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abstract
The occurrence of submicron and micron-ranged particles in the feed-concentrate channels of an
operating, production-capacity nanofiltration (NF) membrane process was investigated in this
work. Nanoparticle tracking analysis and single-particle optical sensing technologies were utilized
to evaluate the size (average diameter), distribution, and concentration of particles in the feed,
interstage, and concentrate streams of a NF membrane process. Particles ranging between 50 nm
and 70 µm were detected in the NF membrane feed-concentrate channel, and most of the particles identified had an average diameter of less than 1 µm. Submicron particle content averaged
64 million, 47 million, and 3.5 million particles/mL in the feed, interstage and concentrate streams,
respectively. The concentration of particles less than 500 nm exceeded those greater than 500 nm
by at least one order of magnitude. However, the less abundant microparticles occupied more of
the volume within the feed-concentrate channel than the more concentrated submicron particles.
The presence of particles larger than 5.0 microns, which is the nominal rating of the cartridge filters
used in the plant’s pretreatment process, were identified in each stream, some of which were on the
order of 30–70 microns. Energy-dispersive X-ray spectroscopy was utilized to analyze the particles
retained after filtering 20 L of the feed, interstage and concentrate streams through 0.2 microns rated
47 mm silver membranes. The results revealed deposits of calcium carbonate, elemental sulfur,
and silts/clays in each stream; however, deposits of organic-based matter were mainly identified
in the interstage and concentrate streams.
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optical sensing; Light obscuration; Nanoparticle tracking analysis

1. Introduction
It is well known that nanoparticles (NPs) from both natural and anthropogenic sources have been detected in the
environment, primarily in surface water supplies [1–5]. The
term ‘nanoparticle’ describes a subset of colloidal particles
between 1 and 100 nm that typically possess a negative
electrostatic surface charge [2,6,7]. NPs occur in various
compositions and conformations and usually have large
specific surface areas [8]. Naturally occurring nanoparticles (NNPs) arise from various sources, such as mineral
weathering, and are prevalent in natural environments

including groundwaters and surface waters which supply
drinking water treatment plants (WTPs) [5]. Drinking water
itself has been found to contain polydisperse, nanoscopic
and microscopic solid and colloidal materials of irregular
shape, often comprised of calcium carbonate and calcium
sulfate [1]. Anthropogenic nanoparticles (ANPs) have also
been detected in potable water sources; however, they are
predicted to occur at significantly lower concentrations
than NNPs based on empirical and mechanistic modeling
of surface waters [3,4]. ANPs can enter aquatic environments through their use in products and industrial applications [9–12]. Although low levels of some microplastics
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have been detected in some karst aquifers and springs [13],
it is generally acknowledged that non-karst groundwater
supplies are predominantly absent of ANPs [10,14].
The removal of NPs, particularly ANPs in water treatment has been the focus of several studies due to concern
about the potential toxicity of certain manufactured NPs.
Although ANPs are present in low concentrations, their
increasing use in products and applications will likely result
in greater concentrations of manufactured NPs in surface
water WTP supplies [10,11,15]. At the time of this writing,
the USEPA has no monitoring guidelines for drinking WTPs
on nanomaterials. Elements found in some ANPs are subject to regulatory limits; although, the maximum contaminant levels are far greater than the predicted concentrations
of these types of particles [3,4].
Nanofiltration is a membrane liquid separation technology engineered for use in water treatment and has similar properties to reverse osmosis (RO) in that diffusion,
electrostatic repulsion, and size exclusion are the principal
mechanisms for solute separation [16–28]. Nanofiltration
(NF) membranes are typically configured as spiral-wound,
thin-film composite modules; are operated at lower feed
pressures than RO; offer selective solute rejection based on
both size and charge. They are often referred to as ‘membrane softening’ technologies for their ability to effectively
remove calcium and magnesium hardness, as well as color,
synthetic organic chemicals, and disinfection by-product
precursors (natural organic matter) [16,21,27,29].
As water flows across the membrane channels, dissolved
solids are rejected, and a boundary layer forms near the
membrane surface in which the dissolved solids concentration exceeds the content in the bulk solution. To keep the
membrane leaves separated and allow water to flow through
the channel, a spacer net is inserted to promote turbulence
and reduce the foulants that build upon the membrane
surface [30–32]. The colloidal matter that can pass through
the 5 µm nominal-rated polypropylene cartridge filters,
which are typically used in the pretreatment process, has
been shown to deposit onto the membrane surface [33–35].
It has been demonstrated that NPs are removed from
drinking water supplies using synthetic nanofiltration (NF)
membranes [36–39]. NPs that are present in the feed-concentrate stream cannot pass through the membrane as
they are not dissolved, unlike soluble matter that can permeate based on diffusion due to a concentration gradient.
For example, Sousa and Teixeira [37] determined that NF
membranes completely removed particulate NPs, along
with 92% of dissolved silver (Ag) ions particulate under
laboratory conditions. Ionic strength, natural organic matter (NOM), and surface chemistry were shown to influence
the removal of the dissolved Ag NPs [37]. An investigation
by Van Koetsem et al. [39] corroborated the ability of membranes to remove NPs when the effective pore size exceeded
the size of the ANP. Others have shown complete removal
of NPs using NF membranes under lab and bench-scale
conditions [24,29,40]. Furthermore, Fang and Duranceau
[40] studied the impact of nanoparticles and surface morphology on RO and NF membrane productivity in benchscale experiments and found that NPs can be trapped within
the ridge-and-valley morphology of polyamide membranes
which causes a resistance to flow.

Several studies have investigated the impact of hydraulic conditions and feed channel spacer geometry, orientation,
and type on particle deposition [35,41–46]; however, it
does not appear that any studies have been performed
that provide insight into the occurrence of particles of any
size range in NF feed-concentrate channels. The objective
of this research was to determine the size distribution and
concentration of submicron particles and microparticles in
the feed-concentrate channel of an operating NF membrane
process. The collected information regarding particle occurrence may provide additional insight into feed-concentrate
channel dynamics and a greater understanding of how to
best identify and diagnose the limitations of pretreatment
and subsequent impacts on NF WTP process operations.
2. Experimental methods
2.1. Nanofiltration WTP description
Samples were collected from the feed, interstage,
and concentrate stream (aqueous and filtered solids) of a
full-scale nanofiltration membrane process at the City of
Boynton Beach (City’s) West WTP. The City’s WTP can produce up to 8.7 million gallons/d of treated water (permeate)
and is supplied by 11 groundwater wells in proximity to
the facility. Pretreatment for the NF membrane process consists of pH acidification with sulfuric acid, scale inhibitor
addition, and cartridge filtration (CF) using string wound
5 µm (nominal) rated filter elements. The nanofiltration
membrane process configuration consists of six, two-stage
membrane skids in parallel with six elements per pressure vessel. Dow NF 90-400 membranes are loaded in the
first stage, and Dow NF 270-400 membranes are utilized in
the second stage. Each train has a production capacity of
1.45 MGD, and the process operates at a recovery of 85%.
Approximately 1.6 mg/L of NALCO™ PC-1850T scale
inhibitor (Naperville, IL) with patented fluorescent tracking capabilities is added prior to membrane treatment to
prevent the scaling of sparingly soluble salts in the concentrate channel that would otherwise foul the membrane
surface. Typical water quality (average) for the NF feed,
interstage and concentrate streams is presented in Table 1.
2.2. Sample collection and analysis
To assess the size and number of particles that occur in
the membrane feed-concentrate channel, multiple 125 mL
samples were collected from the NF process feed, interstage, and concentrate streams and submitted for particle
size distribution analysis. Permeate water was not subject to
analysis as particulate NPs do not permeate NF membranes.
In addition, a pressure-controlled filtration apparatus commonly used to collect silt density index measurements
was modified to filter 20 L of feed, interstage, and concentrate process streams to capture suspended material.
Samples were filtered using 47 mm, 0.2 micron rated silver
membrane filter pads (Sterlitech, Kent, WA).
The ability to access commercially available technologies to identify submicron particle size distribution tracking
technologies and other sophisticated analytical equipment has expanded in recent years. Two technologies were
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Table 1
Nanofiltration process feed and concentrate average water quality
Parameter (ion)

Feed (mg/L)

Interstage (mg/L)

Concentrate (mg/L)

Barium (Ba)
Calcium (Ca)
Magnesium (Mg)
Sodium (Na)
Strontium (Sr)
Bicarbonate (HCO3)
Sulfate (SO4)
Chloride (Cl)
Silicon dioxide (SiO2)
Total dissolved solids
pH

0.02
94.0
2.40
25.8
1.10
228
57.8
39.0
13.4
464
6.8

0.05
248
2.90
65.3
2.90
596
154
98.2
34.8
1,210
7.2

0.10
443
5.40
91.4
5.40
977
375
117
46.2
2,080
7.3

utilized in this study to collect information on aqueous process streams: (1) nanoparticle tracking analysis (NTA); and
(2) single-particle optical sensing (SPOS). To analyze filtered
solids collected on the silver membrane filter pads, scanning
electron microscopy (SEM) using energy-dispersive X-ray
spectroscopy (EDS) and superimposed elemental imaging
(SEI) were employed.
2.3. Nanoparticle tracking analysis
The average diameter and concentration of submicron particles in the samples collected from the West WTP
were determined using the NanoSight NS300 (Malvern
Panalytical, Worcestershire, United Kingdom). NTA technology utilizes light scattering and Brownian motion to
generate high-resolution particle size distributions on a
number-weighted basis for nano-sized materials in an aqueous medium within a specialized cell. In NTA, particles in
an aqueous medium are illuminated through their interaction with a highly focused laser, by scattering incident light,
as points of light moving under Brownian motion. Smaller
particles move more quickly than larger particles and scatter less light. A camera mounted to a 20x magnification
microscope is used to visualize the particles and track the
movement of each particle over time to determine the diffusional rate. From the diffusional rate, the hydrodynamic
diameter of each particle is quantified by the Stokes–
Einstein equation using the NanoSight NTA analytical software to produce a high-resolution particle size distribution
[47]. The known cell volume and the individual tracking
of each particle allow for the simultaneous determination
of particle concentration.
10, 5 min measurements were recorded for each sample. The NanoSight NS300 has an approximate (sample-
dependent) working range of 30–1,000 nm and an optimum
particle concentration of approximately 106–109 particles/
mL. The instrument conformed to the 2018 ASTM E283412 [48] and is equipped with the manufacturer’s concentration measurement upgrade; however, the accuracy of the
concentration measurement cannot be verified as no NIST
traceable particle concentration reference material is available at this time. The temperature of the sample was kept

constant at 25°C. Table 2 details the specifications for the
NanoSight NS300.
2.4. Single-particle optical sensing
The size distribution and concentration for particles
in samples collected from the feed, interstage, and concentrate streams ranging from 0.5 to 400 µm was generated using the AccuSizer® A7000 AD equipped with the
LE400 Sensor (PSS, Newcastle, England). SPOS technology utilizes two physical principles of detection depending on particle size: light obscuration for particles larger
than 1.5 µm and light scattering for particles smaller than
1.5 µm. A dilute suspension of particles is passed through a
region of uniform illumination produced by a laser diode.
Particles greater the 1.5 µm are detected by the amount of
light they obscure to the extinction detector, while particles less than 1.5 µm are detected by the intensity of light
scattered at a range of angles towards a separate detector. In light scattering, the particle size is quantified by
comparing the pulse heights to a calibration curve generated with standard reference materials of known size on
the basis of circular equivalent diameter [49].
SPOS data can be reported in two formats: number
weighted differential frequency (count or frequency) and
volume-weighted percentage. The instrument conformed
to the International Organization for Standardization
(ISO) 21501-2:2019 and ISO 21501-3:2019 determination of
particle size distribution guidelines [50,51].
2.5. Scanning electron microscopy, energy-dispersive X-ray
analysis and superimposed elemental imaging®
SEM together with EDS and superimposed elemental
imaging (SEI®) analysis was used to identify and quantify the elemental composition of solids collected on
0.2 micron, 47 mm silver membranes after filtering 20 L
of feed, interstage, and concentrate. EDS analysis is generally performed together with electron microscopy to
identify and quantify the elemental composition of a sample surface. The sample material is bombarded with electrons from an SEM which produces X-rays. The produced
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Table 3
Nanoparticle tracking analysis particle concentration summary
(particles/mL)

Table 2
NanoSight NS300 specifications
Characteristic

Value

Analysis range
Concentration range

30 nm–1 µm
106–109 particles/mL

X-rays are then measured by an X-ray dispersive spectrometer. Every chemical element has its own characteristic
wavelength by which it can be identified. SEI® is an X-ray
excitation spectrum-based analysis with corresponding
layered images showing the composition of specific inorganic particles.
The collected sample material was bombarded with
electrons from a SU5000 SEM (Hitachi, Tokyo, Japan) to
produce X-rays. The emitter used was a Schottky-type
device with a spatial resolution of 2.0 nm at 1 kV and
a high probe current (>200 mA). The resulting X-rays
were then measured by the XFlash 6-60 dispersive spectrometer (Bruker, Billerica, MA) to acquire the elemental
compositions (EDS spectra) of the samples. EDS spectra were collected on the filtered solids at each process
location and quantified by atomic percentage. SEI® was
incorporated into the analysis to visually distinguish the
elemental composition of each compound on the surface by elemental mapping to enhance the findings from
EDS to identify the chemical compositions of suspended
solids, foulants and scales on the silver filter pad surfaces.
3. Results and discussion
3.1. Submicron particle observations by NTA
NTA data was collected for the NF feed, interstage,
and concentrate process streams between December 2020
and April 2021. Due to the ability to track individual particles, the NTA instrument produces a number-weighted
distribution in which each particle has an equal weighting
once the final distribution is generated. For example, one
particle at 100 nm will have just as much impact on the
number weighted distribution as one particle at 1,000 nm.
Since the volume of sample used is also known, sample concentration can be measured. To reduce the variances that
may occur in samples that have low particle concentrations,
at least ten reads for each sample were performed.
Table 3 provides information regarding the concentration of submicron particles for each of the three sampling
locations. The number of particles in the feed-concentrate
streams are on the order of a million particles per milliliter,
and the quantities vary both in location and time indicating
the dynamic nature of the flow across the membrane surface
for this feed water supply. However, the particle concentrations in the NF concentrate among the sampling events
were comparable in contrast to the fluctuations observed
among the concentrations in the feed and interstage streams.
Although the amount of naturally-occurring nanoparticles
present in groundwater supplies has not been fully studied
nor reported [3], the results collected in this work appear
reasonable according to Filella et al. [52] who found between
2 and 12 million particles/mL ranging between 100 nm and

Sample date

Feed

Interstage

Concentrate

December 2020
January 2021
February 2021
April 2021
Mean
Standard deviation

4.75 (10E6)
6.21 (10E6)
2.40 (10E8)
2.90 (10E6)
6.35 (10E7)
1.98 (10E7)

4.95 (10E6)
1.78 (10E8)
2.11 (10E6)
3.76 (10E6)
4.72 (10E7)
1.01 (10E7)

2.84 (10E6)
3.69 (10E6)
3.46 (10E6)
3.83 (10E6)
3.46 (10E6)
7.05 (10E5)

2 µm in water percolating through a geologic system. Also,
research by Schiperski et al. [53] appeared to provide comparable results as they identified millions of particles/mL
ranging between 0.5 and 150 µm at a karst spring during a
snowmelt event.
Fig. 1 depicts an example of the NTA graphical results,
presented as an overlay of the multiple measurements,
showing the distribution by the average diameter of submicron particles per milliliter in the sample collected from
the feed stream in January 2021. For this sample, the particles ranged in size from approximately 50–500 nm with
a mean of 180 nm (Table 4). The samples varied in content
(particles/mL) and size (nm) for each data collection event
and by sample location. Despite variation among the samples, the overall data indicated that the average size of submicron particles fell within a narrow range, approximately
185 nm +/– 27 nm. Fig. 2 illustrates the averaged results
of the measurements shown in Fig. 1 with the red shading indicating (+/–) one standard error of the mean, which
can be found in Table 4. The shaded region illustrates the
variance within the data set by size.
Table 4 provides a summary of the results for the NTA
evaluation of the overall statistical data set obtained in
this evaluation. The information is presented in terms of
particle size, plus (+) or minus (–) the standard error for
each date samples were collected and analyzed. Specific
data collected and presented include the mean, standard
deviation, and the point on the distribution curve below
which 10%, 50%, and 90% of the particles fall within each
analysis. These results correspond to the findings of Brant
et al. [54] investigating the occurrence and composition
of particulates in conventional filter process streams. It
was shown based on a mass basis, inorganic and organic
materials in the filter effluent streams were present as particles with diameters between 30 and 450 nm, regardless
of whether direct or conventional filtration was used [54].
3.2. Microparticle examination by SPOS
SPOS data was also collected for NF feed, interstage,
and concentrate process streams between December 2020
and April 2021 and analyzed by a particle counter capable of determining both particle size and concentration
of suspensions. The SPOS analyzer had a detection range
of 0.5 to 400 µm, and the data is presented on the basis of
circular equivalent diameter. Since SPOS analyzers generate an intensity-weighted distribution (true particle
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Fig. 1. Particle content (particles × E5/mL) as a function of size (nm) for feed sample (Jan. 2021).
Table 4
Nanoparticle tracking analysis statistical data summary by sample date
Sample date

December 2020

January 2021

February 2021

April 2021

Parameter

Feed (nm)

Interstage (nm)

Concentrate (nm)

Mean
Standard deviation
d10
d50
d90
Mean
Standard deviation
d10
d50
d90
Mean
Standard deviation
d10
d50
d90
Mean
Standard deviation
d10
d50
d90

193 ± 13
63.0 ± 22
98.1 ± 31
189 ± 11
253 ± 36
180 ± 12
50.2 ± 9.2
123 ± 7.7
166 ± 11
252 ± 23
173 ± 22
59.5 ± 15
105 ± 14
168 ± 25
253 ± 43
248 ± 59
66.3 ± 25
168 ± 43
246 ± 65
308 ± 75

107 ± 12
19.3 ± 5.7
87.5 ± 8.1
101 ± 11
138 ± 19
168 ± 39
98.4 ± 31
70.3 ± 13
137 ± 30
299 ± 77
170 ± 10
26.1 ± 11
124 ± 21
197 ± 10
200 ± 22
231 ± 35
71.6 ± 17
135 ± 18
253 ± 44
301 ± 46

148 ± 20
29.9 ± 3.4
116 ± 21
152 ± 23
177 ± 21
197 ± 16
71.9 ± 17
105 ± 13
182 ± 14
284 ± 37
202 ± 43
99.4 ± 22
87.6 ± 26
207 ± 67
323 ± 59
207 ± 45
81.1 ± 23
122 ± 31
188 ± 48
315 ± 68

counters), the particle size distributions are reported in
two formats number (frequency) and volume. Table 5 provides the particle concentrations greater than or equal to
0.5 µm in each stream in number of particles per milliliter
(mL). The concentration of microscale particles in the feed-
concentrate streams determined by SPOS was less than the
reported concentrations of submicron particles, specifically particles ranging from 50 nm to 500 nm, from NTA.

The quantities differ both in sample location and in time
(sampling event) indicating the dynamic nature of the feed
water supplied by groundwater wells and the flow across
the NF membrane surface.
Fig. 3 depicts the number weighted differential frequency
histogram generated from the February 2021 interstage
stream sample. This graph reveals the percentage of particles
detected vs. the size of the particles detected, on a log scale,
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Fig. 2. Particle content (particles × E4/mL) as a function of size (nm) for feed sample (Jan. 2021).
Table 6
Number weighted mean particle size by SPOS
Sample date
December 2020
January 2021
February 2021
April 2021
Total

Mean

Feed

Interstage

Concentrate

Number weighted (µm)
Volume weighted (µm)
Number weighted (µm)
Volume weighted (µm)
Number weighted (µm)
Volume weighted (µm)
Number weighted (µm)
Volume weighted (µm)
Number weighted (µm)
Volume weighted (µm)

0.82 ± 0.43
13.4 ± 14
0.72 ± 0.42
97.8 ± 48
0.66 ± 0.34
26.9 ± 20
0.67 ± 0.44
36.7 ± 22
0.72 ± 0.41
43.7 ± 26

0.85 ± 0.63
11.6 ± 9.27
0.69 ± 0.27
11.8 ± 10.0
0.68 ± 0.62
22.8 ± 5.9
0.66 ± 0.32
21.2 ± 14
0.72 ± 0.46
16.9 ± 12

0.76 ± 0.37
34.4 ± 30
0.71 ± 0.42
67.4 ± 33
0.60 ± 0.28
23.1 ± 15
0.73 ± 0.44
41.4 ± 28
0.70 ± 0.37
41.6 ± 26

where each particle has equal weighting. Furthermore, the
number weighted particle distribution histogram presented
in Fig. 3 for the interstage stream was representative of the
number weighted distributions observed for each location
throughout the different sampling events in that the majority
of particles identified had an average diameter of less than
1 micron.
Fig. 4 provides the differential-volume percentage
graph detailing the SPOS results of the sample collected
from the interstage stream on February 2021. The volume
data is generated based on the assumption that each particle is spherical. Since the volume of a particle increases
proportionally to the diameter cubed, the volume data
are inherently weighted towards the larger particles and
better represent where the bulk or mass of the system lies.
For example, roughly one million, 1-μm particles contribute the same volume percentage as one, 100-μm particle. Unlike the number weighted distribution which is
heavily skewed to the smaller more abundant particles,

the volume-weighted distribution is skewed to the less
abundant microscale particles; therefore, the larger particles occupy noticeably more of the volume within the
feed-concentrate channel than the submicron particles
(<1.0 µm).
Table 6 presents the results of particle size measurements for the particle distributions identified by SPOS
ranging between 0.5 and 400 µm. Overall, the average
particle sizes determined from the number weighted distribution for each location were skewed towards the lower
end of the detection limit, while the average sizes found
from the volume-weighted distributions were noticeably
larger. When considering the average results from both
distributions, it was discovered that the average size of
the particles in each of the three locations was similar for
the number weighted distributions; however, the average
size of the interstage particles in the volume-weighted
distribution was found to be smaller than those in the feed
and concentrate streams. Although, it is important to note
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Fig. 3. Number weighted differential frequency histogram (Feb. 2021).

Fig. 4. Differential volume-weighted percentage of particles vs. particle size (Feb. 2021).

the measurements varied for each location both within
a single data set and over the four data sets collected in
this study.

Table 7
Quantified EDS results by atomic percentage
Atomic percentage (%)

3.3. Process bulk stream solids identification

Element

Feed

Interstage

Concentrate

The use of SEM and EDS with SEI techniques allowed
for the identification of inorganic and organic solids that
occur within the feed-concentrate channels of a NF membrane process. The silver membrane filters used to collect
the suspended solids are shown in Fig. 5. Visual inspection of the membranes suggests that the composition of
the foulants filtered from each stream is different as the
three surfaces appear to have distinct coloring.
EDS spectra outputs from the analysis of the samples
collected from the NF feed, interstage, and concentrate
streams are presented in Table 7 and Fig. 6. Figs. 7–9 present elemental mapping of the collected material in the form
of superimposed elemental imaging. The SEM, EDS, and
SEI® results represent the composition of particles detected
in the feed-concentrate channels. Particles from the feed
stream predominantly consisted of calcium carbonate,
elemental sulfur, and silts/clays. The interstage and concentrate streams contained particles that were comprised
of organic-based matter, calcium carbonate, elemental sulfur, and silts/clays. Particle composition appears to be in
agreement with the findings of Kaegi et al. [55].

Carbon
Oxygen
Silicon
Calcium
Silver
Sulfur
Aluminum
Phosphorus

5.14
52.6
9.65
7.49
23.5
1.73
<0.2
ND

2.25
53.0
20.9
<0.2
22.1
1.72
ND
ND

7.61
52.8
20.7
3.91
11.6
0.81
2.54
<0.2

ND: not detected

3.4. Occurrence of organic and inorganic colloids
and particulates
In-situ microscopic observations have been used in
prior investigations on particle deposition, in addition to
organic and biofilm monitoring, but have been primarily
limited to laboratory-scale experiments. The results indicate that a wide range of particulates, in terms of both size
and composition, flow across membrane surfaces which
would demonstrate that studies that relied on particles of
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Fig. 5. Nanofiltration feed (left), interstage (center) and concentrate (right) collected filtrate deposits.

(a)

(b)

(c)
(a)

Fig. 6. EDS composition of (a) feed water, (b) interstage and (c) concentrate particulate deposits.
Table 5
SPOS particle concentration summary (particles/mL)
Sample date

Feed

Interstage

Concentrate

December 2020
January 2021
February 2021
April 2021
Mean
Standard deviation

1.02 (10E5)
1.47 (10E5)
1.44 (10E5)
1.13 (10E5)
1.27 (10E5)
2.24 (10E4)

4.67 (10E4)
1.43 (10E5)
3.53 (10E4)
1.51 (10E5)
9.40 (10E4)
6.15 (10E4)

1.56 (10E5)
1.85 (10E5)
2.53 (10E5)
1.23 (10E5)
1.79 (10E5)
5.53 (10E4)

a specific size and type, such as the work performed by
Neal et al. [41], may not reflect conditions found in practice. Chemical analyses of the full-scale NF bulk feed,
interstage, and concentrate streams revealed the presence
of organic and inorganic colloids. Colloidal matter refers
to mixtures in which microscopically dispersed insoluble
particles of one substance are dispersed in another substance. The size of the suspended particles in a colloid can
range from 1 to 1,000 nm, and the deposition of these colloidal particles on an RO or NF membrane is believed to
form a cake layer, which can adversely affect the membrane
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Fig. 7. Superimposed elemental imaging (SEI®): feed water
calcium carbonate and elemental sulfur.

Fig. 8. Superimposed elemental imaging (SEI®): interstage stream
organic-based matter, calcium carbonate, sulfur and silt/clays.

flux [16,34]. Natural organic matter has been shown to at
times appear colloidal and foul membranes as higher concentrations of organic carbon are present in the concentrate [34,56].
These findings are supported by results from a previous study performed on a membrane element taken from
a pilot study at the City’s West WTP on October 24, 2019,
prior to the bulk stream filtering sample events [57]. The
foulant on the element’s surface was found to consist
of silts/clays, calcium sulfate, and organic-based matter
using SEM and EDS along with Fourier-transform infrared (FTIR) spectroscopy. Loss on ignition results indicated that the foulant deposit consisted of approximately
78% organic content and 22 percent inorganic matter.
Analysis of cartridge pre-filters from the same site found
calcium sulfate as trapped particulates [57]. This implied
that the trace calcium sulfate particles identified by SEM
and FTIR spectroscopy entered the NF membrane feed-
concentrate channel as suspended particles.

9

Fig. 9. Superimposed elemental imaging (SEI®): concentrate
stream calcium carbonate and clays.

The fact remains that particles found in the full-scale
NF plant’s feed water were in fact larger than 5 µm, which
is the nominal rating of the pretreatment system’s cartridge filters. Furthermore, individual particles as large as
30 µm in the interstage stream and up to 70 µm in the concentrate stream were identified which could be explained
by agglomeration within the feed-concentrate channel.
Previous work has reported that colloids can detach over
a wide range of flow rates in porous media in a distributed
manner [58]. Additionally, hydrodynamic fluid conditions
are provided by the spacer within the channel that could
cause shearing which would provide the conditions for
agglomeration and the subsequent formation of larger colloidal particles [35,59,60]. It is also possible that gypsum
nucleation occurs resulting in the formation of large particles in the concentrate stream due to the concentration
of calcium and sulfate in the presence of nanoparticles, as
demonstrated by the work of Oshchepkov et al. [61], who
showed that nanoparticles can play a role in sparingly soluble salts nucleating in the bulk aqueous solution. This
would also possibly explain why the number of particles
tends to be lower in the concentrate stream, as compared
to the feed and interstage streams, perhaps because larger
NPs could be depositing on the last few membranes in the
tail-end of the full-scale process.
4. Conclusions
In this research, two different techniques were used to
evaluate the particle size distribution and the concentration
of submicron particles and microparticles present in the collected water samples. Additionally, the composition of particles collected from each sampling location was determined
utilizing SEM and EDS with SEI. Submicron particles and
microparticles were found in the feed-concentrate channels
of a full-scale NF membrane process with the concentration of the former comfortably exceeding that of the latter
throughout the system.
Particles ranging between 50 nm and 70 µm were
detected in the NF membrane feed-concentrate channel;
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most of the particles identified had an average diameter
of less than 1 µm. Submicron particle content averaged
64 million, 47 million, and 3.5 million particles/mL in the
feed, interstage and concentrate streams, respectively.
The concentration of particles less than 500 nm exceeded
those greater than 500 nm by at least one order of magnitude for each stream. However, the less abundant microparticles occupied noticeably more volume within the
feed-concentrate channel than the submicron particles.
Particles larger than 5.0 microns, which exceed the nominal
rating of the plant’s cartridge filters, were present in each
stream, and a small number of particles identified were on
the order of 30–70 microns.
EDS was utilized to identify the composition of particles in the feed, interstage and concentrate streams through
0.2 microns rated 47 mm silver membranes. The results
revealed particulates comprised of deposits of calcium carbonate, elemental sulfur, and silts/clays, while organic-based
matter deposits were mainly identified in the interstage
and concentrate streams.
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