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ABSTRACT 
 

This study utilizes multiple aerosol datasets collected in Metro Manila, Philippines to 

investigate sea salt aerosol characteristics. This coastal megacity allows for an 

examination of the impacts of precipitation and mixing of different air masses on sea salt 

properties, including overall concentration and size-resolved composition, 

hygroscopicity, and morphology. Intensive size-resolved measurements with a Micro-

Orifice Uniform Deposit Impactor (MOUDI) between July-December 2018 revealed the 

following major results: (i) sea salt levels exhibit wide variability during the wet season, 

driven primarily by precipitation; (ii) ssNa+ and Cl- peaked in concentration between 1.8 

– 5.6 µm, with Cl- depletion varying between 21.3 - 90.7%; (iii) mixing of marine and 

anthropogenic air masses yielded complex non-spherical shapes with species attached to 

the outer edges and Na+ uniformly distributed across particles unlike Cl-; (iv) there was 

significant contamination of sea salt aerosol by a variety of crustal and anthropogenic 

pollutants (Fe, Al, Ba, Mn, Pb, NO3
−, V, Zn, NH4

+); (v) categorization of samples in five 

different pollutant type categories (Background, Clean, Fire, Continental Pollution and 

Highest Rain) revealed significant differences in overall Cl- depletion with enhanced 

depletion in the submicrometer range versus the supermicrometer range; (vi) κ values 

ranged from 0.02 to 0.31 with a bimodal profile across all stages, with the highest value 

coincident with the highest sea salt volume fraction in the 3.2-5.6 µm stage, which is far 

lower than pure sea salt due to the significant influence of organics and black carbon. 

Analysis of longer term PM2.5 (particulate matter with aerodynamic diameter less than 

2.5 µm) and PMcoarse (= PM10 – PM2.5) data between August 2005 and October 2007 

confirmed findings from the MOUDI data that more Cl- depletion occurred both in the 

wet season versus the dry season and on weekdays versus weekend days. 

The effectiveness of three different pretreatment processes (Fluidized bed crystallization 

reactor, Ultrafiltration and ferric chloride coagulation and flocculation) in order to remove 

scale-forming and fouling substances from the wastewater secondary effluent were 
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studied. At optimized conditions, fluidized bed crystallization reactor (FBCR) was able to 

remove >99.9% of magnesium, 97% of calcium and 42% of silica while ultrafiltration 

(UF) and ferric chloride coagulation were only able to remove 18% and 16% of the silica 

concentration, respectively. UF was also able to reduce the turbidity of the SE by 93%. 

Furthermore, the co-precipitation of different mineral salts with organic matter were also 

discussed using size exclusion chromatography-organic carbon detector (SEC-OCD). At 

optimized conditions, ferric chloride resulted in the highest natural organic matter (NOM) 

reduction (56%) compared to FBCR (26%) and UF (13%). Excitation emission matrix-

parallel factor (EEM-PARAFAC) analysis were used to characterize the NOM in the SE 

and the effluent of these pretreatments. Five different components (three humic substance, 

one fulvic acid and one protein-like) were detected. FBCR (7-100%) and ferric chloride 

(26-65%) were able to remove from all 5 types of NOM while UF was only able to reduce 

the concentration of the protein-like NOM (11%). 
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INTRODUCTION 
 

This dissertation uses a manuscript-based style to discuss 2 studies that will be submitted 

for publication in peer-reviewed journals.  

Chapter one discusses the nature of sea salt aerosol at a coastal megacity: insights from 

manila, Philippines in southeast Asia. As one of the most abundant aerosol types globally 

on a mass basis, sea salt has far-reaching impacts on the planet including scattering of 

light, geochemical cycling of nutrients, exchanging moisture with the atmosphere, and 

serving as cloud condensation nuclei (CCN) to impact clouds and the water cycle. Chapter 

one discusses the nature of the sea salt and chloride depletion which negatively affects the 

CCN. 

Chapter two discusses the presence of sea salt as well as other salts in the water that are 

required to be removed prior to delivering the water as potable water. In this chapter, 

several treatment options are discussed and their efficiency in removing variety of salts 

and organic contaminants are discussed. 

While the presence of sea salt has positive impact on initiating the CCN, these salts are 

needed to be removed in the drinking water that is being delivered to point-of-use. Both 

these matter in aerosol and water are discussed in the following chapters including 

discussions in formation and mechanisms of removal these salts. 
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Abstract 
 

This study utilizes multiple aerosol datasets collected in Metro Manila, Philippines to 

investigate sea salt aerosol characteristics. This coastal megacity allows for an 

examination of the impacts of precipitation and mixing of different air masses on sea salt 

properties, including overall concentration and size-resolved composition, hygroscopicity, 

and morphology. Intensive size-resolved measurements with a Micro-Orifice Uniform 

Deposit Impactor (MOUDI) between July-December 2018 revealed the following major 

results: (i) sea salt levels exhibit wide variability during the wet season, driven primarily 

by precipitation; (ii) ssNa+ and Cl- peaked in concentration between 1.8 – 5.6 µm, with Cl- 

depletion varying between 21.3 - 90.7%; (iii) mixing of marine and anthropogenic air 

masses yielded complex non-spherical shapes with species attached to the outer edges and 

Na+ uniformly distributed across particles unlike Cl-; (iv) there was significant 

contamination of sea salt aerosol by a variety of crustal and anthropogenic pollutants (Fe, 

Al, Ba, Mn, Pb, NO3
−, V, Zn, NH4

+); (v) categorization of samples in five different pollutant 

type categories (Background, Clean, Fire, Continental Pollution and Highest Rain) 

revealed significant differences in overall Cl- depletion with enhanced depletion in the 

submicrometer range versus the supermicrometer range; (vi) κ values ranged from 0.02 to 

0.31 with a bimodal profile across all stages, with the highest value coincident with the 

highest sea salt volume fraction in the 3.2-5.6 µm stage, which is far lower than pure sea 

salt due to the significant influence of organics and black carbon. Analysis of longer term 

PM2.5 (particulate matter with aerodynamic diameter less than 2.5 µm) and PMcoarse (= 

PM10 – PM2.5) data between August 2005 and October 2007 confirmed findings from the 

MOUDI data that more Cl- depletion occurred both in the wet season versus the dry season 

and on weekdays versus weekend days. This study demonstrates the importance of 

accounting for two factors in future studies on sea salt: (i) non-sea salt (nss) sources of 

Na+ impact calculations such as for Cl- depletion that typically assume that total Na+ 

concentration is derived from salt; and (ii) a stronger anti-relationship between rainfall 
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accumulation and sea salt concentration at the study site was observed when rain data was 

used over a larger spatial domain rather than a point measurement at the study site, 

indicative of the importance of considering scavenging impacts on salt during its transport 

to a measurement site. 
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Introduction 
As one of the most abundant aerosol types globally on a mass basis (Liao et al., 

2006) sea salt has far-reaching impacts on the planet including scattering of light, 

geochemical cycling of nutrients, exchanging moisture with the atmosphere, and serving 

as cloud condensation nuclei (CCN) to impact clouds and the water cycle (Lewis and 

Schwartz, 2004). Sea salt is also significant with regard to halogen chemistry in the 

atmosphere as the reactions of acids with sea salt particles can lead to emissions of reactive 

iodine, bromine, and chlorine (Chameides and Stelson, 1992). Sea salt is estimated to 

account for ~30% of global aerosol optical depth (Bellouin et al., 2013), with most studies 

investigating its behavior near the surface or within the boundary layer owing to such low 

levels in the upper troposphere, which is far-removed from its sources at the surface 

(Murphy et al., 2019). Sea salt’s strong vertical gradient qualifies this aerosol type as 

especially important for studying wet scavenging processes, which is an area requiring 

improvement in atmospheric models (MacDonald et al., 2018; Murphy et al., 2019).   

Two important aspects of atmospheric sea salt requiring further research are the 

nature of its mixing with other pollutant types and its sensitivity to precipitation. Southeast 

Asia is a prime candidate region for the study of these two topics due to extensive 

precipitation during parts of the year (e.g., Southwest Monsoon (SWM) season), extensive 

issues with air pollution, and numerous growing coastal megacities in the region. One such 

coastal megacity is Metro Manila, Philippines, with a population of 12.88 million 

(Philippine Statistics Authority, 2015). This urban area is impacted by long-range 

transport from other countries in Southeast and East Asia and has significant local 

emissions (e.g., vehicular traffic, industrial activity, burning, waste processing, smelting). 

Studying aerosol properties when these non-marine air masses mix with sea salt is 

important owing to poorly understood chemical changes in particles upon such mixing. 

For example, there can be depletion of particulate species (e.g., Fe, Cl) when marine air 

mixes with plumes from ships and wildfires (Braun et al., 2017; Sorooshian et al., 2013) 
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while methanesulfonate levels tend to be higher when fire plumes mix with marine air as 

compared to either air mass type alone (Sorooshian et al., 2015). 

The goal of this work is to report on size-resolved properties of aerosol during an 

intensive period of measurements between July – December 2018, in addition to a longer-

term dataset (August 2005 – October 2007) of PM2.5 (particulate matter with aerodynamic 

diameter less than 2.5 µm) and PM10 composition. The following questions will be 

addressed: (i) how does the concentration of sea salt vary as a function of particle size and 

what are size-resolved morphological traits of these particles?; (ii) how do sea salt 

concentrations differ across different temporal scales and as a function of meteorological 

parameters such as precipitation accumulation?; (iii) how does chloride depletion depend 

on particle size and what species are most responsible?; (iv) what are the size-resolved 

hygroscopic properties of sea salt-containing particles?; and (v) what is the general impact 

of sea salt mixing with other pollutant types? The implications of the subsequently 

discussed results extend to improved understanding of sea salt properties, their chemical 

reactivity, and the role of wet scavenging in modifying surface layer PM concentrations 

in urban regions. These findings are relevant for modeling, remote sensing applications, 

and for contrasting with other regions to determine how reproducible our results are in 

other areas. 

Materials and Methods 
Study Site Description 

Measurement data used in this study were collected in Quezon City, Philippines at 

the Manila Observatory (MO; 14.64° N, 121.08° E) (Figure 1). The site represents a coastal 

megacity with influence from long-range transport of pollution, marine emissions, and a 

variety of regional urban sources such as vehicular emissions, industrial activity, waste 

processing, and burning (Cohen et al., 2009).The study includes data from two different 

periods, including a longer-term characterization of PM2.5 and PM10 between 14 August 

2005 – 23 October 2007 and a more intensive period of size-resolved PM measurements 

between 19 July 2018 – 7 December 2018. The latter period is associated with the year-
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long study referred to as the Cloud, Aerosol, and Monsoon Processes Philippines 

Experiment (CAMP2Ex) weatHEr and CompoSition Monitoring (CHECSM) study. For the 

purposes of subsequent discussion, data are divided between wet (June – October) and dry 

(November – May) seasons based on the degree of influence from monsoonal 

precipitation. However, it is noted that there can be variability in the onset and end of 

these periods (Bagtasa et al., 2018; Cruz et al., 2013). 

 

 

Figure 1 Location of the sample station at the Manila Observatory (MO) marked with red 

circle in Metro Manila, Philippines, with an additional inset map showing a wider region 

of the Philippines. The two rectangles represent different spatial domains over which 

precipitation data were obtained for comparison to the aerosol data collected at MO. 
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Size-Resolved Aerosol Measurements: July – December 2018 
Sample collection and extraction 

Between 19 July and 7 December 2018, 21 sets of samples (Table 1) were collected 

by two separate Micro-Orifice Uniform Deposit Impactors (MOUDI, MSP Corporation) 

(Marple et al., 2014) on the 3rd floor of the MO office building (~85 m above sea level). 

These measurements cover the SWM season (MO1 – MO16) and then, beginning with set 

MO17, the transition into the dry season that typically begins in November. The MOUDIs 

collected aerosol particles on substrates with the following aerodynamic cutpoint 

diameters (Dp): 18, 10, 5.6, 3.2, 1.8, 1.0, 0.56, 0.32, 0.18, 0.10, 0.056 µm. For the 21 

MOUDI sets, Teflon substrates (PTFE membrane, 2 µm pore, 46.2 mm, Whatman) were 

used. There were two special instances when two MOUDI sets were simultaneously 

collected with the two individual MOUDI instruments for the purpose of conducting 

different types of analyses (i.e., chemical analysis versus gravimetric analysis) on the 

separate sets of substrates. One additional MOUDI set collected on 1 August 2018 (11:53 

– 13:00 local time; not shown in Table 1) was collected using aluminum substrates for the 

purpose of microscopy analysis.  

 

 

 

 

 

 

 

Table 1 Summary of MOUDI sample set details and associated meteorological conditions, total 

resolved water-soluble mass concentrations, and sum of ssNa+ and Cl-. 



20 
 

Sample 

set name 

Sampling 

dates 

Duration 

(h) 

Flow 

rate 

(L/min) 

Wind 

speed 

(m s-1) 

Wind 

direction 

(°) 

T 

(°C) 

Rain 

(mm) 

Water-

soluble mass 

(µg m-3) 

ssNa+ + Cl- 

(µg m-3) 

MO1 Jul 19-20 24 30 3.3 90.1 24.9 29.1 4.6 0.6 

MO2 Jul 23-25 54 30 1.3 95.8 26.7 13.1 6.5 0.1 

MO3/4 Jul 25-30 119 28/30 1.2 111.8 26.7 16.1 5.2 0.6 

MO5 Jul 30-Aug 1 42 29 2.6 98.1 27.5 15.3 9.2 1.1 

MO6 Aug 6-8 48 27 0.9 127.5 26.1 40.2 5.1 0.5 

MO7 Aug 14-16 48 28 3.0 107.8 27.8 3.3 13.7 2.6 

MO8 Aug 22-24 48 29 3.5 108.7 28.1 12.2 12.8 1.5 

MO9 Sep 1-3 48 27 0.7 98.6 26.6 44.8 6.2 0.2 

MO10 Sep 10–12 48 29 1.0 94.7 26.2 34.1 6.4 0.2 

MO11 Sep 18–20 48 27 0.5 290.2 27.8 31.2 2.7 0.4 

MO12 Sep 26-28 48 27 1.2 96.3 27.8 4.3 13.5 2.2 

MO13/14 Oct 6-8 48 30/26 0.6 108.2 27.8 1.6 16.6 0.6 

MO15 Oct 15-17 48 30 0.4 157.7 27 30.5 5.1 0.1 

MO16 Oct 23-25 48 29 0.7 229.2 28.1 0 7.2 0.6 

MO17 Nov 6-8 48 30 1.3 71.4 27.7 0.1 4.9 1.5 

MO18 Nov 10-12 48 29 1.2 68 27.5 20.4 6.1 0.9 

MO19 Nov 19-21 48 31 1.5 30.7 27.4 0 4.5 1.1 

MO20 Nov 27-29 48 30 1.1 44.3 27.2 0 5.9 1.7 

MO21 Dec 5-7 48 31 1.2 94.4 27.8 29.1 4.3 0.6 
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With the exception of MOUDI sets MO3 and MO13, Teflon substrates were cut in 

half with one half stored in a freezer and the other half placed in a sealed polypropylene 

vial with 8 mL of 18.2 MΩ-cm Milli-Q water and sonicated for 30 min.  

Sample analyses 

The resulting aqueous extract was then chemically analyzed with ion 

chromatography (IC; Thermo Scientific Dionex ICS - 2100 system) for water-soluble ions 

and triple quadrupole inductively coupled plasma mass spectrometry (ICP-QQQ; Agilent 

8800 Series) for water-soluble elements. All of the reagents and tuning solutions were 

procured from Agilent. Samples were acidified using 2% nitric acid before analysis. Blank 

samples were processed the same way as the measurement samples, with blank 

concentrations subtracted from sample concentrations. The IC species discussed in this 

work include Na+, NH4
+, Mg2+, Ca2+, amines (the sum of dimethylamine, diethylamine, and 

trimethylamine), methanesulfonate (MSA), pyruvate, adipate, succinate, maleate, oxalate, 

phthalate, Cl-, NO3
−, and SO4

2−. The ICP species discussed here include K, Al, Fe, Mn, Ti, 

Ba, Zn, Cu, V, Ni, P, Cr, Co, As, Se, Rb, Sr, Y, Zr, Nb, Mo, Ag, Cd, Sn, Cs, Hf, Tl, and 

Pb. References in this study to total water-soluble mass refer to the concentration sum of 

the aforementioned IC and ICP species. Table S1 reports the limit of detection (LOD) of 

these species as calculated with the method of Miller and Miller (2000). Sets MO3 and 

MO13 underwent gravimetric analysis with a Sartorius ME5-F microbalance. Details 

associated with the LODs associated with these measurements are reported by Cruz et al. 

(2019) for the same dataset.  

Aluminum substrates from the one collected microscopy set were analyzed for 

morphology and elemental composition with a Hitachi S-4800 High Resolution Scanning 

Electron Microscopy (SEM) equipped with a Thermo Noran system Six Energy Dispersive 

X-ray Spectrometer (EDX) in the Kuiper Imaging Cores Facility at the University of 

Arizona. For SEM-EDX analysis, a small section was cut from the center of substrates and 

taped on a sample stub with double-sided carbon tape. Samples were analyzed under 

vacuum without sputtering coating. During analysis, particles were randomly selected and 
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examined by 30 eV acceleration voltage and 100-125 μA probe current under high 

magnification mode. EDX data were obtained after SEM analysis for determining 

chemical composition of individual particles. As a blank substrate contains Al (~91.5%), 

C (~5.4%), Ag (~2.1%), and O (~0.9%), these elements cannot be evaluated for 

quantitative purposes.  

 

PM2.5 and PMcoarse Measurements: August 2005 – October 2007 

To complement the shorter term MOUDI data, longer term data (14 August 2005 – 

23 October 2007) are analyzed here to understand temporally relevant characteristics over 

the course of an annual cycle. These measurements were collected at 3 m above ground 

level at MO. Two Airmetrics Minivol samplers were used to simultaneously collect PM2.5 

and PM10 samples using 47 mm diameter ringed Teflon substrates and an Andersen 

Dichotomous sampler was used to collect another pair of PM2.5 and PMcoarse (i.e., PM10-

PM2.5) samples using 37 mm diameter ringed Teflon substrates.  Samplers were 

programmed to run for 24 h periods beginning at midnight. Substrate samples were 

individually extracted in 25 ml of 18.2 MΩ-cm Milli-Q water via sonication for 1 h. A 

Dionex ICS-1000 ion chromatography system was then used for speciation and 

quantification of the following ions: F-, Cl-, NO2-, Br-, NO3-, PO43-, SO42-, Li+, Na+, NH4+, 

K+, Mg2+, Ca2+.   

   

Meteorological Data 

Meteorological data were collected using a Davis Vantage Pro 2 Plus weather 

station co-located with the aerosol measurements at MO. Rain amounts were extracted 

from the Precipitation Estimation from Remotely Sensed Information using Artificial 

Neural Networks—Cloud Classification System (PERSIANN-CCS) dataset, which is 

available from the University of California Irvine Center for Hydrometeorology and 

Remote Sensing (CHRS) Data Portal (http://chrsdata.eng.uci.edu) (Nguyen et al., 2019). 

The PERSIANN-CCS algorithm extracts local and regional cloud features (coldness, 

http://chrsdata.eng.uci.edu/
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geometry, texture) from infrared geostationary satellite imagery for estimating rainfall at 

0.04° × 0.04° spatial resolution every 30 minutes. More details about PERSIANN-CCS 

can be found in Hong et al. (2004). Nguyen et al. (2014) showed that PERSIANN-CCS 

successfully captured heavy rainfall of Typhoon Haiyan over the Philippines in November 

2013. In order to study the impact of spatial domain of rain data on aerosol concentrations, 

data were collected over three spatial domains (Figure 1): point location at MO = 14.64° 

N, 121.08° E; medium box = 14.61° - 14.69° N, 121.02° - 121.10° E; large box = 14.60° 

- 14.74° N, 120.98° - 121.16° E. Unless otherwise noted, references to rain accumulation 

are in reference to the latter large box. 

 

Transport Modeling 

In order to assess the impacts of synoptic and regional scale transport on sea salt 

concentration at MO, 96 h back-trajectories were obtained from the Hybrid Single-Particle 

Lagrangian Integrated Trajectory (HYSPLIT) model (Rolph et al., 2017; Stein et al., 2015) 

ending 500 m above ground level at the MO (14.64° N, 121.08° E) sampling site. For each 

sampling period, trajectories were obtained every 6 h using the National Centers for 

Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) 

reanalysis data with the “Model vertical velocity” method. 

 

𝜅𝜅-Kӧhler Theory  

One of the goals of this study was to quantify relative differences in hygroscopicity 

as a function of particle diameter with a focus on MOUDI stages most enhanced with sea 

salt. A common way to quantify hygroscopicity is with the single parameter kappa, 𝜅𝜅 

(Petters and Kreidenweis, 2007).  For multicomponent aerosol, an overall 𝜅𝜅 for each stage 

of individual MOUDI sets is calculated using a mixing rule approach. More specifically, 

the Zdanovskii, Stokes, and Robinson (ZSR) method (Stokes and Robinson, 1966; 

Zdanovskii, 1948) assists in finding 𝜅𝜅 by weighing each species’ 𝜅𝜅𝑖𝑖 by its volume fraction, 

𝜀𝜀𝑖𝑖: 
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𝜅𝜅 = ∑ 𝜀𝜀𝑖𝑖𝜅𝜅𝑖𝑖𝑖𝑖          (1) 

 

In the present study, the water-soluble components were measured as individual 

ions. However, since 𝜅𝜅 values are documented for compounds, not ions, in the literature, 

the measured ions needed to be allotted into their original compounds. This was done 

using an established ion pairing scheme (Gysel et al., 2007), which uses individual species 

concentrations to derive compound concentrations. In addition to the water-soluble 

fraction, water-insoluble organics and black carbon (BC) contribute significantly to 

ambient PM. For set MO13, total mass, BC mass, and water-soluble concentrations were 

known (Cruz et al., 2019); note that BC was measured with a Multi-wavelength Absorption 

Black Carbon Instrument (MABI; Australian Nuclear Science and Technology 

Organisation), which is an optically-based technique from which data were used based on 

absorption at 870 nm (Cruz et al., 2019) The remaining mass was attributed to water-

insoluble organics. In order to derive a 𝜅𝜅 more representative of ambient PM, probable 

concentrations of water-insoluble organics and BC were applied to all other MOUDI sets 

using the relative fractions of these two components found in set MO13. Although such 

scaling is not fully accurate across all the MOUDI sets, it provides some sense of more 

realistic values with the assumption that both the relative amount of emissions of all 

aerosol species (and precursors) and the rates of formation and removal were stable 

throughout the study period. As noted by Cruz et al. (2019), the qualitative trend in BC 

concentration across the MOUDI stages was consistent for all sets collected. For inclusion 

into Equation 1, values of density and κ were adopted from the literature for each pure 

compound, including water-insoluble organics and BC (Table S2). 
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Calculations Related to Sea Salt 

While in marine environments aerosol Na+ and Cl- are typically attributed to marine 

emissions, due to their abundance in sea salt (ss), there can be non-sea salt (nss) 

contributions to these species as well. Separation of the ss and nss contributions is 

especially important for Manila as it is impacted by diverse continental and marine 

emission sources. Examples of sources other than sea salt for Na+ include biomass burning 

(Hudson et al., 2004; Silva et al., 1999), dust (Farren et al., 2019) and biological particles 

(China et al., 2018), the latter of which accounted for ~69% of total Na+ mass during the 

wet season in the Amazon basin. Other sources of Cl- include biomass burning, fossil fuel 

combustion, industrial activity, and crustal matter (Artaxo et al., 1994; Sorooshian et al., 

2011; Wonaschutz et al., 2011; Ye et al., 2003). Airborne measurements by Lee et al. 

(2003) off the east coast of Asia near the present study region revealed that Cl- was likely 

associated with crustal material aloft. Measurements in Shanghai, China suggested that 

the Cl- depleted from salt particles can re-enter the aerosol phase via reactions with bases 

such as ammonia to form smaller salts (Ye et al., 2003). 

 Following ideas motivated by others ((Becagli et al., 2005; Boreddy and 

Kawamura, 2015; Farren et al., 2019)), we simultaneously solved Equations 2-5 to obtain 

ssNa+, nssNa+, ssCa2+ and nssCa2+ concentrations based on the average Ca2+:Na+ ratios 

(on a mass basis) in crustal matter and sea water being 1.78 and 0.038, respectively 

(Becagli et al., 2005; Boreddy and Kawamura, 2015; Bowen, 1979; Farren et al., 2019). 

This method allows for a more accurate estimate of nssSO4
2− concentration using ssNa+ in 

Equation 6 with knowledge that the mass ratio of SO4
2−:Na+ in sea water is 0.253 (Becagli 

et al., 2005; Boreddy and Kawamura, 2015; Farren et al., 2019). Excess (Ex) SO4
2− is 

quantified using Equation 7, which is the remaining nssSO4
2− after accounting for the 

amount forming a salt with NH4
+ (Braun et al., 2017), with the latter portion referred to as 

“Neutralized SO4
2−”. 

 

ssNa+ = Na+ − nssNa+  (2) 
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nssCa2+ = nssNa+ × �Ca
2+

Na+
�
crust

 (3) 

nssCa2+ = Ca2+ − ssCa2+  (4) 

ssCa2+ = ssNa+ × �Ca
2+

Na+
�
sea water

 (5) 

nssSO4
2− = SO4

2− − 0.253 × ssNa+  (6) 

Ex SO4
2− = nss SO4

2− − � MWsulfate
MWammonium

� × NH4+

2
        (7) 

 

Using MOUDI data, Figure 2 illustrates the impact of using this new approach 

(referred to as “New method”) to quantify the fraction of Na+ associated with sea salt as 

compared to attributing all of the measured Na+ to sea salt (“Old method”). The range of 

mass concentrations for ssNa+ and nssNa+ using the “New method” were 0-0.51 µg m-3 

and 0-0.09 µg m-3, respectively, with the average ratio of ssNa+ to total Na+ being 0.63 ± 

0.36 with minimum and maximum values of 0 and 1, respectively. Therefore, there is a 

non-negligible difference that has an impact on other calculations, such as those described 

below. 

According to Figure 2, Sets 9, 10 and 11 have shown similar total Na+ concentration 

with exactly same ssNa+ concentration. While using old method would result in 

categorizing these sets as background due to mid-range % Cl- depletion, the new method 

demonstrated a wide difference in % Cl- depletion in a way that the lowest and highest % 

Cl- depletion happens in these sets. The possible reasons for this significant difference in 

Cl- depletion for these sets with similar total Na+ concentration is discussed later.  
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Figure 2 MOUDI set averages of both nssNa+ and ssNa+, as calculated using Equations 2-

5. On the right y-axis are %Cl- depletion values based on using total Na+ (‘Old method’) 

and ssNa+ (‘New method’). 

 

 Marine aerosols often have a lower Cl-:ssNa+ ratio compared to sea water, which is 

typically attributed to the release of gaseous Cl to the atmosphere (Martens et al., 1973). 

An important aspect of this work is quantification of Cl- depletion owing to reactions of 

sea salt particles with inorganic and organic acids, leading to the release of gaseous Cl 

from the aerosol phase. The following equation is used to compute depletion based on the 

mass ratio of Cl-:ssNa+ in pure sea water being 1.81 (Martens et al., 1973; Zhao and Gao, 

2008): 

 

% Cl− depletion = �1.81×ssNa+− 𝐶𝐶𝐶𝐶−�
(1.81×ssNa+)

× 100%     (8) 
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In instances of the Cl-:ssNa+ ratio exceeding 1.81, %Cl- depletion was considered to be 

0% as in other work (Braun et al., 2017). For the MOUDI data analysis, set-averaged %Cl- 

depletion values reported in this work represent the average of values for individual stages, 

excluding the first two and last two stages (i.e., 0.056, 0.1, 10, 18 µm) owing to very low 

ssNa+ or Cl- mass concentrations that can result in extreme ratios. Also, if the ssNa+ value 

for a given stage was zero, that stage was not considered for calculations of %Cl- 

depletion, with the presumption that any Cl- from that stage stemmed from sources other 

than sea salt. As Cl- also has nss sources, values of %Cl- depletion discussed subsequently 

represent a lower bound and thus a conservative value for the degree of sea salt reactivity.  

For the longer-term PM2.5 and PM10 measurements (Section 2.3), data points with 

ssNa+ values equal to 0 were similarly excluded from %Cl- depletion calculations.  

Furthermore, data points with Cl- concentrations exceeding a whole set’s average plus two 

times its standard deviation for the entire dataset were also excluded due to the assumption 

that such samples are biased by nss sources.  

The following equation was used to quantify the theoretical maximum amount of 

Cl- depletion attributable to specific species (Braun et al., 2017; Song et al., 2018):  

 

%Cl−depletion due to X = X × y ×
�
MWCl−
MWX

�

(1.81×𝑠𝑠𝑠𝑠Na+−𝐶𝐶𝐶𝐶−)
× 100% (9) 

where X is the mass concentration of the acidic species of interest and y signifies the 

charge of the fully deprotonated conjugate base of X.  

Lastly, calculations related to the degree of aging and contamination of sea salt particles 

were conducted using the following equation for mass-based enrichment factor (EF):         

 Enrichment factor for X =
� X
ssNa+�sample

� X
ssNa+�control

  (10) 
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where X is the species of interest, and ssNa+ is the reference species. Control values used 

for the denominator were calculated based on the composition of pure sea water (Seinfeld 

and Pandis, 2006); for elements with a range of concentrations reported in sea water, the 

upper bound was used for X in the denominator of Equation 10.  

 

Results and Discussion 
Relationships Between Sea Salt and Meteorology 

The MOUDI sampling period between 19 July and 7 December 2018 was 

characterized by widely ranging mass concentrations of sea salt (0.1 – 2.6 µg m-3), 

quantified here as the sum of ssNa+ and Cl- for all stages of each MOUDI set (i.e., Dp ≥ 

0.056 µm) (Table 1 and Figure 2). When comparing the MO sets collected in the wet 

season (July-October; MO1-16) versus subsequent dryer months (November-December; 

MO17-21), the meteorological parameters in Table 1 exhibiting the largest differences 

were (wet/dry) rain (19.7 ± 15.1/9.9 ± 13.9 mm) and wind direction (130 ± 59/62 ± 25°), 

with less variability in wind speed (1.35 ± 1.01/1.26 ± 0.15 m s-1) and temperature (27.1 

± 0.9/27.5 ± 0.2° C). There were three MOUDI sets for which no rain was recorded (MO16, 

19, 20). The highest rain accumulation recorded was 44.8 mm for set MO9 (1-3 

September). Interestingly, total water-soluble mass was more enhanced in the wet season 

than the dry season (8.20 ± 4.24 versus 5.14 ± 0.82 µg m-3, respectively). In contrast, sea 

salt showed the opposite behavior (wet season = 0.81 ± 0.78 versus dry season = 1.16 ± 

0.44 µg m-3), presumably due to factors such as sensitivity of sea salt to wet scavenging 

(i.e., more removal in wet season). This is further supported by rain accumulation (large 

box in Figure 1) being less strongly correlated to the overall sum of water-soluble mass (r 

= -0.40) as compared to both sea salt mass (r = -0.69) and ssCa2+ (r = -0.72) (Table S3).  

For the three spatial domains in Figure 1 over which precipitation data were 

collected (point site at MO, medium box, large box), correlations between rain 

accumulation and sea salt were all significant and negative, with the correlation coefficient 
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becoming more negative as the domain size grew (MO: r = -0.51, p = 0.03; medium box: 

r = -0.65, p < 0.01; large box: r = -0.69, p < 0.01). One plausible explanation for the change 

is that transported PM is impacted by wet scavenging and thus precipitation impacts 

should be investigated over larger domains rather than with point measurements that are 

co-located with aerosol monitoring instrumentation.  

Sea salt was not well correlated with wind direction (r = -0.32, p = 0.18), suggesting 

that local terrain did not lead to significant variability in sea salt levels at MO; note that 

there are mountains to the east unlike the bay area to the west. Wind speed was positively 

correlated with sea salt mass (r = 0.47, p = 0.04) and ssCa2+ (r = 0.96, p < 0.01) (Table 

S3), which is consistent with what others have observed in different regions (van Pinxteren 

et al., 2015).  

To gain a broader view of air mass transport patterns impacting sea salt rather than 

local wind speed, Figure 3 shows 96-h back-trajectories colored by ssNa+ and Cl-. The 

trajectories followed a southwesterly flow in the SWM months (July – October), which 

then transitioned towards northeasterly flow as is typical usually starting in November and 

extending through the boreal winter months (Bagtasa et al., 2018). The results indicate no 

preferred direction among the two prevailing trajectory patterns with regard to higher or 

lower sea salt concentrations. This can be explained by the fact that the source of sea salt 

surrounds Manila as it is on an island and precipitation (the main sink) extends all around 

the region.  
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Figure 3 Air mass back-trajectories associated with MOUDI sample sets that are colored 

by their A) ssNa+ and B) Cl- concentrations at the sample site in Metro Manila.  

Speciated Mass Size Distributions 

Figure 4A reveals that Na+ and Cl- were most concentrated in the supermicrometer 

diameter range with a predominant peak usually between 1.8 – 5.6 µm; distributions for 

individual sets are shown in Figure S1. Similar results of sea salt peaking in the 

supermicrometer diameter range have been demonstrated in a host of other regions such 

as the Iberian Peninsula, western Europe, the Mediterranean (Quinn et al., 2000), the 

western coast of the United States (Maudlin et al., 2015; McInnes et al., 1994) and near 

the Arctic Ocean (Kerminen et al., 1998). Figure 4B shows the mean mass size distributions 

of the select aerosol-phase acids that can chemically react with sea salt leading to Cl- 

depletion. Two of the potential depleting agents (nss SO42- and organic acids) exhibited 

most of their mass in the submicrometer range and peaked between 0.32 – 0.56 µm, while 

NO3- was most concentrated in the supermicrometer range peaking between 1.8 – 3.2 µm. 
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Figure 4 Mass size distributions of A) total Na+ and Cl-, and B) acids participating in Cl- 

depletion reactions (nss and ex SO4
2−, NO3

−, organic acids) for all MOUDI sets except set 

9. Set MO9 (presented with cross markers in panel A) exhibits peculiarly different 

behavior with a more pronounced peak in the submicrometer range for Na+. 

The %Cl- depletion was significant for the entire sampling period with values 

ranging between 21.3 - 90.7% and a mean value of 57.9% (Figure 2). Although not very 

large, there was a difference in mean %Cl- depletion values between the wet season (61.9 

± 35.3%) and dry season (47.1 ± 37.4%). The higher mean depletion in the wet season can 

potentially be linked to the combination of a higher combined amount of the acids (NO3-, 
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Ex SO42-, organic acids) participating in Cl- depletion (wet = 1.21 ± 0.64  µg m-3, dry = 

1.10 ± 0.68  µg m-3) and lower ssNa+ (wet = 0.46 ± 0.39 µg m-3, dry = 0.56 ± 0.13 µg m-

3).  

The mass size distribution of Na+ was unique for set MO9 with a peak in the 

submicrometer size range (Figure 4). Characteristics of set MO9 included having one of 

the lowest sample-averaged wind speeds (0.7 m s-1) and the single highest rain amount 

(44.8 mm). The combination of a low wind speed and especially high rain (and thus wet 

scavenging potential) is consistent with factors expected for low ambient sea salt 

concentrations.  

 

Sea Salt Reactivity 

 An advantage of the longer duration of the bulk PM measurements as compared to 

the available MOUDI data was the ability to further examine Cl- depletion effects between 

the wet and dry seasons using more data, and to also compare weekday (Mon-Fri) and 

weekend (Sat-Sun) periods (Table 2). The Cl-:ssNa+ mass ratio was lower for PM2.5 as 

compared to PMcoarse, regardless of it being the wet (0.32 ± 0.48 vs 1.46 ± 0.46) versus 

dry (0.59 ± 0.60 vs 1.59 ± 0.43) season, or weekend (0.55 ± 0.54 vs 1.57 ± 0.42) versus 

weekday (0.43 ± 0.55 vs 1.48 ± 0.47). This is presumably due to the higher concentration 

of acids relative to Cl- in PM2.5 as compared to PMcoarse. While organic acid data were 

unavailable for the long-term bulk PM data, the mass size distributions from MOUDI 

measurements (Figure 4) reveal that organic acids are generally more enhanced for PM2.5 

(similar to SO42-) as compared to PMcoarse. Nitrate was enhanced in PMcoarse relative to 

PM2.5, and thus NO3- was likely most actively involved with depletion in the coarser sea 

salt-containing particles.  

 

Table 2 Comparison of Cl-:ssNa+ for wet and dry seasons and weekend (Saturday and 

Sunday) and weekdays (Monday-Friday). Data points with Ex SO4
2−< 0 are excluded for 

the five columns on the right.  
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Categories Data 

with Ex 

SO4
2−>0 

(%) 

Cl-:ssNa+ SO4
2− 

(µg/m3) 

nss SO4
2−

 

(µg/m3) 

Ex SO4
2− 

(µg/m3) 

NO3
− 

(µg/m3) 

PM2.5 Wet season 40 0.32±0.48 2.67±1.54 2.61±1.53 0.95±1.31 0.35±0.26 

Dry season 66 0.59±0.60 2.77±1.90 2.74±1.90 0.35±0.25 0.20±0.21 

Weekday 52 0.43±0.55 3.16±1.95 3.12±1.96 0.75±1.13 0.19±0.22 

Weekend 68 0.55±0.54 2.07±1.13 2.03±1.12 0.38±0.34 0.17±0.26 

PMcoarse Wet season 76 1.46±0.46 0.40±0.27 0.31±0.27 0.26±0.20 0.51±0.34 

Dry season 49 1.59±0.43 0.52±0.32 0.44±0.33 0.32±0.17 0.74±0.50 

Weekday 62 1.48±0.47 0.46±0.31 0.37±0.31 0.29±0.20 0.52±0.46 

Weekend 62 1.57±0.42 0.42±0.26 0.34±0.28 0.27±0.18 0.44±0.42 

 

 Enhanced Cl- depletion in the wet season versus the dry season was likely driven 

by higher Ex SO4
2−and NO3

− concentrations in the wet season, although as will be shown 

subsequently using MOUDI data, organic acids may also play a large role. The higher Cl- 

depletion during weekdays can be explained by more anthropogenic activity yielding more 

acids in the ambient aerosol, which is more evident for PM2.5 due to almost twice as much 

Ex SO42- compared to weekends. Future work is warranted to examine such temporal 

differences in Cl- depletion effects with more organic acid data in conjunction with SO42- 

and NO3-.  

 To expand on the Cl- depletion results, the MOUDI sets were further categorized 

into five separate categories based on pollution characteristics. Using a combination of 

aerosol composition data, HYSPLIT back-trajectories, and data from the Navy Aerosol 

Analysis and Prediction System (NAAPS) (https://www.nrlmry.navy.mil/aerosol/) (Lynch 

et al., 2016), the categories were defined as follows along with their associated MOUDI 

https://www.nrlmry.navy.mil/aerosol/
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sets and total water-soluble mass concentrations (µg m-3): “Clean” = MO11 (2.7); “Highest 

Rain” = MO9 (6.2); “Fire” = MO7/8 (13.25 ± 0.45); “Continental Pollution” = MO12/14 

(15.05 ± 1.55); “Background” = MO1-2/4-6/10/15-21 (5.77 ± 1.3). “Clean” represents the 

MO set with the lowest total water-soluble mass. “Highest Rain” is for the set described 

already with the unusual mass size distribution of Na+ that exhibits a more dominant peak 

in the submicrometer mode. “Fire” includes two sets impacted by transported biomass 

burning emissions from southwest of Manila close to Borneo and Sumatra, as evident from 

enhanced levels of the biomass burning marker K (0.40 ± 0.01 µg m-3 vs 0.17 ± 0.05 µg 

m-3 for the other categories). “Continental Pollution” includes sets impacted by East Asia 

air masses that have the highest overall water-soluble mass concentrations of sets not 

impacted by biomass burning. Lastly, “Background” includes all other sets. 

Figure 5 compares the overall composition of the MOUDI sets included in each 

category along with the mean %Cl- depletion. The least (21.3%) and most depletion 

(90.7%) occurred in the “Clean” and “Highest Rain” categories, respectively. The 

“Continental Pollution” category exhibited the second highest Cl- depletion (79.4%) 

owing to its elevated cumulative amount of acids (i.e., Ex SO42-, NO3-, organic acids: 2.28 

µg m-3). In contrast, the “Clean” category only had 0.68 µg m-3 of those same acids. Worth 

noting is that all categories except “Highest Rain” (0.13 µg m-3) exhibited similar amounts 

of Ex SO42- (0.26-0.38 µg m-3), with the key difference driving the variability in %Cl- 

depletion being the overall amount of NO3- (wider range of 0.24-1.57 µg m-3) that is 

concentrated in the supermicrometer sizes as compared to the other acids (Figure 4B). 

“Fire” sets exhibited higher Cl- depletion compared to “Background” sets even though 

both categories had similar Ex SO4
2−. For these five pollution categories, there was more 

enhanced Cl- depletion in the submicrometer stages as compared to larger sizes (Figure 6) 

coincident with higher concentrations of nssSO42- and organic acids (Figure 4B). More 

specifically, the ratios of %Cl- depletion for submicrometer stages relative to 

supermicrometer stages were as follows: “Continental Pollution” = 1.58, “Fire” = 2.15, 
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“Background” = 3.26. “Highest Rain” and “Clean” have no ratios owing to zero ssNa+ and 

zero %Cl- depletion in the supermicrometer range, respectively.  

 

Figure 5 Water-soluble mass concentrations associated with different species categorized 

based on the five types of pollution characteristics. On the right y-axis is the %Cl- 

depletion for each category. The ‘organic acids’ category includes carboxylic acids 

(Pyruvate, Adipate, Succinate, Maleate, Oxalate, Phthalate) and MSA. ‘Other species’ 

includes all the elements analyzed using IC and ICP-QQQ (listed in Section 2.2) that are 

not shown in this figure.  
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Figure 6 Average mass size distributions for Cl- and the %Cl- depletion for the five 

different pollutant categories: A) Clean, B) Highest Rain, C) Fire, D) Background and E) 

Continental Pollution. The bars correspond to left y-axis and lines with markers refer to 

the right y-axis. 
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For context in relation to a nearby region, Song et al. (2018) examined Cl- depletion 

using shipboard total suspended particle (TSP) measurements over the western South 

China Sea and observed depletion levels of 73 ± 23% and further showed that Ex SO42- 

and oxalate accounted for the majority of depletion in samples impacted by biomass 

burning. In contrast, (Hsu et al., 2007) observed mean Cl- depletion levels of 90% for 

PM2.5 and reduced levels for PMcoarse (30%) over the northern South China Sea. These and 

numerous other studies have demonstrated that Cl- depletion is a prevalent phenomenon 

in marine regions caused by a variety of acids such as SO42-, NO3-, and organic acids.  

Table 3 shows the theoretical maximum of Cl- depletion attributable to inorganic 

and organic acids (i.e., Equation 9) for sub- and supermicrometer particles. Organic acids 

show potential to be important agents in Cl- depletion for the submicrometer range, 

especially when accounting for the neutralization of SO42- by NH4+. NO3- could account 

for the most depletion in the supermicrometer range (up to 86.4%) as expected based on 

its mass size distribution exhibiting a peak coincident with major sea salt constituents. It 

also could have a non-negligible impact in the submicrometer range, potentially 

accounting for 17.6% - 54.8% of the Cl- depletion observed. 

Inorganic acids are more commonly linked to Cl- depletion, but it is important to 

also consider organic acids. Sulfate and NO3- are stronger acids than organic acids and 

would be favored for depletion reactions as they deprotonate more readily; however, as 

they cannot always add up to 100% Cl- depletion, organic acids can participate in such 

reactions. Oxalate displayed the highest theoretical contribution to Cl- depletion among 

the organic acids measured, consistent with it being the most abundant organic acid. 

Organic acids (especially the longer-chain organic acids of adipate, succinate, and 

phthalate) reached high theoretical maximum contributions to Cl- depletion for the “Fire” 

category. The effect of organic acids is not just limited to the submicrometer range but 

can also be seen in the supermicrometer range as evidenced by the “Background” category 

where organic acids could account for up to 40.4% of the observed supermicrometer Cl- 

depletion. Regardless of the pollution category, the organic acids can be influential for Cl- 
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depletion as has been demonstrated recently in other regions such as coastal California 

(Braun et al., 2017) and the South China Sea (Song et al., 2018). 

 

Table 3 The percent contribution attributable to different species to Cl- depletion for 

different sample set categories based on pollution characteristics. 

Acids  Clean 
Highest 

Rain 
Background Fire 

Continental 

Pollution 

MSA ≥  1 µm 0 * 0.2 0 0 

 < 1 µm 15 2.1 2.3 7.2 2.5 

Pyruvate ≥  1 µm 0 * 0 0 10.3 

 < 1 µm 0 0 0 0.1 0 

Adipate ≥  1 µm 0 * 3.5 0.6 0 

 < 1 µm 0 0 1.3 18.4 0 

Succinate ≥  1 µm 0 * 0.4 0.5 0 

 < 1 µm 0 1.7 2.2 36.4 1.2 

Maleate ≥  1 µm 0 * 0 0 0 

 < 1 µm 50.9 14.4 4.8 7.4 0.6 

Oxalate ≥  1 µm 0 * 35.4 25.6 18.0 

 < 1 µm 65.6 62.2 52 74.6 67.9 

Phthalate ≥  1 µm 0 * 1.0 0.1 0.2 

 < 1 µm 5.4 0.5 1.7 23.2 3.6 

All Organics ≥  1 µm 0 * 40.4 27.0 28.5 

 < 1 µm 100 78.8 61.9 100 73.4 
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nss SO4
2−  ≥  1 µm 0 * 64.0 38.6 52.9 

 < 1 µm 100 100 98.3 85.2 100 

Ex SO4
2− ≥  1 µm 0 * 42.3 19.4 23.8 

 < 1 µm 100 0 22.6 0 11.1 

NO3
− ≥  1 µm 0 * 86.4 71.0 84.0 

 < 1 µm 54.8 38.9 36.4 17.6 18.8 

* ssNa+ concentrations were 0 for the “Highest Rain” category for stages with cutpoint 

Dp > 1 µm. 

 

Sea Salt Enrichment Factor Analysis 

 As a way to quantify the degree of contamination of sea salt particles, enrichment 

factors (EF) were quantified for a host of species (Table 4). Analysis of sea salt EF values 

were conducted using concentrations from MOUDI samples for the three stages with the 

peak in sea salt mass (1-5.6 µm). EF values > 10 often signify species that have a non-sea 

salt contribution such as from anthropogenic sources, whereas values ≤ 10 have a 

significant contribution from sea water (Zhang et al., 2015). As expected, key constituents 

of sea salt exhibited values below 10 (e.g., Cl-, Mg2+, K). The various forms of SO42- (NSS, 

Ex, total) exhibited values below 10 with a possible explanation that the source in the 

three supermicrometer stages of interest could be of marine origin (i.e., dimethylsulfide). 

Most of the remaining species in Table 4 exhibited very high EF levels (Fe, Al, Ba, Mn, 

Pb, NO3-, V, Zn, NH4+). Some of these species are linked to crustal emissions such as dust 

(Fe, Al, Mn) (Dadashazar et al., 2019; Ma et al., 2019), whereas others (e.g., Pb, V, Zn) 

are more linked to urban emissions such as combustion, shipping, water processing, and 

smelting (Nriagu, 1989; Prabhakar et al., 2014). These results indicate that sea salt-

containing particles exhibit high levels of contamination in the study region owing to 

mixing between marine air and other air masses. 
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Table 4 Sea salt enrichment factor (ssEF) values calculated using Equation 10. ssNa+ is used as the reference 

species in the sample and the control. The concentrations used in this analysis represent the sum from the three 

MOUDI stages (cutpoint Dp = 1, 1.8, 3.2 µm) with the highest sea salt concentrations. MO9 is not shown in the 

table since the ssNa+ concentrations for all the cutpoints above 1 µm is zero. 

 
Cl- Fe 

Ex 

SO4
2− 

Mg2+ 
nss 

SO4
2− 

SO4
2− K Ca2+ Al Ba Mn Pb NO3

− V Zn NH4
+ 

MO1 0.5 1256 1.5 1.8 2.0 3.1 4.0 8.6 149 1870 4704 9696 18249 27282 44817 92387 

MO2 0.7 47 1.5 1.6 1.6 2.9 3.0 13.7 60 2015 3695 3037 26392 41077 29938 29192 

MO4 0.6 881 3.5 1.9 4.1 5.4 3.6 16.3 110 3036 6749 3522 27375 40266 81330 119091 

MO5 0.4 72 1.3 1.5 2.1 3.2 3.0 5.1 62 1097 3083 916 24064 15998 8570 154792 

MO6 1.4 4924 6.9 4.1 8.0 10.8 13.9 85.8 577 4606 15008 8342 85856 61301 122003 239708 

MO7 0.6 1342 1.0 1.5 1.6 2.7 1.7 5.6 127 473 1679 1903 14389 3573 4719 111865 

MO8 0.5 1933 1.6 1.7 2.3 3.5 2.0 8.6 177 549 2329 1532 16331 4501 6670 140779 

MO10 1.6 13139 24.6 8.9 37.2 42.7 26.7 230.7 1150 22795 43859 132581 237420 365657 926482 2584382 

MO11 2.3 10605 5.9 5.0 6.6 9.7 8.8 98.4 1225 5134 22851 5686 42635 70841 56864 162590 

MO12 0.6 985 1.3 1.6 1.7 2.9 1.2 9.8 83 860 2632 3601 24672 12169 25384 73718 

MO14 0.2 2038 3.2 2.0 5.0 6.6 2.7 26.2 188 1832 5303 7768 56248 28575 39404 384972 

MO15 3.1 102033 54.2 22.4 120 121 197.1 836.7 5380 87457 367320 655929 1052907 1700556 7435679 9543761 
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MO16 0.7 7987 4.4 3.0 5.5 6.6 5.2 50.3 441 6770 16160 17758 51725 34529 116536 235036 

MO17 0.9 1932 0.5 1.7 1.4 2.4 2.4 17.4 117 2027 4588 4312 15234 13417 49356 179753 

MO18 0.8 1663 0.5 1.5 1.3 2.3 2.0 14.1 113 2352 4319 7712 19011 17995 59924 165428 

MO19 0.8 2480 1.5 1.8 1.9 3.0 3.0 22.8 202 1828 4724 3515 18361 9842 9596 191928 

MO20 0.8 2013 0.8 1.7 1.8 2.8 1.9 19.8 122 2063 6931 2357 24117 18335 35272 397800 

MO21 0.9 824 0.2 1.3 0.5 1.4 1.2 7.8 44 703 1541 611 9463 2853 8560 170280 
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 Hygroscopicity Analysis 

The objective of the hygroscopicity analysis is to determine how 𝜅𝜅 varies 

across different stages in relationship with composition, especially with a focus on 

the relative amount of sea salt. Petters and Kreidenweis (2007) give a 𝜅𝜅 range of 0.1-

0.9 for atmospheric aerosol. Values of 0.1 to 0.5 are common for a variety of air 

mass types (marine, urban, biogenic, biomass burning, remote, free tropospheric) in 

other regions (Chang et al., 2010; Dusek et al., 2010; Hersey et al., 2013; Sarangi et 

al., 2019; Shingler et al., 2016; Shinozuka et al., 2009).  

For this study, 𝜅𝜅 ranged from 0.02 to 0.31 among all the stages from individual 

sets. The low 𝜅𝜅 values are not surprising given the polluted nature of Manila with 

high levels of organics and BC, as shown by the size-resolved profile of volume 

fractions of different aerosol constituents in Figure 7A. More specifically, organics 

and BC cumulatively accounted for 61% - 99% of the mass concentration across the 

11 MOUDI stages when averaged across all MOUDI sets. Figure 7B shows the size-

resolved profile of 𝜅𝜅 based on the cumulative average of all MOUDI sets, where a 

bimodal profile is evident with peaks in 𝜅𝜅 at cutpoint diameters of 0.32 µm (0.27) 

and 3.2 µm (0.30). Expectedly, those two MOUDI stages coincided with the lowest 

cumulative volume fractions of organics and BC. The 0.32-0.56 µm stage was 

coincident with the highest volume fraction (0.37) of components categorized as 

being “high κ Inorganics”:  (NH4)2SO4, K2SO4, Mg(NO3)2, NaNO3, Na2SO4, CaCl2, 

MgCl2, and Ca(NO3)2. Conversely, the 3.2-5.6 µm stage exhibited the highest 

volume fraction for sea salt (0.11). Sea salt was also very influential in driving up 

the value of 𝜅𝜅 to 0.26 for the 1.8-3.2 µm stage. An important point of this analysis 

is that the reported values of 𝜅𝜅 were still much lower than that of pure sea salt (1.24), 

indicative of the overwhelming influence of other pollution sources mixing with sea 

salt, especially organics and BC, which were most influential of all aerosol 

constituents owing to their low assigned 𝜅𝜅 values and dominant volume fractions 

across all MOUDI stages. When the analysis in Figure 7B was repeated for each of 
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the five pollution categories defined in Section 3.3, there was hardly any difference 

in 𝜅𝜅 values at fixed sizes (Figure S2), which again speaks to the dominant 

contribution from organics and BC to 𝜅𝜅. 

Future work is warranted to take on a more rigorous approach to calculating 

𝜅𝜅 for the organics in this study region as they represent a dominant fraction of the 

PM across the spectrum of sizes examined here (Figure 7A). For this study, all 

organics (excluding organic acids) were assigned a 𝜅𝜅 value of 0.1 as a representative 

value based on past reports (Dusek et al., 2010; Hersey et al., 2013; Pöschl et al., 

2019), but the actual 𝜅𝜅 values for organics can vary from 0.06 to 0.26 depending on 

the oxygen to carbon ratio as noted in recent work for a variety of air mass types (Li 

et al., 2019; Shingler et al., 2016). 
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Figure 7 A) Volume fraction of different aerosol constituents for each MOUDI 

stage based on the cumulative average of all sets in Table 1. B) Corresponding κ 
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values for each stage as an average of all MOUDI sets.  The categories in panel A 

refer to species defined in Table S2: “Low κ Organic Acids” include CaOxalate, 

MgOxalate, and ZnOxalate; “High κ Organic Acids” include Na2Oxalate; “Low κ 

Inorganics” include Ca2SO4 and MgSO4; “High κ Inorganics” include (NH4)2SO4, 

K2SO4, Mg(NO3)2, NaNO3, Na2SO4, CaCl2, MgCl2, and Ca(NO3)2; and “Organics” 

include all organics not contained in the two organic acid categories. 
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Particle Morphology 

Previous investigations of sea salt aerosol morphology have shown that the 

sea salt particles typically are cubic in nature but with certain attributes such as 

having “halos” of other species in the case of aged sea salt (Hoffman et al., 2004; 

Laskin et al., 2002; Laskin et al., 2012). Based on EDX evidence of Na+ and Cl- 

enrichment, representative particles containing these elements are shown for three 

supermicrometer MOUDI stages with aerodynamic cutpoint diameters ranging from 

1.8 to 10 µm (Figure 8). The particles shown in the six images all exhibit non-

spherical morphology with Cl-:Na+ mass ratios varying from 1.18 to 1.94 with an 

average of 1.64. The particles in the 1.8 – 3.2 μm stage have a cubical shape but with 

rounded edges. The particles in the larger stages exhibited more complex 

morphologies with rounded edges and evidence of holes and other species attached 

to the outer peripheries. These Na+- and Cl--containing particles all reveal evidence 

of mixing with other pollutant types and undergoing chemical processing, which is 

confirmed by Fe, Mo, and Co being present in the various particles based on EDX 

analysis. The presence of these elements are shown in Figure S3. The latter three 

elements have anthropogenic sources in the study region (Cruz et al., 2019). 

Interestingly for the particles shown in Figure 8B/D/E, O was enriched in areas 

where Cl- was not, and vice versa, while Na+ covered the entire particles. This is in 

accordance with previous study that discussed the morphology of fresh and aged sea 

salt in contact with acidic gases (Chi et al., 2015). 
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Figure 8 Size-resolved SEM-EDX characterization of representative particles 

containing Na and Cl collected at MO on 1 August 2018. The panels correspond to 

MOUDI stages with the following Dp ranges: (A/B) 1.8-3.2 μm; (C/D) 3.2 – 5.6 
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μm; (E/F) 5.6-10 μm. Also shown for each substrate sample are O, Na and Cl 

distributions in the individual particles based on EDX analysis. 

 

Conclusions 
This study reported on different aerosol datasets in Metro Manila with a focus 

on sea salt characteristics and their dependence on meteorology and mixing with 

non-marine air masses. Although sea salt is not the most abundant aerosol type 

measured in Metro Manila, the results of this study have broad relevance to other 

marine regions and especially coastal cities owing to the insights this study provides 

for relationships between precipitation and sea salt, impacts of other air masses 

mixing with marine aerosols, size-resolved characteristics of aerosol, and chemical 

reactivity of sea salt as a function of size and different temporal scales. The main 

results of this work are as follows: 

 

• Sea salt variability, especially the large changes during the wet season, is driven 

largely by precipitation owing to wet scavenging. The analysis revealed a 

stronger anti-relationship between sea salt and precipitation accumulation when 

the latter value was integrated over a larger area encompassing the study site as 

compared to just from the study site. 

• There was significant sea salt chemical reactivity in the study region owing to 

inorganic and organic acids stemming from a wide variety of sources. Chloride 

depletion was more pronounced in the wet season as compared to dry periods and 

during weekdays relative to weekend days.  

• Enrichment factor analysis showed that sea salt aerosols were highly 

contaminated with crustal and anthropogenic pollutants (Fe, Al, Ba, Mn, Pb, NO3
−, 

V, Zn, NH4
+). Morphological results revealed complex non-spherical shapes for 

sea salt-containing particles owing to mixing of sea salt with other pollutants.  



51 
 

• Values of the hygroscopicity parameter, 𝜅𝜅, ranged from 0.02 to 0.31 with a 

bimodal profile across all MOUDI stages. Low values coincided with higher 

enrichment of BC and water-insoluble organic species in contrast with the highest 

values being in the stages most enriched with either high-𝜅𝜅 inorganic species 

(0.32-0.56 µm) or sea salt (3.2-5.6 µm). Values are considerably lower than pure 

sea salt owing to the overwhelming influence of other air masses mixing with sea 

salt. 
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CHAPTER 2: PRETREATMENT OF SECONDARY EFFLUENT 
FOR WATER REUSE 
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Abstract 
 

The effectiveness of three different pretreatment processes (Fluidized bed 

crystallization reactor, Ultrafiltration and ferric chloride coagulation and 

flocculation) in order to remove scale-forming and fouling substances from the 

wastewater secondary effluent were studied. At optimized conditions, fluidized bed 

crystallization reactor (FBCR) was able to remove >99.9% of magnesium, 97% of 

calcium and 42% of silica while ultrafiltration (UF) and ferric chloride coagulation 

were only able to remove 18% and 16% of the silica concentration, respectively. UF 

was also able to reduce the turbidity of the SE by 93%. Furthermore, the co-

precipitation of different mineral salts with organic matter were also discussed using 

size exclusion chromatography-organic carbon detector (SEC-OCD). At optimized 

conditions, ferric chloride resulted in the highest natural organic matter (NOM) 

reduction (56%) compared to FBCR (26%) and UF (13%). Excitation emission 

matrix-parallel factor (EEM-PARAFAC) analysis were used to characterize the 

NOM in the SE and the effluent of these pretreatments. Five different components 

(three humic substance, one fulvic acid and one protein-like) were detected. FBCR 

(7-100%) and ferric chloride (26-65%) were able to remove from all 5 types of NOM 

while UF was only able to reduce the concentration of the protein-like NOM (11%). 
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Introduction 

 Potable water scarcity has become an important issue over the last few decades 

due to rainfall patterns’ changes and increasing population. Recent estimations 

demonstrate that over one billion people do not have access to clean potable water, 

and approximately 2.3 billion people live in regions with water shortages (Service, 

2006). Thus, water reuse and recycling are becoming increasingly necessary to 

augment potable water supplies (Gerrity et al., 2013).  

High pressure membrane processes, such as nanofiltration (NF) and reverse osmosis 

(RO), are commonly used to produce drinking water from brackish waters. RO and 

NF processes are able to remove both organic and inorganic contaminants and 

produce clean water (Rahardianto et al., 2007). These processes have the potential 

to treat brackish water to potable water, thereby increasing drinking water supplies. 

However, there are two major limitations to use these processes: membrane fouling 

and production of a concentrated brine stream. 

Membrane fouling and brine generation problems are closely linked in that 

membrane fouling limits the fraction of the feed water that can be recovered as 

permeate. Feed waters with low concentrations of potential foulants allow greater 

permeate recovery, thereby producing smaller volumes of waste brine solutions. 

Thus, the degree of pretreatment prior to RO or NF controls the amount of membrane 

fouling and the volume of waste brine solutions that are produced. 

The causes of membrane fouling include: 1) microorganisms that grow on the 

membrane; 2) colloidal material that adsorbs on the membrane; 3) the formation of 

mineral scale, most commonly divalent cations combined with carbonate and sulfate; 

and 4) natural organic matter, such as humic and fulvic acids, that adsorb on the 

membrane. The goal of pretreatment processes is to obtain the highest level of 

foulant removal that is technically and economically feasible. There is a wide variety 

of pretreatments that remove scaling and/or fouling precursors which can improve 
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the permeate water recovery rate in NF or RO. Fluidized bed crystallization reactor 

(FBCR) and softening are two of main processes that mainly target inorganic salts 

that may cause scaling on the membrane surface (Aghdam et al., 2016; Graveland et 

al., 1983; Vanderveen and Graveland, 1988). Coagulation and flocculation process 

using ferric chloride, Polyaluminum chloride or aluminum chlorohydrate is another 

pretreatment that targets and removes organic foulants (Ho et al., 2015; Racar et al., 

2017). Microfiltration (MF) and Ultrafiltration (UF) are another common 

pretreatments for high-pressure membrane processes. Depending on its pore sizes, 

UF is able to achieve several logs removal of pathogens and viruses (Voutchkov, 

2017). 

FBCR is often a cylindrical column that is filled with some sort of particles such as 

sand or garnet and the water that needs to be treated enters the column at the bottom. 

An alkaline chemical is also added from the bottom or injected from the side of this 

column to increase the pH of the solution promoting a heterogeneous precipitation 

on the sand or garnet inside the column. On the other hand, softening process takes 

place in a basin filled with the water that needs to be treated which is continuously 

mixed with addition of an alkaline chemical. The main method of removing the 

minerals with this process is through homogeneous precipitation. FBCR has 

numerous advantages over softening. For non-zero order reactions, a plug-flow 

reactor obtains a higher conversion per unit volume compared to a continuously 

stirred-tank reactor (Graveland et al., 1983). Maximum pH values set for softening 

are limited by Mg precipitation due to bad precipitation characteristics of Mg(OH)2. 

Therefore, no to low magnesium removal in softening process may cause scaling in 

the downstream high-pressure membrane processes. While a positive saturation 

index (SI) indicates precipitation possibility, a certain activation energy is needed to 

form a nucleus (Graveland et al., 1983). This energy is much lower for FBCR due to 

presence of precipitation surface and the SI required for commencement of 

precipitation is lower compared to softening. This means that for similar calcium 
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and magnesium removal, lower alkaline chemical is needed for FBCR compared to 

softening. Furthermore, the residence time in FBCR is less than 30 seconds while 

the mixing time in the softening process can take up to 120 min (Rahardianto et al., 

2010). Softening produces relatively small crystals due to formation of many 

homogeneous nuclei. This makes the solid-liquid separation process difficult since 

the produced sludge has a considerable amount of adhering solution with high 

impurities (Sluys et al., 1996). On the other hand, a cylindrical FBCR column results 

in a particle classification along the length of the fluidized bed and the bigger 

particles move down due to gravity and can be removed and replaced with fresh 

particles. The operation and maintenance costs of a FBCR is also significantly lower 

that other precipitation processes thanks to its reliability and the form of calcium 

carbonate that is produced (Graveland et al., 1983). 

Microfiltration and ultrafiltration are becoming the main pretreatment for RO. 

Compared to conventional treatments, MF/UF is more robust option and provides 

cleaner feed for RO (Pearce, 2008). Furthermore, using MF/UF as the pretreatment 

for RO lowers the overall cost of energy consumption. According to Pearce (2008), 

the energy cost for MF and RO treatment is 0.5 kWh/m3 while the energy cost for 

conventional and RO treatment is 1.3 kWh/m3. This higher cost is due to the higher 

power and cleaning cost for RO when conventional pretreatment is being used . MF 

and UF are capable of removing turbidity, non-soluble and colloidal organic 

contaminants in the feed water. Turbidity and SDI15 can be lowered to less than 3 

and 0.1 in MF/UF systems (Ishida and Cooper, 2015; Pearce, 2008). There are 

several parameters that affect the cost of MF/UF system: feed water quality, 

permeate flowrate and recovery rate. Feed water quality determines the backwash 

and air scouring frequency while flowrate and recovery rate affect the pumping cost. 

In other words, membrane fouling is the main parameter for filtration cost. 

Membrane fouling will increase the backwash and air scouring frequency as well as 

the pressure required to produce the same permeate flowrate. In MF systems, 80% 
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of the fouling is due to the blocking of membrane matrix by nanoparticles (Ishida 

and Cooper, 2015). This phenomenon is responsible for the irreversible fouling of 

the membrane thereby increasing the cost of treated water. However, UF membrane 

pores are an order of magnitude smaller therefore, UF pretreatment systems does not 

face such a problem (Voutchkov, 2010). 

Coagulation and flocculation is a cost-effective conventional treatment that can be 

used prior to high-pressure membrane filtration processes. Coagulation is able to 

effectively  remove acidic and hydrophobic organics, macromolecules, colloidal 

particles and suspended solids (Racar et al., 2017). As conventional coagulants, 

ferric or aluminum salts, destabilize the organics and colloidal particles into 

aggregates removed as sludge at the bottom of settling tank or filtered by sand 

filtration or microfiltration. The most important parameters for an optimized 

coagulation process are: type of the coagulant, dose and resulting pH values. Natural 

organic matter (NOM) is mainly consisted of anionic or nonionic macromolecules 

and polymers; therefore, cationic coagulants are preferred (Racar et al., 2017). 

According to Ho et al. (2015), ferric chloride is able to reduce TOC concentration 

twice as much as Polyaluminum chloride (PACl) and aluminum chlorohydrate 

(ACH). This is probably due to the fact that PACl and ACH are already polymerized 

coagulants while ferric chloride hydrolyzes and polymerizes within the solution 

thereby offering more sites and surface for co-precipitation of organic matter with 

ferric hydroxide precipitation. Iron salts are able to coagulate at wider pH ranges, 

result in heavier flocs and pose less health risk in case of an overdose (Aghdam et 

al., 2016; Ho et al., 2015; Racar et al., 2017). The optimal dose of coagulant depends 

on the water characteristics, nature of the suspended solids, resulting pH and the 

water quality that needs to be achieved. Three types of hydrolyzed products of ferric 

chloride are: monomeric iron molecules (as well as a dimer and a trimer), medium 

polymeric iron and polymeric or colloidal iron (Dong et al., 2015; Racar et al., 2017). 

The production and presence of these species results in different organic matter 
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removal mechanism and efficiency; thus it should be reinvestigated for a specific 

wastewater (Racar et al., 2017). 

In this study, 3 different pretreatment processes (FBCR, UF and FeCl3 coagulation) 

are optimized and their applicability based on their removal efficiencies of organic 

and inorganic foulants are investigated. While there are numerous studies on using 

softening as a pre or intermediate treatment for a high-pressure membrane filtration 

processes, there are very limited studies, if any, on treating secondary effluent using 

FBCR. A pilot scale FBCR is set at 4 different pH values (10.5, 11, 11.5 and 12) in 

order to investigate the removal efficiencies of variety of scaling and fouling 

contaminants. A full scale UF system is used for investigating the removal of fouling 

and scaling contaminants. Based on previous studies, FeCl3 coagulant is being used 

and different parameters (coagulant dose, resulting pH and flocculation time) are 

optimized in order to achieve the highest removal of organic and inorganic foulants. 

A variety of instrumentation such as size exclusion chromatography-organic carbon 

detector (SEC-OCD) is being used to investigate the co-precipitation of inorganic 

and organic contaminants. Furthermore, excitation emission matrix (EEM) and 

EEM-Parallel factor analysis (PARAFAC) is being used to characterize the NOM 

and compare the ability of these pretreatment techniques in removing different types 

of NOM. 
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Materials and Method 

Secondary Effluent 

Secondary effluent was delivered through a pipeline from Agua Nueva water 

reclamation facility to the Water and Energy Sustainable Technology (WEST) center 

besides it in Tucson, Arizona. Details of its water quality are shown in Table 5.  

 

Table 5 Secondary effluent water quality 

Parameters Concentration (mg/L) 

pH 7.2-7.5 

Turbidity (NTU) 0.8-1.2 

Alkalinity (as CaCO3) 153-203 

Sodium 143-149 

Magnesium 15-18 

Potassium 16-18 

Calcium 87-97 

Barium 0.1-0.3 

Chloride 134-140 

Bromide 0.3-0.5 

Sulfate 177-182 
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Materials 

Powdered sodium hydroxide, 37% hydrochloric acid and 40% ferric chloride 

solution were procured from Hill brothers chemical company in Tucson, Arizona. 

Garnet sand (#60) for the FBCR were procured from Red Flint Sand & Gravel, LLC.  

Equipment 

The FBCR reactor consisted of a 280 cm tall and 15.24 cm diameter clear PVC pipe 

that contains 150 cm long bed for the garnet sand. The secondary effluent was fed 

from the bottom of the column and the 0.1 M sodium hydroxide solution were 

injected from 4 equally-distanced injection ports within the bottom half of the bed 

perpendicular to the column. Secondary effluent flowrate was set to 0.4 gal/min 

resulting in a 20-25% bed expansion. Secondary effluents exiting the FBCR were 

passed through a Aquaboon 5 micron 20 inch polypropylene filter contained in 

standard filter housing. 

A full-scale UF system was procured from Applied Membranes. This system is 

currently being used as a pretreatment for a full-scale RO system in the WEST 

center. This system uses a DOW IntegraFlux UXA-2680XP module and has not been 

replaced in the past 18 month of use.  

Ferric chloride coagulation and flocculation Experiments were conducted using a jar 

test apparatus (PB-900 Programmable Jar tester, Phipps & Bird) containing 6 

reaction vessels. The dimensions of the vessels were 11.5 cm × 11.5 cm × 21 cm, 

and each test was conducted on 1 liter of solution. Solutions were mixed at 250 rpm 

for 3 min immediately after dosing with ferric chloride and then the mixing rate were 

reduced to 50 rpm for the flocculation period. Precipitates in the solutions were let 

to settle for 30 minutes prior to sampling from the supernatant. 

Analytical Methods 

Anions were analyzed using a Metrohm Professional IC (Model 850 Anion HP 

Gradient). A Metrohm ASUPP7-250 (4 mm ID × 250 mm) column was used for this 
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purpose. All reagents and standards were prepared in ultrapure water (18MΩ cm). 

The eluent solution for anions was 3.2 mM of sodium carbonate and 1.2 mM of 

sodium hydrogen carbonate and the Metrohm Suppression Module (MSM) solutions 

were 100 mM sulfuric acid for regeneration and ultrapure water for rinsing.  

Cations were analyzed using an Agilent 8800 ICP-QQQ. All of the reagents and 

tuning solutions were procured from Agilent. Samples were acidified using 2% nitric 

acid before analysis. Alkalinity was measured using Gran Function Plot Method 

available in U.S. Geological Survey (USGS) online free software. 

Apparent molecular weight (AMW) of dissolved organic matter (DOM) was 

measured using size exclusion chromatography (SEC). HPLC (Agilent 1290) 

hyphenated with an organic carbon detector (Suez GE Sievers M9 TOC analyzer) 

was implemented to measure dissolved organic carbon (DOC) at various AMWs. A 

hydroxylated methacrylic polymer-based column (TOYOPEARL® HW-50S, Tosoh 

Bioscience LLC; 21 mm x 250 mm) was used. Eluent was prepared with 4 mM 

phosphate buffer (pH 6.8) and 25 mM sodium sulfate. 500 μL of sample was injected 

and the sample run time was 120 min. Polystyrene sulfonates with molecular weights 

(MWs) of 891, 3420, 6430, 15800, 33500, 65400 and 152000 Da were injected as 

MW standards (Polymer Standards Service, Mainz, Germany). 

TOC and DOC were analyzed using a Shimadzu TOC-L CSH Total Organic Carbon 

Analyzer. For DOC analyses, Micron’s 0.45 μm polyether sulfone disk filters were 

used for sample filtration using the method specified in Karanfil et al. (2003) prior 

to acidification. Approximately 10 mL of the samples were transferred into 20 mL 

glass vials for TOC and DOC analysis. They were then acidified to pH values lower 

than 3 using hydrochloric acid (35%, Fisher Scientific). Each sample and calibration 

curve point were measured five times by the instrument and the average of non-

outlier values were reported as the final results. 

UV and fluorescence spectra were simultaneously measured by Horiba Aqualog 

fluorometer (Horiba Scientific). UV spectra as well as UVA254 were obtained by 
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scanning UV absorbance between 200 nm and 580 nm. Excitation-emission matrix 

(EEM) was obtained by scanning fluorescence from excitation wavelength of 225 

nm to 450 nm and from emission wavelength of 250 nm to 580 nm. The UV 

absorbance of all the samples is greater than 0.05 cm-1; therefore, the inner filter 

effects were corrected according to the method described by Lakowicz (2013). Light 

scattering, including Rayleigh and Tyndall, were removed using three-dimensional 

interpolation after subtracting the fluorescence spectra of Milli-Q water from the 

fluorescence spectra of samples (Zepp et al., 2004), then the unit were converted to 

Raman unit (RU) based on the integrated area of Raman peak of Milli-Q water 

(Lawaetz and Stedmon, 2009). All the EEM data process and visualization were 

conducted using MATLAB R2015b (Mathworks). 

Scaling indices were calculated using the Phreeqc aqueous phase thermodynamic 

modeling package from the USGS. The Phreeqc model uses extended Debye–Huckel 

and the Davies equation for modeling solution phase activity coefficients (Parkhurst 

and Appelo, 2013). 

A Hach turbidity meter was used to measure the turbidity of the samples right after 

being collected.  
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Results and Discussion 

Treatment Technologies 

Fluidized Bed Crystallization Reactor (FBCR) 

There are three chemicals used to increase the pH in FBCR: calcium hydroxide, 

sodium carbonate and sodium hydroxide. Water quality, waste production, 

temperature, operation and costs are the main factors in order to select the most 

suitable chemical. Low alkalinity feed requires the use of sodium carbonate while 

sodium hydroxide is the most suitable for intermediate to high alkalinity. According 

to previous studies, using sodium hydroxide results in smaller waste production, 

minimal operation efforts, reliability in low temperatures and applicability in variety 

of water qualities (Graveland et al., 1983; Vanderveen and Graveland, 1988). Since 

the alkalinity of the secondary effluent is in the intermediate range, sodium 

hydroxide is chosen for this study. 

Using sodium hydroxide, pH values of secondary effluent is increased to 10.5, 11, 

11.5 and 12 in order to promote crystallization in the FBCR. The highest 

supersaturation levels (supersaturation levels immediately after injection of sodium 

hydroxide to the column) of mineral solids are presented in Table 6. The saturation 

index (SI) is calculated using the following equation: 

SI = log
∏ai

vi

Ksp
     (11) 

where ai is the activity of ion i, νi is the stoichiometric coefficient for species i in the 

mineral dissolution reaction and Ksp is the solubility product for the mineral 

dissolution reaction. 

 

 

 



64 
 

Table 6 Highest SI values and Turbidity for different pH values in FBCR compared to 

secondary effluent 

Parameters Secondary 

effluent 

pH 

10.5 11 11.5 12 

Turbidity (NTU) 1.1 1.4 1.4 1.3 1.6 

SI      

 CaCO3 (Calcite) 0.07 2.36 2.38 2.41 2.42 

 CaSO4 (Gypsum) -1.39 -1.81 -1.86 -1.97 -2.10 

 CaMg (CO3)2 

(Dolomite) 

-0.20 4.46 4.52 4.53 4.42 

 BaSO4 (Barite) 0.39 0.22 0.19 0.12 0.01 

 Mg(OH)2 (Brucite) -5.67 1.40 1.36 2.23 3.02 

 CaMg3(CO3)4 

(Huntite) 

-5.08 4.31 4.45 4.42 4.07 

 MgCO3 (Magnesite) -0.85 1.52 1.56 1.54 1.41 

 

By increasing the pH values to 11.5, the SI values are increased for calcite, dolomite, 

Brucite and magnesite which is due to the increase in CO3
2− concertation by the 

following reaction: 

HCO3
− + OH−(NaOH) →  CO3

2− + H2O    (12) 

However, the SI values are decreased for gypsum and barite which is because of the 

ionic activity reduction due to increase in ionic strength of the stream. The SI values 

are leveled out or decreased for dolomite, Brucite and magnesite when the pH of the 

stream is increased to 12. This is because of conversion of almost all of the HCO3
− to 
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CO3
2− while the activity coefficients are decreased due to increase in ionic strength 

of the stream. However, the SI value for Brucite keeps going up since it is not limited 

by the CO3
2− content of the stream and sodium hydroxide provides the OH−. 

While the initial (highest) SI values for calcite are above 1.7 (recommended SI value 

for calcite to prevent spontaneous homogeneous nucleation) (Graveland et al., 1983), 

the turbidity values demonstrates an insignificant increase compared to a previous 

study (Harms and Robinson, 1992) verifying a dominant heterogeneous precipitation 

on the garnet sand. This is due to the injection of sodium hydroxide from 4 different 

locations throughout the garnet bed minimizing the effect of an extreme SI value at 

the injection points. Moreover, injecting sodium hydroxide in a 90 degrees angle to 

the secondary effluent stream results in better mixing, thereby avoiding the 

microfloc production and solids carryover to the 5 um filter. Using small garnet sand 

is also beneficial since it provides more surface area and minimizes the possibility 

of homogenous precipitation.    

Figure 9 demonstrates the Calcium, magnesium and silica removal at 4 different pH 

values (10.5, 11. 11.5 and 12). Calcium is precipitated as calcium carbonate and 

reaches to 97% removal at pH 12. Magnesium is precipitated as magnesium 

carbonate or incorporated into the crystal lattice of calcium carbonate at pH 10.5 

(Graveland et al., 1983; Russell et al., 2009). It also precipitates as magnesium 

hydroxide at higher pH values and reaches to >99.9% removal at pH 12. 
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Figure 9 A) Mg, B) Ca and C) Silica removal rates at different pH values in FBCR 

 

It is of high importance to remove silica prior to high-pressure membrane filtration. 

Silica fouling causes efficiency reduction in membrane processes due to high-

pressure drops, un-steady state operation, damage to membranes and increase in 

overall costs (Sahachaiyunta et al., 2002). Silica is found in three forms in water 
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supplies: dissolved (reactive) silica, colloidal (unreactive) silica and particulate 

silica. Colloidal silica is widely thought to be either a silicon polymerized with 

multiple units of silicon dioxide or a silicon that formed a loose bond with organic 

or complex inorganic compounds (Sahachaiyunta et al., 2002). Dissolved silica 

(monosilicic acid) results in a impervious glass-like fouling on the membrane 

whereas colloidal silica forms a more porous film on the membrane surface 

(Sheikholeslami and Tan, 1999). Silica fouling is categorized in two forms: 

precipitation fouling and particulate fouling. Precipitation fouling is defined as 

polymerization of monomeric silica on the membrane surface whereas particulate 

fouling characterized as colloids accumulation, previously formed in bulk solution, 

on the membrane surface (Sheikholeslami and Tan, 1999). In addition to membrane 

fouling, colloidal silica creates problems for other treatment processes due to its 

stability as an un-ionized compound, limiting the treatment processes able to remove 

it.  

In addition to membrane processes, lime softening using Mg(OH)2 and FBCR in 

elevated pHs are able to remove dissolved and colloidal silica. Dissolved silica is 

removed as MgO(SiO2)x·(H2O)x and colloidal silica is removed by calcium carbonate 

co-precipitation or adsorption on garnet sand. According to Figure 9, At pH 11.5, 

42% of silica removal can be achieved. The removal rate of silica is reduced at pH 

value of 12 which is due to homogeneous precipitation promotion at high pH values 

along with magnesium content depletion. 

According to previous studies, natural organic matter (NOM) can be removed by 

calcium carbonate or magnesium hydroxide co-precipitation during softening 

(Gerwe, 2003; Liao and Randtke, 1985; Randtke et al., 1982; Russell et al., 2009). 

NOM removal occurs by surface adsorption to the calcium and magnesium 

precipitates or by direct precipitation as calcium or magnesium humate or fulvate 

(Russell et al., 2009). Calcite, the most thermodynamically stable form of calcium 

carbonate, demonstrates a highly structured rhombohedral shape and possess a 
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negatively charged surface during softening, although the surface charge depends on 

aqueous   concentrations of Ca2+, HCO3
−, CO3

2−. As shown in Figure 10, at pH value 

of 10.5, there is a 7.5% reduction TOC concentration. Even though the negative 

surface charge of calcite is unfavorable to adsorb negatively charged NOM, 

incorporation of magnesium in the calcium carbonate crystal as well as presence of 

calcium ions in the stream results in a positive surface charge (or lesser negative 

charge) on the calcite precipitates. Therefore, small NOM co-precipitations are seen 

at pH 10.5. By increasing the pH to higher values, Mg(OH)2 precipitation becomes 

favorable. Mg(OH)2 forms a positively-charged noncrystalline precipitates with 

higher surface area compared to calcite (Russell et al., 2009). Therefore higher NOM 

removals (26% removal at pH 12) are being achieved at higher pH values. 

Furthermore, at high pH values, CaOH+ and MgOH+ formation could result in direct 

precipitation of calcium or magnesium humate or fulvate (Russell et al., 2009). It is 

important to note that the characteristics of NOM have a substantial influence on its 

removal rate by FBCR or softening. Generally, hydrophobic and highly aromatic 

organic matter is the main type of NOM that is being removed by FBCR or softening. 

The removal rates of UV254 and total fluorescence (TF) are presented in Figure S4. 

Reduction on UV254 at high pH values confirms the aromatic compounds removal by 

FBCR.  
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According to previous studies, EEM is a useful tool to provide insight regarding the 

types of NOM that is being removed by treatment processes. There are five regions 

in every EEM figure (shown in Table 7) that correspond to different types of NOM 

(Chen et al., 2003; Park and Snyder, 2018). 

 

 

 

 

 

 

 

Figure 10 TOC concentrations of secondary effluent treated by FBCR. 
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Table 7 Excitation-emission boundaries for five operationally-defined fluorescence 

region 

 

Type 
Excitation boundary 

(nm) 

Emission boundary 

(nm) 

Region I (Tyrosine-like 

aromatic proteins) 
200-250 280-330 

Region II (Tryptophan-like 

aromatic protein) 
200-250 330-380 

Region III (Fulvic acid-like 

matter) 
200-250 380-550 

Region IV (Soluble microbial 

byproduct-like matter) 
250-400 280-380 

Region V (Humic acid-like 

matter) 
250-400 380-550 
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EEM figures for the SE after treating by FBCR at different pH values are shown in 

Figure 11. Based on the EEM spectra shown in this figure, FBCR is capable of 

reducing the NOM content of SE regardless of its type. It is also noticeable that the 

humic-like matter (region V) and fulvic-like matter (region III) are mainly reduced 

at higher pH values.  
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 Feed (SE) After 5 μm filter After FBCR After 5 μm filter 

pH 10.5 

    

pH 11 

    

pH 11.5 
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pH 12 

    
Figure 11 EEM figures for each stage at four different pH values
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Figure 12 presents the SEC-OCD results for SE treatment using FBCR. As shown in 

the figure, there is an overall trend of organic carbon reduction by every increase in 

pH which is in accordance with the TOC and EEM results. Looking at pH 10.5 and 

11, there is an approximately even reduction in all 3 peaks at pH 10.5 while there is 

slightly higher reduction in smaller molecular weight peak for pH 11. Based on the 

results presented in Figure 9, comparing the calcium and magnesium removals at pH 

10.5 and 11, there is a significant magnesium removal which is due to possible 

MgCO3 and Mg(OH)2 precipitation. These noncrystalline precipitates have much 

higher surface area compared to calcite and this might be a reason for higher organic 

carbon reduction at the smallest molecular weight peak. Another possibility is direct 

precipitation of magnesium as magnesium fulvate or humate which results in smaller 

molecular size compared to co-precipitation particles. 

At pH values of 11.5 and 12, SEC-OCD results demonstrates an increase in the 

biggest molecular peak for the after FBCR samples which are subsequently being 

removed by a 5 μm filter. This phenomenon shows that co-precipitation of Mg(OH)2 

(that might include silica) and calcite (that might include magnesium) with NOM is 

the dominant method of NOM removal compared to direct precipitation. 
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Figure 12 SEC-OCD results for SE treated by FBCR at different pH values  
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 Ultrafiltration (UF) 

UF is another common pretreatment for high-pressure membrane processes. UF 

operates as a physical barrier with pore sizes ranging from 0.002 to 0.1 μm and it is 

able to achieve over 4 log removal of pathogens such as Giardia and 

Cryptosporidium as well as viruses (Voutchkov, 2017). As shown in Table 8, UF is 

able to remove approximately 93% of turbidity and 18% of colloidal silica. It is also 

known that UF is incapable of removing inorganic minerals such as calcium and 

magnesium. It is also shown that UF is able to remove 13% of TOC in the SE. 

 

Table 8 Turbidity, TOC and inorganic cations' concentration in UF treatment 

 SE UF 

PERMEATE 

UF 

BACKWASH 

Turbidity (NTU) 1.1 ± 0.2 0.08 ± 0.01 1.8 ± 0.2 

Calcium (mg/L) 86.4 ± 2.2 83.3 ± 3.8 85.4 ± 3.4 

Magnesium (mg/L) 18.2 ± 1.1 18 ± 0.8 18.2 ± 1.2 

Silica (mg/L) 34.1 ± 4.5 27.9 ± 3.8 39.3 ± 3.4 

TOC (mg/L) 6.15 ± 0.3 5.37 ± 0.2 12.97 ± 0.3 

DOC (mg/L) 5.10 ± 0.2 4.48 ± 0.1 8.86 ± 0.2 

 

EEM spectra for the UF permeate and UF backwash are shown in Figure 13. By 

taking the guideline introduced in Table 7 into consideration, UF is mainly capable 

of removing NOM from  region I (Tyrosine-like aromatic proteins), region II 

(Tryptophan-like aromatic protein) and region IV (Soluble microbial byproduct-like 

matter)as the fluorescence intensity in these regions are weakened in UF permeate 
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EEM while these regions have stronger intensity in the UF backwash sample 

compared to SE EEM spectra. There is an insignificant NOM removal from region 

III (Fulvic acid-like matter) and region V (Humic acid-like matter) which is due to 

the smaller size of humic and fulvic acid-like matter compared to proteins present in 

region I and II. 

 SE UF permeate UF backwash 

Unfiltered 

   

Filtered 

   

Figure 13 EEM spectra for filtered and unfiltered SE, UF permeate and UF backwash 

 

Ferric Chloride Coagulation and Flocculation 

One of the proven methods for membrane fouling reduction is coagulation (Ho et 

al., 2015; Racar et al., 2017). Ho et al. (2015) studied the removal efficiency of three 

coagulants: Polyaluminum chloride (PACl), aluminum chlorohydrate (ACH) and 

ferric chloride (FeCl3). 
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Figure 14 TOC, DOC, pH value and dissolved Fe concentration for different doses of 
FeCl3 for A) 20 min flocculation and B) 30 min flocculation 

 

At optimal dose and pH value, FeCl3 was able to remove 55% of DOC compared to 

31% of PACl and 27% of ACH. This significant difference in DOC removal is 

attributed to the fact that FeCl3 polymerizes in the solution while the other 

coagulants are already polymerized, therefore having lesser surface area for 

adsorption and co-precipitation of NOM. Previous studies also have shown that 

FeCl3 is capable of removing 100% of Phosphate at optimal dose and pH values 

(Aghdam et al., 2016).  
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As shown in Figure 14, increasing FeCl3 dose results in TOC concentration 

reduction up to 55 mg/L for both 20 min and 30 min flocculation. At this dose, 

56% and 48% of TOC is removed for 20 min and 30 min of flocculation, 

respectively. According to Figure 14, dissolved Fe concentration demonstrates a 

greater increase for 30 min flocculation compared to 20 min flocculation. This 

sharper dissolved Fe concentration for approximately similar pH values along with 

lower TOC removal hints a possible destabilization of precipitates at longer mixing 

time (Ho et al., 2015). 

For the purpose of identifying the optimal conditions for FeCl3 coagulation and 

flocculation, achieving the lowest dissolved Fe concentration is a higher priority 

compared to achieving the maximum TOC removal. This is due to the fact that 

dissolved Fe can cause membrane fouling in very low concentrations. Therefore, 

the optimal conditions are: 20 min flocculation, 45 mg/L Fe dose and resulting pH 

of 5.64 for the SE which results in 49% DOC and 16% silica removal leaving 130 

μg/L of dissolved Fe concentration in the effluent solution. The turbidity for the 

effluent of coagulation process at optimized conditions after being filtered with 5 

μm polypropylene filter is below 0.1 NTU. The resulting pH of 5.64 is very similar 

to Racar et al. (2017) study (5.58). This slightly acidic pH results in lesser negative 

charge on the particles as well as the NOM. 

Figure 15 presents the EEM spectra for Fe doses (as FeCl3) of 15, 30 and 45 mg/L. 

Unlike the UF, FeCl3 coagulation and flocculation is able to effectively remove all 

five types of NOM. The higher NOM removal across all five regions might be due 

to the polymerization of monomeric Fe3+ species into the medium polymer species 

such as Fe2(OH)24+ and Fe3(OH)45+ that could entrap small humic and fulvic acid-

like NOM particles that were too small for UF to filter them.
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 SE 15 mg/L Fe 30 mg/L Fe 45 mg/L Fe 

Unfiltered 

    

Filtered 

    

Figure 15 EEM spectra for selected Fe doses as FeCl3



NOM Characterization for Discussed Treatment Technologies Using Parallel Factor 

(PARAFAC) Analysis Method 

NOM is present in all natural aquatic environments. NOM is one of the biggest 

sources of biologically active carbon; however, a great portion of it remains 

uncharacterized (Benner, 2002). This is due to the fact that NOM consists of a 

complicated mixture of organic matter that varies greatly in molecular weight and is 

susceptible to degradation and alteration in composition when sample preparation is 

required to analyze it using traditional chemical techniques (Stedmon and Markager, 

2005a). A practical method to characterize and trace NOM (or DOM) dynamics is to 

measure fluorescence of the fraction of the NOM (or DOM) that fluoresces (Stedmon 

et al., 2003). A recently refined technique that combines the EEM spectra and 

parallel factor (PARAFAC) data analysis has shown to be a valuable tool to 

characterize NOM (or DOM) and trace its many different fractions in natural aquatic 

environments (Stedmon et al., 2003). 

The EEM spectra of previously discussed pretreatments are analyzed by PARAFAC 

in order to achieve a better understanding of the types of NOM that are present in 

the wastewater and the efficiency of these treatments in removing them. Figure 16 

demonstrates the EEM spectra of five different components found in these samples. 

The fluorescence spectra of these five components show a resemblance to organic 

fluorophores by having multiple excitation maxima for a single emission maxima 

(Stedmon and Markager, 2005a).  
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Figure 16 Contour plots of five different components identified from the EEM spectra of 

FBCR, UF and FeCl3 coagulation and flocculation samples using PARAFAC 

 

After investigating previous studies, five different components of this study were 

matched with a probable source and fraction of NOM and the results are shown in 

Table 9. 

Table 9 Comparison of the identified components of this study with previous studies 

Component 

of this study 

Excitation/Emission 

wavelength 

Description and probable source of the 

component 

(Reference) 

C1 255 (350)/420 Common to a wide range of freshwater 

Environments, Anthropogenic humic 
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fluorophore group, (C6), <250 (320)/400 

(Stedmon and Markager, 2005a) 

Terrestrial humic substances, (P8), <260 

(355)/434 (Murphy et al., 2008) 

Terrestrial humic substances, (C5), 250 

(340)/440 (Baghoth et al., 2011)  

C2 <250 (350/440) Terrestrial/autochthonous fulvic acid 

fluorophore group, (C4), <250 (360)/440 

(Stedmon and Markager, 2005a) 

C3 260 (390)/492 Terrestrial humic substances, widespread, 

(P3), <260 (380)/498 (Murphy et al., 2008) 

Terrestrial humic substances, (C1), 260 

(360)/480 (Baghoth et al., 2011) 

Terrestrial humic substances, (C3), 270 

(360)478 (Stedmon et al., 2003) 

C4 <250 (320)/390 Marine and terrestrial humic substances, 

(C6), <250 (300)/406 

Microbial humic, (C4), <250 (305)/390 

(Yamashita and Jaffe, 2008) 

C5 <250 (275)/340 Tryptophan-like, protein-like, (Peak T 

type) (Coble, 1996) 

Amino acids, free or bound in proteins, 

(P7), 280/342 (Murphy et al., 2008) 

Amino acids, free or protein bound, (C4), 

<250 (290)/360 

 



 

84 
 

According to Table 9, three of five components are humic-like substances. 

Comparing the EEM maxima spectra of C4 with C1, Components C1 has higher 

excitation wavelength for an approximately similar emission. Excitation at higher 

wavelength for C1 shows that the fluorophores responsible for this fluorescence 

contain several functional groups or have higher aromaticity (Coble et al., 1998). 

Comparing C1 with C3 humic substances, component 3 has longer emission 

wavelength compared to C1. This might be due to presence of more conjugated 

fluorescing molecules in C3 compared to C1 (Stedmon et al., 2003). 

Component 5 is identified as tryptophan-like protein in several studies mentioned in 

the Table 9. While tyrosine-like proteins were identified and discussed earlier in this 

study, PARAFAC was not able to assign a component for that type of proteins. This 

might be due to the fact that the fluorescence of tyrosine can be difficult to detect 

because of the energy transfer to tryptophan-like proteins as well as quenching by 

neighboring groups (Stedmon and Markager, 2005b). Another reason is that the 

number of samples (140 filtered and unfiltered samples) in the dataset might have 

limited the analysis. This may result in a merger of two fluorophore groups into one 

group (Stedmon and Markager, 2005a). Component 5 of this study possesses a wide 

emission maxima and the difference in emission maxima for tyrosine (310 nm) and 

tryptophan-like (340 nm) is 30 nm (Coble, 1996). Therefore, C5 in this study will be 

representative of both protein groups. 
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Figure 17 Fmax values for different conditions in A) FBCR, B) UF and C) FeCl3 

coagulation and flocculation 

Figure 17 demonstrates the maximum fluorescence intensity (Fmax) values for 

different conditions of FBCR and FeCl3 coagulation and flocculation as well as UF 

process. Fmax provides an estimate of the relative concentrations of each component 

therefore, direct comparison among the components requires information regarding 

their quantum efficiency magnitude as well as their individual responses to 

quenching effects (Baghoth et al., 2011). However, these information is not needed 

for the purpose of this study due to the fact that this study – as mentioned before – 



 

86 
 

aims to compare same components’ removal in different pretreatments in order to 

suggest a sustainable pretreatment train that can efficiently remove the scaling and 

fouling precursors prior to a high-pressure membrane treatment process.  

As shown in Figure 17 A), FBCR is able to reduce the Fmax value for all five 

components. FBCR is able to remove 7% of C1, 100% of C2, 55% of C3, 40% of C4 

and 44% of C5. Component 1 shows the lowest removal rate among the five groups. 

Compared to C3, C1 has more functional groups that are deprotonated at high pH 

values which results is high negative surface charge for these components. As shown 

in the figure, there is no removal for this component until pH values above 11.5 

which might be due to precipitation of Mg(OH)2 which possesses a highly positive 

surface. Figure 17 B) presents the Fmax values for the UF process. UF shows slight 

to no removal for components 1 to 4. This is due to the fact that all of these 

components are not big enough in size to be caught by the membrane. However, it 

is able to remove a portion (11%) of component 5 that represents large amino acid 

molecules. Unlike UF, FeCl3 coagulation and flocculation is able to remove portions 

of NOM from all five groups: 40% of C1, 38% of C2, 65% of C3, 34% of C4 and 

26% of C5. 

Conclusions 

This study investigated the efficiency of three different treatments in removing 

different scale-forming and fouling substances prior to feeding the secondary 

effluent to a high-pressure membrane filtration process. Furthermore, statistical 

analyses has been conducted using EEM-PARAFAC in order to characterize the 

NOM present in the secondary effluent. Following are the main conclusions achieved 

by this study: 

• FBCR is a reliable treatment option compared to softening since the residence 

time is orders of magnitude lesser compared to the softening process. In this 

study, more than 99.9% of magnesium, 97% of calcium and 42% of silica was 

removed thereby, eliminating any chances of scaling in the later stages of the 
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process. Compared to softening that magnesium precipitation is avoided due 

to bad settling characteristics, FBCR requires lesser chemical to achieve same 

pH values in softening due to requirement of lesser saturation index value to 

initiate the precipitation. 

• FBCR was also a prominent process for removing NOM through co-

precipitation. As shown by SEC-OCD results, this phenomenon initiates at pH 

values of 11.5 where the Mg(OH)2 precipitation is dominant. FBCR was able 

to remove 26% of TOC and it was able to remove portions of TOC from 

different components identified using EEM-PARAFAC. 

• While UF was able to remove 93% of the turbidity, the TOC removal was half 

of the FBCR. It was also shown by EEM-PARAFAC that UF is only able to 

remove protein-like NOM and , if used as a pretreatment, the other types of 

the fouling substances will accumulate on the surface of the membranes 

operating at high pressures in the later stages. UF is  also successful in 

removing the colloidal portion of silica that later may cause fouling issues for 

it. 

• Ferric chloride has shown to be the superior coagulant for coagulation 

processes. In this study, 55 mg/L of iron dose resulted in 56% TOC removal. 

However, in order to minimize the iron dose leaving this pretreatment, 45 

mg/L is the optimized concentration. This results in iron residuals as low as 

130 μg/L. Ferric chloride was also able to reduce the concentration of all five 

different types of NOM thereby, presenting itself as a strong pretreatment 

option prior to NF/RO filtration. 

Results of this study shows that combination of FBCR and Ferric chloride 

coagulation would result in highest reduction of scale-forming and fouling 

substances which will minimize the chance of fouling in the later NF/RO filtration 

processes. UF has shown high turbidity removal compared to FBCR; however, the 

effluent of ferric chloride coagulation and flocculation process has shown a similar 
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values after being filtered by a 5 μm filter which would result in a cost effective 

process. 
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APPENDIX A – SUPPLEMENTARY MATERIAL 
 

Table S1. Aqueous limits of detection (LOD) for the elements speciated by ICP-QQQ and 

water-soluble ions speciated by IC. TMA & DEA represent the sum of trimethylamine and 

diethylamine.  

ICP ppt   IC ppm 

Ag 0.74   Adipate 0.023 

Al 29.47   Ammonium 0.042 

As 7.95   Calcium 0.045 

Ba 3.70   Chloride 0.002 

Cd 4.19   DMA 0.053 

Co 0.72   Magnesium 0.037 

Cr 1.15   Maleate 0.007 

Cs 0.73   MSA 0.012 

Cu 1.13   Nitrate 0.009 

Fe 1.19   Oxalate 0.012 

Hf 0.96   Phthalate 0.021 

 K 10.48   Pyruvate 0.064 

Mn 1.62   Sodium 0.043 

Mo 2.26   Succinate 0.011 

Nb 0.52   Sulfate 0.012 

Ni 2.84   TMA & DEA 0.315 

 P 770.73       

Pb 0.50       

Rb 1.57       

Se 82.39       

Sn 1.77       

Sr 1.10       

Ti 39.05       

Tl 0.38       

 V 1.35       

 Y 0.52       

Zn 5.88       

Zr 1.01       
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Table S2. Kappa values used with weighted volume fractions to obtain kappa for 

individual stages of all MOUDI sets. Note that ‘Organics’ refers to the organics that could 

not be resolved by the IC, which only included specific organic salts. (a = Almeida et al., 

2019 and references therein; b = Drozd et al., 2014; c = Hersey et al., 2013; d = Pöschl et 

al., 2019; e = Dusek et al., 2010; f = Rose et al., 2010; g = Laborde et al., 2012; h = Aldhaif 

et al., 2018). 

 

Species Density (g cm-3) κ 

(NH4)2SO4 1.77 0.61a 

K2SO4 2.66 0.69 a 

CaSO4 2.32 0.00 a 

NaCl 2.16 1.24 a 

Mg(NO3)2 2.30 0.63 a 

NaNO3 2.26 0.87 a 

Na2SO4 2.66 0.76 a 

MgSO4 2.66 0.24 a 

CaOxalate 2.12 0.02b 

MgOxalate 2.45 0.05 b 

Na2Oxalate 2.34 0.68 b 

ZnOxalate 2.56 0.02 b 

CaCl2 2.15 0.78 a 

MgCl2 2.32 0.98 a  

Ca(NO3)2 2.50 1.10 a 

Organics 1.40 h 0.10 c, d, e 

Black Carbon 2.00h 0.00 f, g 
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Table S3. Pearson correlation coefficients (and p-values in parenthesis) between 

precipitation accumulation at MO, wind speed (WS), and various water-soluble ion 

concentrations after integration across all MOUDI stages.  

Rain 
amount 1           

WS 
-0.15 
(0.56) 

1          

Na+ 
-0.72 

(<0.01) 

0.44 
(0.07) 

1         

Cl- 
-0.64 

(<0.01) 

0.41 
(0.09) 

0.88 
(<0.01) 

1        

ssNa+ 
-0.66 

(<0.01) 
0.56 

(0.02) 

0.98 
(<0.01) 

0.87 
(<0.01) 

1       

Ca2+ 
-0.14 
(0.57) 

-0.62 

(0.01) 

0.05 
(0.85) 

0.06 
(0.82) 

-0.12 
(0.63) 

1      

ssNa+ + Cl- 
-0.68 

(<0.01) 
0.50 

(0.04) 
0.97 

(<0.01) 
0.97 

(<0.01) 
0.97 

(<0.01) 
-0.04 
(0.89) 

1     

Na+ + Cl- 
-0.70 

(<0.01) 

0.44 
(0.07) 

0.97 
(<0.01) 

0.97 
(<0.01) 

0.95 
(<0.01) 

0.06 
(0.83) 

0.99 
(<0.01) 

1    

ssCa2+ 
-0.71 

(<0.01) 
0.51 

(0.03) 
0.97 

(<0.01) 
0.88 

(<0.01) 
0.98 

(<0.01) 

-0.05 
(0.84) 

0.96 
(<0.01) 

0.96 
(<0.01) 

1   

nssCa2+ 
-0.09 
(0.73) 

-0.66 
(<0.01) 

-0.04 
(0.88) 

-0.03 
(0.91) 

-0.21 
(0.40) 

0.99 
(<0.01) 

-0.12 
(0.62) 

-0.03 
(0.89) 

-0.14 
(0.59) 

1  

 Rain 
amount WS Na+ Cl- ssNa+ Ca2+ ssNa+ + Cl- Na+ + Cl- ssCa2+ nssCa2+ 

 
 

 
 
 
 



 

92 
 

 
Figure S1. Mass size distribution for A) Na+ and B) Cl- in all MOUDI sets. Data for set 

MO9 is highlighted in both panels as a thicker line in brown. 
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Figure S2. Average κ values for all MOUDI sets at each cutpoint diameter, categorized by 

pollution categories defined in Section 3.3.  
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Figure S3. EDX spectra of SEM images shown in Figure 8. The tabulated results reveal 

that Fe, Mo and Co were present. Due to sampling on aluminum substrate filter, Al was 

the most abundant element in the examined area. 
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Figure S4 UV254 and TF values for FBCR at four pH values. 
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