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Abstract 

The time evolution of the gelation process of non-aqueous Carbopol dispersions in PEG and 

glycerol was studied experimentally by tracking the evolving viscoelastic properties of the 

material by means of Fourier Transform Mechanical Spectroscopy (FTMS). A structural 

conversion degree related to the storage modulus was defined and a kinetic expression to 

describe its evolution was developed. UV-vis spectroscopy was employed to confirm the 

mechanism of gelation. It was found that an increase in both the concentration of glycerol and 

the gelation temperature increased the gelation rate. These trends seem to indicate a 

diffusion-controlled mechanism of the process, in which the solvent molecules penetrate the 

cross-linked structure of Carbopol particles, causing their uncoiling and subsequent swelling. 

Lastly, the kinetic relation found for the structural conversion degree was used to obtain 

conversion maps, which can be employed as a first guidance to design new continuous 

gelation formulation processes. 
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1. Introduction 

The process of gelation can be described as the conversion of a liquid solution into a medium 

with a solid-like behaviour, constituted by an internal network of molecules, assembled by 

means of chemical or physical bonds to form a complex structure. Specifically, polymeric 

gels consist of cross-linked solutions of polymer blends which form either by direct cross-
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linking of polymer chains in a liquid diluent or by swelling of already cross-linked chains in a 

solvent. In the first case, the diluent is used as the liquid matrix in which the polymer chains 

start to react and cross-link both among themselves and with the liquid diluent molecules. In 

the second case, the surrounding liquid acts exclusively as a solvent, making the already 

cross-linked chains of polymer swell, involving purely physical interactions [1,2]. Typical 

examples of molecules that create swollen gels when dissolved in hydrophilic solvents are 

Carbopols. These commercial molecules are high molecular weight polymers of polyacrylic 

acid usually cross-linked with allyl sucrose [3,4]. Thanks to their synthetic nature and high 

thickening properties, these polymers have been widely employed in an increasing number of 

industrial (e.g., cosmetics, food processing and pharmaceuticals) and research (e.g., targeted 

drug delivery and tissue engineering) applications. Water is the most common solvent used as 

base for Carbopol gels preparations. Different mechanisms have been proposed over the 

years to model the gelation process [3]. For the case of polar solvents, such as water, the most 

accredited theory considers the dissociation of the polyacrylic acid groups. Usually, a base 

(e.g., sodium hydroxide or triethanolamine) is added during the process to neutralise the 

acidic solution causing the ionization of the carboxylate groups. Consequently, 

uncompensated ions lead to an increase in the mutual ionic repulsion inside the polymer 

chain causing a dramatic swelling of each polymer particle, which eventually results into 

complete packing. The final gel is then constituted of a micro-gel system that behaves like an 

elastic solid up to a certain threshold value of applied stress at which the system breaks down 

(yield stress) [4–9]. 

Less is known about the behaviour of Carbopol gels obtained in other solvents. The use of 

alternative non-aqueous solvents, usually partially organic, appears to be necessary in 

different pharmaceutical applications, when water insoluble drugs need to be added to the 

gelled system. In this case, in the absence of a neutralising agent, solvent molecules penetrate 
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into the cross-linked structures and uncoil them by creating hydrogen bonds with the lateral 

carboxyl groups of the polymer chains, thus making them retain their final swelled 

conformation [3]. The effect of a variety of solvent mixtures on the final properties of many 

Carbopol molecules has been studied by some investigators [10–12], but to the knowledge of 

the authors there is no study focusing on the kinetic aspects of the gelation process. Indeed, a 

quantitative analysis of the time evolution of the material structure is of paramount 

importance for process design applications and scale-up, especially if a dramatic change of 

the material flow properties is expected. 

In the literature, the formation of Carbopol gels, and more in general of polymer gels, appears 

to be influenced by three core aspects: solvent composition, operating temperature and shear 

history [9,13–15]. The aim of this work is to obtain a kinetic analysis of the evolution of the 

structure of non-aqueous Carbopol dispersions with focus on the first two aspects: solvent 

composition and operating temperature; the role of shear rate, although crucial for a direct 

translation into industrial processes, was not considered at this stage to obtain a first insight 

into the mechanism of gelation independently from the presence of applied flow fields. 

Specifically, samples with various compositions were prepared using two different solvents, 

polyethylene glycol (PEG400) and glycerol. Both solvents are commonly used in different 

pharmaceutical and healthcare product formulations in which it is crucial to dissolve water 

insoluble drugs into a hydrophilic and biocompatible matrix, e.g. drug release, toothpaste, 

ophthalmic applications [16,17]. Carbopol was added to a fixed amount of PEG400 and then 

diluted with different amounts of glycerol. This procedure was implemented to investigate 

what the effect of diluting the initial Carbopol/PEG mixture with glycerol would be during a 

mixing/gelation coupled process. 

A Fourier Transform Mechanical Spectroscopy (FTMS) technique, known as multi-wave 

analysis, was employed to track the evolving properties of the tested samples and obtain a 
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macroscopic description of the kinetics of gelation. UV-vis spectroscopy was also used to 

obtain gelation times for comparison and to confirm the main conclusions obtained from the 

rheological tests on the mechanism of gelation. 

The article is organized as follows. Materials and experimental methods are introduced first; 

then, we present the criteria used to characterize the gelation transition, followed by results 

and comments on the experimental findings. Subsequently, a mechanism for the gelation 

process is suggested. To conclude, we report conversion maps which can be used as a tool for 

a first-step design of the gelation process. 

 

2. Materials and Experimental Methods 

2.1.Materials 

Carbopol 974P NF (Lubrizol Limited) in powder form was used to prepare a polymeric 

dispersion in Polyethylene glycol 400 (PEG400, Ineos Oxide). This type of Carbopol is a 

highly-crosslinked polymer of acrylic acid cross-linked with allyl pentaerythritol [18], 

although specifications on the crosslinking process for Carbopol 974P NF are not known. The 

dispersion was prepared by adding 4% wt of Carbopol in PEG400. A high-shear mixer 

(Silverson, L5 Series) working at 7000 rpm was used to disperse homogeneously the polymer 

into the liquid phase. During the dispersion step, the beaker was placed in a water/ice bath, 

and the temperature of the mixture, kept in the range between 3 and 5 ºC, was constantly 

controlled with a digital thermometer. It is important to keep the mixture temperature below 

20 ºC to prevent the initiation of the gelation process during the dispersion step. The 

dispersion was mixed for approximately 15 minutes. After preparation, the homogenized 

dispersion was stored at 5°C for 30 minutes. This stage is essential to quench the heat 

produced in the liquid bulk by the high friction of the mixer. The final samples were prepared 

in batches of 5ml by adding pure Glycerol (Avantor Performance Materials, Inc.) in different 



5 

 

amounts to the polymeric dispersion and by mixing the small liquid volumes by hand for 

about 5 seconds just before loading the instruments. The usual temperature of the mixtures 

before loading was around 15 ºC. The final volume of mixture loaded for all the experimental 

measurements was 1ml. The room temperature during all measurements was ~21 °C. 

2.2.Fourier Transform Mechanical Spectroscopy 

The viscoelastic properties of the gelling material were tracked in time using a time-resolved 

rheometry technique known as multi-wave analysis. Commonly, it is necessary to obtain the 

frequency dependence of both elastic and viscous moduli to draw a complete picture of the 

internal structure of a complex fluid. Hence, if the tested material is subjected to a structural 

change in time, the method most commonly used to record its evolution is to stop the process 

which is causing the internal changes and perform a frequency sweep at different stages of 

the material evolution [13,19–21]. However, in some cases full control of the process is not 

feasible and consequently the microstructure evolution cannot be paused as needed. 

Furthermore, this technique yields too coarse a description of the time evolution of the 

material viscoelastic properties, and a more “continuous” description of the changes in the 

internal structure of the material is desirable. To this end, it is more appropriate to apply a 

periodic sinusoidal deformation, characterized by a specific amplitude and oscillation 

frequency, and observe how the storage and loss moduli evolve in time. In this case, the same 

experiment should be repeated with different oscillation frequencies to obtain a complete 

picture of the structure evolution. FTMS methods offer the advantage to extract the time 

evolution of the viscoelastic properties at several frequencies with a single experiment. This 

technique, introduced by Holly et al. [22] and adopted by various researchers [23–25], 

consists in applying a periodic shear deformation given by the summation of different 

harmonics of a base sinusoid: 
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        (1) 

where m is the number of harmonics, while    and    are scale factors for the deformation 

amplitude    and frequency    of the base sinusoid, respectively.  

An example of the deformation function      is shown in Figure 1. 

 

Figure 1 ‒ Example of shear deformation applied in a multi-wave analysis. 

If the maximum amplitude of the deformation is in the linear viscoelastic region (LVR), then 

the storage modulus    and the loss modulus    , related to the elastic component and the 

viscous component of the oscillatory shear stress [1] (see SI-1 for further details), 

respectively, can be directly obtained from a Fast Fourier Transform (FFT) analysis of the 

shear deformation      and of the corresponding shear stress      recorded. Through this 

analysis the contribution of each harmonic can be isolated from the others and the time 

evolution of the storage modulus    and the loss modulus     at each frequency can be 

obtained as follows: 



7 

 

            
         

         
      (2) 

             
         

         
      (3) 

where    is the oscillation frequency of a single harmonic, given by the product between    

and    (Eq.1),      is the recorded shear stress signal and finally    and    are the real and 

imaginary parts of the Fast Fourier transform, respectively [26]. Then,      is given by the 

ratio        [27]. 

Table 1 ‒ Parameter values of the sinusoidal shear deformation applied for the FTMS 

experiments. 

PARAMETERS VALUES 

   1 % 

   1 rad/s 

   1 

   1, 5, 20, 50 

The TA Instruments DHR3 was used to carry out all the rheological measurements. This is a 

stress-controlled rotational rheometer, equipped with a Peltier plate to precisely control the 

operating temperature. We used a stainless steel, sandblasted parallel plate geometry (with 

surface roughness of 2  , as specified by the manufacturer) with a diameter of 40 mm and a 

gap of 800 μm. A solvent trap was used to avoid any solvent evaporation and to assure a 

uniform temperature in the sample. The whole gelation process was tracked using the multi-

wave analysis tool of the TA Instruments Trios software, which consists in continuously 

applying a periodic shear deformation, as given in Eq. (1), obtained from the superposition of 

four different sinusoids (m=4 in Eq. (1)) with characteristic frequencies of 1, 5, 20 and 50 

rad/s. The parameters of the specific deformation function are reported in Table 1. The 

maximum value of the shear deformation is 3.84%, which falls within the LVR for our gels 
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(see SI-2). Given the sensitivity of stress-controlled instruments to inertia problems, a 

frequency sweep was performed on the sample with the lowest values of both the storage and 

the loss moduli and confirmed that the measurements were not affected by any inertia of the 

instrument (see SI-3). To obtain significant data, the minimum acquisition time for each 

single data point should be at least equal to one period of the fundamental frequency [22], 

which in this case is 6.28 s. On the other hand, the acquisition time represents the accuracy of 

the gelling time evaluation; hence, the lower, the better. An acquisition time of 7 s showed to 

be reasonably lower than the characteristic gelation time for the majority of the experimental 

conditions investigated and therefore was chosen for all the experimental conditions. All the 

tests were performed for samples containing different mass fractions of glycerol in a range of 

temperatures from 25°C to 60°C. All the concentrations and operating temperatures 

considered are summarized in the Supplementary Information, section SI-4. The samples, 

prepared as specified in Section 2.1, were loaded on the Peltier plate at room temperature. 

The final temperature for each test was set only after the loading process had ended. This 

procedure allows reducing any possible effect induced by the loading step on the tests 

reproducibility. 

2.3.UV-vis Spectroscopy 

The gelation process was also tracked using a UV-visible spectrophotometer (USB2000+, 

Ocean Optics) with Peltier-controlled Cuvette Holder (CUV-QPOD, Ocean Optics). The light 

absorbed by each sample (1 ml) was measured every 0.5 seconds at the full range of 

wavelengths. The trend of the absorbance function with time was compared with the 

rheological measurements using a wavelength of 500 nm, which is the standard employed for 

turbidity measurements [28–30]. The glycerol spectrum was used as reference for the 

absorbance calculations. All measurements were repeated for the same range of 

concentrations and temperatures specified in the previous section. The results obtained were 
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used to confirm the mechanism proposed for the gelation process and will be presented in the 

last part of the results section. 

 

3. Results and Discussion 

3.1.Characterization of the gelling transition 

The evolution of the viscoelastic properties follows the same trend in all conditions studied. 

An example is shown in Figure 2 where both the storage and loss moduli are presented for 

sample X4 (40%wt glycerol/60%wt Carbopol/PEG dispersion) at a gelation temperature of 

40 ºC. Three different stages can be clearly observed for both properties: a first stage in 

which both moduli remain constant or increase very slowly, a transition stage with a 

comparatively rapid monotonic increase of both    and    , and a final plateau region in 

which the moduli slowly increase, eventually reaching their equilibrium values. The trends of 

      and        and their similar behaviour have already been observed for Carbopol 

dispersions in PEG400 by Bonacucina et al. [11] and can be explained by considering the 

final structure that this type of gel has. Carbopol is known to form a microgel structure, 

consisting of individual soft swollen particles which become packed above a critical 

concentration, being therefore confined by their neighbours [6,8,31]. During this process the 

viscous modulus increases as a consequence of the thickening of the whole solution, while 

the elastic component rises because of the increased interaction (bridging) between the 

swelling polymer particles, which eventually leads to complete jamming [14,32]. The 

bridging between Carbopol particles in the presence of protic solvents can be mainly ascribed 

to the formation of hydrogen bonds between solvent molecules and multiple Carbopol 

particles, which induces the formation of a network [33]. Generally, loss and storage moduli 

of Carbopol gels depend strongly on Carbopol concentration [9], crosslinking degree of the 

Carbopol used, solvent [4,5,10,11] and shear history to which the initial dispersion is 
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subjected during the gelation process [12,34]. In this specific case it is reasonable to state that 

the final plateau values of    and     at a specific temperature in different samples 

predominantly depend on the sample composition. Since we tested only one type of Carbopol 

molecule, there is no dependence on the crosslinking degree. Additionally, any effect of the 

shear rate is negligible considering that the applied strain is small enough to avoid any 

disruption of the internal structure of the sample. The dependence on sample composition 

includes two different aspects: solvent composition and Carbopol concentration. The two 

variables cannot be completely decoupled considering that each sample has a different 

solvent composition and Carbopol concentration. However, in a previous study by Chu et al. 

[10], the authors pointed out that the final viscoelastic behaviour of Carbopol gels is not 

strongly affected by the composition of the solvents when using non-aqueous mixtures, while 

a major effect is observed with addition of water. 

 

Figure 2 ‒ Time evolution of the storage modulus (closed symbols) and loss modulus 

(open symbols) obtained at four different frequencies for a premixed sample of 40%wt 

glycerol (X4) at the operating temperature of 40 ºC. 
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Therefore, it is assumed that the final viscoelastic behaviour of our system is mainly 

dependent on Carbopol concentration. Figure 3 shows the plateau values extrapolated at each 

frequency for all samples reported in SI-4.1 for a gelation temperature of 40 ºC, with the 

error bars referring to the standard error obtained from three multi-wave test repetitions. As 

can be noticed, the experiments show a good reproducibility of the final state of the Carbopol 

dispersions. For Carbopol mass fractions higher than 1.2%wt (samples X1-X6) the final 

activated matrix exhibits a weak gel behaviour, characterized by an almost constant elastic 

component that dominates the viscous one, which, however, is not negligible [1,35,36]. With 

an increase in Carbopol content, the elastic behaviour becomes stronger and the gap between 

   and     widens. On the other hand, a further dilution of the original dispersion with 

Glycerol (samples X7 and X8) leads to a viscous liquid with comparable values of    and    . 

A clearer analysis of these results can be obtained by observing the trends of the loss tangent 

     with the actual mass fraction of Carbopol for all the temperatures studied at a 

representative frequency of 1 rad/s (Figure 4). The transition to a weak gel behaviour starts 

when the concentration of swollen Carbopol particles is enough to have significant 

interactions to form a micro-network in the solvent bulk. As specified above, in this event the 

elastic modulus prevails over the loss modulus. As a consequence, the loss tangent decreases 

to a value lower than 1. With a further increase in Carbopol content, the system reaches a 

packed condition, with consequent plateauing of the viscoelastic properties. The mass 

concentration of Carbopol at which this condition is reached is referred to as overlapping 

concentration. As can be observed in Figure 4, for all temperatures the characteristic 

concentration at which the stable mixtures start to behave as a weak gel lies around 1.2% 

(sample X7), as highlighted from values of      lower than 1, while the overlapping 

concentration is around 2.8% (sample X3). Indeed, for Carbopol concentrations higher than 

this value, the loss tangent remains constant at a minimum plateau value in the order of 
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magnitude of 0.1 and it is weakly dependent on the oscillation frequency, which is typical of 

soft-glassy materials [37]
,
[38]. Given the different properties of the final matrices obtained at 

different Carbopol concentrations, the definition of a characteristic time of the process for all 

concentrations investigated is not straightforward. Winter and co-workers [19,21] were able 

to study the viscoelastic behaviour of crosslinking gels at the gel point, defining a criterion to 

determine a characteristic gel time based on the self-similarity found between the viscoelastic 

liquid in the pre-gel conditions and the viscoelastic solid in the post-gel condition. As a 

consequence of this, at the gel point, the material presents a power law dependence of the loss 

and storage moduli on the frequency: 

                      (4) 

Therefore, the loss tangent is frequency-independent and the gel point can be obtained as the 

time at which the loss tangent crosses for all oscillation frequencies  . 
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Figure 3 ‒ a) Storage and b) Loss modulus plateau values at the four frequencies tested 

for all samples at 40 ºC. 

Even though this criterion was developed for cross-linking gels [21,39], the power law 

dependence of the viscoelastic properties at the sol-gel transition has been found to hold for 

different kinds of gelling systems, which present a percolated structure [24,40–42]. In Figure 

5 we report a representative example of the time evolution of the loss tangent for all 

frequencies studied with the aim of highlighting possible differences in the transition that the 

dispersions experience when the sample composition is varied. Specifically, the three graphs 

show the results obtained for three samples containing an increasing mass fraction of 

Carbopol at 40 ºC. As expected, for samples with the lowest concentration of Carbopol 

(sample X8) the mixture does not present a true cross-over, the loss tangent being higher at 
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lower oscillation frequencies, which is typical of viscoelastic liquids [39]. A neat cross-over 

is observed for sample X4, which confirms the presence of a percolated structure for 

intermediate Carbopol concentrations. Finally, for the most concentrated samples (sample 

X2), the cross-over is again not present and the loss tangent is predominantly higher at higher 

frequencies, which is typical of viscoelastic solids, thus possibly indicating that the Carbopol 

volume fraction in the sample is high enough to reach a complete jammed configuration.  

Despite the possible applicability of the method to this specific case, the criterion gives an 

indication of the gelation time and not a continuous description of the time evolution of the 

material independently of its final state, which is fundamental from a processing viewpoint 

and our main goal. Therefore, a kinetic analysis was performed on the evolution of the 

storage modulus      , which is directly related to the build-up of internal micro-structures 

[32,43]. Hence, to obtain a continuous description of the evolution of the material, we defined 

a structural “degree of conversion”    as a normalisation of the storage modulus: 

         
           

     

  
        

     
    (5) 

where          is the storage modulus at time   and frequency    ,  
 
      is the plateau of 

the storage modulus for the oscillation frequency    at the initial stages of the gelation 

process and   
      is the final equilibrium plateau value. 
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Figure 4 ‒ Loss tangent against effective Carbopol mass fractions reported for all the 

temperatures investigated for a representative oscillation frequency of 1 rad/s. 

The mathematical description of the time evolution of    can be used to derive a generalized 

kinetic model for the complete uncoiling and swelling of the Carbopol molecules with direct 

insight in the time evolution of their structures. The shape of    maintains the same 

characteristic of the curves observed in Figure 2, but thanks to the normalisation, the curves 

at different frequencies overlap, thus allowing a unique fitting for all the samples at a specific 

operating temperature (Figure 6).  
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Figure 5 ‒ Time evolution of the loss at the four frequencies tested in the multi-wave 

analysis obtained at 40 ºC for: a) 20%wt Carbopol-PEG400 dispersion/80%wt glycerol 

(X2); b) 40%wt Carbopol-PEG400 dispersion/60%wt glycerol (X6); c) 80%wt Carbopol-

PEG400 dispersion/20%wt glycerol (X2). 
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Figure 6 ‒ Structural degree of conversion XS obtained at four different frequencies for a 

premixed sample of 40%wt glycerol (X4) at the operating temperature of 40 ºC. The solid 

line reports the fitting applied as described in Eq. (6). 

As can be seen    does not significantly depend on the oscillation frequency which allows us 

to express its time evolution through a modified version of the Hill equation [43,44], applied 

to all samples: 

      
  

          (6) 

where   and   are the two parameters of the kinetic function:   is the gelation half-time, 

defined as the time at which the system reaches half of its conversion [43], while n is 

correlated to the slope of the function       at the gelation half-time. The value of this slope, 

denoted as  , is given by the following relation (for further details see SI-5): 

      

  
 
   

 
 

  
   `  (7) 

  can be physically interpreted as the characteristic rate of the dissolution process. Both 

parameters (  and  ) are used to depict the kinetic behaviour of the process upon addition of 

glycerol. It should be noted that the actual concentration of Carbopol present in each tested 
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sample changes when the second solvent is added. Naturally, the polymer concentration 

affects the rate of the process; however, our interest was to study gelation when different 

fractions of the two main liquid streams, i.e. the polymeric dispersion (PEG400/Carbopol, 

with fixed Carbopol concentration), treated as a whole, and the glycerol, are mixed together 

in a process. Therefore, in the following analysis all parameters are directly referred to the 

glycerol content of the samples studied. 

3.2.Influence of glycerol dilution 

The effect of the addition of glycerol on the gelation process can be qualitatively observed in 

Figure 7, where the time evolution of the degree of conversion    is plotted for four different 

samples at a fixed temperature of 40 ºC. The rate of conversion clearly increases with the 

glycerol mass fraction. This trend can be quantified by plotting the kinetic parameters   

(gelation half-time) and   (transition rate) characterizing the function       (see Eqs. (6) and 

(7)) against the mass fraction of glycerol, as shown in Figure 8 and Figure 9, respectively,  

for the five temperatures tested. It is clear that the whole process is dramatically affected by 

the mass fraction of glycerol present in the sample; for all temperatures, an increase in 

glycerol concentration results in a decrease of the gelation half-time   as well as an increase 

of the rate of transition  . This effect is most probably caused by the better affinity that 

glycerol has as a solvent for Carbopol molecules compared to PEG400. Given the crosslinked 

nature of Carbopols, the uncoiling process in the cases considered does not implicate a 

disruption of the polymer molecules but an uncoiling of their collapsed dry structure with 

consequent swelling. The whole mechanism depends on the affinity with the surrounding 

molecules of solvent and the solvent diffusion coefficient [45]. 
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Figure 7 ‒ Time evolution of the structural degree of conversion XS obtained at a 

gelation temperature of 40ºC for four distinct samples each containing a different amount 

of glycerol (20%wt, 40%wt, 60%wt and 80%wt of glycerol, following the legend order). 

Following the theory developed by Hansen [45], the polymer solubility parameters depend 

upon three interactions: (i) a dispersive interaction, which is the attractive force present in all 

molecules caused by the electromagnetic field induced by the electrons motion around the 

atom nucleus, (ii) a polar cohesive force, caused by permanent dipole-dipole interactions, and 

finally (iii) a molecular interaction caused by hydrogen bonding, which is usually more 

relevant in polymer dissolution than the previous two. Hence, from the observation of the 

chemical structure of the two solvents used, glycerol presents a higher density of hydroxyl 

groups than polyethylene glycol, which gives the molecule a higher polarity and a better 

ability to form hydrogen bonds with the lateral carboxyl groups of the acrylic acid; it is thus 

thermodynamically preferred. Furthermore, glycerol is smaller than PEG400 and can more 

easily penetrate the crosslinked network of Carbopol. 



20 

 

 

Figure 8 ‒ Gelation half-time θ against the glycerol mass fraction in the samples at the 

five temperatures tested (25, 30, 40, 50 and 60 ºC, following the legend order). The 

symbols represent the values obtained from the fitting of the structural conversion degree 

(Eq. (6)); the dashed lines are the power law fittings at each temperature, obtained from 

Eq. (8). 

In considering the effect of the glycerol content on the process kinetics, it should be taken 

into account that the corresponding amount of dispersed polymer in each sample decreases 

upon glycerol addition, as indicated by the real mass fractions in SI-4.1. On the assumption 

that in the initial conditions, when the powder is uniformly dispersed in the liquid bulk, each 

Carbopol particle uncoils and swells independently of the others, the lower the number of 

swelling particles is, the longer the time needed to reach complete packing conditions in a 

confined liquid volume should be. A schematic of this assumption is shown in Figure 10, 

where Carbopol particles are idealized as perfect spheres. In the presence of a uniform liquid 

solvent, particles swell at the same rate regardless of their initial concentration. At time    

(third column) the sample with the higher number of particles reaches the packing condition; 

after this point the particles start to deform as a result of the contact with their neighbours. 

The particles in the lower concentration sample, on the other hand, continue to swell until 
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packing is reached. Therefore, when glycerol is added to the polymeric dispersion there are 

two counteracting effects that influence the process kinetics, (i) the dilution which tends to 

decrease the gelation rate and (ii) the higher percentage of glycerol, which tends to increase 

the process kinetics. From experimental observations, the second one seems to dominate. To 

verify the hypothesis on the effect of dilution, we applied the same time-resolved rheometry 

technique to different samples containing PEG400 (but no glycerol) with increasing 

concentrations of Carbopol, i.e. 0.5%wt, 2%wt and 6%wt at 40 ºC. As shown in Figure 11, 

the higher the Carbopol concentration is, the faster the storage modulus increases, as 

predicted. 

 

Figure 9 ‒ Transition rate P against the glycerol mass fraction present in the samples at 

the five temperatures tested (25, 30, 40, 50 and 60 ºC, following the legend order). The 

symbols represent the values obtained from the fitting of the structural conversion degree 

(Eq. (6)); the dashed lines are the power law fittings at each temperature obtained from 

Eq. (9). 

This trend can be clearly observed comparing the results obtained at the two higher 

concentrations (2% wt and 6% wt in Carbopol), where in the first case there is only a slight 

increase of    over time, while in the second the increasing monotonic trend is evident. 
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However, even at the highest mass fraction of Carbopol (6%wt), which is higher than the 

maximum Carbopol mass fraction considered in the samples of interest (3.6%wt in sample 

X1), the storage modulus is far from reaching a plateau value, in opposition with what it can 

be directly observed for the same operating condition for sample X1, reported in Figure 11. 

Therefore, using only PEG400, the process is slower than what was observed in the presence 

of glycerol, thus confirming its dominant effect. 

 

Figure 10 ‒ Simplified schematic of the swelling behaviour of Carbopol particles 

dispersed in a single solvent at two different polymer concentrations (top row: high 

concentration; bottom row: low concentration). At the initial time, t0, each particle starts 

to uptake solvent and consequently swells independently from its neighbours (t=t1) until 

reaching the packing condition. At time t2 the high concentration sample has already 

reached the final packing condition because of the higher number of particles present. 

The low concentration sample can still potentially swell until reaching the final packed 

condition. 
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Figure 11 ‒ Time evolution of the storage modulus for three different concentrations of 

Carbopol dispersed in PEG400 at 40ºC and sample X1(containing 3.6%wt of Carbopol). 

The FTMS test was performed in the same conditions as the main samples but, for clarity, 

only the curves obtained at an oscillation frequency of 1 rad/s are reported. 

 

3.3.Influence of operating temperature 

The operating temperature exhibits a similar effect to that of glycerol concentration on the 

process kinetics, as can be observed in Figure 12, where the structural conversion degree is 

plotted against time for sample X4 for the five temperatures studied. The higher the operating 

temperature is, the faster the gelation progresses. This trend can also be observed in Figure 9, 

where an increase in temperature shifts the characteristic transition velocity to higher values. 
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For each temperature, a power law can be fitted to both parameters   and  , obtaining the 

following equations: 

                    (8) 

                  (9) 

The values of the fitting parameters,   ,   ,    and    are reported in Table 2. As 

expected, the constants    and    decrease and increase with temperature, respectively. On 

the other hand, the exponents    and    slightly decrease at 30 ºC and 25ºC, respectively, 

whilst remaining roughly constant at the highest temperatures, with a mean value of around 

0.956. 

 

Figure 12 ‒ Time evolution of the structural degree of conversion XS obtained at the five 

gelation temperatures tested (25, 30, 40, 50 and 60 ºC, following the legend order).for 

sample X4 (40%wt of glycerol content). 
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Figure 13 ‒ Arrhenius plot of the transition rate P. For clarity only the values for three 

different samples are reported. The dashed lines are the corresponding fittings of the 

Arrhenius law. 

The temperature dependence can be better understood by observing the Arrhenius plot. 

Figure 13 shows the characteristic rate of the process   against     for three different 

samples. A classic Arrhenius model can be fitted to all concentrations: 

          
   

  
      (10) 

where    is the pre-exponential constant,     is the activation energy and   is the ideal gas 

constant; the ratio 
   

 
 can be further defined as an activation temperature    [46]. Equation 

(10) can be written equivalently as follows: 

        
  

 
      (11) 

The fitting parameters of this equation are reported in Table 3. For all samples the activation 

temperature appears to be reasonably constant; the average value together with the coefficient 

of variance (CoV) is reported in Table 4. However, to formulate a coherent interpretation of 
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this findings it is essential to get a clearer understanding of the mechanism of the whole 

gelation process. Therefore, in the following section a mechanism based on the theory of 

polymer dissolution is proposed. 

Table 2 ‒ Fitting parameters for the power laws defined in Eq. (8) and (9) obtained at 

each tested temperature. 

T(°C)   (s)    (-)   (1/s)    (-) 

25 529 0.743 0.002 0.767 

30 154 0.859 0.006 0.882 

40 46 0.932 0.027 0.967 

50 29 0.958 0.048 0.979 

60 21 0.915 0.072 0.923 

Table 3 ‒ Linearized pre-exponential parameter and activation temperature obtained 

from the Arrhenius fitting of the transition rate P for all concentration tested. 

SAMPLE Ln K (1/s)    (K) 

X1 23 9247 

X2 23.5 9094 

X3 22.5 8673 

X4 23.5 8878 

X5 25 9316 

X6 25 9323 

X7 26 9675 

X8 25 9146 

Table 4 ‒ Mean value of the Arrhenius law parameters displayed in Table 5 and 

corresponding covariance, expressed as the ratio between the standard deviation of the 

parameter and its mean. 

 Mean value CoV(%) 

  (K) 9169 3.3 
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3.4. Mechanism for uncoiling/swelling of a Carbopol particle 

The dissolution process of a non-crosslinked polymer into a solvent involves typically three 

main steps: (i) solvent diffusion into the polymer matrix, (ii) formation of an external swollen 

gel-like layer (plasticization) and (iii) chain disentanglement with consequent transport of 

polymer chains into the solvent bulk [45,47]. Following these steps, at first the solvent 

penetrates into the polymer, creating an external swollen layer of polymer which expands in 

the opposite direction to that of the solvent flux. The swelling of the gel layer in the direction 

of the solvent bulk is counterbalanced by the polymer dissociation at the boundary between 

the gel layer and the solvent with consequent diffusion of polymer chains into the solvent 

bulk, which finally causes the complete dissolution of the initial polymer matrix [45]. All 

existing mathematical models are based on this qualitative description and mainly differ in 

the complexity with which the transport phenomena are described. A full classification of 

models available for dissolution of amorphous and semi-crystalline polymers can be found in 

the literature [45,47]. In case of a crosslinked system, as Carbopol molecules, the main 

difference with the description above is that single polymer chains do not dissolve in the 

solvent, as a result of the disentanglement of the polymer network, but the whole matrix 

uncoils and swells until reaching a final equilibrium condition, which depends on the type of 

solvent, temperature, polymer concentration and operating conditions [9]. Regardless of the 

different considerations used to model the various steps of a polymer dissolution process, the 

vast majority of the approaches developed over the years use a simple Fickian equation to 

describe the solvent transport inside the polymer bulk and consider the swelling process as a 

direct consequence of this diffusive flux [45,48,49]. Hence, in the absence of any polymer 

chains dissociation, with consequent diffusion in the solvent bulk, the characteristic time of 

the process is given by the time needed by the solvent to diffuse into the whole polymer 

network. Despite the higher complexity of the real system, this description can be directly 
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applied to a single Carbopol particle, idealized as a spherical particle surrounded by the 

solvent (Figure 14). Under the hypothesis of a solvent diffusion-controlled condition, the 

solvent molecules penetrate into the crosslinked surface of the polymer particle passing 

through a superficial diffusion layer. During the diffusion process, the coiled Carbopol 

network starts to uncoil creating a swollen diffusion layer. On the external boundary (the one 

in contact with the solvent) this diffusion layer has a polymer equilibrium volume fraction   , 

which depends on the maximum chain stretching allowed at equilibrium, while on the 

internal boundary (the one in contact with the polymer network) it has a saturation 

equilibrium volume fraction    [48], which depends on the specific polymer/solvent system. 

The diffusion layer proceeds in the direction of the polymer core as a reaction front, leaving 

behind the swollen Carbopol external layer, at a polymer volume fraction   . Following this 

description, in quiescent conditions the swelling of each Carbopol particle depends mainly on 

the initial size of the particle and on the solvent diffusion coefficient. A change in 

composition of the solvent affects significantly the value of the diffusion coefficient. For 

binary mixtures of solvents, it has been shown that the overall kinetics of solvent diffusion 

into the polymer network increases with an increase in the fraction of solvent with smaller 

molecular size [50]. Therefore, a higher fraction of glycerol is expected to have a positive 

effect on the process kinetics, as experimentally observed in this work. All these 

considerations can be qualitatively applied to the whole bulk of the studied system, showing 

that, in all conditions studied, the kinetics of the process is dominated by diffusion.  



29 

 

 

Figure 14 ‒ Schematic of the mechanism of dissolution/swelling of a single Carbopol 

particle in a liquid solvent (thick arrows show solvent flux).  

To confirm the dominance of the diffusive phenomenon in the mechanism of 

uncoiling/swelling of the Carbopol molecules, we tracked the time evolution of the UV-vis 

absorbance for the same conditions studied in the rheological analysis. At the wavelength 

considered (500nm), only the dry core of Carbopol particles causes the absorption of the 

emitted light, whereas the swollen layers have a negligible absorption signal. Figure 15 

shows the time evolution of the absorbance of four different samples at a temperature of 40 

ºC. At the beginning of the process, all samples appear milky because of the presence of the 

Carbopol particles dispersed in solution in their initial coiled configuration. Therefore, in the 

initial stages the light is scattered preventing any transmission through the sample and 

causing a noisy signal of the absorbance (seen clearly in the black curve in Figure 15). When 

the solvent starts to penetrate inside the crosslinked particles, creating the swollen 

equilibrium layer, the core of the coiled particles shrinks causing an exponential decay of the 

measured absorbance. Similar to the rheological data, an increase in temperature and in the 

mass fraction of glycerol results in a faster decay of the absorbance. In the slower conditions, 

the absorbance starts to drop after an induction time, before which the scattering is too large 
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to allow any transmission of the incident light. It should be noted that, given the nature of the 

samples, a further analysis of the measured spectra at the different wavelengths cannot give 

any additional information. Indeed, the range of wavelengths covered by the UV-vis 

spectrometer is not appropriate to obtain any information regarding changes in the internal 

configuration of polymeric mixtures. To this end, other techniques such as FT-IR (Fourier 

transform infrared) spectroscopy should be implemented [33,51]. Nevertheless, UV-vis 

spectroscopy can reveal the time needed for the samples to become transparent, which can be 

used as an indicator for the completion of the dissolution process. Therefore, we calculated a 

settling time of the absorbance curves for all measured samples as the time required by the 

normalized absorbance to reduce to 98% from its initial value. The absorbance signal was 

normalized considering as maximum the first value after the noisy part of the signal and as 

minimum the final plateau reached. Characteristic times (ts) at all conditions are reported in 

Table 5 together with gelation half-times obtained from the rheological measurements. As 

can be observed, the qualitative effects of glycerol and temperature are the same, but the 

settling time predicted with the UV-vis is higher than the characteristic time obtained from 

the rheological measurements, even if for all temperatures, the difference between the two 

decreases with the decrease in Carbopol content. For the most concentrated samples, the time 

scale from the UV-vis measurements is more than twice that from the rheological 

measurements, while for the most diluted samples the two scales are nearly the same (see SI-

6 for further details). If we consider that the two methods monitor different aspects of the 

same phenomenon, this trend confirms the mechanism presented in the previous section. In 

fact, UV-vis absorbance only tracks the extinction of the dry coiled polymer core, which 

depends mainly on the diffusion of the solvent into the polymer matrix, while the evolution of 

the storage modulus also strongly depends on the local interactions between neighbouring 

swelling particles. The two phenomena, i.e. solvent penetration and chain swelling, proceed 
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together in each single particle, but the local interactions between swelling particles arise as 

soon as the steric effects between neighbours become significant, thus triggering the change 

in the elastic modulus of the material. Therefore, the two methods considered predict similar 

time scales when the particle interactions are negligible, i.e. in dilute conditions, which is 

what is observed experimentally in the results. 

 

Figure 15 ‒ Time evolution of turbidity (defined as the absorbance at 500 nm) during the 

gelation process of four different samples at 40ºC. At the lower concentration of glycerol 

the initial scattering of the sample lasts for longer time and the exponential decay is 

observable only after a certain induction time, as indicated in figure with tdelay. 
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Table 5 ‒ Settling time of the gelation process, tS, calculated from the absorbance 

measurements for all experimental conditions. The gelation half-times are also reported 

for direct comparison. 

 

SAMPLE 

T1 T2 T3 T4 T5 

                                                       

X1 >>3500 3385 >3500 1242 1536 379 556 277 235 163 

X2 3485 1538 2714 912 456 202 212 133 133 89 

X3 2272 1201 916 397 411 156 183 84 112 72 

X4 1440 955 873 253 383 103 95 64 106 51 

X5 994 881 521 307 297 90 109 58 73 41 

X6 909 778 476 256 198 88 97 52 57 38 

X7 813 762 437 200 151 63 94 41 49 28 

X8 771 656 225 216 97 48 55 30 43 23 

 

 

3.4.Application of the kinetic equation: Conversion maps 

From what we observed so far, the kinetic behaviour of the gelling mixtures of our interest is 

highly dependent on both operating temperature and solvent composition. The dramatic 

rheological change that the material undergoes during the gelation process can have 

significant consequences on the efficiency of the process itself and therefore on the properties 

of the final product obtained. Hence, the kinetic equation of the structural conversion degree 

(Eq. (6), along with Eqs. (7)-(9)) can be used to obtain conversion maps which could 

potentially be employed to design new manufacturing processes involving materials used in 

this work. The maps have been obtained at a constant temperature and they report the 

conversion degree    for the full range of sample compositions against a process residence 

time. The maps at three temperatures (25, 40 and 60 ºC) are reported in Figure 16. The 

colour legend shows the evolution of the structural conversion degree with the residence time 

(horizontal axis) and the glycerol mass fraction (vertical axis). To obtain a smooth map for 
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  , in Eq. (6) we replaced the parameters   and   with their fitting equations; specifically, for 

the gelation half-time we used Eq. (8), while for the coefficient  , by combining Eqs. (7), (8) 

and (9), we obtained the following relation: 

                   
        

    (12) 

As can be observed in Figure 16, the qualitative trend is the same for the three temperatures: 

at lower mass fractions of glycerol the transition is slower, while for higher mass fractions the 

boundaries of the maps collapse to a vertical asymptote, showing (as expected) a faster 

transition. Therefore, the change in operating temperature simply shrinks or expands the time 

of the whole process. This aspect can be useful when the whole manufacturing process 

presents different stages (e.g., mixing, gelation, inclusion of additives), which, with the help 

of the conversion maps, could be designed in a modular way, by changing the temperature to 

slow down or accelerate the gelation process. The simplest example is the mixing of the two 

liquid phases. In this case, it would be advisable to avoid during the mixing process any 

gelation of the material that increases viscosity; this would ensure a complete homogeneity of 

the final gel matrix. To this end, the mixing section should have a residence time lower than 

the time needed to obtain an appreciable change of the structural degree of conversion. To 

achieve this, it is convenient to work at a temperature sufficiently low as to render the 

gelation process slow enough. Hence, the conversion maps just derived can offer a first 

guidance in the mixer design by allowing to determine the required temperature range 

wherein the system should work; however, it is necessary to highlight that the maps should be 

used with caution for processes in flow, given the possible influence that the shear history 

could have on the kinetics of gelling systems. 
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Figure 16 ‒ Conversion maps reporting the structural conversion degree    against 

residence time and glycerol mass fraction at a temperature of a) 25 ºC, b) 40 ºC and c) 60 ºC. 

 

4. Conclusions 

A kinetic analysis of the gelation process of non-aqueous Carbopol dispersions in PEG400 

and glycerol has been performed by means of FTMS and UV-vis spectroscopy. The structure 

evolution of different samples has been tracked in time with focus on the effect of gelation 

temperature and dilution with different solvent concentrations. Both temperature and 

composition of the solvent have a dramatic effect on the kinetics, where an increase in both 

temperature and mass fraction of the solvent with higher polarity and small molecular 

dimension (glycerol) generates an increase in the characteristic rate of the process. A simple 

Fickian diffusive mechanism, based on polymer dissolution theory, has been used to explain 

the trends observed. UV-vis spectroscopy has also been implemented to confirm the 

dominance of the diffusive phenomenon. 
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From the final comparison between the characteristic times of the two experimental methods, 

it is deducted that both monitor two different aspects of the mechanism: through the observed 

absorbance decay, it is possible to track the characteristic time of the solvent penetration 

inside the cross-linked Carbopol structure, while, the time evolution of the storage modulus 

gives a more complete understanding of the internal microstructure changes, which depend 

not only on the solvent diffusion kinetics into the cross-linked polymer but also on the local 

interactions between swelling particles. Thus, from a process design viewpoint UV-vis 

spectroscopy can give an estimation of dry core extinction time. However, if the time 

evolution of the material structure is essential for design purposes, purely optical techniques 

based on turbidity could be misleading and a direct measurement of the structure evolution 

should be carried out. 

Finally, we exploited the kinetic equation defined in Eq. (6) together with the equations for 

the two fitting parameters (Eqs. (8) and (9)), to summarise in conversion maps the overall 

time evolution of the gelation process at different operating conditions. Naturally, the 

presented maps are specific for the system studied. Our intention, however, was to show the 

relevance of the kinetic analysis performed to processing and to develop a generic 

methodology that can be applied to other systems where the change in rheological properties 

affects the design of the process. 
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