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Abstract

The concentration of carbon dioxide (§@ the atmosphere is rising and its imp@cy.
climate change) igstablishecamong he scientific community. el switching in commercial
sectors (e.g. cement plants) is one methaddacefossil CO, emissions. Microalgae cultivation
provides an opportunity to reduce £€@a photosynthesis and to produce biomass twofuel
switching Industrial scale production of environmentally sound fuel using microalgae systems is
still a challengedue to the small cellizeandthe low concentrationn the growth culture. This
study investigatea dewatering approach consigj of electrocoaguléon, gravity sedimentation,
sandfiltration, briquetting and passive drying to harvest the algaisbl@s and to produce a

multi-purpose feedstock farse in cement plants

The microalgae suspension in solution is firsstdbilized viaelectrocoagulabn by
means ofchargeneutralization and micrbubbleflotation. The highest destabilization achieved
at 15 Amp/mi using aluminum and iron anodesith 60 min of operational time, were 90%ch
48% respectively. e variation of solution pH and stirringega had no noticeable effecs
the overall performancd-urther densification of algal biplids took place in a sedimentation
vessel in whicl92% of theprocess watewasremoved allowing for recycling andthe water
contentwas concomitantlyreducedrom 99.88% to 99.24%. The algal ksolids obtained after
a combined treatment of electoagulation and sedimentation weskaracterized using IGP
OES TGA, and bomb calorimetefhe metal hydroxides (i.e. aluminum and iron) citxtte in
the reductionof raw materials used in cement makingimestone micreaggregatesvere
employed as filter medium to reduttee water content of preoncentrated algal solution from

99.24% to 93.45%, removin§4% of the entrained water Multi-purpose briquettesvere



prepared from algal cake, containing metal hydroxide®] a portion of the filter bed, where the
water content further reduddo 65% due to thémestoneblending The water contenf the
briquettes waseducedto less than 15% within few days under ambieottdition (i.e. passive
drying). Full substitution of calciner fuel leads to 4% of,@€duction compared to coal, and
enhancediogenic carbon dioxidébCO,) generation which accounts for 18% of the total,CO

emissions.
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Chapter 1 Introduction

1.1. Climate Change

Scientific consnsus exists that lodige r m c hange iismaelg driven bys c |

anthropogenic activitiege.g.carbon dioxide emissionsyhe annual low point concentration of
atmospheric carbon dioxide (GQOexeeded 400 ppmin 2017 [1]. Globally, the annuaCO,
emission generated from anthropogenic sources is 13.5 billion tonnes of carbonliGt@).
Copenhagen Accord (2009), the Canadian government made a comnufra@pt rediction of
CO, emissions by 2020. Threduction is benchmarked agaieshissiondrom 2005(i.e. 749 Mt
CQO,) [2]. Canadae-emphasisedts commitment tocGHGs reduction irthe Paris Accord (2015)
moreover, it promised to achieagaget of 30% reduction dhe totalcarbon emissions through
the developmentof green technologies, energy efficiency improvergeahd imposing more
regulations and restrictions on major emitf@js One significant industriadource ighe cement
industryresponsible for %% of theglobal total emissions in 201f4]. Cement plants are the
second largest industrial source after power plants and have lowem@ssion per source (0.79
Mt/source)[5], which may increase CQransportation costs. As a response to climate change,
the cement i ndust trer rmatsithadse cohtasnabd biagenic cérlaamd
therefore considered climate neutral a n d  fi kwhich reférs to geducing the clinker content
of cement through the addition of wastes (e.g. fly ash) and naturally pozzolanic mggrials
1.2. Carbon Dioxide in Cement Industry

Cement plantgan beconsidered the backbone of neod society, since concrete is the
dominant material in constructi@nd therefore developme@ement is the binding agent in the
concrete, usually 10% by magslinker, the major constituent of cemeind, producedat high

temperaturén two pyro-processg(i.e. calciney 850°C and kiln, 1450°C) [7]. CO, is generated

n



primarily from two source in amodern precalcinerconfiguration 60%is generated from raw
material decompositioor limestone calcinatioand the remaining0% from fuel combustion
with two thirds of the fuel consumed the calciner and the remaindeithe kiln[8]. The heat of
combustion provided by fossil fue{g/pically coal or petcokein the calciner is 1908J per kg

of clinker produced7]. The amount of C&released per kgf clinker produced is approximately
0.53kg from thecalcination reaction and 0.3g from thefossil fuel combustion. Biogenicels
have attracted the attentiontbk cemen industly becaus they can be substituted into the plant
and are considered carbon neutrgd]. For examplethe substitution oflternative fuel n the
Canadian cement kilns (e.§t Marys Cement Plantangesfrom 2024%[9]. The European
cement industrgubstitutecapproximately39% ofits fossil fuelusein 2015with a target 060%

substitutionby 2050[10].

As 100%substitution of alternative fuels is unlikelother options, such as G@apture
must be consideredeveral CQ capture technologieare applicable tadhe cement industry
including amine scrubbing, calcium looping, ekl combustion (full or paidl), and
microalgae biefixation [11, 12, 13]. Post combustion systensjch as amine scrubbing or algal
cultures, do not directly affect the plant operations and are more amenable to slipstreaming. The
major obstacle of amine scrubbers is the energy penaltyrireg3000-4000 kJ/k@ O, captured
[14]. Calciumlooping technology is also considered €@©, capture where calcium oxide acts
as sorbent for c¢hon dioxide producingalcium carbonate in a carbonator atea at high
temperature [15]. Barker et al.[16] have reported the technical issues associated with the
implementation of oxycombustion carbon dioxide capture in cement industry including
providing oxygerrich supply. Otlkers have noted that oxygen combustion has inherent

advantage[17] and creates fuedwitching opportunitie§l8]. All the aforementioned techniques



increase fossil fuel consumption and therefore irequnderground storage of G@@r centuries;
however, biogenic solutions create a circular economy.
1.3. Microalgae as Alternative Fuel Feedstock

Microalgae system®provide the opportunity folCO, capture,fuel switchirg, and a
mechanisnfor raw material addion. The challenges of algal systems are size and water content.
Previousefforts focus on processing mi@gae to producdio-hydrogen, bieethanol, bie
diesel, biemethane, and bioil [19]; however, these systems bendfim readily separable
mixtures, i.e. gas/liquid and oil/wateRroducinga solid biofuel is more challenginglue to the
high water content From environmental standpoint,icroalgae are suitable technologyfor
capturing CQ from exhaus streams due to p&d growth [20], also hey have high carbon
fixation capabilities, capturing.38g CQO, per 1g of algal biomass producgdl]. Microalgae
cultivation is advani@geous over other plaasedsequestri@gon techniquesn that CO; is the
only carbon input, arable land is not required and growth can occur in saline or fresh water
environmentg22]. Additionally, the energy requirement to capture LO@a microalgaein a
large sale raceway pondccounts ér 900 kJ/kgof CO, (the energy can be consumed during

solution mixing, pumping, and gas injectid@g].

Despite these advantagedijlization of microalgae as a potential method to-txo
carbondioxide emissons from cement plants ot wellestablishedA companyond al | ed
Biofuelost at es t hat it i's running the first pr o
dioxide directly via microal gae launchedin2@10 Mar y
with scaleup yet to be demonstraté24]. Cement flue gas has been shown to have no noticeable

effects on the growthand chemical composition of multiple microalgae typeeluding



Chlorella wilgaris [25]. Talec et. al. also demonstrated that cement kiln dust (CKD) did not

inhibit microalgae growth at concentratisnpto 13.6 mg/L, toxicitywasobserved at 680 mg/L

Despite the desirable energy content of dried microalgae biorh&sxb (MJ/kQg), the
challenge ofmicroalgae systems lies in extracting the biomass from solution due to czhall
size (250 um) and low concentratiom the growth culture, i.e. 99.99 wt%,8 [26]. The
necessargtandardgor alternative fuelare taken as 14 MJ/kgith a maximum of 15 wt%1,0
[27]. Microalgae dewatering processes (i.e. centrifuges and membrane separation) will consume
energy, reducing the net energy available from the adgaepotenally lead to fugitive CQ
emissions associated witblectricity generation Algae fuel options can range from using
minimally processed algae cultures as a low energy fuel saddigg biogeniccarbon dioxide
(bCQ,) to the exhaust stream to 100% substitu after sufficient dewatering.The conceptual

basis for thigprocesss shown in Figure 1 below.

Flue Gas
H,0 < 20%
Microalgas
Flue Gas Clﬂﬁ‘fdoﬂ Microalgae
20% CO, \ Solution
Recvcled‘\
Raw Meal Medi AlfOH); & Fe(OH);
Calcined Raw Meal <]  Coment TR processt
cined Raw Ma Pre-Calciner ToCessing < .
. Limestone Aggregates
Air
Dry Wet
Briquette Briquette
Storage
Kiln Gas
Terfiary Air
Fuel Moist Air

Figure 1: Schematic Diagram of Circular Economy Pathway in Cement Plant.



To make the microalgae dewateritgchnically andecoromically feasible, anovel
dewatering procesds proposed consisting of five units including electrocoagulation,
sedimentation, limestone filtration, briquetting, and passive drilihg proposed desigavoids
direct thermal drying of algae as well astam technical issues such as fouling of membrane
filter. Additionally, the proposed approacthown in Figure 2integratesaw materiag used in
cement manufacturinguch asron, aluminumand limestoneA slipstream is envisioned at this
stage so thaCarbon Capture and Utilization (CCU) can be implemented on the exhaust stream,
which will now contain a fraction of the biogenic CO2 resulting from combustion of the algae.

This process would result in net CO2 reduction as a stkomee concept.

Microalzae
and Becycled Medium
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Figure 2: Schematic Diagram of Microalgae Dewatering Processes.

1.4. Expected Outcomes
A successful process wiltlewater microalgae biomass and produem alternative

fuelffeedstock for cement plants. Five processbave been investigatad bring the water



content of microalgaseolution from 99.9Wt% to less than 1&t% without the use athermal
drying. First, the nicroalgae suspension is destabilized by charge neutralization via
electrocoagulationwhere the algal biomass lsaded with &uminum and iron hydroxides. The
coagulaed solids arenaturally settled to increase thaepncentrationand the process water is
recycledto be reused in cultivatioriThe water content of the concentrated algal brotihes
furtherreduced in a santfilt er. Limestone is selected as the filter bed msiafiee it is the main
constituenused raw mealAfter filtration, the microalgae cake and a portidrihe filter bed are
mixedto form briquettes. An ideal mixing ratio between biomass and limestonaidigstd to
meet the minimum energy requiremenihe water content of thevet briquette isfurther
reduced below th&arget by passive drying under ambient conditions.

1.5. Thesis Organization

Chapter 1 introduces tlresearchmotivation to mitigate C®emissions in cement plants using
microalgae. A novel dewatering procesgroposed to concentrate the algal solids without the
aid of energy intensive technologies (e.g. thermal drying and centrifugat©napter 2 covers
the background and fundamentalsceiment making processes, alternative fuel switching via
microalgae, and the existing dewatering technel®dgb layout the basis fastablising the
methodologyto remove theaqueous solution associated with microalgae cultivation system.
Chapter 3 desilres theapparatuslesign and detaileexperimentaprocedure for each unit; all
units were running on a batch mode to investigate the validity ofi¢heteringapproach.
Chapter 45 discuss the experimental findings, summarize the reseamctributions and

providefuture directions.



Chapter 2 Literature Review

In this chapter, a comprehensive review of clinker production including raw meal
preparation, pyrgrocesses, COsources, and alternative fuelbstitutionare provided.To
produce a viable bfael with the intention of C@reduction for cement plants, a positive energy
balance of the overall process has to be maintaMexloalgae is a promising feedstock for £0
mitigation and biofuel production but the energy consumption remains relatiggiyde to
costly dewateringpathways The technical and energetic aspects of the most common degaterin
technologies have been reviewed to assess the suitability and viability for microalgae
concentration.The dewatering technologies include electroccatinm, chemical coagulation,
microbial bioflocculation, sedimentation, granular media filtration, membrane filtration,
centrifugation, magnetic separatjopassive and active dryin@espite thediversity of algal
biofuel conversionpathways, direct comistion is relatively advantageowasd therefore few

applications are discussed.

2.1.CementManufacturing

Cement ione of the most important materiéts human developmendue to itsinding
ability forming concrete, used support the largstrucuresnecessary for industrializatiomhe
modern cemenhix was invented by a Britisengineer, J. Aspdin, ithe early 19" century[28].
The cemenfeed, termed raw meak processed at high temperatures kiln to form a product
cal | ed fc lidgtmek@ended withwgyasutatform cemenf29]. Figure3 is aschematic

of clinkerrmaking processes.
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Figure 3: Schematic of Clinker-making Processes, adopted frorf80].

2.1.1.Raw Meal Composition andPreparation

Theraw materialaised in cement manufacturiage first reduced in size byushing and
grinding The finemateriat are stockpiled in silos prior to feedimgo thepre-heatr tower. The
composition of cemnt raw materialgariesslightly from one plant to anothedepending on the
final product, which could b®rdinary Portland, Masonry or Mortar, @ilell Cement, and
Blended Cementn other words, the higher the limestone in the meal is, the higher the GO
emission would beFor simplicity, the compositiof Ordinary Portland aw mealconsists

predominantly ofimestone, silica, aluminum oxide, and iron ox{dee Table 1)Cement plants



are almost alwaysuilt near limestoa quarrieswhere the rest o€onstituents(i.e. silica and

metal additivesg@re locally supplied in sufficient quantitigl].

Table 1. Composition of Cement Raw Meal, Adopted fron{7].

Constituent CaCQ Sio, Al,O3 Fe,0O5
Proportion (wt%) 80.68 14.36 3.71 1.25

2.1.2.Clinker Production
As shown in Figure 3 here are@wo main pyreprocessing stages for clinker production

in the modern configuration of cement plantbe cdciner and kiln Thesecombustionzones
haveheat transfer unitat each endThe groundaw meal ifedto the topof pre-heatertowerto

be heated by theurrentflow of hot exhausted gases discharged from the calanarmulti
stage cyclone systerfihe temperature ithe pre-heater tower can reach up to 5%Datwhich
the feed material starts to decompf&#. Often times, the lower cyclone in the greater tower
haslower separation efficiengyresulting industleaving the calciner outlet andontinuously

circulating. G/clones are aeffectivetool for energy transfer between gas and solid str¢agjs

Calciner is a flameless combustion zone located at the base of preheatewhoseris
function to converthe limestone into liméeforeit entersthe kiln. The majorityof the fuel (60
65%) is consumedh this unit calcining®0-95% of the limestoneThe operation temperature of
most calciners is 850 °C but it can be raisetb 900°C depading on theCO, partial pressure

[18]. The typical chemical reactiongcurring inthe calciner are as followW33]:

CaCQA CaO +CQ pH= 179.2kJmol R(1)
MgCOs; A MgO + CG @H’= 100.6 kimol  R(2)
C+OA CO pH’=-393.5kd/mol  R(3)



The kiln is the final thermal process in cement manufacturusgdto produce clinker
from calcined raw meait 1450°C [18]. Finaldecomposibn of remaining limestone ociat
the inlet of the kiln Clinkerization reactions of soklisblid and solidiquid phases take place as
the material moves down towards the kiln buries.the raw material clinkerizeend meltsan
internalcoatingof the clinkerized materias formedon the refractoryf the kiln[34]. Fuel and
air as a source of £are injected to the rotating inclined cylindempvide the high temperature
lame to drive mineralizationThe endproduct i ¢ | i ,riskpeoduded as resultof series of
chemicalreactions between calcium, silicon, iron and aluminum oxi@@f The clinker exists
as larger particles, which requirdewn-stream processing (i.e. grindindi. short, dscharging
any type of fuel tahe calciner should not affect the calcination rate while the required heat is

provided.

2.1.3.Alternative Fuels
Carbondioxide emissions catbe reducedising biogeniduels in the cement plantThe

utilization of alternative fuels ithe calciner is las problematithan the kilndue to the flameless
combustion behaviouwhich simplifies the injection, and the fact thaé ttlinker quality does

not get affectedThe substitution of alternative fuels in thkiln often requires dramatic design
changes oburner channels to control the flame shape and combustion behf88uAlso,
sophisticatedhermograph systesiave to be in place to monitor the combustion behay&&]r
Suitablealternative fiels can be poterlly derived from different sources such as agricultural
and nonragriculturalbiomass residues, petroleum based wastes, miscellaneous wastes, chemical

and hazardous wastg2].

Most alternative fuels havapproximately 225% lower carbon intensity compared to

conventional fossil fuelsi.€. coal and petoke). Lower carbonntensity results in lower CO
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emissions frontombustion, thughe cement sector sets a target of 50% replacement by 2020 as
a potenial strategy for carbon diox@mitigation. TheCanadian cement industry has only 10%
alternative fuel substitution as of 2011. Nationwide, cement plants in Quebec are experiencing
thehighest level of substitutiomnvhich has reached lavel of 30%. The povincial government of
Ontario hasyet toset a specific framework for alternative fuel utilizati@specially in cement
plants. Waste tirs, composite plastics, roofirghingles, and municipal solid wastes gotential
materials thattonsidered to be udeas alternative fuels in Ontaridhe life cycle issues of
burning some alternative fuels are concerning; for instance, the chloritentam composite

plasticscanleadto HCI emission$6].

2.2. Microalgae

Microalgae aresukaryotic organisms thadre present in n@re as both unicellular and
multi-cellular lifeforms [36]. Microalgaeconvert star energy to chemical energy theretne
atmospheric oygen content is enhanced and G€&diminishedMicroalgae characteristics differ
significantly from one family to another in terms of morphology, size, colour, and chemical
composition. From a technical staooint, the selection criteria of mmalgae depend on the
desiredendproduct andspecificgrowth environmentAlgal researclstarted mtensively during
the SecondVorld-War by a German scientist to derivebafuel. The goal at that tim&as to
overcome the issue of conventional fuel shortages. Thlwages of microalgae investigated
during wartimewere related togreen and red microalgae famitie®r instance,Chlorella,

Spirulina, Dunaliella, Scenedesmus, Botryococcus, and Porphyr{@ijn

2.2.1. Morphology and Composition
Chlorella wilgaris is one of the most stued types of microalgae fastest growing

organism,and thereforat is a logical choice for this studhlorella wlgaris have a spherical
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shape with a typical ceflize of 210 um in diamete[38]. Microalgae biomassonsistsof four
componentswhich are protein, carbohydrate, lipids, and nucleic asidllustrated in Table 2
[37]. To better undetand thecombustioncharacteristics ofChlorella wlgaris, shovs the
proximate and ultimate analysiBroximate analysis determines the percentages of moisture,
fixed carbon, volatile matter, and asising a TGA whileultimate analysis determines the
elemental compositiong®As mentioned in section 1.2, the energy required to produkg of
clinker is 1905kJ. Taking the energy content of dried microalgae solids as 24,000 kJ/kg, the
mass of calciner fuel is estimated as 0.079 kg/Kgnegy penaltyto drive the endothermic

reaction of metal hydroxides associated with the fuel is not considered.

Table 2: Chemical Composition ofC. wilgaris, adopted from[37].

Protein (%) Carbohydrates (%) Lipids (%) Nucleic Acid (%)

51-58 12-17 14-22 4-5

Table 3: The Proximate and Ultimate Analysis ofC. wlgaris Biomass[39].

Parameter C. wlgaris
Volatiles 88.92
Proximate Analysis (vt%) Fixed Carbon 4.05
Ash 7.03
Carbon (C) 47.11
Ultimate Analysis (wt%) Hgg;zgin(ég) 3774176
Nitrogen (N) 8.26

2.2.2.Growth Kinetics

Microalgae grownaturaly in the aquatic environment by usirgunlight, nutrients and
CO,. Recently, industriamicroalgaeproductiontechniques have been studigtht mimic the
optimal growing conditions The tlree growth method that have been established are
photoautotrophic, heterotrophic, and mixotrophic. Light is utilized as the only energy source to

enhance the algal growth under photoautotrophic conditions; whereas, carbon and organic
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compounds are used as the only enamgyrce to promote the algal growth under heterotrophic
conditions. The most common approach for artificial growth is mixotrophic which is a
combination of the two aforementioned approaches where both light and carbon are provided to
enhance the growth ofgal biomasg12]. There are different phases of microalgaewth in
batchoperationincludinglag, exponentiallinear, and stationary phases, shown belo®igure

4. The exponential phase stads second day and endseafthe fifth day of culturing at an
approximate biomass density 1.3 kg/m. The stationary phase of the cultisesstablished on

day 10, h which the biomass densitgvels off atabout4 kg/nt, noting the experiment was

conducted in an outdoor bubblelemn bioreactor with a working volume of 0.08 [40].

| ! Linear * |®
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Figure 4: Microalgae Growth Phasesn Bubble Column Photo-bioreactor [40].
2.2.3.Algae Cultivation Systems
Cultivation can occur in open ponds or closed pHutoeactors, depending on the
desired product and GGsource.Open pondo r i r a systéns arecthe dmost abundant
configuration for largescale microalgae production due toith@mplicity andlow capital cost
The culturing medium employeith constructedponds can be fresh watesgawater, brackish

water,or evenwastewaterThe addition ofutrient can be minimized whebeackish water and
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wastewater are used due to their chemidificroalgae cultivationn open ponds is weather
dependent and the growth rate cannot be reguliiedemperature and lightariations The
typical biomass densityttained in an open pond cultivatiesystem is 8.5 g/fnday within a

growth cycle of 1613 dayq41].

The efficiency of amopen pond system depends significantlytbe whether thushe
location Crosscontamination is another obstacle for producing a desirable amount of
microalgae biomass in open pondbe cepth of the pond should @ealy determined to allow
light to reachthe bottom of the culturingnedium the typical depth is 0.2%8.30 m[42]. The
pond walls should be made of inexpensmaterials hat prevent biofoulingconcrete ioftena
goodchoice but capital cost can be an issue when construtdanggrponds. Often times, paddle
wheels are used for homogenizing the microalgae culture to avoid téurpeamd oxygen
stratification[43]. Figure5 illustrates the desigand dimensions of anpen pond focommercial

microalgae cultivation

Figure 5: Schematic of an Open Pond for Microalgae Cultivation, adopted fronj3].
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In aclosed photebioreactor systenthe microalga grow in a constrained space with a
controlled supply of light, heat, and nutrient¥here aredifferent configurations used in
cultivating mcroalgae biomass such aslift photo-bioreactor, tubular photbioreactor, and
verticalcolumn photebioreactor Technically, photebioreactors are more efficient for biomass
production, but specific design parameters have to be carefully considered such as dhalte of
materials, which can differ slightly depending on the operating conditions (i.e. light,regorpe
and volume).CO, and airare injected into theeactor in form of micrdoubbles andhe light
source can béhe sun in case of outdoor culturiray electricbulbs in case of indoor culturing
[43]. CuellarBermudez et alrepored the biomass productivity oEhlorella Sp cultivated in
tubular photebioreactos as 0.70 g/L.dayl12]. Further comparis@of cultivation systems are

described in Appendix A.

Saline water and wastewater aretter alternatives for culturing medium as they
minimize use offreshwaterFreshwater ioftenthe most accessible source because cultivation
systems areypically built near theCO, source which may not bdocated close to the sea ar
wastewater treatmeriaicility. Waterrecycling of microalgae cuuring mediumreduce water

competition with otheapplicatiors such asiuman consumption and agricultural irrigat{dd].

The rate of ntroalgae growth depends dhe amount of nuteints providedn the
culturing medium. Nitrat¢NOs)” and phosphatéPOy)2 are the major components required by
the microalgae cell to produce proteins and nucleic acids. Photosynthiesisaresufficient
when CQO; is injected into the culturing mediuns ajasand it transforms to ionic form e.g.
bicarbonateions A trace amount of metals (i.e. zinc, iron, cobalt, copper, manganese, and
nickel) also accelerates the photosynthesisnatroalgae. Excessiveoncentration of metals in

the culturing mediunmay inhibit the growth due tothe toxicological effects. Metal ions are
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digested by the cell through a membrane due to carboxylic, sulfhydryl, and phosphatic groups

present on the cell surfapb].

2.3. Harvesting and Dewateringrechnologies

Convertingagqueousmicroalgae culture to a combustibleefus a multistage process.
Using anappropriate dewatering technolggycludingphysical chemcal, and thermal methods
is critical in determining the feasibility of fuel productioBackground, fundamentals,

efficiency, and energy consumption of most comragisting processes are reviewed.

2.3.1. Electrocoagulation

Electrocoagulation isan electrochemical process used to destabilize particlesf
opposite chage (e.g. suspensisrandcolloids). The use of electrocoagulatioragproposedn
the late nineteenth century (1889) in England. The inventiommglectrocoagulation process,
using both iron and aluminum electrodess officially patented in 1909. The first industrial
apdication of electrocoagulatiowasimplemented to purify drinking water in the USA in 1946.
Electrochemical treatment becanreimportant fieldto studyover the past few decadesth the
advent ofregulationson the quality and standards of drinking weadad wastewater discharge
especially, in North Americfd6]. Russian scientists were successfully ableejgarateil from
an oil-in-water emulsion usg an electrocoagulation celh 1980s[47]. Electrocagulationhas
been marketed globally to remoaewide range of contaminate®.g suspended solids, heavy
metals,dyes, etc[48]. Vandamme et al. (20)1nvestigated the electrocoagulation effectiveness
to remove fresland marine microalgae; the recovery efficiem@sfound to be quite promising.
Electrocoagulation is capable of concentrating microalgae up to Gultéls(e.g. concentrating

the biomass from 0.5 g/L to 60 giwjth energy demand of 0.70 kWh pent of solution[49].
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2.3.1.1 Fundamentals

Electrocoagulation involves both physical and chemical mechanisms where oxidation and
reduction reactions take place as a ltesiuelectrical current passing througe solutionbeng

treaed[50]. The following half reactions tak@ace in the &ctrocoagulation unit.

MA M™+ne R(4)
M™+nOH A M(OH), R(5)
2H,O + 2e A ZOH(aq)'l' Hz(g) R(6)

In addition oxygen and hydrogen are produced at the asodface as a side reactiaa water

oxidation:

2H,0 A O, + 4H" + 4e R(7)

The dectrocoagulation urst consistof an anode and a cathode; with the configuration
varying dependig on the specific treatmerntetal hydroxides arédormed in situ throughoin
dissoldion from the sacrificial anodeywhich is usually made of iron afmt aluminum. Charge
neutralization by counter ions is the key mechanin electrocoagulatioto destabilize collides
and suspensits in order to form larger particlgs1]. The deliverymethodof the counter ions
(metallic cations) to the adation is the mairdifference betweerlectrochemical andhemical

coagulatior52].

The electrocoagulatiophenomenon overs via thregeps. The first step rmation of
metallic complexesas a result of oxidation at the sacrificial anode. The rekcstep is
degabilization of thesuspende particlesby charge neutralizationThe destabilization takes
place due to shrinking and comsig the diffusion doble layer which is enhanced by
interactions withcounter metallichydroxide complexes. The presence of counter complexes

leads to a charge neutralization whetée electrostatic repulsioforce is reducedand van der
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Waals attractiomncreasesThe third step is agglomeratiohdestabilized particles to form larger
particles Theseare formed whn positively chargednetal ions andnetal hydroxidebind to
negatively charged particles thare moving toward the anode \a&ectrophorett motion. The
coagulantscan then be separatég electroflotation, sedimentation, or conventional filtration.
Electroflotation takes place due twater electrolysis, where oxygesnd hydrogenmicro-
bubbles e produced at the anode a&hé cathodeespetively [53]. Figure6 highlightsthe main

componets of electrocoagulation uraindthe pathways of metal hydroxide formation.

DC Voltage Source

| —

M
\)}{(OH),_ OH

H,O0

Cathode (Reduction)

Anode (Oxidation)

Figure 6: A Schematic Diagram of ElectrocoagulationProcess adopted from[53].

2.3.1.2Parameters Affecting Electrocoagulation Performance

There are many confrparameters that can affeelectrocagulation performance such as
current density, solution pH, giing speed, electrolyte additipeledcrode material, electrode
configuration, and anode passivatipt8]. Current density ighe amount of applied current
distributed over tb active area of the electrodest low current density, the contaminants
removal is enhare by metal hydroxides binding amdicro-bubbles flotation; whereas at
higher current density, the predominaetmoval mechanism imicro-bubblesflotation. The

metal speciation and formation is strongly pH dependewever, bth acidic and neutral pH
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levels are more d@able in removing contaminart®m solution tharan alkaline environment
Aluminum and iron ions tend to form positively charged pwdyic and monomeric complexes in

a pH range of 49; whereas, negatively charged complexes are pronaitpéi hgher than 9.

The formationof aluminum hydroxide complexes is described in the following order depending
on the solution pH; AR AI(OH),>" A Al,(OHY** A Al;3 ComplexA Al(OH)3[54]. Zhang et.

al (2015) showedhat electrocoagulation processconsumes lesslectricity under acidic than

alkaline conditios [55].

Mixing may provide a suitable environment to enhartbe formation of particlesHowever,
the performanceat moderatestirring sped (i.e. 60150 rpn) is better than ahigher mixing
speeds due to shearing effectthe selection of sacrificial anednaterial depends mainby the
chemistry of contaminantsto be removed For example, electrode materials to leed in
purifying drinking water musnhot have hazardous effects on human health. Iron and aluminum
are the most popular materials used due tdr tbiectiveness and low costhere are two
possibleelectrodeconfigurations, mongolar and bipolar. The sacrificial anodes in mquudar
arrangement are connected with one another in series; whereas, the cathodes connections follow
thesame mannernlbipolar arrangement, only a single anode and cathode are directly connected
to external power source and the remaining electrodedaae ;n between.

The additionof electrolytes, e.gNaCl, in the solutionincreases the electrical conductivity
thus reducing the resistanemd less power is consumefimong the anions present in the
solution, around 20% should be chlorine ions to anbahe electrical conductivity and prevent
the formation of insulating agent¥he addiion of 1 g/L of NaCl reduced theoltagefrom 5.8 V
to 2.4 Vat applied current of 3 Amp56]. The passivation of the working electrodeai concern

in determiningits lifetime simply because metal dissolution and electron transfer are limited as
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the passivation layer develops. Passivation effects are reduced by replacing the electrodes
periodically,by regular polarity reversal of the eteodes by anions addition (i.e. GIBr,I', F,

etc.), andby hydromechanical cleang.

2.3.2 Chemical Coagulation

Chemical coagulation is a potential harvesting method used in industry to destabilize
suspensions by the addition of salts such as &Al,(SQy)3) and ferric chloride (FeG) [57].
The zeta potential (i.e. the electrical charge of particularcpagresent in liquid)s minimized
to a point below the van der Walls attraction by counter ions provided bylatiag agents.
The double layer distance of negative particles is reduced by thevdlgyce cations afdd;
which results in larger particleformation by charge neutralization. Gealgr, chemical
coagulationtakes place in four stepghich are: the adtion of salts to the targeted solution
followed by a rapid mixing to ensure homogenous distribution of counter aoksthenslow
mixing to ensure a completeontact between particles of opposite chatgading to
predpitation, followed by particlesemoval using conventional techniques such as sedimentation

or filtration [52].

The typicalobstacle of using chemical coagulantthis corosive elements (e.g. chloride)
embedded in thebiomasssludge which may cause operatial problems depending on
downstream useThe dosage of coagulants depends on the tatgefficiency, meaning that
adding more coagulants leadshigher the reovery efficiency and more sludgenerated which
affects the chemical composition of the ssliektractedFor instancea removal efficiency of
87.5% using 20 mg/L of aluminumased compounds and 97.5% usiigmg/L of ironbased

compoundg58].
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2.3.3 Microbial Bio -flocculation

The technique of microbial bifbocculaion to harvest microalgae is one of the newest
research areas. The methodology of this technique is very simple wherein microbial colonies are
added to microalgae suspension leading to a formation oftzdg#trial flocs. The fundamentals
are not yet welunderstood, but theories ggestthat flocs are formed due to biological and
physicochemical interactions. Bftocculation can lead to complications; for instance,

inconsistent floproductivity at different weather conditiofs9].

2.3.4 Sedimentation

Sedimentation is a gravilyased separation technique operating on the density difference
between the solids in suspension and the liquid medium. Gravity sedimentation to harvest
microalgae biomass has been shown less phogiisan other techniquedue to the small cell
size (210 um)[38] and negative surface charge of the suspensitthriV) [60] with the free
settling velocity estimated at 02L6 cm/h[61]. The averagesolids content of microalgae
biomass via gravity sedimentation was fouedrange from0.51.5 wt% solids at a power
consumption of 0.1 kWh/M62]. Sedimentation i®ften used in conjunction ith coagulation
and flocculation to improve the settling rates. In addition, sedimentation proceases
effectively remove80%-93% of the process water. Sedimentation is oftesed priorto any
filtration stepto treat largescale volumes in order to effiévely handlethe solids loading under
optimal conditions. The design selection afclarifier depends on several factors such as
installation size, site conditignpreference and experience of desid68i. The performancef
a sedimentation unifi.e. settling velocity)is governed bywo main parametsy density of
suspended solids artte partide radius However,Stokes 6 Law can be only ap

flocculated particleso determine theettling of individual particks[64].
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2.3.5 Granular Media Filtration
The main function ofa granular media filters removal of suspended solids piysical

interactionswith the bed medialhere are a veety of materials that anatilized as the filer bed
i.e. sand glass beads etc Granular media filters have a high potential fogcovering
microorganisms (e.gnicroalgae) witha recovery efficiencyof ~85%at a filtration rate of 120
m/h [61]. A previous studyshowedthat the performance of granular dnee filter dramatically
improves as the bed particle size gets smaller; however, 96% of microalgae remasal
achieved with 0.2 mm diameter sand andepth of 3.175 mm at altfation rate of 10.3n/h
[65]. The overall performance of granular filter is determined by sevfacibrs including

fouling rate, heatbss, and cleaning mechanisms.

2.3.51. Filter Elements

The design of granuldilters consists of four main elemenihe first isthe supernatant
solution reservojrwhich is thespace provided above theed to be occupied by the solution
being filtered It is also called filter head because it offers a pressure gradient to push the solution
through the bed material. The second elenierthe filter bed which can be made of different
materials and size3.he wnderdrainage system ighe third elementwhich providesa physical
support for the bed matekid he particles size of tHewer layermust be largr thanthe opening
chanrels of the drainage systeto preventbedmaterial loss. Conbl valves are the last element.

Flow rates of solution being treated have to be regulated to maintain a steady operation before

and after cleaninff6].

22



2.3.52. Extracti on Mechanism

Despite the design simplicity of granular media filters, there are several complicated
extraction mechanisms involveidcluding transport, attachment and purificatiofransport
mechanisms include several separation@macesses such atyscal screening, inertial forces,
and electrostatic attractio Trappingof particlesby screening is process wheréhe solution is
passed through bed pores and solids are retained on the top surface of the bed forming a thick
paste called a filter cakg6]. The pores size depends on the shape andromif of bed
particles. Nevertheless, the passage bfisohat is 1/7thesize of the bed particles f@evented
when spherical and uniform particles are used as bed malfdralsmallest particles sizbat
suggested tbe used as filter bed material is 150 um which provides approximately pa2€s of
pum. The filter cakeknown as Schmutzdecke or filter skanhances the overall performance due
to solid accumulation that ressilin a higher resistance of solution @ags Inertial forces
promoteattachments ofontaminantso the bed particles due to the difference in specific gravity
between the targeted contaminants and the surrounding ®#getrostatic attraction is based
the charge difference between thdefil bed particles and contaminants be removed. For
instance, fresh sand particlearry a negative charge amdve a higher tendency to bind

positively charged particld§6].

2.3.53.Filter Cleaning and Bed Replacement

The resistance of the filter bed increases! the solution passage is stoppheeto the
accumulation of biomasdAt that point intime, the filter is no longer functioningell and
cleaning becomerecessary The filter bed material i®ften dried for a period of time, (e.g.

overnight)to ensure the rigidity athe filter cake Having multiple filters in place rather than a
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single filteravoids overloading and delays duririge cleaning processThere are two@nmon
cleaning methodsnanual cleaning (hand cleagiand mechanical cleaning. Manaédarng is
carried out by workers whecrge the cake layer usingquipment such as shovels, basket
buckets, handcarts, etc. Manual cleaning isarsatfficientmetrod when dealing with large areas
of filter beds.Mechanical cleaning involvekisnming equipmenthatused to remove the upper
layer (i.e. 13 cm) of the clogged filter bednd the scraped materials are collectesing belt and

screw conveyorf6].

Granular media replacement takes place when the depth of filter bed is reduced to the
permissibleminimum afterfrequent cleaning (e.@0-30 scrapings). The remainifgyer of the
filter bed shouldalsobe scraped before additige new granular material to avoid fouling and
resistance risks that may occur due to the penetration of biocdleamd biological products.
This scrapd layer is not discarded but is oftegplaced orthe top of fresh material addedhi$
technique is knowmas throwing over. Granular material of scrapes are sometimes washed and
reused in areas where obtaining fresh materials is either unsustainable or economically

unfeasble [66].

2.3.6 Membrane Filtration

Membrane filtes recover microalgae biomass at high efficiencies by providanghysical
barrier that istuneabé via pore sizeNo other extraction mechanisms (e.g. adsorption) are
involved in membrane filtrationOneassociatedirawbackis filter cloggingwhere the permeate
flux is reduced due to accumulation of microalgae biormadhe surfacef the membrang7].
The pores size of the membrane hasbe in nicron size to capturéghe microalgae cells.
Generally, smallepore sizes results in dasterbioaccumulationOne of the techniques proposed

to prevent the decline of permeate flux is increasing #émeperature of the solution being
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filtered, but results showed that the membrane mateaal be decomposed at elevated
temperaturesTo increae 1mol of water by 1C, the energy needed is 75.4The energy input
required to heat 1L of algal solution after sedimentation treatment at 1.5 wt% is 228t/
microalgae solids present in 1L of concentrated solution ig Which is equivalentot 0.36MJ
(assuming the microalgae solids has heating value of 24 MJ/kg). Based on the energy
calculation, the concentrated algallution after sedimentation cée heated upo 86°C and it

is still energyneutral. Surface modifications with functionabating materia and shearate
enhancements are two podsilbwvays to eliminate cloggingsks and increase the membrane
performancg57]. Chen et al. reported the energy demand of riicedion membrane as 2.06

kWh per 1m? of solutionto concentrate microalgae biomass from 0.06 to 8.88 wt% Sakds

88.8 g/L)[68].

2.3.7. Centrifugation

Centrifugation extracts solids based dne¢ p hysi c al prlamnpasiim!l e of
sedimentationwith the addition of centrifugal accelerati¢®]. The energy requirement is 8
kWh per 1 m3 of solutiof62] with maximum densification t80 wt% solidge.g. concentrating
the microalgae biomass froms0g/L to 200 g/L)[49]. The separation cost using centriitign
can be reduced the algal solution is preoncentrated by conventional techniques such as
sedimentation, meaning that the amount of electricity consumed peolurite will bereduced
Centrifugation isoften used to extract high valued products (i.e. pharmaceutical products) in
which the characteristic may be adversely affected if alternative separation proaesses

implemented70].
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2.3.8 Magnetic Separation

This type of separation occuthie to the attraction between materials with different
magnetic moments and a magnetic fid?dhgneticnanematerials (i.e. F#, and silica coated
magnetic particlespnd microalgae cells binddether due to electrostatic interactions. Even
though, magnetic separation is considered to be advantageous based on several perspectives (i.e.
energy efficient, simlicity, etc.) but it is not recommended to be used psmary approach to
harvest micralgae suspension. One of thmajor obstacles ithe requiredamount of magnetic
nanematerialsand its associated coswhich makes the separation technique impractca
implement for treating largevolumes of nicroalgae solution. @hieving higher recovg
efficiency is a function of sevak sensitive control parametesolution pH, dosage of magnetic
material, strength of magnetic field, and stirring speed which are not yet optimized for large
scale operationg’1]. Table 4summarizes the recovery efficiency and the power consumption of
eachexisting dewatering technology, which are essential for the determination of the process

viability.

Table 4: Summary of Microalgae Dewatering Technologies and #ir Suitability for this Study [49, 62,68,71,65,72,73].

Recovery Power

Process Efficiency (%)  (KWh/m?) Suitability
Electrocoagulation 90-95 0.7 yes
Chemical Coagulaon/Flocculation 79 Negligible No
Microbial Bio-flocculation 99 Negligible No
Sedimentation 72 0.1 yes
Granular Media Filtration 98.7 N/A yes
Membrane Filtration 98 2.06 No
Centrifugation 95 8 No
Magnetic Separation 98 0.03 No
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2.4. Passive vs. Aote Drying

Passive drying ia conventional methodsed to bring down the wateontent of products
by natural air movemerdand the passage of timPassive drying isin operation where water
evaporation is maintained under ambient condétiithout agplying an external energy input
The phenomenon is known Bsguilibrium Moisture Content wher e t he product 0:
evaporates to the environmaunitil a balance or saturation point is reachEde difference in
relative humidity between gdl produ¢ and surrounding air providethe driving forcefor

passive drying74].

There are three different categpsr of passive dryindield or work place drying, exposed
shallow layers drying, and ventilated structure dryinghénfirst type, no structure is needed and
the product of interest is exposed dire¢tyambient air at the sit€ield drying is considered as
insufficient techniqueas the productto be dried is not protected froolimate conditions; for
instance, rain ah snow. In he second type, thproduct is plaed in shallow trays with
transparent plastic cowethat allowsun light and wind access. The only obstacle of shallow
layer drying is uneven sgiribution of heat and aleadng to uneven quality among tray8 shed
is neededfor the last typewhere ambient air igllowed to flow through the structure via
permanent openings. Vent#a structure drying is an efficient method dueptotection of

product but it is still dependent on the flow rate of freg 7.

Active drying on the other hands a technique by whictemperature andir movement
are regulated by externsburce. The principleof active drying for water removal is the same as
in passive drying, only at a fasteate Despite the high power consumption, activging has
been attempted onalgal biomass [75]. Design and operational factors (i.e. feedstock

characteristics, available space, waste heat sources, maintenance cost, eta.)rgayn
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selection of suitable dryer. Thieermal drier reduced the water content from G0%%][76]. In
order to evaporate 1 hof water,a total of 679 kWh are required, based am enhalpy of

vaporization of water at44kJ/mol and5 °C [77].

2.5. Direct combustion of Algal Biomass

Microalgae biomass can lpgoeessed to produce a wide rangfebio-fuels [19]. Direct
combustion of algal biomass is one energy vecp pathwaywell suitedfor usein a cement
plans. Dry algalbiomass has a heating valuel&f25 kJ/g; however, authors used Aspen Plus to
simulate the cost of generating 1 kWh of electricity using algal biomass, whgfound to be
approximately $0.8. The cost of generating electricity using biomdsgvedfuel estimated as
approximatelyd timeshigher than using conventional die§é8], and 9.5 time&igher than the
cost of electricity in Ontario (i.e. 0.10 $/kWH) studyinvestigated the combustion behaviour of
algal/diesel mixturein a modern diesetngine Xu et. alshowed that the engine performaa
using algal/diesel mixturcreased, which indicates energy contribition released from algae
However, the heatlease rate is fourtd peakwhen the mixtureonsiss of 5% w/vdry biomass
and diesel. Afterwardshe heat released swto decline becausaf higher density that leads to
poorer injection pressuf@9]. The utilization @ algae as solid biofuel is limited, therefore, it is

worth of further investigation.
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Chapter 3 Materials and Methods
In this chapterthe materiad and procedures for culturing and dewatering microalgae are

described in detailsThe parameters retating the algal growth, i.e. nutrients concentration,
light, and CQ/air mixture, are established. The desamd the associated measurements for

each process are stated to reduce the water content of algalid®toaburnable level.

3.1.Microalgae Type and Source
The microalga strain used in this study wWaslorella vulgaris The initial microalgae
solution was obtained frothec i v i | engineering department (Dr.

University.No testing was done on the sample to etee any specific biogical parameters

3.2. Culturing Medium

The culturing mediumusedin growing microalgaewasa v er si on alf Bol c
Medium (BBMs) [80]. The medium consists mainly of maematrients and little portiorof
micro-nutrients to provide a suitable growth environment. Preparation of stdaion took
place every twamonths, depending on the experimental demand. The chemical formulation
(recipe) of the BBMs used is describedTiable 5with the additonof @ mL of Atr ace |

per 10L of solution

Table 5: Chemical Formul ati on of Boldés Basal Me d i
Chemical Concentration Chemical Concentration
Component (g/10L H,0) Component (g/10L H,0)
KH-PO, 1.75 NaCl 0.25
CaCb.2H,0O 0.25 NaEDTA.2H,0 0.1
MgSOy 0.37 FeS0,.7H,O 0.0498
NaNG; 2.5 H3BO3 0.0805
KoHPO, 0.75 - -
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3.3. Photebioreactor Apparatus

The experimental setp consists of two tubular phelworeactors made of trgparent
PVC and one stock jar (119. The dimensions othe tubular reacta are 34 cm in height and
9.50 cmdiameter. The tubular reactors weyacedon stirring plates to providBomogenous
mixing at 300 rpm This limited the sedimentation of microalgae suspendioming growth
period Air wassupplied froma building compressor vilboratory valve at a pressure of-22
psiandi b o n e dwagsappliéddromanexternal cylinder at a pressure of 20 psi. The flow
rates of pessurized air and COnixture wereregulated using Mass Flo@ontroller(OMEGA,
FMA-5520 and sparged to botteactors. The maximum capacity of the rotameters igriin,/
where microalgae wergrown at 2630% CQ and 70-80% air. Stone spargers weunsed to
generate dispersed bueb in which the supplied gas waistributed over the workg volume of

the reactors.

Four electrical tubular bulbs were used to provide a fixed light intensity required for
microalgae photosynthesi& fan was positioned éwards the reactors to dissipdtes heat
radiated by thdulbs The cultivation of micrdgae inthe stock jar rarn continuous mode to
have enough algal stock solution, where BB3dtutionwasaddedas neededjepending on the
experimental consumptiol.he microalgae irexperimental reactors were grown inadh mode
to have a consistentqmuction, usually over a time period of 5 days. A schematic of the photo

bioreactor seup isshown in Figure 7
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Figure 7: Microalgae Cultivation System.

3.4. Analytical Measurements forMicroalgae Growth
3.4.1.Cell Count

A 1 mL sample wasvithdrawn bypipette from each reactor every 24 hmurhesamples
were diluted in deionized water to avoid the overonaling of microalgae cells. 10 pbf the
diluted samples wagslaced on the stace of hemacytometer apittures ofa countng grid were
taken at 10X magnifation using a digital camera on thght microscope (ZEIS, Primo Star).
The pictures weranalysed usig ImageJ Software for automateell counting(see AppendixC-
1).

3.4.2.0ptical Density

A spectropbtometer (Infhite, M1000Pro) wasised to determine thaptical density of
eachmicroalgaesamplein solution A 200 uL sample wasvithdrawn from each reactor by
pipette every 24 hours and then transferred to a disposable plastic cuveei@yzed water
passedthrough a Millipore filter (Synergy’UV, SYNSVHFOQ was used as a blank for
comparison. The opticaledsity of microalgae samples wearalysed at a wavelength of 680
nm, i.e. the absorption peak of chlorophgittection (see Appendi€-2). The optical densyt

measurement waspeated on a daily basis uratationaryphag wasobserved.
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3.4.3.Dry Mass

Aluminum pans wereused fordetermination otthe microalgae dry biomasshe pans
wereweighed usinga balanc DENVER INSTRUMENT, St114) before and aftehe addition
of 10 mL samples. Two samples weaiken fromeach reactor every 24 houiide loaded pans
wereplaced in a dryingoven (Fisher Scientific, Model: 6917vernight at 105C. Pais were
removed from the ovethe next day ad left onthe laborabry counter to coofor five minutes
and therthe mass was recordedhe mass difference betweere ttmpty and dried loaded pans
was used in determination of microalghgmassproductivity, noting thaany BBMs residue
was not taken into account (i.e. @055 g/mL). Figure 8 summarizes the analytical

measurements for microalgae quantification and their outcomes.

{ Photo-bioreactor ]

N
{ Measurement Technique ]

W W 4
{ Cell Counts } { Optical Density ] { Dy Mass ]

0y i W
[ Quantitative Productivity ] { Qualitative  Productivity ] [ Quantitative Productivity ]

Figure 8: Summary Flowchart of Analytical Measurements for Microalgae.

3.5. Electrocoagulation Apparatus

The electreoagulation reactofsee Figure 9jvas made of PV@lastic with a working
volume of 135L (L: 20 cm, W: 5cm, H: 15 cm). The unit operat@dbatch mode with a moro
polar electrode configuration. The electesdverehorizontally inserted througbide supprters

attached to the reactor walwhere & cm gap between the electrodesskept constant for all
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experiments. The electrode waglat sheet made of aluminum (Pyr 99%) and lowcarbon
iron (purity: 98%), purchased fnm McMasterCarr. All plates were cut identi@lly with a
submergedarea of PO cnf. Both metalswere used asanode and cathed depending on the
experiment Current wassupplied to the electrocoagulation unitorh DC power source
(GWINSTEK, SP&3610 with a maximum current of 18mp. and maximum voltage of 36
Volt. A magnetic stirring plate wassed to provide homogenous mixing during the operation of
electrocagulation. A pH meter (accum&tBASIC, AB15) wasused to monitor the acidityf the

solution beingreated.

ko)

- PVC Reactor

- Electrode Plates

- DC Power Source
- Magnetic Stirrer

- pH Prob

I S W R

Figure 9: A Schematic Diagam of Electrocoagulation UnitAssembly.
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An electrocoagulation experiment was run as follotls.of microalgae solutiorwas
taken fromthe photobioreactor and mixd with approximately 1@f electrolyte agent (sodium
chloride) to reducehe potential resistance. The solution weismeasuredefore and after each
experimentand adjusted by adding either dilute sodium hydroxideor hydrochloric acid
depending on the desired pHhe flat plates (electrodes) wepmlished ushg sand paper,
weighed, andblaced in theeactor. Curreinwassuppliedfor 60 minafter the microalgasolution
was pouredinto the reactarPlates wereemoved fronthe eactor after the run was completed
rinsed with distilled water, dried anvdeighedto obtainmetal dissolution measurement. Treated
algd solution wasthen transferred to a cleagraduated cylinder forthe sedimentation

experiment.

3.6. Analytical Measurements orkElectrocoagulation

The destabilization ahe microalgae suspensiaturing electrocoagulatiowasmeasured
by three methodell counts, optical density, and dry mass determinasodescribed in section
3.4. Microalgae destabilization is defined as disturbing the solids suspension by either chemical
or physical forces to érance the downstream separatighmatrix of 26 samples waakenfor
each electrocoagulah experiment. A 1 mL sample wasthdrawn bypipette every 5 minuge
for dry mass analysis, totally 13 samples overhbar of operdon. Similarly, a second mL
samplewas withdrawn athe same timéor cell court and optical density analgsiThesampling
resultedn a 2.6% loss in the volume treatdthepH meter wagalibrated regularly using buffer
solution {.e. pH levels o#, 7, and 1Q)The recoverydestbilization) efficiency wasletermined

by the followingequations

S — = Eq(l)
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s —a Eq(3)

Ea(2)

Wheres s the recovery efficiency basedn cell count® 0 initial cell count 6 0 final cell
count s is therecovery efficiency based on optical densifyO initial optical density of
solution, 0 'O final optical density of solution; noting that the optical densiafueswere
subtracted from blank solutiofi.e. deionized water)to correct forthe background reading,
s is therecovery efficiencybased on dry massvhered initial mass anda is the firal

mass.

3.6.1.Calibration Curves for Microalgae Quantification

The quantification of microalgae cell denswtsas done using various methods (i.e. cell
count, optical density, and dry masshe assessment process wase with the ia of ImageJ
software Figure 1Orepresents aegressionfit that allows determining the cell density of
microalgae suspension using spectrophotometry absorbance values. The absorbance values at
680 rm correlatewell with the physical cell coun{R?=0.9687. Figure 11land 12 represent
regression fitbetween cell density and dry maas,well asabsorbance at 680 nm and dry mass
respective}. The correlation is not well fittegimply because measuring microalga# density
based on dry mass wekallenghg due to contamination interventiohmetalsduring the course

of electrocoagulation.
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Figure 10: Regression Fitbetween Cell Density and Absorbance for Microalgae Quantification.
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Figure 11: Regresson Fit between Cell Density and Dry Mass for Microalgae Quantification.
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Figure 12: Regression Fitbetween Absorbance and Dry Mass for Microalgae Quantification.

3.7. SedimentatiorExperiments

Sedimentation experiments werergad out in a graduated glass cylinaéth a working
volume of 125 L (43cm in height and @m diameter). After electrocoagulation, the solution of
destabilized suspension was transferred from the electrocoagulation reactdoeddea to
determine thesolution weight using larger scale (OHAWYSNVL2101/1),to be anatsed. The
coagulated solution wasansferred tdhe graduateccylinder and allowedto settlefor 60 min.
The heightof the interface between thBomass supernatant layand clear watewas visually
recorded at different time interval$he results weraisedto determine the settling velocity

(cm/min) of microalga&fter electrocoagulatioandalso to determine th@mount of cultivation

mediumrecycled

After the sedimentation test wasnclucted, the clarifiedsolution wasseparatedby
transferring it in a clean beaker leavitige pre-concentrated solutiom the graduated cylinder.

This separation was done visually by decanting the clarified (i.e. less dense) solution manually.
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The massof both solutiors was compared todetermine the concentration factor and the
percentage of mediurtihat can beeturned tocultivation systemA 10 mL sampleof clarified
solution wasretained for metaknalysis.50-90 mL of pre-concentrated algal solutionas
transferred taluminum pans andvendried for 24hours to determine the wateontent. The
dried biomass wathen used to determin@e accumulated metaia ICR-OES The clarified
solution was stored irglass jars to be reused for microalgae growihhereas the pre

concentrated solutiowas retained fodownstream treatmefite. limestonefiltration).

e -

h,: Total Medium Height (cm)
h.: Clarified Medium Height (cm)
hy: Pre-concentrated Medium Height (cm)

Figure 13: A Schematic Diagram of Microalgae Sedimentation.

3.8. Aluminum and Iron Analysis

The content of aluminungAl) and iron (Fe) was analyzed in both coagulated algal
biomass and process solution separaéidr electrocoagulation treatment. The concentration of
metak in liquid and solid samples wagtermined using Inductivelydtipled Plasma Optical
Emission Spectraonetry. Measurements dhe liquid samples started with the addition of few
drops of nitric acid to completely dissolve the trace amourgngforganic biomass that may

retainin the solution. All liquid samples weréltered using 0.45 pum membranes to emsa
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complete solid removal. The solid samples of microalgae biomass were digested in nitric acid
usinga microwave oven (MARS 230/60, Model No. 90750The digestion procedure started
with washing and cleaning the pressure vessels. The mass of enggg vess recorde,5-1 g

of algal solids was added to the vessel. The loa#sdels with biomass were wegghbefore
adding 10 mL of nitric acid to each one. Thegstge vessels were left exposed to ambient air
for a minute to allovany chemical reactins to take a place. The vessels were &hekeigled,

and returned tdhe microwave rotor. The prepared samples were heated atCl86r 10
minutes. The vesels were weigkd after digestion to account fany mass lossthen moved to

the fumehood and pered with caution due to generated pressure. Duplicates of each digested
sample were diluted in accordance to the dedication limit using rinse water. The dinglds

were sent for analysis at tBavironmentalScienceGroup Laboratoryat RMCC.

3.9.SandFilter Experiments
3.9.1.Bed Material

Limestone wasin gpropriate materiads a filter medium for this study, since #geraped
filter cake would contairalgal biomassAl/Fe hydroxideslimestoneandall are suitable for use
in clinker production Limestone aggregates were obtained from Lafdof@m Canada Inc,
Bath, Ontario. The size reductioof aggregates was done two stages athe Geological
Engineering Labratoryat Queends Uni-sizejaw crusher washuset en dhe firsn
stage toproduce medium aggregatexterwards a smalsize jaw crusher was used further
grind theaggregates to fine pate (micron level). The grountimestone was sieved using
mechanical shaker teparate the bulk into differesize fractionsA stack & sevensieves was
used in the particlsized analysis (5am, 2.5mm, 1.25mm, 1 mm, 600um, 420um, and 250

um). 1 kg of groundimestone was discharged into the sieves stack and placed in the mechanical
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shaker located ahe Civil EngineeringLaboratory RMCC. The shaker was turned on for 10
minutes. After the vibration was done, the mass of retained mategaéry sieve was recorded

to plot thesize distribution curvehown in Figure 14
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Figure 14: Size Distribution of Limestone Aggregates.

3.9.2.Filter Apparatus

As shown in Figure 15he filtration apparatus consistedl five parts movableplunger
(3.1 cm inner dimeter, 3.5 couter diameter and 15.1 cm in heiglgyaduateglungersleeve
(3.5 inner diameter, 4.0 cm outdiameter, 10.8 cm in Ight), backing screen (3.5 cdiameter
and 1 cmin heigh), circular sheet of wire mesh and sampledgpter The plastic backing
screen waslesigned witharger perforationss a physical supporter for various sizes of wire
mes sheets (stand drain), which wpkaced on the top of the movalgiinger Thepores size
of the mesh sheet had be smaller than the particles diameter of the filter medium; therefore,
several mesh sheets were useddifferent grain sizesfdimestone.The mesh sheetisoacted

asadrain channel fopassingsolution. The movablplungerand sampling adager wereplacel
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inside and on top of the graduated sleeve respectively. The following schemaivs the

assembly othelimestone filter.

2
O - Sampling Adapter

- Graduated Plunger Sleeve

- Accumulated Algal Biomass
- Limestone Micro-aggregates
- Backing Screen

- Mowable Plunger

= -

\..________Fi
Figure 15: A Schematic Diagram of SandFilter Assembly.

Filtration experiment®eganby placing the filter assemblgver a beakeon a balance
which allowedthe mass of captured solutitm be measuredrhe mateaal of the filter bed was
weighed and plaag into the plungersleeve. The filter performancegas tested byarying the

grainsizes of the bed media.

The filter bed media was pteetted using 50 mL of distilled water before each test to
reduce thedhesion effectsf limestone A 50 mL sampleof preconcentrated algal solution was
poured into the filter and the massmediumpassing through was recordied 60 minutes using

digital camera. After the filtration experiment was done, thungerwas raisedo releasethe
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biomass cakand limestone bed. At the sampliadaptey the biomass cake and a portion of the
filter bed were scraped to be used in downstream unit (i.e. briqueirggmple of the filter

cake was tested ttetermine the wateontentafter filtration.

3.10.Passve Drying Tests

A mixture of microalgae biomass, metaldroxides, andfine limestone were manually
blended and transferredin aluminum pans to form cylindrical briquetteDifferent ratios
between microalgae and limestone were investigated to detetingirfeeating valueThe water
content was detmined before and aft@rassive dryingThe water reductiomfter the passive
drying wascompared to thosebtained after filtration. Thenixture wasplaced on a ladratory
bench to be dried undermbient condibns. The watercontent of thesolids was determined
every 24 hourdy measuring the mass loss. The measurements were wakedhe masswas
held constant. Therthe solids wereplaced in the oven at 10% for 24 hours to ense a

complete drying to callate final water content

3.11. Thermogravimetric Analysis (TGA) Tests

TGA was used to determine the material characterisfics approximate analysis and
decomposition reactiond)y continually recording the mass of a sample while the temperature
was raised at a specific ratall experiments were conducted using TA instruments Q50 model
provided in Chemistry and Chemical HEmgering Departmenat RMCC. Experirents were
carried in an oxidative environment; where air was used asxygen (Q) source noting that
gas flows includé 40 mL/min air and 40 mL/min Nfor balance Before each TGA run, a
platinum sample pan was cleaned and tared in a niti@d¢@renvironmentA 10-15 mg sample

was placed into theamplepan and then automatically hookedoirthe TGA furnace. The tests
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were conductedp toa maximum temperature of 858G with heating rate of 16C/min. In this

study, TGA tests were performed to characterize the following materials:

1 Pure algal biomassChlorella wlgaris): to investigate tb proximate analysigi.e.
percentage of volatile organic matter, fixed carbon, and ash).

1 Coagulated algal biomass: to estimate the mcdation of metals (Al and Fe) imiomass.
Themass difference betweeesidues ofintreated algal biomass and coagudi®mmass

is anticipated to dominate logetal contamination.

1 Postfiltration residue: tanvestigate the amount bfomassassing through the filter

3.12.Bomb Calorimetry Tests

A calorimeterwas usedto measure the caific value of the pure microalge biomass,
coagulated microalgae biomass, and the mupulpose briquettes. The calorimetapparatus
used in this study waarr instrumenimodel 6200located aRoyal Military College of Canada
A 1 g pellet consistingf 50% sample powder drb0% bewroic acid was made wita press and
a die. The pellet waplaced n a sample pan after the mass was recorded. A cotton fuse was
placedover the electrodes metal rod in which having both ends of tharfusmntact withthe
pellet. A 1mL distilled watealiquotwasthenadded to thedmb to act as an absorbéot gases
releasd during combustion. The bomb wasaled pressurizedwith oxygen placed in the
cdorimeter bucket, anthenthe electrodes wergtached. A warnbath of2L distilled water (25
°C + 1°C) waspourdl in the bucket then the bomb wactivated. At the end of el run,heating

value in J/kg wasecorded.
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Chapter 4 Results andAnalysis
This chapter summarizéise collected dataf each process and the relative analysis. The

findings are used to comprehetid chemical and physical mechanigmproduce a value

added product via microalgaad its implication in cement plants.

4.1. Microalgae Cultivation

A microalgaeculture was grown in a closed photébioreactorusing a nutrient ch
solution with a gas phase composition26%6 CQ and 80%air. The gowth of microalgae was
monitoredfor 105 hours 4.4 day9; where theexponentiaphase startedt ~ 48 hoursand ended
at~ 90 hoursasshown in Figure 16The highest cell densityttained after 105 hour§.e. linear
phasewasy ¢ p mcell/mL, equivalentto 1.13 gL of biomass on dry basisbtained from dry
mass measuremenf{Bhe water content after microalgae maturatizas found to be 99.88%;

meaning tha8.85 nt would beneededo produce 1 kiglay of biomass
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Figure 16: Growth Curve of Chlorella wilgaris in Photo-bioreactor.
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4.2. Electrocoagulation Tests

Electrocoagulationwas employedto produce metal ions in sitto disturb thealgal
suspasion throughcharge neutralization. The efteveness of electrocoagulatiovas evaluated
underdifferent operating conditions whetiee control parameters (i.e. current densggl|ution

pH, and stirring speed) were varidasting was conducted at two saéns below

1. Aluminum plateasworking anode and iroplate as cathode.

2. Iron plateasworkinganode and aluminum plate as cathode.

4.2.1. Process Performance Using Aluminum Anode
4.2.1.1 Effect of Stirring Speed

Stirring the microalgaesolution during the experiment was control parmeter forthe
performance of electrocoagulatiofhree stirring speeds weused in tis study to evaluate the
effect of mixing on the recovery efficiency of microalgae whhelding current density and
initial solutionpH constantFigure 17showstheremoval efficiency data at 0, 108nd 200 rpm.
The threestirring speeds$ad little effectsuch thathe removal effiencies at 10 min and 45 min
were found to be 5% and93% respectively at abpeed. Thislack of influerce by stirring
suggests the attachment between microalgdle and aluminum hydroxide didot limited by
physical mixing,but rather other mechanisms weneolved. As observed,lte movenents of
micro-bubbles producedt the surface of anode and cathgdeeratd convective currents in the
reactor and thereforenhancd the contact ratbetween microalgae cells and metal hydroxides
Additionally, the electrophoretic motion would laaticipated to induce the destabilization of
microalgae suspensioilectrophoretic motion refers tthe movement of objects due to the
effect of an electrical field The attachment betweeduminum hydroxidesand microalgae

suspension couldccur when thenegatively charged algaklls werecarried towards the anode
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by the indicedelectrical field.Studies shwed that system homogenizatimnadversely affected
at high mixing speedghe formed algaenetal flocs are degraded and continuously dispersed
over the entire reactpthus reducing removal efficiency50, 81]. Noting that theerror bars

represent experimental variations; n=2

—=—0rpm

Destabilization of Suspension (%)

—=—100rpm
200rpm

0 10 20 30 40 50 60 70

Electrolysis Time (min)

Figure 17: Microalgae Destabilizationat Different Stirring Speeds, CD:15 Amp/n?, pH: 6, Al anode

4.2.1.2 Effect of Current Density

Current demity was another operating parameter that may affeche performace of
electrocoagulation. fle dosage diothmetal ions (i.e. AT, F&*, andFe’") andthe geneation of
micro-bubbles weredependent on theurrent densityln this study, ngroalgae recovery was
evaluated at four different current densities, 15 Anfp/8® Amp/nf, 60 Amp/nf, and 120
Amp/n?. Noting that 15 Amp/h was chosen as the lowest current density to provide the
minimal energy required to drive the chemical reactions efahdissolutionFigure 18shows
the destabilizatiomf microalgae at thosealues. It was founthat the destabilization time was

inversely proportional to current density. After 10 minetectrocoagulation,% of microalgae
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suspension was recoveredlat Amp/nf; whereas, 8% of microalgae suspension was recovered

at 120 Amp/m.

The observationssuggestd that the higher microalgae recovery at 120 Anfpimas not
taking place solely due to the release of more metallic tortke solution, but also due the
generatiorof micro-bubblesat the surfag of electrodes. The releasemetal ionswasgreater at
higher current densitiegigure 18 clearly showsthat microalgae destabilizationas fasterat
higher current densitieghe involvement of micrdubles generation raisehe possibility that
a portion of the naroalgaekept their surface negative chargéhich is disadvantageous for
downstream dewatering processes, i.e. sedimentatiowas observedhat the microalgae
recovery at lower current dengitwasa function of both attachmenof metal hydroxides and

micro-bubble flotation but not at higher current density.

This finding can be verified by the pH change of the microalgae solution during the course of
treatmentAs it can be seen from Figur®,lat current density of 15 Ampfmthe medium pH
has increaskonly from 6.00 to 7.1after 1 hour of operatigrwhereas, the pH has increasied
8.96 at 120 Amp/f The additionalpH increase at higher current density gesfedthat the
generation of hywbgenbubbles anchydroxide ions at the cathode wgseater leading to an
excess of OHions This may be due to the fact that two oxidation reactions at the anode (i.e.
water andmetal) werecompeting with only one reduction reaction at the cathodewaéer).
There is a energytradeoff between recovery efficiency and operation cost since the optimal
current density suggested is ranged betwee252@mp/nf [54]. It can be understood that
operating electrocoagulatiaat higher current density leads to a reductiontlie destabilization

time, but the energy consumption increas&etailed energy consumption caldidas are
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4.2.1.3 Effect of Solution pH

The pH of the microalgae solution being treated duregigctrocoagulation wasamother
control parameter to consider, sinceaffects metal hydroxide speciation. The formation of
metallic hydroxides varies significantly under acidic arkhlithe environments. In this study,
microalgae recoverwas evaluated at three pH leveds 6, al 8. As shown in Figure 2@he
destabilizationunder acidic conditionfollowed a similar trend90% of microalgae suspension
was destabilized after 30 miifihis suggests that positively charged metallic hydroxidesebind
to the negatie surface of microalgae cellshd@ recovery efficiency under sligitalkaline
conditions (i.e. pH=8)may not have been a&dfective given the excess ofegativelycharged
hydroxide ions were promded which may reduce the microalgae removehe mcroalgae
destabilization achieved plateau for althreepH levebk after 30 mins, indicatinghat enough

soluble ims were provided for coagulation.
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Figure 20: Microalgae Destabilizationat Different pH, CD: 30 Amp/m?, SS: 100 rpm, Al anode
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4.2.2 Process Performance Using Iron Anode

In this section, the effestof stirring speed and solutiopH on the electrocoagulation
performance using iron anodere rot consideredsinceno significant effects have been noticed
while aluminum anode used (results presented in section 4Thé)performanceof the iron
anodewasonly investigated at different current densities, leading to a better understanding of the
ferric hydroxide effetiveness to disturbbrganic mattefi.e. microalgae biomasghdthe results

werecompaed to those using aluminum anode

A set of experiments was performed using iron anodri@ént densities aof5, 30, 60,
and 120 Amp/ Results,presented inFigure 21 indicate that he degree of microalgae
destabilizationwas lower at 15 and 30 Amp/mcompared to 60 and 120 AmpfmAt 15
Amp/n?, the highest destabilization @8% wasattained after 60nin of electrolysis. A 120
Amp/n?, about 8% of themicroalgae suspension was destabiliréthin the first 10 min of
electrolysis.Comparing the microalgae destabilizataata of using iron and aluminum as anode
material helps in understanding the suitability of electrocoagulation as a primaayedag
process. At lower current density (i.e. 15 Ampfin the destabilization usinthe aluminum
anode was 42% higher than usitige iron anode This siggests that iron is a less efficient

materialto remove organic matteAdditionally, the energy ragred to form iron hydroxide (i.e.

pH=-84kd/mol)ishi gher than al umi:ued7 kiind)suggestiogeat (i . e .

less iron hydroxides wemoduced compared to aluminum hydroxide when same current density
is applied.The destabilizationlegreeat high current density; iparticularat 120 Amp/, were
in agreement foboth anode materialssupporting the hypothesis magesviouslyin which

micro-bubbles flotation wasthe predominantmechanism regardles$ anode materiaised.

50



100

&

~ 80 -

K]

w

g

2 60 |

=

v

5 40 -

c

K]

=]

820 —5—15 Amp/mA2
= 30 Amp/mA2
]

s Of —5—60 Amp/mA2
a —+—120 Amp/mA2

_20 1 1
0 10 20 30 40 50 60 70

Electrolysis Time (min)

Figure 21: Microalgae Recovery at Different Current Densities, SSO rpm, pH: 6, Fe Anode.

Figure 22shows the increase of tiselution pH dumg the electrocoagulatiamsing iron
anode. The increase of pH at 120 Ampinticatedthe exess amount of unreacted hydroxide
ionswasgenerated at the cathoddowever, the lack of pH change current densities of 15, 30,

and 60 Amp/fimay indicatea constant concentratiaf OH ionsin the solution

0.5 |

__
__

15 Amp/m”2 30 Amp/m”~2 60 Amp/m”"2 120 Amp/m”2

Figure 22: Solution pH Increase at Different Current Densities using FeAnode.
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In theory, the higher the current applied is, the more OkE will present in solution;
however, a portion of OHbind with the metallic cations released to forming metal hydroxides.
Due b the metal solubility and the competition of water oxidation at the eantdwas

challenging to back calculate thatal amount of OHionsgenerated

4.2.3. Metal Absorption Analysis

This sectiorexplains the accumulation of both metals, i.e. alumiamahiron, in both the
algal biomassand the process water duriredectrocoagulationAs shownin Table 6, the
aluminum contained irthe algal biomass increasedth the currentdensity such that the
aluminum exposed to the process as a whole at 120 Anwé®8.5 times higher than at 15
Amp/n?. Resultsshowed the percentage afuminum accumulated inalgal biomas at 15
Amp/m? and 120 Amp/rh were found as7% and 31% respectively assuminga uniform
distribution of metal ions in solution and solidSn the eher hand, the aluminum content
retainedin the process water wésund almost constarat all current densitiesuggestinghat
the majority of metahccumulated withhe algal biomasdvioreover,thetotal masof aluminum
released and the summation afiminum mass absorbed by microalgaed that retainedn
process watedid not balanceThis canbe dueto an experimental error of measuring the weight
of the metal plates.In addition to that, a portion of the metal may be lost during rinsing the
platesbefore reweighting; which wasot donein this study.

Table 7shows similar findings for iron accumulation with respect to various current
densitiesThedissolution of fon during electrocoagulation wgseater than aluminummn a mass
basis thus, moe metal exposure waschieved, leading to higher absorption. Hogumulation
of iron in the algal biomassat 15 Amp/ni and 120 Amp/rh were found asl2% and41%

respectively The iron remainingn the process water aft@ectrocoagulation was very low

52



conmpared to the total mass releasBdsed on the solubility of metal hydroxides in pure water,
Fe(OH) is found the most soluble complex follow by Al(QH)nd then Fe(OH) suggesting
that feric hydroxides participation tooslace faster than aluminum hyadrde (see AppendiC-

3). Despite the significant difference of aluminum and iresolution duringelectrocoaguation,

it is reasonabléo suggesthat absorpbn capacity of algal biomass whsited to certain extent.
For instance, e total mass of i released at 120 Ampfnwas at least twice higher than

aluminum, but only additional 10% of iron was accumulated in algal biomass compared to

aluminum.

Table 6: Accumulation of Aluminum during the Operation of Electrocoagulation
Current Density 15 Amp/m*  30Amp/m? 60Amp/m? 120 Amp/nt
Al Conc. in biomass (g/gaigad) 0.070 0.177 0.236 0.319
Al Conc. in solution (maL) 0.00015 0.00011 0.00018 0.00022
Biomass Conc. in solution {g.dJ/L) 3.300 3.000 2.600 2.200
Masslossof Al Anode(g) 0.120 0.260 0.460 1.010
Mass of Al absorbed by biomass (g) 0.232 0.531 0.612 0.702

Table 7: Accumulation of Iron during the Operation of Electrocoagulation

Current Density 15 Amp/m* 30 Amp/m* 60 Amp/m’ 120 Amp/nt
FeConc. in biomass {gJaigae) 0.119 0.208 0.309 0.405
Fe Conc. in solution (mAl) 0.00019 0.00030 0.000017 0.000017
Biomass Conc. in solution {g.¢/L) 2.200 2.600 2.100 2.300
Massloss of Fe anod@) 0.28 0.58 1.18 2.310
Mass of Fe absorbed bjomass (g) 0.261 0.542 0.648 0.932

4.2.4. TGA Teston CoagulatedAlgal Bio-solids

A set of TGA experiments wasonducted tacharacterize the behavioof coagulated
microalgae biomass in a combustion syst€éhe TGA results of five samples coagulatedler
different current densitiegsingan aluminum anode are presented in FigRBga). The sample
massof untreated algal bisolids experienced a rapid decrease between Z7and 450°C.
However, the masdrop after 500°C sloweddown and plaau wasobtained of which 80% of

the initial sample madsad oxidized by850°C. Similarly, themass los®f algal biosolidsthat
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coagulated at 15, 30, 60, and 120 Amphaginsat 275°C and levelledff between 550C and
850°C, but themass fraction ofesidwes after combustion diffed significantly fom untreated
algal biosolids For example, 70.1% of initial massasburned out at 15 Amp/mwhereas, only
50.3% wasurnedwhen the sample wamagulated at 120 Amp/mThisis anindicationof the

aluminum ontentlevel accumulatediuring electrocoagulation.

To have a estmate of the metal conterthe keftover residuef untreated biesolidswas
subtractedrom the leftoverresidues of the treated ksmlids The calculatednassfractionsof
aluminum accunulatedin the algal bio-solids at 15 Amp/ni and 120 Amp/rhare 9.5% and
29.9% respectively. This isomparable to # findings obtained using IGBES The aluminum
content accumulated to algal ksolidsat 15, 30, and 60 Amp/was alsolinearly correlatd
with the theoretical amount €si mat ed usi ng [Edrolysislaadytdesamdurd of o f
hydroxides ions remained in the solution (fégure 23b). Thisindicatesthat the fomation of
aluminum hydroxides wasot solubility limited as the concenttian of hydroxide ions

increasedvith current density
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Figure 24shows the rate ahasschange with timeThe degradation stages ajagulated
biomassis explained by the overlappimmpaksfrom 275°C to 550°C. This behaviour suggests
that the reactio;m occurring over that range wenevolatilization of organic matter and
oxidation offixed carbonThe mass of aluminum metatcumulated in the coagulated {siolids
was taken ashe difference between thesh conterstof untreated bicsolids and themass of
leftover residue®f treatedbio-solids (Figure 23(a)). The aluminum hydroxides decompose to
aluminum oxide and water at temperatures between °80Gand 500°C; however, it is
challenging to distinguish the decomposition peaks of aluminum hydroxides since it falls under

the same threnal regime of biomass delatilization.
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Another set of TGA tests waonducted on coagulated bswlids using aniron anoe
under the same conditionBigure 25(a) indicatesthe amount of iron content attached to the
algal biosolids after electrocoagulatioat different current densities. It wassumed that the
mass difference between urated and treated bigolidsat 8% °C to be iron compounds$or
example, at 15 Amp/fthe masof metalin the biosolidswas 10.26, while it was 33.2%at
120 Amp/nf. As shown in Figure 2%b), alinear correlation between the iron conteadtenby
the biosolidsand the theoretical coett of iron dissolved was found at all current densifibe
concentration of hydroxides ag near constant at 15, 30, and 60 Amfy/ruggesting the
formation of ferric hydroxides wasolubility limited The mass ofesiduesusing iron ad
aluminum anodegsee Figure 28a) ard Figure 25(a)) wasvery similar, indicatingthat the
capady of microalgae biesorption wadimited to a certain extenfigure 26indicates that both
volatile content and fixed carbon of the coagulated biomass decomposed bet@€enaz@i

500 °C. No mass drop was noticed between 800and 650°C, but adecrease was observed
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above 700°C, suggesting the presenad iron carbonate Noting that there was no such

behaviour was observed with aluminum anode.
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4.2.5 Calorific Value of CoagulatedAlgal Bio-solids

Energy contenis a key parameter for evaluatingcroalgaeas an alternativeolid fuel.
In this sectiontheenergy content ahicroalgae biomass before and after electrocoagulation was
investigated to understand theesffs of metal hydroxiden the thermal conversionThe water
content of d sanples used in this study was approximatero since the samples were
thermally driedprior to testing Figure 27shows the heating values, expressed in MJdtg,
coagulatediomass usig aluminum and iroanode. The heating value of microalgae before the
treatment wasdund as 28 MJ/kguybiomass Which ishigher than the expectadlue for algal

biomasgresented in section 2.5

The energy conteraf the coagulated biomass declined themetal loadingincreased
during electrocoagulatiofhe biomass coagulated at 15 Ampiwith iron anode had heating
value of18 MJ/kg while at120 Amp/nT, it wasreduced to 4.MJ/kg. Additionally, the relation
betweerthe energyontent and the mass leftover residues obtained from TGA wearrelated.
This suggests thdhe cagulated biomass wasadedwith metalsandthe heat released during
the combustion wasabsorbed byto the hydroxide decompositioendothermic reacti@ The
absorption rate of aluminum and iron hggides by microalgae biomass we@mparableat all
current densities except for 120 Ampinsince the heat of combustiomas significantly
different Accordingto the data obtained from IGPES TGA, and BombCalorimeter the
amount of iron relesed at higher current density wgeeater than aluminum; therefore, the
tendency of iron hydixide accumulation on biomass whaigher, leadig to a greaterenergy
reduction. In addition, the content of iron oxides is 3 times lower than aluminum oxides in
cement raw meal therefore the duration of microalgae destabilization using iron anode will be

lower.
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Figure 27: Energy Content of CoagulatedAlgal Bio-solids

4.2.6 Power Consumption

Power consumpdin analysis helps indetermining the economic feasibility of
electrocoagulation procesghe minimum amount of electricity consumed per masst whidry
microalgae reovered(E, kWh/Kginniomas) Wascalculated using the following equatifs0];

Y00

o p I TOH Eq(4)

Where U is the voltage (V| is the applied curré (Amp.), t is the time in (hy V is the
reactor volune (nT), — is the remova(destabilizationkfficiency, ando is the initial densityof
microalgae (kg/r). As stated inTable 8 the minimal energyconsumption usinghe aluminum
anode waseached at longer electrolysisg when lower currentethsity wasapplied due to the

fact thatthe highesticroalgae recovery was nathievedill the end ofthe operation
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Table 8: Power Consumption (KWh/Kgyy niomass at Different Current Densities, SS:100 rpm, pH: 6 and Al Anode.

ECT
D (min) 10 20 30 40 50 60
(Amp/m?)
15 0.849 i 0.518 0.449 0.265 0.240
30
4.361 1.186 0.663 0.82€ 1.120 1.273
60 2.408 1.271 1.868 2.455 3.115 3.722
120 3.408 5.766 8.757 11.631 16.039 18.218

ECT: Eled¢rocoagulation Time; CD: Current Density
*. Power Consumption at HigheBestabilization( > 90%)

Applying moderate to higher current densities led to shortening the electrolysis time with
higher recovery efficiency, but an energy penalty was imposé&tie highest microalgae
recovery at 15 Amp/fmwas achieved after 60 min of electrolysis after 0.240 KWiR/K@mass
was consumed. At 30 Ampfinthe electrolysis time was shortened by 20 min and the power
consumption increased to 0.826 kWhykigomass Similarly, rapid microalgae recovery was
observed while electrocoagulation was operating at 120 Afmpile. 95% recovery was

achieved after only 20 min consuming 5.77 kKWhikgbmass

Comparing theiron anodeto aluminum anode, it cabe seen that morenergy was
consumed, due tthe poorer microalgae destabilization by iron hydroxid€able 9indicates
that the Ighest recovery efficiencies werdn most cases, reached near tend of
electrocoagulation cyclewhich imposd an extra energy penalty. Faxample, 9% of
microalgae suspension wdsstabilized after 50 min at Zmp/n?, with energy demandf 1.40
kWh/kgury biomass The lowest energy requirement at the same apgrabndition wasas 1.29
KWh/kgury biomass Where 79 of thesuspension destdizied after 40min. Energy can bevastedf

electrocoagulatioproceed$eyondthe saturation point of microalgae recovery. From an energy
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point of view the power consumption after 46in at current density of 3@&mp/n¥ may be
inefficient, because the reond efficiency improvedonly by 14%6. Energywise, there isalso

tradeoff between thgpower consumption and operating time, especially at industrial scale.

Table 9: Power Consumption (KWh/kgy niomass at Different Current Densities, SS: 0 rpm, pH: 6 and Fénode.

ECT
D (min) 10 20 30 40 50 60
(Amp/m?)
15 2560 4.148 2.053 3.042 2.232 1.184
30 ] 4.532 3.233 1.298 1.403 1.678
60 6.430 2.394 3.155 4.140 5.320 6.364
120 3.310 6.088 8.954 12.939 14.804 19.104

ECT: Electrocoagulation Time; CD: Current Density
*. Power Consumptio at Highest Destabilizatiof8-84%)

Operating at lower current densities lead to longer retentionstiemel thus larger
reactos. There were otheparametes that may alter the poweromsumption during
electrocoagulation, the distamdetween electrodes and solution conductivity. demsistency,

both of the aforementioned parameteesekep constant throughout adixperiments

4.3. Settling Charactersticsof Microalgae

Theobjective of electrocoagulation wasimprove the settling behaviour aimicroalgae
suspensiorby neutralizingthe negatie charge and increasinpe microalgaedensity The
settling velocity ofmicroalgae cells waa function ofthe metal dosagend the contact tim
during electrocoagulation. ltneory the higher the metal dosaghe faster the suspension will
settle Resultspresentedn Figure 2829, swygest the opposite, meanitite settling velocity of

destablized suspensi@t 5 Amp/n? werefaster tharthose atl20 Amp/n?.
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Figure 28: SedimentationTestsof Coagulated Microalgae, SS:100 rpm, pH: 6, and Al Anode.

The dissolution of aluminum ions after 60 min at 15 Anfdmd 120 Amp/rhwere estinated as

0.097 g and 0.776 g respectively. Despite the higher dosgae of aluminum ions at higher current
density, the settling characteristic was found to be poorer. The settling velocity of coagulated
biomass at 15 Amp/frand 120 Amp/rhafter 5 min of sednentation were found as 4.04 cm/min

and 0.79 cm/min respectively (see table 10). Tighdn the settling velocity is, the higher the

removal and recycling of process water would be.

Table 10: Settling Velocities ofCoagulated Bionass Using AlAnode.

CD Settling Velocity
(Amp/n") (cm/min)
15 4.04
EC-Sed 30 2.33
60 1.21
120 0.79

Despite the high recovery of process water at 15 Arhfil; 8290%), the water content of the
algae decreased by less than 1% (see table 113. dlear that the contact time between

microalgae suspension and aluminum ions at the lowest current density was longer than at
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highest current density. Although, the electrocoagulation time was fixed for all experiments, but
the vast majority of microalgasuspension floated to the top of the reactor during the first 20

min of electrocoagulation at 120 Ampm

Table 11: Water Content Reduction after Electrocoagulation and Sedimentatiof reatment Using Al Anode.

CD(Amp/m) © ( g/ WG (%) WG (%) PMR (%)

15 1.20 99.89 99.22 82.88
EC-Sed 30 0.90 99.91 99.36 75.26
60 1.28 99.87 99.30 60.98
120 1.18 99.88 99.35 57.74

This observation was attributed to midyabble generation. Settling at higher current density
suggests thabnly a small portion of counter mettalic ions were absorped by microalgae
suspension, meaning the negative charge of the microalgae cells were not fully neutralized. Also,
it may be due to the presence of mibudobles in solution that prevents spontaneous
sedimentation. Noting therror bars represent experimental variations; n=6 for 15 Afmp/a38

for 30 Amp/nf, n=2 for 60 and 120 Amp/m Figure 29shows the settling behaviour of

microalgae suspension destabilized using iron anode
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Figure 29: SedimentationTestsof Coagulated Microalgae, SSO rpm, pH: 6, and FeAnode.

The results presented in Table 12 showdeéttling velocities of microalgae coagulated
using iron hydroxides followed a similar trend as those coagulated alsimgnum anode. For
example, the biomass coagulated at 15 Ami¥ettled at a velocity of 5.13 cm/min while that

coagulated at 120 Amp/nsettled at 0.10 cm/min.

Table 12: Settling Velocities ofCoagulated Biomass Using FAnode.

CD Settling Velocity
(Amp/n?) (cm/min)
15 5.13
EC-Sed 30 1.19
60 0.12
120 0.10

The water content reduction attained at 15 Anfpimas found to be 0.6% and process
water recovered was found to be 86% (see table 13). These findings suggesauitat gr
sedimentation wasat only a function of metallosage but it also be affected by the contact time

between hydroxides and negative suspension during the course of electrocoadulattber
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words, the microalga suspension treated at higher curr@ensities did not reactme highest
degree of chagneutralization, whicjustifies the disturbance role of micbmbbles generation;

where thedestabilization by flotation wake predominant over charge neutralization.

Table 13: Water Content Reduction after Electrocoagulation and Sedimentation Treatmentsing FeAnode.

CD(Amp/m) © ( g/ WG (%) WG (%) PMR (%)
15 1.20 99.89 99.34 86.18

EC-Sed

4.4. Filtration Tests

In this section the performanceof the sand filtewasinvestigated using limestone with
grainsizesof limestone 250, 420, and 600m. The limestone filter wasvaluate based on four
parameterdncluding the volumeof solution removedfouling time, filtration rate, and the
quality of filtrate. Figure 30epresents the experimentasultsof the filtrate volume passed
through a prevetted bed at different grain sizess it can be seen, the filtrate volumasped
after 60 min of operatiotime at all grain sizes rangedtween 81% an86%. Despite the small
differences of filtrate volume paed, the filter performaneeasaffected by the ammulation of
amicroalgae cke. For example, the solution retention at 260 reached a plateaafter 30 min
while a conthuous decrease of tilselutionwasobserved at 42(0m and 600um. This suggest
thatfilter fouling would be faster at smaller particle sizése smaller poresz. It can also be
obsered that the amount of water retainedtlie biomass waa function of fouling rate. ¢
example, the filter bed at 250n wascompletey clogged after 30 mimith 16% of the initial
solution volume remined in the filterrakeandbed Contrary, the filter bed at 430m and 600
pm experienced a partial fouling after 40 mins, where the filtrate volume kept passiragge of

0.1% Table 14indicates thathe water content of the concentrated algal solution using limestone
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grains sie of 250um wasreduced from 99.24% to 93.45%oting that theerror bars represent

experimental variations; n=3 for 250 um, n=2 for 420 pm and 600 pm

Table 14: Water Content Reduction after Limestone Filter Treatment Using Three gains Sizes.

Sizeum) ® (g/ WC (%) WG (%) PMR (%)
Eiltration 250 7.80 99.24 93.45 84
420 11.30 98.89 94.22 81
600 10.14 98.96 95.21 86

Voume Passed (%)
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Figure 30: Performance of SandFilter Using Three Grain Sizesof Limestone

Figure 31showsthat the filtration rateat the beginning of each test wiafluencal by

pores sizeof the filter bed. After 0.5 min of filtratigra higherfiltration rate of 32 mL/min was

achieved usin@00um particles whileonly 13 mL/min wasachieved witl250um. The filtration

rate declinedto 4.5 mL/min at all grain sizes after 5 min due to bludd up of filter cake.

Despite the solubility of limestone, a little portiah the bed dissolved during filtratioand

precipitated in the collected filtrate GA testswereperformed on the residugassing the filter
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to investigate the degree of microalgemetrationNoting thaterror bars represent experimental

variations; n=3 for 250 um, n=2 for 420 um and 600.um
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Figure 31: Filtr ation Rate vs. Filtration Time for Various Grain Sizes

Figure 32 shows that microalgae penetratiovas indicated during filtration using

aggregate sizes of 420n and600 um as bed medialhe residues wera mix of limestone and

penetrated

biomass; thesults were compared to pure limestonaitb evaluation The mass

difference baveen pure limestone and residudsained at 42@um and 600um were found as

8% and 16% respectivelfhe mass differencesereanticipated to be the amountmicroalgae

peretrated with the filtrate. In short, there is a trad®f between the filtrate quality, water

removal and the fifation time. Largebed grains size reducé#ze filtration time, fouling issues,

and the volume of the filter head tank, but a portion ofrosigae biomass may penetrate

through the bed which can adversely affect the effluent quality.
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Figure 32: Characterization of Filtration Leftover Residues for Microalgae Penetration.

4.5. Briquetting and Drying Tests

Upon the ompletion of biomass filtrationthe watercontentof the biomass cakeas
higher than alternative fuel specificatioride water contenwvasfurther reduced by briquetting
wherea portion of the filter be and the algae filter cakeeremixedto form a sable solid. The
solid fuel was therexposed to the atmosphere to allow passive drying for further moisture
content reductionTable 15showsthe proportions of algaand limestone of three briquedte
before and aftethe passive drying phas€&he wate cortent of microalgae cake waeduced
from 93.45% to somewhere between@®o after limestondlending. The mass of limestone
was held constant to evaluate the water reduction as varyingesmasalgal biomassThe
percentages of algal biomass in mix 1, @jpand mix 3 on wet bas(before drying were 72%,
57%, and 39% respectively. Despite tlagiations of algal biomass in the mixes, similar drying
trends were observed withiater contenteduction rangindetween 325% within the first 24

hours(see Figee 33. This is can belueto the use o$imilar sized briquettes

68



Table 15: Briquettes Proportions and their Associated Water Content before and after Drying.

Before Drying After Drying
Briquettes Mass B/iAc\)Ir%%lss Limestone WC Mass B'ibc;lr%\?alss Limestone WC
@ o) ) ) @ g %) (%)

Mix 1 16.15 72.32 27.68 57.75 4.38 18.03 81.97 3.21
Mix 2 10.45 57.13 42.87 62.70 4.00 10.00 90.00 8.91
Mix 3 7.46 39.01 60.99 6591 3.85 4.93 95.07 24.83
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Figure 33: Passive Drying of Multi-purpose Briquettes.

Summary of DewateringResults

Figure 34represerd the data summary of the water content redactid microalgae
solution using the novehulti-process approach with energyoidedwith respect to therai
drying. Starting with1000g of microalgae solign conssting of 998.80g water and 1.2 algal
bio-solids resulting inwater content of 99.88%. The initial water content of microalgae solution
has reduced by 0.64% after a combined treatment ofreteetgulation and sedentation,
equivalent to842.1g of the process wateEvaporating that water would consur2@55 kJ of
energy The water content of pi@ncentratedmicroalgae solutionhas decreased by an
additional 5.79% using limestone filtefhe energy that could be avoidéd evaporatéhe water

removed by the filter is 340 kJOnly 17.12g of water remained in the algal biomass out of
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998.8@ after the dewatering treatment includinglectrocoagulation, sedimentation, and
limestone filtration.99.82% of the remained water wasmoved by briquetting and passive

drying; where 40.93 kJfavater evaporation energy wasgoided.

17.12¢ 1.64¢g
42 kJ 4.0kJ
156.69 ¢
382kJ 003g
0.07kJ
Microalgae Solution l6lg
9988 g 3.93kJ De-watered
2437kJ 1548g Product
ITkT B
Drving
13957 ¢
340KkT : .
842.11¢g Briquetting
2055kJ
Limestone Filtration

Electrocoagulation-Sedimentation

Figure 34: Water Reduction of Each Stage withinthe ProposedDewatering Approach.

4.6. Discussion and Implication
Microalgae solution cannot be directly used as g fineis, he use of multprocesses

technique forharvesting (segration and dewatering) provided thameans to understand the
reliability and effectiveness in terms of technical and economic point of viEls section
focuses onsome ofthe engineeringaspectsof processoptimizing for multiple scaarios of
microalgae dewateringsee Tabk 16. The discussion includes the operasibtime and the
associated energgonsumption of microalgae destabdlion during electrocoagulatiowith
respect tothe four current densitiess well as the energy required to pump the solution to
sedimeatation vesselsthe total volume of electrocoagulation and sedimemtateactors, the

area of filterand the amount of water losSecondlyto briefly considerthe potential change of
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emissions ofuel switchng usingthe endproduct(i.e. algal biesdids of themulti-purpose feed

stock)compared t@ reference fuel (i.eoal).

Table 16: The Outcomes ofSeveral Process Design Configuratian

Scenario  Current  Energy Consumption  Total Volume of Filter Water

No. Density (J) Rectors () Area Loss
(Amp/m?) EC. Pumping EC. Sed. (m?) (%)

1 15 4140 13.72 4 4 0.0064 1.25

2 30 11404 14.52 2 2.5 0.0090 5.25

3 60 21945 21.70 1 2.5 0.0098 7.75

4 120 79315 16.40 1 2.5 0.0071 12.5

The analysis wabased on the results presentedections (4.2.1.2), (4.2.6), (4.3nd
(4.4). The first scenario waaectrocoagulating 4. of microalgae culture at 15 Ampfro0%
desabilization wasreached after 60nin of electrolysistime usingfour electrocoagulation
reactors with a volume of Il each. The energy consumed to elecivaguate the microalgae
suspension wad140J. Four primary settlerwith a volume of 1L each wereemployed to
densify the algal solution; where 13.32wereconsumed for pumpingTo process the pre
concentated algalsolution four filtration units wereput in place with a bed surface area of
0.0016 m? each. The total volume collected afteedimentation and filtration wa.95 L,
meaningl.25% of the culturing solution wdsstto evaporation during passive dryirfepr the
sake of comparison, scenario 1 is considered as a reference case. In thessexand, 87%
destabilization waseached afte30 min of electrocoagulation at 30 Ampfmreducingthe
number of reactors to only 2 and the tatctorvolume by 50%There wasa tradeoff between
the capital cost and the energy consumed suchihtedotal energy consumption was 2higher
at 30 Amp/m. Usingthree secondary settlers resuliadreducing the totateactorvolume by

37.5%.The volume of preeoncentragd algal solution wakigher, leading to increase the total
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filter area of the filters by1%; although the unihumber waseduced tchalf. The following

schematics show the procesmfigurations for scenario 1 and scenario 2.

Scenario 1: 15 Amp/m?

)
-~

N
Total volume: 4L, 1.20g

Microalgae Culture

,-\\

B\

60min, 90%.

Electrocoagulation 1

60min, 92%.

G0min, 90%.

Flectrocoagulation 2

60min, 85%, 0.0016m?.

60min, 90%.

Electrocoagulation 3

60min, 90%.

Electrocoagulation 4

L 0.08L
Primary Settler 1 Filter 1
— Toox _ TooesL
60min, 92%. 60min, 85%, 0.0016m?.
1L 0.08L
Primary Settler 2 Filter 2
- Toor L TooesL
60min, 92%. 60min, 85%, 0.0016m?.
1L : 0.08L )
Primary Settler 3 Filter 3
L Toon L Tooss
60min, 92%. 60min, 85%, 0.0016m?.
1L

Total energy: 4140 J

Primary Settler 4

0.08L

L Toox

—=  Recycling Stock

Total volume collected: 3.95L

Total energy: 13727
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0.012L

00121

0.012L
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Scenario 2: 30 Amp/m?

Total volume: 4L, 1.20 g

Microalgae Culture

<

30min, 87%.

Electrocoagulation 1

1L

30min, 76%.

30min, 87%.

Electrocoagulation 2

1L

0.24L

Primary Settler 1
—— 0.76L
30min, 6%. 30min, 77%.

Secondary Settler 1

0.014L

30min, 76%.

Total energy: 11404 T

Primary Settler 2

0.76L

30min, 6%.

Secondary Settler 2

0.226L 0.052L
Filter 1 —
0.174L
0.24L
30min, 77%.
0.226L 0.052L
Filter 2 —

0.014L

—={  Recvcling Stock

0.174L
e —— Total area: 0.0090 m?

Total energy: 14.527

Total volume collected - 3.79L

Applying 60 Amp/n3, the total volume of electrocoagulatioractors has reduced by

77% with one unibperating for20 min attaining 95% destabilization. Due to the high voltage,

the energy consumed to procesk 4f microalgae culturevas 21,945 J, noting hat it is 5.3x

higherthan15 Amp/nf. A single primary settfeand two secondary settlers weansideredo

thicken the solution wher@3% of the process watevasremovedOnly one filter wasemployed

to further process the pmncentrated solution every 20 min with a bedasie area of 0.0098

m?, which was1.5x higher than the area of the four fiteombinedused to treat the solution

processed at 15 AmpfmDespite reducing the number of filters, the higtheater removal after

20 min was$s9%, leading to an increase hetwater loss (i.e. 7.75%).
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In the burth scenario, 1L of algalolution waselectrecoagulated in a single reactor at
120 Amp/nt every 15 min with 95% destabilization. The volirof electrocoagulation reactor
was reduced by 3% but the total energy inp increased t@9,315 J. To preconcentrate the
solution processed in one hour, four settlwere put in place in which one was primary and
three weresecondary with a total volume of 25 A single filter wasemployed to bring the
water content of there-concentrated solution down, noting that thegténof each batch is 15
min such that 65% of the processwater wasremoved The required surface area of the filter
bed to handle the pmoncentrated sotion coming from the settler was0071n3, which was
11% largerthanfor 15 Amp/nf. Due to the short filtration time, B2 of the culturing medium
was retained either in the filter cakebmd. The following schematic lays out the processssd

in dewatering 4. of microalgae per hour at 120 Am@m
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