride (mg/L) 151 574

AOX (mg/L) 381 25.2

producing a smaller quantity of the low-density sludge and having
a low operating cost per unit quantity of COD, by producing in-situ
H™' instead of adding large amounts of mineral acids such as
H,S0,. Ciputra et al. (2010) achieved 91% removal of the dissolved
organic carbon from a biologically treated newsprint mill effluent
by nanofiltration treatment. Puro et al. (2010) compared fouling of
regenerated cellulose (RC) and polyether sulfone (PES) membranes
in filtration of softwood and hardwood pulp mill process waters.
They concluded that although the process water can affect the
performance of the membrane, the fouling of PES was greater than
that of RC with both types of process waters, based on their flux
recovery.

The factors influencing the treatment efficiency of membrane
technologies have been also well studied in recent years. For
instance, a study by Gonder et al. (2011), with the purpose of
purification of biologically treated P&P wastewater by nanofiltra-
tion process, revealed that membrane fouling can be minimized by
optimizing operating conditions (pH 10, temperature 25 °C, trans-
membrane pressure (TP) 12 bar, volume reduction factor (VRF): 4).
In this regard, TP and VRF had the highest and small percentage of
contribution respectively, while pH was found to have no sig-
nificant effect on membrane fouling. Gonder et al. (2012)

investigated the treatment of pulp and paper mill wastewater
using ultrafiltration (UF) membranes. They achieved 83%, 97%, 95%,
89%, and 50% removals of total hardness, sulfate, spectral absorp-
tion coefficient (SAC254), COD, and conductivity, respectively, by
optimizing the operating conditions (pH 10, temperature 25 °C, TP
6 bar, and VRF 3). However, a 35% flux decline caused by fouling
was observed, under the optimized conditions.

However, some arrangements such as pre-treatment by
enzymes can considerably enhance the performance of the mem-
brane filtration process. For instance, Ko and Fan (2010) reported
that by pre-treatment of P&P raw wastewater and secondary
effluents through using laccase polymerization prior to filtration
by four investigated membranes with different molecular weights,
over 60% of COD reduction was achieved. In addition, Krawczyk
et al. (2013) recovered high molecular mass hemicelluloses, which
is needed for manufacturing value added products, from CTMP
process water by using a membrane filtration and enzymatic
treatment with laccase.

3.14. Adsorption

Various adsorbants such as activated carbon, silica, fuller's
earth, coal ash, etc. have been previously tested and they have
shown acceptable performances for decolorization and refractory
pollutants removals from P&P mill wastewater, as reviewed by
Pokhrel and Viraraghavan (2004). Ciputra et al. (2010), by inves-
tigating the adsorption mechanisms of ion exchange resin and
granular activated carbon, indicated that they preferentially act on
the hydrophobic and high molecular weight fractions. Their study
reported 72% and 76% reductions in dissolved organic carbon by
using ion exchange resin and granular activated carbon, respec-
tively. Xilei et al. (2010) conducted the adsorption followed by
coagulation tertiary treatment by using low-cost bentonite as
adsorbent and polyaluminum silicate chloride as coagulant. They
obtained 60.87% and 41.38% of COD and color removals, respec-
tively, at the optimum conditions for adsorbent (450 mg/L) and
coagulant (400 mg/L) dosages.

3.1.5. Oxidation

Various oxidation processes as well as new catalytic materials
have been studied as interesting solutions dealing with P&P
wastewaters. It has been previously demonstrated by Akolekar
et al. (2002) that catalytic wet oxidation using bi-metal catalysis
such as CU/Mn, Cu/Pb, and Mn/Pd can exhibit higher efficiency
than single transition (CU, Mn) or nobel metal (Pd) catalysts (with
more than 84% removal of TOC). With the aim of making wet
oxidation process cost-effective, Garg et al. (2007) conducted a
catalytic wet oxidation of thermally pre-treated P&P mill and
achieved a maximum COD reduction of 89% using 5% Cu0/95%
activated carbon as catalyst. Herney-ramirez et al. (2011) investi-
gated the degradation of acid orange 7, which is a typical dye
widely used in P&P industry, using a heterogeneous catalytic wet
hydrogen peroxide process. They observed that the complete
decolorization was achieved using a pillared saponite clay impreg-
nated with Fe (II) acetylacetonate in less than 4 h.

Manttari et al. (2008) studied the ozone treatment of nanofiltered
effluents after activated sludge process. They achieved more than 50%
reduction in turbidity, color, and lignin (UVAzs0 nm) When the ozone
dosage increased to 800, 900 and 1100 mg/L. Kishimoto et al., (2010)
observed that ozonation combined with electrolysis (ozone-electro-
lysis) is more effective than both ozonation or electrolysis for
decolorization and COD removal from treatment of P&P mill waste-
water. Moreover, ozone effectivity (the ratio of the COD removed per
ozone dose) in ozonation became lower than in ozone-electrolysis
after one hour of treatment. Ramos et al. (2009) indicated that fumaric,
maleic, malonic, and formic acids were formed as by-products in
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ozonation of the filtered residual water of a paper industry, and the
biodegradability of the treated water increases during ozonation
(0.067-0.29).

Chemical treatments, using advanced oxidation processes
(AOPs), have been a widely used technique to deal with a large
number of refractory organics pollutants (Babuponnusami and
Muthukumar, 2012b). Removal activity is generally carried out via
the oxidation of complex compounds by non-selective hydroxyl
radicals, which are generated by AOPs through a series of complex
reactions. Such AOPs have been successfully applied for treat-
ment of wastewaters with low biodegradability index (BI) (e.g.,
Babuponnusami and Muthukumar, 2012a, 2012b; Hussain et al.,
2013). Lucas et al. (2012) reported that Fenton reactions can be
applied successfully for tertiary treatment of P&P industry waste-
waters. They stated that solar photo-Fenton (Fe?*/H,0,/UV)
processes are more effective than dark reaction (Fe?*/H,0,) under
identical experimental conditions. Dorathi and Kandasamy (2012)
investigated the degradation of xenobiotic compounds resulting
from P&P production processes (namely 4-chlorophenol (4-CP),
2,4-dichlorophenol (2,4-DCP) and 2,4,6-trichlorophenol (2,4,
6-TCP)) by uniquely prepared Fe® impregnated silica (Fig. 3).

They also performed experiments to investigate the transforma-
tion of chlorophenols by varying pH, column height, flow rate and
initial chlorophenol concentration in a continuous mode column.
The results showed that at neutral pH (6 and 7) and after 4 h almost
93% of each of the three chlorophenols were removed (the decreas-
ing order of dechlorination is 2,4,6-TCP < 2,4-DCP < 4-CP) (Table 4).

In addition to the conventional Fenton reactions, the feasibility
of the mechanisms involving the application of other engineered
nanoparticles (ENPs) for AOPs has been studied by key references.
This is mainly because of their acceptable performance and
cost-effectiveness, compared with conventional treatment ways
(El-temsah and Joner, 2012). In this regard, several studies have

Table 5

shown that ENPs are capable of reducing various types of organic
pollutants like phenol by o-Fe,05/TiO, (Cong et al, 2012),
p-nitrophenol by nano-magnetite Fes04 (Sun and Lemley, 2011)
and 2,4,6-trichlorophenol by the photo-Fenton-like method (Fe
(III) ENPs) (Vinita et al., 2010) and other halogenated compounds
at ambient temperatures (Dorathi and Kandasamy, 2012). ENPs
seem to have an acceptable performance to deal with persistent
pollutants from P&P mill wastewaters. However, there is a limited
number of published papers in these areas, probably due to
possible subsequent environmental and health risks (e.g., see
Gao et al., 2013; Grieger et al., 2010; Melegari et al., 2013). Ghaly
et al. (2011) investigated the application of the solar photocatalytic
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Fig. 4. The role of the initial pH on the COD removal in the biological treatment of
the alkaline peroxide mechanical pulping effluent using A. niger (Liu et al., 2011).

Changes in the P&P mill wastewater parameters after treatment by physicochemical processes.

Process Parameters Reference
COD Other parameters
Initial (mg/L) Removal (%) Type Initial Removal (%)
Coagulation (aluminum chloride)+Flocculation 1358 - Turbidity 1209 NTU 95.7 Wang et al. (2011)
(starch-g-PAM-g-PDMC) Lignin - 834

Electrocoagulation (Al) 2500 ~95 - - - Shankar et al. (2013)
Flocculation (polydiallyldimethylammonium)® 2900 + 90 >90P TSS 6000 + 50 mg/L > 90¢ Razali et al. (2011)

Turbidity 4585 + 30 NTU >90°¢
Flocculation (Chitosan) 500-1800¢ >80 Turbidity  229-469 NTU > 85 Renault et al. (2009)
Flocculation (polyaluminium chloride) 40-45 Turbidity  229-469 NTU 55-60 Renault et al. (2009)
Precipitation (CaO) 1510 Up to 90 - - - Eskelinen et al. (2010)
Electrocoagulation (EC/Fe®)—Flotation+ Solar photocatalytic 1310 88 - - - Boroski et al. (2008)

degradation (UV/TiO2/H,03)

Electrocoagulation (Al) 426.03 75% Lignin 13514 mg/L 80 Ugurlu et al. (2008)

Phenol 0.535 mg/L 70

BOD 25.52 mg/L 70
Adsorption (ion exchange resin) - - DOC 57.4 mg/L 72 Ciputra et al. (2010)
Adsorption (granular activated carbon) - - DOC 57.4 mg/L 76 Ciputra et al. (2010)
Nanofiltration - - DOC 57.4 mg/L 91 Ciputra et al. (2010)
laccase-polymerized membrane filtration 785 > 60 - - - Ko and Fan (2010)
Ozonation® 1315 ~20 DOC 410 mg/L >15 Manttari et al. (2008)

Color 1580 (Pt-Co) >50
Ozonation + electrolysis 1382 > 50 - - - Kishimoto et al. (2010)
Solar photo-Fenton (Fe?* /H,0,/UV) 898.9 ~90 DOC 348.0 mg/L >90 Lucas et al. (2012)
Fungi+solar photo-Fenton (Cryptococcus+Fe?* [H,0,) 1802 >90 DOC 820 mg/L 90 Fernandes et al. (2014)
Solar photocatalytic degradation (nTiO,/UV) 2075 75 TSS 1165 mg/L 80 Ghaly et al. (2011)

3 Molecular weight: 15.7 x 10% g/mol

P At different dosages of polyDADMAC, from 0.2 to 2.2 mg/L.
¢ At polyDADMAC dosage of 1.2 mg/L.

4 Depending on the sampling season.

¢ After microfiltration and nanofiltration of effluents from an activated sludge process.
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degradation of the wastewater from P&P industry, using synthe-
sized nano TiO,. The results of their study indicated that the
degradation rate increases directly with the catalyst loading till the
definite concentration of 0.75 g/L. Moreover, the optimum pH was
observed to be near 6.5. In these conditions and within 180 min
solar irradiation time, 75% removal of COD from the wastewater
was achieved. In addition, H,0, was found to be effective in the
degradation process, as an electron acceptor. They indicated that
solar photocatalytic oxidation can enhance the BI of the waste-
water and proved that this method can be applied as an efficient
pre-treatment step to biological post-treatment of P&P industry
effluents.

In terms of operating cost, designed plants, which include
physicochemical treatments, can be usually found to be expensive
options for all kinds of P&P effluents, as indicated by Buyukkamaci
and Koken (2010), especially for chemical P&P wastewater treat-
ments. Hence, biological treatments can be more attractive, if Bl
presents an acceptable value by produced wastewaters, which has
been defined to be at least 0.3 (Morais and Zamora, 2005).
Nevertheless, if the effluent contains persistent toxic pollutants
and low BI, chemical treatments would be necessary to apply prior
to biological processes to remove the physical barriers from the
cellulosic biomass, formed by the strong bonds in the molecules,
which may inhibit the degradation of recalcitrant pollutants by
biological methods (Bayr et al., 2013). As a result, by giving an
appropriate physicochemical pretreatment, biological steps are
expected to perform faster and demand smaller reactor volume
(see e.g., Soloman et al., 2009). Table 5 summarizes the observed
changes in the P&P mill wastewater parameters after treatment by
physicochemical processes.

3.2. Biological techniques

Biological treatment methods involve the utilization of micro-
organisms including fungi, bacteria and algae, and enzymes, as a
single step treatment or in combination with other physical and/or

Table 6
Changes in the P&P mill wastewater parameters after fungal treatment.
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chemical methods (Singhal and Thakur, 2009). Compared with
physicochemical ways, biological methods for wastewater treat-
ment are considered to be of cost benefit, eco-friendly, and
suitable for reduction of the BOD and COD from the effluents.
However, the conventional biological processes have not effec-
tively performed for removal of color and recalcitrant compounds
from P&P mill wastewater. Activated sludge process, anaerobic
lagoon, stabilization pond, or their modifications, depending on
the local conditions, are considered to be the commonly available
biological treatment methods adopted in the P&P industry (Tiku et
al., 2010).

3.2.1. Fungal treatment

Fungi are common in P&P mill wastewaters (see e.g., Yang et al,,
2011). They produce extracellular enzymes and can survive at higher
effluent load, compared with bacteria (Singhal and Thakur, 2009;
Thakur, 2004). White-rot fungi, such as Phanerochaete chrysosporium
(Zhang et al., 2012) and Trametes pubescens (Gonzalez et al., 2010),
are the microbes that degrade lignin/phenolic compounds through
the production of enzymes such as lignin peroxidases, manganese
peroxidases (MnP) dependent peroxidases, and laccases (Chandra
and Singh, 2012; Freitas et al., 2009).

Malaviya and Rathore (2007) investigated the application of an
immobilized fungal consortium consisting of two basidiomycetous
fungi (Merulius aureusand an unidentified genus) and a deuteromyce-
tous fungus (Fusarium sambucinum) for bioremediation of effluents
from a kraft P&P mill, using Eucalyptus wood and bagasse to
manufacture writing and printing paper and rayon grade pulp. The
results indicated the 78.6%, 79.0%, and 89.4% reduction of color, lignin,
and COD, respectively, during the first 4 days. Pleurotus sajor caju
(white-rot fungi) and Rhizopus oryzae (soft rot fungi) species have been
also studied for their reduction potential of color and COD of effluents
derived from the secondary treatment of a bleached kraft Eucalyptus
globulus, and the effective reductions of relative absorbance (25-46% at
250 nm and 72-74% at 465 nm), and COD (74-81%) after 10 days of
incubation have been observed (Freitas et al., 2009). Liu et al. (2011)

Microorganism COD Other Parameters/pollutants Reference
Initial (mg/ Removal Type Initial Removal
L) (%) (%)
Trametes pubescens - - 2-Cp? 15 mg/L 94.65 Gonzdlez et al. (2010)
2,4-DCP 15 mg/L 92.41
2,4,6-TCP 15 mg/L 37.88
pcp® 15 mg/L 67.85
Trametes pubescens®+AOP (TiO,/UV) - - 2-CP 15 mg/L 100 Gonzélez et al. (2010)
2,4-DCP 15 mg/L 100
2,4,6-TCP 15 mg/L 100
PCP 15 mg/L 100
A consortium of Merulius aureus, an unidentified genus and 2013 +11.7 894 Color 2976.71 + 741 (Pt- 78.6 Malaviya and Rathore
Fusarium sambucinum Co) (2007)
Lignin 5301 +6.27 mg/L  79.0
Pleurotussajorcaju 392+2 72 Relative 0.204 +0.001 72 Freitas et al. (2009)
absorbance (465 nm)
Trametes versicolor 392+2 77 Relative 0.204 +0.001 57 Freitas et al. (2009)
absorbance (465 nm)
Phanerochaete chrysosporium 392+2 81 - - - Freitas et al. (2009)
Rhizopus oryzae 392+2 82 Relative 0.204 + 0.001 74 Freitas et al. (2009)
absorbance (465 nm)
Aspergillus niger 7521 60 MTBE extracts 147 mg/L 97 Liu et al. (2011)
Turbidity 510 NTU 77
Color 977 CU 43
Emericella nidulans var. nidulans - - Color 65.475 CU 66.66 Singhal and Thakur
Lignin 163,741 mg/L 37 (2009)

@ 2-Chlorophenol.
b pentachlorophenol.
¢ Biological process was supplemented with glucose.
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conducted a lab-scale experiment in order to treatment of poplar
alkaline peroxide mechanical pulping (APMP) effluent with Aspergillus
niger. At the optimized conditions (3% inoculum, pH 6 (Fig. 4), shaking
at 160 rpm, 60-72 h, and 30 °C), they observed about 97% of the
methyl tertiary butyl ether (MTBE) extracts, and 60%, 77% and 43% of
the COD, turbidity, and color were removed, respectively, even without
a preflocculation step (Liu et al.,, 2011).

The importance of the pH has been also investigated in other
studies. Singhal and Thakur (2009) indicated that Emericella
nidulans var. nidulans is able to efficiently decolorize and detoxify
the KP effluents, associated with initial pH, as the most influential
parameter. After optimization of seven effective parameters (tem-
perature, rpm, dextrose, tryptone, inoculum size, pH, and dura-
tion), they achieved 66.66% and 37% reductions in color and lignin,
respectively. Moreover, fungal treatment can be combined with
other physicochemical methods to provide optimum conditions
for degradation of recalcitrant pollutants. For instance, the white-
rot fungus T. pubescens was used for the biodegradation of
chlorophenols followed by TiO,/UV as AOP agent application. This
combination of sequential biological degradation and advanced
oxidation process, even at a low amount of catalyst, allowed up to
a 100% chlorophenol removal (Gonzalez et al., 2010).

However, some fungal features may limit their ability for
practical treatment under extreme environmental conditions such
as high pH and oxygen limitations (Chandra and Singh, 2012).
High glucose requirement of the microorganisms (Tarlan et al.,
2002a) and the necessity of longer detention time because of the
slow metabolism of these organisms can be considered other
existing weaknesses (Balcioglu et al., 2007). Hence, there is a need
to search for the novel modifications which can tolerate a wide
range of pH to survive in extreme environmental conditions and
have a capability to produce extracellular ligninolytic enzymes.
Table 6 summarizes the observed changes in the P&P mill waste-
water parameters after fungal treatment.

Some studies have suggested that algae can replace fungi to
remove color and AOX more efficiently. For instance, Tarlan et al.
(2002b) observed up to 74% COD and color removals in about 40
days of incubation. They achieved maximum removal efficiencies
of 60-85% for COD, 42-75% for color and 82-93% for AOX, for the
filling periods of 4-12 days. Their results showed that algae
removed both chlorinated and non-chlorinated organics, mainly
by metabolism, and degradation of the chlorinated organic

D D D D I:I |:| E'_'_"'Do-']‘ﬂef _____

Control panel O S pHmeter ____ .
]

molecules was more rapid than the removal of the non-
chlorinated and colored organics. Algae utilize a natural mechan-
ism for the removal of color and recalcitrant pollutants from the
P&P mill wastewater. Dilek et al. (1999) stated that the main
mechanism for lignin removal by algae is metabolism rather than
adsorbtion. Moreover, Tarlan et al. (2002a) showed that the main
mechanism of color and organic removal by algal strains is
partially metabolism and partially transformation of color and
chlorinated compounds to non-colored and non-chlorinated ones.

3.2.2. Aerobic treatment

Compared with fungi, bacteria have shown enhanced biode-
gradation capability, mainly due to the broad pH range tolerability,
biochemical versatility, and immense environmental adaptability
(Chandra and Singh, 2012). Therefore, various biological treatment
processes, such as aerated lagoons and activated sludge, have been
generally used to treat P&P mill wastewater. However, most of
such conventional methods are not effective in degradation of the
compounds such as lignin, mainly because of their size and
complex structure (Balcioglu et al., 2007), and therefore, complete
degradation of such recalcitrant pollutants remains elusive by
using these methods (Tiku et al., 2010). Thus, the extended and
modified methods have been developed in order to produce less
sludge (Mahmood and Elliott, 2006).
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Conventional aerobic and anaerobic treatment compared with aerobic and anaerobic MBR (Lin et al., 2013).

Feature Conventional aerobic treatment Conventional anaerobic treatment Aerobic MBR AnMBR

Organic removal efficiency High High High High

Effluent quality High Moderate to poor Excellent High

Organic loading rate Moderate High High to moderate High

Sludge production High Low High Low

Footprint High High to moderate Low Low

Biomass retention Low to moderate Low Total Total

Nutrient requirement alkalinity High Low High Low

Alkalinity requirement Low High for certain industrial stream Low High to moderate
Energy requirement High Low High Low

Temperature sensitivity Low to moderate Low to moderate Low Low to moderate
Mode of treatment Total Essentially pretreatment Total Total or pretreatment

Table 8
pH, TOC, COD, COD, TOC™" and CH,-yields of different hardwood TMP mill waste-
waters samples, adapted from Ekstrand et al. (2013).

Mill Sampled effluent pH TOC COD CODTOC™! CH4 (NmL/g
(mg/L)  (mg/L) TOC)

A2  Wood room 4.8 1030 3620 3.5 370+ 15

A5 Rejected screening 5.2 1620 5960 3.7 430 +43
effluent

A6 TMP-white water 4.4 1510 6030 4.0 510+ 53

A9 PM/DM white 7.5 530 3420 6.5 600 + 44
water

A12 Before pre- 7.0 2110 6870 33 370+ 16
sedimentation

A13 After pre- 7.3 1160 3570 3.1 510+ 18
sedimentation

A41 TMP/CTMP 7.9 3270 9920 3.0 470 + 11
bleaching”

4TOC and COD values are means of triplicates with maximum standard
deviation (SD) of 5% and 1% respectively. CH4-yields are means of triplicates + SD.
> Hydrogen peroxide.

Pokhrel and Viraraghavan (2004) reviewed the previous stu-
dies on the performance of aerated lagoons for treatment of P&P
mill wastewater. They concluded that such methods were efficient
in the BOD (over 95%) and chlorinated phenolics (85%) removals.
In addition, moderate performance of these facilities for COD (60-
70%) and AOX (around 50%) removals was observed in most of the
reported results. Later studies have mainly aimed to enhance the
ability of stabilization basins for removing recalcitrant compounds
as well as color, which normally increases during such treatment
processes, probably due to conversion of high molecular weight
organic materials to smaller chromophoric substances rather than
minerals (Kemeny and Banerjee, 1997). Matafonova et al. (2006)
showed that Bacillus cereus GN1 isolated from an aeration pond in
a P&P mill can degrade 2,4-DCP in concentrations up to 400 uM
(59 pg/L). After 2 days, they achieved 77.6%, 64.9%, and 56.0%
removals of 2,4-DCP at initial concentrations of 20, 160, and
200 pM, respectively. Abbasi and Abbasi (2010) by monitoring
various oxidation ponds for several years, concluded that an
18-23% enhancement in treatment efficiency can be achieved
after introducing Eichhornia crassipes to existing P&P oxidation
ponds. Lewis et al. (2013) observed a potential trend of lower color
formation over time (especially in UV,g9 nm, compared with
UV260 nm), Where aluminum sludge accumulated in an aerated
stabilization pond for treatment of post-coagulated pulp mill
wastewater mixed with paper mill wastewater (1:2).

Activated sludge process has been the major treatment method
for P&P mill effluents in recent years in its conventional and
modified forms, which is capable of meeting secondary treatment
effluent limits (Buyukkamaci and Koken, 2010). In activated sludge
bioreactors, aerobic heterotrophic communities efficiently remove
organic substances and nutrients as well as toxic compounds and

pathogens from the produced wastewater (Wells et al., 2011). In
this regard, it has been shown that the application of a consortium
of different bacteria could exhibit more efficiency to reduce the
BOD and COD from the P&P effluents. For instance, a combination
of the three bacteria Pseudomonas aeruginosa (DSMZ 03504), P.
aeruginosa (DSMZ 03505), and B. megaterium (MTCC 6544) has
been applied successfully to reduce COD (about 76% within 10 h),
BOD (to 35 mg/L, within 24 h), and TDS (by 7%) as well as the color,
AOX, and the toxicity of the P&P mill effluent within 24 h (Tiku et
al., 2010). Ghoreishi and Haghighi (2007) achieved up to 97.5%,
95%, 98%, and 97% reduction of color, COD, BOD, and TSS,
respectively, in a pilot scale simulated continuous stirred batch
reactor by pre-treatment with NaBH,; as reducing agent.
Mahmood-khan and Hall (2013) achieved over 90% removal of
sterols and biodegradation, respectively, using laboratory activated
sludge bioreactors after attaining stable operating conditions at pH
6.7+ 0.2.

A considerable reduction in the major pollutants from a RCF
mill wastewater has been reported by Muhamad et al. (2013),
using a lab-scale granular activated carbon sequencing batch
biofilm reactor (GAC-SBBR). This is a combination of physical and
biological methods including adsorption onto granular activated
carbon and biodegradation by microorganisms grown on GAC as a
biofilm (Fig. 5). They achieved up to 97.2%, 99.4% and 100%
removals of COD, NHs-N, and DCP, respectively, after 3 days
hydraulic retention time (HRT), where aeration rate and influent
feed concentration were 3.4 m>/min and 750 mg COD/L, respec-
tively. Pilot-scale GAC-SBBR strategy has been also utilized by
Osman et al. (2013) to deal with full-scale mill wastewaters from a
RCF mill. They concluded that the achieved percentage of COD,
2-CP, 2,4-DCP, and 2,3,4,5-Te CP removals were 92 +6, 99 + 1,
68 + 1, and 97 + 6%, respectively, at HRT of 2 days. They stated that
the relatively low removal of DCP is related to the thermodynamic
stability of this compound.

Recently, production of valuable compounds such as polyhy-
droxyalkanoates (PHAs) has been significantly developed through
acidogenic fermentation of paper mill wastewater followed by the
activated sludge process. It has been reported by Bengtsson et al.
(2008) that after acidogenic fermentation of a paper mill waste-
water, 74% of the soluble COD was present in the form of VFA with
potential to accumulate 48% PHA while providing 95% removal of
soluble COD. The influencing factors in PHA producing from P&P
mill wastewaters, such as suspended solids concentrations, pro-
cess time, and different operating conditions (batch, fed-batch and
continuous feeding strategy) have been investigated by Yan et al.
(2008). They found the activated sludge of 15 g/L as the optimum
concentration for PHA production and mentioned that the con-
tinuous feeding of acetic acid can enhance the PHA content and
productivity.

Conventional activated sludge processes usually struggle with
difficulties in the sedimentation and the thickening process
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occurred due to the sludge filamentous bulking, caused by
excessive growth of filamentous bacteria in sludge suspension.
Some techniques have been shown to be applicable to solve the
problem and decrease the amount of the P&P produced sludge.
Agridiotis et al. (2007) indicated that stirred sludge volume index
(SSVI) can be reduced, using Fe (FeSO,4-7H,0) by converting the
filamentous flocs into a compact structure. As shown in Fig. 6, by
adding the AlCl3, in a subsequent trial, sludge properties were
improved temporarily but then further dosing had an adverse
effect on SSVI and floc compactability.

Decrease in the amount of the produced sludge can also be
achieved by using membrane bioreactors (MBRs). In addition,
MBRs have other advantages, compared with conventional acti-
vated sludge systems such as high effluent quality, small footprint
as well as flexibility of operation (Table 7). However, membrane
fouling can cause an increase in the operational and maintenance
costs, which may limit the broad range application of MBRs (Le-
clech et al,, 2006). Hazrati and Shayegan (2011) considered the
imposed flux to be the most important factor in the membrane
performance of MBRs and based on the optimum retention time
(4 h), the overall COD removal efficiency was 98%, reducing the
excess sludge by a factor of 10. Qu et al. (2012) stated that, based
on the optimum retention time (1.1 + 0.1 day), the highest COD
removal efficiency of a thermophilic submerged aerobic mem-
brane bioreactor (TSMABR) was 88.6 + 1.9 to 92.3 + 0.7%.

However, in terms of economic considerations, the extended
aeration activated sludge process can be still considered the most
economic and technically optimal treatment processes dealing

Table 9
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with low and medium strength P&P effluents, which can be
improved in combination with MBR technologies (Table 7), as
stated by Buyukkamaci and Koken (2010). The performance of
aerobic and anaerobic treatment methods to deal with P&P mill
wastewater is presented in Table 9.

3.2.3. Anaerobic digestion

Anaerobic digestion (AD), as a stable biological process to deal
with various substrates, is increasingly used for treatment of P&P
mill wastewaters in recent years. This is mainly due to its several
advantages over other conventional techniques such as the reduc-
tion of the produced sludge volume by 30-70%, methane production
as an energy carrier, design simplicity and non-sophisticated equip-
ment requirement, cost-effectiveness in terms of low capital and
operating cost, applicability in different scales and the rate of
pathogen destruction, particularly in the thermophilic process
(Ekstrand et al.,, 2013; Lin et al,, 2011; Zwain et al., 2013).

The performance of these methods, in terms of optimizing the
biogas yields and minimizing the solid wastes production, is
directly influenced by various factors. P&P production process,
wastewater composition and reactor operating conditions, avail-
able inoculum for anaerobic digestion steps, and the operational
costs can be considered the main influencing factors. The type of
P&P making process can significantly affect the total yield of the
methane production. Ekstrand et al. (2013) investigated the
methane potential of 62 Swedish P&P mills wastewater from 10
different processes (including KP, TMP, CTMP and NSSC) at seven

Changes in the P&P mill wastewater parameters after treatment by aerobic and anaerobic treatment processes.

Treatment process COoD Other parameters/pollutants Reference
Initial Removal Type Initial Removal (%)
(mg/L) (%)
Aeration pond - - 2,4-DCP 20 M 77.6 Matafonova et al. (2006)
2,4-DCP 160 pM 64.9
2,4-DCP 200 uM 56.0
Aeration pond +longer time coagulation® - - Color formation ® 1.53 (UVago nm) —3 Lewis et al. (2013)
Color formation® 0.74 (UV,g80 nm) > 100
Color formation®  0.70 (UVag0 nm) 82
Activated sludge 863 76 Color 1510 (Pt-Co) 76 (48 h) Tiku et al. (2010)
Hydrogenation +NaBH, reduction 1231 95 Color 1500 (Pt-Co) 97.5 Ghoreishi and Haghighi (2007)
+activated sludge BOD 105 mg/L 98
TSS 167 mg/L 97
Activated sludge® - - Sterols 4500 pg/L >90 Mahmood-khan and Hall (2013)
GAC-SBBR’ 750 97.2 NH5-N 41+ 6 mg/L 99.4 Muhamad et al. (2013)
2,4-DCP 52 4+ 14 pg/L 100
GAC-SBBR 1152+93 92+6 2-CP 249+ 15pug/lL 99+1 Osman et al. (2013)
2,4-DCP 98 + 8 ug/L 68 +1
2,3,4,5-Te CP 42 + 6 pg/L 97+6
TSMABR® 3650+289 923+0.7 - - - Qu et al. (2012)
TASMBR - EO 3650+289 98.2+0.3 Color - 100 Qu et al. (2012)
Upflow anaerobic filter” - - AOX 28 mg/L 90.7 Deshmukh et al. (2009)
Upflow anaerobic filter' - - AOX 28 mg/L 93.0 Deshmukh et al. (2009)
Upflow anaerobic sludge blanket (UASB) 1410+10 ~78 VFA 11 ~73 Buzzini and Pires (2007)
-+ partially recirculation
Submerged anaerobic membrane bioreactor (SAnMBR) 2782-3460 ~90 - - - Lin et al. (2011)
Modified anaerobic baffled reactor (MABR) 1000 71 BOD 516 mg/L 71 Zwain et al. (2013)
VFA 92 mg/L ~ 32K

2 By adding Alum floc (2.5 (V/V)) to a simulated aeration pond, containing coagulated wastewater.

b At HRT of 28 days.
€ At HRT of 56 days.
4 At HRT of 84 days.

€ By using a consortium of Seudomonas aeruginosa (DSMZ 03504), P. aeruginosa (DSMZ 03505) and B. megaterium (MTCC 6544).

f Granular activated carbon sequencing batch biofilm reactor.
& Thermophilic submerged aerobic membrane bioreactor.

" Influent was supplemented with glucose. Average methane content in biogas produced was 51%.

f Influent was supplemented with glucose and acetate. Average methane content in biogas produced was 60%.
J Bio-gas production rate was 0.397 + 0.053 L/g COD with 62-75% methane and 22-30% carbon dioxide in the biogas.

X The methane yield was 0.003-0.09 L CH4/g COD day
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P&P mills in anaerobic batch digestion conditions. The results of
their study illustrated that TMP mill wastewaters samples gave the
best average yield (with all six samples) among all studied
production methods ranging 40-65% of the theoretical CHs-yield
potential (Table 8). In terms of raw materials, although alkaline
ECF hardwood effluents resulted in higher yields than softwood
effluents, however, no significant raw material dependence has
been observed in the case of TCF bleaching effluents at the KP
mills. Thus, the impact of raw materials on the methane produc-
tion yield may be influenced by the applied P&P production
process (Ekstrand et al., 2013).

The ratio between the required nutrients and the pollutant
loads can be considered the main wastewater properties, affecting
the yield of the AD process. The optimal range of operating C:N
ratio, as an effective factor for anaerobic bacterial growth in an AD
system, has been recommended between 20/1 to 30/1 with an
optimal ratio of 25/1 (Li et al., 2011). The low C:N ratio may result
in higher total ammonia nitrogen release and/or high VFA accu-
mulation in the digester which is an important inhibitor of the AD
process. Moreover, the high C:N ratio would be responsible for the
rapid consumption of nitrogen by methanogens and lower biogas
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production (Zeshan et al.,, 2012). Thus, some measures may be
required to improve the digestibility of the P&P mil wastewater
and the biogas yield. Anaerobic co-digestion is one of these
improvements which has been efficiently applied to some types
of wastewaters such as co-digestion of sugar-beet processing
wastewater and beet-pulp (Alkaya and Demirer, 2011) and olive
mill wastewater with olive mill solid waste (Boubaker and Ridha,
2008). This is mainly because of AD co-digestion merits such as
making a balance between required nutrients ratio, toxic com-
pounds degradation, buffering capacity supplying, and sharing the
substrate and equipment between different treatment plants
(Alkaya and Demirer, 2011). The results of the study carried out
by Yu et al, (2004) revealed that a considerable lignocellulose
fraction in thermophilic acidogenesis (approximately 6.6 times
more) can be achieved by co-digestion of TMP wastewater and
glucose. Yang et al. (2009) investigated the lignocellulosic struc-
tural changes of Spartina alterniflora co-digested with potato. After
batch anaerobic digestion for 60 days, the total cumulative biogas
yield of co-digestion process was noticeably higher than that of
mono-digestion by S. alterniflora (Fig. 7).

However, it should be stated that the number of the published
works on the P&P mill residues co-digestion with suitable sub-
strates is scarce and they have mainly focused on the P&P primary
and secondary sludge co-digested with substrates such as muni-
cipal sewage sludge (Hagelqvist, 2013), food waste (Lin et al. 2012),
and monosodium glutamate waste liquor (Lin et al., 2011).

Wastewater properties can also directly affect the biogas
production via, for instance, the toxic effects on the microbial
inoculum which are responsible for anaerobic digestion through
hydrolysis, acidogenic, acetogenesis, and methanogenesis phases
(Fig. 8). The results of a recent study indicated that the acidic ECF
effluents can significantly reduce the efficiency of the AD process
because of the toxic effects on the AD-flora, while most of alkaline
ECF bleaching effluents gave positive methane yields (Ekstrand et
al., 2013). In addition to the pH adjustment, some measures may
enhance the inoculum related performance of AD. For instance,
rumen fluid has been studied as an effective anaerobic microbial
ecosystem, including a complex microbial population (i.e., bac-
teria, protozoa, fungi, and archaea) with a high hydrolytic and
acidogenic activity when lignocellulosic substrates are used (Yue
et al., 2013). Baba et al. (2013) conducted the pre-treatment
experiments of the waste paper as a model of cellulosic biomass
pre-treatments (composed of cellulose, hemicellulose, and lignin)
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Fig. 8. Process flow of methane production by anaerobic digestion (Li et al., 2011; Traversi et al., 2012).
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using rumen fluid prior to methane production. In their study,
VFAs, especially acetate, were produced and the best daily
methane yield was obtained by the 6h pre-treatment. The
reported amount of produced gas was 2.6 times higher than that
of untreated paper, which resulted in 73.4% of the theoretical
methane yield.

The total yield of the AD is also directly related to operating
conditions such as continuity (batch versus continuous) and
operating temperature (psychrophilic (0-20 °C), mesophilic (20-
42 °C), and thermophilic (42-75 °C)) (Rajeshwari et al. 2000).
Mesophilic AD is more widely used, compared with thermophilic
digestion, mainly due to less energy requirements and higher
stability of the process (Lin et al., 2011). Deshmukh et al. (2009)
achieved 90.2%, 90.7%, and 93.0% average removals of AOX when
bleach composite wastewater samples were supplemented with
glucose, acetate, and combination of both, respectively, in a
mesophilic upflow anaerobic filter at 20 days HRT over a period
of 50 days. Buzzini and Pires (2007) investigated the effects of the
effluent recirculation in an upflow anaerobic sludge blanket
reactor (UASB) on the HRT and COD removal. They observed that
with recirculation of the effluent, decrease in HRT (from 30 h to
24 h) led to a slight increase in the COD removal (from 75% to 78%).
Without recirculation, the average COD removal efficiency at HRT
of 36 h varied from 80% to 86%. Lin et al. (2011) achieved 90% of
COD reduction and 0.397 L/g COD biogas production (including
62-75% CH,4) by using a submerged anaerobic membrane bior-
eactor (SAnMBR). They also stated that attachment of small flocs
and/or specific bacterial clusters can be considered as the start
point of the cake formation process. Sluge cake which is not
removable by the back-flush cycles or relaxation, is considered as
the dominate cause of the membrane fouling, as stated by Gao
et al. (2011). Gao et al. (2010) stated that the performance and
membrane fouling of a SAnNMBR can be adversely affected by the
accumulation of substances such as colloids and solutes or
biopolymers as a result of sludge flocs breakage induced by
elevated pH shocks (pH 8.0, 9.1 and 10.0). Zwain et al. (2013)
achieved around 71%, 50%, 45%, 49%, and 45% removals of COD,
TDS, TSS, TS, and VSS, respectively, from the RCF mill wastewater
during the whole start-up operation of a modified anaerobic
baffled reactor (30 days). Moreover, the daily methane yield
increased from 0.003 to 0.09 L CH,/g COD.

However, economic considerations including construction,
mechanical and electrical instruments, footprint, piping, transpor-
tation, and engineering and consulting costs may be entered
during the decision making process (Table 7). Buyukkamaci and
Koken (2010) determined optimum treatment processes for dif-
ferent types of P&P industry effluents based on detailed cost
analyses. They showed that the most economic and technically
optimal treatment processes for medium strength effluents are
up-flow anaerobic sludge blanket (UASB) followed by an aeration
basin, and for high strength effluents are UASB followed by an
aeration basin or by the conventional activated sludge process.

Table 9 summarizes the observed changes in the P&P mill
wastewater parameters after treatment by aerobic and anaerobic
treatment processes.

4. Conclusion

This study aimed to review the current status of P&P waste-
water treatments in order to aid in providing information by
which a suitable strategy can be selected and implemented by P&P
industry. Nowadays, the pulp and paper industry is facing impor-
tant reforms in both environmental performances and production
processes, in order to satisfy stringent environmental regulations,
to maintain their profitability, and to overcome the declining and

competitive markets. In order to overcome the incomplete treat-
ment of P&P mill wastewater and make the treatment process cost
effective, several physicochemical and biological methods have
been employed. Physicochemical methods have shown the ability
to remove a variety of suspended and floating matters as well as
recalcitrant pollutants from the produced wastewaters. Sedimen-
tation has been widely adopted by P&P mills for primary clarifica-
tion. However, more surveys are needed to investigate the
effectiveness and necessity of pre-sedimentation when it is con-
ducted prior to anaerobic digestion. Several studies have shown
the effectiveness of the coagulation and precipitation methods to
remove, especially, COD, turbidity, and lignin from the P&P mill
wastewater effluents. Electrocoagulation and adsorption treat-
ments can be efficiently employed to remove high molecular
weight dissolved organic matters and they are considered a
suitable option to be conducted prior to biological treatment
(e.g., aerated lagoons) to reduce the color formation during such
biological processes. Various membrane technologies have been
applied for treatment of P&P mill wastewater. The combination of
membrane technologies and electrochemical ways can be consid-
ered an effective treatment way to remove BOD, COD, TSS, and
DOC which enhance the removal efficiency and produce smaller
quantity of sludge. However, membrane fouling is considered the
main limitation of these methods which can be minimized by
optimization the operating conditions (e.g., transmembrane pres-
sure as one of the most important parameters). In addition to
membrane filtration processes, other physicochemical methods,
including adsorption and oxidation, and membrane filtration are
capable to degrade biological resistant compounds. Adsorbtion can
remove both soluble and insoluble organic pollutants, especially
for high molecular weight fractions. Various oxidation processes
have been employed successfully to remove COD, BOD, and color
as well as recalcitrant organic pollutants from P&P mill waste-
waters. However, such methods are relatively expensive and more
efforts are needed to make them more cost effective. Fungi can
efficiently remove COD and, to some extent, lignin, and color
through production of extracellular enzymes. However, the fungal
ability for practical treatment can be restricted under extreme
environmental conditions such as high pH and oxygen limitations.
Although aerated lagoons have shown acceptable performance for
removal of BOD; their ability for removal of color and recalcitrant
pollutants is low to moderate. However, some measures such as
longer coagulation by, for instance, alum or introducing some
species of aquatic weeds to existing stabilization pond can
enhance their effectiveness. Activated sludge processes have been
the major treatments for P&P mill effluents. Recent studies have
shown that adoption of a consortium of different bacteria or
combination of activated sludge processes with physicochemical
methods can considerably enhance the performance of this
method for removal of COD, BOD, color, and TSS. Application of
membrane bioreactors can also be considered an effective way to
reduce the sludge production and enhance the treatment perfor-
mance. However, activated sludge treatments are not so efficient
in removal of TDS from pulp and paper effluents. Anaerobic
digestion processes, such as upflow anaerobic sludge blanket
reactor, have been considered attractive treatment ways, because
of their merits, especially biogas production, as an energy carrier.
It was apparent from this review that the effectiveness of such
technologies is directly related to some factors such as Bl and C:N
ratio of the produced wastewater during the P&P production
processes. Investigation of such criteria can be considered the
most important step to determine the necessity of the adoption of
single or integrated methods to achieve the desired treatment
process quality. For instance, a combination of physicochemical
and biological treatments can be adopted to improve the BI
and/or utilization of co-digestion strategies in the case of C:N



340 M. Kamali, Z. Khodaparast / Ecotoxicology and Environmental Safety 114 (2015) 326-342

insufficiencies. Moreover, maintaining a suitable pH during anae-
robic digestion is considered the main factor to enhance the
performance of the methanogenic digestion. However, more
studies are needed to improve the removal of the recalcitrant
compounds such as AOX and to promote the methane production.
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