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A B S T R A C T   

Reverse osmosis (RO), as an energy efficient desalination technology that is critical to mitigate water scarcity, 
encounters feedwater containing both organic foulants and inorganic scalants. However, comparing with 
extensive studies on individual fouling or scaling, our knowledge of the behavior and mechanisms associated 
with combined organic fouling and mineral scaling is still lacking. Due to the potential occurrence of mineral 
formation in both bulk solution and on the membrane surface, a complete, mechanistic understanding of com-
bined fouling and scaling requires decoupling of surface and bulk phenomena. Herein, our study employed a 
comprehensive investigation to delve into the intricate interplay of gypsum scaling and organic fouling in RO 
process. Our systematic approach is accomplished through three sets of experiments that include static experi-
ments and two types of dynamic experiments (i.e., (1) combined fouling and scaling, and (2) gypsum scaling on 
foulant-conditioned membranes). A variety of model foulants including humic acid, alginate, bovine serum al-
bumin (BSA), and lysozyme were used to investigate the effects of foulant type. Our results demonstrate that the 
behavior of combined organic fouling and gypsum scaling aligns more with that of gypsum scaling on foulant- 
conditioned membranes rather than static experiments where bulk nucleation occurs, indicating the predomi-
nance of surface nucleation in RO. BSA exhibited a remarkable hindering effect on gypsum scaling, whereas other 
foulants displayed an additive effect. The lack of scaling mitigation by lysozyme suggests that molecular prop-
erties of protein must play a role in regulating the behavior of combined fouling and scaling. Results from 
multiple characterization techniques reveal the foulant-scalant interactions by delineating the morphological and 
chemical features of the fouling/scaling layers. Our study not only elucidates the mechanisms of combined 
organic fouling and gypsum scaling but also sheds light on potential strategies for membrane scaling control in 
RO desalination.   

1. Introduction 

Over the past four decades, the world has witnessed a global increase 
in water demand driven by a combination of climate change, population 
growth, socio-economic development, and change in consumption pat-
terns [1]. It is concerning that approximately 10 % of the world’s pop-
ulation resides in regions experiencing high or critical water stress [2]. 
To deal with the global challenge of water scarcity, membrane-based 
desalination technologies, particularly reverse osmosis (RO), have 
been adopted for fresh water production from saline waters such as 
seawater, brackish water, and industrial wastewater [3–5]. However, 
RO is constrained by membrane fouling, which significantly reduces the 
efficiency and increases overall operational and maintenance costs of 

desalination. 
Among the different types of membrane fouling, organic fouling [6, 

7] and inorganic fouling (i.e., mineral scaling) [8,9] are recognized as 
the prevalent issues due to their ubiquitous presence in the feed water of 
desalination and in the autopsies of fouled membranes. Organic fouling 
occurs when organic matter such as humic substances, polysaccharides, 
and proteins adsorb on the membrane surface, while mineral scaling 
takes place when salt concentrations exceed the solubility of sparingly 
soluble minerals. Researchers have extensively investigated the impact 
of organic fouling and mineral scaling on RO membrane performance as 
well as the underlying mechanisms [10–13]. However, existing studies 
have been predominantly focusing on individual organic fouling or 
mineral scaling separately, thereby overlooking the scenario of 
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combined fouling and scaling that is more relevant to real desalination 
process. Indeed, practical applications of RO desalination encounter 
feedwaters containing both organic foulants and inorganic scalants [14, 
15], which interact with each other and collectively determine the 
membrane performance. 

There have been a few studies attempting to explain the behavior of 
combined fouling and scaling [16–19]. However, knowledge gaps still 
exist that prevent us from fully elucidating the effect of combined 
fouling and scaling on desalination performance and the corresponding 
mechanisms. First, researchers in the literature have observed incon-
sistent impacts of organic foulant on mineral scaling. For example, Wang 
et al. [16] reported that a layer of organic foulants altered the physi-
cochemical properties of the membrane surface and led to more signif-
icant flux decline compared to the pristine membrane during gypsum 
scaling. However, a contrasting observation emerged from another 
study [17], where the protein-conditioned membrane exhibited a slower 
flux drop than the pristine membrane when being exposed to 
gypsum-saturated feedwater. Second, mineral scaling in membrane 
desalination can be attributed to nucleation on the membrane surface 
and/or in the bulk feedwater [9,20]. Cao et al. [18] recently demon-
strated that the presence of organic foulants in the bulk solution post-
poned the induction time of gypsum precipitation. However, whether 
such a mitigating effect on bulk nucleation can be translated to better 
performance of dynamic RO desalination remains unknown. This is 
largely due to the lack of comparative studies that decouple the effects of 
organic foulants on surface-induced mineral scaling and scale formation 
in the bulk solution. As a result, systematic investigations are critically 
needed to further elucidate the behaviors of combined fouling and 
scaling as well as to disentangle bulk and surface phenomena for fully 
elucidating the underlying mechanisms. 

In this work, we performed a comprehensive investigation on com-
bined organic fouling and gypsum scaling in RO by conducting a set of 
dynamic and static experiments, which decoupled the effects of organic 
foulants on surface-induced nucleation and bulk nucleation of gypsum. 
Various organic foulants including humic acid, alginate, bovine serum 
albumin (BSA), and lysozyme were used as the model foulants to probe 
the behavior of combined organic fouling and gypsum scaling as a 
function of foulant type. Multiple techniques characterizing morpho-
logical and chemical features of the fouling/scaling layers were 
employed to thoroughly understand the interplay between organic 
foulants and gypsum, thereby revealing the mechanisms underlying the 
observed behaviors. Our findings advance the mechanistic knowledge 
regarding combined organic fouling and gypsum scaling, shedding light 
on the potential strategies for membrane scaling control in RO 
desalination. 

2. Materials and methods 

2.1. Materials 

Commercial thin-film composite polyamide RO membranes 
(BW30LE) were obtained from Dupont FILMTEC (Wilmington, DE). 
Sodium chloride (NaCl), calcium chloride dihydrate (CaCl2⋅2H2O), so-
dium sulfate (Na2SO4), sodium hydroxide (NaOH), and hydrochloric 
acid (HCl) were acquired from Fisher Chemical (Hampton, NH). Humic 
acid, alginate, BSA, and lysozyme were selected as model organic fou-
lants, which represent humic substances, polysaccharides, as well as 
negatively- and positively-charged proteins, respectively. These model 
organic foulants were purchased from Sigma-Aldrich (St. Louis, MO). A 
water purification system (Millipore, Burlington, MA) was employed to 
produce deionized (DI) water (18.2 MΩ). 

2.2. Combined organic fouling and gypsum scaling experiments 

To investigate the behaviors of combined gypsum scaling and 
organic fouling, both dynamic and static experiments were performed 

(Fig. S1, Supplementary Materials). For the dynamic experiments, a lab- 
scale crossflow RO system was utilized with synthetic feedwater via two 
different methods: (1) adding scalants and foulants into the feed reser-
voir simultaneously (referred to as Method 1), and (2) conditioning the 
membrane surface with each model organic foulant followed by gypsum 
scaling (referred to as Method 2, which was designed to isolate the ef-
fects of organic foulants on surface-induced nucleation of gypsum). For 
Method 1, the BW30LE membranes were first compacted using DI water 
overnight, and then the feedwater was switched to different scaling/ 
fouling solutions as listed in Table 1. In this method, feedwater con-
taining only organic foulants (with the addition of NaCl and CaCl2 to 
maintain the ionic strength (IS) the same to that of gypsum- 
supersaturated solution) was also used to reveal the effect of individ-
ual organic fouling. For Method 2, the membranes were conditioned 
with solutions containing 100 mg L−1 of individual foulant for 20 h after 
the compaction step [16,21], and the feedwater containing supersatu-
rated gypsum was induced subsequently. During the conditioning 
period, 141 mM of NaCl was added with the organic foulant to maintain 
the IS. For both methods, the feedwater containing supersaturated 
gypsum consisted of 24 mM CaCl2⋅2H2O and 24 mM Na2SO4, resulting in 
a saturation index (SI, defined as the natural logarithm of the ratio be-
tween ion activity product and solubility equilibrium constant, ln IAP

Ksp
) of 

0.39 for gypsum as calculated by the PHREEQC software. The details of 
the feedwater compositions used in this study are described in Table 1. 
For all the dynamic RO experiments, the system was operated with an 
initial permeate water flux of 30 ± 3 L m−2 h−1 and a crossflow velocity 
of 21.3 m s−1 at 22 ± 1 ◦C. The operating pressure varied to achieve an 
identical initial water flux, due to differences in water permeability 
among the tested membranes. Consequently, pressures of 220 ± 20 psi 
were applied for Method 1, while 230 ± 20 psi (for BSA- and 
lysozyme-conditioned membranes) and 370 ± 20 psi (for humic acid- 
and alginate-conditioned membranes) were used for Method 2. After the 
experiments, the membrane coupons were collected from the membrane 
cells, gently washed with DI water, and dried in air for future analyses. 

Static experiments were carried out to investigate the behaviors of 
bulk crystallization when organic foulants were present together with 
supersaturated gypsum in the solution. For the control group (i.e., no 
organic foulants), CaCl2⋅2H2O and Na2SO4 solutions were prepared 
separately, and then mixed using a magnetic stirrer. The final mixture 
solution contained 42 mM CaCl2⋅2H2O and 42 mM Na2SO4 with the SI of 
gypsum at 1.08. A higher concentration of scalants (than what was used 
in the dynamic experiments) was selected to investigate the effect of 
foulants on bulk gypsum nucleation within a reasonable timeframe. In 
the experimental groups, organic foulants were added to the gypsum- 
supersaturated solutions, making the final concentration of the foulant 
at 20 mg L−1. It is worth noting that the concentration of foulants was 
not increased compared to the dynamic experiments, unlike those of 
scalants, because a very high concentration of foulants would signifi-
cantly delay the induction time [18,19], potentially prolonging the 
experimental duration to exceed practical lengths of the experiments. 
After pH adjustment to 6.5 using 1 M NaOH or 1 M HCl, the conductivity 
of the solution was monitored and recorded by a conductivity meter 
(CON2700, Oakton, Vernon Hills, IL). The conductivity value decreased 
as a function of time after a certain induction time (defined as the first 
detectable decrease in solution conductivity) because the formation of 
gypsum consumed the precursor ions (i.e., Ca2+ and SO4

2−). Once the 
reaction reached equilibrium (as evidenced by a stable conductivity 
value), the precipitates were collected using a vacuum filtration system 
equipped with 2.5 μm filter papers (Grade 5, Whatman, Maidstone, UK). 
The precipitates were then dried in an oven at 50 ◦C for 24 h and stored 
under ambient condition for further characterization. 

2.3. Characterization of membranes and gypsum scales 

After combined organic fouling and gypsum scaling experiments, the 
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membrane surfaces were characterized by several techniques. The 
membrane surface morphologies were analyzed by scanning electron 
microscopy (SEM, JEOL JSM-6200F) with a 15 nm-coating of gold layer 
on the membrane surface. The spectra of attenuated total reflection- 
Fourier transform infrared (ATR-FTIR) spectroscopy were obtained 
using a wavelength range from 4000 cm−1 to 500 cm−1 with 32 scans of 
each sample by a Nicolet iS-50 spectrometer (Thermo Fisher Scientific, 
Waltham, MA) to analyze the surface functionality. The crystalline 
structures of the crystals formed on the membrane surface were char-
acterized by X-ray diffraction (XRD, Bruker D8 Discover DaVinci, Bill-
erica, MA. The XRD patterns were obtained within the angular range of 
5◦ to 60◦ with X-ray generation at the voltage of 40 kV and the current of 
40 mA. In addition, X-ray photoelectron spectroscopy (XPS, PE-5800, 
Physical Electronics, Chanhassen, MN) with a monochromated Al-Kα 
X-ray source was employed to investigate the local chemical environ-
ment of calcium. The survey spectra were collected first followed by the 
high-resolution spectra for carbon and calcium elements. The collected 
data were analyzed with the CasaXPS software (Version 2.3.25, Casa 

Software Ltd). All the XPS spectra were referenced to the C–C peak in C 
1s spectra after calibration by assigning the value of 284.8 eV [22]. 

3. Results and discussions 

3.1. Behaviors of combined organic fouling and gypsum scaling when 
foulants coexist with scalants in the feedwater 

In this section, we performed RO experiments with the membranes 
exposed to feedwaters that contain both organic foulants and mineral 
scalants simultaneously, resembling the scenarios during practical 
desalination process. As shown in Fig. 1, the behaviors of combined 
organic fouling and gypsum scaling vary depending on the foulant type. 
When gypsum scaling occurred in the absence of any organic foulants, 
the water flux of RO decreased as a function of time, leading to a flux 
decline of ~50 % after 500-min experiments. The salt rejection rate of 
the RO membrane was not compromised. Rather, it increased with time 
(Fig. S2, Supplementary Materials), probably due to the relatively 

Table 1 
Detailed compositions of feedwaters for combined organic fouling and gypsum scaling during dynamic and static experiments.  

Condition NaCl [mM] Organic foulants [mg L−1] Na2SO4 [mM] CaCl2⋅2H2O [mM] pH IS [mM] 

Dynamic experiments 
Gypsum scaling only   24 24 6.5 144 
Organic fouling onlya 72 20  24 6.5 144 
Gypsum scaling + organic foulinga  20 24 24 6.5 144 
Foulant conditioningb 141 100  1 6.5 144 
Static experiment 
Gypsum only   42 42 6.5 252 
Gypsum + foulant  20 42 42 6.5 252  

a Method 1. 
b Method 2. 

Fig. 1. Normalized water flux during combined gypsum scaling and organic fouling in RO for 500 min using the feedwater with a saturation index for gypsum at 0.39 
under pH 6.5 (24 mM CaCl2⋅2H2O, 24 mM Na2SO4, and 20 mg L−1 organic foulant): (A) humic acid, (B) alginate, (C) bovine serum albumin (BSA), (D) lysozyme. The 
label of ‘Gypsum + Foulant (additive)’ is referred to an additive flux curve (i.e., the mathematical summation of water flux decline rates caused by individual gypsum 
scaling and individual organic fouling). The RO system was operated using commercial membranes (BW30LE) at 22 ± 1 ◦C with an initial flux of 30 ± 3 L m−2 h−1 

and a crossflow velocity of 21.3 m s−1. 
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impermeable scale layer and the perm-selectivity trade-off (i.e., a 
decrease of membrane water permeability corresponds to an increase of 
salt rejection). When humic acid coexisted with supersaturated gypsum 
in the feed solution (Fig. 1A), the resultant flux decline was much faster 
than that caused by individual gypsum scaling. However, we noticed 
that individual organic fouling by humic acid in the presence of calcium 
ions also led to a decrease of water flux due to the complexation between 
calcium ions and foulants [23]. Therefore, an additive flux curve (i.e., 
the mathematical summation of water flux decline rates caused by in-
dividual gypsum scaling and individual organic fouling) was con-
structed. The water flux curve of combined humic acid fouling and 
gypsum scaling was nearly identical to the corresponding additive flux 
curve, indicating that an additive effect, rather than a synergistic effect, 
took place between humic acid fouling and gypsum scaling. A similarly 
additive interplay was observed between alginate fouling and gypsum 
scaling (Fig. 1B). 

In contrast, the presence of BSA significantly reduced the water flux 
decline caused by gypsum scaling (Fig. 1C), resulting in a water flux 
decline of only ~10 % after 500-min experiments. The water flux of 
combined BSA fouling and gypsum scaling was much more stable than 
the corresponding additive curve. Therefore, an antagonistic effect of 
BSA fouling on gypsum scaling was observed. However, such an 
antagonistic effect was not universally applied to the interaction be-
tween gypsum scaling and protein fouling. When supersaturated gyp-
sum coexisted with lysozyme, another protein carrying the opposite 

charge compared to BSA (positive charge of lysozyme vs. negative 
charge of BSA), the water flux curve of combined lysozyme fouling and 
gypsum scaling was almost identical to the additive flux curve. There-
fore, the effect of organic fouling on gypsum scaling is a function of not 
only foulant type (e.g., humic acid, polysaccharides, and proteins) but 
also the molecular property (e.g., proteins of different properties) of the 
foulant. 

To elucidate the mechanisms underlying the behaviors of combined 
organic fouling and gypsum scaling, we employed various techniques to 
characterize the scaled/fouled membranes after the scaling/fouling ex-
periments. First, SEM was used to observe the morphologies of the 
gypsum scales on the membrane surface. As shown in Fig. 2A, rosette 
crystal morphology of gypsum, which is characteristic for gypsum scales 
formed in RO [22,24], was observed on the membrane after individual 
gypsum scaling. However, larger and more dispersed gypsum scales 
were found on the membranes when humic acid or alginate was present 
with gypsum (Fig. 2B and C). Thus, although imposing an additive effect 
on gypsum scaling, the presence of humic acid or alginate distorted the 
morphology of gypsum scale formed during RO desalination. The most 
notable difference was observed on the membrane surface after com-
bined BSA fouling and gypsum scaling, where no crystals with defined 
shape were observed (Fig. 2D) and the membrane surface was similar to 
that of a pristine polyamide membrane under low magnification of SEM 
(Fig. 2F). This result suggests that BSA significantly hindered the for-
mation of gypsum crystals on the membrane surface, explaining the 

Fig. 2. Characterizations of the membranes after combined organic fouling and gypsum scaling when foulants and scalants coexist in the feedwater. (A–F) SEM 
images (obtained at the magnification of × 200) of the membrane surfaces from (A) gypsum only, combined gypsum scaling with (B) humic acid, (C) alginate, (D) 
BSA, and (E) lysozyme fouling. The image of a pristine polyamide membrane is shown in (F). The scale bars represent 200 μm and the inserted images in (D) and (F) 
were taken at a higher magnification ( × 3000). (G–I) The spectra of the membrane surfaces obtained using (G) ATR-FTIR, (H) XRD, and (I) XPS. 
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antagonistic effect of BSA on gypsum scaling (Fig. 1C). In contrast, 
gypsum scales with rosette morphology appeared on the membrane 
surface after combined lysozyme fouling and gypsum scaling (Fig. 2E), 
which was consistent with the negligible effect of lysozyme on the water 
flux decline caused by gypsum scaling (Fig. 1D). 

We further analyzed the membrane surfaces with ATR-FTIR spec-
troscopy. Characteristic peaks corresponding to –OH (3580 cm−1 and 
3430 cm−1) and –SO4 (1108 cm−1) functional groups of gypsum [25] 
were observed for the membrane after individual gypsum scaling, 
indicating the presence of a gypsum layer (thicker than the penetration 
depth of infrared irradiation) on the membrane surface (Fig. 2G). When 
alginate, humic acid, and lysozyme were added to the feed solutions 
with supersaturated gypsum, the characteristic peaks of gypsum were 
also clearly seen, suggesting that those organic foulants did not signifi-
cantly prohibit the formation of gypsum on the membrane surface. Such 
results were consistent with the SEM results (Fig. 2) and the RO results 
where these three organic foulants were essentially posing an additive 
effect on gypsum scaling (Fig. 1; it is worth mentioning that lysozyme 
indeed exhibited a negligible effect on gypsum scaling. Thus, the term 
“additive effect” for lysozyme is only from the mathematical perspec-
tive). When BSA coexisted with gypsum, however, the FTIR signals for 
the characteristic peaks of gypsum were greatly reduced, meanwhile the 
characteristic peaks for polyamide membrane appeared (Fig. 2G). In 
addition, the peaks corresponding to N–C––O and C–N–H groups of BSA 
at 1700-1600 cm−1 and 1540 cm−1 [26] were intensified (Fig. S3, 
Supplementary Materials). Therefore, the presence of BSA led to a 
thinner scale layer with a lower mass density. Such a result was in 
accordance with the fact that gypsum particles were not observed on the 
membrane surface after combined BSA fouling and gypsum scaling 
(Fig. 2D), and that the coexistence of BSA significantly mitigated the 
water flux decline caused by gypsum scaling (Fig. 1C). 

We also employed XRD to analyze the crystallinity of the gypsum 
scales formed under different conditions. As shown in Fig. 2H, charac-
teristic peaks corresponding to various facets of gypsum crystal were 
observed after individual gypsum scaling. The presence of lysozyme did 
not change the XRD spectra, consistent with its negligible effect on 
gypsum scaling as shown above. Although all the characteristic peaks 
were clearly seen when gypsum coexisted with alginate and humic acid, 
these organic foulants led to differences in the crystalline structure of the 
formed gypsum crystals, as reflected by the alternation of relative peak 
intensity. For example, the peak intensity ratio of (020) to (021) facets 
was only 0.7 for gypsum formed in the absence of foulants, while such a 
ratio increased to 1.1 and 1.6 in the presence of alginate and humic acid, 
respectively (Table S1, Supplementary Materials). These results 
corroborate with the distorted morphologies of gypsum observed in 
Fig. 2B and C. Further, BSA posed the most significant effect on the 
relative intensity of XRD peaks. The peak intensity of (021) facet almost 
disappeared (Fig. 2H), leading to a dramatically increased peak intensity 
ratio of (020) to (021) facets. This indicates that BSA significantly dis-
rupted the growth of gypsum crystals in (021) facet, while forcing 
gypsum to grow alternatively in the (020) facet. Given that crystals with 
high facet ratios exhibit flat morphologies rather than three-dimensional 
shapes [27], it is inferred that the presence of BSA obstructed gypsum 
growth in the vertical orientation, explaining the lack of defined shape 
of gypsum scale in Fig. 2D. Similar results were obtained when the peak 
intensity ratios of (040) to (041) facets were calculated (Table S1). 

In addition, XPS analysis was performed to investigate the chemical 
environment of Ca element regarding the scaled membranes in the 
absence or presence of organic foulants. As shown in Fig. 2I, the high- 
resolution Ca 2p spectra of the membranes after gypsum scaling 
without any foulants exhibited the characteristic peaks of Ca 2p3/2 and 
Ca 2p1/2 at 353.1 eV and 349.5 eV, respectively. However, when gypsum 
scaling took place with organic foulants, these peaks were shifted to-
wards lower binding energies (Table S2, Supplementary Materials). As 
calcium can interact with not only sulfate (SO4

2−) but also carboxyl 
groups (–COO-), these shifts are likely attributed to the formation of 

calcium complex with the foulants. It is known that binding energy of an 
element depends on the electronegativity of the nearest neighbor 
element [28]. The peaks were shifted to lower binding energies when 
calcium bound with carboxyl groups (of the organic foulants), which are 
less electronegative than sulfate groups. Specifically, as listed in 
Table S2, combined gypsum scaling with lysozyme and humic acid 
fouling resulted in slight shifts in peak positions compared to individual 
gypsum scaling. This indicates that the chemical environment of calcium 
element was marginally altered because of calcium interacted with 
COO− of lysozyme and humic acid. Moreover, the peaks were shifted 
more in the presence of alginate, suggesting an increased extent of 
Ca–COO- binding that relates to the contribution of calcium to the for-
mation of the foulant layer [29,30]. Furthermore, significant shifts of Ca 
2p3/2 and Ca 2p1/2 binding energies to 350.8 eV and 347.2 eV were 
observed with the existence of BSA, indicating a substantially dimin-
ished calcium binding with sulfate (i.e., less formation of gypsum). 

We further examined the XPS data by decomposing the Ca 2p3/2 
peaks into subpeaks (Fig. 3) that represent different types of chemical 
binding regarding calcium [31–33]. In the XPS spectra of the 
gypsum-scaled membrane without foulants (Fig. 3A), subpeaks corre-
sponding to both Ca–SO4 and Ca–COO- bindings were observed, with 
much smaller areas of the Ca–COO- peaks resulted from the interaction 
of calcium with carboxyl groups in the polyamide layer of RO mem-
brane. As shown in Fig. 3B-E, the areas of the subpeaks attributed to 
Ca–SO4 and Ca–COO- bindings varied depending on the type of coex-
isting foulant. To indicate the contributions of these two types of bind-
ings to Ca present in the scale layer, we calculated the relative 
abundance of each binding type by quantifying the areas of the corre-
sponding peaks (Fig. 3F). The presence of BSA led to the largest abun-
dance of Ca–COO- binding, followed by alginate, humic acid and 
lysozyme. This order is consistent with the order of peak shifting 
observed in Fig. 2I and Table S2. The same results were also obtained 
when the decomposition of Ca 2p1/2 peaks was performed (Figure S43A, 
Supplementary Materials). 

We noticed that the relative abundance of calcium binding with 
COO− was observed as 100 % in the case of BSA (Fig. 3F), despite the 
detection of gypsum by ATR-FTIR (Fig. 2G) and XRD (Fig. 2H) analyses. 
This discrepancy is attributed to the difference in measurement depth of 
different characterization methods, with XPS being a more surface- 
sensitive technique compared to ATR-FTIR and XRD. It has been re-
ported that the analysis depth of XPS is typically about 5–10 nm, 
whereas ATR-FTIR and XRD can analyze up to a few microns in depth 
[34,35]. This indicates that the formation of gypsum scales in the 
presence of BSA did not occur on the top surface of the membrane 
(otherwise Ca–SO4 binding from gypsum should have been observed by 
XPS in Fig. 3F). During combined BSA fouling and gypsum scaling, 
gypsum precursors and BSA were added together in the feedwater. Thus, 
gypsum formation and the deposition of BSA foulants on the membrane 
surface took place concurrently. Initially, the quantity of BSA on the 
membrane surface was insufficient to hinder gypsum formation. As 
further BSA deposition occurred, the BSA foulant layer eventually 
inhibited gypsum scaling (such an effect was similar to what was 
observed for the membrane conditioned with a BSA foulant layer, as 
discussed in the following section). As a result, the characteristics of 
gypsum were detected beneath the foulant layer while Ca–SO4 binding 
pertaining to gypsum was not observed on the surface. This suggests that 
although BSA significantly disrupted gypsum crystallization, it did not 
completely prevent the formation of gypsum crystals within the BSA 
foulant layer. 

3.2. The effects of foulant conditioning on the behaviors of gypsum scaling 

A conditioning step was conducted for 20 h with a high concentra-
tion (100 mg L−1) of model organic foulants to induce the formation of a 
foulant layer on the membrane surface. By doing so, the effects of 
organic foulants on the subsequent gypsum scaling were due to the 
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foulant-gypsum interactions on the membrane surface (predominantly 
the effects of organic foulants on surface nucleation of gypsum, 
considering the lower free energy barrier of surface nucleation than that 
of bulk nucleation [9]). As shown in Fig. S5A (Supplementary Mate-
rials), the water flux in the presence of humic acid and alginate declined 
significantly as a function of time, while a slight flux decrease was seen 
for protein (i.e., lysozyme and BSA) fouling. Such flux decline behaviors 
of organic fouling were consistent with those reported in the literature 
[16,36]. ATR-FTIR analyses (Fig. S5B, Supplementary Materials) were 
performed on the fouled membranes to confirm the formation of foulant 
layers. The spectra of membranes conditioned with humic acid and 
alginate differed greatly from that of pristine TFC-PA membrane. For 
example, the peaks at 1600-1500 cm−1 (aromatic stretching vibration of 
C––C) and 1400 cm−1 (aliphatic CH2 and CH3 bending) [37] appeared 
for the humic acid-conditioned membrane, while the characteristic 
peaks at 1635 cm−1 and 1419 cm−1 (asymmetric and symmetric 
stretching vibrations of carboxyl groups, respectively) [38] were 
observed for the alginate-conditioned membrane. This indicates that 
thick foulant layers were formed on the membrane surface. On the other 
hand, the intensities of protein characteristic peaks at 1700-1600 cm−1 

(amide I, N–C––O vibration) and 1540 cm−1 (amide II, C–N–H vibration) 
[26] were enhanced for the protein-conditioned membranes (Fig. S5B, 
Supplementary Materials), implying that foulant layers were also 
created by BSA and lysozyme. 

After conditioning with organic foulants, the feedwater was switched 
to gypsum-saturated solutions to induce gypsum scaling. As shown in 
Fig. 4, conditioning with humic acid and alginate resulted in faster 
decrease of water flux at the early stage (e.g., the first 150 min) than the 
control group where gypsum scaling occurred on the pristine BW30LE 
membrane. However, the final water fluxes of the conditioned mem-
branes after 500 min were higher than that of the control group. Such 
behaviors were attributed to the organic foulant layers, which facilitated 
gypsum scaling at the early stage due to cake enhanced concentration 
polarization (which increases the concentrations of precursor ions near 
the membrane surface) [39] but obstructed the crystal growth at the 
later stage [40]. On the other hand, lysozyme conditioning showed a 

negligible effect on gypsum scaling, whereas BSA-conditioned mem-
brane exhibited reduced gypsum scaling. Therefore, consistent with the 
excellent mitigating effect of BSA on gypsum scaling in combined 
fouling and scaling (as shown in Section 3.1), a fouling layer of BSA was 
also able to hinder gypsum scaling in RO. 

To unravel the underlying mechanisms underlying the effects of 
foulant layers on gypsum scaling behaviors, several characterization 
techniques were employed. First, SEM images (Fig. 5A-F) were acquired 

Fig. 3. High-resolution XPS spectral decompositions of Ca 2p to subpeaks corresponding to Ca–SO4 and Ca–COO- bindings for membranes after (A) gypsum scaling, 
as well as combined gypsum scaling and organic fouling using (B) humic acid, (C) alginate, (D) lysozyme, and (E) BSA. (F) Relative abundance of Ca–COO- and 
Ca–SO4 bindings by calculating the peak areas. The sum of the binding abundance is designated as 100 %. 

Fig. 4. Normalized water flux during gypsum scaling on the RO membranes 
conditioned with organic foulants (100 mg L−1 of foulants with 1 mM of cal-
cium). The feedwater for gypsum scaling has a saturation index for gypsum at 
0.39 under pH 6.5 (23 mM CaCl2⋅2H2O, 24 mM Na2SO4) The RO system was 
operated using commercial RO membranes (BW30LE) at 22 ± 1 ◦C with an 
initial flux of 30 ± 3 L m−2 h−1 and a crossflow velocity of 21.3 m s−1. 
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from the fouled membranes after 500 min of gypsum scaling to observe 
the morphology of the gypsum scale. Interestingly, in contrast with the 
crystalline gypsum scales with clearly defined shape on pristine mem-
brane, no massive gypsum crystals were observed on humic acid- 
(Fig. 5B) and alginate- (Fig. 5C) conditioned membranes, even though 
flux decline were witnessed during gypsum scaling. We noticed that 
gypsum crystals indeed formed underneath the foulant layers, as clearly 
shown in the inset images of Fig. 5B and C. These findings suggest that 
gypsum scale formation occurred at the interface between the foulant 
layer and the membrane surface, where the highest concentrations of 
scaling precursor ions was present due to cake enhanced concentration 
polarization (the foulant layer hindered the back-diffusion of Ca2+ and 
SO4

2−). Additionally, the lack of gypsum crystals on the foulant layer 
surface indicates that gypsum formation was inhibited on the humic acid 
and alginate layer, explaining the slow flux decrease in the late stage, as 
displayed in Fig. 4. 

For protein-conditioned membranes, gypsum scales with undefined 
shape and much smaller mass (than the control) were found on the BSA- 
conditioned membrane while rosette-like crystals were observed on 
lysozyme-conditioned membrane (Fig. 5D and E), generally consistent 
with what were observed for combined gypsum scaling and protein 
fouling (Fig. 2D and E). However, in the case of BSA conditioning, a few 
rod-shape crystals were found on the BSA foulant layer whereas crystals 
of defined shape were not observed on the membrane surface after 
combined fouling and scaling (i.e., Method 1, Fig. 2D). This difference 

suggests that BSA in the bulk solution influenced the surface phenom-
enon during combined fouling and scaling. Particularly, BSA was able to 
form a foulant layer on the membrane surface at the early stage of 
combined fouling and scaling. Once the membrane surface was covered, 
gypsum scaling was inhibited by the BSA layer, similar to what was 
observed in Method 2 of this section. However, the BSA that was still 
present in the feed solution contributed to the continuing formation of 
BSA foulant layer. As a result, gypsum scaling was fully inhibited on the 
membrane surface but only occurred underneath the BSA layer as 
described in Section 3.1. Furthermore, lysozyme in the bulk solution did 
not have any effect on the surface scaling behavior considering no 
morphological change of the gypsum crystals, which demonstrate again 
that foulants of the same type (i.e., protein) but different molecular 
properties pose varied effects on gypsum scaling. 

To characterize the membranes after gypsum scaling on the condi-
tioned membranes, ATR-FTIR analysis (Fig. 5G) was conducted. In the 
FTIR spectra of the humic acid- and alginate-conditioned membranes 
after gypsum scaling, the characteristic peaks of gypsum at 3580 cm−1, 
3430 cm−1, and 1108 cm−1 were not detected. Instead, the spectra 
resembled those of the humic acid- and alginate-conditioned mem-
branes before gypsum scaling (Fig. S5B) by exhibiting the characteristic 
peaks of humic acid (1635 cm−1 and 1419 cm−1) and alginate (1600- 
1500 cm−1 and 1400 cm−1). These results indicate that gypsum for-
mation was largely hindered on the foulant layer consisting of humic 
acid or alginate. Further, the spectra of BSA-conditioned membrane 

Fig. 5. SEM images (obtained at the magnification of × 200) of the membrane surfaces after gypsum scaling on (A) pristine membrane, and conditioned membranes 
with (B) humic acid, (C) alginate, (D) BSA, and (E) lysozyme. The pristine polyamide membrane is shown in (F). The yellow scale bar represents 100 μm and the 
inserted images in (B and C) were taken at a higher magnification ( × 1000). Note that the inset image in C was captured after peeling off the foulant layer. Spectra of 
the membranes obtained using (G) FTIR, (H) XRD, and (I) XPS. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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showed the dampened peaks corresponding to gypsum in addition to 
those from BSA (N–C––O, 1700-1600 cm−1) and the TFC-PA membrane 
(Fig. S6, Supplementary Materials), while only gypsum-related peaks 
were observed for the lysozyme-conditioned membrane. This further 
supports that BSA conditioning inhibited gypsum scale formation while 
lysozyme conditioning posed no effect. 

The crystalline structures of the scales formed on the conditioned 
membranes were analyzed by XRD (Fig. 5H). The XRD peaks associated 
with the (020), (021), (040), and (041) facets of gypsum crystal were 
dramatically reduced for the humic acid-, alginate-, and BSA- 
conditioned membranes, consistent with the inhibiting effect of these 
foulant layers on gypsum formation as revealed by FTIR (Fig. 5G). 
Although the peak intensities were low due to the limited number of 
gypsum crystals on top of the surface, we were still able to calculate the 
peak intensity ratio of (020) to (021) facets. As listed in Table S1, the 
value of peak ratio changed from 0.7 (control) to 1.2, 1.0, 0.3, and 3.6 
for humic acid-, alginate-, lysozyme-, and BSA-conditioned membranes, 
respectively, consistent with the observation in combined organic 
fouling and gypsum scaling (Method 1). This consistency provides the 
evidence that the gypsum crystal formation during combined fouling 
and scaling experiment was dominated by surface nucleation (more 
evidence will be provided on this statement in the following sections). 
We noticed that lysozyme induced different extents of peak ratio 
reduction between Method 1 and Method 2 (transitioning from a peak 
ratio of 0.7 for the control to 0.6 and 0.3 for Method 1 and Method 2, 
respectively). This variation in the degree of crystal distortion was likely 
because more lysozyme was deposited during lysozyme conditioning 
than Method 1. Furthermore, the peak ratio was decreased by lysozyme 
but increased by the other foulants (Table S1). Such a difference might 
be due to the distinct adsorption preference of the foulants onto various 
gypsum crystal facets [41], thereby exhibiting different impacts of 
crystal distortion. 

We also performed XPS analysis on the conditioned membranes after 
gypsum scaling to investigate the chemical environment of calcium 
element. As displayed in Fig. 5I, the characteristic peaks of Ca 2p3/2 and 

Ca 2p1/2 for foulant-conditioned membranes were shifted towards lower 
binding energies compared with the control. As mentioned earlier in 
Section 3.1, the shifts to lower binding energies were likely ascribed to 
Ca–COO- bindings resulting from the organic foulants. In the case of 
lysozyme conditioning, specifically, the peak positions were moderately 
shifted from 349.5 eV to 353.1 eV–349.0 eV and 352.6 eV for Ca 2p3/2 
and Ca 2p1/2, respectively (Table S2). Moreover, the foulant- 
conditioned surfaces showing foulant layers (i.e., humic acid, alginate, 
and BSA) with little to no formation of gypsum scales exhibited signif-
icant shifts of peak positions to around 347.5 eV and 351.2 eV, 
respectively. 

Furthermore, the decompositions of the Ca 2p3/2 peaks into subpeaks 
of different calcium bindings are shown in Fig. 6. According to the 
spectra for humic acid- and alginate-conditioned membranes after 
gypsum scaling (Fig. 6B and C), only Ca–COO- binding was observed 
while both Ca–SO4 and Ca–COO- bindings were present for the pristine 
(Fig. 6A) membrane as well as lysozyme- and BSA-conditioned mem-
branes (Fig. 6D and E). Considering the depth of XPS analysis (only 
5–10 nm) [28,34], it is not surprising that Ca–SO4 binding was not 
observed even though gypsum was present underneath the foulant 
layers of humic acid and alginate, as detected by the other character-
ization techniques such as SEM, ATR-FTIR, and XRD (Fig. 5G-I). Addi-
tionally, a small peak for Ca–SO4 binding appeared for the 
BSA-conditioned membrane, which was in accordance with the small 
amount of gypsum scale observed on the BSA conditioned surface. The 
contributions of these two types of Ca bindings were further examined 
by the relative abundance of each binding (Fig. 6F). The relative 
abundance of Ca–SO4 binding (resulting from gypsum formation) was in 
the order of pristine membrane ≥ lysozyme-conditioned membrane >
BSA-conditioned membrane > humic acid-conditioned membrane =
alginate-conditioned membrane. These XPS results, along with the FTIR 
and XRD results, suggest unequivocally that a thick foulant layer of 
humic acid or alginate hinders gypsum formation on the membrane 
surface significantly. However, gypsum scales were found on the surface 
after combined humic acid/alginate fouling and gypsum scaling (i.e., 

Fig. 6. High-resolution XPS spectral decompositions of Ca 2p to subpeaks of Ca–SO4 and Ca–COO- bindings. Membrane surfaces after gypsum scaling on (A) pristine 
membrane, (B) humic acid-conditioned membrane, (C) alginate-conditioned membrane, (D) lysozyme-conditioned membrane, and (E) BSA-conditioned membrane. 
(F) Relative abundance of Ca–COO- and Ca–SO4 bindings by calculating the peak areas. The sum of the two binding types is designated as 100 %. 
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Method 1, Fig. 2), inferring that organic foulants present in the bulk 
solution led to different gypsum scaling behaviors from the scenarios 
where a thick foulant layer was already formed on the membrane sur-
face (i.e., Method 2). To expound, at the early stage during combined 
fouling and scaling experiments (Method 1), foulants in the bulk solu-
tion formed a foulant layer on the membrane surface and this layer was 
able to facilitate gypsum formation by the cake enhanced concentration 
polarization similar to what was observed in Method 2. However, at the 
later stage, as the foulant layer was not as thick as Method 2, the gypsum 
crystals were able to grow over the foulant layer. Consequently, both the 
gypsum scales and the foulant layer were found on the surface after 
combined fouling and scaling as depicted by Fig. 2. 

3.3. The effects of organic foulants on gypsum formation in the bulk 
solutions 

In addition to dynamic RO experiments, static experiments were 
carried out to investigate the behaviors of gypsum formation in the bulk 
solutions in the presence of organic foulants. By doing so, we were able 
to decouple the effects of organic foulants on bulk nucleation from those 
on surface nucleation of gypsum. As shown in Fig. 7, when the static 
experiment was performed without any foulant, the solution conduc-
tivity started to decrease at ~100 min when the formation of gypsum 
scale (which consumed precursor ions) occurred. However, the induc-
tion time of gypsum formation was postponed in the presence of organic 
foulants. Specifically, humic acid, BSA, alginate, and lysozyme extended 
the induction of gypsum formation to 3,000, 800, 500 and 120 min, 
respectively. Several studies [18,19] have shown that organic molecules 
with carboxyl groups were able to inhibit gypsum formation in the bulk 
solution. The carboxylic acidities of alginate, humic acid and BSA, which 
represent the density of carboxylic acid groups, have been reported as 
3.5, 3.4, and 1 mequiv g−1, respectively [42], and lysozyme is known to 
have a smaller number of carboxyl groups than BSA [43,44]. Therefore, 
the order of carboxyl group acidity does not match that of induction time 
of gypsum formation, and there must be other factors affecting bulk 
nucleation of gypsum (such as molecular size and structure). Further, we 
noticed that the extension of induction time does not accord with the 
results of dynamic RO experiment, providing additional evidence that 
bulk nucleation is not the dominating mechanism that governs water 

flux decline during combined organic fouling and gypsum scaling. 
We notice that different proteins (i.e., BSA and lysozyme) posed 

varied effects on gypsum scaling in all three sets of experiments in our 
study, which indicates that molecular properties of protein are likely to 
regulate the impact of protein on the scaling behavior. To further 
explore this phenomenon, we probed the effects of several amino acids 
on gypsum scaling because (1) proteins are composed of amino acid as 
building blocks, and (2) the properties of amino acids are simpler and 
more controlled than proteins. Specifically, we selected two negatively 
charged amino acids (aspartic acid and glutamic acid) and one positively 
charged amino acid (arginine). Aspartic acid is known to be present in 
both proteins, while glutamic acid and arginine are the major constit-
uents of BSA and lysozyme, respectively [45,46]. As shown in Fig. S7 
(Supplementary Materials), the presence of these three amino acids did 
not significantly affect the gypsum scaling behaviors during both dy-
namic and static experiments. Therefore, despite the fact that BSA and 
lysozyme are well known to carry different surface charges (negatively 
charge for BSA vs. positive charge for lysozyme at near neutral pH) [47, 
48], surface charge alone could not be the primary driving factor for the 
observed differences in the behaviors of combined protein fouling and 
gypsum scaling. Rather, other properties of the proteins (e.g., the mo-
lecular conformation and the molecular size) might play an important 
role in regulating protein-gypsum interactions, warranting future 
research to further unravel the underlying mechanism. Such a hypoth-
esis is analogous to findings in the field of biomolecules, where different 
anti-freeze proteins, which allow cells to survive in sub-zero conditions 
by altering ice crystal growth behaviors, showed varied bindings to 
different ice crystal planes, resulting in different growth rate of ice 
crystals depending on the structure of the proteins [49–51]. 

The gypsum crystals collected from the static experiments were 
characterized by SEM and XRD (Fig. 8). The gypsum crystals formed in 
the absence of organic foulants exhibited needle-like morphologies with 
high aspect ratios (Fig. 8A), with alginate and lysozyme not causing 
significant morphological alteration (Fig. 8C and E). However, in the 
presence of humic acid and BSA, polygon-like gypsum crystals were 
observed (Fig. 8B and D with inset images). This morphological change 
might be attributed to the greater extent of adsorption of humic acid and 
BSA to gypsum surface than that of alginate (as evidenced by Figs. 7 and 
8F) as the adsorbed molecules could disrupt crystal formation by 
restraining growth along the orientations of the reactive facets [18,41]. 
Furthermore, it is reported that humic acid and BSA possess a globular 
structure [52,53] while alginate has a linear structure [54]. The scale 
inhibitor with a three-dimensional structure altered morphology of 
scales and exhibited better efficiency in scaling inhibition than that with 
a linear structure [55]. Thus, such crystal distortion posed by humic acid 
and BSA was consistent with the most significant effect of these two 
organic foulants on the induction time of gypsum formation. Further-
more, we observed significant morphological changes in gypsum crys-
tals with alginate in the dynamic experiments using Method 1 (Fig. 2C), 
in contrast to the static experiments where such changes were absent 
(Fig. 8C). This discrepancy suggests that gypsum crystal growth was not 
primarily influenced by the foulants in the bulk solution. Instead, our 
observations support the notion that the foulant layer on the membrane 
surface had a greater influence on gypsum scaling than the foulants in 
the bulk solution during combined alginate fouling and gypsum scaling. 

Further, the XRD results (Fig. 8F) showed that the gypsum scales 
formed in the bulk solution without organic foulants exhibited charac-
teristic peaks of gypsum with a high intensity for the (020) facet and a 
low intensity for the (021) facet. However, the peak intensity for the 
(020) facet was reduced dramatically in the presence of humic acid and 
BSA, indicating gypsum growth along the orientation of (020) facet was 
greatly inhibited by the foulants. Such changes in peak intensity were 
distinguished from those observed in dynamic RO experiments (Figs. 2H 
and 5H). As shown in Table S1, the peak intensity ratio of (020)/(021) 
facets for gypsum crystals formed in the presence of foulants were 
greatly reduced compared to the control during static experiment, in 

Fig. 7. Solution conductivity as a function of time during static experiments of 
gypsum formation. The solutions contained 42 mM CaCl2⋅2H2O and 42 mM 
Na2SO4 as gypsum precursors, as well as 20 mg L−1 foulants (if added). The 
tests were carried out under room temperature until the stable conductivity 
was reached. 
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contrast to the generally increased ratios observed in dynamic combined 
fouling and scaling (i.e., Method 1, except for gypsum with lysozyme). It 
is worth mentioning that the results from Method 1 of dynamic exper-
iments were consistent with those of Method 2 (i.e., conditioned mem-
branes in dynamic scaling experiments) that represents surface 
phenomenon, as explained in Section 3.2. Therefore, this result suggests 
again that the gypsum crystal growth during combined organic fouling 
and gypsum scaling was influenced more by the foulant layer formed on 
the membrane surface (i.e., surface-induced nucleation) than by the 
foulants that were present in the bulk solution. 

To assess the changes in chemical properties of the gypsum crystals 
formed in the presence of organic foulants, XPS and ATR-FITR tech-
niques were employed on the precipitates collected from static experi-
ment (Fig. S8, Supplementary Materials). The XPS results (Fig. S8A and 
Table S2) showed that the gypsum crystals formed with organic foulants 
did not exhibit noticeable shifts in the binding energies of Ca 2p3/2 and 
Ca 2p1/2 when compared to gypsum crystals formed without foulants. 
This result implies that chemical bindings between calcium and foulant 
did not take place, consistent with what was observed by Cao et al. [18] 
Such a conclusion is also supported by the FTIR spectra of all the sam-
ples, which only exhibited the presence of gypsum characteristic peaks 
(Fig. S8B). These results of FTIR and XPS analyses demonstrate that 
foulants likely affected gypsum formation in the bulk solution by 
physically adsorbing onto the surface of the gypsum crystals, rather than 
forming strong chemical bonds. In addition, the difference in the 
ATR-FTIR and XPS results between dynamic and static experiments 
further supports the notion that bulk nucleation is not the major gov-
erning mechanism of combined fouling and scaling. 

4. Conclusions 

In this study, we have performed a comprehensive investigation to 
decouple the surface and bulk phenomena of combined organic fouling 
and gypsum scaling in the RO process. Dynamic RO experiments were 
conducted using two methods (e.g., Method 1 - combined fouling and 
scaling, Method 2 - gypsum scaling on organic-conditioned membranes) 
in a crossflow RO system, while static experiments were performed 
without a membrane. The behaviors of combined fouling and scaling 
aligned more with Method 2 of the dynamic experiment, which reveals 
the effect of foulant layer on surface-induced gypsum nucleation, but 

contrasted with the results from static experiment that represents bulk 
nucleation. These findings, along with detailed gypsum characteriza-
tions, provide compelling evidence that supports the prominence of 
surface nucleation as the dominant mechanism governing the complex 
phenomena of combined organic fouling and gypsum scaling. Recog-
nizing surface nucleation as the prevailing mechanism has the potential 
to guide the development of effective strategies for fouling and scaling 
control in RO process, such as surface modifications for fouling-resistant 
membranes that are able to hinder foulant attachment and to deter 
surface nucleation of gypsum. In addition, we are aware of existing 
publications where the effects of multivalent ions (especially Ca2+) on 
organic fouling were investigated [7,11,56]. Thus, it is worth 
mentioning that the findings of this work are fundamentally distinct 
from the results of these studies, because we are exploring the effects of 
organic foulants on nucleation and crystal growth of gypsum. 

Furthermore, BSA exhibited remarkable effectiveness in hindering 
gypsum scaling during combined fouling and scaling. This result ex-
plains the lack of gypsum scales on fouled membranes after real RO 
treatment of secondary municipal wastewater effluent where proteins 
commonly exist [56,57], as shown by several recent publications [58, 
59]. Our results also suggest the potential of harnessing BSA or organic 
compounds with similar structural features as additives to feedwater, 
offering an environmentally friendly approach to address the issue of 
mineral scaling. Alternatively, the removal of BSA-like proteins in pre-
treatment might pose a facilitating (rather than mitigating) effect on 
gypsum scaling in RO desalination. Retaining these proteins in the 
feedwater after pretreatment could serve as a strategy of mitigating 
scaling. Interestingly, no observable mitigating effect was seen for 
lysozyme, another protein possessing different structural features from 
BSA. This result implies that structural features are likely to play a sig-
nificant role in influencing the effects of organic macromolecules on 
mineral scaling. Future studies should aim to further explore this aspect 
by leveraging advanced techniques such as molecular simulations and 
synthetic biology to further unravel the intricate interplay between 
foulant characteristics and scaling behaviors. In addition, it is worthy to 
assess the effect of organic foulants on mineral scaling in the presence of 
multiple organic foulants. Such assessment will involve dedicated 
research delving into the complex foulant-scalant and foulant-foulant 
interplays, which are valuable to expand the findings of the current 
study. Such explorations would offer the potential to unlock innovative 

Fig. 8. SEM images (obtained at the magnification of × 200) of the gypsum crystals during static experiments (A) without organic foulant, with (B) humic acid, (C) 
alginate, (D) BSA, and (E) lysozyme. The scale bar represents 100 μm and the inserted images in (B and D) were taken at a higher magnification ( × 2000). (F) XRD 
spectra of the gypsum crystals. 
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strategies for fouling and scaling control to improve the efficiency and 
viability of RO desalination. 
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