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Abstract

Pulp and paper industries are water-intensive industries and composed of complex production
processes. Untreated pulping wastewater is very toxic and lethal to aquatic life if discharged
untreated. Anaerobic treatment technology has gained interest in treating these types of
wastewater by reducing organic compounds. This thesis research aimed to evaluate the
potential toxicity which might present in chemithermomechanical pulp (CTMP) wastewater,
through the biological performance of a lab-scale expanded granular sludge bed (EGSB)

reactor.

In the theoretical part CTMP process, characteristics of wastewater, toxicants, the functionality
of an EGSB reactor, and any limiting factor that influences the treatment were investigated. In
the experimental part, CTMP wastewaters from a mill in Sweden were analyzed using a lab-
scale EGSB reactor for 182 days. Anaerobic biodegradability and toxicity test were done to
measure the extent of anaerobic digestion in this wastewater. Different parameters such as
chemical oxygen demand (COD) removal efficiency, volatile fatty acids (VFA), alkalinity, pH,
and nutrient uptake were measured to access the biological performance of the EGSB reactor
starting from unacclimated anaerobic granular biomass. Data analyzing tools including Excel
and PHREEQC modeling were used in this research study. Excel tool was used to plot the
graph and curve fitting whereas the PHREEQC model was done to understand the corrosivity

of the biogas and calcite precipitation in the effluent discharge pipe.

The results showed that about 60% of the organic compounds in the wastewater were
biodegradable, and no significant toxicity was found. Also, the performance of the EGSB was
good with COD removal of roughly 50% at the stable phase. The presence of wood cellulose
fiber in the wastewater had a negative impact on the performance of the reactor more
specifically blockage in the recirculation and reduce methane production. However, based on
the experimental results, EGSB alone would not be enough to remove most of the organic
pollutants, which require additional post treatment such as aerobic system and membrane

filtration to meet the discharge limit.
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1 Introduction

In recent years, the control of water pollution in the municipal and industrial sectors has become
more significant (Cirik et al., 2013). Pulp and paper mills are water-intensive industries and
are composed of complex production processes such as raw materials preparation, pulping,
bleaching, and paper-making. Water is used in different manufacturing activities ranging from
papermaking, cleaning the equipment, cooling, pump sealing, and steam production (Bajpai,
2017). The production of paper would be impossible without water. Aguifiaga-M orales et al.
(2017) and Oliveira (2014) reported that this industry polluted 85% of the total water consumed
and generated relatively 30 to 60 m® per ton of pulp. Due to its potential toxic emission, the
pulp and paper industry ranked as the world’s sixth-largest polluter after the oil and petroleum,

cement, leather, textile, and steel industries (Ali & Sreekrishnan, 2001).

If the wastewater from pulp and paper mills is discharged into the environment untreated,
it can cause severe damage to the ecosystem, especially to the aquatic life communities because
of its high amount of biochemical oxygen demand (BOD), chemical oxygen demand (COD),
halogenated organic compounds (AOX), suspended solids, etc (Ali & Sreekrishnan, 2001,
Leach & Thakore, 1976; Rogers, 1973). Billings & DeHaas (1971) reported that the effluent
differs between pulp and papermaking. Papermaking effluent contains cellulose fines and other
additives which make up 50% of the total mass of the wastewater. The effluent from the paper-
making mill that used dye to produce colored paper contains color. Pulping effluent contain
dissolved wood substances and color due to the dissolved lignin.

In addition, the effluent concentration and volume depend on the raw materials, paper grade,
specific freshwater intake, finished product, and extent of water reuse (Ali & Sreekrishnan,
2001). Each of the pulp and paper mill discharge effluents has its characteristics due to the
various technologies used in the different processing units (Ali & Sreekrishnan, 2001). Thus,
the choice of effluent treatment method depends on the characteristic of solid matter that needs
to be removed, and the discharge limit requirement (Jung & Pauly, 2011). Hamm (2006)
reported that anaerobic treatment is suitable for high polluted effluent such as from recycled
paper mills. However, after anaerobic treatment, the wastewater has to be treated aerobically
to fully biodegraded before discharging into the freshwater stream (M&ébius, 2002). High-rate
anaerobic treatment systems, which are applied mostly to agro-food and beverage, have
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extremely low sludge production and produce granular sludge is an interesting market value

for the excess sludge (Bajpai, 2017).

According to Pol & Lettinga (1986), anaerobic digestion is a leading edge technology in many
industrial wastewater treatments. Nowadays, the Expanded Granular Sludge Bed (EGSB)
reactor is a popular technology because of its robustness, cost-effective, and operation with a
fluidized bed that has high treatment efficiencies of about 95% by increasing organic load and
cell retention generating renewable energy such as biogas, biomethane, and biohydrogen which

is collected in the headspace (Cruz-Salomén et al., 2019).

It is essential to develop a possible solution to treat pulping wastewater, for instance, agro-
pulping black liquors contain a high amount of non-biodegradable lignin which contributes
50% of the total COD and has been proved to be toxic by causing the death of aquatic life if
treated inadequately (Abhishek et al., 2017; Wang et al., 2006).

The research project concerned a study on pulp mill effluent treatment using a lab-scale EGSB
reactor. This study aims to assess the performance of the EGSB in treating pulp mill effluent

and to evaluate if there is potential toxicity present within the wastewater.
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2 Literature Review

2.1 Introduction to pulp manufacturing

Pulping is the process that converts wood or other plant fiber source (bagasse, bamboo, hemp,
flax, straw species, etc) by removing lignin, which acted as a glue that binds the cellulose fiber
together, through chemical or mechanical, or a combination of these two techniques (Alén,
2019; Windeisen & Wegener, 2012).

Chemical pulping involves cooking and the use of a different aqueous solution such as soda,
sulfate (kraft), or sulfite to extract pulp fiber (Windeisen & Wegener, 2012). Mechanical
pulping is the process that produces pulp using mechanical energy which requires only water
or steam instead of adding the chemical. The mechanical pulp can be produced by refining or

grinding logs of wood, known as groundwood pulping (Bajpai, 2017).

Pulp yield refers to the recovery of pulp obtained from the original wood weight and is
generally expressed as a percentage. If 45 oven-dry pounds of pulp is produced from a 100
pound of oven-dry wood, therefore the pulp yield is 45% (Briggs, 1994). Mechanical pulping
has a pulp yield range from 90-95% which is almost two times higher than chemical pulping
(40-55%). However, there is high content of impurities left in pulp and the grinding action
makes short fiber in mechanical pulping which make paper weak and less resistant to aging
(Bajpai, 2017; Kincaid, 1998).

2.2 Chemithermomechanical Processing

Chemithermomehanical pulping (CTMP) is the combination of the thermomechanical pulping
(TMP) process and chemical impregnation such as sulfite or sodium hydroxide to help soften
the adhesive between the fiber. According to Kent (2007), sulfite solution is commonly used
to produce CTMP pulp and the pulp quality can be improved over stone groundwood (SGW).
Figure 1 illustrates the detailed CTMP process and its waterline.
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Figure 1. Schematic drawing of CTMP process. The green color indicates fiber line, blue indicates
water line, red color indicates rejected stream, and brown color indicates sludge stream
(Suhr et al., 2015).

2.3 CTMP Wastewater

In pulping industry, the common unit is in Air Dry tonne (ADt), an arbitrary convention used
by the paper maker which is assumed to be 10% water and 90% oven-dry pulp (Briggs, 1994).
CTMP process is a water-intensive process ranging from 9.5-30 m3/ADt of pulp and paper
whereas ground wood (GW) and thermomechanical pulping (TMP) use 5-20 m®/ADt and
4-20 m3/ADt of pulp and paper respectively (Suhr et al., 2015). Pichon et al. (1986) reported
that the CTMP wastewater is composed of organic materials such as carbohydrates (10-15%),
organic acids (35-40%), and lignin (30-40%). In the chip washer effluent, there is also the
presence of sand and dirt. Figure 2 shows the emissions of wastewater from different process
of CTMP mill.

Page | 15




To board-

machine
Wood Chip Chip ™ . 2™ 39g 4"
handling washing impregnation [» Refining washing p| Screening > washing [ Bsaching n washing K
Barl;. Sand, WOod, Fibres, Debris
:vaor:;é :‘OOdi y dlssolyed = dissolved -
food, issolve organics, organics, . ater to
dlssolyed organics nitrogen, recovery su?phur. P ifzi?:;:zas':ﬁgng' > water
organics phosphorus nitrogen, 9 body
phosphorus l
Condensate
fibres Sludge to bark

- dissolved organics

boiler

Figure 2. Emission source of wastewater from CTMP mill (Suhr et al., 2015).

Table 1. Summary of typical parameters and pollutants in the CTMP wastewater.

Parameter Unit  Range Source

pH - 55-8 (Stephenson et al., 1994)

Total Organic Carbon mg/L 650 (Stephenson et al., 1994)

Chemical Oxygen (COD) mg/L  2100-13000  (Stephenson et al., 1994)

Demand

Resin Acids mg/L  42-770 @ (Stephenson et al., 1994)

Fatty Acid mg/L  60-420 @ (Stephenson et al., 1994)

60-210 ®

Acetate mg/L 1500 (Stephenson et al., 1994)

Total Suspended Solids (TSS) mg/kg 180-5000 (Stephenson et al., 1994)

Total Nitrogen (TN) mg/L  14-50 (Ruutiainen, 1987)

Total Phosporous (TP) mg/L  0.5-32 (Ruutiainen, 1987)

Sulphate (SO+%) mg/L  181-2700 (Stephenson et al., 1994)

Sulfite (SOs?) mg/L  5-790 (Stephenson et al., 1994)

Sulfide (5?) mg/L  0.7-3.3 (Stephenson et al., 1994)

DTPHA © (C14H23N3010)

EDTA®@ mg/L  20-500 (Stephenson & Duff, 1996)
(C10H16N20s)

Hydrogen peroxide (H202) mg/L 50 -1000 (Stephenson & Duff, 1996)

@  Softwood

®  Combined hardwood and softwood
©  Diethylenetriaminepentaacetic acid or Pentetic acid
@ Ethylenediaminetetraacetic acid
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2.4  Anaerobic Digestion

2.4.1 Introduction to Anaerobic Digestion

The purpose of the anaerobic treatment technology of pulping wastewater is to remove the
presence of aerobically biodegradable compounds (BOD) and chlorinated organic compounds.
However, the presence of the inhibiting compounds or low degradability of the organic matter

is the main challenge in the anaerobic treatment of pulping wastewater (Ekstrand, 2019).

The main principles of reaction of anaerobic digestions consist of four steps: hydrolysis,
acidogenesis, acetogenesis, and methanogenesis. During hydrolysis, large organic polymers
namely starch, cellulose, and fat are broken down into sugars, amino acids, and long-chain fatty
acid (LCFA) by facultative and strict anaerobes fermentative microorganism at an optimum
pH of 5-7 and temperature range of 30-50°C (Azman, 2016; Haandel & Lubbe, 2007).
Acidogenic microorganism converts the organic into volatile fatty acids (VFA) such as
propionic acid, butyric acid, and acetic acids. Acidogenic bacteria have fewer regeneration
times of fewer than 36 hours which makes acidogenesis faster than another reaction step in
anaerobic digestion (Deublein & Steinhauser, 2008). Within this process, long-fatty acids are
also produced by lipids. In acetogenesis, acetoclastic microorganism converts VFAs and other
intermediates into acetic acid, hydrogen, and carbon dioxide. In the meantime, lipids produce
acetate from glycerol (acidogenesis) and LCFAs (B-oxidation). Methanogenesis is considered
as the most critical step in anaerobic digestion because of its slowest biochemical reaction and
the sensitivity of methanogenic bacteria to the environment. Acetoclastic methanogens split
acetate into methane and carbon dioxide, and hydrogenotropic methanogens produce methane
from the reaction of hydrogen and carbon dioxide. These bacteria are strictly anaerobic bacteria
and extremely sensitive to the presence of small amount oxygen (Megonigal et al., 2003). In
theory, 1 g COD can be converted to 0.35 L of methane (CH.) at Standard Temperature and

Pressure conditions (STP: 0°C and 1 atm).
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Figure 3. Anaerobic digestion pathways (Kumar Jha et al., 2011).

Astals et al. (2015) and Chen et al. (2008) reported acetoclastic methanogens as the most
sensitive to the environmental changes, process conditions, and the presence of inhibitors
compared to the other tropic groups in anaerobic digestion. The reduction in the activity of
methanogens results in the accumulation of intermediate compounds which later can inhibit

the methanogens community in a feedback loop (Astals et al., 2015; Batstone & Jensen, 2011).

Batstone et al. (2002) divide the effect on methanogens into two different categories: biostatic
and biocidal. The biostatic effect is known as “inhibition”” which is a reversible impairment of
biomass function and the anaerobic activity recovers quickly. The biocidal effect is known as
“toxicity” which is irreversible impairment of cells leading to decay and biomass taking longer
to remedy, to some extent they must be replaced or regrown. Rintala & Puhakka (1994b)
reported that the potential inhibitor in CTMP wastewater effluent were resin acids, long chain
fatty acids, and sulfur.
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2.4.2 Inhibition by sulfur

Khan & Trottier (1978) reported the toxicity of inorganic sulfur compounds varies as follows:

S0~ < 5,05~ <S03~ < S?” < H,S
In anaerobic digestion pathways, sulfate-reducing bacteria, namely Desulfovibreo, use sulfate
and sulfite as electron acceptors to produce carbon dioxide (CO) and hydrogen sulfide (H2S).
H>S is a highly toxic, bad odor, flammable, corrosive, and poisonous gas. Sulfate-reducing
bacteria (SRB) cause a reduction in methane production yield per unit and substrate removal
because they compete with methanogen for the same organic compounds such as acetate,
hydrogen, and methanol (Bajpai, 2017). Visser (1995) assumed that acetate-sulfate reducing
bacteria (ASRB) grow faster than acetate methanogenic bacteria at low and high acetate
concentrations. Similar to methanogens, SRBs are strictly anaerobic and very sensitive to the
presence of oxygen (Cirik et al., 2013). Wang et al. (2009) reported that the growth yield of
SRB is 0.2 g VSS/g COD, whereas methanogens have growth yield of 0.03 g VSS/g COD
(Schultz, 2005).

According to Eis et al. (1983), Ferguson et al.(1984), Sarner (1986), Sarner (1989) claimed that
an anaerobic reactor can treat sulfite-rich wastewater up to 800 mg SOs%/L with a satisfactory
result. Rinzima & Lettinga (1988) showed the effect of the COD/SQ4? ratio on the treatment
efficiency of an anaerobic reactor. When COD/SO.* was lower than 10, process failure
happened in the anaerobic reactor, and at a ratio higher than 10, the treatment process was a
success. To prevent sulfide inhibition in the anaerobic reactor, three measurements were
suggested by Visser (1995): diluting the wastewater, increasing the reactor’s pH, and adding
sulfide removal steps before or after anaerobic treatment. In a continuous reactor, sulfite does

not cause a serious problem because it is reduced in the less toxic sulfide rapidly.
2.5 Biogas

Biogas is combustible gas produced through anaerobic digestion at a temperature range of
30-65°C. Biogas composes of methane (CH4) 55-80%, 20-45% carbon dioxide (CO>), 5-10%
hydrogen (H2), and other impurities gases such as hydrogen sulfide (H2S), oxygen (Oy),
nitrogen (N2), and ammonia (NHz3) (Truong & Abatzoglou, 2005). Hydrogen sulfide (H2S) is a
colorless, lipophilic, volatile, rotten egg odor, flammable and poisonous gas that may lead to

death at an exposure of 500 ppm (Li & Lancaster, 2013). According to International Union of
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Pure and Applied Chemistry (IUPAC), hydrogen sulfide also got a new systematic name
“sulfane” (Mc Naught & Wilkinson, 2019).

The general industry peak for H>S running in the internal combustion engines is 50 ppm
(Wellinger & Lindeberg, 1999). At a range of 50-1000 ppm, H2S can cause corrosion to the
engine and metal part via emission of sulfur dioxide (SO2) from combustion and adsorbed or
oxidized by autotropic aerobic Thiobacillus bacteria which grow on a wet metal surface
(Chambers & Potter, 2002).

2.6 Expanded Granular Sludge Bed bioreactor (EGSB)

In the mids-1980, the EGSB reactor was developed in the Netherlands to increase contact
between anaerobic granular sludge and wastewater, and reduction of the dead zones. The
advantages of the EGSB bioreactor are a simple design, low anaerobic granular sludge
production, high treatment efficiency, low operational cost, and especially generation of
renewable energy (Cruz-Salomén et al., 2019). The characteristics of EGSB are the
combination of Upflow Anaerobic Sludge Blanket (UASB) bioreactor and fluidized bed
bioreactor (FBR) technology. It can handle high upflow velocity, low (<5 g COD/L) and high
strength loading rate (>30 g COD/L), and wastewater that contains recalcitrant compounds

such as aromatic compounds, aldehyde, lipids, fatty acids, etc (Lettinga et al., 1997).

The upflow velocities (Vyp) of the EGBS can reach 30 m/h for liquid and 7 m/h for gases. The
high Vyp, optimal height to width ratio of 4-5, and the presence of external recirculation expand
the contact between anaerobic granular sludge (AGS) and wastewater and increase internal
mixing efficiency (Kato et al., 2003; Lim, 2011; Lépez & Borzacconi, 2011). Additionally,
the recirculation of the medium help to dilute the wastewater containing biodegradable
inhibitor and toxic substance which make EGSB can be used to handle pharmaceutical and

chemical wastewater (Teixeira-Correia, G.; Pérez-Pérez et al., 2014).

The EGSB reactor consists of three zones: settling zone, transition zone, and digestion zone.
The settling zone is located at the upper part of the reactor which consists of a gas-liquid-solid
separator (GLS) to separate the treated effluent from the anaerobic granular sludge (AGS). In
the transition zone, there is the preservation of substrate for biodegradation and size
distribution. The area where the chemical transformation of the wastewater pollutant by AGS
is called the digestion zone. Figure 4 illustrates the schematic drawing of a conventional EGSB
bioreactor.
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Figure 4. Schematic drawing of conventional EGSB bioreactor. (1) Feed tank, (2) Peristaltic pump,
(3) Influent, (4) EGSB bioreactor, (5) Recirculation, (6) Bell separation, (7) Biogas outlet, (8) Gas
flow meter, (9) Effluent, (10) Settling zone, (11) Transition zone, (12) Digestion zone (Cruz-Salomon
etal., 2019).

2.7 Parameters influencing the performance of EGSB bioreactor

The important parameters that influence the performance of EGSB reactor are pH, bioreactor
configuration, temperature, substrate type, volumetric loading rate (VLR), particle size
distribution (PSD), hydraulic retention time (HRT), solid retention time (SRT), upflow velocity
(Vup), wastewater characteristics, and the acclimatization of the anaerobic granular sludge
(Cruz-Salomon et al., 2019).

2.7.1 pH

The optimum pH for the operation of an anaerobic EGSB reactor is between 6.7-7.4, where the
metabolic activity of methanogenic archaea is high at this pH range (Figure 5). At pH < 6
results in the accumulation of volatile fatty acid and hydrogen. When pH >7.5, the nutrients
and trace metals are precipitated which slow down the metabolism rate of methanogen and will
further cause methane production inhibition (Leitéo et al., 2006). Visser (1998) reported that
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acetate-sulfate reducing bacteria (ASRB) have a higher growth rate than acetotrophic
methanogenic bacteria (AMB) and will outcompete with AMB and become predominant

within the system.
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Figure 5. The relative activity of methanogen to different pH levels (Mata-Alvarez, 2003; Seadi et al.,
2008).

2.7.2 Temperature

Temperature is an important parameter that affects operation conditions in anaerobic digestion.
Yuan et al. (2011) described that temperature effect the biochemical reaction such as reaction
rate, reaction pathway, microbial yield, and death. Mesophilic (35-40°C) and thermophilic
(50-55°C) are the two optimum temperature ranges for anaerobic biodegradation (Bajpai, 2017,
Verma, 2002). Henze & Harremoes (1983) reported that the maximum anaerobic digestion in
the mesophilic range happens between 35-40°C. When the temperature is between 40-50°C,
inhibition may happen to the methanogens which lower biogas production yield. Jaiswal et al.
(2021) reported that mesophilic condition is likely used to treat rich suspended organic
materials wastewater discharge from the paper industry. Additionally, the bacteria that grow in
mesophilic conditions are diverse, robust, and easily adapt to the changing environment which
makes operation more stable than thermophilic (The Wales Centre of Excellence for Anaerobic
Digestion, 2008). Cruz-Salomon et al. (2019) reported that most EGSB has been operated

under a mesophilic temperature range of 35-37°C.
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Figure 6. Influence of temperature on digestion efficiency in mesophilic range (Henze & Harremoes,
1983).

2.7.3 Volumetric Loading Rate

The applied volumetric loading rate (VLR) in the EGSB bioreactor is up to 40 kg COD/m?3.d.
However, Cruz-Salomon et al. (2019) reported that if VLR exceeds 40 kg COD/m3.d, it will
cause an operational problem and affect the performance of EGSB. Moreover, high VLR will
increase the VFA production, and decrease pH leading to acidification which inhibits the
metabolism of methanogenic archaea in converting VFA to methane (Gou et al., 2014; Kougias
etal., 2013; Mao et al., 2015; Nagao et al., 2012).

2.7.4 Hydraulic Retention Time

Hydraulic retention time (HRT) refers to the average time of the wastewater remaining in the
bioreactor. The optimal operational HRT depends on the wastewater composition and VLR.
Johansson (2012) and Lin et al. (2012) reported that the typical HRT for anaerobic treatment
of paper and pulp wastewater is between 2-10 days and for aerobic treatment is between 0.5-3
days. Too long HRT will affect the sludge granulation process and the biomass might come

out with the effluent for too short HRT (Kaviyarasan, 2014).
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2.7.5 The Effect of suspended solids on granular biomass

Zinatizadeh et al. (2007) conducted experiments with an Upflow Anaerobic Sludge Fixed-
Film Bioreactor (UASFF) treating palm oil mill effluent (POME) and the effect of overload
suspended solids on the granular sludge has been observed. Suspended solids (SS) had a slower
hydrolysis rate compared to the soluble fraction of other organic matter, and at the loading rate
of 5.24 g SS/L.d, it was observed that biogas production got trapped in the sludge blanket.
After several operational hours, the biogas buoyed and caused a sludge washout.

Ghangrekar et al. (2005) reported the granules that developed under high VFA contents are
fragile and easily wash out from the reactor. An acidic and high temperature at high soluble
organic loading rate conditions leads to the partial disintegration of the granule outer surface.
The strength of the granule decrease when the VFA in the reactor is more than 200 mg/L, which

causes low COD removal efficiency (Ghangrekar et al., 2005).

Once the suspended solids entered the reactor from the bottom, they first settled at the bottom
of the reactor and some of them slowly moved upward above the sludge bed meanwhile some
remain diluted with the biomass at the bottom of the reactor. These suspended solids have

higher specific gravity than water which account for their settleability (Zhang et al., 2008).
2.8 Anaerobic Biodegradability of CTMP wastewater

Pokhrel & Viraraghavan (2004) reported that the anaerobic biodegradability of CTMP pulping
which contain COD in the range of 2500-13000 mg/L is between 40-60%. Sierra-Alvarez et
al. (1990) found out that wood toxins such as resin, and terpenes remained persistent under

methanogenic conditions.
2.9 Anaerobic Granular Sludge

In anaerobic treatment, granular seeding sludge became a valuable raw material because it
provides optimal wastewater treatment, requires a short start-up time (Alphenaar, 1995), and
can be stored unfed for a long period (Hulshoff Pol, 1989; Wu Wei-min et al., 1985).

Malik et al. (2020) mentioned that the effectiveness of the anaerobic degradation process within
an anaerobic reactor depends on granule formation. They support the active biofilm and
maximize the contact between anaerobic microorganisms and wastewater. The granulation

process depends on several factors such as the morphology of the bacteria, substrate specificity,
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surface charge compatibility, bacteria’s growth and decay rate, hydrophobicity, and ability to
produce specific polymers to form flocs or granules (Lettinga et al., 1997).

The startup period is an adaptation of microbiological agents and the granulation process of
bacteria (Malik et al., 2020). Tian et al.(2015) denoted that the start-up period is depend on the
characteristics of the seed sludge, feed wastewater characteristics, and sludge retention time in
the reactor. Figure 7 illustrates the granular growth model and range of granule size.

BROKEN
GRANULE

Figure 7. Granular growth model and biofilm development model. (a) Operation model in an
anaerobic reactor;(b) size fraction parameters; (c) the growth cycle includes the breakup form new
and smaller granules (Trego et al., 2020).
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3 Knowledge Gaps, Research
Objectives, and Research
Questions

3.1 Knowledge Gaps

Earlier research studies reported challenges in implementing anaerobic digestion to treat CTMP
pulping wastewater due to the presence of resin (Larsson et al., 2017). Moreover, there is a
limited report concerning the effect of the presence of suspended solids on the performance of
the reactor. According to Walden et al. (1971), one of the problems with bioassays of pulp mill
effluent is the variability of effluents within given plants and among plants. The impact of
volumetric loading rate (VLR) and sludge loading rate (SLR) on the COD removal efficiency
for this type of wastewater has not yet been reported. Additionally, there are limited studies
about the anaerobic sludge treating pulp mill effluents, and the impact of suspended solids,
especially wood cellulose fibers, on the microorganisms involved in hydrolysis, fermentation,

and methanogenic are reported poorly understood (Lin & Hsiu, 1997).

Therefore, this research will be focusing on the treatment of CTMP wastewater, in terms of
COD removal, and digestion efficiency, as well as evaluate the biodegradability and toxicity

of this wastewater stream.
3.2 Research Objectives

The overall aim of this research is to study the effect of CTMP pulp mill effluents on the

EGSB reactor performance.
Two specific research objectives include:

1. Assess the biodegradability and toxicity of the raw wastewater

2. Evaluate direct anaerobic treatment of paper pulping wastewater in an EGSB system and
assess biological performance. The focus will be on the volumetric loading rate of the
EGSB reactor.
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3.3 Research Questions

Main research question:

How can the advanced understanding of anaerobic digestion of EGSB bioreactor under
mesophilic conditions (35-36°C) help in improving the treatment of CTMP wastewater?

Research Question 1: What is the anaerobic biodegradability of CTMP wastewater?

Hypothesis: There is a high amount of poorly biodegradable organic compounds of
approximately 50% present as resin and terpenes within the total organic matter of the
wastewater, causing low COD removal.

Research Question 2: What is the methanogenic toxicity of CTMP wastewater?

Hypothesis: The presence of wood resins and terpenes in the pulp wastewater may cause high
toxicity for the methanogenic bacteria. The 50% inhibition concentrations can range from
2.8-4.8 g CODIL.

Research Question 3: What is the biological performance of the EGSB in terms of digestion
efficiency, inhibition, and biogas production while treating raw pulp mill effluent under the
mesophilic condition (35-36°C) during the start-up phase with unacclimated biomass?

Hypothesis: The methane (CHas) percentage within 50-75%, COD removal efficiency of 40-
60%, and VFA in the effluent below 5 meg/L. The start-up phase might take up to 3 months
for biomass to acclimate to the wastewater.

Research Question 4: What is the biological performance of the EGSB treating raw pulp mill
effluent under the mesophilic condition (35-36°C) during the different phases with acclimated
biomass?

Hypothesis: As VLR increases, causing slight overloading of the methanogenic capacity of
the reactors leading to high VFA in the effluent.

Sub question:

e What is the major accumulated VFA in the effluent?
e What is the COD removal efficiency and daily biogas production in each phase?
e What is the sludge yield at the end of each phase?

e What percentage of sulfate is converted into sulfide?
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4 Methodology

4.1 Reactor set-up

The experiments were performed in a lab-scale expanded granular sludge bed reactor
(Figure 8). The EGSB reactor is a double-glass wall, cylindrical shaped, tall, and slender with
a volume of 4.2 L, height of 1.5 m, diameter of 0.05 m, and cross-sectional surface area of
0.00196 m?. A black rope string was attached inside the reactor to prevent the flush out of

biomass when there is a big bubble of biogas production.

A conditioning tank with a volume of 3 L and equipped with a mechanical stirrer (Type KYC
26A2, Bodine Electric Company, The United States of America) on top to ensure well mixing
with a stirring speed of 50 r/min was used as a pretreatment step and temperature of the feed
raw wastewater. An influent pump (Shenzhen Peristaltic Pump YZ1515x, China) was used to
pump the feed flow into the conditioning tank, and the cross-flow pump (Watson Marlow Qdos
30 Peristaltic Pump, United Kingdom) was be used to recirculate the mixed liquor of the feed
and effluent to attain a homogenous body and to enhance the contact between substrate and
biomass. A dosing pump (Model 77240-20, Cole Parmer, The United States of America) to
dose 0.5 M of caustic soda (NaOH) into the conditioning tank to regulate the pH in the tank to
not go below 7. A pH probe connected to a digital pH reader (Hach sc 200 Universal Controller)
was plugged into the conditioning tank. A drum-type gas meter was used to measure daily
biogas production (Ritter, Germany). A digital temperature sensor (Aqua Medic T-Meter II)
was attached to the wall of the EGSB reactor to monitor the real-time temperature. A water
bath (Thermo Scientific: Type 003-2859, The United State of America) was used to maintain
the reactor at a temperature range of 35-36°C. The effluent recirculation was used to set the up-
flow velocity (Vyp) of 3-3.5 m/h.
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Figure 8. Schematic drawing of a lab-scale EGSB reactor.

4.2 Inoculum and Wastewater characteristics

4.2.1 Morphology of the inoculum

The EGSB reactor was inoculated with mesophilic granular sludge obtained from an industry-
producing chemical and biobased chemical in the Netherlands. The seed anaerobic granular
biomass was diluted with 20 mmol/L NaHCOs in the reactor to stabilize the system and prevent
any acidification happening during the hydrolysis stage in anaerobic digestion in which
fermentative microorganisms consume nutrients and produce organic acid which lower pH
(Trego et al., 2020). Figure 9 shows the image of granules that were observed under a digital
microscope (Toolcraft Lab5.0 USB Microscope) and the summary of their morphology was
described in Table 2. The granule’s core was not hollow, but contain different inorganic layers

which was the reason for their good settling.
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The majority of the granule had black, white, and grey color with a diameter of 0.8-3.5 mm.
Kosaric et al. (1990) explained that the elemental composition within granule caused the color
difference. The white and grey granules are composed of about 30% sulfur (S), 25%
phosphorus (P), 2% silicon (Si), and 2% aluminum (Al). The black granule is composed of
about 15% sulfur, 20% phosphorus, 14% silicon, and 15% aluminum. Kosaric et al. (1990)
added that iron sulfide and other related compounds may be the reason for the black color
granule. The sulfur to iron ratio (S:Fe) of black, grey, and white color granule is about 1.8, 5.5,
and 8, respectively. Granular biomass contains mainly bacterial cells and EPS (extracellular
polymeric substances) which all have negative charges, which means other cations (mono-,

di-, and trivalent) can be bound easily (Tawfik et al., 2008).

Figure 9. Microscopic view of granule; (a) mixed granules, (b) A cut-through shows different layers
inside the granule.

Table 2. Summary of the morphology of inoculum.

Structural strength of the granules® strong
Stickiness of the granules non-
aggregated
Presence of hollow chambers in the
none
granules
Presence of inorganic precipitates
- granules with gritty cores
- granules with inorganic Q?Qf
layers/scale
Presence of fines 2 alot
Presence of flocculent matter® none

1 Weak granules fall apart when mildly pressed; strong granules are even hard to squash
2 Refers to the relative share of non-granular mud/sludge/sediment in the sludge

3 Refers to the relative share of flocculent matter or slime in the sludge matrix
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4.2.2 Wastewater Characteristics

1 m® sample of CTMP wastewater was collected and stored in an IBC (Intermediate Bulk
Container) from a paper pulping industry and transported to the laboratory in one week. The
color of the fresh delivered wastewater new sample is yellow-brownish. After 6 months, the
color has changed to a more brownish color (Figure 10). According to Slade et al. (2007), this
color is due to the presence of lignin derivatives compounds such as humic and fulvic acids
compounds. Two submerged pumps were used to stir vigorously the IBC for 3 hours before
pouring it into 25 L plastic containers as subsamples and all the containers were stored at 4°C.
Throughout the operation, wastewater was used in two different batches, the first batch (Day
1-106) and the second batch (Day 107-182) in which their physicochemical characteristics are
shown in Table 3.

Figure 10. Color of the wastewater from the IBC; (a) fresh sample, (b) sample after 6 months.
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Table 3. Physicochemical characteristics for first and second batch wastewater.

Parameter Unit 1" Bateh 2" Batch
Value
pH - 6.2 5.6
Conductivity mS/cm 2.7 2.5
Total Organic Carbon mg/L 1871 1648
Total alkalinity meq/L 6.94 7.7
Density g/mL 1 1
Total COD (TCOD) mg/L 5156 4844
Soluble COD (SCOD) mg/L 3790 3671
Acetic acid (C2) mg/L 955 878
Propionic acid (C3) mg/L 12 174
iso-Butyric acid (iC4) mg/L 0 0
Valeric acid (C5) mg/L 0 140
Hexanoic acid (C6) mg/L 0 0
Total Solids (TS) mg/kg 4330 4030
Volatile Solids (VS) mg/kg 2510 2343
Total Suspended Solids (TSS) mg/kg 130 127
Volatile Suspended Solids (VSS) mg/kg 128 122
Total Kjeldahl Nitrogen (TKN) mg N/L 35 19
Soluble Kjeldahl Nitrogen (SKN) mg N/L 33 9
Ammoniacal Nitrogen (NH4") mg N/L 8 2
Total Phosphorous (TP) mg P/L 3.8 4.1
Ortho-Phosphate (POs%) mg P/L 1.1 4.2
Sulphate (S04%) mg/L 660 433
Nitrate (NO3) mg N/L 6.83 8.22
Nitrite (NO?) mg N/L 0 0
Chloride (chn mg/L 18 37
Sodium (Na*) mg/L 850 760
Magnesium (Mg?) mg/L 6 5.6
Potassium (K% mg/L 25 27
Calcium (Ca?) mg/L 27 26
COD/TOC g COD/g TOC 2.76 2.94
PCOD/VSS g COD/g VSS 4.23 9.61
COD/VS g COD/g VS 1.85 2.07
COD/S0O4 g COD/g SO4 7.81 10.09
VFA-COD/SCOD gCOD/gCOD 0.27 0.40
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4.2.3 Solids in the wastewater

The CTMP wastewater has a high content of suspended solids, mainly fiber or fiber debris,
compared to the mechanical pulping wastewater (Mathys, 1991). Figure 11 shows the
microscopic view (Olympus BX51, The United Stated of America) of the presence of

suspended solids in the wastewater before sieving.

a

Figure 11. Microscopic observation of the solids in the wastewater before sieving; (a) magnification
100x , (b) magnification 200x.

4.3 Feed preparation

Feed wastewater was prepared by filtering the wastewater with a sieve size of 0.125 mm
(Haver&Boecker Analysensieb Priufsieb DIN 4188, Germany) and 0.090 mm (Analysensieb-
retsch-5657 HAAN W, Germany) to remove the solids. The feed was stored with constant
mixing in the fridge (10°C) during the weekday and at room temperature (20-25°C) during the
weekend with a digital overhead stirrer (Model RW 20 D S000, IKA RW 20 digital, Germany)
at a control stirrer speed of 150 rpm. In anaerobic treatment, 10 mg of nitrogen per 100 mg of
biomass is typically needed (Rantanen et al., 2018), therefore macronutrients and
micronutrients were supplied in accordance with a COD:N:P ratio of 500:5:1, shown in
Table 4.
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Table 4. Micro and Macronutrients receipts per gCOD of wastewater.

Original Molar mass Elemental
Name concentration dosage

(%) (g/mol) per gCOD
Urea (CO(NH>)2) 60 5.90
Phosphoric acid (H3POs)) (85%) 85 98 1.2
Potassium sulfate (K2SQO4) 174 2.10
Sulfuric acid (H.S04) 96% 96 1.50
Magnesium Chloride Hexahydrate (MgCl,.6H,0) 203 0.07
Calcium Chloride Dihydrate (CaCl,.2H,0) 147 140
Ferrous Chloride (FeCl; 41%) 40 162 0.25

Vithane

4.4 Analytical Methods

During the daily routine, the pH of the feed, and effluent was measured using a digital pH meter
(WTW pH 3110, Germany). Effluent pH had to be measured immediately after taking a sample
from the reactor to avoid the CO- gas escaping from the effluent sample which causes a rise in
pH level.

The caustic soda consumption and water bath temperature were recorded daily. Total solids
(TS) and suspended solids (SS) were measured based on the standard methods (Federation,
1999). Chemical oxygen demand (COD), total phosphorous (TP), phosphate (PO4*), total
nitrogen (TN), and ammonium nitrogen (NH4-N) were measured spectrophotometrically (Hach
Lange DR 2800) using Hach-Lange test kits (Germany) according to the manufacturer’s
instructions. The VFAs were analyzed using the Gas Chromatograph system (Agilent
Technologies 7820A). Daily production was monitored by a drum-type gas meter (Ritter type
TG 0.5/5, Germany) connected to the headspace of the EGSB reactor. Biogas composition
(% CHy4, CO2, O, and other gases) was evaluated daily using a portable Biogas Check Analyzer
(Biogas 5000, Geotech, UK) at standard temperature and pressure (STP).

Total Liquid Sulfide (TLS) in the effluent and biogas was measured following the direct
methylene-blue method (van Loosdrecht et al., 2016) by adding a known concentration of the
sample, 20 mL zinc acetate to ensure sulfide fixation, 10 mL of N-dimethyl-p-
phenylenediamine (DMP), 0.5 mL of iron (III) ammonium sulfate (FeNH4(SO4).-12H-0 ) and
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filled up to 100 mL with demineralized water. After 45 minutes, the solution turned into
methylene blue due to the reaction of zinc sulfide under acidic conditions. The solution was
read colorimetrically by a spectrophotometer (Hach Lange DR 2800, Germany) as methylene
blue at 670 nm with an absorption coefficient (o)) of 1.0203, after the reaction of zinc sulfide
under acidic conditions with N, N-dimethyl-p-phenylenediamine and iron (111) ammonium
sulfate (FeNH4(SO.).- 12H20). The analysis was done with two different concentrations of both
biogas and effluent.

Sulfate measurements were done by the lon Chromatography (IC)(Metrohm, Switzerland) with
anion column method A Supp 5 150/4.0 (818 anion system) containing 3.2 MM Na>COsz, 1 mM
NaHCO3 (run at 0.7 ml/min), and 150 mM H3POa. The soluble sample was filtered with a
0.45 um membrane filter (Agilent Captiva Syringe Filter, The United States of America). The
Hach Lang Test kit (LCK 153) was found to be uncertain in measuring feed wastewater and
reactor’s effluent which may be due to the color, turbidity or any compound presence in the
solution cause interference. Additional information about the comparison between Hach Lang
Test kit and IC can be found in the appendix C (Table C).

The measurement of effluent COD without sulfide was done by acidified the soluble sample
with 1% H>SO4to pH of about 5.5, in which H2S act as unreactive gas with moderate solubility,
and if pH rise above 6, H2S will dissociate into bisulfide (HS") and sulfide (S%) ion, shown in
(Figure 12). The sample was then flushed with nitrogen gas to strip out H>S for 30 minutes and
COD was measured using the Hach Lang test kit and dilution factor was considered. The focus
of this study is mainly on the variable related to the characteristics of biomass as shown in

Table 5 and their measurement frequency.

100
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Figure 12. Equilibrium of H,S and the effect of pH on their speciation at 25°C (Rintala & Puhakka,
199%4a).
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Table 5. Analytical parameters, measuring frequency (expressed per week), and the objective during
start-up and operational phase.

Frequency/week
Parameter Sample Operational Objective
Start-up Phase
CT tank, Feed, Reflect on the digestion process and
pH effluent Daily accumulation of VFA
Biomass, Feed,
TS, VS, TSS,VSS Effluent - 1 Concentration of Microorganism
To maintain sufficient alkalinity to buffer
Alkalinity Feed, Effluent - 1 the effect of acids
TCOD, SCOD Feed, Effluent Daily 3 COD removal efficiency
TP, PO4-P, TN, NH4-N,NOs- Biological performance, and nutrient
N,NO2-N Feed, Effluent - 1 uptake for biomass growth
Biogas
production/composition Biogas Daily Methane yield and quantity
SO Feed, Effluent 2

Evaluate sulfate inhibition on anaerobic
TLS Biogas, Effluent 2 digestion

Indicators of inhibition and anaerobic
VFA Effluent 5 2 biological treatment

To evaluate anaerobic sludge capability
SMA Biomass Intermediate and quantity

The anaerobic degradability of
wastewater, the percentage of the COD in

BDG Raw WW During start-up a sample eventually converted to
methane, and possible toxicity and/or
biomass adaptation

Expressed as 1C50%, the concentration
Toxicity Raw WW During start-up that results in 50% inhibition of the
activity

4.4.1 Specific Methanogenic Activity

Specific methanogenic activity (SMA) was measured to evaluate the anaerobic sludge
capability and quantity. The test bottles were prepared with a known amount of biomass and
sodium bicarbonate (NaHCO3z) medium. Sodium acetate (CH3COONa) was used as a sole
substrate for the biomass in a sealed serum bottle with black rubber and a digital gas meter
(Oxitop) was attached to the top of the bottle. Then, the gas headspace of the bottles was flushed
with a 70%/30% N./CO. mixture providing oxygen-free condition and a neutral HCO3/COz
pH buffer. The bottle was incubated and shaken slowly to prevent the breakdown of biomass

under mesophilic conditions (37°C). The build-up gas pressure data was generated by the
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Oxitop device every 20 minutes. The biomass was fed with sodium acetate twice during the

test.

According to Sierra-Alvarez et al. (1991), the second feeding gives more reliable results than
the first feeding because of the different rates and levels of acidification. The specific
acetoclastic methanogenic activity (SMA) of the biomass was calculated from the maximum
slope of the pressure versus time curve and expressed as the amount of CH4 produced by 1 g
of sludge VS per day (g CHs-COD/g VS day).

4.4.2 Anaerobic Biodegradability Assay

The objective of performing the anaerobic biodegradability test is to measure the extent of
anaerobic digestion for a wastewater sample. To achieve optimum performance, it is important
to maintain consistent environmental conditions such as temperature-controlled, proper
mixing, and sufficient incubation time for the microbiology and biochemistry for anaerobic

digestion to maximize the chances of achieving optimum performance (Filer et al., 2019).

The batch of anaerobic biodegradability assays was incubated with anaerobic seed biomass and
the waste stream to be tested in six glass bottles: one substrate-free blank, two total solids, and
one soluble solid for biogas pressure monitoring, one total solid and one soluble solid for liquid
sampling. The raw wastewater pH was neutralized using a 0.5 M caustic soda (NaOH) solution.
The flasks were sealed with butyl rubber stoppers and an aluminum crimp seal and flashed with
N2:CO2 (70%/30%) for one minute through a needle to obtain oxygen-free headspace.
Subsequently, the bottles were incubated and shaken slowly to assure good contact between
wastewater and anaerobic granular biomass and to prevent the breakdown of biomass in a
temperature-controlled shaker at the mesophilic temperature of 36 + 1°C. The pressure in the
headspace of each serum flask was monitored twice a day during the assay using a hand-held
precision pressure transducer device (Model PSI-30, Centrepoint electronics). Soluble COD
and VFA composition were measured from the sample withdrawn from the test bottles. At the
end of the test, the methane composition was measured using the NaOH displacement method

with the pH indicator Thymolphthalein.

The result of this test showed the anaerobic degradability of pulp mill wastewater under
methanogenic conditions, the percentage of the COD in a sample eventually converted to

methane, possible toxicity, and biomass adaptation.
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4.4.3 Anaerobic Toxicity Assay

The objective of this test was to determine the impact of wastewater on anaerobic degradation
and to understand the relationship between dose and effect. The set up of toxicity test was done
with different concentrations of wastewater such as 5 times, 10 times dilution, and non-diluted
wastewater. The positive control bottle contain biomass, substrate (sodium acetate), and
medium (sodium bicarbonate), and no wastewater was added to test the quality of the inoculum.
The negative control bottle contains only biomass and tap water to compensate for the amount
of biogas produced by the inoculum itself. This test was conducted using an AMPTS Il machine
(automatic methane potential testing system) from Bioprocess Control AB (Sweden) version
3.0 (Figure 13), which can measure daily methane volume produced from anaerobic digestion
of substrate based on the principle of liquid displacement and buoyancy. Each reactor consists
of glass bottles with a working volume of 400 mL and 250 mL of headspace for the
accumulation of biogas. The biogas produced in each of the reactors goes through bottles that
contain 80 mL of 3 M NaOH and 0.4 % Thymolphthalein pH-indicator solution, which is used
to remove acidic gases such as CO and H.S, and only CH4 passed through the solution and
analyzed using wet gas flow measuring device which works according to liquid displacement
methods. After a certain volume of produced biogas accumulated under each mould flow cell,
the magnetic metal pieces lifted open and released trapped methane goes through the water and
clicks back shut. The standard minimum volume to make one click is 10 mL. The digital pulse
was connected to a data acquisition unit and computer to record the results. All the experimental
tests were done in duplicates to evaluate analytical or measurement precision. All the values of

the activity are expressed in g CH4-COD/g VS/day.
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Figure 13. AMPTS Il machine (automatic methane potential testing system) (pictures adapted from
Bioprocess control’s manual), (A) Reactor Bottle with an automatic stirrer, (B) Water Bath, (C) CO»-
Absorption Unit, (D) Gas Volume Measuring Device.

4.4.4 Mass Balances and Calculation

4.4.4.1 COD Mass Balance

The total mass balance of the COD was calculated daily to monitor the reliability of the
experiment considering the input COD (influent feed wastewater), output COD (effluent,
methane, hydrogen sulfide in the biogas), and estimated sludge growth. The conversion rate of
COD into methane was measured according to the theoretical oxidation of methane in which 1
kg of COD degraded in the wastewater result in the production of 0.35 m® methane (Radian
Beluc, 2019). Lens et al. (1998) noted that in theory, 1g of SO4-S consume 2 g of COD.

The COD used for growth was assumed based on the true sludge yield of acetoclastic
methanogens of 0.04 gVSS/g biodegradable COD (Rittmann & McCarty, 2001).

1
Z CODinput = Z CODoutput @

CODtotal,influent = CODtotal,effluent + CODCH4 + CODgrowth + CODHZS,biogas (2)
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CODtotal,effluent + CODCH4 + CODgrowth + CODHZS,biogas (3)

COD mass balance (%) =
CODtotal,influent
4.4.4.2 Sulfur Mass Balance

The activity of SRB which reduces sulfate is the main factor that determines the formation of
sulfide. Other factors such as available carbon source, initial sulfate concentrations in the
wastewater, and the amount of SRB genera will determine the variability of the rate coefficients
(van Loosdrecht et al., 2016).

The sulfur balance was calculated based on the equation below:

5504,influent = SSO4,effluent + STLS,effluent + SHZS,biogas (4)

S +S + S i 5
S balance (%) — SOy,ef fluent TLS,ef fluent H,S,biogas ( )

5504,influent

4.4.4.3. Sludge Yield

A reported by Eddy (2014), sludge yield, or biomass yield, was defined by the amount of

biomass produced to the amount of total substrate consumed (g VS/g COD).
The sludge yield was calculated based on the equation below:

VSend sludge — VSinitial sludge + VSSeffluent - VSSinfluent (6)
TCODfeed - TCODeffluent

Sludge yield =

4.4.4.4. Digestion efficiency

Digestion efficiency was calculated based on equation (7), in which COD used for growth
was considered as 0.04 gVSS/g biodegradable COD.

TCODy, — TCOD yye — CODgronyen, — CODyy s @)
TCOD,,

Digestion ef ficiency =
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4.4.5 PHREEQC Modelling

PHREEC is a multipurpose geochemical software written in C and C++ programming
languages. In the research, Notepad ++ was used as an interface to run PHREEQC version 3 to
predict scaling and potential corrosion in the reactor. Different database was used for the
stimulation. minteq.v4 dat was used for the corrosion of caused by hydrogen sulfide (H2S) and

phreeqc.dat was used for the calcite precipitation.
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5 Results and Discussion

51 Observation of effluent color formation

The effluent sample color turned dark brown after a few hours of sampling. It is unclear at this
point whether the color change was due to anaerobic metabolism, or any reducing condition
that happens during the anaerobic digestion. Wingate (2002) reported that the presence of
quinone and quinoid derivation can be the reason for the changes in the effluent chromophore.
Kortekaas et al. (1998) explained the changes of color under anaerobic condition is due to the
biological transformation of organic precursor and autoxidative polymerization. Acetogenic
bacteria groups such as Clostridium thermoaceticum, Acetobacterium woodii, and
Eubacterium limosum have the capability to demethylate lignin model compounds causing free
hydroxylated aromatic structure, which makes lignin susceptible to autooxidation. In addition
to that, with the presence of air and increasing pH from neutral to alkaline conditions, lignin
breaks down into fragments and combines with the hydroxy group to form dark brown quinone

complexes.

Shan et al.(2016) stated that the high chroma in the biologically treated effluent comes from
humic materials which contributed to a great fluorescence portion of about 67.1%.
Additionally, according to Gallert & Winter (2005), the formation of humic acid-like residues
generally appears after the reaction of biodegradable compounds (cellulose and starch) and

non-biodegradable compounds (carbohydrate-derived cellular).

A B C

Figure 14. Change in effluent color; (A) fresh sample, (B) after few hour, (C) after 5 days.
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5.2 Anaerobic Biodegradability Tests

Figure 15 and Figure 16 show the results of the anaerobic biodegradability test with the
wastewater. Figure 15 illustrates the fast conversion of COD into methane about 1334 mg CHg-
COD/L during the first day of incubation. After the first day, some additional biological
degradation took place but only last for two weeks then there is hardly anything happening for
the remaining time. This figure display a fast conversion, with more than 90% of its final
conversion reached after six to seven days of incubation. The subsequent days of incubation
periods show minor further conversion which is reflected by the decrease in SCOD and
production of methane. The test stopped on day 24 after no further removal of SCOD and no
more methane production. The methane production data were corrected for the methane
production in the substrate-free controls. All values are expressed in mg COD per liter liquid

phase.

Figure 16 shows that approximately 70% of wastewater TCOD and SCOD was converted to
methane and the removal efficiency was 60%. However, compared to the apparent COD
removal in the long-run actual EGSB reactor (Figure 19) in which the removal efficiency was
invariably in the range of 45% to 55% for total COD and 50%-60% for soluble COD. Ho et al
(1984) explained the particulates-plant cell debris and fragments contain high lignin which
appears to be not easily hydrolyzable leading to low digestibility and Sierra-Alvarez (1990)
noted that anaerobic bacteria have a very limited capacity to degrade lignin.

Theoretically, methane-COD production should be a few percent lower than COD removal
(because a fraction of the removed COD is used for growth). However, this is not the case in
this sample, which may suggest an underestimate of the measured COD or there is a presence
of any other compounds which were not measured. The calculation of methane production was
calculated theoretically based on the assumption that all the COD removed are converted to
methane in the biogas and other gases such as carbon dioxide, trace gases have no COD. In the
actual practice of reactor operating conditions, the process generates 0.25 — 0.30 m3 of
methane per one kg of COD degraded (Radian Beluc, 2019).
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Figure 15. The course of SCOD, VFA, and CH4 during incubation of the wastewater (non-diluted
wastewater with initial TCOD of 5156 mg/L ) with non-adapted anaerobic granular sludge (6.9 ¢
VSS/L).
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Figure 16. SCOD removal and methane production (expressed as a percentage of the initial SCOD)
during incubation of the wastewater with non-adapted anaerobic granular sludge (6.9 g VSSI/L).
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Various research studies from Jurgensen et al. (1985), Pichon et al. (1987), and Welander
(1988) reported the COD reduction of CTMP wastewater from 45-60%. Sierra-Alvarez et al.
(1990) indicated that the anaerobic treatment has a limited capacity to mineralize resin, volatile

terpenes, and other wood toxins compounds.
5.3 Anaerobic Toxicity Test

Figure 17 and Figure 18 show the results of the toxicity test with the wastewater with the
positive control, non-diluted wastewater, and with different dilution gradients. The negative
control bottle has no gas production. Figure 17 depicts the cumulative gas production and the
bottle with 5 times dilution produces more biogas during the first day than the positive control
bottles. Non-diluted wastewater bottle shows significant cumulative biogas production for 3.5

days, whereas positive control bottle biogas production stopped after one day.

Figure 18 displays the specific methanogenic activity (SMA) in which acetate was provided as
the sole substrate. The shapes of the 5 times dilution curve show a higher peak with an average
SMA of 0.70 gCH4-COD/gVS/day than other bottles. From this graph, all the bottles containing
wastewater have higher activities than the positive control bottle. Table 6 shows the ultimate

anaerobic toxicity test results.
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Figure 17. Cumulative biogas production of positive control bottle, non-diluted, 5 times and 10 times
diluted wastewater.
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Figure 18. Specific Methanogenic Activity Test results of positive control bottle, non-diluted, 5 times
and 10 times diluted wastewater.

Table 6. Result of toxicity based on SMA test, each bottle test was done in duplicate.

Bottle Number SMA Dilution
(gCH4s-COD/gVS/day)
1-1 0.44 .
Positive Control
1-2 0.4
2-1 0.59 .
Non-diluted
2-2 0.63
3-1 0.71 .
5-times
3-2 0.69
4-1 0.53 .
10-times
4-2 0.55
5-1 0 .
Negative Control
5-2 0
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5.4 Biological Performance

5.4.1 Start-up phase

The start-up phase was operated from day 1 to 29 with a rapid increase of VLR only when there
is no accumulation of VFA in the effluent (VFA<5 meqg/L). During this period, the HRT
ranged from 8 to 30 h with influent wastewater to favor biomass acclimation. Figure 19 shows
the COD removal efficiency for both total and soluble COD concentration in the wastewater.
The system was paused twice due to the Christmas break (first pause: Day 30-56) and another
pause to mimic the situation during Christmas (second pause: Day 128-137). On the first day
of operation, there was an incident with the water bath that cause reactor temperatures to go up
to about 40 °C beyond the set point (35+1°C) which affect the activity of the inoculum (0.29 g
CH4-COD/g VS.d). After seeding the reactor, the system was let recirculate at a flow velocity
of 3 m/h overnight. On day 2, the reactor was fed with 7.5 g TCOD/L/d, and over the weekend
(Day 3 and 4), there was an issue with the inlet pump, which left the reactor unfed. It can be
seen that during the start-up period (Day 1-28), the COD removal efficiency was between 50-
60%. On day 29, a part of the reactor’s recirculation line was broken which cause air intrusion
into the reactor. Before this pause, an SMA test was done on day 29 to check the activity of the

biomass, and the result showed very low activity of the biomass 0.06 g CHs-COD/g VS.d.

Over the pausing period from day 30-56, the reactor was left unfed with only recirculation, and
day 30-37, the reactor temperature was left at 35+1°C and from day 37-56, the temperature was
decreased to 24°C.
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Figure 19. Feed COD (mg/L), Effluent COD (mg/L) and COD removal efficiency (%) of the reactor.

Figure 20 depicts the result of volatile fatty acids (VFA) in the effluent with respect to the
volumetric loading rate (VLR). VFA depicted in the figures was the total result ranging from
acetic acid (C2), propionic acid (C3), isobutyric acid (iC4), butyric acid (C4), isovaleric acid
(iC5), valeric acid (C5) and hexanoic acid (C6) expressed in meg/L. The accumulation of VFA
in the effluent could be a sign that the anaerobic bacteria, especially methanogens got inhibited.
Throughout the entire evaluation (Day 1-29), acetate was the primary constituent found in the

effluent sample.
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Figure 20. Volatile Fatty Acids concentration in the effluent (meg/L) corresponding to VVolumetric
Loading Rate (g TCOD/L/d).

Biogas Production VLR
25 i i o 25
Start-up 1 | Phase A b Phase B
20 | : [ 20 5
_ e 1S <
g - EE 2
= =
S 15 I © i | @ 15 -8
[e] I ) [} m ) ﬁ
O ] v 1 1 1 =]
5 - | o 8
10 : :’n ' "ep! 10 &
= i c i 1S Q
= @ i P9 o
5 ' = ' 1= 5 &
I &
] o. 1 ] ]
I [] ] []
0 1 1 1 1 0
0 20 40 60 80 100 120 140 160 180
Days

Figure 21. Biogas production rate (L/d) under mesophilic conditions (35£1°C).

Figure 21 and Figure 22 show the daily biogas production and the composition of methane
(CHa), carbon dioxide (COz2), oxygen (O-), and hydrogen sulfide (H2S). During the first stage
of start-up and later part, there was a significant increase in biogas production with the
increasing VLR including the rising of methane production. From day 2-20, the production of
H>S in the biogas was 0.2% (2000 ppm) and increased to 1.1% (11000 ppm). This increase in
H>S could be due to the presence of oxygen in the reactor which oxidized sulfate and elemental

sulfur and further reduced by chemolithotrophic sulfate reducing bacteria (SRB) (Greer, 2010).
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Table 7 summarizes the result of the COD mass balance calculations obtained from the start-
up phase during the stable operation (VLR 18 g TCOD/L/d). About 25% of the influent
biodegradable COD was recovered as methane gas. The “loss” 10% in the balance can be
explained loss by the presence of recalcitrant compounds such as lignin and its derivatives may
oxidize with the presence of air intrusion in the reactor. Salehi (2016) discussed that the

reduction of sulfate could contribute to the loss of COD in the balance.
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Figure 22. Biogas composition (%), methane (CHa), carbon dioxide (CO5), oxygen (O2), and
hydrogen sulfide (H.S).

Table 7. Summary of the result from the start-up phase (Day 1-29). All values are expressed in
average of stable operation period (Day 23-29).

Parameter Unit Value

HRT h 8+0.16
VLR gTCOD/L/d 18 + 0.59
Effluent VFA meg/L 0.25+£0.03
TCOD removal efficiency % 50 +£2.76
SCOD removal efficiency % 46.81 +£1.82
Digestion efficiency % 45.61 £2.94
Methane production? gCoDb/d 17.02 £ 2.32
Effluent pH - 7.54 £0.22

2 At standard temperature and pressure
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Table 8. COD mass balance for the start-up phase (Day 1-29). All values are expressed in an average
stable operation period (Day 23-29).

Stream Units Value
Influent g COD/d 68.86 + 2.51
Effluent g COD/d 34.43+£3.18
Growth g cob/d 2.75 +£0.10
Methane g COD/d 17.28 £2.42
Hydrogen sulfide g COD/d 0.31+£0.03
Balance % 80

5.4.2 Operational Phase A

In operational phase A (Day 57-127), after restarting the system, the reactor with HRT ranging
from 8to 48 h at VLR of 2 -18 g TCOD/L/d. Before the beginning of this phase, on day 56, all
sludge was removed from the main EGSB reactor and mixed well to get a representative sample
for TS, VS, and SMA analysis. The result (Table 12) showed a significant decrease of biomass
within the reactor with VS of 80 gV S/kg with the activity of 0.02 g CH4-COD/gVS.d.

The reactor was restarted again on day 58 with a VLR of 7.1 gTCOD/L/d and VFA began to
accumulate (7 meg/L). Hence, VLR was further reduced to 2 gTCOD/L/d and slowly increased
to design load (VLR of 18 gTCOD/L/d) only if the VFA was below 5 meg/L. The biomass
took approximately 10 days to recover. The accumulation of VFA in the effluent can be
attributed to the limited growth of methanogens combined with the inhibitory effect of air

intrusion on microbial activity.

At VLR of 18 + 0.2 gTCOD/L/d, the system was performing well with low VVFA in the effluent
(Figure 20) and biogas production met with the expected gas production which was calculated
based on influent SCOD, methane production, and SCOD removal efficiency. However, the
calculated estimated biogas production based on TCOD was higher than the actual biogas
production. The sludge yield at the end of this phase was 0.04 g VS/g COD.
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Figure 23. Changes in VFA with respect to alkalinity and changes in alkalinity with respect to pH in

the effluent.

Changes in acidity and alkalinity in the effluent from the EGBS reactor from day 68 to 182

are shown in Figure 23. It can be seen from the graph that on day 112-114, there were high

VFA in the effluent. This can be related to the event of air intrusion on day 111 leading to a
VFAI/TA of 5. Then, the system recovered quickly showing a VFA/TA ratio of less than 0.4,

which was reported by Hernandez et al.(2014) as a safe range for anaerobic digestion with a

lower risk of acidification.
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Figure 24. Elemental sulfur (S) presented in the liquid and gaseous phase after sulfate reduction.

Table 9 and Table 13 shows the concentration distribution of sulfur compounds in the system
in two different states: liquid (feed and effluent) and gaseous phase (biogas). The outputs of
sulfur accounted for 88.85% and 98.2 % of the inputs, for phase A and phase B respectively.
The “lost” sulfur was not analyzed in the input and output causing the lack of sulfur balance.
Ruan et al. (2017) discussed that the sulfur content in the biogas is not limited to H2S only,
there is more possible gaseous form of sulfur such as dimethyl sulfide, carbon disulfide,
mercaptans, etc. In addition to that, the elemental sulfur determination may have been biased

in total liquid sulfide content, which could have volatized during the sampling procedure.

Table 11 summarizes the COD mass balance calculation obtained from operational phase A on
average of stable operation period VLR 18 g TCOD/L/d (Day 104-110). The COD mass
balance had increased to 88.85%, which was 8.85% higher than the start-up phase.

Table 9. Sulfur balance in operational phase A (Day 58-127) at VLR 18 g TCOD/L/d (Day 104-110).

Parameter g/d %

SO,-S feed 2.94+0.04 -

SO,-S effluent 0.03+0 117+ 0
TLS-S effluent 235+0 79.89 £ 0.93
H,S-S biogas 0.07+£0 7.49+0.85
Balance 88.55
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Table 10. Summary of the result for the operational phase A (Day 58-127). All values are expressed
on average of stable operation period VLR 18 gTCOD/L/d (Day 104-110).

Parameter Unit Value

HRT h 6.40 £ 0.08
VLR g TCOD/L/d 18.00+0.30
Effluent VFA meg/L 0.46 £0.17
TCOD removal efficiency % 50.00 £ 2.24
TCOD-TLS removal efficiency % 55.97+£151
SCOD removal efficiency % 49.07£2.91
SCOD-TLS removal efficiency % 54.37+1.42
Digestion efficiency % 45.65 + 1.80
Methane production? g COD/d 23.72+2.20
Effluent pH - 7.44 £+ 0.06

2 At standard temperature and pressure

Table 11. COD mass balance for the operational phase A (Day 58-127). All values are expressed on
average of stable operation period VLR 18 g TCOD/L/d (Day 104-110).

Stream Units Value
Influent g COD/d 77.44+1.12
Effluent g cob/d 40.37 £5.10
Growth g COD/d 3.10+£0.04
Methane g cob/d 23.72+£2.20
Hydrogen sulfide g COD/d 0.46 £ 0.05
Balance % 87

5.4.3 Sludge profile at the end of phase A

Figure 25 illustrates the nitrogen compounds within influent and effluent in the form of total,
soluble, ammonium, and nitrate. In Phase A, the total nitrogen in the effluent was lower than
the feed except for the day 91-97 and 112-118 it became higher than the feed. However, in
the soluble part, nitrogen was lower in the effluent compared to the influent. The suspended
solids present in the reactor hold organic matter, nutrients, and other substances (Di Costanzo
etal., 2021). Goto et al. (2021) pointed out that nitrogen, also known as “natural N-contents”

is so common in the natural wood cellulose.
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In ammonium and nitrate- nitrogen was consistently higher in the effluent as shown in Figure
25. This can be explained by McCarty (1964) that the ammonium and ammonia form in the
anaerobic treatment process results from the degradation of organic wastes containing protein,
urea, or amino acids. Ammonium ions exist in equilibrium with free ammonia and hydrogen
ion (Equation 8) and ammonia can present in form of ammonium ion or ammonia gas
(Equation 9). The ammonium-nitrogen concentration within the anaerobic system was
indicated by Lay et al. (1998) as a significant factor in affecting the activity of methanogenic
bacteria as well as in an acclimatized system. It was reported by McCarty (1964) that at a
concentration range from 1500-3000 mg/L, ammonium nitrogen can inhibit the anaerobic
process at a pH range of 7.4-7.6 and were expected to be toxic to anaerobic microorganisms
when the concentration exceeds 3000 mg/L at all pH value. Table D in appendix A provides

more details on the ammonium concentration affecting the anaerobic process.
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Figure 25. Total Nitrogen (TN), Soluble Nitrogen (SN), Ammonium (NH4.N), and Nitrate (NOs-N).
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Figure 26 illustrates the total phosphorus and orthophosphate in the effluent and feed. It can
be seen that total phosphorus effluent in phase A was lower than the feed except for the days
91-97 and 112-118 which became higher than the feed.
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Figure 26. Total Phosphorus (TP), Ortho-Phosphate (PO.-P)

Figure 27 depicts the photo of the reactor taken on day 68. The upper part (A and B) shows
accumulated suspended solids and it mixed with the anaerobic granule in the sludge bed
(C and D). At the lower part of the reactor, it can be seen that those solids were attached to

the wall of the reactor which makes it difficult to wash out.
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Figure 27. Reactor's photo taken on day 68; (A) Upper part, (B) Upper middle part, (C) Lower middle
part, (D) Bottom part.

Figure 28 displays images of the biomass under microscopic view (Keyence VH-Z20UR,
Japan). It was observed that sludge contains suspended solids and the biomass had different

shape and size. Some of the granules remained intact while others disintegrated into pieces.
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Figure 28. Microscopic view of the reactor's sludge on day 127;(a) unwashed sludge (X20),

(b) cross-sectional view of granule (X160), (¢) & (d) biomass after washing with tap water and sieve
size 0.425 mm (X20).

5.4.4 Operational Phase B

The presence of solids in the reactor had a large impact on its performance of the reactor. Most
of the solid remained in the upper part of the sludge bed and some stayed in between the
granule. On day 104, solids had been washed out from the main EGSB reactor and a part of it
ended up in the conditioning tank and effluent. A significant drop was observed in the sludge
bed (5 cm) which shows a loss of biomass went along with the solid out of the main reactor.
Some of the biomass was also seen to be left on the biogas line which connected to the top of

the conditioning tank. The sludge yield at the end of this phase was 0.09 g VS/g COD which
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is about 56% higher than phase A. This can be explained by the stability of the reactor during

phase B compared to phase A.

Table 12. Solids in the EGSB reactor from the start-up day (Day 1) to the end of the trial (Day 182);
Total Solids (TS) and Volatile Solids (VS).

Day TS VS VSITS
() (9) (%0)
1 232 140 60
58 242 119 49
127 108 80 74
182 176 125 71

Table 12 shows the number of solids in the reactor from the start-up day (Day 1) to the end of
the trial (Day 182). On day 58, VS content of the sludge dropped 15% compared to the start-
up day. This could be because of the air intrusion in the reactor or the hydrogen sulfide present
within the reactor. On day 127, the VS continue to drop 32.77% and increased by 36% on the
last day of operation. The ratio of volatile solids to total solids (VS/TS) indicated the organic
matter content in the sludge and can be used to access the stability of the effluent. Rajagopal et
al.(2019) witnessed the effects of accumulated non-degraded suspended solids on the
performance of UASB reactor treating sewage leading to the reduction of active biomass, low
biogas production, and high acid in the effluent. Table 15 summarizes the COD mass balance
calculation obtained from operational phase B (Day 138-182). All values are expressed on
average of the stable operational phase (164-182). The COD mass balance had increased to

91%, which was 11% higher than the start-up phase and 3% higher than operational phase B.

Table 13. Sulfur balance in operational phase B (Day 138-182).

Parameter g/d %

SOs-S feed 2.27 £0.07 -

S0O,-S effluent 0.02 £0.00 0.77 £ 0.03
TLS-S effluent 1.96 £ 0.15 86.24 £ 5.40
H>S-S biogas 0.25+ 0.03 11.19+1.26
Balance 98.20
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Table 14. Summary of the result for the operational phase B (Day 138-182). All values are expressed
on average in the stable operational phase (Day 164-182).

Parameter Unit Value

HRT h 7.00+0.16
VLR gTCOD/L/d 18.00+0.41
Effluent VFA megq/L 0.51 +0.16
TCOD removal efficiency % 47.07 £ 3.49
TCOD-TLS removal efficiency % 52.54 + 3.54
SCOD removal efficiency % 5254 +£1.72
SCOD-TLS removal efficiency % 58.78 +1.18
Digestion efficiency % 42.78 £ 3.44
Methane production rate? gCoD/d 25.69 + 1.43
Effluent pH - 7.30£0.03

2 At standard temperature and pressure

Table 15. COD mass balance for the operational phase B (Day 138-182). All values are expressed in
an average of the stable operational phase (Day 164-182).

Stream Units Value
Influent gCcobD/d 75.38 £ 1.87
Effluent gCOD/d 40.64 + 4.04
Growth gCOD/d 3.02+£0.07
Methane gCcobD/d 25.69 £ 1.43
Hydrogen sulfide gCcobD/d 0.51 £ 0.06
Balance % 91

Figure 25 shows that in phase B, total nitrogen in the effluent was higher than the feed from
day 141 to 145. At the beginning of phase B, the effluent phosphorus was higher than the feed

for only a few days and remain lower in the remaining days as depicted in Figure 26.
5.4.5 Sludge Profile at the end of the trial

At the end of the operation (Day 182), the sludge has been removed from the reaction and it
was observed from the microscope that anaerobic granules from EGSB were disintegrated into
smaller fragmented granules and small debris (Figure 29). In addition to that, sludge contains

short and long cellulose fiber resulting from the inlet feed wastewater (Figure 30).
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Figure 29. Microscopic view of the reactor's sludge on day 182;(a) unwashed sludge, (b) cross-
sectional view of granule, (c) biomass after washing with tap water and sieve size 0.425mm,
(d) disintegrated granule.
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Figure 30. Microscopic view of the reactor's sludge; (a) magnification of 100x, (b) magnification of
200x.

5.5 Operational Problem and Countermeasure

The presence of solids in the wastewater caused the blockage in the influent, effluent, and
recirculation lines. Therefore, regular maintenance was done to prevent blockage and
overpressure within the reactor. Daily measure the effluent flow rate to check whether up flow
velocity met with the set-point or not. If the flow rate was not matched with the set point, this
could be an indication that blockage happen within the tube or in the nozzle, which required
squeezing the tube to push the solids. The water bath was filled with polypropylene anti-
evaporation spheres (diameter of 20 mm) and refilled every day with demineralized water to
prevent scaling and evaporation which can cause a decrease in the reactor‘s temperature leading
to less biogas production. The white plastic stopper located along the biogas line was changed

monthly to prevent leakage of biogas.

At the end of the operation, on the last day (Day 182), while emptying the conditioning, the
solids accumulate, and with the rotor mixing resulting in muddy-like (Figure 31). It was
observed that there was a white color deposit on the wall of the upper part of the conditioning
tank. Zhou et al. (2022) and Ruan et al. (2017) described that this white deposit color was
caused by the oxidation of sulfide to elemental sulfur under microaerobic or anoxic conditions
by sulfur oxidizing bacteria. The majority of the research on anaerobic digesters reported that
the yellowish-white deposits due to the production of elemental sulfur were commonly found
in the reactor’s headspace, wall, and ceiling (Kobayashi et al., 2012; Ramos & Pefia, 2014;
Rodriguez et al., 2012).
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a b

Figure 31. The accumulation of solids in the conditioning tank; (a) solids attached to the mixing
rotor, (b) solids in the conditioning tank, and elemental sulfur deposit on the upper part (white color).

55.1 Effluent precipitation

Due to the precipitation of calcium carbonate and/or calcium phosphate, hydrogen sulfide
precipitation and the formation of elemental sulfur, the effluent discharge tube got clogged
(Langerak, 1998). A simulation code developed using the PHREEQC model based on effluent
composition using Notepad++ showed the relationship between saturation index with respect
to calcite (SI_calcite), equilibrium CO partial pressure, and effluent pH. According to the
definition from Langelier (1936), positive saturation index (SI > 0), which mean the ability of
water to precipitate (supersatured water) which cause scaling, negative value (SI < 0),
correspond to calcium carbonate (CaC03) dissolve to form calcium ion (Ca?*) and bicarbonate
ions (HCO3), and at value of zero (SI = 0), the water and minerals are at chemical equilibrium.

Equation (10) and (11) illustrates the carbon dioxide equilibria.

€02 (g) © CO2 (ag) (10)

CO3 (agy + Ha0(1y © HzCO3(0q) © HCO3(aq) + Higq) (1)
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Figure 32 shows that Sl has significantly increased above zero and pH also increase as a
result of the escape of CO> from the solution.

[o= SICalcite —— SI CO2 _—&— pH |
3 T T : : : T 10.0

Sl

4 Il ! Il I 1 1 70
0.000  0.001 0002 0003 0004 0005 0006 0.007
CO2 Removed

Figure 32. PHREEQC modeling on the relationship between pH and CO- level (left), and scaling in
the effluent tube (right).

5.5.2 Potential Corrosion in biogas pipeline

Originally, the water seal was filled with demineralized water, and later due to reactor operation
the water become acidic due to the dissolution of CO (Equations 10 and 11) and the
oxidation of H.S (Equation 13) in the biogas pipelines. It is clear from the equation of sulfide
biological oxidation carried out by chemolithoautotrophic sulfur oxidizing bacteria (SOB) in
which oxygen act as an electron acceptor. This can be confirmed by the air intrusion into the
reactor on days 12, 29, 111, and 124.

HS™ - 8% > 5,02 - 5,02~ - S0%~ (12)
H,S+ 0.50, - S° + H,0 AG® = —209.4 k] /reaction (13)
5% +1.50, + H,0 - S0}~ +2H™ AG® = —587.41 k] /reaction (14)
H,S +20, - SO;~ +2H* AG® = —798.2 k] /reaction (15)
5,027 + H,0 + 20, - 2502~ + 2H* AG® = —818.3 kJ /reaction (16)
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This is the evidence from the last day of operation (Day 182), the pH in the water seal along
the biogas line was checked using the digital pH meter (WTW pH 3110, Germany) with a result
of 3.31.

In this research, the biogas line was made with rubber plastic material (Neoprene) which is
corrosion-proof. However, in most full-scale plants, the biogas pipe was made with iron and
steel which are susceptible to corrosion. A PHREEQC model was done to understand the
corrosivity of the biogas. A set of data was taken from day 181 to run this stimulation
(Figure 33). The air intrusion within the reactor indicated that there positive potential in the
system i.e.; oxidizing condition. From the Pourbaix diagram, it can be observed that at pH
range 4-5, iron (Fe) is stable in its +2 oxidation state between potential 0 and 0.8 V, and +3
oxidation state is stable between potential 0.8 to 2 V, which are corrosive conditions. Moreover,
Landrum (1989) described that the maximum allowable corrosion rate for the equipment in the

chemical industry is 0.50 mm/year, as shown in Table 16.
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Figure 33. PHREEQC modeling on the relationship between pH and addition of H,S (left), and
Pourbaix diagram of equilibrium potential E(V) of iron as a function of pH (right) adapted from
Marcel Pourbaix (1974).

Table 16. Characteristic of corrosion rates for equipment in the chemical industry (Landrum, 1989).

Maximum corrosion rate (mm/year) Characteristic

0.025 Very low corrosion

0.25 Low corrosion

0.50 Fairly low corrosion and can be considered to be

“normal” maximum allowed in chemical equipment
1.25 High corrosion

>1.25 Excessive corrosion
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6

6.1

Conclusion and Outlook

Conclusion

Overall, the performance of EGSB treating CTMP wastewater showed good stability
and robustness while clogging problems caused by the suspended solids represented a
major drawback in the system. There was no accumulation of VFA in the effluent. In
this research no toxicity was found at 3.4 g COD/L and 75% CHa found in biogas.
Sierra-Alvarez et al., 1991 found that %ICso happen at concentration of 2.1-5.4 g
COD/L of wastewater

Anaerobic biodegradability wastewater showed that the maximum COD removal
efficiency was 60%.

Methanogenic toxicity test indicated that the compounds present in the wastewater did
not have any toxic impact on the granule sludge.

At the beginning of the start-up after seeding the reactor, the start-up phase took about
30 days and along with the increase of VLR, there was no accumulation of VFAs in the
effluent. The methane composition in the biogas was between 60-75% and at the end
of the start-up phase, at VLR of 18 gTCOD/L/d, the COD removal efficiency was
50.00 + 2.76 %, and 46.81 + 1.82 % for total and soluble COD, respectively. The
digestion efficiency was 45.61 = 2.94 % and daily methane production was
17.02 £ 2.32 g COD/d.

In Phase A, the methane composition in the biogas was between 75-78% and at VLRs
of 18 g TCOD/L/d, the COD removal efficiency was 50.00 + 2.24% and 49.07 £ 2.91%
for total and soluble COD respectively. The digestion efficiency was 45.65 +1.80% and
daily methane production rate was 23.72 £ 2.20 g COD/d. The sludge yield at the end
of this phase was 0.04 g VS/g COD. The sulfur balance was 89%, in which most of the
sulfate has been reduced by SRB and was present in liquid (TLS-S 80%, SOs-S 1%)
and gases (H2S-S 8%).

In Phase B, the methane composition in the biogas was between 75-78% and at VLRS
of 18 g TCOD/L/d, the COD removal efficiency was 47.07£3.49% and
52.54 + 1.86 % for total and soluble COD respectively. The digestion efficiency was
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6.2

42.78 + 3.44 % and daily methane production was 25.69 + 1.43 g COD/d. The sludge
yield at the end of this phase was 0.09 g VS/g COD. The sulfur balance was 98 %, in
which most of the sulfate was reduced by SRB and was present in liquid (TLS-S 86%,
SO0s-S 1%) and gases (H2S-S 11%). Acetate (Cz) was found as the major VFA

compound in the effluent for the entire reactor operation (Day 1-182).

Recommendations for Further Study

It is recommended to further reduce the organic pollutant in the wastewater, using an
aerobic system as a post-treatment after an anaerobic system was found to be efficient
in the removal of non-biodegradable compounds. Tertiary treatments such as fungal
treatment, coagulation, chemical oxidation, and ozonation can efficiently be used to
remove color. Other techniques include adsorption, ozonation, and membrane filtration
can be used to remove Chlorinated phenolic compounds and adsorbable organic halides
(AOX) (Pokhrel & Viraraghavan, 2004). Jackson-Moss et al.(1992) reported that
anaerobic biological granular activated carbon can reduce 50% of COD and color and
membrane filtration can reduce more than 90% of color.
H>S can be removed via zero valent iron (Mamun & Torii, 2015), chemical absorption
into liquid such as water or alkaline solution (i.e. NaOH), desorption with iron oxide-
coated (Fe(OH)s or Fe203) material, activated carbon or impregnated activated carbon
with catalyzer potassium iodide (K1), potassium carbonate (K2CO3) or zinc oxide (ZnO),
biological treatments via adding air to oxidize the H>S into elemental sulfur by sulfur
oxidizing bacteria genera such as Thiobacillus and Sulfolobus (Mamun & Torii, 2015;
Petersson & Wellinger, 2009).
The presence of H»S in the biogas cause corrosion and the use of corrosion-resistance
material is suggested such as an anti-corrosive gas meter.
It is recommended to conduct elemental analysis on the cellulose pulps to have a better
understanding of the composition of carbon, nitrogen, phosphorus, etc.
It is recommended to analyze the biogas composition using gas chromatography (GC),
which is more reliable than portable gas analyzer.
It is recommended to analyze sulfate using the ion chromatography (IC) because HACH

LANGE test tubes were found to be not accurate.
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It is recommended to use a scanning electron microscope (SEM) to look into the internal

structure of the anaerobic granule.
It is recommended to have 24/7 automated system control to maintain the stability of the

reactor.
It is recommended to further reduce the amount of suspended solids present in the

wastewater before adding it to the reactor.
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Appendix

A Sludge elemental analysis

The elemental composition of the granule sludge taken from the EGSB reactor on day 182

was sent for analysis at an external lab. The sludge sample was first dried at 105 + 3°C in the

stove with a porcelain cup overnight to get dry weight. The result of the composition of the

metal within the sludge is presented in Table A.

Table A. Sludge elemental analysis expressed in mg/kg of dry matter.

Metals Symbol Unit Value
Dry matter (DM) % 100
Aluminium (Al mg/kg DM 1200
Antimony (Sb) mg/kg DM 1
Arsenic (As) mg/kg DM 1.2
Barium (Ba) mg/kg DM 61
Beryllium (Be) mg/kg DM <0.2
Boron (B) mg/kg DM <10
Cadmium (Cd) mg/kg DM 15
Calcium (Ca) mg/kg DM 74000
Chromium (Cn mg/kg DM 17
Cobalt (Co) mg/kg DM 35
Copper (Cu) mg/kg DM 130
Gold (Au) mg/kg DM <5
Iron (Fe) mg/kg DM 7200
Lanthanium (La) mg/kg DM 3.2
Lead (Pb) mg/kg DM 26
Lithium (Li) mg/kg DM 0.6
Magnesium (Mg) mg/kg DM 1700
Manganese (Mn) mg/kg DM 390
Molybdenum (Mo) mg/kg DM 56
Nickel (N1) mg/kg DM 23
Palladium (Pd) mg/kg DM <5
Phosphorus (P) mg/kg DM 3600
Platinum (Pt) mg/kg DM <5
Potassium (K) mg/kg DM 1300
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Scandium
Selenium
Silicium
Silver
Sodium
Strontium
Sulfur
Tellurium
Tin
Titanium
Tungsten
Vanadium
Zinc

Zirconium

(Sc)
(Se)
(Si)
(A9)
(Na)
(Sn)
(S)
(Te)
(Sn)
(Ti)
(W)
V)
(2Zn)
(2n)

mg/kg DM
mg/kg DM
mg/kg DM
mg/kg DM
mg/kg DM
mg/kg DM
mg/kg DM
mg/kg DM
mg/kg DM
mg/kg DM
mg/kg DM
mg/kg DM
mg/kg DM
mg/kg DM

<0.2
<1
<20
1.3
7300
120
10000
<0.1
0.5
13
<50
3.9
1300
<2

B Discharge Limit

Table B. Guidelines for CTMP effluent (World Bank, 2007)

Parameter Units Guideline
Flow? m3/ADt 20

pH - 6-9

TSS kg/ADt 1

COD kg/ADt 5

BODs kg/ADt 1

Total N kg/ADt 0.2

Total P kg/ADt 0.01

2Cooling water and other clean water are discharged separately and are not included.

kg/ADt : kilograms of pollutant per 1,000 kg of air dry pulp
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C Comparison of the sulfate analysis

Table C. The analytical comparison between lon Chromatography and Hach Lang Test kit
(LCK153) of the feed wastewater and EGSB effluent.

Analytical Method lon Chromatography Hach Lang Test kit
Filter size 0.45 um 0.2 um 0.2 um 0.45 pm
433.07 438.88 3245 414
Feed
433.15 439.35 3225 414
5.16 5.292 62.3 112
Effluent
5.188 5.209 62 109
Clean sample 99.5
) 98.595
(without wastewater) 100
D The effect of Ammonium-nitrogen in Anaerobic Digestion

Table D. The effect of ammonium-nitrogen in anaerobic digestion (McCarty, 1964).

Ammonia N concentration Units Effect on anaerobic Process

50-200 mg/L Beneficial

200-1000 mg/L No adverse effect

1500-3000 mg/L Inhibitory at higher pH value (7.4-7.6)
Above 3000 mg/L Toxic
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E PHREEQC code for scaling

1 Database c:\phreeqc\database\phreegc.dat

2

3  sSolution 1 # effluentComposition #data date: Day 181
4 -units mg/1

5 -temp 35

6 PpH 7.2

7 Alkalinity 1220 as HCO3 #999.5 mgCaco3/1
8 Ca 34

9 Mg 14
10 s() 3
11 END
12

13 use solution 1
14 EquiTlibrium_Phases 1

15 co2(g) -3.4 #400ppm#10g((400/1000000) *1atm)
16 end
17

18 use solution 1
19 reaction 1

20 co2(g) 1

21 -0.005534 moles in 50 steps

22

23 User_graph 1 #Plot Graph

24 -headings CO2_RE SI_Calcite SI_CO2 pH
25 -—axis_titles "CO2 Removed" "SI" "pH"
26 -start

27 10 graph_x -RXN

28 20 graph_y sI("calcite™) sI("co2(g)")
29 30 graph_sy -la("H+")

30 -end

31  end

32

33 user_graph 1
34 -detach

35 end
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F PHREEQC code for corrosion

1 Database c:\phreeqc\database\minteq.v4.dat

2

3  Solution 1 # Effluent Composition #data date: 17/5/22
4 -units mg/1

5 -temp 35

6 PpH 7.2

7 Alkalinity 1220 as HCO3 #261mgCacCo3/1 #261%1.22=318.42
8 Ca 34

9 Mg 14
10 s() 3
11 END
12

13 Use solution 1

14 Gas_Phase 1

15 -fixed pressure

16 -pressure 1.0

17 H2s(g) 0.014 #partial pressure#14000ppm
18 end

20  use solution 1

21 Equilibrium_Phases 1

22 €02(g) -3.4 #400ppm#1og((400,/1000000)*Latm)
23  end

25 Use solution 1

26 reaction 1

27 H2s(g) 1

28 2 mol in 50 steps #2/50
29 User_Graph 1

30 -headings pH

31 -axis_titles "moles H2S added” "pH"
32 -start

33 10 graph_x RXN

34 20 graph_y -la("H+")

35 -end
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