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Abstract

Particles in the distribution system play an important role in the perception? Not clear what is meant) of drinking water qual-
ity, particularly in association with discolouration. In The Netherlands the water quality in the distribution system is tradi-
tionally monitored by turbidity measurements. However, turbidity is hard to quantify as it is a complex function of particle 
suspension, dependent on many factors. In this paper the value of on-line particle counting in determining the particulate 
volume load fed to and developing in a distribution system is discussed and analysed. On-line particle counters have been used 
at several locations in Dutch distribution systems to monitor the particulate water quality. Furthermore, particulate material 
in a transportation system was characterised by using pre-concentration methods allowing organic and inorganic analysis of 
the particulate material. By using on-line particle counters and pre-concentration methods, it is possible to identify different 
sources of particles in a distribution network. The overall conclusion of the authors is that on-line particle counters, in com-
bination with pre-concentration methods, are very effective and useful tools in understanding the water quality processes in 
distribution systems.
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Introduction

The water quality in distribution systems depends on a com-
bination of biological, physical and chemical processes. 
Bio-stability and disinfection residual concentrations are 
considered to be the most important parameters of interna-
tional interest in distribution systems (Prevost et al., 2005; 
Woolschlager et al., 2005), as most countries have a treatment 
system incapable of producing bio-stable water. Therefore, 
they rely on chemical disinfection to safeguard the biologi-
cal water quality. In the Netherlands and parts of Germany, 
another approach is used, as the use of disinfectant residual 
is totally avoided. The combination of an extensive treatment 
by multiple barriers with good distribution practices elimi-
nates the need for a disinfectant residual. With the multiple-
barrier treatment, biologically and chemically stable water is 
produced. As a result of the multiple-barrier treatment in the 
Netherlands, the physical loading of the distribution system 
with particulate material is also low. Stable and low turbidity 
values, on the order of < 0.2 NTU, are commonly found and, 
thus, the water quality complaint level is low. However, some 
discoloration events still occur. This aesthetic water problem 
is, together with organoleptic water problems, the primary 
reason for customers to complain to their water company 
about the water quality.

Water quality processes in a distribution system

Although the processes and mechanisms that cause water quality 
deterioration in distribution systems are generally known, they 
are complex and poorly understood compared to water qual-
ity processes in the treatment plant. In Fig. 1 the processes and 
parameters determining discolouration are shown (Vreeburg, 
2007). A similar figure can be drawn for biological (re)growth 
as there is a relationship between both water quality deteriora-
tion processes. The (modelling of) biological regrowth has been 
described quite extensively in the literature (Piriou et al., 1997). 
General model approaches for discolouration caused by parti-
cles, however, are more or less lacking. 
 The mechanisms determining water particulate quality 
change in a (segment of a) distribution system can be described 
by the inflow, production, storage and outflow of particles.
 The inflow and outflow of particles consist of:
•  Regular particle/sediment load entering the system because 

of the incomplete removal of suspended solids at the treat-

Figure 1
Physical processes resulting in discolouration (Vreeburg, 2007)
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ment plant (Gauthier et al., 2001; Gauthier et al., 2003; Kir-
meyer et al., 2000; Slaats, 2002)

•  Particle load caused by disturbances in the daily operation 
resulting in a peak loading of the distribution system (Col-
ton et al., 1996)

•  Particles added to the water by certain treatment processes, 
such as powdered activated carbon (Brazos and O’Conner, 
1996) and sand particles, alum or iron flocs and bio- parti-
cles originating from biofilters (Ahmad and Amirtharajah, 
1998).

The production of particles consists of different chemical, bio-
logical and physical processes:
•  Post-treatment precipitation of small particulate material 

and flocculation to larger particles (Sly et al., 1990; Lin and 
Coller, 1997)

•  Growth of micro-organisms, in particular biofilm, attached 
to the walls of pipes as a result of the presence of assimilable 
organic carbon (AOC) in the water or on the pipe wall (Van 
der Kooij, 2002; LeChavellier et al., 1987; Clark et al., 1993; 
Meches, 2001; Siebel et al., 2008)

•  Corrosion and leaching of chemical components from cast 
iron or cement pipe walls (Gauthier et al., 2001; Boxall et al., 
2003; Clement et al., 2002)

•  Incidental re-suspension of ‘old’ sediment and biomass orig-
inating from the (long) history of the pipe, the network and 
the treatment plant. 

The storage of particles consists of physical processes, like 
deposition or sedimentation, dispersion and transportation. The 
overall result of these processes is a build-up of sediment in the 
pipes over time.
 All of these mentioned particulate water quality mecha-
nisms themselves do not directly result in discolouration events. 
However, they all contribute to the accumulation of material in 
the distribution network (storage) that can and will re-suspend 
incidentally. Obviously, distribution system characteristics like 
contact time, contact surface and hydraulic conditions also play 
an important role in the influence of these processes on the water 
quality. Next to the sources and growth of the particles, the 
hydraulic behaviour of the particles is also important because 
this determines the fate of the particles in the network. Regu-
lar deposition and re-suspension, as well as bed load transport, 
occur continuously and determine the amount of particulate 
matter that is available for accidental re-suspension leading to 
discolouration. 

Water quality monitoring in a distribution system

Water quality in a Dutch distribution system is monitored for 
three types of group parameters by the water companies and 
reported to the Ministry of Housing, Spatial Planning and the 
Environment (Versteegh and Dik, 2005). The group parameters 
are:
•  Microbiological parameters
•  Chemical parameters
•  Indicator parameters.

The indicator parameters don’t have a direct health background, 
but are meant to provide information over the production process 
from source to tap. This group can be further divided into orga-
noleptic, operational and signalling parameters. Well-known 
parameters in this indicator group are, for example, turbidity, 
Aeromonas, iron and the saturation-index (SI). If any of the indi-

cator parameters has a value higher than specified in the Dutch 
Decree on Water Supply, the water company needs to investigate 
the reason. 
 The most important operational parameters from the group 
parameters used by the Dutch water companies to limit the water 
quality change in the distribution system are given in Table 1. 
Besides the values as given in the Decree on Water Supply, the 
water companies use the VEWIN recommendations. Their val-
ues are stricter than those of the Decree. 
 The traditional particulate water quality parameter for 
distribution systems is turbidity. In the Dutch Decree on 
Water Supply, the maximum value for turbidity leaving the 
treatment plant is set at 1 NTU and occasionally values up 
to 4 NTU are accepted in the distribution system. The water 
quality at the treatment plant, including turbidity measure-
ments, is checked on a regular basis by grab sampling. This 
turbidity value only represents turbidity at the moment the 
grab sample is taken, and no guidelines are given for the time 
of the day at which a grab sample has to be taken. Some water 
utilities perform on-line turbidity measurements in order  
to understand the water quality changes in their reticulation 
systems. 

On-line particle counting

Although turbidity is the commonly measured water qual-
ity parameter in distribution systems, it is a parameter that 
is hard to quantify; it is a complex function of particle sus-
pension and dependent on a combination of factors includ-
ing obscuration, reflection, refraction, diffraction and scatter 
(Boxall and Saul, 2005). Turbidity measurements do not give 
information about the size, composition or origin of particles. 
Therefore, detailed information about particle composition in 
a distribution system is typically rare. Several studies have 
investigated the chemical composition, quantity and associ-
ated bacteriological activity of loose deposits after flushing 
a distribution system (Barbeau et al., 2005; Carriere et al., 
2005; LeChavellier et al., 1987; Zacheus et al., 2001; Rompré 
et al., 2000; Gauthier et al., 1999; Antoun et al., 1999; Seth 
et al., 2004). Data on the composition and quantity of par-
ticulate material in the water-phase in distribution systems is 
even rarer (Gauthier et al., 1997; Matsui et al., 2007; Verberk 
et al., 2007b). Gauthier et al. (1997) attributed this to the diffi-
culty of sampling particles in a distribution system compared 
to analyses of the water itself. In Table 2 the reported total 
suspended solids (TSS) values are given. As can be seen, the 
range in TSS is quite broad.

TABLE 1 
Some Dutch legislative and recommended values of 

parameters for water leaving the treatment plant
Parameter Decree on Water 

Supply
VEWIN 

recommendation
Chemical
SI (-)
pH (-)
Biological
AOC (µg/ℓ)
BFR (pg ATP/cm2)
Physical
Turbidity (NTU)

SI > -0.2
7.0 < pH < 9.5

-
-

< 4 (taps)
< 1 (leaving 
treatment)

-0.2 < SI < 0.3
7.8 < pH < 8.3

< 10
10

< 0.8
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TABLE 2
Reported TSS concentrations in the distribution 

system
Reference Value
(Gauthier et al., 1997)
(Nguyen et al., 2002)
(Gauthier et al., 2003)
(Verberk et al., 2006) 
(Matsui et al., 2007)

0.01 - 0.09 mg/ℓ
0.65 mg/ℓ
0.04 - 0.64 mg/ℓ
0.01 - 0.07 mg/ℓ
0.35 mg/ℓ

 Particle counters provide detailed information on the size 
and number of particles in water. This is advantageous because 
particle size is often seen as the most important parameter gov-
erning particle transport and settling. In the last decade, on-line 
particle counters have become available for application in drink-
ing water treatment. Well-known examples are the detection of 
fibre breakage in membranes (Glucina et al., 1997) and the eval-
uation of treatment efficiency (O’Leary et al., 2003). Other stud-
ies have focused on the relationship between particle counts and 
turbidity (Hargesheimer et al., 1992; Hargesheimer and Lewis, 
1995). In the higher turbidity range, there is a reasonable cor-
relation between particle counts and turbidity. However, a poor 
relationship was found for turbidities of lower than 0.1 NTU. 
This indicates that, for lower turbidity waters, the detection abil-
ity of particle counters is expected to be better than that of turbi-
dimeters (Hargesheimer and Lewis, 1995).
 Particle counters have also been used in a study to relate 
turbidity, particle counts and bacteriological quality in water 
distribution pipes (McCoy and Olson, 1986). In that study, grab 
samples were collected at two locations in four different distri-
bution systems, and they were analysed for turbidity and parti-
cle size in the laboratory. It was concluded that, although there 
was a direct, positive relationship between turbidity and particle 
counts across the different distribution systems, no direct rela-
tionship was seen within a distribution system due to the vari-
ability of the measurements.
 As the interpretation of particle count data is difficult, there 
are still no guidelines in the legislation for particle counting as a 
water quality target.  

Objective of study

The objective of this study is twofold: 
•  To establish whether particle counters can be used as on-line 

monitoring tools for: (1a) water quality leaving the treatment 
plant and  water quality changes in a distribution system

•  To develop tools to characterise particulate particles in dis-
tribution systems. 

Methods and data representation

Sampling strategy

In recent years different studies have been conducted in the 
Netherlands on particle counting in drinking water distribution 
systems. In this paper an overview will be given of the results of 
those studies at different water utilities. In principle, the experi-
mental set-up as given in Fig.  2 was used in all the studies. During 
a measuring period, one turbidimeter and particle counter moni-
tored the water quality at the treatment plant (Sampling Location 
1). The other turbidimeter and particle counter first measured the 
transportation line (Sampling Location 2) and were later moved 
to measure further away in the line (Sampling Location 3).

Analytical methods

Turbidimeters
The turbidimeters used were identical Sigrist KT65 or identical 
Hach 1720C turbidimeters. The measuring principle is based on 
scattering white light at a 90° angle. The turbidimeter was able 
to measure for four ranges. In this research only the lower range 
of 0 to 2 NTU was used. The resolution of the turbidity meas-
urements was 1% of the maximum of the range. The turbidity 
was logged every minute. Before the experiments, both turbi-
dimeters were calibrated.

Particle counters
As the on-line particle count technology has improved signifi-
cantly in recent years, the research projects under review used 
different types of Met-One PCX particle counters. The number 
of ranges and the bin size of the ranges varied depending on the 
type of particle counter available at the water supply company. 
Some of the results were made with particle counters able to 
measure only in 5 particle-size ranges, while the most recent 
results were collected with particle counters using 31 channels 
of one µm bandwidths. The measuring technique is based on 
light blockage by laser diode-based particle counting sensors. 
The particle counters were calibrated before the experiments. 

Particulate pre-concentration methods
Particulate mass was measured by total suspended solids (TSS). 
The collection of particles was achieved by pre-concentrating 
the particles onto a filter membrane using experimental on-
line filtration devices, termed a ‘time integrated large volume 
sampler’ (TILVS). The TILVS apparatus is used to determine 
the particulate mass and its characterisation for time periods 
between 1 and 2 d. 
 By having a continuous delivery of water through the filter, 
a large amount of water can be sampled, pre-concentrating the 
low number of particles and providing a time-integrated sam-
ple. This is done by using a True-dos pump to deliver a constant 
flow to the filter by changing the pressure to keep the flow con-
stant as the filter fouls and resistance increases. The filtration 
unit is made of stainless steel and can withstand up to 10 bar of 
pressure. The unit also has a water overflow vessel to allow the 
pump to passively sample from the tap in point. As the pump 
delivers a constant flow of water to the filter, the total volume fil-
tered over the duration of the sampling period can be calculated.  
Flow rates used ranged from 0.5 to 4.0 ℓ/h over a period of 19 to 
72 h. Most samples were collected on 0.45 µm cellulose acetate 
filters, though 0.2 µm polycarbonate and 1.2 µm cellulose ace-
tate filters were also used for comparison. Only the results of the  
0.45 µm filters will be discussed. Filters were prepared by rinsing 
with de-ionised water and drying in a 105ºC oven. All glass and 
plastic used for the preparation and handling of the filters were 

Figure 2 
Basic monitoring set-up where at every sampling location a tur-

bidity meter and particle counter are used to log the water quality
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acid bathed in a 1:10 dilution of AR-grade nitric acid (Merck) 
before their use. Filters were analysed gravimetrically for total 
suspended solids (TSS) after drying at 105ºC and cooling in a des-
iccator. Recorded masses on the filter ranged from 2.2 to 6.6 mg. 
Any samples with a mass below 2.2 mg were excluded from gravi-
metric analysis and considered to be below the detection limits. 
 Inorganic analysis was undertaken by the Kiwa Water 
Research Laboratory in Nieuwegein (The Netherlands) and 
involved microwave digestion and analysis of the digested 
filtrate. The samples were digested using 4 mℓ of 65% HNO3 
(Merck Suprapur) increased to 100 mℓ using metal free water 
and digested for 30 min. ICP-MS was used to analyse for K, 
Mg, Ca, Si, Mn, Al, Cu, Ba and Zn. Iron was analysed by flame-
AAS. Four filter blank samples were also analysed. Insolubles 
were negligible. Volatile suspended solids (VSS) analysis was 
performed on samples by combustion at 550ºC. Four blank fil-
ters were also burnt. The results demonstrated that the filter 
membranes were being combusted completely. 
 The membrane filters used in this study had a much smaller 
pore size than filters used in comparable studies. Gauthier et al. 
(1997) used 5 µm cellulose acetate filters, while Nguyen et al. 
(2002) used an indestructible 1 µm filter cartridge. There were 
two reasons why a smaller pore size could be used in this study. 
As a result of the multi-barrier approach, the sediment loading 
of the Dutch drinking water (on the order of 0.01 to 0.2 mg/ℓ) 
is much lower than elsewhere. Gauthier et al. (2001) reported 
a concentration of 0.35 mg/ℓ in their study, while Nguyen et al. 
(2002) reported a value of 0.65 mg/ℓ. Furthermore, in the experi-
mental set-up used, particle counters and the TILVS units were 
run in parallel (see Fig. 3), i.e. water was fed to the particle coun-
ter and the TILVS-unit. As a result of this set-up, it was possible 
to filter samples at high pressures to overcome the fouling of the 
membrane filters. The advantage of filters with a pore size of 
0.45 µm is that this pore size is similar to the lower end of detec-
tion by the particle counters used. Furthermore, permeate can be 
analysed for DOC.

Data representation

Particle counters provide a large number of data. These data 
need to be processed and evaluated before they can be presented 
(Ceronio and Haarhoff, 2005). In this paper, the results of par-
ticle counts will be represented in terms of the total number of 
particles. Furthermore, the particle volume concentration (PVC) 

will be used. This calculated particle volume concentration is 
based on spherical particles with a geometrical average diameter 
for each size range (Ceronio and Haarhoff, 2005). The total par-
ticle volume concentration is the sum of the particle volume con-
centrations of the different size ranges. For every size range, the 
particle volume concentration is estimated by assuming spheri-
cal particles and by multiplying the number of detected particles 
in a channel by the volume of the average diameter of particles 
in each channel or:

                  [1]

where: 
 ni is the number of particles in a bin 
 i is the number of bins, and 
 dg is the geometrical diameter of the bin 

As not all particle counters were able to measure the 1 to 2 µm 
range, the PVC is only calculated for particles larger than 2 µm. 
The unit of particle volume concentration is µm3/mℓ, but this can 
simply be recalculated to volume ppb (1 ppb = 10-9 m3/m3 ).

Site descriptions

At different drinking water treatment plants in the Netherlands, 
both particle counts and turbidity have been measured on-line; 
the same has been done in the distribution system. In Table 3, the 
main characteristics of the different drinking water treatment 
plants and the successive distribution systems are summarised. 
As reproducibility of the results over a long time period was not 
the objective of this specific study, reasonable, short measuring 
periods of a few days to two weeks were used.
 
Results and discussion

Monitoring turbidity and particles of water leaving 
treatment plant 

From Fig. 4 it becomes clear that particle counters don’t offer 
extra information compared to turbidimeters when the turbidity 
of the outgoing water is higher than 0.1 NTU and also fluctu-
ating in time. Turbidimeters actually give clearer results than 
particle counters, as can be seen from the BF and GW data in 
Fig. 4. In the turbidity data of the GW plant, a recurring 7 d 

Figure 3 
Left diagram: schematics of the experimental set-up used. Right-hand photo shows the TILVS-unit. On 

the left of this photo is the pump; in the middle, the water overflow vessel; on the right, the filter unit. 

Bin=i
3
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Bin=1

1PVC= π n d
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cycle in turbidity was found, while the BF turbidity data pre-
sented a clear daily cycle for turbidity. Both cycles find their 
origin in the backwash programme of the rapid sand filters. 
The particle count data of the same plants (Fig. 5, next page) 
give a much more chaotic view with many high peaks in parti-
cle numbers. The cyclic pattern is not visible in these particle 
count data. This conclusion about the usefulness of particle 
counting in waters with turbidities of higher than 0.1 NTU is 
in accordance with earlier reports in the literature (Hamilton 
et al., 2003).
 The turbidity data for the plants producing drinking water 
from surface water are much less discriminating as almost no 
fluctuations in turbidity were found. In the particle number data, 
somewhat more variation was found than in the turbidity data. 
However, this variation in total particles was limited and no con-
clusion from this variation can be drawn.
 When the particle volume concentration (PVC) is calculated, 
more information is obtained about the loading of the drinking 
water distribution system with particles. In Table 4 this PVC is 
calculated for all the monitored locations. As particle count-
ing was done with different Met-One PCX particle counters 
with different size ranges, the PVC was calculated by using the  
following bin size ranges: 2 to 3, 3 to 5, 5 to 7, 7 to 10, 10 to 15 
and > 15 µm. 
 From Table 4 it is concluded that each of the treatment plants 
UF, SSF and AL have a PVC of lower than 0.5 ppb. These treat-

ment plants make use of slow sand filtration or ultrafiltration 
as the final treatment step. However, the AW treatment plant 
also has slow sand filtration as a final treatment step. In further 
research, the reasons for high value of PVC will be investigated. 
The treatment plants having rapid sand filtration as their final 
treatment step have much higher PVC values: up to 25 ppb.

Particulate water quality change in the distribution/
transportation system

In Fig. 6 the turbidity, total particle numbers and PVC are shown 
for the treatment plant and for two places in a transportation 
system. As can be seen in the top graph (Verberk et al., 2007a), 

TABLE 3
Characteristics of the six drinking water treatment plants and distribution systems of this study  (Kivit, 2004; 

Van der Meulen, 2004; Verberk et al., 2007a)
ID Source 

water
Treatment processes Type of network and sampling locations

UF sw1 Artificial infiltration in dunes, recharge, aeration, 
rapid sand filtration, activated carbon filtration, 
ultrafiltration

Asbestos cement transport main, cast-iron reticula-
tion pipes
Treatment plant and transport system monitored

SSF sw Artificial  infiltration, recharge, powdered activated 
carbon filtration, softening, aeration, rapid sand 
filtration, slow sand filtration

Concrete and cast-iron transport main, cast-iron 
reticulation system; treatment plant, transport and 
reticulation system monitored

GW gw2 Aeration, rapid sand filtration PVC and asbestos cement transport main, PVC 
reticulation pipes; treatment plant and transport 
system monitored

BF mix of sw 
and gw

Bank filtration, aeration, rapid sand filtration PVC and asbestos cement transport main; treatment 
plant and reticulation system monitored

AL sw Artificial  infiltration, recharge, aeration, rapid sand 
filtration, ozonation, softening, activated carbon 
filtration, slow sand filtration

Asbestos cement transportation system;
treatment plant and transport system monitored

AW sw Reservoir, rapid sand filtration, ozonation, softening, 
activated carbon filtration, slow sand filtration

Asbestos cement transport system;
treatment plant and transport system monitored

1 gw means source is groundwater
2 sw means source is surface water

Figure 4
Turbidity data in drinking 
water leaving different 

treatment plants

TABLE 4
Average particle volume concentration in 

water leaving treatment plants
Location Average PVC (ppb)

UF 0.48
SSF 0.30
GW 5.33
BF 24.63
AL 0.61
AW 12.41
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the turbidity in the distribution system is low at all sampling 
locations. The average turbidity is below 0.04 NTU. The tur-
bidity at the treatment plant is very stable, almost a flat line is 
observed except for a few spikes caused by switching between 
transportation pumps in order to obtain an even number of run-
ning hours per pump. The turbidity at monitoring Location 2 is 
slightly lower than at the treatment plant (Location 1) and shows 
some variability. This is not a significant difference because 
these values are at the lower limit of the measuring range. The 
turbidity at monitoring Location 3 shows some small fluctua-
tions but is still stable. The differences in turbidity between the 
different monitoring locations are too small to draw conclusions 
about changes in water quality in the distribution system. The 
total number of particles also stays relatively constant in this 
distribution system.
 As can be seen by the comparing graphs in Fig. 6, the turbid-
ity and total particle counts have similar trends. At the treatment 
location, lower total particle numbers than in the distribution 
system are found. With particle counters it is possible to further 
analyse the particle data by zooming in to different size ranges 
and by calculating the particle volume concentration. The bot-

tom graph in this figure (Verberk et al., 2007a) gives the particle 
volume concentration for the different monitoring locations in 
this distribution system. A clear increase in the particle volume 
concentration in the distribution system is observed. The average 
particle volume concentration is almost 40 times larger at moni-
toring Location 3 compared to monitoring Location 1 (treatment 
plant) during the measuring period. This indicates a production 
of particles in this system. This increase was not observed with 
the turbidity data. During the transport of water from the treat-
ment plant to the distribution reservoirs close to the city centre, 
more large particles formed. 
 The composition of these particles is derived by using a 
pre-concentration (TILVS). At the treatment plant (Location 1), 
even after filtering 191 ℓ (Table 5), a mass above the detection 
limit was unable to be collected, indicating a TSS lower than  
13 μg/ℓ. At this location, predominantly small particles (1 μm) 
were present and these particles contributed very little to the 
mass. At Location 3, samples of up to 96 ℓ were filtered with a 
maximum mass of 6.6 mg retained on the filter. At this location, 
an average TSS of 65 μg/ℓ was found. Regardless of the TSS, 
the relative percentage contribution of the metals measured was 

Figure 5 
Total particle numbers 

(> 2 µm) in drinking 
water leaving

 treatment plants

Figure 6
Turbidity, particle 

counts and particle 
volume concentration 

in the Amsterdam 
transportation system
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very consistent, making up just under a quarter of the overall 
mass regardless of the variation in VSS.
 The results of the elemental analysis by ICP-MS show that 
there is a large increase in the concentration of metals in the 
transportation system (Fig. 7), especially the concentration of 
particulate Fe increases. At Location 1 the concentration of par-
ticulate Fe is smaller than 0.13 μg/ℓ. Compared to a concentration 
of 5.3 μg/ℓ at Location 3, an increase by a factor 40 was found. 
The higher particulate Fe was also observed visually. The filters 
at Location 1 had a very pale-grey colour after sample collection, 
whereas the filters at Location 3 had a red-brown colouration. 
 It is unlikely that the increase in the amount of Fe would be 
due to corrosion of iron, as the pipes are made of concrete, with 
only cast-iron fittings, such as valves. The consecutive increase 
of particulate manganese and iron may indicate a classic floc-
culation of these metals, omnipresent in groundwater, while 
iron chloride also is dosed in the pretreatment. Transportation of 
water for decades has probably already created a layer of sedi-
ment in the main and this layer can be disturbed by changes in 
velocity. The origin of the aluminium, silicon and also potas-
sium and calcium indicate a leaching process of the cementitious 
walls of the pipes that results in particulate matter in the water. 
 As this transportation system only consists of concrete pipes, 
the iron particulates are not corrosion products. It is very likely 
that they are products of post-flocculation. The concentration of 
dissolved iron at the treatment plant was <10 µg/ℓ. By stoichio-
metric calculations it can be calculated that 10 µg/ℓ dissolved 
iron can result in 19.2 µg/ℓ particulate iron.
 In Table 6 some other particulate complexes and their pos-
sible particulate concentrations are given as the results of post-
flocculation of dissolved compounds. It can be simply calculated 
that water leaving the treatment station, while complying with 
the guidelines, can result in a high particulate load to the distri-
bution system. Therefore, it should be questioned whether the 
guidelines for dissolved material are strict enough to avoid dis-
colouration.

Conclusions

In several monitoring projects, the particulate water quality feed-
ing the distribution system and in the distribution system was 
monitored by turbidimeters and particle counters. A comparison 
of the water quality in a distribution network by using multiple 
particle counters of a similar nature proved to be very useful. 
From the measurements it became clear that particle counters 
are more sensitive than turbidimeters to changes in water qual-
ity. However, particle counters only give information about the 
number and size of particles. No information is obtained about 
the types of particles. Therefore, particle counters in WQDS 
research should be used in combination with particle capturing 
methods such as time-integrated sampling devices. By combin-
ing the results of both tools, the processes leading to changes 
in water quality in a distribution system can be more fully 
assessed. Research with on-line particle counters in the distri-
bution system is still in its infancy, and the full potential of this 

monitoring technique is not currently being fully realised. It will 
be very useful when clear guidelines exist about how to present 
and interpret the particle-count data. Furthermore, a discus-
sion should be started about establishing the acceptable number 
of particles or particle volume concentration at which point  
discolouration problems would be avoided.
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