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Comparison of Fouling Mechanism by
CaS0O4 and CaHPO,4 on Nanofiltration
Membranes

Saqib Shirazi, Che-Jen Lin, Simit Doshi, Sumeet Agarwal,
and Pritesh Rao

Department of Civil Engineering, Lamar University, Beaumont,
TX, USA

Abstract: We investigated the mechanism of CaSO, and CaHPO, scaling on nanofil-
tration membranes by observing the flux decline behavior. It was found that CaSO,
fouling contributed a greater resistance than CaHPO, fouling under the same
operating conditions. CaSO, fouling was characterized by reversible cake growth
caused by both bulk and surface crystallization at a lower operating pressure, and by
surface crystallization at a higher operating pressure. CaHPO, fouling was character-
ized by both irreversible pore/surface adsorption and reversible cake growth through
surface crystallization regardless of operating conditions. These findings indicate
that both fouling solutes and operating parameters should be considered when evaluat-
ing inorganic fouling of a nanofilter.

Keywords: Nanofiltration, membrane, inorganic fouling, calcium sulfate, cake
formation, bulk and surface crystallization

INTRODUCTION

Membrane filtration is considered as a promising process to provide better
drinking water quality (1, 2). Stringent drinking water regulations by the
environmental protection agency (EPA) have also triggered the use of
membranes in drinking water treatment (3). Four types of membranes are
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widely used in drinking water industries; these are microfilter (MF), ultrafilter
(UF), nanofilter (NF), and reverse osmosis (RO) (4, 5). Among them, NF has
become an attractive option for water softening because of its production of
higher water flux, selective rejection of multivalent ions and less operating
cost (6—38). Despite these advantages, one of the major limitations of the appli-
cation of NF in drinking water industries is inorganic fouling (9-15).

Membrane fouling can be reversible or irreversible. Both reversible and
irreversible fouling causes permeate flux decline. The flux decline by revers-
ible fouling can be recovered by membrane washing with deionized (DI)
water, while the flux decline caused by irreversible fouling cannot be
recovered unless the membrane is replaced or cleaned by chemical reagents
(9, 16, 17). Reversible fouling occurs due to the formation of cake or gel
layer of the foulant on the membrane surface (9, 11), whereas irreversible
fouling usually occurs due to strong physisorption and/or chemisorption of
solutes onto the membrane surface and its pores (9, 17). The rate and extent
of irreversible membrane fouling depends on several factors, such as
membrane characteristics (e.g., surface charge, roughness, hydrophobicity),
ionic species, temperature, pH, and operating conditions (e.g., cross-flow
velocity, applied pressure), etc. (15).

During inorganic fouling, a cake is formed on the membrane surface due
to the crystallization of inorganic salts (7). Two pathways of crystallization
have been reported, i.e., bulk crystallization and surface crystallization. In
bulk crystallization, scale forming ions agglomerate due to random collisions
of the ions, which develop a crystal that precipitates on the membrane
surface. On the other hand, surface crystallization is caused by the lateral
growth of crystals on the membrane surface (7). The crystallization
process can be affected by various parameters, such as operating conditions,
permeate flux, temperature, pH, concentration and type of inorganic salt
species, and the pretreatment of the feed (e.g., coagulation, flocculation,
and sedimentation) (7).

Earlier studies on inorganic fouling have been limited on CaSO, and
CaCOj; (13, 18-22). Although phosphate is an important species that could
be present at significant concentrations in raw water, few studies have been
performed to investigate the fouling behavior of phosphate salts on NF. In
this study, the fouling characteristics and mechanism of CaHPO, on NF is
investigated and compared to CaSO, fouling under various operating
conditions.

MATERIALS & METHODOLOGY
Fouling Model

Fouling increases the resistance and reduces the permeate flux. The
relation between the permeate flux and total resistance is described
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by equation (1) (17).
Rt()t e — (1)

where J is the permeate flux at a given time (¢), AP is the applied pressure,
A, is the effective transmembrane osmotic pressure drop caused by
increased solute concentration near the membrane surface, u is the viscosity
of the solution, and R, is the total resistance. R,, is contributed by
membrane resistance (R,,), irreversible resistance (i.e. resistance due to
pore/surface adsorption) (R;), reversible cake resistance (R,), and resistance
due to concentration polarization (R.,):

Rt =Rn+R; +R. + ch (2)

Membrane resistance and irreversible resistance can be determined using
pure water filtration where A, can be ignored for the calculation of R, and R;
s, 17):

AP
m = 3
R 2 3)
AP
Ri=— —R, 4
2 4)

where Jy and Jr are the fluxes of pure water through the clean and fouled
membranes.

In addition to fouling, flux can also decline due to increased resistance by
concentration polarization (9). The degree of concentration polarization (f),
which is the ratio of salt concentration near the membrane surface to bulk
concentration, can be estimated as:

Cn—GCp Jo
= = —_— 5
I=g—¢ exp(D) 5)
For C, « C, equation [5] can be expressed as:
Cu Jé
= —_—= —_— 6
r=¢ exp( D) ©)

where f is the degree of concentration polarization, J is the solvent flux, C,,,
C,, and C, are salt concentrations near the membrane surface in the
permeate and in the bulk stream, respectively. The ratio of the diffusion coeffi-
cient of the salt in the liquid (D) and the boundary layer thickness (0) is the

mass transfer coefficient (k), which can be estimated as follows (23):

( JV)mlt

k= 7
ln{ AP |:] _ (Jv)sult]}
Ty — Tp (JV)HQO
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where (J,)sa; is the permeate flux from a saline solution, (J,)g,o is the
permeate flux from the DI water, m, is the osmotic pressure at the solution
bulk concentration, 7, is the osmotic pressure at the permeate. An
increased degree of concentration polarization increases the degree of super-
saturation (23) [equation (8)] as well as the effective transmembrane osmotic
pressure drop (Ar,,) (24) [equation (9)].

sis=f % ®)
A, = 2C,RTR f )

where s/s is the degree of supersaturation and C; is the solute solubility, R is
the universal gas constant, 7 is the absolute temperature, and R, is the
observed rejection (1 — C,,/ Cp). The constant “2” (in equation (9) is used
for a 1:1 electrolyte solution at concentrations where van’t Hoff’s law is
valid, which is the case for the experiments performed in this study. Resist-
ance due to concentration polarization is negligible when the total resistance
is dominated by the formation of the cake (25). Under such conditions, the
cake resistance due to inorganic fouling can be expressed as followed:

R. =Ry — Ry — R; (]0)

Tracey and Davis (16) suggested that the flux decline can be attributed to
three major types of fouling, i.e., standard pore blocking, pore blocking, and
cake build-up. In standard pore blocking, pores on the membrane are gradually
constricted, while the number of available pores remains constant. A standard
pore blocking model can be expressed as:

Rm + Ri = Rm(l + KSPBQOI)2 (11)

where Q) is the initial permeate flow rate and Kpp is the constant for standard
pore blocking.

In pore blocking, the number of pores decreases with time due to pore
plugging, while the pore size remains constant. The pore blocking model
can be expressed as:

Ry + R; = Ry exp(K ppt) (12)

where Kpp is the constant for pore blocking.
During cake build-up, no pores are blocked. Instead, the cake resistance
increases with time. The cake resistance model can be expressed as:

th = Rm(l + A"I(VCBQ(Z)t)l/2 (13)

where K5 is the constant for cake build-up.

Since equation (11) is a second-order equation with respect to filtration
time, plotting total resistance versus time will produce a concave-up curve
if membrane fouling follows standard pore blocking model. Equation (12)
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is an exponential equation, therefore, the total resistance versus the time curve
also produces a concave-up pattern if the membrane fouling follows the pore
blocking model. However, if the cake formation is the predominant fouling
mechanism, plotting the total resistance versus time will produce a concave-
down pattern according to equations 13 and 16.

Preparation CaSO4 and CaHPO, Solution

Solutions of CaSO, (EM Sciences) and CaHPO, (Fisher Scientific) were
prepared by dissolving the salts in deionized (DI) water for 24 hours under
magnetic stirring to yield a concentration of 2000 ppm. The pH of CaSO,
solution was found to be 6.6 in the feed and remained constant in both the
permeate and retentate streams (between 6.5 and 6.7). For CaHPO,
solution, 80 ml of 0.1 M HNOj; acid was added to adjust the solution pH to
ca. 3.5 to achieve the 2000 ppm solubility. Before transferring the solutions
into the feed tank, the solutions were filtered using a 0.45-pm glass fiber
filter (Osmonics) to remove the residual solids. The calcium ion concentration
was determined using ion chromatography (Dionex 1000) to verify the feed
concentration.

To identify the fouling salt, we performed aqueous speciation calcu-
lations using the NIST stability constants for Ca(II)-phosphate system
(26). The speciation chart of the CaHPO, solution from pH 1 to 7 is
shown in Table 1. Under our experimental conditions, the aqueous specia-
tion in the feed solution at pH 3.5 is dominated by Ca*" and H,PO;,
with the precipitating salt as CaHPO,. The solubility product of
CaHPO,, is 107% and the product of Ca** and HPO;  in Table 1 at
pH 3.5 is 107 7% which is at a near-saturation condition. The precipitation
of Caz(PO,), is not likely due to the very low PO;~ concentration at the
experimental pH. During filtration, the pH of CaHPO, solution remained
relatively constant in both the permeate and the retentate the streams
(between 3.3 and 4.5). The slight pH change may be due to the precipitation
of CaHPO,, which caused a small shift in the aqueous speciation.

Measurement of Concentration Polarization

In order to measure the effect of concentration polarization (CP) during the
CaSO, and CaHPO, filtration on NF, 1500 ppm of CaSO, and 1500 ppm of
CaHPO, (at pH 3.5) were prepared and filtered through the NF membranes
at different operating pressures (345 and 966 KPa) and cross-flow velocities
(3.2 x 107> m/s and 4.0 x 10> m/s). During the filtration, there was a lag
phase prior to scaling when CP caused the permeate flux decline, and the
degree of CP was calculated using equations (5—38).
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Table 1. Speciation diagram for the feed solution at different pH. Only the important species are shown. Both total calcium and phosphate concen-
trations are 0.015 M. The stability constants used are based on Smith and Martell 2004. The initial pH of the feed was maintained at 3.5 and the pH
remained relatively constant throughout the filtration.

Species H;PO, H,PO; HPO;~ PO;~ Ca®t CaHPO, CaH,PO; CaOH™
pH M) M) M) M) M) M) M) (M)

1 1.28 x 1072 1.54 x 1073 185x107° 280 x 1072 145x1072 199x107° 500x107* 132x10"™
2 588 x 107  707x107° 850x107% 129x 1077  130x1072 816x10°% 205x10° 118 x 107"
3 899 x 107*  1.08x 1072 130x107% 197x107" 121x1072 116x10°° 292x107> 1.10 x 107'2
4 9.82 x 1073 1.18 x 1072 142 x107°  215x 107" 1.19x 1072 125x107°  313x107% 108 x 107!
5 9.69 x 107° 1.16 x 1072 140 x 107* 212 x 107" 118 x 1072 1.22x107%  3.08x107%  1.08x 1071
6 8.44 x 1077 1.01x1072  122x107%  185x107° 1.14x 1072 1.03x107 259%x 107  1.04x107°
7 377x 1078 453 x 1072 545x107° 825x 1078 996 x 107*  4.03 x 1073 1.01 x 107*  9.09 x 107°
35 30 x 107 116 x 1072 440x107%  211x107"™  1.19x1072 38 x10° 3.09x10° 343 x10 "2

998C

‘Te 39 1zealys °S



09: 36 25 January 2011

Downl oaded At:

Fouling Mechanism Comparison by CaSOQ, and CaHPO, 2867
Experimental Protocol

A polyamide flat sheet NF membrane (HL, Osmonics, Minnetonka, MN) was
used throughout the study. This is a thin-film membrane that can tolerate pH
3-9 at 25°C. According to the manufacturer’s specification, the typical flux for
this membrane is 39 GFD (gallon/ft*/day) at 100 psi (i.e. 1.83 x 107> m?/
m2/ s at 690 KPa). We selected this membrane due to its higher permeate
flux compared to most other commercially available nanofilters. The Sepa-
CF cell (Osmonics, Minnetonka, MN) was used with a width of 0.095 m,
channel length of 0.146 m, and channel height of 8.60 x 10~ *m, which
produced the membrane surface area of 0.014 m% A plastic sieve-type feed
spacer was placed inside the cavity on the feeding side of the membrane.
A schematic diagram of the apparatus is shown in Fig. 1. The experiments
were carried out at room temperature (23—-25°C) in a complete recirculation
mode in which both the permeate and the retentate streams were recirculated
back to the feed tank.

A calcium ion selective probe (Orion, Model 97-20) was placed inside
the feed solution to continuously monitor Ca** concentration in the feed
tank. During filtration, as the salt crystals deposited at the membrane
surface, a slight change of the feed concentration was observed, which was
minimized by adding saturated solutions into the feed tank to maintain a
feed concentration of 2000 + 50 ppm. The cross-flow velocity of the exper-
iments was changed by adjusting the pump speed. A 0.45-pm glass fiber
filter (Osmonics) was used in the retentate side for selected experiments,
when the bulk crystals were intended to be removed from the system.
Before each experiment, the nanofilter was stabilized overnight with
deionized (DI) water at 3.2 x 10> m/s cross-flow velocity and 345 KPa
operating pressure. At the start of each run, the membrane permeability was

Online Retentate
Filter (optional)
Vi

Permeate Flow Meter U
Permeate —I

v l J Pressure

Feed

Retentate

Feed Flow Met

Membrane Module

Pump

Figure 1. Schematics of experimental setup.
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determined with DI water. Only those membranes that gave permeability
within the 95% confidence interval were used.

A gear pump (Tuthill Corporation) was used to pump the feed from the
feed tank to the membrane module. Two flow meters (Cole Parmer
GR8000) were used to measure the feed and permeate flow rates. Feed
water recovery was measured by the ratio of permeate flow rate to feed
flow rate. Permeate flux was calculated as the ratio of permeate flow rate to
the membrane area. A pressure gauge (Cole-Palmer, U-68950-10) was used
to determine the operating pressure, and a needle valve (Cole-Palmer) was
used on the retentate side to control operating pressure. Fouling was
observed through the decline of the permeate flux. A new membrane sheet
was used for filtration until the permeate flux reached a steady state where
no further flux decline was observed.

Membrane Washing

After each filtration cycle, the membrane was washed with DI water to
determine the fouling reversibility. During washing, membranes were
removed from the membrane module, rinsed with DI water to remove the
reversible portion of the cake from the membrane surface. After rinsing
thoroughly with DI water, the membrane was reinserted into the membrane
module, and washed for six more hours by passing the DI water through the
feed side.

RESULTS AND DISCUSSION
Fouling Behavior of CaSO4 and CaHPO,

Unlike other salts, during CaSO, fouling on NF, the permeate flux decline
remains unaltered for a considerable period of time before the fouling starts
(7, 20). Lin et al. (9) verified the pattern of CaSO, fouling on NF by a four-
stage (concentration polarization, nucleation, active fouling due to cake
formation, and steady-state filtration) mechanistic model. In this study, we
compared the fouling behavior between CaSO, and CaHPO,.

First, 2000 ppm of CaSO, and 2000 ppm of CaHPO, were filtered at
3.2 x 107 m/s cross-flow velocity and 345 KPa operating pressure. The
results are shown in Fig. 2. During CaSO, fouling on NF, after concentration
polarization, the permeate flux decline remained unaltered for 4.5 hrs. At this
stage, CaSO,4 molecules aggregated and formed nuclei (nucleation stage).
Once sufficient nuclei were formed, they deposited onto the membrane
surface and reduced the permeate flux significantly (cake formation stage).
However, during CaHPO, filtration, the nucleation stage was not present
(Fig. 2), which might be due to the different nucleation kinetics of CaSOy,
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Figure 2. CaSO, and CaHPO, Fouling at 3.2 x 1073 m/s and 345 KPa.

and CaHPO, (27). Nucleation occurs slowly for CaSO, fouling but rapidly for
CaHPO, fouling, leading to direct CaHPO, solids on the membrane surface.

Furthermore, a 70% and 90% of flux decline was observed during the
filtration of CaHPO, and CaSO,, respectively (Fig. 2). Such flux reduction
was caused by a combination of concentration polarization and inorganic
fouling. It took 18 hrs for the system to reach a steady state stage for
CaHPO,, and 48 hrs for CaSO,. At the steady state (after the 40™ hour),
total resistances caused by CaSO, and CaHPO, were 3.8 x 10" m™! and
1.4 x 10" m™!, based on equation (1). CaSQ, scales produce greater resist-
ance than CaHPO, scales under the same operating conditions.

Characteristics of Fouling by CaSO4 and CaHPO,

To investigate the reversibility of CaSO,4 and CaHPO, fouling on NF, two
separate experiments were performed at 3.2 x 10> m/s and 345 KPa
using near saturated (2000 ppm) concentration of CaSO, and CaHPO,
solutions as feed. Then we compared the membrane permeability before
and after membrane washing in each filtration cycle. The results are
plotted in Figs. 3a and 3b.

The permeability of the washed membrane after CaSO, and CaHPO,
fouling was 0.0001 and 9.0 x 10~> m®/hr/m?/KPa, respectively (the per-
meability of the new membrane was 0.0001 m*/hr/m?/KPa). The permeation
flux is significantly reduced after the washing (ca. 25-30%) for CaHPO,
filtration. Statistical tests (paired T-test) were performed to test the difference
in permeability between the new and the washed membrane. For CaSO,
filtration, we found no statistical difference at 5% significance level in the
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Figure 3. Membrane permeability for new and washed membranes for (a) CaSO,
filtration and (b) CaHPQ, filtration.

three data sets (p = 0.79). Since the initial permeate flux and permeability
were recovered completely after removing the CaSO, scale by washing
with DI water, it appears that the reversible cake formation is responsible
for the flux decline in CaSO, filtration. The paired T-test was also
performed for the flux data for CaHPO, filtration. A significant difference
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in the permeability (p = 0.002) was found, indicating that a portion of
CaHPO, solids might be adsorbed on the pore/surface of NF during
CaHPO, filtration. This leads to irreversible fouling and cannot be
recovered by washing with DI water.

To verify the fouling characteristics of CaSO,4 and CaHPO,, 2000 ppm of
CaSO4 and CaHPO, solutions were filtered at various pressures (345 and
966 KPa) and cross-flow velocities (3.2 x 1072 and 4.0 x 1072 m/s). Their
filtration cycles are shown in Fig. 4a and 4b. Regardless of the operating
condition, the initial fluxes were fully recovered after washing with DI
water for CaSO, filtration (Fig. 4a). For CaHPO, filtration (Fig. 4b), the
initial flux was not recovered after the same membrane washing procedure.
This indicates that an irreversible pore/surface blockage of NF has
occurred. We further estimate the magnitude of resistance terms caused by
the reversible cake and irreversible pore/surface blockage after the com-
pletion of the filtration cycle for CaSO, and CaHPO,.

The ultimate reversible cake resistance of CaSO, fouling at various
operating parameters was quantified using equations (1-9), and shown in
Table 2. At constant operating pressure (345 KPa), reversible cake resistance
was higher at lower cross-flow velocity. At 3.2 x 1072 and 4.0 x 10> m/s of
cross-flow velocity, the ultimate reversible cake resistance was 3.8 x 10'* and
3.5 x 10" m™". A higher cross-flow velocity created a greater shear flow on
the retentate side, which produced a thinner cake. Moreover, lower feed water
recovery at the higher cross-flow velocity produced a lower supersaturation
index (3.96 at 32 x 10 m/s and 3.35 at 4.0 x 10" ?m/s). This in turn
formed a less compact cake on the membrane surface that resulted in lower resist-
ance (4). At constant cross-flow velocity (4.0 x 10 °m /s), the resistance due to
cake formation was higher at a higher operating pressure (966 KPa). The ultimate
cake resistances at 345 KPa and 966 KPa were found to be 3.8 x 10"*m™" and
1.0 x 10" m™ ", respectively. The higher operating pressure increased the feed
water recovery and degree of supersaturation (3.35 at 345 KPa and 15.2 at
966 KPa) near the membrane surface.

The resistance due to pore/surface adsorption (R;) for CaHPO, fouling
was calculated using equations (1-4), and shown in Table 3. At constant
operating pressure (345KPa), R; at 32 x 107 and 1.0 x 10" %m/s
were 3.89 x 10" and 2.89 x 10" m™', respectively. At constant cross-flow
velocity (1.0 x 1072 m/s), R; were 2.89 x 10'* and 4.35 x 10" m™" at 345
and 966 KPa, respectively. These results suggest that the resistance due to
pore/surface adsorption strongly depends on operating parameters. At
constant cross-flow velocity, a higher operating pressure produced a greater
convective flux towards the membrane, which resulted in more pore/surface
adsorption and thus a greater irreversible resistance. At constant operating
pressure, higher cross-flow velocity allowed less salt to be adsorbed, which
lowered the irreversible resistance.

The ultimate resistance caused by the reversible cake of CaHPO, was
calculated using equations (1—-4) and [10], and sown in Table 4. The ultimate
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Figure 4. Flux change during (a) CaSO, filtration and (b) CaHPO, filtration at
various operating parameters.

reversible cake resistance was 7.36 x 10"*m™"at3.2 x 10 m/sand 345 KPa;
3.85x 10” m™ ' at 1.0 x 107> m/s and 345 KPa; and 2.5 x 10" m™" at
1.0x 1072 m/s and 966 KPa. At constant operating pressure (345 KPa), a
higher cross-flow velocity led to a lower cake resistance because of the lower
feed water recovery and greater shear flow. At constant cross-flow velocity
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Table 2. Ultimate reversible cake resistance (R.) during CaSO,
fouling on NF at different operating parameters

Constant operating pressure Constant cross-flow velocity
(345 KPa) (4.0 x 1072 m/s)
Cross-flow Cake Operating Cake
velocity resistance pressure resistance
32x10°m/s 38 x10“m™' 345KPa 3.8 x 10“m™’
40x10%m/s 35x10“m™" 966 KPa 1.0 x 10 m™!

(1.0 x 1072 m/s), a higher operating pressure caused a higher cake resistance
because of the increased recovery and degree of concentration polarization.

It can be seen from Tables 3 and 4 that the ultimate resistance of CaHPO,
cake was much higher than its irreversible resistance, indicating that much of
the CaHPO, fouling was also caused by reversible cake formation. Using the
flux data in Figs. 2 and 4b, the total resistance (R,,) were calculated at
different operating conditions using equation (1) and plotted against time in
Fig. 5. All case produced concave-down curves suggesting cake formation as
the predominant fouling mechanism (according to equations (11-13) (16).
Comparing the cake resistance at different cross-flow velocities and operating
pressures in Tables 2, 3, and 4, the resistance was much more sensitive to
change in operating pressure compared to the change in cross-flow velocity.

Mechanism of Fouling by CaSO4 and CaHPO,

During inorganic fouling, the cake can be formed in one of three mechanisms
(10):

1. by bulk crystallization only
2. by surface crystallization only
3. by both bulk and surface crystallization

Table 3. Trreversible resistance (R;) during CaHPO, fouling on NF at
different operating parameters

Constant operating pressure Constant cross-flow velocity
(345 KPa) (1.0 x 1072 m/s)
Cross-flow Operating
velocity Resistance pressure Resistance

32x 10 m/s  389x10°m™"  345KPa 289 x 10°m
1.0x 10 2m/s 289 x10%m™" 966KPa  4.35x 10° m™'
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Table 4. Ultimate reversible cake resistance (R.) during CaHPO,
fouling on NF at different operating parameters

Constant operating pressure Constant cross-flow velocity
(345 KPa) (1.0 x 107% m/s)
Cross-flow Cake Operating Cake
velocity resistance pressure resistance
32x107°m/s 736 x10°m™'  345KPa  3.85 x 10° m™!
1.0x102m/s  385x10°m™" 966 KPa  2.49 x 10" m™'

It has also been suggested by Hoek et al. that a greater degree of concentration
polarization promotes surface crystallization (24). Lee and Lee (7) showed
that a lower degree of concentration polarization promotes both bulk and
surface crystallization in CaSO, fouling. We performed additional exper-
iments to elucidate the cake formation mechanism of CaSO, and CaHPO,.

Fouling Mechanism of CaSO4 and CaHPQ,4 at Constant Cross-flow
Velocity

To study the mechanism of CaSO, fouling at constant cross-flow velocity
(4.0 x 1072 m/s), 2000 ppm of CaSO, was filtered by varying the
operating pressure at 345 KPa and 966 KPa. In each case, >90% rejection
of CaSO, was observed. To assess if bulk crystallization was responsible

35
A A
30
25 A ¢ 345 KPa & 3.2X10"-3 m/s
e A H 345 KPa & 1.0X10"-2 m/s
§ 20 A 966 KPa & 1.0X10%-2 m/s |
e
x
] 15 A . .
"4
10 s - -
5 'Y
l 4 [}
0 ;—\ T T T T
0 10 20 30 40 50
Time (hr)

Figure 5. Total resistance versus time during CaHPO, filtration.
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for the fouling, filtration experiments were performed with and without the
addition of an inline retentate filter (Fig. 1). A 0.45-um pore size filter was
placed in the retentate side to remove bulk crystals from the system (10).
The results are shown in Fig. 6a.

For CaSO, fouling at 345 KPa and 4.0 x 102m /s, the ultimate flux at
steady state was higher when the inline retentate filter was in place (0.01
versus 0.003 m’/hr/m?). A higher ultimate flux with inline retentate filter
indicates that the added filter reduced cake growth on membrane surface.
The nucleation period is clearly shorter without the inline filter (e.g., 24
versus 34 hrs, Fig. 6a). Moreover, the filtration took longer to reach the
steady state when the filter was in place (e.g., 80 versus 60 hrs). This
indicates that the CaSO,4 cake formation was enhanced when bulk crystals
were not removed, and that bulk crystallization should be one of the mechan-
isms for CaSOy crystallization at 345 KPa and 4.0 x 10~ > m/s.

Furthermore, since the inline filter removes the bulk crystals only, the
cake would not be formed considerably (thus no significant flux reduction
after the concentration polarization stage) if bulk crystallization would had
been the only mechanism for the cake formation during CaSO, fouling.
However, a significant flux reduction with the inline filter was also
observed (Fig. 6a). This indicates that the formation of the cake also
occurred at the membrane surface. Therefore, we conclude that both bulk
and surface crystallization were responsible for cake formation in CaSOy4
fouling on NF at 345 KPa and 4.0 x 10~ > m/s. This result agrees with the
finding of Lee and Lee (7) where they suggested that at a lower operating
pressure the mechanism of CaSO, fouling is contributed by both the bulk
and the surface crystallization.

When the operating pressure was increased from 345 KPa to 966 KPa,
the degree of concentration polarization changed from 4.52 to 16.0
(Table 5). However, little difference in the ultimate flux, nucleation period,
and the time to reach the steady state was observed with and without the
retentate filter, i.e., the filter had little effect on CaSO, fouling at this
operating pressure (Fig. 6a). If bulk crystals are formed at 4.0 x 10~2 m/s
and 966 KPa (where initial feed water recovery was only 17% and
reduced further due to the flux decline by fouling), the crystals should be
removed by the inline filter and there should be a significant difference in
the fouling pattern with and without the filter. Based on the very short
nucleation period and little difference in the fouling pattern, the
mechanism for CaSO, fouling under a high operating pressure should be
dominated by surface crystallization. Similar results were also reported by
Song and Elimelech (28).

To investigate the fouling mechanism of CaHPO,, 2000 ppm of CaHPO,
was filtered at a constant cross-flow velocity (1.0 x 10~ m/s) by varying the
operating pressure at 345 and 966 KPa. The results are shown in Fig. 6b. At
1.0 x 10~% m/s and 345 KPa, the initial degree of concentration polarization
was estimated to be 4.80 (Table 5). At this condition, the ultimate flux was
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Figure 6. Flux versus time at constant cross-flow velocity: (a) CaSO, filtration at
40 x 1072 m/s (b) CaHPOy filtration at 1.0 x 1072 m/s. The experiments at high
pressure were stopped at about the 25 hour since the flux did not vary significantly
after three consecutive readings.

almost the same (0.01 m’/hr/m?) with or without the retentate filter.
Moreover, the inline filter had little effect on the cake growth and the filtration
period during CaHPO, fouling (Fig. 6b). This suggests that the mechanism of
fouling by CaHPO,4 was due to surface crystallization under the operating
conditions.
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Table 5. Degree of concentration polarization (CP) and osmotic pressure at
membrane all for 1500 ppm CaSO, and 1500 ppm CaHPO, at various operating
condition

Flux for Flux for Mass trans-
DI-water  salt soln. fer coef. (k) Degree of

Salt Operating (m*/hr/  (m?/hr/ (m/hr) CP (f)
species parameters m?) m?) Eq. (7) Eq. (6)
CaSO, 32 x 10 % m/s 0.05 0.024 0.0168 4.16
& 345 KPa
4.0 x 107> m/s 0.05 0.028 0.0222 3.52
& 345 KPa
4.0 x 107%m/s 0.14 0.040 0.0144 16.0
& 966 KPa
CaHPO, 3.2 x 10 °m/s 0.05 0.018 0.0110 5.12
& 345 KPa
1.0 x 102 m/s 0.05 0.020 0.0127 4.80
& 345 KPa
4.0 x 107 % m/s 0.05 0.032 0.0302 2.88
& 345 KPa
1.0 x 1072 m/s 0.14 0.018 0.0061 19.5
& 966 KPa

At the same cross-flow velocity, when the operating pressure was changed
from 345 KPa to 966 KPa, the degree of concentration polarization was
changed from 4.80 to 19.5 (Table 5). At such a high operating pressure, the
rate of crystallization could be so high that the formation of salt crystals
started instantaneously at the membrane surface. This minimized the effect of
bulk crystallization (if any) on the flux decline during CaHPO, fouling on
NF. As seen from Fig. 6b, the ultimate flux remained almost same
(0.009 m* /hr/m?) with and without online retentate filter.

Fouling Mechanism of CaSO4 and CaHPQ, at Constant
Operating Pressure

Solutions containing 2000 ppm of CaSO,4 were filtered at 345 KPa at various
cross-flow velocities at 3.2 x 10~ and 4.0 x 10" ?m/s to investigate the
fouling mechanism. The results are plotted in Fig. 7a. The degree of concen-
tration polarization was found to be 4.16 (at 3.2 x 1073 m/s) and 3.52 (at
40 %1072 m/s), respectively (Table 5). The ultimate flux with and without
the inline filter was 0.01 m’/hr/m* and 0.003 m®/hr/m* at 3.2 x 10”* m/s
crossflow velocity, indicating that the added filter reduced the cake growth on
the membrane (thus a greater flux). Figure 7a also shows that the nucleation
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Figure 7. Flux versus time at constant operating pressure (345 KPa) (a) CaSO,
filtration (b) CaHPO;, filtration.

period is clearly shorter without the inline filter (4.5 versus 9 hrs), and the fil-
tration took longer to reach a steady state when the filter was in place (57 hrs
versus 49 hrs). This indicates that CaSO, cake formation was enhanced by
bulk crystals, and bulk crystallization should be one of the mechanisms for
CaSO, fouling. At 4.0 x 102 m/s crossflow velocity, there is a significant
difference in the ultimate flux (0.01 versus 0.003 m>/hr/m?), nucleation period
(34 versus 24 hrs), and filtration to reach the steady state (80 versus 60 hrs).
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This indicates that both bulk and surface crystallizations were responsible for the
cake formation under the experimental conditions.

Solutions containing 2000 ppm CaHPO, were also filtered at the
same operating pressure (345 KPa) and different cross-flow velocities
(1.0 x 107 % and 4.0 x 10~% m/s). The degree of concentration polarization
was found to be 4.80 (1.0 x 107?m/s) and 2.88 (4.0 x 107%m/s)
(Table 5). The results are plotted in Fig 7b. It can be seen that the inline
filter had little effect on cake growth, ultimate flux, and the filtration
time during the CaHPO, fouling at 345 KPa. Based on the observations, we
concluded that the primary mechanism for the CaHPO, fouling should
be surface crystallization.

During CaHPO, fouling at 345 KPa and 4.0 x 10 ?m/s cross-flow
velocity, the degree of concentration polarization was only 2.88, which is
lower than the value of 4.16 for CaSO4at3.2 x 10 ° m /s (at which bulk crys-
tallization is one primary mechanism of fouling during CaSQO, fouling). Even
at this lower degree of concentration polarization, the cake formation was con-
tributed only by surface crystallization during CaHPO, fouling on NF. Figures
6 and 7 reveal that operating parameters (cross-flow velocity and operating
pressure, etc.) as well as the type of fouling solutes strongly affect the
mechanism and rate of cake formation, either by surface crystallization,
bulk crystallization, or by both bulk and surface crystallization.

CONCLUSIONS

This study was performed to compare the fouling behavior and mechanism of
CaSO, and CaHPO, fouling on NF. The results showed that the flux decline
caused by CaSO, fouling was due to reversible cake formation, while the
flux decline caused by CaHPO, fouling was partially irreversible by both
pore/surface adsorption and cake formation. The mechanism of fouling
depends both on operating parameters and the types of fouling salt. For the
CaSO0, filtration, the fouling was contributed by both bulk and surface crystal-
lization at a lower operating pressure and by surface crystallization only at a
higher operating pressure. For CaHPO, filtration, the primary fouling
mechanism was through surface crystallization regardless of operating
conditions. These findings indicate that the fouling salts in feed water as
well as operating conditions of filtration needs to be considered while evaluat-
ing inorganic fouling on nanofilters.

SYMBOLS

C, Salt concentration at the bulk (kg/ m’)

Cn Salt concentration at the membrane surface (kg/ m’)
C, Salt concentration in the permeate (kg/m>)

C, Solubility of the species
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Diffusion coefficient of the salt (m2 /hr)

Degree of concentration polarization

Permeate flux (m’/hr/m?)

Initial permeate flux (m* /hr/ m?)

Flux of deionized water through the fouled membrane
(m?/hr/m?)

Mass transfer coefficient (m/hr)

Constant for standard pore blocking

Constant for pore blocking

Constant for cake build-up

Reynolds Number

Time (s)

Temperature (K)

Observed rejection

Membrane resistance (m_l)

Resistance due to concentration polarization (m™ ")
Cake resistance (mfl)

Irreversible resistance (m 1)

Total resistance (m ")

Degree of supersaturation

74 Cross-flow velocity (m/s)

AP Applied pressure (KPa)

A, Effective transmembrane osmotic pressure drop (KPa)
N Dynamic viscosity of solution (Kg/m/hr)

v Kinematic viscosity of solution (mz/hr)
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