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The purpose of ik thesis was to study activated carbon filtration. Inliteeaturepart, the
properties and applications of activated carbon laasic principles ofctivated carbon
filtration were studiedThe study of activated carbon properties focused ontthetsre,
preparation methqgdadsorption and regeneratiohactivated cdrons. The investigation of
activatedcarborfiltration introducedthe basics of filtration processes as wellresyeneral
process parameters. In addition to activated carborit¢énaturepartalsoinvestigated the
propertiesand possible applicatiors biochar

The focus of the experimental part was to study the purification of electrolytitoss by
activated carbon filtration. In metal extraction processes, organic extractants often remain in
the process strearasadneed to be removedhe aim ofthe filtrationtestswas to investigate

how effectively activated carbenemove organic matter from electrolyte solutions. Barc

was tested as an alternative filtration materighmelectrolyte filtration experiments. The
experimental part alsetuded the filtration of mining wastewater, where the ability of
activated carbon to separate anions txit metals from wastewater was investigated. In
addition to filtration, the wastewater treatment was subjected to an adsorptiaézsthe
abilitiesof activated carbon and biochar to adsorb anionsaicimetals vereinvestigated.

With activated carbon, the average concentration of organic matter in the electrolyte
filtration experiments was 5 mg / |, when the organic matter content of the feathstras
about50 mg / .Biocharremoved organic matter averagely |#sanactivated carbon. In
wastewater filtration, activated carbon remowdonspoorly. Based on the wastewater
adsorptiorexperiment activated carbon adsortmxic metals more eéfctivelythan anions.
Biochar adsorbdanions andoxic metals lesgffectivelythanactivated carban
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1 Introduction

Activated carbon i s o0n eltisdstimatedithbtddivatedcarsoh u s
has over one thousand different applicatiidiss et al., 2007)Activated carbon is known

to be an effective adsorbent with extremely high serfareagBansal & Goyal, 2005)
Activated carbons have been used for thousands of years in human history for medical uses,
but the first industrial application was colour removal from suganufacturing process

1794 (GonzélezGarcia, 2018) Nowadays,activated carbon is extremely popular in
industrial water treatment and gas purification proce@sesatkowski, 2012) Activated

carbon production is a large industry and it produt882 000 tons/year in 2@L(Grand

View Research2019.

Activated carbon can be used to remove organic matter from electrolyte solutions of metal
extraction processedt is extremely important to remove organic matter from electrolyte
streams before they enter electrowinning step where the desired megdpa@sitedonto
cathodes. The organic matter can cause impurities in metals at the cathode, drops in current
efficiency and even explosion and fire risks in the electrowinning process. Target

concentrations for organic matter can be as low as 2 mg/l. (Salle 2007)

The purpose of this thesis was to study activated carbon filtration. In the literature part, there
is covered activated carbon properties, production and regeneration procedures, applications
and thebasic principls of activated carbon adstign and filtration. In addition to activated
carbon, also basic properties and applications of biochar were covered in the literature part.
In the experimental part, the main purpose was to investigate how effectively activated
carbon filtration removesrganic matter from electrolyte solutions. Activated carbon was
also tried in mining wastewater filtration and adsorption experiments where the goal was to
separate anions and metal ions from a synthetic mining water. Biochar was also used in the
electrolye filtration and wastewater adsorption experiments as an adsorbent and filter

medium.



2 Activated carbon

Activated carbons are not found in nature by themselwed they require an activation
processwherecarbonaceous materialtisrned into activated carbon. Activated carboa is
carbonbased material which is made from organic materi@grimary element is carbon,
but it alsoconsists obmall amounts of other elementsBas hydrogen, oxygen, nitreg

and sulphur. Chemical composition of common activated carnlsd8% carbon, 6 to 7%
oxygen, 1% sulphur, 0,5% hydrogen and 0,5% nitrogetivated carbon is stated to be one
of worlds most used adsorbent materials amsl khown for its high surfacer@a, porosity
andeffectiveabsorption(Bansal & Goyal, 2005)ypical surface area values are in the range
of 800-1500 nt/g and pore volume values in €)% cnt/g (Bansal & Goyal, 2005)The
most advanced activated carbons can reach valug808f nt/g and 1,2 cri/g (Morenc
Castilla& RiveraUtrilla, 200]). The adsorption capacity of activated carbon is based on the
high surface areas and porosity but also on its chemical properties from which hydrophobic
properties play a key roléMars & Reinoso, 2006)

2.1 Structure

Activated carborhas a microcrystalline structure which is closeah® basic structure of
graphite however, activated carbdmas somalifferences in the structurét has smaller
interlayer distancegside of molecule structusnd less organized crystalline structure than
graphite. The disorganized structuref activated carbonsan be refeed to as non
graphitizable structunehereag r aphi t eds struct ur eAgraghicd n own
designof activated carbon and graphite structures are represented in EFigndescanning
electron microscope (SEM) imagi@ Figure 2.(Mars & Reinoso, 2006)he dsorganized
crystallinestructurds the reason for internal holésiown as pores activated carbonlhe
porousstructure definetheadsorption capacity of activated carb{@ansal & Goyal, 2005)

The term adsorption capacity refers to the maximum amafumiaterialthat an adsorbent

can adsorb per its own volume or mgs4okhatabet al., 2019)



Figurel Designs for a) graphitizable structure of graphite and bjgnaphitizable structure
of activated carbongMars & Reinoso, 2006)

Figure 2 lllustration of activated carbon structure taken by scanning electrostopescope
(SEM)witht hr ee di fferent scale bars: a)
al., 2019)
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The pores in etivated carbosiare divided into threeategoriesnamely as micropores,
mesopores and macropotessed on their radiuszes. Porous structure includes all 3 pore
categories togetheflnamuddinet al., 2021)The adius of microporesis under 2 nm,
mesopores-50 nm and macropores-200 nm. Micropores have pore volume af$0.7
cm®/g and they covetypically 95% ofthe surface area ddictivated carbons. Micropores
havethe most effective adgation efficiencyof thethree poraypes due to theihigh surface
area share anmsliperioradsorption forcesThe pore volums of mesoporesre from 01 to
0.2cm/gandhaveas har e of under 5% of activated ca
pore volume of B cm¥/g andtheir share ofthe surface area is less thame share of
mesoporesPorous sucture of carbon particle surfaces created by mioneso and
macropores is represented in Fig@¢Bansal & Goyal, 2005)

Macropores

w > 50nm

Mesopores

2<w <50 nm

-

Micropores

w < 2nm

Figure3 lllustration ofmicro, meso and macropores activated carbosurfaces.

(Bandosz, 2006)

Chemical properties of activated carbons include elemental surface groups. The most
significant surface group on the activated carbon surface is cakygen (CO). (Yanget

al., 2019)Groups arealivided into acidic, basic and neutral surface groups. Surface groups
can modify the characteristics and properties of activated ca@taybonoxygen surface

groups affect polarity, acidity and wettability of surface features. Chemical and physical



propertiesuch ashemical, electrical and catalytical reactivities are also affected by earbon
oxygen surface groups. Acidic surface groups sucphamolic, lactone and carboxylic
groups create polarity and hydraticity into the surface of carbofypical functional
surface groups formed by carborygens are represented in FigdtgBansal & Goyal,
2005)

HOOC COOH oc CH=CH-COOH

Figure4 Typical structural formula of oxygen groups on activated carbon. (Bansal & Goyal,
2005)

2.2 Carbon raw materials

Activated carbon raw materials are usually carbasedand norgraphitic solid materials.
Usedraw material sourcesompriseof wood-basedignocellulosic materialscoal lignite

and peatRaw material coals can be bituminous or-bitbminous coals(Bandosz, 2006)
The most common ramaterials are coalyood andcoconut shel (namuddinet al., 2021)

Importantpropertiesof raw materials include high carbon conteimigh volatile solidlow
inorganic contenand low ash contenflnamuddinet al., 2021}inal properties of activated
carbon dpendon acombination of 2 factors: raw material source #relcharacteristics of
activation procesdn addition, fictorssuch asdensity and hardnessdare important in
selection of raw materialnorganic material content is desired to be low in the purpose of
ensuring an effective adsorption capacity. This is because inorganwouodsdo not
possesporousstructures consequently theseduceadsorpton capacity High density and
hardness of the raw material are usually important properties for adsorbent operability and

performance(Bandosz, 2006)



Cost of raw materials and aditvon process are also important. If the activation process and
theraw material are expensivactivated carbomight not beeconomicain comparison to
other commercial adsorbent§Mars & Reinoso, 2006)Currently activatd carbon
production has startetb utilize more agricultural residuesnd otherbiowastesas raw
materials. Benefits of biowastasetheir low cost and more edagendly source(Inamuddin

et al., 2021)

3 Activation processof carbon

Activation of activated carbors a method that modifies the structure and the chemical
compound content of carbon raw materials. Activation is also known as a structure
transformationof materials.Activation processtan be performed to almost all organic
materials, howevemonly some materials can be made into effective adsorb@hiss &
Reinoso, 2006) Activation process of carbon consists of two main mettiaasical and
physical activation. Physical activation method requisaesarbonizationprocedue for
organic materialbefore the activation phase. Tharleonizationphasemodifies organic
materials into a carbonized form. Chemical activation method performs activation and
carbonization at the same time. The goabath activationmethods is to erdnce porosity,
surface areas aratisorption capacitiegiHayashi et al., 2000) Altcck diagram of a typical

activation process is representégure5.

Pretreatment steps

Granular Crushlng and |

and powder suevmg ' |
L
/ - | | |
| I 2 - - 3
Washing Carbonization - Activation

'y

A
» Preoxidation —————«———
A
Briquettes |

Brlque‘rtlng L

Raw materials

Figure5 Productionblock diagranfor activated carbor(Bandosz, 2006)



In somesituations pre-treatment stepare required before the activation processes. Pre
treatment steps include crushing, sieving, washing, pulverizing, briquetting and peroxidation
of raw materialsvhich are pesented in Figure Furpose of crushing and siegiis to
achieve desired particle sizes for raw materélashing is executetd those raw materials

that contain prominent amounts of dirt. fésedation is performed when stabilization of raw
material structure is needed,for example coking coal reques stabilization. Pulverizing

and briquettingareexecuted to those raw materials that generate pores insufficiently in the

activation processB@andosz, 2006

3.1 Physical activation

Physical activation process consists of carbonizationaatidation phases. Carbonization
phase practically means a thermal degradation of a carbonaceous raw n{Mar=i&
Reinoso, 2006)n the carbonization phase there occurs a devolatilization wodagile
components are separated in a form of a gasaixtsre from solid raw materials. These
separated gaseous mixtures consist of hydrogen and light hydrocarbons. In the carbonization
process microporous structure begiao develop ito thesolid raw materials(Bandosz,
2006) Carbonizationtemperatureusudly varies between450 and 850  (loannidou&
Zabaniotou, 2007)An important factor in carbonization processhis heating ratevhere
high heating rate®iave been found t@roduce morenesoandmacropore development in
the carborstructure thamower heating ratesMlicropore development is not dependent on
the heatingate.Low heating rateproducestructures witthigher density and hardneiss

comparison tdigher heating rates(Bandosz, 2006)

Carbonbdés porous st r uteetcarbomzatiorsphasd to be lan effextve w e
adsorbentaand thereforeactivation phase is always required. Physical activation phase is
basicallya thermal activatioprocess Activation phase improvese porous structuresf

solid carbonsafter the carbamation and makes them effective adsorbents. Activation of
carbons is a gasification proceglsere carbon is oxidized. Gasification is done with carbon
dioxide gas (CQg), air or steanfrom which seam activation process is the most popular
activation méhod used in industries dueite superior controllabilityat high temperatures.

These gases are also known as activating agéfdss & Reinoso, 2006)emperatureased

in the gasification are generally arol8@0-900 (loannidou& Zabaniotou, 2007)Carbon



atoms are removed from carbon material during gasification, when activating agents react
with solid carbon materiaRemoval of carbon atoms from raw materiaternal structures
enhances micropore development in carbbmactivation phase the microporous structures

are fully developedBandosz, 2006)

When carbon dioxide is used as an activation agemacts with carbon and forms carbon
monoxide. Carbordioxide gasification reaction is represented in equation (1) (Mars &
Reinoso, 2006):

66 6 coba( puBH T 1 (1)

When steam is an activation agent, it forms hydrogen and carbon monoxide as seen in
equation (2) (Bandosz, 2006):

6 00 O 603( poEMITI (2)

When activation is performed with air, oxygen reacts with carbon and forms carbon dioxide
and carbon monoxide. Unlike carbon dioxide and steam activation reactions, air activation
reactions are exothermic. Reaction equatidth air asan activation agent are represented

by equatios (3) and (4)XBandosz, 2006)

6 O 60 3 o PEHM T 1 (3)

6 0 co U 3¢ cchiA T 1 (4)

3.2 Chemical Activation

Chemical activation is an activation method where the activation is done with a chemical

reagent. The most popular chemical reagents in industries arehtanicle, phosphoric acid



or potassium hydroxide(Mars & Reinoso, 2006)Chemical activation performs
carbonization and activation steps at same time. Used reagents react with carbon atoms and
generate porous structures into carbon, while thermal degradation simultaneously modifies
the overall structuref the raw material structuréMolina-Sabio & RodrguezReinoso,

2004) Porous structures vary significantly between final carbon products based on which
reagent is used. Simultaneous activation and carbonization phases are usually performed at
temperatues 350500°C (Wong et al., 2018) Washing of activated products after chemical

activation is always requirgtfahyaet al., 2015)

Zinc chloride activation is often used with lignocellulosic raw materials like vi@sed
materials(Yahyaet al., 2015)Jse of zinc chloride as a reagent produces open microporous
structures that are effective adsorbents for liqu{i¥alik et al.,2006) Phosphoric acid
activation is also targeted forlignocellulosic raw materials and materials witblatile
components(Yahya et al., 2015)Like zinc chloride activation, it also produces open
microporous structuresvhich are effective adsorbents for ligis. (Molina-Sabio,&

RodmiguezReinoso, 2004)

Potassium hydroxide activation is able to create superior porous structures with surface areas
as large as 3000%g (Maci&Agull6 et al., 2004) Raw materials used in this method have

a high carbocont ent and donot have hilgtusédyrawv ol a-
materials in potassium hydroxide activation are coals, chars and petroleum cokesinUnlike
phosphoric acid and zinc chloride activation, potassium hydroxide generates narrow
microporots structures with excellent adsorption capacity. There are almost no mesopores

in the final structure of adsorbents made by potassium hydroxide. Adsorbents produced by
potassium hydroxide method are suitafe instancegas adsorption(Molina-Sabio &
RodguezReinoso, 2004)

4  Activated carbon adsaption

Adsorption @ activated carbon can hgerformed in liquid and gas phases which differ
considerably from each othdgas phase adsorption generally focuses on one adsorbate.
(Radovic et al., 200) Adsorption in solutions based on two forces: attraction between

adsorbent and adsorbate and rejection between adsorbent and wateated carbon
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adsorbents used in liquisblutions are usually hydropholaad thereforeheyrejectwater
molecules. Liquid phase adsorptions from solutians usually nofideal. Gas phase
adsorption behaves more commonly like multilayer adsorption than liquid phase adsorption.
(MorenoCastilla, 2004)It is relevant to recognize in activated carbon adsorption that
adsorption capacity and adsorptiefficiency are differentconcepts and are affected by
different factors.Adsorption efficiency describes how effectively adsorbent can adsorb
different compoundgBansal & Goyal, 2005)while adsorption capacity refers to the

maximumamount that activated carbon can adgtdbkhatabet al., 2019)

4.1 Adsorption in liquid solutions

Activated carbon @dsorption in solutions is a spontaneous phenomenon which consists of
two categories of interactions: electrostatic and-electrostatic. Electrostatic interactions
occur when there are electric charges a d s o r b eonim dgseous soiutforss dike
ionized electrolytesolutions (Yang et al., 2019)onic strength of aqueous solutions and
surface charge densities of adsorbent and adsorbate determine the characteristics of
electrostatic interactions in adsorption procé&m-electrostatic interactiorasre based on
hydrophobicity van der Waals forces and hydrogen bdretsveen adsorbent andsorbate
(MorenoCastilla, 2004)Overall adsorption process of activated carbon is affected by
properties of adsorbent and adsorbate, solution chemistry and temperéter@isbrption.

(Hadi et al., 2015)

4.1.1 Effectsof activated carbon propertiesin adsorption

Thepropertiesof activated carbonthat effect adsorption proceasesurface chemistry and
textural compositionSurface chemistry of activated carbons refers to surface charge and
functional groups.Textural properties consisbf pore size surface area, pore size
distribution. Pore size distribution refer tloe proportion of micropores, mesopores and
macropore the activated carbofHadi et al., 2015porosityis considered one of the most
important factors to adsorption capacity, howevedaés not determine the adsorption
capacity Molecular sizes of adsorbates are an important factor that affects adsorptio

capacity since adsorbates with molecules larger than some pores are not able to access inner
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surface of adsorbentHere comes the importance @bre sizedetween micro, meso and
macroporesMicropores allow only molecules with small sizes in, whereafreacropores
allow larger molecules in them. Meso/magore can also create diffusion resistances for
adsorbatesvhich affect adsorption ratéMorenc-Castilla, 2004)Another point of view is
thatpore sizes cabeusedto block adsorption ofinwanted molecus This is called closed
porosity where certain pores holes are too smakkdotainmolecules with larger size than
the pore holes, thus these pores resist the accebe lafga molecules.(Mileevaet al.,
2012

Chemical properties oéctivatedcarbondeterminethe surface chemistry in adsorption
process. As said in thghapter2 the most important surface groups of activated carbons are
carbonoxygen complexegY anget al., 2019)he surface groupafect the surface charge,
hydrophobicity and electronic densities of activated carlsamface chargeare created
when surface groups of activated carbon dissodrmatikquid solutions. lons in liquid
solutiors can also create surlacharges into activated carboimfluencing fators for
whether thesurface chargés negative or positivare caused bysurface groups othe
adsorbenbr pH oftheliquid solution. Positive charge can be a result of various factors like
basic properties afurface groups or basic behaviors of gragghlayers of carbon structure.
(MorenoCastilla, 2004)The main causéor negative surface charges dissociations of
acidic carboroxygen surface groups lighenol and carboxyFigure6 illustratesdifferent
surface groups of activated carbon and tresults on acidity and surface charg&adovic

et al., 20@)
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acid basic
medium medium
Figure6 lllustration of surfacegroups effects onsurface charge of activated carbon

(Kwiatkowski, 2012)

As stated beforehydrophobicity is influenced by oxygen compounékdrophobicity
decreases when oxygen compound quantity increases on the activated carbon. surfaces
Consequentlyif oxygen compound quantity decreases the hydrophobicity incredses. T
reason for this betvior is that oxygen groups make hydrogen binds with water molecules

in liquid solutionsthus blocking accesfor hydrophobic adsorbategsto carbon pores.

(Derylo-Marczewska, & Swiatkowski, 2011)

4.1.2 Effects of adsorbate properties in adsorption

Propertieof adsorbate have a major role in adsorption proddssy are alsan important
factorin characteristics selection for adsorbent mate(ihdovic et al., 2004Affecting
properties in adsorbate for adsorption pro@ssmolecular sizeacid dissociabn constant

(pKa), solubility andaromaticity characteristics(Derylo-Marczewskaet al., 2018)The
molecular size of adsorbate restricts diffusion on pores therefore it can be used as a condition
for adsorbent porosity selectionThe acid dissociationonstant (pk) is a key influencing

factor for solution pHdue toa fact that itdetermines thealissociation of the adsorbate.
(MorenaCastilla, 2004)rhe solubility of adsorbate affects the hydrophobic forces between

it and the adsorberiDerylo-Marczewskeet al., 2018)Solubility can be also expressed in
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terms of molecular weight. The higher the molecular weight is the less soluble in water it is,
thus molecules with higltmoleculamweight aresasier to adsorb than molecules with leght
molecular weightThe aromaticity of adsorbate influences interactions between adsorbate
and adsorbenbecause aromatic substituents can make hydrogen @otslispersion
interactionswith surface oxygen groups on the activated carbon surferencCastilla,

2004)

4.1.3 Effects of solution chemistry in adsorption

Liquid solution properties enable solution chemistry and affect the adsorption process.
Solution pH, ionic strengthemperatureandadsorbate concentrati@ffect the adsorption.
(MorenoCastilla, 2004 50lution pH affects the electrostatic interactions, surface chafges
activated carboand dissociatioswhich have a major role in adsorptigHadi et al., 2015)
Acidic dissociation constant of the adsorbate and the solutiomgp¢banected to each other

in case of acidic electrolytes. In the acidic electrolyte solatimsorbates diss@te if the

value of pH is larger than the value of pRor examplein organic compound adsorptigns
lower pH is beneficial for adsorption process and higher pH unfavorable. High pH values
can be determined values over 7 and low pH values undleadsorption process high pH
values tend to cause negative surface charges and low pH values posities.cVialge of

pH affect also adsorbent bed dimensions in adsorption coluicigic solutions require
smaller adsorbent beds thhasicsolutions.(MorenoCastilla, 2004)The ionic strength of
solution also affects thettractive and repulsivelectrostati interactions and thus the
adsorptionefficiency. (Al-Degs et al.,, 2008)In the case of attractive forces between
adsorbent and adsorbate, increase of ionic strength reduces adsfgiemcy. And when

there are repulsive forces between adsorbenadadrbate, increase of ionic strength will

enhance the adsorptioMorencCastilla, 2004)

Effect of temperature on adsorption process is a controversial subject on the basis that
adsorption itself is a spontaneous phenomehaman exothermic process and thus increase

in temperature should weaken adsorptigtadi et al., 2015)t is known thatincreasing
temperature effecthesolubility of thedissolved compounds solutionsby enhancing their
solubility. Increased solubility chdsorbates in aqueous solutions redubesadsorption

efficiency of activated carbons$olubility of adsorbatess connectedo the hydrophobicity
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of the adsorbatesHydrophobicity ofadsorbateslecreases when their solubility increases
and thereforead®rption becomes mordifficult. Generally increased temperatures in
influent solution are considered to reduce adsorption efficiency of activated carbon
adsorbents(Marczewski et al.,, 2016Effect of adsorbate concentration in solutisn
straightforwardincreaseof adsorbate concentration increases the adsorption efficiency. (Ju
et al., 2008)

4.2 Activated carbon coalescing

Activated carbon is capable for performing coalescing phenomenon in addition to
adsorption(Sole, 2007)Coalescings commonly usechiseparatiorand filtration processes
where oily organic compoundsre removedfrom water or from aqueous electrolyte
soluions. (Li & Gu, 2005) Filter materialsthat have coalescing abilitieslso have
hydrophobic and oleophilic propertigSole, 2007)Coalescingprocesof oily organicsis
enhanced byydrophobt surfacesn filter material Affecting properties in the ctescing
phenomenom r e s odensiy,iviscosibysand interfacial tension, but also properties of
filter material such apore size, permeability and wettabilifAlmeida et al., 2019)

Gathering organic compounds thefilter surface and nification of organic dropletsnto

each other on hydrophobiiter surfacesarethe basic working pnciplesof coalesence

filters. When enough dropletsre joined together and formed large droplets, the large
droplets can divergfrom filter material and float upwards agueous solutiongAlmeida

et al., 2019)Since activated carberave hydrophobic surfaceshey areable to perform
coalescing, however, activated carbon primary function is adsorgatnering of oily
organiccompounds onto activated carbon surface occurs by adsorfwathescing can
occuronydt er activated car boarwhenadshrbentbgdtsifulbyn c a
exhaustedh fixed bed columngSole, 2007 Adsorption followed byoalescence is referred

as wetting adsorption coalescence in the removal of oily organics. This includes removal

mechanisrasuch as adsorption, coalescence féoatation.(Li et al., 2008)
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5 Activated carbon adsorbents

Activated carbon manufacturingaslarge industry and it produces approximately 1962000
tons/year in 208 with a market value of USD 4,72 billigirand View Research2019.

There are several different kind of activated carbon adsorbents, that vary with particle sizes
and structure form#dsorbents can be spiitto two majorcategories based on their particle
sizes: granular activated carbons (GAC) and powdered activated carbons (MAG)&
Reinoso, 2006Lommon commerciactivated carbon adsorbents egpresentech Figure

7.

@ ',
e d 1cm

Figure 7 Common commercial activatedrban adsorbent#\) Powered activated carbon, B)
and C)Pelletzed and extruded carbons, D) and E) Granular activated carbons.
(Kwiatkowski, 2012)

5.1 Granular activated carbon (GAC)

Granular activated carbonseanparticle sizas averagely I5mm (Inamuddinet al., 2021)
whereas particle sizeange carvary between @-5mm (Cecen & Aktas, 2011EACscan
besplit to two subgroups called shaped GaDdbrokenGACs. Shaped GACs are the most
usedactivated carboin industriesand the typical choicéor water filtration GACs are
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suitable for continuous adsorption processes with liquid or(Basdosz, 2006) hey have

wide range of adsorption applications like solvent recovery, air filtering, purification of gas
and gas separatio(Dwivedi et al., 2008)ts liquid adsorption abilities are notabindit

can be effectively applied to wastewater treatment, drinking water purification and metal
extraction from liquids(Cecen & Aktas, 2011)Toxic metal adsorption is one the most

popular wate environmental purification applications of GACkamuddinet al., 2021)

The most important benefit of GACs is that they can be regenefafgd.operability in
fixed bed adsorption columns allowswv pressure drap (Inamuddinet al., 2021)GACs
produed with steam activation process obtain vagleloped internal porositiesmdhave
some of the highest densities ahda r d n &arsrsy6cemmercialctivated carbons.
(Bandosz, 2006)

5.2 Powdered activated carbon (PAC)

Powdered activated carbon particle sizes are usually in a range26fur.(Inamuddinet

al., 2021)PACs have large portion of total activated carbon products, but their role is
weakening due to increiag popularity ofGACs. PACs have weaker density,rdaess and
abrasiorresistancghan GACs, therefore they are not able to tolerate as much pressure as
GACs. Main weakness of PACs (Bansosz 2086Jheyt h e y
canoét Hae indixededbddue to theithigher pressure dropKwiatkowski, 2012).

They are also capable to do faster adsorptions in some adsorption processes where GACs
require too much tim€Tancrediet al., 2004)Notable isthatthey are cheaper to produce
than granular activated carbo(Saputraet al., 2013)PAC are used often as part of a
combination with another adsorbent materlRAC applications includd wastewater
treatmentpurificationof discharge gasemxic metal removalMercuryremovalfrom gases

is one of the most effective applicatiasfsPACs (Inamuddinet al., 2021)

5.3 Other activated carbon adsorbents

Other activated carbon adsorbents include carbon fipedkets,and carbomanotubes
(Kwiatkowski, 2012)Activated carbons fibre6AFC) are carborbased fibres. They are

produced witlphysicalor chemicalactivation.(Leeet al., 2014 hey have larger adsorption
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capacity than basic GAC3his is due to the AFC structure, which has a microporous
structure on the outer surfacdsis provides better access for materials to adsorb than in
GACs where components adsorb into mesopores and then into micrége@sshaveonly
minor proportion of mesopores in its pore size distribuéiod there are no macropores in
the structureAFC gdructurehaveminor diffusionresistances comparison to GACAC-
fibers provide straight accesdor adsorbatesdue to the microporesA significant

disadvantagef AFCs is their high cos{Hassaret al., 2020)

Pelletized and»ruded activated carborase cylindershapedcombinations of PACs and
coatbased materials, such as anthraciteeir typical particle size is.8130mm.Carbon
films are carbonare membranes.They are popular in gas purification applications.
(Inamuddiret al., 2021 Activated @arbon nanotubes aaglsorbentthat have graphitic shells
in their structure. Diameters of nanotubes is typically around Thei applicatiosinclude
sensors and datr technology and electrochemical separation procéBseatkowski,
2012)

5.4 Commercial activated carbon suppliers

Worl dos | ar gest gsupphetsiCalgon @achoniCerpotagehichchasr b o n
business and production in North America, Europe and (R&aearch and Markets, 2016)
Chenmvi ron i s Carbon Cal go niéespangibéeaf business raadl br
manufacture in Europ@arbon Calgon, 2020Dther Major suppliers areatbon Activated
Corporation (USA), Cabot Carbddorporation (USA), Osaka gas Chemical Corporation
(JPN), Fujian Yuanli Active Carbon (CHN), Datong Coal Mining Jinding Activated Carbon
(CHN) and Shanxi Xinhua Chemical (CHNResearch and Markets, 2016)

In Finland the major activated carbon suppliers are H&aylaPolynova Oy, Brenntag
Nordic, Akva Filter Oy.From which Haarla represen@hemvironproducts, Polynova Oy
Jacobi Carbons6 product s, Brenntag Nordic
Silcarbonlors p0d@u¢apo Oy | aunched Finland?ad

llomantsi, making it the first activated carbon manufacture in Finland.
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6 Regeneration of activated carbons

Regeneration of activated carbon refers ttesorptionppr ocess wher e carbo
capacity is restored by removing or destroying adsorbed matienmal activated carban
(Bandosz, 2006%enerally,only granular activated carbons are regenerféiteimuddinet

al., 2021) Industry usage of carbon adsenits takeusually place in packed columw$iere

activated carbon performs adsorptidscc t | vat ed c ar dfficienbyslecraadesor pt
over time in a continuous adsorption procelge toits limited adsorption capagit
consequentlya changeor reactiation of GAC material is required at regular intervals.
(Kwiatkowski, 2012)

Replacement of activated carbon in adsorption columns can be done in two ways. The first
method is to replace used carbon adsorbent with an entirely new set of antigatbd
carbon. The second method is regeneration of used activated edrtmbncan be done
inside of column or ofkite. Both methods have their own benefasad weaknesses
(Bandosz, 20060n-site regeneratiois considered to bprofitable only ifconsumptionof

carbon is higher than 900 kg/day (Hendricks, 20B@generatiorenables savings in raw
material consumption and costs but has its downsides in usalfBiyndosz, 2006
Regenerated activated carlloa ads or pt i on ¢ ap aenerdtion times.cr e a
There is also a limit for regeneration times in activated carbayeuSeentually activated
carbon loses its regeneratiability. (Srivastavaet al., 2021Regeneration is also important,
since fully exhaustedctivated carbons that have adsorbed toxic adsorbates, are harmful to

environment. Bhagawaret al., 2015)

Replacement o&ctivated carbomsesmore adsorbent materitle regeneration optiobut

may dfer more profitable optiorThis isdue tohigh costsof typical regeneration processes
thatcanexceed theoss of newcarbonmateriak. Selection between these methods is case
related. Some adsorption processes require more expensive adsorbentsnaniésso
expensive.(Zanellaet al., 2014)Powdered activated carb®are relatively inexpensive
adsorberg which are not worth of regeneration due tbeir poor regeneration ability
(Saputreet al., 2013)Selection criterionare thereby done based on what adsorbent material

is used and regeneration costs in comparison to corresponding new activated carbon.
(Zanellaet al., 2014)
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There arevarioustypes of regeneration methods for activated carbons. The most common
ones are thrmal regeneration, steam regeneration, chemical regenerafitirer
regeneratiormethodsare biological electrochemicalsuper criticalfluid regeneratiorand

microwaveregenerationgEl Gamal et al., 2018)

6.1 Thermal regeneration

Thermalregeneration of activated carbon is the ruling method for exhausted adsorbents
regeneratiomnd solvent recoverijt heats exhausted activated carbons until adsorbates from
carbon pores are desorben destroyed Some adsorbates are removed by thermal
decanposition if desorption is ineffective. (Salvador et al., 20H&ating is done at
generallytemperatures800-1000 C (Yuen & Hameed, 2009)Heating is performed in
furnaces outside of adsorption colunarsn some cases inside of columbsedfurnaces

for heating include rotary kilnsnultiple-heart furnaceand fluidized bedgEl Gamal et al.,

2018) On-site regeneration can be done in fluidized beddixed bedswith integrated
heating systemsThermal regeneration weaknesses are high energy consumplkomns
process timeand a material loss of heated mater{@anellaet al., 2014)Microwave

furnaces areraalternative optiorior thermal furnacef.iu & Han, 2007)

6.2 Steam regeneration

Steam regeneration is widely usedste industrial regeneration meth@&team can be also
replaced with other gases like nitrogen andRanfalinganet al., 2012 Steam activation

is considered a low cos methdsrifyastaveet al., 2021)Regenerationvith steam consists

of three steps: desorption, drying and cooling. Desorption is performed with hot steam which
flows through adsorbent bedhe drying step removes moister from adsorketiit hot inert
gasand the cooling step returns adsorbent beddptrating temperaturéMajor benefit of

steam regeneration that $eamis generally available in many industri€steam is also
relatively easy to produce with boileRecovery of adsorbates is possible afteodeson

if adsorbates are separated from stdaesorption with steam provides an effectigeoval

of organic hydrophobic adsorbatekom activated carbonDesorption of kdrophilic

adsorbatess less profital® for steam regeneration since their removal requires more energy.
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Steam regenationgenerally prefers desorption of adsorbates withw boiling point It is
performed at lower temperatures than thermal regenerltioen adsorbates have relativel
high boiling points, then thermal regeneration is generally more profitAbgorbates that
are immiscible with water and have low boiling points are generally less expensive to
regenerate with steam than thermallijifan et al., 2013Used temperatures irteam
regeneration vary between 1860 ‘C based on adsorbate boiling point and activated
car bondés hvelatite compopnasccantbg desorbétemperatures as 150 °C,
nonvolatile compounds in 20650°C and some adsorbates with very high boiling points
require steam temperature as high6&8-850 °C (Shahet al.,2013. Column operation
pressures can reach as low values.@sb@r in superheated steam method (Tggelbeck &
Goyak, 1991).Figure 8 shows illstration of orsite steam regeneratidn wastewater
treatment(Mishraet al., 2021)

Waste - Susn wemr vl
Water ‘L 1 1
t. [
Used
Activated Activated
Carbon Carbon

Treated . Discharged into river
water * Reused

Non-toxic gas

Figure 8 lllustration of onsite steam regeneration procddéishraet al., 2021)
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6.3 Chemicalregeneration

Chemical regeneration can be performed inside adsorpbloimnswhere chemicals react

with adsorbent and adsorbsit€€hemical reactions either desorbs adsorbates or destroy
them.(El Gamal et al., 2018)sed chemicals in this method include acids, sodiydnoxide

and sodium bicarbonatélsu et al., 2011)Benefits for chemical regeneration are minimum
attrition for activated carbon and therefore almost no mass loss during regeneration.
Affecting factors for chemical regeneration are solubility and reactivity of activated carbon
and properties of adsorbat&l Gamal et al., 2018)Veaknesses of this method is that some

chemical can forge carbon structur@si et al., 2011)

6.4 Other regeneration methods

Biological regeneration is done with microbial colonies. It is suitable in situations where
adsorbates areasy desorb from adsorbent. Regeneration with microbial colonies has two
phases: desorption and biological removal. Affecting factors for biological regeneration are
adsorbate biodegradability, interactions between adsorbent and adsorbate and activated
carlon properties. This method is not widely used in industriesGémal et al., 2018)

Super critical regeneration is based on fluids in critical conditions. This method generally
has lower energy consumption and adsorbent material loss than thermal atgener
(Madras et al., 1993) The most used supercritical fluids are carbon dioxide and water.
(Bandosz, 20063 FC is effective in hydrometaligy applications whemmetalsare removed

and recovered from activated carbon adsorbébtsarso & Ismadji, 2009) Typical pressure
and tenperdure for carbon dioxide fluid in processes are 7.28 MPa ard @liazReinoso

et al., 2006)

7 Activated carbon applications

Activated carbnis used in a broad scaleagplications Themainapplication fields include
environmental treatmentvastevater treatmenthealthcare sectpgas purification,food
industryand hydrometallurgy(Kwiatkowski, 2012)Applications include both liquid and
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gas phase where liquid phase covers approximately 80% of total applicéttbivated
carbon adsorbents are also used in many other industrial filtrations process. It is estimated

that activated carbon has over oneuttend different applicationgDias et al., 2007)

7.1 Water treatment

The main vater treatmenapplicationdfor activated carbon amgastewaterdrinking water

and industrial process wateri drinking water treatment activated carbon filtrationsed

mainly for purification of surface and groungtersof organic compounds ardxic metals.

Toxic heavy metal that can be removed with activated carbon include lead (Pb), mercury
(Hg), cadmium (Cd), chromium (Cr) and arsenic (As) (Gonz@laria, 2Q8).
Wastewaters from industrighat end up insurface and ground watec®ntaminate the
waters; thereforghere is generalemandor activated carbon in wastewater and drinking
water filtration.(Cecen & Aktas, 2011)

Activated carbon is used for renal of organic compoundsdours pharmaceutical residue,
chlorides,dyes toxic metalsand other harmful compounds from wastewa{@snzalez
Garcia, 2018)Organic compoundsuch as aromatic compounds, phenols, aliphatic acids,
esters, amines and alcohalan be removedn activated carborwastewater filtration
Wastewater treatment can be divided into industrial and muniémpaiunicipal treatment
activated carbon is udegenerally as a tertiary filtration unit for removal of organic

compounds and dissolved materifle€en & Aktas, 2011)

In industrial wastewater treatment activated carbon is used for purificatieeterfs that are
released into natutteut also forpurification of receiving watersThe goal of filtration is to
reachnecessaryenvironmental restrictions for pollutant content in thastewateror to
achieve specific degree of purity for receiving waté@ecen & Aktas, 2011fommon
industries foractivakd carborwastewater filtratiosinclude textile, foodpharmaceutical,
chemica)] petroleum refineries, miningand mineral processing where wasters are
discharged. Other major fields apesticide ammunition explosive dye and detergent
manufacture(Kwiatkowski, 2012)

Activated carbon industrial wastewater filtration is generally set as a final purificatpn ste

to clean wastewaters from remaining pollutatits also used as a primary filtration uimt
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cases where pollutant contents ialativelylow. The most common application is a tertiary
filtration column in the wastewater treatmentgptwhereactivaed carbon is used remove
remaining organic and inorganic compounéseceding treatment units before carbon

filtration includecoagulation, flotation and a primary filtration ur{iCecen & Aktas, 2011)

A major application for activated carbdltration is industrial process waters that are used
in boilers, heat exchangers and cooling tow@scen & Aktas, 2011Activated carbon is
currently used widely in boiler water feed filtration where petroleum refinery industry is the
most common. Corehsate waters used in boilers to produce steam may contain
hydrocarbonglerived from other instrumentsat can cause cokirig the boikrs which is
harmful for boiler efficieng. Jacobi carbon has even developed a specific GAC product for
boiler feed watefiltration called PetroSorb HS. (Jacobi Group, 2020)

7.2 Applications in hydrometallurgy

Activated carbon istkownto beeffectiveadsorbergtin industrial hydrometallurgy processes
as filtration media for purification and metal recovdmyportant metal recovery applications
aregold and silver recoverfrom cyanidesolutions (Yalcin & Arol, 2002) 1t is also used
recovery of uranium, copper, nickel and zinc (Carbon Calgon, 2020).

7.2.1 Gold recovery

Activated carbon is widely/globally used in industrial gold extraditiom cyanide leaching
Gold recovery is effectiveinceactivated carbohas a strong adsorptiefficiency for gold
The most popular gold recovery processes Grbonin-Pulp (CIP) Carbonin-Leach
(CIL), and Carborin-Column (CIC).The CIPprocessfocuson adsorption ofjold from
aurocyanide solutiongSoleimani & Kaghazchi, 2008T)he first industrial carbein-pulp
plants is recorded from 1949 and 19Marsden & House, 2006).Gold is removed from
activated carbon by either elution or stripping proc&escovery of cold after elution is
commonly performed with electrowinninghere are twoprimeindustrial elution methods
using activated carbofor gold extraton: the AnglocAmerican Research Laboratory
(AARL) processthe Zadra process(Oladele et al., 2015) Both processnethods use

chemical regeneration wittbodiumcyanide solution irthe elutionof gold from activated
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carbon adsorbentGold is desorbed from adsorbent the form of aurocyanide ion
[Au(CN)2]". The Zandra process &solder method and it requires more time than AARL.
The AARL is more used elution method due to its shorter process time and preferable gold
recovery ability Difference between these two elution methods is that the ARRL uses also
hot waterflow to in desorption(Soleimani & Kaghazchi, 2008.)

7.2.2 Purification of metal electrolyte solutions

Activated carbonfiltration is used widely onmetalfinishing applications where
electroplating is used to make solid metals from metal electrolyte sol@8ofeset., 2007)
(Sole et al., 2005)Bello et al.,2019)(Neira et al., 1992)YRaghavan et al., 1999Feather

et al., 1999) (Jansen, 2012lhe most common electroplating processelsere activated
carbon is used for purification of organic impuritteem metal electrolyte solutionsre
nickel, zinc, copper and cobadfectroplatesin nickelelectrolyte solution purification
activated carbn filtration is stated to be the most used technique (Jansen, Z@g&2pason
for using activated carbon is tr@ganiccompoundgan harnelectrolysis angrecipitation

of metal ionsin electrolytic cellsDemands for purification efficiency can be as high as 2

ppm limit of organic impurities in electrolyte solutidisole et., 2007)

7.3 Other applications

In healthcare and pharmaceutics activated carbon applications include poison treatment,
anti-flatulentss, cholestasis, waoal care, haemodialysis and catalysts for pharmaceutical
products.(Jansen, 2012Protective filtration for human hih is oneof activated carbon
application which includes protective clotingspiratorsand decontamination wipes. These
application use activated carbftioresas filtermedias (Hassaret al., 2020)n food industry
activated carboms used in forms of filtration membranes. Filtration targmisprise of
removal of acids, steroids, oilsigars, vitaminsand caffeine Colour and odour removal

from wines, juices and beer is also one of the important food industry ugkgesen, 2012)
Caffeine removal from coffe€Castillo et al., 2020)and tea(Vuong & Roach 2014)is

occasionallyexecutedvith activated carbam
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In gas phase separation applications activated carbon is used in air purification, carbon
dioxide separation from flue gaseslvent recoverysulphur removal from exhaust gases

gas storages andethanecarlon dioxide separatioffom biogases and landfill&Sircar et

al., 1996) (Sun et al., 2011)Activated carbon fibres are usenccessfully in gas storage
applications Kassaret al., 2020)The most major gas phaagplicationis adsorptionof

volatile organic compoundsom industrial emission§lansen, 2012 notable application

for gas filtration is also mercury adsorption from gases, especially doafired plants
whereactivated carbotiiltration is usedto restrain mercury emissionéSjostrom et al.,

2010

8 Biochar

Biochar is carbomzed material which derived fronsarbonbasedbiomass.(Mohan et al.,
2014) Materiad obtained from living matteare referred to as biomasBiochar consists
mainly of carbon (C) but also hydrogen (H) and oxygen{@pical biochar raw materials
derivedfrom biomass are lignocellulosic magdike wood bagasse andorn straw. In
Finlandthe most sed raw material§or biocharsarebirch and sprucéSiipolaet al., 2018.
They are considered as lgwized materials with an environmentally friendly reputation.
Biochar is used commonly aslsorberg, fuel and in soil remediatiolypical biochar
products are shown in Figure €Cha et al., 2016Biochar has rany structuralsimilarities

in comparison to activated carbofhey have porous structures with high surface areas
aromatic featuresind rich mineral contemt They have surface groups with functional
featuresvhichare important factorsf biochar adsqtionmechanismBiochar is considered

a strong adsorbent and is expected to be used in various adsorption applications in the future
(Mohan et al., 20lllustratiors of biochar surfaceare shownn Figure 10.
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Figure9 Biochar products. (Cha et., 2016)
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Figurel0 Surface structuref biochar (Batista et al., 2018)

8.1 Biochar production and activation

Production of biochar is well-known procedure,and its benefits are simplicity and
operability. Global production of biochar is a growing industry with a production quantity
of 85,000 tonnes in 2018rBEA, 201§ Like in activated carbon productipcarbonization

is performed to biochar raw materia(G@arbonizationof biomass into biochar igerformed

with thermal degradation including pyrolysis and gasificatidBasification is partial
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combustion method whidls aiming in makinggaseous fuel product@Mohan et al., 2014)
Biocharregeneration followsametheoryas regeneration of activated carbahere biochar
is regenerated eithdry desorption of adsorbate or by destroying the adsorbate. Biochar

regeneration is not yet a common procedure in industrial usage. (Dai et al., 2018)

Pyrolysis is the most usdaiocharproduction method. It is performed at temperatures 300
900 d e p e ondvhan yrolysis technique is used. Basic principle is the same as in
activated carbon carbonization phase, it removes hydrocarbons from the sttocture
transformraw materialinto a porous form.Thereare two kind of pyrolysis methods: fast
and slow. ®w pyrolysis is theoriginal method,and it is used to produeerostly biochar in

the form of a solid material(Wanget al., 2020)its product yield iggenerally35% solid
biochar and 30% btoil. It producesmore aromaticpropertiesinto biochar products in
comparison gasification or fast pyrolygislohan et al., 2014jleating rates are slow in slow
pyrolysis and top temperatures are arod@dd5 0 0 and heating residence time is between
5 and 60min (Sekar et al.,, 2021)Fast pyrolgis operate with fast heating rates at
temperatured00-5 0 0 andhas aresidence time of-bs(Lima et al., 2020) Productof

fast pyrolysigs mostly in &luid form. Its production ratio igenerally75% bicoil and only
12% biochar (Mohan etal., 2014)

Product distribution (wt%)

Slow pyrolysis
P (Carbonization) = » el
(No oxygen)
¥ Fast pyrolysis
(No oxygen) - 7 20
. Gasification
Biomass > (Partial oxidization) % i %

Figurell Typical productionmethod=of biochar. (Mohan et al., 2014)

Reaction temperature, heating rate and residence time affect the biocharestastilis
during the pyrolysis, but the initial raw biomass properties also affect the oufZbiamet

al., 2018) Especially mineral content of biomass will affect biochar characteristics. Biochar
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products favour slow heating rates with long residencesirdigher pyrolysis temperatures
are found to produce more rich carbon contents, larger surface areas and more porous
structures than lower temperatures, while lower pyrolysis temperatures tend to produce more

oxygen surface groups. (Cha et al., 2016)

Biocharpropertiessuch as porosityspecificsurface areand functional group contenain

be enhanced with an activation process gftgolysis Typical specific surface area values
for biochas made bypyrolysis are 16100 nf/g whereas biochanmsodified with activation
have areas around 4®00 nt/g (Siipola et al., 2018 There are two main activation
methods for biochar: physical and chemical activa{i@Gha et al., 2016)In physical
activation biochar isypically treated with carbon diox&lor steam in temperatures over 700
C. Physical activation can be executed during pyrolysis or after pyro{$sisola et al.,
2018 Chemical activation of biochar is similar to chemical activation of activated carbon.
It uses basic and acid chemicalkelkalium hydroxide (KOH), sodium hydroxide (NaOH),
phosphoric acid (kPQy) and sulfuric acid (£E5Qs) to enhance porosity. Chemical activation
IS more expensive than physieadd therefore it is used more rarely. (Cha et al., 2016) The
difference betweenctivated carbon and activated biochegminor but generally activation

of biochar is less expensive than activation of activated caf¥dtang et al., 2020)

8.2 Biochar adsorption and potential applications

Biochar isrelatively close to activated carbon with their adsorbent properfaygen
surface groupsaromaticity, porosity, carbon contemtdsurface areplay an important role

in biochar adsorptionZhang et al., 2019Jhere is not granular biochars developed into
industrial applicationsBiochar adsorbents with rich oxygen surface group content are found
be effective in adsorption of polar compounds because oxygen surface groups can make
hydrogen bonds with polar compounbti&n-polar compounds adsorb more effectiveiioi

biochar adsorbents with rich carbon content because of hydrophobic attraction forces

between biochar and the npolar compoundgCha et al., 2016)

Current commercial biochar filtration systems focus on stormwater treatment, where
underground contaimdilters are used to treat the stormwaters. Stormwaters include rain and
meltwaters that are accrued on buildings and residential af®@#gsola et al., 2018)

Underground biochar filtration prevents stormwater pollutants from ending up in lakes and
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rivers. In agriculture and garden care biochar is used in soil improvement where biochar

prevents flushing of nutrients from soil by adsorbing the nutrients. (Gilg 2016)

Biocharpotentialadsorption applications can be divided into organic compounds removal
from water,toxic metal removal from water, inorganic anion remadvam water and air
purification. (Mohan et al., 204Biochar industrial applicatiors are in few.Industrial
wastewater application for biochar do not yet exist, however, there is several studies done
on the subject. During recent years thereetlizeen a strong desire to develop biochars

filter mediafor wastewater filtrationBiochar adorbents arglannedto be replacement
products for activated carbon in wastewater filtratfdfang et al., 202Q)Siipola et al.,

2018) One of important potential environmental application of biochar is reducing GHG
emissions, where itmissionis to be gas storage fgasessuch asCO,, CHs and NO
(Paustiaret al., 2016)(Zhanget al., 2019)(Dong et al., 2013)

8.2.1 Organic compound adsrption with biochar

Organic compound adsorptigrossibilitiesinclude removal of dyes, phenolserbicides
pesticides solventantibiotics(Zhanget al., 2019) Affecting properties for adsorption of
organics are surface area, porosity, aromatityoxygersurface group content of biochar.
Larger surface areas are observed to adsorb more organic than biochar with smaller surface
areas (Cha et al., 2016) Polaurfaces in terms of oxygagroups havelsoa major role

since they enable formation of hydrogen bonds and other electrostatic interactions between
char and organic compoun{iBhanget al., 2019)Higher pyrolysis temperatures tend to
produce biochar addments more suitable for organic compound adsorp{Mohan et al.,

2014)

Dyes in wastewaters are from textile industry and they consist of toxic compounds, acids,
and bassefDai et al., 2018 Biochar adsorbentgroduced with slow pyrolysiare ableto

adsorb these compounds from wastewa®renolic compoundareal s o one bi o
possible application®?henols are usually leaked from plastesl drugs Pesticides and
polyaromatic hydrocarbons (PAHsS) from agriculture waste can also be removed from
wastewatersvith biochar.(Mohan et al., 2014) Biochars made from almond shell in slow
pyrolysis have been observed to achieve 100% efficiency in removal of soil fumigants such
as dibromochloropropane (DBCP). Activated carisothe current industrial agpation in
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DBCP removal, but biochar offers a cheaper opticaadsorbent material selectiqilasson
et al., 2013)

8.2.2 Toxic metal adsorption with biochar

Biochar adsorbentprovide a rival to activated carbon itoxic metal removal from
wastewaters and other solutiohkeavy metals such as Fe, Hg, Cr, Cu, Cd, As, Pb, Cd and

Zn ions aregpossible adsorb with biochgMohan et al., 2014Based orformer studies its
adsorptiorefficiency canequal @ even surpass activate car bonés adsnor pt i
metaladsorption(Zhanget al., 2019),lfiyanget al., 2016)(Komkiene & Baltrenaite, 2016)

(Tan, 2016), (Xu et al., 2016), (Tong et al., 2011).

Biochar has set of functional surface groups, sucalipkatic, that commercial activated
carbon lacks inThese functional groups enable more ion exchange capacity for biochar
which enhances cation adsorptig¢@ray et al., 2014)Activated carbos can havesome
aliphatic groups on its surface but their qiity is decreased ithe activation stepCertain
highly processed activated carbons can have rich aliphatic group ¢dnteghesekinds of

activated carbonare expensive to produg®dlohan et al, 2014)

Biochar adsorbents generally have less surfesgtidan commercial activated carbons but
some them have mooxygensurface groups that attracietal cations.Biocharadsorbents
with richeroxygensurface grougontent are found to be more effective in metal adsorption
than those with low oxygesurfa@ group contentMohan et al., 2014Based orformer
studies(Kim et al., 2016) and (Samsuri et al., 2014) oxygerface group content is more
important than biochar surface areas in the metal ion adsorpiilso. increased
carbon/oxygen ratio (O/C) and polaritydex [(O + N)/C] are observed to enhance metal

adsorption.

Certain biochars have also functional groups tiebonates (C€) and phosphates (RO

) which enable precipitation ahetalson the biochar surfaceln copper remediation ien
exchange biochar surface and metal cations is more effective metal collectdhehan
adsorptionprocessn biochar pore¢Cho et al., 2013)Bi ochar 6s chemi cal
can be stated have more major role in metal adsorption than its surface area and porosity.

Producing high porosity adsorbents with very high surface areas such as activated carbon is
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much more expensive thaproduction of biochar This makesbiochar anexcellent

alternative to activated carbo(Cha et al., 2016)

8.3 Biochar versus Activated carbon

Activated carbon and biochar have several similarities in their structure and adsorption
abilities. Bothadsorbenthavecartonized structure, high porosity, functional surface groups
and high surface are&Vhile activated carbon surpasses biochar in micro porosity and
surface area, biochar has other effective adsorption prapektisorption efficiency of
biochar is based otsisurface groupgMohan et al, 2014)

In terms of packed column adsorbent operability, biochar loses to activated dartcimar
adsorption requires more time than activated carbons, thus filtrations with biochar requires
slower linear flowrate or lagy adsorbent dosag@Alhashimi & Aktas, 2017)Biochar
structures have weaker bulk densities and mechanical hardness than activated carbon, thus
making it adsorption capacity weaker in columB$ochar material can also break in
columns due taheir low hardness and densitidsorption applicatios where packed
columns are not required its low densignprovide benefits to adsorptio(irBEA, 2018)

A comparison of biochar and typical GACs ipmesented in th&ablel.

Tablel Typical physical properties for biochar and granular activated carbon.
Property GAC Source Biochar Source
Surface area, 800-1500 (Bansal & 10-500 (Siipola et al.
[m?/g] Goyal, 2005) 2018)
Bulk Density, 440520 (Moosa et al., 90-500 (Lehmann &

[kg/m7] 2016) Joseph, 2015)
Particle density, 0.92-15 (Cecen & 1.0-1.5 (Lehmann &
[g/cm?] Aktas, 2011) Joseph, 2015)
Pore volume, 0.2-0.6 (Bansal & 0.05-0.21 (Chatterjee et
[cm3/g] Goyal, 2005) al., 2020)
Meanparticle 1-5 (Bansal & 5-50 (Tisserant &
size, [mm] Goyal, 2005) Cherubini,
2019
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Bi ochards major benefit is its | oviodhaater i
productionusually occursatsmaller temperatures th@anoduction ofactivated carbas) and

biochar production lacks the activation step. Production of biochar is significantly less
energy consuming than activated carbon productiiohan et al., 2014)Energy
consumption lochar productionis estimated to baveragely 6,1 MJ/kg, while activated
carbon production is averagely Bd/kg (Alhashimi& Aktas, 2017) Raw material sources

are wilder for activated carbon since biochar is produced from biomass while activated
carbon is produced from organic and faganic raw materialsSTheglobal cost for biochar
is1,7500 / twhitent s 20062, 500 U /tonne for granul ar
3,500 U4 /tonne for pSomwed reghlepibcessed tandvnaodifeedl ¢ a
activated carbons can cost up to®9 0 U (IrBEA,2018) In addition to energy
consumption, biochar production is considered to have less GHG emissions than production
of activated carbon. Biochar production gaachzero emssions, while activated carbon
production is estimated to averagely emit 6,6 kg/&g (Alhashimi& Aktas, 2017)

9 Activated carbon filtration

Activated carbon filtration is one dhe mostcommon applicatiosmof activated carbon.
Commercial carbon filtration reactors generally use granular activated carbon.
(Kwiatkowski, 2012)Filtrationis generallyperformed in adsorption colunmaactors Used
columns include fixed beds, fluidized beatsd expandededs, from which fixedbeds are

the most used optiorkixed bed adsorber is the most used option in process wastewater
treatment.There are also filtration systerfor short time use such as carbon canister which

can be rechargeable or disposalflgecen & Aktas, 2011)

9.1 Fixed bedfilters

Fixed bed filter columns are the most comnagisorption vessels ftmoth liquid phase and
gas phase applications. Working principle of fixed beds is a simple filtration process where
influentflow is fed through a packed bed inside of theiool. The feed of the filter column

can eitheibe downflow or counteflow wheredownflow is more common. Maggnsfer
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between adsorbent media and the floecurs when feed passes through the column.
Adsorbent media beds must be exchanged at regular intervals into new ones since activated
carbon adsorbents have a limited adsorption capddiey.exchange of adsorbent material

is done when adsorbent is fully saturated or when target values of trefibethtedre
surpassed.The new set of adsorbent media can be derived either by regenerating used
adsorbent or by acquiring a new unused adsorfémt.regeneration can be done by both
onsite and offsite, however, offsite regeneration with thermal regererathe most used
method.(Cecen & Aktas, 2011)

Fixed bed filtration systems oftanclude aparallel processsetup wheretwo or more
filtration columrs areplacedin parallel. This enables a continuous filtration procelie

the regeneration or thexchangeof filter media can be executed in one column. In this
situation column set up is design to handle operation flow rates while one column is not in

commission.Filtration columns can be also set in ser{endricks, 2006)

Carbon Fill

/ 5 e
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Figure 12 lllustration of fixed-bed GACfilters in series (Calgon Carbp2020
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9.1.1 GAC filter column dimensions and operational factors

Filter column sizesind operational parameterary widely betweeractivated carbon fixed
bed filters depending on tlagplication and thecale of treated process stredthere is no
specific dimensions or operational guidelines for industrial wastewat@unicipal GAC
filters, however, there are some similariti®be qoerational parameters include empty bed
contacttime (EBCT), linear flow rate packedbed depth(Ly) / bed volumeVg). The most
importantparametersor column sizing are bedepth(Ly) of the adsorbent in the column
and linear flowrate (v.). (Hendricks, 2006An illustration of fixedbed filter for granular

activated carbon is representedrigure 13.

A cross~sect|ona| area

X
Lg
Packed bed
height

GAC
particles

VB'
Bed volume

_¥

Y -
Figurel3 lllustration on a typical fixedbed filtration column for activated carbarhere Ls is

bed height, ¥ is bed volume, A is crossectional surface area and Q is total flow
rate.(Cecen & Aktas, 2011)
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The epth ofpackedcarbon bed in filter columns is a key parameteaddition to column
size designing, it can be used in estimating filter efficiency. Volafrtbe packed bed is
dependenbn column diametefrom which crosssectional area is derivetinear flow rate
represents the flow velocity inside of filter colusnmith a specific crossectional area. It
can be calculated by dividing total volume flow with crgsstional area shown Equation
(7). (Hendricks, 2006)

W - ()
where
Q total volume flow rate, [fih]
A cross sectional aaef packed bed, [f
Vi linear flow rate[m3h/n?] [m/h]

Residence timef the fixed bed columns is illustrated with the term EB@Tother words,
it represents the time for flow to go through packed bed in the filter collinenEBCT is a
useful pararater in comparison of filter column performandésan be evaluated frobred
depth and linear flow rate iequation(8) or by dividing bed volumewith total volumeflow
ratein Equation Q). (Hendricks, 2006)

06 0 "YT (8)
006 0 "Y— 9)
where
EBCT Empty bed contact timgmin]

Lo packedbed depth[m]
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A cross sectional aaef packed bedm?]
Q/A linear flow rate, [MYh/m?]
Vs packed bed volume, [fh

Consumption of activated carbon in the fixed bed filters is generally represented with the
term carbon usage rate (CUR). It tdilswv much activated carbon mass per treated volume
of water flow is needed until carbon bed is fully exhausted. It can be lagdclifrom
Equation (0). (Hendricks, 2006)

6YY — (10)
Where
CUR carbon usage rate, [kgfin
Mc activated carbon mass, [kg]
Vi treated volume of water flow, [

9.1.2 Backwash in GAC filters

Backwash is a counterflow washing procedure for filter columns. The general purpose of
backwash in GAC filters is to prevent stratification of solid particles in the GAC beband
maintain a stable filtration efficiency. (Cecen & Aktas, 2011) In bioldds&C filtration
backwash is used to prevent growth of unwanted rooganisms on to GAC surfaces (Kim

et al.,, 2014). Accumulation of particles in GAC bed leads stratification, head loss and
clogging in the filters, which are disadvantageous for filtreg@ifficiency. These phenomena

can be avoided by backwashing the GAC beds at regular intervals. Intervals of backwashing
depends on the filtration applicatioim. general,applications with more solid particles in
water are more prone to clogging than &gion with less solid particles in the wagerd
therefore require more frequent backwa€ecen & Aktas, 2011) Ielectrolyte filtration

applications GAC filters are also backwashed (Sole, 2007).
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9.1.3 Typical operational parameters for GAC wastewaterfilter s

Fixed-bed columnsre stated to bthe most usedilters for granular activated carbdn
waterand wastewater treatment. Wastewater treatment can be divided into municipal and
industrial applicationgOperational parameters and column dimensilifisr between these
industrial and municipaln municipal wastewater treatment treated volume flows and filter
column dimensions are generally larger than in industrial applicafibesvastewater GAC

filters in industrial applications have also a widariance in column dimensions and
operation parameterdsed particle sizes for GACs are between mesh 12/2®425) and

mesh 6/12 (35-1.7mm).In tablell there is representagpical and general values for GAC
filters in wastewater treatment, whigitludes industrial, municipal and overall values for

wastewater filters. (Cecen & Aktas, 2011).
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Tablell Typical and generaloperation and designparameters for water and industrial
wastewater activated carbon filter columns. (Cecen & Aktas, 2011)

Operation parameter Range
Flow rate (Q), [m%h]
Water treatment 50-400
Industrial wastewater treatment 0.8-670
Municipal wastewater treatment 90-1600
Embty-Bed Contact Time (EBCT), [min]
General 10-50
Typical 30
Water treatment 5-30
Industrialwastewater treatment 30-540
Municipal wastewater treatment 17-66

Linear Flow, [m/h]

General 5-25
Typical 12
Water treatment 5-15
Industrial wastewater treatment 7-16
Municipal wastewater treatment 6-15
Bed volume (\b), [m?]

Typical 10-50
Bed height, [m]

Typical 1.8-9
Bulk filter density, [kg solid /m® bed]

Typical 430480

GAC particle density, [glcm?]
Typical 0.92-15
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9.1.4 Commercial wastewaterfixed bed filters

Commercial fixeebed GAC filtershave similarities between them. In talble thereare
gatheredoperational parameters and column dimensminsommercial GAC filters from
different manufacturersilter diameters, maximum volume flovasid carbon media mass
capacities are given by manafaresin their product datasheetacked bed volumes and
carbon bedheights areestimatedbasedon apparent denséds andweights of usedGACs
insidethe columrs, asgiven bythe manufacturersLinear flow rates were calculated with
equation (7)As an exceptionGeneral Carbon corp. informs typical operational linear flow
rates of its columnsEBCT values are calculataslith equation 8) using estimated bed
volumes and maximum volume flowsThe GAC filter manufacturers only inform the
maximum volume flows that their filters can perform, therefore the EBCT valagsbe
shorterthanreal operational valueand linear flow rate values larg&ackwashflowrates

are on only given by Calgon Carbondaacobi Services, where the backwash values are

approximatelyl.4-2.4 times larger than given maximum volume flows.

Announced applications fofable Il filters include industrial wastewaters, receiving
process water streams, chemical spill purifications. General removalstargeirganic
compoundskFilters are informed to able used in parallel or sehesieveiDual Module and

Model 614 from Carbon @lgon are 2 columns systems wiine operatedn series.
Regeneration of GAC beds in these commercial filters is stated to be performed outside of
filter columns. Most of the manufacturers inform that customers aath s=dactivated

carbon back for regemation.
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Tablelll Operational parameters for commercial wastewater GAC filters.

Diameter Flow max Bed volume Bed height Linear flow EBCT

Manufacturer, model mm]  [mh] (] (mm] [(m/h] [min] Resource

Galgon Carbon

CYCLESORB-HP 1524 14 1,7 922 7 7,4 (Galgon Carbon, 2020)
Dual Module 3050 68 16,8 2301 9 14,8 (Galgon Carbon, 2020)
Model 6 1830 45 5,0 1901 17 6,6 (Galgon Carbon, 2020)
Model 8 2440 80 8,4 1796 17 6,3 (Galgon Carbon, 2020)
Model 10 3050 159 16,8 2301 22 6,3 (Galgon Carbon, 2020)
Model 12 3660 159 16,8 1598 15 6,3 (Galgon Carbon, 2020)
Model 14 4267 234 50,4 3528 16 12,9 (Galgon Carbon, 2020)
Chemiviron

CYCLESORB HP2 1500 14 2,0 1132 8 8,6 (Chemiviron, 2020)
General Carbon corp.

HP-48 1220 14 1,8 1728 12 8,5  (General Carbon corp, 202
HP-72 1830 32 4,5 1911 12 9,4  (General Carbon corp, 202
HP-96 2440 57 9,1 2176 12 10,7 (General Carbon corp, 202
HP-120 3050 91 18,1 2530 12 13,4 (General Carbon corp, 202
TL-MP 1220 14 0,9 864 12 3,8 (General Carbon corp, 202
J-24 610 3 0,4 1239 12 6,6  (General Carbon corp, 202
J-30 762 5 0,6 1311 12 6,8 (General Carbon corp, 202
EVOQUA

HP2000SS 1370 23 1,9 1301 15 5,1 (Evoqua, 2020)
AQUA-SCRUB 559 2 0,2 827 9 5,4 (Evoqua, 2020)
AQUA-SCRUB 1220 11 1,0 821 10 51 (Evoqua, 2020)
AQUA-SCRUB 1220 23 1,9 1640 19 51 (Evoqua, 2020)
Carptrol corp

L-4 1220 11 0,9 777 10 4,8 (Carbtrol corp., 2020)
L-5 1520 11 1,6 899 6 8,6 (Carbtrol corp., 2020)
HP-600 762 8 0,5 1193 18 4,1 (Carbtrol corp., 2020)
HP-1100 1070 17 1 1112 19 3,5 (Carbtrol corp., 2020)
HP-1900 1397 28 1,7 1125 18 3,7 (Carbtrol corp., 2020)
HP-9300 3000 136 18,6 2631 19 8,2 (Carbtrol corp., 2020)
Jacobi Services

Aquaflow P250 700 3 0,4 859 6 8,0 (Jacobi Services, 2020)
Aquaflow 2000 1550 20 2,0 1060 11 6,0 (Jacobi Services, 2020)
Aquaflow V2 1400 20 2,0 1299 13 6,0 (Jacobi Services, 2020)
Aquaflow V20 H 2550 80 24 4699 16 18,0 (Jacobi Services, 2020)

9.2 Fluidized bed filtration reactors

Fluidizedbed adsorption columns are commonly for large scale treatment processes whe
large amourgof wastewatesor emissiongasesaretreated continuoushA typical fluidized

bed system is represented in Figlifle Working principle of fluidized beds is based on a
counterflow system instead of a downflownfluent comes into bottom of tlewlumnand
effluent comes out from the top of the colurdohnson & Massey, 197%he main

difference in comparison to fixed bed columns is that fluidiesds have an adsorbenass

recycle system which enables a continues fresh activated carbon atsaibeninto the
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column and simultaneous outflow of saturated adsorffdéendricks, 2006) Adsorbent
recycleflow can bea counteiflow or a downflow. There is generally a regeneratimit
connected to fluidized beds that regener#tessaturated adsabt and thereby produces

the fresh adsorbenfThe most common regeneration units in fluidized bed systems are
thermal regeneration furnaces. Benefit of fluidized beds is that their adsorption performance
stays a constant since the adsorbent bed is nellgr siaturated. Downsides include

expensive operating caslue to the regeneration unit§flohnson & Massey, 1979)
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Figurel4 Fluidizedbed adsorber systerfdohnson & Massey, 1979)

9.3 Moving-bed filtration reactors

Moving bed filtels have counteflow system. Their columns resemble fixed bed columns,
however, inside they have twotationalcylinders packed with adsorbent material. The
purpose of these cylinders is to allow continuous regeneration of the adsorbent while process
streamis beng filtered in the othercylinder. Regeneration is commonly performed with

integrated steam regeneration. (Cecen & Aktas, 2011)
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9.4 Activated carbon canisters

Activated carbon canistecommonly smaliscale filtration unit for both liquid phase and
gas phase applicationshere average size is 2300 lites. Carbon canister can be either
rechargeable or diesable The rechargeable unit are commonly regeneratesditeff The
working principle is close toed bed filters since uniform flow is fed through adsorbent
media inside of the canister uni@ommon set up for water purification applications is 2 or

more in series. (Carbtrol Corporation, 2018)

Figurel5 A typical carbon canister set up for ligyohase purification. (Carbtrol Corporation,
2018)

9.5 Activated carbon adsorption theory in fixed bed columns

Activated carbon filtration fundamental theoryeasyto explain with adsorption in fixed

bed columnsAdsorption columns have adsorbent beds inside of them which can be refer to
as stationary phase or solid phaSnlution inflow into the column is referred as influent
and solution and the column outflow eferred to as effluenfAl-Degs et al., 2009y he
adsorption process side ofcolumnsis basicallya masstransfer between mobile phase and
solid phase, where adsorbent represents the solid phase and setigiertothe mobile

phase. Behavior of adsaption processin fixed bed columnscan be studied with
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breakthrough cuns mass transfer zonadsorption isotherm&nd adsorption models.
Examination of adsorption proceisscommonly done bygtudyingeffluent concentrations
equilibrium state of adsorptiorand saturatiorof activated carbon bedqHamdaoui&
Naffrechoux,2007)

9.5.1 Adsorption isothermsof activated carbon

The adsorptionsothermsdescribe the behavior of adsorption process ardbe useth
estimaing adsorption capacity of adsorbents and in scalirfgt@dtion process dimensions.

(El Qada et al., 2006Adsorption isotherms illustratihe relationship betweeadsorbate
concentration irsolution and absorbateconcentrationin solid at equilibrium Adsorption
equilibrium describesthe phase of adsorption process whaneountof adsorbate is a
constant value in solution and in the adsorbent or in other words a phase where adsorption
capacityof adsorbents full. Adsorption isotherms are an efficient med to estimate
adsorption capacity of activated carbon bedsl optimal bed heights for adsorbents
(Hamdaoui & Naffrechoux, 2007)

The most common adsorption isotheffior activated carbaare Langmuir and Freundlich.
Langmuir model equation isepresented in equationll) and Freundlich in 12).
(Hamdaoui & Naffrechoux, 2007)

n — (11
where
Oe equilibrium concentration of adsorbent, [mg/g]
Om maximum adsorption capacity, [mg/g]
b Langmuir free energy constant, [efigi

Ce equilibrium concentration for liquid, [mg/din
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R 067 (12)
where
Kr Freundlich constant for adsorption capacity, [(mg/g)Adm)]
n adsorption intensity constant

Langmuir isotherm is the simplest version for adsorption equilibrium. Its defathiaiis
adsorption process is homogeneous on adsorbent surfaces and that adsorbate compounds dc
not interact with each other in the solution or dutingadsorption. El Qada et al., 2006)
Freundlich isotherms is a step more complicated than Langmuief#tsitis that adsorption

process takes place on heterogeneous adsorbent surfaces. It enalitiesinadsorption
modelling where adsorption is not identical with every adsorbent site. (Ham&aoui
Naffrechoux 2007)

Langmuir and Freundlich are typicaligpresented in linearized forms where Langmuir have
five forms and Freundlich only oneinear forms of adsorption isotherms are used in finding
out of parameters that can be used in the modeling of isoth€hadinear forms for the
isotherms are reprasted in TableV. (Hamdaoui & Naffrechoux, 2007)
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Table V Linear forms and plots for Langmuir and Freundlich isotherm models. (Hamdaoui &
Neffrechoux, 2007)
Isotherm Linear form Plot
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9.5.2 Breakthrough curve and mass transfer zone

Breakthrough curves are used to descumosorption process ifiltration columrs by
examining effluent concentration during adsorptidhee are also used in defining of
column parametersuch agesidence timg flow rates and column dimensioiiél-Degs et

al., 2009) (Qian et al., 2019 ass transfer zones and breakthrough curves catsbaesed

as a tool when stythg effectsof adsorption process parametessich as flow rate, adsorbent

bed height, column diameter, solution pH, solution temperature, initial adsorbate
concentration, adsorbent particle size and the properties of activated carbon adsorbent and

adsorbate. (Tatgostodes et g12005)

A common plot for breakthrough curveasisorbateconcentratiorin effluent divided by
concentration in influenGeauent/ Cinfluen) @s a function of past time (t) tmoughput volume

(V) during adsorption. A typical breakthrough curve is representeigjime 16. According

to Figurel6there are 3 concentration points that determine the nature of breakthrough curve.
Adsorbate concentratian influentis Co when it comes to the adsommi column. At the

start of the adsorptioradsorbateconcentrationin effluentis zero sincdhe flow has not
reached the bottom of column. The breakthrough pomit@ which illustrateshe desired
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value of adsorbate concentration in effluent. At ehthe curve effluent concentration is

same aghe influent concentrationCo since the adsorption capacityf the adsorbenis

limited. Adsorbent is expected to be fully exhausted atvien effluent concentration is
approximately 985% of influent concentration. The zonebetweenCy, and Cx in
breakthrough curveepresentshe mass transfer zorfMTZ) of adsorbent bed in column
whichis considered as a meter for adsorption efficienahéncolumn The length oMTZ

zone illustrates the rate ofsafption.MTZ starts to develop in the top of the column at the
beginning of adsorption when fluid enters adsorbent bed and then advances till the end of
the column.The lreakthrough point in MTZ equals the phase in column where maximum
permitted concentration comeast within effluent.(Al-Degs et al., 2009)

90% Exhaustion

Ceffluent

Ct.
Vb Vx L
Treated Volume (V)
Figurel6 lllustration of andealbreakthrough curve for activated carbon.-D¥dgs et al., 2009)

9.5.3 Effects of operational parameters in fixed bed filtration

Affecting operational parameters in fixed bed filtration incléeld concentration, linear
flow rate, carbon bed height attte diameter and particle size thfe activated carbarnThe
initial concentratiorof influent affects adsorption process by influemg saturation rate of
adsorbent antbreakthrough timef the filtration Concentration ofidsorbateaffectsthe

concentration gradiemf solutions Larger conentration gradients enhance tsorption
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of theadsorbatgethus increasenhitial concentratn increases saturation rate aledreases
thebreakthrough timef the fixedbed (Ahmad & Hameed, 2010)

Generally smaller flow rateimcrease the adsorption efficienof the fixed bed columns.
Increasing flow rate reduces adsorption residence. @herter residence tirmesqual less
contact withtheadsorbent, and thus lesdsorbatés adsorbed into adsorbebe to shorter
contact times the adsorption capacity decreagleen flow rate increases the column.
(Ahmad & Hameed, 2010)

Larger height of adsorbent beds equal more adsorbent mass if the column diameter is held
asa constant. Increased column bed heights also equal more residence time due to the
increased mass transfer zone. Adsorption capacity increases when the adsorbent bed height
is increased due to increased residence time and mass transfefAronad & Hameed,

2010) Larger column diameters mayausechannding fixed bedcolumns and too small
diameters radial dispersionlt stated that reasonably thin diameters favour adsorption
process efficiencyRatio of column diameter and activated carbon particle diameter is also

an important factor(Augier et al., 2008)

Activated carbon materials with smaller particle sizes have generallyfasteeadsorption
ratesandmore accessible micropores than larger carbon partithes is because smaller
particle sizedhavelower diffusion resistance itheadsorptiorthan larger oneg\dsorption
equilibrium is reached fastevith larger particlesizesthanwith smalkr particle size and
therefore the adsorption capacity fills up faster with larger partiblesnside forsmall

particles is that theyxan cause channelling in filter media b@Rloostaei & Tezel, 2004)
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Experimental Part

The experimental paid divided intotwo parts wastewatefiltration and eleatolyte soluion
filtration. The main focus of the experimental pawas the filtration of the electrolyte

solution with activated carbofihewastewater part was additional filtration application.

10 Wastewater filtration

In the wastewatepart a typical wastewater solution from mining industry was chosen for
thefiltration. The goalwas totestif activated carbaaresuitable for mining wateffiltration.
Thefiltration target was to separate anions #oxic metals from the mining water$he
compositionof the minng water solution was obtained frommaning water treatmerstudy
(Mamelkinaet al.,2019). The anions to be separated were nitrate, sulfategtdadde, while
the metals to be separated were copper, zinc, and nikkide fromthe filtration, it was
also intended t@xaminehow effectively theactivated carbons and biochamoductscan

adsorb anionandtoxic metalsfrom the mining watersolutionover a 24 hour period.

10.1 Materials

Materialsused in making of theynthetic mining wastewater includl€uSQL5H20 (99%)

by SIGMA-ALDRICH, NiSO4l6H-0 (99%) byACROSChemicalsZnSOil7H20 (>99,5%)

by MERCK Na&SQs, NaNQ (>99,5%) by Riedetle Haén NHsCl (>99%) by VWR
Chemicalsand NaCl(99,4%) by TABLETEKI SOLNEThe composition of the solutions is
presented in Tabl&/, where there are three different levels for the metal and anion

concentrationsThemedium level was asen for the filtration and adsorption tests.



TableV Mining water compositionfMamelkina et al., 2019)
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Concentration, [mg/l]

lons Low | Medium | High

Sulphate (S@ | 1000 2000 3000
Nitrate (NOs) 20 40 60

Chloride CI) 100 200 300
Copper Cu) 2 5 8
Nickel (Ni) 2 5 8
Zinc (Zn) 5 10 15
Ammonium NHs) | 10 20 30

There were nine differeriiiter mediasin the wastewater experimerggown inTableVI.
In thewastewatefiltration test onlyactivated carbomorit GAC 1240Wwasusel. In the
adsorption all 9 materials were used. All the filter medias listdabie M were also used

in the electrolyte filtratiorpart.

Criteria for the activated carbon selection was to get commercial granular activated carbons

for thefiltration tests. The chosesommercialactivated carbons aweidely used in various
water filtration processe$he ativation method ofheactivated carbon was naselection
criterion. However all the selected activated carlsomere produced by steaattivation.
The bochas were also chosen from commercial produdise applications of thesed
biochar materialsnclude gardeningand runoff waterfiltration. All three biochas were
manufactured with slow pyrolysi€ a r b o f e xuceDasdilsocharps manufactured at
pyr ol y s ipwolysisOnMtha residence time of 10 were usé&hrbonsFi nl and
birch-basedviochar is produced at 4550 with a residence time of 90 mandspruce

based biochaat600 with 30 minresidence time

Oy
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TableVI Properties of used activated carbons and biochars.
_ _ , _ Particle size rangeSurface areaBulk density
Filter media Supplier Material
[mm] [ mPlg] [kg/m?]
Filtrasorb 300 Chemviron CarborActivated carbon 0,6-2,36 950 560
Filtrasorb 400 Chemviron CarborActivated carbon  0,425-1,7 1050 540
AquaSorb H150 Jacobi Carbon Activated carbon  0,425-1,7 1010 520
LGCO 100 Sorbotech  Activated carbon 0,6-2,36 1000 550
K835 Silcarbon Activated carbon 05-25 1100 500
Norit GAC 1240 W Brenntag-nordic Activated carbon ~ 0,425-1,7 1100 470
Birch Carbons Finland Biochar 0-2,0 225 330
Spruce (1)  Carbons Finland Biochar 0-2,0 280
Spruce (2) Carbofex Biochar 0-2,0 550 200

10.2 Analysis methods

The anion concentrationsof the mining water were analyzed in LUBy IC (lon
Chromatographyanalysisand thetoxic metal concentrationsy ICP (Inductively Coupled

Plasmg analysis.

10.3 Filtration equipment

In figure 17 there is shown a flowsheet of the equipment used invtstewatefiltration.

There are three columns in the filtration equipmehbwn in Figurd 8. The heights of the
columns are 70 cm andhg diameters 22 mnklowrates in the filtration columns wre
adjusted with flowmeters. The used flow meters were rotameters from which two were
A B B AB146CO061INAOAASMo del s and o ne-5BAHY mddgl.tTRel 2 6 s
pumpsof the filtration equipment wereldwjet Nemp 25/5modek. The pressure difference
meters werédMiller MDHS-200-00282models.Each column hdalso a temperature meter

and a pressure metdihe mining water was contained in a 1@DG6* feed tank.
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10.4 Wastewaterexperiment procedures

Wastewater filtration tests were performed with tilration columns Norit 1240 W
activated carbon was used as a filter media in both coluffresduration of the filtration
was six hoursTemperature of the wastewater feed solutias 22  which remained
constant during the filtratiotdsed bed heights in the columns weretXin inthe G®lumn

1 and 55 cm inthe Wlumn 2.Chosenlinear velocity(m/h) for the filtration test runs was
12 m/hwhich is a typical rate in commercial GAC filtgiSecen & Aktas, 2011)he flow
meters were seit 4.56 I/h which correspondgo the target value for linear flowt was
noticed during the test run that the flow meters had probiemmeintainng a steadylow
ratesand therefore thiinear flow value varied between -lI2 m/hduring the test runs

Filtrate samples wee gathered fromhe column outlets and feed sangdfi®@m the column
inlets.Sampling interval wasnceevery 15 minutes during the first hour of test run amck
every 30 minthereafter Only anion concentrations were measured from the effluent

samples.

A long duration adsorption test was decidethégerformedfor the mining wastewatdo
see if activated carbsmor biochas canadsorbtoxic metals or anionfom the wastewater
The used adsorption time the testwas 24 hours.The used wastewater sthn was the
same as in the filtration tesTemperature for wastewateplution was 22 . All the
activated carbons arttle biochar products in TabMI| were used aadsorbentsn the test.
The used dosagegere 20gramsof the activated carbaandthe biochar productsEach
adsorbentvas placed to 500mirlenmeyer flask with300ml wastewater in them.agnetic
stirrers were useith the flaskdo makeamixing effectonthewastewater solutim A girring
speeddf 900-1100 rpmwas used during the aafption test.

10.5 Wastewater results

Theanion andoxic metal concentrations of the prepared wastewater feed solution are shown
in TableVII. In the filtration test only anion concentratsaere measuredue to difficulties
in analysing the samples. In the-Bdur adsorption test bottoxic metal and anion

concentrations were measured.
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TableVll Concentrations (mg/l) ofitrate, chloride sulphateand metaldn wastewaterfeed
solution.

Concentration, Nitrat e | Chlorid e | Sulphate | Nickel | Copper | Zinc
[mg/l] 39 182 2013 5,0 6,5 102

10.5.1 Wastewater filtration results

Filtration results argresented inTable VIl that shows the anion concentration of the
effluent samplesThe lowestmeasuredinion concentratios of the effluent sampleswere

30.2 mg/lfor nitrate 171 mg/l for chlorideand 1982 mg/for sulphate while the average
effluent concentratioa were36 mg/l for nitrate 182 mg/lfor chlorideand 2060 mg/| for
sulphate The esults indicatahat the usedactivated carbon failed teeparatechloride,
nitrate and suphate properly from the wastewater, since effluent concentrations are only
slightly different from feed concentrations.

It canalsobe seen in tabl€lll that manyof themeasured valued sulphate concentrations
werehigher than thie concentratiors in the feed solutin, likely due to measurement errors
in the analysis of the sampleEhe measured effluent concentration values for nitrate and
chloride were more accurate than for sulphaliyoughthey also had a few outliers in the
measurement3hemeasurement erroos sulphate valuesereprobablycaused byhehigh
concentratiorand the dilution of the samples.
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TableVIll  Effluent mncentrations (%) of nitrate, chloridgend sulphate anions after activated
carbon filtration. The bed height was.4tm in Column 2 and.5 cm in Column 2.
The linear flow was 12 m/h. Used feed solution contained 39 g/l of nickel, 182 mg/I
of chloride and2013 mg/I of sulphate.

Nitrate, [mg/I] Chloride, [mg/l] Sulphate, [mg/l]
Time, | Column1 | Column2 | Column1 | Column 2 | Column 1| Column 2
[min]

0 30,2 36,9 189 181 212 2000
15 32,6 36,8 1A 179 2003 2006
30 334 33,9 188 174 2081 1989
45 NA 352 NA 175 NA 2079
80 353 37,9 207 187 1993 2112
105 NA NA NA NA 2144 2037
140 31,6 36,7 171 182 NA 2226
170 35,9 39,3 178 179 2034 2103
200 33,8 39,2 171 182 2063 2087
230 382 38,9 186 180 2140 2023
260 36,9 35,5 184 180 2022 1982
290 39,8 39,5 183 181 2170 1988
320 39,1 35,5 184 178 NA 2036
360 37,7 36,3 184 176 NA 2000

The term removal efficiency (%) was used to describe how much the filter media adsorbs
the adsorbates from the influent concentrations. The calculated removal efficiencies are
shown in TablelX. The filtration efficiency was averagely34% for nitrate, 8% for
chloride and &% for sulphate. Due to the inaccuracy of the sulphate values, it can be
assumed that sulphate removal efficiency was zero. Basen @ffluent concentratienn
TablesVIll andIX, it can be saidhatthe nitrate was separated meffiectively from the

feed solution even though the filtration efficiency for nitrate was alsopgenry The sulphate
separation was so minor that it can be assumed that it was not removed from the solution

during the filtration.
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TablelX Removal effieencies (%) of nitrate, chloride and sulphate anions at¢ivated
carbon filtration.The bed height was ML.cm in Column 2 and.5 cm in Column 2.
The linear flow was 12 m/fUsed feed solution contained 39 g/l of nickel, 182 mg/l

of chloride and2013 mg/I of sulphate.

Nitrate, [%] Chloride, [%)] Sulphate, [%]

Time, | Column | Column | Column | Column | Column | Column

[min] 1 2 1 2 1 2

0 21,7 4,2 0,0 0,7 0,0 0,7
15 154 4,3 0,0 19 0,5 0,3
30 13,2 12,0 0,0 4,7 0,0 1,2
45 Na 8,5 NA 3,9 NA 0,0
80 8,4 1,6 0,0 0,0 1,0 0,0
105 NA NA NA NA 0,0 0,0
140 17,9 4,6 6,3 0,1 NA 0,0
170 6,7 0,0 2,2 1,8 0,0 0,0
200 12,2 0,0 6,5 0,3 0,0 0,0
230 0,8 0,0 0,0 1,3 0,0 0,0
260 4,2 7,8 0,0 1,2 0,0 15
290 0,0 0,0 0,0 0,9 0,0 1,3
320 0,0 7,8 0,0 2,7 NA 0,0
360 2,1 5,6 0,0 3,7 NA 0,7

Filtration figures for nitrate, chloride and sulphate are shown in Figuggs(20) and @1).

Based on theefiltration figures, the used activated carbon did not get saturated during the
filtration since the effluent concentrations of the anions remained approximately constant.
The figures also demonstrate that bed heights did not significantly affect tteidiitr
efficiency since only minor differences can be seen in the effluent concentrations between
the column 1 and the column 2. In the nitrate filtration there is a bit more difference between
the effluent concentrations of the columns than in chloride sutphate filtrations. A
noteworthy observation in the nitrate filtration is that the filtration in the column 1, where
bed height was 14 cm, achieved slightly lower effluent concentrations tharctihemn 2

where bed hght was 54cm Therefore, it carbe stated that thiarger bed height had a
positive effect on the nitrate filtratioThis is a logical result sinca raisein bed height
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increases the residence time and mass transferafdhe adsorptiorfAhmad & Hameed,
2010) (AFDegs et al., 2009Augier et al., 2008)

Figurel9

Figure20
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Figure21 Sulphateconcentrations (mg/l) in the wastewater filtration effluefitse bed height
was 114 cm in Column 2 and.5 cm in Column 2. The linear flow was 12 m/h. Used
feed solution containe2013 mg/I of sulphate.

10.5.2 Wastewater adsorption test results

The resultsof the 24hour adsorption tesirepresentedh Table X where theres shownthe

anion concentrationsand removalefficiencies Based onremoval efficienciesthe used
activated carbons adsorbed nitrate more effectively than chlorsldphate Theactivated
carbors adsorbed averageR6% of nitrate, 3% of chloride andL9% of sulphateHowever,

it is notable that the initial concentrations of chloride and sulphate were significantly higher
than the initial concentration nitrat®ased on the adsorbed masses, sulphate was adsorbed
the most.The used biochar productsisorbedaveagely loweramounts ofchloride and
sulphatethan the activated carbanihe adsorption of nitrate was significantly less effective
with biochars since they adsorbed less than 17% of the nltress be stated that activated
carbons adsorbethionsmore efficiently than the biochar productblotable, is that biochars

adsorbed averagely more efficiently sulphate than nitrate and chloride.
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Concentrations (mg/l) and removal efficiencies (%) of nitrate, chloride and sulphate
anions after 2dour adsorption. Used feed solution contained 39 g/l of nickel, 182
mg/l of chloride an®013 mg/| of sulphate.

Nitrate Chloride Sulphate
Adsorbent  Concentration, Rgmoval Concentration, Rgmoval Concentration, Rgmoval
my/l efficiency, - efficiency, - efficiency,
[%] [%] [%]
Filtrasorb 400 5,7 85,1 1374 24.5 1555 22,7
Filtrasorb 300 5,7 85,1 130,6 28,3 1561 22,4
Aquasorb H150 5,7 85,2 NA NA 1600 20,5
LGCO 100 13,9 63,8 183,2 0,0 1715 14,8
K835 12,9 66,5 157,5 13,5 1648 18,1
Nordic GAC 1240/ 115 70,2 156,4 14,0 1681 16,5
Birch 35,0 9,2 177,2 2,6 1715 14,8
Spruce (1) 32,0 16,8 169,0 72 1703 15,4
Spruce (2) 34,9 9,3 173,3 48 1706 15,2

The differences in the anion adsorption between the adsorbents are shown i2Eighes

most effective activated carbons in the nitrate adsorption were Filtrasorb 400, Filtrasorb 300
and Aquasorb H150 with a removal efficiency of 85%. Filtrasorb 300Fdtrdsorb 400
also adsorbed chloride and sulphate more than other activated cdftmnsthe biochar

products Spuce (1) was the most effective adsorbierthenitrate removalin chloride and

sulphate removathere were no significant differences armgdhe biochars.

Figure22
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The resultof themetaladsorptionarepresented inTable X1 thatshows the concentrations
and removal efficienciesf nickel, copper and zindBased on the resultfhe activated
carbons adsorbet leas©9.9% ofthecopper(ll) ions 99.5% of thezinc (Il) ionsand97.3%

of the nickel (I1) ions. The used activated carbons adsorbegper(ll) ions slightly more
effectively thannickel (II) and zinc (Il) ions, though the differences between metal
adsorptions were minofhe hochar productsvere not as effective ithe nickel and zinc
adsorptions sithe activated carbon since they adsodydg 40-62% of the nickel (II) ions
and50-81%of thezinc (1) ions. However, ithecopper(ll) adsorptiortheyachieved almost
equally effective adsorptioradsobing over 99% ofthe copper(ll) ions. The adsorption
results also indicatihat both activated carbsand biochar producesdsorbed the metah
order. copper(ll)>zinc (I1)>nickel (II).

TableXI Concentrations (mg/l) and removal efficiencies (%) of nickel (Il), copper (1) and zinc

(1) ions after 24hour adsorption. Used feed solution contais@dng/| of nickel,6.5
mg/l of copperand10.2 mg/l of zinc

Nickel Copper Zinc
Adsorbent  Concentratior Rgmoval Concentratior Rgmoval Concentratior Rgmoval
gl effiency, ] effiency, ] effiency,
[%] [%] [%]
Filtrasorb 400 0,00 100,0 0,00 100,0 0,00 100,0
Filtrasorb 300 0,00 100,0 0,00 100,0 0,00 100,0
Aquasorb H150 0,06 98,8 0,01 99,9 0,04 99,6
Sorbotech LGCO 0,13 97,3 0,00 100,0 0,05 99,5
K835 0,01 99,8 0,00 100,0 0,02 99,8
Norit GAC 1240W 0,00 100,0 0,00 100,0 0,00 100,0
Birch 1,91 61,5 0,00 99,9 1,99 80,5
Spruce (1) 2,94 40,6 0,04 99,4 4,00 60,6
Spruce (2) 2,98 39,8 0,06 99,0 5,01 50,8

The differences in the metal adsorptibetween the adsorbents are shown in Fig@dre
Based on the results, tlwwpper(ll) ions were adsorbed equally effectively among the
activated carbons. liine nickel and zinc adsorption Filtrasorb 3@ltrasorb400 and Norit
GAC 1240W were the most effective adsorbents, although LE@OK835 and Aquasorb
H150adsorbednly 0,23% less Thebiochar products were almost equally effectivénia
copper(ll) ion adsorption since differenceamong thewereless than 1%.Howeve, in
nickel and zinc adsorption the birblased biochar was the most effective adsorl¥dg.




















































































