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Abstract—Fouling is a principal constraint of membrane bioreactors (MBRs). It blocks the wide use of MBRs and
aggravates the ability of MBRs. Trans-membrane pressure (TMP) is measured simply from MBRs and is a useful fac-
tor for evaluating fouling phenomena such as fouling mechanisms. Fouling mechanism diagnosis based on a mea-
sured TMP was used to evaluate MBRs operation conditions. However, diagnosis of MBR conditions is difficult due to
the dynamic conditions of MBRs. Therefore, we used differential calculus, exponential weighted moving average
(EWMA) and fast Fourier transform (FFT) to determine a periodic pattern for diagnosing fouling mechanisms in the
dynamic operating conditions of MBRs. The periodic pattern was reflected in the operating conditions of MBRs, based
on the fouling mechanism using TMP. We used two data sets obtained from pilot-scale MBR to suggest a periodic pat-
tern and validated the proposed method using a lab-scale MBR experiment. Consequently, the suggested periodic pat-
tern can diagnose fouling mechanisms using the proposed method, because the methods can be adjusted under the
dynamic conditions of MBRs.

Keywords: Membrane Bioreactor (MBR), Fouling Mechanism, Periodic Pattern Recognition, Differential Calculus, Fast

Fourier Transform (FFT)

INTRODUCTION

The membrane bioreactor (MBR) process, which combines con-
ventional biological wastewater treatment and physical membrane
processes, has been widely used in wastewater treatment. Com-
pared to conventional biological wastewater treatment, which uses
a sedimentation and a sludge thickener performed by gravity, the
MBR process has short treatment times and its space-saving size
[1,2]. Furthermore, it guarantees high quality of effluent, which
contains low concentrations of suspended solids, organic matter,
and biological nutrients due to the filtering of bacteria and micro
pollutants [3].

Despite these advantages, wide application of the MBR process
is constrained due to membrane fouling. The attachment of partic-
ulate matters onto the membranes surface or pores is the primary
phenomenon causing membrane fouling [4]. It causes a decrease
in the permeate flux under constant-pressure operational modes
or an increase in the trans-membrane pressure (TMP) under con-
stant-flux operational modes. This results in higher operational costs
for membrane aeration and has a harmful effect on the environ-
ment due to the use of additional chemicals for membrane clean-
ing [5]. Fouling can typically be attributed to four types of mech-
anisms, which are complete blocking, intermediate blocking, cake
filtration, and standard blocking according to the particles sedimen-
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tation location, such as the surface or inside of the membrane, and
the accumulated layer configuration, such as gel or cake layer [6].
In addition, fouling can be prevented by using the membrane-clean-
ing method determined by the fouling mechanism. Fouling mech-
anisms, which lead to external or internal fouling, and a gel or cake
layer, are used to determine the membrane cleaning method, such
as physical cleaning and chemical cleaning. Physical cleaning, which
changes hydrodynamics, temperature, and turbulence, kinetically
removes foulant sedimentation from the membrane material. Chem-
ical cleaning modifies a solution’s chemistry and influences the fou-
lants accumulated on the membrane surface of the gel layer to de-
compose into the liquid [7,8]. Therefore, accurate and precise diag-
nosis of a fouling mechanism is necessary to apply the proper mem-
brane cleaning method and for economical and environmentally
friendly MBR operation.

Recently, several studies have focused on the diagnosis of foul-
ing mechanism progress based on an experimental method with
statistical monitoring [9] and a modeling way [10]. Nourbakhsh et
al. [9] measured the membrane-fouling intensity during the exper-
imental process in different operating conditions. They applied a sta-
tistical method to investigate the dominant fouling mechanism.
Mondal et al. [10] identified sequential fouling mechanism states,
intermediate blocking, transient state of the mechanisms and cake
formation, under steady flux membrane filtration using three non-
dimensional parameters and flux decline phenomena, respectively.
However, these studies were conducted in a steady state, where it is
assumed that only two fouling mechanisms are dominant in begin-
ning or overall fouling processes. This assumption was not able to
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capture the varied fouling mechanisms in an actual MBR process
according to operational time.

An actual MBR plant is affected by complex fouling mechanisms,
which have various types of foulants and surface characteristics
[11,12]. Therefore, a new diagnosis method for fouling mecha-
nism progress that considers the dynamics of membrane fouling
needs to be developed. To take into consideration the dynamic
state process, several investigating and detecting methods, such as
differential calculus, exponential weighted moving average (EWMA)
and fast Fourier transform (FFT), were applied. Differential calcu-
lus can detect instantaneous rate changes under dynamic processes
and help to understand mathematical dynamic system modeling
[13]. Moreover, EWMA is the most suitable method among statis-
tical process monitoring methods to detect small process shifts by
observing previous observations and weighted current observa-
tions [14]. FFT is also widely applied in signal processes and anal-
ysis, and is useful for analyzing signal characteristics, monitoring,
and diagnostic [15]. Therefore, the development of a diagnostic
membrane-fouling mechanism, which considers the dynamic state,
was our major goal.

We used differential calculus to investigate the time when the foul-
ing mechanism changed. The trans-membrane pressure (TMP)
value measured by distinctions between the pressure of influent
and effluent water was used for differential calculus. However, ordi-
nary TMP values do not show increasing tendency well. There-
fore, the second derivative of the TMP was used to observe the
increasing tendency in this study. To consider the dynamic opera-
tional conditions in the MBR process, an inflection point was con-
sidered as the fouling mechanism changing time. This point was
chosen because the increasing tendencies before and after the
inflection point on the TMP graph were very different and were
affected differently by each fouling mechanism, such as exponen-
tially increasing or slowly increasing. Then, time intervals were
determined between inflection points. From these time intervals,
the root-mean-square error (RMSE) was used to identify the most
dominant fouling mechanism and characteristic of the change in
mechanisms. The RMSE value was used as a model evaluation indi-
cator to determine the predominance of the dominant fouling mech-
anism, which showed the lowest RMSE value among the four
fouling mechanisms [16]. In general, a three-stage fouling increase
has been observed in MBR: slow fouling, TMP jump [17], and con-
verged TMP. Therefore, an EWMA control chart was applied to
the second derivative of TMP to investigate the fouling stage where
the current MBR system belongs. Then, FFT was used to formu-
late a periodic pattern representing variations of the fouling mech-
anism. FFT is a method of converting a signal in the time domain
to the frequency domain [18].

THEORY

1. Four Fouling Mechanism Model under Constant Flux Fil-
tration

The trans-membrane pressure (TMP) of the difference between
feed and permeate pressure is continuously measured in the MBR
process. Tendency of the continuously measured TMP has obvious
information to diagnose fouling mechanism condition of mem-

brane. Four mechanisms are typically used to explain membrane
fouling condition depending on the monitored TMP tendency |5,
17]. (1) Cake filtration: when particles accumulate on the surface
of a membrane in a permeable cake. (2) Intermediate blocking:
when some of the particles are stopped up pores and the remain-
ders of the particles are accumulated on top of the deposited parti-
cles. (3) Complete blocking: when particles stop up a pore entrance.
(4) Standard blocking: when particles accumulate on the inside of
membrane pores [19]. The blocking filtration equation for four foul-
ing mechanisms under constant flux filtration mode can be ex-
pressed as follows:

&t dt 7"

aa) Hzom ) ®
where AP is the filtration pressure variation; t is the filtration time;
k is the resistance coefficient determined by the MBR operating
conditions, such as the filter medium and filtration conditions;
and n is the dimensionless blocking index that indicates the foul-
ing mechanism model: n=2 for intermediate blocking, n=5/3 for
standard blocking, and n=3/2 for complete blocking. In Eq. (1),
dt/d(AP) is proportional to the instantaneous hydraulic permeabil-
ity, which is the inverse of the instantaneous resistance. The filtra-
tion pressure variation of cake filtration is proportional to time, so
the second derivative is zero [20,21]. Therefore, cake filtration is
not applied to the blocking filtration equation under constant flux
and it shows a linear increasing tendency when compared with
other fouling mechanisms. On the other hand, complete blocking
has the lowest n value, which results in having the lowest hydraulic
permeability among the fouling mechanisms under constant flux
filtration mode. According to the lowest instantaneous hydraulic
permeability; therefore, TMP rapidly increases in the case of the
complete blocking mechanism.
2. Differentiation of TMP Signal

The differentiation of signals finds the slope of a tangent or the
derivative of a function at a given point. The concept of the sec-
ond derivative is similar to that of the first derivative; if the second
derivative is negative, positive, or zero at a point, then this point can
be considered to be a maximum, minimum or inflection point,
respectively [22]. The inflection point is a point on a curve when
the curvature changes from concave upward to concave downward
or vice versa [23]. In this study, we assumed that the inflection
point was a fouling mechanism changing time, because the before
and after curvature of the inflection point had different increasing
tendencies determined by each of the fouling mechanisms.
3. Stages of Fouling Progress

In general, fouling is divided into three stages: conditioning foul-
ing, slow fouling, and TMP jump. The conditioning fouling stage
is the initial short-term increase in TMP when an interaction occurs
between the membrane surface and soluble microbial products
(SMP) or extra-cellular polymeric substances (EPS) [24]. In the
present study, the conditioning fouling stage was omitted due to its
relatively short term compared to the other stages. After the con-
ditioning fouling stage, most of the membrane surface is continu-
ously covered by EPS and SMP. Therefore, in the slow fouling stage,
the increase in TMP can be expressed as linear or weakly expo-
nential [25]. The TMP jump stage, which increases the inoperabil-
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ity of the membrane, can be described as exceeding a critical flux
when permeation is expedited in less fouled areas of the mem-
brane. Therefore, a measured TMP in the TMP jump stage that
sharply increases can be expressed as rapidly exponential [26,27].
After the TMP jump stage, almost the entire membrane surface is
fouled with colloidal, biological, and organic types of foulants. This
phenomenon prompts the converging of TMP to a certain value.
Chang et al. [28] showed the steady converged state of suction
pressure after the critical flux, depending on the different imposed
fluxes in a lab-scale submerged hollow fiber module. The con-
verged TMP stage can be explained by the low compressibility that
occurs due to low protein layer resistance provoking a very slow
increase and convergence [29].

4. EWMA Control Chart

The exponentially weighted moving average (EWMA) control
chart is a statistic monitoring method used to monitor the process
mean and variance. Control charts have been used to monitor pro-
duction processes and to detect abnormal operating conditions.
Among the several control charts, the EWMA control chart is an
effective monitoring method for detecting small to moderate shifts
in the mean of the process [30].

One of the three lines involved in the EMWA control chart is
the mean of the measured values called a centerline (CL). An upper
control limit (UCL) is placed at a value three-times above the stan-
dard deviation of CL. A lower control limit (LCL) is placed at a
value three-times below the standard deviation of CL. When the
measured value exceeds the UCL or LCL, then the process has an
abnormal condition or changed condition at that time. The equa-
tion for calculation of EWMA is as follows [31]:

2=2X+(1- D)7, )]

LCL= 30 /2—:1—/-1(17(17/1)2"), CL= 4,
UCL=p+ 30 [=2=(1-(1- )"
_/'lO 2_1

where Z, is the EWMA of the measured data at time i, X; is the
current information, Z,_, is the past information, 4, is the mean of
the measured value, o is the standard deviation of the measured
value, and A is a constant value between 0 and 1. When close to 1, 4
weights recent data more heavily and weights older data less heav-
ily. Therefore, the value of A is generally decided to be approximately
0.25 [32]. In the present study, we used the value of 1=0.25.

5. Fast Fourier Transform (FFT)

Discrete Fourier transform (DFT) is widely used to represent
signals of finite length of the Fourier series. DFT can convert dis-
crete signals of the time domain to the frequency domain of the
discrete spectrum. FFT is an improved method for computing DFT
by using reduced arithmetic operations. FFT has an advantage, in
that it reduces the redundancies of complex multiplication by using
N/log,N to compare to DFT. FFT can be expressed by the follow-
ing equation [18,33]:

®

i nK
X[k]= X2 x[n]Wy @
n=0
where Wik is e >N {x[n]} is a signal, k is the frequency
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Fig. 1. The proposed scheme for diagnosing the dominant fouling
mechanism in the MBR process.

domain ordinal, n is the time-domain ordinal, and N is the length
of the sequence.

MATERIALS AND METHODS

1. Proposed Method

The proposed method for diagnosing the dominant fouling
mechanism, shown in Fig. 1, is broadly divided into three parts: (1)
data collection, (2) determination of the dominant fouling mecha-
nism, and (3) suggestion of the periodic pattern. In this study, we
carried out this method with three datasets, of which the first two
datasets were obtained from a pilot scale MBR process and the last
data set was obtained from a lab-scale MBR experiment. To remove
abnormal outliers from the datasets, data filtration was conducted
using median absolute deviation (MAD). MAD is an easy and
robust method for detecting outlier values in univariate statistics
[34]. For determining the dominant fouling mechanism, inflection
points and intervals were computed using the second derivative of
TMP. The most dominant fouling mechanism, which showed the
lowest RMSE value, was determined for each inflection point. Then
the fouling stage was evaluated using the EMWA control chart.
Based on each fouling stage, the periodic pattern for diagnosing the
dominant fouling mechanism was suggested. Finally, a lab-scale
MBR experiment was used to apply and validate the suggested peri-
odic pattern.
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1-1. Determination of the Dominant Fouling Mechanism

The purpose of the second part was to determine the dominant
fouling mechanism according to the time intervals of mechanism
changing. The second part was divided into two subparts: (1) to
calculate the fouling mechanism as it changes in time using differ-
ential calculus, and (2) to find the dominant fouling mechanism
using RMSE.

The first derivative indicates the variation in the TMP value. Fur-
thermore, the rate of TMP variation can be obtained as the second
derivative. If the second derivative of the TMP value was positive
or negative at a certain time, then the rate of TMP variation was
either at a maximum (ie., rapidly increasing) or minimum (ie,
slowly increasing), respectively. By calculating the inflection point,
the time when the TMP variation rate changed depending on the
fouling mechanism variations could be obtained. Here, the time
interval of the fouling mechanism variations was decided accord-
ing to the inflection point time (i.e., first interval: starting point of
process ~ first inflection point; second interval: first inflection point
~ second inflection point).

To diagnose the most dominant fouling mechanism at each
time interval, four fouling mechanism models (shown in Table 1)
were fitted with the TMP values in each time interval. Then, the
RSME, which evaluates differences between the observed and mod-
eled values, was used to identify the most suitable fouling mecha-
nism for each time interval among the four mechanisms [19]:

n [(P P ?
SCRECN
' P i.ovserved P i.modeled:

n-1

RMSE= ©)

For instance, for the first time interval, if the intermediate block-
ing mechanism had the smallest RMSE, then the most dominant
mechanism could be diagnosed as intermediate blocking,

1-2. Evaluation of Fouling Stages

In the third part, the periodic pattern for diagnosing the most
dominant fouling mechanism was suggested as an expression of
trigonometric function. The third part involved the following steps:
(1) determining the time where the fouling stage changes (namely,
changing time of the fouling stage) using the EWMA, and (2) sug-
gesting the periodic pattern for diagnosing the dominant fouling

Table 1. Four mechanistic models of membrane fouling in the MBR

process [6]

Model Equation Fitted parameter
Cake filtration § =1+KJot K, [s/m’]
0
Intermediate blocking ; =exp(KJ,t) K [m™]
0
Complete blockin, P__1 K, [s7]
P & P,  I-Kt ’

K Jot\
Standard blocking § = (17 —3210—) K, [m™]
0

P is the TMP value, P, is the initial TMP value, J, is the initial flux
value, t is the MBR process operation time, and K, K, K, and K,
are the fitted parameters of each mechanism model

mechanism in each fouling stage using the FFT.

To determine the changing time of the fouling stage, an EWMA
control chart was used to detect small or abnormal shifts in moni-
toring the process by giving a high weight value to a recently mea-
sured value [35]. It is difficult to observe fouling stage variation in
raw TMP data. Therefore, the value of the second derivative of
TMP, which indicates an increasing variation, such as a linear or
exponential increasing tendency, and constant state was used. In
the present study, two standard rules of the EWMA control chart
were used to detect the TMP rising tendency and fouling stages:
(1) if one or more observation was located outside of the control
limit and (2) if six observations were placed in succession with an
increasing or decreasing trend, these were regarded as signs of the
fouling tendency variations [36]. These standard rules enhance the
sensitivity of control charts to a small process shift [37].

1-3. Recognition of a Periodic Pattern for Diagnosing the Dominant
Fouling Mechanism

The objective of this step was to recognize and suggest a peri-
odic pattern, which is a trigonometric function, such as the sine
function, to diagnosis the dominant fouling mechanism at each of
the fouling stages determined in the previous step. The second
derivative of TMP showed a certain periodic pattern according to
time in each of the fouling stages. The FFT can convert this time
domain periodic pattern to the frequency domain. Therefore, FFT
was used to calculate signal information in order to propose a
periodic diagnosis pattern of the fouling mechanism.

Prior to the determination of the periodic pattern for diagnos-
ing the dominant fouling mechanism, a proper signal filter should
be applied to eliminate noises, which contain unnecessary infor-
mation. The second derivative of TMP (shown in ‘3.1.1. Determi-
nation of dominant fouling mechanisnt) has a high frequency
noise, which interrupts application of the FFT method. High fre-
quency noise reduction and reconstruction can improve the quality
of the signal of FFT [38,39]. Therefore, a proper filter is necessary
to eliminate the high frequency noises and to achieve the proper
low frequency signals in FFT from the second derivative of TMP.
In this study, a finite impulse response (FIR) filter and low-pass
response were used to damp the high frequency noise effect. Digi-
tal filters are generally classified into two types: Finite impulse
response (FIR) filter and infinite impulse response (IIR) filter. The
FIR filter has a stability that is not influenced by distortion and has
a linear phase response that is easier to control than the IIR. There-
fore, the FIR filter is used in a wider application range than the IIR
filter [33]. Furthermore, the low-pass filter can eliminate the high
frequency noise, which has a higher frequency value than the spe-
cific frequency determined by the user. Therefore, stable periodic
signal information is obtained from FFT using the FIR filter and
the low-pass filter.

After applying the proper signal filter, the amplitude and fre-
quency of the second derivative of TMP are determined from FFT.
Using the results of the FFT, the periodic pattern for diagnosing the
dominant fouling mechanism based on sin function can be com-
puted as follows:

y=amplitude-sin(frequency-time) (6)

where vy is a predicted second derivative of TMP, and amplitude
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Fig. 2. Configuration of the target MBR process: (a) Pilot-scale MBR plant in Y-city, Korea for proposing the periodic pattern of the fouling
mechanism diagnosis [19] and (b) Lab-scale MBR experiment for validating the suggested periodic pattern [40].

and frequency are values obtained from FFT.
2. Pilot Scale MBR and Lab Scale MBR Processes

The processes considered in this study were the pilot-scale MBR
plant in Y-city, Korea, and the lab-scale MBR process. The pilot-
scale MBR plant data was used to develop a dominant fouling mech-
anism diagnosis method using a periodic pattern, and the lab-scale
MBR process data was used for validation of the study methodol-
ogy. The configuration of the pilot-scale MBR plant was anoxicl,
aerobic, anoxic 2, and membrane reactors, as shown in Fig. 2(a).
Table 2 shows the average influent conditions and standard devia-
tion of the pilot-scale MBR plant including flowrate, biological oxy-
gen demand (BOD), chemical oxygen demand (COD), total nitrate
(TN), and total phosphorus (TP). The membrane reactor was
operated under the constant-flux (or constant-flowrate) mode with
a filtration cycle of 10 minutes, of which 9 minutes were for suc-
tion and 1 minute was for back-flushing. The sludge retention time

Table 3. The operating conditions in the lab-scale MBR experiment [40]

Table 2. The influent compositions in the pilot-scale MBR plant in

Y-city, Korea
Components ~ Concentration  Standard deviation ~ Unit
BOD 166 50.37 mg/L
COD 301 74.63 mg/L
T-N 38 10.18 mg/L
T-P 6.4 10.18 mg/L

(SRT) was more than nine days and the concentration of mixed
liquor suspended solid (MLSS) in the membrane reactor was main-
tained at 7,000-9,000 mg/L. To eliminate foulants on the membrane
surface, periodic coarse bubble and back-washing were applied to
the membrane.

The configuration of the lab-scale MBR experiment shown in
Fig. 2(b) is a bioreactor, pressure gauge, suction pump, and flow

Operating factors

Property

Reactor volume

MLSS concentration
Operating conditions

Membrane operation

Membrane back-washing

Coarse air flowrate

Number of membrane module

30L

10,000-11,000 mg/L

4 modules/reactor

Continuous filtration

No back-washing

8 L/min/module (continuous aeration)

November, 2017
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meter. Table 3 shows the conditions of the lab-scale MBR experi-
ment. The experiment only focused on physical membrane fouling
and, therefore, hydraulic retention time (HRT) and sludge reten-
tion time (SRT) were not treated in the experiment. MLSS concen-
trations of the lab-scale MBR reactor were maintained at around
10,000-11,000 mg/L in a bioreactor, where the amount of attached
foulants on the membrane surface depends on the MLSS concen-
tration. The concentrated activated sludge by a centrifugal separa-
tor is additionally supplemented, when the MLSS concentration is
less than 10,000 mg/L in a bioreactor. Flux was continuously meas-
ured to maintain constant-flux mode for observing TMP varia-

R

TMP{KFa)
o sBEsEE

TMP

First -
derivative
of TMP |

Second
derivative E . 4 3 J
of TMP

TPyl

Dominant
fouling
mechanism ¢ 5 0 1w ® W B/ 40 45 N

Amgiuce

FFT

TPy’

Periodic pattern

Diagnosed .
ST i
fouling i
mechan] Sm ° 0 5 w15 2 2 3» 0 4 =N

Fig. 3. Detailed steps for diagnosing the dominant fouling mecha-
nism.

tion. Physical membrane cleanings, such as in-situ coarse bubble
aeration and ex-situ sponge ball cleaning, were conducted to elim-
inate foulants on the membrane surface [40].
3. Procedures of Diagnosis for the Dominant Fouling Mech-
anism

Detailed steps for diagnosing the dominant fouling mechanism
are shown in Fig. 3. The inflection points (drawn as black dots in
Fig. 3), indicating the point where the dominant fouling mecha-
nism varied and the intervals of the dominant fouling mechanism
changed, were determined by applying the second derivative of
TMP. The most dominant mechanism corresponding to each inflec-
tion point was computed using RMSE and the tendency of the
second derivative (e.g., concave upward or downward) depending
on the dominant mechanism was investigated. From the second
derivative of TMP, a periodic tendency with 0.5 amplitude and 2
frequency was observed. Once the FFT was applied to the TMP
dataset, FFT results of amplitude and frequency identical to those
from the second derivative of TMP were obtained. Then, based on
the amplitude and frequency values achieved from the FFT, the
periodic pattern for identifying the dominant fouling mechanism
could be formulated as a sine wave. Therefore, the prediction and
diagnosis of the dominant membrane fouling mechanism could
be conducted using the periodic pattern with a concave upward
and downward tendencies.

RESULTS AND DISCUSSION

1. Determination of the Dominant Fouling Mechanism

Figs. 4(a) and 4(b) show the raw TMP of the pilot-scale MBR
process. Moreover, Figs. 4(c) and 4(d) show the first derivative of
TMP, which indicates the TMP variation. However, the raw TMP
and the first derivative of TMP could not show the dominant foul-
ing mechanism variation effectively. Therefore, the second-order
derivate was used to evaluate the time when the TMP variation
rate changed depending on the fouling mechanism variation. Figs.
4(e) and 4(f) show the calculated inflection points of each period
using the second derivative of TMP for the entire operation time.
According to the achieved inflection point, the time intervals when
the respective dominant fouling mechanism varied were deter-
mined. In periodl, five inflection points and six time intervals
were determined. In the case of period2, six inflection points and
seven time intervals were determined. The higher number of inflec-
tion points and time intervals in period2 indicated that the foul-
ing mechanism changes occurred more frequently than during
periodl. Table 4 shows the RMSE values of each fouling mecha-
nism according to the mechanism changing time intervals by the
inflection points. Since the RMSE measures the gap between the
model and its observed values, the fouling mechanism with the
minimum RMSE was considered to be dominant at each interval
when compared to other mechanisms. The results of the most
dominant fouling mechanism at each interval are shown in Table
4. Repetitive changes of the cake filtration mechanism and the com-
plete blocking mechanism were mutually observed in periodl and
period2 according to the mechanism changing time intervals.

To identify the tendencies of the second derivative of TMP for
diagnosing the dominant fouling mechanism changes, the com-
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Fig. 4. The raw TMP of the pilot-scale MBR process: (a) periodl and (b) period2; the first derivative of TMP for (c) periodl and (d) period2;
and the second derivative of TMP showing the inflection points for (e) peirodl and (f) period2.

mon characteristics of the second derivative of TMP were investi-
gated. In Fig. 5(a), when cake filtration was the dominant fouling
mechanism, then the second derivative of the TMP graph had a
concave downward tendency. On the other hand, when complete
blocking was the dominant fouling mechanism, the second deriva-
tive of the TMP graph revealed a concave upward tendency. There-
fore, the second derivative of TMP could indicate the fouling mech-
anism changing intervals and the variations in the dominant foul-
ing mechanisms. This phenomenon can be explained by Eq. (1),
which shows the characteristics of fouling mechanisms. From Eq.
(1), complete blocking, which is expressed by the lowest value, can
represent the rapid increasing TMP tendency. On the other hand,
cake filtration, which has a linear increasing tendency, can repre-
sent the linear or gradually increasing TMP tendency. Therefore,
the relatively rapid TMP increase of complete blocking signifies

November, 2017

the concave upward tendency of the TMP curvature, while the
relatively linear or gradually increasing TMP tendency of cake fil-
tration signifies the concave downward tendency of the TMP cur-
vature.
2. Evaluation of the TMP Stage Using the EWMA Control
Chart

In Fig. 5, the EWMA control chart of the second derivative of
TMP is shown. In periodl, points rapidly increased after 25 days,
and then they eventually exceeded the upper control limit at 30
days. The linear increasing tendency was changed to a rapidly in-
creasing tendency, which is abnormal in terms of linear increasing.
Therefore, this result implies that the variation of TMP increasing
occurred at 25 days and the TMP stage changed from slow foul-
ing, which can be expressed by linear TMP increasing, to TMP
jump, which can be expressed by a rapid TMP increase in 25 days.
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Table 4. Comparison of the RMSE values of the four mechanistic fouling models and the dominant fouling mechanism at each mechanism

changing time interval

RMSE value #1 #2

#3 #4 #5 #6 #7

Day
1- -11
Mech. 6 7

12-19 20-25 26-31 32-39

Cake filtration
Intermediate blocking
Complete blocking
Standard blocking

Dominant mechanism

0.0722
0.0853
0.1026
0.0933
Cake

filtration

0.4029
0.2654
0.2049
0.2211

Complete
blocking

Period 1

0.5787
0.4968
0.4353
0.4639

Complete
blocking

0.9674
0.5388
0.1503
0.3171

Complete
blocking

1.5581
1.9255
2.4965
2.1744
Cake
filtration

0.6021
0.7932
1.1977
0.9500
Cake
filtration

Day
1-6 7-10
Mech.

11-18 19-23 24-27 28-33 34-39

Cake filtration
Intermediate blocking
Complete blocking
Standard blocking
Dominant mechanism

0.0400
0.5460
1.7100
0.9787
Cake
filtration

0.1959
0.2481
0.1104
0.1959

Complete
blocking

Period 2

0.6995
0.6837
0.6695
0.6764

Complete
blocking

0.8224
0.8238
0.8255
0.8246
Cake
filtration

1.8240
1.2892
0.9273
1.0782

Complete
blocking

0.9369
1.0186
1.1103
1.0630
Cake
filtration

2.0211
2.0292
2.0428
2.0353
Cake
filtration

03
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Fig. 5. EWMA control chart of the second derivative of TMP: (a)
periodl and (b) period2.

In period2, the points also rapidly increased after 25 days, and then
exceeded the ULC at 30 days. This result indicates that the stage of
slow fouling changed to TMP jump in period2 after 25 days.

The determined TMP stages corresponded well with the ob-

served raw TMP shown in Figs. 4(a) and 4(b). In period1, the TMP
jump stage occurred after 25 days according to the EWMA con-
trol chart. The observed TMP increased by 0.40 kPa per day in the
slow fouling stage. On the other hand, the TMP increased by 1.67
kPa per day in the TMP jump stage. In period2, the observed TMP
increased by 1.60 kPa per day in the slow fouling stage, while the
TMP increased by 4.67 kPa per day in the TMP jump stage. These
results demonstrate that the TMP stages evaluated using the EWMA
control chart were consistent with the observed TMP increasing
tendency and verified that the TMP variation in the TMP jump
stage was larger than that in the slow fouling stage.
3. Diagnosis of the Dominant Fouling Mechanism by its Peri-
odic Pattern

The raw second derivative of TMP had high frequency noises,
which were difficult to graph. Therefore, proper filters were applied
to eliminate the high frequency noises. After the proper filters,
which were the FIR filter and the low-pass response, were applied,
the frequency and amplitude values shown in Figs. 6(a) and 6(b)
were obtained. Using the frequency and amplitude values, the re-
spective periodic pattern for diagnosing the dominant fouling
mechanism at the slow fouling and TMP stages could be obtained
using Eq. (5). In the slow fouling stage in periodl, the periodic pat-
tern could be expressed by y=0.42-sin(T). In the TMP jump stage
in periodl, the periodic pattern could be expressed by y=0.21-
sin(2-T). Suggested periodic patterns are plotted in Figs. 6(c) and
6(d) with the raw second derivative of TMP. In addition, the results
for the filtered FFT and periodic pattern of period2 shown in Fig.
7 are the same as those in Fig. 6. The periodic pattern of the slow
fouling in period2 was calculated by y=0.72-sin(2-T). The peri-
odic pattern of the TMP jump was expressed by y=1.16-sin(T).

Finally, Fig. 8 shows the summarized results of the proposed
method and the periodic pattern for formulating the dominant
mechanism at period1 and period2. When compared to the dom-
inant mechanism obtained from the second derivative of TMP, the

Korean J. Chem. Eng.(Vol. 34, No. 11)
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Fig. 8. The summarized results of the proposed method for diagnosing the dominant fouling mechanism: (a) Periodl and (b) period2.

dominant mechanism computed from the periodic pattern had an
identical result, indicating that the periodic pattern properly iden-
tifies the dominant fouling mechanism. It can be expected that the
proposed method of determining the dominant fouling mecha-
nism contributes to the diagnosis of variations in the fouling mech-
anism and operation conditions of the MBR process. Moreover,
the proposed method can contribute to select appropriate mem-
brane cleaning control strategies based on the dominant fouling
mechanism. Physical cleaning, such as coarse bubble aeration and
relaxation, is proper when reversible fouling is dominant, i.e., cake
layer formation fouling, while chemical cleaning, which removes
tenacious materials inside the membrane, is conducted by adding
chemicals inside the membrane when irreversible fouling for pore
blocking fouling is dominant [17]. Therefore, the suggested diag-

nosis method can be used to interpret the variation of fouling
mechanism, which can decide which control action is the proper
cleaning control action.
4. Results of the Fouling Diagnosis in a Lab Scale MBR Exper-
iment

Fig. 9 shows the application results of the proposed method in
the lab scale MBR experiment. Nine inflection points and ten mech-
anism changing intervals were computed from the second deriva-
tive of TMP, according to the tendency of the second derivative of
TMP obtained in the section of ‘1. Determination of the domi-
nant fouling mechanism’ cake filtration was dominant when the
second derivative was concave upward. On the other hand, cake
filtration was the dominant mechanism when the second deriva-
tive was concave downward. These results coincide with the domi-
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Fig. 9. Validation of the proposed method using a lab-scale MBR
process.

nant fouling mechanisms that were determined by comparing the
RMSE values of the four different fouling mechanisms at each
interval.

Then, EWMA was applied to separate the fouling stages. The
EWMA values started to decrease from 530 minutes and were
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below the LCL at 600 minutes. This result indicates that the second
derivative of TMP had abnormal conditions at 530 minutes. The
raw TMP data rapidly increased until 530 minutes, and was con-
verted to a diminished increasing tendency after 530 minutes. There-
fore, this result indicates that the fouling stage was changed at the
fiducial time, which was 530 minutes. The slow TMP rise stage was
not observed in the lab-scale MBR experiment. The absence of
that stage can be explained by a flux condition set point. The pilot
scale MBR process was operated under a constant flux of 17.0139
L/M?/h. On the other hand, the lab-scale MBR experiment was
operated under a constant flux of 38.5714 L/M’/h. Under high
constant flux conditions, foulants moved to and accumulated onto
the membrane surface more rapidly than with diffusion and cross-
flow shear forces, which are the inhibition mechanisms of foulant
accumulation. Therefore, this phenomenon increased the resis-
tance of water transport through the membrane, reduced the slow
TMP rise stage time, and accounted for the early appearance of
the TMP jump stage [41,42]. This result implies that the slow TMP
rise stage did not appear and the fouling mechanism was changed
from the TMP jump to converged TMP after 530 minutes.

Once the FFT method was applied to the filtered second deriv-
ative TMP of the TMP jump and converged TMP stages, the am-
plitude and frequency of the periodic pattern for diagnosing the
dominant fouling mechanism at the TMP jump stage were 0.0004
and 2, respectively, while those at the converged TMP stage were
0.0017, 4 and 0.0019, 5, respectively. The dominant fouling mech-
anisms diagnosed by the periodic pattern were consistent with the
observed dominant fouling mechanisms that were calculated by
the four fouling mechanism fitting with the observed raw TMP.

CONCLUSIONS

A trigonometric periodic pattern for diagnosing the dominant
fouling mechanism has been proposed by using differential calcu-
lus, EWMA, and FFT to investigate the complex fouling mecha-
nism variation in the MBR process. The periodic pattern took into
consideration the curvature tendency of the characteristics of the
fouling mechanisms, such as downward and upward concavity,
according to the increasing tendency. The periodic pattern had
smooth signal information, because the high frequency noise of
the real MBR process was eliminated by the filter. The predicted
fouling mechanism was consistent with the real MBR process foul-
ing mechanism determined by RMSE. Therefore, the periodic pat-
tern had considerable ability to diagnose the dominant fouling
mechanism according to time. Furthermore, the suggested periodic
pattern showed adaptability in the pilot-scale MBR process and the
lab-scale MBR experiment. Therefore, the periodic pattern can be
used to help to understand and diagnose the operation conditions
for evaluating membrane fouling of the MBR process. By evaluating
membrane fouling, MBR can also operate in an environmentally
friendly and economical manner by using the adaptive membrane
cleaning method of the evaluated MBR operating conditions.
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