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OZET

ENDUSTRIYEL ATIKSULARIN HIDROTERMAL GAZLASTIRMA
ILE ENERJi (CH4/H;) URETIMINDE DEGERLENDIRILEREK
ARITILMASI

CENGIZ, Nihal

Doktora Tezi, Kimya Miihendisligi Anabilim Dali
Tez Danismani: Prof. Dr. Levent BALLICE
Ikinci Danisman: Mehmet SAGLAM
Ekim, 2017, 223 sayfa

Tez kapsaminda, aritima karst direngli olan Afyon Alkaloidleri Fabrikasi
atiksuyunun hidrotermal gazlastirma (HTG) yontemi ile kimyasal oksijen
ihtiyacinin ve icerigindeki kirleticilerin ne 6lgiide giderilebilecegi arastirilmistir.
HTG ile organik karbon igerigi yliksek bu atiksuyun onemli Olgiide aritimi
saglanirken, yliksek oranlarda H» ve CHj iceren ve temiz enerji kaynagi olarak

degerlendirilebilecek bir gaz iirlin olugmaktadir.

En uygun reaksiyon kosullarini belirlemek amaciyla fabrikadan temin edilen
atiksu ile 300, 400, 500 ve 600°C reaksiyon sicakliklarinda ve 200, 275, 350 ve 425
bar Dbasing seviyelerinde (500 ve 600°C’de) gazlastirma denemeleri
gerceklestirilmistir. En uygun katalizor miktar1 ise farkli miktarlarda K>CO;
varliginda yapilan denemeler ile saptanmistir. Laboratuvarda sentezledigimiz
aktiflestirilmis kirmizi camur katalizorlerleri, NaOH, KOH, Na,COs3, Raney Nikel
4200, Raney Nikel 2800, Aktif Nikel, Nikel-Silis/Aluminyum ile de katalizor
tipinin etkisi incelenmistir. Reaksiyon sicakliginin artmasi gazlagsma ile H> ve CHy
verimlerini arttirmigtir. Basincin artmasi ise gazlasma verimi ile H> miktarini
diisirmiis, CH4 olusumunu hafifce arttirmistir. Katalizor kullanimi gazlagsmay1

arttirirken, gaz {irtin kompozisyon ve veriminde degisikliklere sebep olmustur.

Anahtar Sozciikler: Biyokiitle, atiksu, kritikiistii gazlagtirma, hidrojen, metan.
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ABSTRACT

TREATMENT OF INDUSTRIAL WASTEWATERS BY
UTILIZING IN ENERGY (CH4+/Hz) PRODUCTION VIA
HYDROTHERMAL GASIFICATION

CENGIZ, Nihal

PhD in Chemical Engineering
Supervisor: Prof. Dr. Levent BALLICE
Co-supervisor: Mehmet SAGLAM
October, 2017, 223 pages

Within the scope of the thesis, it has been investigated how much the chemical
oxygen demand and the pollutants in Opium Alkaloids Plant wastewater, which is
resistant to treatment can be removed by the Hydrothermal Gasification (HTG)
method. This wastewater with high organic carbon content is treated to a significant
extent by HTG, while a gaseous product rich in H> and CHz is also produced which

can be utilized as clean energy sources.

Gasification experiments were carried out at the reaction temperatures of 300,
400, 500 and 600°C and at the pressure levels of 200, 275, 350 and 425 bar (500
and 600°C) with the wastewater supplied from the factory to determine the most
appropriate reaction conditions. The most favorable amount of catalyst was
determined by adding different amounts of KoCOs. The effect of catalyst type was
examined with activated red mud catalysts synthesized in the laboratory, NaOH,
KOH, Na,COs;, Raney Nickel 4200, Raney Nickel 2800, Activated Nickel,
Nickel-Silica/Aluminum. The increase in reaction temperature increased H> and
CHa yields and gasification efficiency (CGE). Higher pressures decreased the yields
of H> and CGE, and slightly increased the formation of CHa. Catalyst use increases

gasification and causes changes in gas product composition and yield.

Keywords: Biomass, wastewater, supercritical gasification, hydrogen, methane.
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1. INTRODUCTION

An Opium Alkaloids Plant is located in the city of Afyon, Turkey, producing
alkaloids, using the opium poppy capsule, such as: morphine, codeine, thebaine,
etc. for pharmaceutical purposes. The statistical data shows that the global demand
for alkaloids are as high in 2013 as in the past two decades. The global consumption
of morphine as pain reliever has increased fourfold, particularly in high-income
countries in recent years. Turkey is one of twelve licensed countries for opium
poppy cultivation worldwide and together with Australia, Spain, France, Hungary,
and India one of the largest producer of poppy straw rich in morphine. According
to the International Narcotics Control Board (INCB) reports (INGB, 2016), these
six countries have met about 93 per cent of the global needs of poppy straw rich in
morphine (in morphine equivalent) in 2015.

The wastewater generated from the Opium Alkaloids Plant in Afyon contains
some alkaloids (codeine, morphine, and thebaine), aniline, phytin, toluol, acetic
acid (Aydin et al. 2010), wax type compounds, soluble components of cellulose,
lignin, and hemicellulose (Kacar et al. 2003; Aydin et al. 2010). This high strength
wastewater has a dark-brown color originating from materials resistant to
biodegradation (Koyuncu 2003) and is discharged into Eber Lake via the Akarcay
River around the city of Afyon. The existing treatment plant is a two-stage system
formed of biological (aerobic/anaerobic) treatment and chemical precipitation.
Since there are some operating problems, the treatment plant does not work
properly (Sevimli et al. 2000; Koyuncu 2003) and causes an environmental problem

in this region.

The studies reported on the treatment of opium alkaloid wastewater by various
treatment methods consist of characterization (Sevimli et al. 1999; Aydin et al.
2010), biological and/or chemical treatment (A.F. Aydin 2002; Aytimur and Atalay
2004; Kunukcu and Wiesmann 2004), long-term anaerobic treatment (Aydin et al.
2010) and simulation of it using the Anaerobic Digestion Model No. 1 (ADMI1)
(Dereli et al. 2010), pretreatment by wet air oxidation (WAO), (Kagar et al. 2003),
gamma irradiation as pre-treatment (Bural et al. 2010), Fenton oxidation of
pretreated opium alkaloid wastewater (A.F. Aydin, M. Altinbas, M.F. Sevimli),

anaerobic pretreatment and post treatment with lime and ozone (Sevimli et al.



2000), and membrane technology for advanced treatment (Koyuncu 2003). The
treated wastewater should meet the standards outlined in the Turkish Water
Pollution Control Regulation (WPCR, 2004) shown in Table 2.5. The COD
removal from the wastewater is between 33% and 88% of the initial COD value in
these researches as seen in Table 1.1. There are some treatment researches
performed with diluted or pretreated forms of this wastewater and have low influent
COD concentrations. The removal efficiencies reached >90 % in these studies, but,
they cannot be considered for comparison of the treatment methods applied to the
original wastewater. The results obtained in the treatment studies of the original
wastewater, show that the COD content of the treated effluent is way above the

discharge limits specified in the WPCR (2004).

The water gains high diffusivity avoiding mass transfer limitation and strong
solvent properties hindering coke formation and poisoning of the catalyst in the
critical region. Supercritical water (SCW) provides a homogeneous medium at
near-critical and supercritical conditions due to great miscible characteristics with
organic and inorganic compounds (Brunner 2014). A superior side of the
hydrothermal gasification processes (HTG) is that there is no necessity for the
drying the biomass as opposed to classical gasification. The HTG processes are
extensively investigated as the conversion of the organic content of biomass to
biofuel products (Sima et al. 2012; Onwudili and Williams 2013), oxidation of
specific compounds or sludge (Cocero et al. 2000), and the extraction of various
waste materials (Kronholm et al. 2003; Tiilay Gilingoren, et al. 2007). Supercritical
water gasification (SCWG) and supercritical water oxidation (SCWO) are both
being studied as a waste treatment alternative for industrial wastewaters. In the
gasification case the main objective is to produce a high-energy content gaseous
product using a hydrolysis mechanism while in the oxidation case it is to destroy
the organics using oxidation reaction by means of an oxidant agent. The effluent of
SCWG is mainly composed of Hy, CHs, CO>, as H O, CO3, and the inorganic salts
are principally produced in the SCWO process.

Comprehensive researches have been conducted on the HTG of real biomass
samples (Yanik et al. 2007; Madenoglu et al. 2012; Akgiil et al. 2014), and model
compounds of biomass in the last decades (Yoshida and Matsumura 2001;

Gilingoren Madenoglu et al. 2013; Castello et al. 2014; Madenoglu et al. 2015).



Residues of the unused parts of the plants have a moisture content up to 80%, animal
wastes, municipal wastes (He et al. 2014), agriculture based industrial wastes
(Holliday et al. 1997), and other wastes containing organic carbon such as activated
sludge (Afif et al. 2011) formed in the wastewater treatment used in HTG studies
in recent years. Industrial wastewaters have started to take place as feedstock in
literature used in hydrothermal gasification studies. There are two studies with
black liquor that is formed during cellulose production using a sulfate method
(Sricharoenchaikul 2009; Cao et al. 2011), olive mill wastewater (S6 and Akgiin
2011), wood gasification process wastewater (Di Blasi et al. 2007), coking
wastewater (Du et al. 2010) and with various wastewaters (Yan et al. 2007; 1. G.
Lee 2010; Lee and IThm 2010; Zhiyong and Xiuyi 2014; Falamarzian et al. 2014),
etc. A wide range of wastewaters having different compositions and components in
crude forms have been used in the HTG processes. The chemical oxygen demand
(COD) removal efficiencies varied from 45 - 99 % depending on the chemical
composition of the wastewater and the operated hydrothermal gasification

conditions.

Opium capsules are processed with a water-lime solution and morphine is
extracted, then a second stage extraction step is conducted with organic solvents
and acid. Wastewater is generated during the recovery operation of the organic
solvents and alcohol groups as a by-product. The amount of wastewater produced
is reported as 27.5 m*/h. In this study, the HTG of opium alkaloid wastewater was
carried out in a batch autoclave system with a temperature range of 400 - 600°C
with and without a catalyst during a reaction time of 1h. The main objective is to
determine the optimum reaction conditions and the appropriate catalyst in gasifying
the organic part, which causes environmental pollution, with a high product
efficiency. The organic carbon in the wastewater reacts with the supercritical water
to produce an H> and CHg rich gas. The chemical oxygen demand (COD) value of
the wastewater is the most important indicator for the success of the study and it
should decrease to 95-96 % of the initial content to provide discharge limit
requirement. Thus, the toxic and poisonous COD contents of the wastewater is
reduced and there is no need to further treat it reducing energy production. This
complex wastewater was tried as a feedstock in the HTG studies for the first time

and an advanced treatment was proposed by processing it in a supercritical water



medium to prevent this significant environmental problem around Lake Eber.
Supercritical water gasification is promising as an effective treatment alternative
for this high-strength alkaloid wastewater and in the production of hydrogen and

methane with its high organic carbon content characteristics.

Table 1.1 Comparison of COD contents and obtained COD Removal Efficiencies (CODgg) in

treatability studies of opium alkaloid wastewater with conventional techniques and by HTG method.

COD of Applied CoD,_, % COD of treated Ref
feedstock, ppm method wastewater, ppm
Biological,
Chemical and Aytimur G.,
27700 Combination 88.0 3324 et al., 2004
of them
Wet Air Y. Kacar
26630 Oxidation 26.0 i et al., 2003
90 % for
Diluted forms Anaerobic 5000 ppm 500 Sevimli M.F.
5000-16000 treatment 62 % for 6080 et al., 2000
16000 ppm
Effluent of full-
scale aerobic Membrane I Koyuncu,
treatment plant technology >96.0 80 2003
(COD:2.000)
Effluents of a lab-
scale two stage ,

- . Fenton’s Aydin et al.,
biological oxidation 90.0 65 2002
treatment system
(COD:650)

Anaerobic - .
19000 treatment with | about 80% | 3800 Ozdemir, R.
T., 2006
gamma rays
32050 HTG (600C In this stud
(RAW, as taken | and 425 bars | 95.8 1347 217 ¥
from plant) with K,CO,)




2. GENERAL INFORMATION

2.1 Industrial Wastewater

Industrial wastewater is generated during the processing of raw materials in
the production steps such as washing, heating, separation, transport, purification, or
as reaction products. Each industry branch has different production technology,
production type and capacity, qualitative and quantitative properties of the
wastewater generated show great differences. So, the industries must be handled
separately to determine the treatment prevention technologies and introduce the
options. (Sengiil 1989). Some industrial wastewaters may be discharged into the
sewer system if they have no damaging effect on it. The wastewaters which will be
discharged to a surface of ground water should be well examined and treated
adequately according to the discharge limits and conditions (Abdulrzzak
Alturkmani, 2013). In some organized industrial zones there is a central treatment
system, and plants pretreat wastewaters before sending to it. In our country as well
as in some other countries do not have adequate and healthy drinking and use water.
The reclaiming and reusing wastewater is becoming more important as the issue of
limited water resources and the ever-increasing water requirements are met
(Kavakli, 1997). The parameters must be analyzed in the wastewaters depends on
the type of industry. The parameters generally categorized as physical, chemical
and biological (Sengiil, 1989) and measuring some of the parameters according to

type of the industry are adequate.

a) Physical parameters: The principal physical parameters of wastewater are
color, odor, temperature, turbidity, total solid content, total suspended solid
(TSS), precipitable solid matter, conductivity, and radioactivity.

b) Chemical parameters: The main chemical characteristics measured in
wastewater are pH (power of hydrogen), alkalinity, acidity, chemical
oxygen demand (COD), total organic carbon content (TOC), toxic matters
(phenols, CN"), total nitrogen, Total Kjeldahl Nitrogen (TKN), phosphorus,
heavy metals (Hg, Cd,, Cr, Zn), fats, oils, and grease, free chlorine.



c) Biological parameters: Basic biological characteristics are coliforms, and

other organisms

(Salmonella, Shigella, Anthrax, Viruses, Algae,

Nematodes, and other worms) and examined by biological tests.

In Table 2-1, some chemical substances are given with the industry types in

which they are generated from.

Table 2-1. Substances present in industrial effluents (Bond & Straub, 1974)

Substances Present in Wastewaters from

Acids Chem. manufacture, mines, textiles manufacture
Alkalies Cotton and straw kiering, wool scouring

Acetic acid Acetate rayon, beet root manufacture

Ammonia Gas and coke and chem. manufacture

Arsenic Sheep dipping

Cadmium Plating

Chromium Plating, chrome tanning, alum anodizing

Citric acid
Copper
Cyanides

Fats, oils, grease
Fluorides
Formaldehyde
Free chlorine
Hydrocarbons
Mercaptans mills
Nickel

Nitro compounds
Organic acids
Phenols

Starch

Sugars

Sulfides

Sulfites

Tannic acid
Tartaric acid

Zinc

Soft drinks and citrus fruit processing
Copper plating, copper pickling

Gas manufacture, plating, metal cleaning
Wool scouring, laundries, textile industry
Scrubbing of flue gases, glass etching
Synthetic resins and penicillin manufacture
Laundries, paper mills, textile bleaching
Petrochemical and rubber factories

Oil refining, pulp

Plating

Explosives and chemical works

Distilleries and fermentation plants

Gas and coke manufacture., chem. plants
Food processing, textile industries

Dairies, breweries, sweet industry

Textile industry, tanneries, gas manufacture.
Pulp processing, viscose film manufacture.
Tanning, sawmills

Dyeing, wine, leather, chem. manufacture

Galvanizing zinc plating, rubber process.




2.1.1 Treatment Methods Applied to Industrial Wastewaters

Industrial wastewaters are treated by various conventional and/or advanced
processes depending on the type of the industry and the required safe discharge
characterisctics, organic or inorganic content, amount of wastewater generated,
toxicity, etc. Conventional methods may be classified into three classes: Physical,
chemical and biological treatments. The combination of these methods are also

widely investigated and used to achieve more efficient treatment.

2.1.1.1 The physical and chemical treatment

Physical treatment processes includes adsorption, sedimentation, membrane
processes, solids removal (clarification, precipitation), degasification, flotation and
skimming, etc. There are also physico-chemical processes such as chemical
precipitation phosphorus removal, activated carbon adsorption, etc. Chemical
treatment methods are chlorination, ozonation, wet air oxidation, UV irradiation,
neutralization, coagulation-flocculation, ion exchange etc.

Coagulation-flocculation is a chemical treatment method used for
elimination of the suspended particles and may improve the efficiency of the next
treatment step (such as sedimentation of filtration) or as a post-treatement option.
Coagulation is used to neutralise the negative charges of the suspended solids and
prevent repelling each other and simplify the agglomeration. Consequently they act
as a large body for settling or be filtering. Adsorption is the transfer of atoms, ions
or molecules from the liquid or gas phase to the surface of a solid, via physical or
chemical steps. In Marmara Research Center, TUBITAK, treatibility studies of the
pretreated form of wastewater from opium processing industry were done by
adsorption with activated carbon, diatomite and perlite in 1994 (Kinli 1994), but
not considerable results were obtained. They also investigated coagulation of
pollutants with Al,SO4.18H>0 (alum), FeCls, Fe2(SO4)3 and FeSO4.7H,0 and best
removal efficiencies were achieved with alum, Fe2(SO4)3; and FeCls. Effluent COD
was lowered to 550-600 ppm from initial COD of 1000 ppm by 40-45% efficiency
as lowest which is not much effective (Turkish Atomic Energy Authority, 2011).

Membrane processes basicly include -electrodialysis, ultrafiltration,
nanofiltration and reverse osmosis, etc. They are very efficient to produce high

quality water removing dissolved inorganics but has some disadvantages such as



high-cost, fouling of the membrane surfaces, low treatment capacities flows, and
involved pre-treatment. In the study of Koyuncu (2003), ultrafiltration,
nanofiltration and reverese osmosis were investigated and details of this study is
given in section 3.3 (Koyuncu 2003).

Wet air oxidation is a chemical treatment technique and is the oxidation of
non-biodegradable dissolved or suspended compounds to less bio-resistanece ones
in water medium. It is proposed as a pretreatment in the study of Kacar et al. (Kagar
et al. 2003) for opium processing wastewater, and they investigated operating
conditions such as temperature, pressure, pH, etc. Experimental finding shows that
26% COD removal was obtained at 150°C and 0.65 MPa with 2.0 h of reaction
time. Catalytic wet air oxidation (CWAO) is a used for high strength, and non-
biodegradable compounds in wastewaters. Noble metals and metal oxides catalyst
addition lowers the operating conditions in wet air oxidation that requiring high
temperature and pressure and make the process more efficient (Guolin Jing,
Mingming Luan 2016). It is an oxidation technique that oxidize organics and
inorganics by oxygen or air in the presence of catalyst. Catalytic wet air oxidation
(CWAOQO) was used in the study of Aytimur et al. (Aytimur and Atalay 2004) as
chemical treatment and activated sludge technique as biological treatment. In
CWAQ, the catalyst used was FeCl,.4H>O (Ridel—de Haén).

In chemical oxidation studies done with opium alkaloid wastewater (Turkish
Atomic Energy Authority 2011), they used potassium permanganate, hydrogen
peroxide and potassium persulfate as oxidant but with coagulation better results
were obtained. The COD removals were not enough to meet required standards with
chemical oxidation.

Advanced oxidation methods are noval and effective for wastewater
treatment and used to removal of pollutants resistant to conventional techniques
significantly. As advanced oxidation processes, fenton oxidation, and ozone
oxidation were used in the treatment studies of opium processing industry
wastewater. Details of the applied advanced oxidation methods for opium

processing wastewater were given in Section 3.3.



2.1.1.2 The biological treatment

Biological treatment processes use microorganisms to eliminate organic
pollutant by coagulating and equalization. They are separated into two main classes
according to oxygen existence in the process; anaerobic and aerobic.
Microorganism degrade the biodegradable pollutant material in the absence of
oxygen in anaerobic processes. This method is applied in opium alkaloid
wastewater treatment by some researchers to raw wastewater (Sevimli et al. 1999;
Kunukcu and Wiesmann 2004; Aydin et al. 2010). Due to COD content of this
wastewater is soluble and biodegradable in a high ratio as reported, biological
treatment studies are done in literature. In Aerobic digestion, waste compounds are
destructed by aerobic microorganisms. Bural et al. applied aerobic biological
treatment after an anaerobic pretreatment of wastewater since it has organic
substances in a significant amount and aerobic process can not achieve treatment
directly, alone. Kunukcu et al. compared aerobic and anaeorobic digestion and
dissolved oxygen demand are measured to observe the removal efficiencies and
they are found that aerobic biological treatment is more efficient with 75.3 % and
anaerobic digestion and WAO process have lower degradation activity (39.7 % and
25.7% COD removals, respectively) (Kunukcu and Wiesmann 2004)

Activated sludge is a viable option in biological processes for the treatment
of various industrial wastewaters as well opium processing wastewater. This
method invloves microorganisms (bacteria and protozoa), aeration and a settling
steps and recycling to treat domestic or industrial wastewaters. Opium alkaloid
wastewater is treated by a 2-stage activated sludge system installed in the plant. But
there are some operational problems and design errors so the system could not work
anymore due to unrestrained temperature rise in the aeration tank which is mainly
caused by the effect of the dirt layer and a long hydraulic retention time (Sevimli et
al. 1999). The other biological treatment techniques are trickling filtration,

oxidation ponds, lagoons, septic tanks, nitrification, etc (Gahr et al. 1994).
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2.2 Opium Alkaloid Manufacturing

Alkaloid definition made by Pelletier is given as “Alkaloid is a cyclic
compound containing a nitrogen in a negative oxidation state which is of limited
distribution in living organisms.” Alkaloids are produced from various types of
plants but most common, opium poppy capsule is used since it has high content and
variety of alkaloids. Opium poppy plant (Papaver somniferum) is processed to
obtain, opium and poppy straw as raw materials. Alkaloids such as morphine,
thebaine, codeine and oripavine are extracted from opium and poppy straw basicly.
Concentrate of poppy straw is a product obtained in the process of extracting
alkaloids from poppy straw. (International Narcotics Control Board (INGB), 2014).
The most important alkaloids are given in Table 2-2. Alkaloids, like other
secondary metabolites, are also involved in defense against herbivores and
pathogens in plants. Approximately 12,000 known alkaloids, depending on their
biological activity, are used as pharmaceuticals, stimulants, narcotics and poisons

(Gtirkok et al. 2010).

Poppy has been growing in Anatolia since the Hittites, and even in the
Ottoman period was one of the major income sources of the country. Until the
establishment of the Republic of Turkey (1923), there was no restriction on growing
of opium poppy. However, it was accepted as a narcotic drug with the laws in 1933,
and by 1938, the purchase and storage of the product was put under state control by
the establishment of TGB (Turkish Grain Board). Poppy agriculture is under the
control of the United Nations in Turkey, India, Australia, France, Spain, Hungary,
Czech Republic and China. The United Nations has accepted Turkey and India as
'traditional poppy producers'. Fig. 2-1 shows production in main producing

countries, in morphine equivalent in 2006-2015 (INGB, 2016).
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Table 2-2. The most important alkaloids in the opium poppy (Onmez, 2007)

Name Formula Scientist found Date

Morphine Ci17H1903N Serturner 1816
Narcotine C2oH2307N Robiquet 1817
Codeine CisH2103N Robiquet 1832
Narseine C23H2708N Pelletier 1832
Thebaine Ci9H2103N Merck 1835
Pseudomorphine | C17Hi1sO3N Smiles 1835
Papaverine C20H2104N Hesse 1848
Cryptopine C21H2505N Hesse 1864
Roadine C21H2106N Hesse 1867
Lantopine Ca3Hz504N Hesse 1870
Mekonidine C21H2304N Hesse 1870
Codamine C20H2504N Hesse 1870
Laudanine C20H2504N Hesse 1870
Laudanosine C21H2704N Hesse 1871
Hydrocotarnine Ci2H1503N Hesse 1871
Oxynarcotine C22H2308N Becket ve Wright | 1876
Protepine Co0H19OsN Hesse 1878
Xanthine C20H190s5N Smith 1893
Papaveramine C21H2506N Hesse 1903
Aporeine CisHi1602N Pavesi 1905
Neopine CisH2104N Smith 1911
Porfidroxine Ci9H2304N Rakshit 1919
Narcotoline C21H2107N Wrede 1937
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Figure 2-1. Total anhydrous morphine alkaloid contained in all poppy straw varieties: production in

main producing countries, in morphine equivalent, 2006-2015 (NGB, 2016).

2.3 Opium Alkaloid Plant in Turkey

In order to evaluate the traditional poppy product and to meet the legal
alkaloid requirement of the market, Opium Alkaloids Factory, which was
established in 1976 in city of Afyonkarahisar, province of Bolvadin, began trial
production in 1981, and started to active manufacturing in 1986. Afyon Alkaloids
Plant is the world's largest factory with the technology of the most modern
techniques of the time and the unprocessed poppy capsule processing capacity of
20,000 tons / year. Afyon Alkaloids Plant consists of two parts as extraction and

derivatives unit.

2.3.1 Extraction Unit

The extraction unit, shown in Fig. 2-2, which is made up of modern
equipment, is designed to produce crude morphine (CPS-M). The extraction unit is
composed of solid-liquid, liquid liquid and crystallization sections by processing

unlanced poppy capsules separated from their seeds. In this unit; crude morphine,
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containing 80-93 % anhydrous morphine alkaloid (AMA) is produced by
extraction. The percentage of AMA content in the crude morphine can be adjusted
according to the requirement of the customer. Depending on the morphine rate of
the poppy capsules the extraction unit has an average capacity of 100 tons/year and
is at the level of covering 30-35 % of the world trade of licit morphine requirement

(TGB, 2013).

Figure 2-2. Extraction unit (TGB, 2013)

2.3.2 Derivatives Unit

The derivatives unit, shown in Fig. 2-3, is based on the raw morphs produced
in the extraction unit to synthesize high value semi-synthetic pharmaceutical raw
materials (Active Pharmaceutical Ingredients) suitable for pharmacological
standards accepted in the world and has a flexible production design and equipment.
The type and quantity of the production can be determined according to the
customer request (TGB, 2013). The Active Substance Master File which describes
the quality of an API and is an essential document for the marketing authorisation
of medicinal products, is available for codeine and codeine phosphate which are the
most required products. The studies for the Active Substance Master File for other
products are continuing. The derivatives unit, designed with a multi-purpose
production structure, has the capacity of changing 38% of the morphine produced
in the extraction unit to derivatives. The product specification and quantity can be
arranged according to customer requirements. All derivatives are produced in
conformity with the major pharmacopeias such as British Pharmacopoeia (BP), the
European Pharmacopoeia (EP), United States Pharmacopoeia (USP), International

Pharmacopoeia (Ph. Int), and current rules of Good Manufacturing Practices.
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Figure 2-3. Derivatives Unit (TGB, 2013)

Semi-synthetic products produced;
Codeine

Codeine Phosphate

Codeine Hydrochloride

Codeine sulphate

Dionine (Ethyl Morphine Hydrochloride)
Morphine Hydrochloride

Morphine Sulphate

Dihydrocodeine Bitartrate
Dihydrocodeine Thiocyanate

2.4 Production of Alkaloids in Afyonkarahisar Plant

Opium poppy capsules are grinded as first operation, then mixed with lime-
water solution and sent to retention step. The mixture is pressed and the pH is
adjusted with H>SO4 and NaxCOs. After filtration, it is extracted with organic
chemicals (acetic acid, toluene, butanol). In crystallization section, morphine is
separated by sedimentation and centrifuged. Through the column, the recovery of
organics is carried out and the wastewater is generated. Process flow diagram is

shown in Fig. 2-4 and the equipments of the treatment plant are given in Fig. 2-5.
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Figure 2-4. Process flow diagram for an opium alkaloid industry (Ersahin, 2011)
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Figure 2-5. Alkaloid treatment plant process equipments (Turkish Atomic Energy Authority, 2011)

2.5 Alkaloid Wastewater

Existing treatment plant is not working because of design error. The treatment
plant So, now the new treatment plant is being constructed. It consist of membrane

bioreactor (MBR), Microfiltration (MF), Ultrafiltration (UF) and Nanofiltration
(NF).
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Alkaloid wastewater characteristics and discharge limits:

Opium processing wastewater in Afyon, generates a wastewater that has the
specifications given below in Table 2-3 as reported by company authority during
an oral interview. The characterization studies were done for this wastewater and a
brief data obtained in literature was given in Table 2-4. According to the Water
Pollution Control Regulation, published in 2004 in the official newspaper,

discharge limits for alkaloid production industry effluent were given in Table 2-5.

Table 2-3. Technical specifications taken from the authorities of the wastewater treatment plant

(Afyon Alkaloids Plant, 2017, oral interview).

BOD (Biological Oxygen Demand) | 7000-17000 mg/L

CODb 25000-45000 mg/ L
Temperature Summer:35-50°C Winter: 26-40°C
TSS (mg/L) 250-3900 mg/L

pH 4-6,5

Total Kjeldahl Nitrogen (TKN-N) 400-850 mg/L

NH4-N 54-280 mg/L

TP 6-8 mg/L

Sulphate (SO4) 7000-14000 mg/L
Volatile fatty acid 7000-15000 mg/L

Total hardness 1000-1200 mg CaCOs/L
Ca hardness 1000 mg CaCOs/L
Conductivity 24.0000-30.000 pS/cm
TDS 26.000-33.000 mg/L

Na 4000-7000 mg/L

K 4000-6000 mg/L
Alkalinity 1500-5000 mg/1t (CaCO3)
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Table 2-4. Comparison of the wastewater characterization results of the researhers and treatment plant

Parameters ?;;Bkar’ 11<9119121 (1:;19; ’ ?g;lgmh’ Xi:t;if;lam gA’;ET%i o1 | Avdin2002 | Ozdemir,2006 | Bural, 2008
pH 8.4 4.89 5.1 4.95 5.5 4.96 4.5-5.2 4.5-5.36
TCOD (mg/L) 18,800 | 23,251 | 21,200 | 36,500 31,085 33,000-40,000 22,000-34,780 30,000-43,078
SCOD (mg/L) - - - 32,620 29,180 31,050 - 28,500-40,525
BODS5 (mg/L) 15,000 14,450 | 14,700 | - - - 21,250 16,625-23,670
TSS (mg/L) 38 1450 1214 1400 700 1320 565-2295 1120-1700 555-2,193
TKN (mg/L) 1870 230 404 1030 1120 1001.2 1001.2 396-1001
NH4-N (mg/L) 35 62 147 140 168 61.6-172.5 73-141 61.6-172.5 61.6-259
Total P (mg/L) 1.3 29 15 65 - 5.21 - 4-5.21 4-5.21

Na (mg/L) 700-10,445

K (mg/L) 315-457

Color (Pt-CO) 4,750 2150-2550 4750 4375-4750
Alkalinity (m

CaCO3/L})/ (mg - 1450 5294 - 13 1050 315-4450 144-1050 1050-4200
Conductivity

(uS/cm) 18,900-22,800

Protein, ppm 5330 5330-6630
Carbohydrate, ppm 10,000 10,000
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Table 2-5. Discharge limits for opium alkaloid production plants (WPCR, 2004)

Parameter Unit Composite Sample (24h)
COD mg/L 1.500
TKN mg/L 15
TSS mg/L 200
pH - 6-9

2.6 Supercritical Fluids

Three phases of matter is represented with a pressure-temperature phase
diagram in Figure 2-6. Pressure-temperature phase diagram of the matterSolid-
liquid, liquid-gas and solid-gas phase boundries are separated with the phase
separation lines. There are two-phases together on these lines and in triple point,
solid-liquid and gas phases coexist. The liquid-vapor line ends at a point which is
called as supercritical point of the matter. This specific temperature and pressure
are shown as T¢ and is P, respectively. The properties of the fluids above the
thermodynamic critical point varies significantly depending on the process
conditions. The gains superior specifications such as low viscosity, high diffusivity,
low density, minimal surface tension etc. The process needs can be met by
adjustable supercritical fluid (SCF) properties. Dissolving capacity of SCF changes
comparing the normal state and can dissolve compounds which are unlike their
molecular structure. The common used supercritical fluids are water, carbon

dioxide, helium and some refrigerants (Pioro and Mokry 2011).
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Figure 2-6. Pressure-temperature phase diagram of the matter (Blaber, 1996).

Table 2-6. Critical parameters of selected fluids (Pioro and Duffey, 2007)

Fluid Pcr, MPa Ter, °C per, kg/m?
Carbon dioxide (CO2) | 7.3773 30.978 467.6
Freon-12 4.1361 111.97 565.0
Freon-13 a 4.0593 101.06 511.9
Water (H20) 22.064 373.95 322.29

2.6.1 Applications of Supercritical Fluids

The prinicipal applications of supercritical fluids may be categorized as

(Brunner 2010; Vazquez da Silva 2010; Knez et al. 2014).

2.6.1.1 Supercritical Fluid Extraction and Fractionation:

The classical solvent extraction requires the complete removal of solvent
from the extracted solid and organic solvents must be purified to use again. In SCF
extraction, the usage of organic solvent is eliminated and the separation of solvent
from the extracted material is done by depressurization (Knez et al. 2014). This

method provides selective extraction and fractionation of the desired compounds.
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Supercritical (SC) CO> is used extensively in commercial applications such as
decaffeination of coffee, denicotination of cigarette, extraction of the essential oils
from plants and seeds, as a refining and fractionating operation for vegetable oils,
production of sesame oil, extraction of spices for food, fragrances for cosmetic, and,

antioxidant, nutraceuticals for pharmaceutical industries.

2.6.1.2 Supercritical Fluid Chromatography (SCFC)

This technique is tried for thermo-labile compounds as first (Vazquez da Silva
2010) by using supercritical chlorofluoromethanes. SCFC presents many
advantages due to superior characteristics of SCFs, diffusion of solutes in SCF is
very high than liquids and it provides very rapid separation. The main difference
between SCFC and conventional GC and HPLC method, using SCF as mobile

phase. It also reduces the waste originating from the use of organic solvent.

2.6.1.3 Hydrothermal Processing In Energy Applications

SC water and SC COz is extensively studied in the power-plant steam
generators and alternative for commercially used refrigerants, respectively (Pioro
and Mokry 2011). Supercritical Rankine cycles were investigated for the recovery
of heat and lower the cost of electricity (Larsen et al. 2013). SCW provides a media
for fast hydrolysis of biomass with the advantage of no need for drying and convert
it to hydrogen and methane rich gaseous product at supercritical water conditions.
Comparing to conventional gasification, it decreases tar and coke formation, it is
possible to carry out without catalyst at high temperatures (Wen et al. 2009). In
biodiesel and bio-oil and valuable chemical production SCF are also widely studied
(Wen et al. 2009; Tan and Lee 2011). SCW transesterification (SCTE) technique
eliminates the limitations in conventional transesterification of oils and produces

higher quality biodiesel comparing to using SC methanol generally.

2.6.1.4 Polvmer Processing

SCFs are widely used in micro/nano particle production, composite polymer
manufacturing, and impregnation or as solvent, anti-solvent, foaming agent,

plactizers, etc. Technologies supported by supercritical fluids, especially CO», is
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used in pharmaceutical, fine chemicals, dyeing, paint, food and polymer industries
(Ozcan et al. 1998; Hakuta et al. 2003; Girotra et al. 2013; Long et al. 2014;
Esfandiari 2015). In dyeing operation in textile industry, SCF dyeing provides many
advantages in economic and environmental point of view: it eliminates
water/organic solvent use, decrease costs and SCFs can be recycled (Liao and
Chang 2012). In polymer processing, conventional methods requires high
temperatures, and organic solvent use and is not suitable for heat-sensitive
materials. SC COz is used in various applications in polymer and fine particle

production such as (Brunner 2010; Knez et al. 2014):

Rapid expansion of the supercritical solution (RESS):
Supercritical antisolvent precipitation (SAS):

Particles from gas saturated solutions (PGSS):
Fluid-assisted micro-encapsulation (FAME)

Impregnation: Concentrated powder formulation (CPF):
PCA (precipitation by compressed antisolvent),

SEDS (solution enhanced dispersion by supercritical fluid),

ASES (aerosol solvent extraction system),

D TR T R N N N NI

SAA (supercritical assisted atomization)

2.6.1.5 Supercritical Cleaning and Drying

In conventional dry cleaning, organic solvents especially perchloroethylene
is used and its residues on the clothes and it is categorized in the carcinogen risk
chemicals. SC COs; is recently used as drying operations in in textile and food
industry (Brown and Submitted). Since SCF technology removes the surface
tensions on the interfaces while applying on a solid medium, it effectiveness is
greater than at lower temperatures. In the perspective of environment, it
extinguishes the organic waste in conventional dry cleaning and it has no residue

on textile materials.
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2.7 Supercritical Water (SCW)

Water above its critical temperature and pressure (T=373.95°C and
P. = 22.064 MPa) becomes supercritical where the liquid and gas phases are
miscible and indistinguishable (Shanableh 1996). The critical conditions of water
is relatively high comparing to other fluids as shown in Table 2-6 due to its strong
hydrogen bond structure. The physical properties of supercritical water greatly
different comparing to ambient water as give inTable 2-7. Properties of water in
various conditions . Water is an efficient solvent and reaction medium for various

compounds under supercritical conditions.

Table 2-7. Properties of water in various conditions (Kramer and Vogel, 2000; Kruse and Dinjus,
2007).

Normal Subcritical Supercritical

water water water
Temperature (°C) 25 250 350 400 400
Pressure (MPa) 0.1 5 25 25 50
Density, p (g cm™) 1 0.8 0.6 0.17 0.58

Dielectri tant e (F
mf)ec £ constant, £ 785 271 1407 59 105

Ionic product, pKy 14 11.2 12 194 119

Heat capacity, C, (KJ
1 £ 422 486 10.1 13 6.8

Keg'KY)

Dynanuc viscosity,

0.89 0.11 0.064 0.03 0.07
(mPa s)

2.7.1 Density

Density of water decreases with increasing temperature and pressure from
ambient to critical conditions: d=1 g/cm® at 25 °C and 0.1 MPa to d=0.17 g/cm® at
400 °C and 25 MPa substantially. Around the critical point, the density of water
sharply decrease as shown in Figure 2-7. Variation of density of water with
temperature and pressure with increasing temperature at the stated pressure levels.
Hydrolysis reactions are favored with high water density so operating at subciritcal

conditions is recommended (He et al. 2014). Ambient water hydrogen bond lattice
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weaken resulting in lower densities at near-critical temperature. The increase in
pressure results in increase in density of water as seen in the lines of various

pressures.

650

=22 064 MPa
600 P Per

————— p =250 MPa
—————————— p =300 MPa
— p =350 MPa
500 ¢
Water

400 ¢

300 |

Density, kg/m’

200 f

350 400 450 500 550 600

Temperature, °C

Figure 2-7. Variation of density of water with temperature and pressure (Pioro and Duffey, 2007).

2.7.2 Dielectric constant, ¢ (Relative permittivity)

Dielectric constant of a fluid is related to polarity and dissolution capacity of
the solvent. Water at normal conditions has a higher dielectric constant (¢=80) than
the SCW (e=5) at critical point (He, 2014) due to diminishing intermolecular
interactions based on hydrogen bonding and decreasing dipoles of molecules
(Garcia Jarana et al. 2008). Dependence of dielectric constant of water on
temperature and pressure is given in Fig. 2-8. The higher dielectric constant of
ambient water makes it a good solvent for polar substances. SCW with its lower
dielectric constant like common non-polar solvents (€cthanol =28 and €penzene =2.3 at
25°C (Iwamura et al. 2016) gains ability to solve non-polar organics. While the
hydrocarbon solubility is enhanced under supercritical conditions, the inorganics

solvation capability of SCW decreases as shown in Figure 2.9.
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Figure 2-8. Dependence of dielectric constant of water on temperature and pressure (Iwamura

etal., 2016)
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Figure 2-9. Variation of properties of water (He et al., 2014)
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2.7.3 Ion Product Constant of Water, Ky

Kvw is obtained the production of the ion concentrations of water. Up to
critical point, the ion product of water it reaches a maximum and above critical
point it starts to decrease (Kw=10"'* at ambient conditions and Kw=102* at
supercritical point conditions) as shown in Figure 2-10. Ion product constant of
water at various temperatures and pressures is given in Table 2-8. The pH values of
water varied at different temperatures as: pH= 5.6 is at 25°C, and pH=8 at critical
point (Garcia Jarana et al. 2008). Ionization reaction of water into its ions is an
endothermic reversible reaction and forms hydronium [H3O'] and hydroxyl

[OH] ions.
2 H,O < H;0" + OH"
Kw=[H30"].[OH]

The reactions in near and supercritical water medium may be controlled by
adjusting the operating temperature and pressure. Since the ion product constant is
highly dependent on conditions, the concentrations of the ions decrease at
supercritical water conditions. The ionic product formation favored at sub and near
critical region as stated above while radical formation is lower compared to
relatively high temperatures and pressures. Reaction in SCW conditions is mainly
carried out by radical mechanism due to low ionic product of water above

supercritical point.
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Figure 2-10 Dependence of ion product constant of water (Ky) on temperature and pressure

(Iwamura et al., 2016).

Table 2-8. Ton product constant of water at various conditions (Xu, 2014).

Kw Temperature, °C Pressure, MPa
104 25 0.1
1071 320 25
107194 400 25
10209 420 25
1022 500-600 25
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Figure 2-11 Properties of Water in Subcritical, Near-Critical, and Supercritical Conditions, Adapted

from (Zhang et al., 2010).

2.7.4 Dynamic Viscosity (u) and Diffusivity (D)

Water molecule becomes high compressible at supercritical conditions and
the little changes in pressure results significant variations in physical and transport
properties and solvation characteristics (Kalinichev, 1993). The spaces between the
water molecules are larger under supercritical conditions thus hydrogen bonds
weaken due to temperature rise and this stiuation cause lower water densities.
Temperatures above T, of water affects the mocular motion velocity, and as a result
viscosity of water is lower at supercritical region as shown in Fig. 2-13. For
example, at a pressure of 22 MPa, p=70 Pa.s (at 350°C) and p =27 Pa.s (at 400°C).
The viscosity varies with pressure and higher pressures lead to increment in
dynamic viscosity levels. The diffusivity of water increases by the temperature
increase and pressure decrease. Variation of diffusivity of water by temperature and
pressure is given in Fig. 2-12. Lower viscosity and higher diffusivity values provide

a rapid and high yield reaction medium, lowers the mass transfer limitations.
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Figure 2-12 Variation of diffusivity of water on temperature and pressure (Madenoglu, 2011)
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Figure 2-13 Variation of dynamic viscosity of water on temperature and pressure (Pioro and Duffey,

2007).
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2.8 SCW in Chemical Reactions

SCW is used in many application as a reaction medium or a component of the
reaction such as reactant, hydrogen donor, and a catalyst. The variation in the
properties of water above crtical point give a chance to tune the properties as
optimum for many processes. The changing concentrations of ionic products
provide selectivity in ionic and radical reactions as mentioned in work of Kruse and
Dinjus (Bu et al. 2002). Hydrolysis, hydration, oxidative reactions and hydrogen

participation are the main classes of the reactions that SCW takes place.
2.8.1 Water as Reactant, Product and Catalyst

SCW may participate to the chemical reactions such as hydrolysis,
decarboxylation, Claisen rearrangement, pinacol rearrangement,
dehydration/hydration, and cyclization reaction, etc in the absence of catalyst
(Iwamura et al. 2016). Hydrolysis is a bond cleavage reaction of organic molecules
with the effect of acid/base formed in the reaction of water and salt. Hydrolysis of
various biomass model compounds, polymers, resin, cellulose, ethers, esters,
amides, amines, nitroalkanes, and alkyl halides in high temperature water (above
200°C) is widely investigated (Akiya and Savage 2002). The hydrolysis degree is
changed depending on the molecule type, while hydrocarbons are resistant to
hydrolysis. Biomass constituents’ hydrolysis to smaller molecules in supercritical
water provides higher yields of reactions comparing to hydrolysis in normal
condition.

Some thermally unstable reactants that includes hetero-atoms behave
different in the presence of water and not only pyrolysis, also hydrolysis reactions
are carried out in high temperature water medium. As the water density increase,
the hydrolysis is promoted. Hydrolysis and pyrolysis proceeds as competing
pathways and at elevated temperatures, pyrolysis is more dominant. Hydrolysis
products such as carboxylic acids and ammonia behave as acid/base catalyst and
enhances the reaction kinetics. Autocatalysis for diphenyl ether hydrolysis was
investigated as the acid autocatalyst in high temperature (Penninger et al. 1999).

Hydration of cyano groups in nitriles (Akiya and Savage 2002), olefins
(Akizuki et al. 2014) and other organic compounds were investigated by some

researchers.
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Ogunsola (Ogunsola, 2000) proposed that hydrogen atoms join to the
reactions of isoquinoline and quinoline of pyrolysis in water medium at
supercritical conditions. In a study of Kruse and Ebert, DO was used instead of
H>O as reaction medium for pyrolysis of tert.-butylbenzene to understand the role
of SCW in an experiment. They determined varying amount of deuterium in the
products by mass spectrometry and conclude that water acts a part within the radical
chain mechanism (Kruse and Ebert 1996). Park et al. found supporing results and
proposed a mechanism for gasification of organic compounds over RuO> catalyst
and showed that the hydrogen in gaseous product come from water molecules. They
studied with D>O instead of water and saw the products are only CD4 and D, and

the reaction mechanism is given below, in Fig. 2-14.

Hz (orD:) Ru Org

H,0( or D;0) Ru" CO + H,0

Figure 2-14 Reaction mechansim of organic compounds over RuO, catalyst (Park and Tomiyasu

2003)

Water serves as hydrogen donor at high temperatures and increases the
hydrogen amount produced affectively (Kruse and Dinjus, 2007).

The water gas shift reaction (WGS) is another important reaction that carrys
out in supercritical water medium, it converts CO molecules to CO2 and produces
Hj via the reaction of CO + H,0O «» CO: + H>. Hydrogen production from aqueous
biomass solution by hydrothermal gasification is possible by means of WGS
reaction (Guo et al. 2010b).

Due to quite reactive structure of supercritical water, to proceed the
hydrothermal gasification without catalyst is possible and it is supported by some
researches (Susanti et al., 2012; Gutiérrez Ortiz et al., 2013; Susanti et al., 2014;
Iwamura et al., 2016). Increasing ion product of water at supercritical water
conditions results high H,O* and OH" concentrations and behave as an acid/base
catalyst in the reactions. The Cannizzaro reaction is a base-catalyzed reaction and
occurs with a strong base at normal conditions, it proceeds at high temperature
water medium without catalyst. Methanol and formic acid has been produced by
Cannizzaro reaction from formaldehyde (Tsujino et al., 1999) in HTW in the

absence of added catalysts. Similarly acetaldehyde (Nagai et al. 2003) that forms
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ethanol and acetic acid via Cannizzaro-type disproportionation reaction without any
added catalyst in supercritical water.

Xu et al. (1997) demonstrated ethanol, 1-propanol, 2-propanol, glycol,
glycerol, and xylose dehydration in the presence of acid catalyst while tert-butyl
alcohol dehydrates in supercritical water without any added catalyst (Xu et al.
1997). Penninger and Kersten (1999) dealt with hydrolysis of diphenylether in
SCW conditions and found that reaction proceeds through ionic intermediates and
protons behave as acid catalyst (Penninger et al. 1999). Altohugh some organics
hydrolyze at standard conditions by means of acid catalyst, supercritical conditions
may eliminate need for catalyst in some cases. Dehydration of cyclohexene
proceeds with the catalyst effect of ionic product of water (H30") at hot water

medium (Kuhlmann et al. 1994).

2.8.2 Supercritical Water Oxidation (SCWQ) Reactions

The bonds between carbon atoms of the organic compounds are broken and
decomposition with the aid of oxidation with oxidative agents (air, oxygen,
hydorgen peroxide, etc.) in supercritical water is carried out in SCWO processes.
The products are formed mostly CO; and H>O. The oxidative treatment of organic
waste-containing materials in SCW is a more developed form of wet air oxidation
(Dietrich et al. 1985; Mishra et al. 1995) that is applied in relatively low
temperatures and pressures (320°C and 20 MPa). In this technique, the time of the
reaction is longer and the complete destruction can not be achieved and it requires
bigger reactor volumes, higher costs to obitan high destruction rates. Controlled
incineration of the waste streams generate toxic and harmful products such as
dioxins and NOx, and complete combusiton can not be succeeded. SCWO has some
superiorities considering these disadvatages of alternatives. Only some minutes are
enough for complete conversion and typical conditions are 500—700°C and 24-50
MPa for this advance technique (Kritzer 2004).

Very diverse materials such as wastes from paper and chemcial industry,
sewage sludges, wastes includes, dyes, oils, refinery which consists organics at high
amounts are studied in this field (Cocero et al. 2000; Shin et al. 2009; Klingler and
Vogel 2010).
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2.8.3 Supercritical Water Gasification (SCWG) Reactions

Gasification of various feedstocks (biomass, model compounds of biomass,
industrial organic wastes, wastewaters, byproducts of bioenergy applications, etc.)
at the supercritical condition of water, 22.1 MPa and 374°C, is called as
supercritical water gasification (SCWG) and/or hydrothermal gasification (HTG).
It is one of the biomass thermochemical conversion technique with classical
gasification and pyrolysis which requires less than 10wt.% of water content. The
main advantage of this technique is to provide opportinity to utilize green and wet
biomass and waste as feedstock. A simplified scheme of conversion of biomass to
products in SCW is given in Fig. 2-15 (Reddy et al. 2014) to clarify the reaction

steps.

Hydrolysis Sugars (Cs and Cg)
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Phenolics
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Figure 2-15. Typical reaction routes in supercritical water gasification of biomass (Reddy et al.
2014). Catalysts A (e.g., Ni, Ru, Rh, Pt, Pd, Ni/AL,O3, Ni/C, Ru/Al,03, Ru/C and Ru/Ti0»); Catalysts
B (e.g., Ni, Ru, Pt and activated carbon); Catalysts C (e.g., Ni, Rh, Ru, Pt and activated carbon) and
Catalysts D (e.g., Ni, Ru, NaOH, KOH, K,COs and Trona).
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3. LITERATURE REVIEW

3.1 Hydrothermal Gasification Studies

Utilization of biomass by various conversion techniques for the purpose of
energy, fuel, heat, etc are researched with interest. Combustion, pyrolysis,
torrefaction, conventional gasification, fermentation, hydrolysis, and supercritical
water gasification (SCWG) are the main technologies studied for long years.
Supercritical water gasification studies were started by Amin and Modell’s
investigations in Massachusetts Institute in 1970’s. Amin realized that organics
degraded to hydrogen and methane in water medium forming significant amount of
char and tar. Modell performed gasification experiments in supercritical water and

observed that char and tar almost disappeared (Modell et al., 1978).

Type and and the ratio of main constituents of biomass resources vary
depending on the type of biomass substantially. Gasification characteristics of
cellulose, lignin, hemicellulose and extractives are different in supercritical
medium. The other contents may affect the reaction mechanisms and yield of H»
and CH4 with basic parameters such as teperature, pressure, catalyst type, feedstock
concentration, etc. Distribution of organic compounds (alcohols, acids, aldehydes,
ketons, phenols and furfurals) in aqueous product differ depending on biomass type.
If the molecule formula of organic conent in plant structure represented as CxHyO,,

theoretical SCWG reaction to form maximum hydrogen can be written as below:
CxHy 0, + (2x — 2)H,0 - xCO, + (2x +2—z) H, (1)
For cellulose:
(C¢H19O5)p + 7n H,0 — 6n CO, + 12n H, (2)
For the monemers of cellulose, hemicellulose, and SCWG reaction:
(Glucose/Fructose degradation):
C¢Hy2 O + 6H,0 — 6CO, + 12H, 3)
C¢Hy2 O — 3CH, + 3CO, 4)

Gasification of biomass or other organic wastes start about 250°C in

hot-pressurized water. The gaseous product is rich in hydrogen above 600°C and
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nearly complete gasification, while the gas product is rich in methane below 600°C.
CO is formed at a very low yields in hydothermal gasifcation comparing to
conventional gasification and reforming processes (Yan et al. 2006; Lu et al. 2007,
Kruse 2008). C2-C4 hydrocarbons are also produced at very low percentages in

gaseous product mixture in HTG.

Cellulose may degrade to CO via reaction (5) parallel to reaction (2) since

it does not completely convert to H, and COz. So, reaction below may occur:
(C¢H19 O05)p, + n H,0 & 6n CO + 6n H, (5)

CO yields decreases as the tempreature reaches and exceeds critical
temperature and the formed CO is reacted with water molecus to produce CO> and
H, via water-gas shift reaction (6) and/or reacts with H> to produce CHjs via

methanation reaction of CO (7):
C0+H20(_)C02+H2 AH298K =—-41 k]/m()l (6)
CO+ 3H, & CH, + H,0 AH,9gx = —206 kj/mol (7)

Methane may be formed by methanation reaction of CO2 (8) or carbon

methanation reaction (9):

A large number of biomass reactions occur in SCWG simultaneously. A
gaseous product containing H, or CHs in a high ratio is dependent on the reaction

temperature, and pressure as well as the composition of the biomass and catalyst
type.

3.2 Hydrothermal Gasification (HTG) of Various Wastewaters

An important part of the HTG researches in literature is intended to increase
the feedstock types which may be introduced the gasification. Remaining residues
of the unused roots, stems, branches, and leaves parts of all kinds of plants which
have a moisture content up to 80%, animal wastes, municipal wastes, agriculture
based industrial wastes and other wastes containing organic carbon such as

activated sludge that is formed in the wastewater treatment, used in SCWG studies
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in recent years. Also, some industrial wastewaters hydrothermal gasification studies
began to take place in literature. There are two studies with black liquor that is
formed during cellulose production by sulfate method, one study with olive mill
wastewater and another one with wood gasification process wastewaters.
Additionally amino acid production wastewaters, coking plant wastewaters, from
hydrothermal liquefaction, food industires, etc. are investigated by hydrothermal
gasification method (Cao, 2011; Breinl 2015; Jarana, 2008; Kipgak 2017).
Additionally wastewater from a pharmaceutical industry (Falamarzian et al., 2014),
from a plant producing acrylonitrile (Shin et al., 2009) and three different industrial
waste streams (distillery, oil refinery and petrochemical complex) were gasified in

supercritical water medium (Seif et al., 2016).

In the first study related to hydrothermal gasification of black liquor, feed
material has a moisture content of 81.4%. Approximately 40% of the solid part is
composed of organics such as NaOH and NaxS as majors. Quartz capillary column
with a length of 15 cm and an inner diameter of Imm was used. A conversion of
84.8% was achieved at the reaction temperature of 650°C (Cao, 2011). In the
second study with black liquor, a tubular reactor (Hastelloy C-276) has a length of
10.85 mm and an inner diameter of 1.24 mm was used. The wastewater with a COD
of 95g/L was treated at a COD removal efficiency of 88.6% at 600°C (Cao et al,
2011).

Supercritical water gasification of olive mill wastewater was carried out in a
tubular reactor has an inner diameter of 4.35 mm and a length of 280 cm.
Continuous operation was performed at 25 MPa and 550°C with a feedstock
containing 24 g/l COD and 6138 mg/L TOC values. A gas composition was
obtained as: 9.2% Ha, 34.8% CHai, 4.0%C2H¢ and 49.3% CO,. At the end of
reaction, TOC was reduced to 1570.3 (Kipgak et al., 2011).

In another research, wood gasification process wastewater was used as feed
material and studied at the temperature range of 450-550°C and a pressure of 25
MPa. The studies were carried out in a continuously operating reactor system with
inner diameter of 8.27 mm and length of 712 mm and the retention time was varied

from 46 to 114 seconds. The content of the original wastewater is found as similar
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with low temperature pyrolysis liquid product. Approximately 30 types of organic
compounds were determined such as acetic acid, propionic acid, furfural
derivatives, and derivatives of phenol, hydroquinone and vanillin. TOC content of
this wastewater was 6.5-31 g/ L and 30% to 70% of the TOC content can be gasified
by reacting in hydrothermal gasification. Chemicals in the wastewater and the
aqueous effluent of the reaction were determined by GC. Changes of these
chemicals in the range of 450-550°C were also determined. It has been observed

that these substances were unable to react completely (Blasi et al., 2007).

Hydrothermal gasification of amino acid manufacturing process wastewater
was performed in a tubular reactor made of Hastelloy C-276 steel. The reactor
length was 293 mm and inner diameter was 6.22 mm, the reaction conditions were
600-700°C and 28 MPa. SCWG of this wastewater was carried out in the presence
of activated carbon-Nickel catalyst and COD decreased by 90% of the initial value.
In the obtained gas, 59.2% Hz, 30.3% CO: and 9.9% CH4 were determined (Lee et
al, 2010).

A food industry wastewater has more than 85% moisture content and a COD
value of 100 000 mg O, / L was hydrothermally gasified and a COD reduction of
99% was achieved with activated carbon-Ni catalyst. In a study conducted with the
production of wine distillation wastewater using KOH as catalyst and O> as an
oxidant in a 2.5 m long tubular reactor. The initial COD value of 27 g/L was reduced

in the range of 45% to 18% depending on the conditions (Lee et al., 2010).

From these results, it is seen that the conversion of the organics in the
wastewater to the gaseous products by hydrothermal gasification are distinct. The
reason of this is the difference in chemical composition of wastewater depending
on the type of the industrial sector. So, all wastewaters must be examined

separately.
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3.3 Treatment Studies of Opium Alkaloid Wastewater

There are a lot of study on the treatment of this wastewater by various
methods like chemical, biological (aerobic and anaerobic medium) and wet air
oxidation (Sevimli et al. 2000; Aydin 2002; Kacar et al. 2003; Bural et al. 2010;
Aydin et al. 2010). In these researches it is reported that the COD removal of the
wastewater is nearly between 33-80% ratios of the initial COD value. According to
these ratios, the treated wastewater COD values are above 3000 mg O/L and

requires very long periods. And this is more than twice of the discharge limit.

Aydin et al. (2010) studied with a wastewater sample from opium alkaloid
industry effluents has a COD of 5500-16200 mg/L. In this long-term anaerobic
treatability studies, a lab-scale anaerobic up-flow sludge blanket reactor (UASBR)
was operated for 825 days. Best COD removal was achieved in 98 days in the period
of L6 with an influent COD of 16200 mg/L and the effluent COD was 3080. Results
indicated that this method can be applied as a pretreatment to full-scale aerobic

activated sludge process (Aydin et al. 2010).

Sevimli et al. (1999) investigated characterization and treatment of opium
alkaloid wastewater (Sevimli et al. 1999) by evaluating the existing treatment plant
performance and proposing the design improvements for upgrading and treatment
technique alternatives. Anaeorobic treatment, ozone oxidation and lime treatment
were suggested as supplementary units or replacing the existing one. Ozone
oxidation studies were done in a semi-batch buble reactor as a post treatment option
of aerobically treated wastewater. Color and COD removals were 8§7% and 30%,
respectively in an ozonation period of 30 min. Anaerobic treatments were done in
a anaerobic up-flow sludge blanket reactor (UASBR) and 70% of COD was

removed and a 5770 m>/day biogas recovery was expected.

A wet air oxidation study was performed by Y.Kagar et al. (2003) with
alkaloid wastewater has a COD content of 26.65 g/L and 3.95g/L BODs. Wet air
oxidation experiments were carried out in a 0.75 L of glass reaction vessel. This
study is suggested as a pretreatment operation. At 150°C and 6 bar conditions with

an air flow rate of 1.57 x 10° m3s !, 26% COD removal was reached at the end of
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the reaction time of 2 h. This method requires the biological treatment as

continuation of it, alone not enough (Kagar et al., 2003).

In a study of Aytimur and Atalay, alkaloid wastewater has a COD of 27.700
mg/L and a BOD of 3950 mg/L was used. Biological treatment, chemical treatment
(catalytic wet air oxidation) and the combination experiments of them were
performed. The best results obtained as 88% of COD removal by biological
treatment but it is required 6 days of residence time and 4.5 L/min of air flow.
Catalyst, FeCl,.4H>0O (Ridel—de Haén), was added according to the desired loading
value. In chemical oxidation, 35% of COD removal could be achieved at highest.
This method was applied at 160°C and 1 g/L of catalyst loading. The results of the

combinations were not promising (Aytimur and Atalay, 2004).

In the work of Aydmn and Sarikaya (2002), a two-step biological treated
wastewater, with an up-flow anaerobic sludge bed reactor and an aerobic
sequencing batch reactor, has a COD of 700 mg/L was used. This wastewater had
biologically non-degradable pollutants. Fenton oxidation was investigated as an
advanced oxidation alternative for this pretreated water. A 90% of COD removal
and 95% of decolorization were obtained. Optimum oxidation condition was found

at pH=4 and the ratio of HoO2/FeSO4: 200 mg/L / 600 mg/L (Aydin et al., 2002).

In the study of Koyuncu (2003), UF, NF and reverese osmosis (RO)
experiments were done with the effluent of opium processing wastewater treatment
plant with a COD content of 1900-2000 mg/L and 950 mg/L were used. Different
type of membranes were tried and their performances in COD, color and
conductivity removal were tested. Membrane processes were suggested as
appropriate for advanced treatment of this wastewater. Complete color removal and
high COD and conductivity removals were accomplished with all types of NF and
RO membranes (Koyuncu, 2003).

Ozdemir used diluted forms of Afyon alkaloids wastewater with COD contents
of 2400, 6000 and 9600 mg/L. The highest anaerobic treatment efficiency of 77%
was achieved in BM included (biochemical methane) reactor with the inlet COD

content of 9600 mg/L. To investigate the effect of gamma rays, alkaloid wastewater
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with inlet COD contents of 14 and 25 g/L, and two irradiation doses of 40 and 140
kGy were used. Irradiation had no effect on wastewater with inlet COD of 14 g/L.
However, wastewater treatment speed in the reactors containing wastewater with
an inlet COD of 25 g/L and received 140 kGy or 40 kGy doses irradiation has been
higher than the original reactor containing wastewater after a certain time (Ozdemir

2006).

All of the studies show that enough level of treatment of this wastewater from
Afyon Alkaloids Plant was hard because of its complex structure and high resistant
to treatment. Possibly for this reason, by disregarding the polluting of the
environment, discharge limit value in 1995 is excessively reduced in 2004

regulation.

There was no research reported in literature on the utilization of this
wastewater, from Afyon Alkaloids Plant which is a specific industry, for energy
production. Hydrogen and methane which are used as clean energy sources will be

produced from the wastewaters by supercritical water gasification as the first time.
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4. MATERIAL AND METHOD

4.1 Feedstock

The feedstock used in this study is opium alkaloid plant wastewater from
Afyon Alkaloids Plant — Turkey. The influent wastewater used in the experiments
had a COD content of 32,050-35,000 mg O>/L. and a TOC content of 11,500 mg/L
from an analysis performed in our laboratory. The wastewater samples were used
without filtering, and were only mixed before being fed into the reactor for

homogenous sampling and reproducibility.
4.1.1 Characterization of wastewater

Alkaloid wastewater characterization tests were done and the specifications
of the samples taken in the different time period varied so the results were given as
two section according to dates of supplied. Tests were done in Ege University
Chemical Engineering Department research laboratories mostly, some of them are

made in other departments in the faculty. Tests and mesaurements can be listed:

COD

TOC

pH

Total Dissolved Solids, (TDS)
Conductivity
Protein
Carbohydrate
NH4-N

TKN

Color
Turbidity
Salinity

Resistance

AN N N NN Y N U U N N N NN

Tons concentrations (Na*, K*, Ca®, Mg")
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Additionally raw wastewater and the aqueous product of gasification studies
in the absence of catalyst at 400, 500 and 600°C were analysed in LC-MS-MS
instrument to detect the possible compounds. Before analysis samples are prepared

as followed:

v’ Extraction with ethyl acetate three times,
v Drying with N> gas
v" Dissolving in methanol

v" Filtration

To determine the amount of monosaccharides (Glucose, Mannose, Galactose,
Xylose, Rhamnose, Arabinose, etc.) vs and the total carbohydrate content of the
wastewater sample, analysis were done by HPLC-Refractive Index (RI) Detector
and in both column HPX 87H, 300 mmx 7,5 mm and Nucleogel SugarPb, 300 mm
x 7,8 mm. Guard columns were used for protection of the columns and extension
of the life span of them. Before analysis in HPLC, isolation was done and the

procedure was given in 4.1.1.1 below.

4.1.1.1 Isolation of hemicellulose (Hvdrolysis) procedure

Raw wastewater sample was dewatered and the residue content was isolated to
analyze the carbohydrate content and the composition in HPLC-RI. The steps for

hydrolysis of hemicellulose in residue was given below:

—

0.5 g of sample is obtained from dewatering in hot plate.
4.5 mL of H2SO4 (%72) 1s added

Stirred for 4h

It is waited in desiccator during 1 night

Extract by addition of 150 mL of water

Filtration at room temperature (glass filter)

Precipitation of filtrate until pH=7 by Ba(OH),.8H,O
Filtration with blue grade filter paper

o ® N bk WD

Complete volume of 250 mL
10. Analyze in HPLC-RI within 3 days
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Table 4-1. HPLC Operating Conditions for Biorad Aminex HPX-87H column

Column Biorad Aminex HPX-87H (300 mm x 7,8 mm.)
Mobile Phase 0.05 % H3PO4 (pH:2.25)

Flowrate 0,6 mL/min

Dedector RI

Column Temperature 40°C

Dedector

30°C
Temperature
Pmax 93 bar
Injection Volume 20 uL

Biorad and Nucleogel sugar Pb columns operating conditions in HPLC are

given in Table 4-1 and 4-2.

Table 4-2. HPLC Operating Conditions for Nucleogel sugar Pb column

Column Macherey Nagel Nucleogel Sugar Pb,

(300 mmx7.8 mm)

Mobile Phase 100 % ultra pure water
Flowrate 0.4 mL/min

Dedector RI

Column Temperature 80°C

Dedector Temperature  50°C
Pmax 40 bar

Injection Volume 20 uL

Carbohydrate analysis in the raw wastewater and the monomers of the cellulose
was done by HPLC-RI. LC/MS-MS is used to determine detection of compounds
in raw wastewater and aqueous products. Operating conditions of it is given in

Table 4-3 and a picture of the instrument is given in Fig. 4-1.
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Table 4-3. Technical features and operating conditions of LC/MS-MS.

LC (Prominence) parameters

Column Shimpack ODS 75*4.6 mm 5 pm
Mobile Phase A: 10 mM Ammonium formate
(aq)
B: Methanol
Pump Flowrate 0.4 mL/min
Detector MSMS (LCMS-8030)
Column oven temperature 40°C
Gradient program of mobile phase
Time Concentration of B
(min) (%)
0 5
10 95
15 95
15.01 5
20 5
MSMS Parameters
Nebulizer gas flowrate 3 L/min
DL Temperature 250°C
Heating block temperature 400°C
Drying gas flowrate: 15 L/min

Figure 4-1. LC/MS-MS instrument

4.2 Experimental set-up

Autoclave is made of stainless steel for the corrosion resistance and has an
inner volume of 100 cm®. It contains temperature control units, furnace, autoclave

agitation system, gas collection and measurement units with high pressure valves,
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manometer, gas discharging pipes, etc. Schematic of set-up and picture of reactor
are given in Fig 4-2 and 4-3.
1- Otoclave

2- Electrical heater
3- Outer thermocouple

%//////////////, T D E’ _________ 4- Manometer

5- Inner thermocouple

6- Electric Motor

7- High pressure valves
8- Gas cylinder

9- Recorder

10- Temperature
measure and control
11- Gas sample getting
unit

12- Gasometer

Figure 4-2. Batch SCWG system

4— GasInlet

Gas Qutlet
Valve —* .,Illm%

Figure 4-3. Batch autoclave reactor photograph and schematic representation
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4.3 Catalyts

The catalyst used in can be categorized into three groups. Alkali catalysts
(NaOH, KOH, K»>COs, Na,COs3), Nickel based catalysts, (Raney Nickel 4200,
Raney Nickel 2800, Activated Nickel, Nickel- Silica/Alumina), Original and
Activated Red Mud catalysts (A and B group consist activated form of red mud
without nickel and with 10 %, 20 % and 30 % nickel). Red mud is a by-product
emerging at alumina production. It was supplied by Alumina Plant in Seydisehir/
Turkey, as a sludge and it was filtered and dried at 110°C. Original red mud contains
Fe203 (37.7%), Al203 (17.3%), SiO2 (17.1%), NaxO (7.1%), CaO (4.5%), and TiO:
(4.8%).

4.3.1 Catalyst preparation procedure from red mud:

600 mL of red-mud mixtures (~30 % solid content) are put into the two
seperate 2L of beakers (A and B) and are heated while mixing (90-95°C).
35-37 % of HC1 (d=1.18 g/cm®) was added into the beakers up to pH ~ 4-6 slowly
and finally 50 mL of HC] was added then mixtures are heated at 90-95°C during
~1 h. A schematic representation of the preparation of all types of red mud with

activation procedure is given in Fig. 4-4.

A) Precipitation by NH3 (25 %, d=0.91 g/cm?®): NH3 was added into the
mixture until pH~8 slowly by mixing at high temperature. It is heated at 90-95°C
during ~30-60 min then filtered through the filter paper by means of water trompe
at high temperature and washed until it does not react with Cl with hot pure water
(*). It is dried at 105-110°C for 1 night, grinded, weighed and sieved and labelled

as 66A9’

A-1) 30 g (A) is taken, and calcined during 2 h at 500°C. It is cooled down

and remaining balance (92.2 %) weighed. The catalytic experiments are done.

A-2) 50 g (A) is taken, remaining balance (%) in (A-1) is considered and
(50x92.2%) 1is calculated. A 25.3 g of aqueous concentrated solution of
Ni(NO3)2.6H20 (10% Ni) is impregnated. It is dried at 105-110°C for a night,
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cooled and weighed. It is calcined during 2h at 500°C, cooled down, grinded, and

sieved. The surface area is measured and the catalytic experiments are done.

A-2-1) 25 g (A-2) is taken, reduced by NaBH4 in the aqueous medium is done,
filtered and washed with hot pure water. It is dried for 1 night at 105-110°C,
weighed, sieved and the surface area of it is measured and the catalytic experiments

are done (pH must be <8).

A-3) 50 g (A) is taken, remaining balance (%) in (A-1) is considered and
(50x92.2%) is calculated. 56.9 g of aqueous concentrated solution of
Ni(NO3)2.6H20 (20% Ni) is impregnated. It is dried at 105-110°C for 1 night,
cooled and weighed. It is calcined during 2h at 500°C, cooled down, grinded and

sieved. The catalytic experiments are done.

A-3-1) 25 g (A-3) is taken, and reduced by NaBHj4 in the aqueous medium is
done, filtered and washed with hot pure water. It is dried for a night at 105-110 °C,

weighed, sieved and the catalytic experiments are done (pH must be <8).

A-4) 50 g (A) is taken, remaining balance (%) in (A-1) is considered and
(50x92.2%) is calculated. 97.7 g of aqueous concentrated solution of
Ni(NO3)2.6H20 (30% Ni) is impregnated. It is dried at 105-110°C for a night,
cooled and weighed. It is calcined during 2h at 500°C, cooled down, grinded, and

sieved. The catalytic experiments are done.

A-4-1) 25 g (A-4) is taken, reduced by NaBH4 in the aqueous medium is done,
filtered and washed with hot pure water. It is dried for 1 night at 105-110°C,

weighed, sieved. The catalytic experiments are done (pH must be <8§).

B) Precipitation by K2COs solution (25 %) : KoCOs solution is added into
the mixture until pH~8 slowly by mixing at high temperature. Foam is formed since
CO2 produced, so the mixture may run over. To prevent this, solution should be
added slowly and mixed with glass rod. Addition of K»CO3 is ended while pH ~8,

mixing is continued and waited at a temperature about 90-95°C for 30-60 min. Then
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filtered through the filter paper by means of water tromp at high temperature and

washed until it does not react with Cl with hot pure water (*). It is labelled as “B”.

B-1) 30 g (B) is taken, and calcined during 2 h at 500°C. It is cooled down,

remaining balance (94.5 %) weighed, and the catalytic experiments are done.

B-2) 50 g (B) is taken, remaining balance (%) in (B-1) is considered and
(50x94.5%) 1is calculated. 25.96 g of aqueous concentrated solution of
Ni(NO3)2.6H20 (10% Ni) is impregnated. It is dried at 105-110°C for a night,
cooled and weighed. It is calcined during 2h at 500°C, cooled down, grinded and

sieved. The surface area is measured and the catalytic experiments are done.

B-2-1) 25 g (B-2) is taken, reduced by NaBH4 in the aqueous medium is done,
filtered and washed with hot pure water. It is dried for a night at 105-110°C,
weighed, sieved and the surface area of it is measured. The catalytic experiments

are done (pH must be <8).

B-3) 50 g (B) is taken, remaining balance (%) in (B-1) is considered and
(50x94.5%) 1is calculated. 58.41 g of aqueous concentrated solution of
Ni(NO3)2.6H20 (20% Ni) is impregnated. It is dried at 105-110°C for 1 night,
cooled and weighed. It is calcined during 2 h at 500°C, cooled down, grinded,

sieved. The catalytic experiments are done.

B-3-1) 25 g (B-3) is taken, reduced by NaBH4 in the aqueous medium is done,
filtered and washed with hot pure water. It is dried for 1 night at 105-110°C,

weighed, sieved and the catalytic experiments are done (pH must be <8).

B-4) 50 g (B) is taken, remaining balance (%) in (B-1) is considered and
(50x94.5%) is calculated. 100.15 g of aqueous concentrated solution of
Ni(NO3)2.6H20 (30% Ni) is impregnated. It is dried at 105-110°C for a night,
cooled and weighed. It is calcined during 2 h at 500°C, cooled down, grinded, and

sieved. The catalytic experiments are done.
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B-4-1) 25 g (B-4) is taken, reduced by NaBH4 in the aqueous medium is done,
filtered and washed with hot pure water. It is dried for 1 night at 105-110°C,

weighed, sieved and the catalytic experiments are done (pH must be <8).

* CI" reaction control: 3-4 drops are taken from filtration. 1-2 drops dropped from
the mixture of 20 mL 0.1 M AgNOs; + SmL concentrated 65% HNOs. If there 1s a

white precipitate-turbidity, it means Cl presents.
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*Cl reaction control: 3-4 drops are taken from filtration, 1-2 drops dropped from the mibcure of 20 mL 0.1 M AgHO,y + 5ml concentrated %85 HNO,. If there is & white precipitate-
turbidity, it means Ol presents.

during~30-80 min then filtered throwgh the filler paper by means gh'rater trompe &t high temperabure and
washed until it doas not react with Cl with hot pure water [%). It is dried at 105-110 *C for 1 night, grinded,
weighed and sieved.

Az) 2'53'13 A3 s Eﬂg (A4 is faken B2-1) %3-1!; (B-3) is taken Eﬁm; (B4} is taken
5 (AT} iz taken, g (A3 iz tzken, - I i 25 (B-2) iz taken, . L b "
raduction h;?]NaEl-l. inthe || reduction by NaBH.inthe | | fE3ucbon by NaEH4 in redlustion hﬁ]MaEH‘i.-. the || reduction by MNaBH4 in || reduction by NaBH4 in
aqueocus medium is done, squeous  medurm iS5 dar ?ilbered nd hed aquesus medium is done, the aqueous medium & the aquecus medium is
fitered and washed with || done,  filered  and ane, 3N WasT=d fitered and washed with || 99ne.  fiered  and (| done, flered  and
hat pure water. 1t i dried washed with hot pure ;"z'dhg F'1”"'E. TI-TEL 1%5_" hat pure water, It is dried || WEShed with hot pure || washed with hot pure
for 1 night at 108-110 °C, wiater. It is died for 1 ned for 1 night st for 1 might at 105110 °;, || Weter I s dried for 1 1) weter It is dried for
; ' night at 105-110 °C. 10 °C, weighed, sizved | gy ; i night at 108110 °C. (| night at 105-110°C,
Al weighed, sieved and the | and the surface area of it ] weighed, sieved and the ) . ] .
m] " sufsce ares of it is || weighed sieved and the | | 270 TEEREEEESE S 1) 309 (H)is sufsce ares of it is || Weighed sieved and the || weighed. sieved and the
3iA)is measured and  dhe (| sudfsce area of Bt B ; taken, messured  and  dhe || SurEee ama of {t & || surdsce ares of it is
taken, catalyst erperiments are || messured  and  the ganah.rst ﬁq:-mrreﬁ a{"; calcinad catalyst experiments are || TESsured  and e || measured  and  the
gab;lregl dane. (pH mustbe <8} . catalyst experiments are ane. (pH st : during 2hat || dene. (pH mustbe <3 ). catalyst expariments are || catalyst experiments ars
533[% |1 i:* dane. (pH must be <3 ) - BQ0°C. Itis dane. (pH must ba <3 . dane. (pH must be <3 .
cocled dovm, i I | cooed T T 3
Faligtiy o o g (4 is tsken, % | | A2 o ke % | | =manng (B2 B3 Ba)
Srighed :h':.-} rerraining balancs in (a1 | | 50 0 (A is taken, % re‘_rgin‘i[n"g b';l:ﬁ{l'ﬂ‘;r balance 50 g (B} is taken, % || 50 g (B) is tsken, % || 50 g (B) is taken, %
surfaoe area &5 considered and (50 x % remaining balance in (A- ) is consider=d and (50 .5) rerraining balance in (B- || remaining balance in (B- || remaining balance in (B-
- 22.2) is caloulsted. 252 g %iE cansidersd and (50 X% 92.7) is calculated weighed, 1) iz considered and (50% || 1)is considersd and (50 || 1) iz conziderad and (50
messuredand of aquecus concentrated 2 ) i= cakulsted a7 7 g of aquenus.- the surface 845 %) = calculated. 945 %) iz cakulsted x B4E %) is calculated.
the catabyst solution of MiMNO3): 6H.0 369 g of aqueos coneentrated salution of srea 2586 g of aguecus 41 g of agueous 10015 g of agueous
merimants %10 Mi) is impregnated. It concentrated solufion of N(NOL)Z 8H,0 (%30 N measured concentratsd solution of (| concentrated solution of || concentrated solution of
a-q:edm 5 dried at 105-110°G for 1 NI[NO,)2.8H.0 (320 Ni) &= imoregnated. it i | | ZAEe Mi(NO.): 8H0 (310 W) || NiNOLL8H.O (320 N || NiNOu): BH.O (%30 Ni)
= night, cooled and weighed = impregnated. It is dried i e I I &= impregnated. it is dried (| isimpregnated. It is died || i impregnated. |t is dred
htis eaboined during ih at at 105-110°C for 1 n?ht night,  coaled = and exparimeant at 105-110°C for 1 might, 3t 105-110°C for 1 night. at 105-110°C for 1 niﬁ'[t,
500°C.  cooled  down, cooled and weighed. [t is .ﬂg hed |t iz colonsd s are done. cocled and weighed. It is cooled and \'l'thEd!ﬂ: =] cooled and weighed. It is
grinded, sieved, the surface calcined during Zh at dung h st S00°C calcined during 2h at calcined durng Zh =t calzined during Zh at
area iz measured and the S00°C.  copled down, G:dlt:ij down. arindad S00°C,  cooled  down, EQ0°C., cooled down, 500°C.  coolked  dowm,
catalyst mpenments are | | grnded, sieved,  the el fhe it e, ginded, sived, the || grindsd, sieved the || grinded, sieved  the
dane surface arsa is measured is- n'le.aiured and the surdface area is measured surfzce area is measured surface area is
. and  the catatyst iy iments are and the catalyst and the catahyst measured and  the
experiments are done. done experiments are done. experiments are done gmah.'st Expefiments are
) ane
I T I T D
A) Precipitation by NH; (%23, d=0.91): Epmimn by K,CO. solution (%25 aivi:
MH, was added into the mixture until pH~8 showdy by mixing at high temperature. |t i heated at 90-85 °C 0 solution is added into the midure unéil 8 showdy by mixing af high temperature. Addition of K,C0uis

ended while pH ~8, mixing i5 continued and waited at & temperature about B0-85 “Cfor 30450 min.Then
filtered through the filker paper by means of water fromp at high temperature and washed unil it does not
react with Cl with hot oure waler *1.

15

800 mL of Red-mud mixtures (~30% sofid contend) are put into two separate 21 of beakers (4 and B), and are heated while miang (80-B5°C). ¥35-37
of HCI (d=1.18) was added into the beakers up top H ~4-8 showly and finslly 50 mL of HCl was added then midures are heated at B0-85°C during ~ 1h.

Figure 4-4. Schematic representation of red mud activation procedure
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4.4 Experimental Procedure

Hydrothermal gasification experiments are carried out in batch autoclave
reactor system as shown in Fig. 4-5 and the analysis equipments for the products
are given in Table 4-4. For the batch autoclave reactor system, experimental
procedure may be explained briefly: As a first step, the feedstock solution is fed to
the reactor and the cover of the reactor is closed in a very tight way to avoid gas
leakages under high pressure. The air was displaced with an inert gas stream
(nitrogen) and the valves are closed. The operating temperatures are selected as
300°C (sub critical), 400°C (near critical), 500°C and 600°C (supercritical). The
reactor system was heated to the desired temperature at 5 K min™' and held at this
temperature for 1 h and it was cooled to ambient temperature. The amount of
gaseous product was measured with the help of gasometer, filled with CO». The gas
sample is taken using specially designed gas-sampling syringes for gas
chromatography (GC) analysis. The composition of gaseous products was
determined by GC instrument. The products remaining in the reactor were washed
with water and then it was filtered to separate solid residue. At the end of this

filtration, liquid and solid parts analyzed by HPLC, Colorimeter and TOC

equipments in the laboratory.

Figure 4-5. Batch autoclave reactors while the experiments are being performed.
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4.5 Analysis equipments

Table 4-4. Equipments used in the analysis of alkaloid wastewater and hydrothermal gasification

studies

Products Compounds Equipment

Gaseous
CO, CO2, H2, CH4 ve C2-C4 GC (HP 7890A)
hydrocarbons

Aqueous
Alcohols and sugars HPLC (Agilent 1200 Series)
Total Organic Carbon in TOC (Shimadzu TOC-VCPH)

in ageous product and
raw feedstock

Possible compounds (136 LC/MS-MS (Shimadzu LC-MS

chemicals) 8030)
Solid residue
Total Organic Carbon TOC-SSM (Solid Sample Module,
SSM-5000A)

4.5.1 Gaseous Product Analysis

The composition of the gaseous products (H>, CO2, CO, CHs, C2Hs, C2Ha4,
CsHs, and C4H10) were determined with gas chromatography (Agilent Technologies
HP 7890A, USA) with a standard deviation of £2%. C>Hs, CoH4, C3Hg, and C4Hio
are referred to as C, - C4 hydrocarbons in the following sections for simplicity. It is
equipped with serially arranged 7 columns (Hayesep Q 80/100 mesh (0.5 m long x
2 mm i.d.), a Hayesep Q 80/100 mesh (1.8 m long x 2 mm i.d.), a Molsieve SA
60/80 mesh (2.4 m long X 2 mm 1.d.), a Hayesep Q 80/100 mesh (0.9 m long x 2
mm i.d.), a Molsieve 5A 60/80 mesh (2.4 m long x 2 mmi.d.), a DB-1 (pre-column),
and an HP-Plot A1203 S (25 m long % 0.32 mm i.d.). The 3 detectors were serially
connected with a special adapter (2 thermal conductivity detectors (TCD) and a
flame ionization detector (FID)). Calibration was accomplished with a standard gas
mixture from the HatGaz Company in Kocaeli, Turkey. The oven temperature
program was: 60°C isothermal for 1 min, 20°C min! to 80°C, and 30°C min! to
120°C isothermal for 2.66 min. The carrier gas used was Helium. Technical details

are given in Table 4-5 and the picture of GC is given in Fig. 4-6 in our laboratory.
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Figure 4-6. Gas Chromatography (AGILENT, GC 7890A) Gas Chromatography (AGILENT, GC

7890A)

Table 4-5. Technical features and operating conditions of HP GC 7890A gas chromatography.

Columns

Oven
Temperature
Program
Mobile phase
Operating
mode
Injection
Temperature
Detector
Temperature

Column 1 Hayesep Q 80/100 mesh (0.5m long x 2mm i.d.)
Column 2 Hayesep Q 80/100 mesh (1.8m long x 2mm i.d.)
Column 3 Molsieve SA 60/80 mesh (2.4m long x 2mm i.d.)
Column 4 Hayesep Q 80/100 mesh (0.9m long x 2mm i.d.)
Column 5 Molsieve SA 60/80 mesh (2.4m long x 2mm i.d.)
Column 6 DB-1 ( pre-column )

Column 7 HP-Plot ALLO3 S (25m long x 0.32mm i.d.)
60°C isothermal for 1 min.

20°C/min. to 80°C

30°C/min. to 120°C isothermal for 2.66 min.

Helium

Split (Ratio= 80:1, Flowrate= 60 mL/min)

250°C
Front signal — FID- 250°C

Back signal — TCD- 250°C
Auxiliary signal — TCD- 250°C

4.5.2 Liquid Product Analysis

Amounts of total carbon (TC) and inorganic carbon (IC) in liquid phase

were analyzed by TOC analyzer, shown in Fig. 4-7, to calculate the conversion at

the end of the raction. The amounts of chemical oxygen demand were measured
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with the COD analysis equipment, shown in Fig. 4-8, of Merck Company (Thermo-
reactor and spectrophotometer) and Merck COD test kits in the range of 500-10.000
mg/L and 10-150 mg/L.

The amounts of sugar monomers present in the aqueous solutions were
analyzed by High Performance Liquid Chromatography (HPLC-RI). The raw
wastewater and the aqueous product of the hydrothermal gasification, of the
alkaloid wastewater without a catalyst, were analyzed wusing Liquid
Chromatography with mass spectroscopy, MSMS (LC/MS-MS) to determine the
compounds degraded in the gasification studies. The samples are prepared for

LC/MS-MS using some steps as defined in a previous study (Bural, 2008).

Figure 4-7. Total Organic Carbon Analyzer (SHIMADZU TOC-VCPH, JAPAN)



Figure 4-8. COD analysis equipments (thermo-reactor and spectrophotometer).
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4.6 Experimental Studies Completed

Experimental studies during the thesis periods are summarized in Tables 4-6

to 4-10.

Table 4-6. Non-catalytic and catalyst amount optimization with K»CO3 (3:300°C, 4:400°C, 5:500°C,
6:600°C, K:K,CO3 K1:0.125g of K»CO3, K2:0. 250 g of K»CO3, K3:0.375g of K,COs, K4:0. 500

g of K»,COs3, K5:0.625¢g of K»,COs,):

Reaction temperature, °C
Catalyst 300 400 500 600
amount, g
- AF-T3 AF-T4 AF-T5 AF-T6
0.125 AF-T3K1 AF-T4K1 AF-T5K1 AF-T6K1
0.250 AF-T3K2 AF-T4K2 AF-T5K2 AF-T6K2
0.375 AF-T3K3 AF-T4K3 AF-T5K3 AF-T6K3
0.500 AF-T3K4 AF-T4K4 AF-T5K4 AF-T6K4
0.625 AF-T3KS5 AF-T4KS5 AF-T5KS5 AF-T6KS
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Table 4-7. Pressure effect experiments (P1:200 bar, P2:275 bar, P3:350 bar, P4:425 bar)

No catalyst, 500°C
200 bar 275 bar 350 bar 425 bar
(10 mL) (12.5 mL) (15mL) (20 mL)
AF-T5-P1 AF-T5-P2 AF-T5-P3 AF-T5-P4
No catalyst, 600°C
200 bar 275 bar 350 bar 425 bar
(8 mL) (10 mL) (12.5 mL) (15 mL)
AF-T6-P1 AF-T6-P2 AF-T6-P3 AF-T6-P4
In the presence of K2CO3, 500°C
200 bar 275 bar 350 bar 425 bar
(10 mL+ (12.5 mL+ (15mL + (20 mL+
0.333g KoCOs3) | 0.416g KoCO3) | 0.500 g K2CO3) | 0.666g K2COs)
AF-T5K-P1 AF-T5K-P2 AF-T5K-P3 AF-T5K-P4
In the presence of K2CO3, 600°C
200 bar 275 bar 350 bar 425 bar
(8 mL+ (10 mL+ (12.5 mL+ (15 mL+
0.266 g K2CO3) | 0.333 g K2CO3) | 0.416 g KoCO3) | 0.500 gKoCO3)
AF-T6K-P1 AF-T6K-P2 AF-T6K-P3 AF-T6K-P4

Table 4-8. Activated red mud catalyst experiments

A A1 (Calcination at 500°C)
(Precipitation . A2-1
with NH3) AZ(10%ND | o quction of A2 by NaBH)
A3 (20% Ni) A3-1
(reduction of A3 by NaBHa)
A4 (30% Ni) . A4
(reduction of A4 by NaBH4)
B B1 (Calcination at 500°C)
(Precipitation B2 (10% Ni) B2-1
with K2CO3) (reduction of B2 by NaBH4)
B3 (20% Ni) B3-1
(reduction of B3 by NaBH4)
B4 (30% Ni) B4-1
(reduction of B4 by NaBHy)
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Precipitation of red mud with KoCO3; and NH3 was investigated as two different
catalyst group. The main purpose was to eliminate Na>O, CaO, and other soluble
compound in acid and increase the percentage of other compounds to enhance the
effectiveness of the catalyst. It was expected that the gaps in catalyst surface would
be different beacause of the molecular structure and sizes of K2CO3 and NH3 are
distinct. The effectiveness of activated red mud which are precipitated by NH3
would be higher due to bigger size of molecule. The BET analysis results in section
5.3.1.5 shows catalysts in “A group” has larger surface area and verified this

expectation.

Table 4-9. Activated red mud catalyst (A group) with KoCOs experiments (K: K,COj3 addition,

AK Al (Calcination at 500 °C)
(Precipitation with
NH3) A2-K (10% Ni) A21-K
(reduction of A2 by NaBHa)
A3-K (20% Ni) A31-K
(reduction of A3 by NaBHa)
A4-K (30% Ni) A41-K
(reduction of A4 by NaBHj)

Table 4-10. Experiments with alkali and Nickel-based catalysts

Reaction Catalyst amount/
temperature volume of
°O) wastewater
@ NaOH 500 0.5 g/15 mL
el KOH 500 0.5 /15 mL
3]
= K>CO; 500 0.5 g/15mL
S
R
> NaxCOs 500 0.5 g/15mL
Raney Nickel 4200 500 0.5 g/15mL
=
g *i Raney Nickel 2800 500 0.5 g/15 mL
£ § Activated Nickel 500 0.5 g/15mL
2]
z Nickel- Silica/Alumina 500 0.5 g/15mL
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5. RESULTS AND DISCUSSION

Carbon gasification efficiency (g C in gaseous/g C in biomass), carbon
liquefaction efficiency (g C in aqueous/g C in biomass) and residue (g C in residue/g

C in biomass) were expressed by using following formulas;

PV
z‘n‘C. — M

Carbon gasification efficiency (CGE, %) = : RI x100
Vied TOC,,,,

roc,V.,,
Carbon liquefaction efficiency (CLE, %) =————x100
V ieed TOC

ww

TOCyx
V 1ea TOC

ww

Residue efficiency (RE, %) = x100

5.1. Influence of Temperature and Catalyst amount on Gasification

of Opium Alkaloid Wastewater

ECH4 mH2 mCO2 m(C2-C4 mCO

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0

Nocat K2CO3 Nocat K2CO3 | Nocat K2CO3 | Nocat K2CO3

Molar percentage, %

X

300 400 500 600

Temperature, °C

Figure 5-1. Temperature and catalyst effects (0.5 g of K,COs3) on the gaseous product composition

in hydrothermal gasification of alkaloid wastewater.
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10 ECH4 mH2 mCO2 mC2-C4 mCO

100

80

60

4 I

11l
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No cat K2CO3 No cat K2CO3 No cat K2CO3 No cat K2CO3
300 400 500 600

wastewater
() S

Produced gas amount, mol/kg oc in

()

Temperature, °C

Figure 5-2. Temperature and catalyst effects (0.5 g of K,COs3) on the gaseous product yields (mol/kg

organic carbon in wastewater) composition in hydrothermal gasification of alkaloid wastewater.

ECO m(C2-C4 mCO2 mH2 mCH4

100% - (a)
90% -
80% -
70% -
60% -
50% -
40% -
30% -
20% -
10% -

0% -

No cat 0.125 0.25 0.375 0.625
Catalyst amount, g

Molar percentage, %

Figure 5-3. The effects of the catalyst amount on the gaseous product composition in hydrothermal
gasification of alkaloid wastewater at various reaction temperatures (a) 300°C, (b) 400°C, (c) 500°C,
and (d) 600°C).
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HCO mC2-C4 mCO2 mH2 mCH4

100% -
90% - (b)
80% -
70% -
60% -
50% -
40% -
30% -
20% -
10% -
0% -

No cat 0.125 0.25 0.375 0.5 0.625

Molar percentage, %

Catalyst amount, g

100% -
90% -
80% -
70% -
60% -
50% -
40% -
30% -
20% -
10% -

0% -

Molar percentage, %

No cat 0.125 0.25 0.375 0.5 0.625

Catalyst amount, g

100% -+
90% -
80% -
70% -
60% -
50% -
40% -
30% -
20% -
10%

0% -

(d)

Molar percentage, %

No cat 0.125 0.25 0.375 0.5 0.625

Catalyst amount, g

Figure 5.3. The effects of the catalyst amount on the gaseous product composition in hydrothermal
gasification of alkaloid wastewater at various reaction temperatures (a) 300°C, (b) 400°C, (¢) 500°C,
and (d) 600°C) (continued).
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Figure 5-4. The effects of the catalyst amount on the gaseous product yields in hydrothermal

gasification of alkaloid wastewater at various reaction temperatures (a) 300°C, and (b) 400°C.



61

(a)
£ 50
O
o
2
< 40
o
E
22
>
c B
(]
3z 2
2
o
5 10
o
3
©
© R = —§— " = N
0,000 0,125 0,250 0,375 0,500 0,625
Catalyst amount, g
(b)
50
£
O
(@]
ap 40
a4
=
o
s 30
T +
° 2 *
> T ¢ —— —
© *g 20
5 3
°
o 10
(%]
2 o—
9 —i i ——
é& 0@ ° o © " L
0,000 0,125 0,250 0,375 0,500 0,625
Catalyst amount, g

Figure 5-5. The effects of the catalyst amount on the gaseous product yields in hydrothermal

gasification of alkaloid wastewater at various reaction temperatures (a) 500°C, and (b) 600°C.
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Table 5-1. Reaction conditions and experimental results in the presence of variosus amounts of K»COs and at 300°C & 400°C.

Catalyst G Product Yield, CGE, TOC CcoD
Exp Code T,°C P, bar Catalyst atalys aseous Product Yie RE. RE,

Amount mol gas/kg C in ww % % %

AF-T3 300 80 - - 12.59 14.5 26.0 9.3

AF-T4 400 240 - - 30.5 23.7 41.0 37.1
AF-T3-K1 300 115 K2COs3 0.125 16.0 17.7 33.2 8.81
AF-T3-K2 300 90 K2COs3 0.250 19.5 21.6 35.9 17.4
AF-T3-K3 300 90 K2COs3 0.375 23.9 23.9 41.2 18.2
AF-T3-K4 300 110 KoCO; 0.500 31.9 29.8 49.2 19.5
AF-T3-K5 300 120 KoCO; 0.625 30.9 29.0 49.3 19.1
AF-T4-K1 400 255 KoCO; 0.125 39.7 27.8 47.4 40.8
AF-T4-K2 400 260 KoCO; 0.250 42.4 28.8 49.8 45.9
AF-T4-K3 400 240 K2COs3 0.375 45.2 29.4 55.2 43.7
AF-T4-K4 400 235 K2COs3 0.500 48.4 29.9 58.3 47.3

AF-T4-K5 400 230 K>COs3 0.625 51.7 28.7 57.0 51.4
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Table 5-2. Reaction conditions and experimental results in the presence of variosus amounts of K»COs and at 500°C & 600°C.

BypCode  TC Pbar Caabs O O %
AF-T5 500 365 - - 58.2 47.9 74.5 75.8
AF-T6 600 440 - - 85.2 68.5 85.6 88.7
AF-T5-K1 500 360 K>COs 0.125 77.7 64.0 84.9 87.3
AF-T5-K2 500 355 K>COs 0.250 82.3 65.2 87.1 88.0
AF-T5-K3 500 350 K>CO; 0.375 83.9 65.4 88.3 85.2
AF-T5-K4 500 355 K>COs 0.500 85.9 65.6 89.3 88.9
AF-T5-K5 500 322 K>CO;s 0.625 87.6 65.3 92.0 89.4
AF-T6-K1 600 425 K>CO; 0.125 90.5 72.8 90.7 91.8
AF-T6-K2 600 445 K>CO; 0.250 92.6 73.0 91.6 91.6
AF-T6-K3 600 450 K>CO; 0.375 97.9 73.6 92.2 92.2
AF-T6-K4 600 455 K>COs 0.500 106.3 74.0 92.8 92.8
AF-T6-K5 600 442 K2CO3 0.625 98.9 72.8 96.6 95.1
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Figure 5-6. The effects of temperature and catalyst (0.5g K,CO3) on TOC values and TOC removal
efficiencies (a) and COD values and COD removal efficiencies (b) in hydrothermal gasification of

alkaloid wastewater at various reaction temperatures 300°C, 400°C, 500°C, and 600°C.
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gasification of alkaloid wastewater at various reaction temperatures 300°C, 400°C, 500°C, and

600°C.

5.1.1 Carbon Gasification Efficiencies (CGE, %), and Amount of

Produced gas (mol gas/kg C in wastewater)

The CGE values and the produced gas amounts are shown in Table 5-1 and
Table 5-2 at 300°C, 400°C, 500°C, and 600°C in the absence and presence of
different amounts of catalysts. The raw alkaloid wastewater fed to the reactor in this

study has a TOC content of 11,500 ppm. The gas amounts and gasification



66

efficiencies obtained at the end of the hydrothermal gasification were calculated
based on the organic carbon in the wastewater. The dominant parameter of the
gasification of carbon in the alkaloid wastewater is temperature as observed, which
is similar in the HTG of a biomass (Lu et al. 2011; Madenoglu et al. 2015). As the
reaction temperature increase from 300 to 600°C, the CGE and the total number of
gaseous products increased from 14.5 to 74% and 12.59 to 85.2 mol/kg C,
respectively without catalyst. The catalyst addition promotes CGE and produced
gas amounts generally. Increasing the amount of catalyst to 0.5 g of K>COs
enhanced the CGE by 3-14% at 300°C, 4-6% at 400°C, 17% at 500°C, and 5.5%
at 600°C approximately. The literature findings supports that CGE is promoted by
alkali catalyst addition. In the work of Schmieder et al., they observed complete
gasification by addition of KOH or K>COs; (Schmieder and Abeln, 2000).
Chakinala studied with glycerol at 600°C and 250 bar with a 5s of residence time
and found that K>,COs3 enhanced the glycerol gasification efficiency up to a
maximum of 84% (Chakinala et al., 2010). CGE values standard deviations are

ranges between 1.6-4.8%.

The produced gas amounts reached the maximum with the addition of
K>COs at 31.9, 51.7, 87.6, and 106.3 mol/kg C at 300°C, 400, 500, and 600°C.
Increasing the amount of K2CO3 does not affect the CGE substantially and the total
gas amount is increased slightly at above reaction temperature of 400°C. The most
favorable amount of catalyst was found as 0.500 g of K»CO3, since no increase was
observed with 0.625 g of K,CO3 compared with 0.500 g at 600°C. The reason
should be that the equilibrium was provided at the specified reaction temperature
with catalyst and so the increase in amount of catalyst did not make an
enhancement. In the work of D'Jesus et al. (D’Jesus, and Boukis, 2006) varying
concentrations from 0 to 500 mg/L of potassium (in the form of KHCO3) were used
as a catalyst. They observed that gasification yield increased from 82% to 92% by
increasing the catalyst amount. The higher potassium concentrations, above 500
ppm, do not promote a higher gasification yield. A similar trend was observed in
terms of existence of most favorable amount of catalyst even the level of the

concentration of potassium is different in this study. Addition of more K>CO; did
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not make an increment on H> and CO; yields in the study of Sinag et al. (2012),
either (Sinag and, Kruse, 2012).

The sum of the desired gaseous yields (CH4 and H») increased with
increasing temperature from 14.8 to 54.94 mol/kg C without a catalyst in the
temperature range of 400-600°C while there is only 5.5 mol Hy/kg C and almost
never CHy at 300°C. The ratio of the sum of the desired gaseous product in the total
gas product increased from 48.5 to 65.7 % because of the effects of the temperature
increments. 74% of total organic carbon was converted to gasesous product at
600°C and at 0.500 g of catalyst as highest, and remaining was converted to aqueous

product and taken as residue (tar) from the reactor.

5.1.2 The Composition and Yields of the Gaseous Product

The composition and yields of the gaseous product without a catalyst and with
various amounts of KoCOs3 are given in Figs. 5-3 to 5-5. For comparison, the results
obtained in the HTG of the alkaloid wastewater without a catalyst are given with
the results of the determined the most approriate catalyst amount (0.5 g) in Fig. 5-
1 and 5.2. The catalysts used in SCWG studies may be categorized as alkali, metal,
metal oxide and carbon-based. The purpose of catalyst addition is to promote
gasification, to economize the process providing to study at lower temperatures for
similar product yields (Guo et al. 2010a). Alkali catalyst such as NaOH, KOH,
NaxCO3, K2CO3 and Ca(OH), catalyze the water gas shift reaction (reaction 4 given
below), and produce more H> and CO> lowering CO yields (Kruse et al. 2000;
Watanabe et al. 2003; Ali Sinag, Kruse and Schwarzkopf 2003; Ali Sinag, Andrea
Kruse 2004; Yanik et al. 2008). Sinag et al. studied gasification of glucose in the
presence of 0.5 wt. % K>COs3 and observed significant decrease in CO yield and
higher Hz, CO2, and CH4 yields per mole of glucose. Akgiil et al. (2012)
investigated the effects of NaHCO3 and the KHCO3 on water-gas shift reaction at
10 and 23 MPa and 230-300°C and found that water-gas shift reaction is
remarkably promoted at high salt concentrations but they did not obtain gas using

only salt (Akgiil and Kruse 2012).
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The gasification behavior of alkaloid wastewater in supercritical water has
not been examined in literature before. This wastewater is a plant derived waste
containing carbohydrates and proteins in the amounts of 10,000 mg/L and 5,000 -
6,000 mg/L of protein (Bural, 2008), besides unrecovered alkaloids such as
morphine, codeine, thebaine, and aniline, toluol, and vax-like compounds (Aydin
2002; Kagar et al. 2003). The reactions proposed for biomass degradation can be

given for this wastewater because of its plant originated structure.

CsH1206 + 6H20 < 6CO2+12H> (1)
CO +3H2+»CH4 + H20 (2)
CO2 + 4H2»CH4 + 2H20 3)
CO+H20+>CO;> +Hz (4)

The organic content of the wastewater is degraded to produce gaseous
products such as CHa, H2, CO2, and CO. Gaseous product distribution is highly
affected by temperature and catalyst as seen in Figs 5-1 and 5-3. The yields of each
gases are given in Figs 5-2 and 5-4 at various reaction temperatures and the addition
of 0.5 g of K»COs. The use of KoCOs3 and an increase in temperature strongly
promoted these reactions and the yields of CHas, and H> were elevated to 34.3 and
47.7 mol/kg C, respectively. The yields of CHy increased from 3.5 to 25.1 mol/kg
C with varying the temperature from 400 to 600°C without a catalyst. In the case of
an added 0.5g of K>CO3, the yields of methane are increased at 400 and 500°C
(125% and 68%, respectively) with a higher ratio than 600°C (37%). Comparison
of the catalytic run at 500°C in the presence of 0.5g of K2CO3 and a non-catalytic
run at 600°C, can be concluded that the use of a catalyst provides for a study at
lower reaction temperature to obtain similar CH4 and H> yields. The hydrogen
yields are enhanced with the K2COs at the ratios of 113, 68, and 43% by increasing
the temperature from 400°C to 600°C and from near 0 to 7.1 mol/kg C at 300°C.

Hydrogen is basically formed from the degradation of carbohydrate content
of alkaloid wastewater and water gas-shift reaction as mentioned in literature (Lee
et al. 2002; Ali Sinag et al., 2003; Guo et al. 2012). The formate salt can be shown

as the source of this increase. Hence the CO is consumed in the formation reaction
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of HCOOK", the CO levels are observed very low in all catalytic runs while
producing CO> and H;. Some portion of produced CO, may be solved in
supercritical water medium and react to form methane via reaction (3). The reason
of the decrease in CO> yields may be the result of methanation reaction and higher

methane yields supports this explanation.

CO; yields are the third highest yields obtained in the gaseous product mixture.
As it is emphasized in the work of Kipgak et al. (2011), water in supercritical
conditions dissociates to H" and OH™ ions and react with organic carbon and carbon
containing compounds in wastewater to form CO and CO». The water gas shift
reaction (4) also contributes to the CO» yields while the yields of CO decreases. In
our study, alkaloid wastewater has an alkalinity and potassium content varying at
the ranges of 1500-5000 mg/L, and 4000-6000 mg/L, respectively according to the
gathered information from factory authorities. This high potassium content of
wastewater may also leads to decrease in percentage of CO; while the yields of CO>
(mol’kg OC) are not affected significantly using a catalyst while increasing or
elevating the reaction temperature slightly. This finding is similar to that of the
Sinag et al. study with straw in the presence of KoCOs3, They explained the lower
CO; ratios with catalyst by high K content (15wt.%) of straw (Schmieder et al.,
2000; Ali Sinag et al., 2003).

The C»-C4 yields are very low and increase with temperature slightly while CO
yields are lower than 1.0 mol/kg C at all studied temperatures. The amount of
catalyst added cause some variations in gaseous product distributions at all studied
temperatures while at 300°C and 400°C, this effect is seen markedly. Molar
percentages of CO; obtained with 0.125 g of catalyst is reduced from 41% to 28%
with 0.625 g of catalyst as the percentage of H> yields increase from 42 to 55% at
400°C. Hydrogen formation is accelerated with the addition of an alkali catalyst
and wastewater acts as an H atom donor in supercritical conditions making a great
affect in the yields of H> (Kruse and Dinjus 2007). The mole percent of Hy is
increased with an increase in the amount of catalyst generally. The molar fraction
of CH4 in the gaseous product mixture is not affected with a change in the catalyst

amount directly. The variations in the yield of product gases are shown in Fig. 4
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showing the effect of temperature and catalyst amounts. A 0.5 g of KoCOs3 can be
evaluated as the most favorable amount for the H> and CHy yields, since the total
yields reach the maximum at this amount for 500 and 600°C reaction temperatures.
The CO and C; - Cs4 yields are slightly decreased with the increasing amount of
K>COs; with promoted degradation and methanation reactions. The literature
findings verified that as the alkali catalyst amount/concentration rise the
yields/percentage of the CH4 and H> increases (Yan et al. 2007). The composition
of CH4 and H: are enhanced with the higher KOH concentrations at the ratios of
about 5% and 3.7%, respectively. The composition of the gaseous were determined
with gas chromatography with a standard deviation of £2%. Standard deviations for
the gaseous product compositions varied within 1.8-3.9% for all cases according to
the repetitions done for each case. Alkali catalysts enhanced gasification while the
effect of the catalyst on gaseous product yields depend on the biomass contents
(Yanik et al. 2008). Muangrat et al. (2010) investigated various alkali catalysts and
ordered the effectiveness in Hy production as: NaOH> KOH> Ca(OH)> K,CO3>
NaxCO3 > NaHCOs3 (Muangrat et al. 2010).

5.1.3 Variation of TOC and COD Values and Removal Efficiencies

Alkaloid wastewater used in this study has a COD of 35,000 ppm and a TOC
of 15,000 mg/L. Treated alkaloid wastewater should have a COD below 1,500 ppm
for a safe discharge as indicated in the WPCR, 2004 that is shown in Table 1. An
approximate COD removal efficiency of 95.7% is needed to provide this limit for
the water with a specified COD content. As reported in literature so far, the best
COD removal rate is 88% by biological treatment of raw wastewater with an initial
chemical oxygen demand of 27.7 g/L (Aytimur and Atalay 2004) with a treatment
period of 6 days. There are very few effective treatment studies on this wastewater
and some of them were already accomplished with pre-treated or diluted alkaloid
wastewater and/or proposed as an advanced or pretreatment method. There is no
suggested alternative method to reduce the COD of the original raw wastewater
coming from the plant to the levels of 1,500 mg/L with a unique step in a short time
and effectively. Table 5-1 and Table 5-2 shows that the best COD removal
efficiency ratios obtained in our work is nearly 95 % at 600°C and within the

catalyst amount range of 0.375 - 0.625 g of K2COs with a reaction time of only 1h.
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These results are promising, considering the required COD removal efficiency of
95.7%, in the treatment of this wastewater by HTG. The operating cost should be
decreased by integrating the energy generated with the produced hydrogen and
methane. The elevated temperature reduced the COD and TOC values significantly.
While the temperature increased from 300 to 600°C, the COD and TOC removal
ratios also increased from 19 to 95% and 49 to 96%, respectively. COD and TOC
content of the aqueous product and the removal efficiencies obtained within the

studied range of temperature and catalyst amount was presented in Figs 5-6 and 5-

7. It shows us that, the values of TOC and COD removal are close in 500°C and

600°C (CODrg=88.9%, and TOCrg=89.3% at 500°C, CODgrg=9%4.7% and
TOCRrE=92.8%). In terms of process economy, 500°C should be selected. The most
effective parameter in the COD and TOC destruction using SCWG is the reaction
temperature as confirmed in many researchers found in literature (Yan et al. 2007,
Lee 2010; Sogiit and Akgilin 2011; Breinl 2015). Lee et al. (2010) found COD
removal efficiencies above 99% at very high reaction temperature of 700°C, with
Ni-Y/activated charcoal in the hydrothermal gasification of wastewater from food
waste treatment processes. The increase in catalyst amount makes a slight increase
in removal efficiencies. At all temperatures studied, varying increments between
4-10% in TOC and COD removals were observed. Standard deviations for TOC
and COD results were given with error bars on Figure 5-7. The experiments were
done at least 3 times to obtain repeatable results during whole thesis study. The
deviation of the TOC of aqueous product varied between 3-10%, lower at high

concentrations and higher at low concentrations because of dilution.
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5.2 Influence of Pressure on Gasification of Opium Alkaloid Wastewater

Table 5-3. Reaction conditions, CGE, produced gas amount and TOC values of hydrothermal

gasification of alkaloid wastewater in the absence of catalyst and at various reaction pressures.

Reaction | Reaction Set CGE | cLE | ToC gz:‘:::gﬁfl ¢
Temp. | Pressure | Pressure @) | (%) | (mg/L) [mmol/
°O) (bar) (bar) L ww.]
AF-T5-P1 500 198 200 57.7 | 24.0 | 2766 875
AF-T5-P2 500 270 275 559 | 249 | 2866 819
AF-T5-P3 500 345 350 55.5 | 25.6 | 2943 767
AF-T5-P4 500 420 425 55.1 | 28.6 | 3296 750
AF-T6-P1 600 209 200 70.8 | 11.9 | 1367 1125
AF-T6-P2 600 270 275 703 | 12.2 | 1406 1083
AF-T6-P3 600 372 350 69.4 | 12.8 | 1466 1014
AF-T6-P4 600 430 425 68.7 | 14.4 | 1665 961

(CGE: Carbon Gasification Efficiency (%); CLE: Carbon Liquefaction Efficiency (%))

Table 5-4. Reaction conditions, CGE, produced gas amount and TOC values of hydrothermal

gasification of alkaloid wastewater with K»COjs catalyst and at various reaction pressures.

Reacti Reacti Produced
;Zlcnlon P::scs l(:: CGE | CLE TOC |gas amount

p C%" (ba;‘) (%) | (%) | (mgL) | [mmol/

L ww.]
AF-T5K-P1 500 198 78.0 7.0 799 1347
AF-T5K-P2 500 270 77.0 7.5 866 1292
AF-T5K-P3 500 345 74.9 8.4 966 1208
AF-T5K-P4 500 420 73.1 10.1 1165 1111
AF-T6K-P1 600 197 87.5 5.7 652 1608
AF-T6K-P2 600 270 87.2 6.0 686 1583
AF-T6K-P3 600 355 86.8 6.6 759 1555
AF-T6K-P4 600 425 85.8 7.1 826 1528




73

100,0

mC2-C4

80,0 mCO
mCOo2

60,0 mH2
mCH4

40,0

20,0

0,0 T T T
200 275 350 425

500C

% mol

Gaseous product composition,
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in wastewater] in hydrothermal gasification of alkaloid wastewater at 500°C without catalyst.
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Table 5-5. The effect of various operating pressures on gaseous product yields [mol/kg organic

carbon in wastewater] in hydrothermal gasification of alkaloid wastewater at 500°C without catalyst.

mol/kg C in ww. | AF-T5-P1 AF-T5-P2 AF-T5-P3 AF-T5-P4
CH, 17.6 18.4 19.2 20.4
H, 30.4 27.3 23.2 22.4
CO; 26.1 23.5 22.0 20.0
C:-C4 0.38 0.36 0.3 0.19
Cco 1.6 1.7 1.9 2.2
Total 76.1 71.3 66.6 65.2
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Figure 5-10. Effect of various catalysts on gaseous product distribution in hydrothermal gasification

of alkaloid wastewater at 600°C without catalyst.
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Figure 5-11. Effect of various catalysts on gaseous product yields in [mol/kg organic carbon in

wastewater] in hydrothermal gasification of alkaloid wastewater at 600°C without catalyst.

Table 5-6. The effect of various operating pressures on gaseous product yields [mol/kg organic

carbon in wastewater] in hydrothermal gasification of alkaloid wastewater at 600°C without catalyst

mol/kg C in ww. | AF-T6-P1 AF-T6-P2 | AF-T6-P3 | AF-T6-P4
CH4 23.9 24.6 23.9 24.7
H, 42.1 39.1 34 30.2
CO; 293 27.9 27.6 25.8
C:-C4 0.4 0.28 0.18 0.16
CcoO 2.1 24 2.5 2.7
Total 97.8 94.28 88.18 83.56
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Table 5-7 The effect of various operating pressures on gaseous product yields [mol/kg organic

carbon in wastewater] in hydrothermal gasification of alkaloid wastewater at 600°C without catalyst.

Mol/kg C in ww | AF-T5K-P1 | AF-T5K-P2 | AF-T5K-P3 | AF-T5K-P4
CH, 30.0 35.8 37.2 38.4
H, 54.9 50.9 45.6 38.9
CO, 299 23.2 20.2 17
Cx-Cy 0.5 0.3 0.1 0.1
CcoO 1.9 1.9 2 2.2
Total 117.2 112.1 105.1 96.6
100
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Figure 5-14. Effect of various operating pressures on gaseous product distribution in hydrothermal

gasification of alkaloid wastewater at 600°C with K»COj catalyst.
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Table 5-8. Effect of various operating pressures on gaseous product yields [mol/kg organic carbon

in wastewater] in hydrothermal gasification of alkaloid wastewater at 600°C with K,COj catalyst

Mol/kg Cinww | AF-T6K-P1 | AF-T6K-P2 | AF-T6K-P3 | AF-T6K-P4
CH,4 36.0 33.5 323 24.4
H; 46.3 40.3 52.3 38.3
CO; 20.0 18.8 21.1 27.6
Cx-Cy 0.4 0.38 0.4 0.37
CcO 2.2 3.0 2.6 2.6
Total 36.0 33.5 323 24.4
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Table 5-9. COD analysis results and COD removal efficiencies of the SCWG of Alkaloid wastewater

absence of catalyst and in the presence of K,CO; (KC) catalysts at various pressure and

temperatures.

. Pi:;‘:r‘:“[’l’::r] Volume of cop | cop
Experiment - wastewater [mL], | Reactor | Removal
Code and catalyst Effluent | Efficiency

Temperature
amount [g] [mg/L] [%%]
[°C]
Raw
- 32050 -
wastewater

AF-T5-P1 | 200 bar & 500°C | 10 mL/No catalyst | 9000 71.9

AF-T5-P2 | 275 bar & 500°C | 12.5mL/No catalyst| 7400 76.7

AF-T5-P3 | 350 bar & 500°C | 15mL/No catalyst 6370 80.1

AF-T5-P4 | 425 bar & 500°C | 20mL/No catalyst 5400 83.1

AF-T6-P1 | 200 bar & 600°C | 8mL/No catalyst 4875 84.8

AF-T6-P2 | 275 bar & 600°C | 10mL/No catalyst 3100 90.3

AF-T6-P3 | 350 bar & 600°C | 12.5mL/No catalyst| 349( 801

AF-T6-P4 | 425 bar & 600°C | 15mL/No catalyst 3950 87.7

AF-T5K-P1 | 200 bar & 500°C 10 mL/0.333¢g 5225 83.7

AF-T5K-P2 | 275 bar & 500°C | 12.5mL/0.416¢g 5960 81.4

AF-T5K-P3 | 350 bar & 500°C 15mL/0.560¢g 3650 88.6

AF-T5K-P4 | 425 bar & 500°C 20mL/0.666g 3425 89.3

AF-T6K-P1 [ 200 bar & 600°C 8mL/0.266g 4190 86.9

AF-T6K-P2 | 275 bar & 600°C 10mL/0.333¢g 2600 91.9

AF-T6K-P3 | 350 bar & 600°C | 12.5mL/0.416¢g 2240 93.0

AF-T6K-P4 | 425 bar & 600°C 15mL/0.500¢g 1330 95.8
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Table 5-10. TOC analysis results and TOC removal efficiencies of the SCWG of Alkaloid

wastewater absence of catalyst and in the presence of K,COs (KC) catalysts at various pressure and

temperatures.
Conditions Volume of TOC | TOC
] Pressure [bar]
Experiment and wastewater [mL], | Reactor | Removal
Code and catalyst Effluent, |Efficiency,
Temperature
amount [g] [ppm] [Yo]
[°C]
Raw
- 11500

wastewater

AF-T5-P1 | 200 bar & 500°C | 10 mL/No catalyst [ 2770 76

AF-T5-P2 [ 275 bar & 500°C |12.5mL/No catalyst| 2865 75

AF-T5-P3 [ 350 bar & 500°C | 15mL/No catalyst 2945 74

AF-T5-P4 | 425 bar & 500°C | 20mL/No catalyst 3295 71

AF-T6-P1 [ 200 bar & 600°C | 8mL/No catalyst 1370 88

AF-T6-P2 | 275 bar & 600°C | 10mL/No catalyst 1405 88

AF-T6-P3 | 350 bar & 600°C |12.5mL/No catalyst| 1465 87

AF-T6-P4 | 425 bar & 600°C | 15mL/No catalyst 1665 86
AF-T5K-P1 [ 200 bar & 500°C 10 mL/0.333¢g 800 93
AF-T5K-P2 [ 275 bar & 500°C | 12.5mL/0.416¢g 865 93
AF-T5K-P3 [ 350 bar & 500°C 15mL/0.560g 965 92
AF-T5K-P4 [ 425 bar & 500°C 20mL/0.666g 1165 90
AF-T6K-P1 [ 200 bar & 600°C 8mL/0.266¢g 650 94
AF-T6K-P2 [ 275 bar & 600°C 10mL/0.333¢g 685 94
AF-T6K-P3 [ 350 bar & 600°C | 12.5mL/0.416¢g 760 93
AF-T6K-P4 [ 425 bar & 600°C 15mL/0.500g 825 93
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5.2.1 CGE (%), CLE (%) and Amount of Produced Gas in the Absence
and Presence of K;CO3

The effect of reaction temperature and pressure on CGE, CLE, gaseous
product distribution and yields, TOC, COD content of aqueous product is
investigated and given in Figs 5-8 to 5-16, and Tables 5-3 to 5-10 in this section.
The studied conditions are the pressure range of 200-425 bar, reaction temperatures
of 500°C and 600°C for both catalytic (K2CO3) and non-catalytic experiments. A
comparison graph including all runs is given in Fig 5-16. The volume of wastewater
and the catalyst amounts were determined to maintain the objected reaction
pressures. Pre-experiments were done to provide pressures with a maximum
deviation of £0.5M Pa and the determined values were given in section 4.6 and

Table 4-7.

Carbon gasification efficiency is slightly decreased by a ratio within 2-3% as
increasing pressure while the carbon liquefaction efficiency is increased (3-4%) at
500°C and non-catalytic runs. Similarly, at 600°C pressure enhance liquefaction
efficiency and reduced gasification efficiency very slightly. In catalytic-pressure
effect experiments, trends are similar as in non-catalytic experiments, that pressure
effect at 500°C is little more apparent than at 600°C. Temperature increment from
500 to 600°C and catalyst addition promoted gasification and the highest CGE
value is reached as 87.5% at 600°C and 200 bars with K>COs. The catalyst use
improved CGE from 57.7 to 78% at 500 °C, and at 600°C, 70.8 to 87.5% while it
decreased CLE values from 24% to 7% at 500°C and from 11.9 to 5.7% at 600°C
at 200 bars. At the other operated pressures, similar variations are observed. The
effect of temperature is seen stronger than pressure from the point of gasification.
Madenoglu et al. (2013) studied with glucose to determine the best conditions to
obtain high valuable gaseous and aqueous products yields and minimum residue.
They concluded that CGE increases at high temperatures and low pressures while
the temperature is more effective than the effect of pressure on the gaseous product
composition. It is explained by dielectric constant of water is significantly lower at

high temperatures as it is a little higher at high pressures (Madenoglu et al. 2013).
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In the formation of gaseous and aqueous product, the ionic and radical
mechanisms are responsible due to change of density and ionic product. At elevated
temperature, decrease in density cause less ionic product and the radical mechanism
is enhanced (Dinjus and Kruse 2004). The total produced gas amount is promoted
as the temperature goes up from 500 to 600°C from 875 to 1125 mmol/liter while
it decreased as the pressure goes up from 200 to 425 bar slightly, 750 mmol/liter at
500°C, 961 mmol/liter at 600°C. The increasing pressure reduced the amount of the
produced gas and CGE (by 4-5%) while it promoted CLE at slightly at 500 and
600°C in a previous work of us done with real biomass samples of wood residues
(Cengiz et al. 2016). The highest CGE and produced gas was obtained in the HTG
of pine tree sawdust at 80.9% and 1238.0 g gas/kg biomass, at 600°C and 20.0 MPa
in the presence of KoCO:s.

Based on literature, K2CO3 is one of the most effective catalysts in
supercritical water gasification studies. The catalyst enhanced the total gaseous
product yield significantly at the ratios of 54% at 500°C and 43% at 600°C. The
pressure increase caused a small reduction in the total produced gas amount for
catalytic runs also. Chakinala et al. (2010) studied glycerol and microalgae
gasification in batch (quartz capillaries) and continuous flow reactors and
investigated (Chakinala et al. 2010). They reported that the addition of K>COs
promoted the glycerol gasification efficiency and results higher hydrogen yields

catalyzing the water-gas shift reaction.

5.2.2 Gaseous product distribution and yields

The gaseous product obtianed is mainly composed of Hz, CO2, CH4, and a
little CO, and C>—C4in HTG of opium alkaloid wastewater at all studied conditions.
The molar percentages and the yields of the gaseous product (mole/kg C in
wastewater) for all cases are given in Figs 5-8 to 5-15 and Tables 5-5 to 5-8. The
molar percentage of CHs is changed from 23.1 to 31.3% at 500°C and from 24.4 to
29.5% at 600°C in the absence of catalyst as the pressure increases within 200-425
bar range. H> molar percentage is varied from 40.0 to 34.4 % at 500°C and 43 to

36.2% at 600°C in non-catalytic runs. It shows us, the pressure enhanced
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methanation reactions while decreasing H> formation. Ionic product, Kw affects
the reaction mechanism in supercritical water medium and it increases with the
increasing pressure or the decreasing temperature. At high Ky values (higher than
107'%), ionic mechanism (hydrolysis) is dominated due to increase of pressure while
increasing temperature promotes the pyrolysis (free-radical) reaction. H> yield
decreases with increasing pressure, but using catalyst increases the H> yield from
30.4 to 50.9 mol/kg C in wastewater at 500°C and 200 bars and at 600°C, yield of
H; increases similarly. The trend is as expected due to supercritical water properties

variation as mentioned above.

There is limited number of study on the effect of pressure in hydrothermal
gasification of biomass/wastewater. The effect of pressure may be changed
according to the studied temperature and the levels of pressure. Since the density
variation of free radical and ionic reactions are opposite, the free radical reaction
rate decrease with pressure while that of the ionic reactions are promoted with
pressure because of higher ionic products at higher densities as shown in Figure

5-17 (Basu and Mettanant 2009).

Cellulose
l : Preferred at ionic
conditions (T< 374 °C
Glucose/ i )
Fructose

i Preferred af free !---::::- etz \
y radical conditions s A .f
H i Acids
' (T>374°C) | /EH___ Phenols

o ! Aldefydes [

Gases

Higher molecular weight
Figure 5-17. Reaction mechanisms depending on the conditions (Basu and Mettanant 2009).

products (char)

Demirbas (2004) investigated hydrogen production from fruit shell within
650-750 K and 23-48 MPa, and found that increase in pressure and temperature
cause higher hydrogen yields (Demirbas 2004). In contrast, Hao et al. found that
hydrogen is slightly higher as the pressure decrease in 0.1 M of glucose gasification
(Hao et al. 2003). We found that the pressure has a negative effect on hydrogen

yields in the gasification of wood residues within the studied conditions which are
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same with this experimental part. The highest yields of hydrogen obtained in the
presence of KoCOs3 at 600°C was 27.0 mol/kg for pine tree sawdust and 24.7 mol/kg
for fir tree sawdust at the lowest reaction pressures of 20.5 MPa and 20.3 MPa,
respectively. Madenoglu et al. (Madenoglu et al. 2013) stated that the hydrogen and
carbon dioxide yields decrease with increasing pressure at constant temperature
while methane yield increase. Lu et al. investigated the effect of process parameters
(teperature, pressure, and residence time and feedstock concentration) by using
orthogonal experimental design method within 3 levels for each parameter. They
found that the increasing pressure, H» yield, CH4 yield and CGE have a tendency to

increase, and then decreases.

The catalyst addition promoted formation of both CH4 and H> and the sum of
the molar percentage of H2 and CH4 from 65.8 to % 80.0 % at 425 bar & 500°C and
from 65.7 to 85.5% at 425 bar & 600°C. At the same time, CH4 yield slightly
increases by increasing pressure at 500°C using catalyst and without catalyst. CH4
yield remains almost constant without catalyst as the temperature rises while in
catalytic runs it decrease. For maximum H> yield, 500°C, 200 bar and K>COs3
addition should be selected and to maximize CHa, 600°C, 425 bar and non-catalytic

run should be selected.

Carbon dioxide yields are lowered by the increase of pressure and increased
from 500 to 600°C slightly. KoCOj3 addition has also reduced the CO> yield at 600°C
while the effect of catalyst at 500°C is not clear, since at 20.0 MPa, it is higher that
catalytic run but at 42.5 MPa, it is seen as decreased. CO and C,-C4 hydrocarbons
yields are very low comparing to H2, CH4 and COa». The yields of CO are slightly
increased by increasing pressure and catalyst addition while the yields of C>-Cy
hydrocarbons are decreased at high pressures. Temperature is not much effective
on C»-C4hydrocarbons yields, slightly decrease with increasing temperature in non-

catalytic runs and slightly increase in catalytic runs.

Some valuable researches have been done to evaluate the importance of the
parameter in supercritical water gasification (Lu et al. 2006; Madenoglu et al. 2013;
Reddy et al. 2014; Kang et al. 2016). Lu et al. (2006) ordered parameters which
effect the gaseous product formation especially hydrogen yields as temperature >

pressure > feedstock concentration > residence time. Kang (2016) has investigated
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different parameters and reported that the order of importance for hydrogen

production is: temperature > catalyst loading > catalyst type > biomass type.

5.2.3. Variation of TOC and COD Removal Efficiencies

TOC (11500 mg/L) and COD (32050 mg/L) content of wastewater lowered by
hydrothermal gasification technique successfully in both non-catalytic and catalytic
runs at 500 and 600°C and are shown in Tables 25 & 26. COD removals varied
between 71.9-95.8% in this experimental part of the thesis. COD content in the
aqueous product decreases with increasing temperature and pressure but
temperature is more effective in COD removal. COD decreased from 9000 to 4875
mg/L with 100°C temperature increment at 200 bars while, COD lowered to 5400
mg/L as pressure increases from 20.0 to 42.5 MPa. Catalyst use has a substantial
effect since COD is reduced from 9000 to 5225 mg/L at 500°C but this effect is less
at 600°C. In the point of process economy, K>CO3 addition provides COD removals
at 500°C as high as in 600°C non-catalytic runs and to prefer catalyst addition
instead of temperature increase will be reasonable. COD content removal achieved

at 95.8% as maximum at 600°C and 42.5 MPa in the presence of K2COs.

TOC content of the aqueous product destructed with a ratio between 71-94% in the
studied range of temperature, pressure in non-catalytic and catalytic runs. TOC
removal increased at elevated temperatures and lower pressures. The most
significant parameter is catalyst addition at 500°C while catalyst promoted TOC
removal at 600°C, too. Temperature is also effective and TOC content is lowered
from 2770 to 1370 mg/L as the temperature increases from 500 to 600°C and
improved removal by a ratio of %12 at 200 bars. At higher pressures, same
tendency was observed. The highest TOC removals were reached at 600°C and in
the presence of KoCOs3, pressure effect is not seen clearly in this case but lowest
pressure, 20.0 MPa, may be given as the best condition within studied pressure

range.
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5.3 Influence of Catalysts on Gasification of Opium Alkaloid

Wastewater

5.3.1 Influence of Red Mud Catalysts on Gasification of Opium
Alkaloid Wastewater

5.3.1.1 Experimental results of A sroup catalysts

Hydrothermal gasification studies were done with the catalysts in A group, which
includes Al, A2, A3, A4, A21, A31, and A41 with 0.5 g of catalyst and 20 mL of
wastewater at 500°C in this part.

v' Al (Precipitation of red mud with NH3 + Calcination)

v' A2 (Precipitation of red mud with NH3 + 10% Ni impregnation +
Calcination)

v' A3 (Precipitation of red mud with NH3; + 20% Ni impregnation +
Calcination

v' A4 ( Precipitation of red mud with NH3 + 30% Ni impregnation +
Calcination

v A21 (Reduction of A2 by NaBHj : Precipitation of red mud with NH3 +
10% Ni impregnation + Reduction by NaBH4)

v" A31 (Reduction of A3 by NaBHj : Precipitation of red mud with NH3 +
20% Ni impregnation + Reduction by NaBH4)

v A41 (Reduction of A4 by NaBH4: Precipitation of red mud with NH3 +
30% Ni impregnation + Reduction by NaBHy4).
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Table 5-11. Reaction conditions, CGE, produced gas amount and TOC values of hydrothermal
gasification of alkaloid wastewater at 500°C with the effect of catalyst type in the presence of A-

group catalysts.

Produced gas
Reaction Reaction
CGE | TOC amount
Temperature | Pressure
(%) | (mg/L) (mmol/
O (bar)
L ww.)
No catalyst 500 365 55.5 2843 766
Original Red
500 405 57.6 2125 773
Mud
Al 500 410 62.7 2000 896
A2 500 420 65.3 1250 948
A3 500 410 69.4 1065 1000
A4 500 405 67.1 1201 970
A21 500 425 68.3 1595 1135
A31 500 440 71.3 1685 1010
A41 500 420 70.5 1975 990

100 mCo
90 mC2-C4
80 mCO2
70 mH2

mCH4

Molar percentage of gaseous product,
%
D
o

{\53“ Catalyst code

Figure 5-18. Gaseous product distribution in hydrothermal gasification of alkaloid wastewater in the

presence of A-group catalysts.
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Figure 5-19. The effect of catalyst type on gaseous product yields in hydrothermal gasification of

alkaloid wastewater in the presence of A-group catalysts.

Table 5-12. The effect of catalyst type on gaseous product distribution in the detailed form in

hydrothermal gasification of alkaloid wastewater in the presence of A-group catalysts.

Molar
No Original
percentag Al A2 A3 A4 | A21 | A31 | A4l
catalsyt RM

e (%)
CH4 28.8 31.7 32.8 | 33.8 | 33.7 | 33.6 | 32.9 | 31.7 | 31.5
H» 34.9 36.6 38.1 | 39.4 | 393 | 38.9 | 38.9 | 39.1 | 38.2
CO; 33.0 28.3 25.1 | 2277 | 22.8 | 23.5 | 23.6 | 244 | 25.8
C-Cy 0.4 0.4 0.5 04 | 03 04 | 03 0.3 0.2
CO 2.9 3.0 3.5 37 1 39 | 3.6 | 43 4.5 4.3
Total 100 100 100 | 100 | 100 | 100 | 100 | 100 | 100
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Table 5-13. The effect of catalyst type on gaseous product yields [mole gas/kg C in wastewater] in
the detailed form in hydrothermal gasification of alkaloid wastewater in the presence of A-group

catalysts.

mol/’kg C No Original

in ww catalsyt RM Al | A2 | A3 | A4 | A21 | A31 | A41

CH,4 16.8 22.1 25.6 |1 27.8 1293 |28.3|27.7|27.8|27.1
H: 20.3 23.8 [29.7|325|34.1 |32.8 328|343 328
CO; 19.4 18.9 195 (187 1 19.8 | 19.8 | 19.9 | 21.4 | 22.2
C:-C4 0.2 3.1 27 130 | 34| 30| 36| 39| 37
(6(0) 1.5 0.3 0403 ]03]03]03]03]02

Total 58.2 682 | 779|823 869|842 |843|87.7]86.0
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Table 5-14. COD results and COD removal efficiencies of the SCWG of Alkaloid wastewater in the
absence of catalyst (NC) and in the presence of Red Mud (RM) and A-group catalysts.

COD of COD
Reactor Effluent Removal
[mg/L] Efficiency [%]

Raw wastewater - 32050 -
AF-TS5 average - 8470 73.6
AF-RM Original Red Mud 7610 76.3

Precipitation of red
AF-A1 mud with NH; 5630 82.4

+ Calcination

Catalyst
Experiment Code atalys

Precipitation of red

AF-A2 mud with NH;

+ 10% Ni impregnation
+ Calcination

5325 834

Precipitation of red

AF-A3 mud with NH;

+ 20% Ni impregnation
+ Calcination

5025 84.3

Precipitation of red
AF-A4 mud.v.v1th NH3 . 5100 84.1
+ 30% Ni impregnation
+ Calcination
Reduction of A2 by
NaBH,
(Precipitation of red
AF-A21 mud with NH; 6550 79.6
+ 10% Ni impregnation
+ Reduction by
NaBHa)
Reduction of A3 by
NaBH,
(Precipitation of red
AF-A3] mud with NH; 6475 79.8
+20% Ni impregnation
+ Reduction by
NaBHa)
Reduction of A4 by
NaBH,
(Precipitation of red
AF-Adl mud with NH; 5625 82.4
+ 30% Ni impregnation
+ Reduction by
NaBHa)
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Table 5-15. TOC analysis results and TOC removal efficiencies of the SCWG of Alkaloid
wastewater absence of catalyst (NC) and in the presence of Red Mud (RM) and A-group catalysts.

Experiment Code

Catalyst

TOC
Reactor
Effluent

[mg/L]

TOC
Removal
Efficiency
[%o]

Raw wastewater

11500

AF-T5

2843

75.3

AF-RM

Original Red Mud

2125

81.5

AF-Al

Precipitation of red mud
with NH;
+ Calcination

2000

82.6

AF-A2

Precipitation of red mud
with NH3
+ 10% Ni impregnation
+ Calcination

1250

89.1

AF-A3

Precipitation of red mud
with NH3
+20% Ni impregnation
+ Calcination

1065

90.7

AF-A4

Precipitation of red mud
with NH;
+ 30% Ni impregnation
+ Calcination

1201

89.6

AF-A21

Reduction of A2 by NaBH4
(Precipitation of red mud
with NH;

+ 10% Ni impregnation
+ Reduction by NaBH4)

1595

86.1

AF-A31

Reduction of A3 by NaBH4
(Precipitation of red mud
with NH3
+ 20% Ni impregnation
+ Reduction by NaBH4)

1685

85.3

AF-A41

Reduction of A4 by NaBH4
(Precipitation of red mud
with NH3
+ 30% Ni impregnation
+ Reduction by NaBH,)

1975

82.8
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Opium alkaloid wastewater was gasified in supercritical water conditions at,
500°C, and a pressure range of 40.5- 44.0 MPa in the presence of “A Group”
catalysts. The experiments were also carried out without catalyst and with original
red mud (ORM) catalyst to understand the effect of activataion of the catalyst better,
in the absence of catalyst, pressure is reached to 36.5 MPa and with ORM, 40.5
MPa is recorded as reaction pressure. This group includes activated froms of red
mud with NH3 and nickel impregnated forms in varying ratios (10%, 20% and
30%). The effect of A group catalysts on carbon gasification efficiencies, gaseous
product distribution and yields of hydrogen, methane, carbon dioxide, C;-Cs
hydrocarbons, carbon monoxide were given in Table 5-11 to 5-15 and Figures 5-
18 and 5-19. For accuracy, each run was repeated five times. The effect of red mud
derivatives on the product efficiencies, gaseous product yields, and COD and TOC

removal efficiencies were examined.

» CGE (%) of wastewater and total amount of produced gas per unit

volume

Carbon gasification efficiencies and the amount of total gas product in the
unit of mmol gas/L wastewater is represented in Table 5-11 for the studied
conditions. The catalyst addition increases CGE and produced gas amounts
significantly except original red mud. Kipgak et al. (2017) used Ni/Al2O3 and
Ru/Al2O3 catalysts in gasification of olive mill wastewater within 400-600°C of
reaction temperatures. They also concluded that catalyst enhanced the gasification
and the yields of methane and hydrogen (Kipgak and Akgiin 2017). GCE is
promoted from 55.5 % in the absence of catalyst up to 70.5 and 71.3 % with the
catalyst A31 and A41 as maximum. The most effective forms of red mud in terms
of carbon gasification into valuable gaseous products are found as 20 % and 30 %
of Nickel-impregnated ones.

The investigation of the effect of red mud in HTG studies is very rare. Yanik
et al. (2008) used red mud in the gasification of various type of waste (sunflower
stalk, corncob, and vegetable-tanned leather waste) as a catalyst. They found that
red mud increases gasification of corn-cob significantly and was proposed as a
promising natural catalyst (Yanik et al. 2008). The corncob was gasified in

supercritical water at 500°C and 357 bar in the presence of red mud in this study
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and it was seen that the gas amount increased from 340.0 to 426 g gas/kg biomass.
Since red mud is a by- product from aluminum production, utilizing it as a catalyst
is both valuable and economical.

The produced gas amount promoted by activation of red mud since all the
activated forms increased gas amount at varying ratios of 17-48%. Nickel
impregnation enhanced gasification while the effect of reduction by NaBHj is not
so effective between A3 & A31, A4 &A41 which includes 20 and 30% of Nickel,
respectively. At lower nickel impregnation ratio (10%), reduction has a positive
effect in the total produced gas amount as seen from the difference between A2 and

A21.

» The composition and yields of the gaseous product

The molar percentage and the yields of the gaseous product without a catalyst
and with red mud catalysts are given in Figs 5.1 and 5.2. The decomposition
characteristics of this specific wastewater in HTG has not been studied before in
literature. Its content was investigated in few researches (Aydin et al., 2010, Bural,
2008, and Kagar et al., 2003). The alkaloid industry is a biomass-based plant and
the wastewater contains 10,000 mg/L of carbohydrate and 5,000 - 6,000 mg/L of
protein as expected. Additionally, it has acetic acid and sulphuric acid from
extraction and has pH adjustment steps during production. The reactions for glucose

and acetic acid are given below representing the biomass degradation:

CsH1206 + 6H20 < 6CO2 +12H, (1)
CO +3H2+>CH4 + H,0 )
CO; + 4H,«»CHs4 + 2H0 (3)
CO+H,0-CO; +Ha 4)
CH3;COOH — CH4+ CO2 (5)

The organic content arising from the carbohydrate and organic acid content
in the alkaloid wastewater was decomposed to produce gaseous products, such as
CHa4, Ha, CO, and CO as stated via reactions (1-5). Additionally, low amounts of
Cz - C4 hydrocarbons were generated at the end of HTG process. In non-catalytic

and catalytic cases at 500°C, the main gases in the product gas mixture is Hz, CO»,
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and CH4 in hydorthermal gasification of this wastewater in the. The percentage of
H; increased from 34.9 % to 38.1-39.4 % and percentage of CHg is also increased
from 28.8 % to 31.5-33.8 % at varying ratios with A group catalyst. Conversely,
the molar percentage of CO> decreased from 33.0 % to between 22.7-25.8 % with
the addition of A group catalysts of red mud. The nickel impregnation effect in the
gaseous product distribution is not clear since the yield of gases should be evaluated
to determine.

The yields of each gas are given in Fig.2 and the total of the gaseous product
yields for each run are given in Table 3. Comparing the yields in the non-catalytic
run to the catalytic runs, it is seen that the yields of H, and CH4 dramatically
increased. In a study of De Blasio et al. they gasified black liquor in stainless steel
and INCONEL 625 at supercritical conditions to estimate catalytic effect
INCONEL 625 alloy which contains nickel as the main element. They found that
nickel content promotes hydrogen production as in this study while significant
influence on carbon gasification efficiency was not observed (De Blasio et al.
2016).

The original red mud increased the CH4 amount (mmol/L wastewater) by 32%
while enhancing the H, formation by 17%. The catalytic effect of original red mud
originated from the iron and aluminum containing structure of it. Activated red mud
catalysts also show good catalytic activity in hydrogen production and the yields of
hydrogen reached 34.1 and 34.3 as the highest with A3 and A31 catalyst while the
yield of H, was only 20.3 mol/kg C in wastewater. The other activated red mud
derivaties result very similar hydrogen yields. The methane yields are extremely
enhanced by changing ratios of 52-74 % with activated red muds in group A. The
yields of CO> were silghtly increased with A31 and A41 catalyst while almost
unchanged with others in A group and original red mud. The yields of C> - C4 in
gaseous product accelerated from 0.2 to 3.9 mol/kg C in wastewater by both orginal
and activated red mud derivatives in this group. The very low CO level, 1.5, also
declines further in the product gas around to 0.2-0.3 mol/kg C in wastewater. These
results show us original red mud is effective in terms of hydrogen and methane
formation in hydorthermal gasification of opium processing wastewater and the
activation and nickel impregnation increaed the catalytic effect of it due to higher

CH4 and H» yields in activated forms of it. The changing impregnation ratio of
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nickel did not make a significant effect. In the case of the promotion of the H> and
CH4 production, the order of effectiveness in the catalytic performance of the
catalysts may be given as: Original Red Mud < Activated Red Mud without nickel
(A1) < A2, A21, A4, A1 < A3, A31.

In the study of Yanik et al., 2008, red mud is defined as iron based catalysts
and mentioned that is has catalytic activity in hydrogen production with the studied
feedstocks in the operated conditions. Together with the supercritical water acting
as a catalyst, iron oxide active sites enhanced the water gas shift reaction towards
CO2 and H» from CO as stated similarly in the study of Uddin et al. (2008). The
yields of CO decreased with the usage of a catalyst from 17.25 to 3-4 mmol/L
levels. Nickel is widely used in biomass gasification as a catalyst (Azadi et al.,
2012, Buffoni et al., 2009, and Minowa et al., 1998), and it is reported that nickel
promotes hydrogen yields because of it selectivity of Ho. The activation process for
red mud also promotes the effectiveness of it in the case of hydrogen and methane

formation.

» COD and TOC content of the aqueous product and removal efficiencies

The original alkaloid wastewater has a COD of 32,050 ppm and a TOC of
11,500 ppm used in this study. The COD and TOC contents of the aqueous product

at the end of HTG experiments were given in Table 5-14 and

Table 5-15. The results show that COD was lowered to the levels of 5100-
6550 ppm by supercritical water gasification technique in an hour of operation
with “A group” of activated red mud. This is a successful result hence it provide
COD removal of approximately 84% while TOC removal was achieved by 91 %
as maximum in the presence of A3 in this experimental section. The catalyst use
improved COD and TOC removal by 10 amd 15%, respectively at 500°C. Kazemi
et al. investigated hydrothermal treatment of distillery wastewater in a batch
tubular reactor at temperatures of 250—400°C, reaction time of 30—120 min, initial
COD concentration of 9600-26,200 mg L' at constant pressure of 25.0 MPa in
the presence and absence of various homogeneous and heterogeneous catalysts

(Kazemi et al. 2015). They concluded that COD removal is mainly dominated by
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temperature increase while homogeneous and heterogeneous catalysts

substantially affected COD and color removal efficiencies. The optimum
conditions were obtained at 400°C, 30 min with CuO and MnO> (~75%) and 400
°C, 120 min with (80.9%).

The amount of nickel impregnated did not make a sensible change in COD

and TOC removal efficiencies while the reduction with NaBH4 made a slighltly

negative effect. Higher COD removals needed in the case of discharge limits, so

the reaction temperature or impregnated Nickel ratio may be increased.

5.3.1.2 Experimental results of B sroup catalyst

v
v

B1 (Precipitation of red mud with K2COs; + Calcination)

B2 (Precipitation of red mud with KoCO3; + 10% Ni impregnation +
Calcination)

B3 (Precipitation of red mud with KoCO3; + 20% Ni impregnation +
Calcination

B4 (Precipitation of red mud with KoCO3 + 30% Ni impregnation +
Calcination

B21 (Reduction of B2 by NaBHj : Precipitation of red mud with K2CO3
+ 10% Ni impregnation + Reduction by NaBH4)

B31 (Reduction of B3 by NaBH4 : Precipitation of red mud with KoCO3
+ 20% Ni impregnation + Reduction by NaBH4)

B41 (Reduction of B4 by NaBHa4: Precipitation of red mud with K2CO3
+ 30% Ni impregnation + Reduction by NaBHy).
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Table 5-16. Reaction conditions, CGE, produced gas amount and TOC values of hydrothermal
gasification of alkaloid wastewater at 500°C with the effect of catalyst type in the presence of B-

group catalysts.

Produced gas
Reaction Reaction
CGE TOC amount
Temperature | Pressure
(%) | (mg/L) [mmol/
€O (bar)
L ww.]
No catalyst 500 365 55.5 2843 766
Original Red
500 405 57.6 2125 773
Mud
B1 500 430 62.3 1675 896
B2 500 425 62.9 1325 948
B3 500 435 64.2 1200 1000
B4 500 430 64.5 1504 970
B21 500 420 68.6 1675 979
B31 500 440 72.6 1500 1010
B41 500 425 70.8 1760 990
mCO
s 100 + mC2-C4
g‘ 90 - m CO2
T 80 - mH2
§ 70 - m CH4
S 60 -
8 50 -
S 40 -
()
:‘39 30
g 20 -
g 10 -
5 0-
§ No cat Original B1 B2 B3 B4 B21 B31 B41
Red
Mud
Catalyst code

Figure 5-20. The effect of catalyst type on gaseous product distrubution in hydrothermal gasification

of alkaloid wastewater in the presence of B-group catalysts.
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Figure 5-21. The effect of catalyst type on gaseous product yields in hydrothermal gasification of

alkaloid wastewater in the presence of B-group catalysts.

Table 5-17. The effect of catalyst type on gaseous product distribution in the detailed form in

hydrothermal gasification of alkaloid wastewater in the presence of B-group catalysts.

Molar
No Original
percentage B1 B2 B3 B4 | B21 | B31 | B41
catalsyt RM
(%)
CH,4 28.8 31.7 323 | 325 | 324 | 32.8 | 33.6 |32.8| 324
H> 34.9 36.6 389 | 39.4 | 39.7 | 383 | 39.2 |36.5| 36.9
CO; 33.0 28.3 24.6 | 243 | 244 | 25.2 | 22.6 |26.4| 26.8
C:-Cy 0.4 0.4 0.5 0.4 0.4 0.4 04 |04 03
CO 2.9 3.0 3.7 34 3.1 33 42 | 39| 3.6
Total 100 100 323 | 325 | 324 | 32.8 | 33.6 |32.8] 324
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Table 5-18. The effect of catalyst type on gaseous product yields [mole gas/kg C in wastewater] in

the detailed form in hydrothermal gasification of alkaloid wastewater in the presence of B-group

catalysts.

mol/kg . .

Cin No | Original\ o\ 5> | B3 | B4 | B21 | B31 | B4t
ww catalsyt RM

CH, 16.8 22.1 25.1 | 259 | 26.7 | 26.4 | 28.6 | 28.6 | 27.9

H, 20.3 23.8 303 | 31.4 | 32.7 | 309 | 333 | 31.8 | 31.8

CO; 19.4 18.9 19.1 | 19.3 | 20.1 | 203 | 19.2 | 23.0 | 23.1

C:-Cy 0.2 3.1 2.8 27 |1 26 | 26 | 3.6 | 34 3.1

CcO 1.5 0.3 04 | 03 | 03 | 03 | 03 0.4 0.3
Total 58.2 68.2 77.7 | 79.6 | 82.4 | 80.5 | 85.0 | 87.2 | 86.2

B group catalysts which includes B1, B2, B3, B4, B21, B31, and B41 with
0.5 g of catalyst and 20 mL of wastewater were used in this experimental part in the
hydrothermal gasification of opium processing wastewater. The reaction pressure
was 500°C and a pressure range of 42.5-44.0 MPa was obtained. The results of non-
catalytic and with original red mud (ORM) catalyst were compated to catalytic runs
to determine the effect of activataion of the B group catalyst. This group includes
activated froms of red mud with K>COj; and nickel impregnated forms in varying
ratios (%10, %20 and %30). The effect of B group catalysts on carbon gasification
efficiencies, gaseous product distribution and yields of hydrogen, methane, carbon
dioxide, C>-C4 hydrocarbons, carbon monoxide were given in Table 5-16 - 5-20 and
Figs 5-20 and 5-21. For accuracy, each run was repeated five times. The effect of
red mud derivatives on the product efficiencies, gaseous product yields, and COD

and TOC removal efficiencies were examined.
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» CGE (%) of wastewater and total amount of produced gas per unit

volume

Carbon gasification efficiencies and the amount of total gas product in the
unit of mmol gas/L wastewater is represented in Table 5-16. B group catalysts
promoted carbon gasification efficiencies by changing ratios of 7-17% with the
effect of activation and reduction by NaBH4. Original red mud make not a
considerable effect on gasification but reduced TOC value of the aqueous product
by 25%. The highest gasification ratios were obtained with reduced form of
activated red mud in this group. Reduction process resulted a better catalytic
activity of red mud as it is seen from the results: CGE with B2, B3 and B4 catalysts
were 62.9, 64.2 and 64.5% while with reduced forms of them B21, B31, B41, CGE
values were increased up to 68.6, 72.6, 70.8%, respectively. Nickel impregnation
was slightly increased gasification, while the amount of impregnated nickel did not
a significant effect. The produced gas amounts were ascended with addition of
catalysts in B group. The highest gaseous product amounts were reached with B3
and B31 (1000 and 1010 mmol/L wastewater) while the others give similar catalytic
actvitiy in terms of produced gas quantites. Gaseous product amounts enhanced by

varying ratios of 17-32% within B group.

» The composition and yields of the gaseous product

The main gaseous compounds in the product gas mixture are CH4, H> and
CO; as expected, and little amount of CO and C>-Cs4 compounds were produced.
The molar percentage of methane and hydrogen increased while carbon dioxide
decreased. Carbon monoxide and C>-Cs4 hydrocarbons molar ratios were not
changed much. The molar percentage of CHarised from 28.8 to 33.6% with B21 as
maximum while the other catalyst make similar effect. The molar percentage of Ha
rised from 34.9 to 39.7% with B3 as highest while with the other catalyst has a
changing molar ratio of Hz between 36.5-39.4%. The molar percentage of CO>
decreased from 33% to the levels of 22.6-28.8%. The effect of catalyst type can be

seen in CO; ratios more than H», while hardly seen in CHa.
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The yields of CH4, H> and C»-C4 compounds were improved by addition of
catalyst while CO; did not change remarkable except B31 and B41 and the yields
of CO decreased. B group catalyst enhanced methane and hydrogen formation
greatly, from 16.8 to 28.6 mol CH4/kg C in wastewater with B31 and from 20.3 to
33.3 mol Ho/kg C in wastewater with B21 as the best in the studied range. The
yields of methane with reduced form of red mud is a bit higher than others but for
hydrogen a generalization can not be made. In terms of total gaseous product yields,
it can be concluded that B21, B31 and B41 have slightly higher than non-reduced

states of them. The amount of nickel did not make a significant effect.

» COD and TOC content of the aqueous product and removal efficiencies

The COD and TOC contents of the aqueous product at the end of HTG
experiments were given in Table 5-19 and Table 5-20. Chemical oxygen demand
and total organic carbon in the raw wastewater is reduced by catalyst use in this
experimental part from. COD of the wastewater, 32050 mg/L, lowered to 4940-
6240 mg/L levels by a removal range of 81-85 % approximately. This is a good
result for only 1h of treatment operation and applied without need for pretreatment
even filtration. Discharge limit in terms of COD is 1500 mg/L for this special
industrial wastewater, to maintain this value, temperature should be increased.
TOC content of raw wastewater, 11500 mg/L, decreased around to 1200-1760
mg/L by removal efficiencies of 85-90%. The effect of catalys type within the
activated state of red mud in B group can not be seen clearly since the effectiveness

are alike.
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Table 5-19. COD results and COD removal efficiencies of the SCWG of Alkaloid wastewater in
the absence of catalyst (NC) and in the presence of B group catalyst

COD of

Experiment Catalyst Reactor
Code Effluent

[mg/L]

COD
Removal
Efficiency [%]

Raw wastewater - 32050 -

AF-T5 average - 8470 73.6

AF-RM-RI Original Red Mud 7610 76.3

Precipitation of red mud
AF-B1-R1
with K,CO3 5800 81.9

+ Calcination

Precipitation of red mud

AF-B2-R1 with K,CO3

+ 10% Ni impregnation
+ Calcination

4940 84.6

Precipitation of red mud

AF-B3-R1 with KoCO3

+ 20% Ni impregnation
+ Calcination

5860 81.7

Precipitation of red mud

AF-B4-R1 with K,CO3

+ 30% Ni impregnation
+ Calcination

6240 80.5

Reduction of B2 by NaBH4
Precipitation of red mud
AF-B21-R1 | ¢
with K,COs 5950 81.4
+ 10% Ni impregnation
+ Reduction by NaBHy)

Reduction of B3 by NaBH,
Precipitation of red mud
AF-B31-R1 | ¢
with K,CO3 6050 81.1
+ 20% Ni impregnation
+ Reduction by NaBHy)

Reduction of B4 by NaBH,
Precipitation of red mud
AF-B41-R1 | (Precip
with K>CO3 5230 83.7
+ 30% Ni impregnation
+ Reduction by NaBHy)




104

Table 5-20. TOC analysis results and TOC removal efficiencies of the SCWG of Alkaloid

wastewater in the presence of B group catalyst.

. TOC TOC
Experiment Catalyst Reactor )
Removal Efficiency
Code Effluent
[Yo]
[mg/L]
Raw wastewater - 11500 -
AF-T5 average - 2843 75.3
AF-RM Original Red Mud 2125 81.5
Precipitation of red mud with
AF-BI KACO; 1675 85.4
+ Calcination
Precipitation of red mud with
AF-B2 K2CO;
+ 10% Ni impregnation 1328 88.5
+ Calcination
Precipitation of red mud with
AF-B3 K2CO;
+20% Ni impregnation 1200 89.6
+ Calcination
mud with K,CO3
AF-B4 +30% Ni impregnation 1500 86.9
+ Calcination
Reduction of A2 by NaBH,
(Precipitation of red mud
AF-B21 with K,CO3 1675 85.4
+ 10% Ni impregnation
+ Reduction by NaBH4)
Reduction of A3 by NaBH,
(Precipitation of red mud
AF-B31 with K,CO3 1500 87.0
+ 20% Ni impregnation
+ Reduction by NaBH4)
Reduction of A4 by NaBH,
AF-B41 (Precipitation of red mud
with K,CO; 1760 84.7
+ 30% Ni impregnation
+ Reduction by NaBHy)
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5.3.1.3 Experimental Results of AK (A Group + 0.5 g of K»CO3) Group

Catalyst

Table 5-21. Reaction conditions, CGE, produced gas amount and TOC values of hydrothermal
gasification of alkaloid wastewater at 500°C with the effect of catalyst type in the presence of B-

group catalysts.

. . Produced gas
Reaction | Reaction
TOC amount
Temperature | Pressure | CGE
©0) (bar) (mg/L) (mmol/
L ww.)
No catalyst 500 365 55.5 2843 766
Original Red
500 405 57.6 2125 773
Mud
AK1 500 435 74.0 950 1095
AK2 500 425 76.2 1514 1114
AK3 500 405 76.4 1550 1108
AK4 500 440 76.8 1540 1104
A21K 500 422 76.9 1610 1135
A31K 500 415 73.6 1660 1112
A41K 500 410 74.1 1815 1100
K>CO; 500 365 66.2 1200 1003
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Figure 5-22. Effect of catalyst type of gaseous product distribution in hydrothermal gasification of

alkaloid wastewater at 500°C in the presence of AK-group catalysts.
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Figure 5-23. The effect of catalyst type on gaseous product yields in hydrothermal gasification of

alkaloid wastewater in the presence of AK-group catalysts.
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Table 5-22. The effect of catalyst type on gaseous product distribution in the detailed form in

hydrothermal gasification of alkaloid wastewater in the presence of AK group catalysts

Molar No Ori.
per?;?;age catalyst | RM AlK | A21K | A3K | A4K | A21K | A31K | A41K
CH, 28.8 | 31.7 | 32.8 | 33.8 |34.6 |34.7| 339 | 345 | 355
H: 349 | 36.6 | 38.7 | 37.6 | 37.1 |36.7 | 38.7 | 39.6 | 38.9
CO; 330 | 283 | 258 | 262 [ 259 | 26 | 246 | 23.6 | 23
Cr-Cy 0.4 0.4 0.4 0.3 03|04 | 04 0.3 0.3
co 2.9 3.0 23 2.1 21 1 22| 24 2 2.3
Total 100 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100

Table 5-23. The effect of catalyst type on gaseous product yields [mole gas/kg C in wastewater] in

the detailed form in hydrothermal gasification of alkaloid wastewater in the presence of AK group

catalysts.

mol/kg C No Original
inww | catalyst| RM AlK | A21K | A3K | A4dK | A21K | A31K | A41K
CH, 16.8 22.1 | 313 ] 32 | 333 | 333|334 | 333 | 339
H: 20.3 238 | 369|364 | 358 | 352 | 382 | 38.3 | 37.2
CO; 19.4 189 [ 24.6 | 254 | 249 | 249 | 243 | 228 | 22
C-C4 0.2 3.1 04 | 03 0.3 0.4 0.4 0.3 0.3
co 1.5 0.3 22 | 2.0 2.0 2.1 2.3 1.9 2.2
Total 58.2 68.2 | 954 | 96.1 | 96.3 | 95.9 | 98.6 | 96.6 | 95.6
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Table 5-24. COD results and COD removal efficiencies of the SCWG of Alkaloid wastewater in the

absence of catalyst (NC) and in the presence of catalyst

. Catalyst COD of COD .
Experiment Code Reactor Effluent |Removal Efficiency
[mg/L] [Vo]
Raw wastewater - 32050 -

AF-TS - 8470 73.6
AF-RM Original Red Mud 7610 76.3
AIK Al+0.5 gKoCOs 6150 80.8
A2K A2 +0.5 g KoCOs 6390 80.1
A3K A3 +0.5 g KoCOs 7210 77.5
A4K A4 +0.5 g KoCOs 6325 80.3
A21K A21 + 0.5 g K2CO3 6800 78.8
A31K A31+ 0.5 gK2COs3 5400 83.2
A41K A41 + 0.5 g K2COs3 6875 78.5
AF-T5K K.CO3 5125 84.0
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Table 5-25. TOC analysis results and TOC removal efficiencies of the SCWG of Alkaloid

wastewater in the absence of catalyst (NC) and in the presence of catalyst

TOC of TOC
Experiment Code Catalyst Reactor Effluent Removal
[mg/L] Efficiency [%]
Raw wastewater - 11500 -
AF-T5 - 2843 75.3
AF-RM Original Red Mud 2125 81.5
AlK
Al +0.5 gKoCOs 950 91.7
+ 0.
A2K A2 +0.5 g KoCOs 1515 26.8
+ 0.
A3K A3 +0.5 gKoCOs3 1550 R6.5
+ 0.
A4K A4 +0.5 g KoCOs 1540 R6.6
+0.
A21K A21 + 0.5 g K2COs3 1610 R6.0
+ 0.
A31K A31+0.5 gK2COs 1660 25.6
A41K A4l +0.5 g K2COs5 1815 84.2
AF-T5K average K>CO3 1200 89.6

AK group catalysts are AIK, A2K, A3K, A4K, A21K, A31K, and A41K
which are combined with 0.5 g of A group catalyst and 0.5 g of KoCO3 to strengthen
the effect of A group catalysts. The procedure for the preparation of A group of
activated red mud catalysts was given in Fig. 4.4 and AK group was obtained with
the addition of K»CO3. 20 mL of wastewater and 1.0 g of catalyst were used in the
hydrothermal gasification of alkaloid manufacturing wastewater. The reaction
pressure was 500°C and a pressure range of 40.5- 44.0 MPa was obtained. The
results of non-catalytic and with original red mud (ORM) catalyst and K>CO3 alone
were given for comparison. The effect of AK group catalysts on carbon gasification

efficiencies, gaseous product distribution and yields of product gases were given in
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Table 5-21 -Table 5-25 and Figs 5-22 and 5-23. For accuracy, each run was repeated
five times. The effect of red mud derivatives on the product efficiencies, gaseous

product yields, and COD and TOC removal efficiencies were examined.

» CGE (%) of wastewater and total amount of produced gas per unit

volume

Carbon gasification efficiencies and the amount of total gas product in the
unit of mmol gas/L wastewater is represented in Table 5-21 AK group catalysts
promoted carbon gasification efficiencies from 55.5% up to around 77 % as highest
which is significantly higher than obtained CGE values with K2CO3 (66%) alone
and CGE with A group catalysts (68%) alone. The effect of catalyst combinations
is clearly seen on the total produced gas amount and gaseous product yields. The
amount of the gaseous product has promoted by a ratio varying in 43-48% with AK
catalysts. The amount of product gas did not change by the catalyst type

remarkably.

» The composition and yields of the gaseous product

The gaseous product distribution was given in Table 22 and Figure 5-22. The
ratio of methane and hydrogen moles in the product gas is higher but the ratio of
carbon dioxide is lower in the presence of catalyst. Carbon monoxide and C>-Cs4
hydrocarbons has an almost same molar percentage in non-catalytic and catalytic
cases. The molar percentage of CHy increased to 35.5% (with A41K) as maximum
which is 28.8% in the absence of catalyst. The effectiveness in methane formation
is very similar in this group while the ratio of nickel impregnation has slightly
promoted methane amounts. The molar percentage of H» has also enhanced from
34.9 to 39.6% by catalyst use and A31K as the most effective catalyst while the
other shows almost indistinguishable catalytic activities. Reduced state of the
catalsyts slightly increased hydrogen percentages. The molar ratio of CO> decreased
from 33% to the percentages of 23-26%. The effect of reduction can be seen since

slighltly lower CO; ratios were obtained with A21K, A31K and A41K catalysts.

The amount of produced gaseous (in unit of mol/kg C in wastewater) were

increased by addition of AK group of catalyst. The increment in yields of CH4, and
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H; are virtually high while in yields of COs; is less and rise in yields of C-Cs
compounds and CO very low. AK group catalyst promoted hydrogen production
greatly above 38, from 20.3 mol Hz/kg C in wastewater for non-catalytic case while
it was nearly 33-34 mol Hx/kg C in wastewater with A and B group. This result
shows that addition of K>COs;to A group catalyst give higher yields in case of
hydrogen. The methane yields were 16.8 in non-catalytic case and 28-29 mol
CHu/kg C in wastewater with A and B group catalyst. AK accelerated methane
formation and the amount of produced nearly doubled, up to the levels of 34-35 mol
CHys/kg C. In terms of methane production, AK group is also the best group in
activated red mud catalysts. CO; yields are generally increased while reduced
catalysts give slightly lower CO> than other. The other gaseous did not vary with
the effect of catalyst use and type considerably. Total gaseous product yields were

reached to 97-98 mol/kg C which is 70% higher than in non-catalytic run.

» COD and TOC content of the aqueous product and removal

efficiencies

COD and TOC in the raw wastewater is lowered by AK group catalyst in
this experimental part at the end of HTG studies and the results were given in
Table 5-24 and Table 5-25. COD of the wastewater, that is 32050 mg/L, lowered
to 8470 mg/L without catalyst by HTG process at 500°C and to 7610 mg/L with
original red mud while 5125 mg/L was found in the presence of KoCO3. The best
COD removal was achieved as 5400 mg/L with A31K (20% Nickel impregnated
and reduced form) while the others varied in 6150-7210 mg/L. The addition of
K2CO;s to A group enhanced gasification while did not a positive effect of COD
removal. CODRg values were changed obtained between 78-83% as 80-84% with
A and 81-85 % with B. As it is seen, the COD removals were not affected by type
of the activation process and K>COs3 addition to red mud, much. TOC content of
raw wastewater, 11500 mg/L, decreased by removal efficiencies of 75 % without
catalyst, 81.5% with original red mud and 90% in the presence of KoCO3. A1K is
the most effective catalyst in TOC removal with 92% and the others have removal

efficiencies within the range of 84-87%.
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5.3.1.4 Comparison of the Catalyst Groups

In the case of CGE, TOC removal efficiencies, COD removal efficiencies,
H; and CHy4 yields with the effect of nickel impregnation, K»CO3 addition and
reduction by NABH4 were presented in the this section and given in Figs 5-25 to

5-34.

+» Effect of Red Mud, Activated Red Mud and Nickel Impregnation on

CGE, CHs and H: yields.
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Figure 5-24. Effect of Nickel impregnation in non-reduced A group catalysts on yields of of CH,4
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Figure 5-25. Effect of Nickel impregnation in non-reduced A group catalysts on CGE, TOC rg and
COD ge.
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Figure 5-26. Effect of Nickel impregnation in reduced A group catalysts on CGE and yields of CH4
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Figure 5-27. Effect of Nickel impregnation in reduced A group catalysts on CGE, TOCgrg and
CODgg.



114
¢ Effect of Reduction and Nickel Impregnation

40

35 reduced reduced reduced

30 %10 Ni

%20 Ni
%30 Ni
M %10 Ni
W %20 Ni
M %30 Ni

A group B group AK group

25

20

15

10

mol / kg C in wastewater

]

Figure 5-28. Effect of reduction and Nickel impregnation in all catalysts on CH4 yields.
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Figure 5-29. Effect of reduction and Nickel impregnation in all catalysts on H, yields.
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Figure 5-31. Effect of reduction and Nickel impregnation in all catalysts on COD Removal
Efficiency.
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s Effect of K2COj3 addition to A group catalyst
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Figure 5-33. Effect of K,COs3 addition and Nickel impregnation in A group catalysts on CGE.
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The effect of red mud catalyst type on carbon gasification efficiencies.
Gaseous product distribution and yields. TOC and COD removal efficiencies are

given in this report.

In the first part of the experimental study the reactions were carried at 500
°C in the presence of 0.5 g of A-group catalysts are shown in Figs 1-2 and Tables
4-5. The most effective catalysts on CGE. A31 (%20 Nickel impregnated and
reduction by NaBH4). A41 (%30 Nickel impregnated and reduction by NaBHj).
and A3 (precipitation with NH3, 20% Nickel impregnated) which have CGE of 71.3.
70.5 and 69.4 respectively. In the case of CHs and H> yields (mol’kg C in
wastewater). all catalyst in A group improved yields of these gases. Similarily. the
highest yields were reached with A3 and A31 catalysts in whole group. The Nickel
impregnation give best result at 20% of Nickel in the studied range. In the case of
COD removal. Nickel makes a little improvement comparing with the A1 which
has no Nickel impregnation. But reduction with NaBH4 cause a negative effect on
COD removal efficiencies. Non-reduced catalysts in A group have higher removal

in COD.

The effect of using different catalyst types on the gas product distribution
and gaseous product yields was investigated and shown in Figs 3-4 and Table 5-8
in B group of catalyst. Hydrogen yields are higher with B2, B3 (10% and 20%
Nickel impregnated), B21 (10% Nickel impregnated and reduction by NaBHa)
catalysts than the non-catalytic case and with other catalysts in this group. Methane
yields were increased in the reduced ones in group more. The most effective
catalysts in methane improvement are B21 and B31. COD (Chemical Oxygen
Demand) and TOC (Total Organic Carbon) analysis and removal efficiency
calculations were done for each study and are shown in Table 7-8. COD of Alkaloid
wastewater was analyzed as 32050 mg/L. The results shows removal efficiency is
increased with the addition of catalyst. The highest COD removal efficiencies were
obtained with B2 and B41. TOC of Alkaloid wastewater was analyzed as 11500
mg/L. TOC removal efficiency was increased with the addition of catalyst.
effectively. The highest TOC removal efficiency ratios obtained with B2, B3 and
B31.
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In the last part. KoCO3 addition improved CGE at a ratio between percent8-
10. Also it makes significant increment on the gaseous product yields. It reduce the

TOC removal efficiencies while increase COD removal efficiencies slightly.

5.3.1.5 Analysis Results Of Selected Activated Red Mud Catalysts In

SEM. XRD And BET Analysis Equipments

Four red mud activated catalysts (A2, A21, A3, A31, A4, B2, B21, B3, B31,
B4) were selected and analyzed for characterization studies and compared to each

other.

SEM-EDS ANALYSIS AND MAPPING of A2 (Precipitation with NH3; + %10

Ni impregnation + Calcination)

Electon Image 12

(a) » V s NS . ~"‘

sooum

Figure 5-35. General electron image (a) and spectrum (b) of A2 catalyst
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(b)
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15 keV

Figure 5-35. General electron image (a) and spectrum (b) of A2 catalyst (continued)

Table 5-26. Surface elemental composition of A2 catalyst

Element Wt% Atomic %

O 47.43 70.22
Na 2.35 242
Al 7.65 6.72
Si 5.29 4.46
K 0.26 0.16
Ca 1.96 1.16
Ti 2.99 1.48
Fe 21.70 9.20
Ni 10.36 4.18

Total: 100.00 100.00
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Electron Image 2

(b)

Ti Kal Si Kal

Figure 5-36. Electron image (a) and elemental mapping (b) (continued)
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Figure 5-36. Electron image (a) and elemental mapping (b) (continued)

< SEM-EDS ANALYSIS AND MAPPING of A21 (Reduction of
A2 by NaBH)

A21 catalyst is prepared by precipitation with NH; of red mud, %10 Ni
impregnation and lastly reduction by NaBHa.
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Figure 5-37. General electron image (a) and spectrum (b) of A21 catalyst
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Table 5-27. Surface elemental composition of A21 catalyst

Element Wt% Atomic %

O 44.88 68.70
Na 3.59 3.82
Al 6.24 5.67
Si 4.44 3.87
Ca 1.73 1.06
Ti 2.05 1.05
Fe 17.50 7.67
Ni 19.57 8.16
Total: 100.00 100.00
a)

Electron Image 4
> g .

25um

Figure 5-38. Electron image (a) and elemental mapping (b) of A21 catalyst



124
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Figure 5-38. Electron image (a) and elemental mapping (b) of A21 catalyst (continued)
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% SEM-EDS ANALYSIS AND MAPPING of A3 (Precipitation with NH3 +

%20 Ni impregnation + Calcination)

(2)

-, ; el iy

500 ym ——M@M@8™ —

(b) 15.00 kv | 5.0 X 2.27e-3 Pa

cps/eV

Figure 5-39. General electron image (a) and spectrum (b) of A3 catalyst.
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Table 5-28. Surface elemental composition of A3 catalyst

Element Wt% Atomic %

Q) 29.80 54.79
Na 2.23 2.86
Al 6.88 7.50
Si 4.78 5.01
Ca 2.33 1.71
Ti 3.66 2.25
Fe 26.54 13.98
Ni 23.77 11.91

Total: 100.00 100.00

2) Elctron image 2

b)

Fe Kal . Al Kol

25pum

f 25um '

Figure 5-40. Electron image (a) and elemental mapping (b) of A3 catalyst
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Figure 5-40. Electron image (a) and elemental mapping (b) of A3 catalyst (continued)
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s SEM-EDS ANALYSIS AND MAPPING of A31 (Precipitation with NH3

+ %20 Ni impregnation + reduction by NaBH4 + Calcination)

a)
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Figure 5-41. General electron image (a) and spectrum (b) of A31 catalys
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Table 5-29. Surface elemental composition of A31 catalyst

Element Wt% Atomic %
(0] 32.58 55.94
Na 297 3.55
Al 9.54 9.72
Si 6.88 6.73
Ca 2.29 1.57
Ti 3.60 2.07
Fe 29.53 14.53
Ni 12.60 5.89
Total: 100.00 100.00
) Electron Image 4
b) -

Al Kal

25pum

Figure 5-42. Electron image (a) and elemental mapping (b) of A31 catalyst.
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Figure 5-42. Electron image (a) and elemental mapping (b) of A31 catalyst (continued).
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%+ SEM-EDS ANALYSIS AND MAPPING of A4 (Precipitation with

NH3 + %30 Ni impregnation + Calcination)

V mag.lji
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Figure 5-43. General electron image (a) and spectrum (b) of A4 catalysts.
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Table 5-30. Surface elemental composition of A4 catalyst.

Element Wt% Atomic %

(0] 30.89 55.20
Na 2.65 3.30
Al 8.05 8.53
Si 5.75 5.85
Ca 2.30 1.64
Ti 3.25 1.94
Fe 24.09 12.33
Ni 23.02 11.21

Total: 100.00 100.00

Electron Image 6
- -

ik b
25um

Figure 5-44. Electron image (a) and elemental mapping (b) of A4 catalyst
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Figure 5-44. Electron image (a) and elemental mapping (b) of A4 catalyst (continued).
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s SEM-EDS ANALYSIS AND MAPPING of A41 (Precipitation with NH3 +

%30 Ni impregnation + reduction by NaBH4+ Calcination)

a)

A
t HFA
15.00 kv 250x | 1.66 mm | 9.4 mm | 5. TYTEMAM
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Figure 5-45. General electron image (a) and spectrum (b) of A41 catalysts.
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Table 5-31. Surface elemental composition of A41 catalyst

Element Wt% Atomic %

0] 28.47 53.73
Na 2.90 3.81
Al 6.25 6.99
Si 4.00 4.30
Ca 1.53 1.15
Ti 2.48 1.56
Fe 18.61 10.06
Ni 35.77 18.40

Total: 100.00 100.00

Electron Image 8

a) S, & L
: Wy a2

[ w—
25um

Figure 5-46. Electron image (a) and elemental mapping (b) of A41 catalyst.
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Figure 5-46. Electron image (a) and elemental mapping (b) of A41 catalyst (continued).
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SEM-EDS ANALYSIS AND MAPPING of B2 (Precipitation of red mud with
K2COs3 + %10 Ni impregnation + Calcination)

Electron Image 7
(a) :
(b)
[
(0]
Fe
10 Ni
Al
Si
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Figure 5-47. General electron image (a) and spectrum (b) of B2 catalyst
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Table 5-32. Surface elemental composition of B2 catalyst

Element Wt% Atomic %

0] 46.59 69.50
Na 2.33 2.42
Al 7.41 6.55
Si 5.28 4.49
K 1.42 0.87
Ca 2.05 1.22
Ti 3.24 1.61
Fe 22.00 9.40
Ni 9.67 3.93

Total: 100.00 100.00

Electron Image 6

(b)

Fe Kal Si Kal

Figure 5-48 Electron image (a) and elemental mapping (b) of B2 catalyst
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Figure 5-48. Electron image (a) and elemental mapping (b) of B2 catalyst (continued).
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s SEM-EDS ANALYSIS AND MAPPING of B21 (Reduction of

B2 by NaBH,) B21

Catalyst is prepared by precipitation with K2COs3 of red mud, 10% Ni

impregnation and lastly reduction by NaBH4
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Electron Image 10
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Figure 5-49. General electron image (a) and spectrum (b) of B21 catalyst




Table 5-33. Surface elemental composition of B21 catalyst

141

Element Wt % Atomic %
0] 48.34 70.83
Na 3.02 3.07
Al 6.91 6.00
Si 4.71 3.93
K 1.27 0.76
Ca 2.31 1.35
Ti 2.99 1.47
Fe 21.08 8.85
Ni 9.38 3.75
Total: 100.00 100.00

(@)

Electron Image 9

Figure 5-50. Electron image (a) and elemental mapping (b) of B21 catalyst.




142

(b)

Al Kal

Na Kal_2 Ti Kal

Si Kal Fe Kal

M ae i

25um ' A

25um

Figure 5-50. Electron image (a) and elemental mapping (b) of B21 catalyst (continued)
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Figure 5-50. Electron image (a) and elemental mapping (b) of B21 catalyst (continued).

% SEM-EDS ANALYSIS AND MAPPING of B3 (Precipitation with
K2COs +20% Ni impregnation + Calcination)

a)

TYTEMAM

Figure 5-51 General electron image (a) and spectrum (b) of B3 catalysts.
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Figure 5-51. General electron image (a) and spectrum (b) of B3 catalysts (continued).

Table 5-34. Surface elemental composition of B3 catalyst.

Element Wt% Atomic %

(0) 30.09 54.74
Na 2.11 2.67
Al 7.32 7.89
Si 5.34 5.53
K 1.55 1.16
Ca 2.15 1.56
Ti 3.15 1.91
Fe 23.89 12.45
Ni 24.40 12.09

Total: 100.0 100.0
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Figure 5-52. Electron image (a) and elemental mapping (b) of B3 catalyst.
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Figure 5-52. Electron image (a) and elemental mapping (b) of B3 catalyst (continued).
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% SEM-EDS ANALYSIS AND MAPPING of B31 (Precipitation with
K2COs + %20 Ni impregnation + Reduction by NaBH4 + Cacination)
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Figure 5-53. General electron image (a) and spectrum (b) of B31 catalysts.
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Table 5-35. Surface elemental composition of B31 catalyst.

Element Wt% Atomic %
o 30.56 54.33
Na 3.66 4.52
Al 8.18 8.63

Si 5.59 5.67
K 1.44 1.05
Ca 2.14 1.52
Ti 2.48 1.47
Fe 22.05 11.23
Ni 23.89 11.58
Total: 100.00 100.00

Electron Image 12

o -
f 25um

Figure 5-54. Electron image (a) and elemental mapping (b) of B31 catalyst.
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Figure 5-54. Electron image (a) and elemental mapping (b) of B31 catalyst (continued).
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Ca Kal
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Figure 5-54. Electron image (a) and elemental mapping (b) of B31 catalyst (continued).

s SEM-EDS ANALYSIS AND MAPPING of B4 (Precipitation with
K2COs + % 30 Ni impregnation + Calcination)
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Figure 5-55. General electron image (a) and spectrum (b) of B4 catalysts.
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Figure 5-55. General electron image (a) and spectrum (b) of B4 catalysts (continued).

Table 5-36. Surface elemental composition of B4 catalyst.

Element Wt% Atomic %

0] 26.58 53.12
Na 1.15 1.60
Al 4.08 4.84
Si 2.89 3.29
K 1.14 0.93
Ca 1.64 1.31
Ti 2.72 1.81
Fe 19.00 10.88
Ni 40.80 22.22

Total: 100.00 100.00
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Figure 5-56. Electron image (a) and elemental mapping (b) of B4 catalyst.
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Figure 5-56. Electron image (a) and elemental mapping (b) of B4 catalyst (continued).

¢ Evaluation of SEM-EDS analysis results

The SEM-EDS analysis results shows us the elemental weight percentages of each
catalyst approximately. Activated red mud catalysts contains silica, aluminum, iron,
calcium, sodium, titanium, in forms of Fe,Os, AlO3, SiO2, Na;O, CaO and TiO2
and as minor potassium, etc. Also, this catalysts includes varying ratios of nickel
since they are prepared by impregnation of Ni(NO3),.6H>,O and calcination.
According to these results given in Tables 5-26 to 5-36, oxygen has the highest

weight percentage followed by iron, aluminum and silica with the levels of 17-20%,
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6-7%, and silica 4-5%, respectively. General Electron images, spectrums and
elemental mappings are given in Figs 5-35 to 5-56 for A2, A21, A3, A31 A4, B2,
B21, B3, B31, and B4 catalysts. The impregnation of nickel is aimed at 10wt % in
A2 and B2 catalyst and is consistent with the SEM-EDS results. Also SEM
photograph of elemental mapping shows that the nickel is distributed
homogenously given in elemental mapping of SEM photographs gives us some
informations on distribution of the phases and elements in each catalyst surface. In
mapping figures, there is a dominant particle containing iron and oxygen and little
amount of titanium. Some parts have some elements together and may be
determined as structures of goethite (Fe1-xAlkOOH), calcium aluminum hydrate
(x.Ca0.yAlx03.zH>0), kaolinite (Al203.2510,.2H,0), CaTiOs, etc. A2 and B2
catalysts are reduced NaBH4 and so the oxygen expected to decrease and so the
balanced weight percentages would be increased. The results shows that nickel
percentage increased percentages of oxygen, and iron decreased while nickel
increases from 9-10% levels up to approximately 20%. The SEM-EDS analysis
results show us the elemental weight percentages of each catalyst approximately.
Activated red mud catalysts contains silica, aluminum, iron, calcium, sodium,
titanium, nickel according to mapping analysis results. They includes nickel since
they are prepared by impregnation of Ni(NO3)2.6H20O and calcination. According
to these results given in Tables 5-26 to 36, oxygen has the highest weight percentage
followed by iron, nickel, aluminum, and silica. The impregnation of nickel is aimed
at 20 wt% in A3 and B3 catalyst and is consistent with the SEM-EDS results as
23%. SEM photograph of elemental mapping shows that the nickel is distributed
homogenously which are given in “Nickel” picture of mapping. They also give us
some information on the distribution of the phases and elements in each catalyst
surface. A4 and B4 should contain 30% of nickel, but A4 includes 23.02% while
B4 includes 40.8% Nickel according to EDS results. A3, A4, and B3 are reduced
by NaBH4 and A31, A41, and B31 are obtained. NiO should be reduced to Ni form
and the oxide percentage decrease but EDS results are not consistent with the

expected.



155

XRD RESULTS for A2, A21, B2, and B21 catalysts
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Figure 5-57 XRD analysis of A2 catalyst
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Figure 5-59. B2. XRD, phase analysis results
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+¢ Evaluation of XRD and pattern analysis results

The XRD analysis were given in Figs 5-57 to 5-60. Four type of the acivated
red mud catalysts were selected for analysis to evaluate similar structures of the
others also. These are A2, A21, B2, and B21. Since there are many phases in red
mud, the nickel and nickel oxide determination from these literature data is difficult
and needed pattern analysis. XRD with pattern analysis were done for only A21 and
B2 catalysts because of additional cost. Some literature findings were also given
here for comparison in The Figs 5-61 and 5-62 shows the red mud, nickel and nickel
oxide XRD patterns. In Fig. 5-61, there is SiO», Fe2O3, CaCO3, FeO(OH), AI(OH)3,
Muscovite, NasAlzCSi3015 phases were determine in dry red mud by XRD analysis
in a research (Ribeiro et al. 2012). In another work, the structural and phase
compositions of red mud was examine by means of various analysis techniques:
PSA, XRD, FESEM, EDX, BET and FT-IR (Nath and Sahoo 2014). They reported
that there are some variataions in literature about red mud characterization. the main
components. As seen in Fig. 5-62, Nath et al. found the main phases as Hematite
(Fe203), Gibbsite (AI(OH)3), Rulite (TiO2), Calcite (CaCOs), Sodium aluminum
silicate (Na(AlSi04)), Dicalcium silicate (Ca2Si04), and Quartz (SiO;). Based on
literature on red mud and X-ray patterns of activated red mud it can be deducted
that the phases are changed after activation process. In B2 catalyst (precipitated by
K>COs3 and 10% Nickel impregnated, not reduced state), there are Hematite, Nickel
Titanium Oxide and Nickel Oxide are deterimed as major components. In A21
(precipitated by NH3 and 10% Nickel impregnated, reduced state), there are
Hematite, Nickel Titanium Oxide and Nickel Oxide and also SiO», Iron Titanium

Oxide, Cancrinite NagCaz[(CO3)2|AlsSi16024]-2H20 were found.

In a study done with Nickel and Nickel oxide, XRD results were given as in
Fig. 64 (Park et al. 2005). They found that nickel nanoparticle with a size of 5 nm
have a face-centered cubic structure. The width of the peaks are found very large
and it shows that they have structures nearly amorphous. Fig. 5-63 demonstrates
NiO compounds were formed after exposure of Nickel nanoparticles to air. Two

theta degree (43.30° as indexed as peak (200) in crystal planes of the bulk NiO) is
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found as similar in another work (El-Kemary, 2013) done with nanoparticles as

seen in Fig. 5-63 which is consistent with our X-ray results (26=43.38 and 43.29).
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Figure 5-61. X-ray diffraction (XRD) pattern of dry red mud (Ribeiro et al. 2012)
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Figure 5-62. X-ray pattern of red mud (Nath and Sahoo 2014)
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Figure 5-63. Nickel oxide nanoparticles XRD pattern (El-Kemary et al. 2013)
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Figure 5-64. Nickel nanoparticles (a) and NiO (b) structures (Park et al. 2005)
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The mean size of crystallites from pattern data by means of Origin softwater was
done and given below in Figs 5-65 and 5-66. By applying Scherrer equation on the

XRD pattern, the particle size can be calculated as:

(D=KM(P cos 9)

Where D is the mean size of crystallites (nm), K is crystallite shape factor a good
approximation is 0.9, A is the X-ray wavelength, B is the full width at half the
maximum (FWHM) in radians of the X-ray diffraction peak and 0 is the Braggs'
angle (deg.)

For B2 catalyst the P is found as 0.40 degree and converted to 0.00698 radian from
the XRD pattern for Nickel Oxide particles which have a maximum intensity of
177.34 counts and FWHM is calculated at half (88.67 counts). 20 is found as 43.38
and 0 is 43.38/2=21.68 degree and 0.378 radian.

The mean size of NiO crystallites is calculated as:
L =1.54060 A (in the case of CuKal)

D=0.94 * 1.54 /( 0.00698*co0s(21.68)) [nm]
D=223.14 A or 22.3 nm

For A21 catalyst the B is found as 0.401 degree and converted to 0.00700 radian
from the XRD pattern for Nickel Oxide particles which have a maximum intensity
of 345 counts and FWHM is calculated at half (172.5 counts). 20 is found as 43.29
and 0 is 43.29/2= 21.645 degree and 0.38 radian.

The mean size of NiO crystallites is calculated as:

L =1.54060 A (in the case of CuKal)

D=0.94 * 1.54 /( 0.00700*cos(21.645)) [nm]

D=292.46 A or 29.2 nm.
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Figure 5-65. Plot of intensity versus degree (20) within NiO peak in XRD pattern of B2 catalyst for
FWHM calculation with Origin software.
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Figure 5-66. Plot of intensity versus degree (20) within NiO peak in XRD pattern of A21 catalyst
for FWHM calculation with Origin software.
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BET ANALYSIS RESULTS
Table 5-37 Experimental conditions of BET analysis.
Outgas Time 3.0 hrs
Analysis gas NITROGEN
X sect. area 16.2 A%/molecule
Adsbate (DRP) Nitrogen
Non-ideality 6.58 x 107
Outgas Temp 200.0 °C
Analysis Time 71.2 min
P/Po tolerance 3
Equil. time 2
Bath Temp. 77.40

Table 5-38 Multipoint BET results

SZZZe Area, m*/g | Slope | Y - Intercept ((jj(:)l;l;:"::iti?lltl C
A2 48.8 70.8 0.64 0.999917 112
A21 24.5 140.4 1.82 0.999946 78.3
B2 44.8 77.3 0.49 0.999901 157.1
B21 24.0 142.6 2.43 0.999919 59.7
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Table 5-39 Multipoint BET results of catalyst A2

P/Po Volume, [cc/g] STP | 1/(W((Po/P)-1))
5.9386 x 1072 10.4249 4.846 x 10°
8.3292 x 102 11.0484 6.580 x 10°
1.0850 x 10! 11.6384 8.367 x 10°
1.5456 x 107! 12.6919 1.152 x 10!
2.0496 x 10! 13.7195 1.503 x 10!
2.5499 x 10! 14.7180 1.861 x 10!

3.049 x 107! 15.7065 2.235x 10!
1/(W((Po/P)-1)) vs P/Po for A2 catalyst
25,00
y=70,781x + 0,6358

20,00 R%=0,9998
é 15,00
RN
= 10,00
3
= 5,00

0,00

0,1

0,2 0,3

P/Po

Figure 5-67. Multipoint BET plot for surface area determination for A2.

0,4
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< A21 BET Results in details

Table 5-40 Multipoint BET results of catalyst A21

P/Po Volume, [cc/g] STP 1/(W((Po/P)-1))
5.9994 x 1072 5.0971 1.002 x 10!
8.5780 x 1072 5.4007 1.390 x 10!
1.1050 x 10! 5.7110 1.740 x 10!
1.5932x 10! 6.2286 2434 x 10!
2.0910 x 107! 6.7595 3.129 x 10!
2.5872x 107! 7.3312 3.809 x 10!
3.0838 x 10! 7.9266 4.501 x 10!

1/(W((Po/P)-1)) vs P/Po for A21 catalyst

50,00
y = 140,42x + 1,8149
40,00 R? = 0,9999
S
= 30,00
S~
o)
(-9
= 20,00
3
= 10,00
0,00
0,00 0,10 0,20 0,30 0,40

P/Po

Figure 5-68. Multipoint BET plot for surface area determination for A21.
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< B2 BET Results in details

Table 5-41 Multipoint BET results of catalyst B2

P/Po Volume, [cc/g] | 1/(W((Po/P)-1))
STP
4.9845 x 1072 9.5693 4.386 x 10°
8.2813 x 1072 10.3782 6.961 x 10°
1.0928 x 107! 10.9455 8.969 x 10°
1.5697 x 107 11.8616 1.256 x 10°
2.0699 x 10! 12.7624 1.636 x 10°
2.5683 x 10! 13.6414 2.027 x 10°
3.0670 x 107! 14.5220 2.437 x 10°

1/(W((Po/P)-1)) vs P/Po for B2

30,00
25,00 y = 77,304 + 0,4964

_ R? = 0,9998
< 20,00
o
>
g 15,00
=
= 10,00
i

5,00

0,00

0,00 0,10 0,20 0,30 0,40
P/Po

Figure 5-69. Multipoint BET plot for surface area determination for B2.
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« B21 BET Results in details

Table 5-42 Multipoint BET results of catalyst B21

P/Po Volume, [cc/g] STP 1/(W((Po/P)-1))
8.6032 x 107 5.2045 1.447 x 10!
1.1123 x 10! 5.4542 1.836 x 10!
1.5901 x 10! 5.9832 2.528 x 10!
2.0895 x 10! 6.5288 3.237x 10!
2.5871x 10! 7.1066 3.929 x 10!
3.0842 x 10! 7.7064 4.630x 10!

1/(W((Po/P)-1)) vs P/Po for B21

50,00
y =142,61x + 2,4311
40,00 R?=0,9998
<
o 30,00
S~
o)
o
E 20,00
<
—
10,00
0,00
0,00 0,10 0,20 0,30 0,40
P/Po

Figure 5-70. Multipoint BET plot for surface area determination for B21.

The BET results shows that reduction decreased the BET area and precipitation

with NHj3 slightly increased BET area.
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« Evaluation of BET results

Experimental conditions of BET analysis were given in Table 5-54 and the
summarized results were given in Table 5-53. The detailed results were shown for
A2, A21, B2 and B21 in Tables 5-54 to 5-57. For evaluation of the results better,
plots of volume versus P/Po were drawn and given in Figs 5-55 and 5-56. The plots
were compared istoherms if they fit an istotherm type is investigated. But the range
of P/Po is not wide and it may be the reason that they seems does not fit any of
classified isotherm for catalyst surface evaluation. Surface areas are calculated by
using volume versus P/Po graphs and so plots were drawn for A2, A21, B2 and B21

catalysts.

Calculation Total Surface Area by using Multipoint BET plot:

In either the single point or multipoint method, the isotherm points are transformed

with the BET equation:

1 __1 @€ P
W[P,P)-1] W,C W, C P,

where W is the weight of nitrogen adsorbed at a given P/P,, and W, the weight of
gas to give monolayer coverage and C, a constant that is related to the heat of
adsorption. A linear relationship between 1/W[(P./P)-1] and P/P, is required to
obtain the quantity of nitrogen adsorbed. This linear portion of the curve is restricted
to a limited portion of the isotherm, generally between 0.05-0.30. The slope and
intercept are used to determine the quantity of nitrogen adsorbed in the monolayer

and used to calculate the surface area.
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Volume vs P/Po for A21

Volume, [cc/g]
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Volume vs P/Po for A2
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Figure 5-71. Volume versus P/Po graph of A2 and A21 catalysts



171

Volume vs P/Po for B2
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Figure 5-72. Volume versus P/Po graph of B2 and B21 catalysts
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5.3.2 Influence of Alkali Catalysts on Gasification of Opium Alkaloid

Wastewater

Table 5-43.Reaction conditions, and results of HTG of alkaloid wastewater in the absence of catalyst
and in the presence of 0.5 g NaOH at various reaction temperatures with 15 mL of wastewater

(T:temperature, NO:NaOH, and 3:300°C, 4:400°C, 5:500°C, 6:600°C

Reaction | Reacton | (G | i | 10c | amount |

©C) (bar) (%) | (%) | (mg/L) (Lmvlvnv(:l)/

AF-T3 300 80 14.6 | 73.8 8505 144.8
AF-T4 400 240 23.7 | 59.1 6815 352.5
AF-T5 500 365 479 | 25.6 2950 672.5
AF-T6 600 440 68.5 | 144 1665 982.2
AF-T3-NO 300 110 289 | 51.0 5860 350.4
AF-T4-NO 400 250 359 | 403 4628 616.8
AF-T5-NO 500 375 693 | 113 1298 1072.8
AF-T6-NO 600 440 85.1 7.2 832 1403.2

Table 5-44. Reaction conditions, and results of HTG of alkaloid wastewater in the absence of
catalyst and in the presence of 0.5 g KOH at various reaction temperatures with 15 mL of wastewater

(T:temperature, KO:KOH and 3:300°C, 4:400°C, 5:500°C, 6:600°C)

R;ig‘;“ peaction | ¢GE | CLE | TOC ot

R R I I (O

AF-T3 300 80 | 146 | 73.8 | 8505 144.8
AF-T4 400 240 | 237 | 59.1 | 6815 352.5
AF-T5 500 365 | 47.9 | 256 | 2950 672.5
AF-T6 600 440 | 685 | 144 | 1665 982.2
AF-T3-KO | 300 98 | 31.8 | 504 | 579 5272
AF-T4-KO | 400 240 | 484 | 342 | 3929 831.5
AF-T5-KO | 500 370 | 782 | 80 | 919 1184.8
AF-T6-KO | 600 415 | 909 | 49 | 566 1388.4
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Table 5-45. Reaction conditions, and results of HTG of alkaloid wastewater in the absence of
catalyst and in the presence of 0.5 g Na,COs at various reaction temperatures with 15 mL of

wastewater. (T:temperature, 3:300°C, 4:400°C, 5:500°C, 6:600°C, and NC: Na:CO3)

Reaction | Reaction Produced gas
CGE | CLE TOC
Temp. Pressure amount (mmol/
(%) | (%) | (mg/L)
°O) (bar) L ww)
AF-T3 300 80 14.6 | 73.8 8505 144.8
AF-T4 400 240 23.7 | 59.1 6815 352.5
AF-T5 500 365 47.9 | 25.6 2950 672.5
AF-T6 600 440 68.5 | 144 1665 982.2
AF-T3-NC 300 105 27.9 | 51.9 5961 1388.4
AF-T4- NC 400 230 35.2 | 45.1 5181 3335
AF-T5- NC 500 362 68.6 | 13.9 1598 527.6
AF-T6- NC 600 460 82.8 | 9.9 1132 1027.6

Table 5-46. Reaction conditions, and results of HTG of alkaloid wastewater in the absence of
catalyst and in the presence of 0.5 g K,COs at various reaction temperatures with 15 mL of

wastewater (T:temperature, 3:300°C, 4:400°C, 5:500°C, 6:600°C, and KC: K2CO03)

) Produced gas
Reaction ll}eact"’“ CGE | CLE | TOC amount
ressure

Temp. (°C) (bar) (%) | (%) (mg/L) (mmol/

L ww)
AF-T3 300 80 14.6 | 73.8 8505 144.8
AF-T4 400 240 23.7 | 59.1 6815 352.5
AF-TS 500 365 47.9 | 25.6 2950 672.5
AF-Té6 600 440 68.5 | 14.4 1665 982.2
AF-T3-KC 300 110 294 | 50.8 5834 271.8
AF-T4- KC 400 235 36.3 | 394 4585 666.5
AF-T5- KC 500 355 70.6 | 9.2 946 1081.9
AF-T6- KC 600 455 86.5 6.4 732 1330.1




174

100
mC2-C4

X 80 mCO
8 = CO2
8
c 60 m H2
o
g m CH4
E“ 40
[e]
S

20

0
NoCat NaOH Na2cO3  K2co3
300°C

Catalyst Type

Figure 5-73. Effect of various catalysts on gaseous product distribution in hydrothermal gasification
of alkaloid wastewater at 300°C
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Figure 5-74. Effect of various catalysts on gaseous product distribution in hydrothermal gasification
of alkaloid wastewater at 400°C
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Figure 5-75. Effect of various alkali catalysts on gaseous product distribution in hydrothermal

gasification of alkaloid wastewater at 500°C
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Figure 5-76. Effect of various alkali catalysts on gaseous product distribution in hydrothermal

gasification of alkaloid wastewater at 600°C.
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Table 5-47. The effect of catalyst type on gaseous product yields [mole gas/kg C in wastewater] in

the detailed form in hydrothermal gasification of alkaloid wastewater in the presence of NaOH,

KOH, Na,CO;, K»COs at 300 °C.

Mol/kg C in ww | No catalsyt | NaOH KOH Na;CO;3 K>COs
CH, 0.04 0.2 0.4 0.17 0.17
H; 0.31 49 8.2 4.5 4.2
CO; 8.62 18 26.2 17.3 13.5
Cr-Cy 0.62 0.1 0.2 0.09 0.09
CcO 0.03 0.07 0.1 0.07 0.03
Total 9.6 23.27 35.1 22.13 17.99
40
mC2-C4
35
. mCO
§ 30 mCO2
g 25 mH2
‘;" 20 B CH4
£ 15
3
o 10
i .
4
o 0
TED NoCat NaOH KOH Na2CO03 K2CO3
300°C

Catalyst type

Figure 5-77. Effect of various alkali catalysts on gaseous product yields [mole/kg Organic Carbon]

in hydrothermal gasification of alkaloid wastewater at 300°C.
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Table 5-48. The effect of catalyst type on gaseous product yields [mole gas/kg C in wastewater] in

the detailed form in hydrothermal gasification of alkaloid wastewater in the presence of NaOH,

KOH, Na,CO;, KoCO; at 400°C.

Mol/kg C in ww | No catalsyt| NaOH KOH Na;CO;3 K>COs;
CH4 2.69 6.5 7.6 54 7.3
H, 8.69 18 24.7 13.6 21.8
CO; 11.69 15.8 22.2 15.5 14.4
C:-Cy 0.15 0.2 0.3 0.1 0.1
co 0.23 0.6 0.7 0.4 0.7
Total 23.5 41.1 55.5 35.0 443
60
mC2-C4
g 50 mCo
‘3“ mCO2
2 40
a mH2
‘;: 30 m CH4
£
S 20
>
S 10
g
g o0
NoCat NaOH KOH Na2CO3 K2CO3
400°C

Catalyt type

Figure 5-78. Effect of various catalysts on gaseous product yields [mole/kg Organic Carbon] in

hydrothermal gasification of alkaloid wastewater at 400°C.
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Table 5-49. The effect of catalyst type on gaseous product yields [mole gas/kg C in wastewater] in

the detailed form in hydrothermal gasification of alkaloid wastewater in the presence of NaOH,

KOH, Na,CO;, K»COs at 500°C.

Mol/kg C in ww | No catalsyt| NaOH KOH Na;CO;3 K>CO;
CH4 12.92 22.7 28.6 22.2 25.6
H, 15.62 30 39.5 26.8 35.6
CO; 14.92 17.5 9.1 18.5 9.5
C:-Cy 0.15 0.13 0.24 0.1 0.08
Cco 1.15 1.1 1.6 0.9 1.4
Total 44.8 71.43 79.04 68.5 72.18
90
20 mC2-C4
8 mCO
g 70
@ mCO2
§ 60 mH2
g ° m CH4
8 40
£ 30
>
© 20
[}
° 10
€
0
NoCat NaOH KOH Na2CO3 K2CO3
500°C

Catalyst type

Figure 5-79. Effect of various catalysts on gaseous product yields [mole/kg Organic Carbon] in

hydrothermal gasification of alkaloid wastewater at 500°C.
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Table 5-50. The effect of catalyst type on gaseous product yields [mole gas/kg C in wastewater] in
the detailed form in hydrothermal gasification of alkaloid wastewater in the presence of NaOH,

KOH, Na,CO;, KxCOs at 600 °C.

No
Mol/kg C in ww NaOH KOH Na;CO;3 K>CO;3
catalsyt
CH, 19.3 31.3 33.5 26.2 31.8
H, 25.6 414 46.0 314 44.0
CO; 17.6 18.9 10.5 20.7 10.7
C-Cy 0.15 0.20 0.18 0.08 0.08
CcoO 2.85 1.80 2.30 1.30 2.00
Total 65.5 93.6 92.5 79.7 88.6
100
90 mC2-C4
g 80 m CO
2 70 = CO2
[J]
‘é 60 mH2
S 50 mCH4
£ 40
S 30
2 2
SN
2 10
o O
g NoCat NaOH Na2CO3 K2C03

600°C

Catalyst type

Figure 5-80. Effect of various catalysts on gaseous product yields [mole/kg Organic Carbon] in

hydrothermal gasification of alkaloid wastewater at 600°C.
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Figure 5-81. Effect of various catalysts and temperatures on gaseous product yields [mole/kg Organic Carbon] in hydrothermal gasification of alkaloid wastewater at all studied

conditions.
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Table 5-51. COD analysis results and COD removal efficiencies of the SCWG of Alkaloid
wastewater absence of catalyst and in the presence of NaOH (NO), KOH (KO), Na,CO3; (NC),
K>COs (KC) catalysts.

) Temp Rce:zgg)r cop
Experiment Code ©C) Catalyst Effluent R(?moval0
[mg/L] Efficiency [%]
Raw wastewater - 32050 -
AF-T3 300 - 29085 9.3
AF-T4 400 - 23380 27.1
AF-T5 500 - 8470 73.6
AF-T6 600 - 3045 90.5
AF-T3-NO 300 NaOH 27900 12.9
AF-T4-NO 400 NaOH 22550 29.6
AF-T5-NO 500 NaOH 6925 78.4
AF-T6-NO 600 NaOH 2875 91.0
AF-T3-KO 300 KOH 28700 10.5
AF-T4-KO 400 KOH 22625 294
AF-T5-KO 500 KOH 6340 80.2
AF-T6-KO 600 KOH 4725 85.3
AF-T3-NC 300 Na,CO3 26975 15.8
AF-T4- NC 400 Na,COs3 17575 45.2
AF-T5-NC 500 Na,CO3 6370 80.1
AF-T6- NC 600 Na,COs3 3230 89.9
AF-T3-KC 300 K>COs 28180 19.5
AF-T4- KC 400 K>COs 22710 29.1
AF-T5- KC 500 K>COs 4435 86.2
AF-T6- KC 600 K>COs 2835 91.2
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Table 5-52. TOC analysis results and TOC removal efficiencies of the SCWG of Alkaloid
wastewater absence of catalyst and in the presence of NaOH (NO), KOH (KO), Na,CO; (NC),
K>CO; (KC) catalysts.

T0C T0C
Experiment | Temperature,
o G Catalyst Reactor Removal
Effluent [ppm]| Efficiency [%]
Raw - 11500 -
wastewater
AF-T3 300 - 8505 26.0
AF-T4 400 - 6815 40.8
AF-T5 500 - 2950 74.4
AF-T6 600 - 1665 85.5
AF-T3-NO 300 NaOH 5860 49.0
AF-T4-NO 400 NaOH 4630 508
AF-T5-NO 500 NaOH 1300 38 7
AF-T6-NO 600 NaOH 830 92.8
AF-T3-KO 300 KOH 5795 49.6
AF-T4-KO 400 KOH 3930 65.8
AF-T5-KO 500 KOH 920 92.0
AF-T6-KO 600 KOH 565 95.1
AF-T3-NC 300 Na;COs3 5960 48.2
AF-T4- NC 400 Na;COs3 5180 54.9
AF-T5-NC 500 NaxCOs 1600 86.1
AF-T6- NC 600 NaxCOs 1130 90.2
AF-T3-KC 300 K>CO:s 5835 493
AF-T4- KC 400 K>COs 4585 60.1
AF-T5- KC 500 K>CO:s 950 91.8
AF-T6- KC 600 K2COs3 730 93.6
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5.3.2.1 Effect of reaction temperature

The reaction temperature is the most effective parameter on CGE and CLE in
the studied range of temperature and pressure for both catalytic and non-catalytic
experiments. At 300°C, carbon gasification efficiency is increased from 14.6 to
68.5% as the temperature goes up to 600°C without catalyst. The total produced gas
amount is also promoted with high temperatures from 144.8 to 982.3 mmol/liter.
On the contrary the liquefaction efficiency is decreased from 73.8 to 14.4% as the
temperature is increasing from 300 to 600°C in the absence of catalyst. These
tendency is valid in catalytic runs and is observed in Tables 4-7 clearly. In the case
gaseous product yields, temperature increment accelerate CHs, H> yields very
strongly while CO; yields increases slightly in non-catalytic runs. In catalytic runs,
increasing temperature promoted CH4 and H> but CO; yields increased a little or
decreased depends on the catalyst type from 300 to 600°C. The yields of C>-Cs
compounds increased by temperature increment for all runs while CO yields
increased in non-catalytic runs only. CO has the lowest amount in the gaseous
product and in the presence of catalyst, produced CO amounts does not change

considerably.

TOC and COD content in aqueous product decreased by elevating
temperatures rapidly as a result removal efficiencies rised from approximately 10%

to 90%’s from 300 to 600°C.

5.3.2.2 The effect of catalyst type

Carbon gasification efficiencies go up with the catalyst addition while the
carbon liquefaction efficiencies lessening in all studied reaction temperatures. In
the absence of catalyst CGE is maximized at 600°C with 68.5% and in the presence
of catalyst, this ratio rise to the levels of 85-90% as shown in Tables 4-7. This
uptrend is seen at 300, 400 and 500 °C. The liquefaction efficiency is minimized at
600°C as 14.4% and decreased to 4-10% with the catalyst use. The highest CLE
was observed at 300°C with 73.8 % in the absence of catalyst and diminished to the
levels of 50% by catalyst effect. At the other reaction temperatures operated, CLE

is decreased by catalyst similarly for all catalyst types. The gaseous product
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distribution within the range of 300-600°C changed with temperature and catalyst
at all runs. The molar percentage of H» increases from 300 to 400°C but above
400°C, it remains almost constant at while the molar percentage of CH4 is increased
rapidly up to 500°C and does not change up to 600°C for both non-catalytic and
catalytic cases. The highest percentage of H> is reached at 49.6 and 49.7% and the
highest percentage of CHgs is obtained at 35.9 and 36.2 % with KoCO3; and KOH
respectively at 600°C. The COx: ratio in the product gas decreased from 88.8% to
30.9% as the temperature increasing from 300 to 600°C without catalyst. In
catalytic runs COz ratio is changed from 75-78 % levels to 20-26% with Na;COs
and NaOH, from 74-76% levels to 11-12% levels with KOH and K>COs. The yields
of gaseous products in unit of mol/kg OC are promoted by the effect of catalyst
generally except CO2 and C»-Cs. The yields of Hz reached to 46 as maximum with
KOH while it is 25.62 without catalyst at 600°C. The obtained CH4 yields are 19.31
and 33.5 in the absence of catalyst and presence of KOH respectively. TOC and

COD removal efficiencies slightly increased with catalyst effect.
A comparison may be done for studied catalysts in the case of CGE, TOC removal

and Hz and CHy yields as: Na;CO3; < NaOH < K>COs3; < KOH.

5.3.3 Influence of Nickel based Catalysts on Gasification of Opium
Alkaloid Wastewater

Table 5-53. Reaction conditions, CGE, produced gas amount and TOC values of hydrothermal

gasification of alkaloid wastewater with various catalysts at 500°C.

Produced

Catalyst T P CGE | CLE | TOC an%(?lslnt
y (°C) | (bar) | (%) | (%) | (mg/L)

(mmol/

L ww)
No catalyst ; 500 | 365 | 47.9|25.6| 2950 | 6725
AF-T5-RN1 Rani—‘/z(l)\lo“’kel 500 | 350 | 744 | 98 | 1130 | 1208
AF-T5- RN2 Ranez-‘g(l)\lo“’kel 500 | 355 |72.1 | 11.1] 1275 | 1104
AF-T5-AN Activated | o0 | 305 [ 704 | 8.6 | 985 1250

Nickel

AF-T5-NSA Nickel- 500 | 348 |70.7 1129 1480 | 1073

Silica/Alumina
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Figure 5-82. Comparison of the gaseous product composition in hydrothermal gasification of

alkaloid wastewater with various catalysts at 500°C.

1400
mC2-C4

1200 EmCO
mCOo2
1000 mH2
mCH4
800
600
400
200
0 T T T 1

RaneyNi4200 RaneyNi2800 Activated Nickel Nickel/Silica
Alumina

Produced gas amount, mmol/litre
wastewater

500°C

Figure 5-83. Comparison of the gaseous product yields [mole/kg Organic Carbon] in hydrothermal

gasification of alkaloid wastewater with various catalysts at 500°C.



Table 5-54. COD analysis results and COD removal efficiencies of the SCWG of Alkaloid
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wastewater wastewater in the presence of Nickel based various catalysts at 500°C.

Mol/kg Cinww | AF-T5-RN2 | AF-T5-RN1 | AF-T5-AN | AF-T5-NS
CH4 36.0 33.5 323 24.4
H; 46.3 40.3 523 38.3
CO; 20.0 18.8 21.1 27.6
Cx-Cy 0.4 0.38 0.4 0.37
Cco 2.2 3.0 2.6 2.6
Total 36.0 33.5 323 244

Table 5-55. COD analysis results and COD removal efficiencies of the SCWG of Alkaloid

wastewater wastewater in the presence of Nickel based various catalysts at 500°C.

Silica/Alumina

Volume of ww COD COD
Experiment Catalyst type (mL) Reactor Removal
Code Y P and Catalyst | Effluent Efficiency
amount (g) (mg/L) (%)
Raw
- - 32050 -
wastewater
No catalyst - - 8470 73.6
Raney Nickel
AF-T5-RN1 15mL/0.5 g 2250 923
4200
Raney Nickel
AF-T5- RN2 I5mL/0.5 g 2180 93.1
2800
AF-T5-AN | Activated Nickel | 15mL/0.5 ¢ 2510 92.1
Nickel-
AF-T5-NSA 15mL/0.5 g 2725 91.5
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Table 5-56. TOC analysis results and TOC removal efficiencies of the SCWG of Alkaloid

wastewater in the presence of Nickel based various catalysts at 500°C.

Volume of COD COD
Experiment Catalyst type ww (mL) Reactor Removal
Code Y P and Catalyst| Effluent Efficiency
amount (g) (mg/L) (%)
Raw
- - 11500 -
wastewater
No catalyst - - 2950 74.4
AF-T5-RN1 | Raney Nickel 4200 | 15 mL/0.5 g 1130 90.2
AF-T5- RN2 | Raney Nickel 2800 | 15 mL/0.5 g 1275 89.9
AF-T5-AN Activated Nickel | 15mL/0.5 g 985 91.4
Nickel-
AF-T5-NSA I5mL/05g 1480 87.1
Silica/Alumina

The studied catalyst types in this section are Raney Nickel 2800, Raney
Nickel 4200, Activated Nickel, Nickel/Silica-Alumina, reaction temperature of
500°C. The results were given in Tables 5-77 to 5-80 and Figures 5-63 and 5.64.

Carbon gasification efficiencies go up with the catalyst addition while the
carbon liquefaction efficiencies lessening with all studied catalysts. In the absence
of catalyst CGE was 47.9% and accelerated from this level to within the range of
70.7-74.4% at 500°C in the presence of catalyst.

The gaseous product distribution with the studied Nickel based catalysts at
500°C changed with catalyst type significantly. The major gaseous products are
COz, H2 and CHy4 for all as expected while the distribution is varied depending on
the catalyst type. Molar percentages of C2-C4 and CO are about 2-3% and 0.4%,
respectively. The molar percentage of H» is found as highest with Activated Nickel
as 48.1% and with Raney Nickel 4200 as 44.1% that is followed by other catalyst
at slightly lower percentages. Raney Nickel 4200 and 2800 are the catalysts that
enhanced the methanation reaction most and the percentage of CHs is reached levels
of 34%. The sum of the H> and CHj4 is approximately 77% for Raney Nickel 4200
and 2800 and Activated Nickel while it is lower with Nickel/Silica-Alumina since
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COz percentage is higher with this catalyst. The yield of H> (52.3 mol/kg organic
carbon) is highest and a high yield of CH4 (32.3 mol/kg organic carbon) is obtained
with Activated Nickel The yield of CH4 (36.0 mol/kg organic carbon) is highest
and a high yield of H» (46.3 mol/kg organic carbon) were obtained with Raney
Nickel 4200. When we evaluate both high H, and CHy yields, these two catalysts
should be suggested as best. In terms of COD and TOC removal efficiencies, similar
results were obtained. They decreased organic carbon content and oxygen demand

successfully at a ratio about 90%.

5.4 Characterization analysis of raw alkaloid wastewater

Table 5-57. Opium Alkaloid Wastewater characteristics

Parameter Unit Sample
TOC mg/L 11500
CODb mg/L 32050
Color Pt/Co 16800
Conductivity mS/cm 314
TDS g/L 18.95
TSS mg/L 1576
NH4-N mg/L 350.4
Turbidity ntu 575.6
Resistance Q/cm 31.8
Salinity %0 19.57
pH - 4.73
Protein % 0.0392
Na mg/L 25.2
K mg/L 2175
Mg mg/L 3100

Ca mg/L 54.1
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Table 5-58. LC/MS-MS analysis results of raw alkaloid wastewater and aqueous product obtained

in HTG of wastewater at various reaction temperatures without catalyst

A

Compound Retention R:;f:}l

Name time, min AF-T4 AF-T5 AF-T6
wastewater

7

aminoclonezepam 5.242 6362983 - - -
m/z:286.10>121.05
Diltiazem

m/z41520-178.05 o0 | 24838 - - _
Morphine

L hee l0e165.10 3249 | 28077786 18366 16108 12537
Codeine

m/z:30020516520 o4 | 3941206 - - _
THCCOOH

m/z:34530>209.00 004 | 419648 - ; i

% LC/MS-MS analysis of raw wastewater and aqueous product

Liquid chromatography-tandem mass spectrometry was used to analyze the
wastewater samples for 136 chemicals, but only 5 were detected in the aqueous
samples. The following: 7 aminoclonezepam, Diltiazem, Morphine, Codeine, and
THCCOOH were detected in the raw wastewater. These detected chemicals other
than the alkaloid types of Morphine and Codeine are the metabolite of some types
of drugs or pharmaceutically active compounds. After the hydrothermal treatment
of raw wastewater in the absence of a catalyst and at 400, 500, and 600 °C,
morphine was only detected in the aqueous product. As it is seen in Table 5-82,
even at 400°C reaction temperature, the compounds detected in the raw wastewater
were destroyed completely except for the morphine. The area value of the morphine
peak obtained in the raw wastewater analysis is reduced by 99.95 % in the aqueous
products of gasification. To show the effect of gamma radiation on alkaloid
wastewater proposed as a pretreatment method, Bural et al. (Cavit B. Bural)
presented a visual comparison of the overlaid chromatograms of raw wastewater
and irradiated samples from GC/MS. The peaks were diminished by irradiation to
a certain extent. Similarly, the decreasing area values obtained in our study shows

that compounds present in raw wastewater were destroyed with the superior
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supercritical water properties in degrading organics with no need any other

operation.

% HPLC Analysis Results of isolated raw wastewater samples supplied

in 2013 (Sample 1) and 2015 (Sample 2)

Isolated wastewater samples were analyzed HPLC-RI in two different
columns (Biorad and Macherey Nagel), since there are some separation obstacles
of the compounds in due to very similar structures of them. Doing analysis in two
different column gives a chance to evaluate results better. As you see in
Tables in Appendix III, cellobiose, sucrose, glucose, mannose, xylose, galactose,
rhamnose, arabinose and frustose were identified and analyzed in BIORAD
column. The chromatogram was given in Figs. 5-84 and 85. There are some
multiple peaks (mannoset+xylose+galactose and arabinosetfructose) and they

integrated manually to obtain more reliable results.
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Figure 5-84. HPLC chromatogram of raw wastewater “Sample 1” in BIORAD column.
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Figure 5-85. HPLC chromatogram of raw wastewater “Sample 2 in BIORAD column.
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Wasteater supplied in 2015 have a HPLC chromatgoram as in Figure 5-85
and integration results are given in Table 5-60. According to analysis results
obtained with BIORAD column, carbohydrate contents were determined as 568 and
493 ppm for sample 1 and 2, respectively. Carbohydrate analysis were done with
Bural (Cavit B. Bural) and by using the Dubois method and found the concentration
of carbohydrate as 10000 ppm which is much more than in our analysis results. The
difference may be generated we have used isolated samples instead of raw

wastewater and the method is different.

Analysis in Macherey Nagel column provide better separation of the
carbohydrate monomers as seen in Table 5-61 and 5-62. According to analysis
results, carbohydrate amounts were quantified as 1294 and 776 ppm for “Sample
1” and “Sample 2” respectively. In this columns, the carbohydrate amount were
found as higher comparing to Biorad. The reason may be better separation of the
mannose, xylose, and galactose. Rhamnose contens are seen as higer in Macherey
Nagel than Biorad. The baseline is not very straight in Sample 1 analysis in this

column and this may lead difference between two samples results.
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Figure 5-86. HPLC chromatogram of raw wastewater “Sample 1” in MACHEREY NAGEL COLUMN column.
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Figure 5-87. HPLC chromatogram of raw wastewater “Sample 2” in MACHEREY NAGEL COLUMN column.
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6. CONCLUSIONS

In this study, wastewater from opium processing industry was gasified in sub,
near and supercritical water conditions at various temperatures, pressures and in the
absence of catalyst and presence of wide variety of catalysts. The optimization of

the catalyst amount was done at all reaction temperatures.

The expimental studies are summarized in three main category and some sub-

categories as:

s The effect of temperature and catalyst amount were evaluated by
altering reaction temperature as 300, 400 500 and 600°C without catalyst
firstly. Then the addition of various amounts of catalyst was studied using

0.125, 0.250, 0.375, 0.500, and 0.625 g of K2CO3 between 300-600°C.

s The effect of reaction pressures of 200 , 275, 350, 425 bar were
investigated by adjusting wastewater and catalyst amount to maintain these
pressures. Pre-experiments were done to provide the pressures specified.
Both non-catalytic and catalytic pressure effect experimens were carried
out at 500 and 600°C. The effect of K2COjs in pressure effect experiments
was examined.

X/

s The catalyst type was investigated by using red mud and activated
derivatives of it (precipitation with NH3 or K2COs, nickel impregnation in
varying ratios of 10, 20 and 30%, and reduction by NaBH4), alkali catalysts
(Na2COs3, K2CO3, NaOH, KOH), nickel based catalysts (Raney Nickel
4200, Raney Nickel 2800, Activated Nickel, Nickel/Silica-Alumina) at

500°C of reaction temperature.

The results obtained in HTG of alkaloid wastewater in terms of all studied

parameters are concluded briefly as:

In temperature effect and catalyst amount optimization:

+¢ The dominant parameter of the gasification of alkaloid wastewater is found
as temperature, which is similar in the HTG of a biomass given in literature.
As the reaction temperature increase from 300 to 600°C, carbon gasification

efficiencies and the total number of gaseous products increased greatly: CGE
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is rised from 14.5 to 68.5% and the amount of produced gas went up from

12.6 to 85.2 mol/kg C without catalyst.

X/

* The addition of K,COs3; promotes CGE and produced gas amounts
generally in the most favorable catalyst amount determination experiments.
The most favorable amount of catalyst was found as 0.500 g of KoCO3 which

effects the CGE, since no increase was observed with

0.625 g of K,CO3 compared with 0.500 g. The reason should be that the
equilibrium was provided at the specified reaction temperatures with catalyst
and so the increase in amount of catalyst did not make an enhancement.

X/

& KoCOs (0.5g) promoted CGE with varying ratios at different reaction
temperatures as 15 % at 300°C, 6% at 400°C, 18 % at 500°C, and 5.5% at
600°C approximately. Increasing the amount of K»CO3 does not affect the
CGE substantially at constant temperature, except 300°C and the total gas
amount is increased slightly.

X/

% The produced gas amount and CGE reached maximum as 106.3 mol/kg

C and 74.0%, respectively, with the addition of 0.5 g of KoCO3 at 600°C.

% The organic carbon content of the wastewater is converted to gaseous
product consist of CHs, Ha, CO», and CO and C»-C4 hydrocarbons. Gaseous
product distribution and yields are highly affected by temperature and
catalyst.

X/

¢ The yields of CH4 increased from 0.5 to 25.1 mol/kg C with increasing
temperature from 300 to 600°C without a catalyst. Methane formation is
almost zero at 300°C even higher amount of catalyst. In the presence of 0.5g
of K2COs3, the yields of methane promoted with a higher ratio at 400 and
500°C (125% and 68%, respectively) than 600°C (37%).

¢ The highest CH4 and H> amounts were achieved at 600°C and with 0.5 g
K>COs as 34.3 and 47.7 mol/kg C, respectively.

X/

¢ The molar percentage of H> rised with an increase in the amount of
catalyst generally. The molar fraction of CH4 in the gaseous product mixture

is not affected with a change in the catalyst amount directly.
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% The hydrogen yields are strongly enhanced with 0.5 g of K2CO3 by 113,
68, and 43% compared to the case without catalyst at 400, 500 and 600°C,

respectively.

% In terms of COD removal efficiency, maximum ratios were reached
obtained in our work is at 600°C about 92-95 % with K>COs in the range of
0.375 - 0.625 g at the end of of 1h HTG operation.

* As the temperature increased from 300 to 600°C, the COD and TOC
removal ratios accelerated in both catalytic and non-catalytic runs. The

increase in catalyst amount makes a slight increase in removal efficiencies.

In pressure effect experiments:

K/

« CGE is slightly decreased as the pressure increasing from 200-425 bar at
500°C and 600°C, and both in non-catalytic and catalytic runs which are

carried out in the presence of K>COs.

+ Temperature increment in pressure effect experiments from 500 to 600°C
and catalyst addition enhanced gasification and the highest CGE value is

reached as 87.5% at 600°C and 200 bar with K>COs.

)/

% The pressure promoted methanation reactions while affect H> formation
negatively. H> yield decreases with increasing pressure, but using catalyst

increases amount of H, produced at 500°C and 600°C.

% For maximum H> yield, 500°C, 200 bars and K>COs3 addition should be
chosen while to maximize CH4, 600°C, 425 bar and non-catalytic run should
be selected.

% Carbon dioxide yields are lower at lower pressures and increased slightly
as increasing temperature. K2COs addition has also reduced the CO- yield at
600°C while the effect of catalyst at 500°C is not clear.

% CO and C»-C4 hydrocarbons yields are very low comparing to H2, CHs4
and COz. The yields of CO are slightly increased by increasing pressure and
catalyst addition while the yields of C,-Cshydrocarbons are decreased at high

pressures. Temperature is not much effective on C>-C4 hydrocarbons yields.
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X/

¢ Chemical oxygen demand of the aqeous product lessen at high
temperatures and pressures while the effect of temperature is stronger on
COD removal.

+¢* Catalyst use has a substantial effect since COD is reduced from 9000 to
5225 ppm at 500°C and 200 bars with addition of K»COs3, but this effect is
less at 600°C.

% In terms of operation cost, catalyst (KoCOs3) addition provides COD
removals at 500°C as high as in 600°C non-catalytic runs. Catalyst addition

should be chosen instead of temperature increase to obtain similar treatment

efficiency.

In various catalyst type experiments:

Activated Red Mud

X/

¢ The produced gas amount promoted by activation of red mud in group A,
since all the activated forms increased gas amount. Nickel impregnation
enhanced gasification while the effect of reduction by NaBH4 is not so

effective.

¢ The original red mud increased the CH4 amount (mmol/L wastewater) by
32% while enhancing the H> formation by 17%. It make not a considerable
effect on gasification but reduced TOC value of the aqueous product by 25%.
¢ A group activated red mud catalysts show good catalytic activity in
hydrogen production and the yields of H> reached 34.1 and 34.3 as the highest
with A3 and A31 catalyst while the yield of H> was only 20.3 mol’kg C in
non-catalytic run.

% CHjy yields are significantly enhanced by changing ratios of 52-74%
with activated red muds in group A.

%+ The catalyst use (A group) improved CODrg and TOCre by 10 amd 15%,
respectively at 500°C. The amount of nickel impregnated did not make a
sensible change in CODgrg and TOCrg while the reduction with NaBH4 made
a slighltly negative effect in Group A.

¢ B group catalysts promoted CGE and produced gas amounts the highest

gasification ratios were obtained as 68.6, 72.6, 70.8% with reduced forms of
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them: with B21, B31, B41 respectively. Nickel impregnation was slightly
increased gasification, while the amount of impregnated nickel did not a
significant effect.

¢ The highest gaseous product amounts were reached with B3 and B31
(1000 and 1010 mmol/L wastewater) while the others give similar catalytic
actvitiy in terms of produced gas quantites.

*» COD of the wastewater lowered to 4940-6240 ppm levels by a removal
range of 81-85 % approximately while TOC content decreased around to

1200-1760 ppm by removal efficiencies of 85-90% with Group B.

+» The effect of catalys type within the activated state of red mud in B

group can not be seen clearly since the effectiveness are alike.

% Addition of K»CO3 to A group catalyst give higher yields in case of
hydrogen and AK accelerated methane formation up to the levels of 34-35
mol CHa/kg C. In terms of methane production, AK group is also the best
group in activated red mud catalysts.

% CO. yields are generally increased while reduced catalysts give slightly

lower CO; than other.

Alkali Group

% The highest percentage of Hy is reached at 49.6 and 49.7% and the highest
percentage of CH4 is obtained at 35.9 and 36.2% with K>CO3 and KOH
respectively at 600°C.

*» A comparison may be done for studied catalysts in the case of CGE, TOC
removal and Hz and CHjy yields as: NaxCO3 < NaOH < K>CO3 < KOH.

¢ In catalytic runs CO; ratio is changed from 75-78 % levels to 20-26%
with Na,COs and NaOH, from 74-76% levels to 11-12% levels with KOH

and K>COs.
Raney Nickel

% CGE was 47.9 and accelerated from this level to within the range of 70.7-
74.4 % at 500°C in the presence of catalyst
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The major gaseous products are CO2, H> and CHj for all as expected while
the distribution is varied depending on the catalyst type.

The molar percentage of H> is found as highest with Activated Nickel as
48.1% and with Raney Nickel 4200 as 44.1% that is followed by other
catalyst at slightly lower percentages.

In terms of COD and TOC removal efficiencies, similar results were
obtained. They decreased organic carbon content and oxygen demand

successfully at a ratio about 90%.
Characterization analysis

In characterization study, wastewater samples were analyzed for 136
chemicals, but only 5 were detected in the aqueous samples. The following:
7 aminoclonezepam, Diltiazem, Morphine, Codeine, and THCCOOH were
detected in the raw wastewater by LC/MS-MS analysis equipment.

After the hydrothermal treatment of raw wastewater in the absence of a
catalyst and at 400, 500, and 600 °C, morphine was only detected in the

aqueous product.

% As a conclusion hydrothermal gasification of alkaloid wastewater was

achieved with high COD removal efficiencies in terms of treatment resulting

high yields of hydrogen and methane as product.
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APPENDIX 1

CARBON GASIFICATION EFFICIENCY (CGE) AND GASEOUS PRODUCT
YIELD CALCULATIONS

A sample Calculation for the Experiment with the code of AF— Al1- R1 (in the
presence of A1l catalyst and first repetition)Carbon gasification efficiency (CGE,

PV, .
nC,—==M

%) = RT 100
Vjéed TOCWW

The amount of organic carbon fed to the reactor (Vieea * TOCww):

TOC = 11500 ppm =11500 mg/ L;  Vfeeq=15mL

1L
1000mL

15mL feed X 11500"'% X = 172.5mg feedto the reactor

Total organic carbon in the feed = 172.5 mg * 9 —0.173 g
1000y

Concentration of component ‘i’ in the gas product (vol. %) Ci values are taken from

GC analysis results and are shown in the Table A1-1.

Table A1-1 GC analysis results and calculation for gaseous product of Al catalyst

Molecules Ci Ci without N2 m mol ni m mol C
CH4 30.95 32.78 6.14 1 6.14
C2Hs 2.05 2.17 0.41 2 0.82
CoHy 0.30 0.32 0.06 2 0.12
CsHs 0.87 0.93 0.17 3 0.52
C4Hio 0.08 0.09 0.02 4 0.07
CO2 23.70 25.10 4.70 1 4.70

N2 5.60 - - - -

CO 0.50 0.53 0.10 1 0.10

H> 35.95 38.08 7.13 - -
Total 100.01 100.00 18.73 12.46




Calculation of mol % of CHy in the mixture without N> :

Total amount (%) —mol % N> =100 —5.60 = 94.4 %

100

Mol % CHj in the mixture without N, = 30.95 X oz = 32.8%

Calculations of mol % of C>Hg in the mixture without N :

100

Mol % of C,Hs in the mixture without N, = 2.05 X oiz = 2.17 %

Molar percentage values of the other compounds in the mixture without N> are

calculated in the same way and shown in Table A1-1

Conditions of the gaseous product mixture taken from reactor:

P =latm
T=298K
R =0.082 (L.atm)/(mol.K)

Note: The product gas mixture is assumed as ideal gas. Total gas amount is

calculated from ideal gas equation:
PXV =nXRXT

latm X 0.33L

n= T aim = 0.0135mol
0.08206 —— X 298K
mol. K

Conversions from % mol to mmol:

For CHa:
32.8 (mol % no N,) 1000mmol
0.0135 mol x X = 4.41 mmol
100 1 mol
For C,Hs:
0.0135mol x 222 x 1299 _ 29 mmol
100 1 nol

Amounts of the other produced gases in the mixture in unit of mmol are calculated

similarily and shown in Table A1-1.



Carbon contents in the molecules (mmol C) :

For CHa.

4.41 mmol X 1 Carbonatom = 4.41 mmol C

For C,He:
0.29 X 2 Carbon atoms = 0.58 mmol C

Organic gas vield calculations in different units:

Volume of waste water fed to the reactor = 0.015 L

CHs:  4.41mmol x ! = 2942 for CHa

0.015 Lwaste water Lww

l6g

m)+ (0.015L feedww x 1000)

(4.41 mmol X

=4.71g gas /Lww

1
(4.41 mmol) + <0.173 g total organic carbon X —)

1000
mwol CH4 nol CH4
= 25.5 : = 25.5 ,
g Organi c Carbon kg Organi c Carbon

This calculation is done for every species.

Table A-2. Organic gas yield calculations in various units

Molecules m mol /L g gas/L mol.gas/kg C mg C
WW WwWW biomass
CH4 294.23 4.71 25.55 52.96
C,Hs 19.49 0.55 1.69 7.02
C,Hy 2.86 0.09 0.25 1.03
C;Hg 8.31 0.35 0.72 4.49
CaHio 0.79 0.04 0.07 0.57
CO, 225.31 9.91 19.59 40.55
N> ) ) ) }
CO 4.75 0.13 0.41 0.86
H 341.76 0.68 29.72 -
2
897.50 16.46 78.04 107.47
Total




Firstly, organic carbon contents of each product gas component are determined by

using the formula given below:

Amount of C in product gas molecule = Amount of compound in product gas in

mmol x Number of C atoms in the molecule x Molecular weight of Carbon atom

Amount of C in product gas molecule:

1mol o 1mol C y 12g C ><1000mg)
1000mmol 1molCH, 1molC 1g

=529mg CinCH,

(4.41 mmol CH, X

This calculations are done for every species in the product gas composition
and finally a summation is obtioned. The ratio of this summation to the organic

carbon fed to the reactor gives the organic gas yield (CGE):

. PV as
Total Amount of C in product gas molecule = Z,- n,C, R—;‘M

PV

S, M
CGE, % = RT___ 100
V/‘éed T OCWW
Total amount of C in the product gas 107.5mg 1g 100
= = X *
Organic C amount fed to the reactor 0.173g 1000mg
=62.2%

CARBON LIQUEFICATION EFFICIENCY (CLE) CALCULATIONS

. . . TOCaq Vaq
Carbon liquefaction efficiency (CLE, %) =——————x100
ered TOC

ww

ered = 15 mL

Vaq = 100 mL (total volume after washing the reactor with pure water including

aqueous product and pure water, diluted form)
TOCww = 11500 ppm

TOCaq= 315 ppm (measurement of the diluted product)



. 315.6 ppmx100 nL 1iquid
Carbon amount in the aqueous product = 70C_V, = P 4
aq - aq 15nl feed ww

= 2100 mg C in liquid

CLE. % = ny Cintheliquigroduct % 100 = 2100 % 100 = 18.3 %
> /0 ny organiccarbon fedtothe reactor ~ 11500 - ) 0
RESIDUE CALCULATION
roc
Residue (RE, %) =% x100
ered TOwa

kK = 0.02 g = 20 mg (residue on filter paper weighed after drying in oven for 1
day)

SSM-TOC result of residue in this experiment, TOC« = 1.452 %

Carbon amount in residue = g TOC x = 0.02 X %502 = 0.029 g Carbon

ny Cintheresidue __0.029¢gC

Residue (RE, %) = X 100=16.7%

nyg organiccarbon fed tothe reactor 0.173 g

TOC REMOVAL EFFICENCY CALCULATION, TOCrE %

- . TO0C,, -TOC,
Total Organic Carbon Removal Efficiency (TOCgg, % ) = TOC £ x100

ww

TOCaq=TOC,avg=TOC, avg * Dilution factor = 315 ppm * 6.7 = 2100ppm

o, _ 11500-2100 _
TOC,re % = 100 X 100 = 82

COD REMOVAL EFFICENCY CALCULATION, CODre %

Chemical Oxygen Demand Removal Efficiency (CODgrg, %) =

coD,, —COD,
2 %100
coD

ww

CODaq= COD,avg=COD, avg * Dilution factor = 1126 ppm * 5 = 5630 ppm

_32050-5630 _
COD,re % =0 X 100 =824 %



APPENDIX IT

Experiment Number 1 2 3 4
Experiment Code AF-T3 | AF-T4 | AF-T5 | AF-T6
Reaction Temperature, °C 300 400 500 600
Reaction Pressure, atm 80 240 365 440
Catalyst type - - -

Catalyst, g - - - -
Volume of wastewater, mL 15 15 15 15
Wastewater TOC, mg/L 11500 | 11500 | 11500 | 11500
Wastewater COD, mg O2/L 32050 | 32050 | 32050 | 32050
Gaseous product composition, % mol

CHj4 0.4 11.5 28.8 29.5
H: 3.8 37.1 34.9 36.2
CO2 88.8 49.6 33.0 30.9
CO 6.7 0.7 0.4 0.9
C2-C4 0.3 1.1 2.9 3.2

Produced gas amount, mmol/litre wastewater

CH4 0.6 40.6 220.8 | 283.5
H» 5.5 130.8 | 267.5 | 3479
CO: 1283 | 175.0 | 2529 | 297.0
CO 9.7 2.4 3.1 1.9

C2-C4 0.4 34 22.2 30.7

Produced gas amount mol/kg organic carbon in wastewater

CH4 0.05 3.5 19.2 24.7
H: 0.5 11.4 23.2 30.2
CO2 11.2 15.2 22.0 25.8
CcO 0.8 0.2 0.3 0.2

C2-C4 0.04 0.3 1.9 2.7

CGE, % 14.5 23.7 55.5 68.7
CLE, % 74.0 59.3 25.6 14.4
Residue (tar, coke, and loss) % 9.3 12.9 15.6 15.8
TOC mg/L 8504 6819 2943 1665
COD mg O2/L 29085 | 20150 | 8470 3620
TOC RE, % 26 41 74 86

COD RE % 9.3 37.1 75.8 88.7




Experiment Number/Code 5 6 7 8 9
Reaction Temperature, °C | 300 300 300 300 300
Reaction Pressure, atm 115 95 95 110 120
Catalyst type K>CO; | KxCOs | KaCOs | KoCOs | KoCOs
Catalyst, g 0.125 | 0.250 | 0.375 | 0.500 | 0.625
Volume of wastewater, mL | 15 15 15 15 15
Wastewater TOC, mg/L 11500 | 11500 | 11500 | 11500 | 11500
g‘;j‘itewater COD, mg | 35000 | 35000 | 35000 | 35000 | 35000
Gaseous product composition, % mol

CHa4 0.5 0.6 0.8 0.9 1.0
H: 6.3 8.2 14.2 22.2 233
CO2 92.2 90.6 84.3 76.2 75.1
CcO 0.6 0.4 0.5 0.5 0.4
C2-C4 0.4 0.2 0.2 0.2 0.2
Produced gas amount, mmol/litre

wastewater

CH4 0.9 1.3 2.2 33 3.6
H: 11.7 18.4 39.0 81.3 82.8
CO: 170.7 | 203.8 | 233.0 | 280.0 | 266.6
CO 1.1 0.9 1.3 1.8 1.1
C2-C4 0.7 0.4 0.5 0.7 0.7
Produced gas amount mol/kg organic carbon in wastewater

CH4 0.08 | 0.1 0.2 0.3 0.3
H: 1.0 1.6 3.4 7.1 7.2
CO2 14.8 17.7 20.2 24.3 23.2
CO 0.1 0.07 0.1 0.16 0.1
C2-C4 0.06 0.04 0.04 0.06 0.06
CGE, % 17.7 | 21.6 | 239 | 298 | 29.0
CLE, % 66.9 64.2 58.8 50.8 50.7
ﬁi:;doze (tar, coke, and | 30| 146 | 162 | 178 | 182
TOC mg/L 7685 | 7372 | 6760 | 5834 | 5828
COD mg O2/L 31915 | 28900 | 28620 | 28180 | 28310
TOC RE, % 33.2 35.9 41.2 49.2 49.3
COD RE % 8.81 17.4 18.2 19.5 19.1




Experiment Number 10 11 12 13 14
Reaction Temperature, °C | 400 400 400 400 400
Reaction Pressure, atm 255 260 240 235 230
Catalyst type K>CO; | K»COs | KaCOs | KaCOs | KoCOs
Catalyst, g 0.125 | 0.250 | 0.375 | 0.500 | 0.625
Volume of wastewater, mL | 15 15 15 15 15
Wastewater TOC, mg/L 11500 | 11500 | 11500 | 11500 | 11500
gﬁtewater COD, mg | 35000 | 35000 | 35000 | 35000 | 35000
Gaseous product composition, % mol

CH4 14.9 15.6 16.2 16.5 16.4
H: 42.9 44.6 46.8 49.1 49.4
CO: 41.0 | 385 | 351 | 324 | 323
CcoO 0.4 0.3 0.3 0.3 0.2
C2-C4 0.8 1.0 1.6 1.7 1.7
Produced gas amount,  mmol/litre

wastewater

CH4 68.2 75.4 85.5 | 105.4 | 107.0
H: 196.6 | 215.6 | 247.0 | 307.3 | 3224
CO2 187.9 | 185.4 | 185.3 | 207.0 | 210.8
CcoO 1.8 1.4 1.6 1.9 1.3
C2-C4 3.7 4.8 8.5 10.9 11.1
Produced gas amount mol/kg organic carbon in wastewater

CHy4 5.9 6.6 7.4 9.2 9.3
H: 17.1 18.7 21.5 26.7 28.0
CO2 16.3 16.1 16.1 18.0 13.3
CcoO 0.16 0.1 0.13 0.16 0.1
C2-C4 0.3 0.4 0.7 0.9 1.0
CGE, % 279 | 288 | 30.1 | 357 | 362
CLE, % 52.0 50.4 43.7 39.5 39.7
ﬁi:;d;oe (tar, coke, and | 5, | 164 | 229 | 232 | 229
TOC mg/L 6071 | 5789 | 5020 | 4535 | 4562
COD mg O»/L 20710 | 18940 | 19710 | 18445 | 17000
TOC RE, % 47.2 50.3 56.3 60.6 60.3
COD RE % 40.8 459 43.7 47.3 514




Experiment Number 15 16 17 18 19
Reaction Temperature, °C | 500 500 500 500 500
Reaction Pressure, atm 360 355 350 355 345
Catalyst type K>COs | KxCOs | KoCOs | KoCOs | KoCOs
Catalyst, g 0.125 | 0.250 | 0.375 | 0.500 | 0.625
Volume of wastewater, mL | 15 15 15 15 15
Wastewater TOC, mg/L 11500 | 11500 | 11500 | 11500 | 11500
Wastewater  COD, mg | 5., | 35000 | 35000 | 35000 | 35000
02/L

Gaseous product composition, % mol

CH4 29.6 30.5 31.2 35.4 35.6
H: 35.3 37.8 38.6 43.4 42.8
CO2 333 29.8 28.2 19.2 19.6
CO 0.3 0.2 0.2 0.1 0.1
C2-C4 1.5 1.7 1.8 1.9 1.9
Produced gas amount, mmol/litre

wastewater

CH4 2713 | 313.5 | 329.3 | 427.7 | 4203
H: 323.5 | 388.4 | 407.4 | 524.4 | 505.2
CO2 3052 | 306.2 | 297.7 | 232.0 | 231.4
CO 2.7 2.1 2.1 1.2 1.2
C2-C4 13.7 17.4 19.0 22.9 224
Produced gas amount mol/kg organic carbon in wastewater

CH4 236 | 273 | 28.6 | 372 | 365
H: 28.1 33.8 354 45.6 43.9
CO2 26.5 26.6 25.9 20.2 20.1
CcoO 0.2 0.18 0.18 0.1 0.1
C2-C4 1.2 1.5 1.7 2.0 2.0
CGE, % 64.0 | 69.4 | 70.6 | 749 | 745
CLE, % 15.2 12.1 9.9 8.4 8.6
ﬁi:;doze (tar, coke, and | 159 | 171 | 169 | 157 | 155
TOC mg/L 1740 | 1480 | 1320 | 1230 970
COD mg O2/L 4435 | 4200 | 4600 | 3870 | 3710
TOC RE, % 85 87 88 89 92
COD RE % 87 88 85 89 89




Experiment Number 20 21 22 23 24
Reaction Temperature, °C 600 600 600 600 600
Reaction Pressure, atm 425 445 450 425 442
Catalyst type K>COs | KoCOs | KaCOs | KoCOs | KaCOs
Catalyst, g 0.125 | 0.250 | 0.375 | 0.500 | 0.625
Volume of wastewater, mL 15 15 15 15 15
Wastewater TOC, mg/L. | 11500 | 11500 | 11500 | 11500 | 11500
Wastewater COD, mg | 5,5, | 32050 | 32050 | 32050 | 32050
02/L

Gaseous product composition, % mol

CH4 27.9 28.1 28.5 35.9 36.0
H: 38.0 38.9 39.2 49 .4 49.5
CO2 32.0 30.8 30.0 12.1 12.1
CO 0.1 0.1 0.1 0.1 0.1
C2-C4 2.0 2.1 2.2 2.3 2.3
Produced gas amount, mmol/litre

wastewater

CH4 313.8 | 331.7 | 360.1 | 548.4 | 545.0
H: 4275 | 459.2 | 4954 | 757.7 | 7494
CO2 360.0 | 363.6 | 379.2 | 184.8 | 183.1
CO 1.1 1.2 1.3 1.5 1.5
C2-C4 22.5 24.8 27.8 35.1 34.8
Produced gas amount mol/kg organic carbon in wastewater

CHy4 273 | 288 | 313 | 477 | 474
H: 37.2 39.9 43.1 65.9 65.2
CO2 31.3 31.6 33.0 16.1 15.9
CO 0.1 0.1 0.1 0.13 0.12
C2-C4 1.9 2.1 2.4 3.1 3.0
CGE, % 762 | 792 | 845 | 858 | 853
CLE, % 11.1 9.8 7.8 7.1 7.4
}})‘;z;doze (tar, coke, and | o5 | 746 | 68 | 58 | 59
TOC mg/L 1200 | 1050 890 830 540
COD mg O»/L 2855 | 2670 | 1575 | 1835 | 1715
TOC RE, % 91 91 92 93 96
COD RE % 92 92 96 95 95




Experiment Number 25 26 27 28
Reaction Temperature, °C 500 500 500 500
Reaction Pressure, atm 198 270 345 420
Catalyst type - - - -
Catalyst, g - - - -
Volume of wastewater, mL 10 12.5 15 20
Wastewater TOC, mg/L 11500 | 11500 | 11500 | 11500
Wastewater COD, mg O2/L 32050 | 32050 | 32050 | 32050
Gaseous product composition, % mol

CHa4 23.1 25.8 28.8 31.3
H: 40.0 38.3 34.9 34.4
CO2 343 33.0 33.0 30.7
CO 0.5 0.5 0.4 0.3
C2-C4 2.1 2.4 2.9 33
Produced gas amount, mmol/litre wastewater

CHa4 202.1 211.4 220.8 234.7
H: 350.0 313.8 267.5 258.0
CO2 300.1 270.4 252.9 230.2
CO 4.4 4.1 3.1 2.2
C2-C4 18.4 19.7 22.2 24.7
Produced gas amount mol/kg organic carbon in wastewater

CH4 17.6 18.4 19.2 20.4
H: 30.4 273 23.2 224
CO2 26.1 23.5 22.0 20.0
CO 0.38 0.36 0.3 0.19
C2-C4 1.6 1.7 1.9 2.2
CGE, % 57.7 55.9 55.5 55.1
CLE, % 24.0 24.9 25.6 28.6
Residue (tar, coke, and loss) % 14.6 15.1 15.6 16.2
TOC mg/L 2766 2866 2943 3296
COD mg O2/L 9000 7400 6370 5400
TOC RE, % 75.9 75.1 74.4 71.3
COD RE % 71.9 76.7 80.1 83.1




Experiment Number 29 30 31 32
Reaction Temperature, °C 600 600 600 600
Reaction Pressure, atm 209 270 372 430
Catalyst type - - - -
Catalyst, g - - - -
Volume of wastewater, mL 8 10 12.5 15
Wastewater TOC, mg/L 11500 | 11500 | 11500 | 11500
Wastewater COD, mg O2/L 32050 | 32050 | 32050 | 32050
Gaseous product composition, % mol

CH4 24.4 26.1 27.1 29.5
H: 43.0 41.5 38.6 36.2
CO2 30.0 29.6 31.3 30.9
(60 0.4 0.3 0.2 0.2
C2-C4 2.2 2.5 2.8 3.2
Produced gas amount, mmol/litre wastewater

CH4 2745 | 282.7 | 274.8 | 283.5
H: 483.7 | 449.6 | 3914 | 3479
CO2 337.5 | 320.7 | 317.3 | 297.0
CO 4.5 3.2 2.0 1.9
C2-C4 24.7 27.1 28.4 30.7
Produced gas amount mol/kg organic carbon in wastewater

CH4 23.9 24.6 23.9 24.7
H: 42.1 39.1 34.0 30.2
CO2 29.3 279 27.6 25.8
(60 0.4 0.28 0.18 0.16
C2-C4 2.1 2.4 2.5 2.7
CGE, % 70.8 70.3 69.4 68.7
CLE, % 11.9 12.2 12.8 14.4
Residue (tar, coke, and loss) % 12.3 12.6 12.9 13.2
TOC mg/L 1367 1406 | 1466 1665
COD mg O2/L 4875 | 3100 | 3490 | 3950
TOC RE, % 88.1 87.8 87.2 85.6
COD RE % 84.8 90.3 89.1 87.7




Experiment Number 33 34 35 36
Reaction Temperature, °C 500 500 500 500
Reaction Pressure, atm 198 270 345 420
Catalyst type K2COs; | K2CO3 | K2COs3 | KoCO3
Catalyst, g 0.333 0.416 0.500 0.666
Volume of wastewater, mL 10 12.5 15 20
Wastewater TOC, mg/L 11500 11500 11500 11500
Wastewater COD, mg O2/L 32050 | 32050 | 32050 | 32050
Gaseous product composition, % mol

CHa4 25.6 31.9 35.4 39.7
H: 46.9 45.4 43.4 40.3
CO2 25.5 20.7 19.2 17.6
CO 0.4 0.3 0.1 0.1
C2-Cy 1.6 1.7 1.9 2.3
Produced gas amount, mmol/litre wastewater

CHa4 344.9 412.0 427.7 441.1
H: 631.8 586.4 524.4 447.7
CO2 343.5 267.3 232.0 195.6
CO 54 3.9 1.2 1.1
C2-C4 21.5 22.0 22.9 25.5
Produced gas amount mol/kg organic carbon in wastewater

CH4 30.0 35.8 37.2 38.4
H: 54.9 50.9 45.6 38.9
CO2 29.9 23.2 20.2 17.0
CO 0.5 0.3 0.1 0.1
C2-C4 1.9 1.9 2.0 2.2
CGE, % 78.0 77.0 74.9 73.1
CLE, % 7.0 7.5 8.4 10.1
Residue (tar, coke, and loss) % 10.4 12.8 15.7 15.9
TOC mg/L 799 866 966 1165
COD mg O2/L 5225 5960 3650 3425
TOC RE, % 93.1 92.5 91.6 89.9
COD RE % 83.7 81.4 88.6 89.3




Experiment Number 37 38 39 40
Reaction Temperature, °C 600 600 600 600
Reaction Pressure, atm 197 270 355 425
Catalyst type K>COs | KoCOs3 | K2COs3 | KoCO3
Catalyst, g 0.266 0.333 0.416 | 0.500
Volume of wastewater, mL 8 10 12.5 15
Wastewater TOC, mg/L 11500 | 11500 | 11500 | 11500
Wastewater COD, mg O2/L 32050 | 32050 | 32050 | 32050
Gaseous product composition, % mol

CH4 28.0 29.6 31.2 359
H: 50.6 50.2 49.7 49.6
CO2 19.2 17.9 16.8 12.1
CO 0.4 0.3 0.2 0.1
C2-C4 1.8 2.0 2.1 23
Produced gas amount, mmol/litre wastewater

CH4 450.3 468.7 485.3 548.7
H: 813.8 794.8 773.1 757.7
CO2 308.8 283.4 | 2613 184.8
CO 6.4 4.7 3.1 1.5
C2-C4 28.9 31.7 32.7 35.1
Produced gas amount mol/kg organic carbon in wastewater

CH4 39.2 40.7 42.2 47.7
H: 70.8 69.1 67.2 65.9
CO2 26.9 24.6 22.7 16.1
CO 0.6 0.41 0.27 0.13
C2-C4 2.5 2.7 2.8 3.1
CGE, % 87.5 87.2 86.8 85.8
CLE, % 5.7 6.0 6.6 7.1
Residue (tar, coke, and loss) % 4.0 4.2 4.7 5.8
TOC mg/L 652 686 759 826
COD mg O2/L 4190 | 2600 | 2240 | 1330
TOC RE, % 943 94.0 93.4 92.8
COD RE % 86.9 | 91.9 93 95.8




Experiment Number 41 42 43 44 45
Reaction Temperature, °C | 500 500 500 500 500
Reaction Pressure, atm 355 360 370 360 355
Catalyst type ORM | Al A2 | A3 | a4
Catalyst, g 0.5 0.5 0.5 0.5 0.5
Yolume of wastewater, mL 15 15 15 15 15
Wastewater TOC, mg/L 11500 | 11500 | 11500 | 11500 | 11500
g’;/‘itewater COD,  mg | 37050 | 32050 | 32050 | 32050 | 32050
Gaseous product composition, % mol

CH4 31.7 32.8 33.8 33.7 33.6
H> 36.6 38.1 394 39.3 38.9
CO2 28.3 25.1 22.7 22.8 23.5
CcO 0.4 0.5 0.4 0.3 0.4
C2-C4 3.0 3.5 3.7 3.9 3.6
Produced gas amount, mmol/litre

wastewater

CH4 2542 | 293.8 | 3204 | 337.0 | 3255
H> 273.5 | 3413 373.4 393.0 376.8
CO: 217.7 | 224.8 | 215.0 | 228.0 | 2275
CcO 3.2 4.5 3.8 3.0 4.0
C2-C4 24.1 31.3 35.1 39.0 34.9
Produced gas amount mol/kg organic carbon in wastewater

CHa4 22.1 25.6 27.8 29.3 28.3
H> 23.8 29.7 32.5 34.1 32.8
CO2 18.9 19.5 18.7 19.8 19.8
CcO 0.3 0.4 0.3 0.3 0.3
C2-C4 3.1 2.7 3.0 34 3.0
CGE, % 57.6 62.7 65.3 69.4 67.1
CLE, % 20.2 18.3 10.9 9.2 10.4
Eﬁ:;doze (tar, coke, and | 14 | 157 | 203 | 167 | 179
TOC mg/L 2125 2000 1250 1065 1201
COD mg O/ 7610 | 5630 | 5325 | 5025 | 5100
TOC RE, % 79.9 82.6 89.1 90.7 89.5
COD RE % 76.3 82.4 83.4 84.3 84.1




Experiment Number 46 47 48
Reaction Temperature, °C 500 500 500
Reaction Pressure, atm 365 380 360
Catalyst type A2-1 A3-1 A4-1
Catalyst, g 0.5 0.5 0.5
Volume of wastewater, mL 15 15 15
Wastewater TOC, mg/L 11500 11500 11500
Wastewater COD, mg O2/L 32050 32050 32050
Gaseous product composition, % mol
CH4 32.9 31.7 31.5
H: 38.9 39.1 38.2
CO2 23.6 24.4 25.8
CO 0.3 0.3 0.2
C2-C4 4.3 4.5 4.3
Produced gas amount, mmol/litre wastewater
CH4 318.7 320.0 311.7
H: 376.8 395.1 378.0
CO2 228.4 246.5 255.2
CO 2.9 3.0 2.0
C2-C4 41.7 45.5 42.6
Produced gas amount mol/kg organic carbon in wastewater
CH4 27.7 27.8 27.1
H: 32.8 34.3 32.8
CO2 19.9 21.4 22.2
CO 0.3 0.3 0.2
C2-C4 3.6 3.9 3.7
CGE, % 68.3 71.3 70.5
CLE, % 13.9 14.7 17.2
Residue (tar, coke, and loss) % 15.5 11.9 11.4
TOC mg/L 1595 1685 1975
COD mg O2/L 6550 6475 5625
TOC RE, % 86.1 85.3 82.8
COD RE % 79.6 79.8 82.4




Experiment Number 49 50 51 52
Reaction Temperature, °C 500 500 500 500
Reaction Pressure, atm 380 365 385 380
Catalyst type B1 B2 B3 B4
Catalyst, g 0.500 0.500 0.500 0.500
Volume of wastewater, mL 15 15 15 15
Wastewater TOC, mg/L 11500 11500 11500 11500
Wastewater COD, mg O/L 32050 | 32050 | 32050 | 32050
Gaseous product composition, % mol

CHa4 32.3 32.5 32.4 32.8
H: 38.9 39.4 39.7 38.3
CO2 24.6 24.3 24 .4 25.2
CO 0.5 0.4 0.4 0.4
C2-C4 3.7 34 3.1 33
Produced gas amount, mmol/litre wastewater

CH4 289.3 297.9 307.1 304.1
H: 348.5 361.2 376.3 355.1
CO2 220.3 222.8 231.3 233.6
CO 4.5 3.7 3.8 3.7
C2-C4 324 31.2 29.4 30.6
Produced gas amount mol/kg organic carbon in wastewater

CH4 25.1 259 26.7 26.4
H: 30.3 31.4 32.7 30.9
CO2 19.1 19.3 20.1 20.3
CO 0.4 0.3 0.3 0.3
C2-C4 2.8 2.7 2.6 2.6
CGE, % 62.3 62.9 64.2 64.5
CLE, % 12.1 11.5 10.4 13.0
Residue (tar, coke, and loss) % 24.0 22.0 22.7 21.3
TOC mg/L 1675 1325 1200 1504
COD mg O2/L. 5800 4940 5860 6240
TOC RE, % 85.4 88.5 89.6 86.9
COD RE % 81.9 84.6 81.7 80.5




Experiment Number 53 54 55
Reaction Temperature, °C 500 500 500
Reaction Pressure, atm 370 375 370
Catalyst type B2-1 B3-1 B4-1
Catalyst, g 0.5 0.5 0.5
Volume of wastewater, mL 15 15 15
Wastewater TOC, mg/L 11500 11500 11500
Wastewater COD, mg O2/L 32050 32050 32050
Gaseous product composition, % mol
CH4 33.6 32.8 324
H: 39.2 36.5 36.9
CO2 22.6 26.4 26.8
CO 0.4 0.4 0.3
C2-C4 4.2 3.9 3.6
Produced gas amount, mmol/litre wastewater
CH4 329.0 3293 320.6
H: 383.8 366.5 365.2
CO2 221.3 265.1 265.2
CO 3.9 4.0 3.0
C2-C4 41.1 39.2 35.6
Produced gas amount mol/kg organic carbon in wastewater
CH4 28.6 28.6 279
H: 333 31.8 31.8
CO2 19.2 23.0 23.1
CO 0.3 0.4 0.3
C2-C4 3.6 34 3.1
CGE, % 68.6 72.6 70.8
CLE, % 14.6 13.0 15.3
Residue (tar, coke, and loss) % 14.2 13.6 12.4
TOC mg/L 1675 1500 1760
COD mg O2/LL 5950 6050 5230
TOC RE, % 85.4 86.9 84.7
COD RE % 81.4 81.1 83.7




Experiment Number 56 57 58 59
Reaction Temperature, °C 500 500 500 500
Reaction Pressure, atm 365 355 355 380
Catalyst type Al-K A2-K A3-K A4-K
o | [ e
2 3 2 3 2 3 2 3
Volume of wastewater, mL 15 15 15 15
Wastewater TOC, mg/L 11500 11500 11500 | 11500
Wastewater COD, mg O2/L 32050 32050 32050 | 32050
Gaseous product composition, % mol
CH4 32.8 33.8 34.6 34.7
H: 38.7 37.6 37.1 36.7
CO2 25.8 26.2 25.9 26.0
CO 0.4 0.3 0.3 0.4
C2-C4 23 2.1 2.1 2.2
Produced gas amount, mmol/litre wastewater
CH4 359.4 376.7 383.5 383.1
H: 424.1 419.1 411.1 405.2
CO2 282.7 292.0 287.1 287.1
CO 4.4 33 33 4.4
C2-C4 25.2 234 233 243
Produced gas amount mol/kg organic carbon in wastewater
CH4 31.3 32.0 333 333
H: 36.9 36.4 35.8 35.2
CO2 24.6 254 24.9 24.9
CO 0.4 0.3 0.3 0.4
C2-C4 2.2 2.0 2.0 2.1
CGE, % 74.0 76.2 76.4 76.8
CLE, % 8.3 13.2 13.5 13.3
Residue (tar, coke, and loss) % 14.3 9.5 9.2 8.3
TOC mg/L 950 1514 1550 1539
COD mg O2/LL 6150 6390 7210 6325
TOC RE, % 91.7 86.8 86.5 86.8
COD RE % 80.8 80.1 77.5 80.3




Experiment Number 60 61 62
Reaction Temperature, °C 500 500 500
Reaction Pressure, atm 372 365 360
Catalyst type A21-K A31-K A41-K
Catalyst, g 0.5+0.5 | 0.5+0.5 | 0.5+0.5
K>COs3 K>COs3 K2CO3
Volume of wastewater, mL 15 15 15
Wastewater TOC, mg/L 11500 11500 11500
Wastewater COD, mg O2/L. 32050 32050 32050
Gaseous product composition, % mol
CHa4 339 34.5 35.5
Hz 38.7 39.6 38.9
CO2 24.6 23.6 23.0
CO 0.4 0.3 0.3
C2-C4 2.4 2.0 23
Produced gas amount, mmol/litre wastewater
CHa4 384.9 383.8 390.5
Hz 439.4 440.5 427.9
CO2 279.3 262.5 253.0
CO 4.5 33 33
C2-C4 27.2 22.2 253
Produced gas amount mol/kg organic carbon in wastewater
CH4 33.4 333 33.9
Hz 38.2 38.3 37.2
CO2 24.3 22.8 22.0
CO 0.4 0.3 0.3
C2-C4 2.3 1.9 2.2
CGE, % 76.9 73.6 74.1
CLE, % 14.0 14.4 15.8
Residue (tar, coke, and loss) % 7.9 10.0 9.8
TOC mg/L 1610 1660 1815
COD mg O2/L. 6800 5400 6875
TOC RE, % 86.0 85.6 84.2
COD RE % 78.8 83.2 78.5




Experiment Number 63 64 65 66
Reaction Temperature, °C 300 400 500 600
Reaction Pressure, atm 105 230 362 460
Catalyst type Na;CO; | Na;COs | Na;COs | NaxCOs
Catalyst, g 0.5 0.5 0.5 0.5
Volume of wastewater, mL 15 15 15 15
Wastewater TOC, mg/L 11500 | 11500 | 11500 | 11500
Wastewater COD, mg O2/L 32050 | 32050 | 32050 | 32050
Gaseous product composition, % mol

CH4 0.8 15.6 324 32.9
H: 20.4 38.7 39.1 39.4
CO2 78.0 44.1 27.0 26.0
CO 0.5 0.4 0.2 0.1
C2-C4 0.3 1.2 1.3 1.6
Produced gas amount, mmol/litre wastewater

CH4 2.7 82.3 3329 | 392.0
H: 68.0 204.2 | 401.8 | 470.6
CO2 260.3 | 2327 | 277.5 | 310.5
CO 1.3 2.1 2.1 1.2
C2-C4 1.0 6.3 13.4 19.1
Produced gas amount mol/kg organic carbon in wastewater

CH4 0.2 7.2 28.9 34.2
H: 59 17.8 34.9 40.2
CO2 22.6 20.2 24.1 27.0
CO 0.1 0.1 0.1 0.1
C2-C4 0.08 0.6 1.2 1.7
CGE, % 27.9 35.2 67.4 78.5
CLE, % 519 4.1 13.9 10.1
Residue (tar, coke, and loss) % 17.8 17.1 16.5 7.7
TOC mg/L 5961 5186 1598 1165
COD mg O2/L. 26975 | 17575 | 6370 3230
TOC RE, % 48.1 54.9 86.1 89.8
COD RE % 15.8 45.2 80.1 89.9




Experiment Number 67 68 69 70
Reaction Temperature, °C 300 400 500 600
Reaction Pressure, atm 110 250 375 440
Catalyst type NaOH NaOH | NaOH NaOH
Catalyst, g 0.5 0.5 0.5 0.5
Volume of wastewater, mL 15 15 15 15
Wastewater TOC, mg/L 11500 11500 11500 11500
Wastewater COD, mg O2/L 32050 32050 32050 32050
Gaseous product composition, % mol

CH4 0.9 15.9 33.2 33.5
H: 21.2 43.7 44.2 44.9
CO2 77.2 38.5 20.8 19.5
CO 0.4 0.5 0.2 0.2
C2-C4 0.3 1.4 1.6 1.9
Produced gas amount, mmol/litre wastewater

CH4 3.1 99.3 378.1 474.5
H: 74.2 273.1 503.4 636.1
CO2 270.3 239.9 235.5 276.2
CcoO 1.8 3.1 23 2.8
C2-C4 1.0 8.7 18.2 26.9
Produced gas amount mol/kg organic carbon in wastewater

CH4 0.27 8.6 32.9 41.3
H: 6.4 23.7 43.8 55.3
CO2 23.5 20.8 20.5 24.0
CO 0.2 0.2 0.2 0.2
C2-C4 0.1 0.8 1.6 2.3
CGE, % 28.9 38.0 69.2 8.6
CLE, % 50.4 41.3 12.2 7.2
Ejoesidue (tar, coke, and loss) 18.5 18.1 17.4 6.1
TOC mg/L 5794 4741 1399 832
COD mg O/L 27900 22550 6925 2875
TOC RE, % 49.6 58.8 87.8 92.8
COD RE % 12.9 29.6 78.4 91




Experiment Number 71 72 73 74
Reaction Temperature, °C 300 400 500 600
Reaction Pressure, atm 110 235 355 425
Catalyst type K2CO; | K2COs3 | KoCOs | K2COs3
Catalyst, g 0.5 0.5 0.5 0.5
Volume of wastewater, mL 15 15 15 15
Wastewater TOC, mg/L 11500 11500 11500 11500
Wastewater COD, mg O2/L. 32050 32050 32050 32050
Gaseous product composition, % mol

CH4 0.9 16.5 35.4 35.9
H: 22.2 49.1 49.4 49.6
CO2 76.2 324 13.2 12.1
CO 0.5 0.3 0.1 0.1
C2-Cy 0.2 1.7 1.9 2.3
Produced gas amount, mmol/litre wastewater

CH4 2.6 114.5 4523 548.7
H: 64.0 341.0 631.2 757.7
CO2 203.4 225.0 168.7 184.8
CO 1.3 2.1 1.3 1.5
C2-C4 0.5 11.8 24.2 35.1
Produced gas amount mol/kg organic carbon in wastewater

CH4 0.2 9.9 393 47.7
H: 5.6 29.6 54.9 65.9
CO2 17.7 19.6 14.7 16.1
CO 0.1 0.18 0.1 0.13
C2-C4 0.04 1.0 2.1 3.1
CGE, % 29.4 38.7 71.2 85.8
CLE, % 50.8 39.4 9.2 7.1
Residue (tar, coke, and loss) % 18.5 18.4 18.2 5.8
TOC mg/L 5834 4528 1066 826
COD mg O2/LL 28180 22710 4435 2835
TOC RE, % 49.2 60.6 90.7 92.8
COD RE % 19.5 29.1 86.2 91.2




Experiment Number 75 76 77 78
Reaction Temperature, °C 300 400 500 600
Reaction Pressure, atm 98 240 370 415
Catalyst type KOH KOH KOH KOH
Catalyst, g 0.5 0.5 0.5 0.5
Volume of wastewater, mL 15 15 15 15
Wastewater TOC, mg/L 11500 11500 11500 11500
Wastewater COD, mg O2/L 32050 | 32050 | 32050 | 32050
Gaseous product composition, % mol

CH4 1.1 17.2 35.9 36.2
H: 23.4 494 49.6 49.7
CO2 74.6 31.2 12.4 11.5
CO 0.6 0.4 0.1 0.1
C2-C4 0.3 1.8 2.0 2.5
Produced gas amount, mmol/litre wastewater

CH4 5.8 155.0 509.5 573.2
H: 123.4 445.9 704.0 786.9
CO2 393.3 281.7 176.0 182.1
CO 3.2 3.6 1.4 1.6
C2-C4 1.5 16.2 28.4 39.6
Produced gas amount mol/kg organic carbon in wastewater

CH4 0.5 13.5 443 49.8
H: 10.7 38.8 61.2 68.4
CO2 34.2 24.5 15.3 15.8
(60 0.2 0.3 0.1 0.1
C2-C4 0.1 1.4 2.5 34
CGE, % 31.8 50.2 79.1 89.3
CLE, % 50.4 342 8.0 4.9
Residue (tar, coke, and loss) % 17.4 12.4 9.8 3.9
TOC mg/L 5794 3933 920 566
COD mg O2/L. 28700 | 22625 6340 4725
TOC RE, % 49.6 65.8 92.0 95.1
COD RE % 10.5 29.4 80.2 85.3




Experiment Number 79 80 81 82
Reaction Temperature, °C 500 500 500 500
Reaction Pressure, atm 350 355 385 348
Catalyst type Rell\rllie ’ Rell\rllie ’ Aﬁf:ﬁé‘fd I;ilcllzzl/
4200 2800 Alumina
Catalyst, g 0.5 0.5 0.5 0.5
Volume of wastewater, mL 15 15 15 15
Wastewater TOC, mg/L 11500 | 11500 | 11500 11500
Wastewater COD, mg O2/L 32050 | 32050 | 32050 | 32050
Gaseous product composition, % mol
CHa4 343 34.9 29.7 26.2
H: 44.1 42.0 48.1 41.0
CO2 19.1 19.6 19.4 29.6
CO 0.4 0.4 0.4 0.4
C2-C4 2.1 381 2.4 2.8
Produced gas amount, mmol/litre wastewater
CHa4 4145 | 3853 371.3 281.1
H> 532.8 | 463.8 601.2 439.8
CO2 230.8 | 2164 242.5 317.5
CO 4.8 4.4 5.0 4.3
C2-C4 253 34.2 30.0 30.0
Produced gas amount mol/kg organic carbon in wastewater
CH4 36.0 33.5 323 24.4
H: 46.3 40.3 52.3 38.3
CO2 20.0 18.8 21.1 27.6
CO 0.4 0.38 0.4 0.37
C2-C4 2.2 3.0 2.6 2.6
CGE, % 74.4 72.1 72.4 70.7
CLE, % 9.8 11.1 8.6 12.9
Residue (tar, coke, and loss) % 13.9 14.6 15.7 15.1
TOC mg/L 1130 1275 985 1480
COD mg O2/LL 2250 2180 2510 2725
TOC RE, % 90.2 89.9 91.4 87.1
COD RE % 923 93.1 92.1 91.5




APPENDIX III

The results of Wastewater “Sample 1” in BIORAD column.

Signal 1: RID1 A, Refractiwve Index Signal

RetTime

Type

Area
[nRIT*=]

1.42947=4
TTTE. 59766
4.58804=4
3.18170e4
QE82.57910
1.44509=4

Awt/Area

.34800e-3
.28769e-3
L25062e-3
L17922e-3
W91233e-3
L59815e-3

Amount Grp

The results of Wastewater “Sample 2”” in BIORAD column

Signsl 1: RID1 A, Refractive Index Zignal

RetTime

Type

MF
MF
MF
MF
MF

Totals :

Area

1.35701e4
Z.55334e4
4.02518=4
1.69760e4
1.88120%e4

Amt/Area

4,2876%e-3
5.25062e-13
3.17922e-3
2.91233e-13
£.59815e-3

Cellohioze

Jucraoze

zlucose
Mannose+iylozet+Galactose
Rhamnose
ArabhinosetFructose

Amount Frp Name

58.18458
134.06593
127.96932

49.439581
124.13007

493.73971

Cellohio=ze

sucrose

Glucose
Mannose+XylosetGalactose
Rhamnoze
Arabinose+Fructose

The results of Wastewater “Sample 1” in MACHEREY NAGEL column

Zignal 1: RID1 A, Refractiwve Index Signal

RetTime

Totals

Tvpe

Area

2.50360=4
1.25134e4
8.75842=4
3.14952e5
£259.18799
1.57269e4

Amk/Area

.33361e-3
.34109e-3
.24812e-3
L04045e-3
.93034e-3
.54782e-3

Amount

1294 .86730

GEp Natne

SZucroze+Cellobiose
zlucoze

Evloze

Galactose

Rhamnoze

Arabinose

Mannose

Fructose



The results of Wastewater “Sample 1” in MACHEREY NAGEL column

Signal 1: RID1 A, Refractive Index Signal

FetTime

Type

MF
FM
MF
MF
MF
FM

Area

[nRIU*=]

.35252eld
.535895e4
.21789e4
.20080e4d
L06705e4d
.26090e4

amt/Area

.35361e-3
.3410%e-3
24812e-3
.04045e-13
L9303 4e-13
L9478 2e-3

Amount

318.33030
33.95310
49.86099

249.34080
30.9133¢6
83.08173

T76.49048

GEpD Name

Sucroset+Cellobinse
Flucose

Ivlose

Falactose

Bhamnose

Arabinose

Mannose

Fructose



