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Digital microscopic image application (DMIA), an
automatic method for particle size distribution analysis
in waste activated sludge
S. Cazares, J. A. Barrios, C. Maya, G. Velásquez, M. Pérez, B. Jiménez
and A. Román

ABSTRACT
An important physical property in environmental samples is particle size distribution. Several
processes exist to measure particle diameter, including change in electrical resistance, blocking of
light, the fractionation of ﬁeld ﬂow and laser diffraction (these being the most commonly used).
However, their use requires expensive and complex equipment. Therefore, a digital microscopic
imaging application (DMIA) method was developed adapting the algorithms used in the helminth egg
automatic detector software coupled with a neural network (NN) and Bayesian algorithms. This
allowed the determination of particle size distribution in samples of waste activated sludge (WAS),
recirculated sludge (RCS), and pre-treated sludge (PTS). The recirculation and electro-oxidation pretreatment processes showed an effect in increasing the degree of solubilization, decreasing particle
size and breakage factor with ranges between 44.29%, and 31.89%. Together with a ﬁnal NN
calibration process, it was possible to compare results. For example, the 90th percentile of
equivalent diameter value obtained by the DMIA with the corresponding result for the laser
diffraction method. DMIA values: 228.76 μm (WAS), 111.18 μm (RCS), and 84.45 μm (PTS). DMIA
processing has advantages in terms of reducing complexity, cost and time, and offers an alternative
to the laser diffraction method.
Key words
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HIGHLIGHTS

•

Adaptation of HEAD software algorithms, image processing techniques, and neural

•

Electro-oxidation pre-treatment improves the subsequent anaerobic digestion

•

network ﬁtting, allowed the evaluation of the particle size distribution.
process.
Larger sludge particles are the most affected by the electro-oxidation process.
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GRAPHICAL ABSTRACT

INTRODUCTION
Due to reduction of mass and the production of methane
(CH4), treatment of waste activated sludge (WAS) by
anaerobic digestion constitutes the most common stabilization process applied worldwide (Bougrier et al. ;
Fdz-Polanco et al. ; Ak et al. ; Tyagi et al. ).
However, it only converts between 20 and 50% of the
organic matter to biogas. The process is also limited by
the hydrolysis of organic compounds due to the relationship between the amount of methane generated and the
surface available for microorganisms (Yu et al. ;
Santos et al. ; Li et al. ; Ormaechea et al. ).
To overcome this limitation, various pre-treatment processes have been proposed to increase the solubilization
of organic matter (Doǧan & Sanin ; Ding et al. ).
Of these, electro-oxidation represents an efﬁcient alternative (Veluchamy et al. ; Pérez-Rodríguez et al. ).
Electro-oxidation pre-treatment is based on the formation of oxidizing species, mainly hydroxyl radicals
(OH•), which attack long-chain organic compounds
(Veluchamy et al. ). It (a) improves hydrolysis (Tyagi
et al. ; Anjum et al. ), and (b) contributes to reducing
the costs generated through the activated sludge treatment
train, which amounts to 50% of the total treatment plant
operation (Fdz-Polanco et al. ; Ak et al. ).
In order to evaluate the efﬁciency of pre-treatment processes, several parameters with an inﬂuence on anaerobic
digestion have been analyzed, one of these processes is particle size distribution. Decrease in particle size distribution
results in an improved digestion process by increasing surface area and thus the degradation rate (Yu et al. ).
Measurement of particle size distribution is routinely carried
out across a wide range of industries including chemical,
food, mining, forestry, agriculture, nutrition, pharmaceutical, energy, and aggregate; understanding these effects
becomes a critical parameter in the success of manufacturing processes. Improved size distribution also promotes
some chemical reactions via their acceleration or an
increase in the quantity of some products.
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In the environmental ﬁeld, this analysis of particle size
distribution predicts the rates of settlement and allows the
characterization of sludge particles (Wu & Wheatley ).
Furthermore, particle size analysis has been proposed as a
measure of microbial quality through correlations between
the number or volume of particles and the concentration of
microorganisms such as helminth eggs (Chávez et al. ).
The morphology of the particles that form activated
sludge can be determined via various methods, such as
change in electrical resistance, blocking of light, ﬁeld ﬂow
fractionations, sedimentation, and diffraction of laser
beams, one of the most widely applied to determine the
diameter of the particles. These techniques require the use
of costly equipment, and the results obtained may be questionable when samples are compared, mainly due to
possible fragmentation of sludge ﬂocs during handling
(Wang et al. ; Bieganowski et al. ).
For decades, microscopy has represented an alternative
for determining size and number of particles or ﬂocs; it
allows visible individual particles to be analyzed at the
required magniﬁcation, and only small volumes of the
sample are required. In addition, during generation, extraction, preparation, and measurement, it is feasible:
(a) to measure a representative sample or subsample of the
original ﬂoc suspension,
(b) to avoid damage, breakage, or change in the shape of the
ﬂocs,
(c) to avoid further aggregation.
Due to the accessibility of computers and digital image
capture techniques the application of microscopy for digital
microscopic image application (DMIA), an adaptation of
the helminth egg automatic detector (HEAD), was applied.
HEAD is an image processing system developed to automatically identify and quantify different species of helminth eggs
of medical importance from conventional microscopy
images taken from environmental samples (Jiménez et al.
), and it could constitute an alternative to traditional

2439

S. Cazares et al.

|

Digital microscopic image application, method for particle size analysis

laser diffraction measurement to analyze and quantify particle size. In addition, it is a relatively simple technique,
and may be carried out over much shorter time periods.
Considering the above information, the objective of the
present work was to evaluate and compare microscopic digital image application, through the adaptation of the
algorithms that make up the HEAD software. It was evaluated as an alternative method to determine the average
size of particles with respect to the laser diffraction techniques currently used for the analysis of WAS, recirculated
(RCS), and pre-treated (PTS) WAS.

METHODS
Collection and preparation of activated sludge samples
Untreated WAS was obtained from a municipal wastewater
treatment plant located east of Mexico City, Mexico. Sludge
samples were obtained directly from the secondary waste
valve of the secondary settling tank, in 20 L plastic containers, and transported to the laboratory. Samples were stored at
3  C for a period not exceeding 4 days. The conditioning of
the WAS at a ﬁnal concentration of total solids of 3% total
solids, consisted of a previous sedimentation for two hours
to remove the supernatant, followed by centrifugation of
the sediment at 1,400 × g for 20 minutes (Beckman Coulter
brand centrifuge, model Avanti J- 26S XPI, JA-10 rotor). To
remove material that could cause plugging of the electro-oxidation and recirculation system, the activated sludge was
sieved using a 0.3 mm screen (Pérez-Rodríguez et al. ).
Electrochemical pre-treatment
Electrochemical pre-treatment was performed in a commercial
electrochemical
cell
(Diaclean,
Waterdiam,
Switzerland) with boron-doped diamond electrodes. Based
on prior studies (Pérez-Rodríguez et al. ), the conditions
of pre-treatment were 19.3 mA cm2, 30 minutes, and
5 L min1. RCS was obtained under the same conditions
as the electrochemical pre-treatment (30 minutes and
5 L min1), but without applying current, in order to identify
the inﬂuence of turbulence and shear within the electrooxidation system (hoses, pump, stirrer paddle, etc.) on the
sludge. For each test, four repetitions were performed.
Degree of solubilization (DS)
To measure the DS of the organic matter present in the
sludge following electrochemical pre-treatment, Equation

Downloaded from http://iwaponline.com/wst/article-pdf/83/10/2437/892169/wst083102437.pdf
by guest

Water Science & Technology

|

83.10

|

2021

(1) was used (Appels et al. ). DS represents the fraction
of organic matter that is in a soluble form (in terms of chemical oxygen demand, COD) and, therefore, readily available
to the microorganisms that produce methane (Appels et al.
; Yu et al. ):
DS ¼

CODs  CODs0
x 100
CODt0

(1)

where:
CODs is the soluble chemical oxygen demand in RCS or
PTS (mg O2 L1),
CODs0 is the soluble chemical oxygen demand in WAS
(mg O2 L1),
CODt0 is the total chemical oxygen demand in WAS (mg O2
L1).
The CODt and CODs of the sludge samples were determined according to the Standard Methods (APHA-AWWAWEF ). In the case of the CODs, the activated sludge
samples were previously centrifuged (1,400 × g for 20 min)
and the supernatant was ﬁltered using 0.45 μm ﬁlters (Millipore®). A JEOL brand scanning electron microscope (SEM),
model JSM-6360 LV was implemented to observe the morphological characterization of the sludge samples using the
methodology reported by Kashi et al. ().
Laser diffraction method
At the same time, and in order to be able to compare the
results between the two methods, volumes of the three
different sludge samples were sent to the Chemistry Institute, UNAM, to be processed with standard diffraction
laser (Mastersizer 2000, Malvern Instruments). The general
characteristics of the Mastersizer 2000, Malvern Instruments equipment are shown in Table 1.
Digital microscopic image application, a HEAD software
adaptation
Through the adaptation of different algorithms of the HEAD
software, and in conjunction with the computer system
developed in MATLAB (MathWorks®), a DMIA method to
perform the size analysis of the particles present in the different sludge samples was tested (Belanche-Muñoz & Blanch
; Dogantekin et al. ; Avci & Varol ). By using
coding from the HEAD software, such as image thresholding
and morphologic operators, it was possible to separate the
particles presented in the image and the background to
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General characteristics of the Mastersizer 2000, Malvern Instruments equipment

Method 1

Wet dispersion

Measuring range

0.02 a 2,000 μm

Sample handling unit

Hydro 20005

Analysis model

General purpose

Dispersing agent

Water

Dispersant diffraction index

1.33

Sample diffraction index

1.52

Particle shape

Irregular

Stirring rate

2,000 rpm

Target time

10 s

Measurement time

10 s

Obscuration interval

10–20%

later determine their characteristics of area and equivalent
diameter (ED).

Digital microscopic image application method
In order to determine the particle size accurately it was
necessary to perform a scaling step. DMIA provides a processing function that applies a micrometric scale to determine a
pixel size, in microns, of the image data set (Figure 1).

Sludge samples
One set of 50 microscopic digital images was obtained for each
type of sludge sample. Prior to imaging, the sludge samples
were diluted with distilled water at a 1:5 ratio (sludge:
water). For the DMIA method the following statistical parameters were determined applying a MATLAB program: (a)
pixel size in microns (based on a millimeter scale) and (b)
the statistical values (maximum, minimum, average, median,
range, standard deviation, percentiles and dispersion).

Figure 1
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Digital microscopy color image capture
Images were taken with a Carl Zeiss AxioLab A1 optical
microscope and an Imaging Development Systems U21480LE-C-HQ USB2 color camera. To collect homogenous
images, all of them were acquired at 2,560 × 1,920 pixel
resolution without compression.
Gray level conversion
For each captured image the gray level conversion was carried out. This reduced processing time, since instead of
processing three image channels (blue, green and red on
RGB), their average is used, reducing possible noise due to
the sensitivity of each band.
Median ﬁltering algorithm
Median ﬁltering is a nonlinear process, advantageous in
reducing impulsive or salt-and-pepper noise. It is also appropriate for preserving large edges in an image while reducing
random noise (Koivuranta et al. ). In a median ﬁlter, a
window slides along the image, and the median intensity
value of the pixels (5 × 5) within the window becomes the
output intensity.
Histogram equalization
The histogram equalization method is appropriate for
images with backgrounds and close-ups that are bright or
dark, characterized by increasing the overall contrast of
the images, especially when the data from the image are represented by small contrast values. This is the case for images
with normalized gray level values concentrated at a
threshold of 0.3 to 0.6, and which after equalization are distributed almost uniformly from 0 to 1. At this setting the
intensities will be better distributed on the histogram; in
this case, using the Michelson contrast and calculating its

Digital microscopic image application (DMIA), adaptation of the HEAD software ( Jiménez et al. 2020).
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value in the images, the contrast value increases from 0.3 to
1 (Pelli & Bex ).
Binarization by a local threshold
Image thresholding is a common task in many computer
graphic vision applications. Its main goal is to permit spatial
variations in lighting to be established, for which it applies
the local average intensity around the pixel vicinity (Bradley
& Roth ). The main concept of this algorithm is that
each pixel is compared with the average of the surrounding
pixels. In doing so, an approximate moving average of the
last pixels seen while the image is being traversed is estimated. If the value of the current pixel is ten percent
lower than the average, it is set to black (background), otherwise, it is set to white (particle).
Size ﬁlter and blobs connected with the image border
The principal characteristic employed to determine ﬂoc size
was the area. In order to calculate the ED, Equation (2) was
applied. A database within which the ﬂoc size statistics can
be calculated was created:

ED ¼

rﬃﬃﬃﬃﬃﬃﬃ
4A
π
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dr,84 is the diameter on r base where 84% of the particle distribution is found, and
dr,16 is the diameter where 16% of the particle distribution is
detected.
Statistical analysis
Once particle areas and EDs were calculated for all of the
samples (WAS, RCS, and PTS) by DMIA, the statistical
analysis of average size, standard deviation, range, and percentiles in an Excel compatible format ﬁle was obtained.
Breakage factor
Besides the DS, in order to evaluate the effect of electrochemical treatment on particle size, the breakage factor was
also calculated. The breakage factor is an international indicator employed in different types of environmental samples
(Equation (5)) and refers to the relationship between the
average of the WAS and the pre-treated and RCS. A smaller
factor indicates greater rupture of the sludge ﬂocs by treatment and therefore a smaller particle size (Koivuranta
et al. ; Wu et al. ):


value 1
Breakdown factor ¼
100
(5)
value 2

(2)
where:
value 1 applies to the sludge after processing (RCS or PTS),
in terms of ED,
value 2 applies to WAS, in terms of ED.

where:
ED is the equivalent diameter;
A is the area of the particle.
To verify whether the number of ﬂocs was representative in the determination of particle size distribution, the
Paine’s critical number shown in Equation (3) was used
(Souza & Menegall ):
(0:5 r)

Ncrit ¼ e1:71 e

(GSDr  0:83)

(3)

where: r refers to the base distribution intervals, being equal
to 1 for numeric average, 2 for EDs based on area, and 3 for
EDs based on volume.
GSDr is the geometric standard deviation (Equation
(4)):


dr,84 1=2
GSDr ¼
dr,16
where:
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RESULTS AND DISCUSSION
Electrochemical treatment
Table 2 shows an increase in the DS in the electrochemically PTS compared to the RCS.
The increase in the DS in RCS can be explained by the
shear caused by the pump rollers as well as the turbulence
within the system. However, the DS in PTS is higher, largely
due to the effect of OH• radicals causing cell breakage.
Digital microscopic image application

(4)

Table 3 shows the average ED for each of the sludge samples
obtained using the DMIA method, where the minimum
value (0.98 μm) corresponds to the lower limit of particle
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Results of CODt, CODs and DS average in each activated sludge sample

Parameters

WAS

SD

RCS

SD

1

PTS

SD

CODt (mg of O2 L ) 28,280 1,110 28,289 542

26,628 2,588

CODs (mg of O2 L1) 264
–

DS (%)

41

589.5

105

785

140

0.74

0.32 1.18

0.47

DS, degree of solubilization; SD (±), standard deviation; WAS, waste activated sludge; RCS,
recirculated sludge; and PTS, pre-treated sludge.

detection equivalent to three pixels of resolution for image
acquisition, in accordance with Souza & Menegall ().
Equivalent diameter values for the minimum, 10th and
25th percentiles indicate that small particles have a similar
distribution, with the larger sludge particles the most
affected by the recirculation and electro-oxidation processes. The mean and maximum values indicate that the
highest value of ED was for the WAS (167.25 μm), followed
by the RCS (135.17 μm), and ﬁnally by the PTS (86.73 μm).
As expected, the statistical parameters such as median,
75th, 90th percentiles and maximum values was higher for
the PTS (92,426), and RCS (44,824) samples, with respect
to WAS (22,319); this is explained as a result of the effect of
recirculation and electro-oxidation in the breakdown of particles and therefore in the increase in quantity in the same
sample.
By using values lower than the deﬁned threshold, it was
possible to eliminate small objects such as air bubbles. These
may be considered as false particles created by the microscope. Similar actions, such as erosion, generate similar
results by eliminating particles smaller than the deﬁned

Table 3
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threshold, allowing their veriﬁcation if they are in contact
with the edges of the image (Koivuranta et al. ).
For DMIA, the MATLAB program processes each
microscopy original image and calculates the ED of each
detected particle together with their total number in the analyzed volume. Finally, it shows the particles detected in each
image, calculates the statistical information (maximum and
minimum values, percentiles, mean, etc.), and stores these
data in Microsoft Excel documents for later use. Figure 2
shows a screen capture of the DMIA user interphase with
a processed image.

Laser diffraction method
It should be noted that the particle size analysis by Master
Sizer Instrument Equipment does not show the results of
mean and percentiles as the DMIA method does. Table 4
shows ED values for the 90th that indicate that 90% of the
particles in the WAS sample had values lower than
232.32 μm, lower than 112.21 μm for RCS, and lower than
82.55 μm for PTS, the sample with the smallest size. This
can also be observed in Figure 3, where, the largest particles
were detected in the WAS sample, without any alteration,
and the smallest in the PTS.
According to Doǧan & Sanin () and Pérez-Rodríguez
et al. () electrochemical treatment has a pronounced effect
on the disintegration of the ﬂoc structure, solubilizing intracellular material, and therefore having the effect of
enhancing the hydrolysis stage during anaerobic digestion of
sludge.

Average statistics of the particle size distribution in activated sludge samples by
DMIA method

Breakage factor
ED (μm)
Percentile (th)

WAS

RCS

PTS

Minimum

0.98

0.98

0.98

10 percentile

1.18

1.18

1.18

25 percentile

1.58

1.58

1.54

Median

2.48

2.53

2.39

Mean

5.46

4.80

4.12

75 percentile

4.63

4.82

4.39

90 percentile

9.93

10.24

8.80

Maximum

167.25

135.17

86.73

Total particles

22,319

44,824

92,426

ED, equivalent diameter; WAS, waste activated sludge; RCS, recirculated sludge; PTS, pretreated sludge.
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To characterize breakage in the RCS and PTS samples, the
breakage factor was calculated (see Equation (2)). The average values were RCS: 44.29%, and PTS: 31.89%; which
agree with those observed in the digital microscopic and
SEM images, where small particle sizes were seen in the
PTS. Figure 4 shows the images obtained by SEM analysis
of the sludge samples. In the case of WAS (Figure 4(a)), a
relatively rougher surface is observed with respect to the
RCS (Figure 4(b)), and PTS (Figure 4(c)).
As can be seen, in PTS the surface becomes smoother,
visibly conﬁrming that shear and turbulence, in addition to
the electro-oxidation treatment, cause a reduction in particle
size.
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Screen Capture of the DMIA User Interphase with a Processed Image.

Average statistics of the particle size distribution in activated sludge samples by
Mastersizer 2000 equipment

ED (μm)
Percentile (th)

WAS

RCS

PTS

Minimum

1.44

1.09

1.09

10 percentile

33.75

12.82

10.55

Median

117.34

43.54

32.54

90 percentile

232.32

112.21

82.55

Maximum

416.86

630.95

239.88

ED, equivalent diameter; WAS, waste activated sludge; RCS, recirculated sludge; PTS, pretreated sludge.

Paine’s critical number
Using the results of the laser diffraction method, the Paine’s
number calculated from the WAS sample using Equations
(4) and (5) gives Ncrit ¼ 121.19, and 436.86 for PTS, respectively, both smaller than the value suggested by the British
Standards Institute of 625 to obtain a representative size
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distribution, assuming that the distribution is log-normal.
The Paine’s number calculated from the images processed
by DMIA is considered sufﬁciently representative in all
sludge samples: 686.45 for WAS, 895.71 for RCS and
577.08 for PTS, thus enabling statistical analysis of particle
behavior (Souza & Menegall ).
Comparison between methods
A comparison between the two methods shows lower DMIA
values in each of the three different sludge samples; according to an evaluation of the magnitudes obtained by each
method, these differences are due to the image processing
technique. In order to solve this issue, a correction applying
the adjustment established by Jarvis et al. () was carried
out (Figure 5).
Particle size is commonly reported using ED and the
probability distribution comparison by volume (Mastersizer
2000). Table 5 shows the statistical results of the particle ED
for the WAS sample obtained by laser diffraction and DMIA
methods.
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Figure 3

|

Digital image procession (x10): (a) WAS, (b) RCS, and (c) PTS.

Figure 4

|

Morphological characterization of sludge: (a) WAS, (b) RCS, and (c) PTS.

The comparison of the ED values using both techniques
showed that, in the case of the DMIA method, the numbers
are signiﬁcantly lower for each of the statistical parameters,
indicating an underestimation of the particle size. For the
application of the deﬁned threshold, particles of at least 3
pixels in length must be taken into account, guaranteeing
the elimination of those whose ED value is less than
0.98 μm. This conforms to the 8-connectivity standard,
where all neighbors that touch one of the edges or corners
of a central pixel are connected horizontally, vertically and
diagonally (Koivuranta et al. ).
The calibration values for the particle size distribution
data did not show a linear behavior, as can be seen in
Figure 6, where each value is different along the corresponding ED.
Since the calibration value for each percentile was
different, instead of using models such as linear regression,
it was necessary to apply a neural network (NN) ﬁtting
algorithm to the three types of sludge samples. The
implementation is a two-layer feed-forward NN with a Bayesian regularization employed in the training step. This gives
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a good generalization for small datasets but requires more
time (Burden & Winkler ).
Using this adjustment, the values are expected to be
similar for the two methods: a set of numerical input data
(image processing) and a set of numerical targets
(Mastersizer 2000).
The data sets were divided into three parts:

•
•
•

Training (65% of the data set): values present themselves
to the network during training, and the network adjusts
them according to their error.
Validation (5% of the data set, due to the lack of use for
Bayesian regularization): used to measure network generalization and to stop training when generalization stops
improving.
Testing (30% of the data set): no effect on training, therefore it provides an independent measure of network
performance after training.

Figure 7 represents the probability distributions in WAS
after applying the calibration values. The values were subsequently the same along the entire distribution.
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Probability distributions comparison in WAS.

WAS particle ED statistics for DMIA and laser diffraction methods

ED (μm)
Method

Minimum

Maximum

Range

Mean

SD (±)

Median

Dispersion

DMIA

0.98

167.25

166.26

5.46

10.90

2.48

4.94

Laser diffraction

1.44

416.86

415.42

127.62

116.78

117.34

99.12

ED, Equivalent diameter.

After the training process, NN performance was
measured using an error histogram test. Figure 8 shows
examples of error histograms for trained NN with
WAS, RCS, and PTS data: distribution of errors in the
training stage (blue), and independent performance testing (red).
Errors are distributed within the limits of 6.17 μm and
4.48 μm (Figure 8(a)), showing that the NN ﬁtting performance has a small threshold of error, and avoids
underestimating or overestimating the values (Bishop &
Roach ). In similar cases, the errors ranged between
1.77 μm and 1.93 μm (Figure 8(b)) for RCS, and
0.77 μm to 0.85 μm for PTS (Figure 8(c)).
The mean square error (MSE) and regression values (R)
were used to estimate the NN ﬁtting quality:
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•
•

(MSE): The difference between the average squared
between outputs and targets. Zero means that there is
no error.
(R): Values that measure the correlation between results
and objectives. An R value of 1 means a close relationship, 0 a random relationship.

Table 6 shows the NN training results for each type of
sludge in the test group. The RCS has a considerably lower
MSE value compared to the WAS and the PTS, but the linear
regression in all cases indicates a close relationship between
the data calculated by means of the NN and that given by the
Mastersizer 2000.
A comparison was made between the percentage values of
the Mastersizer 2000 and those generated by the proposed
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Figure 6

|

Calibration value alongside the equivalent diameter.

Figure 7

|

Probability distributions comparison in waste sludge sample after calibration.
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(a) Error Histogram for WAS. (b) Error Histogram for RCS. (c) Error Histogram for PTS.

digital image processing method, which together with an NN
calibration, allowed a determination of the behavior of the
various ED sizes, from the smallest to the largest. Table 7
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and Figure 9 show the compatibility of the percentile values
for the three sludge samples, for DMIA and laser diffraction
methods, before and after the NN calibration step.
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NNs performance metrics

MSE

R

WAS

1.41

0.99

RCS

7.15

0.99

PTS

7.71

0.99

MSE, Mean square error; R, Regression values.

Table 7

|

Comparison between DMIA and laser diffraction methods after and before the
NN calibration

DMIA without NN

DMIA with NN

Mastersizer

calibration (μm)

calibration (μm)

2000 (μm)

Minimum

0.98

0.45

1.44

10th percentile

1.18

33.23

33.75

Median

2.48

114.63

117.34

90th percentile

9.93

228.76

232.32

Maximum

167.25

417.29

416.86

Minimum

0.98

3.59

1.09

10th percentile

1.18

10.94

12.82

Median

2.53

44.50

43.54

90th percentile

10.24

111.18

112.21

Maximum

135.17

590.23

630.95

Minimum

0.98

4.72

1.09

10th percentile

1.18

10.41

10.55

Median

2.39

32.34

32.54

90th percentile

8.80

84.45

82.55

Maximum

86.73

224.37

239.88

General values

WAS

RCS

PTS

WAS, waste activated sludge; RCS, recirculated sludge; PTS, pre-treated sludge.

CONCLUSIONS
The application as a whole of a DMIA, the adaptation of
HEAD software algorithms, the implementation and regulation of adjustments of models such as a NN for a ﬁnal
calibration process, allowed the evaluation of the particle
size distribution of three different samples of activated
sludge: untreated WAS, RCS, and PTS.
After the recirculation and electro-oxidation pre-treatment processes, each of which showed an effect on
increasing the DS, a decrease in particle size was observed.
This was also reﬂected in the breakage factor shown by the

Downloaded from http://iwaponline.com/wst/article-pdf/83/10/2437/892169/wst083102437.pdf
by guest

Water Science & Technology

|

83.10

|

2021

laser diffraction method, with ranges of between 44.29%
(RCS) and 31.89% (PTS). This was conﬁrmed by analysis
of the average values obtained for the breakage factor
using the DMIA method after NN calibration: RCS:
38.22%, and PTS: 31.44%.
Statistical values such as average size, standard deviation, range, percentiles, breakage factor, and Paine’s
number agree with those observed in digital microscopic
and SEM images, where small particle sizes were seen in
the PTS. The passage of current density through the sludge
attacked the particles, and gave it a relatively more homogeneous appearance, which inferred that the process
causes a reduction in particle size, increasing the contact
surface area available to degradation by microorganisms,
and therefore also enhancing anaerobic biodegradability.
The values of ED observed for the three types of sludge
samples, for the two methods investigated in the present
study, are of similar magnitude. This followed homologation after a ﬁnal NN calibration process of the values
obtained by the DMIA method. For example, the 90th
percentiles of the ED values obtained by DMIA were
228.76 μm (WAS), 111.18 μm (RCS) and 84.45 μm (PTS);
meanwhile, the corresponding values for the laser diffraction method were 232.32 μm (WAS), 112.21 μm (RCS) μm
and 82.55 μm (PTS). Likewise, the maximum values
obtained with the DMIA method (NN calibrated) were
417.29 μm (WAS), 590.23 μm (RCS) and 224.37 μm (PTS);
while the laser diffraction values were 416.86 μm (WAS),
630.95 μm (RCS) and 239.88 μm (PTS).
The DMIA method represents a basis to create a tool
capable of calculating the particle size statistics for sludge
samples, since it can detect a representative number of particles (22,319), assuming that the particle distribution is lognormal. Compared with the traditional diffraction laser
method the proposed methodology has the following
advantages:
✓ A relative simplicity in the preparation of the sample to
obtain images.
✓ An economical alternative. The equipment needed for the
analysis, and an optical microscope, are found in most
environmental engineering laboratories.
✓ A reduced time for the test determination.
✓ Calculation of data from measures of central tendency
and measures of dispersion.
Following the NN calibration process, comparison of
values obtained by DMIA and laser diffraction show that
both methods are statistically compatible. It is important
to mention that additional particle size values in lower
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Figure 9
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Comparison of ﬂoc size by laser diffraction analysis and NN in samples of (a) WAS, (b) RCS, and (c) PTS.
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and upper thresholds values may be required; for example,
for those values obtained by the DMIA NN calibrated
method in the WAS sample that are below 0.45 μm
(1.44 μm for the laser diffraction) or over 417.29 μm
(416.86 μm for the laser diffraction method). The NN ﬁtting
process must be strengthened to allow calibration and estimation through the development of a training database
more advanced than the proposed by the present study.
This should be carried out in order to reduce the difference
between the minimum and maximum values.
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Doǧan, I. & Sanin, F. D.  Alkaline solubilization and
microwave irradiation as a combined sludge disintegration
and minimization method. Water Research 43 (8),
2139–2148. http://dx.doi.org/10.1016/j.watres.2009.02.023.
Dogantekin, E., Yilmaz, M., Dogantekin, A., Avci, E. & Sengur, A.
 A robust technique based on invariant moments –
ANFIS for recognition of human parasite eggs in microscopic
images. Expert Systems with Applications 35 (3), 728–738.
http://dx.doi.org/10.1016/j.eswa.2007.07.020.
Fdz-Polanco, F., Velazquez, R., Perez-Elvira, S. I., Casas, C., del
Barrio, D., Cantero, F. J., Fdz-Polanco, M., Rodriguez, P.,
Panizo, L., Serrat, J. & Rouge, P.  Continuous thermal
hydrolysis and energy integration in sludge anaerobic
digestion plants. Water Science and Technology 57 (8),
1221–1226. http://dx.doi.org/10.2166/wst.2008.072.
Jarvis, P., Jefferson, B., Gregory, J. & Parsons, S. A.  A
review of floc strength and breakage. Water Research 39
(14), 3121–3137. http://dx.doi.org/10.1016/j.watres.2005.05.
022.

2451

S. Cazares et al.

|

Digital microscopic image application, method for particle size analysis

Jiménez, B., Maya, C., Velásquez, G., Barrios, J. A., Pérez, M. &
Román, A.  Helminth egg automatic detector (HEAD):
improvements in development for digital identification and
quantification of helminth eggs and their application online.
Experimental Parasitology 217 (107959), 164–172. https://
doi.org/10.1016/j.exppara.2020.107959.
Kashi, A. M., Tahermanesh, K., Chaichian, S., Joghataei, M. T.,
Moradi, F., Tavangar, S. M., Najafabadi, A. S. M.,
Lotfibakhshaiesh, N., Beyranvand, S. P., Anvari-Yazdi, A. F.
& Abed, S. M.  How to prepare biological samples and
live tissues for scanning electron microscopy (SEM). Galen
Medical Journal 3 (2), 63–80.
Koivuranta, E., Stoor, T., Niinimäki, J., Suopajärvi, T. &
Hattuniemi, J.  Use of optical monitoring to assess the
breakage of activated sludge flocs. Particulate Science and
Technology 33 (4), 412–417. https://doi.org/10.1080/
02726351.2014.990656.
Li, C., Wang, X., Zhang, G., Li, J., Li, Z., Yu, G. & Wang, Y. 
A process combining hydrothermal pretreatment, anaerobic
digestion and pyrolysis for sewage sludge dewatering and coproduction of biogas and biochar: pilot-scale verification.
Bioresource Technology 254, 187–193. https://doi.org/
10.1016/j.biortech.2018.01.045.
Ormaechea, P., Fernández-Nava, Y., Negral, L., RodríguezIglesias, J., Castrillón, L., Megido, L., Marañón, E. & SuárezPeña, B.  Enhancement of biogas production from cattle
manure pretreated and/or co-digested at pilot-plant scale.
characterization by SEM. Renewable Energy 126, 897–904.
http://dx.doi.org/10.1016/j.renene.2018.04.022.
Pelli, D. G. & Bex, P.  Measuring contrast sensitivity. Vision
Research 90, 10–14. https://doi.org/10.1016/j.visres.2013.
04.015.
Pérez-Rodríguez, M., Cano, A., Durán, U. & Barrios, J. A. 
Solubilization of organic matter by electrochemical
treatment of sludge: influence of operating conditions.
Journal of Environmental Management 236, 317–322. http://
dx.doi.org/10.1016/j.renene.2018.04.022.

Water Science & Technology

83.10

|

2021

Santos, E. V. D., Sáez, C., Martínez-Huitle, C. A., Cañizares, P. &
Rodrigo, M. A.  The role of particle size on the
conductive diamond electrochemical oxidation of soilwashing effluent polluted with atrazine. Electrochemistry
Communications 55, 26–29. http://dx.doi.org/10.1016/
j.elecom.2015.03.003.
Souza, D. O. C. & Menegall, F. C.  Image analysis: statistical
study of particle size distribution and shape characterization.
Powder Technology 214 (1), 57–63. http://dx.doi.org/10.
1016/j.powtec.2011.07.035.
Tyagi, V. K., Lo, S. L., Appels, L. & Dewil, R.  Ultrasonic
treatment of waste sludge: a review on mechanisms and
applications. Critical Reviews in Environmental Science and
Technology 44 (11), 1220–1288. http://dx.doi.org/10.1080/
10643389.2013.763587.
Veluchamy, C., Raju, V. W. & Kalamdhad, A. S. 
Electrohydrolysis pretreatment for enhanced methane
production from lignocellulose waste pulp and paper mill
sludge and Its kinetics. Bioresource Technology 252, 52–58.
https://doi.org/10.1016/j.biortech.2017.12.093.
Wang, Y., Gao, B. Y., Xu, X. M., Xu, W. Y. & Xu, G. Y. 
Characterization of floc size, strength and structure in
various aluminum coagulants treatment. Journal of Colloid
and Interface Science 332 (2), 354–359. http://dx.doi.org/
10.1016/j.jcis.2009.01.002.
Wu, J. & Wheatley, A.  Assessing activated sludge morphology
by laser and image analysis. Proceedings of the Institution of
Civil Engineers – Water Management 163 (3), 139–145.
http://dx.doi.org/10.1680/wama.2010.163.3.139.
Wu, N. C., Chen, K., Sun, W. H. & Wang, J. Q.  Correlation
between particle size and porosity of Fe-based amorphous
coating. Surface Engineering 35 (1), 37–45. http://dx.doi.org/
10.1080/02670844.2018.1447782.
Yu, S., Zhang, G., Li, J., Zhao, Z. & Kang, X.  Effect of
endogenous hydrolytic enzymes pretreatment on the
anaerobic digestion of sludge. Bioresource Technology 146,
758–761. http://dx.doi.org/10.1016/j.biortech.2013.07.087.

First received 24 November 2020; accepted in revised form 8 March 2021. Available online 19 March 2021

Downloaded from http://iwaponline.com/wst/article-pdf/83/10/2437/892169/wst083102437.pdf
by guest

|

