Unclassified

: -
- O

Pllot scale removal of pathogens
and emerging contaminants from
graywater: Overcoming the
barriers to reuse
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- 4 billion people experience water scarcity at
least 1 month per year, with 2 billion people
living in countries without adequate water
supply

- Water reuse MUST be considered to help
address the water supply issue

« Graywater reuse

- Distributed systems can target specific
opportunities for reuse to offset costly
modifications to infrastructure

- UF/RO/UV
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Lalley et al.; J Water Proc Engineering (2023); 53, 103736
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LAKE POWELL The Colorado River flows to Lake

Powell, where generally 7-9 million
Graywater Reuse:
. annually

GRAND CANYON

100% of showers and faucets

recycled through Las Vegas Wash

back into Lake Mead.(pop. 5K to 2M) il
— — ‘ captured, treated and

returned to Lake Mead.
We reuse all of the water LAKE MEAD

returned to Lake Mead. o From Lake Mead, water is piped to
- one of two treatment facilities (TF)
= where it is treated with ozonation,

‘ : filtration and chlorination

4  \Wateris delivered up 2,000 feet of
elevation changes to our community
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~ SOUTHERN NEVADA™

i1 5 Groundwater comprises 10 percent / WATER AUTHORITY
Y of our water resources.

snwa.com
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Pliotscale D

* Why Graywater?

* Navigating the Regulatory Criteria for Re-use

e Chemistry of Source Separated Graywater (SSG)
* Unit Operations for Source Separated Graywater (SSG)

* Challenges of Micropollutants and Emerging Contaminants
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didppIngaintoGraywater:
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TECHNICAL BULLETIN

v

SANITARY CONTROL AND SURV]I L - vl \ » R AT, ' ) T g
OF FIELD WATER SUPPLI ; il T e {4 i
ERDC CSJFTC Graywater Test-Bed
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The estimated concentration of rejected 0.0
compounds can be calculated using 0 5 10 15 20 25 30 35
Equatlon 1. Cycles
Ci—Cp
— L

Cr 1-R
C, = concentrationin the reject stream .
C, = concentration in the influent Water volume multiplier for
C, = concentration in the permeate stream 85% = 6.65!

R = water recovery rate

v
N -
" .' Lalley, J. et al. Source separated graywater: Chemistry, unit operations, and criteria towards re-use. Journal of Water Process Engineering 53 (2023).
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Navigaungthe Reguiatory Crii

| Criteria | Value [ Units |
Total Coliform <2.2 CFU/100 mL
Fecal Coliform <2.2 CFU/100 mL

E. Coli <1 CFU/100 mL
Total Nitrogen <10° mg-N/L

TSS <5 mg/L
Turbidity <1b NTU
BOD <2 mg/L

Free Residual 1-4 mg/L
Chlorine

Chlorine >15 Min
Disinfection
Contact Time

UV Transmittance >90 % at 254 nm
6.5-8.5

Values proposed based on CONUS standards for: toilet flushing, laundry, fire fighting, vehicle washing, dust
suppression, and industrial uses

Proposed treatment goals used for system evaluation based on published non potable reuse standards
from 35 states

Comprehensive data analysis of the 35 states with published reuse standards

N =

%

Lalley, J. et al. Source separated graywater: Chemistry, unit operations, and criteria towards re-use. Journal of
Water Process Engineering 53 (2023).
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VIEEIRIGIEN IR Hardness as CaCO,
200 Series Methods

Wet Chemistry
Analysis

Alkalinity
Ammonia as N
BOD

CcobD

Nutrients

MBAS
Phosphorus, Total
Specific Conductance
TDS

TKN as N

TOC

Turbidity

Microbiological E. Coli (MPN)
Analysis

U EHELEIRNETIEN Micropollutants

Quality Laboratory
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SM22 2340B-2011

SM22 2330B-2011
EPA350.1 R2.0
SM22 5210B-2011
SM22 5220D-2011
EPA300.0 R2.1
SM22 5540C-2011
SM 4500-PE
SM?22 2510B-2011
SM22 2540C-2011
EPA351.2 R2.0
SM22 5310C-2011
EPA180.1

Colilert 18 QT

TMR book 5, chap B4
(zaugg, Smith and
Schroeder 2007)
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Raw Feed Water
from Shower

Start of Treatment
Process

Collection
Point #1

ERDC CSJFTC 1)Raw, 2) Primary Effluent 3) Final Product Water

-
|

Collection
Point #2

Collection
Point #3
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Raw graywater chemistry during the
two Battalion Training events (post
human contact)

Std Dev

ANALYTE Average Min Max
COD (mg/L) 102 79-8 17.6 273
BOD (mg/L) 49.6 33.9 11.3 134
MBAS (mg/L) 0.74 o <0.10 2.50
TOC (mg/L) 22.2 16.7 6.3 54.5
NH, (mg-N/L) 9.94 >-78 1.92 226
Nitrate (mg-N/L) 0.58 Dt <0.10 2.89
PO, (mg/L) 5.64 2:55 234 10.9
TDS (mg/L) 645 251 351 1230
Turbidity (NTU) 19.1 14.2 1.18 45.2
E. coli (MPN/100mL) 1259° 1145 5 2420

" These values are skewed low due to the upper limit of the analytical method being reached.

14
:: » ‘ = Griggs et. al “Employing Reverse Osmosis and Ultrafiltration Treatment Systems for Treatment of Source Separated Graywater ” 2024. ESTCP ER-201632
3
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Reverse Osmosis Results from both Removal Efficiencies of UF/RO from both

Battalion Events Battalion Events
Analyte Canadian NMCB Combined B Post UF [ Post RO
Average Average Average 100-
COD (mg/L) <10.0 <10.0 <10.0 _
BOD. (mg/L) <0.2 <0.2 <0.2 E e =
MBAS (mg/L) <0.10 <0.10 <0.10 E
TOC (mg/L) <1.0 <1.0 <1.0 8 “
NH, (mg-N/L) 1.04 1.23 1.15 =
o
i s 0.12 0.12 =
Nitrate (mg-N/L) 0.12 5 5
PO, (mg/L) 0.05 0.50 0.31
TDS (mg/L) 15 21 19 N
Turb|(.:I|ty (NTU) <0.50 <0.50 <0.50 00 o° @g’ Qo"‘ -6@ «Qfo 00\\«0(, ?@
E. coli 0 0 0 o Q @\ % '&@
(MPN/100mL) <

 The combined treatment train of UF and RO met all compliance
metrics for all analytes of interest except ammonia in two samples
and for phosphate in five samples.

* However, since ammonia and phosphate are not included in any
published re-use criteria, all the water treated met standards for un-
A = restricted reuse where guidelines are established.
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viicropoliutants

- Personal care and - Looking at 4 common
pharmaceutical products (PCPP) micropollutants found in graywater

. Can get through current

treatment technologies d\‘” {k J S Vi
2.5 N nfluent O"Ecl\ ‘&\ {9&\ )

® Post UF
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Caffeine Acetaminophen (APAP)
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Lalley et al.; J Water Proc Engineering (2023); 53, 103736

o E RD@ N,N-diethyl-m-toluamide (DEET) Diethyl phthalate (DEP)
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Nanopiatelets (GneEs) and GranuiarActivated
P }
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Applied Membranes

XG Sciences Coconut shell GAC

C-750 Graphene

= Graphene (G) is a 2D honeycomb network of sp? hybridized carbon
» Affordable and scalable material for water treatment applications

"= GAC 1s a porous amorphous carbon and 1s a water treatment
industry standard

Material Total Pore Volume Avg Pore Diameter Mesopore Volume Micropore Volume BET Surface Area

(cc/g) (nm) (cc/g) (cc/g) (m/g)

GnP 0.9602 1.341 0.698 0.166 646.0

A'p E R D@ GAC 0.3968 1.764 0.026 0.371 826.7
" .‘ ENGINEER RESEARCH & DEVELOPMENT CENTER
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EXpernmentalesis

1. Determine Micropollutant Adsorption
Parameters
" [sotherm Modeling
* Langmuir vs. Freundlich
= Kinetic Modeling
* Pseudo First Order
= Pseudo Second Order (PSO)
2. Determine Adsorption Mechanism
* [Intraparticle Diffusion Model (IPD)
= (Capacity vs K
* Computational results
= NMR studies
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Adsorption/isotherm Modeling

Caffeine Langmuir APAP Langmuir DEET Langmuir DEP Langmuir

v s b L 40 0
el
e imgl) Ce gLy o pmaly
e S6AC WETG

Caffeine Freundlich DEET Freundlich DEP Freundlich

0 0s 1

#GAC BCTS0G. #GAC HCTS0G SGAC BCTSOG

Micropollutant Adsorbent

Cafteine

Capacity Results

qe,max,exp (mg/ g)

169.8
147.1

172.2
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® PFO
APAPGNP 1 oo

= .
y=-0.2844x+43131 7 o ¥=-0.2582x+3.8287 - | ® - 01711x + 3.2453
R?= 0.9473 - - rRE=07877 .7 R?=0.6811
“ -
i -
.

In(ge-qt)

P
+7 y= -0.0077x+0.0032
Fa R?=0,9980

0 5
20 2 4 6 8 10 12 14 16 -2 0 2 4 6 8 10 12 14 16 -2 0 2 4 6 8 10 12 14 16
Time (min) Time (min)

y =-0.0004x + 4.7501

P [ ]
R* = 0.8855 y = -0.0005x +4.5499 - 4 y = -0.0005x% + 4.9915 -~

R'=08736 . ¥ RI=0814 .7

.,”y=o.0062x+0.9057 § -7 y=0. E ) y 0.0051x + 0.3561 | +7y=00045x + 0.8139
R?=0.9998 y RE=0. . R? = 0.9997 o P R® = 0.9994

X -5
0 1500 3000 4500 6000 7500 0 1500 3000 4500 60O 7500 0 1500 3000 4500 8000 7500
Time (min) Time (min) Time (min)

Pseudo-Second Order
Micropollutant Adsorbent

k, (g/mg/min)

Caffoine
| GnP | 00185 | 09980 |
| GAC | 3.8E-05 | 09980 |
G | 00300 | 09992 |
| GAC | 730B-05 | 09997 |




Viechanism Determination= K.

GnP Capacity vs Hydrophobicity GAC Capacity vs Hydrophobicity

]
DEP
Caffeine

Caffiene R2=0.9788

(]
R?=0.0446 APAP

[ ————————————————

5
-0500 05 10 15 20 25 -05 00 05 10 15 20 25
log(Kow) log(Kow)




Mechanism Determination=I1PD

Caffeine Graphene IPD APAP Graphene IPD DEET Graphene IPD DEP Graphene IPD

a8
e y = 0.4368x + 120.92 " = - -
y =6.5649x + 100.84 R*=0.7509 y=3.5683x +89.371 y=-02179x + 104.55 y =0.034x + 68.302 /./. y =-0.3695x + 209.5
R? =1 R2=1 R2=0.7419 y=3.1115x + 58.887 R =0.0047 Re=1

f R?=0.7433 y =12.972x + 138.33

R? =0.9999
y=45.214x +29.774
R?=0.9686

qt (ug/mg)
w 8 g [0}

qt (ug/mg)
(=]

y = 36.436x + 23.834

y = 64.642x + 9.5976 R2=1

y =100.04x + 9.3126
R?=0.9847

2 4 6 8 10 12 0 2 4 6 8 10 0 2 4 6
t*/2 (min*1/2) i t"/2 (min*1/2) t"1/2 (min*1/2)

Caffeine GAC IPD APAP GAC IPD DEET GAC IPD DEP GAC IPD

,_/. "—;0’.3;0;:;4.5
y=0.4199x + 124.25 = 0.6922x + 03.424 «— ° Re=1

RE=1 R2=1 =0.2654x + 172.04
R2=1

y =5.3187x + 46.917
R?#=0.9967 y =7.7836x - 7.6125
y
2

qt (ug/mg)
8

y =7.2523x - 8.8255
R*=0.9992

=5.5254x - 4.9791 R*=0.956
=0.9997

0
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 &0 90
t"/2 (min*1/2) tAM/2 (min1/2) /2 (mint1/2) tA1/2 (min™1/2)

Micropollutant | Adsorbent | K, (mg/g min'?) n 2 (mg/g min'?) n mf::g;g

Caffeine  |—9AC [ | 725 | 09992 Step 1 (K, ,): Bulk Adsorption (interactions)
B _-
| Gac | 0 ] 555 | 09997

AocaminoPhet ™"Goe | e [ to0 [ 351 | 100
oEr  b—¢6ac ][ 5319 ] 0997
__




Mechanism Determination= Computational

Micropollutants

Caffeine




Mechanism Determination= NIVIR

8.333 mg/ml GnP

6.67 mg/ml GnP
3.33 mg/ml GnP
1.67 mg/ml GnP

0.83 mg/ml GnP

—_— e

0.17 mg/ml GnP

Y S
1 2
I I Reference DEP, No GnP

B B e S e e e A e e LM St (o s e s s e
80 79 78 7.7 76 7.5 7.452 5.1 5.0 49 4.8f‘l(7 4.)6 45 44 43 42 41 40 39 16 15 14 13 1.2
1 (ppm

:
I
H
|

s =
9392 828180797877 7.6 752 515049 18'4.? 4645 424140 393837 363534 32
1 {po




7 - it off centered stacking
due to electron donating effect

Overall Goal: Assess the efficacy of graphene nanoplatelets for micropollutant
removal compared to GAC and gain insight to mechanism

GAC had a higher capacity in 3 out of 4 cases

GnP was significantly faster in all cases

T interactions are driving kinetics

Ability to have other interactions and permeate the pores dictates capacity

The Kow, IPD model, computational, and NMR results show that the performance is
molecule- and structure-dependent.

Using the selectivity afforded by GnP is a promising approach for tertiary treatment in a
complex water matrices for next generation filtration media.
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v'Use environmental water matrices and evaluate performance
v'Build prototype to implement in deployable treatment systems
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Questions?

Audie Thompson, Ph.D.

U.S. Army Engineer Research and
Development Center ERDC
Audie.K.Thompson@usace.army.mil

Chris S. Griggs, Ph.D.
U.S. Army Engineer Research and
Development Center ERDC

Chris.S.Griggs@usace.army.mil
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