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Abstract: We present operando small-angle neutron scattering (SANS) experiments on silica fouling
at two reverse osmose (RO) membranes under almost realistic conditions of practiced RO desalina-
tion technique. To its realization, two cells were designed for pressure fields and tangential feed
cross-flows up to 50 bar and 36 L/h, one cell equipped with the membrane and the other one as an
empty cell to measure the feed solution in parallel far from the membrane. We studied several aque-
ous silica dispersions combining the parameters of colloidal radius, volume fraction, and ionic
strength. A relevant result is the observation of Bragg diffraction as part of the SANS scattering
pattern, representing a crystalline cake layer of simple cubic lattice structure. Other relevant param-
eters are silica colloidal size and volume fraction far from and above the membrane, as well as the
lattice parameter of the silica cake layer, its volume fraction, thickness, and porosity in comparison
with the corresponding permeate flux. The experiments show that the formation of cake layer de-
pends to a large extent on colloidal size, ionic strength and cross-flow. Cake layer formation proved
to be a reversible process, which could be dissolved at larger cross-flow. Only in one case we ob-
served an irreversible cake layer formation showing the characteristics of an unstable phase transi-
tion. We likewise observed enhanced silica concentration and/or cake formation above the mem-
brane, giving indication of a first order liquid—solid phase transformation.

Keywords: silica fouling; cake formation and dissolution; reverse osmosis membranes; operando
small-angle neutron scattering

1. Introduction

Desalinated inland brackish groundwater has become an important source of drink-
ing water in arid and semi-arid regions and is increasingly used to resolve the worldwide
water shortage. Reverse osmosis (RO) technology is the most widely used process for de-
salinating brackish water; however, a major limiting factor of this approach is silica scal-
ing of the membrane, especially during recovery that exceeds 75%, a common practice in
brackish water desalination [1-3] Silica scaling may occur when the concentration of dis-
solved silica in either the bulk water or at the vicinity of the membrane surface surpasses
its solubility limit, which depends on the pH, ionic strength, temperature, and the hard-
ness of the treated water [4-7]. Importantly, once silica scale is formed on the membrane
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surface, it is extremely difficult to remove by common procedures such as acid wash [1,7].
Silica precipitation and scaling can be alleviated by using commercial antiscalants [8,9], or
by reducing silica concentration in the feed water by alumina adsorbents [10], electrocoag-
ulation [2], or softening through a coagulation [11]. However, such pretreatments increase
operational costs and can induce organic fouling and biofouling and thus various alterna-
tive approaches have been tested to deal with silica scaling. For example, the presence of
sodium alginate in the feed water reduces silica scaling during the desalination process
[12].

The mechanism of silica fouling is not yet fully understood as this is a complex phe-
nomenon depending on feed chemistry, permeate flux, and membrane surface topology,
as well as on process parameters such as applied pressure and flow modes. Furthermore,
there are several interaction mechanisms between the colloidal particles, as discussed in
Section 3, as well as between the colloid and the membrane surface [13,14]. In addition, it
was found that mineral scaling [15] and membrane surface functional groups [16,17] due
to organic fouling affect the extent and properties of colloidal fouling on RO and nanofil-
tration (NF) membranes. The process of colloidal fouling appears mostly to be controlled
by the competition of the permeation drag force due to permeation flux and the electric
double layer repulsion potential between colloid and membrane [8-10]. Another issue of
membrane fouling is membrane surface roughness effecting enhanced colloidal fouling
[3,11,12].

The colloidal interaction potentials and forces are calculated in Section 3 on basis of
the DLVO theory for the silica dispersions of this study [18-20]. It is known that aqueous
silica dispersions are more stable than predicted from DLVO theory, indicating a larger
repulsive interaction between silica colloids. This additional non-DLVO repulsive inter-
action appears as short range monotonic repulsive force effective in a range of less than
40 A and is attributed to the presence of a ~10 A thick gel-like layer of silanol and silicic
acid groups grown at the surface of silica colloids when exposed to water [21].

Using specially designed equipment for operando studies allows us to follow the
evolution of relevant parameters of the feed far from and on the surface of the membrane.
So far, colloidal fouling has been mainly studied by permeate flux experiments. SANS
provides direct insight into the fouling process on a microscopic length scale as it determines
colloidal size and volume fraction of the feed dispersion, delivers thickness and porosity of
the cake layer, and distinguishes between gas, liquid, and crystalline states of the silica in
dispersions. In our study, we explore the fouling behavior of two polyamide RO thin film
composite (TFC) membranes exposed to colloidal silica dispersions of different size, con-
centration, and ionic strength. It might be of particular interest that the lattice parameter,
thickness, and porosity of the cake layer could be determined with good accuracy.

2. Experimental

In this section, we present the relevant parameters of the used SiO: colloids, the cor-
responding silica feed dispersions, and the two commercial RO membranes followed by
some details about the neutron diffractometer. The SANS-RO desalination equipment is
described in detail in Appendix A.

2.1. Silica Synthesis and Characterization

Two types of silica particles were used in this study. The first one is the commercial
LUDOX® TMA which was ordered from Sigma-Aldrich. Its average particle radius of 116
A was determined from Transmission Electron Microscopy (TEM). The second type of
silica was synthesized in-house and is denoted as 5]29. These colloids have an average
particle radius of 215 A, as determined from TEM and depicted in Figure 1a. The corre-
sponding SANS scattering pattern of both silica colloids are shown in Figure 1b and
named as Silica-130A and Silica-250A.
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Figure 1. [Hyphen is correct here] (a) TEM micrograph of SJ29 silica (Silica-250A) and (b) SANS scattering curves of two
silica colloid dispersions of 10 mM ionic strength. The SANS data of the Ludox (Silica-130A) and SJ29 (Silica-250A) were
fitted with the form factor of spheres (Equation (A4)).

The SJ29 particles were prepared in two steps. First, silica core particles were synthe-
sized according to Stober et al. [22] and then an additional layer of silica was grown onto
these core particles by seeded growth following Giesche [23]. All Ludox TMA and SJ29
colloidal silica dispersions were redispersed in an ammonia/Cl- buffer with a pH between
9 and 10 and an ionic strength of 10 or 1.2 mM. This buffer contains only monovalent ions
(main ions: NH4* and CI). All chemicals used were of high purity and ordered from
Sigma-Aldrich.

The size of the colloidal particles was determined by TEM, Dynamic Light Scattering
(DLS), and SANS as compiled in Table 1 together with literature values of amorphous
silica as well as the ions in solution. Silica concentration, ionic strength, and pH of samples
used are given below in Table 2. Electrophoresis measurements were performed with a
Malvern Zetasizer 2000 on a 1 g/L Silica-250A dispersion of 10 mM ionic strength with the
result of a zeta potential of =77 mV. This means that the silica particles are highly nega-
tively charged in the ammonia buffer.

Table 1. Parameters of the silica colloids. The size of the colloids was determined from SANS and TEM according to the
data in Figure 1 as well as from DLS. Mass density ds is relevant to determine the coherent scattering length density p

and their difference Ap with respect to the solvent water, the last parameter determining the scattering contrast. Coher-

ent scattering length of the monovalent ions NH," (ammonium) and CI".

ds
Silica R (A) R (A) (Amorphous P (SiO) Ap (Si0) b (NH,";CI")
Colloid (Silica-130A) (Silica-250A) Silica) (10°cm-2) (101 cm-2) (102 ¢m)
(g/mL)
TEM 116 (=1 215(x24) e e e
19) > (£ 24) 2.196
DLS 160 255 Tt e e
(2.11; [24])

SANS 133+1 247 +1 3.47 4.03 -0.569; 0.958

Table 2. Membranes and silica feed solutions. For all samples, the ionic strength and pH were set by ammonia buffer, i.e.,

by only the monovalent ions NH," (@ammonium cation) and CI".

Silica Colloid

Silica-130A Silica-250A

Membrane

RO-BW30LE RO98 pHt RO-BW30LE RO98 pHt
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Nominal 1 1 4.74 0.4 1.09
concentration (vol%)
Ionic strength (mM) 1.2 10
pH 9.5 9.6 9.6
Zeta potential
(mv) 92 77

2.2. Instrumentation

The device for operando SANS experiments is described in Appendix A, further de-
veloped than the one we presented in [25]. The principle layout of the membrane cell (RO-
MC) is depicted and explained in Figure Al. It allows the detection of characteristic pa-
rameters of scaling and fouling at three positions of the membrane in the course of RO
desalination under the most realistic conditions. Figure A2 depicts the two pressure cells
implemented at the sample position of the SANS diffractometer. One cell, the empty cell
RO-EC, is without membrane and allows the measurement of the actual feed solution far
from the membrane, whereas the other cell, the RO-MC cell, is equipped with membrane
and spacer and is where the desalination process takes place. The scattering of the RO-
MC cell must be corrected for scattering from membrane and spacer, which is rather
strong due to the porosity of the membrane. Therefore, the scattering from membrane and
spacer must be subtracted from the total scattering of the cell in order to obtain the scat-
tering from the silica colloids alone for further analysis. A detailed analysis of several RO
and NF membranes as well as of a standalone polyamide layer with SANS and Positron-
Annihilation Lifetime Spectroscopy (PALS) is found in Ref. [26] and [27], respectively. The
permeate flux and electric conductivity was measured in parallel to the SANS experi-
ments. In this way, a relevant “engineering” parameter can be combined with the micro-
scopic information from fouling of the silica dispersions.

The neutron experiments were performed at the SANS instrument KWS3 for “very
small-angles” (VSANS) operating at the Heinz Maier-Leibnitz Zentrum (MLZ) in
Garching, Germany [28], with the following settings: 12.8 A neutron wavelength, 1.2 and
1.3 m sample to detector distance, and 0.7°0.5 cm? beam area at the sample. These settings
cover a range of scattering vector Q from about 10~ to 0.03 A, thereby being sensitive to
scattering particles between several nm (10 A) to about 0.1 um. The absolute value of Q is
determined according to Q=4m/Asin(8/2) from the scattering angle (d) and wavelength
(A) of the neutrons. Its inverse value, 1/Q, corresponds to the dimension of objects mainly
contributing scattered neutrons to this range. The relevant scattering laws needed for
analysis are presented in Appendix B. The scattered neutron intensities are determined as
macroscopic cross-section dX/dQ(Q) in units of cm™, i.e., scattering cross-section per unit

cm?® of the sample determined from calibration with the primary beam.

The thickness of the sample is a relevant parameter needed for absolute calibration
of the scattered intensity, which in our case is represented by the channel height deter-
mined by the space between sieve and sapphire neutron entrance window of the RO-MC
cell (Figure Al). The scattering curves of this manuscript represent the scattering signal
from the feed solution far from and above the membrane (concentration polarization) and
from possible cake layer formation. The height of the channel between membrane surface
and entrance sapphire window also determines the velocity of the feed across the mem-
brane (cross-flow). The RO-MC cell has three windows for neutrons to pass (lower, mid-
dle, and upper), thereby allowing the determination of the concentration polarization av-
eraged over the channel height as well as the fouling properties of the membrane at three
positions of the membrane (Figures A2 and A4).

It is noticed that the height of the feed channel at the three windows of the RO-MC
cell changes differently with pressure as compiled in Table Al. These numbers were ob-
tained from neutron transmission and measurement of the outer cell dimension with a
micrometer screw. Figure 2 shows the relative change of channel height versus pressure,
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i.e,, the space for the feed in front of the membrane at the three window positions normal-
ized to the channel height at ambient pressure, i.e., to 0.101 cm and 0.086 cm in case of the
BW30LE and RO98 membranes, respectively. Reasons of the different heights of the feed
channel are (i) the larger thickness of the RO98 membrane (Table Al) and (ii) the applied
pressure along the membrane. Information about the producers of the RO membranes can
be found in the title of Table Al and in Ref. [26]. It is obvious that pressure induces with
35% and 40%, the strongest increase in channel height in the middle part of the cell. Such
change in height has strong influence on the feed velocity along the membrane, which
must be considered when discussing its scaling and fouling behavior.

15 T T
RO-MC: BW30LE .
@ lower
| H middle
14 Upper
T
RO-MC: RO98
@® lower
13 H middle
A upper

Normalized thickness of channel

5 10 15 20 25 30
Pressure [bar]

Figure 2. Change of channel height above the membrane versus pressure normalized to the height
at 1 bar. These values were 0.101 and 0.086 cm for the experiments with the BW30LE and RO98
membranes, respectively. The values of the height are compiled in Table Al.

2.3. Experimental Procedure

Characteristic parameters of the examined aqueous silica dispersions are compiled
in Table 2. The dispersions of the two silica colloids were prepared with nominal silica
concentrations between 0.4 and 4.74 vol%, ionic strength of 1.2 and 10 mM, and pH be-
tween 9 and 10. Under these conditions, silica nanoparticles are negatively charged and
thereby well stabilized [29]. The zeta potential as a measure of the charge near the surface
of colloidal particles is obtained from the electrophoretic mobility. Following O’Brien and
White ([30], Figures 3 and 4), the accuracy of the zeta potential is limited for dispersions
with particle size and ionic strength of the present study (Table 2) as the electrophoretic
mobility is showing a maximum at larger zeta potential for kR=2-8 (K Debye-Hiickel

parameter). Therefore, the zeta potential is ambiguous as the electrophoretic mobility is
the measured quantity. Fortunately, this ambiguity can be resolved by comparing the zeta
potential of dissolutions of much larger particles at about 9.5 pH and different ionic
strength [31] with those of colloids of similar size as ours [32]. One control measurement
was made on our SJ29 silica at 10 mM for which a zeta potential of =77 mV was obtained
in reasonable agreement with literature [31,32]. For the 1.2 mM dispersion at about pH =
9.5, the relative change of the zeta potential with ionic strength was estimated from liter-
ature values [31,32] delivering -92 mV.
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Figure 3. (a) DLVO interaction potentials in units of ksT of the silica solutions, i.e., the attractive (London force Ua) the
double layer repulsive (Ur) and the sum of both interaction potentials (Us). (b) Force field between the silica colloids of

the studied feed solutions.
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Figure 4. SANS results of aqueous Silica-130 A dispersion of 1 mM ionic strength and 1 vol% nominal concentration ex-
posed to 25 bar and various cross-flows (CF) from zero (dead-end) to 23 L/h. Unfortunately, we missed here the SANS
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data between 3.7 and 6 h of operation because of an unexpected closer of the shutter for neutrons. (a) Scattering data from
the lower part of the of the RO-MC cell showing a strong increase in scattering with interference peak when stopping the
CF to dead-end condition. (b) Scattering of the lower membrane position for various times of the second dead-end condi-
tion. (c) Silica concentration versus operation time of empty cell (RO-EC) as well the 3 windows of the RO-MC cell. (d)
Permeate flux and electric conductivity during the first 3.5 h of operation.

The SANS-RO experiments were performed with the brackish water RO membrane
BW30LE from Dow Filmtec and the seawater RO membrane RO98 pHt from Alfa Laval.
The observations of this study are partly new and in some cases still need explanation.
This is understood from the interplay of the applied parameters with the feed solution
showing a complex interaction between the silica colloids as well as between colloid and
membrane.

3. Theory: Stability of Aqueous Silica Dispersions (DLVO Theory)

We must consider two scenarios in our experiments. One is the bulk behavior of the
colloidal silica dispersions and their stability against aggregation, the second is related to
the interaction between colloids and membrane, with this second one largely determining
the fouling characteristics. The first scenario is discussed in terms of the Derjaguin-Lan-
dau—Verwey—Overbeek (DLVO) theory [18-20]

Within the DLVO theory, the interaction potential between particles is described as
a sum of a repulsive electric potential and an attractive van der Waals potential. The van
der Waals attractive potential Ua in Equation (1) is valid in the case of (i) a much smaller
distance between two spherical colloids (D) in comparison with the colloidal radius (R),
ie, D << R, and (ii) when obeying the non-retardation condition for approximately D <
100 A [19]. The parameter A is the Hamaker constant, which for silica dispersions in
aqueous solvents is calculated as 8.5x10%] [19]. An often-used description of the elec-
trostatic repulsion potential is given in Equation (2), which has been derived within the
linear super position approximation [19], with &, and &, being the vacuum permittiv-

ity and the relative dielectric constant of the solvent, respectively, v, the Debye-Hiickel
surface potential, and 1/k the Debye screening length of the medium. The surface poten-
tial , isestimated from the zeta potential and the Debye length is calculated according

to K:\/2000 F?1/(gye, N, kg T) , where F is the Faraday constant, Na the Avogadro num-

ber, ks the Boltzmann constant, T the absolute temperature, and I the ionic strength in

mol/L. The ionic strength of monovalent ions is given by I=Z:Ci /2 with ci the concen-

tration of ion i in mol/L. We evaluated an inverse Debye-Hiickel parameter of 1/k =
87.8 A and 30.4 A for solutions of 1.2 and 10 mM ionic strength, respectively, whose in-
teraction potentials are shown in Figure 3a. The interparticle force was evaluated from the
interaction potential according to F=-0U/0D as depicted in Figure 3b versus the colloid

distance D. For a more detailed discussion of the DLVO theory, the reader is referred to
two recognized introductions to the subject, [18,19].

U,(D)=-A,R/12D 1)
U, (D)=4nee R 2e™® 2
r\U)= * 512R Yo 2)

Considering the calculated DLVO potentials in Figure 3, an interesting study on the
aggregation behavior of Ludox TMA (Silica-130A) colloids must be mentioned also using
an ammonia buffer of similar pH as ours [33]. In that study, the aggregation rate of silica
colloids was fitted with the DLVO interaction potentials for a series of high salt concen-
trations, resulting in interaction potential curves that, after extrapolation to our lower salt
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concentrations, agree reasonably well with the present curves in Figure 3. We note, how-
ever, that considering the approximate character of Equation (2) and the zeta potential not
being the surface potential, the agreement is better than expected, partly due to possible
compensating errors. Nevertheless, the agreement of the potentials in Figure 3 with those
of the aggregation study is a strong indication of a reasonably good estimate of the real
interaction potentials.

As reported in literature, aqueous silica dispersions are more stable than predicted
from DLVO theory. Reason of this enhanced stability is a non-DLVO interaction contri-
bution presumably caused from the formation of a thin gel-like layer of ca. 10 A thickness
of silanol and silicic [correct]acid groups that grow on the silica surface in the presence of
water [21]. It must be noted that this contribution in conjunction with DLVO interactions
might prevent aggregation after short contact between the colloids. However, a contact of
particles for longer time as in highly compressed layers might still lead to a sintering-type
of reaction by the formation of siloxane bridges between the particles.

It is discussed and appears widely accepted in literature that colloidal fouling is con-
trolled beside cross-flow by the interplay between permeation drag due to permeate flux
and electric double layer repulsion between colloid and membrane surface [34,35]. The
interaction of silica colloids and membrane surface is thoroughly discussed in the paper
by Zhu and Elimelech on the basis of permeation experiments [13]. At the pH of our solu-
tions, the surface of polyamide TFC RO membranes possesses a net negative charge with
a zeta potential of about —10 mV ([14], Figure 11 [This is Figure 11 of Ref. [14]]). The neg-
ative charge of both constituents results in a repulsive interaction between colloid and
membrane. Therefore, colloid deposition and fouling on top of the membrane need a suf-
ficiently large drag force caused from the rate of permeate flux (permeation drag), which
must overcome the double-layer repulsion force between colloid and membrane. Another
relevant parameter is surface roughness of the membrane showing strong influence on
fouling behavior, as discussed in [13] and quite recently in [36]. We will not discuss this
issue as we only present studies of RO membranes of expectedly similar surface rough-
ness.

4. SANS Results and Interpretation

In this section, we present the SANS data of our RO desalination experiments per-
formed with various aqueous silica dispersions at two RO membranes (Table 2) exposed
to different pressures and cross-flows (CF). We applied pressure fields up to 25 bar and
cross-flows from 0 (dead-end) to 36 L/h, the last one corresponding to an average feed
velocity of v =20 cm/s (Table A1). We first present the results from the Silica-130A colloids
followed by those of Silica-250A. Pressure is always mentioned as the applied pressure,
as the osmotic pressure () is not known.

4.1. Aqueous Silica-130A Dispersions of 1.2 mM Ionic Strength and Concentration of 1 vol%
(BW3OLE RO Membrane)

We start with the aqueous Silica-130A dispersion of 1 vol% nominal concentration
and 1.2 mM ionic strength exposed to the brackish water RO membrane BW30LE, the
external dead-end condition. Under this condition, the feed shows liquid-like behavior
verified by the interparticle interference peaks in Figure 4a,b, characteristic for dispersions
of enhanced colloidal concentration of repulsive interaction. These data were fitted with
the hard-sphere model (Equation (A5)) depicted as solid lines delivering at 2.29 h (Figure
4a) a colloidal volume fraction of Fus = (8.1 + 0.1) vol% corresponding to an average dis-
tance of the colloidal centers of about 580 A, i.e. D @ 330 A. The fit was performed setting
a fixed radius of 126 A for the silica. The corresponding volume fraction determined on
basis of the formfactor (Equations (A3) and (A7)) is with F = (5.86 + 0.08) vol%, about 25%
smaller (Figure 4c). The subsequent cross-flow of 23 L/h applied at t = 2.9 h strongly re-
duces the scattering signal (Figure 4a). Figure 4b shows the SANS data after starting the
dead-end condition at t =3.37 h. At first, a strong increase in scattering is observed again,
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which after 8 h is continuously declining to smaller concentrations of 0.06 vol% at the end.
Interference from liquid-like colloids is also observed for 9 h, showing a peak Qm shifting
from about 7.8102 to 9.4'102 A-1 before disappearing, i.e., then representing a gas-like
colloidal dispersion. Figure 4c shows the colloidal concentration from all three positions
of the RO-MC and RO-EC cells and Figure 4d the electric conductive (EC) and permeate
flux (PF), respectively. The colloidal concentration was determined from the second mo-
ment (Q2, Equation (A7)). Similar values were derived from the ratio of dX/d2(0) and

colloidal volume (Vr) (Equation (A3)).

Figure 4c is split in two figures representing data before 4 h and after 6 h because the
neutron beam shutter was closed in the meantime. During the first 1.5 h of operation at
CF =5 L/h, the colloid concentration linearly increases from about 0.5 to 1 vol% at all po-
sitions of the membrane. The following dead-end setting strongly increases the concen-
tration in front of the membrane at all three positions, i.e., to about 1.8 vol% for middle
and upper window and even 5.9 vol% for the lower window. The RO-EC cell shows with
1.2 vol% no abnormal increase in silica concentration. The following cross-flow of 23 L/h
equalizes the concentration to about 1 vol% and 1.5 vol% at all positions of the RO-MC
and RO-EC cells, respectively. At t = 3.3 h, we changed to dead-end condition again with
the same reaction of an immediately strong increase in concentration, particularly in the
lower part of the RO-MC cell, achieving its maximum value (Figure 4b) after about 8 h
before exponentially declining to about 0.06 vol% after 16 h of operation (Figure 4c). The
upper and middle parts of the RO-MC cell show much smaller concentrations whereas
the RO-EC cell shows a constant value of (0.42 + 0.03) vol%.

The electric conductivity (EC) and permeate flux (PF) were taken during the first 3.8
h. For the last 11 h of the experiment, we only can give the average flux. The EC mirrors
the actual colloidal feed concentration in the RO-EC cell as its sensor is part of the feed
circle (Figure A3). Its main task is to control the two valves of the pistons filled with feed
and DI water for keeping a constant salt concentration in the circuit of the feed circulating
through both cells (Figure A3). The conductivity is continuously increasing during the CF
=5 L/h operation in parallel to the colloid concentration in both cells. The constant EC is
shown during the first dead-end period between t = 1.79 h and 2.65 h, as expected from
zero cross-flow, whereas the following CF = 23 L/h let EC increase again. The permeate
flux shows some oscillatory behavior mapping changes of colloid concentration averaged
over the front of the membrane. The strong variation of colloid concentration at dead-end
condition first induces a stronger decline in permeate flux followed by recovery due to
reduced concentration polarization. Our device failed to register the permeate flux during
this part of experiment. Thus, an average permeate flux of 0.44 L/(h m? bar) could be eval-
uated from the total permeate volume of this part of experiment. We furthermore esti-
mated a delay of about 13 min of the permeate flux data with respect to the EC data and
therefore with the experimental settings. We explain the exponential decline in silica con-
centration from cooperative flowing down of the colloids forming the concentration po-
larization layer becoming first visible in the upper window and most clearly in the lower
window at the end. Such cooperative flow is driven by gravitational force becoming large
enough at sufficiently high colloidal concentration.

4.2. Aqueous Silica-130A Dispersions of 10 mM Ionic Strength and Concentration of 1 vol%
(RO Membrane BW30LE)

We present here experiments of two Silica-130A dispersions of 10 mM ionic strength
and nominal silica concentration of 1 vol% applied at the RO membrane BW30LE. The
first experiment was performed in the same cell and membrane of the former section after
carefully cleaning. Figure 5a shows a selection of SANS data from the lower RO-MC cell
measured at the conditions of 20 bar/CF = 15 L/h and 25 bar/CF = 5 L/h. The data were
fitted with the form factor of spheres (Equation (A4)). The corresponding parameters ob-
tained for the RO-MC and RO-EC cells are depicted in Figure 5b,c delivering an average
radius of R = (124 + 3) A and (128 + 1.5) A and a silica volume fraction approaching a
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volume fraction of about @ = 1 vol% after about 13 h and (1.13 £ 0.05) vol% after 5 h,
respectively, in good agreement with TEM, DLS, as well as the nominal colloidal concen-
tration (Tables 1 and 2). The volume fraction was determined from the ratio of dX/d(3(0)
and silica volume times scattering contrast, the last one compiled in Table 1.
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Figure 5. (a) Scattered intensity of the Silica-130A colloids of 1 vol% nominal volume fraction in aqueous dispersion of 10
mM ionic strength. (b) The silica volume fraction and radius from all positions of the RO-MC cell versus time and (c) the
corresponding parameters determined for RO-EC cell including the values from dead-end condition. (d) Permeate flux at

both conditions.

The scattering data from the lower part of the membrane performed during the last
part of experiment at 25 bar and dead-end condition are shown in Figure 6. Two distribu-
tions of the silica colloids become visible started just after stopping cross-flow, namely
scattering from individual disordered silica colloids dissolved as gas-like (form factor)
dispersion and from silica aggregated to a crystal, i.e., a cake layer. The fit (solid line) was
performed with Equation (A6), representing an incoherent superposition (i.e., of intensity)
of spherical form factor (Equation (A4)) and Gaussian distribution function describing
phenomenologically the scattering from crystalline silica. The form factor (dashed-dotted
line) delivers colloid radius as well as volume fraction of the silica in the RO-MC cell de-
picted in Figure 6c. Scattering of the cake layer at t = 40 min is shown in Figure 6a (open
spheres fitted by the dashed line) and 6b as obtained after subtraction of the scattering
from the individual silica (dashed-dotted line in Figure 6a). A distinct first order, i.e.,
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[1,0,0] [okay!] interference peak, is observed in accordance with the periodicity of the
crystal, i.e, A=2m/Q, =(255+2) A in good consistence with the dimension of the silica

colloid (Figure 6b). A higher order (Bragg) reflection also becomes visible, indicating a
well-ordered crystal with a porosity of e = (0.47 + 0.02) in good agreement with a compact
simple cubic crystal of e = (1 — Fr) = 0.48 (Table A2). A more detailed analysis confirms the
simple cubic crystal structure; the broad peak at larger Q shows the [111] reflection
whereas the [110] reflection at Q = 3.45 x 1072 A~! is eliminated from the silica form fac-

tor, becoming zero at Q = 3.59 x 1072 A~1.
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Figure 6. (a) Same dispersion but at dead-end and 25 bar condition as in Figure 5. (a) Scattering showing after 40 min
individual colloids and formation of silica crystal called cake layer. (b) Scattering from cake layer after subtraction scat-
tering from individual colloids. (¢) Declining silica volume fraction of individual colloids and cake layer as well as cake
thickness. (d) Colloidal feed solutions of middle and upper position of the membrane show an order of magnitude smaller
volume fraction. (e) Permeate flux of the corresponding experiment.

Figure 6c shows the silica volume fraction of feed and cake layer representing values
averaged over the channel height of 0.109 cm between membrane (thickness of the mem-
brane, 150 pm (Table A1)) and sapphire window (Figure Al). Figure 6d shows the evolu-
tion of the individual colloids in the middle and upper position of the membrane, showing
an order of magnitude smaller volume fraction and no cake layer. The volume fractions
of the silica are exponentially declining with time as well as the thickness of the cake layer
from about 25 to 5 um. It happens again that cake layer formation, particularly at the lower
part of the membrane, is observed immediately after stopping cross-flow and its decline
after 3 h in parallel with silica concentration by a factor of 4 for the same reason as for the
strongly accumulated liquid-like colloids of the 1.2 mM Silica-130A dispersion in Figure
4. Figure 6e shows the corresponding permeate flux slightly increasing with time.

Figure 7 presents SANS data from a second run of this experiment with a new RO-MC
cell showing an unstable cake layer formation at the lower part of the membrane. This ex-
periment was always performed at 25 bar. During the cross-flow of CF =18 and 10 L/h, we
observe individual (gas-like) Silica-130A colloids of (126.6 + 0.6) A radius and (1.69 = 0.3)
vol% concentration in quite consistence with the results from the RO-EC cell (not shown).
However, after changing to CF =5 L/h, a sudden dramatic increase in silica concentration
happens in the feed above the lower part of the membrane with the result of an irreversibly
formation of a cake layer finally filling the whole channel. The scattering pattern in Figure
7a,b shows the corresponding change of scattering intensity and its shape. During the first
2 h (Figure 7a,c), we observe a strong increase in scattering driven by the silica volume frac-
tion to a value of 10 vol% and the characteristic strong interparticle interference effect, show-
ing at t = 25.3 h some intermediate shape from individual liquid-like colloids and crystal-
lized ones in a cake (Figure 7b) before becoming stable at 26.4 h. No further change of scat-
tering occurs. The periodicity (lattice parameter) of the cake is determined with A =(243 +
0.3) A, about 5% smaller than the diameter of the Silica-130A colloids of 2R = (253 + 1) A,
indicating a cake volume fraction and porosity of Fr=(0.59 + 0.01) and e = (0.41 + 0.01). The
slightly larger compactness or smaller porosity of the cake in comparison with a simple cu-
bic lattice indicates a sintering-type reaction, the possibility of which was already mentioned
in Section 3. The reason for this cake formation appears unclear to us and might be initiated
by an accidental heterogeneous nucleation event as no abnormal behavior is observed at the
upper parts of the membrane and the RO-EC cell.
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Figure 7. RO-MC cell, lower window: (a,b) Evolution of scattering patterns when changing the external conditions from
CF =10 L/h to 5 L/h. Strong concentration polarization immediately starts at the lower part of the membrane, in a first step
showing interparticle correlation. It takes 4-5 h to form a stable cake layer. (c) Volume fraction and radius of disordered
silica colloids. (d) Amplitude and periodicity of the cake layer.

4.3. Aqueous Silica-130A Dispersions of 10 mM Ionic Strength and Nominal Concentration of
4.74 vol% (RO98 pHt-Alfa Laval Membrane)

In this section, we again present experimental data of an aqueous Silica-130 A dis-
persion of 10 mM ionic strength but with a larger nominal silica concentration of 4.74 vol%
and the RO98 pHt membrane. Figure 8a,b show SANS data of the silica dispersion oper-
ated at 25 bar and at varying cross-flow between 10 and 34 L/h (see Figure 8c). The scat-
tering patterns of the RO-EC and RO-MC cells show an interparticle interference peak at
about Q_=10? A-! characteristic for liquid-like colloidal dispersions of larger concentra-

tion stabilized by the repulsive double layer interaction. The fit of the scattering pattern
in Figure 8b is not so good seemingly from revealing inhomogeneities of the colloidal dis-
persion in front of the membrane due to concentration polarization. Such inhomogeneities
are not observed for the RO-EC data from the much better fit. Figure A6b also shows the
form factor measured for the RO-EC cell at t =20.6 h.
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Figure 8. SANS data of nominal 4.74 vol% Silica-130A dispersion of 10 mM ionic strength. The scattering patterns of the
RO-EC cell in (a) and RO-MC cell in (b) show an interference peak at about Qm=1.1"10"2 A1 due to the larger concentration
and repulsive interaction of the colloids at 10 mM. (c) Volume fraction of silica from all positions of RO-MC and RO-EC
cells with time being relatively insensitive to cross-flow showing about twice as large concentration at the front of the
membrane. (d) Corresponding permeate flux showing the usual behavior of exponential decline.

The silica concentration is relatively constant in time during desalination and homo-
geneous at the positions of the membrane (Figure 8c) despite the great differences in cross-
flow and large concentration polarization indicated by the nearly twice as large number.
No cake layer formation is observed! [okay] Figure 8d shows a strong decline in the cor-
responding permeate flux (PF) following the usual exponential decline.

4.4. Silica-250A Colloids of 10 mM lonic Strength and Nominal Volume Fraction of 0.4 vol%
(BW30LE Membrane)

In this section, we present SANS data of the larger Silica-250A colloid dispersion of
10 mM ionic strength and nominal volume fraction of 0.4 vol%, which was exposed to the
BW30LE membrane at conditions of 15 bar and 25 L/h. Figure 9 shows the permeate flux
as well as SANS results from the RO-EC cell. The experiment was started with compacting
the membrane by applying DI-H20 for about 18 h at 20 bar and 12 L/h cross-flow. An
exponential decline (solid curve) of the permeate flux is observed from about 1.2 to 0.76
L/(h m? bar) in Figure 9a, which is equivalent to the increase in hydraulic membrane re-
sistance R, i.e., the inverse ratio of permeate flux and applied pressure (J(t)/P), from

0.83 to 1.32 in units of (h m? bar/L). This permeate flux is smaller between a factor of 4 and
6.3 than the value of (4.78 + 0.26) L/(h m? bar) measured in the laboratory of one of the
coauthors (see discussion in Appendix C). This means that the permeation drag force
caused from permeate flux in our studies is much weaker compared with common RO
desalination processes, thereby inducing a weaker concentration polarization and cake
formation [24].
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Figure 9. Aqueous dispersion of Silica-250A of 10 mM ionic strength and a nominal 0.4 vol% volume fraction in the RO-
EC cell. (a,b) show permeate flux during compaction with DI-H20 at 25 bar and 12 L/h cross-flow followed after 6 h by
the desalination operation. Figure (c) shows two scattering curves after about 1 and 12 h of operation. (d) Volume fraction
and colloid radius versus time. The operation was stopped after 17 h (green dashed-dotted line) for cleaning of the mem-
brane with DI-H20 at 25 L/h. Strong decline in silica volume fraction ( Dy, ) is observed.

The permeate flux of the silica dispersion in Figure 9b shows a linear decline for about
5h to 0.38 L/(h m? bar) before a slightly linear increase to about 0.45 L/(h m? bar) sets in.
The change of the two scattering patterns of the RO-EC cell at 0.8 and 12.4 h in Figure 9c
corresponds to the increase in colloidal volume fraction. Both scattering patterns were
fitted with the form factor of spheres (Equation (A4)) depicted as solid lines. Figure 9d
shows the corresponding colloidal volume fraction and radius dispersed in the feed pre-
sent in the RO-EC cell far from the membrane; an average colloid radius of (243 + 4) A and
nominal volume fraction of (0.42 + 0.02) vol% was achieved after 4 h of operation. The
smaller volume fraction at the beginning of the experiment occurred during filling the
silica dispersion from dilution with rest of DI-H20 from the compaction experiment. There
appears a correspondence between permeate flux and colloidal volume fraction; the per-
meate flux stops its decline after the colloids achieved their stable nominal concentration
with a small delay of about 10 minutes. After 17 h of operation, the desalination process
was stopped and a cleaning process with DI-H20 at 1 bar and 25 L/h cross-flow was
started with the result of a finally strong decline in silica feed concentration (®g.) to

(0.06 £ 0.003) vol% as visualized by the red squares (! [red square]) in Figure 9d.
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Figure 10 depicts the SANS data from the middle part of the RO-MC cell, presenting
time-dependent scattering with a pronounced increasing interference peak characteristic

for the formation of a cake crystal. The scattering cross-section A{dE/dQ} (Q) was ob-

tained after subtraction of the scattering from the individual colloids as demonstrated in
Figure 6a and Figure A6c and was afterwards fitted with the Gaussian function depicted
as solid line. The SANS signals in Figure 10a are continuously increasing in amplitude
and slightly shifting to larger Q, thereby indicating a gradual formation of a cake layer of
increasing silica volume fraction and larger compaction, i.e., smaller porosity. Figure 10b
shows the scattering pattern measured immediately after starting the 1 bar cleaning when
the silica feed solution had not changed, as we know from the result of the RO-EC cell
performed 10 min later (see first (![red square]) symbol in Figure 10d). The characteristic
parameters of the cake layer are plotted in Figure 10c—e. The parameters A and L represent
the amplitude and periodicity (lattice parameter) of the crystal (Figure 10c). The volume
fraction of feed and cake (Figure 10d), as well as cake thickness (Figure 10e) are showing
a continuous increase whereas the cake porosity (upper Figure 10e) is declining due to the
shift of Qm to larger Q (Figure 10a). After 16 h of operation, the periodicity (i.e., lattice
parameter) achieved a value of A =(525<5) A and a constant volume fraction of (0.41 +
0.04) vol% corresponding to a porosity of (0.59 +0.04) vol% (Figure 10e). At the same time,
the cake thickness increases from 3 to 16 mm.
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Figure 10. Middle part of the RO-MC cell with same dispersion as in Figure 9. The fits of scattering data were performed
with a fixed radius of 245 A. After 17 h, a cleaning procedure was started with DI-H20 at 1 bar and 25 L/h (vertical dashed-
dotted line) depicted as red (![red square]) symbols. (a) Bragg scattering shows the evolution of cake layer. (b) Scattering
from cake layer during in the first stage of cleaning before disappearing. (c) Amplitude A and periodicity A determined
from fitting with Equation (A6). (d) Colloid volume fraction of feed and cake normalized to the channel height of the cell.
(e) Porosity and thickness of the cake layer versus time showing compactification and increase in the cake layer, respec-

tively.

The feed volume fraction in the RO-MC cell achieves its nominal value only after 9
h, i.e., 5 h later than in the RO-EC cell, and there seems to be no concentration polarization
(Figure 10d). Change to ambient pressure shortly enhances colloidal volume fraction in
feed and cake. Cake porosity (&) is determined from the ratio of g=|:1—(47tR3/3) /Aﬂ

whereas the thickness of the cake (4, ) from &,=M,/ [ds (1-8)] , with the mass Ma of cake

per membrane surface and ds the mass density of the silica (Table 1), or in our case, from
the ratio of @,/ (1—8) multiplied with the channel height achieving a maximum value of

(16 £1) Wm. Figure 11 depicts corresponding parameters from the upper and lower part

of the RO-MC cell showing qualitatively the same behavior as the middle one.
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Figure 11. Volume fraction of feed and cake of the lower (a) and upper (b) part of the RO-MC cell. The values during
cleaning procedure are given as red squares.
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The cleaning operation at ambient pressure shows some unexpected behavior indi-
cated by the red squares (![red square]) in Figures 9-11. At the first moment of cleaning,
the cake layer remains stable, as shown in Figure 10b, with a slightly increased intensity
and a shift to the smaller Q_= 1.10x10? A-L. Only after about 19 h (Figure 10c,d and Fig-

ure 11), i.e., 1 h after starting the cleaning procedure, the cake layer has disappeared in
company with a strong decline in the individual colloidal concentration to a volume frac-
tion of ®, =(0.034 + 0.003) vol% in the whole system. Cleaning also leads to a 34% en-

hanced volume fraction of individual silica colloids before disappearing (Figures 10d and
11), a behavior we do not observe in the RO-EC cell (Figure 9d).

The relaxation of the feed from 15 bar to ambient pressure caused a shift of peak
position to smaller Qm, ie., from 1.20 x10? A1 to 1.10x102 A~ (Figure 10a,b), corre-
sponding to a 9.1% larger periodicity A (red squares (!) in Figure 10c), i.e., an about 30%
larger dilution of the crystal unit cell. As this measurement was performed with the orig-
inal feed solution as mentioned above, the change of periodicity A, i.e., closer packing at
higher pressure, is a measure of the compressibility of silica crystals in solution. From
definition of the isothermal compressibility in Equation (3) with V=L®, one obtains
Ky =-1.67x107 I/bar . This value is extremely large, if compared with the isothermal com-
pressibility of water, which is «,;=4.6x10°1/bar at 20 °C. However, considering the col-

loids of the cake layer behaving as an ideal gas in the feed dispersion, one derives with
the help of the corresponding equation of state (P V=nRT) a «;=1/P evaluating for 15

bar, four times larger compressibility of 6.7x10%1/bar . Isothermal cake compressibility in

terms of colloidal volume fraction ( ®.,,=NxV,) [I do not understand your com-

cake
ment]with colloidal number density (N) and porosity (&) of the cake is given in Equation
(4). So far, cake layer porosity in membrane filtration was not directly available from the
experiment, which is the reason to discuss cake layer compressibility in membrane scaling
differently on the basis of a phenomenological model of transient hydraulic resistance
Re(t) determined from the change of permeate flux due to cake formation as outlined be-
low in Appendix C together with the results for the present experiment (Figure A7).

kp=-d{ln(V)}/dP . w;=-3d{ln(A)}/dP ©)
Ky =-d{In(®, )}/dP =d{In(1-¢)} /dP @)

4.5. Aqueous Silica-150A Dispersion of 10 mM Ionic Strength and Nominal 1.09 vol% Volume
Fraction (RO98 pHt-Alfa Laval Membrane)

In this section, we present SANS data from a dispersion of Silica-250A colloids in a
feed solution of 10 mM ionic strength and nominal volume fraction of 1.09 vol%, which
was exposed to the RO98 pHt seawater membrane (Table 2). The membrane was com-
pacted for 12 h before a pressure of 25 bar and three cross-flows of 18, 10, and 14 L/h were
applied. Figure 12 shows the corresponding SANS data from the RO-EC cell. The two
scattering patterns in Figure 12a were taken at the start and end of the desalination oper-
ation. We observe a slight influence of the structure factor S(Q) (Equation (A2)), i.e., a
weak liquid-like behavior due to enhanced silica concentration, in combination with re-
pulsive interactions between the silica colloids. Figure 12b shows the silica volume frac-
tion and radius in the RO-EC during operation. The volume fraction was determined from
dX/dQ(0)/V, and Q2 on the basis of Equations (A3) and (A7), respectively. The second mo-

ment Q2 delivers a 9% smaller value. After about 5 h, both SANS silica volume fractions
achieved values between 0.84 and 0.92 vol%, slightly smaller than the nominal one, which
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again was attributed to dilution with rest DI-H20 from compaction during filling the feed
into the circuit. The cross-flow shows no influence on the silica volume fraction.
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Figure 12. (a) Scattering pattern of Silica-250A colloids of 1.09 vol% nominal concentration determined in the RO-EC cell.
(b) Silica volume fraction and radius versus time. The volume fraction was determined from dX/dQ(0)/V, and Q2 on basis

of Equations (A3) and (A7), respectively.

Figure 13 shows the SANS data, i.e., A{dZ/dQ} (Q) from the cake layer formed at the

three cross-flows in the middle part of the RO-MC cell. During the first 4 h before “start”,
the pressure was continuously increased in 5-bar steps to 25 bar as visualized in Figure
13d,f from the increase in the concentration of the feed dispersion and increase in perme-
ate flux. After the conditions of 25 bar and 18 L/h were set, the cake layer started to grow
continuously, showing an increasing amplitude and slight compaction due to the shift of
the interference peak (Qm) to larger Q (Figure 13a). This process was stopped and made
undone by applying CF =36 L/h at same pressure (cleaning), as scattering was only ob-
served from individual colloids (Figure 13d,e). After setting CF =10 L/h (Figure 13b) and
=14 L/h (Figure 13c), we always observe sudden cake formation, which afterwards is de-
clining in amplitude just as observed for the Silica-130A dispersions in Figure 4c and Fig-
ure 6¢,d. For the CF =14 L/h condition, the cake layer shows a relatively strong compaction
(Figure 13c). Cleaning with 36 L/h cross-flow was performed between the transitions from
18 to 10 L/h and from 10 to 14 L/h cross-flow operations. Figure 13d shows volume fraction
as well as radius (R) and half lattice parameter (L/2) of the individual and crystallized
silica colloids, whereas Figure 13e shows cake porosity and thickness during operation.
The decline in cake porosity below that of simple cubic crystals (Table A2) during the CF
=14 L/h condition was already observed for the process in Figure 7 and indicates partial
sintering of the colloids to small solid blocks. A partial sintering process is also supported
by approaching a constant thickness of about 1.6 mm after more than 40 h of operation at
CF=14L/h.
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Figure 13. (a—c) Scattering data of the silica cake formation at the middle part of membrane exposed to 25 bar and cross-
flow (CF) of 18, 10, and 14 L/h. Before changing the cross-flow conditions, a CF of 36 L/h was applied for redissolution of
the cake layer. (d) Volume fraction of disordered and crystallized silica together with the corresponding radius (R) and
half periodic distance L/2 = 1/Qm. (e) Cake porosity (e) and thickness (dc) of the cake layer. For the cross-flow of 14 L/h, the
porosity becomes smaller than for simple cubic crystals, i.e., e = 0.48. An increase and decrease in cake layer thickness at,
respectively, CF = 18 L/h and the lower ones at 10 and 14 L/h are accompanied by continuous compaction of the cake,
which for 14 L/h becomes even larger as for simple cubic crystals. (f) Permeate flux during operation.
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Figure 13f shows the permeate flux of this operation. Again, formation of the cake
layer at 18 L/h seems to support a slightly enhancing permeate flux, whereas its decline at
10 and in particular at 14 L/h leads to a slightly declining permeate flux. This observation
might be attributed to the decline in cake porosity in particular because of partial sinter-
ing. The absence of cake layer and smaller colloid concentration during cleaning at 36 L/h
are detected as small peaks of enhanced permeation. Figure 14 shows the corresponding
colloidal parameters of the upper and lower part of the RO-MC cell. Cake layer formation
of smaller volume fraction was observed at the two smaller CFs of 10 and 14 L/h.
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Figure 14. (a,b) Volume fraction, radius, and periodicity of colloids in front of the membrane of upper and lower part of
the RO-MC cell. (¢) Guinier plot of the formfactor F(Q) (Equation (A2) from averaged scattering curves showing absence
(,)[symbol in blue] and presence (!)[symbol in red] of cake layer. Vertical dashed lines represent the upper limit of fitting.

A remark must be made for the radii of the colloids determined from the formfactor
of spheres. In the RO-EC cell, we observed a constants radius of (245 + 0.8) A independent
from cross-flow (Figure 12b), whereas we made the curious observation of a constantly
smaller radius in the RO-MC cell in the case of cake formation. An average radius of (227
+1.2) A were determined in the lower window and of (215 +3) A in the middle and upper
window. This means that a 5-10% smaller colloidal radius is determined above the cake
layer, which in absence of the cake at CF of 36 L/h again becomes (240 + 2) A.
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To prove the concept of spherical formfactor analysis we applied Guinier’s law, i.e.,

the form factor F(Q) = exp{-(R o Q)2 /3} , valid only in the small Q regime of roughly Q <

1/Rg with Rg the radius of gyration and its relationship to the radius of spheres according
to R=+/5/3 R, [37]. This means that Guinier’s law is only valid in the small Q regime and

thereby less influenced from scattering of the cake layer as the spherical formfactor anal-
ysis needs the whole Q. Figure 14c shows a Guinier plot, i.e., a plot of In (F(Q)) versus Q2
of two scattering curves in the absence and presence of a cake layer. These curves were
averaged over several scattering curves for achieving better statistics. The square root of
the slope of the scattering curves in the presentation of Figure 14c determines Rg. Different

slopes of both data sets are clearly visible delivering a change of AR, =(14 £ 0.2) A orin
radius of AR=(18 £ 0.3) A in consistence with the results from the spherical formfactor

analysis. The analysis with the formfactor of spheres in Figure 12a and Guinier’s law in
Figure 14c appears to us as a good indication of the decline in silica colloids as a real effect
in combination with our conclusions from partially silica sintering in Figure 13e.

5. Discussion and Summary

We presented several examples of operando SANS experiments on silica fouling at
two RO membranes under close to realistic conditions of RO desalination technique. The
evolution of silica volume fraction far from and at three positions above the membrane,
the lattice parameter of silica cake layer as well as its volume fraction, porosity, and thick-
ness were determined and compared to simultaneous measured permeate flux. The de-
tailed information of the cake layer formation, especially its reversibility and irreversibil-
ity (Figure 10e), as well as its effect on the permeate flux (Figure 9b), could become rele-
vant for improving the operation of real full-scale RO desalination plants. Certainly, these
first observations still need further detailed and focused operando SANS experiments.

The examples show that the formation of cake layer depends to a large extent on
colloidal size, concentration, ionic strength, as well as cross-flow. It is shown that cake
layer formation is basically a reversible process, which were nearly dissolved in two ex-
periments with the feed at larger cross-flow of CF =36 L/h (Figures 9 and 10) and with DI-
H:O at ambient pressure and CF = 25 L/h (Figure 13). Only in one case we observed a
complete irreversible cake layer formation for the Silica-130A dispersion (Figure 7). A
schematic cross-section of the channel in the RO-MC cell is shown in Figure 15 with the
dimensions of the middle window at 25 bar showing a cake layer as well as dispersed
silica colloids on top of the BW30LE membrane. The orange curve qualitatively represents
the exponential decay of concentration polarization in front of membranes. A cross-flow
of 18 L/h corresponds to a cross-flow velocity of v = 8.2 cm/s as evaluated from the cross-
section (4.5 cm channel width) of 0.61 cm? for channel and membrane. The upper and
lower windows show a 78% smaller channel height, thereby a correspondingly larger
cross-flow velocity of v =10 cm/s, which must be considered for the various pressure fields
as depicted in Figure 2 and compiled in Table Al. At these conditions, laminar flow is
dominating as a Reynold number of Re = 216 < critical Re (2300) is evaluated.
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Membrane
&Spacer

Feed side

Figure 15. Schematic cross-section of the channel of the RO-MC cell with dimensions of the middle
window and brackish water membrane BW30LE at 25 bar showing feed solution and cake layer on
top of the membrane surface. The orange curve qualitatively represents the exponential decay of
the silica distribution normal to the membrane surface. The cross-flow of 18 L/h corresponds to a
cross-flow velocity of v =8.2 cm/s. The channel area of the feed is 0.61 cm?. Upper and lower win-
dows show a 78% smaller channel height, thereby a correspondingly larger cross-flow velocity of
v =10 cm/s (Figure 2).

We first give a brief summary of the experimental results:

e Silica-130A dispersion in Figure 4 (1 vol%, 1.2 mM, BW30LE membrane): Gas-like
silica dispersion, no cake formation, and negligible concentration polarization at fi-
nite cross-flow of 5 and 23 L/h at 25 bar. Change to liquid-like dispersion (scattering
shows interparticle interference peak) at 25 bar and dead-end condition due to large
increase in concentration polarization but no cake formation.

. Silica-130A dispersion in Figures 5 and 6 (1 vol%, 10 mM, BW30LE membrane): Gas-
like silica dispersion showing no cake formation or concentration polarization at fi-
nite cross-flow of 15 and 5 L/h at, respectively, 20 and 25 bar. Cake layer but no con-
centration polarization is formed at 25 bar and dead-end condition. The cake layer
disappears for the most part within 3 hours, first in the upper window followed by
the middle and lower ones. This observation allowed us to interpret the cake disap-
pearance as a cooperative particle flow driven by gravity. [okay!]

e  Silica-130A dispersion in Figure 7 (1 vol%, 10 mM, BW30LE membrane): Gas-like sil-
ica dispersion with no cake layer formation and concentration polarization at 18 and
10 L/h cross-flow. Switching from 10 to 5 L/h cross-flow changes the feed at the lower
part of the membrane to a liquid-like dispersion due to strong increase in concentra-
tion polarization, which transforms within 5 hours to an irreversible cake layer filling
the whole channel. This process indicated a first order liquid—solid phase transition.
Meanwhile, the feed in the RO-EC cell showed only a slight increase in silica concen-
tration.

e  Silica-130A dispersion in Figure 8 (4.74 vol%, 10 mM, RO98 pHt membrane): This
liquid-like silica dispersion shows concentration polarization about twice as large as
concentration averaged over the channel height in comparison with the feed in the
RO-EC cell, and no cake layer formation. This experiment was always performed at
finite cross-flow.

e  Silica-250A dispersion in Figures 9 and 10 (0.4 vol%, 10 mM, BW30LE membrane):
Gas-like silica dispersion, no concentration polarization at 15 bar and 25 L/h cross-
flow, but temporal cake layer formation of increasing concentration and thickness
and declining porosity. The nominal silica volume fraction of the feed in the RO-EC
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cell was achieved after about 4 h, whereas in the middle part of the membrane after
10 h. In parallel, the cake layer achieved a volume fraction of (0.56 + 0.04) vol% (av-
eraged over the channel height) after 14 h (Figure 10b). The upper and lower win-
dows (Figure 11) show slightly smaller volume fractions of individual colloids and
cake layer. Cleaning with DI-H20 at 1 bar and 25 L/h led the cake layer to re-dissolve
after some delay. The cake porosity could be determined in the same feed at 25 bar
and 1 bar, which allowed us to determine the cake compressibility. The fouling pro-
cess appeared rather homogeneous at all three positions of the membrane.

e Silica-250A dispersion in Figures 12 and 13 (1.09 vol%, 10 mM, RO98 pHt membrane):
The liquid-like dispersion shows concentration polarization as concluded from com-
parison of the volume fraction of (0.92 + 0.01) vol% in the RO-EC cell with the over
the process averaged feed concentration of (2.1 + 0.2) vol% in the middle part of the
RO-MC cell. Stable cake layer formation is observed for CF = 18 L/h but becomes
unstable for the lower cross-flow of 10 and 14 L/h. During cake formation, we ob-
served smaller silica sizes in the feed. Before changing cross-flow, the cake layer was
completely removed after applying a cross-flow of 36 L/h. At CF =14 L/h, the porosity
became smaller than for simple cubic crystals, suggesting partial sintering of the sil-
ica colloids and also explaining the remaining cake thickness of about 1.6 mm. These
observations indicate partially irreversible cake formation (Figure 13e).

5.1. Cake Layer Formation and Cleaning

Cake formation is less preferred for the smaller Silica-130A colloids. Only the disper-
sion of 10 mM ionic strength and 1 vol% nominal colloid volume fraction showed cake
formation at 25 bar and dead-end conditions at all three positions of the membrane (Fig-
ure 6). This cake layer formed spontaneously but became unstable by a collective particle
flow driven by gravity. This mechanism might have been supported by the relatively low
permeation drag force of the present experiments.

The larger Silica-250A dispersions show a stronger tendency to cake layer formation
as shown for both dispersions of 0.4 vol% and 1.09 vol%. The results of the 0.4 vol% dis-
persion seems particularly interesting and illuminating as it allowed a rather detailed
analysis of the cake formation. Although concentration polarization was absent, a contin-
uously increasing cake layer is observed, whose thickness, porosity, and cake resistance
(Re) could be determined (Figure 10 and Figure A7). The 1.09 vol% dispersion exposed to
25 bar showed stable cake formation at 18 L/h always increasing in time, but cake disso-
lution at the smaller cross-flows of 10 and 14 L/h after fast formation (Figure 13). Two
cleaning procedures at 1 bar and 25 L/h with DI-H20 (Figures 10 and 11) as well as at 25
bar and 36 L/h with the silica dispersion (Figure 13d,e) removed the cake layer and is
thereby approved as successful cleaning procedures of the membrane surface. These data
clearly show that colloidal size as well as cross-flow and ionic strength play an essential
role in cake layer formation. The effect of colloidal size on cake formation can be explained
with the critical transmembrane pressure (AP, =P-m) in Equation (5) that must be over-

come for introducing cake layer formation ([38] p.28, [39]). The parameter Nrc is the criti-
cal filtration number and the third power of R shows the strong influence of colloidal size
on AP..
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In some cases, the cake layer is forming very fast and afterwards disappearing to
small volume fraction dependent of CF. The data indicate a cooperative flowing down of
colloids of enhanced concentration due to concentration polarization or cake formation,
when the interaction force between colloid layer and membrane (permeation drag) is not
strong enough to carry their weight. Lower pressure (permeation drag) and larger cross-
flow can support the process of dissolution. Furthermore, in most cases the cake layer was



Membranes 2021, 11, 413

25 of 35

reversible and disappeared during cleaning at large cross-flow (Figure 10 and Figure 13d).
This observation is in contrast to several statements in literature ([38] p.28, [40,41]).

5.2. Change of Colloid Radius during Cake Formation

In case of cake formation of the Silica-250A dispersion at the RO98 pHt membrane
(Section 4.5), we surprisingly observed a decline in radius of about 13 A for the silica col-
loids in the feed above the membrane (Figures 12-14). To exclude an artefact from the
combined analysis of free and cake-bound silica in Equation (A6), we repeated the analy-
sis with Guinier’s law, as depicted in Figure 14c. This analysis gives the same result and
better confidence as it is limited to the small Q regime of < 1/Rg outside the range of sig-
nificant scattering from the cake layer. SANS delivers a change of radius of ca. 18 A, which
is of similar size as the gel-like layer of silanol and silicic groups forming at the silica sur-
face in the presence of water [21]. This gel-like layer effects a larger stability of silica dis-
persions due to a non-DLVO interaction [21]. It is not clear to us why this happens at all
and only for Silica-250A exposed to the RO98pHt membrane. This observation also stands
out by large silica concentration polarization in front of cake layer and membrane. A loss
of the gel-like layer at the silica surface would lead to a less stable dispersion and could
be the reason of enhanced compaction of the cake by sintering (Section 3, Figure 13d).

5.3. Permeate Flux

During compaction of the BW30-LE membrane with of DI-H20 at 20 bar and 12 L/h
cross-flow, a permeate flux between 1.2 and 0.76 L/(h m? bar) is found (Figure 9a). These
values are smaller by a factor of 4-6.3 than the expected (4.78 + 0.26) L/(h m? bar) measured
in the laboratory of one of the coauthors. However, several membrane pieces of the BW30-
LE membrane also showed poor water permeability in the range of our data (0.74 to 0.96
L/(h m? bar)). The lower permeate flux means a much weaker permeation drag force in
comparison with common RO desalination experiments, thereby reducing the degree of
concentration polarization and cake formation. This effect might be partly compensated
by the larger colloid volume fraction in our experiments in the range of 1% in comparison
with e.g., 0.008 vol% dispersion of 1000 A silica particles in [24].

Quite generally, we must bear in mind that the permeation flux gives information on
cake layer and concentration polarization averaged over the active membrane surface,
which, according to the present SANS experiments, sometimes shows quite large inho-
mogeneous cake distribution. The experiment with 0.4 vol% Silica-250A dispersion (Fig-
ure 9) in Section 4.4 might be a good example to compare the permeate flux with the cor-
responding SANS data, as we observe stable cake formation (Figure 10) distributed quite
homogeneously along the membrane (Figure 11). A strong decline in permeate flux from
about 0.8 to 0.4 L/(h m? bar) is observed during the first 5 h (Figure 9b), which is accom-
panied by an increase in the colloidal concentration in the feed and a continuous cake
formation (Figure 10d). Once the feed solution achieved its stable concentration in the RO-
EC cell after 4 h no further decline in the permeate flux is observed, but instead a slight
increase becomes evident even though the cake layer is further growing in thickness and
declining in porosity. (Figure 10e). This means that a growing cake layer can become more
permeable in contrast to predictions of Happel and Carmen-Kozeny ([11] Figure 2.7, p.35).
Furthermore, the discussion of cake layer porosity in Appendix C shows that the cake
resistivity (Rc) is much smaller than the hydraulic membrane resistivity (Rm) (Equation
(A8) and Figure A7). The maximal ratio of R/Rm is of the order of 1%, showing that the
cake layer has a negligible effect on permeate flux, which on the other hand means that
permeate flux is essentially determined by the colloidal volume fraction in front of the
membrane.
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Appendix A. Operando SANS Device for Desalination

The neutron experiments were performed at the SANS instrument KWS3 for very
small angles (VSANS) operating at the Heinz Maier-Leibnitz Zentrum (MLZ) in Garching,
Germany [28], covering a range of scattering vector Q from about 10~ to 0.07 A1, thereby
allowing the analysis of scattering particles between several nm (10 A) to um dimension.
The magnitude of Q is determined according to scattering angle (0) and wavelength (A)
of the neutrons and is related to the inverse size of those objects, mainly contributing to
this range of scattering. Determination of neutron scattering at very small angles becomes
possible by the optical device of an elliptical mirror focusing the primary neutron beam
onto the detector mirroring the few mm? large area of the instrumental entrance aperture
[42,43]. The sample position has a distance of 9.50 m from the detector and a neutron
wavelength 1 of 12.8 A of half width AA/A =20%.

Q=4n/Asin (3/2) (A1)

Most materials are transparent for neutrons because of their low absorption cross-
section, therefore offering non-destructive testing of many materials [44]. Figure A1 shows
a schematic design of the RO-MC cell for SANS experiments.

‘ Qutlet: Concentrate ‘

PE—

/Sapphire Windows
Neutrons & e
%E

QOutlet: Permeate

w——-
Membran
Sieve from

Polymeric Spacer Steel
Figure A1. Principle design of the flow cell (RO-MC) for operando SANS desalination experiments
with one window.
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The outer shielding is made from stainless steel, which allows an RO desalination
process for applied pressure and cross-flow up to 50 bar and of nearly 40 L/h. The two
sapphire windows are designed for neutrons to pass the cell with minimized absorption
and scattering. In front of the sieve from stainless steel, one has the spacer and thin film
composite (TFC) membrane. The feed is passing the front of the membrane. The effluent
is leaving the cell at the outlet on the right site. The area of membrane exposed to the feed
is 4.5'13.8 = 62.1 cm?. The diameter of the sapphire window is 4 cm, i.e., it has an area of
12.6 cm? and 37.7 cm?in total for three sapphire windows. This means that only 39% of the
membrane is directly connected to the sieve of the RO-MC cell.

Figure A2 shows the two flow cells at the sample position of the SANS diffractometer
KWS-3 operating at MLZ [28]. The cell on the left side contains the membrane and spacer
(RO-MC) according to the design in Figure A1, whereas the right cell (empty cell, RO-EC)
only contains the feed solution. In this way, we can measure the actual feed solution far
from the membrane and directly above the three positions of the membrane at the sap-
phire windows.

Both cells are integrated in a circuit of pipes through which the feed circulates at
predefined applied pressure and cross-flow (Figure A3). The circuit has a volume of about
330 mL and represents together with both pressure cells the central part of the operando
device. The pump drives the feed and lets it circulate whereas the two pistons are the
source of the desired pressure. The two valves connect or separate the feed and DI water
pistons with or from the cross-flow circuit according to request. The device for measuring
the electric conductivity (EC) of the feed controls the two valves. As the process of desal-
ination occurs in a closed cycle, the salt content of the feed would continuously increase
due to loss of desalinated water by the membrane. Therefore, a control of constant EC
should realize a fairly constant salt content of the feed via the two valves working as a
two-level controller, i.e., either opens the valve of the feed or the valve of the DI water
piston

Figure A2. Photo of the two flow cells (membrane cell (RO-MC) and empty cell (RO-EC)) at the
sample position of the VSANS instrument KWS-3. The inlet of DI and feed water from both pis-
tons for control of the salt concentration is located between lower and middle windows, whereas
the inlet of the feed from cross-flow circuit is located below the lower window.
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Gas (Pressure)
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LD b ad RO-Membrane
- Feed DI-water
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Conductivity
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Pump: Crossflow

Figure A3. Design of the support device to deliver the feed to the membrane at specified pressure and cross-flow.

Figure A4 visualizes the RO-MC and RO-EC pressure cells together with the course
of the pipes for the feed. Pressure as well as feed or DI water is injected (red arrow) into
the RO-MC cell, whereas cross-flow of the feed through the circuit of pipes is depicted by
the blue arrows.

Inlet: Crossflow Qutlet: Crossflow
(Feed) (Concentrate)

RO-MC

Inlet:
Feed / DI Water =
(Pressure)

Figure A4. Supply of the cell with feed at desired pressure and cross-flow. Pressure is built up via
feed or DI water from the pistons, whereas the cross-flow via the pump of the feed via inlet and
outlet.

In Table Al, the channel heights of RO-EC and RO-MC cells for feed, spacer, and
membrane are compiled for all positions versus the applied pressure as determined by
neutron transmission and for comparison its relative change with a micrometer screw
(outer dimension) (see also Figure 2). The middle part of the cell shows the expected
strongest swelling, i.e., 0.3 mm at 25 bar. The neutron intensity was normalized to the total
channel height in column 1. The channel height for the feed is obtained by subtraction the
membrane and spacer thickness and its area by multiplication with the width of 4.5 cm.



Membranes 2021, 11, 413

29 of 35

Table A1l. Dimensions of empty (RO-EC) and of the membrane cell (RO-MC) with the BW30LE (RO98 pHt from Alfa
Laval) RO membranes. The cross-flow of 18 L/h corresponds to an average velocity of 0.10 m/s for a channel cross-section
of 0.50 cm?. The width of the channel is 4.5 cm. The producers of the BW30LE and RO98 pHt membranes are DOW FILM-
TEC (Minneapolis, MV, USA) and Alfa Laval Mid Europe GmbH in DE-21509 Glinde (Germany), respectively.

Position/Pressure Total Channel BW30LE Spacer (uum) Channel Height Cross-Section of
Height (cm) (RO98) (um) of Feed (cm) Channel (cm?)
25 bar
RO-EC 0172 e e 0.172 0.77
upper 0.142 0.106 (0.091) 0.48 (0.41)
RO-MC middle 0.172 150 (300) 215 0.136 (0.121) 0.61 (0.54)
lower 0.145 0.109 (0.094) 0.49 (0.42)
20 bar
RO-EC 0157 e e 0.157 0.71
upper 0.141 0.105 0.47
RO-MC middle 0.165 150 215 0.129 0.58
lower 0.143 0.107 0.48
15 bar
RO-EC 0150 e e 0.150 0.68
upper 0.140 0.104 0.47
RO-MC middle 0.156 150 215 0.120 0.54
lower 0.142 0.106 0.48
1 bar
RO-EC 0137 e e 0.137 0.62
RO-MC 0.137 150 (300) 215 0.101 (0.086) 0.45

Appendix B. SANS Scattering Laws

Scattering techniques using neutrons and photons as probe are widely used tools
with sophisticated experimental device and established theoretical background for inter-
pretation [37]. Scattering occurs at domains, which differ from their surroundings with
respect to chemical composition and/or mass density. Examples of those domains are pre-
cipitates and cavities in solid matrices or colloids in solution. SANS is a quantitative
method delivering structural parameters averaged over macroscopic large volumes of the
order of 0.1 cm?. In this respect, it is complementary to TEM in which individual domains
are mapped as visualized in Figure 1. Differences in chemical composition and/or mass
density determine the scattering contrast, which for neutrons is given by the square of the

coherent scattering length density of the domain (P ) subtracted by its surrounding such

as a solution (ps), i.e., Ap2 = (pp -Ps )z. The difference of the coherent scattering length

densities of a domain (P) and its surrounding (S) is a relevant parameter as it determines
the strength of scattering and allows information about the scattering domains. The scat-
tering length density is defined as the sum of the coherent scattering length of the atoms,
bi, of a molecule divided by its volume Qu, i.e., P=Zbi/QM [44]. The intensity of scat-

tered neutrons is expressed as differential macroscopic cross-section dX/d€)(Q) in units of
cm! (i.e., scattering per cm? of sample volume) as a function of the absolute value of the
scattering vector (Q) determined in Equation (A1). The scattering vector Q is proportional

to the momentum transfer 7Q (" Planck’s constant over 2) of the neutron. As a rule of

thumb, scattering from objects of radius R mainly occurs in a Q regime of the order of 1/R,
ie,Q~1/R.

The basic SANS scattering is expressed in Equation (A2) as product of form factor
F(Q) (F(0) = 1), structure factor S(Q) (S(Q — «) = 1), and scattering at Q = 0 (dZ/dQ(0)),
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which according to Equation (A3) determines the volume (Vr) and volume fraction (®r)
of the scattering particles, i.e., silica colloids in the present experiments. Relevant param-
eters such as scattering length density and size of the silica particles are compiled in Tables
1 and 2. The relevant form factor of our studies is that of spheres, which according to
Equation (A4) only depends on the spherical radius R [37,45].

dx/dQ(Q) =d=/ dO(0) x F(Q) xS(Q) (A2)

d2/dQ(0)=®; V; [pp-ps | (A3)

F, Q=3 sin(QR) - (QR3) cos(QR) (A4)
(QR)

Figure A5 depicts scattering data of aqueous Silica-130A colloids of 1.2 and 10 mM
ionic strength after averaging over the empty cell (RO-EC) data together with the fit re-
sults of Equation (A4) shown as solid line. The background scattering is shown as dashed-
dotted line. The form factor of Equation (A4) fits the data shown as solid lines delivering
volume fraction and the radius of the colloids appearing slightly larger (a few A) for the
silica dissolved in the 10 mM aqueous solution.

1.1 T T 2.5 T ; T
Silica-130A: 1.2 mM: RO-EC Silica-130A: 10 mM: RO-EC
— 1.0 25 bar, dead-end 3 0 Averaged betweent=3and 21 h
‘_"E averaged betweent=6and 16 h 'E 20l
S 09¢F R= (127 £1.7) A ] ‘g : R=(133 +1) A
= 0.8 g, =041 v0l % =, Bz = 113 vl %
o o 15}
% 0.7F %
g 06F g 10}
05F
oabcmmmms e o TS 05k @ e e e
"0 2 3 4 0 1 2 3 4
Q [107AY] Q [10°A7]
(a) (b)

Figure A5. Scattering of disordered (gas-like) silica colloids dissolved in water at ionic strength of 1.2 mM and 10 mM in
the empty cell (RO-EC) averaged over measurements of several hours (see Figure 2c and Figure 3b). The form factor of
Equation (A4) fits the data shown as solid lines delivering volume fraction and the radius of the colloids appearing slightly
(~5%) larger for the silica in the 10 mM aqueous dispersion. Background scattering is depicted as dashed-dotted line (see

also Figure 1).

In case of disordered particle dispersions of larger concentration and dominating re-
pulsive interaction, liquid-like behavior due to interference effects between neighboring
colloids becomes visible and is described by the structure factor S(Q) (Equation (A2)).
There are several approaches for S(Q) considering approximated potentials of long-range
interaction between the colloids such as formulated in the DLVO theory [18,19]. We apply
here the simplest approach, namely the structure factor of “hard” spheres in Equation
(A5) considering only the interaction of excluded volume, i.e., the potential U(r) = for
r<2R, otherwise u(r) = 0 ([37] p.172) depending on the colloidal radius (R) and colloidal

volume fraction (@5 ). An example for Silica-130A colloids is shown in Figure A6a meas-

ured in front of the RO membrane BW30-LE at applied pressure of 25 bar and dead-end
condition. The scattering data of the RO-MC cell always show only scattering from silica
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colloids achieved after subtraction the scattering from the RO membrane. Systematic stud-
ies of TFC membranes are reported in [26,27]. The silica volume fraction from the HS fit
is with 8.1 vol% larger than the corresponding values of 5.4 and 5.9 vol% evaluated from

Equation (A3) and (A4). A mean particle distance of the centers of A = 580 A is esti-
mated from colloid radius of R =126 A and ®s=8.1v0l% according to the relationship

((ZR//\)3 = Q) delivering a Q, =2n/A=1.08? 0? A" in consistence with the experi-
mental value Q,, (exp.) =1.1x102?2* (p.73 of [45]).

3(sin2QR -2QR cos 2QR)

SHS @ :1-8(DHS (A5)
(2QR)’
9 T T T 18 T T T
Silica-130A, 1.2 mM Silica-130A: 10 mM (RO-EC)|
—8F~, lower RO-MC ] o 16} 25bar, CF=14L/h,t=21h |
! . 25 bar, dead-end; t =2.29 h e Y R=(141+0.7) A
E 7t . ir: 122 Ae" S 14+ . ®,s = (10.8 +0.15) vol %| |
S 6t . 0,5= (81201 vol % ] S 12F "y @, = 72401 % ]
= N @05 = (5.9 £0.1) vol % oy *
o °F YV [@g=54vil% E o 10
'g: 4 g 8
g3 5 ©
° 5 4
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Figure A6. Scattering of silica colloids in front of the RO membrane. (a) Scattering of liquid-like Silica-130A colloids fitted
with Equation (A5) assuming a fixed radius of 126 A and depicted as solid line. The corresponding spherical form factor,
i.e., the case of Fus = 0 is shown as dashed-dotted line. (b) Liquid like Silica-130A colloids of 4.74 vol% nominal volume
fraction and 10 mM ionic strength. (c) Scattering of Silica-250A colloids of 10 mM ionic strength fitted with Equation (A6).
Cake layer is formed at CF =10 L/h as shown by the open triangles.

In some cases, we observe the formation of a silica crystal layer on top of the mem-
brane known as cake layer. These data were fitted with Equation (A6) representing a su-
perposition of spherical form factor (Equation (A4)) and a scattering cross-section of the
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cake layer described phenomenologically by the Gaussian peak function. Such a situation
is observed for the silica (Silica-250A) colloids in Figure Aé6c fitted with Equation (A6)
showing cake layer formation for a cross-flow (CF) of 10 L/h (, (symbol in blue)), which
disappeared when exposed to a CF =36 L/h (! (symbol in red)). The open symbols (8) show

dX/dQ(Q)g,, from the cake layer after subtraction the scattering from the membrane.

A%/ d(Q) =42/ dO0) xFy, (Q) +AE/ dAQ) (A6)

Animportant SANS parameter is the integral 4i .[ dx/dQ(Q)d,Q over the reciprocal
n h-ZAEh 1

space representing the “invariant” Q2, also called second moment. This parameter is
termed “invariant” as it is independent from domain size and proportional to the domain
volume fraction and scattering contrast [37] as shown in Equation (A5). Q2 is related to

the scattering contrast Apz =(pp -Pg )2 , via
Q2=21’®, (1-®, )[p, -ps] (A7)

Appendix C. Crystal Structure, Cake Compressibility, and Hydraulic Resistance

Cake compressibility in membrane filtration is discussed on the basis of a phenome-
nological model of cake filtration [24] and considered as a relevant parameter [46]. Per-
meate flux (J(t)) is described as a ratio of transmembrane pressure (8p) and the sum of
hydraulic resistances of membrane (Rm) and cake layer (Re(t)) according to:

J)=Ap/ (Rm+RC(t)) with Ap=(P-7t) and osmotic pressure (T ). The cake layer re-
sistance R (f)=aM,(t) is determined by the transient deposited layer mass (Mad) or vol-
ume ( V,=M,/dg ) per unit membrane area and the specific cake resistance
a=45n,(1-¢)/(dsR*€*) with the viscosity of the fluid (n,), the cake layer porosity (&),

colloid radius (R) and silica mass density (ds, Table 1). The thickness of the cake (d.) is
determined as §,=M,/ [ds (l-s)] delivering the hydraulic cake layer resistance (Rc) and

the specific one (rc) in Equation (A8) evaluated on basis of the SANS parameters &(t) and
3, (t) as well as the dynamic viscosity of water according to n,=10°Pa-s=10°bar-s at
20 °C ([47] p12). Figure A7 shows the cake layer resistance (R¢) of the 10 mM Silica-250A
feed solution derived from the cake thickness and porosity in Figure 10d. A membrane
resistance of Rm =0.28 (h m2 bar/L) is mentioned in ([24] Figure 5), i.e., a relative change of
Re/Rm starts with about 0.1% and ends up with 1% after 16 h of operation. In our case, an
about 4 times larger Rm of 1.22 (h m? bar/L) is determined, showing that the effect of cake
layer fouling is negligible. Our data are confirmed from MD simulations on cake layers
formed from colloids of different size, porosity at different ionic strength and Zeta poten-
tial [48]. The authors consider the permeability K=n,3./R. as being inverse propor-

tional to the cake resistance in Figure A7.

451, (1-£(t))°
g(t)*R?

(A8)

R.(®= S.(0=r, (t) 3.(t)
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Figure A7. Cake resistance formed from Silica-250A colloids. The hydraulic resistance of the
BW30LE membrane is Rm =0.21 (h m? bar/L) delivering a maximal ratio of R¢/Rm = 1.4%.

For R.=3x10°(hm?bar/L) in Figure A7 and the corresponding cake thickness and

porosity of 8. =16 mm and & =0.59 (Figure 10e), we evaluate the permeability K=1.5

X107 m? in consistence with simulations reported in Figure 10 of [48]. Cake compressi-
bility is introduced as parameter describing the cake layer resistance with time ([38]
p-113), [24,46], which must be determined as a function of pressure. It empirically corre-

lates the specific cake resistance according to r, = a(Ap/p,)” with the exponent s defined
as cake compressibility. The coefficient a(t)=45n, (1-&(t))’ p5/ (g(t)3 RZ) largely depends on

the size of the colloids forming cake and determines its porosity. The exponent s is zero
for incompressible cake and close to unity for highly compressible material.

Table A2 gives a list of parameters from Bravais lattices, which might be relevant for
cake layer structures. The present work favors a simple cubic lattice.

Table A2. Parameters of possible Bravais lattices.

Properties of Cubic Lattice-Volume of Elementary Cell Vec = a

. . Body-centered Body-centered
tal struct 1
Crystal structure Simple cubic cubic (bec) cubic (fcc)
. . 2R =3 a/2 2R =a/\2
Radius of colloid (R) 2R=a(a=2R) (a= 4RA3) (a=4RA2)
Volume fraction of (4m/3) (a/2)3/a® = 1/6 = 2 x (41/3) R3/a3 4 x (41/3) R3/ad
colloids (Fr) 0.52 =0.68 =0.74
Porosity of the crystal (e) 0.48 0.32 0.26
Thickness of cake @c1/0.52 x 820 um
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