
Thiol Functionalized Silica-Mixed Matrix Membranes for Silver
Capture from Aqueous Solutions: Experimental Results and
Modeling

A. R. Ladhe1, P. Frailie1, D. Hua2, M. Darsillo2, and D. Bhattacharyya1,*
1Department of Chemical and Materials Engineering, University of Kentucky, Lexington, KY
40506-0046
2J. M. Huber Corporation, Havre de Grace, MD

Abstract
The study deals with an aqueous phase application of Mixed Matrix Membranes (MMMs) for silver
ion (Ag+) capture. Silica particles were functionalized with 3-mercaptopropyltrimethoxy silane
(MPTMS) to introduce free thiol (-SH) groups on the surface. The particles were used as the dispersed
phase in the polysulfone or cellulose acetate polymer matrix. The membranes were prepared by the
phase inversion method to create more open and interconnected porous structures suitable for liquid
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List of symbols
A: Membrane water permeance (m/s.bar)
JW: Membrane flux (m/s)
ΔP: Applied transmembrane pressure (bar)
W1: Weight of wet membrane (kg)
W2: Weight of dry membrane (kg)
ρW: Density of water (kg/m3)
Am: Membrane area (m2)
L : Membrane thickness (m)
tR : Residence time (s)
R: Dextran Rejection
rs: Hydraulic radius of the dextran molecule (nm)
r1: Hydrodynamic pore radius (nm)
M: Molecular weight of dextran (Da)
φ : Free volume fraction in membrane
φp: Polymer volume fraction in membrane
ρSi: Density of silica particles (kg/m3)
ρp: Density of polysulfone (kg/m3)
ψ: Weight fraction of silica in membrane
q′ : Average composition of silica phase (moles of Ag+/m3 of silica Particles)
C′ : Concentration of Ag+ in bulk liquid phase (moles of Ag+/m3 of Liquid)
C0: Inlet Ag+ concentration (mole/m3)
t′ : Time (s)
z′ : Distance down the membrane thickness (m)
γ : Equilibrium constant
k : Volumetric mass transfer coefficient (s-1)
C0: Inlet feed concentration of silver ion (mole/m3)
q∞ : Maximum silver capture capacity (moles of silver/m3 of silica)
TS: Time at which saturation of silver capture was observed and experiment was terminated (s)
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phase applications. The effects of the silica properties such as particle size, specific surface area, and
porous/nonporous morphology on the silver ion capture capacity were studied. It was demonstrated
that the membranes are capable of selectively capturing silver from a solution containing significant
concentrations of other metal ions like Ca2+. The membranes were studied to quantify the dynamic
capacity for silver ion capture and its dependence on residence time through the adjustment of
transmembrane pressure. The thiol-Ag+ interaction was quantified with Quartz Crystal Microbalance
in a continuous flow mode experiment and the observations were compared with the membrane
results. One dimensional unsteady state model with overall volumetric mass transfer coefficient was
developed and solved to predict the silver concentration in the liquid phase and the solid silica phase
along the membrane thickness at varying time. The breakthrough data predicted using the model is
comparable with the experimental observations. The study demonstrates successful application of
the functionalized silica-mixed matrix membranes for selective aqueous phase Ag+ capture with high
capacity at low transmembrane pressures. The technique can be easily extended to other applications
by altering the functionalized groups on the silica particles.

Keywords
Mixed matrix membrane; Thiol-silver interaction; Silica; Breakthrough curves; Quartz Crystal
Microbalance; Unsteady state model

1. Introduction
Mixed matrix membranes (MMMs), which consist of a continuous polymeric phase and a
dispersed inorganic particle phase (porous or non-porous), have been receiving increasing
attention in the field of gas separations [1,2]. Many studies have demonstrated higher gas
permeability and/or selectivity for the MMMs when compared to the conventional
homogeneous polymeric membranes with working principle based on the solution-diffusion
mechanism [3-6]. These membranes are shown to exceed Robeson's upper – bound limit [7]
for the performance of polymeric membranes in gas separation. Inorganic materials have
shown performances well beyond the upper bound, but their applications are hindered due to
the difficulty in preparing defect free and economical inorganic membranes. MMMs combine
the performance benefit of the inorganic membranes with the easy applicability benefit of the
polymeric membrane.

Typically, MMMs have been prepared by casting a solution of polymer and dispersed inorganic
phase, and then evaporating the solvent in a controlled environment to obtain a dense
membrane. The choice of the polymer, inorganic phase, solvent, particle loading, and
evaporation time are some of the important parameters affecting the morphology and
performance of the MMMs.

Apart from the gas separation applications, the concept of such composite membranes is
successfully applied in the case of barrier membranes, which are useful for food packaging
and corrosion resistive coatings [8-10]. In this case the goal was to reduce the transport through
the membranes, and it was accomplished either by adding impermeable flakes to the membrane
polymer or by incorporating reactive groups within the membranes.

The important advantages of the MMMs in the gas separations have provoked little interest
until now for extension of this concept to liquid phase separations. Researchers have reported
MMMs applications for pervaporation to dehydrate organic mixtures [11-13]. Also the
sulfonated silica-MMMs have been studied for fuel cell applications due to their improved
proton conductivity, higher stability, and better performance [14-16]. Avramescu et al. [17]
for the first time demonstrated the use of ion exchange-polymeric MMMs for adsorptive
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biomolecule separation. The MMM adsorbers for enzyme capture and concentration have also
been studied [18]. In order to change the membrane morphology from dense membrane
(suitable in the case of gas separations) to more open micro-porous structure with high degree
of pore interconnectivity (suitable for liquid phase applications), the MMMs were prepared
via the well known phase inversion route with appropriate gelation bath temperature control.
In this case it is desired to have a particle phase exhibiting rapid adsorption kinetics (for
membrane adsorbers), high capacity and high selectivity towards target moiety, and easy
regeneration. The MMMs have significant advantages over conventional column
chromatography in terms of lower pressure drops, higher mass transfer rates (due to convective
flow) resulting in higher throughputs, and easier scale-ups.

In our study, we applied the thiol functionalized MMMs for metal ion capture from aqueous
salt solutions. Thiol functionalized systems have been studied extensively as metal ion
adsorbents [19-27]. Vieira et al. [22] confirmed the preferential interaction of − SH groups
with soft acids (Hg2+>Ag+>Cu2+>Ni2+>Zn2+) in agreement with Pearson's concept [28] of
hard and soft acids and bases. Kang et al. [21] demonstrated highly selective adsorption
capacity of the thiol functionalized mesoporous silica materials for noble metal ions in the
presence of other metal ions. Such a binding selectivity towards the target metal ions is
important for many applications like waste treatment, which often involves metal ion mixtures.

Silver nitrate is a commonly used salt in many processes in the mirroring, photographic and
electroplating industries [29]. Compared to most metals, silver recovery from aqueous
solutions is more profitable due to its high market value [30,31]. Also there is an increased
interest in recovering silver found in trace amounts in copper mines. For the scope of this study
Ag+ was selected as a representative metal ion. The emphasis was to study effect of silica (non-
functionalized) loading on the permeance characteristics of the MMMs, and to demonstrate
the applicability of the functionalized silica-MMM technique for silver ion capture (using
AgNO3 solution). The MMMs were also characterized, and the separation efficiency was
quantified. To the best of our knowledge, it is the first time that thiol-functionalized silica-
polymer MMMs have been studied and quantitatively evaluated for silver ion capture. The free
surface thiol groups were introduced at the silica surface by silanizing its surface with 3-
Mercaptopropyltrimethoxy silane. Ritchie et al., [32] studied polycysteine and other polyamino
acid functionalized microfiltration membranes for Hg(II), Pb(II) and Cd(II) capture. Reactive
barrier membranes for cesium ion containing silico-titanate as the sacrificial agent were studied
by Warta et al., [33]. Some of the studies deal with the application of ion exchange-polymer
composite sorbents for heavy metal separations [34-36]. Zhang et al., [37] studied Zr
(HPO3S)2 impregnated cation exchangers for metal ion separations. In the case of pressure
driven system studied in this paper, silver ions are transported by convective flow which
minimizes diffusional mass transfer limitations. The membrane systems are easier to operate
and scale up as compared to the column adsorption techniques.

The specific research goals for this study are:

1. Preparation and characterization of 3-Mercaptopropyltrimethoxy silane
functionalized silica particles

2. Preparation and characterization of the MMMs

3. Demonstrate the applicability of the MMMs for silver ion capture and study the effect
of various parameters like, silica loading and residence time (by membrane pressure
variation) on the capture efficiency

4. Model the transport behavior of silver ion in the membrane matrix
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2. Experimental Section
2.1. Materials

Cellulose acetate (Mn = 50,000) and polysulfone (Mn = 16,000; MW = 35,000) were obtained
from Aldrich. The solvents used were acetone and dimethyl formamide (DMF) (extra dry,
water < 50 mg/L), obtained from Acros Organics. Deionized ultrafiltered water (DIUF) from
Fisher Scientific was used for the experiments. The monodispersed Ludox TM-50 particles
were obtained from Grace Davison and the silica gels (874-86-2 and 874-85-1) were provided
by Huber Corporation. The average particle size, pore diameter and the BET surface area for
the three types of silica are given in Table 1. 3-Mercaptopropylthrimethoxy silane (MPTMS)
(95%) and 3-(trihydroxysilyl)-1-propane sulfonic acid (35% in water) was obtained from
Aldrich. Anhydrous ethanol was obtained from Sigma-Aldrich. Potassium hydrogen phthalate
used to calibrate TOC was obtained from Nacalai Tesque Inc. Dextran (482 kDa and 144 kDa)
was obtained from Sigma. AgNO3 was obtained from Fisher Scientific and Ca(NO3)2.4H2O
was obtained from Mallinckrodt.

2.2. Analysis
The MPTMS functionalized silica was characterized using the Attenuated Total Reflectance
– Fourier Transform Infrared (ATR-FTIR) spectroscopy using Varian 7000e FT-IR
spectrometer. Total organic Carbon (TOC-5000A) was used to determine concentrations of
the dextran solutions. The concentration difference between the feed and permeate was used
to calculate dextran rejection. Varian SpectrAA-220 Atomic Absorption Spectrometer (AA)
was used to measure concentration difference between the feed and permeate of metal ion
solutions (Ag+ and Ca2+). The wavelengths used for the analysis are 338.3 nm for Ag+ and
239.9 nm for Ca2+. The analytical error for AA in the case of Ag+ was approximately 4% for
concentrations in the range of 1 to 20 mg/L. All the samples were diluted appropriately in order
to use this concentration range. Quartz Crystal Microbalance E4 system from Q-sense was
used to study thiol- Ag+ interaction on 3-mercaptopropyltrimethoxy silane functionalized silica
quartz crystal.

2.3. Silica Functionalization
Dry phase deposition method was used to functionalize the silica particles. The particles were
dispersed in anhydrous ethanol (15 mL of ethanol per gram of silica) and MPTMS was added
such that the ratio of the amount of silica (in g) to the amount of MPTMS (in mL) was 3:7.
Ultra high purity grade nitrogen was bubbled through the mixture to evaporate the ethanol
under fume hood, thus depositing MPTMS on the surface of the silica. For the silanization
reaction, the silica was then placed in oven at 120 °C for 8-10 hrs. The material was allowed
to cool and washed twice with 50 mL of anhydrous ethanol to remove any physically adsorbed
MPTMS and dried again in oven. The silica was analyzed using FTIR to verify the MPTMS
deposition on the silica surface.

2.4. Membrane Preparation
Figure 1 shows a flow chart for the membrane preparation procedure. Two type of membranes
were prepared with the polymer backbone of either cellulose acetate or polysulfone. The silica
particles were dispersed in the solvent. Polymer was added to this solution and allowed to
dissolve. The gel was casted on the glass plate using casting knife. The relative humidity of
the room was approximately 45%. Deionized ultra-filtered (DIUF) water bath at 23 °C was
used for phase inversion. The membrane casted on the glass plate was immediately immersed
into this water bath (no evaporation time).
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In the case of cellulose acetate membrane, the solvent was acetone-water mixture in 7.2:1 ratio
by volume. The weight of the polymer and the silica was adjusted so as to get the silica loadings
of 0, 10, 20 and 30 wt % in the final membranes. In the case of polysulfone, dimethyl formamide
was used as a solvent. The silica particles were allowed to disperse in the solvent for minimum
of 2 h before adding the polymer to it. Membranes were prepared with final silica loadings of
0, 10, 20, 30 and 40%. Except for 10 wt % silica loading, all other membranes were prepared
with the silica type 874-85-1 only. It should be noted that parameters like relative humidity,
gelation bath temperature and evaporation time strongly affect the membrane properties and
cause variations from batch to batch.

The water permeability of the silica-polymer composite membranes prepared as described
above was determined by flux measurements. Sepa ST Membrane Cell from Osmonics was
used to carry out the permeance studies. The permeate coming out of the cell was collected at
intermittent times to measure the membrane flux (JW). The membrane flux was measured at
various transmembrane pressures and the permeance was obtained as a slope of ΔP vs JW graph.
100 mg/L solution of dextran (482kDa) was used to study dextran rejection of the polysulfone
membranes. Dextran rejection data was used for the estimation of hydrodynamic pore size of
the membranes.

2.5. Metal Ion Capture Experiments
Desired concentrations of metal nitrates in deionized ultra filtered water were prepared. The
solutions were permeated through the silica mixed matrix membranes using the Osmonics Sepa
ST stirred batch membrane cell. Typical area of the membrane used in this cell was
approximately 8 cm2 and the cell volume was 250 ml. After placing the membrane inside the
cell, metal ion solution was poured into it (Feed solution). The cell was closed and connected
to pressurized nitrogen tank and desired transmembrane pressure (ΔP) was applied by adjusting
the regulator to pass the solution through the membrane. The solution was continuously stirred
to maintain uniform concentration throughout the cell. The permeate coming out of the cell
was collected at intermittent times to measure the metal ion concentration and the membrane
flux (JW). The feed and the permeate were analyzed by atomic absorption spectroscopy. Using
the concentrations of the permeate samples and the membrane flux data, the total amount of
AgNO3 permeated (mmoles) through the membrane was calculated. Total amount of Ag+

captured (mmole per g of silica) was calculated by numerical integration over the filtration
run.

The effect of the type of metal ion, type of functionalized silica, and residence time was studied
on the metal ion capture capacity and the rate of capture. Ag+ ions are photosensitive and need
to be protected from direct light. Hence in all the experiments, the AgNO3 solutions were
prepared in amber bottles, and the bottles are covered with aluminum foil.

2.6. Quartz Crystal Microbalance for Metal Ion-Surface −SH interaction
Quartz Crystal microbalance allows the measurement of change in oscillation frequency of a
piezoelectric material caused by a change in mass at its surface by adsorption or desorption.
Interaction of Ag+ with surface -SH groups was studied using quartz crystal microbalance. The
silica coated quartz crystal (Surface area = 0.785 cm2) was functionalized with 3-
mercaptopropyltrimethoxy silane by deposition from its alcohol based solution. A solution of
95% ethanol and 5% water was prepared and the pH was adjusted to 5 using acetic acid. The
pH 5 environment is useful for hydrolysis of methoxy groups of MPTMS and to prevent the
disulfide formation of the MPTMS molecules. MPTMS is added with continuous stirring to
yield a 2% final concentration. After 10 minutes, allowing the time for hydrolysis and silanol
formation, the silica coated quartz crystal was immersed into the solution for 2 minutes. After
removing the crystal from solution, it was rinsed free of the excess MPTMS with pure ethanol.
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The MPTMS layer was cured for 15 min at 110 °C in oven. This introduced free −SH groups
on the crystal surface. The MPTMS functionalized silica crystal was mounted in the QCM cell
and pH 5 water was circulated to obtain a steady baseline. It should be noted that only one side
of the crystal is in contact with solution throughout the experiment. 100 mg/L Ag+ solution
(pH adjusted to 5 using acetic acid) was passed over the crystal and the interaction of Ag+ ions
with surface −SH was observed in terms of the mass adsorbed at the crystal surface.

3. Results and Discussion
This section discusses the characterization of functionalized silica and silica-polysulfone
MMM, the effect of various parameters on metal ion capture behavior, silver-thiol interaction
using quartz crystal microbalance, development of model and comparison of experimental and
predicted data for silver capture.

3.1. Characterization
The functionalized and the non-functionalized silica were characterized by FTIR. The silica
polymer MMM was characterized by SEM imaging. Effect of silica loading on membrane
permeability was also studied. Dextran rejection for the membranes was studied to estimate
effective pore radius.

Functionalized silica characterization—In order to verify the successful
functionalization of the silica (874-85-1) particles with MPTMS, ART-FTIR spectra for the
non-functionalized silica and the MPTMS functionalized silica are obtained and compared as
shown in Figure 2. The silica material exhibits associated water even after drying. It starts
loosing the water only after 250 °C. This causes the non-functionalized silica to exhibit silanol
groups (Si-OH) at surface. These groups correspond to the absorbance band around 980
cm-1 [38]. The corresponding peak is observed at 960 cm-1 in the case of non-functionalized
silica. During MPTMS functionalization of the silica surface through the silane chemistry,
these free Si-OH groups are consumed. This should cause decrease in the peak intensity for
functionalized silica which indeed was observed as represented by diminished peak at 952
cm-1. The strongest peak represents Si-O-Si bond of silica network. In order to roughly quantify
the MPTMS surface coverage, the ratio Si-OH: Si-O-Si peak intensities in both the cases are
compared. The ratio is 0.054 for non-functionalized silica and 0.011 for functionalized silica.
This represents 80% decrease in Si-OH group concentration indicating 80% surface coverage
in the case of functionalized silica. This value is in good agreement with maximum coverage
of 76% observed [24] for MPTMS monolayer on mesoporous silica.

The adsorption isotherm of the silver with functionalized silica was found to be linear for the
conditions in which silver was the limiting factor. In order to characterize the MPTMS
functionalized silica, the maximum silver capture capacity was determined by aqueous phase
batch experiment. Known amount of silica (g) was added to known volume of Ag+ solution
(pH = 5.8-6.0) of known concentration and the mixture was equilibrated overnight with
vigorous shaking. A portion of the mixture was filtered (using 0.22 μm polyvinylidene fluoride
membrane) to remove any suspended silica particles and then analyzed for Ag+ concentration.
The difference between the initial concentration and the sample concentration was used to
calculate the silver capture capacity for that batch of functionalized silica. The typical silver
capture capacity was in the range of 1.5-2.1 mmole of Ag/g of silica. The most of the
experiments reported in this study involved silica with a capture capacity of 2.1 mmole/g. If
we assume 1:1 stoichiometry between thiol group and silver ion, the silver capture capacity of
2.1 mmole/g leads to 1.8 thiol groups per nm2 of silica (Based on BET surface area of 708
m2/g for silica type 874-85-1).
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Silica-Polymer MMM characterization—In order to get an idea about the membrane
morphology and the silica particle distribution, the MMMs were characterized by SEM
imaging. Figure 3 shows the SEM image for a cross-section for 40% Silica-Polysulfone MMM.
The cross section clearly displays two regions, a dense top layer followed by a more open
structured layer. Silica particles in the dense region are not directly visible, but their impressions
can be observed in the image. Some of the Silica particles in the open structure are indicated
by the arrows and it can be observed that the silica particles are evenly distributed along the
entire membrane thickness. According to the particles size analysis of 874-85-1 silica,
performed by Huber Corporation, less than 10% particles are below 2 micron in size and less
than 10% particles are greater than 5.1 micron. The average size of the observed particles in
the membrane is around 4-5 μm, which is close to their original particle size indicating no
additional agglomeration during membrane preparation. This is important towards separation
capacity as particle agglomeration may render some sites inaccessible.

Membrane water permeance studies—Effect of silica loading on water permeance of
mixed matrix membranes was studied and the results are shown in Figure 4. The error bar
corresponds to the standard error of triplicate permeance values measured for membranes
prepared from same batch. It was observed that, as the silica loading increased from 10% to
40%, the water permeance of the membranes also increased. Increase in membrane permeance
with increasing particle loading was also observed by Zhang et al. [39] in the case of zirconium
oxide MMM. The study concluded that increasing particle loading improves pore
interconnectivity but does not change skin layer pore size resulting in higher permeance with
little effect on retention properties. In our study, membrane water permeance was studied for
both functionalized and non-functionalized silica MMMs and there was no significant
difference in the two cases. The data can be represented by following linear correlation:

(1)

Where A is membrane water permeance in m3/(m2 s. bar) and ψ is silica weight fraction in
membrane (for 10% silica loading ψ = 0.1). Equation (1) can be extended to express membrane
flux as a function of silica loading as follows:

(2)

Where JW is membrane flux in m3/(m2 s) and ΔP is applied transmembrane pressure in bar.

Membrane free volume fraction (φ) estimation—Free volume fraction of the
membranes was calculated by the membrane water uptake measurements. Silica mixed matrix
membrane was soaked in water overnight. The membrane was then removed and lingering
water was allowed to drip. The membrane was dabbed lightly with tissue paper to remove any
remaining water from the membrane surfaces. The wet membrane was weighed (W1, kg). The
wet membrane was then dried in oven at 110 °C for 8-10 h and the dried membrane was weighed
again (W2, kg). The difference between the weights represents weight of water inside
membrane pores. Free volume fraction was calculated using following expression:

(3)
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Where, Am is membrane area (m2), L is membrane thickness (m) and ρW (kg/m3) is density of
water.

Typical value of φ for a MPTMS functionalized 874-85-1 MMM was around 0.6. For the two
membranes from same batch the values obtained were 0.58 and 0.63. In order to get an idea
about effective pore size of the membrane, dextran rejection was studied. For 10% silica-
polysulfone MMM, observed dextran rejection was 51% and 88% using 144kDa and 482 kDa
MW dextran, respectively. Hydrodynamic pore radius (r1) for the membrane was estimated
using Ferry-Faxen equation [40,41] which is given below.

(4)

R is the rejection of dextran. rs is the hydraulic radius of the dextran molecule in nm, which
can be determined from the following correlation [32]:

M is the molecular weight of dextran in Da.

Based on 482 kDa dextran rejection data (R = 0.88), calculated value for hydrodynamic pore
radius was about 39 nm.

Silver capture using silica-polysulfone MMM membrane—Silver capture
experiments were carried out to verify Ag+ removal from its AgNO3 solution using 30%
874-85-1 thiol-functionalized silica MMM. The results are shown in Figure 5. The observed
maximum capture was 1.5 mmole Ag/g of silica. The dotted line indicates maximum silver
capture capacity. The error bars indicate analytical error of measurement for Ag+ concentration.
In order to prove the hypothesis, that the observed silver capture is specifically due to thiol-
Ag+ interaction, experiments were carried out for silver capture with bare polysulfone
membrane and non functionalized silica-polysulfone MMM. It is clearly observed from Figure
5 that silver capture in both the cases is significantly less (0.45 mmole/g of silica) than what
was observed for thiol functionalized silica (1.6 mmole/g of silica), hence proving the
hypothesis. It should be noted that the non-functionalized silica membrane captured more silver
(0.45 mmole/g of silica) than the pure polymer membrane (0.31 mmole/g of silica). Silica is
known to have negative charge at the surface and it can attract the positively charged silver
ions. This may explain the higher silver capture by non-functionalized silica membrane than
the pure polymer membrane.

The concentration of silver on the retentate side was also measured to verify that the difference
in feed and permeate concentration is not due to osmotic rejection or Donnan effect. In all the
cases, the retentate concentration was less than feed concentration (about 90 – 95% of feed
concentration) indicating successful silver capture by the membrane.

In order to understand thiol site accessibility, silver capture experimental results with thiol
functionalized silica-MMM in convective mode were compared with soaking mode (no
convective flow) results. The membrane was cut into pieces and added to the aqueous silver
nitrate solution and the mixture was equilibrated for approximately 12 h. No significant silver
capture was observed in the case of soaking mode as opposed to convective mode experiments.
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Even if the membrane is highly porous, in the soaking mode the mass transfer resistance for
the silver ions to interact with thiol groups inside silica pores is expected to be high. The
experimental observation clearly demonstrates the inability of the silver ions to access the thiol
sites incorporated inside polysulfone matrix in absence of convective flow.

pH change during silver capture experiments—During silver capture with thiol
functionalized silica-MMM, it is hypothesized that the Ag+ ion replaces hydrogen ion from
the −SH (thiol) group and gets adsorbed. This should lead to higher H+ ion concentration on
the permeate side as compared to the feed solution. pH measurement on permeate side indeed
showed drop in pH as compared to feed solution. The starting solution pH was 5.8-6.0, and
during the initial part of silver pick up experiments (where almost complete silver capture was
observed), the observed pH of permeate solution was in the range of 5.3-5.5.

3.2. Effect of Silica surface area and thiol accessibility on metal ion capture
As reported in Table 1, the three types of silica (874-85-1, 874-86-2 and Ludox TM 50) exhibit
different particle sizes, pore sizes and correspondingly different specific surface areas.
874-85-1 has higher specific surface area than 874-86-2 and Ludox TM 50. Ludox silica is
nonporous as opposed to 874-85-1 and 874-86-2. Hence entire surface area is expected to be
accessible for metal ion capture in the case of Ludox. The average pore diameter values (gaps
between base particles) are 11.8 nm for 874-86-2 and 3.5 nm for 874-85-1. The smaller pore
diameter results in higher specific surface area but it is possible that a portion of this surface
area is unavailable for silanization and/or metal ion interaction due to transport limitations.

In order to compare the relative performances of the three types of silica silver capture
experiments were carried out with each of the functionalized silica-MMMs under same
conditions. The three types of silica were functionalized with MPTMS and then used to make
MMMs with cellulose acetate polymer so as to get 10 wt % silica loading in the final membrane.
The choice of cellulose acetate over polysulfone for polymer phase was driven by compatibility
of the acetone-water-cellulose acetate mixture with Ludox silica which was in the form of
aqueous emulsion. The polysulfone-DMF solution did not form homogeneous mixture with
Ludox silica. The goal was to select one of the three silica materials based on their relative
performance, and then to use that type of silica-polysulfone MMMs for further experiments.

It was hypothesized that the extent of metal ion capture per unit surface area should be largest
for Ludox silica. This indeed was observed as shown in Figure 6. It was also observed that
874-86-2 has higher capture capacity per unit surface area than 874-85-1. However, this trend
for silver ion capture capacity is reversed when compared in terms of silver ion capture per
unit mass of silica present in the membrane as shown in the inset of Figure 6. This clearly
indicates that although a fraction of pore surface area of 874-85-1 was not accessible for silver
ion capture, the advantage of higher specific surface area outweighs the extent of
inaccessibility. 874-85-1 was used as the dispersed phase in the MMMs for all further
experiments.

This experiment also established generic applicability of MPTMS functionalized silica MMMs
for silver capture using suitable polymer domains (like polysulfone, cellulose acetate etc.). It
was also observed that, the silver solution permeance of the cellulose acetate membranes is
significantly lower than that of the polysulfone based membranes prepared under similar
conditions. For a 10% thiol functionalized cellulose acetate membrane, the permeability was
0.2 × 10-4 cm/s.bar as compared to 1.4 × 10-4 cm/s.bar in the case of polysulfone membranes.
This may be attributed to better compatibility of the cellulose acetate-silica leading to formation
of tight membrane matrix.
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3.3. Effect of Residence time (tR) on silver capture
High permeate flux at low pressure drop is one of the advantages of membrane applications
over conventional packed bed columns. High permeate flux (obtained by applying high
transmembrane pressure) leads to lower residence time of the liquid inside membrane, allowing
less time for Ag+ −SH interaction to occur. At the same time high flow rates may increase the
throughput of the membrane system. If the Ag+ −SH interaction is fast (Mass transfer controlled
system), higher flow rates should lead to higher rate of silver capture. Experiments were
performed at various applied transmembrane pressures (ΔP= 1 to 10 bar) and silver capture
was studied. The results are shown in Figure 7.

The residence times were calculated by dividing the water uptake of the membrane (W1−W2)
by experimental flow rates observed during the silver capture. The dotted line represents
maximum silver capture capacity of the functionalized silica (2.1 mmole of Ag+/g of silica).
The solid straight line indicates the ideal case where all the silver permeated through the
membrane is captured. In the initial part of the experiment all the silver was captured in all the
cases indicated by the data points lying on top of the solid line. As the amount of silver
permeated increased further, deviations from the ideal case were observed. In the case of lower
residence times tR = 6.5 s and tR = 2.8 s), a plateau behavior is observed at approximately 80%
capture capacity.

The inset represents the same data plotted in the form of amount of silver captured with respect
to time. It is clearly observed that the rate of silver capture increases with increasing permeate
flux within the experimental conditions studied. This indicates that under the experimental
flow conditions, the Ag+-SH interaction is mass transport limited. Due to this mass transport
limited interaction, available thiol sites are consumed faster owing to higher quantity of silver
fed per unit time in the case of tR = 2.8 s.

If the sites are getting exhausted faster, after a point higher amount of silver ions (in the form
of AgNO3) will start coming out on the permeate side. This will lead to increased deviations
from the ideal case. As expected, the deviations are highest for lowest residence time as
observed in Figure 7. The maximum silver capture observed for tR = 20 s even exceeded the
maximum silver capture capacity of the silica. It is possible that while determining maximum
capacity, some of the silica particles agglomerate in the process and a fraction of −SH sites
become inaccessible. In the case of MMM there may be reduced agglomeration as the particles
are trapped inside membrane polymer matrix resulting in better accessibility.

Dynamic capacity—In order to compare the relative performance of the membranes towards
removal of silver ion applications, dynamic capacity was calculated in each case. The dynamic
capacity was defined as amount of silver captured which was calculated by numerical
integration over the filtration run until the point where the permeate concentration was
approximately 10% of feed concentration. The capacity was normalized by dividing with
maximum silver capture capacity (2.1 mmole/g) and results are shown in Figure 8. It can be
observed that dynamic binding capacity initially decreases with increasing membrane flux from
70% to 45%, but remains almost constant thereafter. Figure 8 implies that the dynamic capacity
is constant for JW higher than 3 × 10-5 m/s. The constant binding capacity in the high flux
regime indicates there is sufficient time for Ag+ −SH interaction and the process is mass transfer
controlled.

Selectivity of Ag+/Ca2+ Capture—In order to verify the selectivity of the MMMs towards
Ag+ ion, silver capture was studied from a feed containing equimolar concentration of Ag+

and Ca2+ (Metal nitrates used to prepare corresponding solutions). The results are shown in
Figure 9. It can be clearly observed that the membrane selectively captured Ag+ from the metal
ion mixture. The Ca2+ capture was negligible. Owing to the nature of the silver-thiol interaction
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it is expected that even in very high concentration of other metal ions like Na+ and Ca2+, the
selectivity towards silver will be high. This characteristic is important for selective capture of
heavy metal ions from a metal ion mixture which usually is the case in many practical
applications. Ritchie et al., [32] have studied selectivity of similar membrane adsorbent systems
towards target metal in very high excess of other metal ions and found that approximately 70%
of the target metal is captured in the single pass.

Membrane Regeneration and Reuse—Several studies have been reported in the
literature dealing with regeneration of thiol based sorbents and recovery of silver/mercury
metals. The most common technique used is sorbent treatment with highly acidic solution like
12 M HCl [24,42]. These harsh conditions can affect the sorbents and significant decrease in
sorption capacity is observed in some cases.

In this study, experiments were conducted to test the membranes for silver recovery. Even after
passing pH 2 aqueous solutions through the membranes, no silver recovery was observed.
Highly acidic solutions (pH < 2) were thought to be detrimental to the MMMs prepared in this
study. Another experiment was performed with silica functionalized with thiol as well as
sulfonic acid groups. The silica was prepared in the similar manner as described earlier using
the combination of MPTMS and 3-(trihydtoxysilyl)-1-propane-sulfonic acid. For the solution
phase experiment 25% of the silver captured was removed from silica surface by lowering the
pH of the solution to 1.8. More experiments to check the regeneration reuse and selectivity of
such silica material towards silver capture will be required to optimize the conditions.

Hudson et al., [43] employed acidic potassium cyanide solution (2M HNO3) and reported 100%
regeneration and reuse of thiol based polymeric resin for silver capture.

Another approach applied for regeneration and recovery is to use mildly acidic (0.1 N HCl)
thiourea solution as an eluent [29,42]. Thiourea acts as a complexing legend in the eluent.
80-90% metal recovery with retained sorption capacity was obtained.

In our case, it seems that acidic thiourea treatment may be useful for regeneration. Strongly
acidic conditions can damage the functionalized silica and result into loss of sorption capacity.
However, due to the high market value of silver, scarifying the sorbent for silver recovery may
still be economically viable.

3.4. Quartz Crystal Microbalance to study surface SH- Ag+ interaction
In order to understand the Ag+ -SH interaction and to establish the thiol group density (number
of thiol groups per nm2 of silica surface), quartz crystal microbalance was utilized. This can
also be used to establish sorption kinetics as the extent of sorption can be measured in nano-
gram range. Figure 10 shows the adsorption data for the QCM experiment. The arrows indicate
the time at which the feed solution is changed from water to silver solution or vice a versa. The
adsorbed mass increased until 300 × 10-4 mmole/m2 and reached equilibrium. The
discontinuity in the increasing adsorbed mass at 230 × 10-4 mmole/m2 represents water passage
to check if the adsorbing mass is non-specifically adsorbed. At 300 × 10-4 mmole/m2, passage
of water caused some desorption and the adsorbed mass steadied at 250 × 10-4 mmole/m2. On
further passage of Ag+ solution, adsorbed mass increased to 320 × 10-4 mmole/m2 and stayed
at that value even after repeated passing of water and Ag+ solution alternatively. A similar
experiment with non-functionalized silica crystal showed some adsorption on passage of
Ag+ solution which desorbed completely on passage of water indicating no specific Ag+

adsorption.

In order to convert the adsorbed mass in moles of Ag+ adsorbed, it was assumed that the
hydrogen ion of −SH group was exchanged with the Ag+. This means that 1 mole of Ag+
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adsorption causes 106 g increase in the adsorbed mass. The calculated equilibrium adsorbed
value of 320 × 10-4 mmole of silver/m2 corresponds to 19 × 1018 thiol groups per square meter.
For fully dense monolayer coverage of MPTMS on silica, Feng et al. [24] have reported a value
of 5 × 1018 molecules per square meter. The higher surface density of thiol groups may be
attributed to multilayer MPTMS coverage or adsorbed mass overestimation by QCM [44-46]
due to coupled water of hydration with Ag+.

3.5. Concentration Profile of Ag+ in functionalized silica mixed matrix membrane
The silver capture by functionalized silica MMMs was modeled to predict concentration profile
of silver ion along the membrane thickness at varying time. Due to the spongy morphology of
the silica MMM, a membrane pore based model was deemed unsuitable in this case. The
membrane pore based model incorporates core flow. In the case of adsorptive separation
process like this, core flow leads to immediate appearance of the adsorbate on the permeate
side. The observation of the experimental break-through curves clearly indicate that the capture
efficiency is almost 100% for a substantial time in all the cases demonstrating absence of core
flow. It was thought suitable to model this MMM process as a one dimensional unsteady state
problem. The MMM can be described in terms of three different phases i.e. active silica
adsorbent phase, inert polymer phase and aqueous silver solution phase occupying the free
volume fraction of the membrane. Figure 11 shows schematics of a MMM as a combination
of the three phases. For the modeling purpose, the silica particles are assumed to be
impermeable and non-porous. It should be noted that, throughout the model calculations, SI
units were used for all the quantities but in the Figures the quantities were converted to suitable
units in order to aid comparison and discussion of the experimental and predicted results.
Following terminology was used for modeling purpose:

φ = Free volume fraction; φp = Polymer volume fraction; (1−φ−φp) = Fractional volume of
silica particles; C′ = Concentration of Ag+ in bulk liquid phase (moles of Ag+/m3 of Liquid);
q′ = Concentration of silver in silica phase (moles of Ag+/m3 of silica Particles); qeq = maximum
concentration of silver in silica phase for C′ (moles of Ag+/m3 of silica Particles); JW =
Membrane Flux (m/s); t′ = time (s); z′ = Distance down the membrane thickness (m).

Taking a mass balance on the liquid phase over an element shown in Figure 11 we get,

(A)

Similarly, taking a mass balance on the solid silica phase we get,

(B)

With initial conditions as follows:

In this case, the axial diffusion is neglected as compared to axial convection.
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In order to couple equations (A) and (B), following linear relationship between qeq and C′ was
assumed.

(C)

Where

γ = Silver − thiol affinity constant.

In this case γ will be a function of surface density of thiol groups. Substituting from equation
(C) into equation (B) we get,

(D)

The equations can be made dimensionless by defining following variable

Where,

C0 = Inlet feed concentration of silver ion (mole/m3); q∞ = maximum silver capture (moles of
Ag/m3 of silica); L = Membrane thickness (m). TS = Time at which saturation of silver capture
was observed and experiment was terminated (s). The saturation time varied between 60 min
to 400 min for various cases studied.

The dimensionless system of PDEs is

(A1)

(B1)

With corresponding initial conditions

Femlab™ (COMSOL, version 3.0a) was used to solve the set of two unsteady state partial
differential equations (A1 and B1). Multiphysics convection-diffusion transient state analysis
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was applied to the one dimensional domain. The thickness of the membrane was partitioned
into 120 elements (241 nodes). In order to get a stable solution it was required to add artificial
diffusion term in the case of equation (A1). In the absence of artificial diffusion term an unstable
oscillating numerical solution is obtained. In the later part, it will also be demonstrated that
addition of this term does not affect the solution of the system. In order to do this, option of
compensated Petrov-Galerkin method was selected in this particular case.

The required values of the model parameters are obtained from the experimental conditions
and are as follows:

C0 = Feed Ag+ concentration = 1.03 mole/m3 (112 mg/L)

L = 150 × 10-6 m (Membrane thickness measured experimentally)

φ = 0.63 (Obtained from membrane water uptake experiment)

Volume fraction of polymer in MMM can be calculated by following expression

(5)

Where, ρSi is density of silica (2.2 g/cm3) and ρp is density of polysulfone (1.24 g/cm3) For a
40% Silica-Polysulfone MMM (ψ = 0.4), using equation (5), φp = 0.27

From silver capture experiment with functionalized silica particles only, maximum extent of
silver capture was 2.1 × 10-3 mole/g of silica (4.62 × 103 mole of Ag/m3 of silica), for feed
concentration of 100 mg/L (0.92 mole/m3).

Using this data calculated value for γ = 5021.8

By applying varying transmembrane pressure, the residence time (tR) was varied. The
corresponding membrane flux (JW, m/s) in the three cases studied are 9.4 × 10-6 (tR = 20 s), 3
× 10-5 (tR = 6.5 s), and 6.93 × 10-5 (tR = 2.8 s).

In order to apply artificial diffusion to get a stable numerical solution, a value for silver
diffusivity in the aqueous phase was required. Based on the reported data [47], a calculated
AgNO3 diffusivity value of 1.80 × 10-9 m2/s was used for all the calculations. The only
unknown parameter remaining was the volumetric mass transfer coefficient (k). In the case of
JW = 6.93 × 10-5 m/s, k was used as an adjustable parameter to match the predicted data with
experimental data. The comparison of the experimental and predicted breakthrough curves is
shown in Figure 12. The predicted data matches very well with the experimental data until C
= 0.80. Deviations are higher beyond this point. The fitted value of the mass transfer coefficient
is 0.0045 s-1. The value of mass transfer coefficient for packed colums (Gas-Liquid) is generally
in the range of 0.005-0.02 s-1 [48]. In order to quantify model quality, R2 value based on
Predicted Error Sum of Squares (PRESS statistics) was calculated using following expression:

(6)
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Where, yi is experimental value, yiˆ is predicted value, yi¯ is mean of experimental values and
n is number of data points used for calculation.

In this case the R2 value for the fit is 0.92 indicating a good fit. The sensitivity of the model
towards diffusivity is determined by varying it from 1 × 10-10 to 1 × 10-8 m2/s and it was
observed that the predicted outlet concentration changes by less than 1% over this range. This
also indicates that the artificial diffusion term does not have any significant effect on the
solution of the system. This also supports the assumption that diffusion is negligible as
compared to convection in this case. The model sensitivity was also determined for 10% error
in γ value (5021.8). Using γ = 4519.6 (case I) and γ = 5524.0 (case II), the corresponding values
of mass transfer coefficients were obtained so as to fit the predicted data to the experimental
data. The adjusted values are k = 0.0055 s-1 (R2 = 0.89) and k = 0.0038 s-1 (R2 = 0.93) for case
I and case II, respectively.

It is expected that the value of k will vary with the permeation rate. In order to predict the
breakthrough curve data for varying membrane fluxes without any adjustable parameter, a
correlation between mass transfer coefficient and membrane flux was required. Based on
various mass transfer correlations reported in literature, it was thought that  is a
reasonable assumption. Using the value of k = 0.0045 s-1 for corresponding JW = 6.93 × 10-5

m/s, the value of the proportionality constant is estimated to be 0.541. This leads to following
mass transfer correlation:

(7)

Expression (7) was used to calculate the volumetric mass transfer coefficients for varying
membrane fluxes. These values of k were used to predict the breakthrough curve data and the
comparisons of the predicted data with the experimental data are shown in figure 13. Inset
shows the comparison in the case of silver capture with 30% silica loading-MMM at JW = 8.5
× 10-6 m/s (R2 = 0.91). In all the cases the onset of breakthrough is predicted accurately but
deviations are observed when the capture process approaches saturation. The deviations are
highest in the case of JW = 9.4 × 10-6 m/s (R2 = 0.75). Considering the fact that no adjustable
parameter was used, the model predictions are comparable with experimental observations. As
discussed earlier, the assumption of negligible diffusion compared to convection has been
verified for JW = 6.93 × 10-5 m/s. It is expected that the role of diffusivity will be of greater
importance for the lowest membrane flux and hence model sensitivity towards diffusivity was
also determined for JW = 9.4 × 10-6 m/s. It was observed that, by varying diffusivity values
between 1 × 10-10 to 1 × 10-8 m2/s, the predicted outlet concentration changes by less than 1%.

In order to check the model applicability over a wide range of parameters, model was used to
predict results for silver capture experiment using a stack of two membranes. Multi stack
membranes are often used to increase capacity of existing membrane processes. MPTMS
functionalized 874-85-1 40% Silica-polysulfone MMM membranes were stacked together and
silver solution was permeated through the stack. The silica used was deliberately functionalized
under the conditions where MPTMS was the limiting reactant so as to get reduced silver capture
capacity per gram of silica. The corresponding parameters obtained from experimental
characterization of silica and MMM are as follows: Membrane thickness = 1.1 × 10-4 m for
one membrane i.e. L = 2.2 × 10-4 m for the stack; φ = 0.52; φp = 0.35; γ = 1880.3 (as compared
to 5021.8 in previous cases). Concentration of feed solution C0 = 0.874 mole/m3. Using these
parameters, predicted breakthrough curve was obtained (dotted line) and its comparison with
experimental results is shown in Figure 14. The R2 value based on PRESS statistics for this fit
is 0.85. It can be observed that the model consistently overestimated exit silver ion
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concentration throughout this run but follows the overall trend in the data. The deviations are
partially attributed to the inaccurate value of mass transfer coefficient obtained from the
correlation based on single stack data.

The reasonable agreement between experimental and predicted data in above demonstrated
cases proves that the model is helpful to predict experimental results over a wide range of
operating conditions and parameters like silica loading, membrane flux, silver capture capacity
of silica, and membrane thickness.

Prediction of silver concentration in silica phase—The model also provides
information about concentration of silver in silica phase throughout the membrane as a function
of time. Figure 15 displays predicted silver concentration (mmole of Ag captured/g of silica)
profile along the membrane thickness at varying experimental time for JW = 6.93 × 10-5 m/s.
As expected, the silver concentration is highest near feed side and gradually decreases along
the membrane thickness. It can be also observed that the membrane is almost fully saturated
with Ag in 60 minutes.

Silver concentration profile along the membrane thickness—It is also possible to
predict concentration profile of silver ion at desired positions along the membrane thickness
using the model. It is expected that the near the position from the membrane feed side, the
earlier it will saturate. This indeed was observed as shown in Figure 16. The results represents
silver capture using 40% silica loading silica-polysulfone membrane (φ = 0.63; φp = 0.27 and
JW = 6.93 × 10-5 m/s). A predicted result for a two stack membrane (z = 1) is also shown for
comparison with single stack membrane. The model offers an efficient way to study effect of
various experimental parameters on silver or other metal separation. The model is applicable
for a generic case involving MMM for liquid phase applications.

Conclusions—Thiol functionalized silica-polysulfone MMMs were successfully applied for
silver ion separation from aqueous solutions. The effects of various parameters like residence
time, porous/nonporous nature, and specific surface area of the silica materials on the silver
capture efficiency were studied. The silver capture data at varying residence times implied that
the dynamic silver capture capacity initially decreases with increasing membrane flux and then
become constant for higher fluxes. Ludox silica, being nonporous, offers highest accessibility
towards thiol-silver interaction. However 874-85-1 type silica demonstrated highest silver
capture capacity (approximately 2mmole of silver per g of silica) among the three silica
materials studied. It was observed that the silver-thiol interaction in the MMMs is mass transfer
controlled under the experimental conditions. The specific nature of the thiol-silver interaction
allows selective silver capture from aqueous solution containing other metal ions like calcium
and copper. This property is important towards practical application of the MMMs, as the feed
stream often contains other metal ions in high concentrations. The silver capture data was
successfully predicted without any adjustable parameter using a one dimensional unsteady state
model. The reasonable agreement between experimental data and predicted data demonstrates
applicability of the model over a broad range of operating parameters like membrane flux,
silica loading, silver capture capacity of the functionalized silica material, and membrane
thickness. The concept of MMMs can be easily expended to the capture of other heavy metal
like mercury, lead etc. The MMMs provide a very good platform for application of thiol
functionalized silica materials for silver ion separations.
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Figure 1. Flow diagram for membrane preparation procedure
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Figure 2. FTIR-ATR for blank and MPTMS functionalized silica (874-85-1). The peak representing
free Si-OH groups on silica surface (959 cm-1) diminishes in the case of MPTMS functionalized
silica
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Figure 3. SEM image of cross-section of 874-85-1 MPTMS functionalized 40% silica-polysulfone
MMM. Arrows point to some of the silica particles in membrane matrix indicating their uniform
distribution along the membrane thickness
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Figure 4. Effect of silica loading on membrane water permeance for non-functionalized 874-85-1
silica-polysulfone mixed matrix membrane. Dotted line indicates fitted linear correlation for the
data (R2 = 0.91)

Ladhe et al. Page 23

J Memb Sci. Author manuscript; available in PMC 2010 January 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Silver capture using thiol-functionalized 30 % 874-85-1 silica-polysulfone MMM.
Comparison with non-functionalized silica-MMM and bare polysulfone membrane silver capture.
Dotted line indicates maximum silver capture capacity. Error bars indicate analytical error of
measurement for Ag+ concentration. In order to facilitate comparison, the values reported for the
case of bare polysulfone membrane (mmole/g of silica), are based on amount of silica present in
polusulfone-non functionalized silica case. The solid lines show trends in the data
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Figure 6. (a) Silver capture with different functionalized silica-cellulose acetate mixed matrix
membrane (10% silica loading). Effect of total surface area and accessibility of surface −SH groups
on silver ion capture capacity. (b) Silver capture data reported per gram of silica
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Figure 7. (a) Effect of residence time (tR) on silver capture capacity for 40% MPTMS functionalized
874-85-1 silica - polysulfone mixed matrix membrane. The error bars indicate analytical error of
measurement for Ag+ concentration. Solid line ideal case of silver capture. (b) Silver capture data
reported as a function of time. Dotted line indicates maximum silver capture capacity
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Figure 8. Dynamic silver capture capacity at varying AgNO3 permeate flux with 40% 874-85-1
MPTMS functionalized silica polysulfone MMM. Solid line shows the trend in the data
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Figure 9. Selectivity towards metal ion capture between Ag+ and Ca2+ with 30% 874-85-1 MPTMS
functionalized silica-polysulfone membrane. The dotted line indicates maximum Ag+ capture by
functionalized silica particles from Ag+ solution. Error bars indicate analytical error of
measurement for Ag+ concentration. Solid lines show trends in the data
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Figure 10. Interaction of Ag+ with surface −SH groups of MPTMS functionalized quartz crystal
by Quartz crystal microbalance. The arrows indicate the time at which the feed solution is changed
from water to silver solution or vice a versa
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Figure 11. Schematic representation of MMM for modeling purpose
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Figure 12. Comparison of experimental and predicted data for 874-85-1 MPTMS functionalized
silica-polysulfone MMM silver breakthrough curve. Error bars indicate analytical error of
measurement for Ag+ concentration. Dotted line represents predicted data

Ladhe et al. Page 31

J Memb Sci. Author manuscript; available in PMC 2010 January 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 13. (a) Comparison of experimental and predicted data for silver breakthrough curves using
thiol functionalized 874-85-1 silica-polysulfone MMM with 40% Silica Loading. (b) Data
comparison for silver capture with 30% silica loading MMM. In all these cases, no adjustable
parameter was used to predict the data. The volumetric mass transfer coefficient (k) is obtained
from correlation based of membrane flux (JW). Error bars indicate analytical error of
measurement for Ag+ concentration. Dotted lines show predicted data
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Figure 14. Comparison of experimental and predicted data (dotted line) for silver breakthrough
curve using 40% 874-85-1 MPTMS functionalized silica-polysulfone MMMs in the case of double
stack membrane experiment. The k value of 0.00202 1/s is obtained from single stack experiment
using equation (7). The silica was functionalized under conditions where MPTMS was limiting
reactant so as to deliberately achieve lower silver capture capacity (γ = 1880.3 as compared to 5021.8
in previous single stack cases). Error bars indicate analytical error of measurement for Ag+

concentration
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Figure 15. Predicted concentration of silver in silica phase along the membrane thickness at varying
times. Feed is 100 mg/L aqueous silver ion solution at transmembrane pressure of 8.2 bar
(Residence time, tR = 2.8 s)
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Figure 16. Predicted concentration profile of liquid phase silver concentration at varying
membrane thickness. Two stack represents concentration profile for silver capture experiment
using two membranes stacked together
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Table 1
Characteristics of various types of silica used in this study

Huber 874-86-2 Huber 874-85-1 Ludox TM 50

Average Particle Size (μm) 3.7 3.3 0.022

Pore Diameter (nm) 11.8 3.54 N/A

BET Surface Area (m2/g) 444 708 95
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