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Vibrational Spectroscopy as a Promising
Toolbox for Analyzing Functionalized
Ceramic Membranes

Johannes Kiefer1,2,3 , Julia Bartels4, Stephen Kroll2,5,
and Kurosch Rezwan2,4

Abstract

Ceramic materials find use in many fields including the life sciences and environmental engineering. For example, ceramic

membranes have shown to be promising filters for water treatment and virus retention. The analysis of such materials,

however, remains challenging. In the present study, the potential of three vibrational spectroscopic methods for

characterizing functionalized ceramic membranes for water treatment is evaluated. For this purpose, Raman scattering,

infrared (IR) absorption, and solvent infrared spectroscopy (SIRS) were employed. The data were analyzed with respect to

spectral changes as well as using principal component analysis (PCA). The Raman spectra allow an unambiguous discrim-

ination of the sample types. The IR spectra do not change systematically with functionalization state of the material.

Solvent infrared spectroscopy allows a systematic distinction and enables studying the molecular interactions between the

membrane surface and the solvent.
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Introduction

Membrane-based filter technologies are widely used in

chemical and environmental engineering. The main object-

ive of a filtering process is usually to purify a fluid, e.g.,

drinking water, either by physical retention of particulate

matter or by adsorption of atoms, ions, or molecules.1,2

In general, the contaminants to be retained can be chemical,

physical, or biological. The latter in terms of bacteria and

viruses is of interest also from a societal point of view as

they can have a direct influence on public health and the

environment.3,4 Therefore, cleaning water from biological

contaminants such as viruses represents a particularly

important task, but at the same time, it is a technological

challenge. This challenge is actually twofold: first, the devel-

opment of suitable membrane materials with tailored sur-

face functionalization; and, second, the implementation of

analytical methods that are capable of characterizing the

materials including their surface properties.

Polymer membranes represent the state-of-the-art

materials in water treatment by filtering.5,6 However,

their tendency to foul7,8 and their reduced chemical,9

mechanical,10,11 and thermal11 stability calls for suitable

alternatives. Ceramic membranes can overcome the

mentioned shortcomings of their polymeric counterparts.12

Moreover, ceramic materials show no swelling behavior and

hence are easier to implement and operate under constant

conditions. Due to their high stability, cleaning and regen-

eration can be realized by (back)flushing, the application

of chemicals (acidic or basic), or thermal treatment13–16

and hence the costs for maintenance and operation

are reduced. In the context of virus retention, ceramic

membranes based on yttria-stabilized zirconia (YSZ) have

recently shown their potential.17–19 The ceramic capillaries

were functionalized using different aminosilanes, which
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significantly increased the virus retention performance.

These materials were found to be very promising for con-

trolled virus retention.

Analytical techniques for membranes that can be used in a

straightforward manner and do not require sample prepar-

ation are highly desirable. However, the characterization of

the surface chemistry and the adsorption mechanisms is often

the bottleneck. It usually requires expensive equipment (e.g.,

electron or atomic force microscopes), sample preparation

(e.g., sputtering, wet chemistry), and the application of high

vacuum.20–22 The latter immediately rejects all attempts to

study a system in the presence of a volatile fluid. This problem

can be overcome by optical spectroscopic methods. In par-

ticular, vibrational spectroscopic techniques are nowadays

established tools and they have already found applications in

the characterization of membranes. For example, attenuated

total reflection Fourier transform infrared (ATR FT-IR) spec-

troscopy is a common tool for studying the surface chemistry

of polymer membranes.23,24 It has also been used to charac-

terize the surface porosity25 and to investigate protein fouling

on standard and functionalized membranes.23,26,27 Raman

spectroscopy has also been applied mainly to polymer and

biological membranes.28,29 Raman applications to ceramic

materials commonly utilize Fourier transform approaches
30,31 or confocal micro spectroscopy.32,33

The aim of this work is to develop a suitable and

straightforward analytical scheme for characterizing func-

tionalized ceramic membranes using vibrational spectros-

copy. For this purpose, Raman and ATR FT-IR are applied

to five membrane materials with different states of functio-

nalization: non-functionalized YSZ; hydroxyl-activated YSZ;

YSZ functionalized with 3-aminopropyltriethoxysilane

(APTES); YSZ functionalized with N-(2-aminoethyl)-3-ami-

nopropyltriethoxysilane (AE-APTES); and YSZ functiona-

lized with N-(3-trimethoxysilylpropyl)diethylenetriamine

(TPDA). A detailed description of these membrane mater-

ials and their virus retention performance can be found in

Bartels et al.19 In addition to the conventional Raman and IR

techniques, the recently developed solvent infrared spec-

troscopy (SIRS) approach34 is employed using water as solv-

ent. In SIRS, the surface chemistry of a solid material is

characterized in an indirect manner. The information is

obtained from the vibrational spectrum of the solvent filling

the cavities in a fixed bed of particles or the porous struc-

ture of the solid material.34,35 The three methods are com-

pared and evaluated with regard to their potential for

analyzing and characterizing ceramic membranes with

post-functionalizations.

Materials and Methods

Sample Preparation and Characterization

The ceramic capillary membranes made of YSZ are fabri-

cated by extrusion and sintered at 1050 �C for 2 h in

accordance with our previous work to maintain a relatively

high open porosity (49%) in combination with a sufficient

mechanical stability (bending strength of 31 MPa) for filtra-

tion applications.19 The zirconia powder TZ-3YS-E is stabi-

lized with 3 mol% yttria, which corresponds to 5.2 mass%.

The powder and the sintered capillaries have mainly a tet-

ragonal structure, which was confirmed by X-ray diffraction

(XRD) measurements. Activation of the membrane surface

is carried out by acidic hydroxylation using Piranha solution

followed by aminosilanization to tailor the loading capacity

of amino groups on the membrane surface. Three model

aminosilanes with one, two, or three amino groups per

silane molecule are used referring to APTES, AE-APTES,

and TPDA, respectively. Figure 1 shows an illustration of

the different chemical surface functionalization states of the

activated and amino-functionalized samples where APTES

features one primary amino group, AE-APTES one primary

and one secondary amino group, and TPDA one primary

and two secondary amino groups. For immobilized APTES,

AE-APTES, and TPDA, the total chain length consists of 6,

9, and 12 atoms, respectively. By this simplified description

of the chemical surface state of amino-functionalized mem-

branes no inter- and intramolecular crosslinking of amino-

silanes is considered showing a straight orientation of single

molecule chains without steric hindrance.

Based on a photometrical acid orange II assay for quan-

tification loading capacities of 0.44� 0.08 (APTES),

0.51� 0.04 (AE-APTES), and 1.01� 0.09 accessible amino

groups/nm2 are determined. The results of streaming-

potential measurements confirm a successful amino-

functionalization and indicate positive zeta-potentials at

pH 3–9 assuming isoelectric points >9, most likely in

the range of �10–11. The performance of such amino-

functionalized membranes is tested for virus filtration

using a small model bacteriophage (MS2, �25 nm). In agree-

ment with an increased loading capacity of amino groups on

the membrane surface increased log reduction values of

5.2� 0.8 (APTES), 5.7� 0.6 (AE-APTES), and 9.6� 0.3

(TPDA) are obtained showing the high potential of chemical

surface functionalizations for bio-engineering and environ-

mental applications. Vibrational spectroscopy was applied

Figure 1. Schematics of the membrane surface with the func-

tionalization states as investigated in this study (in air, non-disso-

ciated functional groups).
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Water was selected because the membrane materials

were prepared for an application dealing with virus reten-

tion in aqueous media. We note that adding water to the

membrane leads to a change in the pH value as the amino

groups will be protonated.

Data Evaluation

Aside from conventional spectral analysis, the data

were analyzed using principal component analysis (PCA).

Principal component analysis is an unsupervised chemo-

metric tool37,38 that is commonly applied to spectroscopic

data.39 Principal component analysis builds a model for a

data matrix X aiming at the most meaningful representation

of the data set. This is obtained by reducing the dimension

of the data matrix X and thereby extracting only the rele-

vant information. The resulting principal components (PCs)

represent the variance in the data set with decreasing

order: the first principal component (PC1) means the lar-

gest variance, PC2 the second largest, and so on. In this

context, the signal variance is a measure for the relevance

of the information stored in the data set. Eventually,

the PCA yields the loading matrix and the scores matrix.

The scores represent the original data in the new dimen-

sional space spanned by the PCs, whereas the loadings rep-

resent the eigenvectors and represent the contribution of

the original data to creating the PC.

Results and Discussion

Raman Spectra

Figure 2a shows the raw Raman spectrum of the non-

functionalized membrane. The spectrum is dominated by

a broad background due to elastically scattered laser light

and thus becomes increasingly intense towards the laser

wavelength, which corresponds to 0 cm�1 in the Raman

spectrum. The radiation in close vicinity to 0 cm�1 is

blocked by an optical filter resulting in the observed dip

at this position. The Raman signatures are visible on top

of the background, but a clear identification and interpret-

ation seems difficult. In order to overcome this problem,

the broad background was corrected using the automatic

baseline filter proposed by Turner et al.40 The corrected

spectrum is almost free of the background. The baseline

corrected spectra of all membrane samples are displayed in

Fig. 2b. The background itself is very similar for all samples.

Since only the low-wavenumber region contains appre-

ciable contributions, the plotted range is limited to

0–700 cm�1. All spectra are very similar. The main peaks

are observed at 642, 463, �323, 262, and 176 cm�1.

In addition, there is a shoulder band at 605 cm�1.

The signatures can be attributed to vibrational modes of

the zirconia substrate. A detailed peak assignment can be

found in the study of Bouvier and Lucazeau.41 They studied

to the non-functionalized, activated (hydroxylated), and 
three types of aminosilanized capillary membranes 
(APTES, AE-APTES, TPDA).

Spectroscopy

Raman spectroscopy is the inelastic scattering of mono-

chromatic laser light. During the scattering process, 
energy is transferred from the incident photon to the mol-

ecule, which undergoes a change in vibrational state. 
Hence, the scattered photon has a reduced energy, which 
gives rise to a frequency shift with respect to the incident 
light. Since every molecule has a unique vibrational struc-

ture, the Raman spectrum represents a molecular finger-

print. For completeness we note that in a ceramic material, 
like the one under study, the existence of a crystal lattice 
of repeating unit cells allows the propagation of vibrational 
waves, which are often referred to as phonons.36 In con-
trast, the vibrational modes of molecules are local phenom-

ena. The Raman spectra of the membranes were recorded 
using an Avantes Raman bundle with a 785 nm excitation 
laser and a resolution of �6 cm�1. Recording ten spectra 
from an individual sample showed very good reproducibil-

ity. The relative intensities of the normalized spectra were 
virtually identical, while the absolute intensity changed by 
10–15%.

Infrared (IR) spectroscopy is an absorption method in 
which the molecules are vibrationally excited directly by 
taking up a photon. The absorbed photon is removed 
from the radiation passing the sample, which gives rise to 
the absorption spectrum. Due to the different selection 
rules for absorption and scattering, Raman and IR spectra 
provide complementary information. The IR spectra of the 
membranes were recorded on an Agilent Cary 630 instru-

ment equipped with a diamond unit for attenuated total 
reflection (ATR) spectroscopy. The spectra were acquired 
in the range of 650–4000 cm�1 with a nominal resolution 
of 2 cm�1. The membrane samples were pressed onto 
the diamond crystal to obtain sufficient contact. During 
this procedure, the membrane geometry was destroyed. 
However, this is no problem, as this damage does not 
affect the membrane surface at the molecular level. 
Before the measurement, the background was taken with 
no sample on the ATR crystal. Thirty-two scans were aver-

aged for each spectrum.

Solvent infrared spectroscopy spectra were recorded 
with the same instrument and settings described above. 
The relatively new concept of SIRS was described in 
detail in Kiefer et al.34 In brief, a powder or porous solid 
is placed on the ATR crystal and fixed mechanically, usually 
with a metal clamp. In the second step, a droplet of a solv-

ent is added to fill the void spaces and wet the crystal. 
Then, the IR spectrum is recorded and compared to that 
of the pure solvent. In the present work, SIRS measure-

ments were performed with distilled water as solvent.
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the pressure-dependent Raman spectrum and compared

their results to the existing literature. According to their

revised assignments, the observed peaks in the present

work can be assigned to Eg(176 cm�1), Eg(262 cm�1),

B1g(323 cm�1), Eg(461 cm�1), A1g(605 cm�1), and

B1g(648 cm�1) modes. Between the sample types, there

are some differences in intensity. However, changes in abso-

lute intensity are not suitable for discriminating the samples

because such changes may also be caused by fluctuation in

the laser intensity or alterations in the signal collection

optics.

The only feature that varies in frequency and band shape

for the different membrane types is the peak at around

323 cm�1. This peak can be assigned to the B1g vibrational

mode of zirconia, which is illustrated schematically in Fig. 3.

The enlarged Raman bands are displayed in Fig. 2c. Taking

the spectrum of the non-functionalized membrane as ref-

erence, the peaks of the activated and amino-functionalized

membranes are slightly redshifted. In addition, they change

in peak intensity and shape. This is important to note,

because determining such small shifts from the spectral

position of the maximum amplitude only may be biased

by noise and the instrument accuracy. Taking several par-

ameters of the observed band into account provides some

confidence in the shifts and their interpretation. The other

peaks not shifting at all also suggests that the observation is

real and not an instrumental artifact. However, it must be

noted that the changes in frequency are on the order of the

spectral resolution of the instrument and, hence, the effects

should not be over-interpreted.

For completeness, in molecular liquids, such spectral

changes can usually be attributed to changes in the strength

of covalent bonds in such a way that the strengthening of

the bond results in an increase in its vibrational (stretching)

frequency and vice versa for weakened bonds.42 This model

can partly be transferred in a sense that the observed red-

shift of the peak at 323 cm�1 indicates that the activation

and amino-functionalization of the membrane yields a

change of the bond force constants in the ceramic material.

It is interesting to note that the modification of the Raman

peak correlated with the number of amino groups in the

silane. This becomes clearer when the spectra are plotted

intensity-normalized or as difference spectra. This will be

done in a comparison below.

Infrared Spectra

In the next step, the IR spectra are analyzed. The full spec-

tral range is displayed in Fig. 4. As for the Raman spectra,

the FT-IR data exhibit characteristic signals only in the fin-

gerprint region. The most distinct differences between

the different samples can be found in the range of

800–1300 cm�1, shown enlarged as the inset in Fig. 4.

Unfortunately, there is not a straightforward correlation

with the functionalized surface chemistry. In all spectra,

Figure 2. Raman data of the ceramic membranes: (a) raw spectrum of the non-functionalized membrane and spectrum after baseline

removal; (b) processed Raman spectra of different samples; (c) zoom-in of processed spectra.

Figure 4. Raw ATR FT-IR spectra of different membrane sam-

ples. The inset shows the enlarged spectral range of 800–

1300 cm�1 after normalization.

Figure 3. B1g vibrational mode of zirconia illustrated schemat-

ically as linear chain model.
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the OH stretching bands of water in the vicinity of the

different membrane materials. The dashed lines represent

the FT-IR spectrum of pure water for comparison.

The broad OH stretching band is commonly decomposed

into several sub-peaks, which can be assigned to the differ-

ent hydrogen bonding states of water molecules.50,51

The high wavenumber wing results from non- or weakly

hydrogen-bonded water molecules. The data in Fig. 5

clearly show that this wing (>3500 cm�1) is virtually iden-

tical in all the SIRS spectra and the pure water FT-IR spec-

trum. This is reasonable as there will always be a small

fraction of water molecules exhibiting weak intermolecular

bonds and the strength of their bonds is rather independent

of the molecular environment.

The highly absorbing part in the center of the OH

stretching band is dominated by those water molecules

that are symmetrically and anti-symmetrically hydrogen

bonded to two neighboring molecules. The low-wavenumber

wing represents those water molecules that are fully incor-

porated in tetragonal structure. As a consequence, this part

of the spectrum is strongly influenced by changes in the

hydrogen-bonding network. The activated sample shows

the strongest deviation of the low-wavenumber wing. This

can be explained by the hydroxyl groups at the activated

surface, which directly affect the hydrogen-bonding net-

work as they can act as both acceptors and donors. The

SIRS spectra of the amino-functionalized membranes

appear very similar at first glance. The main differences in

the functional groups attached to the surface are basically

Figure 5. Solvent infrared spectra of the different membrane

samples in the OH stretching region. The dashed lines represent

the pure water spectrum for comparison.

the band contains three main contributions at 980, 1088, 
and 1200 cm�1. The assignment, however, is not unambigu-
ous as the local vibrational structure depends on the state 
and orientation of the zirconia polymorph.43 Possible 
explanations include overtone and combination bands of 
strong modes occurring below 600 cm�1. The shoulder 
around 1200 cm�1 may be interpreted in terms of adsorbed 
carbonate species.44 However, this is unlikely due to prep-

aration of the material. Below 800 cm�1, the broad 
and strong background does not allow extracting useful 
information. The highlighted range, however, reveals clear 
differences in the spectral shape. This is a very interesting 
result from a practical point of view as the performed ATR 
FT-IR measurements are a straightforward and quick 
approach to characterize a sample. However, care must 
be taken when the spectra are interpreted as the ceramic 
material exhibits a refractive index close to that of the ATR 
diamond crystal.45 Consequently, a quantitative analysis and 
an unambiguous vibrational assignment are difficult as the 
absorption features may mix with reflective signals.46 

An alternative approach would be to record IR spectra in 
transmission mode. The downside of this is the need for a 
careful sample preparation, e.g., in the form of pellets. 
This may introduce uncertainties as well and hence we 
stick to the straightforward ATR method here. For com-

pleteness, we note that a transmission IR spectrum of non-

functionalized YSZ nanopowder was reported by 
Hajizadeh-Oghaz et al.47 Although the spectrum was 
richer than our ATR FT-IR spectrum in Fig. 4, an unambigu-

ous assignment was not given in the paper.

Solvent Infrared Spectra
The abovementioned issue of a high refractive index of the 
ceramic material can be overcome using the relatively new 
concept of SIRS. The SIRS spectrum is dominated by the 
solvent. Direct contributions from the solid material are 
small or even negligible. Solvent infrared spectroscopy 
allows the gaining of information about the surface chem-

istry of nano- and microstructured materials by analyzing 
the molecular interactions with an adsorbed solvent. In the 
present work, water was used as solvent, as the mem-

branes are candidates for virus retention from aqueous 
solutions. The main interactions between the water 
molecules and the atoms and functional groups at the mem-

brane surface will be hydrogen bonds. This simplifies 
the interpretation as the models developed for hydrogen 
bonding and Coulomb interactions in solutions can be 
employed.42,48,49

The OH stretching vibrational modes of water are highly 
sensitive to the local molecular environment and thus their 
band in the FT-IR spectrum will be affected by changes in 
the hydrogen bonding. These hydrogen-bonding inter-

actions can take place either between water molecules or 
between water and the membrane surface. Figure 5 shows
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the chain length and the number of secondary amino

groups (APTES: 0, AE-APTES: 1, TPDA: 2). Water mol-

ecules can interact with the amino groups and hence the

changes in the shape of the OH stretching band, in particu-

lar of the low-wavenumber wing. The changes in the band

shape may also be a result of a pH value change in the

vicinity of the ceramic.52 A direct contribution of the

amino groups in terms of the N–H stretching vibration is

not visible.

Comparison

In all three types of spectra, vibrational signatures that

change with the membrane type could be identified.

These features are compared in Fig. 6. The spectra have

been normalized in a systematic manner in order to ease

their evaluation. The Raman peak at 323 cm�1 changes

moderately in its peak position and spectral shape, relative

to the non-functionalized reference sample. The activated

membrane shows the most distinct redshift (�2 cm�1). The

amino-functionalized membranes exhibit smaller shifts but a

systematic broadening of the peak can be observed with

increasing chain length (and thus with an increasing number

of amino groups). These systematic variations can be seen

more clearly in the difference spectra (see Fig. 6b). On both

sides of the isosbestic point at �325 cm�1 the spectra

follow a systematic trend with increasing chain length of

the amino compound and increasing number of amino

groups.

No similar systematic trend can be found in the FT-IR

spectra. The absorbance changes, which allows a clear dis-

tinction between the membranes. However, it does not

change with chain length in the same straightforward

manner as the Raman spectra. Note that the difficulties in

the interpretation of FT-IR spectra of zirconia materials has

been appreciated previously as well.43 This situation

changes for SIRS, where again a clear correlation with

chain length is observed (Fig. 6d). The SIRS spectra have

been normalized with respect to the high-wavenumber

wing. This representation highlights that the water mol-

ecules, which are not or weakly involved in the hydrogen-

bonding network, are hardly affected by the membrane.

The low-wavenumber wing, on the other hand, allows a

clear and systematic distinction. Moreover, the comparison

with the reference sample indicates that the activated mem-

brane sample leads to a stronger hydrogen-bonding

network in the surrounding water, while the amino-

functionalized membranes seem to lower the fraction of

fully hydrogen-bonded water molecules. The distinction

becomes even clearer in Fig. 6e, in which the SIRS differ-

ence spectra are plotted. The SIRS spectra were first inten-

sity normalized with respect to the maximum absorbance

in the wavenumber region of 2700–3700 cm�1. In the

second step, the analogously normalized spectrum of

pure water was subtracted. Difference spectra exhibit an

isobestic point at 3233 cm�1. Interestingly, this point per-

fectly coincides with the position of a sub-profile that can

be determined by fitting the overall OH-stretching band of

water to a sum of Gaussian profiles, see Wallace et al.50 and

Kiefer et al.53 and the discussion above. The �3230 cm�1

mode can be assigned to symmetrically hydrogen-bonded

water. As aforementioned, the difference spectra suggest

that the fraction of strongly hydrogen-bonded water mol-

ecules increases. This increase is particularly pronounced

for the activated and slightly less for the non-activated cer-

amic material. The three functionalized samples are close to

each other but clearly show a trend with the number of NH

groups: the more NH groups the stronger the influence on

the hydrogen-bonding network.

Figure 6. Normalized spectral features to allow distinction of

different membrane surface functionalization states: (a) Raman

spectrum; (b) Raman difference spectrum; (c) FT-IR spectrum; (d)

SIRS spectrum; and (e) SIRS difference spectrum after normal-

ization. The dashed line in (e) represents the FT-IR spectrum of

pure water for comparison.
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The above analyses of the spectra have shown that all

three methods allow the distinction between the samples

when looking at characteristic features. However, it must

be admitted that some of these features are not prominent

at first glance. Hence, an unexperienced person may be

unable to make use of the data. In order to check whether

or not the spectra can be assigned to the corresponding

materials, PCA was applied to the raw data. Principal com-

ponent analysis is a statistical procedure that makes an

orthogonal transformation to convert a set of observations

of possibly correlated variables into a set of values of

linearly uncorrelated variables.38,54,55 The uncorrelated

variables are the PCs. In other words, the PCA searches

for characteristic signatures in the spectra.

In all three types of spectra, the first PC, PC1, is domi-

nated by the background or pure solvent contributions.

Hence, we focus on PC2 and PC3. Interestingly, in the

PCA results of the SIRS spectra (note that the plots of

the scores vs. wavenumber are not shown), PC2 seems

dominated by water molecules that are weakly hydrogen-

bonded while PC3 represents the strongly hydrogen-

bonded species. For the other data sets, such a clear

assignment of the PCs was not possible. Plotting PC3

against PC2 for all three methods yields the graphs in

Fig. 7. For the Raman spectra, the data representing the

individual materials do not lie close to each other. This

means a poor classification of the data. In other words,

the unprocessed full-range Raman spectra are not suitable

for identifying the ceramic materials unambiguously. This

can be attributed to the strong background from elastically

scattered light. We note that removing the background

beforehand and limiting the spectral window to the finger-

print region from 100 to 700 cm�1 yielded a reasonably

good classification; however, this procedure can no longer

be called ‘‘unsupervised’’. In contrast, the FT-IR and SIRS

spectra allow a clear classification without pre-processing

of the data. Judging from the available three measurements

of each material, the SIRS data points in Fig. 7c are even a

bit closer together than those in Fig. 7b. This highlights the

good reproducibility of SIRS.

Conclusion

In this study, we have demonstrated the use of vibrational

spectroscopy for distinguishing and characterizing functio-

nalized ceramic membranes. For this purpose, Raman, ATR

FT-IR, and SIRS were applied to amino-functionalized yttria-

stabilized zirconia membranes. A non-functionalized and an

activated YSZ membrane were used as references. All

three methods are capable of discriminating between the

different chemical surface functionalities. Raman and SIRS

turned out to be particularly useful as they contain spectral

features, which correlate with the chain length and number

of amino groups based on used aminosilane. All three meth-

ods were applied without any specific means of sample

preparation in order to test the potential of the techniques

for rapid screening and deployment in the field. This is

especially promising as Raman and IR methods currently

experience a push towards hand-held and portable instru-

mentation.56,57 Furthermore, combined vibrational spec-

troscopy methods can open up the door for a

straightforward analysis of chemical surface functionalities

independent from the starting material being of ceramic,

polymer, or metal origin. Moreover, the vibrational tech-

niques under study cannot only be applied to membranes

but also to functionalized colloidal particles that are

common in protein adsorption.58

However, Raman spectroscopy was found to strongly

suffer from elastically scattered light. The resulting back-

ground led to difficulties in the data analysis and interpret-

ation. In fact, data classification via PCA yielded poor

results when the raw data were used. In contrast, the

raw FT-IR and SIRS spectra provided a very good classifica-

tion through PCA. Consequently, the Raman method may

pose a challenge, in particular when ceramic materials are

analyzed by unexperienced personnel. Fourier transform IR

and SIRS seem better suited in this regard.

Solvent infrared spectroscopy was identified as a particu-

larly interesting approach as it enables the investigation of

adsorption effects. This includes the evaluation of how the

membrane surface influences the molecular behavior of a

Figure 7. Principal component analysis results of the raw data. PC3 vs. PC2 for (a) Raman spectra, (b) FT-IR spectra, and (c) SIRS

spectra.
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solvent. In this study, water was used as solvent and the

SIRS spectra revealed systematic changes in the hydrogen-

bonding network, depending on the functionalization of the

ceramic material. Therefore, the SIRS approach may offer

an opportunity to gain a bigger picture of the adsorption

mechanisms of molecules and bioactive systems like viruses

at ceramic membranes. The membranes under investigation

have previously shown their potential for controlled virus

retention from aqueous media. Hence, SIRS may allow

accessing the interfacial mechanisms between a virus

loaded surface of a membrane and a water flow. This is

the subject of ongoing work in our labs. Further interesting

points will be the investigation of effects due to tempera-

ture and pH variations as both are known to manifest as

changes in the hydrogen-bonding network. Moreover, the

application of nonlinear optical techniques59 will enable the

extension of the vibrational toolbox for ceramic membrane

characterization.
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