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ABSTRACT

The technologies for analysis of wastewater contaminants have recently experienced rapid
advancement. One of these technologies, with high potential in wastewater treatment is the
analysis of the particle size distribution (PSD) of contaminants. However, there are no detailed
documented studies on the application of this technique. This study aimed at critically reviewing
the technologies for PSD analysis and the application of chemical oxygen demand (COD)
fractionation analysis for the characterisation of municipal wastewaters. The suitability of the PSD
technology for wastewater depends on the type of wastewater and its treatment process
applied. Despite the advancements in PSD technologies, many researchers and industrialists are
yet to utilise PSD analysis for wastewater. It is possible to use PSD to map out the foulants
distribution for optimal design of membrane treatment of municipal and other wastewaters.
Biological processes increase colloidal particles which are predominantly responsible for
membrane fouling. There should be more investigations on how different wastewater treatment
processes alter the PSD of contaminants. More usage of PSD analysis will lead to faster and more
optimal designs of the treatment processes for the removal of contaminants. It will also have
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great usage in the process design for the recovery of useful products from the wastewaters.
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SMP Soluble microbial products
Terms TOC Total organic carbon
BOD Biochemical oxygen demand TN Total nitrogen
Ccob Chemical oxygen demand ww Wastewater
DOC Dissolved organic carbon
HMWF  Heavy molecular weight fraction
HPLC  High-performance liquid chromatography 1. Introduction
HPSEC  High-performance size exclusion chromatography
LC Liquid chromatography The earliest debate on the characterization of impuri-
LMWF Low molecular weight fraction ties in wastewater was whether to use total organic
MBR Membrane bioreactor
MDW  Molasses distillery wastewater carbon (TOC) or chemical oxygen demand (COD).
MP Microbial products Some researchers argued on the preference of the
MW Molecular weight . s
MWCO  Molecular weight cut-off former because unlike the later, it is not affected by
NF Nanofiltration the oxidation state of the carbon [1]. However, the
OoCD Organic carbon detection o .
OMW  Olive mill wastewater use of COD was eventually adopted due to its simpli
PAC Powdered activated carbon city in analysis and is now more widely used compared
PES Polyethersulfone to TOC. Later, it was discovered that the measurement
POC Particulate organic carbon . . .
PSD Particle size distribution of absolute chemical oxygen demand is not analyti-
UF Ultrafiltration cally sufficient in determining the pollutants in
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wastewater. It is possible for effluents with similar COD
concentrations to have quite different characteristics
due to a different distribution of the COD particles
[2]. This implies that the mere characterization of
organic pollutants in wastewater treatment plant
influent by measuring their COD does not give
sufficient understanding of wastewater qualities to
design a good process. A wastewater rich in humic
substances and another in sugars may have the
same COD but their properties when treated by
different technologies, remain far apart. Therefore, it
is important that the characterisation of COD particles
by size fractions and other properties beyond absolute
total COD determination is done before developing
the process for treatment of wastewater.

The wastewater load can be categorised according
to size as; dissolved (<1 nm), colloidal (0.00Tum-Tum),
supracolloidal (1-100 um) or settleable (>100 um)
[1,3] COD. This expanded scope of characterisation is
widely used in activated sludge processes of munici-
pal wastewater treatment. It is possible to further
characterize COD according to the biodegradability
of its size fractions. This categorization has created
the basis for most modern models of activated
sludge which can be adopted for other organic waste-
waters. It is, however, important to note that the par-
ticle distribution in wastewater does not occur in
discrete steps but occurs as a continuous increase of
diameter. The power law was used to describe this
continuous size distribution of contaminant particles
in three biofilm treatment systems of municipal waste-
water [4]. The parameters in the power equation were
also correlated to other wastewater parameters like
total COD, suspended solids and the turbidity [4].

The distribution of particles by size and other charac-
teristics in the influent is not static but varies during the
treatment process. The main cause of variation is the
non-uniform elimination of COD as well as the pro-
duction of other substances by microbes or breakdown
of existing ones into different particles [5]. The sub-
strate modification by added treatment chemicals
also affects the PSD in wastewater treatment. The pre-
ferential reaction of added chemicals with certain COD
particles also affects the PSD of COD in the substrate.
Other factors that affect the PSD during wastewater
treatment include the reactor used, substrate type
and operating conditions like retention time [6]. In
the event of integrated treatment processes, the
process engineer should consider the possible
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modifications of the contaminants’ fractional distri-
bution caused by individual wastewater treatment pro-
cesses during the process design.

There are several methods of characterisation of
wastewater before the design of the treatment
process. Some of the traditionally used parameters in
wastewater analysis include COD, biochemical oxygen
demand (BOD), pH, total dissolved and suspended
solids, colour and nutrients. The use of PSD in the deter-
mination of the distribution of these parameters in
various COD fractions would send more light during
the design of the treatment process. There are also
other emerging contaminants like microplastics,
pharmaceutical compounds, heavy metals, phenolics,
and other toxicants [7]. The tightening of effluent dis-
charge standards by most environmental bodies
necessitates further steps to eliminate these pollutants
before effluent discharge. The use of PSD to determine
their distribution in different COD fractions can help in
the design of optimal treatment processes. In addition
to determining the effectiveness of the effluent treat-
ment method, the PSD can also be used to generate
fingerprint data necessarily for preliminary selection
of the treatment process for different wastewaters.

The study reviewed the technologies which are com-
monly applied to undertake PSD in wastewaters. The
usage of the particle size distribution as an analytical
tool for studying organic matter distribution in munici-
pal effluents by various groups has been documented.
In addition, the application of COD particle size and bio-
degradability distributions in the formulation of acti-
vated sludge models was studied. Moreover, the
possibility of using the PSD of contaminants to map
out the recalcitrants and foulants in wastewaters for
the design of treatment processes was suggested.

2. Technologies for particle size distribution

The technologies for characterizing the particles based
on their size have increased tremendously in recent
years. The methods depend on various factors includ-
ing; the sample quantity available, the size of particles
to be analysed, analysing time limits, the accuracy
required, number of samples to be tested and the
cost of analysis. For small size particles like molecules,
simple compounds, polysaccharides and proteins, gel
filtration has been widely used in the past. Despite
the requirement of a small sample, the process is cum-
bersome and time-consuming. Another traditional
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method of particle size analysis was sieving; which was
used mainly for large particles. Centrifugation can also
be applied to both particulate and colloidal particles
in sample preparation. The usage of sieving is limited
by high sample requirement and low accuracy.

2.1. Membranes as a tool for particle size
characterization

Membrane separation is the most applied method of
separating different COD fractions before analysis by
other methods [8-101. It is also possible to characterize
the particles in wastewater with only membranes that
are calibrated for various particle sizes [11]. In such
applications, the COD fractions, separation may take
the form of sequential filtration or parallel filtration.
For a sequential process, the permeate stream from a
large pore membrane unit becomes the feed for the
following smaller pore size membrane unit. The COD
retained in the membrane is added to that from pre-
vious filtration steps to calculate the COD which is
greater than that of pore membrane used. In a parallel
filtration process, similar samples from a uniform
source are subjected to different pore sized membrane
treatments. The difference in COD removed by the two
membranes gives the mass of particles whose size
range is represented by the two membranes. The
latter method is less cumbersome and faster than
the former. It is, however, more prone to errors
because of the possibility of membrane pore
blockages caused by high concentration of feed. More-
over, in parallel filtration, the formation of filter cake
can block the pore membranes, therefore, causing
the removal of particles smaller than the applied mem-
brane cut off. This can create high errors in size fraction
computation. Application of Membranes as stand-
alone analysis process is limited by the requirement
of a large quantity of the samples and much time com-
pared to upcoming analysis technologies.

2.2. Other technologies for particle size analysis

The desire for greater accuracy, faster and convenient
operations of particle analysis has resulted in the devel-
opment of sophisticated technologies of particle size
analysis. These include; plasma-mass spectrometry
[12], LC-OCD [13], Transmission electron microscope
[14], dynamic light scattering [14], flow field flow frac-
tionation, hydrodynamic chromatography [12], Fourier

transform infrared spectroscopy [15], Malvern counter
[16] and Coulter-counter [17]. The applicability of
various processes of analysis is dependent on several
factors including; the size range of particles to be ana-
lysed, speed and the accuracy of the analysis required,
and the sample quantity available. A summary of the
size range of commonly used technologies for PSD
analysis and their applicable particle size ranges is
given in Figure 1. Most sophisticated technologies for
analysis of COD distribution were not initially targeted
to wastewater analysis. The demand for greater accuracy
and faster operations has seen more of them get in these
applications. New methods for analysing particulate
COD like Coulter-counter method (size >0.8 um), laser
light scattering (size <100 pm), and steric field flow
(<100 pm) have been used to analyse complex waste-
waters like slaughterhouse wastewater and swine
manure [18,19]. There are also reports of the use of
NMR in the analysis of COD fractions in wastewater [20].

The new methods of analysing the distribution of
COD fractions are based on scientific principles like; elec-
trical resistance, resonance, light scattering or light block-
age. The appropriateness of the technology for the
analysis of PSD is dependent on characteristics of the
target particles. For the huge suspended solids, the
methods of separation from the rest are microfiltration,
sieving, centrifugation, and sedimentation. The ultrafiltra-
tion and nanofiltration processes are used to separate
fractions of different sizes from soluble COD. In addition
to particle analysis, the main application of these
methods is sample preparation for analysis by other
more sophisticated methods. The pretreatment removes
huge particles which may damage the analysis machines
or cause errors in measurements. The presence of these
huge particles can affect the analysis process for example
with the light scattering instruments.

There are analysis technologies which are exclusively
for the soluble COD analysis like LC-OCD, flow field frac-
tionation, gel filtration chromatography, HPLC and SEC.
The input sample to these processes should be well pre-
pared to remove any particulate contaminants by
methods like pre-filtration. One advantage of these
methods is high precision and small sample require-
ments. Other technologies like Malvern counter, and
steric flow fractionation can be used to quantify par-
ticles in both soluble and particulate fractions. The
membrane filtration is commonly used to separate
COD particles in both regions. The electrical impedance
is used to quantify the particles in a fluid which acts as
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Figure 1. Usage range of PSD technologies.

an electrolyte. As the fluid passes through an orifice, the
particles cause some impedance or resistance to current
flow. The impedance of the particles causes voltage
pulses which can be related to the mass of the particles.
The main limitation to this technology is where the sub-
strates contain particles that are of different nature, size
and properties which make the correlation difficult. The
Coulter counter is one of the PSD instruments employ-
ing the electrical impedance principle. The use of elec-
trical resistance is disadvantaged by electronic noise
while the interference by smaller particles or bubble
could cause an error with the light scattering
methods. The digital imaging principle is limited by
the presence of dirt and colour in wastewater which
necessitates the use of very high dilutions. The possi-
bility of real-time analysis and simple operations are
the main advantages of instruments using digital
imaging and electrical resistance principle.

The resonance is another principle applied by PSD
technologies. As the particles pass through a resonat-
ing cantlever, they cause some alteration of the reson-
ance and this is quantified. The number of resonance
alterations can also be quantified and correlated to
give the number of particles. The Malvern counter is
an example of equipments which use resonance prin-
ciple [21]. In laser diffraction technology, the particles

are made to pass across a beam of light in a certain
direction. These particles diffract or scatter the light
in a certain angle depending on the particle size
[22]. The particle distribution is calculated by collect-
ing all the diffracted beams and subjecting them to
analysis program and the result displayed on a
monitor. A related technology to laser light scattering
is dynamic light scattering where the laser light inten-
sity of diffracted beam by the particles in a solution is
related to hydrodynamic radius. The diameter is then
correlated to the particle diameter [23]. The
summary of the technologies which are applied to
characterize the COD particles is given in Table 1.

3. The use of PSD in the characterization of
the municipal effluents

The particle size distribution (PSD) in wastewater treat-
ment refers to the analysis of COD composition and
the classification of COD particles into different size
fractions. Its most common application is in the
characterization of complex effluents. Some of the
wastewaters which have their PSD analysis documen-
ted include Municipal wastewater, MDW, olive mill
wastewater (OMW), tannery wastewater and textile
wastewater. The analysis of the COD for such



278 M. M. ARIMI

Table 1. Technologies for PSD analysis.

Particle size
Technology Advantages Disadvantages Application Wastewater analysed range reference
Resonance mass o Small sample « No uniform method for ~ Malvern counter Municipal activated sludge ~ 1.2-600 um [16]
measurement e Easy to use different particles
« High particle
concentration
Electrolyte resistance o Easy operation e Highly conductive Coulter-counter Agricultural WW, 0.75-80 um [17]
particles multisizer coagulation & flocculation
o Small particles behaving treated
as one large particle Electrical Slaughterhouse effluent 0.01-10 um [18]
Sequential ultra/ ¢ Inexpensive e Large sample Filtration OMW, Fenton treated 0.002-1.6 um [24]
nanofiltration o Easy to use o Charge effect Filtration Pulp & paper WW 0.003-8 um [8]
o Reliable e Only size range and not  Filtration Municipal WW 0.01-100 um [25]
individual size separation  Filtration Textile dye WW 0.001-0.05 um [9]
Laser diffraction ¢ Small sample e Multiple scattering Diffraction Silas Pig slurry 0.04-2200 pm [19]
e Low conc. 1180L
Sample Diffraction DLS Pig manure 0.05-10 um [26]
o Fast and easy Diffraction Cilas Tannery effluent 0.01-100 um [27]
set up 1180
Nanosizer Olive vegetation WW 0.0008-6.5 um [28]
Malvern Domestic wastewater 0.002-1.6 um [29]
Mastersizer2000
UK
Accuser 780 Storm water 2-1000 pm [30]
Particle image e Fast o Interference Digital image Textile WW 5-180 pm [31]
analysis e Coloured effluent analysis
o Small particles not LiQuilaz + model Municipal WW 0.2-125 um [4]
detectable equation
High performance o High resolution e Expensive LC-OCD & Filtration Domestic WW 0.026-1.2 um [32]
chromatography o Calibration
« Maintenance
Size exclusion Fast, easy ¢ Indeterminate peaks SEC + Ultrafiltration Anaerobic effluent 1-300 kDa [6]
chromatography * Small output sample

wastewaters by the method is meant to help in the
design of appropriate processes for good treatment.
This study has only looked in detail at the application
of PSD in analysis and characterization of municipal
wastewater. This wastewater is among the effluents
which are most characterized by PSD method [3,33,34].

Municipal wastewater contains effluents from
different sources including; domestic, industrial and
agricultural wastewaters. It is composed of different
types of compounds and COD particles. The process
of its treatment encompasses various stages where
the particles are removed or modified. A PSD study
of municipal wastewater from different sources indi-
cated that almost half of organic matter was in the
soluble fraction for both primary and secondary
effluents [35]. In this investigation, a similar pattern
where the percentage COD in the primary and sec-
ondary effluent was almost equal was observed in
every COD size fraction [35]. This implies a non-discri-
minatory removal of COD fractions by the treatment
process. A separate study on municipal wastewater

reported that the content of TOC was 50% total con-
taminants before primary treatment but reduced to
20% after digestion [34]. The same observed that a
third of the TN in primary treatment was amino
acids of which more than two-thirds were eliminated
by the process [34]. In addition to primary and second-
ary sedimentation, the use of aeration tank is the most
common method of treatment of municipal waste-
water. Investigations on the changes in the waste-
water composition after this treatment stage are
thus necessary. One of the tertiary processes of treat-
ing municipal wastewater entails using various
filtration treatments. It is therefore important to
know forehand the COD removal by various mem-
branes so that a good treatment regime can be
designed. Another group used PSD and established
that the mean diameter of particles of the activated
sludge of municipal effluent was 25 um [36]. In this
study, most of COD was observed to be eliminated
by 30 kDa ultrafiltration, whereas only 50% soluble
COD was eliminated by 100 kDa microfiltration [36].



A separate PSD study on municipal effluent observed
a two-fold decrease in particulate COD and an
increase in percentage phosphorous after primary
treatment [37]. This implies that the phosphorous
nutrient had less preferential removal compared to
other COD and therefore requires further treatment.
In addition to conventional organic matter, the
municipal wastewater contains other substances like
pharmaceuticals [38], personal care products [39]
and other toxic chemicals [40]. Organo-surfactants
which are non-biodegradable have also been reported
in raw municipal wastewater [34]. The removal of
these chemicals is important before the effluent is dis-
charged to the environment or water bodies. A
thorough understanding of how these chemicals are
distributed in the wastewater is necessary to design
a good process for their removal.

Domestic sewage wastewater is categorized as
either grey or black water. Though the bulk of dom-
estic sewage COD is natural organic matter, the pres-
ence of foreign compounds like throwaway
pharmaceutical compounds, washing chemicals, and
other household chemicals make the effluent
complex and variable from time to time. Some of
the main natural matter composition of domestic
wastewater COD was reported as fibre (20%), proteins
(12%) and sugars (10%) [33]. These compounds were
mainly found in supracolloidal range; an observation
supported by a different study where sequential
micro and ultrafiltration of domestic wastewater
found that most of the COD was above 450 nm [3].
A separate PSD study on domestic wastewater
observed the binomial distribution of particles [41].

In some processes, the separation of the grey and
black fractions of domestic wastewater is done for
effective treatment, especially where the reuse of
treated grey water is anticipated. The separation
ensures that the reuse water is less contaminated
with microbes. It is thus important to analyse the com-
position of the two streams separately for effective
treatment. An investigation of domestic wastewater
by sequential filtration and laser diffraction observed
a distinction between the particle size distribution in
the black and grey fractions of the wastewater [29].
The COD in the black water was predominantly par-
ticulate while that in grey water was soluble [29]. It
was also observed that in the soluble region, most pro-
teins were in particle size region 14-220 nm [29]. The
low COD and the presence of other compounds like
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washing surfactants and other chemicals in grey
water makes biological treatment less effective when
compared to black water. Membrane filtration is one
of the final treatment methods for the grey fraction.
The process is highly preferred where the treated
effluent is meant for the reuse because it can
remove the compounds that are resistant to biodiges-
tion and physical-chemical treatments. It is possible to
characterize the distribution of contaminants on basis
of hydrophobicity. This is useful in membrane treat-
ment processes whose performance is affected by
the hydrophobicity of substrate particles. A study on
the dissolved organic fractions of domestic waste
treatment plant effluent observed that the hydro-
phobic compounds were the most dominant fraction
with up to 70% composition [42]. The summary of
the usage of PSD to characterize the COD fractions
of municipal wastewaters is given in Table 2.

4, Characterization of effluents by analysing
the biodegradability of the COD size fractions

The general understanding of the municipal effluent is
that it is readily biodegradable. However, it is impor-
tant to note that the biodegradability of this waste-
water like most other wastewaters varies with COD
size fractions of the influent. A detailed study of how
the biodegradability varies with COD size fractions of
biological wastewater would shed light on how the
same happens in other substrates. Some of the com-
pounds which affect the biodegradability of COD in
many influents include the presence of toxicants,
inhibitors or refractory substances. The distribution
of these compounds is not uniform among the waste-
water contaminants. This indicates that the biode-
gradability varies among the COD size fractions. It
also implies that some COD fractions may be more
responsible for the toxicity or non-biodegradability
of the influent substrate than other fractions [41]. In
such events, the prior knowledge of how the particles
are distributed in the wastewater can help in the
design of a process targeting those fractions for their
removal or treatment. It is thus important to character-
ize the influent contaminants according to their biode-
gradability distribution. The COD can be classified
according to biodegradability in the following cat-
egories; readily biodegradable soluble, slowly hydroly-
sable (Sh), soluble inert (Si) biodegradable particulate
(Xs) and inert particulate (Xi) as shown in Figure 2.
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Table 2. The COD particle size distribution in municipal wastewaters.

Wastewater type COD (mg/l) COD fractions Abundance (%) BOD fraction Abundance (%) Reference
Municipal wastewater - <0.001 pm 18-50 - - [25]
0.001-1 ym 9-19
1-100 pm 10-31
>100 pm 15-43
Sanitary landfill leachate WW 16,400 <0.002 pm 55 - - [43]
0.002-0.0035 pm 3
0.0035-0.008 pm 5
>0.008 pm 37
Domestic WW 440 <0.45 pm 26 - - [3]
0.45-1.6 um 9
>1.6 um 65
Settled sewage 513 (TS) <0.001 pm 68 - - [11
0.001-1 um 6
1-100 pm 1
>100 pm 15
Secondary effluent 348 (TS) <0.001 pm 90 - - [11
0.001-1 ym 8
1-100 pm 2
Settled domestic WW 300 >1 um 40 - - [44]
0.45-1 pm 25
0.22-0.45 pm 3
<0.45 pm 49
Municipal WW - - Si 5-10 [45]
Ss 10-30
Xn 15-20
X; 5-20
X 40-60
Settled domestic WW 431 - - Si 2 [46]
Ss 10
X,‘ 7
Xs + Xp 80
Sewage - - Ss 23-32 [47]
Si 2.5-4
X; 52-67
Domestic black water 1010 - - Ss 14.6 [29]
Sh 29.7
Si 3.6
Xs 50.7
Xi 13
Domestic WW - - - Ss 23.5 [33]
Si 20
Xs 41.5
Xi 35
Biomass 11.5
Domestic grey water 370 - - Ss 29 [29]
Si 5
Xs 65.5
Xi 1.5

The heterotrophic biomass and associated microbial
products form another category of the COD fractions
for the wastewater from biological processes [48].
Other than activated sludge processes, there is
limited documentation on the distribution of BOD frac-
tions in other processes. The biodegradability of the
wastewater is normally expressed through its BOD/
COD ratio. High BOD/COD ratio (>0.5) implies good bio-
degradability while low values (<0.2) implies poor bio-
degradability. In the domestic sewage wastewater,
the average ratio of five-days BOD to COD, (BODs/
COD) for both the soluble and particulate COD fraction
was found to be 0.47 [49]. However, only 14% of the
COD was non-biodegradable while almost 80% was
slowly biodegradable [49]. A separate study on the

biodegradation of domestic sewage COD found that
23-32% was soluble biodegradable, 2-4% was soluble
inert, 52-67% was particulate biodegradable and 7-
15% was inert particulates [47]. In another study, the
biodegradability of the settleable COD (13%) was
slightly higher than that of the total COD (9%) in
domestic sewage [50].

The fore knowledge of biodegradability distribution
among COD substrate size fractions is particularly
important where biological treatment aims at the recov-
ery of energy through biodigestion. This helps in the
choice of pretreatment method which increases biode-
gradability of some fractions without affecting those
that are readily biodegradable. The treatment of munici-
pal wastewater and associated sludge entails the use of



Y

[ Particulate COD (X) ]

{Total CcoD

ENVIRONMENTAL TECHNOLOGY REVIEWS . 281

\ 4

l Soluble COD (S) I

\ 4 \ 4
" Non biodegradable
[ Blodegradatie; (i) ] [ (Inert )particulate(X;) ]

Y

A

y Y

Readily biodegradable
(ss)

i I

Hydrolysable (slowly
biodegradable) (S;)

Non- biodegradable
(inert) (Sy)

J o L)

Figure 2. COD fractionation by biodegradability.

biological treatment for elimination of COD and energy
recovery through biogas fermentation. The characteris-
ation of biodegradability in the three COD fractions in
municipal wastewater reported that the readily hydroly-
sable contents were up to 80% and 90% for the colloidal
and soluble COD fractions respectively [51]. However,
for the particulate fraction, most COD (45-50%) was
slowly hydrolysable [51]. This implies that the residence
time of the treatment process is mostly determined by
the particulate fraction of the substrate.

5. Application of PSD in mapping out
membrane foulants

The membrane filtrations and membrane bioreactors
are among the most applied processes in the treat-
ment of wastewater [52]. The fouling of membranes
by wastewater contaminants is the biggest challenge
to membrane treatment processes. It is possible to
use PSD to map out the distribution of foulants in
wastewater. The membrane fouling is contributed by
several factors which include; feed substrate (e.g. its
load, composition and COD-sludge ratio), foulants
characteristics (e.g. their nature, size and distribution),
process parameters (e.g. temperature, pH and ionic
strength), process properties (e.g. flux, cross-flow vel-
ocity, space width and temperature) and membrane
properties (e.g. pore size, hydrophobicity, surface
functional groups, roughness and charge) [13].
According to the Darcy law, the total membrane

resistance (R;) is a sum of three resistances: the mem-
brane resistance (R,,), the foulant resistance (Ry) and
the cake resistance (R,). The cake resistance is a func-
tion of particle size and is calculated as below:

(180C?)

Re=da -0y

(M
where Cis the concentration of solids and d is the par-
ticle diameter. This implies that a thorough under-
standing of effluents contaminants distribution by
PSD can help predict the membrane resistance.

There are different types of foulants in any biological
wastewater and each will affect the process differently
depending on the type of filtration. In ultrafiltration, col-
loids were found to be most responsible for membrane
fouling [53]. Other researchers observed that biopoly-
mer particles are most responsible for fouling in the
ultrafiltration of biologically treated domestic waste-
water [54]. The main mechanism through which
fouling occurs is via the formation of a stagnant cake
above the membrane by particulate matter especially
the colloidal organics [55]. In addition to reducing the
flux, the foulants can reduce the permeability of other
particles by binding onto them or even block the mem-
brane pore completely [56].

In most applications, the pretreatment of substrates
influent before membrane treatment is necessary
because it reduces fouling and increases the flux and
membrane durability by preferentially removing the
fouling fractions. A PSD study with six types of
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influents treated with different technologies found
that aerobic digestion was better in removing high
molecular weight particles than the anaerobic
method [6]. It is possible to use chemicals like coagu-
lants [57], and adsorbents [58] to selectively remove
foulants before filtration processes. Another PSD
study with domestic sewage treated biologically
observed that the hydrophobic COD fraction which
contributed most to flux reduction during the ultrafi-
Itration was eliminated by adsorption and flocculation
pretreatments [59].

In exceptional cases, the influent pretreatment has
been observed to reduce permeate flux and increase
fouling [13]. A PSD study of undigested MDW feed to
filtration process found that the presence of big particles
in the influent served as a dynamic cake which through
abrasion effects helped clean the membrane thereby
increasing the permeate flux [13]. The pretreatment
using 045 um paper filter resulted in decreased flux
and high membrane fouling. The findings are supported
by other reports which indicated that adsorbent particles
could decrease rejection and increase the flux infiltration
processes [60]. A thorough understanding of foulants
distribution in the influent helps in the design of
optimal pretreatment processes that help improve sub-
sequent filtration processes. The prior knowledge of fou-
lants PSD is also important during the choice of the
membranes cut-off diameter. The cut-off determines
the size of the particles to be eliminated during the
filtration process. All the particles larger than the cut-
off value are eliminated whereas most of those smaller
pass-through subject to other factors like dynamic cake
formation and membrane reactive properties.

Another use of PSD is in the analysis of microbial
products (MP) which are produced in biological pro-
cesses and are arguably the main source of membrane
fouling. The production of microbial compounds in
wastewater has been reviewed [61]. The microbial pro-
ducts may result from the modifications of organic
substrates during biological treatment. Some of the
products and secretions released by microbes during
the process of biological treatment of wastewater
include humics, organic acids, polysaccharides, fulvic
substances, enzymes, proteins, antibiotics, steroids
etc. Other studies have indicated that the extracellular
polysaccharides which are microbial products are
most responsible for the membrane fouling [62,63].
A study on polysaccharides produced in an MBR
showed that the capsular polysaccharides and lipo-

polysaccharides products from gram-negative bac-
teria caused the highest membrane fouling [64]. It is
also possible for the organic compounds in the feed
to be transformed into other compounds which are
associated with biomass and soluble microbial pro-
ducts (SMP). This may also result in the formation of
both humic and hydrophobic compounds which
contribute to membrane fouling [65]. A PSD study
found that SMP contributed to 15% of total COD in a
membrane bioreactor treating the sewage [66]. The
formation of microbial products which cause mem-
brane fouling is facilitated by certain process con-
ditions. A good understanding of the causes and
distribution of microbial products can help minimize
their formation and thereby improve the influent
treatment by membrane processes.

6. The PSD and mathematical models for
effluents analysis

Another method of applying PSD in the treatment of
wastewater is in the development of mathematical
models for describing the changes in influent compo-
sition. In process engineering, relevant parameters are
used to form a model equation which predicts the
process behaviour or its performance. For example, a
wastewater model would give a mathematical corre-
lation between the number of particles and physical
parameters like suspended solids, COD and turbidity.
The use of model equations to describe COD particles
of the influent and effluent of three wastewater treat-
ment processes; submerged biofilter, rotating biologi-
cal contactor and trickling filter has been reported [4].
By modelling the distribution of influent and effluent
COD particles in the treatment process, it is possible
to establish a correlation for determining the
efficiency of the particle removal. The insight of how
the knowledge of contaminant particles’ distribution
can help enhance the design of treatment processes
was demonstrated using filtration and flocculation
models [67].

The activated sludge models |, Il and Ill (ASM 1 ASM
2 & ASM 3) by IWA apply the principle of particle size
distribution to characterize the COD in primary and
secondary effluents [68,69]. The model recognizes
soluble COD (S) and particulate COD (X) as the two
main COD classification. They also utilize the classifi-
cation of COD in terms of its biodegradability and
are based on the following COD categories: readily



biodegradable soluble (Ss), volatile fermentation pro-
ducts (Sv), inert non-biodegradable soluble (Si),
slowly biodegradable soluble (Xs), inert non-biode-
gradable particulate (Xi), heterotrophic biomass (XH),
autotrophic biomass (Xaut) and phosphorus accumu-
lating organisms (XPAO). The activated sludge
models help to predict the increase and decrease of
COD in the reactor.

Mathematical models have been used to describe
the formation and degradation of microbial products
in biological wastewater treatment [70,71]. They are
based on existing models on the activated sludge
thus based on PSD analysis. The microbial products
can be categorized as biomass associated products,
utilization associated products or extracellular poly-
saccharides. They can be soluble or insoluble with
the latter contributing most to the membrane
fouling. A model of membrane fouling based on
mixed liquor of suspended solids, PSD of activated
sludge and extracellular polysaccharide has been
suggested [72].

7. Effect of wastewater treatment on the
substrate’s COD particle distribution

The knowledge of particle size distribution in the
influent water and wastewater is necessary to design
an integrated treatment process. Various wastewater
treatment processes affect the particle size distri-
bution and biodegradability characteristics of the sub-
strates’ COD particles differently. For example, some
treatment processes will have preferential removal of
certain COD fractions compared to other treatment
methods [73]. In the primary settling step of MWWP,
35% of particulate COD was eliminated compared to
2% for the soluble and colloidal portions [73]. The sub-
sequent biological digestion also had higher particu-
late COD removal compared to the other two
fractions [73]. The difference in removal for the
former is caused by the settling velocities of various
fractions. The variation in the later is caused by
hydrolysis of influent’s particles to smaller ones
through biodigestion. It is, therefore, necessary to
have a clear understanding of how each treatment
process affects individual COD fractions and the
effect of this on subsequent treatment processes.
The PSD of the activated sludge wastewater, which
was bimodal in distribution, revealed a radical shift
with most COD particles being found in the soluble
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region and few in the particulate region after the treat-
ment with ozone [74].

There are a few documentations on how various
wastewater treatment processes affect the COD par-
ticle fractions, their biodegradability characteristics
and distribution in different influents. The changes
on the particle characteristics caused by the treatment
process will ultimately have some effects on the
overall efficiency of the treatment process used.
Most wastewater treatment processes will have prefer-
ential removal of certain COD fractions over others
[75]. Ultrafiltration was found to remove almost 70%
of hydrophobic fractions but less than 20% hydrophi-
lic ones [75]. A review of how different COD fractions
in wastewater can be removed by different treatment
methods has been documented [76]. The particulate
COD in domestic sewage was reported to have selec-
tive removal compared to the soluble fraction [1]. In
addition to the contamination from the natural par-
ticles, the formation and breakdown of particles like
flocs during the treatment process affect the par-
ameters of the wastewater. In advanced primary treat-
ment system of municipal wastewater, the sand filter
flow rates higher than 10 m/h altered PSD of the
flocs and caused their breakage which led to increase
in suspended solids, colour, and turbidity [77]. Some
treatment processes like advanced oxidation pro-
cesses result in breakage of large particles and solubil-
ization of organic matter which alters the substrate’s
PSD [78].

8. Discussion and future prospects of PSD
technique

The municipal wastewaters are among the common
complex effluents with varying particle composition.
Their COD particle sizes range from soluble to huge
particles [29,41,42]. In the primary effluent, both
soluble and particulate fraction forms the bulk of
COD. However, in secondary effluent, the bulk of
COD is in soluble range due to sedimentation of the
huge particles during the treatment. The biodegrad-
ability of the COD is dependent on the particle size.
Most COD in domestic sewage is particulate and
slowly hydrolysable [29,47].

The prior knowledge of PSD and biodegradability
distribution for the influent COD can be useful in the
choice of the method for treatment. For a slowly
hydrolysable fraction of municipal effluent, an
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additional step of hydrolysis is necessary to break the
complex substrate into smaller compounds to enable
biodigestion. Small particles have a large surface area
to volume ratio which implies that the particle break-
down of organic matter increases with the surface
area on which microbes would attack. This implies
that the pretreatment methods which are able to
break the sludge into simpler compounds increase
its biodegradability. The soluble COD is generally the
most biodegradable fraction because of the presence
of simple sugars and disaccharides. There are however
some exceptions to this where big particles are most
biodegradable as observed with the landfill leachate
[79]. This is contributed by the presence of toxicants
or inhibitors in the soluble fraction. It is possible to
use the fraction analysis of the biodegradability to
map out the toxicity distribution in the wastewater
[80,81]. This is helpful in determining the pretreatment
process of wastewater before discharge. If the recalci-
trants or toxicity is on large particles, membrane sep-
aration can be used to eliminate them. However, if the
same is concentrated on the small particles, processes
like advanced oxidation processes can be used to
increase its biodegradability for further treatment to
enable safe disposal or reuse [82,83].

The knowledge of particle size distribution can be
useful in the prevention of membrane fouling by
enabling the engineer to understand the fraction of
COD most responsible for it. The most influential
resistance to the permeate flux in membrane filtration
is the foulants resistance [84]. This resistance is largely
dependent on the particle nature and size, process
conditions and the properties of the membrane
[85,86]. The pretreatment process targets and prefer-
entially eliminates or modifies the foulants before
actual filtration is done. The main membrane foulants
in biological processes are the soluble microbial pro-
ducts (SMPs) which are integral components of
anaerobic wastewater. They can be analysed by PSD
methods. The SMPs contribute to the influent COD
and the protein contents. There are documented
reports on the usage of PSD in the analysis of SMP
in complex organic wastewaters [5,87]. The formation
of a dynamic membrane which is important in
filtration processes is dependent on the substrate par-
ticle size distribution. The utilization of dynamic mem-
branes in the treatment of wastewater has been
reviewed [88]. Application of PSD in the analysis of
foulant particles in the back-washing step of

membrane filtration observed that backwashing step
removed mainly large foulant particles [89]. The fou-
lants in the influent can be selectively removed by
various pretreatments like coagulation [90,91]. The
COD particle distribution is important in the analysis
of foulants in the influent after pretreatment which
helps in determining the appropriate membrane for
the treatment.

The idea of a mathematical model has been suc-
cessfully applied to describe the processes in anaero-
bic digestion of municipal effluent. However, this
should not only be limited to the activated sludge pro-
cesses but can be modified for applications in other
biological processes. The knowledge has been
applied to make models that are applicable to mem-
brane bioreactors. These models are based on the
principle of COD fractionation by particle size and bio-
degradability. However, the investigations on the
models for most bioreactors are still in laboratory
scale [92]. In addition to analysing the distribution of
COD particles, models can be used to investigate the
distribution of flocs of different sizes during mem-
brane separation. They can also be used to study the
prevalence of target compounds like nutrients in the
flocs [93]. Moreover, it has been shown that the acti-
vated sludge models can be modified for application
in other processes like tannery industry wastewater
[94] or in modelling of microbial products in bio-
reactors [95,96]. These models ought to be harmo-
nized and simplified to contain fewer parameters for
ease of adoption and application. The prior knowledge
of mathematical models of individual processes like
flocculation and sedimentation can help in the
design of a good water treatment process. There are
also reports documenting the usage of model
equations in the determination of PSD for the rough
membranes and for calculation of the interaction on
the interfaces [97]. It is expected that more models
for other processes will be developed in future
based on the existing knowledge.

The wastewater treatment methods result in altera-
tion of particle distribution in the reactor. The coagu-
lation process removes some COD particles and
helps in the flocs formation. The knowledge of PSD
can be used to determine the selective removal of
various COD fractions and the size distribution of the
flocs formed by coagulation [98]. Adsorption process
operates by surface binding of contaminants to the
adsorbent. The ability of the particles to bind on the



adsorbent is dependent on their charge and surface
properties and can be selective on targeted pollutants
[99]. This alters the distribution of particles in the sub-
strates. A model on how adsorbent particles attach
and detach from the surface can help in the design
of the treatment process. The ability of advanced oxi-
dation processes (AOPs) like ozonation to mineralize
organic substrates to smaller particles makes them
good pretreatment process to biodigestion. Ozona-
tion was found to selectively mineralize the
unsaturated compounds thus altering the particle dis-
tribution in the substrates [100]. In many applications,
the influent treatment entails a combination of several
unit operations [79]. A hybrid reactor combining
coagulation and adsorbents in membrane filtration
was found to improve the filtration process by remov-
ing the foulant fraction [101]. It is also possible to
combine AOPs with other processes like biological
and filtration processes [102]. The prior knowledge
of the distribution of the target compounds in
various COD fractions helps in the choice of integrated
process for maximum foulants removal and for mini-
mization of process costs.

Analysis of the effluent using PSD should not be
limited to municipal effluents but can also be done
on all wastewaters. Good understanding of the par-
ticle distribution would give good insight into the
method of treatment and several studies on the
same are documented. A PSD analysis of the olive
mill wastewater (OMW) found that the polyphenols
were concentrated in the low molecular weight frac-
tions [103]. The PSD, in this case, is useful in determin-
ing the treatment process because the polyphenols
inhibit biodigestion of OMW. Selective elimination of
polyphenols by AOPs can be done to remove the
inhibitors [104]. It is also possible to recover polyphe-
nols for nutritional use because of their antioxidant
activity [105-1071. In such applications, selective frac-
tionation by membranes is normally applied [108,109].
The application of the PSD method on the pulp and
paper wastewater indicated that most COD was less
than 0.008 pm [8]. However, in polymer industrial
wastewater, most COD was found to lie in the colloidal
range [110]. A PSD study with raw molasses distillery
wastewater found that most of the COD (>53%) was
small particles and the coloured recalcitrants in the
same had a particle size above 5 kDa, [13]. The high
soluble fraction in MDW is due to particles like
simple sugars and disaccharides which account for
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more than 50% total molasses solids [111]. These
sugars are readily biodegradable hence eliminated in
the digested effluent. However, the colourants which
are mainly melanoidins and related compounds are
recalcitrants [112]. Melanoidins are a high recalcitrants
particles of size range (1-100 kDa) formed by the reac-
tion of amino acids and sugars at alkaline conditions
[112]. The use of PSD in the characterization of mela-
noidins would shed light on the most recalcitrant
size fraction of melanoidins and the ideal conditions
for their formation. Recent reports indicate that
there is a high concentration of microplastics in
water bodies which is a health hazard [113]. Most of
these particles find their way into water through the
release of treated effluent [114]. The analysis by PSD
has been used to investigate the microplastic particle
distribution in wastewater treatment plants from
southern California [115]. The conventional treatment
was found to be effective in removing plastic contami-
nants of micro size range [115]. It is expected that the
analysis of emerging contaminants which are very
hazardous shall make use of the application of PSD
for greater accuracy.

The traditional methods of COD particle analysis
were based on simple technologies like; sieving, cen-
trifugation, gel filtrations, micro and ultrafiltration,
and sedimentation. These methods had many limit-
ations in their applications. The methods required a
high quantity of sample for analysis to be carried
out. The procedures of analysis were very cumber-
some and time-consuming. Above all, the methods
had poor resolution and were prune to huge errors.
The recent advancements in analysis technology
have transformed the COD particle analysis in many
ways. As the environmental regulations concerning
wastewater treatment become more stringent, the
need to use advanced technologies for analysis of
the influent and effluent of wastewater treatment pro-
cesses will rise. The application of modern analysis
technologies in the prediction of the distribution of
various target pollutants will increase. The modern
methods of analysis like laser diffraction and reson-
ance mass measurements are not only fast but have
simple set ups. The use of digital image analysis
enables the real-time analysis of the samples. The
sophisticated technologies like liquid chromatography
organic carbon detection (LC-OCD) and high-perform-
ance size exclusion chromatography enable high-res-
olution analysis using very small COD sample. Other
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advanced analysis technologies which have found
usage in the analysis of foulants in wastewaters
include; Raman spectrometry[116], Fourier Transform
Infrared [117], laser digital methods [118], Attenuated
Total Reflectance, Fourier Transform Infrared (ATR-
FTIR) spectrometry [119,120]. It is expected that with
the rapidly advancing particle analysis technologies,
the COD analysis in wastewater will undergo a great
transformation. This will help in the design of good
wastewater treatment methods and the control of the
contaminants in the effluents. It is also expected that
the new analysis technologies will have more appli-
cations in PSD analysis of wastewater contaminants.

9. Conclusion

The traditional methods of analysing the PSD of
wastewater COD which include sieving and gel
filtrations are limited in that they are cumbersome
and slow. Upcoming technologies include methods
like laser light scattering, Coulter counter, Malvern
counter and LC-OCD which are fast and require a
small sample. The usage of these new methods is on
a rapid increase and is expected to cause a great
impact on wastewater analysis. The treatment pro-
cesses for wastewater affects the PSD of the treated
effluent. In an integrated treatment process, it is
important to understand how each treatment step
alters the distribution of COD fractions in that unit
operation and how this affects the subsequent treat-
ment steps. It is possible to map out foulants in the
treatment influent by using PSD analysis. The colloidal
particles are the main foulants in the influent from bio-
logical processes. The PSD analysis of foulants can also
be of great help in the design of a good process for the
pretreatment and final membrane treatment of fou-
lants. The analysis of wastewater contaminants by
use of PSD can be applied in all types of wastewaters.
It can be used to map out other parameters in the
wastewater like distribution of heavy metals, pheno-
lics, toxicants and colourants in various COD fractions.
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