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Abstract  Moisture sorption isotherm is a well established method to characterize water sorption properties and 
behavior of food materials. However, this approach doesn’t adequately reflect the molecular mobility that taking 
place during water sorption process. Nuclear magnetic resonance (NMR) can provide information about the water 
mobility and molecular interactions between water and food components. The biscuits with different fat addition 
were studied using water sorption isotherm and 1H low-field NMR at 25°C and water activity ranging from 0.2 to 
0.90, the changes in equilibrium moisture content, transverse relaxation time(T2) and proton intensity of biscuits 
were defined. The T2 were measured with Carr-Purcell-Meiboom-Gill (CPMG) sequences. It was demonstrated that 
fat content of biscuits influenced directly the equilibrium moisture content and water status. One or two water 
populations were observed as the water activity increased, each of which had a distinct relaxation time T2 or 
molecular mobility. The relaxation time manifested that with the increase of fat addition, the water inside the 
samples became more mobile, and proton intensity indicated that the amount of water uptake decreased with 
increasing fat addition. The low-field NMR was demonstrated to provide complementary interpretation to that of 
water sorption isotherm. 
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1. Introduction 
Water is well recognized as a critical component in 

food as it plays a fundamental role not only in the food 
processing operations but also in defining quality and 
stability of foods. The water availability and distribution 
inside the foods continue to change during storage and 
therefore are crucial to determine shelf life of foods [1,2].  

A common approach in measuring water availability in 
foods is that of water activity. Moisture sorption isotherm, 
which describes the relationships of water activity and 
moisture contents, is a well established method to 
characterize water sorption properties and behavior of 
food materials [3]. The nature of this relationship depends 
on the interaction between water and food composition, in 
particular, several authors have pointed out the influence 
of fat addition on the moisture sorption behavior in sponge 
cake [4,5] and crackers [6]. 

Furthermore, the mathematical interpretation of water 
sorption isotherms by Guggenheim–Anderson–de Boer 
(GAB) model has received much attention due to its 
relationship with shelf life of foods. The typical moisture 
sorption isotherm can be divided into three regions 
depending on the state of water present. In monolayer 

sorption region, water molecules may be bound to an ionic 
group such as a carboxyl or an amino group. In multilayer 
sorption region, adsorption of additional layers over the 
monolayer occurs and water binding is assumed to consist 
of water molecules bonded by hydrogen bonds to 
hydroxyl and amide groups. The third region corresponds 
to condensation of water in the pores of the food material 
[7]. However, the water sorption isotherm does not reflect 
the molecular mobility taking place during water sorption 
and physical states of water inside the foods. The 
understanding of food-water relationships and molecular 
mobility of water inside the foods could complement the 
information provided by water sorption isotherms [8].  

Nuclear magnetic resonance (NMR) is a powerful 
technique in food science with the ability to provide 
information about the water mobility and molecular 
interactions between water and food components [9]. In 
particular, low-field NMR spectroscopy has been applied 
to study the molecular mobility in a wide range of 
complex foods such as cheeses [10,11], bread [12,13], 
coffee [14] and also in pasta matrixes [15], in an attempt 
to relate molecular mobility to quality and stability of 
foods. The combination of NMR relaxation time and 
water sorption isotherm can thus allow providing a 
multilevel portrait of the water behavior in foods that 
govern the stability of food system. 
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It was revealed that 1H transverse relaxation time T2 is 
able to reflect the availability and mobility of water inside 
the foods [16,17]. Monolayer of water molecules is almost 
immobilized, and it behaves so in many aspects (also in 
NMR spectroscopy) as part of a solid. As more water is 
absorbed by foods, additional layers of water link to 
monolayer in order to form the multilayer water. T2 can be 
used to indicate the mobility of these water layers, to 
identify each layer with different relaxation times 
(strongly tied up or structured, and weakly tied up 
according to water bond energy). For example, monolayer 
water molecules directly linked to macromolecules by 
hydrogen bonds usually presents a T2 of dozens of 
microseconds, while the multilayer water molecules 
shows a T2 of dozens to hundreds of milliseconds.  

However, few studies have been reported about the 
mobility of molecules in complex systems containing fat. 
Reference [18] studied biscuit dough using NMR 
relaxation and found that there were four water 
populations can be distinguished. Reference [19] reported 
several transverse relaxation times T2 were obtained from 
transverse relaxation curves of baked cake, and then 
attributed to the solid phase, aqueous phase and lipid 
phase, respectively. The NMR relaxation signal from a 
complex product such as biscuit is hard to interpret 
because of its multi-exponential behavior, and attribute the 
relaxation components to each phase (solid, fat, water ...) 
is difficult. 

The interest of this study was to a) investigate the 
impact of fat addition on the water sorption 
characterization of food products; b) further understand 
interactions between the food components and water using 
low-field pulsed NMR; c) determine the change of water 
mobility during sorption process so as to gain insight into 
water sorption behavior at the molecular level and provide 
a complementary interpretation for that of water sorption 
isotherm. 

2. Materials and Methods 

2.1. Preparation of Biscuit Samples 
Fermented biscuits of varying fat content were prepared 

in the laboratory. The compositions were as shown in 
Table 1.  

Table 1. Biscuits Composition 
 Z0 Z8 Z16 

Composition (g) 

Flour 100 100 100 
Water 36 34 32 

Corn oil 0 8 16 
Sugar 3 3 3 

Dry yeast 1.5 1.5 1.5 
Slat 0.8 0.8 0.8 

Baking soda 0.8 0.8 0.8 
Fat content (g/100g of biscuit) 0 8.2±0.2 15.6±0.3 
The three studied biscuits were called hereafter Z0, Z8 

and Z16. The biscuits were prepared as follows: dry yeast 
(Angelyeast, Wuchang, China) was dissolved firstly with 
warm water of 40°C and stirred for activation. Flour 
(American Rose Serials, Lam Soon, HongKong, China), 
salt, sugar, baking soda, water and corn oil (Yihai Kerry, 
Shanghai, China)were mixed in Murenking (Shenzhen 
Muren Appliance, China) mixer for 2 min at speed 2, then 
add the activated yeast with moderate agitation for 7 min 

at speed 3. The dough was rested in a plastic film at 34°C 
for 30 min, and then laminated into slaps of 2 mm 
thickness and cut with a circular pastry cutter (25 mm of 
diameter). The sheets were proofed at 34°C, 90% relative 
humidity for 40 min. After baking for 12 min in an oven at 
175°C, the cookies were allowed to cool at ambient 
temperature for 30 min and then stored into water-
impermeable plastic pouches. 

2.2. Water sorption experiments 
Water sorption measurements of biscuits were 

performed at 25°C using Aqualab Vapor Sorption 
Analyzer (Decagon Devices, Pullman, WA, USA). The 
biscuits were pre-equilibrated in desiccators contained 
P2O5 for at least 5 d [5]. The thoroughly dried biscuits 
were put into the instrument for moisture sorption 
experiment. The initial water sorption range was set at 
water activity of 0.1-0.2. It was assumed that the 
equilibrium was reached when the change in sample mass 
as a function of time was lower than 0.002%/min. And the 
next sorption range was 0.2-0.3 water activity, and so on, 
the last sorption range was 0.8-0.9. The weight of samples 
at each water activity were recorded, and the equilibrium 
moisture content was calculated for water sorption 
isotherm. 

2.3. Modeling of sorption isotherm 
The mathematical form of the GAB model is: 
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Where m0 is the monolayer value, C and K are the 
kinetic constants related to the sorption, Me is the 
equilibrium moisture content at each aw. 

The model for sorption isotherm was simulated using 
Matlab software (The Mathworks, Inc., Natick, MA, USA) 
by minimizing the root mean square deviations between 
simulated and experimental results using the Levenberg-
Marquardt procedure. The goodness of fit was evaluated 
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Where me is the experimental value, mp is the predicted 
value, m  is the mean of experimental data and N is the 
number of experimental data. 

2.4. NMR experiments 
NMR experiments were measured by PQ001 low-field 

NMR Analyzer (Shanghai Niumag Instruments, China) 
with a 0.55T magnetic field operating at a resonance 
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frequency of 21.3 MHz. Biscuits that reached equilibrium 
at each water activity range were immediately for NMR 
experiments after weighing. The biscuit samples were 
placed into a glass tube (25 mm in diameter) and sealed 
the open end to prevent moisture loss.  

Transversal relaxation times T2 of was measured by 
Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence, 
comprising a 90° pulse in a specific radio frequency, 
followed by a series of pulses in 180° phase. The 
parameters of CPMG sequence were as follows: 90° pulse 
time=4.1 μs, 180° pulse =8.8 μs, repeated waiting 
time=2500 ms, echo time=0.2 ms, echo count=6000, 
number of sampling=32. Transverse relaxation data were 
analyzed with the following models [13]:  

 ( ) ( )21 expn
CPMG i iiI t A t T== −∑  (4) 

Where T2i and Ai are the relaxation time and the proton 
intensity that corresponding to T2i state. Transverse 
relaxation curves obtained from CPMG pulse sequences 
using an iterative optimization method were fitted with 
analysis software from Niumag Instruments.  

3. Results and Discussions 

3.1. Water Sorption Isotherm Study 
The moisture sorption experiments of the different 

biscuits were determined at 25°C for water activity 
ranging from 0.2 to 0.90. The GAB model was employed 
to fit the experiment data of Z0, Z8 and Z16 (Figure 1). 
All the water sorption curves show a sigmoid shape, 
which is typical of biological products and food materials. 
GAB equation is extensively employed to describe water 
sorption in food materials, because of the wide range of 
water activity of this model applicability [20]. In Table 2 
the fitting parameters of the GAB equation are 
summarized for all the studied biscuits.  

Monolayer value or m0 which corresponds to the first 
sorption stage described by GAB equation is slightly 
higher for Z0 than for the other two biscuits. The 
differences in m0 values between biscuits could be due to 
their different fat proportions (Table 2). GAB monolayer 
values obtained from water sorption studies are 4.428%, 
4.393% and 4.210% respectively, for Z0, Z8 and Z16. 

 

Figure 1. Water sorption isotherms of three biscuits samples at 25°C 

Equilibrium moisture content (EWC) manifested a 
significant decrease when fat content increased: EWC 
decreased 6.2% and 11.8% for biscuits of Z8 and Z16 

compared with Z0 at 0.9 water activity, respectively. 
Similar results were observed by other researcher [6] for 
dry biscuits. When globules of fat surround proteins and 
starch granules of the food material, it means that an 
increase of hydrophobic constituents like fat, which binds 
very little water, would decrease EMC values [21]. 

Table 2. Fitting Parameters of GAB Models of Three Biscuits With 
Different Fat Content at 25°C 

Biscuit GAB parameters Evaluation index 
m0(g/100g) C K R-squared RMSE 

Z0 
Z8 

Z16 

4.428 5.661 0.9341 0.9987 0.3361 
4.393 6.872 0.9337 0.9982 0.1197 
4.210 5.025 0.9428 0.9967 0.2510 

3.2. Characterization of Water Mobility 
inside the Biscuits 

Water molecules in food materials can be classified into 
several fractions according to their molecular mobility or 
the extent of their association with or “binding” to 
macromolecules within the material [18]. When water is 
bound tightly to macromolecules (e.g., protein matrix), it 
is highly immobilized and shows reduced T2, whereas free 
water is readily mobile and has relatively long T2. The 
transverse relaxation time T2 reflects the mobility of water 
molecules, so the changes of water state during the water 
sorption process can be illustrated by T2. More complex 
systems like foods may include several populations of 
protons and characterize by multi-exponential relaxation 
time [11].  

Figure 2 shows the distribution of transverse relaxation 
time T2 obtained by CPMG sequence for biscuits from 
water activity of 0.2 up to 0.9. At the lower water activity 
of 0.2, there is only one water population was observed for 
the Z0 sample with a relaxation time T2 of about 0.123 ms. 
However, samples with water activity up to 0.7 exhibited 
another group due the formation of another water 
population that represents the ‘bound water’. The 
monolayer water molecule formed on macromolecule 
surface presents very low mobility. And as the water 
activity increases step by step, the relaxation time 
becomes longer, which indicates increased mobility of 
water proton during water sorption process, which meant 
the gradual formation of multi-layer water molecule. It 
should be pointed out that for water activity up to 0.8, an 
anomaly in the fat curve shape can be noted. Molecular 
mobility of this anomaly corresponds to the bulk water. At 
water activity of 0.9, the transverse relaxation time of 
biscuit samples manifested three distinct populations, the 
T21 population with a relaxation time of 0.1-1 ms can be 
ascribed to bound water protons, the T22 population with a 
relaxation time of 1-10 ms can be ascribed to moderate 
mobile protons, and the main population T23 with a 
relaxation time of 30-150 ms can be ascribed to mobile 
protons in the biscuit samples.  

At the end of the spectrum there is an obvious proton 
group, which represents the signal of the samples’ fat 
contents. The presence of this group was confirmed 
through the experimental data of T2 obtained in 
experiments with pure corn oil (Figure 3). Since the 
biscuits Z8 and Z16 contain some amount of fat, water 
activity variation has no significant effect on this proton 
population; therefore, we can assume that the majority of 
population T23 may attribute to the protons of fat. 
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Figure 2. Distribution of T2 obtained by CPMG sequence at different 
water activity (a) Z0 biscuit; (b) Z8 biscuit; (c) Z16 biscuit.  

3.3. Effect of Fat Content on Transverse 
Relaxation Time T2  

Changes in water mobility are mainly caused by 
changes in the hydrogen bonding structure. Hydrophilic 
materials such as proteins and carbohydrates have 
hydrogen-bonding sites, which are available to form 
hydrogen bonds with water molecules and thereby 
influence the water mobility. Higher contents of proteins 
and/or carbohydrates will decrease the mobility, while 
lower contents will increase the mobility [22].  

Table 3 shows the variations of T2 as a function of 
water activity, which reflects the mobility of protons 
increases with increasing water activity. It should be noted 
that only one water proton population exists inside biscuit 
samples till water activity of 0.8 besides the fat proton T23. 
The transverse relaxation time T2 in biscuit Z0 is faster 
that that of Z8 and Z16, which means either the water 

bonding with other molecules by hydrogen bonding was 
stronger, or there was more hydrogen-bonding sites in 
biscuits without fat than that of Z8 and Z16. The increase 
in fat gave a slower relaxation or more mobile water, 
indicating that water is bound more strongly to the 
proteins than that of fat [23].  

Table 3. Transeverse Relaxation Time T2 of Biscuit Samples at 
Different Water Activity 
Water 
activit

y 

Z0 Z8 Z16 
T21(m

s) 
T22(m

s) 
T21(m

s) 
T22(m

s) 
T21(m

s) 
T22(m

s) 
0.2 0.123 -- 0.123 -- 0.123 -- 
0.3 0.142 -- 0.142 -- 0.163 -- 
0.4 0.376 -- 0.433 -- 0.433 -- 
0.5 0.433 -- 0.498 -- 0.657 -- 
0.6 0.869 -- 1.000 -- 1.149 -- 
0.7 1.000 -- 1.000 -- 1.322 -- 
0.8 0.187 1.322 0.215 1.519 0.327 1.519 
0.9 0.247 3.053 0.284 3.511 0.327 4.037 

3.4. Intensity of Protons of Biscuits with 
Different Fat Content 

The intensity of protons from water of different T2s, 
which are a relative measure of the amount of water 
corresponding to a certain T2, was also obtained from the 
NMR experiments. Figure 3 shows that the intensity of 
proton signal of water in the T2 state (including T21 and 
T22) increased exponentially over water sorption process. 
The intensity of proton signal presented a sharp increase 
trend at 0.7 water activity, according to the hygroscopic 
nature of biscuit material, which corresponds to the water 
sorption isotherm. The intensity of proton signal of biscuit 
Z0 presents the fastest increase, followed by Z8 and Z16, 
which may attribute to the fat-free nature of Z0, and there 
exists more water sorption sites, whereas Z8 and Z16 
contain more fat, the water uptake of the fat material is 
very low according to its hydrophobic nature, the 
hydrophilic groups could tend to group together, and make 
it less accessible for water molecules [5]. 

 

Figure 3. Changes of water proton signal intensity in T2 state during 
water sorption 

4. Conclusions 
The study of water mobility in biscuits with different 

fat content is a quite challenging subject as the complex 
composition can affect the distribution of water. However, 
1H NMR transversal relaxation times, obtained by CPMG 
sequences, can be applied for an appropriate definition of 
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the different water mobility populations and the effect of 
fat addition. The moisture sorption isotherm revealed that 
the equilibrium moisture content can be significantly 
decreased with addition of fat. One or two water 
populations were observed using NMR during water 
sorption process. Changes in T2s and the corresponding 
protons intensity suggested that the fat addition influenced 
the water status and mobility, the biscuits contained fat 
presented higher water mobility and more dynamic 
migration of water, and meanwhile, the fat-free biscuit 
possessed higher protons intensity at each water activity. 
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