Universitat (-
Rostock ‘i

Traditio et Innovatio

Aus der Professur fiir Bodenphysik

der Agrar- und Umweltwissenschaftlichen Fakultét

Groundwater Defluoridation: Fixed-Bed Column Systems Packed
with Rock Materials

Kumulative Dissertation
zur
Erlangung des akademischen Grades

Doktor der Ingenieurwissenschaften (Dr.-Ing.)

an der Agrar- und Umweltwissenschaftliche Fakultét

der Universitat Rostock

vorgelegt von
Wondwosen Sime Geleta, geb. am 30.06.1983

in Fitche, Oromia, Athiopien

Rostock, 2023

https://doi.org/10.18453/rosdok_id00004520



@ @ Dieses Werk ist lizenziert unter einer
|® \ Creative Commons Namensnennung - Weitergabe unter gleichen

Bedingungen 4.0 International Lizenz.

Gutachter

Prof. Dr. Bernd Lennartz
Professur fiir Bodenphysik
Agrar- und Umweltwissenschaften Fakultit
Universitdt Rostock

Justus Von Liebig Weg 6, 18051 Rostock, Germany

Prof. Dr.-Ing. Esayas Alemayehu
Professor of Water and Environmental Engineering
Faculty of Civil and Environmental Engineering
Jimma University, Jimma Institute of Technology

P. 0. BOX 378, Jimma, Ethiopia

Prof. Dr.-Ing. habil. Jens Trianckner
Professur fiir Wasserwirtschaft
Agrar- und Umweltwissenschaften Fakultat
Universitit Rostock

Satower StraBe 48, 18059 Rostock, Germany
Dr. Shimelis Kebede

Associate Professor of Chemical/ Environmental Engineering
Addis Ababa University, Addis Ababa Institute of Technology
School of Chemical and Bio Engineering

St. George IV Street, P.O.BOX 385, Addis Ababa, Ethiopia

Eingereicht am: 02.01.2023

Verteidigt am: 10.11.2023



Wissenschaftliche Betreuer:
Prof. Dr. Bernd Lennartz
Professur fiir Bodenphysik

Agrar- und Umweltwissenschaften Fakultét

Universitit Rostock

Justus Von Liebig Weg 6, 18051 Rostock, Germany
Prof. Dr.-Ing. Esayas Alemayehu

Professur fiir Wasserversorgung und Umwelttechnik

Bau- und Umwelttechnik Fakultét

Universitit Jimma

P.0.BOX 378, Jimma, Oromia, Athiopien



Table of Contents

L ) T PR v
LESE OF TADIES ...ttt e et e h et b et e bt e bt et e e bt e st et e e st et e sbe et e sbeene e beeneenee vii
List of Symbols and ADDBreviations...............occoiiiiiiiiiii ettt viii
Eidesstattliche EXKIATUNG..............cccooiiiiiiiiiiciiceeeese ettt seae s b e este e te e taessaesssessseesseessaessnessnas xi
DIAICALOTY ...ttt ettt et e s et e et et e bt e bt e bt e sb e e shee s st e eateeate e bt e ebeeeateeabeeabeenbeeseenes xii
ACKNOWIEAZIMENLS ..........ccoiiiiiiiiiieiie ettt e et e et e seaestaeess e e sa e teessaessseasseesseesseesssesssesssennsesnsenns xiii
SUIMIMIATY ...ttt ettt et e sbtesa et eateeate et e e bt e eheeeabeeabeembeeabeenbtesbtesseesateeabeenbeesbeesnnesneeeane Xiv
ZUSAMIMENTASSUINE. .......o.oiiiiiiiitieiitee ettt ettt ettt e te s bt et et e sae et e etees e e st eseeneeeseenteseeseensesseeneenseeneeneenne Xvi
1. General INtrodUCtiON ..........cccoooiiiiiiiieie ettt st e e et esae e st e eateeabeebeeseenaeas 1
O SR 27 Te) <3 (011 1o U« PRSPPI 1
1.2.  Groundwater and Geogenic POIIULANES ..........c.ccceeviiiriieniieiiecie et re e e sree s e senesene e 1
1.3.  Benefits and Health Effects of FIUOTIAe..........ccoouiiiiiiiiiiiiiece e 2
1.4, FIUOTIAE OCCUITEIICE. ...ttt ettt ettt ettt ettt be et e te st e e bt e st e et ent et e eseeneesteentenbeeneeneenne 5
1.5.  Fluoride Treatment TEChNOLOZIES .......cccueiriiiriiiiiiiieteeeeeee ettt et et e s e st e e 8
1.5.1. Adsorbent Materials for Water Defluoridation ..............coccereeierenieieneeeeeeereeee e 11
1.5.1.1. Activated ATUMING (AA) ..ottt e e et st e e e e e e abeesateeeereeeareeeanes 11
1.5.1.2. BONE CRar (BC) ..oouiiiiiiiiecie ettt ettt ettt st b e et e et e e staestbessbeesseesbaesseessaeenas 12
1.5.1.3. VOICANIC ROCKS ...ttt et et s e e et e e abeeetaeesaseeennes 14

1.6.  Aim and Scope Of the StUAY .....c.eovviiiiiiiice et s e e be b saa e enas 15
1.7.  Hypothesis and Key QUESTIONS ........ccvevuiiiiiiirieriieriesteere et eteesieesseesaesseesseesseesssesssesssesssesssessssessnes 17
1.8, RESEAICh ODBJECHIVES ....ccuviiiiiiiiiiieierieet ettt sttt ettt st et sb et sbe et e sbe et eee 17
1.9.  Experimental Setups and Conceptual Framework ..........c.cccvevievieiiiiiiiiieieciecie e 18
1.10.  Structure of the DiSSEItatiON ........c..ccciiiieiiiiiiiiiiie e eetee ettt eree et e et e esereeereeeetaeesaseeevaeesareeennes 18

2. Volcanic Rock Materials for Defluoridation of Water in Fixed-Bed Column Systems..................... 21
2,10 IETOAUCTION ...ttt st b e e bt et e b et e bt e st et e sbt et e s bt et e bt eaeeneeabeeaeenees 22
2.2, Materials and MeEthOdS........coieiiiieei ettt ettt et a et ae et aeenes 24
22,10 MAEETIALS .ottt b et bttt et h et b e et et ebe et e naes 24
2.2.2.  Preparations 0f AdSOIDENLS ........c.ccoviiviiiiiiiiicie ettt tr e e ve b e ebe e be e baeenas 24
2.2.3.  Preparations of AdSOIDAtE.........ccueeviiiiiiiiiiiecie et s e e aa e 24
2.24.  Adsorbent CharacteriZAtIONS .........ccueruerieriiriierienieeterie ettt ettt ettt et sttt et e e sbeeeenees 25
2.2.4.1. CryStalling StIUCIUIES .....veiviiiieiieiieiecetee sttt ere et este e st e st e s treeebeesbeesbeetaesssesssessseesseesseaseens 25
2.2.4.2. Chemical COMPOSIHION. .......eccvieiieriertrerteerteeeteeteeteesseeseesseesssesseasseesseesseesssesssesssessseesseesseens 25
2.2.4.3. Fourier Transform Infrared (FTIR) ANalySiS.......cccoveeviiieciiiiiieciie et 25
2.2.44. Scanning Electron Microscope (SEM) ANalysisS........cccecvverierieriienieeiiieseesieneeesneseeeseeseens 25



2.2.4.5. Determination of pH and Point of Zero Charges (PHpzc) ..eovveveerivereereerierieeieeeeeeseee e 25

2.2.4.6. BET ANALYSIS ..ttt ettt sttt st ettt e bt e she e et e et e e bt e bt e nbeenaeas 26
2.2.5. Column Adsorption Experimental Set-up and Procedures ............cccceevvveviievienceecieceeeeeeeenn 26
2.2.6.  Modeling and Analysis of Fixed-Bed Column Data.............ccoceriiiiiiiiiiniiiniiececeeeceeee, 27
2.2.7.  Fixed-Bed Column Breakthrough Curve Modeling............ccoeevvrvirevierienienieeie e 29
2.2.7.1. Thomas MO ......cc.oiuiiiiiieiee ettt ettt ettt st s 30
2.2.7.2. Adams—Bohart MOdEl ..........cocuiiiiiiiiie s 30
2.3, Results and DISCUSSIONS ......ccuieiirtieieriieiteieet ettt sttt et e bttt ettt entesb et e sbeestenbeeneeeesneeneenees 31
2.3.1. Characterization 0f AdSOTDENLS. .......ccuiiiiiiiiiiieriieee ettt 31
2.3.1.1. Crystalline Structures and Material Properties and Experimental Conditions....................... 31
2.3.1.2. Chemical COMPOSIEION. ......eiiiiiiieiietierttestteete et et et e st e st e eatesbeebe e bt esseesseesaeesneesnseenseaseens 32
2.3.1.3. Fourier Transform Infrared (FTIR) ANalySiS......ccccccueviiriiiiieeieeieenie e e e ere e eveesene e 33
2.3.14. Scanning Electron Microscope (SEM) analysiS.........cceeveereerierienieeiieenieeniiesiee e see e e 34
2.3.1.5. pH and Point of Zero Charges (PHPZC) «-+veveeverreerienieeierieeeeee ettt 35
2.3.2.  Effect of Adsorbents PartiCle SiZe .........cccorieriiriiieiieieeee et 35
2.3.3.  Effect of INTTUENE PH ...ooiiiiiiiiee ettt ettt ettt ettt sae e e 36
234, Effect Of FIOW RALE .....ooiiiieieiieee ettt ettt ettt s neeeeeas 39
2.3.5.  Application of the Thomas MoOdel ...........ccciiriiiiiiiiieieee e 40
2.3.6.  Application of the Adams—Bohart Model ...........c.ccievuiiriiiiiiiiiieee e 42
2.3.7. Comparison of Different Adsorbents on Fluoride Removal ...........cccooeiiniininininiinininene, 43
I O3 Te] 113 o) TSRS 43
3. Enhanced Defluoridation of Water Using Zirconium-Coated Pumice in Fixed-Bed Adsorption

COLUIMIIIS ...ttt h e ettt et e bt e e bt e s bt e s at e e ab e e bt e b e e s be e sateeateembe e bt e satesabesabeenbeebeenbees 45
K T8 DR 113 (0 1o 10 (o701 s BTSRRI 46
3.2, Materials and MeEthodS. ......coviiuiiuieiei ettt ettt ettt ne et eee e 48
3.2.1. AdSOTDENt Preparations ........cc.eeicuieeiiieeriieeitieesteeeeteeesreesreeeeeeessseessseessseeessaeessseesssesasssessssessnnes 48
3.2.1.1. INALUTAL PUMICE. ... ettt sttt st et st s 48
3.2.1.2. Coating of VPUM With ZirCONTUML.......cccuiiiiiiiiiieieesieeseesee st ere e ereeveeseeesereseneesveesreesseens 48
3.2.2. Chemicals and REAGENLS ......c.ccoieriiriieiieiieiieriteseeste ettt et et esieesaaesstesnseenseenseeseesseesnsesnsesnsessseens 49
3.2.3. Adsorbent CharaCteriZAtIONS .........ecueruieiereereeeieeteetete et ete st eteseeseeeeesseenteseeseensesseentenseeseensesseeneeseas 49
3.2.3.1. CryStalling StIUCKUTE ......eeciieiieiieiieiieriee sttt ettt et e st e st eebeesbe e bt eseesseesssesnsesnseenseensaens 49
3.2.3.2. Chemical COMPOSILION. .......ccviiiieriertieitiesiteereeiteerteesteeseestseseresseesseesseesssesssesssesssesssesssesssenns 49
3.2.3.3. Fourier Transform Infrared (FT-IR) ANalySiS........cccvrveriiriieriiiniieneenie e e ereeieesieesenesenes 49
3.2.3.4. Surface Area (Sger) and Pore-Size Distribution AnalysisS.........cceeeveeevievieevienieseeereeieenneens 49
3.2.3.5. Scanning Electron Microscope (SEM) ANALYSIS.......ccccveeiierieiieeieeieeieecieesieeeereeeveesveesneens 50
3.2.3.6. pH and Point of Zero Charges (PHPZC) «vveveerveerieerienienieeie ettt sre e sieesreesenesene e 50



3.2.3.7. Surface Acidity/BasiCity ANALYSIS .......ccveevierierienieiieeieeseeseestesresseeseeseesssesssesssesseesseens 50

3.2.4. Fixed-Bed Column AdSOrption STUAIES .......cc.eecuieeciiiiiiieiiiiecieeciee et e ereeeieeeeveeeseveesreeeseaeeseveeenes 50
3.2.5. Analysis 0f COIUMN DAta........cccoeveiiiiiiiieiiciierese ettt e s e s e e ss e e e e saessaesssessseesseesseens 51
3.2.6. Breakthrough Curve MOdeling ...........cocoiiiiiiiiiiiiiieiie ettt et 52
3.2.6.1. Thomas MO ......cc.oiuiiiiiieieee ettt ettt st s 53
3.2.6.2. Adams-Bohart MOdEl.........cocoiiiiiiieee et 53
3.3 ReSUltS and DiSCUSSIONS .. ..eeiuieitieiiiieiiieie ettt ettt ettt et e bt e bt e eateeabeeabe e bt e bt e bt esbeeeaeeenteeteeseens 54
3.3.1. Characterization 0f AdSOTDENLS . ......ccueiiiriieiiiieiere et 54
3.3.1.1. Crystalling STIUCTUTE ....o.eiiiiiieeieeeeee ettt sttt ettt et e st e et e be e b e saeesaees 54
3.3.1.2. Chemical COMPOSIEION. ...c..uiiiieiieiietieitiestte ettt et et et e steeeatesbeeabe e bt esseesseesaeesneesnseenseeseens 55
3.3.1.3. Fourier Transform Infrared (FTIR) ANalysis.......ccccceriiriiniiiiiieiiesee e 56
3.3.14. Surface Area (Sger) and Pore-Size Distribution Analysis..........ccceeeveeeviecieerieereenvenveenieenieens 57
3.3.1.5. Scanning Electron Microscope (SEM) ANalysis........cceveereerierienieeieeneesiiesieeeee e eie e 57
3.3.1.6. pH and Point of Zero Charges (PHPZC) «+veververreerienieeierieeeeetee et 58
3.3.1.7. Surface Acidity/BasiCity ANALYSIS ......cecviertieriirieniieeie ettt ettt eeeens 59
3.3.2.  Effect of Experimental Conditions on Fluoride Removal............cccccoveviivienciiicicieeeeeeeen, 59
3.3.2.1. Initial SOIUHON PH....oviiiiiieie ettt 59
3.3.2.2. FLOW RALE ...ttt ettt ettt sttt et e e et e e e e st enee st eneenseeneeneeees 61
3.3.3. Application of the Thomas MoOdel ...........ccceeviiiiiiiiiiiiiieeeee e s re b e e beeree 62
3.3.4. Application of the Adams-Bohart Model............ccccuiiiiiiiiiiiiiieieee e 64
3.3.5. Performance of various Adsorbents on Fluoride Uptake..........ccccccveviieciiicriinienieniecieeieereere e 65
3.4, CONCIUSIONS....ccuuiiiiiiieiie et ettt e et e et e e ettt e et e e et e e e teeesebeeebeeeaseeeaseeesseesssesensseeansaeensseesssesssseesnsesenses 66
4. Fixed-bed Adsorption: Comparisons of Virgin and Zirconium Oxide—Coated Scoria for the
Removal of Fluoride from Water ............cocoiiiiiiiiiiii ettt ettt ettt e st saree e 67
O R £33 (o4 10175 e 1 BTSSR 68
4.2, Materials and MeEthOdS........coooiiiiiiiiiie ettt sttt st 70
4.2.1. AdSOTDENt Preparations ........cc.eeicuieeiiieeriieeitieesteeeeteeesreesreeeeeeessseessseessseeessaeessseesssesasssessssessnnes 70
4.2.2. Coating of Zirconium Oxide onto Virgin Scoria (VSCO)....cccevvevrirriiiriieriieniieeie e 70
423, Chemicals and REAZENTS .......c.ccvviiiiiiiieiieiiecieeee ettt et ste e e e b e b e esteestaeseaeesbeebeesbeessaeenas 71
4.2.4. Characterizations 0f the Materials .........cccceeeiiriiiriiiereeeeete et 71
4.2.5.  Fixed-bed Column AdSOrption STUAIES........c.eecueerieeriierierieeieeieeieeitesiee e eereeeeeseeeseeeseneseneeene 72
4.2.6.  Analysis Of COIUMN DAtA........c..coieviiiriiiiiiie ettt ere e e e eeserestreerbeeseebeesteesenessneeens 73
4.2.6.1. BreakthroUugh CUIVE ........coviviiiiieciiecieeee ettt ettt ta e st essaessbessbeesseessaessaessnes 73
4.2.7.  Breakthrough Curve MOAEING ..........cocieiiiiiiiiiieiiecieeciiecie ettt erbeeveeeveesteeseneeene e 74
4.2.7.1. Thomas MOCEL ......cc.oouiiiiiiieie ettt ettt sttt sae e 75
4.2.7.2. Adams-Bohart MOdEl..........ccoiuiiiiiiieeeee ettt 75



4.3.  Results and DISCUSSIONS ............ooooiiiiiiiiiiiii 76

4.3.1. Characterization 0f AdSOTDENLS. .......ccuiiiiiiiiiieieee et 76
4.3.2.  Influence of Experimental Parameters on Fluoride Removal ............cccccevveviviiniiiinienienieen, 81
4.3.2.1. Influence of Initial SOIULION PH .....ccuiiiiiiiiiiiieie e e e 81
43.2.2. Influence of Initial FIOW Rate .......ccooiiiiiiiiieieee e 83
4.3.3.  Application of the Thomas MOdel .........ccceevviiiiiiiieriieniecieee et 85
4.34. Application of the Adams-Bohart Model.............ccouiiiiiiiiiiiiiiicece e 87
4.3.5.  Fluoride Adsorption Performance of Different Adsorbents............cccceevvercvrrciiniienieeniesie e, 89

S 01011167 L1 07 1TSS 90
5. Synthesis, General Outlook, Limitations, and Recommendations for Further study ....................... 92
T DR 0 /<) o 4 ()OO PURRUTSURPSRRN 92
TN G 111 13 OSSO PUPRUUSUUPSRPR 92
5.2.1.  Physiochemical Characteristics of the AdSOTDENts ..........cccceevieriiriiieiieiieeee e 92
5.2.2.  Effect of Experimental Conditions on Fluoride Removal...........c.ccccoeeviiviiiniiniiniiiiiieceieeens 94
5.2.2.1. Effect of Adsorbent Particle SiZe.........ocovieiiiieieiiieeee e 94
522.2. 2 T Ao i o) = USRS 95
5.2223. Effect Of FIOW RALE .....eoiiiieieiieee ettt e 97
5.2.2.  Application of the Thomas and Adams-Bohart Models...........ccccceeeiriiieiiinienienieieeieeeeiene 98

5.3.  General Outlook, Limitations, and Recommendations for Further Study ...........ccccovvevveriervennnnne. 101
REFCIEIICES ...ttt ettt ettt e bt e s et e e bt e e e abe e s bt e e s bt e e sabee e abeesabeeesabeesbeeenabeesases 103
Appendices: Supplementary MAaterials ...............coocviiiiiiiiiiiiie e 118



List of Figures

Figure 1.1 Illustration of fluoride problem: example for the image of dental (left image) and skeletal (right

image) fluorosis (EaWag, 2015) .....ii ittt ettt b e b e bt e st e et e e te e beesaeesateeneeeaee 5
Figure 1.2 Estimated probability for fluoride concentration in groundwater exceeding 1.5 mg/L (Amini et al.,
01 TSRS 6
Figure 1.3 Fluoride concentration profile in Ethiopian drinking water sources (MacDonald et al., 2009) ........ 7
Figure 1.4 Activated alumina (AA) grains (Eawag, 2015) ....c..cccvevierierieniicie et sre e se e senes 11
Figure 1.5 Bone char material (Salifu, 2017)...cc.ooiiiiiiieiee ettt 13
Figure 1.6 Experimental setups and conceptual framework ...........ccoccveviriiiiciiniiiniereecee e 18
Figure 2.1 XRD patterns for (a) virgin pumice (VPum) and (b) virgin scoria (VSC0).....ccecervuerrieeiieeneeneenen. 32
Figure 2.2 Fourier-transform infrared (FTIR) for (a) VPum and (b) VSCO......cocceeiiiiiiniiniiei e, 34
Figure 2.3 SEM micrographs for (a) VPum and (B) VSCO ......cccveviiiiieiiicieceeeceeree e 34
Figure 2.4 Determination of pH point of zero charges (pHpzc) for (a) VPum and (b) VSco ......cccocveuienennnee. 35

Figure 2.5 Effect of particle sizes on the breakthrough behavior of fluoride in (a) VPum and (b) VSco at (pH
2.00; influent fluoride concentration 10 mg/L (Co: 10 mg/L); flow rate 1.25 mL/min (Qo: 1.25 mL/min; bed

4157011 0 000240 ) IO OO URUSURTI 37
Figure 2.6 Effect of pH on the breakthrough behavior of fluoride in (a) VPum: 0.075-0.425 mm and (b)
VSco: <0.075 mm (Co: 10 mg/L; Qo: 1.25 mL/min; bed depth 10 cm).......cccevviieiiiniiniiniieieeeeeeeeeee, 38
Figure 2.7 Effect of influent flow rate on the breakthrough behavior of fluoride in (a) VPum: 0.075-0.425
mm and (b) VSco: <0.075 mm (pH 2; Co: 10 mg/L; bed depth 10 Cm).....c.cccuveviiiviierierieeieeie e 40
Figure 3.1 The geographical location of natural pumice (VPum) sample collections .............cccecvevvereenennnen. 48
Figure 3.2 XRD patterns for (a) VPum and Zirconium—coated pumice (Zr—Pu) (b) before and (¢) after

T4 (o) 5010 1 OSSR 55
Figure 3.3 Fourier—transform infrared (FT—IR) for (a) VPum; Zr—Pu (b) before and (¢) after adsorption......57
Figure 3.4 SEM micrographs of (a) VPum; Zr— Pu (b) before and after (¢) adsorption...........cccceceererercenen. 58

Figure 3.5 Effect of solution pH on the breakthrough performance of fluoride onto Zr—Pu (initial fluoride
concentration 10 mg/L (Co: 10 mg/L); initial flow rate 1.25 mL/min (Qo: 1.25 mL/min); bed depth 10 cm)..60
Figure 3.6 Effect of initial flow rate on the breakthrough performance of fluoride onto Zr—Pu (pH 2; Co: 10
ME/L; DEA AEPth 10 CIM) .ttt ettt st st e st e e te e bt e sseesaseenseenseenseeseenseasnnes 62
Figure 3.7 Experimental (exp.) and simulated (cal.; Thomas model) breakthrough curves of fluoride for Zr—
Pu at different (a) pH values (Co: 10 mg/L; Qo: 1.25 mL/min; bed depth 10 cm) and (b) initial flow rates, Qo
(pH 2; Co: 10 m@/L; bed depth 10 CIM) ...ocviiiiiiiiciiecieeie ettt ettt ettt s r e eveeve e teestaesabeesvesnveesbaeseneenas 63
Figure 3.8 Experimental (exp.) and simulated (cal.; Adams-Bohart model) breakthrough curves of fluoride
for Zr—Pu at different (a) pH values (Co: 10 mg/L; Qo: 1.25 mL/min; bed depth 10 cm) and (b) Qo (pH 2; Co:

10 ME/L; bed dePth 10 CIM).cuviiiiiiiieiiciiceeteccee ettt ettt e e eb e e b e e te e tae s tbeetbeesbeesaesbsessbeesseesseesseessesnas 64
Figure 4.1 Sampling site of VIrgin SCOTIa (VSC0)...cc.evteriiririeiiriieterieetee sttt ettt ettt 71
Figure 4.2 XRD patterns for (a) VSco; zirconium oxide-coated scoria (ZrOCSc) (b) before and (¢) after

AASOTPUION EXPEIIMENL.......viivieiieitieiieeteeteesteeiteestteeteeteesbeesseessseasseasseesseessesssessseasseessessseesssesssesssessseesseesssensees 77
Figure 4.3 Fourier-transform infrared (FT-IR) for (a) VSco; ZrOCSc (b) before, and (c) after adsorption

CXPETIITICIIE . 1. v eevveeuvieteeetreesteeseesteestteesseesseesseesseesseessseesseasseassaesssesseesseasseesssesssesssasssessseesseessaasssesssesssessseesseesssensnes 78
Figure 4.4. SEM image of (a) VSco and (b) ZrOCSc before adsorption experiments. ...........cceceeevvereeerenennen. 80
Figure 4.5. TGA-DTA thermograms of (a) VSco and (b) ZrOCSc before adsorption experiments. ............... 81

Figure 4.6 Effect of solution pH on fluoride breakthrough (a) VSco and (b) ZrCSc (initial fluoride
concentration 10 mg/L (CO: 10 mg/L); initial flow rate 1.25 mL/min (QO: 1.25 mL/min); bed depth 10 cm)81
Figure 4.7 Effect of initial flow rate on the fluoride breakthrough (a) VSco and (b) ZrOCSc (pH 2; Co: 10
ME/L; DEA AEPth 10 CIM) ..cueiiiiieiiciieeece ettt ettt et et e st estaessteesseesseessaessaesssesnseassesnseenseenseesnnas 84



Figure 4.8 Experimental (exp.) and simulated (cal.; Thomas model) breakthrough curves of fluoride for
ZrOCSc at different (a) pH (Co: 10 mg/L; Qo: 1.25 mL/min; bed depth 10 cm) and (b) Initial flow rate, Qo
(pH 2; Co: 10 mg/L; bed depth 10 CIM) ...ccveeiieiiiiieiieeieesieesee ettt ettt st esreete e taesraessaesssessseessaesseennnas 85
Figure 4.9 Experimental (exp.) and simulated (cal.; Thomas model) breakthrough curves of fluoride for VSco
at different (a) pH (Co: 10 mg/L; Qo: 1.25 mL/min; bed depth 10 cm) and (b) Initial flow rate, Qo (pH 2; Co:
10 ME/L; bed dePth 10 CIM).cuvieiiiiiieiieiieieeeesee ettt te st e et e e e e e ssaestaeesseesseessaesseesssessseasseesseenseesses 86
Figure 4.10 Experimental (exp.) and simulated (cal.; Adams-Bohart model) breakthrough curves of fluoride
for ZrOCSec at different (a) pH (Co: 10 mg/L; Qo: 1.25 mL/min; bed depth 10 cm) and (b) Qo (pH 2; Co: 10
10T A o ToTa G 1y o1 o N L3 ') USSR 87
Figure 4.11 Experimental (exp.) and simulated (cal.; Adams-Bohart model) breakthrough curves of fluoride
for VSco at different (a) pH (Co: 10 mg/L; Qo: 1.25 mL/min; bed depth 10 cm) and (b) Qo (pH 2; Co: 10
ME/L; DEA dEPth 10 CIM). ...ttt ettt e et e et e e bt e s aeesateenteeabeenbeeseenseannees 88
Figure 4.11 Experimental (exp.) and simulated (cal.; Adams-Bohart model) breakthrough curves of fluoride
for VSco at different (a) pH (Co: 10 mg/L; Qo: 1.25 mL/min; bed depth 10 cm) and (b) Qo (pH 2; Co: 10

ME/L; DEd dePth 10 CIM). ...ttt ettt st e e e te e bt e s aeesateenteeabeeabeeseesseanneas 89
Figure 5.1 Effects of particle sizes on the adsorption performance of VSco and VPum (pH 2.00; Co: 10 mg/L;
Qo: 1.25 mL/min; bed depth 10 CIM) ....ccviecvieiieiieiiicieee ettt ettt et esaesebe e b e esteesteesssessseesseesseesssesnas 95
Figure 5.2 Effects of solution pH on the adsorption performance of the adsorbents (particle sizes: 0.075 —

0.425 mm; Co: 10 mg/L; Qo: 1.25 mL/min; bed depth 10 €M) .....ccoeeevieviiiriieiiiiecreceeee e 96
Figure 5.3 Effects of initial flow rate on the adsorption performance of the adsorbents (particle sizes: 0.075 —
0.425 mm; pH: 2.00; bed depth 10 CIM) ..ocvieiiiiiiiieeieee ettt ettt e b e e raestaessbessseesseesseesssesnas 98

Vi



List of Tables

Table 1.1 Level of fluoride in drinking water and its related health effects (modified from Salifu et.al,

(Salifu, 2017), and Edmunds & Smedley (Edmunds & Smedley, 2014)) .....ccoeiiiiiiiiiniiiiiieeeee e 4
Table 1.2 Regulations and recommendations for fluoride concentrations from some organizations or countries
(Edmunds & SmEdIEy, 2014) ... .ottt ettt ettt e bt e bt e sb e e sae e et e e be e beesheesateenteeaee 4
Table 2.1 Material properties and experimental CONAItIONS ..........ccvvecvieriieriierierieeieereesee e ere e ereeseeseeesenes 32
Table 2.2 Fixed-bed column parameters obtained for fluoride adsorption onto VPum and VSco ................... 37
Table 2.3 Thomas model parameters for fluoride adsorption onto VPum and VSco .......cccvveviviiiiiiiciiennnns 41
Table 2.4 Adams—Bohart model parameters for fluoride adsorption onto VPum and VSco ........cccecererennen. 42
Table 2.5 Comparison of other adsorbents with VPum and VSco........ccccvieeciiiiiiiiiiiiceecee e 43
Table 3.1 Elemental and oxide compositions of natural pumice (VPum) and Zr—Pu...........ccoceeiiniiinnnnnn. 56
Table 3.2 Textural properties of VPUM and Zr—PuU..........cccoovieiiiiiieiieieeece ettt 57
Table 3.3 Fixed-bed column parameters obtained for defluoridation by zirconium—coated pumice (Zr—Pu) and
on VPum (recent study) (Geleta et al., 2021D) ....cceiviieiiiiiieieciecie ettt e seeesre v e ess e seesaesnnas 60

Table 3.4 Thomas model parameter values for defluoridation by Zr—Pu, and VPum (Geleta et al., 2021b)....63
Table 3.5 Adams-Bohart model parameter values for defluoridation by Zr-Pu, and VPum (Geleta et al.,

107 o) USSR 64
Table 3.6 Fluoride adsorption capacity of various adSorbents .............ceceereeriiriiiiieirieereeseee e 65
Table 4.1 Elemental and oxide compositions of virgin scoria (VSco) and zirconium oxide-coated scoria

(07240 L O ) LSRR 79
Table 4.2 Fixed-bed column parameters obtained for defluoridation by VSco and ZrOCSc ..........ccoeeuveueeneee. 82
Table 4.3 Thomas model parameter values for the defluoridation by VSco and ZrOCSc.......c..cceeevvevvvernrennen. 86
Table 4.4 Adams-Bohart model parameter values for defluoridation by ZrOCSc and VSco. ......ccccecerereenene 89
Table 4.5 Fluoride uptake capacity of some reported adSOrbents ..........c..ccvveveerieiiiierieenienie e e 90

vii



List of Symbols and Abbreviations

A Cross-Sectional Area of the Fixed-bed [cm?]
AlO3 Aluminum oxide [-]

Al Aluminum [-]

Apa Integrated peak areas for the amorphous components [-]
As Arsenic [-]

BDST Bed Depth Service Time

BET Brunuer-Emmett-Teller

Ca Calcium [-]

Cad Adsorbed fluoride concentration [mgL!!

Cal. Simulated/Calculated [-]

Co Breakthrough concentration [mgL ']

Cq Cadmium [-]

Cm Measured crystallinity [%]

Co Cobalt [-]

Co Initial solute concentration [mgL-1]

Cpa Integrated peak areas for the crystalline components [-]
Cr Chromium [-]

Ci Solute concentration at the time, t [mgL™]
Cu Copper [-]

Cu Ka Copper Ka emission [-]

CuO Copper oxide [-]

DAAD Deutscher Akademischer Austauschdienst
DTA Differential Thermal Analysis [-]

EBCT Empty Bed Contact Time [min]

EC European Comission

exp. Experimental [-]

Fe 03 Iron oxide [-]

Fe Iron [-]

FTIR Fourier-Transforms Infrared Spectroscopy [-]
GV Guideline value

MCLG Maximum contaminant level goal

MDPI Multidisciplinary Digital Publishing Institute
H Column Height [cm]

h Hour [-]

Hg Used bed length [cm]

HCl Hydrochloric acid [-]

Hr Total bed height [cm]

ICP-OES Inductively coupled plasma-optical emission spectroscopy [-]
IUPAC International Union of Pure and Applied Chemistry
K>0O Potassium Oxide [-]

K Potassium [-]

Kas Adams-Bohart kinetic constant [Lmin™!.mg]

viii



KBr

MgO

mL

MnO
MTZ/Huns
Na(AlS i3 Og)
Na,O

Na

NaF

NaOH

NEERI
Ni

NHsOH
NiO
NMR
Py
pHrzc
Psize
Q

Jb

e
(total
R2
SEM
Si
SiO»

to

te
TGA
TiO2
trotal

U.S.EPA
Vb

Ve

Potassium bromide [-]

Thomas rate constant [Lmin™'.mg™]

kilo volt [-]

Liter [-]

Mass of dry adsorbent [kg]

Milliamp [-]

Dry mass of adsorbent [g]

Magnesium |[-]

Magnesium Oxide [-]

milliliter [-]

Manganese Oxide [-]

Mass Transfer Zone/Unused Bed Length [cm]
Albite low/Albite high [-]

Sodium Oxide [-]

Sodium [-]

Sodium Fluoride [-]

Sodium Hydroxide [-]

National Environmental Engineering Research Institute
Nickel [-]

Ammonium hydroxide

Nickel oxide [-]

Nuclear Magnetic Resonance Spectrometer [-]
Lead [-]

pH Point of Zero Charges [-]

Particle size [mm]

Flow rate [cm’min’']

Fluoride uptake at breakthrough [mg kg™']
Equilibrium fluoride uptake [mg kg™']
Total amount of fluoride adsorbed [mg kg™']
Coefficient of determination [-]

Scanning Electron Microscope [-]

Silicon [-]

Silicon Oxide [-]

Time [min]

Breakthrough time [min]

Exhaustion time [min]

Thermogravimetric Analysis [-]

Titanium oxide [-]

Total flow time until saturation of the bed [min]
U.S. Environmental Protection Agency
Linear flow rate [mL min™']

Breakthrough volume [mL]

Fixed-bed volume [cm?]

Effluent volume [mL]

iX



Vi

VPum
VSco
Vi

Vv
Wary
Wsat
Wtotal
WHO
XRD
XRF

XPS
zZ

ZnO

ZrCSc
ZrOCl,.8H,0
Zr — Pu

A

€b
Pb

Filter (superficial) velocity [cm min™]
Effective (interstitial) velocity [cm min']
Virgin pumice [-]

Virgin scoria [-]

Bulk volume [cm?]

Void volume [cm?]

Weight of dry adsorbent [g]

Weight of saturated adsorbent [g]

The total amount of fluoride sent to a packed column [mg]
World Health Organization

X-ray diffraction [-]

X-ray fluorescence [-]

X-ray Photoelectron Spectroscopy [-]
Column bed depth [cm]

Zinc oxide [-]

Zirconium-coated scoria [-]

zirconium (IV) oxychloride octahydrate
Zirconium-coated pumice [-]

Angstrom [-]

The total porosity of the adsorbent [-]
Bulk density [gmcm™]



Eidesstattliche Erklirung

Hiermit erkldre ich durch eigenhéndige Unterschrift, die vorliegende Dissertation selbststindig
verfasst und keine anderen als die angegebenen Quellen und Hilfsmittel verwendet zu haben. Die aus
den Quellen direkt oder indirekt iibernommenen Gedanken sind als solche kenntlich gemacht. Die

Dissertation ist in dieser Form noch keiner anderen Priifungsbehorde vorgelegt worden.

Jimma, 02.01.2023 Geleta, Wondwosen sime 4 \%

Ort, Datum Unterschrift der Doktorandin/des Doktoranden

Xi



Dedicatory

To God: for allowing me to reach this stage and providing me with the well-being necessary to
achieve my goals.

To my dear sister: this thesis is dedicated in memory of my dear sister Getenesh Sime Geleta.
To all my dear family: for encouraging and helping me throughout my study.

To all my friends and colleagues: for supporting me practically and emotionally.

Xii



Acknowledgments

First and foremost, I would like to thank ALMIGHTY GOD for allowing me to reach this level and
providing me with the health and well-being needed to achieve my goals. I would like to express my
heartfelt gratitude to my supervisors: Prof. Dr. Bernd Lennartz (Chair of Soil Physics at the Faculty
of Agricultural and the Environmental Sciences University of Rostock, Germany) and Prof. Dr.-Ing.
Esayas Alemayehu (Professor of Water and Environmental Engineering at the Faculty of Civil and
Environmental Engineering, Jimma Institute of Technology, Jimma University, Ethiopia) for their
patience and very valuable guidance in bringing this research to the successful completion of the thesis
in this current form. I am also very grateful to Mrs. Evelyn Boltzmann who kindly helped and
supported me in measuring the experimental test samples results produced in this research study. I
extend my gratitude to Dr.Agrar. Wakene Chewaka and Dr. Aberham Hailu for their keen support and
editing of my document. My special thanks also go to my colleagues at the Chair of Soil Physics,
Faculty of Agricultural and Environmental Sciences, University of Rostock, Germany, including Dr.
Agrar. Haojie Liu, Mrs. Miaorun Wang, Mr. Erwin Don Racasa, Dr. Agrar. Andreas Bauwe, Mr. Tilo
Hartwig, and others for their kind help and support.

Furthermore, I am greatly indebted to DAAD and the Ethiopian Ministry of Education for providing
me with a scholarship during my research work, as well as to Jimma University, Jimma Institute of

Technology School of Chemical Engineering, for their encouragement and support.

I would like to express my utmost gratitude to my family and friends for their support and prayers.

xiii



Summary

Fluoride intoxication is one of the drinking water quality parameters of concern worldwide; the excess (> 1.5
mg/L, WHO guideline value) of which pollutes groundwater resources and makes them unsuitable for human
consumption due to the associated adverse health effects. Therefore, the search for suitable, low-cost, and
locally available materials to reduce excess fluoride levels in groundwater remains critical to minimize its
adverse health effects in drinking water. There are various methodologies for the treatment of fluoride-laden
water; however, adsorption is recognized as one of the most effective methods due to its simplicity of design
and low cost. Numerous adsorbents have indeed been examined and reported for the adsorption of fluoride-
laden water. However, many of the materials suffer from one of the following issues: time-consuming synthesis
procedures, high manufacturing costs, scarcity of raw materials, and a short lifetime, making them impractical
to apply in low-income countries (e.g., as in the case of Ethiopia). Therefore, this dissertation aimed to explore
the possibility of using unmodified and surface-modified adsorbents derived from low-cost and easily
accessible volcanic rock materials (virgin pumice (VPum) and virgin scoria (VSco)) for the treatment of
fluoride-laden groundwater in flow-through fixed-bed column adsorption systems. The first part of the research
examined the use of unmodified VPum and VSco at various experimental conditions such as particle sizes,
initial solution pH, and initial volumetric flow rates. The second and third constituents of the research goal
evaluated the use of surface-modified VPum and VSco, respectively under various initial solution pH and initial
volumetric flow rates. Surface modification of the low-cost materials was achieved by zirconium oxide coating
onto the adsorbent’s particle sizes ranging from 0.075 to 0.425 mm using 0.1 M ZrOCl,.8H,O as the Zirconium-
bearing solution. Hence, two different types of zirconium-modified adsorbents were produced: zirconium
oxide-coated pumice (Zr — Pu) and zirconium oxide-coated scoria (ZrOCSc). The physicochemical properties
of the adsorbents were characterized using various techniques: X-ray diffraction (XRD), X-ray fluorescence
(XRF) analysis, scanning electron microscopy (SEM), Fourier transform infrared (FTIR) analysis, Brunauer-
Emmett-Teller (BET) specific surface area, inductively coupled plasma-optical emission spectroscopy (ICP-
OES), and pH point of zero charges (pHpzc). This provided vital information on the fluoride adsorption
mechanism of the adsorbents. Simultaneous thermogravimetric and differential thermal analysis (TGA/DTA)
of VSco and ZrOCSc were also carried out to understand their thermal resistance using DTG-60H. The column
tests were conducted in a small-scale cylindrical filter column with an internal diameter of 8.1 cm and a height
of 10 cm. lon chromatography (IC) has been used to determine the remaining fluoride in the effluent solution.
The obtained experimental results were analyzed/modeled using two widely used and well-known models:
Thomas and Adams-Bohart models. Nonlinear optimization techniques were employed to determine the best
fit and obtain the associated model parameters. The obtained model parameters could provide a better
understanding and vital information for process design and scale-up. The first, second, and third components
of the study evaluated the fluoride adsorption performance of VPum and VSco, Zr — Pu and VPum, and ZrOCSc¢

and VSco, respectively.
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The maximum adsorption capacity of 110 mg/kg for VPum (particle sizes: 0.075-0.425 mm) and 22 mg/kg
(particle sizes: < 0.075 mm) for VSco were achieved at a low solution pH (2.00) and flow rate (1.25 mL/min).
The results revealed that reducing the particle size of an adsorbent is a significant controlling factor in fluoride-
VSco and fluoride-VPum systems at particle sizes of 0.075 and 0.075-0.425 mm, respectively. However, the
effect of particle size on adsorption capacity is more pronounced for VSco than VPum. This implies that VPum
loses internal porosity at the smallest particle size (<0.075 mm) due to damage to the continuum pore space
(skeletal structure) when compared to fine particle size (0.075-0425 mm). Using zirconium coating on the
particle surface of VPum and VSco was influential in creating zirconium-based active sites for fluoride
adsorption from aqueous solutions. The Zr — Pu had a maximum adsorption capacity of 225 mg/kg (2.05 times
the adsorption capacity of VPum: 110 mg/kg), while ZrOCSc retained the maximum removal capacity of 58
mg/kg, which is 4.46 times higher than VSco (13 mg/kg) at a lower pH of 2 and an initial flow rate of 1.25
mL/min. The experimental results indicated that electrostatic attraction and surface complexation are the
principal adsorption mechanisms for binding fluoride ions to the adsorbents. Furthermore, VPum and Zr-Pu
beds showed higher removal efficiency than VSco and ZrOCSc beds under the same experimental conditions.
The experimental adsorption data was well-matched by the Thomas and Adams-Bohart models with correlation
coefficients (R?) of > 0.967 for fluoride-modified volcanic rock systems and > 0.897 for fluoride-unmodified
volcanic rock systems. The values of the Thomas rate constant (Kr) and Adams-Bohart rate constant (Kag)
decreased as the influent flow rate decreased but, the adsorption capacity per mass of the bed of the adsorbents
predicted by the Thomas model (qo; mg/kg) and the adsorption capacity per volume of the bed predicted by
Adams-Bohart model (No; mg/L) increased. An increase in No and q, values with decreasing flow rates is
ascribed to the increase in EBCT due to the direct proportion of the adsorption capacity to the interaction time.
The derived model parameters could be used to upscale the design of the three developed adsorbent-based
defluoridation filters without the need for additional experimentation. The fluoride adsorption performance of
modified materials had been enhanced than that of unmodified ones, suggesting that the coating of VPum and

VSco with zirconium could account for the improved activity and, hence, adsorption capacity.

This dissertation highlights the potential of unmodified and surface-modified adsorbents made from low-cost,
readily available volcanic rock materials for removing excess fluoride from drinking water and groundwater.
Further study is necessary to determine the feasibility of this method, including the impact of other ions and the

ability to regenerate used adsorbents.
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Zusammenfassung

Die Belastung des Grundwassers mit Fluorid ist aufgrund geologischer Gegebenheiten an vielen Orten weltweit
z.B. im Ostafrikanischen Graben zu beobachten. Die Nutzung des Grundwassers als Trinkwasser bei zu hohen
Fluoridkonzentrationen (> 1,5 mg/L, WHO-Richtwert) kann zu erheblichen Gesundheitsproblemen fiihrern.
Daher ist die Suche nach geeigneten, kostengiinstigen und lokal verfiigbaren Materialien zur Verringerung des
iiberschiissigen Fluoridgehalts im Grundwasser nach wie vor von entscheidender Bedeutung, um die
gesundheitsschidlichen Auswirkungen von Fluorid im Trinkwasser zu minimieren. Es gibt verschiedene
Methoden zur Aufbereitung von fluoridbelastetem Wasser; die Adsorption gilt jedoch aufgrund ihrer
Einfachheit und geringen Kosten als eine der wirksamsten Methoden. In der Tat wurden zahlreiche
Adsorptionsmittel fiir die Aufbereitung von fluoridhaltigem Wasser untersucht und beschrieben. Viele der
Materialien sind jedoch problembehaftet: zeitaufwéindige Syntheseverfahren, hohe Herstellungskosten,
Rohstoffknappheit und kurze Lebensdauer, was ihre Anwendung in Ldndern mit niedrigem Einkommen (z. B.
in Athiopien) unpraktisch macht. In dieser Dissertation wurde daher die Moglichkeit untersucht, unmodifizierte
und oberflichenmodifizierte Adsorbentien aus kostengiinstigen und leicht zugénglichen vulkanischen
Gesteinsmaterialien (Bimsstein (VPum) und Schlacke (VSco)) fiir die Aufbereitung von fluoridhaltigem
Grundwasser in Durchfluss-Festbett-Adsorptionssystemen zu verwenden. Im ersten Teil der Untersuchung
wurde der Einsatz von unmodifiziertem VPum und VSco unter verschiedenen Versuchsbedingungen wie
PartikelgroBe, anfianglicher pH-Wert der Losung und anféngliches Durchflussvolumen bewertet. Im zweiten
und dritten Teil des Forschungsvorhabens wurde die Verwendung von oberflaichenmodifiziertem VPum und
VSco unter verschiedenen anfanglichen pH-Werten der Losung und anfénglichen Volumenstromen untersucht.
Die Oberflaichenmodifikation der kostengiinstigen Materialien wurde durch Beschichtung mit Zirkoniumoxid
auf den PartikelgroBen des Adsorptionsmittels von 0,075 bis 0,425 mm unter Verwendung von 0,1 M
ZrOCI2.8H20 als zirkoniumhaltige Losung erreicht. Auf diese Weise wurden zwei verschiedene Arten von
zirkoniummodifizierten Adsorbentien hergestellt: zirkoniumoxidbeschichteter Bimsstein (Zr-Pu) und
zirkoniumoxidbeschichtete Schlacke (ZrOCSc). Die physikochemischen Eigenschaften der Adsorbentien
wurden mit verschiedenen Techniken charakterisiert: Rontgenbeugung (XRD), Rontgenfluoreszenzanalyse
(XRF), Rasterelektronenmikroskopie (SEM), Fourier-Transform-Infrarotanalyse (FTIR), spezifische
Oberfliche = nach  Brunauer-Emmett-Teller ~ (BET), induktiv gekoppelte  plasma-optische
Emissionsspektroskopie (ICP-EOS) und pH-Nullpunktladung (pHPZC). Die Analysen lieferten wichtige
Informationen iiber den Fluoridadsorptionsmechanismus. Simultane thermogravimetrische und
Differentialthermoanalysen (TGA/DTA) von VSco und ZrOCSc wurden ebenfalls durchgefiihrt, um ihre

thermische Bestdndigkeit zu verstehen.

Die Séulenversuche wurden mit kleinen zylindrischen Filtersdulen mit einem Innendurchmesser von 8,1 cm
und einer Hohe von 10 cm durchgefiihrt. Die lonenchromatographie (IC) wurde eingesetzt, um das verbleibende

Fluorid in der Ablaufldsung zu bestimmen. Die erzielten Versuchsergebnisse wurden mit zwei weit verbreiteten
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und bekannten Modellen analysiert/modelliert: Thomas- und Adams-Bohart-Modell. Nichtlineare
Optimierungstechniken wurden eingesetzt, um die beste Anpassung zu erzielen und um Modellparameterwerte
abzuleiten. Die erhaltenen Modellparameter kdnnen ein besseres Verstdndnis und wichtige Informationen fiir
die Prozessgestaltung und das Scale-up liefern. In den drei Abschnitten der Studie wurde die

Fluoridadsorptionsleistung von VPum und VSco, Zr-Pu und VPum bzw. ZrOCSc und VSco bewertet.

Die maximale Adsorptionskapazitit von 110 mg/kg fiir VPum (PartikelgroBen: 0,075-0,425 mm) und 22 mg/kg
(PartikelgroBen: < 0,075 mm) fiir VSco wurde bei einem niedrigen pH-Wert der Losung (2,00) und einer
Durchflussrate von 1,25 ml/min erreicht. Die Ergebnisse zeigen, dass die Verringerung der Partikelgrof3e eines
Adsorptionsmittels ein wichtiger Kontrollfaktor in Fluorid-VSco- und Fluorid-VPum-Systemen bei
PartikelgroBen von 0,075 bzw. 0,075-0,425 mm ist. Die Auswirkung der Partikelgrofe auf die
Adsorptionskapazitit ist jedoch bei VSco stirker ausgeprigt als bei VPum. Die Zirkoniumbeschichtung erhohte
bei beiden getesteten Materialien die Adsorptionskapazitit. Zr-Pu hatte eine maximale Adsorptionskapazitét
von 225 mg/kg (das 2,05-fache der Adsorptionskapazitit von VPum: 110 mg/kg), wihrend mit ZrOCSc eine
maximale Entfernungskapazitit von 58 mg/kg erreicht wurde, was 4,46-mal hoher ist als bei VSco (13 mg/kg)
bei einem pH-Wert von 2 und einer anfanglichen Durchflussrate von 1,25 mL/min. Die experimentellen
Ergebnisse zeigten, dass elektrostatische Anziehung und Oberflichenkomplexierung die wichtigsten
Adsorptionsmechanismen fiir die Bindung von Fluoridionen an die Adsorbentien sind. AuBlerdem zeigten
VPum- und Zr-Pu-Materialien unter denselben experimentellen Bedingungen eine hohere Entfernungseffizienz
als VSco- und ZrOCSc-Filtersdulen. Die experimentellen Adsorptionsdaten wurden durch die Thomas- und
Adams-Bohart-Modelle mit Korrelationskoeffizienten (R?) von > 0,967 fiir fluoridmodifizierte vulkanische
Gesteinssysteme und > 0,897 fiir fluoridunmodifizierte vulkanische Gesteinssysteme gut wiedergegeben. Die
Werte der Thomas-Ratenkonstante (KT) und der Adams-Bohart-Ratenkonstante (KAB) verringerten sich mit
abnehmendem Zufluss, wahrend die nach dem Thomas-Modell vorhergesagte Adsorptionskapazitit pro Masse
des Adsorptionsmittels (qo; mg/kg) und die nach dem Adams-Bohart-Modell vorhergesagte
Adsorptionskapazitit pro Volumen der Sdule (NO; mg/L) zunahmen. Die abgeleiteten Modellparameter konnen
fiir die Auslegung der von Defluoridierungsfiltern auf Adsorptionsbasis verwendet werden, ohne dass

zusitzliche Experimente erforderlich sind.

Diese kumulative Dissertation unterstreicht, dass unmodifizierte und oberflichenmodifizierte Adsorbentien, die
aus leicht zugénglichen und kostengiinstigen vulkanischen Gesteinsmaterialien gewonnen werden, geeignet
sind, iiberschiissiges Fluorid aus Trinkwasser/Grundwasser zu entfernen. Weitere Untersuchungen der
Materialien, wie z. B. die Wirkung konkurrierender Ionen und die Regeneration verbrauchter Adsorbentien,
sind erforderlich, um zu bestétigen, dass die Defluoridierung von Grundwasser mit Vulkangestein eine

nachhaltige Methode ist.
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1. General Introduction
1.1.  Background

Since the 1990s, there have been tremendous steps in providing safe sources of drinking water to
people around the globe. In 2015, 91 % of the world’s population had access to improved (although
not inherently safe) sources of drinking water compared to 76 % in 1990. More people have access to
water through piped connections, public tabs, protected wells, and boreholes (WHO and UNICEF,
2015). Access to clean water is not only crucial to human development and welfare but is also a
fundamental human right. The provision of clean drinking water is considered vital and essential for
overall growth and development, including adequate nutrition, education, gender equality, and, most
importantly, poverty eradication in low-income countries (UNICEF & WHO, 2019; WHO and
UNICEEF, 2015). However, there is still a significant need to upgrade supplies of safe drinking sources
of water in both developed and low-income countries. The per capita supply of drinking water is
expected to be reduced by one-third by 2035. By 2025, around 34 % of the world’s population will
face an acute shortage of drinking water (Gupta & Ayoob, 2016). This unfortunate situation is reflected
in the scarcity of good quality water in many parts of the world. As a result, the global water supply
system is under pressure on both the demand and supply sides. Early in the twenty-first century, the
conventional ways of utilizing and valuing water underwent a radical change due to the severe scarcity
of drinking water supplies and heightened competition. Therefore, the scarcity of water and
insufficient access to potable water sources are expected to be the most challenging and critical
environmental problems of the future in maintaining and determining the quality of life on Earth
(Ayoob et al., 2008; Gupta & Ayoob, 2016).

One of the most severe issues in low-income countries regarding the provision of safe drinking water
is usually related to the low quality of the water source and the need for treatment. In low-income
countries, there are several issues related to water treatment. One of them is the high costs of
investment, operation, and maintenance, and another is the complexity of some processes which
necessitate special equipment, facilities, and skilled human power that are not readily accessible,
especially in rural areas (Banerjee, 2015; Teng et al., 2009). Due to financial constraints, the

development of low-cost and effective water treatment technologies is considered critical.

1.2. Groundwater and Geogenic Pollutants

Groundwater is considered the safest of all available drinking water sources on the surface of the earth.
As a result, half of the world's population is dependent on groundwater sources for drinking and
survival (Mengistu et al., 2021). Furthermore, in many communities, these sources tend to be the only
economically viable option for drinking, as they provide safe quality water and a stable quantity of
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water relative to surface sources. Due to the crucial role that groundwater plays in the existence of the
majority of the human population in the world, critical concerns about its availability, safety, and
purity have emerged for many habitations around the globe (Ayoob & Gupta, 2006; WHO and
UNICEF, 2004). In recent years, the entry of geogenic contaminants, such as fluoride, into
groundwater aquifers has become a primary environmental concern worldwide. This situation is
critical in low-income countries such as Ethiopia. According to the report from the Central Statistical
Agency of Ethiopia (CSAE, 2017), high fluoride concentrations (> 1.5 mg/L) in groundwater impacted
3.8 % of the population. The presence of a high level of fluoride in drinking water raises a great
concern, as it initiates fluorosis in various proportions, thereby reducing the quality of human life.
Fluoride poisoning is believed to be a threat to people in more than 35 countries around the world.
The number of people at risk of fluorosis has most likely surpassed 200 million (Geleta et al., 2021b;
Zhang et al., 2019). As a result, fluoride in groundwater is one of the most pressing issues affecting

groundwater quality in the world today, and it requires some levels of treatment.

1.3. Benefits and Health Effects of Fluoride

Fluoride has both negative and positive impacts on human health, depending on the dose and duration
of exposure (Kumari et al., 2020, 2021). The consumption of fluoride at low concentrations (1.5 mg/L)
is an essential micronutrient for the healthy development of bone and dental enamel (Ye et al., 2018).
For instance, fluoride's unique ability to avert and even reverse adverse dental health effects has been
well documented (Whitford, 1996). If ingested in drinking water at an optimal concentration (0.5 —
1.5 mg/L), it can decrease the occurrence of tooth decay, especially in children under the age of eight
years. It protects the tooth from decay by preventing bacteria from producing acid. The oral bacteria
(most notably such as streptococcus mutans, streptococcus sobrinus, and lactobacilli) ingest food
particles or sugar (sucrose) on the tooth’s surface as their source of energy and convert it to lactic acid
via fermentation. These species can have high levels of lactic acid, which, when in contact with the
tooth, can induce the dissolution of minerals from the enamel (a highly mineralized cellular tissue that
protects the teeth from decay). The tooth enamel becomes thin and susceptible to decay as it loses its
mineral content (primarily hydroxyapatite and calcium phosphate). Preventing the chemical processes
(mineral dissolution/breakdown) that lead to tooth decay by inhibiting the action of decay-causing
bacteria (by fluoride) from producing the necessary acidic environment around the enamel is
beneficial. Furthermore, fluoride is a re-mineralization agent that can aid in the removal of lost
minerals from damaged enamel which leads to reversing the development of dental caries. Fluoride
can bind to hydroxyapatite crystals in tooth enamel which makes the enamel more substantial and

more resistant to demineralization, resulting in resistance to decay (Whitford, 1996).



However, it is detrimental to human and animal bones when it is ingested beyond the permitted
concentration limit (> 1.5 mg/L) for extended periods (Tao et al., 2020). Fluoride has several
mechanisms of detrimental effects (Salifu, 2017; Whitford, 1996). Around 75 — 90 % of fluoride is
adsorbed as it reaches the human body, mainly via the ingestion of water and, to a lesser degree, food
and dental products (Fawell et al., 2006; Salifu, 2017). As fluoride ions are consumed, they combine
with hydrogen ions in the gastrointestinal mucosa to form hydrofluoric acid (HF) under acidic
conditions in the stomach. The production of HF induces nausea, diarrhea, vomiting, gastric intestinal
inflammation, and abdominal pain. About 40 % of the fluoride consumed is adsorbed as HF in the
stomach, and the remaining fluoride is adsorbed in the intestine. As soon as it is absorbed into the
bloodstream, fluoride is easily distributed throughout the body and tends to concentrate in calcium-
rich areas such as bone and teeth (dentin and enamel) (Firempong et al., 2013; Salifu, 2017). When
consumed at relatively high levels (1.5 —4 mg/L), it causes dental fluorosis, especially among children.
Even though the mechanisms underlying the formation of dental fluorosis are unknown, Whitford
(1996) claims that there is evidence that the processes include effects on the ameloblasts, which deposit
tooth enamel. Ameloblasts are cells that secrete enamel proteins (enamelin and amelogenin) that
mineralize to form tooth enamel during tooth formation in childhood. These cells are known to be
extremely sensitive to their surroundings and bodily stressors (such as those experienced during
childhood) can disrupt their work, causing a delay in enamel development. Excess fluoride exposure
(1.5-4 mg/L) to children (aged 2 to 8) who are still mineralizing in their adult teeth is thought to be a
type of stressor that disrupts enamel production and contributes to the formation of dental fluorosis
(Fawell et al., 2006; Firempong et al., 2013; Whitford, 1996). The most common symptom of long-
term exposure to high-fluoride water is dental fluorosis, which appears as discolored, blackened,
mottled, or chalky white teeth. Dental fluorosis results from excessive fluoride exposure during
childhood when the teeth were developing (Fawell et al., 2006). On the contrary, these results are not
visible if the teeth are fully developed before overexposure to fluoride. As a result, just because adults
have no symptoms of dental fluorosis may not mean their fluoride consumption is within acceptable

limits, and they could be at risk of other fluoride-related health problems.

Fluoride can affect the mineralization of bones at higher levels (> 4 mg/L), resulting in serious and
permanent bone and joint deformations known as skeletal fluorosis (Fawell et al., 2006; Whitford,
1996). Scattered pain and swelling in the joints are early signs of skeletal fluorosis. Skeletal fluorosis
symptoms include headaches, stomachaches, and muscle fatigue. The spine, main joints, muscles, and
nervous system are all weakened due to osteosclerosis (the hardening and calcification of the bones)
(UNICEF, 2009). In addition to skeletal and dental fluorosis, excessive fluoride ingestion can cause

nonskeletal manifestations. However, these are sometimes ignored due to the belief that excessive
3



fluoride only affects bone and teeth. Fluoride contamination can also cause Alzheimer's, arthritis,
thyroid problems, and other health problems (Kumari et al., 2019). High levels of fluoride can cause
serious problems leading to death as a result of respiratory paralysis, dysrhythmia (abnormal
heartbeat), or cardiac arrest (Table 1.1) (Firempong et al., 2013; Salifu, 2017).

Table 1.1 Level of fluoride in drinking water and its related health effects (modified from Salifu et.al, (Salifu,
2017), and Edmunds & Smedley (Edmunds & Smedley, 2014))

Fluoride concentrations (mg/L) Chronic health effects

Nil Limited growth and fertility
<0.5 Dental Caries
0.5-1.5 Promotes dental health/prevents tooth decay
1.5-4 Dental fluorosis
>4 Dental/skeletal fluorosis
>10 Crippling fluorosis
> 50 Thyroid changes
> 100 Growth retardation
> 120 Effects on kidney
~50 - 250 Death

From Table 1.1, chronic use of drinking water with concentrations beyond 1.5 mg/L is considered to
be detrimental to health. The WHO (WHO, 2011) guideline value for fluoride in drinking water
remains at 1.5 mg/L. Many countries also use this value as a national standard for drinking water
(Table 1.2). The US Environmental Protection Agency (EPA) has set the primary standard
(enforceable limit) for fluoride in drinking water at 4 mg/L. In contrast, the secondary standard
(unenforceable) for drinking water from the United States is 2 mg/L. The standard limit in China is 1
mg/L, while the national limit in Tanzania is high as 8§ mg/L, indicating enforcement challenges in a
country with regionally high fluoride levels and an issue of water shortage.

Table 1.2 Regulations and recommendations for fluoride concentrations from some organizations or countries
(Edmunds & Smedley, 2014)

Organization/ Limit/guideline Level Comment
Country (mg/L)
WHO Guideline value (GV) 1.5 2011 guidelines, as previous
U.S.EPA Maximum contaminant level 4 Enforceable regulation

goal (MCLG)
U.S.EPA Secondary standard 2 Guideline intended to protect against dental

fluorosis; not enforceable

EC Maximum permissible value 1.5 1998 regulations
Canada National Standard 1.5
India National Standard 1.5 ‘Acceptable’ limit 1.0 mg/L
China National Standard 1
Tanzania National Standard 8 Interim standard
Ethiopia National Standard 1.5 Maximum permissible




Aside from the health risks, drinking water with high fluoride levels may have significant
psychological and social implications, including young adult matrimonial issues (Salifu, 2017). Due
to the increased water intake and, therefore, further ingestion of excess fluoride, the effects of fluoride
in drinking water are greater in areas with elevated temperatures at a given concentration. As seen in
Figure 1.1, excessive fluoride concentration in drinking water above the WHO guideline limit of 1.5

mg/L can lead to dental fluorosis (mottling and pitting of teeth) (left) and skeletal fluorosis (right).

Figure 1.1 Illustration of fluoride problem: example for the image of dental (left image) and skeletal (right
image) fluorosis (Eawag, 2015)

1.4. Fluoride Occurrence

Fluorine is the lightest member of the halogen group and is considered one of the most reactive
elements of the periodic table (Fawell et al., 2006). It is the most electronegative of all elements (Hem,
1985), so it has a strong tendency to gain a negative charge and form a fluoride anion (F") in solution,
which is the only oxidation state found in nature (Hem, 1985). Fluorine is the thirteenth most common
element in the Earth's crust (representing about 0.06-0.09 percent of the Earth’s crust) and exists as
fluoride in over 300 minerals, of which fluorite (CaF:), cryolite (Na3AlFs), and fluorapatite
(Cas(PO4)3F) are the most widely known. Its presence in natural waters is directly proportional to the
concentration and solubility of these fluoride-containing minerals. Most natural waters have fluoride
concentrations that are below the WHO's recommended limit for fluoride in drinking water (1.5 mg/L,
(WHO, 2011)). However, excessive fluoride levels in groundwater are still an issue in many regions

of the world (Figure 1.2).
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Figure 1.2 World map depicting fluoride concentration (in mg/L) in groundwater (Ahmad et al., 2022)

High concentrations of geogenic fluoride in groundwater (> 1.5 mg/L) are associated with various
geological and climatic conditions. These are granitic basements, arid climates, and alkaline volcanic
rocks. Groundwater with elevated dissolved fluoride concentrations can be found in granitic basement
aquifers containing a high proportion of high-fluoride minerals, like apatites, micas, or amphiboles
(e.g., in India, and Sri Lanka). High fluoride concentrations can also be caused by arid climates with
slow groundwater penetration and flow rates, as well as long water-rock reaction times. Alkaline
volcanic areas (e.g., the East African Rift valley) have some of the highest fluoride concentrations due
to the presence of high-fluoride hyperalkaline volcanic rocks. Fluoride is also introduced to
groundwater through high-fluoride geothermal solutions (Eawag, 2015; Edmunds & Smedley, 2014).
The accumulation of fluoride or excessive fluoride levels can be obtained due to low calcium levels
which are not sufficient to remove from the solution by precipitating into CaF». Such conditions can
be found in alkaline groundwater, where sodium bicarbonate regulates its chemistry. Furthermore,
groundwater associated with granitic rocks has a low calcium content. Ethiopia is one of the East
African countries with a large community residing where excess fluoride is becoming a major concern,
particularly along the central Rift of the country (Rango et al., 2017; Zacek et al., 2015). The
dissolution of fluoride-containing minerals has increased the amount of fluoride in parent rocks and
soils in the Ethiopian main Rift valley, which is usually associated with high bicarbonate and low
calcium levels (Demelash et al., 2019; Rango et al., 2010). In Ethiopia’s main Rift valley, fluoride
levels in wells are typically up to ten times higher than the WHO standard, which puts millions of
Ethiopians at risk of severe fluoride ion toxicity (Rango et al., 2017; Tekle-Haimanot et al., 2006).
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Therefore, these high fluoride concentrations in the drinking water of Ethiopia need special attention

(Figure 1.3).
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Figure 1.3 Fluoride concentration profile in Ethiopian drinking water sources (MacDonald et al., 2009)

Aside from natural geological sources of fluoride enrichment in groundwater, a variety of human
activities contribute to fluoride pollution. However, quantitative data on fluoride release into the
environment from anthropogenic sources are scarce. Fluoride is discharged into the environment
through exhaust gases, wastewater, and solid waste from a variety of industrial processes (WHO,
2002), which include: the production of glass, brick, and ceramic; manufacturing of semiconductors,
steel, aluminum, copper, nickel, and aluminum smelters; and the production and use of phosphate
fertilizer (Bhatnagar et al., 2011; WHO, 2002). The effluents from these industries can raise fluoride
concentrations in water by tens to thousands of mg/L, far exceeding the WHO recommendation (1.5
mg/L) (Bhatnagar et al., 2011; Fawell et al., 2006). As a result, techniques for removing fluoride ions

from drinking water must be developed to keep the concentration in the water below 1.5 mg/L.



1.5.  Fluoride Treatment Technologies

Due to irreversible risk and the lack of proven successful treatments for fluorosis, the removal of
excessive fluoride levels from drinking water as a protective measure is very critical (Sarkar et al.,
2007). Defluoridation technologies have been developed in a variety of locations around the world.
However, they have some limitations such as expensiveness, regular maintenance, and complicated
operational procedures that make their use impractical in most situations, especially in low-income
countries (Geleta et al., 2021b; WHO, 2011). Based on the underlying defluoridation mechanism, the
most common defluoridation technologies can be categorized into three groups. These are the

precipitation and coagulation, membrane, and adsorption processes.

Precipitation and Coagulation Techniques: Fluoride can be extracted from a solution using
precipitation and coagulation methods, followed by precipitate settling (or flotation). Typically, the
addition of chemicals that act as precipitating agents is required. Contact precipitation, the Nalgonda

technique, and electrocoagulation are all well-known coagulation or precipitation techniques.

Contact Precipitation Techniques: the method works by introducing calcium (Ca) and phosphate
(PO4) compounds into raw water, with fluoride uptake accomplished through both sorption and
precipitation reactions when the fluoride comes in contact with hydroxyapatites (e.g., bone char).
Contact precipitation has a high defluoridation capacity (Fawell et al., 2006; Feenstra et al., 2007,
Salifu, 2017). The precipitation of calcium fluoride and/or fluorapatite in a solution containing
calcium, phosphate, and fluoride is theoretically possible. The precipitation mechanism, however, is
impractical because of the slow reaction kinetics. Though the exact mechanism of defluoridation by
this method is not explored, it is believed that the bone char catalyzes the precipitation of calcium
fluoride and/or fluorapatite. Bone char also serves as a filter media for the precipitate, allowing the
defluoridation process to take place (Fawell et al., 2006; Salifu, 2017). Some of the drawbacks of the
contact process are: (i) the method is new and still under study and has only been used on a domestic
level in Tanzania and Kenya so far (Eawag, 2015), (ii) the method necessitates chemicals and skilled
personnel, which is sometimes problematic and impractical when used for water defluoridation in rural
communities in low-income countries, (iii) the use of bone char as a contact bed has the same

drawbacks as bone char in the defluoridation process (Fawell et al., 2006; Feenstra et al., 2007).

Nalgonda Technique: the use of alum as a coagulant for defluoridation was first proposed in the
United States in the 1930s. It was later adapted and called the 'Nalgonda Technique' by the National
Institute of Environmental Engineering Research (NEERI) in India in the 1970s (Eawag, 2015). The

method has been considered to be the most known and well-established method of defluoridation. A



coagulation-flocculation process needs alum (aluminum sulfate, Al2(SO4)3.18H20) and lime (calcium
hydroxide, Ca(OH)>). Alum is applied as a coagulant to fluoride-contaminated water under efficient
mixing conditions. This causes insoluble aluminum hydroxide (Al(OH)3) micro-flocs to form, which
then coalesce into large settleable flocks. The uptake of fluoride is achieved by the electrostatic
attraction of negatively charged fluoride ions (F°) in a solution to aluminum hydroxide particles, then
isolated from water through sedimentation and filtration (Dysart, 2008; Fawell et al., 2006). When
alum is mixed with water, it produces an acidic solution. To achieve a neutral pH, the simultaneous
addition of lime (Ca(OH)y) is needed (Dysart, 2008; Fawell et al., 2006; Meenakshi & Maheshwari,
2006). Some of the drawbacks of the Nalgonda process are: (i) insufficient defluoridation efficiency
when the fluoride levels in feed water are high (Fawell et al., 2006; Feenstra et al., 2007), (ii) It
generates large quantities of sludge that is toxic and needs to be disposed of properly, (iii) its
operational cost is high (Meenakshi & Maheshwari, 20006), (iv) the use of aluminum sulfate as a
coagulant raises the concentration of sulfate ions, which can have cathartic symptoms (i.e. accelerated
defecation) (Meenakshi & Maheshwari, 2006; Salifu, 2017), (v) excess sulfate concentrations (about
600 mg/L), which could result from the use of aluminum sulfate, may affect the treated water test
(Eawag, 2015; Fawell et al., 2006). As a result, consumers may choose to bypass the treatment unit
and drink the raw water directly, or they may return to their old (i.e., polluted water sources) (vi)
excess residual aluminum in treated water can cause dangerous dementia disease as well as
neurobehavioral, structural and biochemical changes (Meenakshi & Maheshwari, 2006). It could also
affect the respiratory, cardiovascular, endocrine, and reproductive systems. The high level of
aluminum in drinking water has also been associated with Alzheimer's disease (Salifu, 2017; Sarkar

et al., 2007).

Electrocoagulation Technique: For a long time, the electrocoagulation (EC) process has been used to
remove fluoride and other ions from industrial wastewater (Aoudj et al., 2015; Govindan et al., 2015;
Hu et al., 2008; Shen et al., 2003; Zuo et al., 2008), and it is now gaining attention as a viable
technology for fluoride removal from drinking water in low-income countries. The three basic
technologies electrochemistry, coagulation, and precipitation are combined in the electrocoagulation
method. The metal (e.g., aluminum) plates serve as anode and cathode in this process. As an electrical
potential is applied to the electrodes, current flows into the electrodes, and Al*" is released at the anode,
where it reacts with water at neutral pH to form AI(OH)s, a fluoride-loving compound. The resulting
Al (OH)3F flocs settle at the bottom of the solution and can be removed as sludge. The defluoridation
efficiency relies on the initial fluoride concentration, initial pH of the influent solution, and current

density (Ghosh et al., 2008; Gwala et al., 2011; Zhao et al., 2011; Zuo et al., 2008).



Some of the shortcomings of the electrocoagulation process are (Eawag, 2015): (i) the presence of
high SO,*” concentrations in raw water could inhibit the uptake of fluoride, (ii) the amount of
aluminum in treated water might be higher than the WHQO's recommended limit (200 pg/L), (iii)

requires the use of high-cost electrical energy, (iv) requires skilled human power.

Membrane Methods/ Reverse Osmosis (RO): Reverse osmosis uses a semipermeable membrane
that allows water to pass through, but not ions or larger molecules. In principle, water molecules
migrate through the membrane along a concentration gradient from a low to a high concentration of
dissolved salt during the osmosis process. In reverse osmosis, the opposite result is desired: pressure
is applied to force feed water through a semipermeable membrane, removing solutes (including
fluoride) through rejection by the membrane based on particle size and electrical charges. The
technique is a physical process that works in the opposite direction of natural osmosis by applying
pressure to the concentrated side of a membrane to overcome osmotic pressure. This membrane
separation technology has been perceived to be highly effective for defluoridation. It has a fluoride
uptake capacity of 85-95%, and the US-EPA has recommended it as one of the best available
defluoridation techniques (Dysart, 2008; Feenstra et al., 2007).

The reverse osmosis method is also known to have some drawbacks such as (i) the process is very
complex, especially for rural water supply in low-income countries, as it needs special equipment, a
continuous supply of electricity, and skilled human power (Dysart, 2008), (ii) it requires high capital,
operational, and maintenance cost (Meenakshi & Maheshwari, 2006), (iii) the method eliminates the
majority of ions present in the water, although some of the ions are needed as essential minerals for
the human body (Eawag, 2015; Meenakshi & Maheshwari, 2006), (iv) it is difficult to dispose of
concentrate containing rejected pollutants (fluoride), (v) membrane fouling due to the accumulation
of particulate matter, collides, bacteria and organic material. To control fouling, a pre-filtration step
or conventional pre-treatment (e.g., coagulation and disinfection) may be required. Chemical cleaning
is also needed to restore the permeability of the fouled membranes (Eawag, 2015), and (vi) substantial

water loss (usually 10-35 present) (Meenakshi & Maheshwari, 2006).

Adsorption-Based Technologies: Adsorption is the accumulation of substances at an interface or
surface. The adsorbate is the material that is adsorbed and the adsorbent is the adsorbing phase.
Adsorption mechanisms can be physisorption, chemisorption, or both. A physisorbed species is not
bound to a specific location; rather, it is free of translational motion within the interface. At low
temperatures, physisorption may be significant, and it develops low adsorption energy, indicating that

the adsorbate is loosely held with the adsorbent. If the adsorbate has a chemical interaction with the
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adsorbent, the process is known as chemisorption. The adsorbed molecules are attached to the surface
by forming strong localized bonds at the active centers of the adsorbent. Ion exchange can be thought
of as exchange adsorption, which occurs when ions of one substance concentrate at a surface due to
electrostatic attraction to charged sites on the surface (Ayoob & Gupta, 2007; Zhang & Stanforth,
2005). Lately, adsorption or ion exchange is one of the most widely used methods and is quite
attractive due to its applicability for defluoridation even at low concentrations, relative ease of
operation, and low cost, as well as flexibility and simplicity of design (Liu et al., 2018; Yadav et al.,
2018). Fluoride-polluted water is passed through a column packed with an adsorbent, and the adsorbed

bed may be back-washed for reuse after saturation.

1.5.1. Adsorbent Materials for Water Defluoridation

The suitability of the defluoridation technique is mainly dependent on the availability of a suitable
adsorbent (Chen et al., 2010; Maliyekkal et al., 2006; Salifu, 2017; Sarkar et al., 2006). The most

commonly used materials are activated alumina (AA) and bone char.

1.5.1.1.  Activated Alumina (AA)

The process, which uses activated alumina as a filter media, has been designated the Best Available
Technique for water defluoridation by the United States Environmental Protection Agency (US- EPA)
(Dysart, 2008). The method, which was first used in the 1930s, is still widely used and has become
the method of choice for removing fluoride from water in developed countries such as the United
States and Australia. The technology has also gained traction in some low-income and low-middle-
income countries, especially India, where it is being spread in villages with UNICEF's support. The
technique has a defluoridation efficiency of approximately 85 — 95 % (Dysart, 2008; Feenstra et al.,
2007; Salifu, 2017).

Activated alumina (AA) is a granular type of aluminum oxide (Al,O3) that can be used as a filter to

remove a variety of pollutants from water, such as fluoride (Figure 1.3).

Figure 1.4 Activated alumina (AA) grains (Eawag, 2015)
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The media is made by thermally treating hydrated alumina granules in a regulated manner to create a
highly porous material. It primarily comprises a mixture of amorphous and crystalline phases of
aluminum oxide known as the aluminum trihydrate. Alumina has a high pH point of zero charges
(pHpzc ~8.2), meaning that it can adsorb a wide range of negatively charged particles, including
fluoride ions (Dysart, 2008; Fawell et al., 2006). The surface of AA becomes hydrated when it comes
into contact with water, forming AI(OH)3 with surface hydroxide groups (=Al-OH). As shown below
in Equation 1, negatively charged ions can replace the hydroxyl (OH") ion.

=Al—OH+F~ > =Al—F+ OH (1.1)

The defluoridation capacity of alumina is highly pH-dependent; hence activated alumina-based
defluoridation systems often require pH adjustment to optimize fluoride removal (Dysart, 2008;
Fawell et al., 2006). Overall, defluoridation is most effective when the pH is between 5 and 6 (Dysart,
2008; Salifu, 2017). When the pH rises above 7 the fluoride removal capacity of activated alumina
media decreases. This is due to the exchange reaction between surface hydroxyl groups, and the
adsorbing fluoride becomes less favorable since silicates and hydroxides in solution compete more
effectively with the fluoride ion for exchange sites on the surface of activated alumina. At pH 5,
activated alumina dissolves in the acidic environment, resulting in media loss and, consequently, a
decrease in fluoride adsorption capacity (Dysart, 2008; Meenakshi & Maheshwari, 2006). As activated
alumina is used for defluoridation, it is gradually exhausted and needs to be regenerated. The
regeneration process is taken place by exposing the media to an alkaline solution, usually caustic soda
(NaOH), to remove the fluoride and restore the adsorption capacity of the media. As the defluoridation
capacity is strongly sensitive to pH, HoSO4+/HCI is subsequently used to neutralize and activate the
media. Approximately 5-10% of the alumina is lost during each regeneration period, resulting in a 30-
40% reduction in the adsorption capacity of the media. Therefore, the media usually must be replaced
before three to four regenerations (Dysart, 2008; Fawell et al., 2006). Some of the drawbacks that have
been identified with the activated alumina technique are (i) for non-developed nations, the technology
is costly to obtain, run and maintain for long-term use (Eawag, 2015; Fawell et al., 2006), (ii) its
defluoridation capacity is relatively low in less purified AA products (Fawell et al., 2006; Meenakshi
& Maheshwari, 2006), and (iii) concentrations of fluoride ions in the spent regeneration solution are

high (Fawell et al., 2006; Salifu, 2017).

1.5.1.2.  Bone Char (BC)

Bone charcoal (Figure 1.4) is a porous, blackish granular material used as a defluoridation filter media.

It was used in the United States from the 1940s to the 1960s and is considered the oldest known
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defluoridation agent. It has been successfully used as a filter material to remove excessive fluoride
from drinking water in Thailand and some African countries (e.g. Kenya and Tanzania) (Dysart, 2008;

Eawag, 2015; Fawell et al., 2006).

Figure 1.5 Bone char material (Salifu, 2017)

The adsorptive mechanism of bone char (BC) in removing fluoride from the water allows fluoride ions
to exchange with hydroxide ions (OH") at the surface of the main mineral constituent of BC
(hydroxyapatite, Cas(PO4 );0OH), releasing OH™ into the solution as shown in Equation (2) (Eawag,
2015).

Cas(P0O,);0H + F~ & Cas(P0O,)F + OH™ (1.2)

Bone char is produced by heating in specially built kilns at temperatures ranging from 300 to 500 °C
for approximately 10 days in a controlled air supply, leading to the highest removal capacity with no
organic remains (CDN (Catholic Diocese of Nakuru) & Miiller, 2007; Eawag, 2015). Calcium
phosphate (57-80%), calcium carbonate (6-10%), and activated carbon (7-10%) are the main
ingredients in bone charcoal (Fawell et al., 2006; Feenstra et al., 2007). The quality of the bone char
and particle size determine the defluoridation performance of the filter material. The higher the
defluoridation capacity, the smaller the particles (Mjengera & Mkongo, 2003). It was reported that the
well-prepared bone char filters can reduce fluoride concentrations from over 6 mg/L to less than 0.1
mg/L after adsorption, with a defluoridation capacity of about 1.2 mg/g (e.g. in Kenya) (Eawag, 2015).
Some drawbacks that have been identified using bone char as a filter media for defluoridation are: (i)
Due to religious or cultural concerns, the use of animal bones as a filter media may not be suitable in
certain areas (Eawag, 2015; Fawell et al., 2006), (ii) treated water can have an unpleasant taste when
using low-quality bone char with high organic content. This could turn off consumers and lead to
complete rejection of the bone char treatment technique (Dysart, 2008; Eawag, 2015; Feenstra et al.,
2007), (iii) the method is contingent on the local availability of sufficient quantities of bones as raw

material for the preparation of the filter media (Dysart, 2008; Fawell et al., 2006).
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In addition to the common adsorbents mentioned above, numerous adsorbent materials have been
investigated for the removal of fluoride (Chen et al., 2010; Ghanbarian et al., 2020; Kennedy & Arias-
Paic, 2020; Maliyekkal et al., 2006; Sarkar et al., 2006; Su et al., 2020). Many of these, however, have
either a time-consuming synthesis procedure, high processing costs, limited raw material availability,
or limited lifespan, making them unsuitable for use in underdeveloped countries where fluoride
concentrations in water are high (Kumari et al., 2021). Thus, for the long-term defluoridation of
drinking water, the search for suitable fluoride adsorbents with local production capacity remains a
critical problem in low-income countries. The adsorbent materials used in this study are discussed in

the following section.

1.5.1.3.  Volcanic Rocks

Rocks are any natural solid mass composed of minerals and/or mineraloids. They are classified into
igneous, sedimentary, and metamorphic rocks according to their chemical and mineral composition,
the texture of the constituent particles, and the formation process (Warner, 1990). Plutonic or intrusive
rocks are formed when magma slowly cools and crystallizes within the Earth's crust (e.g., granite),
while volcanic or extrusive rocks are formed when magma reaches surfaces as fragmented ejecta or
lava. Furthermore, igneous rocks are classified as felsic, intermediate, or mafic. These are mainly
chemical classes; however, lava chemistry tends to correlate with magma temperature, viscosity, and
eruption type. The chemical composition of the rock mass is an important determining factor in the
formation of minerals in the rock mass because certain minerals can only be formed when the
necessary elements are present in the rock. Among more than 3000 known minerals, only the nine
minerals can account for 95 percent of the crust which includes (i) four felsic: quartz (Si0O3), muscovite
(KAIl(AIS13010(F, OH),), orthoclase(KAISi30g), and Na-plagioclase/albite (NaAlSi3Og); and (ii) five
mafic: biotite (K (Fe, Mg)3AlSiz010(F, OH)2), Amphibole (Ca2(Mg, Fe, Al)s(Al, Si)sO22(0OH)z,),
pyroxene ((Ca, Na)(Mg, Fe, Al)(Al Si)0¢), Ca-plagioclase (CaAl»Si»Osg), and olivine ((Mg,
Fe)2S104) (Manville et al., 1998).

Recently, volcanic rocks have received a lot of attention for pollutant removal due to their valuable
properties such as high surface area, low cost, easy accessibility, good mechanical resistance, and
availability in large quantities (Alemayehu & Lennartz, 2009). Volcanic rocks often have a vascular
texture, which is the result of voids left by volatiles escaping from the molten lava. Accordingly, they
can be classified into two textures: microvascular (Pumice) and macrovascular (scoria). Pumice is a
finely porous rock frothy with air bubbles, whereas scoria is a rough rock that resembles furnace slag
(Alemayehu & Lennartz, 2009). Pumice is often formed from rhyolite magma (Alemayehu &
Lennartz, 2009), but it can also develop from trachytic or dacitic magma. It has been used in water
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and wastewater treatment processes due to its high porosity and low specific gravity (Aregu et al.,
2018). Scoria is a vesicular pyroclastic rock with basaltic compositions that range in color from
reddish-brown to black and is denser than VPum, somewhat porous with high surface area and
strength. Both volcanic rocks are found in abundance in Europe (Italy, etc.), Central America,
Southeast Asia (Indonesia, etc.), and East Africa (Ethiopia, Eritrea, etc.) (Alemayehu & Lennartz,
2009; Areguetal., 2018). A few studies have found surface modification of these volcanic rocks might
also perform better as an adsorbent for water contaminants (Dehghani et al., 2017; Sepehr et al.,

2013b).
1.6.  Aim and Scope of the Study

In many parts of the world, groundwater is the primary and favored source of potable water for many
rift communities in rural and urban areas. However, over 200 million people on the globe, including
in East Africa, are drinking fluoride-containing groundwater beyond the permissible limit (> 1.5mg/L),
which has a serious consequence on people’s welfare (Geleta et al., 2021b; Zhang et al., 2019). In the
East African rift, fluorosis is the most prevalent geochemical disease, affecting over 80 million people
(Geleta et al., 2021b; Kut et al., 2016; Mohan et al., 2017a). Ethiopia is among the East African
countries with a large population where too much fluoride is becoming a major concern, particularly
along the main rift of the country (Rango et al., 2017; Zacek et al., 2015). The World Health
Organization (WHO) identified 28 countries in 2006 in which high fluoride limits in potable water
were linked to dental fluorosis and skeletal fluorosis. The most affected countries were India, Ethiopia,
and China (Datturi et al., 2017; Fawell et al., 2006; Susheela & Bhatnagar, 2002). The issue of
excessive fluoride in the groundwater in the Ethiopian Rift valley has been intensified by weathering
of primary rocks and the leaching of fluoride-containing minerals in the soils, which is usually linked
to low calcium content and high bicarbonate concentrations (Demelash et al., 2019; Rango et al.,
2010). In the Ethiopian rift valley wells, concentrations usually range from 1 to 10 times higher than
the WHO norm of 1.5 mg/L, placing an estimated 10 million Ethiopians at risk of high exposure to
fluoride ions in the area (Rango et al., 2017; Tekle-Haimanot et al., 2006). To overcome this problem,
defluoridation techniques such as Nalgonda and bone char have been attempted in the Ethiopian Rift
Valley areas (Datturi et al., 2017). However, due to a variety of concerns related to the availability of
sorbent, the efficacy of the sorbent, and social and technological issues, the attempted approaches are
ineffective or unable to resolve the existing problem. Thus, the inability to accelerate the provision of
safe drinking water to the population, particularly for Ethiopian Rift valley communities, due to the
presence of high fluoride levels in the groundwater supply remains the most pressing issue. Due to the
harmful health effects of high fluoride levels in drinking water on populations primarily in low-income

countries, the search for low-cost and appropriate technology for the uptake of fluoride from drinking
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water remains very crucial. Among the fluoride removal techniques, adsorption is still the most widely
employed and most appropriate method, due to its applicability for pollutant uptake even at low
concentrations, relative ease of operation, low cost, flexibility, and simplicity of design. On the other
hand, the suitability of the defluoridation technique is mainly dependent on the availability of a suitable
adsorbent (Chen et al., 2010; Maliyekkal et al., 2006; Salifu, 2017; Sarkar et al., 2006). An adsorbent
could be considered appropriate if it has good functional and economic viability for sustainable use in
groundwater defluoridation, especially in low-income nations. Such adsorbents could have some
characteristic features such as good adsorption performance, local availability in large quantities, good
mechanical resistance and high porosity, low investment cost, and being environmentally friendly
(Alemayehu & Lennartz, 2009; Geleta et al., 2021b).

Various materials have been studied for the uptake of fluoride from water such as; manganese-oxide-
coated alumina (Maliyekkal et al., 2000), laterite (Sarkar et al., 2007), granular ceramic (Chen et al.,
2010), La (IIT)-Al (II)-activated carbon modified by chemical route (Su et al., 2020), biomaterial
functionalized cerium nanocomposite (Nehra et al., 2020), Quaternized Palm Kernel Shell (QPKS)
(Abu Bakar et al., 2019), bone char and activated alumina (Kennedy & Arias-Paic, 2020), bone char
(Alkurdi et al., 2019), renewable biowaste (Rajkumar et al., 2019), MgFe>O4 —chitosan-CaAl
nanohybrid (Ghanbarian et al., 2020), carbon nanotube composite (Araga et al., 2019). However, many
of these are suffering from either time-taking synthesis procedures, high processing costs, availability
of raw materials, or short lifespan which makes them impractical to be applied in the rift valleys which
are essentially impacted by high fluoride concentrations in the water (Geleta et al., 2021b; Kumari et

al., 2021).

Activated alumina (AA) is the most suitable and widely used - considered the industry standard for
fluoride uptake from drinking water in developed countries. However, in most low-income countries,
it is both costly and scarce, and regeneration and disposal of the exhausted adsorbent are the major
problems (Maliyekkal et al., 2006). For sustainable defluoridation of drinking water, especially in low-
income nations, the quest for suitable fluoride adsorbents with a capacity to produce locally remains

critical.

This study aimed to investigate the use of natural and surface-modified adsorbents derived from
locally available volcanic rock materials (VPum and VSco) for the defluoridation of fluoride-laden
water using fixed-bed column systems. The rock samples were collected from volcanic cones of the
main Rift valley area of Ethiopia, around 50-100 km East of Addis Ababa. The rocks are indigenous
volcanic rocks of different chemical and mineralogical compositions. The rocks are representative of

the Ethiopian Rift valley, readily available in approximately 1/3 of the area of the country (Alemayehu
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etal.,2011; Aregu et al., 2018). The fluoride uptake capacities of the unmodified and surface-modified
adsorbents were investigated in small-scale laboratory column tests. Many characterization techniques
and well-known fixed-bed adsorption models were employed to analyze the physicochemical
characteristics and fluoride uptake properties/capacities of the natural and surface-modified adsorbents

and the mechanism of fluoride uptake.

1.7.  Hypothesis and Key Questions

It was hypothesized that complete adsorption of fluoride ions from fluoride-laden water by unmodified
and surface-modified adsorbents derived from volcanic rock materials to attain acceptable limits (<
1.5 mg/L, WHO guideline value) of fluoride ions in the drinking water is attainable under appropriate

experimental conditions.

The key research questions were:

(1) Could volcanic rock materials be employed for the defluoridation of drinking water?
(i) Can surface modification of volcanic rock materials improve both the adsorbent

characteristics and fluoride ions adsorption performance?

1.8. Research Objectives

The general research objective of this thesis was to investigate the use of natural and surface-modified
adsorbents derived from locally (Ethiopia) available volcanic rock materials (virgin pumice (VPum)
and virgin scoria (VSco)) for the defluoridation of fluoride-laden drinking water using fixed-bed

column systems. Specific objectives were formulated as follows:

(1) To investigate the use of locally available and easily accessible materials (Volcanic
rocks: VPum and VSco) as an adsorbent for sustainable defluoridation of drinking water.

(i)  To assess and compare the fluoride adsorption performance of surface-modified pumice
(Zr — Pu) and unmodified pumice (VPum) for viable removal of fluoride from drinking
water.

(i)  To investigate and compare the fluoride removal capacity of surface-modified scoria
(ZrOCSc) and unmodified one (VSco) for long-term drinking water defluoridation.

(iv)  Toinvestigate the effects of experimental conditions such as initial pH, adsorbent particle
sizes, and initial flow rate on the fluoride uptake behavior of the adsorbents.

(v) To characterize the physicochemical parameters of the adsorbents, including mineralogy,
surface morphology, functional group, specific surface area, thermal behavior, and

pHpzc.
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(vi)  To compare the adsorption characteristics of the adsorbents.
(vil) To fit experimental data to kinetic models to characterize fluoride uptake onto the

adsorbents.
1.9.  Experimental Setups and Conceptual Framework

The experiments in the present study were conducted in a laboratory-based setting. The diagram
(Figure 1.6) below depicts the general flow of the experiments, beginning with sample collection and

ending with discussions, conclusions, and recommendations.
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9 v,
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Figure 1.6 Experimental setups and conceptual framework

1.10. Structure of the Dissertation

This work is a cumulative dissertation with five chapters: three first-authored published articles in
peer-reviewed international journals (Geleta et al., 2021b, 2021c, 2022) that contain the findings of
various segments of the study, in addition to the introductory chapter (Chapter 1) and synthesis,

general outlook, limitations, and recommendations chapter (Chapter 5).
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After the introductory chapter (the current chapter), Chapter 2, focuses on the investigation of the
efficiency of volcanic rocks, virgin pumice (VPum) and virgin scoria (VSco), for fluoride uptake in
fixed-bed column adsorption experiments and modeling breakthroughs under different experimental
conditions. The adsorption properties of the two adsorbents (VPum and VSco) were also compared.

This chapter comprises the following publication;

Geleta, W. S.; Alemayehu, E.; Lennartz, B., 2021. Volcanic Rock Materials for Defluoridation of
Water in Fixed-Bed Column Systems. Molecules 26, 977. doi:10.3390/molecules26040977

Contribution W.S. Geleta: prepared the adsorbents, designed and conducted the adsorption

experiments, analyzed the data, and prepared the manuscript

The following two chapters (3 & 4) show the findings from laboratory investigations on the synthesis
of fluoride adsorbents for water defluoridation, which could have sustainable applicability in fluorotic
areas of underdeveloped countries, based on surface modifications of easily available volcanic rock

materials (VPum and VSco).

Thus, Chapter 3 focuses on the surface modification by the zirconium coating process using pumice
as a base and testing the efficiency of the synthesized adsorbent, zirconium—coated pumice (Zr-Pu)
for fluoride uptake in fixed-bed column adsorption systems and breakthrough curves modeling at
various experimental parameters. The adsorption characteristics of unmodified/virgin pumice (VPum)

and Zr — Pu were also compared. This chapter comprises the following publication;

Geleta, W. S.; Alemayehu, E.; Lennartz, B., 2021. Enhanced Defluoridation of Water Using
Zirconium-Coated Pumice in Fixed-Bed Adsorption Columns. Materials 14, 6145.
doi.org/10.3390/ma14206145

Contribution W.S. Geleta: prepared the adsorbents, designed and conducted the adsorption

experiments, analyzed the data, and prepared the manuscript

Chapter 4 similarly focuses on the surface modification by the zirconium oxide coating process using
scoria as a base and testing the efficiency of the synthesized adsorbent, zirconium—coated scoria
(ZrOCSc) for fluoride uptake in continuous flow-through fixed-bed column adsorption systems and
the modeling of breakthrough curves at different experimental conditions. The chapter also presents
the comparative analysis of the adsorption characteristics of unmodified/virgin scoria (VSco) and

ZrOCSc. This chapter comprises the following publication;
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Geleta, W.S.; Alemayehu, E.; Lennartz, B., 2022. Fixed-Bed Adsorption: Comparisons of Virgin and
Zirconium Oxide-Coated Scoria for the Removal of Fluoride from Water. Molecules 27, 2527.

do1:10.3390/molecules27082527

Contribution W.S. Geleta: prepared the adsorbents, designed and conducted the adsorption

experiments, analyzed the data, and prepared the manuscript
And at the last,

Chapter 5 presents the synthesis, general outlook, limitations, and recommendations for further study.
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Abstract: Consumption of drinking water with a high concentration of fluoride (>1.5 mg/L) causes detrimental
health problems and is a challenging issue in various regions around the globe. In this study, a continuous fixed-
bed column adsorption system was employed for the defluoridation of water using volcanic rocks: virgin
pumice (VPum) and virgin scoria (VSco), as adsorbents. The XRD, SEM, FTIR, BET, XRF, ICP-OES, and pH
Point of Zero Charges (pHrzc) analyses were performed for both adsorbents to elucidate the adsorption
mechanisms and the suitability for fluoride removal. The effects of particle size of adsorbents, solution pH, and
flow rate on the adsorption performance of the column were assessed at room temperature, constant initial
concentration, and bed depth. The maximum removal capacity of 110 mg/kg for VPum and 22 mg/kg for VSco
were achieved at particle sizes of 0.075-0.425 mm and <0.075 mm, respectively, at a low solution pH (2.00)
and flow rate (1.25 mL/min). The fluoride breakthrough occurred late and the treated water volume was higher
at a low pH and flow rate for both adsorbents. The Thomas and Adams—Bohart models were utilized and fitted
well with the experimental kinetic data and the entire breakthrough curves for both adsorbents. Overall, the
results revealed that the developed column is effective in handling water containing excess fluoride. Additional
testing of the adsorbents including regeneration options is, however, required to confirm that the defluoridation

of groundwater employing volcanic rocks is a safe and sustainable method.

Keywords: adsorption; breakthrough curve; defluoridation; up-flow mode; volcanic rocks
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2.1. Introduction

Credible evidence from scientific literature substantiates both the beneficial and detrimental effects of
fluoride on human health with only a narrow range between intake associated with these effects
(Kumari et al., 2020, 2021). Consumptions of fluoride in low concentrations (<1.0 mg/L) are an
essential micronutrient for the healthy development of bone and dental enamel (Ye et al., 2018);
however, it leads to the development of fluorosis if it is consumed beyond the permissible limit (>1.5

mg/L) (WHO, 2011).

In many parts of the world, groundwater sources are the single largest supply of drinking water. For
many rift communities, it may be the only economically viable option for drinking water. In the
Ethiopian rift valley, about 40% of deep and shallow wells are contaminated with up to 26 mg/L of
fluoride (Fufa et al., 2013; Rango et al., 2017). The weathering of primary rocks and leaching of
fluoride-containing minerals in soils yield fluoride-rich groundwater in the Ethiopian Rift, which is
generally associated with a low calcium content and high bicarbonate concentrations (Demelash et al.,

2019; Rango et al., 2010).

Globally, more than 200 million people, including Ethiopia, rely on groundwater with a fluoride
concentration above the permissible level (Cai et al., 2016; WHO, 2011; Ye et al., 2018). According
to the Central Statistical Agency of Ethiopia report (CSAE, 2017), 3.8% of the population is affected
by high-level fluoride concentrations (>1.5 mg/L) in groundwater, which is used for drinking
purposes. In general, fluorosis turns out to be the most widespread geochemical-based disease in the
East African rift, affecting more than 80 million people (Kut et al., 2016; Mohan et al., 2016; Shen &
Schifer, 2015; Smedley et al., 2002). Thus, due to the health effect of high fluoride in groundwater, it

is essential to reduce excess fluoride concentrations to the allowable limit (<1.5 mg/L).

So far, various technologies such as coagulation/precipitation, electro-coagulation, membrane
separations, ion exchange, and adsorption had been attempted for efficient defluoridation of
groundwater (Araga et al., 2019; Gill et al., 2014; Manna et al., 2018; Waghmare & Arfin, 2015).
Some of the shortfalls of these techniques include expensiveness, fouling issues, regular maintenance,
and complicated operational procedures. In comparison to the techniques mentioned above, the
adsorption methodology is still one of the most widely applied methods, taking the lead in high
removal efficiency, cost-effectiveness, ease of operation, simplicity of design, and availability of large

varieties of adsorbents (Liu et al., 2018; Yadav et al., 2018).

Various adsorbents have been investigated and reported for the removal of excess fluoride from water
in an effective manner. Some of the widely employed adsorbents are La (III)-Al (I1I)-activated carbon
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modified by chemical route (Su et al., 2020), biomaterial functionalized cerium nanocomposite (Nehra
et al., 2020), Quaternized Palm Kernel Shell (QPKS) (Abu Bakar et al., 2019), bone char and activated
alumina (Kennedy & Arias-Paic, 2020), bone char (Alkurdi et al., 2019), renewable biowaste
(Rajkumar et al., 2019), MgFe>Os—chitosan—CaAl nanohybrid (Ghanbarian et al., 2020), carbon
nanotube composite (Araga et al., 2019), Neem Oil-Phenolic Resin Treated Bio-sorbent (Manna et al.,
2018), etc. However, many of these suffer from either time-consuming synthesis procedures, high
processing costs, availability of raw materials, or short lifespan, which makes them impractical to be
applied in the rift valleys that are essentially impacted by high fluoride concentration in water (Kumari
et al., 2021). Consequently, efforts have been made to obtain easily accessible and long-lasting, low-
cost, and efficient adsorbents that may be applied for the purification of water in low-income countries

such as Ethiopia.

In recent years, volcanic rocks (VPum and VSco) have received significant interest for pollutant
removal due to their valuable properties such as high surface area, low cost, easy accessibility, good
mechanical resistance, and availability in large quantities (Alemayehu & Lennartz, 2009). The source
of these rocks is volcanic magma that formed during volcanic eruptions. Pumice (VPum) is a finely
porous rock frothy with air bubbles; Scoria (VSco) is a rough rock that seems like a furnace slag
(Alemayehu & Lennartz, 2009). VPum is often formed from rhyolite magma (Alemayehu & Lennartz,
2009), it can also develop from trachytic or dacitic magma. Due to its high porosity and low specific
gravity, it has been used for water and wastewater treatment processes (Aregu et al., 2018). VSco is a
vesicular pyroclastic rock with basaltic compositions, reddish-brown to black, denser than VPum, and
somewhat porous with high surface area and strength. Both volcanic rocks are found in abundance in
Europe (Italy, etc.), Central America, Southeast Asia (Indonesia, etc.), and East Africa (Ethiopia,
Eritrea, etc.) (Alemayehu & Lennartz, 2009; Aregu et al., 2018). Although several studies have been
conducted on the application of volcanic rocks for pollutants-laden wastewaters (Alemayehu &
Lennartz, 2009; Aregu et al., 2018; Asere et al., 2017a; Asere et al., 2017b), very little research has

been directed to the defluoridation of groundwater using volcanic rocks.

Previously, defluoridation research has been conducted on batch experiments using natural adsorbents
(Birhane et al., 2014; Fufa et al., 2013). The sorption capacity of adsorbents gained from batch
equilibrium is valuable in giving basic information about the effectiveness of the adsorbents.
Nevertheless, the data obtained from batch studies may not be appropriate for continuous processes
where the contact time for the achievement of equilibrium might be insufficient (Viswanathan &
Meenakshi, 2010). Consequently, studies by different authors (Monash & Pugazhenthi, 2010; Patel,
2019; US EPA, 1983) reveal that the continuous processes mode (fixed-bed column set-up) yields
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reliable information about the breakthrough time, appropriate adsorption conditions, and the stability
of the adsorption performance which can then be used to evaluate the potential of prepared adsorbents
for industrial applications (Kumari et al., 2021). Therefore, there is an interest to conduct adsorption

studies in a flow-through system.

The primary objectives of the current work were to (i) investigate the fluoride sorption capacity of
VPum and VSco in a fixed-bed column set-up, (ii) compare the adsorption properties of both
adsorbents with each other, (iii) assess the fluoride adsorption mechanisms with respect to varying
solution pH, adsorbent particle size, and flow rate, (iv) deeper analyze the adsorption processes
employing mathematical models such as the Adams—Bohart and Thomas model, and (v) finally verify
the suitability of the models for the design of flow-through systems for the removal of fluoride from

aqueous solutions.

2.2. Materials and Methods
2.2.1. Materials

In this study, rock samples were collected from volcanic cones (VPum: 8°10' N 39°50" E; VSco: 833’
N 39°16’ E) of the Main Rift Valley area of Oromia Regional State, East Showa Zone, Ethiopia, around
50-100 km East of Addis Ababa. The rocks are readily available in approximately 1/3 of the country’s
total area and are, thus, a preferred adsorption material because of very low supply costs (Alemayehu

etal., 2011, 2017; Aregu et al., 2018).

2.2.2. Preparations of Adsorbents

The rock samples (VPum and VSco) were washed repeatedly with deionized water until all water-
soluble compounds and dust were removed, and thereafter dried at 55 °C for 48 h (Asere et al., 2017b;
Kwon et al., 2010). After cooling samples down to room temperature, they were crushed with a mortar
and sieved using different mesh sizes: silt (<0.075 mm), fine sand (0.075-0.425 mm), and medium
sand (0.425-2.00 mm) (Alemayehu & Lennartz, 2009; Liu & Evett, 2003). All prepared samples were
packed in air-tight plastic bags and stored at a cool and dry place for further use

2.2.3. Preparations of Adsorbate

All glassware and bottles were thoroughly washed and rinsed with deionized water before usage. The
chemicals used were analytical grade reagents and a fluoride stock solution (1000 mg/L) was prepared
freshly by dissolving 2.21 g of anhydrous NaF (Merck KGaA, Darmstadt, Germany) in 1000 mL of
deionized water. The synthetic fluoride solution of desired concentrations was made by diluting the

stock solution. 0.1M of NaOH and/or 0.1 M HCI solutions were used to adjust the pH values of the
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fluoride solution utilized in the column experimental experiments.

2.2.4. Adsorbent Characterizations
2.24.1.  Crystalline Structures

The crystalline structures of the adsorbents were analyzed by an X-ray diffractometer (XRD-7000,
Drawell, Shanghai, China) with Cu Ka as a radiation source (1.54056 A) generated at 30 kV and 25

mA instrument. The diffractograms were gained with a step width of 20 and a scan rate of 0.04°/min.

2.2.4.2.  Chemical Composition

The elemental composition of the adsorbents was analyzed using inductively coupled plasma-optical
emission spectroscopy (ICP-OES). X-ray fluorescence (XRF) spectroscopy was used to obtain

information on the oxide contents of the adsorbents.

2.2.43.  Fourier Transform Infrared (FTIR) Analysis

FTIR spectra of the samples were run on KBr pellets. The spectra were recorded over a range of 5000

1

to 400 cm™! at a resolution of 0.1 cm™! in a PerkinElmer spectrometer (UNSW Sydney, Australia)

using a lithium tantalite (LiTaO3) detector.

2.2.4.4.  Scanning Electron Microscope (SEM) Analysis

A scanning electron microscope (SEM) (JCM-6000plus, Version 0.2, Peabody, Massachusetts, USA),
operated at 15 kV, was used to determine the morphologies of VPum and VSco. The characteristics

of the adsorbents were compared.

2.2.4.5. Determination of pH and Point of Zero Charges (pHpzc)

The pH of the adsorbents was determined using a pH meter in a 1:10 adsorbent/water ratio as per the
standard method (Fufa et al., 2013). The pH at the point of zero charges (pHpzc) of the adsorbents was
examined based on the standard method. For this effect, 250 mL of 0.01 M NaCl solution as an
electrolyte was positioned in a vessel, thermostated at 298 K, and N> was bubbled through the solution
to stabilize the pH by preventing the dissolving of CO> from the air. In 6 Erlenmeyer flasks, 25 mL of
the electrolyte was introduced and the pH was adjusted to the required value (2.00, 4.00, 6.00, 8.00,
10.00, and 12.00) by adding 0.1 M NaOH or 0.1 M HCI. The same procedure and method were
performed for blank electrolyte solution (0.01 M NaCl). In each beaker, 0.25 g of the rock samples
were added and shaken for 48 h. The suspension was subsequently filtrated and the final pH was
determined. The point of zero charges (pHpzc) was found at the intersection point by plotting the initial

pH versus the final pH.
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2.2.4.6. BET Analysis

The specific surface area (Szer) of the adsorbents was measured using a nitrogen gas adsorption-
desorption technique at 77 K using surface analyzer equipment (Micrometrics/Gemini-2372). The
samples were degassed at 300 °C under vacuum for at least 6 h before analysis. The Brunauer-Emmett-
Teller (BET) equation was used to obtain a specific surface area (Szer). The Sper values of the two

adsorbents (VPum and VSco) are compared.

2.2.5. Column Adsorption Experimental Set-up and Procedures

Continuous fixed-bed column adsorption studies were carried out to assess the dynamic behavior of
fluoride removal by using VPum and VSco. Continuous flow adsorption experiments were conducted
in a small-scale cylindrical column of 8.1 cm internal diameter and 10 cm height with an empty bed
volume of 515 cm?. The column was filled with a weighted amount of adsorbent of different particle
sizes (silt: < 0.075 mm, fine sand: 0.075-0.425 mm, and medium sand: 0.425-2.00 mm). The same
particle size was used if controlling parameters such as pH and flow rate were tested. The bed was
conditioned with deionized water (pH: 7.00-7.30) for 12 h (overnight) to ensure a closely packed
adsorbent and to avoid the potential occurrence of voids, channeling, or cracking, which can

significantly affect the performance of the column.

A synthetic fluoride solution with a concentration of 10 mg/L was pumped to a packed bed column in
up-flow mode to avoid channeling caused by gravity. The influent volumetric flow rate varied between
experiments but was held constant in a given experiment using an adjustable peristaltic pump (MS-
REGLO, Labortechnik-Analytic, Switzerland). The experiments were conducted at room temperature
(25 £ 2 °C). The effluent column sample was collected using an automatic fraction collector (RFI,
MA-RON GmbH, Germany). The constant flow rate was verified by collecting and quantifying the
effluent solution at regular time intervals. The column operation was stopped when the concentrations
of the fluoride in the effluent exceeded 90% of its initial concentrations. lon chromatography (930
Compact IC Flex, Metrohm, Switzerland) was used to quantify fluoride concentrations. The
instrument uses 3.2 mmol/L Na,CO3/1.0 mmol/L NaHCO3 as eluent, Metrosep A Supp 5-150/4.0
column, and a standard conductivity detector to measure the conductivity of the effluent solutions.
The fluoride concentration was measured in the calibration range of 0.2-200 mg/L, containing inline
dilution, inline dialysis, eluent degasser, CO> suppressor, and chemical suppressor. Suppression in IC
maximizes the detection sensitivity of fluoride ions while reducing the background conductivity of the

eluent.

The maximum tolerable breakthrough concentration (Cp) was 1.5 mg/L (15% of the influent initial
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concentration of 10 mg/L), which is recommended by WHO (WHO, 2011) as a maximum acceptable

level for drinking water.

The effect of experimental parameters such as particles size (silt: <0.075 mm, fine sand: 0.075-0.425
mm, and medium sand: 0.075-0.425 mm), influent solution pH (2.00, 4.00, and 6.00), and influent
volumetric flow rate (1.25, 2.50, and 3.75 mL/min) on breakthrough behavior and amount of fluoride

removed were examined.

2.2.6. Modeling and Analysis of Fixed-Bed Column Data

A fixed-bed column adsorption performance is well described through the breakthrough curve concept
(Aksu et al., 2007). The time of solute breakthrough and the shape of the breakthrough curve are
important indicators for the operational adsorption processes; the breakthrough curve is directly linked
to the viability and economics of the adsorption process (Chen et al., 2015; Golie & Upadhyayula,
2016). The breakthrough patterns and according parameters are dependent on the operating conditions
of the fixed-bed column such as adsorbent particle size, influent flow rate, and pH of the influent
solution. Nevertheless, the pH value may not influence the breakthrough curve in a situation such as
when using strongly basic anion exchangers. The primary and significant attribute is the sorbent
selectivity to the pollutant, as well as the dynamic exchange capacity and full dynamic capacity of the
column (Gennaro et al., 2020). To investigate the performance of the column and to scale up, the
determination of breakthrough parameters is crucial. The breakthrough curves expressed in terms of
the ratio of effluent to influent adsorbate concentration (C¢/C,) as a function of time or effluent volume
for a given height of the bed reflect the absorbed fluoride from the solution. Time equivalent to
stoichiometric capacity (exhaustion time) and time equivalent to usable capacity (breakthrough time)

is shown in Equations (2.1) and (2.2), respectively (Golie & Upadhyayula, 2016; Yagub et al., 2015).

t=ttotal Ct
t, = f (1 - c_> dt 2.1)
t=0 o

tp Cb
ty = f (1 _ C—) dt 2.2)
t=0 (o]

where te is exhaustion time (min), ty is the breakthrough time (min) at which C;= Cy, (mg/L) (for the

present system, Cp= 1.5 mg/L).

The total value of fluoride adsorbed (qtotai: mg) from the column for a given feed concentration and
the flow rate was obtained from the area (A) under the breakthrough curve by integrating the adsorbed

fluoride concentration Cagq (Cad = Co—Ct) (mgL ") versus t (min) and can be obtained from Equation
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(2.3) (Chen et al., 2012; Paudyal et al., 2013).

QA Q t=ttotal

L= 2.3

where tiotal, and Q are the total flow time until saturation of the bed (min), and volumetric flow rate

(mL/min), respectively.

Equilibrium fluoride uptake (qe: mg kg™') (maximum capacity of the column) in the column is
calculated by Equation (2.4) as the total amount of fluoride adsorbed (qtotal) per kilogram of dry
adsorbent mass (m) at the end of the total flow time (Chen et al., 2012).

Qtotal

- (2.4)

Qeq=

The effluent volume (V.) and treated effluent volume or breakthrough volume (V) of the solution can

be found from Equations (2.5) and (2.6), respectively.
Ve = Qte (2.5)

Vp = Qty (2.6)

where V. is the total effluent volume at exhaustion time (mL), Vy is the total effluent volume at the
breakthrough time (mL), Q is the volumetric flow rate (mL/min), t. and t, are exhaustion and

breakthrough time (min), respectively.

The Mass Transfer Zone (MTZ) or unused bed length (Hung) can be obtained from Equation (2.7)
(Golie & Upadhyayula, 2016; Yagub et al., 2015).

t. — t
MTZ=HT(e b)

e

2.7)

where Hr is total bed height (cm), te (min) is exhaustion time, and ty is breakthrough time (min).

The Empty Bed Contact Time (EBCT), which measures the critical depth and the contact time between
the solid phase adsorbent and the liquid phase, can be obtained from Equation (2.8).

EBCT = -2 (2.8)
=3 .

where V3 is the volume of a fixed bed (mL) and Q is the flow rate (mL/min).

The bulk density (p»: gm.cm>), which measures the adsorbent compaction status, and the particle
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density (pp: gm.cm ) of the adsorbent can be obtained from Equations (2.9) and (2.10), respectively
(Worch, 2012).

Myq
Po = (2.9)
t
Mygs
Pp = 2.10
p Vt_ Vv ( )

where mags is the dry mass of adsorbent (mg), and V. is the bulk volume (cm®) which includes the
volume of adsorbent (Vp:cm®) and the pore space between the adsorbent particles or void volume

(Vy:iem?).
The void volume (Vy:cm?) of the adsorbent can be found from Equation (2.11) (Worch, 2012).

Woae — W,
v, — _sat  Tdry 2.11)
Pw

where wary.1s the weight of dry adsorbent (g), Wy, is the weight of saturated adsorbent (g), and Pw is

the density of water (g cm™).
The total porosity of the adsorbent (&b) can be obtained from Equation (2.12) (Worch, 2012).

Pp
gp =1—— (2.12)
Pp

The filter (superficial) velocity (Vi cm min™!) and effective (interstitial) velocity (Vi: cm min™!) can

be found from Equations (2.13) and (2.14), respectively (Worch, 2012).

(2.13)

vV, = (2.14)

where A is the cross-sectional area of the fixed-bed (cm?) and Q is the flow rate (cm’min!).
2.2.7. Fixed-Bed Column Breakthrough Curve Modeling

The successive operation of a small-scale column towards industrial applications can be well
elucidated with the help of some models. Various models have been reported for predicting the
breakthrough performance in fixed-bed adsorption (Mohan et al., 2017b; Salifu, 2017). In this study,
the two most important and widely used mathematical models, the Thomas model and the Adams—

Bohart model, have been applied to the column experimental data for describing the dynamic behavior
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of fluoride adsorption using VPum and VSco in a fixed-bed column filter.

2.2.7.1.  Thomas Model

The Thomas model (Thomas, 1944) is one of the most extensively employed kinetic models to predict
fixed-bed column performance. In addition to the prediction of the breakthrough curve for the effluent,
the model can be used to determine the maximum uptake of adsorbate and adsorption rate constant
(Thomas, 1944). The non-linear form of the Thomas model can be described as follows Equation

(2.15), (Singh et al., 2016).

C, 1

o 1+ exp [Kqu%— KTCOt]

(2.15)

@)

where C, (mg/L) is the initial solute concentration, C; (mg/L) is the solute concentration at the time, t,
Q (L/min) is the volumetric flow rate, qo (mg/kg) is the maximum solid-phase concentration of solute
(maximum column adsorption capacity), K is the Thomas rate constant (L/min mg), and m (kg) is the

packed dry mass of the adsorbent in a fixed-bed.

2.2.7.2.  Adams—Bohart model

The Adams—Bohart model (Bohart & Adams, 1920) was developed for the analysis of the dynamics
of fixed-bed based on the assumption that the adsorption rate is proportional to both the residual
adsorbent and adsorbate concentration. The nonlinear form of the Adams—Bohart model (Equation

(2.16)) (Chu, 2020), was used for the prediction of breakthrough curves and model parameters.

Ce 1

Co 1+exp [KABNO%— KapCot]

(2.16)

Where Kag (L/mg min) is the kinetic constant, v (mL/min) is the linear flow rate, Z (cm) is a column
bed depth, and No (mg/L) is the saturation concentration (adsorption capacity of the adsorbent per unit
volume of the bed), and time t (min) ranges from the start to fluoride breakthrough point. The linear

flow rate was determined by Equation (2.17).

v= (2.17)

Q
A

where Q (cm’/min) is the volumetric flow rate, and A (cm?) is the cross-sectional area of the bed

(Garcia-sanchez et al., 2013; Han et al., 2009; Quintelas et al., 2013).
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2.3.  Results and Discussions
2.3.1. Characterization of Adsorbents

2.3.1.1.  Crystalline Structures and Material Properties and Experimental Conditions

The crystalline phases of VPum and VSco were characterized using the X-ray diffraction (XRD)
instrumental technique. The mineralogical composition of the adsorbents was characterized by
matching the X-ray diffractogram (Figure 2.1a (VPum), b (VSco)) with the database of the X’ pert
HighScore Plus software package (Version: 2.2b (2.2.2)). The results showed that the main crystalline
phases in VSco were Silicon Oxide (SiO2), Albite low (Na(AlSi30g)), whereas Hematite (Fe>Os3) and
Silicon Oxide (Si0O2) and Albite high (Na(AlSi30g)) are the dominant components of VPum. The
presence of crystalline phases in VPum samples can be ascribed to the peaks at 20 = 24.9°, 27.6°,
27.7°,37.7°, 41.9°, 58.0°, 64.9°and 65.0°, while that of VSco sample appeared at 26 = 22.2°, 23.9°,
23.9°,23.9°,28.2°,30.0°, 33.9°, and 35.8°. The detected dome in both samples between 26 = 10° and
40° is an indication of amorphous material. The amorphous phase(s) present in the adsorbents was
estimated by the calibration method. This method makes use of the integrated counts associated with

the amorphous and crystalline fractions (Equation (2.18)) (Rowe & Brewer, 2018).

Cm (%) —l Cpa lxwo (2.18)
o) — I\~ ~ .
m Apa + Cpa

where Cn is the measured crystallinity, Cpa and Apa are the integrated peak areas for the crystalline
and amorphous components, respectively. The results revealed that the presence of the amorphous

phase (s) in VPum and VSco is 89% and 68%, respectively.

The greater fraction of amorphous phase(s) in VPum compared with VSco possibly origins from
simultaneous rapid cooling and depressurization of high-temperature volcano lava. The
depressurization produces bubbles by lowering the boiling point of the lava. The simultaneous cooling
then freezes the bubbles in the matrix of VPum. Due to rapid cooling, crystals do not have enough
time to grow. A similar observation has been reported from the XRD analysis of pumice in previous

studies (Li et al., 2010; Sepehr et al., 2014).
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Figure 2.1 XRD patterns for (a) virgin pumice (VPum) and (b) virgin scoria (VSco)
Additionally, the results of material properties and experimental conditions were summarized in Table

2.1 as shown below.

Table 2.1 Material properties and experimental conditions

Parameters Virgin scoria (VSco) Virgin pumice (VPum)

Particle size (mm) <0.075 0.075-0.425 0.425-2.00 <0.075 0.075-0.425  0.425-2.00
Mass of adsorbents, mags(gm) 737.90 763.90 680.50 376.40 265.90 186.40
Bulk density, p, (gm cm ) 1.43 1.48 1.32 0.73 0.52 0.36
Particle density, ps (gm cm>) 2.37 2.33 1.94 1.61 1.31 0.64
Void volume, V, (cm?) 203.70 187.20 164.70 281.10 311.80 222.30
Total porosity, € 0.40 0.36 0.32 0.55 0.61 0.43
Flow rate, Q (cm® min™!) 1.25 2.50 3.75 1.25 2.50 3.75
Empty Bed Contact Time, gcr
(min) 412.00 206.00 137.33 412.00 206.00 137.33
fgilflej)(s‘lperﬁ“al) velocity, Ve(em 5 0.05 0.07 0.02 0.05 0.07
Effectlyei 1(Interstltlal) velocity, Vi 0.06 013 0.23 0.05 0.08 017
(cm min )

2.3.1.2.  Chemical Composition

The chemical analysis revealed that the major elements in VPum and VSco, as determined by ICP-
OES (Table A2.1), are Si, Al, and Fe. Other elements were present in comparatively smaller quantities
or below the detection limit of the instrument. In our previous study (Alemayehu & Lennartz, 2009),
the XRF measurement (Table A2.1) indicated that the oxides of Si, Fe, and Al were the major

constituents of both VPum and VSco.

However, the chemical composition of the adsorbents might change in time due to weathering
processes. Consequently, representative samples have to be checked for possible changes induced due
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to weathering.

2.3.1.3.  Fourier Transform Infrared (FTIR) Analysis

The FTIR spectrums of VPum (Figure 2.2a) and VSco (Figure 2.2b) at wavelengths ranging from
4000 to 400 cm ™! are shown in Figure 2.2. Due to the symmetric stretching vibration of Si-O-Si, the
absorption band at ~1045.75 cm™! can be assigned to the characteristic peak of (SiO4)* groups in the
FTIR spectrum of VPum (Sepehr et al., 2014), whereas the band located at ~1011.5 in the FTIR
spectrum of VSco can be belongs to the asymmetric stretching vibration of T-O-Si, T = Si or Al
(Pirsaheb et al., 2018). In the FTIR spectrum of VPum, the peaks at ~781 and ~695.25 belong to
bending vibrations of Si-O-Si bond (Li et al., 2010), whereas the band shown in the FTIR spectrum of
VSco at ~759 is related to the stretching vibration of 6-fold coordinated Al(VI)-OH and 6-fold
coordinated AI(VI)-O (Djobo et al., 2014). The small peaks shown in the FTIR spectrum of VSco at
~572 and ~539.25 can be attributed to the symmetric stretching of Si-O-Si and Al-O-Si (Panias et al.,
2007; Pirsaheb et al., 2018), whereas the small band at ~465 belongs to bending vibrations of Si-O-
Si and O-Si-O (Panias et al., 2007). Certain peaks like the broadening peak at ~3602.5 cm™! in the
FTIR spectrum of VPum and sharper peak at ~2369.75 cm ! in the FTIR spectrum of VSco belong to
the asymmetric stretching vibration of -OH bond can be allocated to adsorbed water molecules,
whereas the peak at ~1645.75 cm™! in VPum can be allocated to the bending vibration of H-O-H bond
(Li et al., 2010; Panias et al., 2007; Sepehr et al., 2014). The most characteristic difference observed
between the FTIR spectrum of VPum and the FTIR spectra of VSco concerning the band is attributed
to the asymmetric stretching vibration of the -OH bond. This band that appeared as a broad band at
about ~3602.5 cm ™! in the FTIR spectrum of VPum becomes sharper and shifts to lower frequencies
(~2369.75 cm ') in the FTIR spectrum of VSco indicating that there is a high-water content in VPum
and could be correlated with less mechanical strength than VSco. Similar observations have been

reported for a different system (Panias et al., 2007).
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Figure 2.2 Fourier-transform infrared (FTIR) for (a) VPum and (b) VSco
2.3.1.4.  Scanning Electron Microscope (SEM) analysis

The VPum (Figure 2.3a) and VSco (Figure 2.3b) SEM micrographs allowed direct observation of the
surface morphology of the adsorbents with a magnification of x100. The structure of VPum showed
that the surface of VPum had an interconnected porous surface (Asgari et al., 2012; Li et al., 2010),
while VSco had an irregular shape and fibrous cavities (or pores). In addition, it may be said that these
pores in VSco were either closed or in open forms (pores) (Moradi et al., 2015). As seen from the
micrographs of the adsorbents, VPum had an interconnected inner porous surface (as indicated in
Figure 2.3a, red-colored), while VSco (Figure 2.3b) is dominated by the dead-end pores.
Consequently, the interconnected internal pore structure in VPum allows for better fluoride

accessibility and, hence, better adsorption capacity than VSco.

High-vac. SED PC-std. 15kV 02/10/2020

Figure 2.3 SEM micrographs for (a) VPum and (b) VSco
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2.3.1.5.  pH and Point of Zero Charges (pHpzc)

The pH of the rock samples in water was found to be 6.65 and 7.20 for VPum and VSco, respectively.
The point of zero charges (pHrzc) of the adsorbents was identified as 6.85 for VPum and 6.98 for
VSco at the intersection of the graph of the initial pH vs. the final pH (Figure 2.4). The slight difference
observed in the adsorbents pHy.c is related to their different characteristics. As can be seen from Table
A2.1, the two volcanic rocks (VPum and VSco) have different chemical compositions, which also
influence the surface charge of the adsorbents. This is in agreement with previous studies (Asere et
al., 2017b; Souza et al., 2012), showing the effect of chemical composition on the zeta potential of
different materials. Below these values (pH < 6.85 for VPum and < 6.98 for VSco), the surface of the
adsorbents is positively charged. Thus, if the pH < pHpzc, fluoride could possibly be adsorbed onto
the surface of the adsorbents by coulombic attraction (Ayoob & Gupta, 2009; Fufa et al., 2013; Salifu
et al., 2013). In addition, the curve for the blank experiment (for blank electrolyte solution 0.01 M
NaCl) of both adsorbents is shown in Figure 2.4. As seen from the blank curve (Figure 2.4), a pH
change without adding the adsorbents was obtained, which confirmed that sorbent dosing is not the

only factor to fluctuates the pH of the solution.
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Figure 2.4 Determination of pH point of zero charges (pHpzc) for (a) VPum and (b) VSco

2.3.2. Effect of Adsorbents Particle Size
The effect of the particles size on the breakthrough behavior of fluoride was investigated for both
VSco and VPum with grain size classes of silt to medium sand (< 0.075, 0.075-0.425, 0.425-2.00
mm), while maintaining the same initial fluoride concentration (10 mg/L), bed depth (10cm), initial
flow rate (1.25 mL/min), as well as solution pH (2.00) (Figure 2.5a (VPum), b (VSco)). As seen from
Figure 2.5a (VPum) and b (VSco), on reducing the particle size from medium (0.425-2.00 mm) to silt
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(< 0.075 mm) the breakthrough and exhaustion time noticeably increased for VSco, while the
breakthrough and exhaustion time was high for VPum at a fine particle size (0.075-0.425 mm). The
resulting breakthrough and removal of fluoride parameters are tabulated in Table 2.2. As can also be
seen from Table 2.2, the amount of total adsorbed fluoride (qit) and the uptake of fluoride were high
at silt (< 0.075 mm) and fine (0.075-0425 mm) particle size for VSco and VPum, respectively. The
smaller particle sizes provide large surface areas and/or sorption sites are more readily available. The
results showed that the reduction of particle size of an adsorbent is a significant controlling factor in
the fluoride—VSco system (at a particle size of < 0.075 mm the fluoride uptake was high). A similar
effect was observed for VPum (at a particle size of 0.075-0.425 mm the fluoride sorption capacity
was high). However, the effect of particle size on the adsorption capacity is more pronounced for VSco
than VPum. That means the pore spaces are more readily available in VPum as compared to VSco,
showing that the pore space of VPum is a continuum (skeletal structure) while the pore space of VSco
is dominated by dead-end pores. This infers that VPum loses its internal porosity at the smallest
particle size (< 0.075 mm) since the continuum pore space (skeletal structure) is damaged when
compared to the fine particle size (0.075—0425 mm) and resulting in smaller internal pore surface
areas; consequently, the removal capacity of the adsorbent decreased. On the other hand, the pore
space is not readily available in VSco (i.e., the internal pore space of VSco is dominated by dead-end
pores). VSco at the smallest particle size (< 0.075 mm) is, therefore, expected to have a large surface
area, which leads to higher removal capacity compared to the fine particle size (0.075-0425 mm). A
similar observation was reported for both adsorbents based on a batch adsorption experiment
(Alemayehu & Lennartz, 2009), and a similar remark was also drawn for pumice in the previous study
(Lietal., 2010). Moreover, the BET specific surface area (Sger) of the adsorbents was determined. As
expected, VPum (3.50 m?%/g) has a larger surface area than VSco (2.49 m?/g). Thus, all experiments
other than the effect of particle sizes were conducted at a particle size of < 0.075 mm for VSco and

0.075-0.425 mm for VPum.

2.3.3. Effect of Influent pH

The influent solution’s pH can noticeably affect the anions sorption on the adsorbents by changing the
degree of ionization, the ion speciation, and the adsorbent’s surface charge. Therefore, the effect of
solution pH on the adsorption of fluoride using VPum and VSco was investigated at different pH (2.00,
4.00, and 6.00) by a separate set of fixed-bed adsorption columns. The breakthrough curves obtained
for both adsorbents are shown in Figure 2.6a, b for a fixed inlet flow rate of 1.25 mL/min, influent
fluoride concentration of 10 mg/L, column bed depth of 10 cm, and a particle size of < 0.075 mm for

VSco and 0.075-0.425 mm for VPum.
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Figure 2.5 Effect of particle sizes on the breakthrough behavior of fluoride in (a) VPum and (b) VSco at (pH
2.00; influent fluoride concentration 10 mg/L (Co: 10 mg/L); flow rate 1.25 mL/min (Qo: 1.25 mL/min; bed
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Table 2.2 Fixed-bed column parameters obtained for fluoride adsorption onto VPum and VSco

Co Qo

Particles size

ty

te

MTZ EBCT (qtot qe

VPum. H (cm) (mg/L) (mL/min) pH EPsizeg (min) (min) Vp(mL) Ve(mL) (cm) (min) (mg) (mg/kg)
mm
10 10 1.25 2.00 <0.075 816 1623 1019.64 2033.41 4.99 412 2028 59.6
10 10 1.25 2.00 0.075-0.425 1206 2339  1507.50 2923.70 4.84 412 29.24 1099
10 10 1.25 2.00 0.425-2.00 235 1013 293.23 1265.89 7.68 412 12,67 679
10 10 1.25 4.00 0.075-0.425 278 500 347.50 625 4.44 412 6.25 23.51
10 10 1.25 6.00 0.075-0.425 135 315 168.75 393.75  5.71 412 394 1481
10 10 2.50 2.00 0.075-0.425 215 634 538.47 1585.16 6.60 206 793 2938
10 10 3.75 2.00  0.075-0.425 75 359  282.69 1346.42  7.90 137 449  16.89
Co Qo Particles size tb te MTZ EBCT qtot qe
VSco H (cm) (mg/L) (mL/min) pH EPsizeg (min) (min) Vp(mL) Ve(mL) (cm) (min) (mg) (mg/kg)
mm
10 10 1.25 2.00 <0.075 415 1286  518.03 1607.60 6.77 412 16.08 22
10 10 1.25 2.00 0.075-0.425 199 760  248.99 849.80  7.38 412 9.50 12.4
10 10 1.25 2.00  0.425-2.00 231 591 288.17 739.12  6.10 412 7.39 10.9
10 10 1.25 4.00 <0.075 296 487 370  608.75  3.92 412 6.09 8.2
10 10 1.25 6.00 <0.075 227 393 283.75 49125 422 412 4091 6.7
10 10 2.50 2.00 <0.075 185 445 46295 1113.19 5.84 206  5.57 7.5
10 10 3.75 2.00 <0.075 69 249 256.82 931.87 7.24 137 3.10 4.2

t, = breakthrough time, t. = exhaustion time, Vy, = total effluent volume at a breakthrough time, Ve =
total effluent volume at exhaustion time MTZ = Mass Transfer Zone, EBCT = Empty Bed Contact
Time, qrotal = total amount of fluoride adsorbed from the column, qe = equilibrium fluoride uptake per

kg of adsorbent.

As can generally be observed from Figures 2.6a, b, the adsorption capacity of the adsorbents noticeably

increased with decreasing pH. As can also be seen from Table 2 (VPum and VSco), the total amount
of fluoride adsorbed (qtot) was high for VPum (29.24 mg) and 16.08 mg for VSco at lower pH of 2,
and the breakthrough time decreased from 1206 to 135 min for VPum and 415 to 227 min for VSco

with an increase in pH from 2 to 6. The volume of water treated at the breakthrough time was higher

at a pH of 2.00 (1507.5 mL for VPum and 518.03 mL for VSco) than 4.00 (347.5 mL for VPum and
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370 mL for VSco) and 6.00 (168.75 mL for VPum and 283.75 mL for VSco). This concludes the
occurrence of the breakthrough time was longer, the amount of fluoride adsorbed, and the treated water
volume was high for a pH of 2.00. As pH varies, surface charge also varies; the sorption of charged
species is affected. Therefore, the performance of adsorbents for better adsorption at low pH may be
the result of the presence of a large number of H ions at low pH values, and hence neutralize the
negatively charged adsorbent surface (Alemayehu et al., 2011), consequently dropping the
interference of the adsorption of fluoride. In addition, this reality can be elucidated based on the pH

value at the point of zero charges of the adsorbents (pHpzc = 6.85 (VPum) and 6.98 (VSco)).
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Figure 2.6 Effect of pH on the breakthrough behavior of fluoride in (a) VPum: 0.075-0.425 mm and (b)
VSco: <0.075 mm (Co: 10 mg/L; Qo: 1.25 mL/min; bed depth 10 cm)

Moreover, the decrease in the adsorption of fluoride at pH 4.00 and 6.00 could also be due to the
decrease in the number of H' or electrostatic repulsion of fluoride by negatively charged adsorbent

surface (Chen et al., 2011; Salifu et al., 2013).

Hence, the sorption of fluoride ions is due to an electrostatic phenomenon and surface complexation
that perform independently or together for the adsorption of fluoride ions on the adsorbents. The
removal mechanism at pH < pHpzc is presumably due to the columbic attraction of fluoride by positive
surface charges (Equation (2.19)) and/or ligand exchange reactions of fluoride with surface hydroxyl

groups (Equation (2.20)).
MOH} + F~ & MOH} — — —F~ (2.19)

MOH} + F~ o MF + H,0 (2.20)

where, M represents Fe, Al, Si, Ca, Mg, etc.
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In this study, an increment in the final pH (pH ~7.20) was observed after the completion of the
adsorption experiment, which is consistent with the columbic or ligand exchange type adsorption
mechanism shown in Equations (2.19) and (2.20) (Salifu et al., 2013). This can be further explained
by the capacity of the adsorbents to maintain a neutral pH after adsorption (Alemayehu & Lennartz,
2010; Fufa et al., 2013). The capacity to maintain neutral effluent solution pH could be from the
amphoteric nature of oxides in both adsorbents (Al>O3, Fe;O3, TiO», etc.) when compared with the
effect of basic metallic oxides (Table A2.1). This type of observation was reported for the removal of
pollutants in a previous study (Fufa et al., 2013). Furthermore, the elemental compositions of
exchangeable cations also play a critical role in fluoride uptake during defluoridation (Obijole et al.,
2019). There might be a slight increase in electro conductivities of the final solutions, which might
not influence the adsorption process (Sepehr et al., 2013a). However, additional testing of the effluent

solution for various compounds may be required to draw definite conclusions.

It is noted that the effect of pH on the adsorption capacity may be due to the shared impact of pH on
the nature of the adsorbent surface, the existence of the adsorbed pollutant (fluoride ion), and the added
acid and base to the working solution to adjust its pH. In this study, the optimum and effective removal
of fluoride takes place at a pH of 2.00; hence, all experiments other than the effect of pH were
conducted at a pH of 2.00 for both adsorbents.

2.3.4. Effect of Flow Rate

The effect of flow rate on the adsorption of fluoride using VPum and VSco was examined at the flow
rates of 1.25, 2.50, and 3.75 mL/min whereas the bed depth (10 cm), influent solution pH (2.00), initial
fluoride concentration (10 mg/L), and adsorbents particle size (< 0.075 mm (Vsco) and 0.075-0.425
mm (VPum)) were held constant. As indicated in Figure 2.7a (VPum) and b (VSco), the breakthrough
curves become steeper and shifted to the origin with an increasing flow rate while the breakthrough
time decreased. The use of a high flow rate decreases the contact time of fluoride in the solution with
the adsorbents, thereby allowing earlier breakthroughs to occur. Additionally, increasing the flow rate
from 1.25 to 3.75 mL/min decreased the volume of water treated from 1507.5 to 282.69 mL and 518.03
to 256.03 mL for VPum and VSco, respectively (Table 2.2).
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Figure 2.7 Effect of influent flow rate on the breakthrough behavior of fluoride in (a) VPum: 0.075-0.425
mm and (b) VSco: <0.075 mm (pH 2; Co: 10 mg/L; bed depth 10 cm)

This was further supported by Mass Transfer Zone (MTZ) (Table 2.2) which increased with increasing
flow rate. The total fluoride adsorbed (qtot) increased from 4.49 mg to 29.24 mg for VPum and from
3.10 mg to 16.08 mg for VSco (Table 2.2) as the flow rate decreased from 3.75 to 1.25 mL/min. This
results in the increase of the adsorption performance of the column from 17 to 110 mg/kg and 4.2 to
22 mg/kg for VPum and VSco, respectively (Table 2.2). The increase in sorption efficiency at a low
flow rate shows that the adsorbates have sufficient time to penetrate and diffuse deeply into the pores
of the adsorbents; hence, intraparticle mass transfer controls the sorption process. This was also
verified by MTZ (Table 2.2) or unused bed, which decreased with decreasing flow rate. In general, at
the lower flow rate, the contact time between the adsorbent and the fluoride was higher, resulting in
an increased breakthrough time and treated water volume for the continuous column adsorption
system. A similar type of observation was reported by various authors for fixed-bed column systems
(Aksu et al., 2007; Golie & Upadhyayula, 2016; Paudyal et al., 2013). In this study, the optimum and
effective removal of fluoride takes place at a flow rate of 1.25 mL/min; so, all experiments other than

the effect of flow rate were performed at a flow rate of 1.25 mL/min.

2.3.5. Application of the Thomas Model

The values of the Thomas model parameters, Kr and qo for both adsorbents shown in Table 2.3 for
different experimental parameters were found from the non-linear optimization techniques according
to Equation (2.15). The non-linear plots of the experimental (designated as exp.) and simulated
(designated as cal.) breakthrough curves based on the Thomas model for VPum (a) and VSco (b) at
different particle sizes (Figure A2.1), influent pH (Figure A2.2), and influent volumetric flow rate

(Figure A2.3) were provided in Supplementary Materials. The results of Kr, qo, and correlation
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coefficient (R?) are shown in Table 2.3 for VPum and VSco. From the results, it can be seen that the

values of R? range from 0.897 to 0.993 for VPum and 0.901 to 0.973 for VSco.

Table 2.3 Thomas model parameters for fluoride adsorption onto VPum and VSco

Kr

Co . 0(cal. e(exp.
VPum H (cm) (mg/L) (mL(/)min) pH  P,(mm) (L/(I;lil(l)ztl)ng) (rgg( /k:g) (r(rlné /ll;é) R?
10 10 1.25 2.00 <0.075 2.199 48.6 59.6 0.950
10 10 1.25 2.00 0.075-0.425 1.440 109.9 109.9 0.993
10 10 1.25 2.00 0.425-2.00 1.840 57.9 67.9 0.897
10 10 1.25 4.00 0.075-0.425 8.289 17.83 23.51 0.977
10 10 1.25 6.00 0.075-0.425 12.099 13.08 14.81 0.995
10 10 2.50 2.00 0.075-0.425 3.565 55.81 29.8 0.953
10 10 3.75 2.00 0.075-0.425 5 45.82 16.9 0.962
Co Q I-<T qO(cal.) qe(exp.) 2
VSco H (cm) (mg/L) (mL/min) pH  Psie(mm) (L/(I;lil(l).“l)ng) (mg/kg) (mg/ke) R
10 10 1.25 2.00 <0.075 1.23 19 22 0.901
10 10 1.25 2.00 0.075-0.425 2.213 13.4 12.4 0.931
10 10 1.25 2.00 0.425-2.00 3.310 10.1 10.9 0.956
10 10 1.25 4.00 <0.075 10.140 7.06 8.2 0.973
10 10 1.25 6.00 <0.075 15.520 5.42 6.7 0.965
10 10 2.50 2.00 <0.075 5.263 13.3 7.5 0.929
10 10 3.75 2.00 <0.075 7.220 11.2 4.2 0.944

The high values of R? indicate there were no significant disparities between the experimental data
points and calculated data by the Thomas model for all particle sizes, influent solution pH, and influent
volumetric flow rate. The observed differences between the experimental data and calculated data
from the Thomas model may be due to the characteristic attribute weakness in the model. The Thomas
model does not consider the external (film) and intra-particle diffusions in the adsorption system and,
therefore, proposes adsorbate—adsorbent surface reactions to control the adsorption rate, hence the
breakthrough. However, nearly all adsorption operations are typically not limited to surface reaction
kinetics but are also controlled by external and/or intra-particle diffusion (Ghorai & Pant, 2005; Salifu,
2017). Thus, the perceived disparities in this study indicate external and/or intra-particle mass transfer
may be the rate-controlling steps in fluoride adsorption in a fixed-bed column onto the adsorbents.
Similar observations were drawn with the kinetic study of fluoride under fixed-bed conditions onto
modified pumice (Salifu, 2017). As shown in Table 2.3, the value of the Thomas rate constant (Kr)
increased as the influent flow rate increased but the value of the maximum solid-phase concentration
(qo) decreased. A related type of investigation on Thomas constants for different systems was reported

by various authors (Han et al., 2007; Yagub et al., 2015).
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2.3.6. Application of the Adams—Bohart Model

The parameter values of the Adams—Bohart model, Kag and No, as depicted in Table 2.4 for Vpum

and VSco were similarly determined by non-linear regression analysis according to Equation (2.16).

Table 2.4 Adams—Bohart model parameters for fluoride adsorption onto VPum and VSco

Kas

VPum H(em) C,(mg/L) (mL(/)min) pH (II::;:) (L/(I:(lill(l).“l)ng) (mz;'L) R
10 10 1.25 2.00 <0.075 2.187 35.55 0.950
10 10 1.25 2.00 0.075-0.425 1.439 56.85 0.993
10 10 1.25 2.00 0.425-2.00 1.741 20.77 0911
10 10 1.25 4.00 0.075-0.425 8.289 9.22 0.995
10 10 1.25 6.00 0.075-0.425 12. 099 6.76 0.953
10 10 2.50 2.00 0.075-0.425 3.565 29.68 0.962
10 10 3.75 2.00 0.075-0.425 5.000 22.74 0.995
Q Psize I(-AB No 2
VSco H(em) C, (mg/L) (mL/min) pH (mm) (L/(I:(l;l(l)."l)ng) (mg/L) R
10 10 1.25 2.00 <0.075 1.233 27.27 0.886
10 10 1.25 2.00 0.075-0.425 2.213 17.68 0.886
10 10 1.25 2.00  0.425-2.00 3.310 13.41 0.956
10 10 1.25 4.00 <0.075 10.145 10.13 0.969
10 10 1.25 6.00 <0.075 15.518 7.77 0.980
10 10 2.50 2.00 <0.075 5.263 19.72 0.929
10 10 3.75 2.00 <0.075 7.221 15.36 0.944

From the results presented in Table 2.4, it can be realized that the values of R? range from 0.911 to
0.993 for Vpum and 0.886 to 0.969 for VSco. The high values of R* designate the applicability of the
Adams—Bohart model for describing the entire sorption mechanisms of fluoride onto VPum and VSco

under a continuous fixed-bed flow process.

In a similar fashion with the Thomas model, the comparison of the non-linear plots of the experimental
and calculated breakthrough curve, based on the Adams—Bohart model, are generally in good
agreement for VPum (a) and VSco (b) at different particle sizes (Figure A2.4), influent solution pH
(Figure A2.5), and influent flow rate (Figure A2.6) respectively. Only minor disparities were noticed
at lower pH (2.00) and particle sizes of 0.075-0.425 mm and < 0.075 mm for VPum and VSco,
respectively. As seen in Table 2.4, the values of the kinetic constants were affected by the influent
flow rate and increased with increasing flow rate. This presented that external mass transfer in the
entire fluoride adsorption mechanisms in the fixed-bed column dominates the overall system kinetics
(Quintelas et al., 2013; Salifu, 2017). In general, both the Adams—Bohart and the Thomas models
could predict very well the entire region of the breakthrough curves for the fluoride-VSco and fluoride-
VPum systems. In addition, both the Adams—Bohart model (Equation (2.16)) and the Thomas model
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(Equation (2.15)) are mathematically the same and, therefore, gave similar fit quality.

2.3.7. Comparison of Different Adsorbents on Fluoride Removal

A comparison has been made between volcanic rocks (VPum and VSco) used in this study and
previously reported adsorbents for fluoride removal in a fixed-bed column system. The results for

some adsorbents are presented in Table 2.5.

Table 2.5 Comparison of other adsorbents with VPum and VSco

. Adsorption
Surface .. . Adsorption .
Bed depth Fluoride in . capacity per
Adsorbents area 1 capacity References
(mg™) (cm) (mgL™) (mg F- g) surface zgea
(mg.m™)
Cement paste NA* 20 15 0.149 - (Kang et al., 2007)
aluminum
modified iron NA 10.5 4 0.139 - (Garcia-sanchez et al., 2013)
oxide
Acid-treated
bentonite (GHB) 24.5 28 2.85 0.169 0.0069 (Maetal., 2011)
MnO>-coated
Tamarind Fruit NA 6 2 0.883 - (Sivasankar et al., 2010)
Shell
kanuma mud 144.01 10 20 1.560 0.0108 (Chen et al., 2011)
A(C(Ejrvaaézdoi‘il;;a 250 10 5 0.74 0.0029 (Ghorai & Pant, 2004)
VPum 3.5 10 10 0.110 0.0314 This study
VSco 2.49 10 10 0.022 0.0088 This study

NA*: Not available.

As can be seen from these results in Table 2.5, the natural VPum used is comparable to cement paste
and aluminum-modified iron oxide in terms of defluoridation capacity. Values of adsorption capacity
per unit surface area are, however, higher for VPum than those of acid-treated bentonite (GHB),
kanuma mud, and activated alumina; and higher for VSco than acid-treated bentonite (GHB) and
activated alumina (Grade OA-25) (Table 2.5). Both adsorbents are available in abundance in all parts
of the world and are readily available in approximately 1/3 of Ethiopia’s total area and are, hence,
favored adsorption materials because of very low supply costs. The adsorbents used are primarily part
of the natural environment. However, to improve the specific surface area and hence the defluoridation

capacity, surface modification of the natural volcanic rocks may be appropriate.

2.4. Conclusions

In this study, the removal of fluoride from aqueous solutions was examined in a continuous fixed-bed
adsorption column system using VPum and VSco. The characterization investigations were performed
using XRD, SEM, FTIR, BET, XRF, and ICP-OES equipment to reveal the mechanisms of adsorption
and the suitability of the adsorbents for fluoride removal. The pHpzc is 6.98 for VSco and 6.85 for
VPum. The effects of process parameters such as adsorbent particle size, influent pH, and influent
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volumetric flow rate on the performance of the adsorption process in a column were evaluated. The
maximum removal capacity of 110 mg/kg for VPum and 22 mg/kg for VSco were achieved at a
particle size of 0.075-0.425 mm and < 0.075 mm, respectively, at a lower solution pH (2.00) and flow
rate (1.25 mL/min). The increase in adsorbent particle size, solution pH, and flow rate decreases the
breakthrough and saturation time of the column bed and, consequently, lowers the amount of fluoride
removal by VSco. The breakthrough and exhaustion time on VPum was high at a particle size of
0.075-0.425 mm, at lower solution pH and flow rate similar to that of VSco. Thus, in order to attain
optimum performance, suitable experimental parameters are significant for the operation of the
adsorption column. The Thomas and Adams—Bohart models were applied to the experimental data to
estimate the breakthrough curves and to determine fixed-bed column kinetic parameters. Both the
Adam—Bohart and the Thomas models could predict very well the entire region of the breakthrough
curves for the fluoride-VSco and fluoride-VPum system. The results show that VPum and VSco could
be used in a fixed-bed adsorption column for the removal of excess fluoride from water. The supply
cost of the two adsorbents is very low; nevertheless, an overall cost analysis of the purification system
is very important as it has implications for the feasibility (technical and economic) of the adsorption
method. Additional testing of the adsorbents including representative samples test for possible
compositional, mineralogical, and textural changes in time due to weathering, leaching test,
competitive ions effects, and regeneration options is required to confirm that the defluoridation of

groundwater employing volcanic rocks is a safe and sustainable method.

44
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Abstract: Millions of people across the globe suffer from health issues related to high fluoride levels in drinking
water. The purpose of this study was to test modified pumice as an adsorbent for the purification of fluoride-
containing waters. The adsorption of fluoride onto zirconium-coated pumice (Zr—Pu) adsorbent was examined
in fixed-bed adsorption columns. The coating of zirconium on the surface of VPum was revealed by X-ray
diffractometer (XRD), Inductively coupled plasma-optical emission spectroscopy (ICP-EOS), and X-ray
fluorescence (XRF) techniques. The degree of surface modification with the enhanced porosity of Zr—Pu was
evident from the recorded scanning electron microscope (SEM) micrographs. The Brunauer-Emmett-Teller
(BET) analysis confirmed the enhancement of the specific surface area of VPum after modification. The Fourier
transform infrared (FTIR) examinations of VPum and Zr—Pu before and after adsorption did not reveal any
significant spectrum changes. The pH drift method showed that VPum and Zr—Pu have positive charges at
pHPZC lower than 7.3 and 6.5, respectively. Zr—Pu yielded a higher adsorption capacity of 225 mg/kg (2.05
times the adsorption capacity of VPum: 110 mg/kg), at pH = 2 and volumetric flow rate (QO) of 1.25 mL/min.
Breakthrough time increases with decreasing pH and flow rate. The experimental adsorption data was well-
matched by the Thomas and Adams-Bohart models with correlation coefficients (R2) of > 0.980 (Zr—Pu) and >
0.897 (VPum), confirming that both models are suitable tools to design fixed-bed column systems using
volcanic rock materials. Overall, coating pumice with zirconium improved the defluoridation capacity of
pumice; hence, a Zr—Pu-packed fixed-bed can be applied for the defluoridation of excess fluoride from
groundwater. However, additional investigations on, for instance, the influences of competing ions are

advisable to draw explicit conclusions.

Keywords: adsorption; defluoridation; fluoride; VPum; Zirconium—coated pumice
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3.1. Introduction

Fluoride is among the many vital trace elements required in drinking water within the allowable range
(< 1.5 mg/L) (Fawell et al., 2006) for the normal growth of humans and animal bones. Nevertheless,
it is detrimental to bone development when ingested beyond the acceptable concentration limit (> 1.5
mg/L) (Tao et al., 2020). Excess fluoride hurts bones because of its high electronegative value,
enabling interrelations with calcium in bones. Hence, it causes dental fluorosis and/or skeletal fluorosis
(bone cancer) (Kumari et al., 2021). Alzheimer’s syndrome, arthritis, thyroid, etc., are additional

adverse consequences of excess fluoride in drinking water (Kumari et al., 2019).

In several places around the globe, groundwater is the principal and favored source of potable water,
as is the case for many communities in rural and urban areas in the African rift valley. However, over
200 million people around the globe, including East Africa, ingest groundwater with high fluoride
concentrations, which has a serious effect on people’s welfare (Geleta et al., 2021b; Zhang et al.,
2019). Fluorosis is the most prevalent geochemical disease in the East African Rift, affecting over 80
million people (Geleta et al., 2021b; Kut et al., 2016; Mohan et al., 2017a). Ethiopia is one of the East
African countries with a large community residing where excess fluoride is becoming a significant
concern, especially along the country’s central Rift (Rango et al., 2017; Zacek et al., 2015). The
dissolution of fluoride-containing minerals has intensified excessive fluoride in the Ethiopian Rift in
parent rocks and soils, which is usually linked to high bicarbonate and low calcium levels (Demelash
et al., 2019; Rango et al., 2010). Levels of fluoride in wells in Ethiopia’s Rift are typically up to ten
times higher than that of the WHO norm, putting millions of Ethiopians at risk of severe fluoride ion
toxicity (Rango et al., 2017; Tekle-Haimanot et al., 2006). Similar to Ethiopia, countries like India,
China, Pakistan, and others, deal with similar issues. Hence, excess fluoride in drinking water is among
the most pressing issues the world faces today; therefore, valuable and easy-to-apply techniques to

maintain fluoride concentrations within the allowable standard are urgently required.

Despite several fluoride removal methods, economic, procedural, and environmental disadvantages
restrict their wide usage in many parts of the world. Although reverse osmosis (Bejaoui et al., 2014;
Shen & Schifer, 2014), ultrafiltration (Liu & Liu, 2016), electrodialysis (Majewska-Nowak et al.,
2015), and ion exchange (Castel et al., 2000; Jamhour, 2005; Li et al., 2016) have good fluoride
removal efficiency and are fairly steady, their operating costs are prohibitively high for developing
countries like Ethiopia. The coagulation sedimentation methods (Gan et al., 2019; Huang et al., 2017,
Lopez-Guzman et al., 2019; Zhai et al., 2013) are simple to use, low cost and simple to apply;
nevertheless, the dosage is too high and cannot be regenerated, causing secondary pollution and
difficulty reducing fluoride to permissible levels. Adsorption using low-cost and locally available
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materials has been considered a highly efficient and well-accepted fluoride removal process by
researchers of recent decades (Banerjee, 2015; Chaudhary et al., 2019; Teng et al., 2009; Zhou et al.,
2019).

Adsorbent materials investigated for fluoride removal are numerous (Abu Bakar et al., 2019; Cai et
al., 2018; Chatterjee et al., 2018; Chaudhary et al., 2019; Ghanbarian et al., 2020; Raj & Raj, 2019;
Wan et al., 2019; Zhang et al., 2016). However, many of the materials suffer from either time-
consuming synthesis procedures, high manufacturing costs, scarcity of raw materials, or a short
lifetime, making them impractical to apply in remote regions of Africa. Subsequently, efforts have
been made to acquire readily available, long-lasting, inexpensive, and effective materials that can be
utilized to purify polluted water in low-income countries. Surface modification of locally available
materials to treat fluoride-laden water is also under review since this could have a capacity for cost

minimization and increasing sustainability.

Pumice (VPum) is among the most encouraging and low-priced naturally available materials that have
been broadly examined and applied for pollutant removal in water treatment (Aregu et al., 2018;
Asgarietal., 2012; Geleta et al., 2021b; Mekonnen et al., 202 1a). Owing to the release of gasses during
solidification, VPum has a light color and porous configuration. Good removal capabilities,
mechanical strength, and absence of toxicity are the major benefits of VPum over other natural or
synthetic adsorbents (Asgari et al., 2012). Many nations, including Spain, Greece, Turkey, Ethiopia,
and Eritrea, have plenty of pumice deposits (Aregu et al., 2018; Geleta et al., 2021b). From the
previous report, it is generally recognized that natural adsorbents modified with multivalent metal
cations, such as Fe’*, Mn*", and Zr*", may change the surface properties and the affinity of fluoride
(He et al., 2019). Among these, zirconium (Zr*") is paid more attention due to its non-toxicity, high
binding affinity with fluoride ions, and acceptable cost (Chaudhry et al., 2017; ZHOU et al., 2014).
Studies have found that surface-modified pumice might perform better as an adsorbent for water
contaminants (Dehghani et al., 2017; Geleta et al., 2021a; Sepehr et al., 2013b). Hence, research into

zirconium-based adsorbents with good performance should be considered.

With the above issues in mind, fixed-bed columns packed with zirconium (IV) oxychloride
octahydrate (ZrOCl».8H>0O) coated pumice (abbreviated as Zr—Pu hereafter), which was not previously
tested to treat fluoride-contaminated water, the objectives of the present study were to (1) compare the
defluoridation capacity of Zr—Pu and VPum in a fixed-bed column mode; (2) investigate the effect of
solution pH and flow rate on the fluoride adsorption process; and (3) describe and analyze the
adsorption processes employing well-known fixed-bed adsorption kinetic models such as the Thomas

and Adams-Bohart model.
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3.2. Materials and Methods

3.2.1. Adsorbent Preparations

3.2.1.1.  Natural Pumice

The natural pumice (VPum) used in this work was gathered from volcanic cones of the Main Rift
Valley area of Oromia Regional State, East Showa Zone, Ethiopia, around 50-100 km East of Addis
Ababa (Figure 3.1). VPum was repeatedly washed to eliminate possible attachments and other water-
soluble substances from its surface. The washed VPum was dried in an oven at a temperature of 70 °C
for 48 h, and subsequently, it was separated into four different mesh size fractions, as indicated in

(Geleta et al., 2021b; Liu & Evett, 2003).
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Figure 3.1 The geographical location of natural pumice (VPum) sample collections

In our very recent study (Geleta et al., 2021b), VPum with a fine particle size (0.075-0.425 mm)
revealed a good fluoride uptake performance compared to the other particle sizes. Hence, this fine

particle size was used for coating with zirconium.

3.2.1.2.  Coating of VPum with Zirconium

The coating of VPum with zirconium was performed using 0.1 M ZrOCl,.8H>O in accordance with
the methods applied by Salifu et al. (2013), in which pumice was coated with aluminum (hydr) oxide.
An adequate amount of ZrOCL.8H>O solution was added to completely soak the dried pumice in acid-
washed cylindrical polyethylene wide-mouth plastic bottles. The mixture was shaken with a horizontal

shaker (SM25, Edmund Biihler 7400 Tiibinger, Germany) at 200 rpm for 12 h. The zirconium-coated
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pumice (Zr—Pu) was decanted, dried in an electric oven at 70 °C for 48 h, and soaked in 2 M NH4OH.
The Zr—Pu was washed repeatedly with deionized water, dried at 70 °C for 48 h, and stored in a plastic

bag for subsequent experiment and characterization.

3.2.2. Chemicals and Reagents

All bottles and glassware were properly cleaned and rinsed with deionized water before use. All
chemicals and reagents used in the experiments were of analytical quality. Zirconium oxychloride (IV)
octahydrate (ZrOCl>.8H>0), ammonium hydroxide (NH4OH), sodium hydroxide (NaOH), and
hydrochloric acid (HCI) were purchased from Merck KGaA, Darmstadt, Germany. A 1000 mg/L
fluoride stock solution was made by dissolving 2.21 g of NaF in 1000 mL of deionized water and
stored at 4 °C in a refrigerator. The synthetic solution for fixed-bed adsorption experiments was
prepared by diluting the stock solution with deionized water to obtain the desired concentration. NaOH

(0.1 M) and/or HCI (0.1 M) solutions were added to adjust the pH values of the fluoride solution.

3.2.3. Adsorbent Characterizations
3.2.3.1.  Crystalline Structure

The crystalline structure of VPum and Zr—Pu before and after the adsorption experiment was
determined by an X-ray diffractometer (XRD-7000, Drawell, Shanghai, China) with Cu Ka as a
radiation source (1.54056 A) generated at 30 kV using a 25mA instrument. The diffractogram was
obtained with a step width of 26 and a scan rate of 0.01°/min. The mineralogical buildup of the
adsorbents was illustrated by contrasting the X-ray diffractogram with the database of the X’pert
HighScore Plus software package (Version: 2.2b 2.2.2).

3.2.3.2.  Chemical Composition

The inductively coupled plasma-optical emission spectroscopy (ICP-OES) was employed to examine
the elemental composition of the VPum and Zr—Pu. The oxide contents of VPum and Zr—Pu were

analyzed by X-ray fluorescence (XRF) spectroscopy.

3.2.3.3.  Fourier Transform Infrared (FT-IR) Analysis

The Fourier Transform Infrared (FT-IR) analysis was run on KBr pellets to learn about the different

lata

functional groups of the samples. The spectra were recorded over a range of 5000 to 400 cm™
resolution of 0.1 cm™! in a PerkinElmer spectrometer (UNSW Sydney, Australia) using a lithium

tantalite (LiTaO3) detector.

3.2.3.4.  Surface Area (Sger) and Pore-Size Distribution Analysis

The Brunauer-Emmett-Teller (BET) was used to analyze the surface area (Spzr) of the adsorbents.
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Barrett—Johner—Halenda (BJH) equation was used to determine the pore size distribution of the

adsorbents.

3.2.3.5.  Scanning Electron Microscope (SEM) Analysis

A scanning electron microscope (SEM) (JCM-6000plus, Version 0.2, JEOL Ltd., Peabody,
Massachusetts, USA), operated at 15 kV, was used to determine the morphologies of VPum, Zr—Pu

before and after adsorption.

3.2.3.6.  pH and Point of Zero Charges (pHpzc)

The pH of VPum, Zr—Pu before and after adsorption was determined using a pH meter in a 1:10
adsorbent/water ratio as per the standard method (Appel & Ma, 2002; Geleta et al., 2021b). The point
of zero charges (pHpzc) of the adsorbents was determined by the pH drift method (Geleta et al., 2021b;
Newcombe et al., 1993), using 0.01 M of NaCl solutions as an electrolyte and adding 0.1 M of NaOH

or HCI solutions.

3.2.3.7.  Surface Acidity/Basicity Analysis

Boehm’s titration method (Boehm, 1994) was used to determine the surface acidity/ basicity of VPum
and Zr—Pu. A dried adsorbent sample (0.1 g) was mixed with 50 mL of 0.05 M NaOH or 0.05 M HCl
under the N2 atmosphere. The samples were shaken for 2 h and then filtered to remove the adsorbent.
The excess base and acid were titrated with 0.05 M HCI and 0.05 M NaOH, respectively. The acidity
and basicity of the surface were determined assuming that HC1 and NaOH neutralize all basic groups

and acidic groups, respectively.

3.2.4. Fixed-Bed Column Adsorption Studies

The fluoride adsorption capacity of Zr—Pu for fluoride was evaluated by continuous up-flow column
systems, as indicated in (Geleta et al., 2021b). A small-scale cylindrical filter column with an inner
diameter of 8.1 cm and a height of 10 cm was used to conduct continuous up-flow adsorption
experiments. A weighted amount of Zr—Pu was packed uniformly with care into the column as a fixed-
bed absorber. One pore volume of deionized water was passed through the bed to avoid the potential
occurrence of voids, channeling, or cracking. The fluoride solution as influent was pumped into the
fixed-bed column in up-flow mode by a variable flow peristaltic pump (REGLO ICC, Ismatec, Cole-
Parmer Barrington, IL, USA). All experiments were performed at a temperature of 298 K. An
automatic fraction collector (RFI, MA-RON GmbH, Reichelt Chemietechnik GmbH + Co.,
Heidelberg, Germany) was used to collect effluent samples at the outlet of the column set-up. Ion

chromatography (930 Compact IC Flex, Metrohm, Herisau, Switzerland) was employed to measure
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the concentration of fluoride in the effluent samples. The desired breakthrough concentration (Cp) was
considered to be 1.5 mg/L (WHO, 2011). The exhaustion point was characterized as the point at which
the fluoride concentration in the effluent was equal to 90% of the fluoride concentration in the influent

(i.e., 0.9 C/Co).

The influence of experimental variables such as the pH of the feed solution (2, 4, and 6) and influent
volumetric flow rate (1.25, 2.50, and 3.75 mL/min) on the shape of the breakthrough curves and
amount of fluoride removed by Zr—Pu were tested at a constant fixed-bed column height of 10 cm and
an initial fluoride concentration of 10 mg/L. The defluoridation performance of Zr—Pu was compared
with the performance of VPum presented in our very recent study (Geleta et al., 2021b). The plots of

experimental breakthrough curves were displayed only for Zr—Pu.

3.2.5. Analysis of Column Data

The shape of the breakthrough curve is an essential feature for describing the adsorption capacity of
the adsorbent in a flow-through column. The breakthrough curves and breakthrough time (t») are the
characteristic features resulting from the adsorption dynamics and process design of the packed-bed
column. These two parameters have a significant effect on the feasibility and economics of the
adsorption process (Geleta et al., 2021b; Golie & Upadhyayula, 2016). The breakthrough parameters
are influenced by the experimental conditions of the experiment, such as the initial flow rate and pH
of the influent solution. The breakthrough curve is stated as the ratio of effluent to influent fluoride
concentrations (C¢/Co) as a function of time. The exhaustion or saturation time and the breakthrough

time are expressed by Equations (3.1) and (3.2), respectively.

t=ttotal Ct
t, = j (1 - c_> dt 3.1)
t=0 o

tp Ct
ty = J (1 - )dt (3.2)
t=0 (0]

where, te 1s the saturation time (min), and ty is the breakthrough time (min) at which C; = Cp (mg/L)

(for the current system, Cp = 1.5 mg/L).

The total amount of fluoride adsorbed (qiotai: mg) in the column for a given feed concentration (Cy),

and initial flow rate (Q) can be obtained from Equation (3.3) (Han et al., 2009).

QA  QxCp ft=ttota1(
t=0

o
Qrotal = 7500 ~ 1000 1 __) dt (3.3)

Co
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where Q (mL/min) is the volumetric flow rate, and ‘A’ is the area under the breakthrough curve.

The equilibrium fluoride uptake capacity (qe: mg kg™!) of the packed-bed column is determined by
dividing the total amount of fluoride adsorbed (qtota1) by the amount of dry mass of the adsorbent used

(m), Equation (3.4).

Qrotal  CoQt
Qeq = r(r)la = Om - (3.4)

The experimental uptake capacity or amount of fluoride removed at ty (q»: mg kg ') can be calculated

from Equation (3.5).

Coth
m

(3.5)

dv =

The volume of effluent (V.) and the volume of treated effluent or breakthrough volume (Vy) of solution

can be calculated from Equations (3.6) and (3.7), respectively.
Ve = Qte (3.6)
Vp = Qty (3.7)

where Ve is the total volume of the effluent until exhaustion/saturation time (mL) and Vy is the total

volume of the effluent until the breakthrough time (mL).

The Mass Transfer Zone (MTZ) or unused bed length (Hung) can be obtained from Equation (3.8)
(Futalan et al., 2020).

te — t
MTZ=HT<e b)

e

(3.8)

where Hr is total bed height (cm), t. (min) is exhaustion time, and tp is breakthrough time (min).
The Empty Bed Contact Time (EBCT) is defined as the time of contact between the adsorbent and the
adsorbate solution, which can be evaluated from Equation (3.9).

EBCT = -2 (3.9)
=3 _

where Vg (mL) and Q (mL/min) designate the bed volume and the influent flow rate, respectively.

3.2.6. Breakthrough Curve Modeling

Before upscaling the study to a manufacturing application, the column data should be validated with
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theoretical modeling. Different kinetic models have been tested for estimating the breakthrough
performance of fixed-bed column adsorption systems (Adeyi et al., 2020; Chittoo & Sutherland, 2020).
Besides, these kinetic models have been employed to evaluate the kinetic column parameters and
uptake capacity of the column. In this work, to describe the dynamic behavior of fluoride adsorption
using Zr—Pu in a fixed-bed column filter, the two most important and widely used mathematical
models, the Thomas model and the Adams-Bohart model, were applied to the experimental data. The
acquired model parameters for the defluoridation of water were compared with the Thomas model and
Adams-Bohart model parameters obtained for the defluoridation of water onto VPum from our recent

work (Geleta et al., 2021b).

3.2.6.1. Thomas Model

The Thomas model is among the most common and highly employed dynamic models in a fixed-bed
column performance operation. The model assumes that the process obeys Langmuir kinetics of
adsorption-desorption with no axial dispersion, and the driving force obeys second-order reversible

reaction kinetics (Thomas, 1944).

The Thomas model can be used to determine the maximum uptake of adsorbate and adsorption rate
constants for the continuous adsorption process (Thomas, 1944). The non-linear form of the Thomas

model is given by Equation (3.10).

o 1

G 1+ exp [Kqu % - KTCOt] (3.10)
where Kr is the Thomas rate constant (L/min mg), C, (mg/L) is the inlet or initial concentration, C;
(mg/L) is the effluent fluoride concentration at the time, t, Q (L/min) is the flow rate, qo (mg/kg) is the

equilibrium adsorbate uptake, and m (kg) is the amount of adsorbent (dry mass) in a fixed-bed.

3.2.6.2. Adams-Bohart Model

The Adams—Bohart model (Bohart & Adams, 1920) was developed to analyze the dynamics of fixed-
bed systems. It is based on the hypothesis that the adsorption rate is related to both the residual
adsorbent and adsorbate concentration. For the estimation of breakthrough curves and model
parameters, the non-linear form of the Adams—Bohart model (Equation (3.11)) (Chu, 2020) was
applied.

C, 1

CO 1+ exp [KABNO% — KABCOt]

(3.11)
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where Kag (L/mg. min) is the kinetic constant, v (mL/min) is the linear flow rate, Z (cm) is a column
bed depth, No (mg/L) is the saturation concentration, and time t (min) ranges from the start to
breakthrough points for fluoride. The linear flow rate (superficial velocity) was determined by
Equation (3.12).

v = (3.12)

Q
A

where A is the cross-sectional area of the fixed-bed (cm?), and Q is the volumetric flow rate (mL/min).

The root-mean-squared error (RMSE) (Equation (3.13)) was used to measure the differences between

the results predicted by the models and experimental data.

N

1
RMSE = NZ(predicted value — experimental value)? (3.13)
i=1

where N is the number of data points.
3.3.  Results and Discussions
3.3.1. Characterization of Adsorbents
3.3.1.1.  Crystalline Structure

The crystalline structure of VPum and Zr—Pu before and after adsorption was explored by X-ray
diffraction (XRD), as presented in Figure 3.2. The results showed that the dominant crystalline phases
of VPum are silicon oxide (Si0>), Albite, calcian, low ((Nao.75Cao.25) (Ali26 S12.740g)), and Anorthite,
Ordered (CaAl>Si20g). Lemoynite (NaxCaZr2Si10026(H20)), Baddeleyite (ZrO2), and Anorthite,
Ordered (CaAl2Si20s) are the main crystalline components of Zr—Pu before adsorption, while quartz
(Si02), Labradorite (NasCasAl;5Si250g), and Oxonium Zirconium Fluoride Hydrate
(ZrFsH30(H20)2) were the dominant components of Zr—Pu after adsorption. The existence of
crystalline phases in VPum (Figure 3.2a) can be deduced from the peaks at 26 = 13.88°, 25.32°,
28.12°, 31.83°, 35.30°, 42.34°, and 42.34°. The XRD patterns of Zr—Pu before adsorption (Figure
3.2b) showed peaks at 20 = 13.99°, 25.39°, 27.99°, and 30.38°; while the peaks at 26 = 13.96°, 25.22°,
27.94°, 30.19°, 42.36°, 57.53°, and 62.48° were observed for Zr—Pu after adsorption (Figure 3.2¢).
VPum (Figure 3.2a) had a main peak at 28.12° (26), which had the highest intensity corresponding to
Si0O2 (peak B). Zr—Pu before adsorption (Figure 3.2b) had a main peak at 20 =27.99°, corresponding
to ZrO (peak C) formed at the surface; while Zr—Pu after adsorption (Figure 3.2¢) had a major peak
at 27.95° (20), corresponding to Na sCasAl;5Si»5Osg (peak C). It is also worth noting that, in Figure
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3.2b, the peaks of lower intensity observed in VPum at 35.30°, 42.34°, and 42.34° were almost
undetectable in the XRD technique after the modification. This could be due to the growth of
zirconium oxide over the surface (Chaudhary et al., 2019). Furthermore, some small peaks were
detected after fluoride adsorption (Figure 3.2¢). This could be because of a slight change in the

structural framework of the adsorbent.
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Figure 3.2 XRD patterns for (a) VPum and Zirconium—coated pumice (Zr-Pu) (b) before and (¢) after
adsorption

3.3.1.2.  Chemical Composition
The chemical analysis revealed that the major elements in VPum were Si, Al, K, and Fe (Table 3.1).

Other elements were available in limited fractions or were below the instrument’s detection limit.

Through XRF measurement, the main components of VPum are oxides of Si, Fe, K, and Al. A previous

study has reported comparable values for natural pumice (Alemayehu & Lennartz, 2009).

The average amount of zirconium coated onto VPum was 3.9 % (wt). The XRF measurement
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designated that 8.9 % (wt) (Table 3.1) of zirconium oxide was coated on VPum, enabling it to enhance

its fluoride removal capacity.

Table 3.1 Elemental and oxide compositions of natural pumice (VPum) and Zr—Pu

Elemental Oxide Zr-Pu %

Content VPum % (wt) Zr-Pu % (wt) Content VPum% (wt) i)
Si 27.1 26.3 Si0; 68.9 63.7
Al 53 5.5 AlLOs 11.7 10.9
Fe 34 3.1 Fe;O; 6.7 54
K 3.8 3.4 K>0 5.5 43
Ca 0.3 0.4 CaO 1.1 0.2
Na 1.2 1.0 Na,O 1.9 2.1
Mg 0.1 0.1 MgO 0.1 -
Zn <0.1 <0.1 TiO» 0.2 -
Zr <0.1 3.9 710, - 8.9
Mn <0.1 <0.1 MnO 0.1 0.2
Cr <0.1 <0.1 ZnO 1.2 -
Cu <0.1 <0.1 NiO 1.1 2.2
Co <0.1 <0.1 CuO 1.6 1.7
Cd <0.1 <0.1 - - -
Ni <0.1 <0.1 - - -
Pb <0.1 <0.1 - - -
As <0.1 <0.1 - - -

3.3.1.3.  Fourier Transform Infrared (FTIR) Analysis

The FTIR spectrums of VPum, Zr—Pu before adsorption and after adsorption at wavelengths between
400 cm ! and 5000 cm ™! are shown in Figures 3.3a—c, respectively. Because of the Si-O-Si symmetric
stretching vibration, the absorption band at ~1033 cm™! can be attributed to the (SiO4)*~ groups. The
peaks at ~775.75 and ~723.75 cm™! belong to the stretching and bending vibrations of the Si-O groups.
Some peaks, like the broadening peak at ~3579.75 cm™! that belongs to the asymmetric stretching
vibration of the H-O bond, can be allocated to adsorbed water molecules, and the peak at ~1640.75
cm! can be allotted to the bending vibration of the H-O-H bond. In general, the IR spectrum of the
natural pumice, Zr—Pu, before and after adsorption appeared approximately similar and consistent with

those reported in previous studies (Li et al., 2010; Sepehr et al., 2014).
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Figure 3.3 Fourier—transform infrared (FT—IR) for (a) VPum; Zr—Pu (b) before and (¢) after adsorption
3.3.1.4.  Surface Area (Sger) and Pore-Size Distribution Analysis

The BET specific surface area (Sger) of VPum and Zr—Pu was 3.45 and 9.63 (m?%/g), respectively. It
was observed that coating with zirconium enhanced the specific surface area of VPum (Table 3.2). A
similar observation was made in the removal of pollutants using cerium-loaded pumice (Asere et al.,
2017a). Based on the BJH method, the calculated pore size distribution resulted in an average pore
size of 4.43 nm for VPum and 3.52 nm for Zr—Pu. This result showed that the adsorbents are a
mesopore material by the [UPAC classification. As can be observed from Table 3.2, the pore size of
VPum was changed after modification. The change in pore size reveals that zirconium oxide reached
the internal pore. The ionic radius of fluoride is 0.133 nm, which is much smaller than the average
pore size of VPum and Zr—Pu, confirming that the fluoride ions can easily penetrate the inner layers

of the adsorbents.

Table 3.2 Textural properties of VPum and Zr—Pu

Adsorbent Specific Surface Area (m?%/g) Average Pore Size (nm)
VPum 3.45 4.43
Zr—Pu 9.63 3.52

3.3.1.5.  Scanning Electron Microscope (SEM) Analysis

Scanning Electron Microscope analysis displayed the morphology of VPum and Zr—Pu before and
after adsorption (Figure 3.4a—c). Figure 3.4a shows that VPum had an irregular texture with a rough
surface and some pores. As seen from the SEM images of Zr—Pu before (Figure 3.4b) and after (Figure

3.4c) adsorption, the surface of the VPum was changed. The surface of Zr—Pu became dense, and
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channels/pores can be noticed. The dense surface was attributed to the exterior surface of VPum, which
was coated with zirconium. At the same time, the formation of pores originated from further removal
of water-soluble compounds and dust by washing it repeatedly with deionized water. The
improvements of the porous structure and adsorption for surface modification of pumice and salt
treatment of zeolite were reported by Sepehr et al. (2013b) and Liang and Ni (2009), respectively. As
seen from Zr-Pu’s micrographs after adsorption (Figure 3.4c), the pore morphology was altered,
which produced a large but limited number of heterogeneous channels. This could elucidate the slight
reduction in particle structure of VPum during modification and adsorption processes. Similar remarks

were also drawn in a previous study (Liang & Ni, 2009).
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Figure 3.4 SEM micrographs of (a) VPum; Zr— Pu (b) before and after (¢) adsorption.
3.3.1.6.  pH and Point of Zero Charges (pHpzc)
The pH in water and pHpzc of VPum were found to be 8.8 and 7.3, respectively. These pH values are

very close to values reported previously for VPum (Geleta et al., 2021b). The pH in water and pHpzc

for Zr—Pu were identified as 7.7 and 6.5, respectively. In the current study, both the pH in water and
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the pHpzc of Zr—Pu were found to be lower than that of VPum. A similar observation was reported for
chitosan-pumice blends (Asere et al., 2017b). The adsorbent’s surface charge was positive when the
pH of the solution was below pHpzc ((Zr)-Pu (6.5), VPum (7.3)). When the pH is lower than pHpzc,
fluoride can be adsorbed onto the surface of the adsorbents due to coulombic attraction (Ayoob &

Gupta, 2009; Geleta et al., 2021b).

3.3.1.7.  Surface Acidity/Basicity Analysis

The acid-base character of VPum and Zr—Pu was obtained from Boehm’s titration method. Acidity
values of 0.805 and 0.875 (mmol/g) and basicity of 0.305 and 0.325 (mmol/g) were obtained for VPum
and Zr—Pu, respectively. The notable observation is that VPum exhibits relatively lower acidity and

basicity characteristics than Zr—Pu.

3.3.2. Effect of Experimental Conditions on Fluoride Removal
3.3.2.1.  Initial Solution pH

The variation in defluoridation capacity of the adsorbents with respect to pH was evaluated at various
pH values (2, 4, and 6) by a separate set of fixed-bed adsorption columns. The fluoride breakthrough
curves obtained for Zr—Pu are presented in Figure 3.5 for a fixed inlet flow rate of 1.25 mL/min,
influent fluoride concentration of 10 mg/L, and column bed depth of 10 cm. Sharper and earlier

breakthrough curves emerged as the pH was raised from 2 to 6 (Figure 3.5).

The column adsorption parameters obtained for the uptake of fluoride onto Zr-Pu, and VPum are
presented in Table 3.3. Reduced mass transfer zone values were found at a low pH level (pH 2),
resulting in longer breakthrough and exhaustion times. Furthermore, a lower solution pH (pH 2)
improved column performances, increased treated water volume, improved defluoridation efficacy,
and enhanced adsorption capability at breakthrough and exhaustion time. The highest fluoride uptake
capacity was 225 mg/kg by Zr—Pu, whereas the fluoride uptake was 110 mg/kg by VPum. This showed
Zr—Pu removed 2.05 times fluoride compared to the VPum. The breakthrough capacity of Zr—Pu was
163 mg/kg (3.02 times that of VPum (54 mg/kg)). A breakthrough time of 3471 min for Zr—Pu and
1206 min for VPum; and an exhaustion time of 4781 min for Zr— Pu and 2339 min for VPum were
achieved at a pH of 2. Hence, VPum has the quickest time to breakthrough and exhaustion, while Zr—
Pu had the longest time to breakthrough and exhaustion and a better adsorption capacity. When the
initial pH values of the solution were greater than two, the fluoride removal rate for Zr—Pu, and VPum
decreased (Table 3.3). At pH values of four and six, the decrease in the fluoride uptake may be ascribed
to the decrease in the amount of H" or HF adsorption because of electrostatic attraction (Geleta et al.,

2021b; Shang et al., 2019). The higher uptake capacity at pH 2 could be attributed to the fact that the
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adsorbent surface has more positive charges at lower pH and electrostatically adsorbs fluoride ions
(Shang et al., 2019). Hence, the adsorption of fluoride ions was due to an electrostatic phenomenon
and surface complexation, which can occur alone or in combination with the fluoride ion’s uptake on
the adsorbents. In general, Zr-Pu, and VPum showed similar pH-dependent fluoride uptake
performances. However, a noticeable performance enhancement was seen due to the zirconium
coating, primarily because of the specific interaction between fluoride ions and zirconium (hydr)
oxide. A similar observation was made in the removal of pollutants using cerium-loaded volcanic

rocks (Asere et al., 2017a).
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Figure 3.5 Effect of solution pH on the breakthrough performance of fluoride onto Zr—Pu (initial fluoride
concentration 10 mg/L (Co: 10 mg/L); initial flow rate 1.25 mL/min (Qo: 1.25 mL/min); bed depth 10 cm)

The breakthrough time was longer, and the volume of treated water was high at pH 2 for Zr—Pu.

Accordingly, the pH of the solution was maintained at pH 2 in the subsequent experiment.

Table 3.3 Fixed-bed column parameters obtained for defluoridation by zirconium—coated pumice (Zr—Pu) and
on VPum (recent study) (Geleta et al., 2021b)

Co Qo EBCT t» te Vb Ve MTZ qp (tot Qe
P;ﬁg;i:ier pH Adsorbent
(mg/L) (mL/min) (min) (min) (min) (mL) (mL) (cm) (mg/kg) (mg) (mg/kg)
2 10 1.25 412 3471 4781 4338.94 5976.76 2.74 163.18 59.78 224.78
4 10 1.25 412 689 2058 861.25 2572.50 6.65 3239 25.73 96.75 Zr-Pu
Variation of pH 6 10 1.25 412 604 1469 755.00 1836.25 5.89 2839 1836 69.06
keeping Co and
Qo constant 2 10 1.25 412 1206 2339 1507.50 2923.70 4.84 5420 29.24 110.00
4 10 1.25 412 278 500 347.50 625.00 4.44 13.00 6.25 23.51 VPum
6 10 1.25 412 135 315 168.75 393.75 5.71 640 394 14381
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2 10 1.25 412 3471 4781 4338.94 5976.76 2.74 163.18 59.78 224.78

2 10 2.50 206 1807 1360 2717.50 3400.00 2.00 102.20 34.00 127.87 Zr-Pu
Variationof Qo 2 10 3.75 137 557 768 2088.75 2880.00 2.75 78.55 28.80 108.31
keeping pH and
Co constant 2 10 1.25 412 1206 2339 1507.50 2923.70 4.84 5420 29.24 110.00
2 10 2.50 206 215 634 53847 158516 6.60 2030 793 29.80  VPum
2 10 3.75 137 75 359 282.69 134642 790 7.10 449 16.89

t, = breakthrough time, t. = exhaustion time, V, = total effluent volume at a breakthrough time, V. = total effluent volume
at exhaustion time MTZ = Mass Transfer Zone, EBCT = Empty Bed Contact Time, q, = amount of fluoride removed at a
breakthrough time per kg of adsorbent, g1 = total amount of fluoride adsorbed from the column, q. = equilibrium fluoride
uptake per kg of the adsorbent.

3.3.2.2. Flow Rate

Figure 6 presents the effect of various flow rates (1.25, 2.50, and 3.75 mL/min) on the fluoride
breakthrough curves of Zr—Pu. When the flow rate increased from 1.25 to 3.75 mL/min, the
breakthrough curves became steeper and occurred earlier (Figure 3.6). The breakthrough data
displayed in Table 3.3 also confirmed that the flow rate rose from 1.25 to 3.75 mL/min resulted in the
reduction of breakthrough time from 3471 to 557 min for Zr—Pu and from 1206 to 75 min for VPum.
The exhaustion time also reduced from 4781 to 768 min and from 2339 to 359 min, Zr—Pu and VPum,
respectively. At higher flow rates (higher hydraulic loading), the solution residence period in the
column was shorter, hence less contact time between the adsorbate and adsorbent. The adsorbate ions
exited the column before the equilibrium adsorption was reached, resulting in limited fluoride ion
uptake. This assertion was backed up by MTZ (Table 3.3), which increases with increasing flow rate
but narrows the utilized fractional bed (Lin et al., 2017). Thus, the column’s maximum defluoridation
capacity (qe) decreased from 225 to 108 mg/kg for Zr—Pu and 110 to 17 mg/kg for VPum with the rise
in flow rate from 1.25 to 3.75 mL/min. Similarly, the defluoridation capacity at breakthrough time (qp)
was reduced from 163 to 79 mg/kg for Zr—Pu and 54 to 7 mg/kg for VPum as the flow rate increased
from 1.25 to 3.75 mL/min. The reduction in Empty Bed Contact Time (EBCT) values can also be
observed in Table 3.3. Similar observations were made in other studies (Abdolali et al., 2017; Zhang
et al., 2019). High flow rates reduced the contact time between the fluoride ions and the adsorbent
surface, less fluoride was adsorbed, and the overall adsorption performance decreased. Although the
influence of initial flow rate was similar for both Zr—Pu, and VPum, the zirconium coating resulted in

a generally enhanced uptake of fluoride.

The best column performance was seen at the lowest flow rate (1.25 mL/min); consequently, all

experiments except for the effect of flow rate were done at a flow rate of 1.25 mL/min.
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Figure 3.6 Effect of initial flow rate on the breakthrough performance of fluoride onto Zr—Pu (pH 2; Co: 10
mg/L; bed depth 10 cm)

Overall, the variation of column parameters, such as qe, qv, Ve, and Vy, obtained for fluoride removal
onto Zr-Pu and VPum at experimental parameters showed that Zr—Pu has more activity than VPum
towards fluoride (Table 3.3). The coating of natural pumice with zirconium could account for the

improved activity and, hence, adsorption capacity.

3.3.3. Application of the Thomas Model

The Thomas model (Equation (3.10)) was fitted non-linearly to the experimental data (designated as
exp.) for Zr—Pu at various initial pH values (Figure 3.7a) and initial flow rates (Figure 3.7b). For
VPum, the according figures are not shown in this study but were reported previously (Geleta et al.,
2021b). The Thomas model parameter values for the uptake of fluoride onto Zr—Pu, and VPum are
summarized in Table 3.4. The slope and intercept data were used to evaluate the values of Kt and qo
for Zr-Pu and VPum. As the flow rates increased, the values of Kr increased, while the values of qo
decreased, implying that the Empty Bed Contact Time (EBCT) decreased. A decrease in qo with
increased flow rates resulted from a reduced interaction time among fluoride ions and adsorption sites
(Ghosh et al., 2015; Ghosh et al., 2014b). As can be seen from Table 3.4, both adsorbents exhibited
good adsorption capacity at pH 2, where Kr has the lowest value with 1.110 (L/min.mg) (x10%) for
Zr-Pu and 1.44 (L/min.mg) (x10%) for VPum. The Kt value of Zr—Pu is smaller than that of VPum,
revealing that the diffusion mass transfer is greater for Zr—Pu than VPum (Sivasankar et al., 2010).
Nevertheless, the column adsorption capacity (qo) decreased from 226 to 64 (mg/kg) for Zr—Pu and
from 110 to 13 (mg/kg) for VPum as the pH value increased from 2 to 6 while the other conditions
were kept constant (Table 3.4). Overall, the Thomas model adequately represented the breakthrough
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data for defluoridation by both adsorbents at various experimental conditions as indicated by the R>
values (Zr—Pu: 0.980-0.995; and VPum: 0.953-0.995). The values obtained by the Thomas model

optimization confirmed that the zirconium coating enhanced the fluoride uptake capacity.

Table 3.4 Thomas model parameter values for defluoridation by Zr—Pu, and VPum (Geleta et al., 2021b)

Kr
C, Q _ . (O(cal.) (e(exp.)
P;‘iig‘i‘;‘” pH B‘I’fB]():lflt)h’ (L/min.mg) R® RMSE Adsorbent
(mg/L) (mL/min) (x10%) (mg/kg) (mg/kg)

2 10 1.25 10 1.110 226.31 22478  0.994 0.0034
Variation of 4 10 1.25 10 1.270 93.54 96.75 0.986 0.0112 Zr-Pu
pH keeping 6 10 1.25 10 1.870 64.00 69.06 0.980 0.0082

Co
2 10 1.25 10 1.440 110.00 110.00 0.993 0.0013
and Qo
constant 4 10 1.25 10 8.289 17.83 23.51 0.977 0.0079 VPum
6 10 1.25 10 12.099 13.08 14.81 0.995 0.0034
2 10 1.25 10 1.110 226.31 22478  0.994 0.0034
.. 2 10 2.50 10 5.100 130.33 127.87 0.993 0.0047 Zr-Pu
Variation of
. 2 10 3.75 10 10.000 78.07 108.31 0.992 0.0059
Qo keeping
pH and Co 2 10 1.25 10 1.440 110.00 110.00 0.993 0.0013
constant 2 10 2.50 10 3.563 58.81 2980  0.953 0.0167 VPum
2 10 3.75 10 5.000 45.82 16.90 0.962 0.0295
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Figure 3.7 Experimental (exp.) and simulated (cal.; Thomas model) breakthrough curves of fluoride for Zr—
Pu at different (a) pH values (Co: 10 mg/L; Qo: 1.25 mL/min; bed depth 10 cm) and (b) initial flow rates, Qo
(pH 2; Co: 10 mg/L; bed depth 10 cm)
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3.3.4. Application of the Adams-Bohart Model

The plots for experimental (designated as exp.) and simulated (designated as cal.) breakthrough data

based on the Adams-Bohart model are presented in Figure 3.8. Similar to the Thomas Model, the

graphical plots for experimental data and simulated data are not shown for VPum, which were

presented in our recent work (Geleta et al., 2021b). The optimized model parameter values such as

Kagp and No are summarized in Table 3.5. Like the Thomas model, it can also be possible to deduce

that the increase in Kag with increased flow rates or decreased EBCT decreases the values of No. A

decrease in No with increasing flow rates was attributed to EBCT reduction due to the direct proportion

of the adsorption capacity to the interaction time. Similar observations were reported in previous

studies (Ghosh et al., 2015; Sivasankar et al., 2010). Similar to the Thomas model, at pH 2, with a
lower Kag value (1.110 (L/min.mg) (x10%) for Zr-Pu and 2.568 (L/min.mg) (x10%) for VPum), both

materials showed good adsorption properties (Table 3.5).
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Figure 3.8 Experimental (exp.) and simulated (cal.; Adams-Bohart model) breakthrough curves of fluoride
for Zr—Pu at different (a) pH values (Co: 10 mg/L; Qo: 1.25 mL/min; bed depth 10 cm) and (b) Qo (pH 2; Co:

10 mg/L; bed depth 10 cm)

The lower value of Kag for Zr—Pu than VPum suggests that the mass transfer by diffusion within the

column packed with Zr—Pu was superior to VPum (Sivasankar et al., 2010). However, it is clear from

Table 3.5 that the values of No decreased from 117 to 33 mg/L for Zr-Pu and from 46 to 8 mg/L for

VPum as the pH value increased from 2 to 6, while the other conditions remained constant.

Table 3.5 Adams-Bohart model parameter values for defluoridation by Zr—Pu, and VPum (Geleta et al.,

2021b)
Parameter Cs Q Bed-Depth, Kas (L/min.mg) Noge) )
. R RMSE Adsorbent
Studied (mg/L) (mL/min)  Hs (cm) (x10% (mg/L)
Variation of pH 2 10 1.25 10 1.110 11698  0.996 0.0034 Zr-Pu
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keeping Co and 4 10 1.25 10 1.268 48.35 0.986 0.0112
Qo constant

6 10 1.25 10 1.874 33.08 0980  0.0082
2 10 1.25 10 2.568 4557  0.947  0.0013
4 10 1.25 10 7.772 11.03  0.980  0.0079 VPum
6 10 1.25 10 11.220 7.75 0.980  0.0034
2 10 1.25 10 1.110 11698 0.996  0.0034
2 10 2.50 10 5.063 6931 0993  0.0047 Zr—Pu
Variation of Qo 2 10 3.75 10 6.803 58.13 0992  0.0059
keeping pH and
Co constant 2 10 1.25 10 2.568 4557  0.947  0.0013
2 10 2.50 10 4813 30.03 0957  0.0167 VPum
2 10 3.75 10 6.251 26.83  0.896  0.0295

The values of R? range from 0.980 to 0.996 for Zr—Pu and 0.896 to 0.996 for VPum, indicating the
general applicability of the Adams-Bohart model for describing the experimental data (Table 3.5). The
Adams-Bohart model did a good job of depicting the adsorption process and defluoridation by Zr—Pu
and VPum packed fixed—beds at various experimental conditions. Similar to the Thomas model, the
optimized model parameter values confirmed that zirconium coating improved the fluoride uptake

capacity of VPum.

In general, the Thomas and Adams-Bohart models described the experimental data very well,
revealing that the models are suitable tools for designing fixed-bed column systems using VPum and

Zr—Pu.

3.3.5. Performance of various Adsorbents on Fluoride Uptake

The adsorbent (Zr—Pu) utilized in this work was compared to previously studied adsorbents for the

uptake of fluoride in a flow-through fixed-bed column system, as shown in Table 3.6.

Table 3.6 Fluoride adsorption capacity of various adsorbents

Adsorbents Bed(can)ight Fluo(rlililge LLf:l\)rel in Adsorption Capacity References
(mgg™)
Granular acid-treated bentonite 28 6.34 0.190 (Maetal., 2011)
Granular acid-treated bentonite 28 2.85 0.169 (Maetal., 2011)
MnO;-coated Tamarind Fruit Shell 6 2 0.883 (Sivasankar et al., 2010)
Aluminum modified iron oxide 10.5 4 0.139 (Garcia-sanchez et al., 2013)

65



Activated alumina (Grade OA-25) 10 5 0.74 (Ghorai & Pant, 2004)

Virgin Pumice (VPum) 10 10 0.110 (Geleta et al., 2021b)
Virgin Scoria (VSco) 10 10 0.022 (Geleta et al., 2021b)
Zr—Pu 10 10 0.225 This study

The fluoride uptake capacity of Zr—Pu used in this study is higher than those of granular acid-treated
bentonite, aluminum modified iron oxide, VPum, and VSco. Above all, the raw material (VPum) is
easily accessible and readily available, in contrast to some of the other substrates, confirming that Zr—

Pu could be a promising candidate for the uptake of excess fluoride from water.

3.4. Conclusions

In this study, the defluoridation performance of the Zr—Pu-packed fixed-bed column systems were
examined and compared with that of VPum. The XRD analysis showed that zirconium oxide was
coated on the surface of VPum. The enhancement of the specific surface area was confirmed by the
BET technique. The degree of surface modification with the improved porosity of Zr—Pu was evident
from the recorded SEM image. The ICP-OES and XRF analysis were conducted for VPum and Zr—Pu
to confirm the absence of harmful substances and to quantify the amount of zirconium coated onto the
VPum. Fluoride adsorption was influenced by pH and input flow rate. The highest uptake capacity of
fluoride by Zr-Pu was 225 mg/kg (2.05 times that of VPum: 110 mg/kg), at pH 2, input fluoride
concentration of 10 mg/L, and an input flow rate of 1.25 mL/min. A fixed-bed column of 265 g Zr—
Pu can generate a volume of 4339 mL (~2.9 times that of VPum: 1508 mL) treated water with an
acceptable fluoride level of < 1.5 mg/L. Such enhanced performance is most likely associated with the
coating of VPum with zirconium. The Thomas and Adams—Bohart models were employed to evaluate
the breakthrough curves and obtain values for the kinetic parameters. Both models were capable of
depicting the full range of the fluoride breakthrough curves, revealing that the models are suitable
tools to design fixed-bed systems using VPum and Zr—Pu. This study demonstrated that the coating
with zirconium enhances the fluoride adsorption capacity of VPum and that the Zr—Pu could be a
promising candidate for the removal of high levels of fluoride from groundwater at a technical scale.
However, additional investigations on, for instance, the influence of competing ions, regeneration of
fluoride-laden adsorbents, and technical and economic analysis are advisable to draw explicit

conclusions.
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Abstract: Many people worldwide are exposed to extreme levels of fluoride in drinking water. It is, therefore,
critical to develop inexpensive, locally available, and environmentally friendly adsorbents for fluoride-laden
water defluoridation. In the current study, virgin scoria (volcanic rock) from Ethiopia, was modified with
zirconium oxide and used as an adsorbent in a fixed-bed column aiming at the removal of fluoride from water.
The adsorption capability of zirconium oxide-coated scoria (ZrOCSc) was compared with unmodified virgin
scoria (VSco). XRD, FTIR, XRF, SEM, ICP-OES, and the pHpzc tests were evaluated to explore the adsorption
mechanisms. Thermal analysis of VSco and ZrOCSc revealed lower total weight losses of 2.3 and 3.2 percent,
respectively, owing to the removal of water molecules and OH species linked to metal oxides contained in the
material. The effect of test conditions such as the pH of the solution and the influent flow rate on the adsorption
capacity of the adsorbent was carefully studied. ZrOCSc exhibited the maximum removal capacity of 58 mg/kg,
which was 4.46 times higher than the observations for VSco (13 mg/kg) at pH 2, and an initial flow rate of 1.25
mL/min. Breakthrough time increased with decreasing initial pH and flow rate. The adsorption experimental
data under various test conditions were examined by the Thomas and Adams—Bohart models. Both models were
found very effective in describing the experimental data with a correlation coefficient (R?) of >0.976 (ZrOCSc)
and >0.967 (VSco). Generally, coating VSco with zirconium oxide improved the adsorption performance of
VSco; hence, a ZrOCSc-packed fixed bed could be employed for the decontamination of high levels of fluoride
from groundwater. However, further examination of the adsorbent using natural groundwater is advisable to

produce a definitive conclusion.

Keywords: adsorption; fluoride; virgin scoria; zirconium oxide-coated scoria
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4.1. Introduction

Fluorine is the thirteenth most abundant element and makes up between 0.06% and 0.09% of the entire
Earth’s crust (Armienta & Segovia, 2008; Rasool et al., 2018). Fluorine is always in a combined form
of minerals such as fluoride. Fluoride levels in surface water ranged from 0.01 to 0.3 mg/L, while
groundwater levels range from less than 1 to more than 35 mg/L (Msonda et al., 2007; Rasool et al.,
2018). Fluoride is thought to have beneficial effects in trace amounts in drinking water, but prolonged
exposure to fluoride in drinking water, or combined effect with exposure to fluoride from other
sources, could result in some negative effects (Fawell et al., 2006; Geleta et al., 2021a, 2021b, 2021c).
It can prevent the incidence of dental caries, particularly in children under the age of 8 years, if taken
in drinking water at an optimum level (~0.5-1.5 mg/L) (Whitford, 1996). However, if the permissible
level is exceeded, dental fluorosis or mottled enamel will appear, and if the concentration is greater

than 3 mg/L, it will also cause skeletal fluorosis (Dar et al., 2011).

Groundwater is the safest and most economically viable option of all available drinking water sources
for many communities around the world, as is the case for many communities in rural and urban areas
of the main African rift valley (Fawell et al., 2006; Geleta et al., 2021b, 2021c¢). In recent years, the
entry of geogenic pollutants, such as fluoride, into groundwater aquifers has become a serious
environmental problem worldwide. Over 200 million people around the world, including in East
Africa, are drinking fluoride-containing groundwater beyond the permitted limit (1.5 mg/L), which
has a significant impact on human well-being (Geleta et al., 2021b, 2021c¢c; Y. Zhang et al., 2019).
Fluorosis is by far the most common geochemical disease in the East African rift, impacting more than
80 million individuals (Geleta et al., 2021b; Kut et al., 2016; Mohan et al., 2017a). Ethiopia is one of
the most populous East African countries where excessive fluoride is becoming a growing issue,
particularly along the main rift of the country (Rango et al., 2017; Zacek et al., 2015). The fluoride
concentrations in Ethiopian rift wells are usually 1 to 10 times higher than the WHO standard, which
puts about 10 million Ethiopians at high risk of fluoride ion exposure (Rango et al., 2017; Tekle-
Haimanot et al., 2006).

High geogenic fluoride levels in groundwater are related to various geological climatic conditions
such as arid climates, granitic basements, and alkaline volcanic rocks. In addition to the natural
geological sources for fluoride enrichment in groundwater, numerous fluorochemical industries
including aluminum smelting are also contributors to fluoride contamination. Alkaline volcanic areas,
such as the East African Rift Valley, have some of the highest fluoride concentrations since high-
fluoride hyper-alkaline volcanic rocks are present and fluoride is also introduced to groundwater
through high-fluoride geothermal solutions (Eawag, 2015; Edmunds & Smedley, 2014). Low calcium
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levels can also cause too high fluoride levels in groundwater. The weathering of primary rocks and
the leaching of fluoride-containing minerals in the soil exacerbate the problem of excessive fluoride
in groundwater in the Ethiopian Rift, which is generally linked with a low calcium content and high
concentrations of bicarbonate (Demelash et al., 2019; Rango et al., 2010). Therefore, a high
concentration of fluoride in groundwater is among the most pressing problems that need to be

addressed urgently.

Different treatment techniques such as ion exchange, membrane, precipitation, and adsorption have
been employed for the uptake of fluoride (Chen et al., 2018). Among the existing techniques,
adsorption remains the most widely employed and most suitable method because of its applicability
for the uptake of fluoride even at small doses, economic feasibility, high efficiency, and simplicity of

design (P. Chen et al., 2018; Geleta et al., 2021b, 2021c).

The adsorbent materials researched for fluoride uptake are abundant (Chen et al., 2010; Ghanbarian et
al., 2020; Kennedy & Arias-Paic, 2020; Maliyekkal et al., 2006; Sarkar et al., 2006; Su et al., 2020).
Nevertheless, many of them are suffering from either a time-taking synthesis procedure, high costs of
processing, inaccessibility of raw materials, or short shelf life, which makes them unrealistic for use
in the rift valleys’ water (Geleta et al., 2021b, 2021c; Kumari et al., 2021). Thus, for sustainable
defluoridation of drinking water, the search for suitable fluoride adsorbents is a critical concern for
developing countries such as Ethiopia. Modifying the physicochemical properties of locally available
adsorbents is also of interest, as it could have the potential for further cost reduction and applicability

(Geleta et al., 2021c).

Volcanic rock (scoria) is one such indigenous material in many nations including Ethiopia that could
be used as a raw material for producing an adsorbent for fluoride removal. Scoria has valuable features
such as low cost, easy access, good mechanical strength, and availability in considerable quantities
(Alemayehu & Lennartz, 2009; Geleta et al., 2021b; Mekonnen et al., 2021a). The possession of good
mechanical strength could enable scoria to prevail over drawbacks such as clogging and/or low
hydraulic conductivities in fixed-bed column adsorption techniques. However, the fluoride uptake
capacity of natural scoria is limited, and surface modifications for improved performance appear not
to have been well studied. Surface modification of natural adsorbents that may contribute to the
available active sites for fluoride adsorption is expected to have good reactivity/affinity for fluoride
ions (Geleta et al., 2021c¢; Salifu et al., 2016). From a previous study, it was generally noticed that
natural materials modified with multivalent metal cations such as Mn*', Zr**, and Fe*" can change the
surface properties and the affinity of fluoride (Geleta et al., 2021c; He et al., 2019). Among these,

zirconium (Zr*") is receiving more attention because of its high binding affinity to fluoride ions, non-
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toxicity, and acceptable cost (Chaudhry et al., 2017; Dehghani et al., 2017; Geleta et al., 2021c).

Therefore, the study of zirconium-based adsorbents with good performance is very important.

Taking the aforementioned problems into account, fixed-bed columns packed with zirconium (IV)
oxychloride octahydrate (ZrOCl»-8H20)-coated scoria, hereinafter abbreviated as ZrOCSc, have not
been tested for the treatment of fluoride-polluted water. Therefore, the aims of the current study were
to (i) compare the adsorption properties of ZrOCSc with VSco, (ii) evaluate the processes of fluoride
adsorption through variations in the solution pH and influent volumetric flow rate, and (iii) describe
and analyze the adsorption processes using well-known fixed-bed adsorption models such as the

Thomas and Adams—Bohart model.

4.2. Materials and Methods

4.2.1. Adsorbent Preparations
4.2.2. Coating of Zirconium Oxide onto Virgin Scoria (VSco)

The virgin scoria (VSco) used as a base material in zirconium oxide coating for surface modification,
was collected from volcanic cones (Figure 4.1) of the Main Rift Valley of Ethiopia; roughly 50 to 100
km East of Addis Ababa. The sample was washed multiple times with deionized water before being
dried at 70 °C for 48 h. After cooling to room temperature, the sample was crushed and sieved to four
different size fractions, as shown in (Geleta et al., 2021b). In our previous study (Geleta et al., 2021b),
virgin scoria (VSco) with a silt size (< 0.075 mm) showed a good fluoride removal performance
compared to the remaining three particle sizes. However, some studied and reported defluoridation
materials are either fine particles or powder which may make separation from an aqueous solution
difficult. When used in fixed-bed adsorption systems, such materials could also cause clogging and/or
low hydraulic conductivity (Salifu et al., 2016). To overcome these limitations, a fraction range of

0.075-0.425 mm was used for coating with zirconium oxide.
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Figure 4.1 Sampling site of virgin scoria (VSco)

VSco coating was accomplished by completely soaking the dried sample in a sufficient amount of 0.1
M ZrOCl,.8H>0O in acid-washed cylindrical polyethylene wide-mouth plastic bottles. The mixture was
shaken with a horizontal shaker (SM25, Edmund Biihler 7400 Tiibinger, Germany) at 200 rpm for 12
h. The zirconium oxide-coated scoria (ZrOCSc) was decanted, dried in an electric oven at 70 °C for
48 h, and soaked in 2 M NH4OH. The ZrOCSc was washed repeatedly with deionized water and dried
at 70 °C for 48 h (Geleta et al., 2021c; Salifu et al., 2013). The coated VSco (ZrOCSc) was then packed

and stored in an airtight plastic bag for use.

4.2.3. Chemicals and Reagents

All chemicals and reagents used in the experiments were of analytical grade. Zirconium oxychloride
(IV) octahydrate (ZrOCl,.8H20), ammonium hydroxide (NH4OH), sodium hydroxide (NaOH), and
hydrochloric acid (HCl) were acquired from Merck KGaA, Darmstadt, Germany. 1000 mg/L of
fluoride stock solution was gained by dissolving 2.21 g of NaF in 1000 mL of deionized water. The
adsorbate solution concentration needed for the fixed-bed adsorption experiments was obtained by
subsequent dilution of the stock solution with deionized water. The adsorbate solutions' pH values

were calibrated with 0.1M NaOH and/or 0.1 M HCI.

4.2.4. Characterizations of the Materials
The X-ray diffraction (XRD) patterns of ZrOCSc and VSco were gained by the XRD instrument
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(XRD-7000, Drawell, Shanghai, China) with Cu Ko as a radiation X-ray source (1.54056 A) generated
at 30 kV and 25 mA instrument. The diffractogram was achieved with a step width of 26 in the range
between 10 to 70 and a scan rate of 0.01°/min. The mineralogy content of the adsorbents was
characterized by matching the diffractogram of VSco before adsorption and ZrOCSc before and after
adsorption with the database of the X’pert HighScore Plus software package (Version: 2.2b (2.2.2)).

The oxide and elemental composition of the adsorbents were obtained by X-ray fluorescence (XRF,
Mini-Pal 2 spectrometer, Panalytical, Malvern, Worcestershire, UK)) spectroscopy and inductively
coupled plasma-optical emission spectroscopy (ICP-OES, Varian Vista MPX, Palo Alto, CA, USA),

respectively.

The Fourier Transform Infrared (FTIR) spectra were recorded in a PerkinElmer spectrometer (UNSW
Sydney, Australia) over a range of 5000 to 400 cm™' at a resolution of 0.1 cm™! using a lithium tantalite

(LiTaO3) detector.

The pH of the adsorbents was determined using a pH meter using a 1:10 adsorbent/water ratio
according to the standard method. The point of zero charges (pHpzc) of the adsorbents was determined
using 0.01 M of NaCl solutions as an electrolyte and adding 0.1 M of NaOH or HCl solutions for pH
adjustment (Geleta et al., 2021b, 2021c¢).

The scanning electron microscope (SEM) images were gained by NeoScope JCM-6000plus, Version
0.2, JEOL Ltd., Peabody, Massachusetts, USA, operated at 15 kV.

Simultaneous thermogravimetric and differential thermal analysis (TGA/DTA) of VSco and ZrOCSc
were carried out using DTG-60H, SHIMADZU Corporation, Kyoto, Japan. An initial mass (about 12
+ 0.5 mg) was placed in an aluminum crucible at a heating rate of 15 °C/min from 25 to 900 °C under

nitrogen purging (50 mL/min).

4.2.5. Fixed-bed Column Adsorption Studies

Fixed-bed column tests of VSco and ZrOCSc were conducted in a small-scale cylindrical filter column
(8.1 cm in diameter and 10 cm in height), as indicated in (Geleta et al., 2021b, 2021c). A weighted
amount of material was packed carefully into the column. The bed was conditioned with one pore
volume of deionized water to ensure a compact adsorbent (Geleta et al., 2021c). An adjustable variable
flow peristaltic pump (REGLO ICC, Ismatec, Cole-Parmer Barrington, IL, USA) was utilized to set
the flow rate. All column tests were performed at 298 K. Column effluent samples were collected
regularly by the automatic fraction collector (RFI, MA-RON GmbH, Reichelt Chemietechnik GmbH
+ Co., Heidelberg, Germany). The effluent samples' fluoride concentration was measured by ion
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chromatography (930 Compact IC Flex, Metrohm, Herisau, Switzerland). The WHO standard for the
fluoride content in drinking water (< 1.5 mg/L) (WHO, 2011) was considered a breakthrough
concentration (Cp). The bed exhaustion/saturation point was considered when the fluoride level in the

effluent was equal to 90 % of the fluoride level in the influent (i.e., 0.9 C/Co).

The influence of experimental parameters such as influent solution pH (2, 4, and 6) and influent
volumetric flow rate (1.25, 2.50, and 3.75 mL/min) on the shape of the breakthrough curves and the
amount of fluoride removed by the adsorbents was investigated at constant bed height (10 cm), and

initial fluoride concentration (10 mg/L).

4.2.6. Analysis of Column Data
4.2.6.1.  Breakthrough Curve

A breakthrough curve is used to assess the dynamic adsorption process of a system and to predict the
performance of the fixed-bed column system (Sahu et al., 2020). The breakthrough time and
breakthrough curve pattern are important indicators for operational adsorption techniques. The
viability and economics of the adsorption process are primarily related to these two parameters (Geleta
et al., 2021a, 2021b; Mekonnen et al., 2021b). The experimental conditions such as influent pH and
influent flow rate influence the profile of the breakthrough curve and its parameters. To study the
performance and scaling of the fixed bed column, it is very imperative to study these parameters
through experimental tests. The breakthrough curve was expressed by plotting (Cy/C,) versus contact

time, t. Where, Co and C; are the initial and the effluent fluoride concentration, respectively.

The time for exhaustion and the time for a breakthrough is given by the following Equations (4.1) and

(4.2), respectively.

t=ttotal Ct
t, = f (1 - c_> dt 4.1)
t=0 o
tp C
t, = J (1 - %) dt 4.2)
t=0 o

where te is exhaustion time (min), t, is the breakthrough time (min) at which C¢= Cp (mg/L) (for the

present system, Cp = 1.5 mg/L).

The total amount of fluoride adsorbed in a fixed-bed column, qital (Mg) Was evaluated from the area

(A) under the breakthrough curve using Equation (4.3).
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QA Q x Co Jtzttotal( Ct)
Arotal = 7600 ~ 1000 J,_, Co (4-3)

where tioal and Q are the total flow time until saturation of the bed (min) and flow rate (mL/min),

respectively.

The maximum fluoride removal capacity (qe: mg kg™!) of the column is calculated using Equation

(4.4).

_ Ytotal — CoQte

Qeq = - (4.4)
The amount of fluoride removed at ty, (qv: mg kg™!) can be determined by Equation (4.5).
Co th
— 4.5
dp - (4.5)

The effluent volume (V.) and treated effluent volume or breakthrough volume (Vyp) can be evaluated

with Equations (4.6) and (4.7), respectively.
Ve = Qte (4.6)
Vb = th (47)

where V. is the total effluent volume at saturation time (mL) and Vy is the total effluent volume at the

breakthrough time (mL).

The Mass Transfer Zone (MTZ) or unused bed length (Hung) can be evaluated from Equation (4.8).

te — t
MTZ=HT<e b)

e

(4.8)

where Hr is total bed height (cm), te (min) is exhaustion time, and t; is breakthrough time (min).
The Empty Bed Contact Time (EBCT), which is defined as the contact time between the solid phase
adsorbent and the liquid phase, can be determined from Equation (4.9).

EBCT = B (4.9)
=3 ,

where V3 is the volume of a fixed bed (mL) and Q is the flow rate (mL/min).

4.2.7. Breakthrough Curve Modeling

The modeling of breakthrough curves can efficaciously avoid extensive studies on the pilot scale (A.
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Hu et al., 2020). Various models have been reported to estimate breakthrough performance in the
fixed-bed adsorption process (Mohan et al., 2017a). In this work, the two most common and widely
employed mathematical models, the Thomas model and Adams—Bohart model, were used in the
experimental data of the column to depict the dynamic behavior of fluoride uptake onto VSco and
ZrOCSc packed fixed-bed column filter. The coefficient of determination (R?) was used to estimate
the validity of the models. The mathematical descriptions of the models are given in the following

sub-sections.

4.2.7.1. Thomas Model

The Thomas model (Thomas, 1944) is among the most prominent models in fixed-bed column studies
to anticipate the maximum adsorption capacity (qo) and the adsorption rate constant (Kt). The model
was also used to forecast effluent breakthrough curves. The model is based on the following
assumptions (Hu et al., 2019): (i) the plug flow characteristic occurs in the fixed-bed; (ii) the external
and internal diffusion constraints are insignificant; and (iii) the experimental data follow the Langmuir
isotherm and second-order reversible reaction kinetics. The non-linear form of the Thomas model is

given in Equation (4.10), as follows.

Ce 1
Co 1+ exp [Kqu% - KTCOt]

(4.10)

where C, (mg/L) is the initial solute concentration, C;(mg/L) is the solute concentration at the time, t,
Q (L/min) is the volumetric flow rate, qo (mg/kg) is the adsorbed fluoride at equilibrium, Kr is the

model kinetic constant (L/min mg), and m (kg) is the dry adsorbent mass.

42.7.2. Adams-Bohart Model

The Adams—Bohart model (Bohart & Adams, 1920) was developed for the analysis of the dynamics
of fixed-bed under the assumption that the adsorption rate is not instantaneous and that the adsorption
rate is proportional to the residual adsorption capacity of the adsorbent and the concentration of
adsorbate. The non-linear form of the Adams—Bohart model (Equation (4.11)) (Chu, 2020), was used

to estimate the breakthrough curves and the model parameters.

C, 1

Co 1+exp [KABNO% — KagCot|

@.11)

Where Kag (L/mg min) is the kinetic constant of the model, v (mL/min) is the linear flow rate, Z (cm)

is the depth of the column bed, and No (mg/L) is the saturation concentration (adsorption capacity of
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the adsorbent per unit volume of the bed), and time t (min).

The linear flow rate was determined using Equation (4.12).
v=— (4.12)

where Q (mL/min) is the volumetric flow rate, and A (cm?) is the cross-sectional area of the bed.

4.3. Results and Discussions
4.3.1. Characterization of Adsorbents

The crystalline phases of VSco (before adsorption) and ZrOCSc before and after the fluoride scavenger
were characterized using the XRD instrumental technique. The results showed that the main crystalline
phases in VSco were Quartz, syn (SiO2) (ICSD, reference code: 01-083-2470), Silicon Oxide (Si03)
(ICSD, reference code: 01-082-1554), and Albite low (Na(AlSi30s)) (ICSD, reference code: 01-076-
1819); Zirconium Oxide (ZrO2) with monoclinic crystal structure (ICSD, reference code: 01-078-
0047) and Albite ordered (NaAlSizOg) (ICSD, reference code: 00-009-0466) are the main crystalline
phases in ZrOCSc before adsorption while Anorthite, ordered (CaAl>Si,Os) (ICSD, reference code:
00-041-1486), quartz (SiO2) (ICSD, reference code: 01-078-0047), and Zirconium fluoride (ZrF4)
(ICSD, reference code: 01-076-1023) are the dominant components of ZrOCSc after adsorption. The
prominent XRD peaks for virgin scoria (VSco) were found at 26 = 19.10°, 22.14°, 27.01°, 27.95°,
29.91°, 35.75°, 42.35", 48.48’, and 61.96" (Figure 4.2a). The diffraction pattern of ZrOCSc before
adsorption (Figure 4.2b) showed prominent peaks at 20 =22.13°, 25.46°,28.19°,29.90°, 35.78°, 42.25",
and 64.49°; while the peaks at 26 = 22.13", 23.81°, 25.25°, 27.90°, 29.95", 35.75°, and 48.44" were
observed for ZrOCSc after adsorption (Figure 4.2¢). The number and intensity of peaks in VSco were
different from that of ZrOCSc before fluoride adsorption. The difference in the number and intensity
of the peaks might be because the zirconium oxide particles had grown on the surface (Chaudhry et

al., 2017; Geleta et al., 2021c¢).
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Figure 4.2 XRD patterns for (a) VSco; zirconium oxide-coated scoria (ZrOCSc) (b) before and (c) after
adsorption experiment

As can be observed from the XRD patterns (Figure 4.2), the VSco (Figure 4.2a) had nine peaks with
different intensities, with a major peak at 26 =29.90° having the highest intensity, which corresponded
to Na(AlSi30g). ZrOCSc before fluoride adsorption (Figure 4.2b) had seven prominent peaks and the
major one at 260 = 28.19° having the highest intensity, which corresponded to ZrO> formed on the
surface; while ZrOCSc after adsorption (Figure 4.2¢) had seven peaks and a major peak at 27.90° (26),
corresponded to CaAl>Si20s. The reduction in the number of peaks on coating might be due to the
growth of zirconium oxide over the surface of VSco (Chaudhry et al., 2017; Geleta et al., 2021c). The
number and intensities of the peaks decreased in spent adsorbent (Figure 4.2¢) which could be due to
an increase in the amorphous nature through surface co-precipitation during the adsorption of fluoride
ions (Chaudhary et al., 2019; Lii et al., 2013) or due to a slight change in the adsorbent structural
framework (Geleta et al., 2021c).

The FTIR spectrums of VSco, ZrOCSc before and after fluoride adsorption at wavelengths between
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400 cm™ and 5000 cm™! are presented in Figures 4.3a, b, and ¢ respectively. The band located at
~1011.5 and ~978 cm™! can belong to the asymmetric stretching vibration of T-O-Si, T = Si or Al
(Geleta et al., 2021b, 2021c; Pirsaheb et al., 2018). The peaks at ~781 and ~695.25 cm™ belong to
bending vibrations of the Si-O-Si bond (Geleta et al., 2021b, 2021c; Xu et al., 2012), while the band
at ~767 cm’! is related to the stretching vibration of 6-fold coordinated Al(VI)-OH and 6-fold
coordinated Al(VI)-O (Djobo et al., 2014). The small peaks shown at ~550 cm! can be attributed to
the symmetric stretching of Si-O-Si and AI-O-Si (Panias et al., 2007; Pirsaheb et al., 2018). Although
a clear diffraction peak for zirconium oxide and zirconium fluoride was detected in the XRD analysis
of ZrOCSc before and after adsorption, respectively, the expected bonds, i.e., a zirconium bridge to
another zirconium atom via fluorine or oxygen bridges, were not detected in the FTIR spectrum. This
could be due to the FTIR equipment's inability to detect such bonds. The inability of FTIR to detect
Zr-F and F-Zr-F bending vibrations that occurs at ~375-475cm™ and 375-475cm™!, respectively (Jere
& Santhamma, 1977), was reported for hydrous zirconium oxide after fluoride adsorption (Dou et al.,
2012). This finding is also comparable to previously reported studies (Geleta et al., 2021c; Sepehr et
al., 2014; Sepehr et al, 2013a). However, additional investigation using complementary
characterization techniques such as NMR/XPS should be considered in future work to draw strong

evidence.
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Figure 4.3 Fourier-transform infrared (FT-IR) for (a) VSco; ZrOCSc (b) before, and (c) after adsorption
experiment

The chemical analysis showed that aside from the major elements in VSco (Si, Al, and Fe), as
determined by ICP-OES (Table 4.1), Ca is the next high elemental component. Other elements were
available in limited quantities or were below the device’s detection limit. The main components of

VSco as measured by XRF were the oxides of Si, Fe, Ca, and Al. An earlier study reported comparable
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values for VSco (Alemayehu & Lennartz, 2009). The lack of harmful components in the VSco
suggested that ZrOCSc could be useful to treat excess fluoride-laden water. The average amount of
zirconium oxide coated on VSco was 1.2 % (wt), while the XRF measurements showed that 8.3 %
(wt) zirconium oxide was coated on VSco, enhancing its fluoride removal performance. This is in line

with our recent study (Geleta et al., 2021c).

Table 4.1 Elemental and oxide compositions of virgin scoria (VSco) and zirconium oxide-coated scoria
(ZrOCSc)

0, [)) 3 0, 0,
Elemental Content VSco % ZrOCSc % Oxide VSco % ZrOCSc %

(wt) (wt) Content (wt) (wt)
Si 18.3 19.3 Si0O, 47.4 44.8
Al 10.3 10.2 AL O3 21.6 23.1
Fe 7.8 8.1 Fe;O; 8.9 5.8
K 0.4 0.4 KO 0.5 0.3
Ca 6.4 6.2 CaO 12.4 11.9
Na 2.2 2.2 Na,O 3.0 2.6
Mg 2.8 2.7 MgO 33 2.0
Zn <0.1 <0.1 TiO, 1.4 1.1
Zr <0.1 1.2 ZrOs - 8.3
Mn 0.1 0.1 MnO 0.4 0.1
Cr <0.1 <0.1 ZnO 0.2 0.2
Cu <0.1 <0.1 NiO 0.1 0.2
Co <0.1 <0.1 CuO 0.2 0.2
Cd <0.1 <0.1 - - -
Ni <0.1 <0.1 - - -
Pb <0.1 <0.1 - - -
As <0.1 <0.1 - - -

The pH in water and the pHpzc of VSco were found to be 9.3 and 8.7, respectively. These pH values

are very close to the previous study (Geleta et al., 2021b). The pH in water and pHpzc for ZrOCSc was

identified as 7.4 and 8.3, respectively. In the current study, both the pH in water and the pHpzc of

ZrOCSc were found to be lower than those of VSco. A similar observation was reported for zirconium-

coated pumice (Zr — Pu) (Geleta et al., 2021c¢). The surface charge of the adsorbent is positive when

the pH of the solution is below pHpzc ((ZrOCSc (8.3), VSco (8.7)). Thus, fluoride could be adsorbed
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onto the surface of adsorbents via coulombic attraction if the pH is less than pHpzc (Geleta et al.,

2021b, 2021c).

The SEM images of VSco and ZrOCSc before fluoride adsorption are shown in Figure 4.4a and Figure
4.4b, respectively.

01110/2020

() (b)
Figure 4.4. SEM image of (a) VSco and (b) ZrOCSc before adsorption experiments.

From Figure 4.4b, it can be seen that a large amount of irregularly shaped zirconium oxide (large
clusters) is coated on the adsorbent surface and changes the surface structure of VSco. In our recent
work, improvements in surface structure and adsorption for natural pumice surface modification

(VPum) were reported (Geleta et al., 2021c¢).

Figure 4.5 depicts the thermal behavior of VSco (Figure 4.5a) and ZrOCSc (Figure 4.5b) at a heating
rate of 15 °C/min from 25 to 900 °C under a nitrogen gas flow rate of 50 mL/min. The absorbable
weight loss of about 2.3% of VSco (Figure 4.5a) between about 24 and 306 °C and 3.2% of ZrOCSc
(Figure 4.5b) between 24 and 382 °C, is due to the removal of moistures as well as that of OH species
linked to metal oxides and volatile organic impurities present at low levels. This demonstrates that the
adsorbents could maintain their thermal stability up to 900 °C with insignificant weight gain, which
could be attributed to the oxidation or reaction of the materials with nitrogen gas. An analogous
observation was made in previous research (Alraddadi & Assaedi, 2021). The DTA thermogram of
VSco (Figure 4.5a) showed a narrow and a broad exothermic peak in the ranges of about 25-73 °C
and 204-900 °C, respectively, and an endothermic peak in the range of about 36-204 °C. A narrow
and a broad exothermic peak in the region of about 25-52 °C and 185-900 °C, respectively, and an
endothermic peak in the range of about 37—185 °C were also observed in the DTA analysis of ZrOCSc
(Figure 4.5b).
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Figure 4.5. TGA-DTA thermograms of (a) VSco and (b) ZrOCSc before adsorption experiments.

4.3.2. Influence of Experimental Parameters on Fluoride Removal

4.3.2.1. Influence of Initial Solution pH

The pH-dependent disparity in the fluoride uptake performance of the adsorbents was evaluated at
various pH values (2, 4, and 6) using a separate set of fixed-bed adsorption columns. The breakthrough
curves are presented for VSco (Figure 4.6a) and ZrOCSc (Figure 4.6b) for a constant inlet flow rate
(1.25 mL/min), initial fluoride concentration (10 mg/L), and column bed depth (10 cm). For both
adsorbents, the breakthrough curves (Figure 4.6) appeared to move from right to left as the pH

increased from 2 to 6.
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Figure 4.6 Effect of solution pH on fluoride breakthrough (a) VSco and (b) ZrCSc (initial fluoride concentration

10 mg/L (CO: 10 mg/L); initial flow rate 1.25 mL/min (QO: 1.25 mL/min); bed depth 10 cm)

The column adsorption parameters obtained for adsorption of fluoride onto ZrOCSc and VSco were
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depicted in Table 4.2. Enhanced column performance was noticed at a lower initial solution pH
including a higher volume of treated water, enhanced defluoridation efficacy, and enhanced adsorption
capacity at breakthrough and exhaustion time. The highest defluoridation capacity of 58 mg/kg and
13 mg/kg was attained for ZrOCSc and VSco, respectively. This revealed that ZrOCSc scavenged 4.46
times fluoride compared to VSco. At a pH value of 2, the breakthrough capacity of 35 mg/kg (7 times
that of VSco (5 mg/kg)) was achieved for ZrOCSc. A breakthrough time of 2058 min for ZrOCSc and
309 min for VSco; and an exhaustion time of 3425 min for ZrOCSc and 753 min for VSco were also

acquired at a pH of 2.

Table 4.2 Fixed-bed column parameters obtained for defluoridation by VSco and ZrOCSc

Co Qo EBCT t te MTZ qb ot qe
g:f;ir::ster pH Vp(mL) Ve(mL) Adsorbent
(mg/L) (mL/min) (min) (min) (min) (cm) (mg/kg) (mg) (mg/kg)
2 10 1.25 412 2058 3425 2572.50 4280.84 3.99 3486 4281 58
4 10 1.25 412 316 944 39426 1180.41 6.66 5.34  11.80 16 ZrOCSc
Variationof pH 6 10 1.25 412 161 495 200.89 618.75 6.75 272 6.19 839
keeping Co and
Qo constant 2 10 1.25 412 309 783 386.25 941.25 5.60 523 941 1276
4 10 1.25 412 137 318 170 386.25 5.70 230 386 523 VSco
6 10 1.25 412 91 275 114.13 34375 6.68 1.55 344 4.66
2 10 1.25 412 2058 3425 2572.50 4280.84 3.99 3486 42.81 58
2 10 2.50 206 721 1262 1803.05 3153.60 4.28 2444 31.54 4254  ZrOCSc
Variation of Qo 2 10 3.75 137 336.23 647.67 1260.86 2053.76 4.81 17.09 20.54 27.83
keeping pH and
Co constant 2 10 1.25 412 309 753  386.25 941.25 590 5.53  9.51 12.76
2 10 2.50 206 155 353 386.58 881.58 5.61 524 882 11.95 VSco
2 10 3.75 137 65 217 24341 81349 7.01 330 815 11.02

t, = breakthrough time, t. = exhaustion time, Vy = total effluent volume at a breakthrough time, V. = total effluent volume
at exhaustion time MTZ = Mass Transfer Zone, EBCT = Empty Bed Contact Time, q, = amount of fluoride removed at a
breakthrough time per kg of adsorbent, qiotat = total amount of fluoride adsorbed from the column, q. = equilibrium fluoride
uptake per kg of the adsorbent.

Thus, VSco has the briefest breakthrough and exhaustion time, whereas ZrOCSc has the longest
breakthrough and exhaustion time and, hence, improved adsorption performance. When the initial pH
of the solution is greater than 2, the fluoride removal rate for ZrOCSc and VSco decreases (Table 4.2).
This may be assigned to the decrease in the amount of H" or HF adsorption due to electrostatic
attraction (Geleta et al., 2021b, 2021c; Shang et al., 2019). Low pH promotes protonation of the
adsorbent’s surface. Increased protonation results in a greater number of positively charged sites per

unit of surface area. Hence, the better adsorption performance at a pH of 2 might be corresponded to
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the adsorbent surface having more positive charges at lower pH and electrostatically adsorbing
fluoride ions (Shang et al., 2019). As a result, the fluoride ion sorption is caused by an electrostatic
phenomenon and surface complexation, which can occur independently or in conjunction with the

fluoride ion's adsorption on the adsorbents.

Furthermore, the pH value at the point of zero charges (pHpzc) of the adsorbents can be used to deduce
this reality. The removal mechanism at pH < pHpzc is possibly due to columbic attraction of fluoride
by positive surface charges (Equation (4.13)) and/or ligand exchange reactions of fluoride with surface

hydroxyl groups (Equation (4.14)).
MOHJ + F~ & MOH} —— —F~ (4.13)
MOH;+ F~ & MF + H,0 (4.14)
Where, M represents Zr, Fe, Al, Si, Ca, etc.

In general, ZrOCSc and VSco depicted similar pH-dependent defluoridation performance.
Nevertheless, the zirconium oxide coating significantly improved performance owing to the specific
interaction between fluoride ions and the coated zirconium (hydr) oxide. A similar observation was
witnessed in a recent study (Geleta et al., 2021c). At a pH of 2, the occurrence of the breakthrough
time was longer and the volume of treated water was large. As a result, the pH of the solution was kept

constant at a pH of 2 in the next experiment.

432.2. Influence of Initial Flow Rate

Figure 4.7 depicts the breakthrough curves of VSco (Figure 4.7a) and ZrOCSc (Figure 4.7b) at various
flow rates (1.25, 2.50, and 3.75 mL/min), and Table 4.2 displays their analysis results. As anticipated,
as the flow rate increases, the breakthrough time is shortened, and the breakthrough curves become
steeper. This means that the fluoride solution left the column before equilibrium was reached, resulting
in limited fluoride ion removal. This characteristic is due to the short residence time in the column,
and is also ascribed to the mass transfer zone (MTZ) (Table 4.2), which increases by increasing the
flow rate, but narrows the fractional bed used (Geleta et al., 2021c¢; Lin et al., 2017). In addition, the
breakthrough and exhaustion times were lowered with increasing the flow rate (Table 4.2).
Accordingly, the breakthrough time observed was 2058, 721, and 336 min for ZrOCSc, and 309, 155,
and 65 min for VSco corresponding to the volumetric flow rates of 1.25, 2.50, and 3.75 mL/min,
respectively, and the exhaustion times were 3425, 1262, and 548 min for ZrOCSc, and 753, 353, and
217 min for VSco. At the breakthrough time, the amount of fluoride adsorbed (at constant initial
concentration: 10 mg/L, pH: 2, and bed height: 10 cm) corresponded to 35, 24, and 17 mg/kg for
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ZrOCSc, and 6, 5, and 3 mg/kg for VSco. The amounts adsorbed at exhaustion were 43, 32, and 21
mg/kg for ZrOCSc, and 10, 9, and 8 mg/kg for VSco. This can be illustrated by the fact that as the
flow rate increased, an additional amount of fluoride in the solution was exposed to adsorbents. On
the other hand, the decrease in the flow rates from 3.75 to 1.25 mL/min had a significant impact on
the adsorption capacity at equilibrium, so that removal capacity increased from 27.83 to 58 mg/kg for
ZrOCSc and 11.02 to 12.76 mg/kg for VSco. This may be ascribed to the fact that the fluoride ions
have sufficient time to diffuse through the pores of the adsorbents and hence occupy more cities at a
lower flow rate. The observations coincide with different studies (Geleta et al., 2021b, 2021c;
Muthamilselvi et al., 2018). As the flow rate rose from 1.25 to 3.75 mL/min, the equilibrium adsorption
capacity decreased, resulting in a decline in the residence time of the liquid. The empty bed contact
time (EBCT) decreases due to the rise in the flow rate (Table 4.2), which means that at a lower flow
rate, the interaction time between the adsorbent and the solution phase is longer than the larger flow

rate. Our results are compatible with the findings of previous work (Fallah & Taghizadeh, 2020; Geleta
et al., 2021b, 2021c).

Overall, the sensitivity of the adsorption to the flow rate of the solution can be related to the critical
residence time of the solution in the column for each adsorption process. This means that the contact
between the adsorbate solution and the adsorbents improved at a lower flow rate, leading to greater
diffusion of fluoride ions onto the adsorbents bed and thus leading to maximum utilization of the

sorption bed area.
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Figure 4.7 Effect of initial flow rate on the fluoride breakthrough (a) VSco and (b) ZrOCSc (pH 2; Co: 10
mg/L; bed depth 10 cm)

This influence is also evidenced in improved bed performance and hence high fluoride uptake. Even
though the influence of the initial flow rate was similar for both ZrOCSc and VSco, the zirconium
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oxide coating showed significant improvement in fluoride adsorption capacity. The flow rate of 1.25
mL/min was observed to be optimal in this study, with a maximum fluoride uptake capacity of 58

mg/kg for ZrOCSc and 13 mg/kg for VSco, and was used in subsequent experiments.

In general, the variation of column parameters, such as qe, qv, Ve, and Vy, acquired for fluoride removal
onto ZrOCSc and VSco under different experimental conditions demonstrated that ZrOCSc has higher
activity than VSco towards fluoride (Table 4.2). The improved activity and thus adsorption

performance could be ascribed to the coating of VSco with zirconium oxide.

4.3.3. Application of the Thomas Model

For evaluation of the rate constant (Kt) and the maximum adsorption capacity (qo), the experimental
data (denoted as exp.) and simulated data (denoted as cal.) were fitted with the non-linear Thomas
model (Equation (4.10)). The analysis of the experimental findings related to various pH (Figure 4.8a
and 4.8b) and flow rates (Figure 4.9a and 4.9b) performed on the Thomas model was predicted.
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Figure 4.8 Experimental (exp.) and simulated (cal.; Thomas model) breakthrough curves of fluoride for
ZrOCSc at different (a) pH (Co: 10 mg/L; Qo: 1.25 mL/min; bed depth 10 cm) and (b) Initial flow rate, Qo (pH
2; Co: 10 mg/L; bed depth 10 cm)
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Figure 4.9 Experimental (exp.) and simulated (cal.; Thomas model) breakthrough curves of fluoride for VSco
at different (a) pH (Co: 10 mg/L; Qo: 1.25 mL/min; bed depth 10 cm) and (b) Initial flow rate, Qo (pH 2; Co:
10 mg/L; bed depth 10 cm)

The model parameters are depicted in Table 4.3. As can be noted from Figures 4.8 and 4.9, the
breakthrough curves appeared to move from right to left as the pH and inlet flow rate increased from
2 to 6 and 1.25 to 3.75 mL/min, respectively. For both adsorbents (ZrOCSc and VSco), the
concentration values (qo) calculated by the Thomas model (Equation (4.10)) were comparable to the
obtained experimental values (qc) (Table 4.3). The value of qo decreased from 58 to 9 (mg/kg) for
ZrOCSc and from 11 to 4 (mg/kg) for VSco with increased pH (2 to 6) and flow rates (1.25 to 3.75
mL). A higher value of Kt indicated a faster approach to the equilibrium with an increasing inlet flow
rate, while that of q, showed an opposite trend, showing that the EBCT decreased (Geleta et al., 2021b,
2021c; Muthamilselvi et al., 2018). An increase in qo with decreasing flow rates is the result of a longer
interaction time between fluoride ions and adsorption sites (Geleta et al., 2021c; Ghosh et al., 2015;
Ghosh et al., 2014a). Consequently, a lower flow rate results in a higher value of qo. The regression
coefficient, R? being high (ranging from 0.976 to 0.996 for ZrOCSc, and from 0.953 to 0.994 for
VSco), as displayed in Table 4.3, advocated that the Thomas model exhibited a good fit to the
experimental adsorption data gained in the present works. The values obtained from the optimization
of the Thomas model confirmed that the zirconium oxide coating improved the fluoride removal

performance of VSco.

Table 4.3 Thomas model parameter values for the defluoridation by VSco and ZrOCSc

) Kr (L/min.mg)  qo(eal) Qe(exp.)
Parameter studied pH C,(mg/L) Bg] c(l:l[:lt)h, R? Adsorbent
(mL/min) B (x10%) (mg/kg)  (mg/kg)
2 10 1.25 10 1.192 57.71 58 0.992 ZrOCSc

Variation of pH
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keeping Co,and Qo 4 10 1.25 10 2.642 14.13 16 0.976

constant
6 10 1.25 10 5.253 8.45 8.39 0.996
2 10 1.25 10 3.892 11.12 12.76 0.967
4 10 1.25 10 15.083 4.34 5.23 0.977 VSco
6 10 1.25 10 15.634 3.78 4.66 0.994
2 10 1.25 10 1.192 57.71 58 0.992
2 10 2.50 10 4.542 45.09 42.54 0.980 ZrOCSc

Variation of Qo 2 10 3.75 10 8.277 28.03 27.83 0.993
keeping pH and Co

constant 2 10 1.25 10 3.892 11.12 12.76 0.967
2 10 2.50 10 8.333 10.66 11.95 0.961 VSco
2 10 3.75 10 9.127 9.81 11.02 0.953

4.3.4. Application of the Adams-Bohart Model

Plots for experimental (denoted as exp.) and simulated (denoted as cal.) breakthrough data based on
the Adams-Bohart model for VSco and ZrOCSc at various initial pH values and initial flow rates are

shown in Figures 4.10 and 4.11, respectively.
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Figure 4.10 Experimental (exp.) and simulated (cal.; Adams-Bohart model) breakthrough curves of fluoride
for ZrOCSc at different (a) pH (Co: 10 mg/L; Qo: 1.25 mL/min; bed depth 10 cm) and (b) Qo (pH 2; Co: 10
mg/L; bed depth 10 cm).
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Figure 4.11 Experimental (exp.) and simulated (cal.; Adams-Bohart model) breakthrough curves of fluoride
for VSco at different (a) pH (Co: 10 mg/L; Qo: 1.25 mL/min; bed depth 10 cm) and (b) Qo (pH 2; Co: 10 mg/L;
bed depth 10 cm).

As can be seen from Figures 4.10 and 4.11, the breakthrough curves looked to move from right to left
as the pH and inlet flow rate increased from 2 to 6 and 1.25 to 3.75 mL/min, respectively. The Adams-
Bohart rate constant (Kag) and adsorption capacity of the adsorbents per unit volume of the bed (No)
predicted by the model are presented in Table 4.4. Similar to the Thomas model, as the initial flow
rate is increased from 1.25 to 3.75 mL/min, the maximum volumetric adsorptive capacity of the bed
(No) decreased from 83 to 40 mg/L for ZrOCSc and 16 to 14 mg/L for VSco. Furthermore, the values
of kinetics constant Kap increased and values of EBCT decreased as the flow rate increased. This
resulted in decreased No values. A decrease in No values with increasing flow rates is ascribed to the
reduction in EBCT due to the direct proportion of the adsorption capacity to the interaction time. This
is in agreement with previous studies (Geleta et al., 2021b, 2021c; A. Ghosh et al., 2015). As a result,
the higher flow rate leads to a lower No value due to shorter interaction between the adsorbents and
fluoride ions. The values of No decreased from 83 to 12 (mg/L) for ZrOCSc and from 16 to 5 (mg/L)
for VSco with increased pH, while the other conditions remained constant (Table 4.4). The value of
the coefficient of determination (R?) varies from 0.976 to 0.996 for ZrOCSc, and from 0.953 to 0.993
for VSco. The high values of R? indicate the goodness of fit between the experimental data and the
corresponding simulated data by the model. Thus, the model is suitable for depicting the adsorption
behavior of fluoride in ZrOCSc and VSco. The results of the Adams-Bohart model optimization

confirmed that the zirconium coating improved the defluoridation performance of VSco.

On whole, the disparity of the Thomas and Adams-Bohart parameters for fluoride uptake onto ZrOCSc
and VSco at different experimental parameters (as depicted in Table 4.3 and Table 4.4), indicated that
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ZrOCSc performed better than VSco in defluoridation. This proved that the zirconium oxide coating

positively affected the defluoridation potential of VSco.
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Figure 4.12 Experimental (exp.) and simulated (cal.; Adams-Bohart model) breakthrough curves of fluoride
for VSco at different (a) pH (Co: 10 mg/L; Qo: 1.25 mL/min; bed depth 10 cm) and (b) Qo (pH 2; Co: 10 mg/L;
bed depth 10 cm).

Table 4.4 Adams-Bohart model parameter values for defluoridation by ZrOCSc and VSco.

Kas (L/min.mg)

Parameter studied pH C,(mg/L) Bgl -(z:glt)h’ (]r\InO(;E') R? Adsorbent
(mL/min) i (x10% 8
2 10 1.25 10 1.192 82.78 0.992
4 10 1.25 10 2.642 20.26 0.976 ZrOCSc
Variation of pH 6 10 1.25 10 5.253 12.12 0.996
keeping Co and Qo
constant 2 10 1.25 10 3.892 15.95 0.967
4 10 1.25 10 15.083 6.23 0.977 VSco
6 10 1.25 10 11.634 543 0.994
2 10 1.25 10 1.192 82.78 0.992
2 10 2.50 10 4.542 64.55 0.980 ZrOCSc
Variation of Qo 2 10 3.75 10 8.277 40.16 0.993
keeping pH and Co
constant 2 10 1.25 10 3.892 15.95 0.967
2 10 2.50 10 8.333 15.26 0.961 VSco
2 10 3.75 10 9.127 14.05 0.953

4.3.5. Fluoride Adsorption Performance of Different Adsorbents
Table 4.5 compares the adsorbent (ZrOCSc) used in this study with previously studied adsorbents for
fluoride uptake in a flow-through fixed-bed column system.
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Table 4.5 Fluoride uptake capacity of some reported adsorbents

Fluoride Adsorption
Adsorbents Bed Height Capacity References
(cm) Level in (mg L™) o
(mgg™)
Granular acid-treated bentonite 28 6.34 0.190 (Maetal., 2011)
Granular acid-treated bentonite 28 2.85 0.169 (Maet al., 2011)
Aluminum-modified iron oxide 10.5 4 0.139 (Garcia-sanchez et al., 2013)
Virgin Scoria (VSco*) 10 10 0.022 (Geleta et al., 2021b)
Virgin Scoria (VSco**) 10 10 0.013 (Geleta et al., 2021b)
ZrOCSc 10 10 0.058 This study

VSco*: <0.075 mm; VSco**: 0.075-0.425 mm.

Table 4.5 shows that the fluoride uptake capacity of ZrOCSc used in this study is greater than that of
VSco* and VSco**. Furthermore, as shown in Table 4.5, ZrOCSc with a short bed height and a high
initial fluoride concentration could be safely comparable with the adsorption performance of granular
acid-treated bentonite and aluminum-modified iron, both of which have relatively long bed heights
and low initial concentrations. Above all, unlike some of the other substrates, the raw material (VSco)
is easily accessible and readily available, confirming that ZrOCSc could be a viable option for fluoride
uptake from water. However, further investigation to improve its adsorption capacity might be

considered.

4.4. Conclusions

In this work, virgin scoria (VSco) and zirconium oxide-coated scoria (ZrOCSc) were examined for
fluoride adsorption in fixed-bed column systems. The XRD analysis revealed that the VSco surface
was coated with zirconium oxide. The absence of harmful substances on both adsorbents and the
amount of zirconium oxide coated on VSco was evident from ICP-OES and XRF analysis. The FTIR
analysis displayed there was an insignificant disparity between VSco; ZrOCSc spectrum before and
after fluoride adsorption. The recorded SEM image clearly showed the degree of surface modification
with improved porosity. Thermal analysis of VSco and ZrOCSc showed lower overall weight losses
of 2.3 and 3.2 percent, respectively, due to the removal of water molecules and OH species bound to
metal oxides contained in the material. The pHpzc analysis depicted that the surface charge of VSco
and ZrOCSc was positive when the pH of the solution is below pHpzc of 8.3 and 8.7, respectively. The
defluoridation capability of the ZrOCSc was 4.46 times greater than that of VSco under optimum
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experimental conditions (pH 2 and influent flow rate of 1.25 mL/min). The breakthrough time of
ZrOCSc was 6.66 times longer than that of VSco; consequently, the treated water volume at
breakthrough for ZrOCSc was 2573 mL (6.66 times that of VSco). This improved performance could
be ascribed to the zirconium oxide coating onto the VSco. The experimental results were well fitted
by the Adams—Bohart and Thomas models, indicating that the attained models’ parameters could be
used to upscale the design of ZrOCSc and VSco-based defluoridation filters without the need for
additional experimentation. According to this study, the coating of a low-cost adsorbent material,
VSco, with zirconium oxide had a beneficial influence on its surface and improved its defluoridation
performance. Therefore, ZrOCSc is a worthy material to eliminate high levels of fluoride in
groundwater. However, further studies, such as regeneration and competing anions tests, are needed
to conclude that the defluoridation of water with ZrOCSc is an economically viable and sustainable

process.
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5. Synthesis, General Outlook, Limitations, and Recommendations for
Further study

5.1. Overview

Safe and potable drinking water for every individual by 2030 is one of the sustainable development
goals of the United Nations Development Program. In recent years, groundwater contamination with
high fluoride concentrations caused by geochemical reactions and geological or anthropogenic sources
has resulted in a drinking water crisis globally (Ahmad et al., 2022). The presence of a high
concentration of fluoride in groundwater, particularly in the East African Rift Valley (the main
Ethiopian Rift Valley), is becoming the main challenge in terms of its utilization, leading to a serious
health problem. Therefore, the treatment of fluoride-polluted water is a necessary and the only solution
to avoid the consumption of excess fluoride as a protective measure. However, due to financial
constraints, technical incapability, lack of awareness, and the lack of known effective treatment, excess
fluoride concentration in drinking water in the main Ethiopian rift valley areas became a critical issue.
Therefore, this study is conducted by considering different objectives with the main aim of
investigating the unmodified and surface-modified adsorbents derived from low-cost and easily
accessible volcanic rock materials for the treatment of fluoride-laden water in flow-through fixed-bed
column adsorption systems. Further, how surface modification of raw adsorbents can improve fluoride
adsorption performance was discussed. Furthermore, various physicochemical characteristics of the
adsorbents before and after adsorption experiments have been evaluated to reveal the adsorption
efficiency and mechanisms of the adsorbents. It has also evaluated how different experimental
conditions, such as adsorbent particle size, initial solution pH, and initial flow rate, can affect the
adsorption performance of the adsorbents. The Thomas and Adams-Bohart models, which are
commonly used fixed-bed column models, were also used in the experimental breakthrough data to
provide the necessary information for process design and optimization. The intention of this chapter
(Chapter 5) is therefore to integrate all the findings from each specific objective, followed by a review
of relevant results from previous studies, which link to a discussion of how this study addressed the
research questions. Specific and detailed discussions and conclusions are already presented in the
corresponding chapters. The general conclusions, general outlook, limitations, and recommendations

for possible future work are also highlighted.

5.2.  Synthesis

5.2.1. Physiochemical Characteristics of the Adsorbents

It is well understood that every purification agent must meet the basic characteristics of the filter media

before it can be considered for use. Accordingly, the characterization of well-prepared unmodified and
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surface-modified adsorbent materials before and after adsorption was carried out using various
techniques such as X-ray diffraction (XRD), X-ray fluorescence (XRF) analysis, scanning electron
microscopy (SEM), Fourier transform infrared (FTIR) analysis, Brunauer-Emmett-Teller (BET)
specific surface area, inductively coupled plasma-optical emission spectroscopy (ICP-EOS), and pH
point of zero charges (pHpzc) to demonstrate their physicochemical properties. The comparison of the
X-ray diffractogram with the database of the X pert HighScore Plus software package (version: 2.2b
2.2.2) showed that the main crystalline phases of VSco were Silicon Oxide (Si0O;), Albite low
(Na(AlSi30g)), whereas Hematite (Fe2O3), Silicon Oxide (Si0Oz), and Albite high (Na(AlSi30g)) are
the dominant components of VPum. The results obtained from XRD for surface-modified adsorbents
(zirconium-coated pumice: Zr — Pu; and zirconium-oxide coated scoria: ZrOCSc) revealed that
zirconium oxide was coated on the surface of unmodified rock materials, and consequently improved
the defluoridation performance of the materials. Previous studies like Asere et al. (2017a) and Salifu
et al. (2017) also demonstrated the same observations. The ICP-OES characterization investigation
demonstrated that Si, Al, Fe, and K are the main elemental composition of VPum, whereas Si, Al, Fe,
and Ca are the main elemental content of VSco. This confirmed the absence of harmful substances in
both adsorbents which is consistent with previous research findings (Alemayehu et al., 2011; Asere et
al., 2017a). The ICP-OES measurement also showed that the amount of zirconium coated on VPum
and VSco was 3.9 % wt and 1.2 % wt, respectively, which could have improved the fluoride adsorption
performance of the adsorbents. The recorded SEM images in Geleta et al. (2021b) revealed the
presence of interconnected inner porous surfaces in VPum (Figure 2.3a) and the presence of dead
zones in VSco (Figure 2.3b). The presence of interconnected inner porous surfaces in pumice in Asgari
et al. (2012) and X. Li et al. (2010), whereas the presence of dead zones in scoria in Moradi et al.
(2015), resembles the results in Geleta et al. (2021b) for VPum and VSco, respectively. The degree of
surface modification with the enhanced porosity of Zr—Pu (Figure 3.4b) in Geleta et al. (2021c) and
ZrOCSc (Figure 4.4b) in Geleta et al. (2022) was also evident from the recorded SEM micrographs.
Sepehr et al. (2013) and Liang and Ni (2009) made similar observations for surface modification of
pumice and salt treatment of zeolite, respectively, with a keen interest to develop inexpensive
adsorbents. The oxides of Si, Fe, and Al as the main constituents of both VPum (Table 3.1) and VSco
(Table 4.1) were revealed by XRF analysis. An earlier study found comparable values for VSco and
VPum (Alemayehu & Lennartz, 2009). Moreover, the XRF analysis revealed that the amount of
zirconium oxide coated on VPum was 8.9 % wt and 8.3 % on VSco, which was enough to improve
fluoride uptake performance. The higher amount of zirconium oxide coated on VPum than VSco is
due to VPum being more porous than VSco, which is similar to the results for cerium-loaded volcanic

rocks reported by Asere et al. (2017a). The FTIR spectrum study confirmed the interaction of the
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active adsorption site with fluoride ions. FTIR examinations, on the other hand, revealed a negligible
difference in spectrum changes between unmodified and surface-modified adsorbents, which could be
attributed to the equipment's inability to detect the difference. This finding is consistent with previous
studies reported by Dou et al. (2012) and Sepehr et al. (2014). This demonstrates that the use of
complementary characterization equipment such as NMR/XPS may be advantageous for future
research. The BET specific surface area (Sger) analysis revealed that the specific surface area of VPum
is larger than that of VSco. Furthermore, BET analysis demonstrated the enhancement of the specific
surface area of the surface-modified VPum. The pore size distribution gained by the Barrett—Johner—
Halenda (BJH) method showed that VPum and Zr—Pu are mesopore materials by the ITUPAC
classification; so, they can be appropriate adsorbents for the binding of fluoride ions (Fallah &
Taghizadeh, 2020). The TGA/DTA analysis for VSco (see Figure 4.5a) and ZrOCSc (see Figure 4.5b)
in Geleta et al. (2022) showed that the overall weight losses of both adsorbents were lower (2.3 % for
VSco and 3.2 % for ZrOCSc), which could be attributed to the removal of moistures as well as that of
OH species linked to metal oxides and volatile organic impurities present at low levels. This
demonstrates that the adsorbents have good thermal durability up to 900 °C, which is consistent with
Alraddadi & Assaedi (2021) findings for scoria and pumice volcanic rocks. Analysis of pH and pHpzc
revealed that the pH in water and the pHpzc of the surface-modified adsorbents were lower than those
of the unmodified adsorbents (Asere et al., 2017a). When the pH of the solution was lower than pHpzc,
the surface of the adsorbents is positively charged. This is because the hydroxyl groups on the surface
of the adsorbents were protonated at lower pH (Wu et al., 2017). Therefore, the removal mechanism
at pH < pHpzc is possibly due to the columbic attraction of fluoride by positive surface charges
(Equation (5.1)) and/or ligand exchange reactions of fluoride with surface hydroxyl groups (Equation

(5.2)) (Chao et al., 2019).
MOH; + F~ & MOH — — —F~ (5.1
MOH;+ F~ & MF + H,0 (5.2)
Where M denotes the metal ion.

5.2.2. Effect of Experimental Conditions on Fluoride Removal
5.2.2.1.  Effect of Adsorbent Particle Size

The effect of the particle size on the breakthrough behavior of fluoride was investigated for unmodified
adsorbents (Chapter 2; Section 2.3.2) with grain size classes of silt to medium sand (< 0.075, 0.075—
0.425, 0.425-2.00 mm). On reducing the particle size from medium (0.425-2.00 mm) to silt (< 0.075

mm) the breakthrough and exhaustion time noticeably increased for VSco, while the breakthrough and
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exhaustion time was high for VPum at a fine particle size (0.075-0.425 mm) (Table 2.2). VPum was
found to be effective in removing fluoride in an aqueous solution with a maximum uptake capacity
(ge) of 110 mg/kg at a particle size of 0.075 — 0.425 mm, while the maximum removal capacity of
VSco was 22 mg/kg at a particle size of < 0.075 mm (Figure 5.1).
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Figure 5.1 Effects of particle sizes on the adsorption performance of VSco and VPum (pH 2.00; Co: 10 mg/L;
Qo: 1.25 mL/min; bed depth 10 cm)

The reduction of particle size of an adsorbent, as shown in Figure 5.1, is a significant controlling factor
in the fluoride—VSco system (at a particle size of < 0.075 mm the fluoride uptake was high). A similar
effect was observed for VPum (at a particle size of 0.075-0.425 mm the fluoride sorption capacity
was high). However, the effect of particle size on adsorption capacity is more pronounced for VSco
than for VPum (see Figure 2.5 and Figure 5.1). This infers that VPum loses its internal porosity at the
smallest particle size (< 0.075 mm) since the continuum pore space (skeletal structure) is damaged
when compared to the fine particle size (0.075-0.425 mm) (see Figure 2.3a) and resulting in the
smaller internal pore surface areas; consequently, the removal capacity of the adsorbent decreased.
The aforementioned observation in Geleta et al. (2021b) was also observed by Alemayehu and

Lennartz (2009) and X.Li et al. (2010).

5.2.2.2.  Effect of pH

The initial pH of the fluoride solution is also critical for fluoride adsorption. The chemically active
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site of the adsorbents can be altered by changing the initial pH of the solution (Akafu et al., 2019).
The effect of solution pH on fluoride adsorption using unmodified and surface-modified adsorbents
was investigated at different pH (2.00, 4.00, and 6.00) by a separate set of fixed-bed adsorption
columns. As can generally be observed in this thesis from Chapters 2-4 and also in Figure 5.2 below,
the adsorption capacity of the adsorbents increased noticeably with decreasing pH. Furthermore, for
all adsorbents used in the present study, the breakthrough curves (see Figures 2.6, 3.5, and 4.6)
appeared to move from right to left as the pH increased from 2 to 6. The locally available unmodified
materials have a defluoridation performance of 110 mg/kg (VPum: 0.075 — 0.425 mm) and 22 mg/kg
(VSco: <0.075 mm) at a solution pH of 2 and an initial flow rate of 1.25 mL/min (see Table 2.2). A
defluoridation performance of 225 mg/kg was gained for Zr-Pu (2.05 times the adsorption capacity of
VPum: 110 mg/kg) (see Table 3.3), whereas the defluoridation capacity of 58 mg/kg was achieved for
ZrOCSc, which was 4.46 times higher than the adsorption capacity for VSco (13 mg/kg) at a solution
pH of 2 and initial flow rate of 1.25 mL/min (see Table 4.2). The unmodified and surface-modified
adsorbents were found to exhibit good fluoride adsorption performance at a lower pH of 2 (see Figure
5.2). As stated in this thesis (see Sections 2.3.3, 3.3.2.1, and 4.3.2.1), the higher uptake capacity at pH
2 could be attributed to the fact that the adsorbent surface has more positive charges at lower pH and
electrostatically adsorbs fluoride ions. Other researchers have revealed similar observations (Akafu et

al., 2019; Chao et al., 2019; Shang et al., 2019).
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Figure 5.2 Effects of solution pH on the adsorption performance of the adsorbents (particle sizes: 0.075 —
0.425 mm; Co: 10 mg/L; Qo: 1.25 mL/min; bed depth 10 cm)
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Therefore, the adsorption of fluoride ions was due to an electrostatic phenomenon and surface
complexation, which can occur alone or in conjunction with the uptake of fluoride ions on the
adsorbents (Alemayehu et al., 2011; Fufa et al., 2013; Salifu et al., 2013). In general, the pH-dependent
fluoride removal capacities of the unmodified and surface-modified adsorbents were comparable.
However, a noticeable improvement observed for surface-modified adsorbents in Geleta et al. (2021c)
and (2022) was due to the zirconium coating, because of the specific interaction between fluoride ions
and zirconium (hydr) oxide. This type of observation was also stated by Asre et al. (2017a) for the

adsorption of As (III) and As (V) from aqueous solution by cerium-loaded volcanic rocks.

5.2.2.3. Effect of Flow Rate

The effect of inlet fluoride-polluted water sample flow rate on the adsorption of fluoride using
unmodified and surface-modified adsorbents was investigated at various flow rates (1.25, 2.50, and
3.75 mL/min). As expected, as the flow rate rose from 1.25 to 3.75 mL/min, the breakthrough and
exhaustion times declined (see Tables 2.2, 3.3, and 4.2) and their curves became steeper (see Figures
2.7, 3.6, and 4.7). This means that the fluoride solution has exited the fixed-bed column before an
equilibrium occurs and consequently resulted in limited fluoride ions uptake. This behavior is due to
an insufficient residence time of the solution in the column at higher flow rates (higher hydraulic
loading) or it could be because of channeling or preferential flow. This finding was further confirmed
by Mass Transfer Zone or Unused Bed Length (MTZ/Hung), which increases with increasing flow rate
but narrows the utilized fractional bed (Lin et al., 2017). The increase in flow rate had a significant
impact on the equilibrium/maximum adsorption capacity of the adsorbents. Accordingly, the
maximum defluoridation capacity (qe) of the unmodified adsorbents in the column decreased from 110
to 17 mg/kg (VPum: 0.075 — 0.425 mm), 13 to 11 mg/kg (VSco: 0.075 — 0.425 mm), and 22 to 4
mg/kg (VSco: < 0.075 mm) as the flow rate increased from 1.25 to 3.75 mL/min (see Figure 5.3).
Similarly, as shown in Figure 5.3, the maximum adsorption performance of surface-modified
adsorbents decreased from 225 to 108 mg/kg (Zr—Pu) and 58 to 28 mg/kg (ZrOCSc) as the flow rate
increased from 1.25 to 3.75 mL/min. Thus, in this study, the flow rate of 1.25 mL/min was found to
be the optimum flow rate for fluoride adsorption. The Empty Bed Contact Time (EBCT) decreased as
the flow rate increased, indicating that at lower flow rates, the interaction time between the adsorbent
and solution phase is longer than at higher flow rates. The current study revealed that high flow rates
reduced the contact time between the fluoride ions and the adsorbent surface leading to less fluoride
adsorption, and decreased overall adsorption performance. This corresponds to the finding of
Muthamilselvi et al. (2018) and Fallah & Taghizadeh (2020). Although the initial flow rate had a

similar effect on both unmodified and zirconium-modified adsorbents, the zirconium coating increased
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fluoride uptake. Furthermore, when compared to the other adsorbents studied, zirconium-coated
pumice (Zr-Pu) was shown to be the most effective and promising option, indicating that it could be a
good potential for fluoride-laden groundwater in fluorotic areas of low-income countries, where

pumice is abundant.
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Figure 5.3 Effects of initial flow rate on the adsorption performance of the adsorbents (particle sizes: 0.075 —
0.425 mm; pH: 2.00; bed depth 10 cm)

5.2.2. Application of the Thomas and Adams-Bohart Models

In this study, the Thomas model and the Adams-Bohart model were employed in the experimental
data to describe the dynamic behavior of fluoride adsorption. The results of Geleta et al. (2021b),
(2021c), and (2022) revealed that both models adequately described the experimental data at various
experimental conditions (see Tables 2.3, 2.4, 3.4, 3.5, 4.3, and 4.4). Both models' breakthrough curves
appeared to shift from the right to the left as the pH and inlet flow rate increased from 2 to 6 and 1.25
to 3.75 mL/min, respectively (see Figures A2.2, A2.3,4.10, and 4.11). This indicates faster exhaustion
of the adsorbents’ bed, and hence lower fluoride removal performance of the adsorbents’ bed (Salifu,
2017). The values of the Thomas rate constant (Kt) and Adams-Bohart rate constant (Kag) decreased
as the influent flow rate decreased. However, the adsorption capacity per unit mass of the bed of the
adsorbents predicted by the Thomas model (qo; mg/kg) and the adsorption capacity per unit volume

of the bed predicted by the Adams-Bohart model (No; mg/L) increased as the flow rate decreased. An
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increase in No and q, values with decreasing flow rates is ascribed to the increase in the EBCT because
of the direct proportion of the adsorption capacity to the interaction time. Similar observations were
reported in previous studies (Ghosh et al., 2015; Sivasankar et al., 2010). Surface-modified adsorbents
had the lowest rate constant values compared to unmodified adsorbents, indicating that diffusion mass
transfer is greater for surface-modified adsorbents than for unmodified adsorbents (Sivasankar et al.,
2010). The values obtained by the Thomas and Adams-Bohart models optimization confirmed that the
zirconium coating enhanced the fluoride uptake capacity of VPum and VSco. In general, the Thomas
and Adams-Bohart models described the experimental data very well at various experimental
conditions with correlation coefficients (R?) > 0.967 and > 0.897 for zirconium-modified adsorbents
and unmodified adsorbents, respectively, revealing that the models are suitable tools for designing
fixed-bed column systems using unmodified and surface-modified adsorbents, which can lead to the

reduction of laboratory experimentation — saving time and cost (Hu et al., 2020).

Finally, based on the research described in this cumulative dissertation, the following conclusions (but

not limited to) are generated:

o Variations of various process conditions such as particle sizes of adsorbents, influent flow
rate, and initial solution pH; and variation of influent flow rate and initial solution pH have
noticeably influenced the adsorption performance of unmodified and surface-modified
adsorbents, respectively.

o The unmodified locally available materials have a defluoridation performance of 110 mg/kg
(VPum: 0.075 — 0.425 mm) and 22 mg/kg (VSco: < 0.075 mm) at a pH of 2 and an initial
flow rate of 1.25 mL/min. The effect of particle size on the adsorption capacity was more
pronounced for VSco than VPum. This implies that VPum loses its internal porosity at the
smallest particle size (< 0.075 mm) since the continuum pore space (skeletal structure) is
damaged when compared to the fine particle size (0.075-0425 mm) and resulting in smaller
internal pore surface areas; consequently, the removal capacity of the adsorbent decreased.

o The zirconium-coated local materials with similar particle sizes (0.075 — 0.425 mm) were
effective in scavenging excess fluoride from model water under flow-through continuous
fixed-bed column systems. A defluoridation performance of 225 mg/kg was gained for Zr-Pu
(2.05 times the adsorption capacity of VPum: 110 mg/kg), whereas the defluoridation capacity
of ZrOCSc was 58 mg/kg (4.46 times the adsorption capacity of VSco: 13 mg/kg) at a pH of
2 and the initial flow rate of 1.25 mL/min.

o The comparison of the fluoride uptake capacity of the unmodified with the zirconium-

modified locally available media of a similar particle size range (0.075 — 0.425 mm) showed
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that the latter (i.e., zirconium modified media) had a significantly higher fluoride uptake
capacity. A noticeable performance enhancement was seen due to the zirconium coating,
primarily because of the specific interaction between fluoride ions and zirconium (hydr)
oxide. However, zirconium-coated pumice (Zr-Pu) was found to be the most effective and
promising candidate compared to the other adsorbents used in the current study, suggesting
that it could be a good potential for fluoride-laden groundwater in fluorotic areas of low-
income countries (with pumice availability).

The unmodified and surface-modified adsorbents were found to exhibit good fluoride
adsorption performance at a lower pH of 2 and a lower flow rate of 1.25 mL/min. This could
be attributed to the adsorbent surface having more positive charges at lower pH and
electrostatically adsorbing fluoride ions, and the interaction between the adsorbents and the
adsorbate was longer at a lower flow rate. The longer breakthrough and exhaustion time was
also obtained at lower values of pH and flow rate.

The physicochemical characterization of the adsorbents was thoroughly investigated to reveal
the adsorption mechanism. The XRD analysis showed that both unmodified and surface-
modified adsorbents contain crystalline substances. Further, the XRD analysis presented that
zirconium oxide was coated on the surface of VPum and VSco. The BET technique revealed
that coating of VPum and VSco with zirconium oxide improved their specific surface area.
The presence of interconnected inner porous surfaces in VPum, the presence of dead zones in
VSco, as well as the degree of surface modification and enhanced porosity, were evident from
the recorded SEM images. The FTIR examinations of the unmodified adsorbents, and
modified adsorbents before/and after adsorption did not reveal any significant spectrum
changes. This could be due to the inability of the FTIR equipment to detect the changes after
modification and adsorption experiments. The ICP-OES analysis of both unmodified and
surface-modified materials confirmed the absence of harmful substances. The XRF analysis
showed that the major oxide compositions of the adsorbents were SiO2, Al2O3, and Fe:Os.
Furthermore, XRF analysis revealed that the amount of zirconium oxide coated onto Zr — Pu
and ZrOCSc was 8.9 % wt and 8.3 % wt, respectively, allowing for an enhanced
defluoridation performance. TGA analysis of VSco and ZrOCSc revealed lower total weight
losses of 2.3 and 3.2 percent, respectively, owing to the removal of water molecules and OH
species linked to metal oxides contained in the material. The DTA thermogram of VSco and
ZrOCSc demonstrated an endothermic peak as well as a narrow and broad exothermic peak.
The fluoride uptake capacities of the natural and surface-modified adsorbent materials

described in this thesis were found to be comparable to the capacities of some fluoride
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adsorbents reported in the literature (see Sections 2.3.7, 3.3.5, and 4.3.5). Above all, the
adsorbents used in the current study are widely available, inexpensive, and primarily part of
the natural environment.

o The experimental adsorption data were well-matched by the Thomas and Adams-Bohart
models with correlation coefficients (R?) of > 0.967 (zirconium-modified adsorbents) and >
0.897 (unmodified adsorbents). The parameters determined for these models can be helpful
for engineers interested in optimizing the design of modified and surface-modified adsorbents
column filters for the defluoridation of water which can lead to the reduction of laboratory

experimentation — saving time and cost.

Finally, it can be concluded that the use of an unmodified and modification of the surface of the
particles of locally available volcanic rocks (virgin pumice: VPum and virgin scoria: VSco) by
zirconium coating was a useful approach for developing cost-effective and sustainable fluoride
adsorbents. The information supplied would be helpful in the search for a potential adsorbent for the

treatment of fluoride-contaminated groundwater, primarily in low-income countries like Ethiopia.

5.3.  General Outlook, Limitations, and Recommendations for Further Study

The study aimed to investigate unmodified and surface-modified adsorbents derived from low-cost
and easily accessible volcanic rock materials for the treatment of fluoride-laden groundwater in flow-
through fixed-bed column adsorption systems. The outcome and conclusions of this research may be
helpful to water providers for strategic planning for the provision of safe drinking, especially for the
population residing in the rift valley area, to prevent the incidence of fluorosis and other fluoride-
related health hazards. The research findings and conclusions also provide insight into the synthesis
of fluoride adsorbents by modification of the surface properties of indigenous materials, using a
zirconium coating process. The use of low-cost and easily available materials as base materials for the
adsorbent synthesis can diminish production costs while improving long-term sustainability. Thus, the
findings of this study may aid in the search for alternative suitable defluoridation materials that may
be sustainable for the purification of fluoride-contaminated groundwater in low-income countries. The
use of various high-tech equipment such as XRD, SEM, FTIR, XRF, BET, ICP-OES, and TGA/DTA
for the characterizations of the adsorbents will advance the understanding of the adsorption
mechanisms of the adsorbents and will also enhance their use for different applications. The use of
different data analysis methods and fixed-bed column models for the interpretation of adsorption
experimental data could also be helpful to researchers interested in the application of the adsorption
technology for the purification of fluoride-laden water and the removal of other pollutants from the

aqueous environment in general.
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Although the research covered important areas concerning fluoride and the development of fluoride
adsorbent materials, there are still many aspects that were either not covered or require further

investigation as indicated below, and recommendations for future research studies:

v' Further improvements to the adsorption capacity of the adsorbents, especially the capacity of
raw scoria-based adsorbents, need to be explored.

v Representative samples of the rock materials have to be checked for possible composition
changes induced over time as a result of weathering.

v Regeneration tests should be investigated as they may imply the economic viability of the
system.

v" Competing ion tests using real groundwater should be researched as the ions in groundwater
can compete with fluoride for the same active sites which can impact the fluoride adsorption

performance of the adsorbents.

Last, but not least, the raw materials used in this study are found in the same area, Ethiopia's Great
Rift Valley, which has a high prevalence of fluorosis. The use of low-cost and locally available
materials has implications for economic viability and sustainability. Fluoride treatment may be costly
on a large scale for low-income countries, so water providers should focus on raising awareness,
particularly among highly vulnerable communities, about the health effects of high fluoride levels in
drinking water, and subsequently educating them to provide satisfactory and remedial technology. As
a result, future research should concentrate on field pilot-scale studies that can aid in the development
of easy-to-use household defluoridation units, particularly in the most fluorotic areas of the Great

Ethiopian Rift Valley.
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Annex 2: Supplementary materials to Chapter 2

Table A2.1 Elemental composition and oxide content of VPum and VSco

Elements VPum % (wt)  VSco % (wt) Oxides VPum % (wt)  VSco % (wt)
Si 27.1 18.3 Si0O, 68.6 47.4
Al 5.3 10.3 ALO; 8.9 21.6
Fe 3.4 7.8 FexO3 4.9 8.9
K 3.8 0.4 K20 5.5 0.5
Ca 0.3 6.4 CaO 1.8 12.4
Na 1.2 2.2 NaxO 4.1 3.0
Mg 0.1 2.8 MgO 0.2 33
Zn <0.1 <0.1 TiO2 0.3 1.2
Mn <0.1 0.1 Others 5.7 1.2
Cr <0.1 <0.1
Cu <0.1 <0.1
Co <0.1 <0.1
Cd <0.1 <0.1
Ni <0.1 <0.1
Pb <0.1 <0.1
As <0.1 <0.1
(a) (b)
1.0 /—— 1.0
# A M "AA ~on gun®
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— 0.6 — 061 ‘[{ :
“o = ¢
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4 0.075- 0.425mm(exp.) A 0.075-0.425mm(exp.)
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Figure A2.1 Experimental (exp.) and simulated (cal.; Thomas model) breakthrough curves of fluoride at
different particle sizes for (a) VPum and (b) VSco (pH 2.00; Co: 10 mg/L; Qo: 1.25 mL/min; bed depth 10
cm)
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Figure A2.2 Experimental and simulated (Thomas model) breakthrough curves of fluoride at different pH for
(a) VPum: 0.075 — 0.425 mm (b) VSco: <0.075 mm (Co: 10 mg/L; Qo: 1.25 mL/min; bed depth 10 cm)
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Figure A2.3 Experimental and simulated (Thomas model) breakthrough curves of fluoride at different
influent flow rates for (a) VPum: 0.075 — 0.425 mm and (b) VSco: < 0.075 mm (pH 2.00; Co: 10 mg/L; bed
depth 10 cm)
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Figure A2.4 Experimental (exp.) and simulated (cal.; Adams-Bohart model) breakthrough curves of fluoride
at different particle sizes for (a) VPum and (b) VSco (pH 2; Co: 10 mg/L; Qo: 1.25 mL/min; bed depth 10 cm)
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Figure A2.5 Experimental and simulated (Adams-Bohart model) breakthrough curves of fluoride at different
pH for (a) VPum: 0.075 — 0.425 mm and (b) VSco: <0.075 mm (Co: 10 mg/L; Qo: 1.25 mL/min; bed depth
10 cm)
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Figure A2.6. Experimental and simulated (Adams-Bohart model) breakthrough curves of fluoride at different

flow rates for (a) VPum: 0.075 — 0.425 mm and (b) VSco: < 0.075 mm (pH 2.00; Co: 10 mg/L; bed depth 10
cm)
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