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‘ADVANCED TREATMENT TECHNOLOGIES

« PHOTOCATALYTIC MEMBRANE REACTOR (FILTRATION + OXIDATION)

« TUBE-IN-TUBE MEMBRANE REACTOR (OXIDATION - SMART DOSING OF LIQUID OXIDANTS OR
CATALYST)

« TUBE-IN-TUBE MEMBRANE REACTOR (OXIDATION - SMART DOSING OF OZONE)

* FluHelik PHOTOREACTOR (OXIDATION - PHOTOCHEMICAL PROCESSES)
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‘ :-:-r Advanced treatment of secondary urban wastewaters
ECEL)DE}:QENHW MY, using AOPs, Ozonation and Membrane Filtration

PHNERIDADE DO FORTO g ot Performance evaluation in the removal of 19 CECs

: : o ADVISORY BOARD
Analytical evaluation (quantification) of the 19 CECs
before and after the advanced treatments
o 0 efacec
£ J climar Ecotoxicity assessment before and after advanced

Centro Interdisciplinar de P i - treatments (optimized conditions) N AGUAS oo
Investigacdo Marinha e Ambiental == / }\ NORTE
Grupo Aguas de Portugal

v' Supply of urban wastewater
samples for tests

v' Installation of a pre-industrial
plant at Ave WWTP

Dissemination / Communication

SNCETMAR

N CENTRO TECNOLOGICO DEL MAR

VITOR VILAR ANA |. GOMES PEDRO PRESUMIDO LUCIO GOMES MATEUS CAIXETA CARLA SANTOS
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FluHelik
PHOTOREACTOR

TUBE-IN-TUBE MEMBRANE
PHOTOREACTOR

g | A—

PHOTOCATALYTIC MEMBRANE
REACTOR
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(FILTRATION + OXIDATION)
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PMR: FILTRATION + OXIDATION @ interreg M NQMwoker

Fonds Eurcpes de Desaroloagienst

PMRs are a very promising technology

UVA Liong v Photocatalysis with membrane filtration in a single unit
| _ Membrane _ Glass tube (retention and oxidation);
STonAEL | e Ousside | | uvationt || v Enhanced membrane permeability;
M. . N\ v' Enhanced antifouling membrane properties through
@/ /N oxidation of organic molecules;
/N A 1 4
w “Hha'a |
o >~ @
~ '\\‘« VL High CECs Rejection and High Permeate Quality
Permeate h ~ me flux +
single-pass flow- Concentrate with a Lower Organic Load
through operation
CECs are forced towards the membrane surface

15/03/2022 vilar@fe.up.pt 6



PMR: MEMBRANE MODULE @ lnterreg M NGwoker

Fonds Eurcpes de Desarolo agiens

OUTER BOROSILICATE TUBE

Characteristics of Non-Photoactive

Membrane

Substrate Material: a-Al,O,
Pore size: d50 =3 um
Membrane Material: a-Al,O;
Pore size: d50 = 100 nm
Porosity: 40-55%

- ' Useful length: 135 mm
MAXIMUM PRESSURE: 12.5 bar PRISTINE CERAMIC MEMBRANE

Effective area: 84 cm?

15/03/2022 vilar@fe.up.pt /



PMR: ILLUMINATION SOURCE @ interreg M NGMwoker
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Fonds Eurcpes de Desaroloagienst

UVA Lamps Characteristics

4 UVA Lamps - Philips TL6 W
Power (Rated) (Nom) =6 W

Ao =365 Nm
Photonic flux =1.19 £0.02 J s

15/03/2022 vilar@fe.up.pt 8



PMR: TESTS SINGLE-PASS FLOW-THROUGH
OPERATION

EFFECT OF GRAPHENE/TiO, DEPOSITION METHODS - UWW
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Membrane A

ﬂ Flux of permeate

Membrane B

ﬂ Quality of permeate

?
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PMR: TESTS SINGLE-PASS FLOW-THROUGH @ inierreg B NGQMwoker
OPERATION

EFFECT OF GRAPHENE/TiO, DEPOSITION METHODS - UWW

Espafia - Portugal

Fonds Eurcpes de Desaroloagienst

Antifouling Performance

1004 A o'0 0'0 N 00, ir (% .
FRR(/I)HIHIHIHRFR({)Rr(/)IERw(/) Absence of UVA light
' ' N ' ,
80 | U : Z Higher RFR due to membrane
! | % | / .
I I é I Z fOUllng
| | |
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) / I % I /
40 : é : Z : Z
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= % | % I %
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201 = % I % 1 /
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L y s % i Ecotoxicity
MA-3yvactt MB-2yyaorr MA-3  MB-2 Effective reduction of toxicity in zebrafish
Flux Recovery Ratio (FRR) embryos after treatment for both e S L
Relative Flux Reduction Ratio (RFR) Tunctignajized pemblaies o s s (9l ot 50t e i B
ReverSIbIe FOUIlng Ral'IO (RI‘) :?::elzw?gl)'x+MA-3(C),CECs+realmamx+ MB-2 (D) and control - synthetic

Irreversible Fouling Ratio (Rir)

Chemical Engineering Journal 430 (2022) 132639
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TUBE-IN-TUBE MEMBRANE REACTOR

(OXIDATION - SMART DOSING OF LIQUID OXIDANTS OR
CATALYST)
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TUBE-IN-TUBE MEMBRANE REACTOR @ interreg B NG waoker

Espafia - Portugal "~

Fonds Eurcpes de Desarolo agiens

Apparatus

+ The system comprises an inner tubular membrane and an outer
quartz tube.

* 4 UVC lamps are located externally to the quartz tube.

* Liquid or gas stream is introduced by the lumen side of the
membrane.

* The water is fed tangentially to the inner wall of the quartz tube.

15/03/2022 vilar@fe.up.pt 12



TUBE-IN-TUBE MEMBRANE REACTOR

Rt

Water Research 191 (2021) 116815

Science of the Total Environment
743 (2020) 140629

15/03/2022
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Fonds Eurcpes de Desaroloagienst
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TUBE-IN-TUBE MEMBRANE REACTOR @ interreg M NGMwoker
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SELECTED CONTAMINANTS OF EMERGING CONCERN

Emerging Abbreviation - Sh— Contaminants Groups Emerging

Abbreviation Chemical Chemical
Contaminants Composition Structure

Contaminants Groups Contaminants Composition Structure

Heptafluorobutyric acid HFBA C,HF,0, % Acesulfame ACK ChH4KNO4S to.
Artifical Sweeteners —
Potassium nanofluoro-1- . .
butanasalfonate PFBS C,FyKO,S wi%: Saccharin SCH C7H5NO3S w
Perfluorinated Compounds ‘ ‘
Perfluorooctanoic acid PFOA CsHF,;0, % Carbamazepine CBZ C,5;H;,N,O @
Carbamazepine and )
" b . Metabolites B _ s d g
Tr} uormethanesulfonic TFMS CHF,0,S k 10,11' Carbamazepine- CBZ-EPX CoaHyoNO, X
acid epoxide y
Valsartan VSTN C24HaoN;0, w Athenolol ATNL C1,H,uN, 0, i\v‘.
- Beta blockers :
Angiotensin II Receptor ke . o T
Blookers Irbesartan ISTN CasHasNGO ?‘%ﬁ Bisoprolol BSPL CsHaiNO, u
Losartan LSTN C,,H,,CIKNgO %}{ 17-beta-estradiol E2 C:sH,,0, pd%g :
Hormones
Flame Retardant Melamine MLN C;HgNg ‘p‘ e ot EE2 Cs0H,,0, 1 ..
- . . 1 Non Steroidal Anti- ; )
Herbicide Diuron DRN CyH,,CiN,O ‘XLQ' Irflammatody DRES Diclofenac DCF C,,H,,CLNNaO, h@k
Insect Repellent DEET DEET Cy.H,,NO P e DW ” De m | ne ral | Zed Wate r

[CECS]each =L Mg Lt

UWW - Urban Wastewater

15/03/2022 vilar@fe.up.pt 14




TUBE-IN-TUBE MEMBRANE REACTOR @ interreg M NGMwoker

Espafia - Portugal

T ———

UF membrane coated with TiO, or Ag,MoO, UF membrane coated with Ag,M00O,
Permeation H,0, or S,04% (1.2 mM) Permeation S,04%
UVC=1.7W; HRT=6.1s UVC=17W; HRT=73.2s
— UVC — [5,04%1=0.6 mM
——— UVC/H,0, = [5,04%1=0.6 mM_pH=5
—— UVC/S,04% " [5,04%1=1.2 mM
——— UVC/TiO,/S,04*
BSPL — UVC/Ag,M00,/S,04* * BSPL
CBz CBz
CBZ-EPX CBZ-EPX
MLN MLN
TFMS
Higher efficiency with UV/Ag,M00,/S,0g% v’ Partial recirculation: T residence time (X12)

50%-60% removal for CBZ and AC-K Acidification pH 5: elimination of inorganic carbon

> 80% removal for 11/19 CECs SPECIES (CO32_’ HCO3-)

o odaen ~ 20% PFOA and 60% - 70% removal DEET and MLN
> 80% removal for 12/19 CECs

MLN, SCH and 4 perfluorinated compounds Not oxidized SCH, TFMS, PFBS, PFBA

15/03/2022 vilar@fe.up.pt 15



TUBE-IN-TUBE MEMBRANE REACTOR

@ interreg M NGNwoker

Fonds Eurcpes de Desaroloagienst

PERMEATION OF FERROUS SOLUTION

UF membrane - Permeation Fe?* (2 mg L)
H,O, or S,04% (0.3 mM)
UvC=1.7W; HRT=6.1s

— UVC/Fe?*/H,0,
~— UVC/Fe?*/H,0,—pH=3.0
VSTN 30 ATNL = uvc/Fe?/s,0,2

BSPL

CcBZ

UF membrane - Permeation Fe?* (5 mg L)
H,O, or S,04% (1.2 mM)
UVC =1.7W;HRT =73.2s

UVC/Fe?*/H,0,
UVC/Fe?**/H,0, — pre-treated
ATNL ~ ="~ UVC/Fe?*/S,04?
= 7 T UVC/Fe*/S,042 — pre-treated

Higher efficiency with UV/Fe?*/S,0g*

60%-70% removal for MLN and PFOA
> 80% removal for 13/19 CECs

v" No significant difference using H,O, or S,0¢*
v PO,% precipitation occurs during the photo-treatment
v' Pre-treatment (PO,3 precip./filtration) not required

Not oxidized

SCH and 3 perfluorinated compounds

~ 20% MLN; 40%-80% removal for 11/19 CECs (including PFOA)
> 80% removal for 3/19 CECs
Not oxidized SCH, TFMS, PFBS, PFBA

15/03/2022 vilar@fe.up.pt 16



TUBE-IN-TUBE MEMBRANE REACTOR
(OXIDATION - SMART DOSING OF OZONE)
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TUBE-IN-TUBE MEMBRANE REACTOR

@ inierreg @ NGNwater
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OZONE MEMBRANE CONTACTOR
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Ozone generation / measurements
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The O, is rapidly driven into the
water through “virtually” unlimited
number of O, addition points along
the membrane length.
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CECs — [Og]ie =20 g Nm™; TOD =35gm™
= [O3]inet =30 g Nm>; TOD = 4.8 g m*
——— [Oglinet =40 g Nm?, TOD=6.3gm?
= [Oglinet = 200 g Nm*®; TOD = 12.2 g m’®

Microbiology

— = [O3]iet = 200 g Nm™ + UVC/TIO, 7- B (nitial sample - UWW
[03]inlet =20 g Nm-3
- -3
= 3 61 [T [Osinier =30 g Nm
DCF = A gm -~ [0Je =40 g Nim?
E 5 = [0l =40 N+ UVC
o
LSTN S
Sk
®
BSPL =
>
[, e

| o
1

I****

Heterotrophs Total Coliforms Fecal Coliforms  Enterococci

o

CBz-EPX DEET

15/03/2022 vilar@fe.up.pt 19
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PHOTOREACTOR FluHelik
(ONGOING WORK)
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PHOTOREACTOR: FluHelik O lnierreg @ NGNwoker

LAB-SCALE PILOT-SCALE

1

Treated
effluent

.... ropes e Sl Seghersd

Oxidant

(stock)

Wastewater (feed) tank Oxidant pump

V1

I

Ve

Discharge
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PHOTOREACTOR: FluHelik @ lnterreg M NGQNwoker

PRE-INDUSTRIAL

.... ropes e Sl Seghersd

®Porto

Rortuga
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FINAL REMARKS

PHOTOCATALYTIC MEMBRANE REACTOR FOR CONCURRENT FILTRATION AND
OXIDATION

PHOTOCATALYTIC MEMBRANE REACTOR FOR SMART DOSING OF OXIDANTS AND

CATALYST

« Oxidant-catalyst/water contactor, was successfully applied for the synergetic activation of H,O, or
S,0g% by energy (UVC photolysis), chemical electron transfer (TiO,-P25 or Ag,M00, photocatalysis) and
chemical interaction with TiO,-P25 or Ag,Mo00O, nanopatrticles

« O;-catalyst/water contactor, was successfully applied for CECs removal and disinfection of
secondary UWW

FLUHELIK PHOTOREACTOR: SIMPLE AND COMPACT TECHNOLOGICAL SOLUTION FOR

SCALING-UP
« Ongoing work: pre-industrial scale with 4 FluHelik photoreactors coupled in series installed at a WWTP

@ Interreg [_'NGuuokcer

Espafia - Portugal ™"

Fande Eurepen e Desarralio.
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