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a b s t r a c t
In this study, a model for the progress of membrane fouling due to scale formation in nanofiltration 
systems is presented. The model was developed based on the surface blockage equation to estimate 
flux as a function of volume concentration factor (VCF). Experiments were carried out to apply the 
model using CaSO4 saturated solution. Humic acid was used as a background organic matter that may 
interfere with the scale formation. The model could match the experimental data well with the overall 
R2 value of 0.95 for more than 1,000 data points. The addition of the humic acid affected the changes in 
flux with VCF. The model parameters were different for different humic acid concentration. It is likely 
that the humic acid retards the scale formation rate by changing the crystallization kinetics. The rate 
of flux decline and VCF increase were also estimated as a function of the humic acid concentration.
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1. Introduction

Nanofiltration (NF), which uses membranes less tight 
than reverse osmosis (RO) membrane, has been considered 
as an efficient technique for water treatment and desalination 
[1]. NF membranes have the capability of selective removal 
of divalent ions and dissolved organic matter, allowing their 
use for water softening [2,3]. They are also useful to reject 
emerging contaminants in water [4,5]. Recent development 
of novel NF membrane materials has broadened the applica-
tion area for NF processing [6]. NF has been already proven 
to be sufficient to produce clear water in a variety of applica-
tions [1,7]. It has been also applied as a low-cost desalination 
technology [8].

Nonetheless, one of the challenges to be overcome for the 
application of NF is the control of membrane fouling [7,9,10]. 
Of particular importance in the water softening by NF is scale 
formation [11,12]. The hardness of water results from the 

existence of calcium and magnesium ions that can also cause 
scale formation in NF processing [13]. Once scale formation 
occurs, it can induce the formation of impermeable inorganic 
materials on the surface of membranes, leading to a reduc-
tion in the permeability of the membrane [11].

Due to the importance of scale formation issues in NF 
processing, a handful of studies have been carried out to 
understand and control scales [14–17]. The mechanisms of 
scale formation in NF/RO systems have been investigated 
[18]. Two scale formation mechanisms including surface 
crystallization and bulk crystallization have been reported 
[19]. A theoretical and experimental approach to estimate the 
potential for scale formation in RO and NF systems was also 
presented [14,20]. The interactions between scale-forming 
ions and dissolved chemicals in the water were examined 
[9,11,13,21]. It was found that the organic matters such as 
humic substances affect the kinetics of scale formation, 
which change flux decline rate in NF/RO systems. However, 
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inorganic scaling was found to be accelerated by the organic 
fouling layer depending on the operating conditions [22]. The 
techniques for the measurement of NF membrane fouled by 
sparingly soluble salt have been developed and applied [23].

However, there is still limited information on the predic-
tion of NF fouling due to scale formation. Models to predict 
the formation of scales in NF processing are highly required 
to achieve reliable design and operation of the membrane 
plants. Moreover, the effect of background organic mat-
ters such as humic acid on NF fouling should be further 
elucidated to apply NF in practical situations where both 
scale-forming ions and hardness exist.

In this study, a mechanistic modeling technique to quan-
tify CaSO4 scaling in NF membrane processing was devel-
oped. Using this technique, the possible influence of humic 
acid on scale formation in the NF system was analyzed. The 
originality of this work lies in the development of model 
allowing the analysis of NF fouling induced by both CaSO4 
and humic acid, which may provide insight into the design 
and operation of NF plants under similar situations.

2. Model development

The approach in this study was based on the resistance 
models for NF and surface crystallization kinetic equations. 
Although bulk crystallization may occur depending on the 
operating conditions, it was not considered in this model 
due to its relatively low effect in a bench-scale batch system, 
which was adopted in this study [12,21]. Accordingly, the 
flux is given by the following equation:
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where J is the water flux through the NF membrane, ΔP is the 
difference between feed and permeate pressures; Δπ is the 
difference in osmotic pressure between feed and permeate; 
η is the viscosity of product water; Rm is the intrinsic resis-
tance of intact membrane; A is the area of the membrane; Ab 
is the area blocked by surface crystals. Since the thickness of 
the surface crystal (h) is assumed to be constant, Ab can be 
expressed as:
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where ms is the mass of scales precipitated on the membrane 
surface; ρ is the density of the crystal and β is the coefficient 
for the surface crystal property. Since J0 = ΔP/ηRm, Eq. (1) is 
rewritten as 
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where Jr is the reduced (or normalized) flux. According to 
Eq. (3), Jr linearly decreases as ms increases. In fact, ms is a 
function of the concentration of the scale-forming ions. Based 
on the kinetics for the crystal growth, ms is given by:
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where k′ is the rate constant of the surface crystal growth; c is 
the scale-forming ion concentration; cs is the scale-forming 
ion concentration at which the scale formation begins; l is 
the reaction order and t is the time. If there is no lag period 
for crystallization, cs should be identical to the saturated 
concentration. However, due to the lag period, cs may be 
higher than the saturated concentration. Since the aim 
of this study was to derive a semi-empirical model, ms is 
simply given by:
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n
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where ks is the apparent rate constant of the surface crystal 
growth and n is the apparent reaction order. Using x = c/c0 
and xs = cs/c0, Eq. (3) is rewritten by:
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where c0 is the initial concentration of the scale-forming ions 
and γ is the apparent rate constant for flux decline. In the 
application of the model, Eq. (6) was used to fit the experi-
mental results through non-linear regression to find the three 
parameters including γ, xs and n.

3. Experimental

3.1. Experimental methods 

A batch filtration cell was adopted to estimate filterability 
of NF membranes [21]. The composing material of the filtra-
tion cell was stainless steel. The filtration cell with the inner 
diameter of 54 mm was used. A magnetic stirrer with the size 
of 52 mm was applied to provide a proper mixing condition. 
The stirring speed was set to be 600 rpm, which corresponds 
to the shear rate of 6,920 s–1. Transmembrane pressure (TMP) 
was adjusted using a high pressure regulator connected to 
a high pressure gas tank. Experiments were carried out at 
6 and 12 bar, respectively. The feed temperature was set to 
20°C–25°C. During the tests, the variations of the tempera-
ture during an experiment were smaller than ±1°C.

3.2. Feed water and membrane

A solution of 2,000 mg/L CaSO4 was used as the feed to 
the NF system. Pre-filtration of the feed solutions was carried 
out using a 0.45 µm microfilter. During the experiments, the 
concentrations of CaSO4 were determined using an electric 
conductivity meter. Humic acid (Sigma-Aldrich, USA) pur-
chased from Sigma-Aldrich Chemical was used as a back-
ground organic matter. It was dissolved in water without 
further purification and the stock solutions were prepared. 
They were stored in a refrigerator at 4°C before use. The con-
centration of humic acid was determined using a Dohrmann 
DC-180 TOC Analyzer.

A commercially available thin film composite membrane 
(NF-45, Filmtec, USA) was selected for the NF experiments. 
The water permeability ranges from 6 to 7 L/m2 h bar with the 
CaSO4 rejection of 98%. A new membrane was used in each 
test. Before the test, the membranes were washed using the 
ultrapure water. The permeate flux was expressed in terms 
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of volume concentration factor (VCF), which is the ratio 
between the feed volume and the concentrate volume:

VCF = = +
V
V

V
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where Vf, Vc and Vp are the volumes of feed, concentrate and 
permeate, respectively. VCF is proportional to permeate 
recovery.

The rate of flux decline was quantitatively expressed 
using the rate of flux decline (rFD), which is defined as: 
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where Ji is the initial water flux; Jf is the final water flux after 
the experiment and ΔT is the time spent during the exper-
iment. While rFD indicates how fast the flux decline occurs, 
it is also necessary to examine how fast the feed solution is 
concentrated. Accordingly, the rate of VCF increase was also 
measured by using the following equation:
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where xf is the final VCF. The effect of humic acid concentra-
tion and the TMP on rFD and rCF was examined through a set 
of experiments.

4. Results and discussion

4.1. Effect of scale formation on NF flux

A set of NF tests were carried out by adjusting the con-
centration of humic acid from 0 to 10 mg/L in the CaSO4 
saturated solutions. The tests were done under low TMP 
(6 bar) and high TMP (12 bar). The experimental matrix is 
summarized in Table 1. In each case, the flux data were fit-
ted to Eq. (6) to determine γ, xs and n. If humic acid affects 

the NF fouling due to scale formation, these parameters may 
be changed.

Fig. 1(a) shows the results of NF test under 12 bar with-
out adding the humic acid. The symbols denote the experi-
mental values and the curve indicates the model fit. The NF 
flux gradually decreased from the beginning and was rapidly 
reduced above the VCF of 5, which results from the scale for-
mation and subsequent fouling. The final VCF at the end of 
the experiment was about 6.3. The model reflects the overall 
tendency of flux decline during the experiments. The model  
fit parameters were determined as follows: γ = 0.0337,  
xs = 1.34 and n = 2.11.

The existence of humic acid in the NF feed seems to retard 
the fouling by scaling. In Fig. 1(b), where the humic acid con-
centration was 0.2 mg/L, the flux decline pattern was similar 
to that without humic acid. However, with increased humic 
acid concentration, the flux decline was delayed. For exam-
ple, Figs. 1(c) and (d) show the results at 0.4 and 0.6 mg/L 
of the humic acid concentrations, respectively. In these cases, 
the final VCF was approximately 7.0, which is higher than 
that without humic acid. If the humic acid concentration is 
higher than 1.0 mg/L (Figs. 1(f)–(h)), the final VCF was over 
8.0, indicating that the fouling rate was reduced. Although 
there were some deviations, it is likely that the humic acid 
disturbs the fouling due to scale formation. Table 2 summa-
rizes the results of model fits at high TMP condition. The γ 
value ranges from 0.0314 to 0.109 and the n ranges from 0.826 
to 2.25. The xs was in the range of 1.00 to 1.34. Although there 
are variations in the results, an increased concentration of the 
humic acid seems to reduce the n value. On the other hand, 
there were no evident trends between the humic acid concen-
tration and the γ value. Moreover, the xs seems to be almost 
constant in most cases.

Fig. 2(a) shows the results of NF test at 6 bar without add-
ing the humic acid. Unlike the case with 12 bar (Fig. 1(a)), the 
flux linearly decreased with an increase in VCF. It appears 
that the fouling due to scale formation started from the 
beginning of the experiment. Nevertheless, the model pro-
vides a reasonable agreement with the experimental data. 
The model fit parameters were estimated as: γ = 0.3130,  
xs = 1.00 and n = 0.680. Compared with the case with 12 bar, 
the n value was lower, indicating that the apparent reaction 
order was reduced. This suggests that the kinetics of scale 
formation at 6 and 12 bar are quite different.

With an increase in the humic acid concentration, the flux 
decline rate was reduced. In Fig. 2(b) the final VCF was 7.9, 
which is higher than the final VCF without humic acid. The 
final VCF increased to 10 if the concentration of humic acid 
was higher than 1 mg/L (Figs. 2(c)–(e)). The slope of the flux 
decline also decreased with an increase in the humic acid 
concentration. At the humic acid concentration of 10 mg/L 
(Fig. 2(e)), the reduced flux was still 0.4 even at the end of 
the NF test. The changes in flux with time were successfully 
described by the model.

The results of model fits at low TMP condition are pre-
sented in Table 3. The γ value ranges from 0.242 to 0.313 
and the n value ranges from 0.680 to 334. The xs was close to 
1.00 in most cases. It seems that the existence of humic acid 
does not significantly affect the γ and xs values. However, it 
showed a strong correlation with the n value. It is evident that 
n decreased as an increase in the humic acid concentration.

Table 1
Experimental matrix

Transmembrane pressure 
(bar)

Humic acid concentration 
(mg/L)

12 0
12 0.2
12 0.4
12 0.6
12 0.8
12 1
12 2
12 4
6 0
6 0.5
6 1
6 2
6 10
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Fig. 1. Dependence of the reduced flux on VCF at TMP of 12 bar. Humic acid concentrations: (a) 0, (b) 0.2, (c) 0.4, (d) 0.6, (e) 0.8, (f) 1.0, 
(g) 2.0 and (h) 4.0 mg/L.
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The dependence of γ and n on humic acid concentration 
is illustrated in Fig. 3. When the TMP was 6 bar, the γ remains 
constant irrespective of the humic acid concentration, as 
shown in Fig. 3(a). At the TMP of 12 bar, the γ seems to 

increase with the concentration of the humic acid. However, 
due to the variations of the data, it is not clear if the γ really 
depends on the humic acid concentration. On the other hand, 
the n is strongly dependent on the humic acid concentration 
as shown in Fig. 3(b). Accordingly, it can be concluded that the 
retardation of scale formation by humic acid in the NF system 
is attributed to the modification of crystallization kinetics due 
to the interaction between CaSO4 salts and humic acid.

Table 2
Model fit parameters at high TMP conditions (12 bar)

Humic acid  
concentration (mg/L)

Model parameters
g xs n

0 0.0337 1.34 2.11
0.2 0.0199 1.00 2.25
0.4 0.0508 1.00 1.55
0.6 0.0846 1.00 1.27
0.8 0.140 1.00 1.064
1 0.0314 1.12 1.59
2 0.0536 1.00 1.35
4 0.109 1.00 0.826
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Fig. 2. Dependence of the reduced flux on VCF at TMP of 6 bar. Humic acid concentrations: (a) 0, (b) 0.5, (c) 1.0, (d) 2.0 and  
(e) 10.0 mg/L.

Table 3
Model fit parameters at low TMP conditions (6 bar)

Humic acid 
concentration (mg/L)

Model parameters
g xs n

0 0.3130 1.00 0.680
0.5 0.242 1.00 0.689
1 0.286 1.03 0.526
2 0.289 1.01 0.391
10 0.278 1.04 0.334
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4.2. Model verification

Fig. 4 shows the correlation between the experimental 
flux and the model calculations. Although there were some 
deviations, the model showed a good match with experi-
ments. Except for the cases with low reduced flux, the model 
fits the experimental data well. The R2 was 0.957 for 1,043 
data points. This result suggests that the effect of humic acid 
on the fouling due to CaSO4 scaling can be described by the 
simple model equation.

Although the model fit was successful, there were devia-
tions in several cases. For example, the model fit in Fig. 1(e) 
does not seem to be adequate because the trends of the 
experimental results and the model fits are different. This 
is probably because of experimental errors occurred during 
the experiments. In Fig. 1(e), the flux in the initial phase was 
unstable, which affects the reliability of the model fit.

4.3. The rates of flux decline and VCF increase

Using Eqs. (8) and (9), rFD and rCF were calculated from the 
experimental data. In Fig. 5(a), the rFD is shown as a function of 

humic acid concentration for two TMP conditions. Considering 
the variations in the data, it is evident that rFD does not depend 
on the humic acid concentration. The rFD indicates the rate 
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of flux decline. If the humic acid exists, the flux decline is 
reduced by its retardation effect. However, it also leads to the 
NF operation at higher VCF and thus the flux decline eventu-
ally occurs. Accordingly, it seems that the rFD does not signifi-
cantly change in the presence of humic acid.

Fig. 5(b) shows rCF as a function of the humic acid con-
centration. Unlike rFD, rCF seems to increase as an increase in 
the humic acid concentration. Since rCF implies how fast the 
feed solution can be concentrated, it increases due the retar-
dation of scale formation by the humic acid. In other words, 
the presence of humic acid is beneficial to produce more 
water from the feed water containing scale-forming ions. The 
results on rFD and rCF are summarized in Table 4.

Using the linear regression of the data in Fig. 5, rFD and 
rCF are expressed as a function of humic acid concentration 
and TMP. The regression equations were then used to create 
contour diagrams to show how rFD and rCF changes with the 
humic acid concentration and TMP. As shown in Fig. 6(a), rFD 
is not significantly affected by the humic acid concentration. 
But it increases as the TMP increases. On the other hand, the 
effect of TMP on rCF is not significant as shown in Fig. 6(b). 
Instead, an increase in the humic acid concentration increases 
rCF. This suggests that the fouling by CaSO4 scaling in NF sys-
tems is affected by the combined effect of humic acid concen-
tration and TMP.

5. Conclusion

In this study, NF fouling by CaSO4 scaling in the presence 
of humic acid was investigated. The following conclusions 
were drawn:

• A model was developed based on the surface blockage 
equation to estimate flux as a function of VCF. The model 
could match the experimental data well with the overall 
R2 value of 0.95 for more than 1,000 data points.

• The humic acid seems to retard the fouling by CaSO4 
scaling. With increasing the humic acid concentration, 

the final VCF obtained at the end of the experiments 
increases.

• The apparent reaction order (n) for the scale formation 
decreases with increasing the humic acid concentration. 
This suggests that the retardation of scale formation by 
humic acid in the NF system is attributed to the modi-
fication of crystallization kinetics due to the interaction 
between CaSO4 and humic acid.

• The rate of flux decline (rFD) did not depend on the 
humic acid concentration but the rate of VCF increase 
(rCF) was proportional to the humic acid concentration. 
On the other hand, only rFD was significantly affected by 
the TMP.

Table 4
Dependence of rFD and rCF on TMP and humic acid concentration

Transmembrane 
pressure  
(bar)

Humic acid 
concentration 
(mg/L)

Flux decline 
rate, rFD 
(L/m2 h2)

CF rate, rCF 
(min–1)

12 0 54.7 6.60
12 0.2 51.7 6.85
12 0.4 59.0 8.11
12 0.6 45.2 6.97
12 0.8 43.1 5.74
12 1 55.9 9.76
12 2 56.9 9.02
12 4 50.8 12.7
6 0 17.15 3.05
6 0.5 21.9 4.85
6 1 20.5 6.00
6 2 16.8 15.2
6 10 14.6 17.5 Humic acid concentration (mg/L)
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Fig. 6. Contours of the rates of flux decline and VCF increase as a 
function of humic acid concentration and TMP (a) rFD and (b) rCF.
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