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a b s t r a c t
For the first time, the approach to detect early fouling in reverse osmosis (RO) system by vibration 
sensor is introduced. The vibration sensor attached to the high-pressure pump collects the vibration 
data of the RO system, which are affected by foulants accumulated on the membrane surface. Lab-
scale fouling tests were carried out using humic acid in two different approaches: the constant-control 
test and the variation test, where the former is to maintain the constant test conditions and the latter 
is to intentionally change some test conditions during the fouling test. The vibration sensor col-
lected three-axis vibration data 8,192 data points per second and the size of the data file is about one 
gigabyte per hour. The raw data files were trimmed to smaller-sized files (six vibration data-sets per 
one fouling test) using R version 3.5.1 for the fouling analysis. The vibration data analyses for both 
the constant-control and variation tests revealed that some of six vibration data-sets could be used to 
figure out the early fouling even in the test condition in variation, where the early fouling is defined 
as the period when the average of the vibration data drops by over some percentage compared to 
that in no-fouling period.
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1. Introduction

Fouling is a key factor to design and operate reverse 
osmosis (RO) system [1–4]. It is very important to detect 
the early stage of fouling, otherwise, it could be difficult to 
remove foulants on the membrane surface to recover the 
performance of RO membranes [5]. In general, fouling can 
be detected by a decrease in water flux (for constant pres-
sure operation mode) or an increase in applied pressure 
(for constant flux operation mode).

However, these hydrodynamic parameters (i.e., water 
flux and applied pressure) are affected by not only fouling 
but also other factors (e.g., feed water temperature and salt 
concentration) [6,7]. For example, water flux (for constant 
pressure operation mode) decreases as feed temperature 
decreases because the viscosity of feed water increases 
and water permeability of membrane decreases. If salt 

concentration increases, the water flux decreases because 
of the osmotic pressure of feed-concentrate increases. 
Thus, water flux (for constant pressure operation mode) or 
applied pressure (for constant pressure operation mode) are 
always fluctuated during the operation even if fouling does 
not occur, which is the reason why it is difficult to detect the 
early stage of fouling in real field applications of RO system.

A normalized parameter such as normalized permeate 
flow rate suggested by ASTM D 4516 could be a solution 
[8]. Normalized permeate flow rate and permeate salt con-
centration from ASTM D 4516 reflect changes by feedwater 
temperature and salt concentration, which means ‘theoreti-
cally’ the normalized parameters are not changed by changes 
in feed water temperature and salt concentration. Thus, a 
decrease in the normalized parameters means fouling occurs 
in the system. However, it is reported that the normalization 
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method did not work very well in a real situation due to 
the fluctuation of the normalized parameters [9,10].

Although there are lots of research papers about detect-
ing the early fouling in RO systems [11–14], detecting the 
early fouling in the environment where feed water tempera-
ture and salt concentration have fluctuated like real field 
applications is not seriously considered. One research paper 
published by our research group [6] introduces a corrected 
normalized permeate flux to enhance the applicability of the 
ASTM normalization method by decreasing the fluctuation 
of the normalized parameters. However, the corrected nor-
malized permeate flux needs a fitting process that requires 
operation data obtained in a no-fouling condition.

In this work, a new early fouling detection method by 
analyzing vibration signals of the RO system is proposed. 
If fouling occurs, the feed channel shape will change because 
of the foulants accumulated on the membrane surface 
(Fig. 1). This induces a higher resistance to the feed flow and 
may cause changes in vibrating patterns of the membrane 
module. If a vibration sensor is installed in the RO system, 
the changed vibrating patterns of the membrane module 
when fouling occurs could be observed. This is the hypothe-
sis of this research work.

Since high-pressure pumps are one of the most expen-
sive parts in real-scale RO systems, vibration sensors are 
often installed in the pumps to predict any defects of the 
pumps such as flow blockages and cavitation [15–17]. The 
vibration signals collected by the vibration sensor become 
abnormal if there happen some problems in the pump. The 
abnormal signals can make operators stop the system and 
inspect the pump. Our idea is the collected vibration data 
may give a fouling alarm if the shrunk feed channel by accu-
mulated foulants on the membrane surface (Fig. 1) induces 
enough friction to produce a distinguished vibration signal.

The concept of vibration to reduce membrane foul-
ing has often been applied to the researches related to 
membrane technology [18], but any research results using 

vibration sensors to detect the early fouling are hardly 
observed. To our best knowledge, this paper will be the first 
one to introduce vibration sensors to alarm the early fouling 
in an RO system.

2. Methods

2.1. Lab-scale fouling test

A lab-scale fouling test was carried out using an RO sys-
tem described in Fig. 2 and the procedure described else-
where [19]. The vibration sensor used in this work was a 
triaxial sensor called FASTTRACER (Sequoia IT S.R.L., Italy) 
[20], and it was attached to the upper side of the high-pres-
sure pump as shown in Fig. 2. Sodium chloride (99.999% 
refined NaCl, OCI Co. Ltd., China) was used to control salt 
concentration in feed water and humic acid (Wako Pure 
Chemical Industries, Ltd., Japan) was used as a model fou-
lant. The membrane coupon used in this work was taken 
from RE4040-FEN, Toray Chemical Korea.

At the start of each fouling test, feed water was 
pre pared using pure water obtained from tap water fil-
tered by a 4-inch RO module system (RE4040-SHN, Toray 

Fig. 1. Feed-concentrate channels in the RO membrane become 
narrowed in the presence of fouling.

 

Fig. 2. Lab-scale RO system with vibration sensor [19].
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Chemical Korea) and the initial salt concentration was set 
to 2,000 mg/L using sodium chloride. 100 mg/L of humic acid 
was spiked to the raw water tank after a stabilization period 
of about 1 d to obtain stable vibration signals and to main-
tain constant permeate flux (~22 LMH at 7.6–8.0 bar) and 
temperature (~20°C).

Two different types of fouling tests were carried out; 
one is called the constant-control test and the other is called 
the variation test. The objective of the constant-control test 
is to limit the factors affecting the permeate flux to the 
addition of humic acid. If flux decline starts from a certain 
period in the constant-control test, this period is considered 
as the early stage of fouling. In the constant-control test, all 
the operating conditions including raw water temperature, 
salt concentration, and applied pressure was maintained at 
the initial values to prevent these parameters from affecting 
any changes in flux.

However, as mentioned in introduction, the operation 
parameters (e.g., temperature and salt concentration) are 
fluctuated during the operation in real field applications, 
and one cannot easily find out the starting point of foul-
ing by flux decline only because various factors such as the 
decrease in temperature, the increase in salt concentration, 
and the fouling can affect the flux decline. The objective of 
this work is to investigate the potential of analyzing vibra-
tion data to identify the early stage of fouling in a real field 
situation where all the operation parameters fluctuate. 
Thus, in the variation test, salt concentration keeps changed 
by randomly adding sodium chloride (to increase) or pure 
water (to decrease) during the operation. In this condi-
tion, it is difficult to find the starting point of fouling by 
observing the change in permeate flux. The purpose of the 
variation test is to investigate if the vibration signals can 
detect the starting point of fouling despite changes in oper-
ating conditions such as the salt concentration of raw water.

2.2. Pretreatment of the vibration data

FASTTRACER, the vibration sensor used in this work 
can collect three-axis vibration data up to 8192 data points 
per second and the size of the vibration data is big enough 
to be about one gigabyte per hour. Thus, a data-downsiz-
ing procedure (called ‘pretreatment’ in this paper) should 
necessary to analyze the vibration signal to find out the 
starting point of fouling (i.e., the time when humic acid is 
spiked). When a fouling test is finished, raw data can be 
extracted using FT analyzer software (Sequoia IT S.R.L., 
Italy) [20] provided by the manufacturer of the vibration 
sensor. Since the test period is longer than 30 h, the vibration 
data file size is larger than 30 gigabytes, which cannot be 
opened using a spreadsheet program like Microsoft Excel. 
Therefore, we have used R version 3.5.1 [21] to open the big 
vibration data file and to decrease the file size for the anal-
ysis. In this work, one representative value of 8,192 data for 
the 1 s period was extracted using two different approaches; 
(1) maximum amplitude (MA) and (2) standard deviation 
(STD), which were selected to indirectly express the size 
of amplitude of vibration patterns like periodic functions 
as shown in Fig. 3. MA was calculated by subtracting the 
minimum value from the maximum value taken from the 
same 1 s period.

3. Results and discussion

3.1. Vibration data analysis during the constant-control test

The objective of the constant-control test with a vibra-
tion sensor is to check if the vibration signal is changed due 
to fouling. Fig. 4 shows changes in permeate flux and salt 
rejection during the test. The total test period is divided 
into two: (1) the stabilization period with no fouling 
(no-fouling period) and (2) the fouling period. As indicated 
using an arrow, humic acid of 100 mg/L was added after 
1,295 min from the beginning of the test, which means the 
fouling period starts at 1,295 min. Interestingly, a signifi-
cant amount of flux decline was not observed after spiking 
humic acid (Fig. 4a). This can be explained by the con-
cept of cake enhanced concentration polarization (CECP), 
which means the fouling (cake) layer enhances concentra-
tion polarization and it is the main reason for flux decline 
in the RO membrane filtration [3]. The effect of CECP gets 
higher as salt concentration and initial flux become higher. 
The constant-control test condition includes a salt concen-
tration of 2,000 mg/L as NaCl and initial flux of 22 LMH, 
which are smaller than the experimental condition (e.g., 
seawater and initial flux of 28 LMH) in the literature about 
CECP [3]. Thus, the effect of CECP was not high enough 
to induce a noticeable flux decline as seen in Fig. 4a. The 
salt rejection was consistently decreased after humic acid is 
spiked as shown in Fig. 4b because the humic acid fouling 
layer enhances concentration polarization which results 
in the increase of salt concentration on the membrane sur-
face. Although the initial salt rejection (~98%) is less than 
the nominal salt rejection (>99%) of the RE4040-FEN mem-
brane, it is often observed in membrane coupons taken 
from membrane roll provided by membrane manufacturer 
and it does not mean any defect of the membrane [3].

Vibration data were collected during the constant-control 
test. After the experiment, a data file of 37.2 gigabytes was 
generated using FT analyzer software and it was trimmed to 
a file of 67.3 megabytes where all the data but MA and STD 
per each 1 s period were deleted. Since the vibration sen-
sor collects three-axis data, six vibration data-sets (MA and 
STD of each axis) can be obtained for the fouling analysis 
as shown in Fig. 5. All the vibration data except the STD of 
the x-axis (Fig. 5d) shows significant fluctuating patterns. 

Fig. 3. An example of vibration data collected for a 0.1 s period.



M. Kim et al. / Desalination and Water Treatment 183 (2020) 81–8784

Fig. 4. (a) Permeate flux and (b) salt rejection during the constant-control test (humic acid 100 mg/L, NaCl 2,000 mg/L, initial permeate 
flux = 22 LMH at 7.6 bar).

 

 

 
Fig. 5. Vibration data during the constant-control test (a) MA of x-axis vibration data, (b) STD of x-axis vibration data, (c) MA of y-axis 
vibration data, (d) STD of y-axis vibration data, (e) MA of z-axis vibration data, and (f) STD of z-axis vibration data.
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It is difficult to figure out the starting point of fouling when 
the degree of the fluctuation is higher than the change of the 
vibration data due to fouling as shown in Figs. 5b, e, and f.

In Figs. 5a and c, a little noticeable drop of the vibration 
data were observed after humic acid was spiked. However, 
it may be difficult to figure out the starting point of fouling 
without knowing the answer first. For example, vibration 
data around 1,080 min of operation time shows a similar 
pattern to those around 1,300 min just after fouling started 
(Fig. 5c). In this case, chances are 1,080 min may be regarded 
as the starting point of fouling instead of 1,300 min.

In the case of an MA of x-axis vibration data (Fig. 5a), a 
similar pattern of vibration data to the fouling signal (i.e., 
a sudden drop around 1,300 min of operation time) is not 
observed in the no-fouling period (<1,295 min). To apply 
the vibration data to detect early fouling, it is important to 
define the fouling signal pattern to distinguish it from the 
vibration patterns of the no-fouling period. For example, 
the starting point of fouling can be defined as the time when 
the vibration signals like MA and STD drop by over some 
percentage (e.g., >5%) of the average of the vibration data in 
the no-fouling period. The average MA of x-axis vibration 
data in the no-fouling period is 4.49 m/s2 while that in the 
period when the fouling signal appears (1,298–1,302 min) is 
4.09 m/s2 (i.e., 8.8% drop).

The fouling signal appears in the STD of y-axis vibration 
data (Fig. 5d). The average STD of y-axis vibration data in the 
no-fouling period is 0.36 m/s2 while that in the period when 
the fouling signal appears (1,298–1,302 min) is 0.33 m/s2 (i.e., 
8.3% drop). The fouling signal seems clearer in Fig. 5d than 
that in Fig. 5a, although the difference in percentage between 
the average values of vibration data in the no-fouling period 
and that in the period when the fouling signal appears is 
similar. This is because of the degree of fluctuation in Fig. 5d 
is much smaller than that in Fig. 5a.

The vibration data analysis so far reveals: (1) the period 
when fouling signal appears can be defined as the period 
when the average of the vibration data drops by over some 
percentage compared to that in the no-fouling period. (2) 
Two of the six vibration data-sets (Figs. 5a and d) can be used 
to figure out the fouling signal while the fouling signal is 
hardly observed in the other data-sets (Figs. 5b, c, e, and f). 

Therefore, we may set a rule to determine an early fouling 
period from the vibration data such as: If the fouling signal 
(defined in (1)) is observed in at least one of the six vibration 
data-sets, the period when the fouling signal occurs can be 
identified as the early stage of fouling. However, more foul-
ing tests with vibration data should be carried out to confirm 
the rule to determine an early fouling period.

3.2. Vibration data analysis during the variation test

In section 3.1, it was proved that vibration data can be 
used to detect early fouling in the constant-control test. The 
next step is to find out if vibration data can detect early foul-
ing in the operation condition where some parameters such 
as temperature and salt concentration in the feed are fluc-
tuated like real field applications. Fig. 6 shows changes in 
permeate flux and salt rejection during the test. Total test 
period is divided into three: (1) the stabilization period 
with no fouling in a constant-control condition (NaCl 
2,000 mg/L), (2) no-fouling period with varying salt concen-
tration (NaCl 1,223–3,315 mg/L), and (3) the fouling period 
after humic acid of 100 mg/L is spiked (after 1,710 min of 
operation time).

Flux decreases as salt concentration decrease because of 
the decreased osmotic pressure in the feed. Since salt concen-
tration is randomly changed in the no-fouling period with 
varying salt concentration, flux went randomly up and down 
in constant operating pressure of 8.0 bar as shown in Fig. 6a. 
Without the arrow indicating the starting point of fouling, 
one cannot figure out when fouling starts due to the flux fluc-
tuation. Salt rejection decreases at a higher salt concentration 
in the feed because of the salt diffusion rate through mem-
brane increases as salt concentration in the vicinity of mem-
brane surface increases. This is the reason why salt rejection 
also fluctuated like the case of flux, but it was gradually 
decreased while fluctuating after the starting point of fouling 
(Fig. 6b). Hence, the occurrence of fouling may be expected 
by observing a significant drop of salt rejection although the 
starting point is not figured out.

Vibration data were also collected during the variation 
test. After the experiment, a data file of 34.0 gigabytes was 
generated using FT analyzer software and it was trimmed to 

Fig. 6. (a) Permeate flux and (b) salt rejection during the variation test (humic acid 100 mg/L, NaCl 1,223–3,315 mg/L, initial permeate 
flux = 22 LMH at 8.0 bar).
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a file of 69.4 megabytes where all the data but MA and STD 
per each 1 s period were deleted. Among the six vibration 
data-sets, the MA of y-axis vibration data is shown in Fig. 7, 
where the fouling signal appears clearly. The average of the 
vibration data in the period the fouling signal appears (1,715–
1,718 min) was 5.92 m/s2 and that in the no-fouling period 
was 6.42 m/s2, which means 7.8% drop of the vibration data 
in a short period after fouling started. Moreover, the period 
when the salt concentration in feed was fluctuated without 
fouling (1,438–1,710 min) did not show any distinguishable 
change in the vibration data, which means the vibration sig-
nal does not respond to changes of salt concentration in the 
feed, but the occurrence of fouling. This is because the vibra-
tion is affected by the narrowed feed channel due to foulant 
accumulation (as shown in Fig. 1) more than the changes in 
flux and salt rejection due to fluctuated salt concentration in 
the feed.

This is a very important discovery because the vibra-
tion sensor can figure out the starting point of fouling even 
in the condition where other parameters affecting water 
and salt permeability of the membrane are varied. Since 
a vibration sensor is usually attached to the high-pressure 
pump to monitor the possible failures such as cavitation 
as discussed earlier, the prediction of fouling is possible 
without installing any additional apparatus. What we need 
to do is just analyzing the vibration data from the existing 
sensors.

4. Conclusions

This work was motivated by (1) the difficulty in detect-
ing early fouling in the condition where operation parame-
ters like temperature and salt rejection of feed fluctuate and 
(2) the hypothesis that vibration signal may be changed due 
to the accumulated foulants inside the feed channel of the 
membrane module. The hypothesis was successfully verified 
by the lab-scale test followed by the vibration data analysis. 
The early fouling in terms of the vibration data analysis can 
be defined as the period when the average of the vibration 
data drops by over some percentage compared to that in the 
no-fouling period. The vibration data analysis can figure out 
the early fouling not only in the constant-control test but also 

in the variation test were detecting the occurrence of foul-
ing is difficult due to the fluctuation of operation parameters 
such as feed salt concentrations.
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