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Abstract

Agar is an interesting and versatile biopolymer capable of forming hydrogels useful in different
applications. In particular, in the field of Cultural Heritage agar gels are often used as tools for
cleaning the surfaces of artifacts. Agar gels are thermoreversible, peelable materials, exhibiting high
retention of water and an intrinsic cleaning capability that can be increased and modulated by loading
different cleaning agents. Agar gels are able to solubilize and retain dirt, and allow a confined release
of the liquid phase, which is especially important when they are applied on water sensitive
substrates. A detailed knowledge of the role of water in agar gels and of water/agar interactions is
important to fully understand the properties and performances of agar gels as cleaning materials.
Here we report the results of a systematic study aimed at exploring the water state and the types of
water (i.e. bound non-freezable, bound freezable and freezable bulk-like) in agar hydrogels prepared
from four different types of commercial agar powders. The influence of agar concentration on the
water behavior in the hydrogels was also investigated. The total water content, the identification and
guantification of the different types of water was carried out by gravimetric, thermogravimetric and
calorimetric analyses, while water mobility and localization in the gel network were investigated by
unilateral *H NMR. Moreover, *H NMR depth profiles of agar gels applied on Noto stone specimens
were collected to monitor the gel deformation due to water release and to evaluate the ability of the

gel in controlling the water release into a porous material.
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1. Introduction

Agar gel is an important gelling material commonly used in a wide range of application fields, such
as pharmaceutical, biological research and in the food chain [1,2]. Agar is a gel-forming
polysaccharide extracted from different species of Gelidiales and Gracilariales red seaweed and
consisting of two main alternating polysacchatides: agorose and agaropectin. Agarose is a linear
polymer consisting of alternating [-D-galactose and 3,6-anhydro-L-galactose units linked by
glycosidic bonds and forms the agar gelling fraction; whereas agaropectin is a heterogeneous
agarose deeply modified with acidic side groups (i.e. sulphate and pyruvate), which reduce the
gelling properties [3-6]. It forms a hydrophilic and thermoreversible semi-rigid gel, after heating and
the following cooling process. Indeed, during the cooling, the polysaccharide chains arrange in a
double-helix ordered structure by hydrogen bonding and generate a three-dimensional porous
network containing water [7]. Since more than a decade, thanks to their great advantages, hydrogels
and in particular agar gels, have an important role as cleaning materials for artworks with sensitive
substrates, such as paintings, gypsum plasters and decayed stone artifacts [8-14].

Agar gel systems favour the selectivity of the cleaning method by gradually removing the soiling
layer through a combination of different processes including (i) syneresis, that is the spontaneous
release of water through the gel surface, (ii) diffusion of water into porous substrates or capillarity,
which wets the layers below the artwork surface, (iii) ion diffusion through the gel/surface interface,
when there is an ion concentration gradient, and (iv) osmosis, when water molecules migrate through
a semipermeable membrane against the concentration gradient [8,15-16]. The synergic combination
of these processes ensures a fine control of the liquid release and diffusion in the artwork near-
surface region, limiting the penetration by capillarity and subsequent evaporation of the free solvent,
hence reducing the swelling of organic components and the unwanted solubilisation of inorganic
salts. Furthermore, gels applicable as cleaning tools in the Cultural Heritage field are easily
removable: the mechanical action over the surface of the artwork is minimized, leaving a low amount
of residues which may be easily removed by cotton swabs or other tools [17-19]. For these reasons,
gels are adequate and safe tools for cleaning the surface of artworks and for satisfying the
fundamental requirements of a correct cleaning method, as suggested by national guidelines [20-
23].

Water in hydrogels can be classified into three main types: non-freezable bound, freezable bound
and free water [24-28]. Non-freezable bound water is closely associated with a polymer network and
does not show any solid-liquid phase transition. Freezable bound water is the water fraction less
closely bound to the polymer matrix and shows a melting and freezing temperature remarkably
different from bulk water. Free water shows similar melting/freezing temperatures as bulk water. The
state of water in gel systems has been previously investigated by differential scanning calorimetry
(DSC), thermogravimetric analysis (TGA), and nuclear magnetic resonance (NMR), [29-33]. These

techniques provide specific and complementary information: from DSC curves, the heat of melting
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of freezable water can be calculated, together with the content of freezable and non-freezable water;
from TGA, the weight loss corresponding to different water fractions and the polymer thermal stability
can be determined, and from NMR information about the state of water and the polymeric network
of the gels can be obtained. Unilateral *H NMR can quantitatively detect the different types of water
and water distribution in hydrogels, and study water transport by measuring relaxation times and the
self-diffusion coefficient. Whereas relaxation times depend on both rotational and translational
molecular motions, diffusion measurements are related to the translational molecular displacement.
In biomedical and pharmaceutical applications, it is important to know how water molecules
associate with the polymer to understand transport phenomena. Similarly, also in field of
conservation of Cultural Heritage the knowledge of the interaction between water molecules, the gel
network and the surface of the artwork is important for understanding cleaning mechanisms and for
correlating the cleaning mechanisms with the performance and efficacy of cleaning systems based
on hydrogels. The water release into the surface of the artwork during a cleaning treatment is of
primary importance and is affected by a number of parameters such as the gel porosity, purity, the
pH and conductivity of both the gel and the solution, the polymer concentration, the time of
application of the gel to the surface, the type and physical state of water molecules [8-10,15-16, 34].
Moreover, depending on the different amount of water, hydrogels show a certain degree of flexibility,
which helps in modulating some characteristics, such as the swelling behavior and mechanical
properties.

Since in a previous study important compositional differences were highlighted in agar powdery
samples of different provenance [35], this paper reports the study of the water entrapped in the agar
network for different types of agar gels. The water state and its release were studied by gravimetric
measurements and thermal analyses (TGA and DSC). In particular, the amounts of bound and free
water were obtained by plotting the endothermic changes in enthalpy versus water content, as
described by Quinn et al. [30]. Unilateral *H NMR was used to obtain detailed information on the
interaction between water molecules and the gel network. This technique combines an open magnet
and a radio-frequency (RF) coil to generate a sensitive volume external to the sensor where the *H
NMR signal is generated and detected. The magnetic field is applied to one side of the object, making
this technique particularly suitable for non-invasive analysis of cultural heritage [36-39]. Finally, to
assess the variation of the gel thickness during the water release, *H NMR depth profiles of agar
gels before and after the application on the surface of porous stone specimens were collected at

different times of application.

2. Materials and methods
2.1. Agar powders and gel preparation

Four different agar powders with different provenance were used in this study: 1) AgarArt (CTS, Italy)

and 2) Agar Purissimo (Bresciani, Italy), that are among the most used gelling materials in Italy in
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the field of conservation; 3) Agar purchased from Sigma Aldrich (A7002_CAS:9002-18-0), that is
mostly used for biological applications; 4) an agar powder used in the food industry and imported
from the United Kingdom (in the following named Agar Food).

Gels with different concentrations of agar powder (1, 3 and 5% w/v) were prepared following the
same procedure: the proper amount of agar powder was mixed with Milli-Q water and heated in a
microwave oven at 700 W for 2 min reaching approximately 92-95 °C. The obtained sol was then

cooled in air to room temperature forming the gel [40].

2.2. Characterization

Thermogravimetric analyses (TGA) were carried out by a TA Q500 model from TA Instruments.
Evaporation of water from gels was measured by heating 5+10 mg of sample contained in alumina
pans at a rate of 10 °C/min from 35 to 400 °C in nitrogen, after an isothermal treatment of 2 min at
35 °C. Measurements were performed in duplicate.

A Q200 (TA instruments) differential scanning calorimeter was used to study the phase changes of
water in the gels. Analyses were performed in the temperature range from -40 to 20 °C, with a
scanning rate of 10 °C/min and under a nitrogen flow of 50 ml-min. Aluminum pans containing 5+10
mg of samples were used. At least two DSC curves per sample were recorded to ensure good
reproducibility of data. Endothermic peaks due to water melting were integrated and plotted versus
water content, W, to quantify bound and free water of gels, where W is the wt % water content relative
to the 100 wt % dry material [30]. The minimum amount of water detectable and quantifiable by DSC
analyses was approximately 600 W, that is 6 gn20/Qadry gel-

Samples used for both TGA and DSC analyses were cut from the gels after progressively longer
drying periods at 140 °C from To up to a maximum time length of 5 hours. Moreover, water loss at
each time interval was determined gravimetrically by averaging the weight measurements of two gel
samples of approximately the same size. All trends are characterized by a standard deviation values
<0.1.

'H NMR analyses were carried out at 13.63 MHz with a portable NMR instrument from Bruker Biospin
interfaced with a purposely built single-sided sensor by Rheinisch-Westfélische Technische
Hochschule (RWTH) Aachen, Germany. Longitudinal relaxation times T, were measured with the
Saturation Recovery pulse sequence followed by a CPMG-train in the detection period to increase
the sensitivity. Effective transverse relaxation times Toerr [41-42] were measured with the Carr-
Purcell-Meiboom-Gill (CPMG) pulse sequence, 4096 echoes were recorded on gels at a depth of 1
mm with an echo time 21 of 71.2 ys. The inhomogeneous magnetic field of unilateral *H NMR is a
further source of relaxation which shortens the measured T.er values of the gel, making them
definitively shorter than those which would be measured in a homogeneous field. In fact, in the

presence of a magnetic field gradient, the transverse relaxation time does not depend only by spin-



spin interaction, but it is also controlled by molecular diffusion in the magnetic field gradient which,
in the case of portable NMR is very strong (14.28 T/m).

Longitudinal and effective transverse relaxation times were obtained fitting the magnetization decay
to the following equation:

—27

Y(x)= Zn“wie“m
i=1

where n is the number of components of the decay, Wiis the weight of the i"" component, and Tii,»

is the longitudinal or transverse relaxation time of the i component. Before fitting, the sum of weights
was normalized to 100%.

Self-diffusion coefficients D of water molecules in the gel were measured with a Steady Gradient of
14.28 T/m using a STimulated Echo (SGSTE) pulse sequence followed by a CPMG echo train to
improve the signal noise ratio [39]. The strong constant magnetic field gradient of the single-sided
sensor simplifies the measurement of the self-diffusion coefficient in heterogeneous porous
materials because it reduces the relative contribution from background gradients due to susceptibility
variation across the sample. In SGSTE pulse sequence the attenuation of the spin echo signal,

which results from the dephasing of nuclear spins is used to measure the displacement of molecules.
The normalized echo attenuation % measured by *H NMR diffusion measurements is given by:
0

2T
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where A, is the amplitude of the *H echo signal collected at time 1, Ao is the amplitude of *H echo
signal collected at the shortest time 11, D is the self-diffusion coefficient, A is the diffusion time, G
(14.28 T/m) is the magnetic field gradient, y is the *H gyromagnetic ratio (2.6752x10% s rad T?),
and T and T are the longitudinal and transverse relaxation times, respectively.
For large D values, strong magnetic field gradient, and provided that t1<<T,, and A<<T,, diffusion
terms dominate over relaxation terms and the self-diffusion coefficient may be obtained from the
following equation:

In (AA()) = —y2G21? (A + ;H) D
The uncertainty associated to T1, Tz, and D was obtained by repeating the measurement three
times on each sample.
H NMR depth profiles were measured on slices of agar gels (5x5x0.5 cm?®) applied on Noto stone
specimens (5x5x2 cm?) having a total porosity between 30 and 42 %, and pores radius between 0.1
and 10 um [43-44]. Hydrogels obtained according to the procedure reported in section 2.1 were
applied for 30, 60 and 240 min to the stone specimens on the surface displayed horizontally, and
covered with a film of PVC to avoid further evaporation.
'H NMR depth profiles of hydrogels were acquired with a CPMG pulse sequence (2t of 57 s,

nominal resolution 50 pym, steps 200 um). Profiles were collected by repositioning the single-sided
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sensor to scan the whole thickness of the gel. The amplitude of each point of the profiles was

obtained as the addition of the first eight echoes.

3. RESULTS AND DISCUSSION

3.1. Gravimetric and thermogravimetric analysis

Weight changes due to the evaporation of water in gels dried at 140 °C were determined
gravimetrically. The curves reported in Figure 1 provide a general description of the water content
vs. drying period for gels at different agar concentration. The weight loss curves exhibit a constant
decrease, increasing the drying period. In particular, all gels at 1% w/v lose the entire amount of
water in 80 min of drying at 140 °C. The weight loss curves of Agar Purissimo and Food 3% w/v are
intermediate between 1 and 5% wi/v (Figure 1b and 1d). On the other hand, AgarArt and Sigma 1%
and 3% w/v show a comparable trend of weight loss, while for gels at 5% w/v the weight loss is
slower and after 80 min they retain approximately 20% of water (Figure 1a and 1c). This is possibly
due to a denser polymer network which slows water evaporation. In fact, FE-SEM analyses (not
reported here) carried out to investigate in details the porosity of the different agar gels show that, in
general, by increasing agar concentration the number of pores per volume increases as well.
However, this process of pore densification is not homogeneous and results in a broader distribution
of the pore size: at agar concentration of 1% w/v most of the pores are in the range of 200 and 300
um, while increasing agar concentration gels show a more heterogeneous porosity, with most of the

pores having a diameter from 100 to 400 um.
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Figure 1. Weight loss curves vs. drying period at 140 °C for AgarArt (a), Agar Purissimo (b), Agar
Sigma (c), Agar Food (d) at different concentration and the comparison of all sample set at 3% w/v
(e) and 5% (w/v) (f).



Gels containing 3% w/v of agar, the most used by restorers according to our experience, were also
analysed by TGA in order to study more in detail the evaporation of water from the different gels. As
reported in a previous work [35], the agar powder analysed by TGA up to 800°C showed three main
weight losses: the first, from room temperature to 100-130 °C, is due to the release of physisorbed
water, the second weight loss, at approximately 160-230 °C depending on the type of agar, points
to the occurring of scission reactions breaking the polysaccharide network, the third weight loss,
starting at approximately 400 °C, leads to a complete degradation of the polysaccharide. Here, in
order to focus on the water content in agar gels, TGA analyses were performed from 35 °C to 400
°C. Moreover, all samples were conditioned in the TGA furnace by an isothermal treatment of 2 min

at 35 °C (which is not shown in Figure 2).
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Figure 2. TGA curves (a) and the corresponding derivative weight curves (b) of AgarArt hydrogels
3% wi/v after progressively longer drying periods: To (solid line), Ts (dash), T2s (dot dash), T4o (long
dash), T4s (broken dash), Tso (broken double dash), Tsgo (Short dash).

Figure 2 shows the thermogravimetric analyses of AgarArt gels at 3% wi/v dried at 140 °C in a static
heater. All weight loss curves (Figure 2a) show two main steps: one at low temperature, up to 80 °C,
can be ascribed to the loss of free water, while the second weight loss, starting at 200 °C, is due to

the degradation of the polysaccharidic component. The TGA curve of the gel tested soon after the
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preparation (To) is basically characterized by the dehydration step: most of the sample weight,
approximately 96 %, is due to water entrapped in the polymer network. Conversely, gels dried at 140
°C for 5 hours (Ts00) are fully dehydrated. As expected the amount of water in the samples dried from
5 (Ts) to 50 min (Tso) progressively decreases as longer is the drying. Gels dried from T to T4 show
a common profile of dehydration with a fast water loss at low temperature due to the loss of free
water. In these gels the release of water occurs between room temperature and 100 °C. Instead,
gels dried at 140 °C for 45 to 50 min show a more complicated profile of dehydration with a faster
water loss at low temperature, due to free water, followed by a more gentle decrease in weight,
accounting for approximately 4 and 8 % of the total water, and extended up to 170 °C, which is due
to bound water. The change in the slope of the curve is evidenced by an arrow in Figure 2a. An
insight of the process is also given by the weight derivatives reported in Figure 2b, where the signal
due to dehydration progressively decreases in intensity indicating a reduction of free water with
drying time. In addition, Figure 2b also shows that for samples dried for 45 and 50 min the loss of
water continues up to 170 °C, that is when the derivative curves go to zero.

Gels obtained from the other types of agar exhibit a similar trend of dehydration with only minor
differences in the weight loss attributed to bound water, probably because of a different density of
the polymer network. For instance, Sigma gels, which seem to lose water more quickly than the other
samples, do not show any water loss beyond 130 °C and the weight loss due to bound water starts
at Tao.

3.2 Differential scanning calorimetry
DSC analysis allowed monitoring the phase changes of water in the polymer network and to

determine the amount of freezable and nonfreezable water.
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Figure 3. DSC curves of hydrogels 3% w/v of all agar gels.

Figure 3 shows some DSC curves of AgarArt, Agar Purissimo, Food and Sigma gels 3 % w/v. The
complex shape of the melting peak indicates that freezing water consists of different types of water,
8



namely freezable weakly bound water, which melts at lower temperature, and free water, which melts
at higher temperature [45]. In general, by increasing the drying time the melting signal due to free
water at higher temperature decreases, while the contribution of bound water in the lower
temperaure side of the melting signal increases. After 50-60 min of drying, corresponding to a water
content of 4+8 w/w (grams of water/grams of dry agar), the melting signal of freezable water
disappears indicating that the water in the sample is nonfreezing bound type. Thus, nonfreezing
bound water can be equated with the maximum amount of water for which no enthalpic peak is
detected. However, it must be considered that if the amount of water in gels is too small compared
to the sensitivity of the instrument, water remains unseen preventing an accurate determination of
the amount of non freezable water. Here, both free (i.e. freezable) and bound water (i.e.
nonfreezable) were quantified by plotting the enthalpy of melting (AH per gram of dry polymer) as a
function of water content (W) according to the method described by Quinn et al. [30].

In Figure 4 the data for the hydrogels with an agar concentration of 3% w/v are shown together with
their linear fit.
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Figure 4. Enthalpy of melting vs. water content in agar hydrogels 3% w/v. Both AH and water

content are relative to the dry polymer weight.

The linear fit to the integrated endothermic signals of melting of freezable water vs. water content
yields the differential heat of fusion for freezable water, given by the slope of the linear fit, and the
maximum amount of non-freezable water, given by the extrapolated value of water content which
resets the enthalpy of melting. The non-freezable water percentage is then calculated by comparing
the water content obtained at the zero value of the enthalpy of melting with the water content of the
hydrogel at To, that is before drying. The linear fit equation, the heat of fusion for the freezable water
and the amount of freezable and non-freezable water are reported in Table 1.

Table 1. Linear fit equations and extrapolated values from data plotted in Figure 4.

Differential
Non-freezable Freezable
) . ) heat of
Sample Linear fit equation ) water water
melting
(wt %) (wt %)
(cal-g?)




AgarArt 3 % wiv

AH =0.628W - 372.0
R?2=0.94

0.628

20.22

79.78

Agar Purissimo 3 %

wiv

AH =0.765W - 708.7
R?=0,95

0.765

25.91

74.09

Sigma 3 % w/v

AH =0.598W - 262.3
R?=0.97

0.598

12.32

87.68

Food 3 % wi/v

AH = 0,620W —
267,0

0.620

12.44

87.56

R?=0.98

Notably, for all the different hydrogels the heat of melting of freezable water is lower than that of bulk
water, AH = 79.6 cal-g%, indicating that water in the hydrogels behaves differently from bulk water.
In particular, the lower is the heat of melting the more dispersed is the water phase, which may also
be associated to a more inhomogeneous microstructure of the hydrogel. Thus, according to data
reported in Table 1, Agar Purissimo should give more homogeneous gels than the other agar
samples [46]. The amount of non-freezable water is also significantly different depending on the agar
source. In particular, in Agar Purissimo the amount of non-freezable bound water is approximately
double that in Agar Sigma and Food. This points either to a different microstructure of the gels (i.e.
the larger interfacial area, the higher is the interaction between water molecules and agar) or to a
different hydrophilicity of the polymer network (i.e. binding sites are affected by the number and
nature of polar groups or ion clusters) [47-48].

a /o
5000 - o
©
£ o
5 4000 - o b .
o 71500 A
2 =
S 3000 - 78
3 g 24
‘{f" 1000 AA'g‘
T 2000 | o o/
</ N
; _ 2
% 500
1000 - ﬁ R
L o ot
0 _f 0 1000 2000 3000

0 5000 10000
Water content (wt %)

Figure 5. a) Enthalpy of melting, AH, vs. water content (W) in AgarArt 1% w/v (o, AH = 0.593W -
407.0), 3% w/v.(0, AH = 0.628W — 372.0) and 5% w/v (A, AH = 0.649W - 274.8); b) magnification of

the initial portion. Both AH and water content are relative to the dry polymer weight.
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The influence of agar concentration on the type and amount of water molecules in the hydrogels was
studied for the AgarArt gels. In Figure 5 the area of the melting signal (per gram of dry agar) versus
water content is plotted for AgarArt gels with an agar concentration of 1, 3 and 5% w/v. The
differential heats of melting obtained from the linear fit of the different set of data are very similar
(Table 2), indicating that freezable water in the three hydrogels has the same properties and its
behaviour is not affected by agar concentration. On the other hand the amount of non-freezable
bound water changes. Increasing the agar concentration from 1 to 3% w/v, the content of bound
water becomes triple, reaching approximatly 20 wt % of the total water content. This behaviour is
consistent with the formation of smaller micropores in the 3% wi/v hydrogel, resulting in a larger
interfacial area and higher number of surface sites binding water molecules. A further increase of
agar concentration, let the amount of non-freezable water constant, possibly because the stiff and
denser polymer network makes the binding sites less accessible for water molecules [49].

Table 2. Linear fit equations and extrapolated values from data plotted in Figure 5.

) . . Differential heat of melting | Nonfreezable water | Freezable water
Sample Linear fit equation
(cal-g?) (wt %) (wt %)
AH = 0.593W - 407.0
AgarArt 1 % wiv 0.593 6.624 93.38
R2=0.98
AH = 0.628W - 372.0
AgarArt 3 % wiv 0.628 20.22 79.78
R2=0.94
AH = 0.649W - 274.8
AgarArt 5 % wlv 0.649 19.68 80.32
R%2=0.95

3.3 Unilateral *H NMR

Water in hydrogels belongs to three categories: non-freezable bound, freezable bound and free
water [24,50]. According to C. Canevali et al. [51], by combining the study of water transport by
capillarity [52] with *H NMR analyses it is possible to identify the different water components as a
function of gel concentration.

As well known longitudinal and transverse magnetization decays of bulk water exhibit mono-
exponential trends with T; = T» both of the order of seconds, whereas, in the presence of different
types of water multi-exponential trends are found which correspond to multiple T, and T, values.
This behaviour has been previously observed in many porous systems [53-55]. In particular the
transverse relaxation time of a nucleus is sensitive to both slow and fast molecular motions, while
the longitudinal relaxation time is affected by fast motions only [56]. Literature highlights that in agar
gels the longitudinal and transverse relaxation times of water are shortened by the presence of agar

macromolecules.
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Relaxation times were measured in agar gels to investigate water components and mobility as a
function of agar concentration and commercial typology. In all agar gels the longitudinal relaxation
time (T1) showed a mono-exponential trend, whereas the transverse relaxation time (T2) showed a
bi-exponential trend.
N . : 1
As shown in Figure 6, for the whole set of agar gels the longitudinal relaxation rate Rlz?
1

exhibited a linear correlation with agar concentration, indicating that by increasing the concentration

water mobility decreased possibly due to the agar network which hindered water mobility.
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Figure 6. Correlation between longitudinal relaxation rate R: = 1/T of water and agar concentration
in gels. Solid lines were obtained by fitting data to straight lines: AgarArt R? = 0.84, Agar Purissimo
R? = 0.97, Agar Sigma R? = 0.99, Agar Food R? = 0.99. AgarArt (m black), Agar Purissimo (e red),
Agar Sigma (A blue) and Agar Food (¥ dark cyan).

In the case of the transverse relaxation time T, two proton species must be taken into account: one
exhibiting a short transverse relaxation time T2a, related to bound water, and another one exhibiting
a long transverse relaxation time Tzg, related to water free to move. Figure 7 shows the linear
correlation between the transverse relaxation rate R, = Ti and agar concentration found for the
2

whole set of gels.

Both relaxation rates increased with the agar concentration. The slope of the line obtained from the
best fit of Rzg (free water) against agar concentration was found to be steeper than that of Rz (bound
water). Indeed, these trends showed the greater influence of the agar concentration on the mobility
of free water than on the mobility of bound water. Furthermore these data confirmed that increasing
the population of double helices and their interconnection, water motion was increasingly hindered,
as the average probability of collisions between water molecules and the gel network increased
[57,58]. In all samples the percentage of bound water was in the range of 4-7%, which was

considerably lower than the percentage estimated from DSC data.
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Therefore, transport properties of gels and the mobility of free water depend strongly on the
concentration of the polysaccharide.

In order to study in detail the translational motion of water in agar gels as a function of agar
concentration, the self-diffusion coefficient of water molecules was measured by diffusion *H NMR
measurements [59].

In all commercial agar types diffusion decays showed a linear correlation with agar concentration
indicating that a single self-diffusion coefficient describes the molecular displacement of the free
water molecules, see Figure 8.
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Figure 8. Self-diffusion coefficients of water molecules in agar gels vs. agar concentration at diffusion
time of 30 ms. Solid lines were obtained by fitting data to straight lines. AgarArt (m black), Agar

Purissimo (e red), Agar Sigma (A blue) and Agar Food (¥ dark cyan).
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Self-diffusion coefficients of water in agar gels were always slower than those observed in bulk water
(2.5*10° m?s at 25°C), and decreased as agar concentration increased, indicating that the
translational motion of water molecules was more hindered in agar gels than in bulk water. The
mean square displacement (r?) of water molecules with a self-diffusion coefficient (D) during a
diffusion time (A) can be calculated from the relationship (r?) = v2DA [59]. According to this
relationship, in a diffusion time (A) of 30 ms, bulk water molecules should undergo a mean square
displacement of about 21 um. This distance is at least 20 times greater than the possible pore size
of agar gel reported in literature that varies from 1 nm to about 600 nm [61].

During the diffusion time, water molecules travel across the gel network and their translational motion
is increasingly hindered as the average probability of collision between free water molecules and the
gel network increases. These results are in agreement with a study by Davies et al. [62] who reported
that the decreased motion of water molecules in agar gels can be due to both the chemical interaction
with hydroxyl groups and the obstruction caused by the gel network.

It is worth to note that among the analysed gels, the water molecules in AgarArt showed the lowest
self-diffusion coefficient at each concentration, indicating the slowest translational motion.

To evaluate the ability of the gel to release water into the structure of a porous medium, *H NMR
depth profiles were collected on AgarArt before and after the application on Noto stone specimens.
Noto stone was selected because its high porosity allows water molecules to easily diffuse from the
gel into the stone. This is an ideal condition to evaluate the ability of the gel in controlling the release
of water. In Figure 9a and 9b, the profiles of AgarArt 3% w/v are compared with those measured on
Agar Sigma at 30, 60 and 240 min of application. In the figures the profile of the gel before application
to the stone is also reported (t=0), its thickness was found to be 2800 um. When a hydrogel is applied
to the surface of a porous stone specimen, the loss of water released from the gel to the porous
structure during a certain time of application causes a deformation of the gel, thereby the collapse
of the network, and the onset of the polysaccharide chains, see the sketch in Figure 9. Calculating
the deformation of the gel as the variation of thickness Ah of the *H NMR depth profile, it was possible
to evaluate the deformation of the gel during the time of application on the porous structure.
Specifically, the thickness variation was calculated from the difference between the profile thickness
Ahg before the application to the stone (t=0) and the thickness Ah; at the time of application ti: Ah=
Aho- Ahi. In Figure 9c¢, the variation of thickness calculated in AgarArt and Agar Sigma are reported
as function of the time of application. Results showed that after the first minutes of application both
AgarArt and Agar Sigma had a very similar thickness variation. On the contrary, at longest times of
application AgarArt experienced a minor degree of deformation with respect to Agar Sigma. During
the application of the gel on the surface of the porous stone specimen, the translational motion of

water molecules was found to be slower in AgarArt than in Agar Sigma. As a consequence, AgarArt
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showed a better control of the water-releasing process and a better resistance to gel thickness

variation than Agar Sigma.
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Figure 9. a) *H NMR depth profile of AgarArt (3% w/v) at three times of application on the stone
specimen, and the profile before the application to the stone specimen (t = 0); b) 'H NMR depth
profile of Agar Sigma (3% wi/v) at three times of application on the stone specimen, and the profile
before the application to the stone specimen (t = 0); c) thickness variation of the gel as a function of
the time of application. The sketch of the hydrogel applied on the surface of a stone specimen is
reported, illustrating that the variation of thickness Ah (mm) is correlated to the release of water

during the time of application.

4. CONCLUSIONS

Analyses carried out on different agar gels demonstrate significant differences in the overall water
content and in the properties of water according to the type of agar and its concentration in the gel.
Gravimetric measurements of weight loss as function of drying period exhibit a constant decrease in
weight increasing the drying period. In particular, gels with the higher agar concentration (i.e. 5%
w/v) show a slower rate in weight loss due to the denser polymer network which obstructs water
evaporation. The dehydration of agar gels was also studied by TGA analyses. Different profiles of
dehydration were recorded according to the length of the drying process: at the beginning of the

drying the release of water occurs between room temperature and 100 °C, while gels dried from 30
15



to 50 min show a faster water loss at low temperature due to free water, followed by a more gentle
decrease in weight associated to bound water.

Estimates of the amount of nonfreezable bound water and freezable free water were obtained by
DSC and unilateral *H NMR measurements. The analysis of DSC data also provided the heat of
melting of freezable water in the different gels. Obtained values are always lower than those
measured in bulk water indicating that water in agar hydrogels behaves differently and it is in a more
dispersed state than bulk water. In general, the amount of bound water determined by DSC is
considerably higher in comparison to *H NMR data, especially for high agar concentrations. This is
possibly due to the relative amount of the different water types, which depends on the technique
used and on the thermal cycling of the sample. Moreover, at water concentration close to the bound
water regime and at temperatures lower than -20 °C the reduced water diffusivity and the lower
mobility of the polymer network hamper water solidification, which may result in an underestimation
of freezable water.

The measurement of transverse relaxation times by unilateral *H NMR allowed to identify and
quantify free and bound water. The trends of relaxation rates were found to be affected by agar
concentration probably because increasing the population of double helices and their
interconnection water motion was increasingly hindered. This correlation between the mobility of
water molecules and the interactions/collisions with the gel network was also confirmed by NMR
diffusion measurements. *H NMR diffusion data allowed studying the translational motion of water
molecules in agar gel at different agar concentration, evidencing variations of the self-diffusion
coefficients of water in the different agar samples. In particular, water molecules in Agar Art were
found to have the slowest translational motion

The release and diffusion of water at the gel-porous structure interface were investigated by
unilateral *H NMR depth profiles of the gels applied to Noto stone specimens. The variation of the
gel thickness with the time of application allowed evaluating the water release and confirmed that

AgarArt gels control the release of water better than Agar Sigma.
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