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Abstract of Thesis

Kinetics and Mechanisms of Silica Scale Formation on Organic Macromolecule-
Coated Surfaces

Silica scaling is a major issue in membrane-based desalination. However, the
mechanism of silica scaling on organic foulant coated surfaces is not fully understood.
Recent studies reported differentiated roles of surface charge in silica scaling. Some
studies reported that positively charged surfaces are more favorable for silica scaling
while others found increased silica nucleation in the presence of carboxyl groups. In
addition, the possible co-existence of bulk nucleation and heterogeneous nucleation
complicates the understanding of silica scaling. The objective of this study is to elucidate
the mechanisms of silica scaling on organic foulant covered surfaces. We use four types
of representative macromolecules, lysozyme (LY Z), bovine serum albumin (BSA), humic
acid (HA), and alginic acid (Alg) as model organic foulants for surface coating. We
investigated the kinetics of silica scaling on organic foulant covered surfaces by
quantifying the deposited silica using a quartz crystal microbalance with dissipation
monitoring (QCM-D). We employed two conditions, low oversaturation with negligible
bulk nucleation and high oversaturation with fast bulk nucleation, to investigate the
kinetics of surface-induced heterogeneous nucleation of silicic acid monomers and
deposition of silica aggregates, respectively. For surface-induced heterogeneous
nucleation of silicic acid monomers, the deposited silica mass increases in the order LYZ

<BSA <HA<AIg. For the deposition of silica aggregates, the mass increases in the



order LYZ < HA < Alg < BSA. To elucidate the mechanisms, we analyzed the interfacial
free energy and hydration energy using contact angle measurements, and also measured
the interaction forces between foulant macromolecules and silica surface using an atomic

force microscope.

Keywords: Silica scaling, organic macromolecules, foulants, hydrophilicity, nucleation,

quartz crystal microbalance, force spectroscopy
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Chapter 1 — Introduction

1.1 General Overview

Water resources are under increasing stress as the result of population growth,
unsustainable consumption, and water pollution. Concurrent with the decline in
available freshwater resources exacerbated by climate change,! the quality of available
water has undergone deterioration.?  The increasing water demand and shrinking water
availability cause water scarcity. According to a United Nations’ report, nearly 6 billion
peoples will suffer from water scarcity by 2050.> Extreme conditions could be much
more pronounced at the sub-regional level than at the country or the global level. For
example, the southwestern states in the U.S have been experiencing a threat of extreme
drought in recent years.* This situation could create a potential threat to the adequate and
sustainable water supply.®

To address water scarcity, membrane-based desalination technologies have been
widely used to expand the availability of water beyond hydrological cycles to meet the
needs for drinking, agriculture, and industries. Reverse osmosis (RO) is a state-of-art
technology for obtaining clean water from unconventional water sources such as brackish
water, seawater, and municipal wastewater.® ’ However, organic fouling and mineral
scaling could severely impact the water flux and costs of membrane desalination
systems.®® Organic fouling is typically due to the accumulation of organic

macromolecules on membranes.!® For membrane mineral scaling, silica scaling is a



particularly thorny issue. The dissolved silica is ubiquitous in feedwater and the formed
silica scale on polyamide membranes is irreversible via physical cleaning.}*** In
addition, most available antiscalants, which delays the crystallization of minerals such as
gypsum and calcite'®, are largely ineffective for the mitigation of silica scale because of
its amorphous nature.® Therefore, silica scaling is deemed as the “Gordian Knot” in
membrane-based brackish water desalination.®

Mineral scaling is closely related to the feedwater composition, surface
properties, and thermodynamic conditions. Organic matters and inorganic substances
are common component in feedwater. The interplay between them could complicates
the mineral scaling. For the chemistry of silica scaling, there are two possible
pathways: polymerization of silicic acid monomers on surfaces and deposition of silica
aggregates (oligomers, polymers, and particles).’> Deposition of silica aggregates
dominates the silica scaling process for a condition with high oversaturation, and the
polymerization of silicic acid monomers is the main process for scaling with a lower

oversaturation. Polymerization process can be simplified as reaction 1.

I T I I
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Nucleation is a key process in a variety of phase transition systems, including

crystallization, boiling, and condensation.® " To understand the mechanisms of



nucleation, several fundamental theories have been proposed to explain the
thermodynamics and kinetics of nucleation, including the classical nucleation theory
(CNT). CNT is an approximate model theory that is frequently used to understand the
nucleation of a new phase. It provides reasonable prediction of nucleation rate under
certain conditions.*® The nucleation rate, J (number of nuclei per unit volume per unit

time) can be expressed using eq. 2.

AG*

J=Ae (2

where A is a factor determined by kinetic conditions, k is the Boltzmann constant,
and T is the temperature, AG* is the height of the thermodynamic free energy barrier at a
given supersaturation.

In general, the rate of mineral formation on a template is attributed to local
perturbations in interfacial energy that reduce the free energy barriers to nucleation.
However, the interfacial free energy captures only the thermodynamic component of the
nucleation barrier. Nucleation rates are also controlled by kinetic barriers associated with
chemical reactions, binding and unbinding events, and diffusion.!®? As such, the
mechanisms of nucleation are complicated and warrant more investigation.

This research focuses on the kinetics of silica scaling on macromolecule coated
surfaces, which are relevant scenarios in membrane filtration and in the natural
environments. We use a quartz crystal microbalance with dissipation monitoring (QCM-

D) with sensors coated by lysozyme (LY Z), bovine serum albumin (BSA), humic acid



(HA), or alginate (Alg). We perform surface characterizations and force measurements
to elucidate the mechanisms of surface induced heterogenous nucleation of silicic acid
monomers and deposition of silica aggregates on organic macromolecule -coated

surfaces.
1.2 Research Objectives

The objectives of this thesis:
1) Investigate the kinetics of silica bulk solution with different solution conditions
2) Characterize the surface properties of organic foulants covered surfaces
3) Study the kinetics and mechanism of surface induced heterogenous nucleation of
silicic acid monomers on organic foulants covered surfaces
4)  Study the kinetics and mechanism of the deposition of silica aggregates on

organic foulants covered surfaces
1.3 Summary of Thesis Organization

This thesis focuses on the study of the kinetics and mechanisms of silica scaling
caused by either surface induced heterogenous nucleation of silicic acid monomers or the
deposition of silica aggregates on organic macromolecule-covered surfaces. Chapter 2 is
the literature review of silica scaling on membrane surfaces. Chapter 3 provides detailed
methods for the characterization of surfaces, silica bulk nucleation, silica scaling in

QCMD, force measurement and AFM imaging. Chapter 4 and 5 show the results and



discussion of the study and conclusions. Chapter 6 provides recommendations for future

work.



Chapter 2 — Literature Review

Fouling is a major issue in membrane-based water treatment systems. Fouling caused
by organic matter and biofilm has been widely studied. However, scaling caused by
minerals is not fully understood yet. There are different types of mineral scale, the most
problematic ones being silica and gypsum which cannot be easily controlled via pH
adjustment of feedwater.

When feedwater contains both dissolved silica and organic foulants, the interplay
between silica and macromolecules impacts membrane performance. Previous studies
demonstrated that the co-existence of dissolved silica and organic macromolecules causes
a synergistic effect leading to greater membrane performance deterioration. Quay et
al.?! reported enhanced water flux decline of RO membrane when dissolved silica and
proteins were both present in feedwater. Lu et al.?2 reported aggravated membrane flux
decline due to the silica scaling on RO membranes pre-conditioned by organic
macromolecules. Wang et al.® observed similar behavior between silica scaling and
alginate fouling on RO membrane due to favorable condensation reaction between silica
and alginate.

In addition to the feedwater components, the effect of surface charge on silica scaling
has also been discussed. A study reported that surfaces with positively charged groups
induced silica precipitation?. Some researchers found that found much higher silica

precipitation rates on surfaces with mixed groups (—NHz*/~COO") than surfaces



terminated with carboxyl (—COQ") groups, while others found that amine group (—-NH3")
terminated surface is highly resistant to silica nucleation?®%’. Moreover, they found that
interactions between oppositely charged moieties promote the condensation of silicic
acid.

Despite the abovementioned studies, there are knowledge gaps regarding how
organic macromolecules influence the formation of silica scale on surfaces. To begin
with, silica scaling is a complicated process that involves different silica species. Silica
scaling can be caused by the heterogeneous nucleation of silicic acid monomers and/or
the deposition of silica aggregates (e.g., oligomers and particles) on membrane
surfaces.t 152829 |n addition, it is unclear how different types of organic
macromolecules (e.g., proteins, humic substances, and polysaccharides) influence the
kinetics of these two types of silica scaling. The mechanism of silica scaling is not fully
studied. The propensities of organic macromolecules to facilitate silica scaling are
disconnected from their physicochemical properties, such as surface charge,
hydrophilicity, and interactions. Finally, the impact of divalent ions on the kinetics of
silica scaling remains to be elucidated.

In this study, the role of organic foulants in silica scaling was investigated. This
study could contribute to the understanding of interactions between organic foulants and
mineral scales in combined fouling and scaling. Four types of natural organic matters,

LYZ, BSA, HA, and Alg were used as representatives of organic foulants. The kinetics of



both homogenous nucleation of silica in bulk solution and heterogenous nucleation of
silica on organic foulants covered surfaces were studied. The mechanisms of
heterogenous nucleation of silicic acid and the deposition of silica aggregates were also

discussed.



Chapter 3 — Methods

3.1 Materials and Chemicals

Sodium metasilicate pentahydrate (Na2SiOz 5H20, >95.0%), lysozyme (LYZ, >
90%), bovine serum albumin (BSA, > 98%), alginic acid sodium (Alg), hydrochloric acid
(HCI1, 37%), sodium hydroxide (NaOH, > 97%), ammonium molybdate tetrahydrate
((NH4)6M07024 4H0), oxalic acid dihydrate (H2C204 2H20, > 99%), sodium
metabisulfite (Na2S20s, > 98%), 1-amino-2-naphthol-4-sulfonic acid
(H2NC1oH5(OH)SO3H, > 90%), sodium sulfite (Na,SOs, > 98%), 4-(2-
Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES, CgH1sN204S, > 99.5%), poly-L-
lysine hydrobromide (PLL), Glycerol (HOCH>CH(OH)CH20H, > 99.5%), cesium
chloride (CsCl, 99.9%), toluene (anhydrous) were purchased from Sigma-Aldrich. Humic
acid (HA), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC, >
98.0%), glutaraldehyde (OHC(CH2)3CHO, 50 wt. % in water) were purchased from Alfa
Aesar. Sodium chloride (NaCl), Sodium Bicarbonate (NaHCO3), Calcium chloride
dihydrate (CaCl, 2H.0), Diiodomethane (CH:zl2, > 99%) were purchased from Fisher

Scientific. 3-Aminopropyldimethylethoxysilane (C7H19NOSI) was purchased from

Gelest. Silicon wafers of 556mm>525um size were
3.2 Solution Chemistry

We used ultrapure water (Millipore) for solution preparation in this work.

Polyethylene containers were used for all experiments to avoid any potential silica



release from glass containers. We used sodium metasilicate pentahydrate
(NazSiOs 5H20, Sigma-Aldrich) for silicate solution preparation. Four buffer
solutions were used our experiments. Buffer A containing 1 mM NaCl and 1 mM
NaHCOs3 was used to prepare organic macromolecule solutions. Buffer B1 containing
65 mM NaCl and 1 mM NaHCOs with pH adjusted to 6.5, and buffer B2 containing 44
mM NaCl and 7 mM CaCl, and 1 mM NaHCO3z with pH adjusted to 6.5 were used to
prepare dissolved silicate solutions. Buffer B1 and Buffer B2 have the same ionic
strength. We used Buffer B1 and Buffer B2 to simulate conditions in absence and
presence of calcium ions for silica scaling study, respectively. Buffer C contains 10
mM 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid [HEPES, Sigma-Aldrich]
and 100 mM NaCl with pH unadjusted of ca. 5.5. We used Buffer C to prepare 0.1
g/L poly-L-lysine hydrobromide (PLL, Sigma-Aldrich) solutions. We used PLL
solutions for the preparation of macromolecule coated sensors.

The saturation index (o) quantifies the thermodynamic driving force for the

nucleation of silica:®®

_ [H4Si04]
°= ln( Ksp > )
where [H4Si04] is silicic acid concentration and Ksp is the equilibrium solubility
product of amorphous silica gel (Ksp = 102" at 25 <T). The saturation indices for

silicate solutions were calculated using Visual MINTEQ, and the values are presented in

Table 1.
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Table 1. Saturation indices of silicate solutions calculated using Visual MINTEQ.

[HaSiO4] [NaCl] mM [NaHCO3z] mM  [CaCl;] mM o
2.8 65 1 0 0.38
2.8 44 1 7 0.38
5.6 44 1 7 1.08
11.2 65 1 0 1.77
11.2 44 1 7 1.77

3.3 Quantification of Monomeric Silica in Bulk Nucleation

We monitored the consumption of monomeric silica in silica bulk nucleation with
pH 6.5 +0.1 and 25 <T using the molybdenum blue method.?® 3! This method detects
the concentration of monomeric silica based on the reaction of monomeric Si(OH)4 and
acidified ammonium heptamolybdate that produces silicomolybdic acid. The
silicomolybdic acid was further reduced to blue species, which was quantified using UV-
vis analysis. Detailed procedures are as follows.

To measure the concentration of monomeric silicic acid, samples were taken from
the reaction mixture containing Na2SiOs 5H20 and diluted to an estimated final
monomeric silicic acid concentration of 0-0.2 mM for UV-vis analysis.  Briefly,
samples with a volume of 0.1-0.5 mL were removed from the reaction mixture and
diluted with ultrapure water to a volume of 10 mL. Next, 0.2 mL 50 vol. % HCl in

water and 0.4 mL 100 g/L ammonium heptamolybdate ((NH4)sM07024 4H>0, Sigma-
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Aldrich) were added into the samples. The samples were gently agitated for a few
seconds and allowed to stand for 7 min.  Next, 0.4 mL 75 g/L oxalic acid

(H2C204 2H20, Sigma-Aldrich) solution was added to the sample, which was allowed to
stand for 2 min.  Finally, 0.4 mL reducing agent was added to the sample. The
reducing agent was prepared by mixing 3 mL 154 g/L sodium metabisulfite (Na2S20s,
Sigma-Aldrich), 1 mL solution containing 100 g/L 1-amino-2-naphthol-4-sulfonic acid
(H2NC10Hs5(OH)SO3H, Sigma-Aldrich) and 20 g/L sodium sulfite (Na2SOs, Sigma-
Aldrich). We measured the absorbance of the sample 30 min after the addition of the
reducing agent. The absorbance was measured at a wavelength of 815 nm using a UV-

Vis spectrophotometer (Thermo Scientific GENESY'S 150).
3.4 Zeta Potential Measurement of Organic Macromolecules

We measured the C potential values of organic macromolecules using a Zetasizer
(Malvern) based on electrophoretic mobility using the Smoluchowski equation.®?  We
measured the { potential of organic macromolecule with a concentration of organic
macromolecules of 100 mg/L in buffer B1 (65 mM NaCl and 1 mM NaHCO3 with pH
adjusted to 6.5, for simulating scaling condition without calcium ions) and buffer B2 (44
mM NaCl, 7 mM CaCl, and 1 mM NaHCOg, with pH adjusted to 6.5, for simulating
scaling condition with calcium ions).  For all experimental conditions, three

measurements were taken for each sample.
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3.5 Quantification of Silica Scale Formation by QCM-D

We used a QCM-D (Qsense E4 analyzer, Biolin Scientific, Sweden) to quantify the
silica mass deposition on macromolecule-coated surfaces. We conducted silica scaling
experiments in QCM-D using silicate solutions with pH of 6.5 0.1 on macromolecule-
coated silica QCM sensors (Quartz Pro, Sweden, 14 mm, Cr/Au/SiO2, fundamental
frequency 5 MHz) at 25 <C.  Prior to the experiments, the QCM-D flow modules and
sensors were cleaned according to previously reported protocols.®® The QCM-D
experiments were performed with a flow rate of 0.03 mL/min to allow laminar flows in
modules.3* The QCM-D experiments consisted of coating macromolecule on the
sensor, silica scaling on macromolecule layer, and buffer rinse to test scaling
reversibility. Four model macromolecules, LYZ (from chicken egg white, =90%,
Sigma-Aldrich), BSA (lyophilized powder, =98%, Sigma-Aldrich), HA (=95%, Alfa
Aesar), and Alg (from brown algae, medium viscosity, Sigma-Aldrich) were used to
prepare macromolecule-coated surfaces in this work.

To prepare macromolecule-coated sensors, we used electrostatic assembly
method.®®>3¢  Briefly, for positively charged LYZ, we directly coated silica sensor with a
layer of LYZ by flowing an LYZ solution over the silica sensor. For negatively charged
HA, BSA, and Alg, we first coated silica sensors with a layer of positively charged
PLL,%3" and then flowed macromolecule solutions over the PLL-coated sensors to obtain

macromolecule-coated surfaces. Specifically, to prepare LYZ-coated sensors, we first

13



rinsed the sensors with buffer A, and then introduced 50 mg/L LYZ in buffer A into the
QCM-D modules to allow LYZ adsorbed on the sensors. The coated sensors were
rinsed with buffer A again after the coating to remove unabsorbed LYZ. For the
preparation of BSA, HA, and Alg-coated sensors, we first pre-coated silica sensors with a
layer of positively charged PLL by flowing over the sensors a solution with 0.1 g/L PLL
in buffer.3383%  After the adsorbed PLL layer was rinsed with buffer C and then with
buffer A, a layer of macromolecule was coated by flowing over the sensors with solutions
of 50 mg/L macromolecule in buffer A.  After rinsing the macromolecule layers with
buffer A, we switched the solution to buffer B (B1 or B2) to obtain a stable baseline for
silica scaling. The frequency and dissipation shifts during the electrostatic assembly
process are presented in Figure 1.  Afterwards, we introduced silicate solutions into the

modules to perform silica scaling on macromolecule-coated sensors.
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Figure 1. Frequency shifts during the preparation of (A) LYZ, (B) BSA, (C) HA, and (D) Alg-
coated QCM-D sensors.

Ultrapure water (W) as baseline, buffer A (Ba: 1 mM NaCl and 1 mM NaHCO3), buffer B1
(Bg: 65 mM NaCl and 1 mM NaHCOQO:3), buffer C (Bc: 10 mM HEPES and 100 mM NacCl).

Two types of silica scaling experiments, heterogeneous nucleation of silicic acid
monomers and deposition of silica aggregates, were performed on macromolecule-coated
surfaces in QCM-D modules. For the heterogeneous nucleation of silicic acid
monomers, we initiated silica scaling by flowing slightly oversaturated silicate solutions
(2.8 mM NaxSiO3:5H20, o =0.38, in buffer B1 or B2) over macromolecule-coated
sensors in QCM-D modules for 24 h.  When buffer B2 was used, we added CaCl: into

silicate solutions immediately before scaling experiment to minimize possible

15



precipitation of calcium silicate. For the silica scaling caused by the deposition of silica
aggregates, we first incubated a highly supersaturated silicate solution (11.2 mM
NaySiO3-5H20, ¢ = 1.77, in buffer B1) for 24 h, and then flowed the solution over
macromolecule-coated sensors in QCM-D for 24 h.  When the silica scaling on
macromolecule-coated sensors is finished, the deposited silica scale was rinsed by buffer
B1 or B2 and ultrapure water sequentially to test the reversibility of silica scaling.

During the QCM-D experiments, solutions were switched from one to another until a
stable frequency was reached with Af < 0.2 Hz/10 min.*’

We monitored the frequency (Afi1, Hz) and dissipation (AD11, 10°%) shifts at the 11th
overtone. The shifts in frequency and dissipation characterize the mass and the
viscoelastic properties of the deposited layer, respectively. For a thin, rigid layer that
meets the criterion of eq. 4:%°

%D/n &« 0.4 x 1076 Hz™? (4)
the mass of the deposited layer is calculated from the decrease in frequency based on the
Sauerbrey equation:4% 4!
Am =- €22 ()

where C = 17.7 ng Hz* cm™ for a 5 MHz quartz crystal, n is the overtone number.
3.6 Measurement of Negative Surface Charge Density of Macromolecule Layers

Negative surface charge densities of organic macromolecule-coated layers on silica

sensors were measured via cesium (Cs*) adsorption experiments in QCM-D.*? The

16



negative surface charge density of a macromolecule layer was calculated from the
amount of adsorbed Cs*.#® The experiments were performed in QCM-D chambers at

25 °C with a flow rate of 0.1 mL/min. After macromolecule layers were formed on the
sensors, we flowed 1 mM cesium chloride (CsCl, 99.9%, Sigma-Aldrich) with solution
pH of 6.5 0.1 over the coated sensors until the frequency plateaued. A negative
frequency shift indicates the Cs* adsorption on the macromolecule layers. Next, we
introduced ultrapure water to remove the adsorbed Cs*, and repeat the Cs™ adsorption and
ultrapure water rinse for four cycles. The negative charge density of a macromolecule
layer was calculated using Cs* exposure cycles of 2-4, based on the known cesium
atomic weight and the assumption that each Cs* ion associate with one negatively

charged site.
3.7 Characterization of Macromolecule Coated Surfaces

We used silicon wafers (SPI Supplies) as substrates to prepare macromolecule-
coated samples for surface characterization.  Silicon wafers were subjected to UV-ozone
treatment (UV Ozone Cleaner from BioForce Nanosciences) for 20 min to oxidize the
surface layers. Oxidized silicon wafer?* was used as the surrogate for silica sensor due
to their same surface layer of SiO,* and ease of operation on AFM stages. To obtain
LYZ-coated surfaces, the oxidized silicon wafers were then immersed in 100 mg/L LYZ
in buffer A. To prepare BSA, HA, and Alg-coated surfaces, the oxidized silicon wafers

were first immersed in 0.1 g/L PLL solution, and rinsed with buffer C, immersed in 100
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mg/L macromolecule solutions, and finally rinsed with buffer A.  The macromolecule-
coated wafers were dried and then characterized for surface wettability and roughness.
The contact angles of three probe liquids, ultrapure water, glycerol, and diiodomethane
on macromolecule-coated surfaces were determined using the sessile drop method.
Contact angle measurements were performed using a contact angle goniometer (ramé
hart Model 260) by adding 1 pL probe liquids at three different locations on
macromolecule-coated wafers. We also measured the roughness of the macromolecule-
coated surfaces using AFM (Multimode 8, Bruker) imaging under the ScanAsyst-Air
mode using a ScanAsyst-Air probe (Bruker).

3.8 Functionalization of AFM Tips with Macromolecules and AFM Force
Measurement

We performed the force measurements between organic macromolecule-modified
tips and a silica QCM-D sensor using an AFM (Multimode 8, Bruker) under the force
volume mode in fluid conditions of buffer B1 and B2. The D cantilever of SNL-10
probe was used for the modification. Prior to tip functionalization, we determined the
spring constant of the cantilever using the thermal noise method.*® We followed the
established protocols for modifying the AFM tips with macromolecules.*®: 47

An SNL-10 probe was cleaned in a UV-0zone chamber for 20 min. Before
modifying the AFM tips with organic macromolecules, we first obtained the amine-

terminated AFM tips by immersing the cleaned probe in 10 mM 3-
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aminopropyldimethylethoxysilane (C7H19NOSI, Gelest) toluene solution for 24 h at room
temperature. To coat LYZ and BSA on the AFM tips, the amine-terminated AFM tips
were first immersed in 50 wt. % glutaraldehyde (OHC(CH.)3CHO, Alfa Aesar) solution
for 30 min and then in 1 g/L protein (BSA or LYZ) with 10 mM HEPES at pH 7.4 for 40
min.*®  To immobilize HA and Alg, the amine-terminated tips were immersed first in 10
mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC, Alfa Aesar)
and then in 1 g/L HA or Alg with 10 mM HEPES solution for 2 h.*”  The functionalized
AFM tips were rinsed using buffer solution and stored in buffer liquid at 4 <C until use.
To prepare for the force measurement, a silica QCM-D sensor was cleaned in UV-
ozone treatment for 20 min before it is used in AFM force measurement. The modified
tips were brought to the silica sensor surface with an approach velocity of 100 nm/s, and
pulled off from the surface with a very low retract velocity of 20 nm/s. We used a
trigger threshold of 3 nm and a dwell time of 1 s on the silica surface.*® We conducted
the force measurements at 144 locations in an area of 10 pm.  The deflection vs
displacement curves during retraction were converted into force vs separation curves.*® %

A Python program developed by Zhang® was used to assist data processing.
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Chapter 4 — Results and Discussion

4.1 Negligible Impacts of Macromolecules on Monomeric Silica Bulk Nucleation

We conducted bulk nucleation of silicic acid by monitoring the concentration of
monomeric silicic acid at three levels of oversaturation. We use three saturation indices,
0.38, 1.08, and 1.77 with respect to amorphous gel silica (Table 1) with the absence of
macromolecules (Figure 2A). When the silicate solution is slightly supersaturated (2.8
mM, o =0.38), we observe no significant change of monomeric silicic acid
concentration in 72 h, indicating negligible silica bulk nucleation. For highly
supersaturated (11.2 mM, o =1.77 and 5.6 mM, ¢ = 1.08) silicate solutions, rapid
decrease of monomeric silicic acid concentration suggests faster bulk nucleation. In
addition, the monomeric silicic acid concentration plateaus with a final concentration of
2.7 £0.2 mM.

We further study the impact of organic macromolecules on the silica bulk nucleation
with the presence of 20 mg/L LYZ, BSA, HA, or Alg. For both slightly supersaturated
(2.8 mM, ¢ =0.38, Figure 2B) and highly supersaturated (11.2 mM, ¢ = 1.77, Figure
2C and D) silicate solutions, the addition of 20 mg/L organic macromolecules does not
appreciably affect silica bulk nucleation. Our result aligns with the findings of Quay et

al.,?* that negligible influence of LYZ and BSA proteins on silicic acid polymerization.
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Figure 2. Silicic acid concentration evolution in bulk nucleation. (A) Solutions with different
saturation indices with calcium ions. (B) Slightly oversaturated solutions with 20 mg/L organic
macromolecules and calcium ions. Highly oversaturated solutions with 20 mg/L organic
macromolecules (C) with calcium ions and (D) without calcium ions. Solution pH 6.5 + 0.1, at
25 °C.

4.2 Preparation and Characterization of Macromolecule Coated Surfaces

We coat silica sensor with a layer of macromolecule using layer-by-layer

electrostatic assembly (Figure 3A).%  Silica sensor is negatively charged at neutral pH.>2
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To coat positively charged LYZ, we flow the LYZ solution into the chamber and coat
LYZ on silica sensor. For negatively charged macromolecules, we first coat a layer of
positively charged PLL on silica sensor, then coat the macromolecule on the PLL layer.
Thus, we have macromolecule coated sensors. The frequency and dissipation shifts
during the preparation in QCM-D are shown in Figure 1. The formation of
macromolecule layers on the sensor surfaces is manifested by the negative frequency
shifts. The frequency stabilizes within 0.5 h after exposing the PLL-coated surface to
the macromolecule solutions (Figure 1), indicating complete coverage of sensor surface
by the macromolecules.®

We measure the { potential of four types of organic macromolecules as shown in
Figure 3B. LYZ and BSA have isoelectric points (IEP) of 11 and 4.7, respectively.>
At pH 6.5, they are positively and negatively charged, respectively. Their different net
charges stem from the different ratios of amine groups (—NH>) and carboxyl (—COOH)
groups in LYZ and BSA.>® Both HA and Alg are negatively charged at pH 6.5 (Figure

3B), due to the dissociation of carboxyl groups.>*
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Figure 3. (A) Preparation of macromolecule coated surfaces. We note that the number of
functional groups shown in the cartoon indicates their relative abundance between different
macromolecules, rather than the absolute ratio in each macromolecule. (B) Z potential of
organic macromolecules with calcium (in buffer B1) and without calcium (in buffer B2). (C)
Negative surface charge densities of macromolecule coated sensors measured using cesium
ion adsorption (* denotes cesium adsorption not detected). (D) AFM images of
macromolecule coated silicon wafers with root-mean-square roughness of 0.29 £ 0.00 nm,
0.27 £0.01 nm, 0.52 + 0.06 nm, and 0.47 + 0.08 nm for LYZ, BSA, HA, Alg-coated surfaces,
respectively.

To characterize the macromolecule coated surfaces, we determine the density of
negative surface charge using cesium ions adsorption. HA- and Alg-coated surfaces

have negative charge densities of 2 and 3 (%100 nmol/cm?), respectively (Figure 3C).
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Cesium adsorption is undetected on LYZ- and BSA-coated surfaces. The increase of the
negative charge in the order BSA < HA < Alg is likely a result of increasing carboxylic
acidity in the three macromolecules. This result is consistent with carboxylic acidities of
1-1.5, 3.3, and 3-3.5 meg/g for BSA, HA, and Alg reported elsewhere.*®

We further characterize the roughness and surface tension of macromolecule coated
surfaces using oxidized silicon wafer as substrates. The AFM images show that four
macromolecule coated surfaces are smooth with root-mean-square roughness of less than
1 nm (Figure 3D). Based on the technique proposed by Oss et al.>’, we determine
surface tension components and parameters of macromolecule coated surfaces via contact
angle measurement using three probe liquids. The Lifshitz-van der Waals surface
tension component (y/"), electron-acceptor parameter (y;"), electron-donor parameter

(vi"), and total surface tension (y/°") of the three probe liquids are shown in Table 2.

Table 2. Surface tension components and parameters (mJ/m?) of probe liquids®® and silica.>®

YLW ,Y+ ,Y— ytot
water 21.8 25.5 25.5 72.8
glycerol 34 3.92 57.4 64
diiodomethane 50.8 0 0 50.8
silica 374 2.4 43.7 -

The surface tension components of a macromolecule coated surface are determined

using the Young-Dupréequation (eg. 6):
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(1+cos@)y®t =2 < /YEX"Y%W + Yy + Jvmf) (6)

where ¢ is measured contact angle of a probe liquid on a macromolecule coated
surface; Y2V, vyt , and y7, are Lifshitz-van der Waals surface tension component,
electron-acceptor parameter, and electron-donor parameter of a macromolecule coated
surface, respectively. Subscripts m and I represent macromolecule coated surface and

probe liquid, respectively.

Table 3. Calculated surface tension components and parameters (mJ/m?) of macromolecule
coated surfaces.

LYZ BSA Alg HA
W 375 375 36.7 35.7
vt 0.06 0.04 2.39 1.36
Y 13.4 29.0 34.4 19.4

The y2W, vt , and y3, of macromolecule coated surfaces, derived by solving three
equations containing three unknowns, are presented in Table 3. All four macromolecule
coated surfaces have a strong electron donor (y~) but negligible electron acceptor (y*)
capabilities. Those surfaces can be considered as “monopolar” surfaces. Among the
four macromolecule coated surfaces, Alg-coated surface has the highest electron-donor
parameter (y ~), which is likely due to its abundant hydroxyl and deprotonated carboxyl

groups.
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4.3 Heterogeneous Nucleation of Monomeric Silica

4.3.1 Rates of Silica Mass Deposition

We investigate the kinetics of the silica scaling of silicic acid monomers on
macromolecule coated surfaces using a low supersaturation (¢ = 0.38) solution with
negligible silica bulk nucleation (Figure 2A). Herein the deposited mass is attributed to
the heterogeneous nucleation of silicic acid monomers. Based on the measured
frequency and dissipation shifts (Figure 4A and B), the deposited silica layers on LYZ,
BSA, HA, and Alg surfaces are considered rigid layers because they have ADn/(-Afn/n)

values of less than 4 x 107 Hz1.40
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& & r & 12t HA
o o 10} 8
= = / < 8§
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Figure 4. D-f plots during the formation of silica layers on macromolecule coated surfaces by
heterogeneous nucleation of (A) silicic acid monomers (o = 0.38) without calcium in buffer
B1 and (B) with calcium in buffer B2,and (C) deposition of silica aggregates (o = 1.77)
without calcium in buffer B1.
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5A) using the 11" overtone using Sauerbrey equation.

Accordingly, we calculate the mass of deposited silica during silica scaling (Figure

increasing trend in the order LYZ < BSA < HA < Alg.
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Figure 5. (A) Deposited silica mass on macromolecule coated surfaces from heterogeneous
nucleation of silicic acid monomers (2.8 mM, o = 0.38) without calcium. The deposited silica
mass related to (B) wetting function f(8) and (C) hydration energy of the macromolecule

coated surfaces.

Error bars represent standard deviations, n = 2.

Monomeric Silicic Acid on Macromolecule Coated Surfaces

4.3.2 Electrostatic Interaction Unimportant for Heterogeneous Nucleation of

Recent publications emphasized the role of surface charge in regulating silica scaling

on surfaces. Tong et al.!! studied silica scaling in RO and reported that positively

charged membrane surfaces significantly facilitated silica scaling whereas more

negatively charged surfaces led to reduced scaling. Rathinam et al.?* employed self-

assembled monolayers to create surfaces with different terminating groups, and found

that surfaces with positively charged groups induced rapid silica deposition.

However,

the variability of silica heterogeneous nucleation on macromolecule coated surfaces
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cannot be explained by the difference in their surface charge. In our study, the positively
charged LY Z-coated surface has the lowest deposited silica mass. This result is
reasonable since monomeric silicic acid is in its protonated, uncharged form with pKa of
around 9.8.%°  Although some silica oligomers are negatively charged at pH 6.5 (pKa
~6.8),%° their formation is found to be negligible under a low supersaturation of ¢ = 0.38
(Figure 2A). As such, the dominant silica species at low supersaturation is neutral
monomeric silicic acid. Therefore, electrostatic interaction is not an important driver for
heterogeneous nucleation of silica on the four macromolecule coated surfaces.

4.3.3 Heterogeneous Silica Nucleation Unrelated to Free Energy Barrier to
Nucleation

According to the classical nucleation theory, the ability for a substrate to initiate
heterogeneous nucleation is attributed to the reduction in the free energy barrier relative
to bulk nucleation.” The degree of free energy barrier reduction can be quantified using
the wetting function f(8) based on eq. 7:

fO) =g ()

where AGy,;, AGy,,, are free energy barriers to heterogeneous nucleation and
homogeneous nucleation, respectively. The wetting function f(8) can be quantified
using eq. 8:/

(2 +cos 0)(1—cos 8)?

f () = ‘ ®)
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where 8 is the contact angle between a silica nucleus and a macromolecule coated

surface (Figure 6).

Figure 6. Schematic for heterogeneous silica nucleation on macromolecule coated surfaces.

In the schematic for heterogeneous silica nucleation on macromolecule coated
surfaces, 0 is the contact angle between a silica nucleus and a macromolecule coated
surface. Ym—w» Ym-s, and ys_,, are interfacial tensions between macromolecule coated
surface and water, macromolecule coated surface and silica nucleus, and silica nucleus
and water, respectively. Subscripts m, w, and s indicate macromolecule coated surface,
water, and silica, respectively.

The interfacial tension between two phases (1 and 2), y;_,, is the sum of the LW
(apolar) and AB (Lewis acid-base) components:

Yiez =Y + V5, )

The LW component of the interfacial tension, y }*%, is calculated from:

2
y%!vz=(/y‘fW+ /Y%W) (10)

The AB component of the interfacial tension, y£5,, is calculated from:

VA%, =2(yiyi+ Wiz — Wiva - Vvarh) (11)
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where yiWand yLW are van der Waals surface tension components of phase 1 and 2,
respectively; y*, and y? are the electron acceptor surface tension parameters of phase 1
and 2, respectively; and y7 and y7™ are acceptor donor tension parameters of phase 1
and 2, respectively.>” The values of the interfacial components and parameters for each

phase are presented in Tables 2 and 3.

Accordingly, cosf was calculated using the Young’s equation:*®
cos @ = Ym=w—Ym=s (12)
Ys—w

where subscripts m, w, and s indicate macromolecule coated surface, water, and
silica, respectively. The interfacial tensions between two phases are calculated based on
the YW, y*, and y~ of each phase. Detailed calculations are shown in the caption of
Figure 6.

Based on eq. 7, a smaller wetting function indicates a lower energy barrier to
heterogeneous silica nucleation.*  As such, we expect the highest deposited silica mass
on LYZ-coated surface, which has the lowest f(#). Figure 5B presents the deposited
silica mass versus the wetting function f(¢) on macromolecule coated surfaces. There is
no clear relationship between the deposited silica mass and the f(9) of surfaces. The
deposited silica mass is the lowest on LYZ-coated surface. Although the Alg-coated
surface has the second-highest f(6), we observe the most surface-induced silica scaling.
As such, our results suggest that while surface-induced heterogeneous nucleation is

important on the four macromolecule coated surfaces, the thermodynamic free energy

barrier to nucleation does not predict the rate of silica mass deposition. It is likely that
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the heterogeneous nucleation of silica on macromolecule coated surfaces is controlled by
both thermodynamic and kinetic drivers. Wallace et al.?® demonstrated the significant
role of kinetic factors in regulating the surface silica nucleation on substrates. For
example, while the free energy barrier is similar on COO™ and COO/NHs" surfaces, they
observed an 18 times difference in the rate of silica nucleation on these two surfaces.?®

In our case, the four macromolecule coated surfaces have varying y ~surface tensions and
different dominant functional groups, which likely influence silica-macromolecule and
water-macromolecule interactions.

4.3.4 Heterogeneous Nucleation Related to Hydration Energy of Macromolecule
Coated Surfaces

We calculate the hydration energy AGhydr, Which represents the work of adhesion

between a surface and a liquid, of the macromolecule coated surfaces using eq. 13:% 61
AGpyar = —(1+cos@,) vt (13)

where @w IS the measured water contact angle on a macromolecule coated surface,
yiot is the total surface tension of water. A more hydrophilic surface has more negative
hydration energy. Figure 5C shows that both the measured water contact angle and
hydration energy decrease in the order of LYZ > BSA > HA > Alg, indicating more
hydrophilic surfaces sequentially. We attribute the high hydrophilicity of the Alg-coated
surface to the abundance of hydroxyl and dissociated carboxyl groups in Alg. The LYZ-

coated surface has the highest water contact angle, likely due to the exposure of
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hydrophobic patches formed by apolar residues to the aqueous phase.®? The
hydrophilicity of macromolecule coated surfaces is related to their electron-donor
parameters (y~): surfaces with higher y~ interact with water strongly via hydrogen

bonding, and hence have a lower water contact angle (Figure 7).
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Figure 7. Water contact angle correlated with the electron-donor surface tension parameter
of the macromolecule coated surfaces.

The deposited silica mass resulting from surface-induced heterogeneous nucleation
of monomeric silica is strongly correlated with the hydration energy of macromolecule
coated surfaces (Figure 5C, R> = 0.979, p < 0.01). This strong correlation between the
deposited silica mass and hydration energy also holds in the presence of Ca?* (Figure 8A

and B, R?=0.983, p < 0.01).
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Figure 8. (A) The deposited silica mass over 24 h (with calcium) (B) related to hydration
energy of the macromolecule coated surfaces.
Error bars represent standard deviations, n = 2.

More surface-induced heterogeneous nucleation of silica occurs on macromolecule
coated surfaces with a higher degree of hydrophilicity. We surmise that the ability for a
hydrophilic macromolecule coated surface to promote heterogeneous silica nucleation
stems from their favorable interaction with silicic acid. For a highly hydrophilic foulant
macromolecule like alginate, the binding between silicic acid and macromolecule is
driven by their hydrogen bonding with water or direct hydrogen bonding between silanol
groups in silicic acid and polar groups in the macromolecules (~OH and —COO").% This
leads to a high local concentration of monomeric silica species near the macromolecule
coated surface.?®> On the Alg-coated surface, silica scaling can also be facilitated by the
chemical reaction between silica and alginate. Wang et al.?® employed Fourier transform

infrared spectroscopy and showed that Si-C and Si—O—C bonds were formed in silica-
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alginate mixtures. Using a calorimeter, they also found that the reaction between silica
and alginate was spontaneous.?® Ning? reported that monomeric silicic acid in solution
readily reacted with hydroxyl groups (-OH) in organic compounds to form anhydrides;
Lu et al.?? reported possible condensation reactions between silanol group and carboxyl
groups. These two reactions are likely to take place on the Alg-coated surface due to the
abundance of carboxyl and hydroxyl groups. As such, the highest silica deposition on
the Alg-coated surface is possibly a result of the hydrogen bonding between silicic acid
and alginate, which increases local monosilicic acid concentration, and favorable
chemical reactions between silicic acid and alginate, which facilitate the heterogeneous
nucleation.

4.3.5 Calcium Ions Facilitate Heterogeneous Nucleation on Macromolecule
Coated Surfaces

We compare the kinetics of the silica scaling on macromolecule coated surfaces at
low supersaturation (o = 0.38) in the absence (Figure 9A) and presence (Figure 9B) of
calciumions. The deposited silica mass resulted from heterogeneous silica nucleation is
higher with calcium than without calcium on all four macromolecule coated surfaces
(Figure 9C). In addition, while the deposited silica mass plateaus after 12 h in the
absence of calcium ions (Figure 9A), silica scaling continues after 12 h in the presence of
calcium ions (Figure 9B). We observe lower dissipation shifts during the silica

deposition, indicating denser silica layers were formed with the presence of calcium.
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Based on calculations using Visual MINTEQ, the presence of calcium ions does not
increase the saturation index of amorphous silica under the solution chemistry we employ
(Table 1), and all the silicate solutions are undersaturated with respect to calcium silicate.
As such, the increased heterogeneous nucleation of silica in the presence of calcium is

not due to a change in the thermodynamic driving force.
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Figure 9. Deposited silica mass, frequency and dissipation shifts during surface-induced
heterogeneous nucleation of silica on macromolecule coated surfaces with slightly
supersaturated solution (2.8 mM, o = 0.38) in (A) buffer B1 and (B) buffer B2. (C)
Comparison of the deposited silica mass with and without calcium.

Error bars represent standard deviations, n = 2.

It is well-recognized that calcium ions bind strongly to deprotonated carboxyl
groups.??  In addition, calcium ions can bridge the silanol groups in neighboring silica
species.’>??  Therefore, we expect calcium ions to bind with both carboxyl-rich
macromolecules and silicic acid. The stronger binding of monomeric silicic acid to
macromolecules in the presence of calcium ions likely results in more surface-induced

silica nucleation.
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4.4 Scaling via the Deposition of Silica Aggregates

We further investigate silica scaling on macromolecule coated surfaces after 24 h of
bulk nucleation of silica. Under the condition we employ (11.2 mM silicate, o = 1.77),
the concentration of monomeric silicic acid decreases from 11.2 to ca. 2.7 mM after 24 h
(Figure 2A), and we expect silica aggregates (e.g., oligomers, polymers, and particles) to
form in the bulk solution. Indeed, we detect the formation of silica particles with an
average hydrodynamic diameter of 49 =1 nm in dynamic light scattering measurements
of the o = 1.77 silicate solution 24 h after the initiation of homogenous nucleation.
Therefore, the deposited silica mass upon exposure to high concentrations of silica is
attributed to two processes: direct deposition of silica aggregates, and heterogeneous
aggregation of silicic acid on the macromolecule coated surfaces.

The deposited silica mass on macromolecule coated surfaces resulting from exposure
to high concentrations of silica (Figure 10A) is more than five times that from surface-
induced heterogeneous nucleation of monosilicic acid (Figure 5A). In addition, most of
the silica mass deposition occurs in the first 10 min (Figure 10A). These results
indicate that, on macromolecule coated surfaces, the deposition of silica aggregates could
lead to more rapid silica scale formation compared with the surface-induced

heterogeneous nucleation of monosilicic acid.  This result is in accordance with a study
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by Lu et al.?? who reported that silica scaling on macromolecule-conditioned RO

membranes was primarily contributed by silica oligomers.
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Figure 10. Deposited silica mass on macromolecule coated surfaces from (A) highly
supersaturated silicate solution (11.2 mM, o = 1.77) after bulk nucleation and (B) 0.03 mg/L
monodisperse silica particles (7—9 nm) without calcium. (C) Schematic for the force
measurement using macromolecule-modified AFM tips and a silica sensor in buffer B1. (D)
Measured adhesion forces.

Error bars represent standard deviations, n = 30. Asterisks (*) indicate significant difference
(p < 0.05, unpaired two-tailed t-test) between two groups.
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On the four macromolecule coated surfaces, the deposited silica mass increases in the
order LYZ < HA < Alg < BSA (Figure 10A). We further measure the deposition rates
of monodisperse silica particles (ST-S dispersion provided by Nissan Chemical America,
manufacturer specified diameter 7-9 nm) on the macromolecule coated surfaces, and
observe a similar trend (Figure 10B).  Silica oligomers have pKa of 6.8,%° and silica
particles have a point of zero charge of ca. 2.0.5 At pH 6.5, the silica aggregates are
partly negatively charged and possess both silanol groups (Si-OH) and ionized silanol
groups (Si-O7). Silica scaling could result from hydrogen bonding between silanol
groups (Si-OH) in the silica aggregates and carboxyl groups (-COOH) in the organic
macromolecules.’4 %  The important effect of hydrogen bonding in particle adhesion has
been reported elsewhere.®® 8 Comparing LYZ and BSA, a BSA molecule contains 176
hydrogen bond acceptor sites and 153 donor sites, while an LYZ molecule contains 28
hydrogen bond acceptor sites and 11 donor sites.>® Due to this more than 5-times
difference in the number of association sites, the hydrogen bond interaction of silica
species with BSA is expected to be stronger than that with LYZ. In addition to
hydrogen bonding, electrostatic attraction between negatively charged silanol groups (Si-
O") and positively charged amine groups (—NHs") could also facilitate the deposition of
silica aggregates. Therefore, we hypothesize that the synergetic effect leads to a higher
level of silica scaling on the BSA-coated surface with abundant carboxyl groups and

positively charged amine groups.
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We further measure the interaction between foulants and a silica surface by
employing macromolecule-modified AFM tips (Figure 10C) in AFM force
measurement. We conduct the force measurements with varied tip retract velocity and
plot dynamic force spectrum figures (Figure 11). In a dynamic force spectrum, there
are two primary regimes: a linear regime with slow loading rates and a nonlinear regime
with fast loading rates. The force with near zero loading rate in dynamic force spectrum
represents the equilibrium force for the binding of macromolecules with silica at a near-
equilibrium state.®  We herein use the force with a very low tip retract velocity (or
loading rate), i.e. 20 nm/s, in the linear regime as the approximate equilibrium force for
binding force between macromolecules and silica. Adhesion forces are observed when
the macromolecule-modified tips are pulled off from the silica surface (see a

representative retract force curve in Figure 12).
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Figure 111. (B) Mean force of macromolecule-modified AFM tip retracted from a silica
sensor surface without calcium decreases with the loading rate, which is the product of
spring constant and retract velocity.
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Figure 12. Force-separation distance curves when (A) LYZ, (B) BSA, (C) HA, and (D) Alg-
modified AFM tips were retracted from a silica sensor surface both with and without calcium.

The adhesion force between BSA and silica is stronger than those between the other
three macromolecules and silica (unpaired two-tailed t-test, p < 0.05) (Figure 10D, see
Figure 13 for distributions of adhesion force), consistent with our hypothesis that BSA
strongly interacts with negatively charged silica species. This elevated attraction
between BSA and negatively charge silica is likely a combination of hydrogen bonding

and electrostatic interactions, as discussed above.
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Figure 13. Adhesion force distributions for (A) LYZ, (B) BSA, (C) HA, and (D) Alg-modified
AFM tips interacting with silica surface in buffer B1 (without calcium). N=30.

4.5 Viscoelastic Property and Reversibility of Deposited Silica Layers

We investigate the viscoelastic property of the deposited silica layer by studying the
ratio of the dissipation shift (AD) to the frequency shift (Af) during the silica scaling stage
(Figure 4). Since the energy dissipation on QCM-D sensors results from the
viscoelasticity of the adlayer, the magnitude of the AD/Af values during silica scaling

reflects the degree of the viscoelasticity of the deposited silica layer.5® 7  For surface-
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induced silica heterogeneous nucleation (¢ = 0.38), the deposited silica layer is more
rigid (with a smaller magnitude of AD/Af) in the presence of calcium than in the absence
of calcium (Figure 14A), which we attribute to the strong binding of calcium ions to
neighboring silica species. In addition, the deposited silica layer resulting from bulk
nucleation (o = 1.77) and deposition of silica aggregates is much more viscoelastic (or
less stiff) than that resulted from heterogeneous nucleation (¢ = 0.38) (Figure 14A and
B). The result suggests that a relatively loose structure is formed during the deposition
of silica aggregates, in comparison with a dense layer of silica gel formed during
heterogeneous nucleation.  Our results also suggest possibly different water
permeabilities of the silica scale formed under these conditions, which warrants further

study using membrane filtration setup.
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Figure 14. Overall AD/(—Af) values of the deposited silica layers caused by the (A)
heterogeneous nucleation of silicic acid monomers in buffer B1 and (B) deposition of silica
aggregates in buffer B1.
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We further investigate the reversibility of silica scale in surface silica scaling by
monitoring the frequency change upon rinsing the deposited silica sequentially with
buffer B1 and ultrapure water. The deposited silica layer on the macromolecule coated
surfaces is largely irreversible, as indicated by less than 20% frequency shift during the
water rinse stage relative to the frequency shift during silica scale formation (Figure 15
and 15). We attribute the irreversibility of silica scaling to the favorable interactions
between silica and the macromolecules, as demonstrated by the adhesive forces between
silica and macromolecule-modified AFM tips (Figure 13). Our results corroborate the
observations by Lu et al.??, who found that the cleaning efficiency of the foulant-

preconditioned membranes was significantly reduced after silica scaling.
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Figure 15. Frequency changes upon the rinsing of the silica scale caused by the
heterogeneous nucleation of silicic acid monomers on (A) LYZ, (B) BSA, (C) HA, and (D) Alg
surfaces using buffer B1 and ultrapure water.
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Figure 16. Frequency changes upon the rinsing of the silica scale from the deposition of
silica aggregates on (A) LYZ, (B) BSA, (C) HA, and (D) Alg surfaces using buffer B1 and
ultrapure water.

45



Chapter 5 — Conclusions

Membranes are frequently used for the treatment of complex environmental waters.
The severity and reversibility of mineral scaling and organic fouling dictate the frequency
of membrane cleaning and replacement, and therefore influence the cost of water
production. We investigate the kinetics and reversibility of silica scaling on organic
foulant coated surfaces using QCM-D. Our study shows that, although the organic
macromolecules do not appreciably influence the bulk nucleation of silicic acid, they can
regulate the kinetics of silica scale formation on surfaces. Specifically, we find that
more surface-induced silica scaling occurs on more hydrophilic foulant-coated surfaces.
In membrane processes, more silica scaling may occur on membranes that are
preconditioned by the more hydrophilic fractions of NOM, necessitating their removal
during feedwater pretreatment. However, hydrophilic surfaces were shown to have
better tolerance to gypsum scale formation,®! which complicates the mineral scaling
mitigation strategies when the feedwater is supersaturated with respect to both gypsum
and silica. For silica scaling resulted from the deposition of silica aggregates, we
observe the most silica scale formed on BSA-coated surface. Our result highlights a
synergistic effect between silica scaling and BSA fouling as reported by Quay et al.?!

We also find that calcium ions in feedwater promote silica scale formation on foulant
coated surfaces, thus suggesting the importance of removing divalent ions in feedwater

pretreatment. Finally, the viscoelasticity of the deposited silica layers on foulant
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covered surfaces depends on the solution conditions under which the silica layers are
formed, and the deposited silica layers are difficult to remove by water rinsing.
To sum up, our conclusions are as follows.
*  More silica scaling occurs on more hydrophilic foulant coated surfaces
*  Calcium ions promote silica scale formation
* The most silica aggregates deposition on BSA-coated surface is due to strong
interactions between them

*  The formed silica scale is irreversible upon water washing
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Chapter 6 — Future Work

Our research underscores the important roles of the physicochemical properties of
organic matter as well as divalent ions in controlling silica scale formation on
macromolecule-preconditioned surfaces. Further work will benefit from the use of
organic matter isolated from surface water or municipal wastewater to study combined
fouling and scaling in a more realistic scenario. Additionally, a systematic investigation
into the interactions between organic foulants and inorganic scalants both in the bulk
solution and at the water-membrane interface, with consideration of concentration
polarization near the membrane surface, will help develop a holistic strategy in the
mitigation of mineral scaling and organic fouling in membrane processes.

To study the kinetics of silica scaling on surfaces, we use a quartz crystal
microbalance with dissipation monitoring (QCM-D) with sensors coated by organic
macromolecules. QCM-D has advantage over membrane studies in the sense that it has
better parameter control and can quantify the mass of deposited layer. We study the
fundamental mechanisms of silica scaling on surfaces, which could shed light on the
understanding and mitigation of silica scaling in real applications. However, we are
investigating the surface scaling in a simulated scenario. There could be some
discrepancies between the conditions used in QCM-D and in membrane operation.
Membrane filtration studies could provide information on flux decline during silica

scaling, as well as flux recovery during membrane cleaning. Therefore, one possible
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research direction for our future work is to compare the mass of silica scale formation in
QCM-D with the flux decline caused by silica scaling in cross-flow filtration setups,
which could be more readily translated to the real-world applications of RO membranes.
We perform surface characterizations and force measurements to elucidate the
mechanisms of surface induced heterogenous nucleation of silicic acid monomers and
silica aggregates on organic foulant coated surfaces. We found that the nucleation of
silicic acid monomers is unrelated to the free energy barrier to heterogeneous nucleation
of silica. There are some possible reasons for this result. First, the formed silica scale
is amorphous, which might not be fully explained by the classical nucleation theory.
Second, we use wetting function to quantify the free energy barrier to silica nucleation on
macromolecule coated surfaces. The surface tension components of macromolecule
coated surfaces are quantified by the water contact angle measurement. We used water as
surrogate for silicate solution, which may cause minor discrepancy for surface tension
components. The model is still useful in our study since silica nucleus is spherical.
Third, we used only four types of macromolecules. With the inclusion of more
macromolecule types, it is possible to capture a wider range of physicochemical
properties that are important for silica scaling. We use force measurement to explain the
deposition of silica aggregates on surfaces. This measurement only captures the
interactions between macromolecule and a negatively charged silica surface since we use

macromolecule modified AFM tips and a silica-coated QCM sensor. It is recommended
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to explore other possible methods to capture interactions for both charged and uncharged
parts of silica aggregates with macromolecules and with membranes. This could
contribute to the understanding of the scaling potential of silicic acid, silica aggregates,
and silica particles in groundwater.

One of our main findings is that more silica scale formed on more hydrophilic
surfaces. This finding inspires another possible research direction, the role of surface
hydrophilicity in silica scaling. It is promising to prepare well-defined surface
chemistry with patterns of certain distribution of hydrophilic and hydrophobic patches.
As a start of this research, we have performed self-assembled monolayer (SAM) surfaces
on gold-coated QCM-D sensors and conducted silica scaling on those surfaces. The
preparation of SAMs involves the following steps: first, the cleaning of gold sensors,
second, the self-assembly of monolayers. The cleaning of gold sensors including the
UV-Ozone treatment for 10 min followed by the immersing of sensors in a 5:1:1 mixture
(ultrapure water, 25% aqueous ammonia, and 30% hydrogen peroxide) at 75 °C for 20
min. The gold sensors were rinsed with ultrapure water and ethanol and then dried
using nitrogen gas. The cleaned sensors were treated UV-Ozone for 10 min before self-
assembly. We prepare the CHs terminated surface by immersing the cleaned sensors in
1 mM alkylthiol in ethanol at room temperature for 41 h. To prepare the OH terminated
surface, we further immerse the CHs terminated sensor in 1 mM 1-dodecanethiol in

ethanol for 52 h.  Contact angle measurements (Figure 17A) show the contrasting
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difference between OH and CHs terminated surfaces. However, upon exposure to silica
solutions, the SAMs seem to experience detachment, as indicated by the positive
frequency shift (Figure 17B). This coating instability could be due to that alkanethiol
monolayers were not bound firmly to the substrate using the dip coating process. With
more controlled parameters using spin coating, it is possible to prepare better self-
assembled monolayer sensors, which can be used for the elucidation of surface

hydrophobicity in silica scaling.
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Figure 17. (A) Water contact angles of CHsz and OH terminated surfaces. (B) Frequency and
dissipation shifts upon flowing slightly oversaturated silicate solution (2.8 mM, ¢ = 0.38)
without calcium over self-assembled monolayers.

The formation of silica scale on surfaces is a knotty issue in many industrial
applications other than membrane filtration, including plugging of oil pipelines and the
scaling of water boilers. Removing dissolved silica from water is an effective way to

mitigate this problem. Future studies that focus on the removal of dissolved silicic acid
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using adsorption, ion exchange, and precipitation will benefit water treatment and
industrial processes that are plagued by silica scaling. Additionally, the development of
effective antiscalants that delay or suppress silica scaling will also be an important

research direction.
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