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Abstract 

Reverse osmosis experiments with synthetic feed waters were carried out to simulate 

combined fouling of salt-rejecting membranes by colloids and CaSO4 scale.  Two 

gypsum crystallization regimes were studied: a) surface crystallization with the 

saturation index smaller than 1 in the bulk and higher than 1 near the membrane 

surface and b) concomitant surface and bulk crystallization with supersaturated 

solutions. Rapid flux decline was observed for both undersaturated and supersaturated 

feeds.  For the supersaturated feed, scaling resulted in a dramatic flux decline only 

marginally affected by SiO2 colloids.  For the undersaturated feed, the flux decline was 

significantly higher than the summation of flux declines due to colloidal fouling alone 

and gypsum scaling alone.  Colloidal silica did not have a statistically significant effect 

on the amount of gypsum crystals formed on membrane while the deposition of colloids 

was enhanced in the presence of CaSO4 scale. The synergistic increase in fouling is 

attributed to changes in the structure of the fouling layer.  The results point to the 

importance of removing colloidal species at the pretreatment stage. 
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Introduction 

The shrinking supply of high quality water and the growing demand have led many 

water utilities to turn to alternative water sources, such as brackish surface water and 

seawater.  Meanwhile, the increasingly stringent water standards, such as 

Disinfectants/Disinfectants Byproducts Rule and Long Term 2 Enhanced Surface Water 

Treatment Rule, require higher removal of  contaminants to safeguard public health 

(EPA, 2005). Reverse osmosis (RO) is a reliable technology able to remove 

microorganisms, organic contaminants, precursors of disinfection by-products, colloids, 

and other pollutants (AWWA, 2005). The cost of the RO process, however, remains 

high in part due to expenses related to membrane fouling prevention and management. 

Formation of mineral precipitates, biofilm initiation and growth as well as deposition of 

colloidal materials not removed at the pretreatment stage are types of fouling that are of 

concern for osmotic processes. Fouling leads to a decline in the permeate flux, lower 

quality of the product water and increased operational costs. 

 

Precipitative fouling (i.e. scaling) can severely impact RO membrane performance and 

shorten membrane life.  Scaling occurs when the concentration of sparingly soluble 

salts, such as CaCO3 and CaSO4, exceeds their solubility limits.  Carbonate scaling can 

be controlled by decreasing the pH of the feed water while precipitation calcium sulfate 

dihydrate (gypsum) is insensitive to pH. 

 

The effect of crossflow on gypsum scaling on membrane performance has been studied 

extensively.  Lee and Lee (Lee and Lee, 2000) demonstrated that in nanofiltration (NF) 
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and RO membrane systems, the rate of gypsum scaling was lower at a higher crossflow 

rate and a lower transmembrane pressure.  Rahardianto et al. (Rahardianto, et al., 

2006) demonstrated a progressive axial development of gypsum crystals along the 

membrane surface, consistent with the increase in concentration polarization; the 

membrane surface coverage by gypsum was also shown to be higher at a higher 

gypsum saturation index (Rahardianto, et al., 2006).  To decrease concentration 

polarization and reduce the gypsum scaling Lee and Lueptow (Lee and Lueptow, 2003) 

used a rotating RO membrane.  Regardless of how the relative movement of the feed 

solution with respect to the membrane is affected, the mitigation of gypsum scaling 

occurs by reducing mass transfer resistance for rejected salts (i.e. thinning the mass 

boundary layer) and decreasing the concentration polarization of sparingly soluble ions 

(e.g. Ca2+ and SO4
2-).   

 

Besides dissolved species, a  substantial amount of suspended particles is present in 

wastewater (Kim, et al., 2005, Winfield, 1979), brackish water and, at smaller loadings, 

in  seawater (Chua, et al., 2003, Winters, 1997).  If not fully removed at the pretreatment 

stage, residual colloids can form a cake layer on the membrane surface, which 

contributes to the overall hydraulic resistance to the permeate flux and enhances 

concentration polarization. At the same time, the rejected salts can alter the structure 

and permeability of this colloidal layer (Wang and Tarabara, 2007). 

 

More than 90% sea water particulate foulants are larger than 1 μm (Sutzkover-Gutman 

and Hasson, 2010). In principle, RO pretreatment processes should remove suspended 
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particles from the RO feed. Well operating conventional granular media filters with pre-

coagulation remove particles as small as 0.2 μm and even smaller colloids can be 

removed by ultrafiltration pretreatment (Voutchkov, 2010). However, as a large number 

of studies have demonstrated, even advanced multistage pretreatment does not always 

guarantee complete removal of colloids (Boerlage, et al., 2003, Chua, et al., 2003, 

Gabelich, et al., 2003, Luo and Wang, 2001, Ning, et al., 2005, Winters, 1997).  

Gabelich et al. performed a pilot study with an RO membrane system treating brackish 

Colorado River water and showed that although microfiltration was used at the 

pretreatment stage, the RO membrane was still fouled by both colloids and scale 

(Gabelich, et al., 2007).  In another study, autopsies of RO membranes from a brackish 

water treatment plant showed multiple types of foulants including colloids, extracellular 

polymeric substances, scale, and natural organic matter; evidently the pretreatment 

process (coagulation, flocculation, dissolved air flotation, and filtration, followed by pH 

adjustment) could not fully remove these materials (Tran, et al., 2007).  Based on ~ 2 

years study monitoring of a seawater RO plant performance, Chua et al. (Chua, et al., 

2003)  reported that although both a conventional (coarse screen, single-medium sand 

filter, and a three-stage polishing cartridge filter) and ultrafiltration (UF) pretreatment 

was in place (Chua, et al., 2003), the silt density index of the RO feed remained above 

2.5 and a substantial quantity of suspended particles remained.  Boerlage et al. 

(Boerlage, et al., 2003) evaluated colloidal fouling in two RO pilot desalination plants – 

one with slow sand filtration and another with ultrafiltration as pretreatment processes; 

in both plants only particles larger than 0.45 μm (but not the smaller colloids) were 

removed from the RO feed. In sum, multiple published studies show that colloids can 
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pass pretreatment and foul salt-rejecting membranes.  Even when the pretreatment 

processes show consistent removal of submicron particles, partial failures can occur 

allowing colloids in the RO feed. 

 

Although the concomitant fouling by colloids and precipitates in heat transfer systems 

has been studied extensively (e.g. (Hasson, 1999) and references therein), to our 

knowledge there has been no systematic investigations of the effect of  such combined 

fouling on RO membrane performance.  The present study aims at filling this knowledge 

gap.  Two gypsum crystallization regimes are explored: a) surface crystallization 

wherein the solubility limit is exceeded near the membrane surface only and b) 

concomitant surface and bulk crystallization wherein the RO solution is supersaturated. 

 

Material and Methods 

 

Reagents, silica colloids and membranes 

 

All reagents were of ACS analytical grade or higher purity and were used without further 

purification.  Coomassie Brilliant Blue G-250 dye (MW 854.02 g/mol) was purchased 

from Thermo Fisher Scientific. The ultrapure water used in the experiments was 

supplied by a commercial ultrapure water system (Lab Five, USFilter Corp.) equipped 

with a terminal 0.2 µm capsule microfilter (PolyCap, Whatman plc.); the water resistivity 

was ~18 MΩ·cm.  Silica particles (SnowTex-XL, Nissan Chemical America Corp.) were 
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chosen as the model colloidal foulants.  Manufacturer-supplied data indicated that silica 

particles ranged from 45 nm to 60 nm in diameter.  Dynamic light scattering data 

showed that the mean hydrodynamic diameter of particles was (55.6 ± 1.3) nm.  

Polyamide thin-film composite RO membrane (BW30-365, Dow-FilmTec) was used in 

all experiments.  Procedures for membrane characterization and membrane handling 

protocols were reported previously (Wang and Tarabara, 2007). 

 

Feed water composition 

 

Two types of feed solutions – undersaturated (𝑆𝑔 < 1) and supersaturated (𝑆𝑔 > 1) with 

respect to gypsum – were used to study surface and bulk crystallization regimes, 

respectively.  For both types of the feed solution, Ca2+ and SO4
2- were added separately 

as CaCl2∙2H2O and Na2SO4 (i.e. not as CaSO4∙2H2O) to ensure that no undissolved 

CaSO4 crystals were present in the undersaturated feed and that stoichiometric balance 

was achieved between dissolved and undissolved fractions in the supersaturated feed.  

The amounts of chemicals added and the resulting values of the ionic strength and 

saturation index are shown in Table 1.  In the experiments with feed water containing 

only soluble salts and colloidal silica, Na2SO4 was replaced by 28.5 g NaCl to match the 

ionic strength of the feed solutions in scaling and combined fouling tests. 

 

Experimental apparatus and RO tests 
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The crossflow apparatus has been described in detail previously (Wang and Tarabara, 

2007).  Briefly, two identical stainless steel Sepa CF II high pressure membrane module 

(GE Osmonics) were connected in parallel.  The feed solution of the total volume of 20 

L was mixed in a 30 L feed tank using a magnetic stirrer bar.  The retentate flow rate 

was maintained at 3.8 L/min, resulting in a crossflow velocity of 0.19 m/s and a 

Reynolds number (for a spacer-free channel) of 647.  Areas of the membrane coupons 

that were within 2 cm from the inlet and within 1 cm from the outlet were covered by an 

impermeable tape to minimize the effect of channel’s corners on the flow (Tarabara and 

Wiesner, 2003).  The effective filtration area of each membrane coupon was 113.3 cm2. 

 

The protocol of RO experiments included four main steps: compaction, conditioning, 

fouling, and cleaning. 

1) At the compaction stage, ultrapure water was passed through the membrane for 36 

h under the transmembrane pressure of 300 psi.  At the end of the filtration, the 

hydraulic resistance of the membrane was determined by a linear regression of 

permeate flux values recorded at several transmembrane pressures (300 psi and 

lower). Scanning electron microscopy (SEM) images of the planar surface of the 

membrane before and after compaction are shown in Figure S1 (see Supplemental 

Data (SD)). 

2) The compacted membrane was conditioned by filtering a solution of CaCl2∙2H2O in 

ultrapure water (Table 1) for 12 h. 

3) In fouling tests, the initial permeate flux was set to be within the 53 to 54 L/(m2∙h) 

(1.47·10-5 m/s to 1.50·10-5 m/s) range by regulating the transmembrane pressure.  
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The pH of the resulting suspension was in the range of 5.8 to 6.2 and was not 

adjusted.  Each RO fouling experiment was run for 12 h or until permeate flux was 

too low to measure.  At the end of each experiment, fouled membranes were taken 

out of the membrane module and imaged by SEM or used to quantify the amount of 

precipitated gypsum as described below. 

4) After each experiment, the crossflow system was cleaned thoroughly using a 

detergent solution with pH adjusted to 10 by adding NaOH (Wasco and Alquist, 

1946). The crossflow system was then flushed with deionized water four times.  Prior 

to each new test, Teflon tubing in the retentate line was replaced to avoid 

resuspension of silica particles that could possibly be deposited on the inner surface 

of the tubing. 

 

In the experiments with the supersaturated feed solution, the optical transmittance of 

the feed suspension at 400 nm wavelength was continuously recorded using a 

spectrophotometer (Multi-Spec 1501, Shimadzu) by diverting a small portion of the 

retentate into a flow-through UV-Vis sample cell (model 178.710 – QS, Hellma GmbH) 

before returning this sample into the feed tank.  A 5% drop in the transmittance was 

used as the criterion for the onset of gypsum crystallization (Wang, et al., 2010). In 

order to study the effect of transmembrane pressure on bulk crystallization, two more 

baseline crossflow tests were conducted with no transmembrane pressure applied. In 

one of these tests, the supersaturated feed solution was colloid-free while in another 

test the feed contained SiO2 colloids. 
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Quantification of precipitated gypsum and colloidal silica deposited on the 

membrane surface 

 

To measure the mass of gypsum precipitated on the membrane surface, the membrane 

from one of the two filtration cells was removed at the end of the RO experiment and 

was placed in a beaker with 200 mL ultrapure water.  The solution was stirred to 

facilitate the dissolution of the gypsum.  The concentration of calcium in the solution 

was measured using an atomic absorption spectrometer (AAnalysis 800, PerkinElmer 

Inc.) operated in the flame mode at a wavelength of 422.7 nm with a slit of 0.7 nm and 

calibrated using a standard calcium solution (ECK-020, ULTRA Scientific Inc.).  The 

standard curve had a correlation coefficient higher than 99.3%. 

 

To determine the mass of silica colloids deposited on the membrane surface in 

experiments with undersaturated feed, 25 mL samples of the feed suspension were 

taken from the feed line every 2 h of the experiment and were diluted 2 times to dissolve 

gypsum crystals formed during the experiment.  The absorbance at 220 nm of the 

resulted solution was measured. The concentration of SiO2 colloids in the suspension 

was calculated based on the absorption using a standard curve recorded beforehand.  

The mass of SiO2 colloids deposited on membrane surface was calculated based on a 

mass balance. 

 

SEM imaging and X-ray energy dispersive spectroscopy (EDS) analyses 
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At the end of each fouling test, the membrane from one of the two filtration cells was 

removed and cut into coupons for further characterization of the fouling layer by 

microscopy.  The surface of each coupon was imaged using Hitachi S-4700II field 

emission SEM (Hitachi High Technologies America, Inc.) with a secondary electron 

detector.  The microscope was operated in ultra-high resolution mode with an 

accelerating voltage of 15 kV and an emission current of 10 μA.  Prior to imaging, 

samples were coated with gold for ~ 4 min at a current of 20 mA using a sputter coater 

(Emscope SC 500, Polaron Equipment).  Cross-sections of the fouled membrane 

samples were imaged using Joel 6400V scanning electron microscope (Japan Electron 

Optics Laboratories) with a field emission (Oxford EDS, Oxford Instruments) in 

backscattered electron imaging mode with an accelerating voltage of 20 kV.  EDS was 

used to identify the composition of the fouling layers. 

 

To prepare membrane cross-sections for imaging, coupons of fouled membranes were 

first embedded into LR White resin (Electron Microscopy Sciences).  The resin, which 

includes 80% of polyhydroxy substituted bisphenol A dimethacrylate resin and 19.6% of 

C12 methacrylate ester, has very low viscosity (8 10-3 Pa∙s) and has been used to 

embed gypsum-containing samples (Ayllón-Quevedo, et al., 2007, Souza-Egipsy, et al., 

2010).  The embedding procedure included 24 h incubation of the membrane in the 

resin followed by another 24 h temperature-induced polymerization.  The embedded 

samples were then cross-sectioned and carbon-coated using carbon string evaporator 

(Ernest F. Fullam). 
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The size distribution of gypsum crystals in the feed was measured using a particle sizer 

(Malvern Mastersizer 2000, Malvern Instruments).  Every 15 min, a 150 mL sample was 

taken from the feed tank and placed into the Hydro SM® manual small volume sample 

dispersion unit, which was stirred at a rate of 2,000 rpm.  Each particle size 

measurement was automatically repeated 3 times with a time interval of 5 s.  Data 

reported in this paper was the average of the repeated results.  The acceptable laser 

obscuration limit was set in a range of 3% to 30% depending on sample concentration; 

any measurement with the obscuration ratio outside of this range was discarded. 

 

Results and Discussion 

 

Two pathways for gypsum scaling in membrane systems are possible: surface 

crystallization and bulk crystallization (Lee, et al., 1999, Okazaki and Kimura, 1984, 

Pervov, 1991).  In surface crystallization, gypsum crystals grow on the membrane 

surface.  In contrast, during bulk crystallization, gypsum nucleation occurs in the 

supersaturated feed solution, followed by deposition of bulk gypsum crystals onto 

membrane surface.  We modeled these two regimes separately and explored how the 

permeate flux in each of the regimes is affected by the presence of colloidal silica. 

 

Case 1: Undersaturated feed water 

 

In the first set of tests the bulk feed solutions were undersaturated with respect to 

calcium sulfate. Crystallization was induced by applying a transmembrane pressure and 
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exceeding CaSO4 solubility limit within the concentration polarization boundary layer in 

the close proximity of the membrane surface.   

To determine the saturation index, 𝑆𝑔, for CaSO4 at the membrane surface one needs to 

calculate the polarization factor for each ion in the multicomponent solution (Na+, SO4
2-, 

Ca2+, Cl-).  Using the thin film theory, the polarization factor can be calculated as 

exp(−𝐽/𝑘), where 𝐽 is the permeate flux and 𝑘 is mass transfer coefficient given by the 

ratio of the diffusion coefficient to the thickness of the boundary layer.  The mass 

transfer coefficient, 𝑘, was estimated using a Sherwood correlation for a spacer-free slit 

channel. Diffusion coefficients for CaCl2 and Na2SO4 were used to obtain a conservative 

estimate of the polarization factors giving values of 2.3 and 2.4 respectively. The 

polarization factors are values averaged over the entire membrane area. Based on 

these estimates, 𝑆𝑔 with respect to gypsum in the concentration polarization layer is 

1.71 indicating that oversaturation is reached locally within the concentration 

polarization layer. 

 

Permeate flux and salt rejection under conditions of combined fouling 

 

Figure 1a compares the permeate flux decline during precipitative fouling, colloidal 

fouling, and combined fouling tests with the undersaturated in-the-bulk suspensions 

(fouling scenarios U1, U2 and U3; Table 1).  Permeate flux decline due to gypsum 

scaling after 12 h filtration was ~ 9%, lower that  that when the RO membrane was 

fouled by colloids alone (~ 20% flux decline over the same 12 h time interval).  When 

gypsum scaling and colloidal fouling occurred simultaneously, the flux decline was ~ 
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58%, much larger than the sum of flux declines due to gypsum scaling alone and due to 

colloidal fouling alone (see SD, Figure S2a for results of replicate tests).  

 

The drastic decline in permeate flux in the presence of colloids in the feed was 

observed despite the fact that the amount of gypsum formed on the membrane was 

approximately the same as that in the case of colloid-free feed water (see section 

“Effect of colloids on gypsum scaling”).  The synergistic enhancement of flux decline 

can be explained as resulting from a combination of the following four effects:   

1) First, gypsum scaling enhanced the deposition of silica particles (see section “Effect 

of gypsum scaling on colloidal fouling”; Figure 2).   

2) The tortuosity of the flow paths through the cake of SiO2 particles increased. As 

shown in Figure 3, the colloids occupied the open space between the gypsum 

crystals. Because the gypsum crystals were not permeable to water, the water 

permeated through the spaces between SiO2 colloids or those between the particles 

and crystals. The effect of these large aspect ratio crystals (>20 µm in length and ~ 2 

to 3 µm in diameter) on the flow included increased tortuosity and “area obstruction” 

(Ethier, 1991), with the overall effect of increasing the hydraulic resistance of the 

fouling layer.  

3) The crossflow was less effective in mitigating fouling resulted from the combined 

fouling than fouling caused by either gypsum scaling alone or colloidal fouling alone. 

After each experiment, a small portion of the fouled membrane was cut out and 

gently washed by deionized water from a wash bottle. SEM imaging of these 

washed samples (SEM micrographs not shown) demonstrated that after the 
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cleaning, the fouling layer from gypsum scaling alone or colloidal fouling alone was 

effectively removed. On the contrary, in the case of combined fouling, a significant 

amount of crystals and particles remained on the membrane surface after washing. 

4) SiO2 colloids induced more homogeneous coverage of the membrane surface by the 

scale in the case when colloids were present in the feed.  This was confirmed by 

post-mortem visualization of the gypsum deposit along the membrane surface (see 

section “SEM imaging and EDS analysis of the membrane subjected to combined 

fouling” and Figure 5b). The combination of the above four factors resulted in a 

much faster flux decline during combined fouling. 

 

Figure 1b shows the transient behavior of permeate conductivity during each of the 

three fouling tests (see SD, Figure S2b for results of replicate tests). In these 

experiments, any of the several types of ions present in the feed could have contributed 

to permeate conductivity.  The RO membrane used in our study (BW30-365, Dow-

FilmTec) had a rejection of higher than 99.5% of CaSO4 or CaCl2 and a NaCl rejection 

in the 97% to 98% range, which indicated that NaCl was the main contributor to 

conductivity.  In the experiment with colloidal fouling alone, the permeate conductivity 

increased because the fouling layer enhanced the salt concentration polarization (Hoek, 

et al., 2002).  In the experiment with gypsum scaling only, the permeate conductivity 

increased for a short period and then decreased afterwards.  This was consistent with 

observations reported by Uchymiak et al. (Uchymiak, et al., 2007).  One possible 

explanation for the short initial increase in permeate conductivity is that formation of 

surface nuclei and crystals exerted a demand for Ca2+ and SO4
2- ions that dominated 
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the rejection behavior at this early stage of membrane fouling.  In the experiment with 

combined fouling, the permeate conductivity decreased for the initial 3 h and increased 

afterwards.  This indicated that after 3 h, the effect of salt concentration polarization 

enhanced by colloidal fouling became relatively more important. 

 

Effect of gypsum scaling on colloidal fouling 

 

Figure 2 shows the amount of silica particles deposited on the membrane surface in the 

absence and in the presence of gypsum scaling. Although the permeate flux was lower 

in presence of gypsum scaling (Figure 1a), more silica particles deposited on the 

membrane surface than in the experiment without gypsum scaling. 

 

The increased deposition can be attributed to two factors. First, the gypsum crystals on 

the membrane surface increase its roughness and roughness is known to increase 

colloidal deposition (Zhu and Elimelech, 1997). Second, as described above (Section 

3.1.1), the fouling layer that includes both particles and gypsum crystals is more 

resistance to crossflow-induced shear.  Thus one can expect that in the presence of 

gypsum scaling both deposition and retention of silica particles on the membrane 

surface are enhanced. 

 

Effect of colloids on gypsum scaling 
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The presence of colloidal silica in the feed did not have a statistically significant effect 

on the amount of gypsum crystals formed on membrane surface. The results showed 

that 246.1 ± 4.7 mg gypsum formed on the membrane surface in experiments with 

gypsum scaling alone and 242.9 ± 4.5 mg gypsum formed in combined fouling tests. 

(The gypsum precipitate accounted for < 0.6% of Ca2+ present in the system so that the 

CaSO4 concentration in the feed was not significantly affected.) The observation can be 

rationalized as a result of two competing effects. On the one hand, the permeate flux in 

combined fouling tests is significantly lower (Figure 1a), which should lead to a lower 

concentration of rejected Ca2+ and SO4
2- near the membrane surface and  less gypsum 

formed. At the same time, under conditions of combined fouling, the cross-flow is less 

effective in removing the fouling layer.  Hypothetically, these two effects compensated 

each other leading to no observable change in the amount of gypsum on the membrane 

surface with the introduction of SiO2 colloids into the RO feed. 

 

SEM imaging and EDS analysis of the membrane subjected to combined fouling 

 

Figure 3 shows SEM images of CaSO4 crystals formed on the membrane surface.  

Regardless of presence of colloids, CaSO4 crystals grew to form large dendritic clusters, 

a pattern typical for surface crystallization. When SiO2 colloids present, they partially 

occupied the space between crystals. Figure 4 shows SEM micrograph and 

corresponding EDS elemental (Si and Ca) maps of a cross-section of a fouling layer 

(also see SD, Figure S3). The comparison of the SEM and EDS images shows that 

CaSO4 crystals and SiO2 colloids are found throughout the entire cross-section.  
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Although EDS resolution is insufficient to discern the microstructure of individual 

crystals, the EDS maps are consistent with the fouling layer morphology wherein 

colloids are located in the interstitial spaces between crystals of the gypsum scale 

(Figure 3d).  The distributions of these foulants are not uniform: the colloidal fraction is 

found predominantly near the membrane surface while more CaSO4 crystals 

accumulate close to the fouling layer/feed interface. The latter observation indicates that 

gypsum crystals formed in the bulk deposited and formed a part of the fouling layer. 

 

The macroscopic distribution of gypsum along the surface was also affected by SiO2 

colloids. The observations were performed using Coomassie Brilliant Blue G-250 dye. 

The dye molecule is sufficiently large (MW 854.02 g/mol) to be completely rejected by 

the BW30-365 membrane and, given its structure (see SD, Figure S4b) should bond 

covalently with the membrane. Indeed, preliminary tests showed intense permanent 

staining of the membrane, but not gypsum, by the dye. In the absence of SiO2 colloids, 

there were no CaSO4 crystals in membrane channel area close to the inlet (Figure 5a).  

More crystals grew along the flow direction with most crystals appearing closer to the 

outlet. This was due to an increase in concentration polarization in accordance with 

earlier reports (Mairal, et al., 1999, Rahardianto, et al., 2006). On the contrary, in the 

presence of SiO2 colloids, gypsum crystals were present in both the entry and the exit 

area (Figure 5b). Given that the overall amount of gypsum formed was the same in 

these two cases, the change was in the way the precipitate was distributed along the 

membrane. The more homogeneous distribution can be attributed to the lower 
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responsiveness of the composite (i.e. gypsum and colloids) fouling layers to the 

crossflow-induced shear. 

 

We have also conducted tests to evaluate membrane staining as a method for 

estimating the membrane area available for permeation under conditions of partial 

coverage by scale (see SD, Figure S4a). However, control experiments with no colloids 

in the feed showed that the staining method overpredicts the area of the membrane 

blocked by crystals. The possible reason for this is that not the entire available 

membrane area accessible to water was accessible to the dye. A smaller fluorescent 

dye, Acridine Orange (MW 265.36 g/mol), was also tested in staining experiments with 

the same results. 

 

Case 2: Supersaturated feed water 

 

In the second set of RO tests the feed solutions were supersaturated with respect to 

calcium sulfate. Feed side spacers were employed to ensure a more homogeneous 

distribution of ion concentration within the feed channel.  The supersaturation led to 

precipitation both in the bulk of the feed solution and within the boundary layer adjacent 

to the membrane surface. 

3.2.1. Permeate flux under conditions of combined fouling 
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Figure 6 compares the permeate flux decline in the scenarios of a) colloidal fouling only, 

b) gypsum scaling only with the supersaturated feed, and c) combined fouling with the 

supersaturated feed. Scaling under these conditions resulted in a dramatic flux decline. 

The decline was made faster, although by a small margin, in the presence of SiO2 

colloids. 

 

To better understand fouling under these conditions the study focused on how bulk and 

surface precipitation processes are affected by the colloids. Figure 7 shows the optical 

transmittance and electrical conductivity of the supersaturated RO feed as a functions of 

time into an RO separation test. The data were obtained for the cases of pressurized 

and non-pressurized membrane channel (i.e. with and without permeate flux).  The 

method based on optical transmission measurement proved to be more sensitive to the 

formation of crystals: the onset of changes in transmittance (Figure 7a) occurred much 

earlier than first changes in the conductivity (Figure 7b).  Thus it was the latter that was 

used to estimate induction time and compare the estimates for different fouling 

scenarios. 

 

Optical transmittance data clearly show that silica colloids increase the induction time of 

gypsum nuclei. This result is in accordance with an early batch crystallization study 

(Wang, et al., 2010).  The induction time of ~ 1 h (Figure 7a) matches the time of the 

onset of the rapid flux decline in RO experiments with gypsum scaling (Figure 6). 

Transmembrane pressure and the resulting permeate flux have the opposite effect of 
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shortening the induction time significantly; this can be attributed to the higher local 

concentration of the ions at the membrane surface in the presence of permeation.  

 

While more suitable for detecting crystal induction, the transmittance measurements 

depend to the size and morphology of the scattering objects.  During crystal growth not 

only the size but the morphology of the crystals can be expected to change.  Thus the 

conductivity values were used to estimate the rate of crystallization.  As described in our 

previous study, (Wang, et al., 2010), the crystallization rate can be estimated based on 

the decline of conductivity.  The crystal growth process removes dissolved ions from the 

solution making less of them available to participate in conducting the electrical current.  

The crystallization rate can be estimated from the following equation shown to be 

applicable to CaSO4 crystallization in crossflow membrane filtration systems 

(Brusilovsky, et al., 1992, Lee and Lee, 2000) :  

𝑑𝐶

𝑑𝑡
= 𝑘𝑏

′ (𝐶𝑏 − 𝐶𝑠) 

where 𝑘𝑏
′  is the (operationally defined) crystallization rate constant (min-1). 

 

Feed conductivity data recorded under different conditions (Table 1) indicate that 

applied permeate flux and silica colloids both increase the crystallization rate. 

Specifically, with the transmembrane pressure applied, SiO2 colloids (50 mg/L) 

increased gypsum crystallization rate from 6.6∙10-2 s-1 to 9.0∙10-2 s-1. In the absence of 

the transmembrane pressure, introducing silica colloids to the feed increased the 

crystallization rate from 3.18∙10-2 min-1 to 4.32∙10-2 min-1; this increase is in accordance 

with the observations in an earlier batch crystallization study (Wang, et al., 2010).  
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Notably, the permeation-induced increase in 𝑘𝑏
′  was essentially the same in the 

presence (9.0∙10-2 / 4.32∙10-2 ≅ 2.083) and in the absence (6.6∙10-2 / 3.18∙10-2 ≅ 2.075) 

of colloids in the feed. This indicates that mass-transfer governed surface crystallization 

was the dominant mode of gypsum formation. 

 

Implications for practice 

 

The results point to the importance of removing colloids from the RO feed.  If the 

pretreatment is insufficient by design or fails, dramatic membrane fouling can occur 

wherein colloidal and precipitative fouling are synergistically enhanced. Relative to 

granular media filters that rely on an efficient coagulation upstream, membrane filtration 

can ensure higher and more reliable removal of colloidal species and, therefore, is 

preferred as an RO pretreatment technology. For feeds with high concentration of 

colloids in the nanoscale range (< 100 nm), ultrafiltration should be selected over 

microfiltration. Experimenting with additional types of sparingly soluble salts and colloids 

should provide additional information on combined fouling by colloids and scale; the 

synergistic effects on RO fouling may differ for different water compositions and salt-

colloid combinations. 
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Conclusions 

 

This work presents the first study of the combined fouling of reverse osmosis 

membranes by silica colloids and gypsum scale.  Colloidal particles may persist through 

the pretreatment train and occur in RO feed water.  This study investigates the 

interactions between colloidal fouling and gypsum scaling in RO membrane systems 

treating solutions undersaturated or supersaturated with respect to CaSO4.  The 

resulting fouling process where deposition of colloids onto the membrane surface 

accompanies precipitative fouling by gypsum had a significant synergistic effect on the 

RO membrane performance.  In experiments with undersaturated solutions, surface 

crystallization of gypsum enhanced colloidal deposition and the combined fouling 

resulted in a precipitous permeate flux decline, far exceeding the simple sum of the 

effects of colloidal fouling and gypsum scaling occurring separately.  In experiments 

with supersaturated suspensions, a precipitous flux decline was dominated by gypsum 

scaling, which was only marginally affected by the presence of colloids in the feed. The 

results point to the importance of removing colloidal species prior to the RO stage and 

describe the type of fouling that can occur when colloids are removed incompletely 

either because the pretreatment is insufficient by design or fails. Exploring a broader 

range of RO feeds with colloidal species in different concentrations can provide valuable 

data on the threshold loading of colloids that leads to a dramatic flux decline. Including 

colloidal species of other compositions (e.g. organic material) can yield additional 

insights into how different species interact in the fouling layer and how such interactions 

affect membrane performance.  
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Table 1. Composition of the Feed Water in RO Tests Corresponding to Six Different Fouling Scenarios. 

 

Fouling scenario 
Feed components, g/L Ionic 

strengtha 
𝐼, mM 

Saturation 
indexa, 𝑆𝑔 CaCl2·2H2O Na2SO4 NaCl SiO2 colloids 

Undersaturated feeds       

U1: Precipitative (CaSO4) fouling 1.80 1.74 0 0 59.1 0.59 

U2: Colloidal (SiO2) fouling 1.80 0 1.40 0.05 59.1 0 

U3: Combined fouling 1.80 1.74 0 0.05 59.1 0.59 

Supersaturated feedsb       

S1: Precipitative (CaSO4) fouling 5.40 5.20 0 0 163.0 2.30 

S2: Colloidal (SiO2) fouling 5.40 0 3.64 0.05 163.0 0 

S3: Combined fouling 5.40 5.20 0 0.05 163.0 2.30 

 

a Computed using Visual Minteq taking into account ion pair formation. 

b Feed channel spacers were used in tests with supersaturated feeds. 
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(a) 

 

(b) 

 

 3 

Fig. 1. Normalized permeate flux (a) and permeate conductivity (b) under three 4 

different scenarios (U1, U2, U3; see Table 1) of RO membrane fouling by feed 5 

water undersaturated with respect to CaSO4. The initial permeate flux, 𝐽0, is in 6 

the range from 53 to 54 L∙m2∙h-1 (1.47·10-5 to 1.50·10-5 m/s). 7 

  8 

http://creativecommons.org/licenses/by-nc-nd/4.0


© 2019 This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0 

 30 

 9 

 10 

 11 

Fig. 2. Mass of SiO2 colloids deposited on the RO membrane surface under two 12 

different fouling scenarios (U2 and U3; see Table 1): colloidal fouling only (U2) 13 

and combined fouling (U3). 14 
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(a) (b) 

  

  

(c) (d) 

  

 16 

Fig. 3. SEM micrographs of the fouling layers formed on the membrane surface 17 

12 h into an RO test with an undersaturated feed in the absence (a, b) and in the 18 

presence (c, d) of SiO2 colloids in the feed.  As defined in Table 1, the 19 

corresponding fouling scenarios are U1 (a, b) and U3 (c, d). 20 
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 23 

 24 

(a) (b) (c) 
   

   
 25 

Fig. 4. SEM micrograph (a) and corresponding X-ray energy dispersive spectroscopy (EDS) elemental maps (b. c) of a 26 

cross-section of the fouling layer consisting of gypsum crystals and silica particles. 27 

 28 
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(a) (b) 

  
Fig. 5. Membrane coverage by gypsum in the absence (a) and in the presence (b) of SiO2 colloids in the feed. Gypsum-
covered areas corresponds to the light color. Membrane area available for permeation (dark blue areas) is shown to be 
stained by Coomassie Brilliant Blue G-250 dye, which was added to the feed.  
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Fig. 6. Normalized permeate flux under three different scenarios (S1, S2, S3; 

Table 1) of RO membrane fouling in experiments with oversaturated feed. In all 

tests the initial permeate flux, 𝐽0, was in the range from 53 to 54 L∙m2∙h-1 

(1.47·10-5 to 1.50·10-5 m/s). Fluxes below ~ 11.7 L∙m2∙h-1 (𝐽 𝐽0⁄  ~ 0.22) could not 

be measured as they were out of range of the in-line digital flow meter (Wang 

and Tarabara, 2007). 
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(a) 

 

(b) 

 

Fig. 7. Optical transmittance (a) and electrical conductivity (b) of the RO feed 

supersaturated with respect to CaSO4 with and without 50 mg/L of SiO2 colloids 

and recorded under conditions of either zero or 300 psi transmembrane 

pressure. Experiments were conducted with a feed channel spacer. 
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