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717.041025.1][ wM−×=η    (2) 
where 

[η] – the intrinsic viscosity. 
 

Synthesis of PLA by direct dehydropolycondensation 

Two different polymerization methods were carried out: (a) azeotropic 
dehydratation at 140 oC for 72 h without using molecular sieve as dying 
agent and (b) azeotropic dehydratation at 140 oC for (24 + 48) h using molecular 
sieve as dying agent. The catalyst can be recovered after filtration and 
reused. 

 
(a) Tin-catalyzed synthesis of PLA by direct dehydropolycondensation 

without using molecular sieve 
Using a 250 mL reaction vessel equipped with a Dean-Stark trap, 

20.1 g of 85-90 % L-lactic acid was azeotropically dehydrated using 100 mL 
xylene for 72 h at 140 ºC, in the presence of SnCl2  2 H2O (0.2 wt.-%)  
as catalyst. The reaction mixture was cooled to room temperature and 
concentrated to about fourth-volume. 100 mL dichloromethane was slowly 
added and the catalyst was removed by filtration. The dissolved polymer 
was precipitated by addition of water and the solvent evaporation was allowed 
for 24 h at room temperature, maintaining the solution under stirring, thus 
dry solid polymer (PLA-a) was isolated. 

 
(b) Non-catalyzed synthesis of PLA by direct dehydropolycondensation 

without using molecular sieve 
Similar polymerization method was performed without using catalyst 

resulting PLA-b. 
 
(c) Tin-catalyzed synthesis of PLA by direct dehydropolycondensation 

using molecular sieve 
Using a 250 mL reaction vessel equipped with a Dean-Stark trap, 

20.1 g of 85-90 % L-lactic acid was azeotropically dehydrated using 100 mL 
xylene for 24 h at 140 ºC, in the presence of SnCl2 · 2 H2O (0.2 wt.-%) as 
catalyst. After the removal of water in the Dean-Stark trap, the reaction 
vessel was cooled to room temperature and in the place of Dean-Stark trap 
was mounted a tube completely packed with molecular sieve (3 Å). The 
refluxing solvent is returned to the vessel by way of the molecular sieves for 
an additional 48 h at 140 ºC. After the reaction mixture was concentrated to 
about fourth of the volume, the following steps were the same as for the 
above-mentioned polymerization methods resulting PLA-c. 
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(d) Non-catalyzed synthesis of PLA by direct dehydropolycondensation 
using molecular sieve 

Similar polymerization method was performed without using catalyst 
to obtain PLA-d. 
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ABSTRACT. In this study the biosorption of Pb(II) ion from aqueous 
solution on non-living mycelial pellets of Phanerochaete chrysosporium 
treated with caustic, heat and ethanol was studied using batch technique with 
respect to initial concentration and temperature. Phanerochaete chrysosporium 
was grown in a liquid medium containing mineral and vitamin materials with a 
complex composition. The biomass of P. chrysosporium treated with ethanol 
revealed that it was mechanical stable and had increased adsorption 
capacity for Pb(II) compared to caustic, heat and untreated cells. Increasing 
temperature upto 32 ºC the bioadsorption capacity decreased for ethanol 
treated fungal cells, while it had not effect on bioadsorption by heat and 
untreated fungal biomass. For caustic treated fungal biomass the Pb(II) 
removal increased with increasing temperature. 
 
Keywords: bioadsorption, Pb(II), Phanerochaete chrysosporium, fungal cell 

surface treatment, temperature 
 
 
 
 
INTRODUCTION 

Heavy metal pollution is one of the most important environmental 
problems today. 

Heavy metals are toxic and hazardous materials and their increasing 
amount have been documented [1,2]. Various industries produce and discharge 
wastes containing different heavy metals into the environment such as energy 
and fuel production, iron and lead metallurgy, mining, smelting of metalliferous, 
surface finishing industry, fertilizer and pesticide industry and application, 
electroplating, electrolysis, electro-osmosis, leatherworking, photography, electic 
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appliance manufacturing, metal surface treatment, aerospace and atomic 
energy installation etc. Metal as a kind of resource is becoming shortage 
and also brings about serious environmental pollution, threatening human 
health and ecosystem. [1, 2].   

Different technological methods have been developed to remove 
heavy metals from environment. At present, many technologies, such as 
sulfuration method, electrolysis, membrane and ion-exchange process, can 
be used for the treatment of wastewater polluted by heavy metals. However, 
these methods are less effective and more expensive when heavy metal 
concentration in the wastewater is low, and some of them can easily cause 
the second pollution. In recent years, applying biotechnology in controlling 
and removing metal pollution has been paid much attention, and gradually 
becomes hot topic in the field of metal pollution control because of its potential 
application. 

Biosorption can be defined as the removal of metal or metalloid species, 
compounds and particulates from solution by biological material (3). Large 
quantities of metals can be accumulated by a variety of processes dependent 
and independent on metabolism. Both living and dead biomass as well as 
cellular products such as polysaccharides can be used for metal removal (3). 

Removal of heavy metals by biosorption has many advantages, such as 
fast adsorption speed, removing heavy metal ions selectively under low 
concentration, high adsorption efficiency, wide range of pH and temperature, less 
investment and running cost, in addition, some heavy metals can be recovered. 
Biosorption, as an efficient treatment means, is gaining increasing attention.  

In the concept of biosorption, several chemical processes may be 
involved such as adsorption, ion exchange, and covalent bonding with the 
biosorptive sites of the microorganisms [6]. Biomass cell walls, consisting 
mainly of polysaccharides, proteins and lipids offer many functional groups 
which can bind ions such as carboxylate, hydroxyl, sulphate, phosphate and 
amino groups.  

A large quantity of materials has been investigated as biosorbents 
for the removal of metals or organics extensively. The tested biosorbents 
can be basically classified into the following categories: bacteria, fungi, 
yeast, algae, industrial wastes, agricultural wastes and other polysaccharide 
materials (2). Different kind of fungi can be used as natural biosorbent 
such as Saccharomyces cerevisiae [2,7 - 10], Aspergillus niger [13-14], 
Polyporus ostreiformis [15], Phanerochaete chrysosporium [16-19], Trametes 
versicolor [15].  

Phanerochaete chrysosporium is a well-known white-rot fungus 
and it has a strong ability to degrade various xenobiotics and exist in 
bleaching effluents from pulp and paper mills [20]. It could also be used to 
remove heavy metals from wastewaters by adsorbing the metals on its 
mycelium. 
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Figure 1. SEM image of Phanerochaete chrysosporium white-rot fungi. 
A) The picture shows the mycelium of the fungi at a magnification of 1000 fold. 
B) The picture shows the spherical-like fungal pellet at a magnification of 20 fold. 

 
The treatment of native biomass improves its biosorption capacity, 

changes the possible binding groups [21]. Immobilization of these organisms 
improves mechanical strength, rigidity, size, porosity characteristics, and 
resistance to environmental restrains [22, 23]. 

Kacar et al. (2002) have compared the biosorption capacity of alginate 
and immobilized live and heat inactivated Phanerochaete chrysosporium 
for Hg(II) and Cd(II) ions. The biosorption of Hg(II) and Cd(II) ions on the 
biosorbents depended on the experimental conditions, particularly on the 
pH of medium and the concentration of metals ion in the medium. Their 
experiment showed that the biosorption capacity decreased in order of non-
living, living and immobilized cells [15]. 

Li et al (2004) studied the simultaneous biosorption of cadmium(II) 
and lead(II) ions by heat treated biomass of Phanerochaete chrysosporium. 
In the single-ion situation and under the optimum adsorption conditions (pH = 
4.5), the maximum uptake was obtained as 15.2 mg g−1 at initial Cd(II) 
concentration of 50 mg l−1, for Pb (II) ions it was 12.34 mg g−1. The biomass 
concentration was 2 g l-1 in the suspension. In the binary metal solutions, 
both metal uptake and adsorption yield for one kind of ion decreased with 
increasing concentration of the other metal ion. Thus the interaction of Cd (II) 
and Pb (II) ions on their biosorption by P. chrysosporium was generally 
found to be antagonistic. The most logical reason for the antagonistic action 
was claimed to be the competition for adsorption sites of the cell surface. 
Pb (II) ions were found to be bound more effectively to P. chrysosporium than 
Cd (II) ions in binary metal solution [23]. Yetis et al. (2000) have studied the 
adsorption capacity of Pb(II) ion by living and non-living P. chrysosporium 
cells in aqueous solution. The resting cells of P. chrysosporium were able to 
uptake up to 80 mg Pb(II)/g dry cell at pH 5. However, live and dead cells 
exhibited lower capacities. The uptake capacity for Pb (II) ions of young 
resting fungal cells was higher than that of older fungal cells [18]. Say, Denizli 
and Arica (2001) investigated the biosorption from artificial wastewaters of 
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Cu(II), Pb(II) and Cd(II) ions onto the dry fungal biomass of P. Chrysosporium 
fungal cells. The maximum adsorption of different heavy metal ions on the 
fungal biomass was obtained at pH 6.0 and the biosorption equilibrium was 
established after about 6 h. The experimental biosorption data for Cd(II), 
Pb(II) and Cu(II) ions were in good agreement with those calculated by the 
Langmuir model. The order of affinity for competitive conditions was as follows: 
Cu(II) > Pb(II) > Cd(II). This order was the same as in the non-competitive 
condition [19].  

Biosorption of heavy metals on the pretreated P. chrysosporium biomass 
has not yet been investigated completely. This paper is unique from the aspect 
that no one has compared the effect of different cell surface treatment of 
Phanerochaete chrysosporium on Pb(II) bioadsorption. The main objectives 
of the present study are the followings: 

• using different pretreatment methods on Phanerochaete chrysosporium 
cells, 

• comparison of  the Pb(II) biosorption capacity by treated cells, 
• study the effect of temperature on the bioadsoprtion process.  

 
RESULTS AND DISCUSSION 

The effect of ethanol, heat and NaOH treatment of non-living 
Phanerochaete chrysosporium mycelial pellets on Pb(II) biosorption was 
investigated in aqueous suspension. Figure 2a and 2b shows the effect of 
different treatments on Pb(II) biosoption capacity at 25 and 50 mg l-1 initial Pb(II) 
concentrations at 22oC. The biomass concentration was 1 g l-1. The adsorbed 
amounts of Pb(II) are shown in Figure 1a and the bioadsorption efficiencies 
(expressed in percent, %) of Pb(II) are shown in Figure 1b for different cell 
surface treatments in the case of both initial concentrations. The alteration 
of Pb(II) bioadsorption capacity on the effect of cell surface treatment was the 
same at both initial concentrations, although the bioadsorption capacities did 
not change significantly due to the morphology of mycelial fungal pellets. 
Non-living fungal cells were used as reference biosorbent. For untreated 
fungal cells at 25 mg l-1 Pb(II) concentration the bioadsorption capacity qs is 
16.34 mg g-1 (65.35 %), at 50 mg l-1 Pb(II) concentration qs is 42.05 mg g-1 
(84.11 %). The fungal cells treated with ethanol had the maximum bioadsorption 
capacity, at 25 mg l-1 initial concentration qs is 16.91 mg g-1 (67.64 %), at  
50 mg l-1 initial concentration qs is 42.60 mg g-1 (85.20 %).  

The caustic and heat treatment of cells slightly reduced the Pb(II) 
bioadsorption capacity in comparison with untreated cells. In the case of 
heat treated cells, at 25 mg l-1 Pb(II) concentration the bioadsorption capacity qs 
is 15.68 mg g-1 (62.73 %), at 50 mg l-1 Pb(II) concentration qs is 41.54 mg g-1 
(83.07 %). In the case of caustic treated fungal cells, at 25 mg l-1 Pb(II) 
concentration the bioadsorption capacity qs is 16.06 mg g-1 (64.22 %), at  
50 mg l-1 Pb(II) concentration qs is 41.31 mg g-1 (82.62 %).  



THE EFFECT OF CELL SURFACE TREATMENT ON LEAD(II) BIOADSORPTION BY … 
 
 

 69 

The results show that increasing initial concentration of Pb(II) increased 
the adsorbed amount of Pb(II) and adsorption efficiency for Pb(II) by biomass. 
Göksungur et al. (2005) studied the biosorption of Pb(II) and Cd(II) ions from 
artificial aqueous solution using waste baker’s yeast. The yeast cells were treated 
by ethanol, caustic and heat for increasing their biosorption capacity and the 
highest metal uptake values were obtained by ethanol treated yeast cells.[9].  
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Figure 2: Effect of ethanol, heat, caustic treatment of fungal cells on Pb(II) 

bioadsorption process. 
(a) The adsorbed amounts of Pb(II) and (b) the bioadsorption efficiencies are 

presented in the case of treated fungal cells.  
Experimetal conditions: T = 22ºC, biomass concentration: 1 g l-1, initial Pb(II) 

concentration: 25 and 50 mg l-1, cell diameter: 0.5 – 1 mm, pH = 5.9. 
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Theorem 5. Consider the dendrimer graph S[n] depicted in Figure 
4. Then, S n( [ ]) 1.η =  

Proof. By using Examples 2 and 3 one can see that S n C5( [ ]) ( ).η = η  

According to Example 4, this value is 1 and the proof is completed. 
Now, we compute the nullity of the nanostar dendrimer graph D[n] 

depicted in Figure 5. If n = 1 it is easy to see that D( [1]) 1.η =  For n = 2, 
D( [2]) 2.η =  In generally we have the following Theorem: 

Theorem 6. Consider nanostar dendrimer D[n], then 
 

1

1 1

( [ ]) 2 2 .

2 1,2n

n

D n n

n−

 =
η = =
 ≠

 

 
Proof. For the cases n = 1, 2 the proof is clear. Suppose n ≥ 3, by 

using Lemma 1(v), one can see that D n D D1( [ ]) ( ) ( ).η = η = η  On the other 

hand, by Lemma 1(vi), one can deduce that D D D1 2 10( ) ( ) ... ( ).η = η = = η  In 

overall, the nullity of this dendrimer is related to the number of branches of 
D[n] and so, the proof is completed. 

 

 
 

Figure 4. 2 D graph of S[n]. 
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Figure 5. 2 D graph of D[n], for n = 3. 
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D6 D7 D8 

  

 

D9 D10  

 
Figure 6. Computing nullity of D[n], for n = 3. 

 
A hypercube (Figure 7) define as follows: 
The vertex set of the hypercube Hn consist of all n-tuples b1b2…bn with 

ib {0,1}∈ . Two vertices are adjacent if the corresponding tuples differ in 

precisely one place. Clearly the hypercube Hn is isomorphic to K K2 2× ×L . 
 

 
 

Figure 7. 3-D Graph of a Hypercube. 
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Theorem 7 [1]. Suppose G and H be two graph with eigenvalues 

i i n(1 )λ ≤ ≤  and j j m(1 )µ ≤ ≤ . Then the eigenvalues of Cartesian product 

×� �  are i jλ + µ . 

As a corollary of Theorem 7, we compute the nullity of the hyper 
cube Hn. It is well – known fact the spectrum of Kn is as follows: 

 
 

n
n

Spec K
n

1 1
( )

1 1

− − 
=  − 

. 

 
 

So, the eigenvalues of K2 are 1±  with multiplicity 1. According to 
Theorem 7,  

Spec K K2 2
2 0 2
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1 2 1
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 
. 

By continuing this method, one can see that the spectrum of 
K K2 2× ×L  is: 
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This implies the nullity of Kn  is as follows: 
 
 

n

n
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2 |
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Example 8. Consider the raph Gr, with r hexagons, depicted in Figure 
8(a). By using Lemma 1(v) it is easy to see that 1 1 2r rG G r( ) ( ) ( , ,...).−η = η =  
By induction on r it is clear that rG( )η  = 0. Now consider graph Hr (Figure 8(b)). 
Since this graph has a pendent vertex, so by Lemma 1(vi), 1r rH T( ) ( ).−η = η  
Again we use Lemma 1(vi) and then we have 1 1r rT H( ) ( ).− −η = η  By continuing 
this method we see that 1rH H( ) ( ).η = η  H1, has a pendent vertex joined to a 
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hexagon. Lemma 1(vi) implies that 1 5H P( ) ( ).η = η  By Lemma 1(ii) it results that 

5 1rH P( ) ( ) .η = η =  
 
 

 
Figure 8 (a). Graph Gr. 

 

 
Figure 8(b). Graph Hr. 

 

 
Figure 8(c). Graph Tr-1. 

 

Recall that a set M of edges of G is a matching if every vertex of G 
is incident with at most one edge in M; it is a perfect matching if every 
vertex of G is incident with exactly one edge in M. Maximum matching is a 
matching with the maximum possible number of edges. The size of a 
maximum matching of G is the maximum number of independent edges of 
G and is denoted by m = m(G).  

Theorem 9 [2]. If a bipartite graph G with n ≥ 1 vertices does not 
contain any cycle of length 4s (s = 1, 2, . . .), then η(G) = n − 2m, where m 
is the size of its maximum matching. 

In this section, by using Theorem 9, we compute the nullity of triangular 
benzenoid graph G[n], depicted in Figure 9. The maximum matching of G[n] 
is depicted in Figure 10. In other words, to obtain the maximum matching at 
first we color the boundary edges, they are exactly n3 ×  edges. The 
number of colored vertical edges in the kth row is k – 1. Hence, the number 
of colored vertical edges is 1 + 2 + … + n – 2 = (n - 1)(n – 2)/2. By 
summation of these values one can see that the number of colored edges 
is 3n + (n - 1)(n – 2)/2 = (n2 + 3n + 2)/2 which is equal to the size of 

maximum matching. This graph has n2+ 4n + 1 vertices, n n23( 3 ) / 2+  

edges and, by using Theorem 9, 2 3 2 1G n n n n n n2( [ ])  4  1 ( ) ,η = + + − + + = −  
thus we proved the following Theorem: 
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Theorem 10. 1( [ ]) .G n nη = −  

 
 

Figure 9. Graph of triangular benzenoid G[n]. 
 
There is an interesting result, provided by Theorem 10: the nullity of 

triangular benzenoid structures is very close to n, which is the value for a 
non-connected molecular graph. If so, this means a molecule showing such 
a graph cannot exist (as a bounded collection of atoms). A similar conclusion, 
even differently argued, was emitted by Clar [14] (see also ref. [15]).    

 

 
 

Figure 10. Graph of triangular benzenoid G[n]. 
 
 

CONCLUSION 

Chemical graph theory is an important tool for studying molecular 
structures. This theory had an important effect on the development of the 
chemical sciences. In this paper we computed the nullity of some chemical 
graphs. This number, related to the spectral graph theory, can be informative in 
some extreme cases, when (quasi) non-bounded molecular graphs are predicted. 
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BASED ON SURFACE-ACTIVE AGENTS (I) 

 
 
 

ANDRA TĂMAŞa, MARTIN VINCZEb 
 
 

ABSTRACT. The paper presents the rheological behavior study of some 
solutions based on surface-active agents used as auxiliaries in oil extraction 
technology. The influence of surfactants’ structure and concentration was 
determined, as well as that of temperature, on the rheological behavior, by 
setting the dependence between the shear stress τ and the shear rate γ& . 
The analysis of dependence )(γτ &f= demonstrates that the solutions 
studied present non-Newtonian behavior. 
 
Keywords: real plastic behavior, shear rate, shear stress, surface-active 

agents  
 
 
 
INTRODUCTION 

In the oil extraction process, after a certain period of operation, oil-
wells depletion occurs, that means a drasting drop in productivity. The 
phenomenon is mostly significant in the case of the deposits whose structure 
is based on clays, which become hydrated in contact with water, undergoing a 
"swelling" process followed by the clogging of the well [1-3]. 

In order to increase the layer’s porosity and permeability, a porous 
material (usually sand of a certain granulation) is introduced in the deposit 
through the existing cracks. The sand spreading must be done by means of 
a fluid carrier. The first types of fluid carriers were hydrogels (hydroxyethyl-
cellulose, carboxymethylcellulose), their main disadvantage being the difficult 
removal from the deposit’s cracks after the solid material sedimentation [3-6].  

Subsequently, viscoelastic solutions were used, characterized by a 
very good carrying capacity for the solid material, which, in contact with crude 
oil, suddenly lose their viscoelastic properties (due to the change of micelar 
structure), leave the solid in the cracks and are then eliminated  from those 
[5,7]. The well-known viscoelastic fluids are the solutions with cationic 
surfactants content [7].   
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Viscoelasticity may be caused by the forming process of the micelles in 
this case, which is different from that related to the usual ones, which are 
spherical [8]. Viscoelastic fluids based on surface-active agents formed 
very long flexible (“wormlike”) cylindrical micells in solutions, which confer 
them useful rheological properties. 

The preparation of solutions was done by dispersing water (W) under 
intense stirring in surfactants mixture (VA+VB and VAD+VB, respectively) at 
room temperature (t~25°C). The main characteristics of the surface-active 
agents are found in Table 1, and the compositions of the solutions obtained 
are presented in Table 2. The critical micellar concentration (CMC) has been 
determined of VA and VB aqueous solutions with different concentrations.  
 

Table 1. The properties of the surface-active agents used 

Symbol Type 
Active 

substance 
% 

Molecular 
weight, 

1−⋅ kmolkg  
CMC, 

1−⋅ Lmol  
pH of 1% aq. 

solution 

VA anionic 35 362 3105.1 −⋅  7÷8 
VB amphiphilic 30 355 4107.8 −⋅  7÷7.5 

VAD weakly cationic 100 488 - - 
 

Table 2. The composition of solutions with VA content 

Symbol Compozition, wt %  Symbol Compozition, wt %  
P12 3%VA+2%VB+95%W P14 5%VA+2%VB+93%W 
P22 3%VA+6%VB+91%W P24 5%VA+6%VB+89%W 
P32 3%VA+8%VB+89%W - - 
P42 3%VA+10%VB+87%W P44 5%VA+10%VB+85%W 
P52 3%VA+12%VB+85%W P54 5%VA+12%VB+83%W 
P62 3%VA+16%VB+81%W P64 5%VA+16%VB+79%W 

 

The rheological characterization of the solutions prepared was carried 
out using rotational viscometer Rheotest-2, under thermostatic conditions. It 
was followed the establishment of rheological relations )(γτ &f=  where τ  and γ&  
are the shear stress and the shear rate, respectively, as well as the calculation 
of viscous flow energy aE . 

The characterization of liquids flow in ring-shaped spaces is expressed 
using the Taylor-Reynolds number, ReTa  which depends on the geometry 
of the ring-shaped space (radii of the two cylinders), shear rate, liquid density 
and apparent viscosity [9]: 
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RESULTS AND DISCUSSION 

The influence of temperature on the rheological behavior was 
determined for samples P22, P42, P52 and P62 (with 3%VA) and for samples 
P44, P54 and P64 (with 5% VA). In Figures 1 and 2, dependence )(γτ &f= is 
shown, at three temperature values, for solution P52 and P54. 
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Figure 1. Dependence )(γτ &f=  for P52 sample at different temperatures 
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Figure 2. Dependence )(γτ &f=  for P54 sample at different temperatures 
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The rheological equations are presented in Tables 3 and 4 for different γ&  
range of values due to the change of curves inclination ( chγ& is the value of transition). 

From the analysis of rheological equations for all solutions, the non-
Newtonian behavior can be observed, similar to the real plastic fluids 
( 1<n ). Also, it was observed the decrease of coefficient K  and the 
increase of the exponent n  with the temperature increase (for P54 only for 

16.48 −< sγ& ), while the non-Newtonian behavior is maintained. The 

ReTa values increase with the temperature increase. For sample P54 is found 
that the shear stress increases as the temperature increases, as well as the 
change of curves slope at lower values of the shear rate. 

 
Table 3. Rheological equations for P52 sample at various temperatures 

Temp., 
ºC 

Equation nK γτ &⋅=  r2 
chγ& , s-1 TaRe 

660.04.0 γτ &⋅= , ( ) 124381 −÷∈ sγ&  0.9944 
25 

466.02.1 γτ &⋅= , ( ) 113125.364 −÷∈ sγ&  0.9979 283.4 0.77 

793.014.0 γτ &⋅= , ( ) 124381 −÷∈ sγ&  0.9998 
32 

583.046.0 γτ &⋅= , ( ) 113125.364 −÷∈ sγ&  0.9986 281.9 1.04 

976.0033.0 γτ &⋅= , ( ) 124381 −÷∈ sγ&  0.9983 
39.5 

735.012.0 γτ &⋅= , ( ) 113125.364 −÷∈ sγ&  0.9964 292.1 1.72 

 
Table 4. Rheological equations for P54 sample at various temperatures 

Temp., 
ºC 

Equation nK γτ &⋅=  r2 
chγ& , s-1 TaRe 

032.07.19 γτ &⋅= , ( ) 16.489 −÷∈ sγ&  0.9985 
25 

116.03.11 γτ &⋅= , ( ) 1131281 −÷∈ sγ&  0.9632 10.1 0.00077 

234.07.10 γτ &⋅= , ( ) 16.489 −÷∈ sγ&  0.9798 
32 

218.08.6 γτ &⋅= , ( ) 1131281 −÷∈ sγ&  0.9936 23.9 0.0041 

496.04.3 γτ &⋅= , ( ) 16.489 −÷∈ sγ&  0.9830 
39.5 

133.02.14 γτ &⋅= , ( ) 1131281 −÷∈ sγ&  0.9849 70.6 0.032 

 The dependence )(γτ &f= for the samples with 3% VA and various 
percentages of VB, at 39.5˚C, is expressed in Figure 3 and the rheological 
equations are presented in Table 5. 
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Figure 3. )(γτ &f= dependence for P22, P42, P52 and P62  samples 
 

From Figure 3, for P22 and P62 samples it is observed that the 
)(γτ &f= dependence can be considered linear. 

 
Table 5. Rheological equations for samples with 3% VA at 39.5˚C 

Symbol VB content, wt %  Equation  
2r  

P22 6 γτ &⋅= 00475.0  0.9952 
P42 10 70.017.0 γτ &⋅=  0.9925 

P52 12 84.006.0 γτ &⋅=  0.9942 

P62 16 γτ &⋅= 0081.0  0.9988 

 
 
From the graphical representation of γτ &/  evolution as a function of 

shear rate for solutions with 3%VA (Figure 4) it is observed that the ratio 
decreases with the increase of γ&  (for samples with 10% and 12%VB). The 
apparent viscosity of the sample with 6%VB is significantly smaller than the 
other samples and decreases with the shear rate increase only at 

14.437 −> sγ& . For samples containing 5%VA, in the same conditions, the 
apparent viscosity is significantly higher than 3%VA samples and decreases 
with the shear rate increase (Figure 5). 
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Figure 4. =γτ &/ )(γ&f dependence for P22, P42, and P52 samples 
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Figure 5. =γτ &/ )(γ&f dependence for P44, P54, and P64 samples 
 
The temperature increase leads to microdrops mobility intensification 

which influences the activation energy of the system. The phenomenon can 
be explained by Arhenius type equation applied to the cumulative effect 
described by the shear stress (eq. 2): 

    TR
Ea

eA ⋅⋅= 'τ               (2) 

where: 'A - preexponential coefficient having the dimension of shear stress; 
aE - activation energy; R - general gas constant; T - absolute temperature.  
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 The study of the influence of temperature on the activation energy 
of the system was done for all the analyzed solutions. Dependence 

)1(ln Tf=τ was graphically represented, as obtained from the logarithmic 
form of equation (2), for shear stress values corresponding to the three chosen 
values of the shear rate. 
 Particular expressions of equation (2) for solutions with 3%VA are 
presented in Table 6. 
 

Table 6. Particular expression of eq. (2) for samples P22, P52 and P62 

Equation )exp(' TREA a ⋅⋅=τ  γ& 1−s  
P22 P52 P62 

145.8 ( )T5.11exp106.5 17 ⋅⋅= −τ  ( )T0.3exp106.7 9 ⋅⋅= −τ   )5.3exp(109.1 5 T⋅⋅= −τ  

243 ( )T4.9exp108.9 14 ⋅⋅= −τ  ( )T2.5exp106.3 7 ⋅⋅= −τ  )9.3exp(108.6 6 T⋅⋅= −τ  

729 ( )T3.7exp104.2 10 ⋅⋅= −τ  ( )T2.3exp103.5 4 ⋅⋅= −τ  )6.3exp(100.6 5 T⋅⋅= −τ  

 
 

In Figure 6 the activation energy change is shown as related to the 
VB content for solutions with 3% VA. 

 

 

 

 

 

 

 

 

 
Figure 6. Activation energy changes for P22, P52 and P62 samples 

The variation of ReTa number with temperature and the VB content, 
respectively, is shown in Figure 7. 
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Figure 7. ReTa evolution for samples with 3% VA 
 
CONCLUSIONS 
 The rheological behavior of solutions based on active-surface agents 
was studied, monitoring the influence of the nature and concentration of 
surfactants and of the temperature, respectively.  

The rheological characterization was carried out in thermostatic 
conditions, using a rotational viscometer Rheotest-2 which correlates the 
shear stress value τ  with the shear rate γ& . Specific rheological equations  

nK γτ &⋅=  were established. 
P12, P14 and P24 solutions could not be analysed using Rheotest-2 

viscometer, as being too little viscous. 
The temperature increase does not change the non-Newtonian 

nature of )(γτ &f=  dependence, but leads to the increase of the shear stress 
value for samples with 5%VA. For the samples with 3%VA, the temperature 
increase leads to the decrease of exponent n  and the increase of K . 

The activation energy values decrease as the content of VB component 
and shear rate increase, which corresponds with the increase of ReTa  
number (according to the intensification of system turbulence). 

For all temperatures there is a range of concentrations at which 
ReTa  number has minimum values.  

 

EXPERIMENTAL SECTION 
Using the stalagmometer method (drop weight method) the surface 

tension has been determined of VA and VB aqueous solutions with different 
concentrations. From the dependence between the surface tension σ  and 
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the concentration c  natural logarithm the corresponding values of CMC were 
established. 

Determinations were made using the viscometer Rheotest-2 with 
the system vat-drum S/S1, in temperature range 25÷40°C.  

The samples were analyzed immediately after preparation. Conservation 
of these solutions, at room temperature, for 2-3 months has not led to 
significant changes in rheological properties.  
 
 
 
 

REFERENCES 

 
1. T.S. Davies, A.M. Ketner, S.R. Raghavan, J. Am. Chem. Soc., 2006, 128, 6669. 
2. K. Hashizaki, N. Tamaki, H. Taguchi, Y. Saito, K. Tsuchiya, H. Sakai, M. Abe, 

Chem. Pharm. Bull., 2008, 56(12), 1682. 
3. R. Kumar, G.C. Kalur, L. Ziserman, D. Danino, S.R. Raghavan, Langmuir, 2007, 

23, 12849. 
4. J.R. Gladden, A. Belmonte, Physical Review Letters, 2007, 98, 224501. 
5. M.C. Sostarecz, A. Belmonte, Physics of Fluids, 2004, 16(9), L67. 
6. A. Bhardwaj, D. Richter, M. Chellamuthu, J.P. Rothstein, Rheol. Acta, 2007, 

46, 861. 
7. E. Miller, J.P. Rothstein, J. Non-Newtonian Fluid Mech., 2007, 143, 22. 
8. G. Schramm, “A Practical Approach to Rheology and Rheometry”, Thermo 

Electron Karlsruhe, 2nd Edition, 2004. 
9. N. Borş, A. Tămaş, Z. Gropşian, Chem. Bull. of “Politehnica” Univ. of Timişoara, 

2008, 53(67), 1-2, 16. 





STUDIA UBB CHEMIA, LVI, 2, 2011 (p. 95 - 106) 
 
 
A PRELIMINARY STUDY OF THE DYNAMIC BEHAVIOUR OF 
THERMAL CRACKING PROCESSES FOR IMPLEMENTING 

ADVANCED CONTROL AND OPTIMIZATION 
 
 
 

ANDREEA SAVUa, GHEORGHE LAZEAa, PAUL-ŞERBAN AGACHIb 
 
 

ABSTRACT. Nowadays industrial chemical processes must operate at 
maximum efficiency and one of the ways to save energy and still obtain 
high quality products is by using advanced process control. 

The coking furnace is the heart of any thermal cracking installation and 
the coil outlet temperature influences directly the quality of the end products 
and the coke deposits on the walls. The major concern is to maintain a constant 
gas outlet temperature in order to decrease the deposits and implicitly maintain 
the tube metal temperature and the pressure, constant. Advanced control 
is a good alternative solution to obtain the desired product yield and still 
maintain the safety conditions, without changing the system’s configuration or 
replacing the existent components with new ones. 

A mathematical model of a thermal cracking coil was developed, based 
on free radical mechanism and some basic assumptions. In order to predict 
the coil’s behaviour (temperature, product yields and pressure), a simulator 
for the dynamic process was used. 
 
Keywords: thermal cracking, coking plant, ethylene furnace, advanced control, 

optimization, real-time control systems. 
 
 
 

INTRODUCTION 

Process models are usually used for the research of an operating 
strategy of a plant in an optimal mode, advanced process control systems 
(APC), for the training of operators and for a number of other studies 
(influences of the operating parameters and processing problems) that can 
be performed on the model in order to protect the real process from test 
disturbances. Additionally, a lot of control concepts are based on using a 
model of the process as part of the controller. This model based controllers’ 
performance depend on the validity of the model. Several thermal cracking 
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reactor models can be found in literature ([3], [5], [6], [10], [11] and others) and a 
full simulation of the reactor and the radiant box is provided by [7]. Some 
models for a delayed Coker are presented in the chemical engineering 
thesis of Albers [1].  

According to Herink and Belohlav [4], the rigorous models are far more 
complex than models obtained using artificial neural networks, for example, 
and could be used for the design of pyrolysis furnaces, fundamental chemical 
engineering calculations and the prediction of the lighter feedstock cracking 
yields (ethane or naphtha).  

It is not very difficult to implement a dynamic model described by 
differential equations, using specialized software, but to implement it using 
a real time control environment, such as Emerson’s DeltaV Control Studio, 
it is a real challenge, because of the need to simplify its conditions and also 
obtain a valid model. 

The purpose of this study is to design an optimal control system for 
the output variables of the simulated system. The starting point was the 
development of the dynamic model of an infinitesimal volume of pipe, Fig. 
1, using the fundamental equilibrium equations: material balance, thermal 
balance and momentum balance. The method adopted for solving these 
equations is the Euler’s Method for differential equations, even if efficiency 
loss may occur in comparison with results obtained applying other, more 
sophisticated methods, such as Runge-Kutta. 

 

 
Figure 1. Differential element 

 
 

The feed-forward control, the state estimators based control and the 
predictive model control (MPC) are all advanced control techniques that 
usually need a reliable model of a process. MPC is a method that uses the 
model of the process to calculate manipulated variable changes from the 
future predictions of the controlled variables, on the basis of a cost function 
as an objective which needs to be minimized.  
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THERMAL CRACKING FURNACES AND PROCESSES 
The most frequently used thermal cracking furnaces in today’s 

industry are the cracking furnace from the petrochemical field (cracking of 
naphtha, ethane, etc.) and the furnace from the coking plant. 

The pyrolysis furnaces can be used for any type of raw material; the 
only implied condition being the boiling point that must be under 6000 C. 
The furnace represents the centre of the cracking plant and the consumption of 
energy is also concentrated in this area. The desired products from this reaction 
are the light olefins, such as: ethylene, propylene and butadiene.  

The furnace, described in this case, is similar to an ordinary fired 
heater but there are some differences concerning: the added dilution 
steam, the production of coke layers on the tubes, the testing of the effluent 
with a GC (gas chromatograph) and the effluent’s routing to the TLE’s (transfer 
line exchangers), for generating high pressure steam.  

Ethylene is industrially obtained through thermal cracking of 
hydrocarbons. In order to obtain a larger amount of ethylene and decrease 
the energy and material loss, the process parameters must be held between 
certain limits, as follows [10]:  

-  Residence time inside the coil, between 0.08 and 0.25 [s] – as 
short as possible. In order to reduce the residence time, tubes’ diameters are 
reduced; the fabrication materials are improved and the burners tend to be 
much more efficient.  

-  Dilution steam, measured as the ratio S/Hc (steam/hydrocarbon), 
between 0.3 and 0.6 – high quantity of steam. The dilution steam is introduced 
in the process to reduce the coke production and to decrease the gas 
pressure (minimize the undesired secondary reactions). 

-  Reaction pressure, between 175 and 240 kPa – as low as possible. 
Coil output pressure is indirectly controlled by the aspiration pressure of the 
gas compressor, placed downstream. 

-  Reaction temperature – at least 900oC – as high as possible. The 
pyrolysis is an endothermic reaction and high temperature generates smaller 
hydrocarbons molecules. Lower temperature favors the production of coke 
and shortens the tubes’ life.  

 
CASE STUDY 

The free radicals mechanism represents a universal accepted description 
of the hydrocarbons pyrolysis. Once the conversion and the olefin concentration 
increases, the secondary reactions become more frequent. A small segment 
of pipe, of infinitesimal volume is represented in Fig. 1.  

According to the free radicals mechanism [8], the considered reactions 
are: 
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Initiation:                                  (1) 
Propagation:                           (2) 
                            (3) 
                (4) 
Interruption:                  (5) 
                (6) 
                                      (7) 
                            (8) 
                  (9) 
 
Dynamic model of the thermal cracking process 

The mathematical description of a one-dimensional plug-flow reactor 
tube is presented, with the following assumptions: laminar flow regime, ideal 
gas behavior and inert steam used as diluent.  

• Mass balance for component j:  
 

   (10) 
 

Where ri is the i-th reaction rate and it evolves with temperature 
according to an Arrhenius equation:  

 

       (11) 
 

• Energy balance 
 

      (12) 

    (13) 
 

• Momentum balance: 
 

    (14) 
 

For the entire equation system (10), (12), (13) and (14), we have 
considered as outlet variables: 

-  (j=1, 9) – components mass fraction for: ethane, methyl radical, 
methane, ethyl radical, ethylene, hydrogen radical, hydrogen, propane and butane  

- Temperatures –  

- Density -  
- Pressure – P 
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The considered inlet variables are: 

- Ethane concentration – [C2H6]; 
- Fluid velocity inside the tube- v ( ) 
 
Implementation and simulation 

The DeltaV system is a part of Plant Web architecture that uses 
predictive intelligence to improve plant performance. Besides traditional PID 
control, DeltaV advanced control can be configured to provide model predictive 
control, neural networks, fuzzy logic and different types of analysis. These digital 
control technologies can reduce variance in the process, reduce start-up time 
and improve the performance of processes. 

DeltaV Control Studio has an extremely limited ability to solve systems 
of complex algebraic and differential equations. The idea is to simplify the 
model to the level it can be represented in Control Studio. Consequently, the 
simplest way to solve a differential equation is using Euler’s integration method.  

The differential equations need to be modified in order to be 
implemented using DeltaV. For a simple equation: , with the 
initial conditions  and a sampling time , Euler method can 
be implemented in Control Studio using the structure presented in Fig. 2 
and the equation is modified as: . 

 
 

Figure 2. Euler’s method DeltaV implementation, for a simple equation 
 
If the equations are more complex, for example:   

                                                       (15) 
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where:  

                                                                     (16) 

and the initial conditions are:  

                                                                  (17) 

then the implementation has the structure presented in Fig. 3. 
The equations are solved using simple arithmetic blocks: multiply, 

add, divide and subtract. We also needed to use a reset block to restart the 
integration process. The DT parameter is equal to the scanning rate of the 
module and has an implicit value of 10.  

As a result, the structure used for implementing the ethylene coil 
segment mathematical model is extremely complex and it contains three 
interconnected derivation blocks. The result is a time and space description 
of all parameters, depending on the inlet mass flow variation. 

In order to be implemented, the balance equations had to be modified 
as follows: 

• Mass balance equation :  
 

                        (18) 
 

• Energy balance equation:  
 

        (19) 

                        (20) 
 

• Momentum balance equation: 
 

                         (21) 

and                                       (22) 

where:     . 
 

For the entire coil, the implementation was made using ode15s function 
from Matlab, solving nine material balance differential equations for: 

 mass fractions and two energy 
balance differential equations for gas and wall temperature. 
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The result is a time and space variation of all parameters, an isobaric 
process which depends on the inlet mass flow variation and considering the 
inlet gas temperature as a disturbance.  

 

 
Figure 3. Euler’s method DeltaV implementation, for complex equations 

 
The inlet flow represents 97.2% ethane. The ethane concentration 

decreases in time, along with radicals and final products formation, Fig. 4. The 
radicals concentrations increase rapidly and afterwards they recombine in 
final products. In comparison with the other products, the concentration of 
ethylene is high. 

 
Figure 4. Evolution of products concentration 
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Due to the fact that the cracking reactions are endothermic, one can 
observe in Fig. 5, the decrease of the gas temperature. In time, the gas 
temperature stabilizes. The wall temperature remains constant in time (the 
change is insignificant). 

A reliable dynamic model for this type of coil can be used for a future 
advanced control project, based on the following techniques: feed-forward 
control, state estimators based and predictive model controllers. 

 

 
Figure 5. Gas and wall temperatures’ evolution 

 

CONTROL SYSTEM ANALYSIS  
The operating objectives are to maintain the outlet temperature 

constant, operate within constraints, while minimizing the excess air and 
fuel consumption.  

The overall control system structure is presented in Fig.6, where 
one can observe the communication between the optimization and advanced 
control layers. The MPC receives information from the field and controls the 
inlet flows and the combustion (air and fuel).  

These rules could be applied also in the case of a coking plant when the 
actual temperature control point is at the heater outlet. The chemical reactions 
are endothermic and consequently the coke drum temperature (following 
the heater) will be lower. If the temperature is too low, the coke will be too 
soft and the other products’ specifications will not be met. If the temperature is 
too high, the coke will be too hard and difficult to remove [1]. 

The development of a model for this type of furnace is a theme of 
present interest because of the petrochemical industry evolution and of the 
increased need of optimization. Studies on the optimization of such a plant 
were made by Riverol and Pilipovik [9] and Belohlav and Zamostny [2]. 
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Figure 6. Control system structure 
 

As mentioned earlier, this paper develops a dynamic regime study that 
can be followed by the implementation of an advanced process control system 
of the MPC design presented above. 

 
ECONOMIC OPTIMIZATION 

The cracking furnace is the heart of the installation and the frequent 
changes in feed, quality and prices, and the demand for its olefin products are 
influencing directly the production efficiency. Each reactant in the feed produces 
a certain distribution of products and, in order to satisfy the demand at the lowest 
cost, one needs to manipulate the amounts of each reactant, in an optimal way.  

The DeltaV Model Predictive Control Professional (MPCPro) function 
block allows the control of large interactive processes (as large as 40 
manipulated variables and 80 controlled variables), within the measurable 
operating constraints. The optimizer can be used to provide maximum profit 
or minimum production cost, with respect to the process constraints and the 
input limits. The MPCPro function block can replace traditional control systems 
that use feed-forward, decoupling networks and perform multivariable control. 
Process optimization is implemented using a linear program (LP) optimizer. 
The predictive control algorithm is based on Dynamic Matrix Control (DMC) 
technology, but with significant differences. These modifications lead to an 
improvement in the robustness of the controller, especially those concerning 
the utilization of the embedded LP optimization, range control and the penalties 
on manipulated variables moves and errors [12]. 
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PredictPro was used to build an application that has 7 manipulated 
variables (MV’s) and 10 controlled variables or constraints (CV’s). The considered 
MV’s are: the inlet feeds (four reactants), the recycle feeds (produced ethane 
and propane) and the added fuel (including the produced methane and fuel oil). 
The furnace capacity is limited and the downstream processing limitations 
have been considered, as well.  

The MPCPro works in percentage values, so the ranges associated 
to each MV and CV need to be carefully chosen when the MPCPro gain matrix 
is initiated. In operation, in order to simulate nonlinearities the possibility to 
manipulate the gain matrix at every optimization scan has been considered 
by using the vectors GAIN_FACT and the module NON_LIN.   

The prices for reactants and products are introduced by the operator 
or from another source and the associated costs and profit are calculated in 
specific modules (MV_PRC, CV_PRC and COSTS).  

With this system the MV’s and CV’s can be either included or not, in 
the optimization problem according to different situations, for example: when the 
MV is no longer under automatic control (operator control) or base-load cases 
(fixed rates). Their status can be checked in the Optimizer screen, or by using 
the operator interface. 

 

 
 

Figure 7. Coking process simulator 
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The main advantages emerged from the use of DeltaV PredictPro 
consist in the capability of running its applications on a stand-alone computer 
interfaced to other automation systems via an OPC communications link 
and of using up to five different optimization objectives, while increasing the 
flexibility of the system (different operating modes depending on external 
conditions). 

 
 

CONCLUSIONS 
This paper stands as the groundwork for the development of a simulator 

for the entire reactor, with large number of cracking tubes, useful for both 
monitoring and control of its outlet variables.  

By using the simulator, Fig. 7, a steady state optimization built in a 
real-time control environment was tested, for different configurations, and 
additionally, a predictive model can be generated in order to build an MPC 
preliminary structure, for test purposes and operator training. The ethylene 
coil’s developed model can be also the basis for building an equivalent 
model devoted to the implementation in the real time control environment. 
 
 
NOMENCLATURE 

wj       [kg/kg]  – Mass fraction of component j 
wj_0  [kg/kg]  – Inlet mass fraction of ethane 
z      [m]  – Length along coil 
t       [s]   – Scanning rate 
S (i, j)   – Stoichiometric constant of component j, in reaction i 
v      [m/s]  – Fluid velocity 
ri      [kmol/m3.s] – Reaction rate 

    [kcal/kg.K]  – Process gas specific heat 
Hi     [kcal/kmole] – Heat of reaction  
A     [m2]  – Transfer tube area 
Tw      [K]  – Refractory wall temperature 
Tw_0  [K]  – Inlet refractory temperature 
Tg      [K]   – Flue gas temperature 
Tg_0  [K]   – Inlet flue gas temperature 
ktg      [W/m.K]  – Gas thermal conductivity 
kt        [W/m.K]  – Tube thermal conductivity 

     [W/m4 K4]  – Boltzmann coefficient referring to radiant energy 
P     [N / m2]  – Pressure 
P0     [N / m2]  – Inlet pressure value 
ρ     [kg/ m3]  – Process gas density  
ρ0    [kg/ m3]  – Ethane density  
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G3   [kg/ s2.m] – Dimensional constant 
f   – Friction factor 
Ai    [s-1]  – Frequency factor 
E    [kcal/mol]  – Activation energy 
g     [m/s2]  – Gravitational acceleration 
D    [m]   – inside tube diameter 
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ABSTRACT. This paper reports a rapid method for analysis of steroid 
hormones in poultry serum samples. The target compounds were first 
extracted by direct immersion on solid-phase microextraction (SPEME) 
procedure, followed by on fiber derivatization with methyl-N-(trimethylsilyl) 
trifluoroacetamide (MSTFA) and, final, analysis by gas chromatography 
with mass spectrometry (GC-MS). The average correlation coefficient of 
the calibration curve of the steroid hormones was 0.9955. The LOD/(LOQ) 
values of the steroid hormones in poultry serum samples were in the range 
of 0.020-0.068/(0.060-0.204) µg L-1. The concentrations of estrone and ß-
estradiol in poultry serum were 2.08 µg L-1 and 3.61 µg L-1, respectively. 

 
Keywords: Steroid hormones, SPME, GC-MS 

 
 
 
 
INTRODUCTION  

In recent years, various adverse health effects of endocrine disrupting 
compounds have been reported [1]. Endocrine disruptor chemicals interfere 
with chemical from aquatic environment and induce feminization, decrease in 
fertility or hermaphroditism of aquatic organisms [2, 3]. Estrogens are called the 
female sex hormones. Steroids are a group of lipophilic, low-molecular weight, 
biologically active compounds that act as hormones. Various examinations 
regarding endocrine disrupting chemicals (EDCs) are being conducted across 
the world. In the environment the hormones are excreted by the humans 
and animals [4, 5].  
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Steroid sex hormones can be found in the livestock wastes such as 
sheep, cattle, pigs, poultry and other animals, as well as growth regulators 
in aquaculture [6, 7]. 

Recently, a number of methods have been reported for the determination 
of steroid hormones, such as: gas chromatography coupled with mass 
spectrometry (GC–MS), tandem mass spectrometry (GC–MS–MS), liquid 
chromatography coupled with mass spectrometry (LC–MS) and tandem mass 
spectrometry (LC–MS–MS) [8]. GC-MS is the most used techniques for 
steroid hormones analysis [9, 10]. Over the years, various analytical procedures 
have been developed for the efficient clean-up of biological matrices, such as 
liquid–liquid extraction (LLE), solid phase microextraction (SPME), solid–
liquid extraction (SLE) and solid phase extraction (SPE). SPME is a simple 
and fast to use technique, solvent free and single step sample preparation, 
which is used frequently in the environmental, biological, pharmaceutical and 
another field analyses [11]. Because SPME uses small volumes of samples, is 
an ideal method for extraction of steroid hormones from serum samples, because 
SPE and LLE require large amounts of sample [12, 14]. 

Prior to GC analysis, due to the poor thermal stability and volatility 
of steroid hormones, a derivatization step is needed to produce more 
volatile compounds and to improve the chromatographic separation. The 
most commonly used derivatisation for steroids before GC–MS analysis is 
silylation [8, 9]. In general, N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) 
and methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) are used as derivatizing 
agents [12, 13]. 

The purpose of this paper is to determine two natural steroid hormones 
from poultry samples using a sensitive and rapid technique. SPME is the 
technique employs for the extraction of estrone and ß-estradiol from poultry 
serum samples. Separation of the target compound from serum samples 
was realized by direct immersion in serum samples, with on-fiber silylation, 
followed by derivatizations with MSTFA and analysis by gas chromatographic 
with mass spectrometry. The proposed method was used for the first time 
for determination of EDCs from biological poultry samples and is a rapid, 
sensitive and accurate method. 
 

RESULTS AND DISCUSSION 
The aim of this work was to perform preliminary investigations regarding 

the analysis of steroids hormones in poultry serum samples. The structure 
of the target compounds analyzed from poultry serum samples are show in 
Figure 1. 
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Figure 1. Structures of the steroid hormones  
 
 

Direct immersion solid-phase microextraction with on fiber derivatization 
with MSTFA was applied to the poultry serum samples. MSTFA was selected 
as silylating agent because the products MSTFA silylates are more volatile 
than BSTFA. The general reaction of derivatization of steroid hormones 
with MSTFA is presented in Figure 2. 

 

Sample O

H
+ Si

CH3

H3C

CH3

N

CH3

C

O

CF3 Sample O Si

CH3

CH3

CH3

+ CF3N

CH3

C

O

H

 
 

Figure 2. General reaction of steroid hormones derivatization with MSTFA 
 
Estrone and ß-estradiol contained hydroxyl groups can be silylated 

by replaced labile hydrogens with TMSi groups and to prepare volatile and 
thermal stable estrogen derivatives for gas chromatography and mass 
spectrometry. For estrone contained mono-hydroxyl group, the mono-TMSi 
is formed, ß-estradiol contained bis-hydroxyl groups, the bis-TMSi is formed.  

The steroid hormones standards analyzed in this study and their 
characteristics are given in Table 1. 

 
Table 1. Characteristics of steroid hormones analyzed by GC-MS  

Compounds Molecular 
mass 

Retention 
time (min.) 

Quantitative 
ions (m/z) 

Qualitative 
ions 

Estrone  270 20.550 342 257, 218 
ß-estradiol  272 21.368 416 129, 285,326 

 
The ions monitored for estrone was m/z 342 and for ß-estradiol m/z 416.  
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The quantification was performed using standard addition method, 
as presented in the experimental section. The linearity of the calibration curves 
are presented in the Table 2. 

 
Table 2. Recoveries, limit of detection (LOD) and limit of quantification (LOQ)  

for steroid hormones from serum poultry samples 
 

Compounds 
Correlation 
coefficient 

(R2) 
LOD 

(µg L-1) 
LOQ 

(µg L-1) 
RSD 
(%) 

Recovery 
(%) 

Estrone  0.996 0.068 0.204 12 95 
ß-estradiol  0.995 0.020 0.060 13 90 

 
Limits of detection (LOD) for steroid hormones were calculated as lowest 

concentration that can be determined with an acceptable level of repeatability 
and fidelity, by consecutive dilutions of spiked solution of serum and were 
calculated using the 3s criterion. The limits of quantification (LOQ) for steroid 
hormones were calculated to the three times of limits of detection. 

The relative standard deviation (RSD) of the peaks area of steroid 
hormones derivatives in the chromatogram (calculated for 6 replicated of a 
spiked solution containing estrone and ß-estradiol) were 12 % for estrone and 
13 % for ß-estradiol. 

The recoveries of estrone and ß-estradiol from serum were evaluated 
by using a serum spiked solution before ether extraction followed by steps 
presented in experimental section. 

The SIM chromatogram of the products ions of estrone in poultry 
serum sample is presented in Figure 3. The identification of steroid hormones 
was based on the standard mass spectra of the MS spectral library. 
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Figure 3. The SIM chromatogram of steroid hormones from poultry serum 

(and the ions for the quantitative and qualitative analysis of silylation derivatives of estrone) 
 

The extraction time, derivatization time and temperature were selected 
according to other studies [8, 9]. 

Temperature is an important factor for SPME process because it controls 
the diffusion kinetics and the equilibrium between fiber and liquid phase. The 
obtained average concentrations of estrone and ß-estradiol in poultry serum 
were: 2.08 µg L-1 and 3.61 µg L-1, respectively. 

The concentration of estrone and ß-estradiol obtained from poultry serum 
samples were higher than those obtained by Yang et al. [8] from fish serum.  
 

EXPERIMETAL PART 
 Chemicals and materials 

Steroid hormones including estrone (99+ %) and ß-estradiol (98%) 
were obtained from Sigma–Aldrich. Methanol, diethyl ether, sodium chloride 
(NaCl, 99%) and hydrochloric acid (HCl, 37%) was supplied by Merck 
(Darmstadt, Germany). The derivatization agents MSTFA were also purchased 
from Sigma–Aldrich. All solvents used were of HPLC grade. Deionized water 
used in dilutions was obtained using a Milli-Q purification system (Millipore, 
Bedford, MA, USA). 

The blood samples were collected from five farmed chickens. The 
SPME device consists of manual fiber holder supplied from Supelco Inc. 
(Bellefonte, PA, USA) with 85 µm polyacrylate (PA) fiber supplies by Supelco 
Inc. (Bellefonte, PA, USA). The fiber was conditioned before use in split mode 
in the inlet for 2 h at 300 °C according to Supelco's specifications. 

For SPME process was used a heater unit and a magnetic stirrer for 
stirring samples during the process. 
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 Sample preparation  

Blood was taken from each poultry sample using heparinized syringe 
(10 mg mL-1 heparin in 0.9 % NaCl). Serum was obtained by separating from 
plasma by centrifugation for 10 min at 5,000 rpm.  

Blood serum is a complex matrix, and contains of proteins, lipids and 
glucose. In this case, to remove inhibitors extraction, serum was pretreated 
before of immersing the SPME fiber directly into the serum [12] 

An aliquot of 10 mL of the serum was extracted with 50 mL ether three 
times. The organic phases was combined and evaporated to dryness. The 
extract was dissolved in methanol and then was transferred to the vials for 
SPME, MSTFA derivatization and GC-MS analysis.  

Stock standards solution of estrone and ß-estradiol (500 µg L-1) were 
prepared in methanol and stored at -18°C. Working standard mix solutions 
were performed by dilutions in ultrapure water. 

For steroid hormones quantification, the sample was splited into six 
even aliquots in separate volumetric flasks of the same volume. The first 
flask was diluted to volume with water. A standard containing the analytes 
was then added in order to obtain the following concentrations: 1, 10, 50, 75 
and 100 µg L-1 and then diluted to volume with water. The areas for all calibration 
levels were measured and linear regression was performed using standard 
addition method.  
 
 Direct immersion SPME analysis 

Estrogens were extracted from serum poultry sample by direct 
immersion of fiber in serum (9 ml serum samples). An amount of 0.9 g NaCl 
was added to serum to increase of the response of steroids hormones.  

In order to control the temperature, sampler vials sealed with a septum 
were kept in a thermostatic water bath; a magnetic stirring bar was put in for 
agitation at 250 rpm. Extraction time was 120 min at 45°C. Before SPME, 100 g 
L-1 NaCl was added to sample to enhance the volatilization of the compound. 

Derivatization procedure was performed by immersion of the fibre 
into a sampler vial containing 100 µl MSTFA to a sampler vial sealed with a 
septum, for 60 min at room temperature (approximately 25 °C). 

Finally, the derivatized estrogens were desorbed by introducing the 
fiber directly into the GC injector.  
 
 GC-MS analysis 

Analyses were performed using a gas chromatograph (Agilent 
Technologies, 6890N GC) coupled with mass spectrometer (Agilent 
Technologies, 5973N MSD) and capillary column of 30 m length 0.25 mm 
I.D. 0.25 µm HP-3 MS film thickness. The injection port was in splitless 
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mode. Samples were analyzed in SIM (selected ion monitoring) mode. The 
temperature program was as following: the initial oven temperature was set 
at 90 °C, held for 2 min, from 90 to 180 °C via a ramp of 30 °C/min, 180 to 
240 °C at a ramp of 10°C/min and 240 to 270 °C at 3 C/min, 270 to 300 °C 
at 15 °C/min and maintained at 300 °C for 2 min. 
 
 
CONCLUSIONS 

In this paper, a GC-MS method has been successfully utilized for the 
analysis of the steroid hormones in poultry serum samples. The steroids were 
extracted from serum by solid phase microextraction and mass spectrometry. 
The target compounds were first extracted by SPME procedure, followed by 
derivatization with MSTFA and analysis by GC-MS.  

The obtained results confirmed that SPME procedure is very sensitive, 
and compresses the extraction, concentration and introduction in one step. 
This method greatly reduces sample preparation time and increases sensitivity 
comparatively with other extraction methods. 
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SEDIMENTATION OF CONCENTRATED SUSPENSIONS  
IN NON-NEWTONIAN FLUIDS 

 
 
 

ADINA GHIRIŞANa, SIMION DRĂGANa 

 
 

ABSTRACT. The behavior of polydisperse concentrated solid suspensions 
(ε smaller than 0.95) of quartz sand in carboxymethylcellulose (CMC) aqueous 
solutions (with 0.5%, 1.0% and 1.5%, in weight) during the sedimentation 
process was investigated. The influence of solid size, solid concentration 
and rheological parameters of CMC disperse fluid with a non-Newtonian 
behavior on the settling kinetics has been theoretically accounted. The 
experimental hindered settling velocities determined graphically by Kynch 
method and those expressed by Richardson-Zaki equation are compared 
and analyzed. 
 
Keywords: particle settling velocity, particle size distribution, hindered settling 

velocity, Richardson-Zaki equation, rheological parameters. 
 

 
INTRODUCTION 

The sedimentation of particles in non-Newtonian fluids is an essential 
problem in the case of suspensions storage for a long time, in many 
pharmaceutical products, paints, detergents, agro-chemicals, emulsions and 
foams being often desirable to keep the active component uniformly suspended. 
The stability of these systems can be quantitatively determined by the settling 
velocity of suspended particles.  

The settling velocity of a single particle in a viscous fluid, under steady-
state conditions, in a large vessel is easily estimated by balancing the weight 
of the particle with the buoyancy and drag forces, as Stokes’ equation (1) 
shows: 

η
ρρ

⋅
−⋅=

18
)(2

s
s

dgw                                                (1) 

where: d is the average particle size (m), ρs – the solid density (kg/m3), ρ - the 
disperse fluid density (kg/m3), η - the fluid viscosity (Pa·s), g – the gravitational 
acceleration (m/s2). 
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Experience with Newtonian fluids has shown that the hydrodynamics of 
systems consisting of single particles, drops or bubbles serves as a useful 
starting point for understanding the mechanism of the more complex 
multiparticle systems [1]. Determination of the settling velocity in polydisperse 
concentrated suspensions, which are far more common, named hindered 
settling velocity, is a difficult problem due to the complexity of the particle-
particle and particle-fluid interactions [2, 3].  

The expression proposed by Richardson-Zaki for Newtonian fluids, 
equation (2), applied at values of terminal Reynolds number Ret up to  
about 2 [4], is the most popular empirical equation used in modeling and 
numerical simulation of hindered settling velocities [5-8]: 

( ) z
S

z
vS wCwcw ε⋅=−= 1)(                                  (2) 

where: w(c) is the hindered settling velocity (m/s), wS - the Stokes’ velocity (m/s), 
which graphically represents the extrapolation of the velocity to the voidage 
equal 1, related to a single particle terminal settling, Cv - the solid volume 
concentration (m3/m3), ε - the voidage or void fraction (-) and z – the sedimentation 
exponent (-).  

Parameter z was found to be a function of the flow regime, expressed 
by the terminal Reynolds number Ret, equation (3), and the particle to column 
diameter ratio d/D (Table 1) [4, 9]. Smaller vessel dimensions lead to a 
reduction of the settling velocity, more pronounced as the particle diameter, 
d, becomes comparable to the vessel diameter, D.  

 
Table 1. Values of the parameter z as recommended by Richardson-Zaki.  

Ret < 0.2 )/(59.1965.4 Ddz +=  

0.2 < Ret < 1 03.0Re)/(5.1735.4 −+= tDdz  

1  < Ret < 200 1.0Re)/(1865.4 −+= tDdz  

200  < Ret < 500 1.0Re45.4 −= tz  

Ret > 500 39.2=z  

 
The terminal Reynolds number corrected for power-law liquids has 

the expression [1]: 

k
dw nn

S
t

⋅⋅=
−2

Re ρ
                                             (3) 
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where: wS is the Stokes’ velocity corrected for the sedimentation in non-
Newtonian fluids (m/s), d - the average particle size (m), ρ - the disperse 
fluid density (kg/m3), k – the fluid consistency coefficient (Pa·sn), n – the flow 
behavior index (-). 

In creeping regime (Ret < 2), the settling velocity of a spherical 
particle in non-Newtonian fluids following power-law can be estimated by 
equation (4) [1]:  

)(18
)( /11

nXk
dgw

n
s

n

s ⋅⋅
−⋅=

+ ρρ
                                           (4) 

where: ρS is the disperse fluid density (kg/m3), X(n) - the deviation factor, a 
function of flow index n [1, 10].                          

For Ret > 2, the parameter z is a function of Archimedes number 
and (d/D) ratio, and is given by equation (5) [1]: 

[ ]27,057,0 )/(4,210365.0
4,2

8,4 DdAr
z

z −=
−
−                           (5) 

where for power-law liquids, the Archimedes number, Ar, is defined by 
equation (6): 

( ) )2/(2)2/()2/()2()2/(2

3
4Re −−−+− −== nnn

s
nnn kgdAr ρρρξ                   (6) 

It is obvious that the settling velocity shows in the case of non-
Newtonian fluid a stronger dependence on particle diameter and density 
difference than in a Newtonian fluid.  

The sedimentation theory by Kynch was used as graphical approach in 
our study in order to find the settling velocity of quartz sand suspension 
over time, keeping in mind, that in this method the wall effects are neglected 
and uniform particle shape and size are assumed [11]. The Kynch method 
involves constructing tangents to the settling curves, and the slope of each 
of these tangents is the velocity at that time.  

The aim of the present study was to compare the theoretical settling 
velocities predicted by Richardson-Zaki equation corrected for non-Newtonian 
fluids with those experimentally determined by Kynch method, in the case 
of sedimentation of quartz sand in carboxymethylcellulose (CMC) solutions 
with different concentrations. The influence of particle size determined by 
particle size distribution (PSD), quartz sand concentration and rheological 
parameters of disperse fluid (CMC) on theoretical settling velocities are 
accounted and analyzed.   
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RESULTS AND DISCUSSION  
 Rheological characterization of CMC solutions 

The flow curves of carboxymethylcellulose (CMC) solutions, based 
on the dependence of the shear stresses on the shear rates, shown in 
Figure 1, and the diagram of apparent viscosities versus shear rates, shown in 
Figure 2, indicate a typical shear-thinning or pseudoplastic behavior [12, 13].  

The decrease of apparent viscosity (ηapp) with shear rate (γ& ) follows 
an Ostwald power-law model, described by equation (7): 

1−= n
app kγη &                                                (7) 
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Figure 1. Flow curves of CMC solutions. 

 

0

20

40

60

80

100

120

0 200 400 600 800

Shear rate (s-1)

A
pp

ar
en

t v
is

co
si

ty
 (m

Pa
s)

CMC 1.5 %
CMC 1.0 %
CMC 0.5 %

 
Figure 2. Apparent viscosity vs. shear rate. 

   
The interpretation of experimental data leads to the average value 

of consistency coefficient k and the flow behavior index n shown in Table 2.  
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Table 2. Values of k and n at different concentration of CMC. 

CMC concentration (%) k (mPa·s) n 
1.5 287.82 0.7846 
1.0 115.69 0.8471 
0.5 26.705 0.9050 

 
 Sedimentation study 
 Experimental settling velocities 

Typical settling curves of quarz sand (d < 200 μm) suspensions (Cv 
ranging from 0.088 to 0.265) in 0.5% CMC solution are shown in Figure 3.  

The incipient settling velocities are determined from the slope of 
linear portion of each settling curve. Results clearly show that the settling 
velocity decreases with the increase of solid particle concentration.  

Similar interpretation are done for the sedimentation of quarz sand 
suspensions in 1.0% and 1.5% CMC solutions.  
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Figure 3. Sedimentation curves of quartz sand in 0.5% CMC solution. 

 
 

 Theoretical settling velocities 

The theoretical Stokes’ velocities are calculated by equation (4) with 
the obtained values of rheological parameters k and n and the average 
particle size considered one of the follows (Table 3) [13]:  

a. dmode - the equivalent diameter corresponding to the top (maximum) 
of the differential particle size distribution (PSD) curve (Figure 4);  

b. d50 - the average equivalent diameter considering the cumulative 
PSD curve at T% = R% = 50% (Figure 4);  




