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  Drying of polyacrylamide-multiwalled carbon 
nanotube (MWNT) composites with various 
MWNTs contents: a fluorescence study  
     Abstract:   We studied the drying of polyacrylamide 

(PAAm)-multiwalled carbon nanotube (MWNT) compos-

ites, prepared by free radical crosslinking copolymeriza-

tion in water, with a steady state fluorescence technique. 

Composite gels were prepared at room temperature 

with pyranine ( Py ) doped as a fluorescence probe. Dry-

ing experiments were performed in air at various MWNT 

contents by real time monitoring of the  Py  fluorescence 

intensity ( I ) which increased as the drying proceeded. 

The Stern-Volmer equation, combined with the mov-

ing boundary diffusion model, was used to explain the 

behavior of  I  during drying. It was observed that the 

desorption coefficient ( D ) increased as the temperature 

increased. Drying energies (  Δ E ) were measured for the 

drying processes for each MWNT content gel, by using 

fluorescence, gravimetrical and volumetric methods. It is 

understood that   Δ E  values decrease by increasing MWNT 

content, until 1 wt %  MWNT, and then increase above 

the level of this threshold value. The energy of drying is 

strongly correlated with the MWNT content in the com-

posite.   Δ E  drops to its lowest value, at which conducting 

cluster starts to appear.  
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1       Introduction 
 Three-dimensional networks can be hydrophilic and/or 

hygroscopic and drying of these materials encompasses 

many fields of technology. The quantity of bound water 

associated with the polymer varies as per the internal 

structure of the gel, i.e., the monomer and cross-linking 

agent. Drying mechanisms in hygroscopic materials 

have been studied by many investigators  [1, 2] . Moisture 

evaporates from the surface of the material to the air 

during the early part of drying. Once the surface water 

reaches the level of equilibrium content, an evaporat-

ing front forms and slowly moves into the body of the 

material, dividing the material into a wet region and dry 

region, which have different physical properties and 

transfer mechanisms  [3] . Water diffusion and drying in 

polyacrylamide (PAAm) gels were investigated by Roques 

et al. A mathematical model with independent param-

eters, which analysis the critical physical phenomenon, 

was proposed  [4] . A study based on the receding evapo-

rating front model and on the assumption of a parabolic 

moisture content profile in the diffusion zone of the wet 

region was reported  [5] . It was observed that the experi-

mental characteristic drying curves of plaster slabs were 

found to depend strongly on the thicknesses of the mate-

rial. An excellent review of methods for processing the 

data obtained from drying kinetics was written by Kemp 

et al.  [6] , where different methods for fitting and smooth-

ing drying curves are compared. The aim is to generate 

curves that can be used in industrial design. Drying 

mechanisms of gels by diffusion  [7] , shear modulus  [8] , 

the status of the mechanism and the practice of drying 

as stresses and cracking appeared  [9]  were investigated 

 [10] . A diffusive drying model, for the drying of highly 

shrinking materials like PAAm gel and cellulosic paste, 

has been reported  [11] . Recently, approximate models 

have been used by Coumans  [12]  to predict the drying 

kinetics for slab geometry. The structural and thermody-

namic pro perties of a water droplet enclosed in a spheri-

cal cavity, embedded in a hydrophobic material, were 

studied by Wallqvist et al.  [13] . 

 Recently the steady state fluorescence technique was 

employed for studying the drying of PAAm-NIPA  composi-

tes at various temperatures  [14] . The results presented in 

this preliminary work show that the desorption coefficient 

( D ) decreased as  κ -car contents were increased for a given 

temperature. The drying of PAAm- κ -car composite gels at 

various temperatures was studied by the steady-state fluo-

rescence (SSF) technique  [15, 16] . It was observed that  D  

increased as the temperature was increased, for a given 

 κ -car content. 
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34      G.A. Eving ü r and Ö. Pekcan: Drying of PAAm-MWNTs composite

 In this work, the drying process of PAAm-MWNT 

composite gels, prepared with different MWNT con-

tents, was studied by using the SSF technique at various 

temperatures.  Py  was used as a fluorescence probe to 

monitor the gel drying. It was observed that the fluo-

rescence intensity ( I ) of  Py  increased as the drying time 

( t ) was increased during the drying process. By combin-

ing the Stern-Volmer equation with the moving bound-

ary model, values for  D  were determined for the drying 

gels prepared with various MWNT contents, at different 

temperatures. Drying energies (  Δ E ) were measured for 

each composite gel, and found to be first decreased and 

then increased at low and high MWNT content regions, 

respectively, by presenting minima at the conductivity 

threshold. 

1.1    Stern-Volmer kinetics 

 Photophysical processes, such as fluorescence, or phos-

phorescence or photochemical reactions, with the con-

centration of a given reagent which can be a substrate 

or a quencher, can be explained by Stern-Volmer kinet-

ics, which applies broadly to variations of quantum 

yields. In the simplest case, a plot of  I  versus concentra-

tion of quencher ( [Q] ) is linear, obeying the following 

equation  [17] : 

   

0
01 [ ]q

I k Q
I

τ= +
 

(1)
 

 Here,  k  
 q 
  is the quenching rate constant,   τ   

0
  is the life-

time of the fluorescence probe,  Q  is the quencher concen-

tration and  I  
0
  is the  I  for the zero quencher content. This is 

referred to as the Stern-Volmer Equation. 

 For low quenching efficiency, (  τ   
0
  k  q [ Q ]  <    <  1), Eq. (1) 

becomes: 
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 If one integrates Eq. (2) over the differential volume 

( d ν  ) of the sample from the initial  a  
0
  to final  a  

  ∞    thickness, 

then reorganization of the relation produces the following 

useful equation: 
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 Here, the amount of water release ( W ) is calculated 

over the differential volume by replacing  Q  with  W  as: 
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 Here, it is assumed that water molecules are the only 

quencher for the excited  Py  molecules in our system. 

Where   υ   is the volume at the equilibrium drying state, 

which can be measured experimentally,  k  
 q 
  was obtained 

from separate measurements by using Eq. (1), where the 

infinity equilibrium value of water release,  W , was used 

for each sample. The measured values of   υ   and  I  at equi-

librium drying conditions were used to calculate  k  
 q 
  for 

each drying experiment, separately.  

1.2    Moving boundary diffusion model 

 The moving interface can be marked by a discontinu-

ous change in concentration, as in the absorption by a 

liquid of a single component from a mixture of gases, or 

by a discontinuity in the gradient of concentration as in 

the progressive freezing of a liquid  [18] . When the diffu-

sion coefficient is discontinuous at a concentration  c , 

i.e., the diffusion coefficient is zero below  c  and constant 

and finite above  c , then the total amount ( M  
 t  ) of diffusing 

substance desorbed from the unit area of a plane sheet of 

thickness  a  at time  t  is given by the following equation: 

   

1 / 2

1 / 2
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 where  D  is a diffusion coefficient at concentration  c  
1
 . Here 

 M  
 f     =  a  c  

1
  is the equilibrium value of  M  

 t 
 . If one assumes that 

the diffusion coefficient of polymer segments in the gel is 

negligible compared to the desorption coefficient,  D , of 

water, then Eq. (5) can be written as follows: 
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1 / 2
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(6) 

 Here, it is assumed that  M  
 t   is proportional to the 

amount of water molecules released,  W , at time,  t.  
.
    

2    Experimental 
 Commercially available MWNTs were bought from Cheap 

Tubes Inc., USA. They are 10 – 30  μ m long, with an inner 

diameter of 5 – 10 nm, an outer diameter of 20 – 30 nm, a 

density of approximately 2.1 g/cm 3  and a purity   >  95 wt % . 

They were used, as supplied, in black powder form without 

further purification. A stock solution of MWNTs was pre-

pared following the manufacturers regulations: nanotubes 

were dispersed in deionized (DI) water, with the aid of poly-

vinylpyrrolidone (PVP) (Merck, Germany), in proportions of 
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10 parts MWNTs: 1 – 2 parts PVP: 2000 parts DI water, by using 

ALEX ultrasonic equipment for 3 h at room temperature. 

 Composite gels were prepared by using 2 M acryla-

mide (AAm, Merck, Germany) with 0.1 – 15 wt %  of MWNTs 

stock content at room temperature. The linear component 

(AAm), the initiator [ammonium persulphate (APS), Merck, 

Germany], the crosslinker [N,N ′  methylenebisacrylamide 

(BIS), Merck, Germany], and the accelerator [tetramethyleth-

ylenediamine (TEMED), Merck, Germany], were dissolved 

in distilled water. The initiator and  Py  concentrations were 

kept constant at 7  ×  10 -3  M and 4  ×  10 -4  M, respectively, for all 

samples. The solution was stirred (200 rpm) for 15 min to 

achieve a homogenous solution. All samples were deoxygen-

ated by bubbling nitrogen for 10 min just before the polym-

erization process  [19] ; each pre-composite gel solution of 5 

ml was poured into a cylindrical glass tube and injector for 

the drying experiment. Before drying was started, compos-

ites were cut into discs with a diameter of 10 mm and a thick-

ness of 4 mm from the injector. Disc shaped gel samples were 

placed on the wall of a 1 cm path length square quartz cell 

filled with air and water, for the drying experiment. 

 The  I  measurements were carried out using a Model 

LS-50 spectrometer (Perkin-Elmer, USA), equipped with 

a temperature controller. All measurements were made 

at the 90 o  position and spectral bandwidths were kept at 

5 nm. Disc-shaped gel samples were placed on the wall 

of a 1 cm path length square quartz cell for the drying 

experiments.  Py  in the composite gels was excited at 340 

nm during the  in situ  fluorescence experiments and emis-

sion intensities of the  Py  were monitored at 427 nm as a 

function of  t . The position of the PAAm-MWNT composite 

gel was behind the hole in the cell and fixed by stainless 

steel wire and the incoming light beam for the fluores-

cence measurements. Here, one side of the quartz cell was 

covered by black cardboard, with a circular hole which 

was used to define the incoming light beam and limit its 

size to the dimensions of the gel disc  [20] . 

 At the same time, a gravimetric measurement was 

performed by measuring the weight. The distance and 

thickness of the PAAm-MWNT composite gel were also 

measured to calculate the volume of the PAAm-MWNT 

composite gel from the formula for a cylinder ’ s volume. 

The initial thickness is constant for the all samples.  

3    Results and discussion 
 Figure  1   shows the emission spectra of  Py  from the PAAm-

MWNT composite gel with 3 and 10 wt %  MWNT contents 

during drying in air at 30 ° C and in 150 min. It can be seen 

that, as the MWNT content is increased, fluorescence 
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 Figure 1    Emission spectra of pyranine ( Py ) from composites during 

drying in air, for 0.3 and 3 wt %  MWNT content gels at 60 ° C and in 

135 min.    
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 Figure 2    (A) Corrected fluorescence intensities of pyranine ( Py ),  I  
(  =   I  

 em 
  /I  

 sc 
 ) versus drying time ( t ), (B) the plots of the water release ( W ) 

versus  t  and (C) the normalized plots of  W  versus  t   1/2   for polyacryl-

amide (PAAm)-multiwalled carbon nanotube (MWNT) composite gel 

dried in air measured by fluorescence technique for 0.3 and 3 wt %  

MWNT content samples at 60 ° C, respectively.    
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36      G.A. Eving ü r and Ö. Pekcan: Drying of PAAm-MWNTs composite

 Table 1      Experimentally measured parameters of polyacrylamide 

(PAAm)-multiwalled carbon nanotube (MWNT) composites for 

various temperature and MWNT content during the drying process.  

wt %  
MWNTs

T ( ° C) D I  ×10 -9 
(m 2 /s)

D W  ×10 -9 
(m 2 /s)

D V  ×10 -9 
(m 2 /s)

0 30 14.10 1.29 0.45

40 15 1.40 0.49

50 26 3.40 1.58

60 48.67 4.40 1.81

0.3 30 2.46 2.83 3.05

40 4.53 4.99 4.76

50 8.56 9.04 8.09

60 9.15 9.15 12.5

0.6 30 2.30 2.40 2.90

40 3.17 3.15 2.76

50 6.08 8.39 6.64

60 7.37 8.72 11.5

1 30 2.29 2.04 2.60

40 2.57 2.06 2.72

50 4.70 3.29 3.11

60 5.28 5.67 5.02

3 30 2.30 2.60 2.99

40 6.23 2.76 3.29

50 8.39 3.41 4.18

60 10.2 6.36 6.16

5 30 2.35 2.90 3.29

40 8.65 3.11 4.07

50 12.1 3.86 4.51

60 12.7 6.56 6.29

10 30 2.46 3.05 3.44

40 9.88 4.39 4.14

50 14.3 5.38 5.38

60 14.2 7.47 6.52

15 30 4 3.54 4

40 10.4 4.65 4.92

50 16.4 6.52 6.25

60 17.6 8.39 7.69
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 Figure 3    Desorption coefficients versus temperature measured by 

(A) fluorescence, (B) gravimetrically, and (C) volumetric techniques 

for 3 and 10 wt %  MWNT content samples, respectively.    

emission intensity ( I  
 em 

 ) decreases relative to the scattered 

light intensity ( I  
 sc 

 ). Since the decrease in  I  
 sc 

  corresponds to 

the decrease in turbidity of the drying gel, the corrected 

light intensity ( I ) was introduced as  I  
 em 

  /I  
 sc 

  to eliminate the 

turbidity effect. As far as the correction of fluorescence 

emission is concerned, a totally empirical formula was 

introduced to produce the meaningful results for the fluo-

rescence quenching mechanisms. Here, the main idea is 

to eliminate the structural fluctuation due to the frozen 

blobs and holes  [21]  during drying, by using  I  
 sc 

 , i.e., one 

has to produce the corrected  I  by dividing emission inten-

sity,  I  
 em 

 , to scattering intensity,  I  
 sc 

 , to exclude the effect of 

turbidity of the gel on the fluorescence emission intensity 

and elaborate the Stern-Volmer model by using solely  I.  
 The variations of  I  versus  t , during drying of the 

composite gel at 60 ° C for 0.3 and 3 wt %  MWNT content 

samples, are presented in Figure  2  A. As  t  is increased, the 

quenching of the excited  Py  decreases, due to an increase 

in the water release from the drying PAAm-MWNT com-

posite gel. It has also to be noted that quenching becomes 

more efficient at high MWNT contents, indicating that 

MWNTs are good quenchers for the excited  Py  molecules 

 [22 – 27] . In order to quantify these results, a collisional type 

of quenching mechanism may be proposed for  I , emitted 

from the gel sample during the drying process by using 

Eq. (3). The value of   τ   
0
  is already known  [17] , so  W  can be 

calculated from the measured  I  values in each drying step. 

Figure 2B presents the  W  
 I   versus  t . The normalized plots of 

 W  versus  t   1/2   for 0.3 and 3 wt %  MWNT content sample at 

60 ° C are presented in Figure 2C, where the fit of the data 

to Eq. (6) produced the desorption coefficients,  D  
 I  , which 

are listed in Table  1   and plotted in Figure  3  A.  D  
 I   values 

increased as temperature was increased for a given MWNT 

content, as expected. 
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 Water desorption from the drying PAAm-MWNT com-

posite gel, prepared at various MWNT content, was also 

studied by using the gravimetrical methods at different 

temperatures. The plots of  W  versus  t  are presented in 

Figure  4  A at 30 ° C for 3 and 10 wt %  MWNT content gels, 

respectively. The fits of  W  to Eq. (6) for the gels dried at 30, 

40, 50 and 60 ° C, for various MWNT contents, produced 

desorption coefficients ( D  
 W 

 ) which are listed in Table 1 and 

plotted in Figure 3B. A similar increase in  D  
 W 

  as that for  D  
 I   

was observed as the temperature was increased. 

 The variations in volume,  V , of PAAm-MWNT compos-

ite gels during the drying process are also monitored. The 

plots of the volume  V , versus  t  for PAAm-MWNT compos-

ite gels, dried in air, are presented in Figure 4B. The data 

in Figure 4B are fitted to the following relation produced 

from Eq. (6): 

   

1 / 2

1 / 2

2
2 d

V D t
V aπ∞

⎛ ⎞= ⎜ ⎟⎝ ⎠
 

(7) 

 Here it is assumed, that the relation between  W  and 

 V  is linear. Then, using Eq. (7), the volumetric desorption 

coefficients ( D  
 V 
 ) were determined and listed in Table 1 and 

plotted in Figure 3C versus temperature. Again, it is seen 

that  D  
 V 
  values increased as the temperature increased, 
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 Figure 4    The plots of the water release ( W ) and  V  versus drying 

time ( t ), for polyacrylamide (PAAm)-multiwalled carbon nanotube 

(MWNT) composite gel dried in air and measured (A) gravimetrically, 

and (B) by the volumetric technique for 3 and 10 wt %  MWNT content 

samples at 30 ° C, respectively.    
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 Figure 5    Linear regressions of desorption diffusion coefficients 

versus reverse temperature measured by (A) fluorescence, (B) gravi-

metrically, and (C) volumetric techniques for 3 and 10 wt %  MWNT 

content gel samples, respectively.    

which was similar to the  D  
 I   and  D  

 W 
  behavior. Here, we 

have to emphasize that desorption coefficients are much 

larger for the higher MWNT content composites, predict-

ing that carbon nanotubes contribute to the desorption 

process during drying, i.e., water molecules move faster in 

tube channels than they do in the polymeric environment. 

 The behavior of the desorption coefficients ( D  
 I  ,  D  

 W 
 ,  D  

 V 
 ) 

versus  T  predicts that  D  –  T  relation may obey the follow-

ing Arrhenius law: 

   D   =   D  
0
   exp  (- Δ  E / kT )  (8) 

 where  Δ  E  is the energy of drying,  k  is Boltzmann ’ s con-

stant, and  D  
0
  is the desorption coefficients at  T  =   ∞   for 

each technique. The logarithmic form of Eq. (8) is pre-

sented in Figure  5   for the data obtained by fluorescence, 

gravimetrical and volumetric techniques, respectively, 
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from which   Δ E  values are produced and plotted in Figure 

 6  A, B and C, respectively. Here, we have to point out that 

the deviation in Figure 5A at 30 ° C most probably origi-

nates from the MWNT quenching of excited  Py . In other 

words, at high temperatures, MWNT becomes a more 

effective quencher for pyranines (Merck, Germany), indi-

cating that nanotubes are good quenchers for the fluo-

rescence probes  [22 – 25] . 

   Δ E  decreased until 1 wt %  MWNT, and then tended to 

increase, as shown in Figure 6, for all measurement tech-

niques. This is probably related to the fact that the drying 

behavior of composite hydrogels is obviously different 

from that of pure PAAm hydrogel. Here,   Δ E  behaved differ-

ently below and above the critical MWNT (1 wt % ) content, 

at which the conductivity percolation cluster starts to 

appear  [19] . Below the critical value, composite gel is more 

elastic and the energy needed for drying decreases as the 

composite system reaches 1 wt %  MWNT. At this point, 

the energy requirement for drying is minimal, due to the 

formation of percolation clusters from the carbon nano-

tubes, which helps the water molecules to run faster and 

exit from the composite gel system. However, above the 

critical point (1 wt %  MWNT), the composite gel is quite 

stiff, due to the formation of an infinite network, which 

resists the shrinking process, and as a result, the system 

spends a larger amount of energy on the drying process at 

this region.  

4    Conclusion 
 Our experiments present a study of the drying kinetics 

of PAAm-MWNT composite gels with various MWNT con-

tents. The fluorescence quenching method was employed 

to monitor the drying processes. A moving boundary 

model, combined with the Stern-Volmer kinetics, was 

used to measure  D  for drying. The experimental results 

indicate that  D  increased as the temperature increased. 

When MWNTs are added, the effect becomes stronger. 

Here, the quenching takes place basically by water mol-

ecules, which played the role during collisional quench-

ing with  Py  molecules, i.e., as the water molecules desorb 

from the composite, the quenching decreases, resulting 

in am increase in  I . The role of MWNT during the drying 

of composites, is to create more voids and holes, besides 

its static quenching background effect. In summary, high 

MWNT content composites dry faster above the critical 

value (1 wt %  MWNT). It is also understood that the energy 

needed for drying is different below and above the criti-

cal value of MWNT, at which the conducting percolation 

cluster starts to appear. It is noted that the fluorescence 

technique is more powerful than the other classical tech-

niques, providing information at a molecular level. As far 

as engineering applications are concerned,  “ drying ”  is a 

very important field in coating, food and pharmaceutical 

industries. This work introduces basic parameters for the 

drying processes in PAAm-MWNT composites, which can 

find important applications in the above mentioned fields.   
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respectively.    
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