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ABSTRACT

In this thesis, I present my work on the development of a self-contained toilet
wastewater treatment and recycling system, the “Caltech Solar Toilet”. The Caltech
Solar Toilet technology is based on electrolysis of toilet wastewater with TiO2-coated
semiconductor anodes and stainless steel cathodes. This is a potentially viable onsite
sanitation solution in parts of the world that lack the needed infrastructure for
centralized wastewater treatment.

Prototypes of Caltech Solar Toilets were designed to fit in shipping containers in
order to provide toilets and onsite wastewater treatment with clean water recycling.
Units were designed to handle the waste of 25 users per day (or 130 L of toilet
wastewater). The various prototypes were able to provide for the disinfection of
pathogens, reduction of chemical oxygen demand (COD), [NHz], and color at an
average energy consumption of 35 Wh L-1. The treated wastewater was recycled for
use as toilet flushing water.

The addition of a microbial fuel cell system for urine pre-treatment was
investigated to lower the overall energy consumption of the Solar Toilets. The
microbial fuel cell system used consisted of two stacks of 32 cells connected in
parallel. An average power density of 23 mW m-2 was produced at an effective current
density of 65 mA m-2 for more than 120 days. [NHz], total inorganic carbon, COD, and
total organic carbon levels were monitored frequently to understand the chemical

energy conversion to electricity as well as to determine the best electrical



ix
configuration of the stacks. Archaeal and bacterial population on selected anode felts
and in the anolyte of both stacks were investigated as well.

In addition to treating toilet wastewater, pilot-scale and bench-scale experiments
demonstrated that electrolysis can remove phosphate by cathodic precipitation as
hydroxyapatite at no additional energy cost. Phosphate removal could be predicted
based on initial phosphate and calcium concentrations, and up to 80% total
phosphate removal was achieved. While calcium was critical for phosphate removal,
magnesium and bicarbonate had only minor impacts on phosphate removal rates at

concentrations typical of toilet wastewater.



PUBLISHED CONTENT AND CONTRIBUTIONS

The material presented in Chapter 2 is in preparation for publication by the listed
authors. C. A. C. is the principal and coordinating author of the manuscript. C. A. C. and
Y. Q. designed and constructed the prototypes. C. A. C. directed the field testing and
sampling methods, and analyzed and interpreted the data. M. R. H.and Y. Q. provided
guidance as well as intellectual and writing contributions.

Cid, C. A., Yan Q., & Hoffmann, M. R,, in preparation. Design and preliminary
implementation of onsite electrochemical wastewater treatment and recycling
toilets for the developing world.

The material presented in Chapter 3 is in preparation for publication by the listed
authors. C. A. C. is the principal and coordinating author of the manuscript. C. A. C.
designed the study, performed the sampling, and analyzed and interpreted the data.
C. A. C. performed the DNA extraction and purification. H. Y. graciously scheduled the
DNA sequencing and C. A. C. analyzed the data. I. I. provided the MFC system
prototypes and remote and in-person support on their operation. M. R. H. provided
intellectual and writing contributions.

Cid, C. A., leropoulos, I., & Hoffmann, M. R., in preparation. Urine microbial fuel cells in a
semi-controlled environment for onsite urine pre-treatment and electricity
production.

The material presented in Chapter 4 is published in Cid et al (2018). C. A. C. is the
principal and coordinating author of the manuscript. C. A. C. and J. T. . planned the

study, performed the laboratory experiments, and analyzed and interpreted the data.



xi

C.A. C.performed the SEM/EDS imaging, XRD measurements, and thermogravimetric

analysis. . T. ]. performed the simulations for total phosphate removal.

Cid, C. A., Jasper, J. T., & Hoffmann, M. R. (2018). Phosphate Recovery from Human
Waste via the Formation of Hydroxyapatite during Electrochemical Wastewater
Treatment. ACS Sustainable Chemistry & Engineering.
doi:10.1021/acssuschemeng.7b03155

The patent for the Caltech Solar Toilet described in Chapter 2 has been filed under
the United States Patent and Trademark Office application number US20140209479.
The patent application describes the invention of the “Self-contained, PV-powered
domestic toilet and wastewater treatment system”. C. A. C. was one of the inventors.
C. A. C. participated in the preparation of the materials for the patent.

Hoffmann, M.R., Aryanfar, A., Cho, K., Cid, C.A., Kwon, D., Qu, Y. (2013) US Patent
Application 20140209479 (A1) Washington, DC: U.S. Patent and Trademark
Office. Available from the US PTO Patent Application Full Text and Image
Database.

The smart maintenance solution described in Chapter 5 has been filed under the
United States Patent and Trademark Office application number US20170008775. The
patent application described the invention of the “Maintenance self-diagnosis and
guide for a self-contained wastewater treatment system”. C. A. C. was one of the
inventors. C. A. C. participated in the preparation of the materials for the patent.
Finke, C.E., Cid, C.A., Hoffmann, M.R., Hanan, A.K., Pinkston Ill, D.H., Vanier, M.C. (2016)

US Patent Application 20170008775 (A1) Washington, DC: U.S. Patent and

Trademark Office. Available from the US PTO Patent Application Full Text and
Image Database.



xii

TABLE OF CONTENTS

(0] 210 ] (7N 1 [0 ]|V N ]l
ACKNOWLEDGIVIENTS ..cceuieuitiiieiieiieiteireietiestesiestestessessessessssssssssssssssassnssassassassassessessassnns v
A B S T R A CT ..ciieiiiiiiiieiietrcrtrettereeteeteersusestaerassastastastassastestassassessestessessessesssssssassasssssansanes Vil
PUBLISHED CONTENT AND CONTRIBUTIONS ....cuititiitiereiiereerniteiiecrnseastestessessessessasssssenaes X
TABLE OF CONTENTS ..iuiuiiiiitieiteteereteerasnrestastnssastestastsssessessessssssssesssssssassasssssassnssnssnns Xl
LIST OF ILLUSTRATIONS ...t ititiieiieiriiteiieeieetetentettastastestestessessessasssssessesssssssssssssssssssassnnses XVi
LIST OF TABLES ... o ituitiieiitiieiieiieiiecteerettectecrestestessessessessesssssssassssssssassnssassassassassessensannne XXl
L Y 2 I = 2 S 1
1.1, A GLOBAL SANITATION CRISIS .evuueieuneieuunieieneeettneeeanserenneesanseeesnnerssnsersnssesnneessnseerennnes 2
1.2. CURRENT PROCESSES FOR SAFE SANITATION .uuuivuniiuniitnierneertnienneerteesnersnessersneesnserseesneesnees 6
1.3. THE GATES FOUNDATION’S “REINVENT THE TOILET CHALLENGE” ....ceviviiieeeeeiviie e ee e 8
1.4,  THE CALTECH SOLAR TOILE T uuituniitniitneiitneeuntitiertertutesteestneesneestersnersseessersneesnserseeesnsesnnees 9
1.5, THESIS OVERVIEW uuivutiiuniiiniiiuiiineetneetteranersteessnersneesnsestesssntssnesssnersnsesneersesesntesneessnernnns 10

L. 6. REFERENCES ..ittuiieuiittiettitttetie ittt eett ettt eraneraaeesasersatesaestsssnssstessnsersaessnertnsesnsesnesssnernnns 20
CHAPTER 2 .oaieiiiiiteeieteeettetetntestestestastessestessessessessssssssssssssssassassnssassasssssassessassnssnssessen 23
A T Y- 3 12 Yot IR 24
b | 1 12(0 ] 010 Lo 1] RN 25
2.3, GUIDELINES, MATERIALS AND METHODS ...cuuiituiitniriietnerieernterteeesnersieessersneesseersneessesnees 29
2.3.1. Health considerations for an onsite wastewater recycling systems................ 29

2.3.2. Choice of prototype testing loCAtIONS ............ceeueeeeeeeeeeiciiiiiiiieaeeeeeeeecccivsveenens 30



xiil

2.3.3.  Monitoring and evaluation Mmethods ..............ccceeveeiieeeeeeieiciiiiiiieiaaeeeeeeesiiins 31
2.3.4.  ANQIYEICAI METROMS .coovveeeeeeeeeee ettt e ettt e e e e e e e e e sssaans 32
2.4. DESIGN OF THE SELF-CONTAINED TOILET AND TREATMENT SYSTEMS ...coviiiuriiiiiiiiiiiieiiiiiineens 34
2.4.1. SiZiNG CONSIACIATLIONS .......vvveeeieeseeeeeeeecccieeet e e e e ettt e e e e e e e e e et ssearaaaaaaaaaeaas 34
2.4.2.  Electrochemical reactor SYStEM ............cceeeeeccciuiveeriaiaeeeeeeiescsiissesesaaaeeesessisinns 35
2.4.3.  Automation for the wastewater treatment and recycling .................ccccecuuu. 36
2.4.4.  Energy distribution across to the SYStem ...........ccccuueeeeeeeceeciiiiveeeiaaaeeeeeesciinns 37
2.4.5. INE@GIATION .ottt ete e et e ettt e e e e e et tse e e e e s e et aae s e e e aetane s 38
2.5, RESULTS AND DISCUSSION...cceiiiutiiieiiiiiiiieiiiiiiiessitiie s sbtie s st sabas s s sbbas s snaass e 39
2.5.1.  Free chloring ProducCtion ...............eeueeeeeeeeeeeecciiiiieieeaeeeeeeeescsiitsseaeaaaaaeeeessssiaans 39
2.5.2.  Removal of undesired organic and inorganic contaminants...............c.......... 41
2.5.3.  DISINFECHION ...ttt ettt e e e e e e e e s s e st aaaaaaaeeeeassnsees 42
2.5.4. ENergy CONSUMPLION......cccuuueeeiiieiiiee ettt ettt s e e et see s e e e et 43
2.5.5.  Applicability of the technology in the context of a developing country.......... 43
2.5.6.  Possible prototype improvements for commercialization..................cccccccu.. 44
2.6, SUMMARY L.otiiiiiiiiiiie ittt 46
2.7, ACKNOWLEDGMENTS...iiutiiiiiiiitiiiisiiiiiii ettt st s b e s aab s s sbba e aaa s s e 47
2.8, SUPPLEMENTARY FIGURES AND TABLE ....utiiiiiiiiiiieiiiiiiiinessiiiie et snanae e 63
2.9, REFERENCES ..ciiiiitiiiieiiitiiiie sttt e sttt st b bbb b e s s aba e s s s bbb e e e 72
O 5 7 o I 3 2 U 77
R Y 1YY oo PN 78
3.2, INTRODUCTION c..uuttiiisiiittiie sttt ettt bb bbb b e e s baas s s s bbb ae e e e 79
3.3, IMATERIALS AND METHODS ..ccoiutiiiiiiiiiiiis i siiiiie sttt sbbs s s sabas s naase e 81

3.3.1. 1YL O o [of T 81



Xiv

3.3.2.  Electronics for performance monitoring and energy harvesting..................... 83
3.3.3.  Solution sampling and chemical analyses.............cccccceeeeeeecciviivveeraaaaeeeeseieinns 83
3.3.4. CoUIOMBIC EffICIENCY ...ttt a e e e e e e e s aaaeaeas 84
3.3.5.  Analyses of biomass in SUSPENSION..........cccccccuuuvevereeaaeeeesiesiiiisireesaaaaeesessisinns 85
3.3.6.  Biological analyses of the QNOdES ...........cccccuvuvvevveeiieeeeeeeecciciiiieiiaaaeeeeeeeeiins 85
3.4. RESULTS AND DISCUSSION ...tettunetitueeetniseetnneeeruaeeennaseetnnserensssessnssessnsesenseensnnsessnsseeenns 87
3.4.1.  Stabilization of MFC Performance................ccccevuueeeeeeeeeeeeiesiiiisveeesasaeeesesssiiinns 87
3.4.2. Energy recovery t0 @leCtIiCity ........couuiiieeeeeiesciiieeieiaeaeeeeeeesccciireeeaaaaeeeeeesssanns 92
3.4.3. BOCLEIIAI CrOSS-OVEr .....eeeiieeieee ettt 94
3.5, CONCLUSIONS tttuieeiettttteseeettttiiseeseettusiseeeseetasasseesantsaassseeessssasseeseesssansseessssssnnseeeeenes 96
3.6, ACKNOWLEDGMENTS...cuutiiiiiiitiiiiieiiiiiii sttt b e saab b e s sbbae s abas s 97
3.7.  SUPPLEMENTARY FIGURES ....ccivuiiiiiiiiiiiiiiiiiiiie sttt snaas s saaaee s 106
3.8.  SUPPLEMENTARY INFORMATION: PROTOCOLS ...eciviiiuriiiiiiiiiiiieisiiiieessiiiieesssnnise s snnneees 108
3.8.1. Genomic DNA extraction protoCo/ ...........ccccccvuveeeereseeeeeeesiiciiiieisaaeeeeeeesiiinnns 108
3.8.2. 16S rRNA gene sequencing and ProCessing...........ccuuueeeeeeeevvivvveereaseesssessiinns 109
3.9, REFERENCES ..ciiiiitiiiiiiiitiiiie ettt sttt aba s s bb b e s abae e s 110
00 Y I =13 114
T N 13 I o PR 115
L 1 0 U oy 1 o T 116
4.3, MATERIALS AND METHODS ..eviiiiiiiiiieiiiiiiiieesiiiiie s s s ibaas s st 119
4.3.1. MGALEIIQIS ...ttt e a e e 119
4.3.2.  Pilot-SCAlE @XPEIriMENTS ...........uvvveeeieaaieeeeeeeecieeeeaa e e e e e e seececcataaaaaaaeeeeeesssenns 120
4.3.3.  Bench-scale eXPerimMeNnts............cccueueieeeeeeieciiiiiieaeaaaeeeeseessisisssssasaaaeeeeesssiianns 120

4.3.4.  Precipitate solubility MeaSUremMeNtsS............cccccueeeeeeeeeeeeeesiiiiirireraaaeeeeeeessiinns 121



XV

4.3.5.  ANQIYtICAl METNOMS .ccccceeeeeeeeee ettt a e e e e e e e e ssaans 122
4.4, RESULTS AND DISCUSSION ...uiettuneetiuieeetieeeenuseetnseeesuseeenasestnnsersnssesnnnssessnssesenseessnnsens 123
4.4.1.  Phosphate removal during pilot-scale treatment ...............ccccceveeeeeeeeeeeceeinnn, 123
4.4.2. Characterization of precipitated hydroxyapatite ............ccccccueeeeeeeeccccvvvnnnnnn. 123
4.4.3.  Phosphate removal equilibria and Kinetics ...........c.cccceeueevevvivvevveasaeeeeeesiiinns 125
4.4.4.  Design and operation cONSIiderations...............ccccuueeeeeeeeesiiiirereeeaseseesessiiinns 130
4.5, ACKNOWLEDGMENTS...cciiiuuiiiiiiiiiiiiseiiiiiie ettt a e s e s s s abb e ab b e e s ane s 132
4.6.  SUPPLEMENTARY FIGURES AND TABLE .....cvviiiiiiiiiiic ittt 143
4.7, REFERENCES ...ttiiiiiitiiiiii ittt b s e a e 153
L0 5 7 o I 3 N 158
5.1 INSUMMARY ccoiiiitiiiii ittt 159
5.2.  BARRIERS TO WIDE ADOPTION OF THE TECHNOLOGY ...euviiiiiuniiiieiiiiiiieesiiiiesessniieeeesnnneeees 161
5.2.1.  Isthe lack of social status surrounding toilets a problem? .......................... 161
5.2.2. A smart maintenance system for a truly sustainable solution...................... 161
5.2.3.  Standardization can boost the market for onsite sanitation systems........... 163
5.3.  APPLICABILITY OF THE ELECTROCHEMICAL TECHNOLOGY TO OTHER INDUSTRIES ......ccovivnnnennn. 165

Lo S o1 o o1 2 = N (o SR 168



XVi

LIST OF ILLUSTRATIONS

Figure 1.1: Percentage of a country’s population without access to safe sanitation in 2015 according to the
World Health Organization (World Health Organization 2015). Location of the prototype testing sites
across the world: AMD, Ahmedabad, Gujarat, India; COIl, Coimbatore, Tamil Nadu, India; DUR,
Durban, Kuazulu-Natal, South Africa; KYM, Kottayam, Kerala, India; PAS, Pasadena, California, USA;
YXG, YixXing, JIANGSU, ChiNa.......uuiiiiiiiiieiiiiiiee ettt e ettt e e e e e st e e e e e e e e s abbaaeeeaeeseeansbaaeeaaeeennes 13

Figure 1.2: Trends in global drinking water (a) and sanitation (b) coverage and Millenium Development
Goal target coverage (%), 1990-2015. (World Health Organization, 2015).......cccccceeiiviieeiniierennen. 14

Figure 1.3: “Proportion of population accessing difference types of drinking water, by region and by
microbial contamination level, 2012. AFR: Africa; AMR: Americas; EMR: Eastern Mediterranean;
EUR: Europe; SEAR: South East Asia; WPR: Western Pacific. Microbially contaminated water has
detectable E. coli or thermotolerant coliforms in a 100 mL sample, while samples showing no
detectable faecal indicator bacteria (<1 per 100 mL) are compliant with WHO guideline values and
most national standards.” (World Health Organization, 2014) .......ccccceeeeeieiiiiieeeeee e 15

Figure 1.4: Proportion of the global population using sanitation facilities meeting specific criteria for safely
managed services. (WHO/UNICEF JMP, 2017D) ....uuiiiiiiiieeeeiee ettt ettt e e e e eaveeeen 16

Figure 1.5: Sanitation value chain (top) and Shit Flow Diagram (SFD) for the city of Dhaka, Bangladesh.
(Blackett €t @l., 2004) .. ..uuuiiiiieee ettt ettt e e e e e et e e e e e e e e et ——— e e e e e e e eeabataereaaeeeaanntareaaaaeeaaannraes 17

Figure 1.6: Waterborne and foodborne diseases transmission and control. (Water Supply and Sanitation
Collaborative Council & World Health Organization, 2005) ........cccoiciiiiiieieee e 18

Figure 1.7: System flow diagram of the 2014 Caltech Solar Toilet prototypes with capacity and residence
time of the relevant components. Relevant components to chapters 2, 3, and 4 of this thesis are
highlighted with a different color. Chapter 2 (black): design and preliminary implementation of
onsite electrochemical wastewater treatment and recycling toilets for the developing world.

Chapter 3 (red): urine microbial fuel cells in a semi-controlled environment for onsite urine pre-



xvii

treatment and electricity production. Chapter 4 (blue): phosphate recovery from human waste via
the formation of hydroxyapatite during electrochemical wastewater treatment. ...........ccccceeeeeenn. 19
Figure 2.1: Percentage of a country’s population without access to safe sanitation in 2015 according to the
World Health Organization (World Health Organization, 2015). Location of the four prototype
testing sites across the world: PAS, Pasadena, California, USA; AMD, Ahmedabad, Gujarat, India;
KYM, Kottayam, Kerala, India; YXG, Yixing, Jiangsu, China. .........cccoiiieiiiiiiiiiiiieiee et 52
Figure 2.2: Caltech Solar Toilet system prototypes: a) Prototype PAS (Pasadena, CA); b) Prototype KYM
(Kottayam, Kerala, India); c) Prototype AMD (Ahmedabad, Gujurat, India); d) Prototype YXG (Yixing,
BT aT=4 U @ o 11 F= ) USSR 53
Figure 2.3: System flow diagram (top left, see Figure S2.1 for volumes and residence times) with
automation algorithm description for the onsite toilet wastewater treatment and recycling systems.
Pumps are underlined. Capacitive level sensors are represented by red triangles. Brown lines
illustrate the flow of untreated wastewater while blue lines illustrate the flow of treated and
FECYCIE WaASTEWATE . ... ettt e e e e et e e e e e e e et b e e e e e e eeeseabataeseaaeeeaanstassesaeeesaannraes 54
Figure 2.4: Photograph of the layout of one of the self-contained electrochemical treatment prototypes
installed in the field. The combined power, monitoring, and control system are highlighted in red
dashes. Refer to Figure 2.3 for meaning of aCronyms. ........c..ueiiiiiiiiiiiiieeee e e 55
Figure 2.5: Electrons flow and main chemical reactions in the ECR illustrating the production and the fate
of FC during electrochemical treatment (1) —(3). The yellow arrows represent the flow of electrons
in the electrodes and across the WIres. .........oociiiiiiiiieieee e s 56
Figure 2.6: Scheme of the electrochemical oxidation of organic compounds and chloride ions on a metal
OXIE EIECEIOTE. ...t ettt e sb et e st e et e s b e s e s ba e e b e e bneenes 57
Figure 2.7: Typical evolution of the COD, TKN, and TC during the treatment of toilet wastewater in AMD
o] 0] o] AV o 1< TP PPPPPINN 58
Figure 2.8: NH; (top) and COD (bottom) averaged concentrations before (input) and after (output) a

typical electrochemical treatment cycle of 4 hours with respective Removal Efficiencies (RE) for 30



xviii

continuous days of operation of YXG prototype. Day 0 corresponds to the beginning of usage of the
o] o] o] AV o 1< TR PP PPPPPPNN 59
Figure 2.9: COD removal efficiency (RE) and output COD value of treated toilet wastewater of AMD
prototype. Effective sampling dates are written vertically..........cccovveeiiiiiiciiiiii s 60
Figure 2.10: COD removal at different levels of electrical energy consumption for toilet wastewater of
original CODq value. Extrapolation is based on a first-order kinetic model for electrochemical COD
removal, see Figure S2.7 (Martinez-Huitle & Ferro, 2006). .......cccccuuiieeeeeeieciiiieeeee e e ee e e e 61
Figure 2.11: Recorded monthly usage of eToilet (left) and electrolysis treatment cycles during operation in
Ahmedabad, Gujarat, INdia (AMD). .......uuiiiiieee e e e ee e e e e e e e et arr e e e e e e e eesaabraeeeaaeaeaaas 62
Figure 3.1: a) Picture of an empty terracotta microbial fuel cell with the anode supported by a nickel-
chromium wire. b) Two MFC stacks on top of each other fed by gravity and installed behind a water-
free urinal on Caltech campus. c) Top view of the MFC stacks (version A) with direction of the
gravity-fed urine flow through the system. Cells C1, C2, and C3 used for catholyte sampling for
microbial testing (Table 3.1) are highlighted. Sampling points for the anolyte in top and bottom
stacks are Marked With @ Star. ....c..eeo et 99
Figure 3.2: Voltage across the bottom and top stack (version B), each connected to a separate 4Q
individual load. Recorded urine feeding events are represented with vertical red bars.................. 100
Figure 3.3: a) [NHz], b) TIC, c) COD, and d) TOC levels at the inlet, outlet, and averaged for each MFC
stacks. Recorded urine feeding events are represented with vertical red bars. Range of values
measured in urine samples by Putnam et al. are reproduced in a yellow pattern. [NH;] pattern is
based of Total Kjehdal Nitrogen (TKN). ... e e e e e e stra e e e e e e e e eeaannees 101
Figure 3.4: Evolution of chemical parameters a) [NHs], b) TIC, c) COD, and e) TOC, over the course of 12
days with three distinctive “feeding events” (marked “F”) in which 3.5 £ 0.25 L of fresh urine
entered from the top MFC Stack iNIL. ....ccoiiiiiiiieiee et e e e 102
Figure 3.5: Top: specific power density (top, mW mz) and bottom: COD removal afficiency (bars, %) and

Coulombic efficiency € (sticks and markers, %) for different electrical configurations of the MFC



Xix

stacks (version A): independent for 14 days (R = 12.5 Q), in series for 7 and 14 days (R =12.5 Q), and
in parallel Tor 14 days (R = 25 ).ttt e e e e et e e e e e e e et a e e e e e e e e esabbareeeeeeeeennnnees 103
Figure 3.6: Middle section of a stained anode (see Materials and methods section) revealed under
fluoresence miroscopy after several months of operation in the top MFC stack: a) FITC and RHOD
channels combines, b) FITC and c¢) RHOD channels at higher magnification with same contrast and
Y T=d 01 4 oYU UUPPTRRRINS 104
Figure 3.7: Proportion of archeal and bacterial population assigned by 16S rDNA taxonomy analysis into
operational taxonomic units (OTU). Only OTUs with a minimum of 1% occurance for any sample are
represented. See Supporting Information for details on the DNA extraction method. ................... 105
Figure 4.1: Mg2+, Ca2+, PO43_T, and ammonia (NH," + NHs) percent removal during electrochemical
treatment (3.3 V; 50 A) of toilet wastewater ([Cl'] = 80 mM) in pilot-scale reactor. Initial ion
concentrations are indicated in the [eZeNd. ..........ueiiii i 135
Figure 4.2: X-ray diffraction spectrum of collected precipitate. Overlay of pure hydroxyapatite with highest
peak normalized to 600 a.u. (ICSD# 24240 and PDF# 01-073-1731) is in red sticks........cccccceeeunnnes 136
Figure 4.3: Percent PO43_T, Ca2+, and Mg2+ remaining during potentiostatic electrochemical treatment (3.6
V; ~18 mA cm_z) of genuine toilet wastewater (filled markers) and synthetic wastewater (empty
markers) with similar ionic compositions. [PO43']T,0 = 0.5 mM; [Ca2+]0 = 1.3 mM; [Mg2+]0 = 1.3 mM.
Error bars represent + one standard deviation of 3 replicates........ccccceeeeeciiiiiiiee e 137
Figure 4.4: Measured vs. predicted percent total phosphate removal following galvanostatic electrolysis (4
h; 10 mA cm'z). Error bars represent + standard deviation of 3 replicates. Experiments are
referenced by letter and are described in Table SA.1. ... e 138
Figure 4.5: Predicted percent total phosphate removal. Predictions are based on solving the simultaneous
equations 1 and 3 at varying initial total phosphate and calcium concentrations and a cathodic pH of
O e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aeaaaeaeaeaeaeaaaaaaaaaeetatatererererarens 139
Figure 4.6: Initial rate constants (k;,;) for the formation of hydroxyapatite during galvanostatic electrolysis

(10 mA cm'z) as a function of [Ca2+]0[PO43_]0. The fit equation was determined empirically using Igor



XX

Pro 6.37 (Wavemetrics). Error bars represent + standard deviation of 3 replicates. Experiments are
referenced by letter and are described in Table SA.1. ... 140
Figure 4.7: Intial phosphate removal rate following galvanostatic electrolysis (4 h; 10 mA cm” unless
noted otherwise) as a function of (a) [Mg2+]0; (b) [HCO31p; (c) electrolysis current density, j; and (d)
electrode surface area to volume ratio. Error bars represent + standard deviation of 3 replicates.
Experiments are referenced by letter and are described in Table S4.1. (b): buffering capacity 8 (meq
L™ PH™) IS NOEA I DFACKELS. cv.veveeveeeseeeeeeeeee et e e eeeee e e eeeee e e eeeeeeeee e s eseseseeeseseseesessesseseneeeseseeesenn 141
Figure 4.8: Measured percent total phosphate removal following galvanostatic electrolysis (4 h; 10 mA cm’
% unless noted otherwise) as a function of (a) [Mg2+]o; (b) [Caz+]o; (c) [HCO3]p; and (d) electrolysis
current density, j. Error bars represent + standard deviation of 3 replicates. Experiments are
referenced by letter and are described in Table S4.1 and Figure S4.2. .......ccocceveeieeiiciiiiieeee s 142
Figure 5.1: Indian population, number of open defecators, and cellular subscriptions in the country
between 1995 and 2014. (World Bank, 2016) .......ccceeiiiiiiiieeeeeieciiieee e e e eecirtee e e e e eestrereeee e e e eeaannees 166
Figure 5.2: Simplified flow diagram of the Caltech Solar Toilet with sensors (purple and yellow) placed at

different StEPS Of the PrOCESS ...ciii it e e e e e e e e e et r e e e e e e e s eeaarteeeeaaeeennas 167

Supplementary figures

Figure S2.1: System flow diagram of the self-contained toilet electrochemical treatment system with
capacity and residence time of the relevant CompoNents. .........ccoocciiiiiieieeiicciieeee e 63
Figure S2.2: CAD rendering of the electrochemical reactor (ECR) boddy with an artist view of the electrode
T - VA L T A ol Y =PRSS SRRt 64
Figure S2.3: Simplified electrical energy flow diagram of the Caltech Solar Toilet..........cccooeeeeiiieiiiinnne... 65
Figure S2.4: Typical layouts of the self-contained electrochemical treatment systems with a dedicated
bathroom located on the left side and a treatment room on the right side. .........ccccceivieeiiinicinnns 66
Figure S2.5: Measured CER rate (ppm Cl,/min) in 22 L of 20 mM NaCl solution as a function of electrodes

surface to reactor active volume (m2 m_3). Linear regression equation: CER = 8.3x + 9.7 (R2 =0.89), x



xXi

is the electrode surface area to solution volume ratio. Error bars represent + one standard deviation
(o) ST =Y o] [ToF= 1 {1 ETUUPURN 67
Figure S2.6: CER rate determined in 20 mM NaCl after usage of the electrodes for toilet wastewater
BrEATMIENT. ..o e 68
Figure S2.7: COD removed per Wh L* during a treatment cycle (4 h to 6 h) after specific acumulated toilet
WaAStEWATEr @leCTIOIYSIS TIME. ..uuiiiiiii i e e e e e e e st arr e e e e e e s eeaareaeeeaaeeeanes 69
Figure S2.8: Recorded electrolysis voltage and current of the ECR during a typical month of full usage of
AMD prototype. Variations in cycles are due to ECR turning off and on following the automation
MECNANISIM FIGUIE 2.3 ... ittt ettt e e e e e et e e e e e e e e e s abbbaeeeeeeeseasbasaeseaaeeeasnsbaseeeaaeesansnnaes 70
Figure S3.1: Integration of the MFC stacks within the treatment scheme of the self-contained wastewater
treatment and recycling system developed by Hoffmann et al. (Hoffmann et al., 2013). ............... 106
Figure S3.2: Potential measured across a 4 Q resistor for each independent stack. The red arrows indicate
a feeding event: each stack was slowly drained of the anolyte volume written and replaced by the
same qUANtity OF fresh UTINE. ... e e e e e e aare e e e e e e eeeaas 107
Figure S4.1: Dried stainless steel cathode after more than 800 h of toilet wastewater electrolysis. Most of
the precipitate from the bottom of the electrode had fallen off during transporting and
dismantelling the eleCtrode @rray.........uieei i e e e e e e e e e e e e s e eaataeeeaeeeeaaas 143
Figure S4.2: [Ca2+]o, [Mg2+]0, [PO43']T,0, [HCO;3]o, and current density j (log10 scale) for each set of triplicate
experiments reported in Table SA.L. ... e e e e s e e e e e e e bt e e e e e e eeeaas 144
Figure 54.3: Ammonia (NH;" + NHs), Mg2+, Ca2+, total PO43', NOj3, and free chlorine (HOCI + CIO)
concentrations during electrochemical treatment (3.3 V; 50 A) of toilet wastewater ([CI']=80 mM) in
(oY1 o] Sty or=1 (I L =Y [o1 o] AP UUPPTRRRRNS 145
Figure S4.4: Thermogravimetric analysis of the precipitate collected from the electrochemical reactor (thin
line) compared to calcium carbonate (thick liN€). .....ccuuviiiiiiiiice e e 146
Figure S4.5: SEM/EDS mapping of precipitate collected from stainless steel cathodes after several cycles of

Toilet WasteWater ElECTIOIYSIS. ....uuiiii i e e e e e e e e e ebraaeae s 147



xxii

Figure S4.6: [Ca2+], [Mg2+], and [PO43_]T during bench-scale synthetic wastewater electrolysis experiments.
Experimental conditions for each test are detailed in Table S4.1. Error bars represent + one standard
(o 1AV L o) gl o)l =] o] [ oF- | { <1 PSRRI 148

Figure S4.7: X-ray diffraction spectrum of a stainless steel cathode after four consecutive electrolyses of
synthetic wasteater. Peaks with an asterisk are from the stainless steel. Overlaid red sticks shows

pure hydroxyapatite with the highest peak normalized to 600 a.u. (ICSD# 24240 and PDF# 01-073-

Figure S4.8: Percent Ca2+, Mg2+, and PO43'T removal after potentiostatic treatment (3 h; 3.6 V; ~18 mA cm’
2) of synthetic wastewater buffered with sodium borate. Buffering capacities (B) of the solutions are
noted in brakets. [Caz+]°z 1.0 mM; [Mg2+]oz 0.8 mM; [PO43']0-- 0.5 mM; initial pH = 8.3. Error bars
represent + one standard deviation of 6 repliCates.......cooveiiiieiiciiiiee e e 150

Figure S4.9: Percent phosphate removal during galvanostatic electrochemical treatment (10 mA cm_z) of
different electrode surface area to volume of synthetic wastewater ratios: 34 m’ m'3, 23 m? m'3, 14
m’ m'S, and 10 m* m>. Inset: Energy per volume of wastewater required to achieve 50% (green
triangles), 60% (red squares), and 70% (black circles) phosphate removal for the different volumes

of synthetic wastewater. Error bars represent + one standard deviation of 3 replicates................ 151



xxiii

LIST OF TABLES

Table 1.1: Description of the Caltech Solar Toilet prototypes of different generations (Gen.) with
manufacturing and field partners in the USA, India, China, and South Africa.........cccccevvvieeiiiinncnnns 12

Table 2.1: Information about the different toilet wastewater treatment and recycling units installed in the

Table 2.2: Typical toilet wastewater composition in the different prototypes......ccccccceeeciiieieeiieeicciiineenn.. 49
Table 2.3: Indicator organisms Total coliform, Fecal coliform, and E. coli detection test results during
electrochemical treatment cycles. Analysis performed by the Topical Institute of Ecological Sciences

of Mahatmah Gandhi University (Kottayam, Kerala, India) and Albio Technologies (Kochi, Kerala,

Table 2.4: Typical wastewater quality parameters measured before and after a 3-hour electrolysis cycle
over the course of the field testing of the AMD prototype. Values are average of three replicates. 51

Table 3.1: Bacterial count (CFU per ml) of Total Coliform, Fecal Coliform, Escerichia Coli., and Enterococcus
indicator microogranisms for different electrical configurations of the stacks in the following
sequence: open circuit (7 days), independent (7 days), series (14 days), and parallel (14 days). ...... 98

Table 4.1: Composition of toilet wastewater in onsite wastewater treatment system and buffering
CAPACITY OF FEIEVANT SPECIES .. viiiiei ittt e e e e e et e e e e e e e e seabbaaeeeaeeseeanabaereaaeaannas 133

Table 4.2: Collected precipitate COMPOSITION........uiiiiiiiieciiiiiiee e e et e e e e e e s raaareee s 134

Supplementary tables

Table S2.1: Coefficients obtained by computational fit obtained by Igor Pro 6.37 (Wavemetrics) with
equation (S1) of the COD removal data measured after the specific acumulated electrolysis times
(Figure S2.7). 0y, 01, and o, correspond to + one standard deviation of Cy, C;, and G, respectively.. 71

Table S4.1: Experimental conditions for synthetic wastewater tests .......cccoecviiieeieeiicciiiiieeee e, 152



Chapter 1

INTRODUCTION



1.1. A global sanitation crisis

In 2000, the United Nations defined a set of eight international development goals
known as Millennium Development Goals to be achieved by 2015 (United Nations,
2016). These goals were aimed at eradicating extreme poverty and hunger, giving
access to primary education, promoting gender equality, reducing child mortality,
improving maternal health, combatting diseases, ensuring environmental
sustainability, and developing a global partnership for development. Target 7C under
Goal 7 to “ensure environmental sustainability” was to “halve, by 2015, the
proportion of the population without sustainable access to safe drinking water and
basic sanitation”. The World Health Organization (WHO)/ United Nations Children's
Fund (UNICEF) Joint Monitoring Programme for Water Supply, Sanitation, and
Hygiene (JMP) has been the team responsible for reporting progress in country
(Figure 1.1), regional, and global estimates of access to drinking water, sanitation, and
hygiene since 1990 (WHO/UNICEF JMP, 2017a).

Between 1990 and 2015, progress was made to reach Target 7C. For example,
global access to improved drinking water? supply increased from 76% to 91% of the
world population (Figure 1.2 a) and access to improved sanitation3 increased from
54% to 68% of the world population (Figure 1.2 b). Despite the progress made in all

aspects of access to water, sanitation, and hygiene during the 1990-2015 period

2 Improved drinking water sources are defined by the JMP as having a household
connection to a potable water network, a public standpipe, a borehole, a protected
dug well, a protected spring, or a rain water collection system.

3 Improved sanitation is defined by the JMP as having a private toilet connected to
a public sewer or a septic system, a pour-flush latrine, a simple pit latrine, or a
ventilated improved pit latrine.



(World Health Organization, 2015), only access to improved drinking water has met
the Millennium Development Goals target of at least 88% coverage. Access to
improved sanitation remained 9% below its Millennium Development Goals target of
77%. But having access to improved drinking water alone does not guarantee that
this water is not contaminated by fecal residues. Most low- and middle-income
countries present non-negligible microbial contamination of their improved drinking
water sources (Figure 1.3). This fecal contamination of improved drinking water
sources ranges from approximately 10% in Europe to more than 25% in South East
Asia, Eastern Mediterranean region, and Africa. Therefore, access to safe and clean
water alone cannot happen without having access to proper sanitation.

Inits 2017 report, the JMP introduced the sanitation ladder with five levels. These
levels are built on previous indicators with the addition of criteria relative to the
quality of the sanitation services. These levels are from least sanitary to most
sanitary: open defecation (no service); unimproved sanitation services with bucket
latrines or pit latrines without a slab or platform; limited sanitation services, which
are improved facilities shared between two or more households; basic sanitation
services which are improved facilities belonging to a single household; and safely
managed sanitation services for which excreta are safely disposed of in situ (e.g.,
ventilated improved pit latrine) or treated off-site (e.g, wastewater treated in a
municipal plant). Based on these updated levels, only 39% of the global population
has access to safely managed sanitation (Figure 1.4). Thus, 61% of the world

population, or 4.5 billion people, lack access to safely managed sanitation.



Access to safe sanitation is crucial to people’s health and wellbeing: the lack of safe
sanitation is directly correlated to high number of waterborne diseases such as
Hepatitis A, diarrheal diseases, Cholera, Poliomyelitis, etc. through the contamination
of water bodies by human excreta (Ashbolt, 2004; Montgomery & Elimelech, 2007).
For instance, more than half-million children under 5 years old die annually from
diarrheal diseases only (Julian, 2016), while the WHO estimates that 88% of diarrheal
diseases are directly linked to unsafe water supplies and inadequate sanitation and
hygiene (World Health Organization, 2014).

Sanitation projects that are designed for implementation in the developing world
have traditionally used a segmented approach to improve sanitation (World Health
Organization and UNICEF, 2014), breaking sanitation down to a value chain (Figure
1.5, top) composed of toilets or latrines (user interface), collection of excreta,
transportation of excreta, treatment of excreta, and the extraction and use of
potentially valuable by-products (Dijk, 2012). Each step of the value chain is a
potential vector for mishandling of the waste and contamination of the environment.
For instance, the Shit Flow Diagram (SFD) for the city of Dhaka, Bangladesh (Figure
1.5) shows that 99% of the population has access to improved sanitation; however,
only 20% of the population has flush toilets connected to sewers and 79% has access
to onsite toilets, but only 2% of the fecal waste is being effectively treated (Blackett,
Hawkins, & Heymans, 2014). The remaining 98% is discharged to the environment
with no adequate treatment. This extreme example illustrates the complexity of

dealing with each step of the sanitation value chain separately when each step often



requires coordination among public and private actors in order to be achieved
correctly.

The development of a system that safely treats the human waste close to the
toilet(s) would also prevent contamination of the local environment and significantly
reduce the risk of foodborne disease transmission by acting as an effective primary
barrier against direct and indirect transmission or transport of disease agents
(bacteria, viruses, protozoa and helminthes) to other humans (Figure 1.6). As a
consequence, such a system would act as a strong and effective primary barrier to
lower the risk associated when relying on secondary barriers related to hygienic
practices on food handling and preparation as methods to prevent foodborne and

waterborne diseases (Trench, Narrod, Roy, & Tiongco, 2012).



1.2.  Current processes for safe sanitation

Safe sanitation technologies employ one or multiple processes to treat human
waste. These processes are physical, chemical, biological, or a combination thereof.
Physical treatment of human waste is often done thermally in simple drying
processes, pressure during centrifugation, or by a combination of heat and pressure
with pasteurization. These processes are very effective for treating biosolids such as
the sludge material from pit latrines (Strauss, Larmie, & Heinss, 1997) or aerobic
sludge from wastewater treatment plants (Metcalf & Eddy, 2014; Whitmore &
Robertson, 1995). Physical processes can guarantee pathogen-free residuals but are
often energy-intensive for small-scale systems. For instance, portable incinerating
toilets can be used in remote environments and guarantee pathogen-free residuals
but the incineration process destroys N-based nutrients in the waste (U.S.
Environmental Protection Agency, 1999).

Chemical processes used in human waste disinfection are often oxidative
processes carried out in a wide variety of scales for wastewater treatment. These
processes range from chlorination of wastewater with addition of sodium
hypochlorite (U.S. Environmental Protection Agency, 2003) or chlorine gas, to
advanced oxidation processes using UV/ozone photochemical processes for hydroxyl
radical generation (White, 2010). Although seldom used, direct or indirect
electrochemical oxidation of pollutants in wastewater are “potential next-generation
technologies for the treatment of contaminated water” (Radjenovic & Sedlak, 2015).

Biosolid waste can also be treated chemically with reactions such as alkaline



hydrolysis that can be carried out on the biosolids when soda ash is added to sludge
from a pit latrine (Neyens, Baeyens, & Creemers, 2003).

Biological processes are commonly employed in the treatment of wastewaters
with aerobic and anaerobic microorganisms used in wastewater treatment plants
(Metcalf & Eddy, 2014). Controlled microorganisms populations are also directly
used for onsite treatment processes ranging from small scale wastewater treatment
plants to composting (Langergraber et al.,, 2004) or even vermicomposting toilets
(Adhikary, 2012). Anaerobic digestion of toilet waste to biogas is often suggested as
a way to combine treatment and energy recovery but issues related to cost,
maintenance, smell, and sometimes cultural adoption make those systems limited to
rural areas (Schouten & Mathenge, 2010). Electrochemical biotechnologies such as
microbial fuel cells are sometimes used to oxidize nutrients in wastewaters while
producing electricity (Logan & Rabaey, 2012).

Despite all these technological developments, as stated in section 1.1, 4.5 billion
people still lack access to safe sanitation. This global crisis is unacceptable to the Bill
& Melinda Gates Foundation. This untenable situation became the driving force

behind the research and development presented in this thesis.



1.3. The Gates Foundation’s “Reinvent The Toilet Challenge”

In February 2011, The Bill & Melinda Gates Foundation announced a major
challenge to university researchers to “Reinvent the Toilet” (Bill & Melinda Gates
Foundation, 2013). The primary goal of the Bill & Melinda Gates Foundation was to
engage universities in the development of new and innovative processes to treat
human bodily wastes at the site of origin without discharge to the ambient
environment or discharge to conventional sewer systems, septic tanks, cesspools, or
open drainage systems. The overarching goal of the Bill & Melinda Gates Foundation
Global Development Program within the context of their Water, Hygiene and
Sanitation initiative was to develop practical low-cost solutions that could be
implemented in regions of the world that lack access to safe and affordable sanitation.
The primary challenge was to develop a comprehensive approach to designing,
developing, testing, and prototyping systems that could collect and process human
waste on-site at the source of origin and at the same time produce useful byproducts,
including fertilizer, mineral salts, energy, purified, and disinfected water with no solid
of liquid discharge to the environment. A cost constraint was set at a maximum of
$0.05 per person per day including capital costs and operating expenses. In this
thesis, I present my work on the development of a “Reinvented Toilet”: a self-
contained toilet wastewater treatment and recycling system, called the “Caltech Solar

Toilet”.



1.4. The Caltech Solar Toilet

The Caltech Solar Toilet was invented as a response to the challenge set by the Bill
& Melinda Gates Foundation described in section 1.3. The Caltech Solar Toilet has at
its core unit an electrochemical reactor using semiconductor anodes for chloride
oxidation to reactive chlorine that can provide complete disinfection of indicator
microorganisms (Huang et al., 2016), oxidize organic nitrogen (Cho & Hoffmann,
2014; Kim, Choi, Choi, Hoffmann, & Park, 2013), and eventually mineralize the
organic material (Jasper, Shafaat, & Hoffmann, 2016) present in the wastewater. The
system has been designed to be autonomous and infrastructure-free: it does not need
a connection to a water source, a sewer system, or an electrical grid (Hoffmann et al,,
2013).

Three generations of Solar Toilet prototypes have been developed and tested
across the world since 2012 (Table 1.1, Figure 1.1), they are based on the following
treatment stream: one or multiple toilets, urinals, and washbasins are connected to a
collection tank (wastewater tank) with the potential for biological pre-treatment,
then wastewater is pumped into the electrochemical reactor in which it undergoes
electrolysis for a fixed amount of time. The treated water passes through a filter
before being pumped into a storage tank where it can be reused as toilet flushing
water. The whole process is automatized and can be connected to grid electricity or
run on solar panels with backup battery storage for use throughout 24 hours of
continuous operation. The simplified flow diagram of the first-generation prototypes
is schematized in Figure 1.7 along with the implication of Chapters 2, 3, and 4 of this

thesis.
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1.5. Thesis overview

Chapter 2 of this thesis provides more details on the Solar Toilet prototypes and
their testing under field conditions in India and China. The general concept, specific
design elements, and treatment approach proven to be viable for the treatment of raw
domestic wastewater, human urine, and human feces. After several hours of
photovoltaic-powered (PV-powered) electrochemical treatment, the turbid, black-
water influent can be clarified with the elimination of the suspended particles along
with the reduction or total elimination of the chemical oxygen demand (COD), total
enteric coliform disinfection via in situ reactive chlorine species generation, and the
elimination of measurable protein after 3 to 4 hours of electrochemical treatment.

In Chapter 3 of this thesis, the energy efficiency of the Solar Toilets is improved
by the addition of a microbial fuel cell system for urine pre-treatment. The microbial
fuel cell system used consists of two stacks of 32 fuel cells connected in parallel. The
pre-treatment of human urine by anodic microorganisms occurred with concomitant
electrical energy recovery. This usage of microbial fuel cells can lower the energy cost
for treating human waste while recovering the necessary electrical energy to divert
the urine flow, making this approach an overall energy gain for the entire onsite self-
contained human waste treatment system.

Chapter 4 of this thesis provides information on nutrient recovery from the
Caltech Solar Toilets. It describes the co-production of crystallized Mg-containing
hydroxyapatite during the treatment of wastewater. The purpose of this study was to
evaluate the potential for phosphate removal from human wastewater during

electrochemical treatment using the same combined anode-cathode system
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described in Chapter 2. Phosphate-containing precipitates were identified and
phosphate removal efficiencies were measured in authentic and synthetic toilet
wastewater. Experiments in synthetic wastewater allowed quantification of the
effects of ion composition, buffering capacity, current density, and electrode surface
area to volume ratio on phosphate removal kinetics and equilibria.

Chapter 5 of this thesis provides more practical applications of my work in
developing the Caltech Solar Toilets. A key finding from the field studies of Chapter 2
was the need for a maintenance plan. I and several of my coworkers are developing a
smart maintenance technology for onsite wastewater systems. Another key finding
from Chapter 3 was that the use of a MFC system for pre-treating urine could be even
more effective and easier to install in a Solar Toilet if all the flush water could enter
the MFC. This approach is under investigation. The development of a standard on

“Reinvented Toilets” is also addressed in Chapter 5.
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Table 1.1: Description of the Caltech Solar Toilet prototypes of different generations (Gen.) with
manufacturing and field partners in the USA, India, China, and South Africa.

Map Configuration Testing Manufacturing and
ref. field partners
Location Period

PAS PV-powered self- Pasadena, CA, 06/2013to -
contained bathroom with ~ USA 06/2017

KYM wastewater treatment and Kottayam, 04/2014 to Mahtamah Gandhi
recycling unitin a Kerala, India 01/2016 University of Science and
shipping container. Design Technology

YXG for 40-60 users/day. Yixing, 12/2014 to Yixing Eco-Sanitary

Jiangsu, China  05/2015 Manufacture Co.

AMD Grid-powered wastewater Ahmedabad, 04/2014 to Eram Scientific and
treatment and recycling Gujarat, India 01/2016 Indian Institute of
unit connected to an Technology (IIT)
“eToilet” public toilet Gandhinagar
(Eram Scientific,

Trivandrum, Kerala,
India). Design for 40
users/day.

Ccol Grid-powered wastewater Coimbatore, 10/2015 to The Kohler Company
treatment and recycling Tamil Nadhu, 08/2017 (design and
unit connected apartment India. construction) and RTI
buildings. Designed for 5 International (field
families. testing).

YXG PV-powered self- Yixing, 05/2015 to Yixing Eco-Sanitary
contained bathroom with  Jiangsu, China  present Manufacture Co.
wastewater treatment and
recycling unitin a
shipping container with
advanced
anaerobic/aerobic pre-
treatment. Designed from
40-60 users/day to 200
users/day.

col Grid-powered wastewater Coimbatore, 10/2017 to The Kohler Company
treatment and recycling Tamil Nadu, present (design and
unit with advanced India. construction) and RTI
anaerobic/aerobic pre- International (field
treatment connected testing).
apartment buildings.

Designed for 5 families.

DUR PV-powered self- Durban, South 01/2018 to Yixing Eco-Sanitary

contained bathroom with  Africa present Manufacture Co. (design

wastewater treatment and
recycling unitin a
shipping container with
advanced
anaerobic/aerobic pre-
treatment. Designed from
40-60 users/day to 200
users/day.

and construction) and
Water Research Council
for South Africa (field
evaluation).
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Figure 1.1: Percentage of a country’s population without access to safe sanitation in 2015
according to the World Health Organization (World Health Organization 2015). Location of the
prototype testing sites across the world: AMD, Ahmedabad, Gujarat, India; COI, Coimbatore,
Tamil Nadu, India; DUR, Durban, Kuazulu-Natal, South Africa; KYM, Kottayam, Kerala, India;
PAS, Pasadena, California, USA; YXG, Yixing, Jiangsu, China.
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Figure 1.2: Trends in global drinking water (a) and sanitation (b) coverage and Millenium
Development Goal target coverage (%), 1990-2015. Reproduced from Progress on sanitation
and drinking water: 2015 update and MDG assessment with the permission of the World Health
Organization and UNICEF (World Health Organization, 2015).
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Figure 1.3: “Proportion of population accessing difference types of drinking water, by region
and by microbial contamination level, 2012. AFR: Africa; AMR: Americas; EMR: Eastern
Mediterranean; EUR: Europe; SEAR: South East Asia; WPR: Western Pacific. Microbially
contaminated water has detectable E. coli or thermotolerant coliforms in a 100 mL sample,
while samples showing no detectable faecal indicator bacteria (<1 per 100 mL) are compliant
with WHO guideline values and most national standards.” Reproduced from Preventing
diarrhoea through better water, sanitation and hygiene: exposures and impacts in low-and
middle-income countries with the permission of the World Health Organization (World Health
Organization, 2014).
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Figure 1.4: Proportion of the global population using sanitation facilities meeting specific
criteria for safely managed services. Reproduced from Progress on drinking water, sanitation
and hygiene: 2017 update and SDG baselines with the permission of the World Health
Organization (WHO/UNICEF JMP, 2017b).
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Figure 1.6: Waterborne and foodborne diseases transmission and control. (Water Supply and

Sanitation Collaborative Council & World Health Organization, 2005)
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from human waste via the formation of hydroxyapatite during electrochemical wastewater
treatment.
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2.1. Abstract

Self-contained toilet wastewater treatment system prototypes based on
electrochemical oxidation of feces and urine using bi-layered semiconductor anodes
([Bi203].[TiOz2]1-z/IrxTay02/Ti) have been designed, constructed, and implemented in
regions where access to proper and sufficient sanitation is limited. Prototypes were
designed to fit in shipping containers in order to provide toilets and onsite
wastewater treatment with clean water recycling. Units were designed to handle the
waste of 25 users per day (or 130 L of toilet wastewater). The first prototype was
tested on the Caltech campus (Pasadena, California) followed by improved second-
generation prototypes that were subsequently installed in India (Ahmedabad, Gujarat
and Kottayam, Kerala) and China (Yixing, Jiangsu) for open use in various public
settings. The prototypes were able to provide for the disinfection of pathogens
(<10 MPN Total coliforms and <1 MPN Fecal coliform indicator organisms per
100 mL), reduction of chemical oxygen demand (<100 mg O: L-!), ammonia
(<10 mg N L-1), and color at an average energy consumption of 35 Wh L-1. The treated

wastewater was recycled for use as toilet flushing water.

Keywords

onsite sanitation; electrochemical wastewater treatment; chlorine disinfection
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2.2. Introduction

In February 2011, The Bill & Melinda Gates Foundation (BMGF) announced a
major challenge to university researchers to “Reinvent the Toilet.” The primary goal
of the BMGF was to engage universities in the development of new and innovative
methods to treat human bodily wastes at the site of origin without discharge to the
ambient environment or discharge to conventional sewer systems, septic tanks,
cesspools, or open drainage systems. The overarching goal of the BMGF Global
Development Program within the context of their Water, Hygiene and Sanitation
initiative was to develop practical low-cost solutions that could be implemented in
regions of the world that lack access to safe and affordable sanitation. The primary
challenge was to develop a comprehensive approach to design, development, testing,
and prototyping of systems that could collect and process human waste on-site at the
source of origin and at the same time produce useful byproducts including fertilizer,
mineral salts, energy, purified, and disinfected water with no solid or liquid discharge
to the environment. The overarching objective is to provide suitable sanitary systems
for the 2.6 billion people who currently lack access to safe and affordable sanitation
(Figure 2.1). A cost constraint was set at a maximum of $0.05 per person per day
include capital costs and operating expenses.

The development of integrated networks and facilities for the transport and
subsequent treatment of domestic wastewater has been a key factor in the growth
and development of modern urban environments. Sanitation has accompanied
human development from early civilizations with rudimentary systems (De Feo et al.,

2014) to mid-19th century first large-scale sewer networks in American and
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European cities (Burian & Edwards, 2002; Gandy, 1999; Kaika & Swyngedouw, 2000).
Although a well-constructed modern urban sewer network can be hygienic and
efficient due to economies of scale (Metcalf & Eddy, 2014), they also have major
drawbacks, which include nuisance odors from improper operation and maintenance
(Boon, 1995), local groundwater contamination due to leakage from improper
connections and corrosion of pipes and concrete sewers (American Society of Civil
Engineers, 2013; Eiswirth & Hoétzl, 1997), or prohibitively expensive capital
investments (Corcoran et al., 2010).

For these reasons, developing countries have often turned to non-sewered
sanitation (NSS) systems for the disposal of human bodily waste. Furthermore, in
areas with limited access to water, technologies have traditionally been restricted to
dry or manual pour-flush types of toilets such as composting toilets or pit latrines
(Starkl, Stenstrom, Roma, Phansalkar, & Srinivasan, 2013). Although these waterless
technologies appear attractive because of their limited need for water, they do not
provide the olfactory or sanitary comfort of flush toilets (Lin et al., 2013). In addition,
they are not always reliable for disinfection, pathogen removal (Montgomery &
Elimelech, 2007), or for preventing subsequent pollution by latrine waste soils and
groundwater (Dzwairo, Hoko, Love, & Guzha, 2006). In areas that have access to
water, decentralized toilets using flush technologies are most often connected to
septic tanks. Septic tank treatment systems require large land surface areas to build
effective leaching fields that are necessary for the safe elimination of pathogens (Title

V septic system in the United States) and can often lead to fecal contamination of local
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water sources if improperly installed and maintained (Beal, Gardner, & Menzies,
2005; Yates, 1985, 1987).

Therefore, a technology capable of treating and recycling toilet wastewater at low
cost would have significant advantages over traditional NSS solutions (vide supra). In
this regard, Radjenovic and Sedlak have identified electrolysis processes such as
potentiostatic electrochemical oxidation as “potential next-generation technologies
for the treatment of contaminated water” (Radjenovic & Sedlak, 2015).
Electrochemical oxidation of wastewater has been investigated for more than 30
years with a focus on organic pollutant degradation (Comninellis, 1994; Pletcher &
Walsh, 1990), most systems rely on the anodic formation of free hydroxyl radical OH"
from water oxidation or the direct oxidation of the compounds of interest. Both
processes consume a lot of energy to achieve appropriate contaminant removal
(Comninellis & Chen, 2009).

Weres and collaborators (Kesselman, Weres, Lewis, & Hoffmann, 1997; H. Park,
Vecitis, Choi, Weres, & Hoffmann, 2008; Hyunwoong Park, Vecitis, & Hoffmann, 2008)
investigated the use of multilayer semiconductor anodes to generate surface-bound
hydroxyl radicals OH" for organics degradation (Hana Park, Choo, Park, Choi, &
Hoffmann, 2013; Weres, 2009; Weres & O'Donnell, 2003). These multilayer
semiconductor anodes have a low overpotential for the oxidation of chloride to
chlorine (Cho & Hoffmann, 2014). This capability makes the multi-layer
semiconductor anodes particularly suitable for the direct formation of Reactive
Chlorine Species (RCS) from the oxidation of the chloride naturally present in the

human wastewater (Cho & Hoffmann, 2015; Cho etal., 2014; Huang et al., 2016; Yang,
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Shin, Jasper, & Hoffmann, 2016). Although the previously published laboratory
results have shown the feasibility of anodic oxidation for toilet wastewater treatment
(Cho et al., 2014; Huang et al.,, 2016; Jasper, Shafaat, & Hoffmann, 2016; Yang et al,,
2016), there is no literature available about the automated, autonomous on-site
electrochemical treatment of toilet wastewater under actual field operating and
testing conditions. Herein, we present the results of field studies employing
electrochemical wastewater treatment for the removal of chemical oxygen demand

and for recycling of disinfected and clarified water for use as toilet flushing water.
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2.3. Guidelines, materials and methods

2.3.1. Health considerations for an onsite wastewater recycling systems

The primary sources of biological and chemical contamination entering onsite
wastewater treatment systems are from human excreta. The amount and the
composition of human excreta varies greatly from one individual to another
(Wignarajah, Litwiller, Fisher, & Hogan, 2006; Wydeven & Morton A. Golub, 1990)
with an average of 1 L to 1.5 L of urine and 300 g to 450 g of feces per adult per day.
Feces are often the major carrier of pathogens in human excreta (Sadowsky &
Whitman, 2010) with an average number of 10! CFU (colony-forming units) of
bacteria per gram of feces for a healthy adult individual. Given that pathogen die-off
times in untreated human excreta are between one and three months for bacteria and
viruses, and several months for helminth eggs (Atlas, 1984), a reliable and rapid
removal of pathogens down to acceptable levels is crucial for the success of an onsite
human wastewater treatment technology. For example, the World Health
Organization considers that a safe pathogen level appropriate for water reuse in
agriculture is less than 1 CFU per 100 mL for typical indicator organisms E. coli.
(World Health Organization, 2006).

When onsite wastewater treatment systems are installed close to their users in
order to minimize installation costs, such systems can become potential threats to the
health of humans living nearby when the wastes are not properly contained (Hynds,
Thomas, & Pintar, 2014) or sufficiently treated. Natural barriers such as the leaching
fields for septic tanks or clay or concrete walls for dry latrine pits are not always

effective barriers (Dzwairo et al, 2006; Graham & Polizzotto, 2013). Risks of
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contamination are further increased when the users come into contact with effluent
streams (e.g., treated water and/or biosolids) produced by onsite sanitation systems.
Thus, the treated and recycled waters that are processed onsite must be free of
pathogens and have an acceptable physicochemical composition that meets
conventional water quality standards for reuse.

However, technical standards that have been adopted in many countries help to
regulate the composition of recycled water for domestic reuse but they are often
limited to large scale indirect and direct potable reuse of conventional wastewater
treatment plant effluents (ISO 16075-1, 2012) or the treatment and reuse of non-fecal
contaminated water (greywater) primarily from sinks, washers, and showers
(NSF/ANSI Standard 350). Therefore, a toilet wastewater recycling system has to
produce an effluent that does not damage the system itself, is safe for users, and
contains enough residual disinfecting capacity to prevent subsequent chemical and
microbial contamination due to exposure to the treated and recycled water.

In addition to the meeting the basic sanitary and water quality requirements, a
self-contained toilet and wastewater treatment system for use in developing
countries needs to be affordable, durable, and functional in an off-grid environment
with limited access to electricity, fresh water, and sewers.

2.3.2. Choice of prototype testing locations

Four pre-alpha prototypes of a similar design (Figure 2.2) were tested in the USA,
India, and China (Figure 2.1). The first pre-alpha prototype was tested on the campus
of the California Institute of Technology (Caltech) in Pasadena, California (PAS

prototype, Figure 2.2 a) for preliminary data gathering and early design adjustments;
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two additional pre-alpha prototypes (AMD and KYM) were designed and built on the
Caltech campus and then shipped to India for field trials in two different locations.
The prototype designated as AMD (Figure 2.2 c) was installed in a public park in the
city of Ahmedabad in Gujarat State of northwest India. Ahmedabad has a semi-arid
climate and is the sixth largest city of India with more than 6.3 million inhabitants.
The prototype designated as KYM (Figure 2.2 b) was installed in the campus of
Mahatma Gandhi University near the School of Environmental Sciences in Amalagiri
district of Kottayam City in the State of Kerala, which is located in southwestern India.
Kottayam has a tropical climate with a population of 200,000 inhabitants. A fourth
pre-alpha prototype was constructed and tested in the Municipal Yixing Elementary
School of Yixing, China (YXG prototype, Figure 2.2 d) in collaboration with Yixing Eco-
Sanitary Manufacture Co.
2.3.3. Monitoring and evaluation methods

Chemical oxygen demand (COD), total nitrogen (TN), total suspended solids (TSS),
and indicator organisms E. coli, Total coliform, and Fecal coliform bacteria were
measured to assess the wastewater treatment efficacy. Because an effective removal
of pathogens can often be observed when COD and TN decrease during the course of
the treatment (Metcalf & Eddy, 2014; Sharma, Tyagi, Saini, & Kazmi, 2016), the
measurement of indicator microorganisms was limited to few non-consecutive days
of operation.

The voltage at the electrodes and the current delivered by the power supply to the
electrode arrays were continuously measured using a personalized data logger

(Programmed Scientific Instruments, Arcadia CA) at regular intervals (e.g., every 10
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seconds). The activation and deactivation of pumps as well as the status of water level
sensors were monitored and recorded using the same data logger. At each recording
time, the data logger stored a new line of values of the different components of the
system in a daily Comma Separated Values (CSV) file. The data was tagged with the
local time and date and stored in a solid-state device in the computer controlling the
system. The CSV files were regularly retrieved by an operator.

2.3.4. Analytical methods

COD was measured using a reflux digestion system with water condensers
followed by titration according to Standard Method 5220 (Water Environmental
Federation & American Public Health Association, 2005) or via colorimetric method
similar to Hach Method 8000 (Hach Company, Loveland CO). TN was determined
using persulfate digestion (Hach Method 10071). Total Kjeldahl Nitrogen (TKN) was
determined by distillation (Indian Standard 5194-1969). Cl-, NH4* + NH3, Ca?*, and
Mg2+* concentrations were determined by ion chromatography (Dionex ICS 2000;
AS19G anions, CS12A cations).

Disinfection was assessed by estimating the quantity of indicator organisms E.
coli, Total coliforms, and Fecal coliforms with the following respective EPA methods:
1103.1 (U.S. Environmental Protection Agency, 2010a), 9132 (U.S. Environmental
Protection Agency, 1986), and 1680 (U.S. Environmental Protection Agency, 2010b)
with appropriate dilutions. Free chlorine (FC) was measured by reaction with N,N-
diethyl-p-phenylenediamine (DPD) indicator in accordance with Standard Method
4500-Cl G (Water Environmental Federation & American Public Health Association,

2005) and Hach Method 8021. Total chlorine (TC) was measured by the
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Amperometric Titration Method in accordance with Standard Method 408 C (Water
Environmental Federation & American Public Health Association, 2005).

Cathodic and anodic potentials relative to Normal Hydrogen Electrode (vs. NHE)
were measured using a 3.5 M Silver/Silver Chloride (Ag/AgCl, Eo = 0.205 V vs. NHE)
reference electrode (RE-5B, Bioanalytical Systems Inc., USA) connected to a three-
electrode potentiostat (Biologic, France) measuring the potential between the

reference electrode and the anode used for chlorine production (see below).
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2.4. Design of the self-contained toilet and treatment systems

2.4.1. Sizing considerations

A flow diagram of the overall treatment process is presented Figure 2.3 and Figure
S2.1 and a picture of a typical treatment system as installed in the field-tested
prototypes (PAS, AMD, KYM) is reproduced Figure 2.4. The mix of urine, feces, and
flush water (toilet wastewater) was macerated and pumped (Jabsco Macerator Pump
18590-2094, Xylem USA or Saniflo Sanigrind Grinder Pump for Bottom Outlet Toilets,
SFA France) into a 1-m3 polypropylene sedimentation tank for a residence time of
Thio 2 7 days. During this residence time, the toilet wastewater underwent decantation
and some level of anaerobic digestion, similarly to a septic tank (Whelan & Titamnis,
1982). The prototypes were designed for treating the waste from approximately 25
daily uses: this is the equivalent to having a single toilet for a family of five people, the
average household size in India in 2011 (Ministry of Home Affairs, 2011). Each of the
family members flushing five times per day on average (Mayer & DeOreo, 1999) with
a flush volume of 1.28 US gallons or 5 L. (US EPA WaterSense) and considering that
one person produces approximately 1.5 L of urine in one day (Putnam, 1971), the
total daily volume of toilet wastewater to treat was estimated to be Vy = 132 L day!
so the sedimentation tank should be sized to hold at least Tpio * Va= 1 m3.

After decanting in the sedimentation tank, the toilet wastewater was macerated
and pumped (Jabsco Macerator Pump 18590, Xylem USA) to an electrochemical
reactor (ECR) system (see below for description) for batch processing at constant

voltage with active recirculation (10 L min-1) during a period telec, the electrochemical
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residence time. The working volume needed for the ECR Vgcr was determined by (eqn.

1) with « the fraction of the daily time during which the ECR is running.

Va

24 A Telec