Accepted Manuscript

— WATER
WA RESEARCH

"AJournal o the

Modeling emerging contaminants breakthrough in packed bed adsorption columns by
UV absorbance and fluorescing components of dissolved organic matter

Massimiliano Sgroi, Tarun Anumol, Paolo Roccaro, Federico G.A. Vagliasindi, Shane
A. Snyder

Pll: S0043-1354(18)30722-X
DOI: 10.1016/j.watres.2018.09.018
Reference: WR 14068

To appearin:  Water Research

Received Date: 6 June 2018
Revised Date: 1 September 2018
Accepted Date: 5 September 2018

Please cite this article as: Sgroi, M., Anumol, T., Roccaro, P., Vagliasindi, F.G.A., Snyder, S.A.,,
Modeling emerging contaminants breakthrough in packed bed adsorption columns by UV absorbance
and fluorescing components of dissolved organic matter, Water Research (2018), doi: 10.1016/
j-watres.2018.09.018.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.watres.2018.09.018

Excitation Wavelength (nm) Excitation Wavelength (nm)

Excitation Wavelength (nm)

S
Q
(=]

w
(=1
(=]

[
wn
(=]

A
w
(=1

B~
Qo
=]

w
o
=]

w
(=1
(=]

N
wn
o

&~
j=1
(=]

w
o
(=3

300

[*]
w
f=}

Surface water

4l

300 400 500
Emission Wavelength {(nm)

Synthetic water

r

300 400 500
Emission Wavelength (nm)

Wastewater

300 400 500
Emission Wavelength (nm)

4!

2.5

N

RSSCT for GAC
adsorption

Contaminant breakthrough (%)

Contaminant breakthrough (%)

120

Carbamazepine
100 : :
. slzlrface water i
il ~« syntheticwater @ ¢
: Poe A
Go_‘.‘,.t....‘."!?s!e,“'!!.‘g,'."...., e
L A
L st
P\ 1 I— e i
a o
0 . ; ;
0 20 40 60 80 100
Fluorescence breakthrough (%)
Carbamazepine
100

0 i
60 70

80 90 100 110

120

UV Absorbance breakthrough (%)



[ —

10

11

12

13

14

15

16

17

18

19

Modeling emerging contaminants breakthrough in pack ed bed ad-
sorption columns by UV absorbance and fluorescing ¢ omponents of

dissolved organic matter

Massimiliano Sgrdj Tarun Anumd® Paolo Roccarp Federico G.A. VagliasindiShane A.

Snydef* "

! Department of Civil Engineering and Architecturenitérsity of Catania, Viale A. Doria 6,

95125, Catania, Italy

2 Department of Chemical and Environmental Enginegtimiversity of Arizona, 1133 E. James

E. Rogers Way, Tucson, AZ 85721, USA
% Agilent Technologies Inc., 2850 Centerville Road|riihgton, DE 19808, USA

* Nanyang Technological University; Nanyang Environin& Water Research Institute, 1

Cleantech Loop, CleanTech One, #06-08, Singapor&é4l3

"Corresponding author. Phone: +1 520 6212573; fak: 520 6216048; e-mail address:

snyders2@email.arizona.edu

ABSTRACT

This study investigated, using rapid small-scalkionm testing, the breakthrough of dissolved
organic matter (DOM) and eleven emerging organicaminants (EOCs) during granular acti-
vated carbon (GAC) filtration of different water ajities, including wastewater, surface water

and synthetic water (riverine organic matter digsdlin deionized water). Fluorescing organic



20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

matter was better adsorbed than UV absorbancedan25UV,s4) and dissolved organic carbon
(DOC) in all tested water. Furthermore, highestogotson of DOM (in terms of DOC, UM,
and fluorescence) was observed during wastewatetibn. UV absorbing DOM had fast and
similar breakthrough in surface water and synthetter, whereas fluorescence breakthrough
was very rapid only in synthetic water. PARAFAC matidg showed that different fluorescing
components were differently adsorbed during GACcess. Particularly, fluorescing compo-
nents with maxima intensity at higher excitationvelengths, which are corresponding to hu-
mic-like fluorescence substances, were better rechdran other components in all waters. As
opposed to DOM, EOCs were better adsorbed durinthstic water filtration, whereas the fast-
est EOCs breakthrough was observed during filtnatibwastewater, which was the water that
determined the highest carbon fouling. Exceptios wepresented by long-chained perfluoroal-
kylated substances (i.e., PFOA, PFDA and PFOSkedddadsorption of these compounds re-
sulted independent of water quality. In this studas also investigated the applicability of kY
and fluorescing PARAFAC components to act as satexyin predicting EOCs removal by
GAC in different water matrices. Empirical linearielation for the investigated EOCs were de-
termined with U\4s4 and fluorescing components in all water qualitidewever, fluorescence
measurements resulted more sensitive thapsAd predict EOC breakthrough during GAC ad-
sorption. When the data from all water qualitiessweambined, good correlations between the
microbial humic-like PARAFAC component and EOC reqals were still observed and they re-
sulted independent of water quality if considerordy real water matrices (wastewater and sur-
face water). On the contrary, correlations betwe&C removals and Uy, removals were in-
dependent of water quality when combining datauofese waters and synthetic water, but a dif-

ferent correlation model was needed to predict E@€akthrough in wastewater.
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1. Introduction

The occurrence of pharmaceuticals, steroid hormgresgticides and personal care products, col-
lectively termed as emerging organic contaminaB@Es) or contaminants of emerging concern
(CECs), have been consistently reported for ovéecade in different water matrices, including
wastewater, surface water and drinking water (Beaotd Brownawell, 2007; Dickenson et al.,
2011; Focazio et al., 2008). Wastewater treatmiamitp (WWTPS) have been recognized as sig-
nificant hotspots for the transfer of EOCs into #revironment (Michael et al., 2013; Vieno et
al., 2005), and with the increased focus on implgmg potable water reuse schemes around the
world, there is a greater possibility of these wastter derived contaminants entering drinking
water sources (Al-Rifai et al., 2007; Dickensorakt 2011; Focazio et al., 2008). While effects
of many EOCs on public health remain largely unknpstudies have shown that some of these
contaminants can have drastic effects on aquat@nisms at concentrations typical for
wastewater discharges (Bevans et al., 1979). Qthdies have demonstrated that a combination
of EOCs can have synergistic effects on some osganiCarlsson et al., 2006; Daughton and

Ternes, 2009).

Advanced treatment technologies have been implesdeint water reuse systems and drinking
water treatment plants as effective means to atendOCs (Roccaro, 2018; Wert et al., 2009;
Wols et al., 2013). Advanced oxidation processeSR8) like ozone and UV with addition of

hydrogen peroxide, or high pressure membrane tidinahave proven to remove many EOCs

from water (Kim et al., 2007; Wert et al., 2009; M/et al., 2013), but with some drawbacks. For
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example, studies have shown that AOPs produceforanation products of generally unknown
toxicity (Jia et al., 2015; Rizzo, 2011), whereasmbrane processes generate concentrated brine
streams and entail relevant treatment costs (Rooegal., 2013). In contrast, adsorption pro-
cesses like granular activated carbon (GAC) are@uoically sustainable, do not result in trans-
formation products and are capable of removing dewiange of EOCs (Kim et al., 2007,

Roccaro et al., 2013; Snyder et al., 2007).

The analysis of EOCs at trace levels in waterbsii@us, time-consuming and expensive. In ad-
dition, it requires sophisticated analytical equgmnhand highly trained technicians. Hence, the
use of surrogate parameters that can accuratetiicpthie removal of EOCs in a simple, fast,

and cost-effective manner is highly desirable. 8pscopic parameters like UV absorbance and
fluorescence have been shown to be useful mongdoiols for both conventional and emerging

water contaminants in different natural and engieeevater systems (Carstea et al., 2016;
Korshin et al., 2018; Sgroi et al., 2018, 20174, 729). Particularly, extensive recent research in
this area has shown the possibility to accuratedgigt EOCs removal during various advanced
treatments (e.g., ozonation, U\WBL, adsorption) by surrogate parameters based otrepeap-

ic measurements (Chys et al., 2018, 2017; Gertit).e2012; Korshin et al., 2018; Merel et al.,

2015; H. W. Yu et al., 2015; Zietzschmann et @16a).

Studies focused on adsorption processes have destike performance of UV absorbance at
254 nm (U\ssg) and total fluorescenced(,) indicators to predict EOCs removal by activated
carbons in both powered activated carbon (PAC)gaees (Altmann et al., 2016; Zietzschmann
et al., 2014a; Ziska et al., 2016) and granulaivaigd carbon (GAC) filter (Anumol et al.,
2015). The developed models provided excellentiptieds of EOCs removal in different sec-

ondary or tertiary wastewater effluents and thesdets resulted independent of the wastewater
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quality (Altmann et al., 2016; Anumol et al., 201&ptzschmann et al., 2016a; Ziska et al.,

2016).

During adsorption processes, the most crucial faotpacting EOCs removal is the competition
caused by the presence of organic matter (OM) itew®M is different in concentration and
composition between different waters (e.g., surfae¢er and wastewater), and aspect of OM
character such as molecular weight distributiorgrele of hydrophobicity, and charge distribu-
tion affect its adsorbability as well as the extientvhich it decreases micro-pollutant adsorption
through direct competition and pore blockage, ctiNely termed fouling (Shimabuku et al.,
2017; Velten et al., 2011; Zietzschmann et al.,40)1A recent study observed significant dif-
ferences between EOCs breakthrough curves in dgnkater and wastewater effluent and these
differences were attributed to the concentrationthe low molecular weight (LMW) acid and
neutral organics of the waters (Zietzschmann eR@all6b). Presenting the relative EOC concen-
trations over the specific throughput of the LMWganics, the EOC breakthrough curves in
drinking water and WWTP effluent superimposed eattter (Zietzschmann et al., 2016b). In a
further study, the adsorption of organic micro-ptdhts onto PAC was compared between re-
gionally different waters within two groups, naméiye drinking waters and seven wastewater
effluents. Correlations between EOC removals andskJmovals were independent of the wa-
ter quality within the respective group, but diéfiet regression parameters were obtained for
drinking waters and wastewaters (Zietzschmann.gf@ll6a). To date, similar studies have not

been accomplished using fluorescence measuremmhtduaing GAC filtration.

Fluorescence spectroscopy is a rapid, cost-efiecteagentless technique that requires little or
no sample preparation prior to analysis. The adiprisof 3-dimensional excitation-emission

matrices (EEMs) provides a ‘map’ of contributiorfsdifferent component classes comprising
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dissolved organic matter (DOM) (Carstea et al.,&20enderson et al., 2009). EEM of natural
waters and wastewater tend to have distinct featwith maxima located at characteristic com-
binations of excitation and emission wavelengthsusl an important advantage of fluorescence
versus UV-vis absorbance is the potential for disoating between different sources of chro-
mophoric DOM that absorb at similar wavelengthsfuAher advantage of fluorescence is that
sensitivity is typically 10-1000x that of UV abstgm spectroscopy (Carstea et al., 2016;

Henderson et al., 2009; Korshin et al., 2018).

EEMs offer varied possibilities of data interpreiai from simple peak-picking and Fluores-
cence Regional Integration to the more complex|Rhfgactor Analysis (PARAFAC) and Self-

Organizing Maps (Carstea et al., 2016; Chen et2803; Murphy et al., 2013). Among these
methods, PARAFAC is becoming the most popular enrssearch community due to its ability
to mathematically decompose the complex fluoreseapectra into a finite number of potential-
ly overlapping independent components characterigedheir distinct spectroscopic features.
Such deconvolution helps discriminate and ascedaitributions of different DOM types and

sources, and provides an useful tool for DOM charaation in water (Murphy et al., 2013,

2011).

Accordingly, objectives of this study were: (i) éaplore breakthrough curves of different DOM
components identified by PARAFAC analysis in diffiet water matrices, including wastewater
and surface water during GAC filtration; (ii) toauate and compare the ability of different
spectroscopic indexes based on fluorescence andbddrbance measurements to predict EOCs
breakthrough using surface water and wastewatehisrstudy, GAC processes have been simu-
lated using rapid small scale column testing (RSS@hich are bench scale tools able to accu-

rately predict GAC performance in a short periodime (Anumol et al., 2015; Crittenden et al.,
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1991). In addition, two different surface watervddeen utilized, a real surface water and a
synthetic surface water obtained dissolving conegativerine organic matter in deionized (DI)
water. In this latter case, no salts were addedaiter, and thus, the impact of ionic strength in

the adsorption process is missing.

2. Materials and methods

2.1. Materials and tested waters

All purchased solvents, standards, and reagents @fdrigh purity. The details concerning these

materials are reported in the Supplementary maszation (Text S1).

Waters tested in this study included a non-chldéeddasecondary wastewater effluents from the
city of Tucson (Arizona, USA), a surface water eoted from the Central Arizona Project
(CAP), which is a diversion canal that convey wdtem the Colorado River to Central and
Southern Arizona, and a synthetic water obtainedaldving Suwannee River Natural Organic
Matter (NOM) (International Humic Substances Sogi&t. Paul, MN, USA) in DI water. All
water were filtered using a 0.48n cartridge filter (GE Healthcare, USA) prior tetieg. Water

guality parameters after filtration are providediable 1.

2.2. Selection of EOCs

Eleven EOCs including pharmaceutical, personal paoelucts, and perfluorinated compounds
(Table 2) were selected based on their octanolywdition coefficients (log k), charge, oc-
currence in water, and availability of authentidas¢andards. Compounds were selected in order
to have in water micropollutants with very diffeteadsorption characteristics. To account for

ionic effects on the log &, a pH corrected log §3 term was calculated for the pH of each water
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(Martinez-Hernandez et al., 2014). In surface watel synthetic water, compounds were spiked
using a highly concentrated stock (100-250 pg/mL%0:50 (v/v) HPLC-water:methanol solu-

tion. In wastewater, EOCs were present at natukatyurring concentration. Due to the small
amount of spiked compounds solution (100 uL), thenge in dissolved organic carbon (DOC)
was negligible. Relevant chemical properties anttentrations of EOCs (after spiking) in water
are reported in Table 2. In surface water spikedpminds were summed to naturally occurring

concentrations.

2.3. Analytical methods

All EOCs were analyzed using an automated liquidictatography online SPE system coupled
to an Agilent 6460 triple-quadrupole mass specttem@Agilent Technologies, Santa Clara,
CA). The method required only 1.5 ml of sample tallswing minimal sample collection during
the experiment. Resulting reporting limits rangeahf 1 to 20 ng/L. Further details of the analyt-
ical method are available in previously publishigekdture (Anumol and Snyder, 2015) and are
also briefly described in Supplementary materiatisa (Text S2; Table S1 — S2). For dissolved
organic carbon (DOC) analysis, samples were fidteheough 0.45 mm hydrophilic polypropyl-
ene filter (GHP Membrane Acrodisc, Pall Life Sciesicand acidified to pH < 3 with hydrochlo-
ric acid. A Shimadzu TOCdsy (Kyoto, Japan) total carbon analyzer was usedyf@ntifica-

tion.

Ultraviolet light absorbance was analyzed usingafaCary 50 UV/Vis spectrophotometer. Flu-
orescence data were collected using Varian Carip$ecifluorescence spectrophotometer with
the scanning range from excitation wavelength 280ta 450 nm at an interval of 5 nm and

emission wavelength from 250 nm to 580 nm at tierual of 1 nm. Excitation and emission slit
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widths were both set at 5 nm. The Raman scattecteffas minimized by subtracting EEMs of
pure DI water from the sample EEMs; any negativenisity values produced by this subtraction
were converted to zero values. Then, the emissiamsity data were normalized to the Raman
peak area of an emission wavelengths scan of Dérvgamples collected at the interval of 1 nm
and related to an excitation wavelength of 350 amprbduce fluorescence intensities in Raman
unit (RU) (Murphy et al., 2010). All the EEMs wesabjected to inner filter effect correction ac-
cording to the methodology proposed by MacDonaldlet(MacDonald et al., 1997). Non-
trilinear data related to the Rayleigh scatteriregaveliminated and interpolated from either side
of the scatter band following the tutorial publidhgy Murphy et al. (Murphy et al., 2013). Re-
gional integration was conducted according to mesfly published literature (Chen et al., 2003;

Sgroi et al., 2016) to calculate the total fluosrsme intensities for each sample.

The point of zero charge A, defined as the pH at which the number of negtiand positive-
ly charged sites on the surface of the carbon qualgnet charge on surface = 0) was experi-

mentally determined by calculating the slurry pHe@&ing et al., 2009).

2.4. PARAFAC modeling

PARAFAC analysis was carried out using the drEEMox (Murphy et al., 2013). PARAFAC
modeling was performed independently for each destater to avoid that source diversity un-
dermined the accuracy of the model (H. Yu et &15). Fluorescence data set of wastewater in-
cluded 74 EEMs, data set of surface water and stintlwater included 25 EEMs each. Non-
negative constraints were applied for excitatiod amission loadings. In order to examine the
soundness of the PARAFAC modeling and to identiynumber of fluorescence components, a

series of criteria was applied to each EEM datg4¢tthe examination of the core consistency,
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(2) the evaluation of the shape of the spectralilag (3) the leverage analysis regarding the in-
fluence of a specific sample or certain excitatéord emission wavelengths, (4) the residuals
analysis and (5) the split half analysis. No ouifyisamples emerged during the PARAFAC
modeling but it was needed to exclude part of tB&E with excitation wavelength < 250 nm
that exerted disproportionate leverage on the madeélimpeded a correct model validation. A
PARAFAC model with 4 components was validated toe tvastewater; a PARAFAC model
with 2 components was validated for the surfaceewathereas a PARAFAC model with 3
components was validated for the synthetic watke fluorescence intensity at the maximum for
each PARAFAC component was used as fluorescingcitmenonitor breakthrough curves dur-

ing GAC adsorption.

2.5. RSSCT procedure

All RSSCTs were designed according to the congtdfutsivity (CD) model based on previous
studies (Anumol et al., 2015; Redding et al., 20@9) the RSSCTs were performed using the
same GAC (NORIT DARCO 12x40) with a simulated fatlale empty bed contact time (EBCT)
corresponding to 5.2 min. General characteristich® used carbon are reported in Table S3.
Before the experiment, fresh carbon was crushel avitnortar and pestle and sieved using the
U.S standard sieves. The fraction between mesh#4di2@ and #140 (&= 0.125mm) was collect-
ed. The carbon was washed thoroughly with ultrapuater and stored in a sterile environment
until use. The crushed carbon slurry was placed #® mm inner diameter glass column with
polypropylene caps and fittings (Kimble Chase, Niswsey). Care was taken in selecting the
column so that the aspect ratio was >10 to avoill @ffects and channeling (Knappe et al.,
1997). The flowrate of the water was adjusted usinggristaltic pump to achieve the desired

EBCT. Once the experiment was started, GAC efflsamples were collected periodically for

10
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EOCs, DOC, UV and fluorescence analysis while grfilucontrol samples were collected daily
to determine if there was any degradation of EQCtheé feed water. Details of the RSSCT de-
sign with comparison to a full-scale system operatvith the same EBCT are presented in Ta-

ble S4.

3. Results and discussion

3.1. GAC adsorption of organic matter

DOM concentration in water is typically measuredbak parameters such as DOC, UV ab-
sorbance and fluorescence. Particularly, thisrlatethod is growing in popularity to character-
ize DOM, as it is simple and provides a large amainnformation. As previously discussed,
PARAFAC analysis is a useful tool for EEMs intetjateon. Indeed, this method enables the de-
convolution of complex EEMs into independent comgras that represent groups of similarly
behaving fluorophores (Murphy et al., 2011; Sgtoale 2017b). In this study, the three devel-
oped PARAFAC models identified a total number ofefindependently varying fluorescing
components. Within these five components, four rfsoing components were identified in
wastewater, two components in surface water areetbomponents in synthetic water. Figure 1
shows the spectral fingerprint of the identifiedoilescing components, denoted henceforth as
C1-C5. Wavelengths corresponding to the positidrithe excitation and emission maxima are
reported in Table S5 — S7, whereas the excitathwheanission loadings are shown in Figure S1
— S3. Based on the position of the excitation amdsgion peaksit/Aen), components C1
(Aerem = <250/355-400 and 285-305/355-400), O2dkem = <250-265/470-495 and 365-
395/470-495), C4Mowlhem = <250/435 and 345/435), and Chodrem = <250-250/450 and

325/450) were identified as humic and fulvic-likedrescence (Ishii and Boyer, 2012; Murphy

11
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et al., 2011; Sgroi et al., 2017b; H. Yu et al.120 Specifically, component C1 represents the
contribution of a microbial humic-like fluorescenaehereas component C2 that of a terrestrial
humic-like component. These two components hava Ipeeviously observed in both surface
water and wastewater (Murphy et al., 2011; Sgral.e2017b; H. Yu et al., 2015). In this study,
component C1 was common to all the investigatedemsatcomponent C2 was found in
wastewater and synthetic water. Component C4 quorets to a group of humic-like fluorescing
species found in prior studies in high nutrient arm$tewater impacted environments (Murphy et
al., 2011; Sgroi et al., 2017b; H. Yu et al., 20Y5; et al., 2010). In this study, component C4
was found only in wastewater. Component C5 is coniynabundant in DOM dominated by ter-
restrial precursor material and it is generallyestbsSrom wastewater (He and Hur, 2015; Ishii
and Boyer, 2012). Accordingly, in this study componC5 was detected only in surface and
synthetic waters. Component 4 and 5 have both limdscence peaks situated at similar wave-
length positions. However, component C4 shows igima intensity at an excitation wave-
length of 435 nm, whereas component C5 has its maxntensity at excitation wavelengths <
250 nm. Finally, protein and tryptophan-like flusceng compounds, observed in prior studies as
typical fluorescence component of wastewater medri@are associated with component C3

(Aexhen= 275/330) (Murphy et al., 2011; Sgroi et al., 281M. Yu et al., 2015).

The Fluorescence EEMs provide a qualitative esenudttreatment process efficacy and are
shown in Figure 2. As seen for all waters, initidhere is a decolorizing effect in the EEMs as
the GAC is effective in removing fluorescent orgamatter in all regions of the EEM compared
to the influent to the column. However, this decaing effect was very evident in wastewater
and in a less extent in surface water. In the ®fitlwater the decolorizing effect was limited.

With time, the active sites on the GAC are exhalsted gradually increased breakthrough of

12
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fluorescent matter is seen in the three waters.abh@unt of breakthrough varies based on water
quality and bed volume when the carbon and EBCTcarestant. These observations suggest
that DOM was removed in a different way from theethwaters. It can be better observed in
Figure 3, which shows the breakthrough curves efittentified PARAFAC components. In
wastewater, breakthrough of components C1, C2, @lnegligible at bed volumes (BVs) < 5,
except component C3 that when the experiment dtattewed immediately a breakthrough of
16%. Surface water had an immediate breakthrougirafnd 20% for component C1 and C5,
whereas organic matter in synthetic water was sbasxlsorbed and components C1, C2 and C5
showed an immediate breakthrough higher than 50%.imteresting to observe that PARAFAC
components with maxima fluorescence intensity gihéi excitation wavelengths, which are cor-
responding to humic-like fluorescence substancesg Wetter removed than other components in
all waters. Component C4 was the component mositriaeld during the GAC process, followed

by the microbial humic-like component C1 (Figure 3)

Various DOM characteristics affect its adsorptionGAC filters and these include aromaticity,
degree of hydrophobicity, molecular size, charggrithution and ability to form hydrogen bonds
with the GAC surface (Shimabuku et al., 2017; el al., 2011; Zietzschmann et al., 2015,
2014b). Particularly, recent studies showed thaivD&alsorbability decreases when aromaticity
increase (Shimabuku et al., 2017). Accordinglythis study component C3, which is typical of
aromatic protein and tryptophan-like substances, tva less adsorbed fluorescing component of
wastewater (Figure 3). In addition, it was showat tfiuorescence components differ also for
molecular size (Wu et al., 2003), and that smaediDOM contains better adsorbable com-
pounds, which largely affects micro-pollutants fogl (Zietzschmann et al., 2014b). Further-

more, the charge of DOM and ionic strength of wataay have had a significant role in the ad-

13
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sorption process, particularly determining the ldsorbability of DOM of synthetic water. The

pH,. for the Norit DARCO 12 x 40 was found to be 6.hieh meant that at pH of tested waters,
its surface was negatively charged in surface watér8.4) and wastewater (pH 7.5), and slight-
ly negatively charged in synthetic water (pH 6B@cause of the presence of carboxylic acid and
phenolic groups in the DOM structure, DOM carriesegative charge at these pH values
(Perdue and Lytle, 1983). In these circumstanag$ace-DOM electrostatic interaction should

oppose adsorption, because both DOM and carboacgudre negatively charged. However, it
has been demonstrated that if salts are preseméter the ionic strength of water can increase
adsorption and salts effectively screen electrimstapulsion (Bjelopavlic et al., 1999). In syn-

thetic water the absence of salts along with effeetated to manipulation of Suwannee River
NOM during extraction and concentration processag have reduced the adsorption capability

of this DOM. However, more research is needed ttetstand this phenomenon.

The rate of breakthrough of the different bulk paeters of water considered in this study was in
the order: DOC > UYy, > fluorescence indexes {gdand PARAFAC components). It is in
agreement with previous studies, where it has bgpothesized fluorescence DOM to be lower
in molecular weight than UV-absorbing DOM or DOCasered compounds to explain its pref-
erential adsorption (Anumol et al., 2015; Shimabakal., 2017; Velten et al., 2011). In Figure 4
is reported a comparison for breakthrough curveBOC, UVass, @t and PARAFAC compo-
nents in the three tested waters. Wastewater shtiveedlowest breakthrough for all these pa-
rameters except component C1, which was betterlaedon surface water. On the other hand,
the fastest breakthrough for all the bulk paranseteas always observed in synthetic water. The
breakthrough of UYs, was very fast and very similar in surface wated aynthetic water, sug-

gesting that typical UV-absorbing DOM of surfacetevas scarcely adsorbed and probably non-
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affected by ionic strength of water and/or oth@ctbstatic interactions. On the contrary, fluo-
rescence DOM was better adsorbed in surface wader in synthetic water. ghad a similar
breakthrough in surface water and wastewater. Hewaelifferences can be observed in the ad-
sorption process if considering specific fluoregcPARAFAC components. For example, the
adsorption rate of component C1 was similar inatefwater and wastewater until 60% break-
through. Then, C1 breakthrough was faster in weastieny probably due to the higher carbon
fouling of this water. Thus, these data show th@MDadsorption in GAC filter is a very com-
plex process, which is strongly influenced by DOMnposition and charge distribution. In addi-
tion, different bulk parameters of water, such &) UV absorbance and various fluorescence
components, are measurements of different compsém@OM, which are differently adsorbed

in GAC processes.

3.2. Breakthrough curves of EOCs

The breakthrough curves of four representative E@GSAC reactors are shown in Figure 5.
The complete set of breakthrough profiles for tlewen investigated EOCs in all water qualities
are shown in Figure S4. The fastest breakthrough, the lowest adsorption) for all the com-
pounds was always observed in wastewater. On thieacy, the slowest breakthrough and high-
est adsorption of EOCs was observed in synthetterwdhus, adsorption dynamics of EOCs
were opposed to those of DOM. Indeed, in watersrevlehigher DOM adsorption and carbon
fouling was observed, EOCs have always shown |l@agsorbability. These evidences suggest
that competition effect with DOM was the main reasd differences in EOCs adsorption ob-
served between the tested water qualities. Onlgmtian was represented by the perfluoalkylat-
ed substances (PFAS), which had a similar breakgtran all water qualities and seemed to not

be influenced by the rate of DOM adsorption andaearfouling. PFOA, PFDA and PFOS are
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long-chained PFAS that due to the presence of @ hgdrophobic chain are able to form molec-
ular aggregates which can be retained on the astiface (McCleaf et al., 2017; Zaggia et al.,
2016). Thus, adsorption of these compounds seelins toainly related to hydrophobic interac-
tion, and the number of available active sites diivated carbon does not represent the main
limiting factor. This rationale may explain the de&n breakthrough curves observed for long-
chained PFAS in waters with different content andldy of DOM. However, authors encourage

further research on this topic.

By an accurate analysis of breakthrough curvesignrE 5 and Figure S4, it can be observed
that, excluding PFAS compounds, breakthrough cuné&OCs in wastewater and surface water
almost overlapped each other during the initialsghaf the GAC process, later breakthrough
was faster in wastewater due to the higher carbolinig. Breakthrough curves for these two wa-
ters overlapped until ~20% of breakthrough for eanazepine, trimethoprim and primidone, un-
til ~40% for gemfibrozil and until ~60% for sulfath@xazole. This trend was also observed for
the breakthrough of PARAFAC component C1, as dsedigoreviously. On the other hand,

breakthrough of EOCs in surface water was fastar th synthetic water during the initial phase
of the GAC process, whereas EOCs breakthrough steveled to have similar values after 40%
— 80% breakthrough. Exceptions was ibuprofen, whiatt a very similar breakthrough in these
two waters, and sulfamethoxazole, where overlapredkthrough curves was not observed. Fi-
nally, overlap of EOCs breakthrough curves wasobserved when comparing GAC filtration of

wastewater and synthetic water.

3.3. Development of correlation models
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In this study, a regression analysis was carrieéstablish relationships between spectroscopic
indexes and EOCs removal during GAC filtration @fstewater, surface water and synthetic wa-
ter. Data was plotted as % breakthrough of sureogatameter (x-axis) vs. % breakthrough of
EOC (y-axis). Only samples with breakthroughs betw® and 95% were chosen for the correla-
tion models. This was done because the primary giodlis study is to develop a model which
can be used for tracking the breakthrough of E@@4d,to prevent clustering of data points at the
high and low end which would skew thé. Rhe regression data for an individual water duali
indicate very good linear correlation when compgrishV,s4, @i and PARAFAC fluorescing
components breakthrough with EOCs breakthroughs Shggests that all these spectroscopic
indexes can be used as surrogates to estimate Bf@@kthrough in a GAC process for a par-
ticular water quality. The regression parameterthefelaborated regression models for each wa-
ter quality and surrogate parameter are reportethbile S8 — S14. DOC breakthrough, on the
other hand, did not correlate well with EOCs brhettigh (Table S15) as observed in our previ-
ous study (Anumol et al., 2015). Thus, DOC was cwisidered for further elaborations. It is
noteworthy to observe that the slopes of the Ire&sing to breakthrough of EOCs and surrogate
parameters were much greater for &lMompared to fluorescence indexes (Table S8 — {6814)
dicating more EOCs removal per unit % change indd\Wvhich showed a very limited range of
% breakthrough variation, particularly during sedawaters filtration (>80 — 100%) (Figure 6).
It points to the potential greater sensitivity bfdrescence compared to kby when looking at
small changes in removal. Hence, fluorescence cbaldised as a better surrogate to predict

EOC attenuation in a GAC process compared teslJV

In Figure 6 and Figure S5 — S9 the data-points fadimvaters were combined to try to find a

unique empirical prediction model of EOCs breaktigto valuable for all water qualities and for
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a particular carbon and EBCT. Plots of combined datre accomplished for all the developed
spectroscopic indexes. However, particular attentvas given to spectroscopic parameters that
were concurrently available for all the investighteater qualities (i.e., UM4, @i and PARA-
FAC component C1). From the plots in Figure 6 aigdife S9, it is possible to observe thg;
data-points from different waters were not welga&d, and, thus, this parameter does not seem
effective to predict EOCs breakthrough regardldssater quality. However, as reported in our
previous study (Anumol et al., 2015), this parameteuseful to predict EOCs removal during
adsorption process by an unique empirical coreatnodel when using different wastewater ef-
fluents. Correlations between EOC removals andskkmovals were independent of the water
guality when considering only surface waters, bulifeerent correlation model was needed to
predict EOCs breakthrough in wastewater (Figured leigure S8). This result is in agreement
with recent observation in PAC processes (Zietzseinmret al., 2016a). On the other hand, data
related to the microbial humic-like fluorescence RAMFAC component C1 were perfectly
aligned when using real water matrices, includiragt@water and surface water. Hence, PARA-
FAC component C1 seem to be the surrogate paramki¢etive to predict EOCs breakthrough
independently of water qualities (Figure 6 and Fég®5). However, a different correlation mod-
el was needed to predict EOCs removal from thehgjitt water using this fluorescing compo-
nent. This exception has to be ascribed to thetureddast breakthrough of DOM observed dur-
ing GAC filtration of this water. Regression parademns for correlation model developed using
combined data for the PARAFAC component C1 anddJsbsorbance are reported in Table 3.
Correlation models of combined data with the higii¥shave been obtained for the PARAFAC
component C1. Excluding primidoneiR 0.777), R values were always > 0.85. Combined data

of surface and synthetic water have produced lineselation for the UYs, parameter with R
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> 0.7. Exception was sulfamethoxazole. IndeedtHisrcontaminant, correlation with U4 data

had a low R (0.302).

4. Conclusions

This study investigated the adsorption of DOM dgr@®AC filtration from different water quali-
ties (i.e., wastewater, surface water and synthedier) through the use of different bulk param-
eters of water, including DOC, Uy, and PARAFAC fluorescing components. Hence, thitgabi
of these parameters to predict EOCs breakthrougty usfferent waters was evaluated. Based

on the results of the study, the following conabnsi can be obtained:

» The different bulk parameters of water DOC, UV absace and fluorescence are meas-
urements of different components of DOM, which diféerently adsorbed during GAC
processes. Particularly, the order of adsorptide was fluorescence > Yy, > DOC in
all tested waters;

» Different fluorescing PARAFAC components were diffietly adsorbed during GAC fil-
tration. PARAFAC components with maxima fluoreseeinmensity at higher excitation
wavelengths, which are corresponding to humicHlikerescence substances, were better
removed than other components in all waters;

» EOCs were better adsorbed when filtering synthetiter, whereas the fastest break-
through of EOCs was observed during wastewateatiiiin. These experimental differ-
ences can be ascribed to the different rate of D&algbrption and carbon fouling that
took place during the filtration of different waser

» Correlation models were developed to monitor bitaakigh of EOCs during GAC filtra-

tion using fluorescence indexes and JlV Particularly, fluorescence indexes resulted

19



425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

more sensitive surrogate than k3¥to predict EOC breakthrough during GAC adsorp-
tion;

* The need of different correlation models to pre@€&Cs breakthrough in different water
gualities was related to the surrogate paramee t@ the prediction (i.e., UV absorb-
ance or fluorescence) and its adsorption during Adcesses. Particularly, correlations
between EOC removals and the microbial humic-liR&RRFAC component C1 remov-
als were independent of water quality when considereal water matrices (i.e., surface
water and wastewater). On the contrary, two diffeeorrelation models were needed to
predict EOCs breakthrough in surface waters andemeager when using Uy, as surro-

gate.

Supplementary data

Text S1 — S2, Table S1 — S15 and Figures S1 —I88.material is available free of charge.
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Tables

Table 1. Water qualities parameters of tested watet

. UV254 SUVA gtot
Water Matrix DOC (mg/L) (cmd) (Um/mg) (RU) pH
Synthetic water 4.3 0.096 2.3 1130 6.7
Surface water 5.4 0.184 34 858 8.4
Wastewater 7.0 0.162 2.3 10822 7.5

Table 2. Relevant chemical properties and concenttian (ng/L) of EOCs in the three water qualities.

Compound pKa Log Do (pH:6.7) Log Dgw(pH:7.5) Log Doy (pH:8.4) Charge Sw;?:rnc SWu;ftaecie Wastewater
Atrazine 14.48 2.2 2.2 2.2 Neu 165 360 A
Carbamazepine 15.96 2.77 2.77 2.77 Neu 157 194 370
Gemfibrozil 4.42 2.13 1.44 0.99 Neg 195 226 214
Ibuprofen 4.85 2 1.25 0.61 Neg 78 295 A
Primidone 115 1.12 1.12 1.12 Neu A 284 349
Perfluorodecanoic acid (PFDA) - 2.98 2.98 2.98 Neg 282 238 A
Perfluorooctanoic acid (PFOA) - 1.58 1.58 1.58 Neg 138 269 174
Perfluorooctane sulfonate (PFOS) - 3.05 3.05 3.05 Neg 153 246 556
Sucralose 11.91 -0.47 -0.47 -0.47 Neu 210 961 A
Sulfamethoxazole 6.16 0.29 -0.03 -0.14 Neu/Neg 130 214 1294
Trimethoprim 7.16 0.74 1.13 1.26 Pos/Neu A 362 100

A= compound non available; Neg = negative; Pos = positive; Neu = neutral. Chemical properties determined using ChemAxon software.
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Table 3. Summary of regression parameters for U, absorbance and PARAFAC component C1 models for cdmmed da-

tasets.
C1 model (surface water and wastewater) UM, model (surface water and synthetic water)
Compound . .

Slope y-intercept R2 n Slope y-intercept R2 n

Atrazine A A A 6.25 -578 0.742 27
Carbamazepine 1.470 -69.00 0.931 31 6.23 -577 0.719 27
Gemfibrozil 1.345 -41.47 0.959 32 6.09 -541 0.786 30

Ibuprofen A A A 5.46 -473 0.854 31

PFDA A A A 3.15 -238 0.749 33
PFOA 1.11 2.63 0.861 28 4.87 -392 0.924 26
PFOS 1.06 -8.89 0.852 24 4.95 -416 0.904 29

Primidone 1.27 -33.30 0.777 25 A A A A

Sucralose A A A 5.91 -509 0.713 27
Sulfamethoxazole 1.78 -47.40 0.966 20 3.99 -332 0.302 26

Trimethoprim 1.58 -88.20 0.912 29 A A A A

A= correlation model non available; n= number of data points
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Figure 1. Spectral fingerprints of the identified fuorescing components in the three water qualities.
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Highlights

Different DOM components are differently adsorbed in GAC filters

Wastewater DOM was better adsorbed than surface water DOM

Wastewater DOM determined the lowest adsorption of EOCs during GAC filtration
Different correlation models were needed to monitor EOCs when using UV absorbance

EOCs prediction by PARAFAC component was independent of water quality for real water



