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Abstract
Nitrobenzene hydrogenation process was developed by catalysts based on ruthenium, such as
Ru/HZSM5 and Ru-Cu-Ni /activated carbon. Experiments were performed in a fixed bed reactor at
10-40 bar pressure range, 45-75 0C temperature range, 0.2-0.6 h-1 weight hourly space velocities
of nitrobenzene and the molar ratio hydrogen/nitrobenzene of 10. The acid strength distribution of
the catalysts was performed by thermodesorption of diethylamine. The activity of Ru-Cu-Ni
/activated carbon catalyst was higher than for Ru/HZSM5 catalyst and the aniline selectivity is
higher for Ru/HZSM5 catalyst. The nitrobenzene conversion increases with the increase of
temperature and decreases with increasing of weight hourly space velocities. The variation of
nitrobenzene conversion with the pressure, on studied pressure range, varies with a maximum for
both catalysts studied.

Key words: catalysts, hydrogenation, activated carbon, nitrobenzene, acid
strength, ruthenium
1. Introduction
Hydrogenation of nitrobenzene is achieved with the formation of various
compounds
such
as
aniline,
N-fenilhidroxilamina,
diphenylamine,
diphenylhydrazine, azobenzene, nitrociclohexan. Aniline is an important
industrial product used for the synthesis of dyes, pigments, plastics,
pharmaceuticals, production of explosives, in agricultural products [1]. The
production of this kind of substance has been approached by three different
procedures:
(i) by stoichiometric reduction of the corresponding aromatic nitro
compounds using iron, zinc or a metal sulﬁde such as Na2S [1]. However, this
∗
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method displays low selectivity for nitro group, and the major disadvantages are
toxicity, odor of most reducing agents, sulfur containing organic side products and
formation of elemental sulfur [2];
(ii) catalytic hydrogenation of nitro compounds by transfer hydrogenation
processes [3, 4] or
(iii) using H2 over supported noble metal catalysts.
Thus, the utilization of catalysts is an important tool for the hydrogenation
process. The role of catalysis in the development of clean chemical production
with limited hazardous and toxic by-products is now well-established as using
catalytic reduction with molecular hydrogen, because it is a clean production
process, high atom economy, cheap operations, easy product separation and can
offer high selectivity to the desired product with a significantly lower
environmental impact [5]. So, to obtain the aromatic amines various catalysts
have been used [6-12]. The high exothermicity of the hydrogenation process of
nitrobenzene in liquid phase, correlated with the effects of support acidity on
catalytic performance hydrogenation of nitrobenzene, justified concerns for
studying this process. Recently, a great deal attention has been attracted to design
application of activated carbon catalysts because they often possess interesting
physical properties like a large surface area, a suitable porosity and can be used at
high temperature and pressure reaction conditions. Cu and Ni have been reported
to be used widely in hydrogenation process of nitrobenzene and they are used in
the preparation of catalysts because of their low price. Ru is favorable catalysts in
industries because of its high activity. In order to compare the influence of the
catalyst acidity, we have tested two different supports, activated carbon and a
zeolite (HZSM5).
2. Experimental
The raw materials used in experiments were: nitrobenzene of analytical
grade (Merck), n-heptane of analytical grade (Merck), copper (II) nitrate
trihydrate puriss. p.a. (Sigma-Aldrich), nickel (II) nitrate hexahydrate puriss. p.a.
(Sigma-Aldrich), ruthenium chloride trihydrate technical (Sigma-Aldrich),
granular activated charcoal, (Merck), HZSM-5 zeolite, nickel (II) nitrate
hexahydrate and electrolytic hydrogen purity from Linde Company.
Catalysts used, 1% Ru-5%Cu-8%Ni /activated carbon and 0.5%Ru /HZSM 5-γ Al2O3, where prepared by impregnation method. Thus, the deposition of
Ru was performed by incipient wetness method with an aqueous solution of
ruthenium chloride trihydrate and the deposition of Cu and Ni by the pore filling
method with aqueous solution of nitrates. Chemical composition of the catalysts
used in the experimental program was determined by atomic absorption
spectroscopy. Acid strength distribution of catalysts was determined by
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thermodesorption of diethylamine in the temperature range 20-700°C. Thermal
analyzes were performed on a DuPont Instruments' Thermal Analyst 2000/2100"
coupled with a module "951 Thermogravimetric Analizer".
The experimental program was performed in a continuous fixed bed
catalytic reactor. The temperature was regulated with an automatic system
coupled with two fixed thermocouples, placed in the reactor jacket. A metallic
jacket for the mobile thermocouple was also placed in the axis of the reactor, the
sheath in which was axially placed in the central zone of the catalyst bed, in order
to measure the reaction temperature. The process was carried out in isothermal
conditions.
Reaction conditions for catalysts were:
- pressure: 10 – 40 bar;
- temperature: 45 -75 0C;
- weight hourly space velocity of nitrobenzene: 0.2 – 0.6 h-1;
- molar ratio hydrogen/ nitrobenzene: 10/1.
Nitrobenzene was redistilled and diluted with heptane, the total content of
nitrobenzene in the reaction mixture being 50% by volume. The composition of
the reaction mixture was analyzed using a gas chromatograph equipped with
capillary column with a length of 30 m and having a diameter of 0.250 mm, the
fixed phase being polyethylene glycol (PEG).
3. Results and discussions
Fig. 1 shows the distribution of acidity center of 0.5%Ru /H-ZSM 5-γ
Al2O3 catalyst (A - concentration of centers with weak acidity, B - concentration
of centers with medium acidity, C - concentration of centers with high acidity). In
Fig. 1 could be observed a higher content in weak acidic centers (0.34 meq./g) and
medium strength (0.35 meq./g) and a lower concentration of strong acid centers
over two times smaller than the weak acid centers (0.17 meq./g).

Fig. 1. Acid strength distribution of 0.5%Ru /H-ZSM 5-γ Al2O3 catalyst
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Fig. 2 shows the distribution of acidity center of 1% Ru-5%Cu-8%Ni
/activated carbon catalyst. It could be observed a higher content in weak acidic
centers (1.0 meq./g) and a lower concentration of medium strength strong acid
centers of two times smaller than the weak acid centers (0.51 meq./g respectively
0.53 meq./g).

Fig. 2. Acid strength distribution of 1%Ru-5%Cu -8%Ni/granular activated charcoal catalyst

The major compound identified at nitrobenzene hydrogenation was
aniline, other compounds being diphenylamine, diphenylhydrazine, azobenzene
and nitrocyclohexane. The influence of weight hourly space velocities on the
conversion of nitrobenzene is shown in Fig. 3. For both catalysts the conversion
of nitrobenzene decreased with weight hourly space velocities. It could be
observed that in the case of Ru /H-ZSM 5-γ Al2O3 catalyst were obtained greater
conversions than in the case of Ru - Cu - Ni/charcoal activated catalyst, for the
range of the weight hourly space velocities variation studied.
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Fig. 3. Influence of weight hourly space velocities on the conversion
of nitrobenzene at 25 atm. and 45 0C
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The influence of weight hourly space velocities on the yield in total aromatic
compounds and on the yield in aniline is shown in Figs. 4 and 5. Both total
aromatic compounds yield and aniline yield have higher values for Ru / H-ZSM 5
catalyst. For the catalyst Ru / H-ZSM 5, the variation curves of total aromatic
compounds yield and of aniline yield are similar to the variation curve of
nitrobenzene conversion. Aniline yield variation with weight hourly space
velocities arises with a maximum.
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Fig. 4. Influence of weight hourly space velocities on the yield
in total aromatic compounds at 25 atm. and 45 0C
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Fig. 5. Influence of weight hourly space velocities on the yield in aniline at 25 atm. and 45 0C
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Variation of nitrobenzene conversion with temperature is shown in Fig. 6.
Conversion of nitrobenzene is much higher for Ru-Cu-Ni/carbon catalyst towards
Ru/HZSM5-γ Al2O3 catalyst. The nitrobenzene conversion increases with the
increase of temperature for both catalysts, but conversion slope variation with
temperature has a much higher value for Ru- Cu- Ni/carbon catalyst than for
Ru/HZSM5 catalyst.
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Fig.6. Variation of nitrobenzene conversion with temperature at 25 atm and 0.2 h-1 space velocity
of nitrobenzene

The influence of temperature on the yield in total aromatic compounds and
on the yield in aniline is shown in Figs. 7 and 8. Total aromatic compounds yield
and aniline yield have lower values for Ru / H-ZSM 5 catalyst. For the both
catalyst variation curves of total aromatic compounds yield and of aniline yield
are similar to the variation curve of nitrobenzene conversion.
Variation of nitrobenzene conversion with pressure is shown in Fig. 9.
Conversion of nitrobenzene for both catalysts has a variation with maximum, the
slope of variation being higher in the case of Ru/HZSM5 catalyst. This behavior
at high pressure is probably due to catalyst sintering generated by the increase of
reaction speed, favored by the increasing of nitrobenzene fraction in liquid phase.
For the both catalysts variation curves of total aromatic compounds yield and of
aniline yield are similar to the variation curve of nitrobenzene conversion (Figs.
10 and 11).
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Fig. 7. Variation of yield in total aromatics derivatives with temperature
at 25 atm and 0.2 h-1 space velocity of nitrobenzene
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Fig. 8. Variation of yield in aniline with temperature
at 25 atm and 0.2 h-1 space velocity of nitrobenzene
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Fig.9. Variation of nitrobenzene conversion with pressure at 45°C and 0.2 h-1
space velocity of nitrobenzene
(1%)Ru-(5%)Cu-(8%)Ni/carbon activ
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Fig. 10. Variation of yield in total aromatics derivatives with pressure
at 45°C and 0.2 h-1 space velocity of nitrobenzene
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Fig. 11. Variation of yield in aniline with pressure
at 45°C and 0.2 h-1 space velocity of nitrobenzene

4. Conclusions
Study of the hydrogenation process of nitrobenzene on a monometallic
catalyst (Ru / HZSM5) and one three-metallic Ru-Cu-Ni / granular activated
carbon was performed. Distribution of strength acid pores of catalysts was
determined by thermal desorption of diethylamine in the temperature range 207000C.
Testing of the prepared catalyst was carried out in a single reactor tube with cocurrent, downward flow of reagent. For all catalysts tested the temperature rise
favors the increasing of the nitrobenzene conversion and yield in total aromatic
compounds and in aniline.
The best yield in total aromatic compounds and in aniline was obtained in the case
of Ru-Cu-Ni / charcoal catalyst. Variation of nitrobenzene conversion and yield in
aniline and in total aromatic compounds with pressure shows a maximum at 25
atm.
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Abstract
The need for safety in daily activities is one of the main concerns of the contemporary society.
Therefore operational safety in industrial activities has become a standard and not just a concept.
This standard is provided by OSHA in USA and by SEVESO Directives in European Union. The
safe operation of equipment / plants prevents major accidents and irreversible environmental
pollution which is a major concern nowadays. Safe operation is viewed with a high responsibility
by all involved parties, from the process researchers/ plant designers to workers involved in the
plant operation. Maximizing the profit by increasing the productivity and reducing the risk are
both common criteria used to optimise the plant operation by using engineering evaluation tools,
and mathematical modelling procedures applied to the system analysed in order to obtain
satisfactory trade-off results. Safe operation of highly thermally sensitive industrial catalytic
reactors remains a major engineering issue when highly exothermic reactions are conducted
under randomly fluctuating operating variables, and especially when the set-point is located in a
close vicinity of the runaway boundaries from the market pressure to increase the reactor
productivity.

Key words: runaway boundaries; confidence region; catalytic reactor; maleic
anhydride production
1. Introduction
The need for safety in daily activities is one of the main concerns of the
contemporary society. Therefore operational safety in industrial activities has
become a standard and not just a concept. This standard is provided by OSHA in
USA and by SEVESO Directives in European Union. The safe operation of
equipment / plants prevents major accidents and irreversible environmental
pollution which is a major concern nowadays.
Safe operation is viewed with a high responsibility by all involved parties,
from the process researchers/ plant designers to workers involved in the plant
operation. Maximizing the profit by increasing the productivity and reducing the
risk are both common criteria used to optimise the plant operation by using
1
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engineering evaluation tools, and mathematical modelling procedures applied to
the system analysed in order to obtain satisfactory trade-off results.
Safe operation of highly thermally sensitive industrial catalytic reactors
remains a major engineering issue when highly exothermic reactions are
conducted under randomly fluctuating operating variables, and especially when
the set-point is located in a close vicinity of the runaway boundaries from the
market pressure to increase the reactor productivity [1-4].
This study is aiming to derive the runaway boundaries and their associated
region of confidence in the operating variable space for such a risky fixed-bed
catalytic reactor by applying a very effective Morbidelli & Varma generalized
criterion [1]. Chemical reactor's technological constraints and runaway boundaries
of the operating conditions are important for risk assessment, reactor optimal
operation, and over-design avoidance. The aim of this paper is to point-out the
higher accuracy of risk assessment when using extended kinetic model in
evaluating the runaway boundaries for an industrial fixed-bed multi-tubular
catalytic reactor. A concrete example is provided for the exothermic benzene
oxidation to maleic anhydride in vapour-phase. The Morbidelli-Varma sensitivity
criterion has been used, proving the biased predictions generated with the
extended kinetic model under the same nominal set of reaction conditions. To
illustrate the parametric sensitivity analysis, the case of gaseous phase catalytic
oxidation of benzene to maleic anhydride was considered [5]. The oxidation
reaction is complex, with successive and parallel reactions, involving a relative
large number of intermediate products. For a more accurate evaluation of the
reactor critical operating conditions a complex reaction kinetic model from
literature was used (Fig. 1, and [5]).
OH

k1

k5
O

k2

k8

k9

O

k6
O

k3

O

O

k7
k4

CO2

Fig.1. Chemical reactions involved in the oxidation of benzene [6]
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The extended description of the reactor model and the kinetic constants for
benzene oxidation was done by Muscalu and Maria in 2014 [5].
2. Results and discussions
Thermal and risk analysis of the reactor begins by determining the
operating variables which have a strongly influence to the process performance
(final conversion of the reactants) and the maximum temperature rise in the
reactor (thermal spot value). Simulating the reactor behaviour under nominal
operating conditions (Table 1), but every time perturbing one of the operating
variables (within his min-max range), it is possible to point out the reactor
sensitivity to various operating parameters and rank their individual influence [5].
Table 1.
Industrial catalytic reactor and process characteristics
Catalyst density (bulk) [4]

ρ c = 1260 kg/m3

Catalyst particle average
diameter (similar to [4])

d p = 0.005 m

Total pore volume [6]

VTP = 0.4 m3void /m3bulk

Fixed-bed void fraction

ε = 0.48

Tortuosity

τ=2.01

Pipe inner diameter

d t = 24 mm

Reactor length

L=4m

Operating conditions:

Minimum

Nominal

Maximum

Inlet total pressure

p0 = 1,6 atm

p0 = 3 atm

p0 = 4 atm

Inlet gas temperature

T0 = 305 oC

T0 = 385 oC

T0 = 405 oC

Benzene inlet molar fraction

y B ,0 = 0.007

y B ,0 = 0.014

y B ,0 = 0.018

Cooling agent average
temperature

Ta = 300 oC

Ta = 380 oC

Ta = 400 oC
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Fig. 2. Axial profiles of temperature (2), benzene conversion (%) and yield in maleic anhydride
(%) (1), total pressure (3) and molar fractions of the species (4 – 6) for different values of feed
benzene molar fraction ( yB ,0 ) (adapted from Muscalu and Maria [5])

In order to analyze the influence of the operating parameters uncertainty,
the running parameters considered as fluctuating randomly around the nominal
values (“set-point” with a fluctuation considered to be normally distributed), on
the critical operating conditions assessment accuracy for a fixed bed multi-tubular
catalytic reactor, the Morbidelli-Varma sensitivity criterion has been used.
Sensitivity functions time/reactor length dependent s(y;φ ) z =
∂y (z) / ∂φ are
evaluated by considering the following state variables: inlet temperature, feed
pressure, benzene inlet molar fraction and cooling agent temperature. Absolute
sensitivity can be calculated by integrating the differential equations of sensitivity
with the reactor model [1, 2]. Model Jacobian and local sensitivities ∂y (z) / ∂φ
were numerically evaluated by using the finite differences method, with an
important computational effort. Based on evaluation of the sensitivity functions
S(T; φ ) z , (index z denoting their dependence on reactor length) application of the
generalized MV criterion identifies the critical operating conditions by
determining the maximum absolute value of maximum temperature sensitivity
with respect of a reference parameter φ , TO | S (Tmax ;φ ) | , before the temperature
maximum with respect of reactor length appears.
The resulting values for the sensitivity functions u j ,c ( φ j ) = max s( Tmax ;φ j .
For the case of φ j = y Bo (i.e. feed benzene molar fraction) and various control
variables TO, , PO and Ta [5], the resulted dependences are represented in Fig. 3
(left) for different values of the control variable u j . The graphical representation
of the positions of the S ( Tmax ; y Bo ) -vs y Bo maximum, with respect to the
reference variable u j , leads to set the runaway boundaries in every parametric
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plane y B 0,c -vs.- u j , as represented in Fig. 3 (standard deviations are indicated
for every control variable / operating parameter in the figure caption, leading to a
corresponding 68% confidence interval of the risk curves in the parametric planes
according to the normal distribution of the control variable fluctuations).

Fig. 3. (Left: 1-3 ) Sensitivity of the temperature maximum in the fixed-bed reactor vs. the inlet
benzene molar fraction

φ j = Ta ).

S (Tmax ; y Bo ) for different operating parameters ( φ j = p0 , φ j = T0 , and

_
(Right) Runaway boundaries ( ) in the parametric plane [yB0 vs. Po] (up-4), [yB0 vs. T0]

(centre-5), [yB0 vs.

Ta ] (down-6) and its confidence band for parametric deviations φ j ± δφ j with

δ po = 0.2 atm (---), δ T0 = 10 K (---), δ Ta = 10 K (---).Notation “B” on axes denotes benzene.
(adapted from Muscalu and Maria [5]).
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3. Conclusions
From the above results we can conclude that by increasing the severity of
the operating conditions, which leads to increased reactor productivity, more
restrictive runway boundaries in the parametric plane are obtained. This
conclusion has a high practical importance for the determination of the nominal
operating point taking into account not only the optimization of the economic
objective (productivity), but also the safety objective which can lead to an
acceptable compromise.
Another aspect investigated is related to uncertainty in assessing the safety
limits of the operating region associated with random operating variable, φ j ,
fluctuations around the nominal operating point on a given interval, φ j ± ∂φ j .
Such parameters uncertainty is generally linked to the performance of the reactor
control systems. By repeated application of the MV criterion, taking as values
lower and upper limits of the parameters, lower and upper limits of critical
operating conditions can be calculated. Even if being more computational and
requiring extensive information on the process, the present study proves the
advantages of using of a model-based and a more sophisticated sensitivity
criterion (such as the robust z- MV) to determine the runaway boundaries and
their confidence in the parametric space, with accounting for parameter random
fluctuations around the set point.
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Abstract
The paper considers the dynamic simulation and control of an optimally-designed
bioethanol dehydration plant. The plant consists of three distillation steps implemented in preconcentration, extractive and recovery columns. The pressure-driven dynamic simulation
implemented in AspenDynamics takes into account the hydraulic equipment such as pumps and
valves, being more realistic compared to a flow-driven simulation. The control structure includes
conventional level, temperature, pressure, concentration and ratio loops. The excellent
performance of the control system is proved for disturbances in the feed flow rate (± 20%) and
feed composition (8 – 12% wt. ethanol).

Key words: bioethanol, dehydration, process design, dynamics, process
control, pressure-driven simulation
1. Introduction
Followed by biodiesel, bioethanol is the most produced type of biofuel.
Bioethanol is produced by fermentation of raw materials containing sugar, starch
or cellulose. The concentration of ethanol in the fermentation broth is rather low,
below 15% (wt.). Additionally, ethanol and water form a minimum-boiling
azeotrope (95.63% wt. ethanol). Therefore, dehydration of ethanol to the purity
level required by the car engines is a costly step.
The typical process for ethanol dehydration involves a pre-concentration
step, where a near-azeotrope ethanol-water mixture is obtained, followed by
breaking the ethanol-water azeotrope by means of extractive distillation using
ethylene glycol as a mass-separating agent. Kiss and Ignat [1] discuss the optimal
design of a bioethanol dehydration plant, showing that the optimal concentration
of pre-concentrated ethanol is 91% (wt.). Dynamics and control is as important as
economic optimization. Kiss, Ignat and Bîldea [2] developed a flow-driven Aspen
∗
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Dynamics simulation of the ethanol dehydration plant, which was used to prove
the controllability of the optimal design. Although flow-driven simulation can be
used for a quick assessment of the plant controllability, pressure-driven
simulation is needed when a more realistic dynamic model is required. However,
pressure-driven dynamic simulation is more challenging as it involves more
detailed modelling of the pressure changes across the plant by means of the
pumps, compressors, valves, and other hydraulic elements. Therefore, the goal of
this work is to develop a pressure-driven dynamic simulation of the bioethanol
dehydration plant and to use this model for a controllability study.
This paper is organized as follows. In section 2 is described the bioethanol
purification plant, giving detailed unit sizing and stream report. Then, the
development of a pressure-driven dynamic simulation is presented, including
details regarding the control structure, controller tuning, design of pumps and
valves. The next section shows results of dynamic simulation, proving that the
optimal bioethanol dehydration plant is controllable even when large disturbances
in feed rate or feed composition are present. The paper ends with conclusions.
2. Process description
Ignat and Kiss [1] describe plant for bioethanol dehydration by extractive
distillation (Fig. 1). For reader’s convenience, we repeat here the main results [1].

Fig. 1. Bioethanol purification plant
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The ethanol dehydration is based on extractive distillation using ethylene
glycol as solvent. The plant contains three distillation steps. First, the preconcentration column (PDC) takes the initial 10% wt. ethanol-water mixture and
concentrates it to 91% (wt.). The bottom product of PDC is 99.99% (wt.) pure
water. Secondly, the extractive distillation column (EDC) takes the 91% wt.
ethanol mixture and dehydrates it to 99.8% wt. using ethylene glycol for breaking
the azeotrope. Finally, the last column (SRC) recovers the solvent, which is
recycled to EDC.
A steady-state simulation was developed in Aspen Plus [3], based on the
design parameters provided by reference [1]. The NRTL model [4] was used to
represent the non-ideality of the liquid phase, all the binary interaction parameters
being available in the Aspen Plus database. Table 1 presents a summary of plant
mass balance together with the main characteristics of each column.
Table 1.
Stream report and unit sizing
COLUMNS
EDC

PDC
STREAMS
Temp., °C
Pressure bar
Mass Flow kg/hr
Ethanol kg/hr
Water kg/hr
Ethylene Glycol kg/hr
Number of stages
Feed stage
Diameter [m]
Reflux ratio
Condenser duty [kW/hr]
Reboiler duty [kW/hr]

IN
1
25
1.18
125000
12500
112500

OUT
2
3
77.9
106.9
1
1.29
13735 111265
12499 1.19
1236 111264
30
19
2.89
1.31
-8653
20425

IN
7
25
1.03
20798
trace
4.7
20793

OUT
2
78.3
1.1
13735
12499
1236.3

4
78
1
12525
12498
22.0
4.955

5
156.8
1.16
22008
0.773
1219
20788

17
4

11
1.4
0.24
-3686
5738

IN
5
157.1
1.07
22008
0.773
1219
20788

SRC
OUT
6
7
99.6
201
1
1.15
1215 20793
0.773 trace
1214
4.77
0.018 20788
16
8
0.89
0.45
-1106
1793

Temperature and composition profiles along the pre-concentration (PDC),
extractive distillation (EDC) and solvent recovery (SRC) columns are presented in
Figs. 2-4, respectively.

Fig. 2. Temperature and composition profiles along the pre-concentration column (PDC)
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Fig. 3. Temperature and composition profiles along the extractive distillation column (EDC)

Fig. 4. Temperature and composition profiles along the solvent recovery column (SRC)

3. Dynamics and control
The complete flowsheet, including the control loops, is presented in Fig. 5.
The control of each distillation column is standard: the pressure is controlled by
condenser duty; the sump and reflux drum levels are controlled by valve opening
on the bottoms and distillate lines, respectively; one temperature in the stripping
section is controlled by the reboiler duty. In the PDC, the reflux rate is kept
constant. In the EDC and SRC, the mass reflux is used to control one temperature
in the rectifying section. The trays used for temperature control were chosen as
the most “sensitive” trays of the columns temperature profile [5]. The mass
fraction of water in the ethanol product is measured by a concentration analyzer
and kept at its setpoint by changing the EDC solvent / feed ratio. The level in the
solvent buffer tank is controlled by the solvent makeup.
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Fig. 5. Bioethanol purification plant dynamic control structure

A pressure-driven dynamic simulation was developed using Aspen
Dynamics. All vessels were sized based on 10 minutes residence time. The
column diameter was obtained using the “tray sizing” facility offered by Aspen
Plus.
Pressure-driven simulation requires specification of hydraulic elements,
like the flow rate across a valve. In pressure-driven simulation, the flow rate Fmass
is calculated based on the pressure difference between the upstream and
downstream ∆P, fluid density ρ, valve opening x and valve characteristics C0,max
and f(x), as shown by equation (1). Therefore, one has to provide the valve
characteristics C0,max and f(x) and to include in the simulation the pumps necessary
to achieve the required pressure difference ∆P. In contrast, in a flow-driven
dynamic simulation, the flow rates are specified, assuming that they can be
achieved by means of suitable pumps, valves and flow controllers. Compared to
flow-driven simulation method, the pressure-driven mode is more realistic
because it is closer to the real physical process.
𝜌∗∆𝑃

𝐹𝑚𝑎𝑠𝑠 = 𝐶𝟎.𝑚𝑎𝑥 ∙ 𝑓(𝑥) ∙ �

(1)

2
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A key factor to process control is the ability to change various flow rates
as response to disturbances affecting the process. It should be noted that the
control engineer wants high pressure drop across the valves, because this
increases the range of flow rates which can be achieved by opening or closing the
valve [6]. In contrast, the chemical engineer wants a small pressure drop across
the valves, because this requires less pumping power. Therefore, a compromise
has to be found. Table 2 presents the characteristics of the pumps (maximum flow
rate Fmax and maximum head Hmax) and valves (valve coefficient C0,max and
pressure drop ∆P at 50% opening and nominal process conditions).
Table 2.
Pumps and valves characteristics
FLOW CONTROLER

PUMP
Fmax
[m3/h]

FEED
DISTILLATE
BOTTOM
DISTILLATE
EDC
BOTTOM
DISTILLATE
SRC
BOTTOM
SOLVENT FEED
SOLVENT MAKEUP
PDC

P2
P3
P4
P5
P6
P7
P8

18.316
122.147
17.050
22.323
1.328
22.027
22.041

VALVE
Hmax
[m]
67.993
55.972
69.437
51.703
66.620
63.194
21.613

V1
V2
V3
V4
V5
V6
V7
V8
V9

C0,max
[m1.5 kg0.5/h∙bar0.5]
5804.107
641.119
4663.615
584.656
878.980
46.504
781.634
1364.498
0.171

∆P
bar
3.7
5.1
5.0
5.0
5.1
7.0
6.0
2.0
6.0

All the controllers are PI type. Controller tuning was achieved by the
following procedure. For each control loop, appropriate ranges of the process
variable PV and controller output OP where chosen around the nominal values,
based on the accepted variation of PV from its setpoint and the maximum change
of the manipulated variable OP. Then the controller gain was set to 1 %/%. The
reset time was set equal to an estimated value of the process time constant. The
tuning of ethanol concentration controller (denoted by CC in Fig. 5) was achieved
by finding the stability limit using the ATV procedure [6] and using the TyreusLuyben settings [6]. Details of the control loops are presented in Table 3.
The performance of the control system with respect to feed rate
disturbances is presented in Fig. 6. The simulation starts from steady state. The
feed flow rate is increased from 125,000 kg/h to 150,000 kg/h in two steps at time
t = 6 h and t = 14.5 h. Then, the flow rate is decreased to 100,000 kg/h in several
steps (at time t = 24, 34, 43 and 49 h) and then (at time t = 54 h) brought back to
the initial value. The product flow rates (water and ethanol) change accordingly to
the feed. Moreover, the flow rate of solvent to the EDC column is adjusted to
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match the flow rate of ethanol-water mixture fed to the EDC column. Despite the
large disturbances, the product purities remain high, close to the nominal values.
Table 3.
Controller tuning
Controller
MIXER
LC

PV, value & range

Level = 1.65 m
1 … 3.31m
ETHANOL CONCENTRATION PRODUCT
Water % wt. = 1518.607 ppm
CC
0 … 3037.21 ppm
COOLER
Temperature = 25 °C
TC
23 … 26 °C
ETHANOL - WATER (FEED)
F1 feed flow = 125000 kg/h
FC
93750 … 156250 kg/h
SOLVENT (FEED)
F2 feed flow = 20797 kg/h
FC
0 … 60000 kg/h
PDC
Pressure = 1 bar
PC
0 … 2 bar
reflux drum level = 2.06 m
LC
0 … 4.12 m
Sump level = 3.1 m
LC
0 … 6.3 m
stage 29 temperature = 106.7 °C
TC
105 … 108 °C
EDC
Pressure = 1 bar
PC
0 … 2 bar
reflux drum level = 1.6365m
LC
0 … 3.27 m
Sump level = 1.89 m
LC
0 … 3.79 m
Stage 3 temperature = 79.7 °C
TC
78 … 81 °C
stage 16 temperature = 123 °C
TC
122 … 125 °C
SRC
Pressure = 1 bar
PC
0 … 2 bar
reflux drum level = 0.7352 m
LC
0 … 1.47 m
Sump level = 1.83 m
LC
0 … 3.66 m
Stage 15 temperature = 199.50 °C
TC
198 … 201 °C
Stage 3 temperature = 100.25 °C
TC
99 … 102 °C

OP, value & range

Kc, %/%

Ti, min

valve opening = 50%
0 … 100 %

1

10

cooler Duty = -9.83 GJ/h
(-19.66… 0 GJ/h)

1

20

valve opening = 50%
0 … 100 %

1

1

valve opening = 50%
0 … 100 %

1

1

condenser duty = -31.15 GJ/h
(-62.30 … 0) GJ/h
valve opening = 50
0 … 100 %
valve opening = 50
0 … 100 %
reboiler duty = 73.53 GJ/h
0 … 147.06 GJ/h

20

12

1

20

1

20

1

20

condenser duty = -13.27 GJ/h
(-26.52 … 0) GJ/h
valve opening = 50
0 … 100 %
valve opening = 50
0 … 100 %
reflux = 3004 kg/h
0 … 6009 kg/h
reboiler duty = 20.63 GJ/h
0 … 41.27 GJ/h

20

12

1

20

1

20

1

20

1

20

condenser duty = -3.98 GJ/h
(-7.96 … 0) GJ/h
valve opening = 50
0 … 100 %
valve opening = 50
0 … 100 %
reboiler duty = 6.47 GJ/h
0 … 12.95 GJ/h
reflux = 549.06 kg/h
0 … 1098.13 kg/h

20

12

1

20

1

20

1

20

1

20

solvent/feed = 1.514214
0…3
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Fig. 6. Dynamic simulation results – change of the feed flow rate

The performance of the control system with respect to feed composition
disturbances is presented in Fig. 7. As the ethanol concentration is changed from
10% wt. to 12% wt. or 8% wt., the purity of the ethanol product exceeds 99.8%
wt. specification. The purity of water product also remains high.

Fig. 7. Dynamic simulation results – change of the feed composition

4. Conclusions
Ethanol dehydration can be achieved by a sequence of three distillation
columns: pre-concentration to near azeotropic composition, breaking the ethanol –
water azeotrope by extractive distillation and solvent recovery. The pressuredriven dynamic simulation developed in this work provides a realistic and reliable
model of the plant behavior. The optimally-designed plant investigated in this
work shows excellent controllability properties: the product purities are kept onspec despite large disturbance in feed flow rate and composition.
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Abstract
The development of technologies of recombinant protein over the past decades has favored the use
of E. coli as a host for heterologous protein expression, due to its structural simplicity and ease
way of cultivation. In order to achieve a better control of the process and expected efficiency, the
understanding of bacterial dynamic's growth is of major importance. The present paper proposes
and tests several models for the growth kinetics of E. coli BL21 (DE3) strain in a fed-batch
experimental set-up. We investigate in this paper the suitability of unstructured and unsegregated
Monod based kinetic models, taking into account substrate and biomass inhibition effects. The
model’s parameters (affinity constant, specific growth rate, inhibition constants) are determined
by regression analysis using our own experimental data. The results of the modeling study can
offer valuable information upon the dynamics of E.coli population, for extreme conditions such as
wash-out or starvation.

Key words: E. coli, Monod model, genetic algorithms
1. Introductionmodel (1941, 1949, 1950) was proposed as an
Monod's growth model (1941, 1949, 1950) was proposed as a microbial
growth kinetics, namely, the relationship between the specific growth rate (µ) of a
microbial population and the substrate concentration (S), is an indispensable tool
in all fields of microbiology, be it physiology, genetics, ecology, or
biotechnology. Therefore it is an important part of the basic knowledge of
microbiology [1]. Monod's growth model (1949) was proposed as an empirical
model to describe microbial growth, including the effect of nutrient concentration,
and is based on observations of the growth of E. coli at various glucose
concentrations, assuming that glucose is the limiting substrate [2]. The model
relates the specific growth rate to the substrate concentration by the Monod
equation (1):
1
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𝜇 = 𝜇𝑚𝑎𝑥 ∙

𝑆

(1)

𝐾𝑖

(2)

𝐾𝑠 +𝑆

where: µ - specific growth rate (h-1), µmax - maximum specific growth rate (h-1),
KS - the affinity constant (g/L) and S - the concentration of growth-limiting
substrate (g/L) [2].
Bacterial growth could experience several types of inhibition which may
include: the substrate inhibition, at high concentration, the product inhibition,
which may have two levels – a concentration from which growth is hindered and
another, higher concentration, which might be lethal and even enzymatic
poisoning. When several substrates are used simultaneously with no limitation of
concentration, the kinetics of growth become more complicated [3], e.g., when the
substrate concentration is the cause of inhibition, growth can no longer be
unlimited. The following equations are able to describe various types of substrate
inhibition (eq. 2 – 3) [4]:

𝜇 = 𝜇𝑚𝑎𝑥 ∙
𝜇 = 𝜇𝑚𝑎𝑥 ∙

𝑆

𝐾𝑆 +𝑆
𝑆

∙

𝐾𝑆 +𝑆+

𝐾𝑖 +𝑆

(3)

𝑆2
𝐾𝑖

where Ki is the inhibition constant.
The product concentration can also have a detrimental impact on the
cellular development, as the model proposed by Levenspiel (1980) [4]. This
model introduces, compared to the Monod model, new parameters, such as the
product concentration (P) (g/L) and the critical product concentration at which the
rate is null (P*) (g/L) [4]:
𝑃 𝑛

𝜇 = 𝜇𝑚𝑎𝑥 ∙ �1 − ∗� ∙
𝑃
𝐾

𝑆

𝑆 +𝑆

(4)

According to Monod model, the growth curve (Fig. 1) comprises, in a
discontinuous culture: a lag phase, an accelerated growth phase, a logarithmic or
exponential growth phase, a retardation phase, a stationary phase, an accelerated
death phase and a logarithmic death phase. The duration of phases of
microorganisms growth curves stages depends upon the temperature, pH,
dissolved oxygen and culture aeration [6].
Using a fed-batch bioreactor, the growth phases will become more
complicated, since the substrate is added at given intervals. A culture could, at
that moments, exit the stationary phase a regain the exponential phase, for
example.
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Fig. 1. Growth phases in a batch process [2]

The fed-batch bioreactors, introduced for baker’s yeast production in the
beginning of the last century and for antibiotics in the 1950–1960s [5], are now
commonly used in industrial fermentations, for example, for the production of
several enzymes, microbial cells, etc. [6]. The reason for this diversity of use is
related to the theoretical analysis of many fermentation processes, which revealed
the extended or exponentially fed-batch cultures to be optimal, particularly in
terms of productivity [6].
Fed-batch operation often begins with an exponential feed phase of a
limiting substrate, most commonly the carbon/energy source, until the limit for
cooling capacity or adequate oxygen transfer is reached [5].
Characteristic equations, in pseudo - steady state and isothermal regime,
are the mass balance equations for biomass and substrate, applied to the entire
volume of the bioreactor [7].
Considering the yields for conversion being constant, the biomass
concentration can be expressed depending on the concentration of substrate in the
following equation:
𝑋 = (𝑆0 − 𝑆) ⋅ 𝑌𝑋𝑆 + 𝑋0
(5)
The total time for the batch bioprocess is obtained from the mass balance of the
participants at the fermentation process, applied to the all reaction volume:
𝑑𝑋

= 𝑣𝑅𝑋 = 𝜇 ⋅ 𝑋

(6)
In bioprocess without product inhibition, the expression of total time of
batch is given by the relationship:
𝑑𝑡
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𝑡=

1

𝜇𝑚𝑎𝑥

∙ �1 +

𝐾𝑠

𝑆0 +𝑌𝑆𝑋 ∙𝑋0

𝑋

� ∙ 𝑙𝑛 �𝑋 � + (𝑆
0

𝐾𝑠

𝑆

∙ 𝑙𝑛 � 0 � (7)
𝑆

0 +𝑌𝑆𝑋 ∙𝑋0 )∙𝜇max

When the product inhibition interferes, for n=1 (eq. 4) and 𝐾𝑆 ≪ 𝑆, the
duration of batch depends of critical product concentration:

𝑡=

1

𝜇𝑚𝑎𝑥 ∙𝑌𝑃𝑋 [𝑋0 +𝑌𝑋𝑃 ∙(𝑃∗ −𝑃0

∙ 𝑙𝑛 �
)]

𝑃∗ −𝑃0
𝑃∗ −𝑃

𝑋

�∙𝑋

0

(8)

where: X represents the concentrations of cells or biomass (g/L), X0 is the
concentration of biomass in inoculum (g/L), S0 is the substrate concentration in
the feed stream (g/L), P0 is the product concentration in the feed stream (g/L), vRX
is the biomass growth rate (kg/m3h), t is the duration of the batch (h) and YSX
represents the conversion yield of the substrate in biomass (kg/kg), YPX represents
the conversion yield of the product obtained from biomass (kg/kg) [7].
At the time a volume of substrate (ΔV) is added, the initial concentrations
of biomass and substrate should be recalculated, to take into account the dilution
effect.
To determine the parameters of the bacterial kinetic of growth, the
regression techniques are used. Amongst them, the most used optimization
method is the genetic algorithms (GAs) technique.
GAs technique uses stochastic search algorithms based on the principles of
natural (genetics) selection, able to find solutions to real world problems. The aim
of GAs is evolving towards an optimal solution by letting a set of random
solutions undergo a sequence of probabilistic transformations governed by a
selection scheme biased towards high-quality solutions. A GAs technique
emulates the biological evolutionary model to solve optimization problems. It
contains a set of individual elements represented as binary strings (population)
and a set of defined biological operators on the population [8].
The objective of the present work was to find a suitable model for the
growth kinetics of E. coli BL21 (DE3) strain, in a fed-batch reactor using an
experimental setup, and the GAs technique for the regression to find the model's
parameters.

31

Alina Tanase, Valentina Gogulancea, Gabriela Isopencu, Vasile Lavric

2. Material and methods
The experimental setup for the E. coli growth in fed-batch cultivation,
which will be considered for the kinetics studies, was presented in a previous
work [9].
2.1.Modeling setup
The growth rate, µ, was calculated using the curve of cell concentration in
time, obtained by flow - cytometer measurements. The substrate concentrations,
S, at different stages of growth, were determined using the dosing method of
glucose (source of carbon in bacterial growth) with o-toluidine dosing kit, and the
results of the colorimetric reaction were measured with a UV-visible spectrometer
at 600 nm wave length.
3. Results and discussions
In this paper we tested a simple Monod model, as the product does not
limit the development of the cells, there is only one substrate and multiplication of
bacteria is done through binary fission. We have adopted the linear form for the
equation of model (1), Lineweaver-Burk:
1

𝜇

=

𝐾𝑆

𝜇𝑚𝑎𝑥

1

∙ +
𝑆

1

𝜇𝑚𝑎𝑥

(9)

As mentioned above, the growth rate was calculated using the curve of cell
concentration (Fig. 2), which reveals the growth curve. Knowing the phases of the
growth curve we can calculate the growth rate.
Integrating the equation (6) and applying known data, we have obtained that the
growth rate is 0.2 h-1.

Fig. 2. The curve of cell concentration in time
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According to the Monod model, the kinetic constants µmax and KS define
the rate of microbial growth. To determine the kinetic parameters corresponding
to the Monod model, describing the growth and multiplication of E. coli in the
fed-batch bioreactor, genetic algorithms (GAs) will be used for regression.
In the order to identify the kinetic parameters, the final form of the Monod
model equation was used, i.e. equation (9), and implemented in the Matlab
environment.
For E. coli strains, it has been observed that during cultivation in a fedbatch culture, although the culture was already in steady state with respect to the
biomass concentration, the residual substrate concentration decreased, implying
that the affinity for the substrate decreased. The substrate initial concentration was
239.85 g/L and Fig. 3 shows it decreases function of time. As shown in Fig. 3,
after almost 10 hours of activity, substrate concentration starts to decrease, while
in Fig. 2 notice that the number of cells begins to grow. This trend is noticeable
for both the experimental data and the data from the Monod equation.

Fig. 3. Substrate concentration function of time

Typical values of µmax and KS for E. coli at the optimum growth
temperature (370 C), reported in the literature, are 0.8 h-1 and 0.0008 g/L, as
shown in Table 1. After the software solves the equation and generates the graph
(Fig. 3), the kinetic constants are displayed as well. Therefore, for the E. coli
studied culture the maximum specific growth rate is 1.493 h-1 and the affinity
constant is 0.007674 g/L (Table 1).
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Table 1

Values
Initial
Result

Kinetic constant values
Constants
KS,
g/L
0.0008
0.007674

µmax,
h-1
0.8
1.493

4. Conclusions
Experimentally it was observed that as microbial cells proceed through
their cellular cycle, the changes in their internal states lead to different values for
the growth rates corresponding to population members of different ages, sizes etc.
Because the Monod's model is very usual, we have been used it to model
the growth of E. coli in fed-batch reactor and we found that the parameter KS can
be estimated for one value of µmax. We can summarize the biological
significance of parameters as follows. The growth of a microbial population is
characterized by parameters µmax and KS. The interpretation of µmax is
straightforward. When the lag time, which is required to transform substrate into
biomass is short, the growth is fast in the presence of an excess of substrate. The
biological significance of parameter KS is sometimes interpreted as a reflection of
an intrinsic affinity of bacteria for the substrate.
A point that must be underlined is that parameter estimates are almost
always reported without an indication of their confidence regions. As a
consequence, it is not possible to say whether the differences between parameter
values are significant or not.
Notations
Symbol

Name

µ
µmax

The specific growth rate
The maximum specific growth
rate
The affinity constant
The concentration of growthlimiting substrate
The inhibitionconstant
Product concentration
Product concentration at which
the rate is null
The concentrations of cells or
biomass
The concentration of biomass in
supply
The duration of the charge
The substrate concentration in

KS
S
Ki
P
P*
X
X0
t
S0
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Unit of
measure
h-1
h-1
g/L
g/L
g/L
g/L
g/L
g/L
g/L
h
g/L

Kinetic analysis of the native E. coli strain cultivation in a fed-batch bioreactor

YXS
vRX
vRS

supply
The conversion yield of the
substrate in biomass
The biomass growth rate
The consumption rate of the
substrate

kg/kg
kg/m3h
kg/m3h
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Abstract
The rheological properties of eight sorts of Romanian honey were studied at different
temperatures in the range of 20-500C. Arrhenius model was used to determine the effect of
temperature on the samples viscosity. Because in honey processing for different reasons
(packaging, avoid granulation, destructions of yeast) honey is heated at different
temperatures, the rheological study was done for heated and unheated honey samples. In
order to verify if Romanian honey presents or not thixotropy, steady shear rheology of each
sample was carried out using hysteresis loop tests. Thixotropic behaviour was observed
especially for honey not thermally processed. This thixotropic behaviour diminishes after
preheating the honey. Cluster analysis was applied in order to demonstrate the possibility
of honey classification from its thixotropic behaviour point of view.

Key words: Romanian honey, rheology, Arrhenius model, activation energy,
thixotropy
1. Introduction
Bee honey is a natural product with a high nutritional value used in food and
medicine for its prophylactic value and antibacterial properties, especially in burn
treatment [1]. Viscosity is considered one of the most important physical
properties of honey, being very important for all the processing operations. It
depends on several factors, the more important of which being water content,
temperature and chemical composition, as well as the presence of crystals and
colloids in the product. Most honey varieties are characterized as having
Newtonian behaviour for a large temperature spectrum [2, 3]. However, there are
some reports in the literature, for non-Newtonian behaviour, especially for
crystallized honey [4-7].
Romanian honey wasn’t yet rheological characterized. The physico-chemical
properties like moisture, colour, sugar content, total flavonoids, antioxidant
activity and nutraceutical properties of some Romanian honey varieties were
already reported [8-11].
The aim of this paper is to present rheological behaviour of Romanian selected
honey and to demonstrate that thixotropic behaviour can be observed especially
for honey not thermally processed and with high glucose content. This thixotropic
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behaviour diminishes after preheating the honey and can even disappear at
temperatures higher than 45°C. Cluster analysis was also used in order to classify
honey according to its thixotropic behaviour.
2. Experimental
Materials
Several types of Romanian honey were studied, namely acacia honey (Robinia
pseudoacacia) (S1-S4), lime honey (Tilia sp.) (T1-T2), coriander honey
(Coriandrum sativum) (C1-C2), peppermint honey (Menta Piperita) (PM), rape
honey (Brassica napus ssp. oleifera) (R1-R2), sun-flowers honey (Helianthus
annuus) (SF), polyflower honey (P) and honeydew (mountain multi-flora) (M).
The samples were either liquid or crystallized. Those which were crystallized
were used after preheating. The liquid samples were divided into two parts: one
was rheologically tested in its raw state (unheated) and the other was analysed
after the heating process, in order to compare the results. The samples were
obtained directly from local stores of the beekeepers. The samples were from
2013-2014 production and were stored at 10 ºC in dark conditions during the
experimental period.
Heat treatment
All the samples which were thermally processed, even they were liquid or
crystallized ones, were heated at 50 ºC for 1 h in a water bath in order to dissolve
crystals, and then kept in a 25 ºC room temperature for 48 h to remove air bubbles
from preheated honey samples [12]. For liquid samples, humidity was measured
before and after preheating, while for the crystallized samples it was measured
only after preheating.
Water content
Water content of the samples was measured with a digital ABBE refractometer.
For the samples which were in liquid state, the viscosity was measured initially at
the original moisture content, both for unheated and heated honey. For
crystallized honey, the viscosity was measured after preheating, when the samples
was liquid state. The refractive index values were converted to moisture contents
using equation 1:
w% = 608.277 – 395.743⋅nD
(1)
where w% is the percentage of water content and nD is the refractive index of
honey at 20 ºC [13].
Rheological properties
The rheological testing of honey samples was conducted on a BOHLIN CVO 100
Rheometer, (Bohlin Instruments, Gloucestershire, UK), with a geometry of
parallel plates PP20 (20 mm diameter) and with a 0.150 mm gap in all
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experiments. Temperature was controlled by a Peltier element. The temperature
range was selected from 20 to 50 °C. Steady shear rheology of each sample was
carried out using hysteresis loop tests at shear rate range of 0.1–1000 s-1 by two
cycles, increasing and decreasing the values of shear rate, in order to investigate
the thixotropic behaviour of the samples. Each time, a new sample was used for
rheological measurement. All rheological measurements were carried out in
duplicate. Hysteresis area between instantaneous viscosity and shear rate was
calculated using Bohlin Software CVO100 for thixotropic analysis. Because there
are high differences between thixotropic areas of different studied samples, a
relative thixotropic area was used in order to compare thixotropic behaviour of the
investigated samples. This relative thixotropic area was calculated with formula 2:
𝑆

𝑆𝑅 (%) = 100 ∙ 𝑆 𝑡ℎ

(2)

𝑢𝑝

where Sth is the thixotropic area and Sup is the area enclosed by up curve in the
shear rate range considered [14].
Statistical analysis
In order to distinguish between different classes of unifloral honeys, various
authors have used statistical techniques like: principal component analyses (PCA),
discriminant analysis (DA), cluster analysis and other techniques [3, 11, 15-17].
Cluster analysis, which is an exploratory data analysis, seeks to group objects of
similar kinds into respective categories. The different objects are sorted in such a
way that the degree of association between two objects is maximal if they belong
to the same group and minimal otherwise. This technique was applied in this
paper for heated and unheated samples of honey using the thixotropic relative area
at different temperatures as a dependent variable. Cluster analysis was performed
with STATISTICA 10 (Trail version) from StatSoft Inc. applying the joining or
tree cluster method, using Euclidean distances as a taxonometric measure.
3. Results and discussions
The flow behaviour of many sorts of honey can be well described by the
Newtonian law of viscosity. Steady shear rheological data obtained from the
studied honey samples were fitted to the Newtonian model for unheated and
heated honey samples. The viscosity coefficient was estimated by employing
linear regression of shear stress / shear-rate data. The Arrhenius model was used
to determine the effect of temperature on the viscosity of the samples:
(3)
µ = µ0 ⋅ exp(Ea / RgT )
where μ is the viscosity of the sample (Pa.s), μ0 is a constant (Pa.s), Ea is the
activation energy (J/mol), Rg is gas constant (8.314 J/mol.K) and T is temperature
(K). The values obtained for moisture content (w), activation energy (Ea), constant
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of the Arrhenius equation (μ0) and viscosity at 20ºC for the unheated samples are
presented in Table 1, while those for preheated samples are presented in Table 2.
Table 1
Moisture content, activation energy (Ea), constant of the Arrhenius equation (μ0) and
viscosity at 20ºC for the unheated honey samples*
Sample
Moisture
η (Pa.s)
Ea
μ0 (Pa.s)
R2
designation content
at 20°C
(kJ/mol)
w (g/100g)
S1
33.9±0.05 90.87
2.14E-15
1
15.7 ± 0.03
S2
31.6±0.09 79.43
2.18E-13
0.994
16.4 ± 0.01
S3
30.0±0.47 85.82
1.34E-14
0.994
16.3 ± 0.05
S4
27.0±0.14 79.61
1.59E-13
0.997
16.5 ± 0.04
T1
35.0±0.08 92.06
1.30E-15
0.999
15.4 ± 0.08
C1
14.3±0.14
67.70
1.44E-11
0.968
18.4 ± 0.04
PF
22.0±0.12 82.96
5.93E-14
0.968
16.3 ± 0.03
PM
20.1±0.03 68.63
1.45E-11
0.956
17.6 ± 0.08
R1
22.1±0.22 66.24
4.04E-11
0.970
17.8 ± 0.21
M
20.1±0.05 71.52
3.07E-12
0.986
17.4 ± 0.09
SF
24.4±0.41
76.04
8.64E-13
0.998
16.9 ± 0.04
* All the samples were fluid
Table 2
Moisture content, activation energy (Ea), constant of the Arrhenius equation (μ0) and
viscosity at 20ºC for the preheated honey samples
Sample
Moisture
η (Pa.s)
Ea
μ0 (Pa.s)
R2
designation content
at 20°C
(kJ/mol)
w (g/100g)
S1
34.0±0.07
89.90
3.834E-15 0.991
15.7 ± 0.03
S2
28.0±0.02
79.56
1.870E-13 0.998
16.4 ± 0.01
S3
27.6±0.04
82.31
5.308E-14 0.996
16.3 ± 0.05
S4
25.0±0.10
78.86
2.013E-13 0.997
16.5 ± 0.04
T1
36.0±0.05
90.60
2.422E-15 0.999
15.4 ± 0.08
T2*
25.2±0.17
76.54
5.711E-13 0.998
16.7 ± 0.21
T3*
16.5±0.08
75.44
5.749E-12 0.997
16.9 ± 0.17
C1
14.1±0.07
62.73
1.046E-10 0.980
18.4 ± 0.04
C2*
24.8±0.30
77.30
4.579E-13 0.991
16.5 ± 0.17
PF
30.3±0.11
78.30
4.007E-13 0.975
16.3 ± 0.03
PM
22.0±0.02
67.53
2.452E-11 0.968
17.6 ± 0.08
R1
24.0±0.07
65.48
5.218E-11 0.995
17.8 ± 0.21
R2*
8.1±0.04
70.78
2.062E-12 0.998
18.2 ± 0.38
M
19.3±0.16
67.99
1.266E-11 0.980
17.4 ± 0.09
SF
22.4±0.12
73.10
2.213E-12 0.980
16.9 ± 0.04
* Samples initially crystallized
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In order to appreciate qualitatively the existence of thixotropy, in Figs. 1 and 2
there are presented flow curves for different types of heated or unheated honey
samples. In Fig. 1a there are presented flow curves for acacia honey only at two
temperatures, 30 and 45 °C, before and after heating. It is obvious that this type of
honey has not a thixotropic behaviour. The same assumptions are valid also for
coriander honey (Fig. 1b).

Fig. 1. Flow curves for heated and unheated acacia honey a) and b) coriander honey

Fig. 2. Flow curves for heated and unheated: a) peppermint honey samples (PM) and b) oil seed
rape honey (R1)

For peppermint honey and oil seed rape honey, the flow curves presented in Fig.
2a and 2b, respectively, present at low temperatures a thixotropic behaviour which
is attenuated and even disappears at high temperatures. Analysis of samples
thixotropic behaviour was done using relative thixotropic area calculated with
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equation 2. The obtained data for three temperatures 30, 40 and 45ºC are
presented in Table 3.
Table 3.
Thixotropic relative aria for three temperatures, for all honey samples

Sample
name
S1
S2
S3
S4
T1
C1
PF
PM
R1
M
SF
S1
S2
S3
S4
T1
T2
T3
C1
C2
PF
PM
R1
R2
M
SF

Thermal
processing

Unheated

Heated

Thixotropic relative area
30°C
40°C
45°C
0.90
1.05
0.54
0.68
0.30
1.92
6.96
11.08
9.54
0.69
11.78
0.17
1.54
1.38
0.42
0.65
2.51
2.63
1.96
2.86
1.52
8.22
0.62
7.56
0.33
6.24

1.29
2.51
0.82
0.83
0.15
2.26
6.69
6.76
4.99
0.60
7.70
0.27
1.73
0.66
1.26
2.74
3.15
2.55
0.88
4.58
0.81
0.54
0.35
5.74
0.15
3.54

2.44
2.13
0.30
1.34
0.28
2.50
4.29
5.29
2.93
0.43
4.92
0.21
1.93
0.81
1.45
3.02
2.58
1.90
1.04
5.94
0.35
1.18
0.73
0.86
0.12
3.30

The dendrograms obtained for the heated and unheated honey samples are
presented in Fig. 3a and 3b. In Fig. 3a the dendrogram for unheated samples
contains two clusters. The first cluster is formed of the samples which present
large thixotropic relative area (R1, SF, PM, PF), while the second contains
samples which have no thixotropic behaviour, in accordance with data from Table
3 for unheated samples.
Tree diagram from Fig. 3b, for heated samples honey, shows also two distinct
groups, but the members are different from the groups of unheated samples. In
cluster 1, which contains honey which exhibits thixotropic behaviour, two
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samples (R1 and PF) have disappeared and are now classified in the second
cluster. This one contains samples which have no thixotropic behaviour, which is
in accordance with the greatest values of thixotropic relative area from Table 3.

Fig. 3. Cluster tree for: a) unheated honey samples and b) heated honey samples.

So, from this simple cluster analysis, one can confirm that thixotropic behaviour is
more pronounced for unheated honey and diminishes or even disappears after
heating the samples. Knowing that we have two clusters in both cases (heated and
unheated honey samples), K-means clustering method was also applied for heated
and unheated honey using STATISTICA 10 (Trial version) from StatSoft Inc. The
results containing cluster number, members of each cluster and distances from
each cluster centres are presented in Table 4.
Table 4
Statistic data of cluster analysis
Unheated honey
Heated honey
Cluster Members Distances Cluster Members
number
number
PF
1.664
C2
PM
0.909
PM
1
1
R1
1.226
R2
SF
1.349
SF
S1
0.634
S1
S2
0.883
S2
S3
0.675
S3
S4
0.242
S4
T1
0.928
T1
2
C1
1.086
2
T2
M
0.6412
T3
C1
PF
R1
M
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Distances
2.644
1.492
1.519
0.672
1.066
0.470
0.477
0.487
1.338
1.484
1.121
0.504
0.634
0.740
1.093
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The honey samples which exhibit thixotropic behaviour are not from honey
varieties which are considered superior honey, like acacia, lime or coriander
honey and which maintain their liquid aspect for long periods of time.
The others, like peppermint honey (PM), rape honey ((R1-R2) and sun-flowers
honey (SF) can crystallize very easily, because of the large amount of glucose in
their composition. As it is already known, the honey glucose content is the main
cause for honey crystallization. If the ratio F/G (fructose/glucose) is less than
1.11, honey crystallizes quickly [6]. From honey composition reported for
Romania and other European countries, some available data are presented as
examples. For acacia honey, the ratio between fructose and glucose varies from
1.335 to 1.646. For lime honey, the same ratio varies in the range 1.06 to 1.250 [9,
18]. So, these sorts of honey in which fructose exceeds glucose in the sugar
composition don’t crystallize fast and for the investigated Romanian samples we
didn’t observe thixotropic behaviour. The others, which form the second group,
are honey samples in which the glucose content is comparable or even larger than
the fructose content, which means that they can crystallize very fast. Reported
data for sunflower honey reveals ratio between F/G of 1.09 and 1.11, and for rape
honey between 0.95 and 1.047 [6, 9, 18]. So, even in liquid state, it is still possible
that these types of honey have very small crystals which can contribute to the
thixotropic rheological behaviour. Our optical observations of acacia honey versus
rape and peppermint honey support these assumptions (images not presented).
These results are in agreement with those obtained by Smanalieva and Senge
(2009) for rape and sunflower honey [6]. The aforementioned authors have
studied crystallized honey and in this case they have observed non-Newtonian
behaviour of all investigated unifloral honey.
4. Conclusions
The rheological properties of eight sorts of Romanian honey were analysed
using heated and unheated samples. The Newtonian model describes well the flow
behaviour of studied samples. The Arrhenius model was used to determine
activation energy for the studied samples. Our research showed that the unheated
honey with high glucose content exhibits thixotropic behaviour. When honey is
heated this behaviour diminishes and even disappear. Cluster analysis allows us to
classify honey depending of its thixotropic behaviour.
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Abstract
The paper presents the rheological behavior study of some cationic surfactant-based aqueous
solutions with organic/inorganic salt content that can be used as fracturing fluids. The influence
of salt type and concentration was determined, as well as the temperature, on the rheological
behavior. It was also characterized the solutions flow through the ring-shaped space of a rotating
viscometer Rheotest-2 and it was appreciated the hydrodynamic regime from the values of the
Taylor-Reynolds number.

Key words: Apparent viscosity, circular motion, dynamic pressure, TaylorReynolds number
1. Introduction
Hydraulic fracturing is a well stimulation process used to maximize the
extraction of underground resources. It refers to the procedure of creating
fractures in rocks and rock formations by injecting a fracturing fluid into the
cracks to force underground to open further. The main functions of a fracturing
fluid are to open the fracture and to transport propping agent along the length of
the fracture [1, 2].
A fracturing gel should provide sufficient viscosity to suspend and
transport the proppant (sand, bauxite or ceramic) into the fracture, and should
break into a low-viscosity fluid after the fracturing is completed [3]. Viscoelastic
surfactant (VES) fluid has been used as a clean fluid for frac-packing and
conventional hydraulic fracturing. Surfactant-based fracturing gels are considered
as clean gels due to the absence of insoluble residues in their composition and can
be broken when exposed to hydrocarbons or formation water. Therefore,
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conventional breakers are not required, and the oil or gas produced can act as
breakers for surfactant-based gels [4].
The unique rheological properties of viscoelastic wormlike micelle
solutions have led to their broad use as rheological modifiers in consumer
products (paints, detergents, lubricants, emulsifiers), in turbulent drag reduction
and to enhance oil recovery and improve drilling.
In solution, at low concentrations, surfactant molecules self-assemble to
form aggregates that are generally globular micelles. These micelles can grow
upon an increase of surfactant concentration and/or upon addition of salts,
alcohols, etc. The size, shape and aggregation geometry of these aggregates can
be modified by external influences such temperature, pressure and flow. Most
solutions of wormlike micelles display rheological properties in which the
response to mechanical perturbation involves both elastic deformation and viscous
flow [5-12].
The temperature increase leads to microdrops mobility intensification
which influences the activation energy (Ea) of the system, phenomenon that can
be explained by an Arrhenius type equation applied in relation to shear stress [13]:

τ = A ⋅e
'

Ea
R⋅T

(1)

The characterization of liquids flow in ring-shaped spaces and the
establishing of the hydrodynamic regime type can be expressed using Taylor-Ta
(ec.2) and Taylor-Reynolds-TaRe (ec.3) numbers which depend on the geometry
of the annulus of the drum viscometer (the radii of the outer ro and inner ri
cylinder, their difference δ), by the inner cylinder revolution (n) or angular
velocity (Ω) and the fluid properties (density ρ, dynamic η or kinematic υ
viscosity):
Ta = Re 2 ⋅

Ta Re =

δ
r

=

Ω 2 ⋅ ri ⋅ δ 3

ν2

Ω ⋅ ri ⋅ (ro − ri )

ν

=

=

4 ⋅ π 2 ⋅ n 2 ⋅ ri ⋅ δ 3 ⋅ ρ 2

η2

2 ⋅ π ⋅ n ⋅ ri ⋅ δ ⋅ ρ

η

(2)
(3)

The submitted relations are specific to Taylor-Couette flow, including the
movement of fluid through the ring-shaped space of the viscometer used. The
critical regime for Taylor number is considered Tacr=1700, and for TaylorReynolds number TaRe,cr=60. By overcoming the critical regime, in liquid are
formed toroidal or spiral vortices which increase with the increasing of
turbulence, phenomenon called “instability of Taylor-Couette flow”[14,15]. The
formation of these vortices is explained by the increase of the dynamic pressure of
the fluid (Pdyn) which can be much higher than the shear stress of the layers (τ),
moment when micelles breaking occur.
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2. Experimental
Reagents
The cationic surfactant used for the solutions preparation contains
hexadecyltrimethylammonium chloride (C16H33N+(CH3)3]Cl-) (properties
presented in Table 1) with an active substance content of 30%. The organic salts
are sodium or potassium salicylate (NaSal/KSal) and the inorganic salts are NaCl
or KCl.
Methods
The samples preparation was done at room temperature (25˚C), by
dispersing the cationic surfactant in the aqueous solution containing organic
and/or inorganic salts. The compositions of the tested samples are presented in
Table 2. It was used a stirrer with diameter 45 mm which provides an intense
stirring (Re=5×104) corresponding to a peripheral velocity of 3.5 m s-1.
Table 1
The properties of cationic surfactant
Property
Conditions of admissibility/Value
Molecular weight, g mol-1
319.5
Critical micellar concentration CMC (20°C), mmol L-1
0.185
pH of aq. sol. 1%
6.5 ÷ 8
Solubility in water
Completely soluble
Density (25°C), kg m-3
1000
Dynamic viscosity (25°C), mPa s
10.1
Table 2
Sample
Surfactant
B2
B3
B4
B5
C3
C4
C5
B51
B52
B54
C51
C52
C54

5

The composition of the samples
Composition, wt.%
NaSal
KSal
NaCl
2
3
4
5
3
4
5
1
4
2
3
4
1
1
2
4
-

KCl
4
3
1

Water
93
92
91
90
92
91
90
90
90
90
90
90
90

The rheological characterization of the samples was carried out under
thermostatic conditions (temperature range 25÷45ºC), using a rotational
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viscometer Rheotest-2 with the system vat-drum S/S1. The device allows the
measurement of the torsion moment appeared thanks to the ring-shaped substance
layer placed between a fixed cylinder and a rotating one with known revolution.
The torsion moment is correlated with the shear stress τ. The revolution and the
ring-shaped layer thickness determine the shear rate γ . Shear rate values were
changed in the range 9÷729 s-1. For the system vat-drum S/S1 the geometrical
dimensions are ro=20.1 mm and ri=19.6 mm. The samples were analysed after one
day of preparation.
3. Results and discussions
The influence of temperature on the rheological behaviour was determined
for all the samples. In Fig. 1 dependence τ = f (γ ) is shown, at three temperature
values, for solution B5 (5% NaSal) and C5 (5% KSal).

Fig. 1. Shear stress vs. shear rate for samples B5 and C5

The obtained curves τ = f (γ ) are nonlinear indicating a non-Newtonian
behaviour, except the sample B5 at 45°C whose behaviour is Newtonian. The
aqueous surfactant solution presents Newtonian behaviour, too. It is also noted
that there is a point of inflection of τ = f (γ ) curves, the more noticeable the lower
the temperature is. For this reason, the rheological equations have been
established on different ranges of shear rate, thus determining the shear rate value
at which the inflection takes place (the value of transition γch ) and are presented
in Table 3.
It is noted that the shear stress values, at the same shear rate, are higher for
the samples with potassium salicylate content.
From the graphical representation of apparent viscosity (calculated as the
ratio between the shear stress and the shear rate) evolution as a function of shear
rate for samples B2 and B4 (Fig. 2), with some of the results detailed in Table 4 for
several samples, it is observed that: (1) apparent viscosity decreases with the
increasing of the concentration of sodium salicylate; (2) the same decreasing
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effect also appears when the shear rate increases above a certain value
-1
(log γ >1.91,
γ > 81s ); (3) apparent viscosity increases with increasing the
concentration of sodium chloride; (4) the change of apparent viscosity is more
noticeable at lower temperatures, remaining almost constant at 45°C.
Table 3
Rheological equations for samples B5 and C5
Sample
B5
25

35
45
C5
25
35
45
*

R2*

Eq. τ = K ⋅ γ n

Temp., °C

τ = 0.534 ⋅ γ 0.675 , γ ∈ (9 ÷ 145.8) s −1
τ = 3.38 ⋅ γ 0.289 , γ ∈ (81 ÷ 729) s −1

τ = 0.049 ⋅ γ1.042 , γ ∈ (16.2 ÷ 145.8) s −1
τ = 0.25 ⋅ γ 0.696 , γ ∈ (81 ÷ 729) s −1
τ = 0.0214 ⋅ γ , γ ∈ (16.2 ÷ 729) s −1
τ = 2.35 ⋅ γ 0.4 , γ ∈ (9 ÷ 145.8) s −1

0.9849
0.9756
0.9788

108.5

0.9955

-

0.8863
0.9987

τ = 0.029 ⋅ γ1.11 , γ ∈ (16.2 ÷ 145.8) s −1

0.989

τ = 0.14 ⋅ γ

0.9859

, γ ∈ (81 ÷ 729) s

−1

the correlation coefficient

Fig.2. logη a vs. log γ for samples B2 and B4
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119.6

0.9921

τ = 4.22 ⋅ γ 0.26 , γ ∈ (81 ÷ 729) s −1
τ = 0.2 ⋅ γ 0.868 , γ ∈ (16.2 ÷ 145.8) s −1
τ = 1.12 ⋅ γ 0.5 , γ ∈ (81 ÷ 729) s −1
0.774

γch , s-1

65.9

0.9852
0.9867

104.3
104.0
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Table 4
Sample
B3
B5
C5
B52
B54

Apparent viscosity of certain samples
Apparent viscosity, mPa.s
25°C
35°C
116
60
114
55.6
130
107
144
79
123
58

The apparent viscosity of the samples containing potassium salicylate is
higher than of the samples with sodium salicylate content and also decreases more
at values γ > 81s-1 (Fig. 3).
In addition, it is observed that the apparent viscosity of these solutions
increases with the increasing percentage of the potassium salt, in accordance with
the equations presented in Table 5, ( γ ∈ (27÷729) s-1).

Fig.3. logη a vs. log γ for samples B2, B3, B4, C3 and C4 at 35°C
Table 5
Rheological equations for samples B2, B3, B4, C3, C4 and C5 at 35°C
Sample
Eq. τ = K ⋅ γ n
R2
0
.
674
B2
τ = 0.307 ⋅ γ
0.9867
0.686
B3
τ = 0.251⋅ γ
0.9829
0.765
B4

τ = 0.135 ⋅ γ
0.9921
0.39
C3
τ = 1.395 ⋅ γ
0.9625
0.625
C4
τ = 0.555 ⋅ γ
0.9659
0.67
C5
τ = 0.454 ⋅ γ
0.9595
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The rheological behaviour of samples with potassium salicylate and
potassium chloride content is still non-Newtonian even at 45°C, similar with the
samples without potassium chloride. With the increasing of the concentration of
potassium chloride it is also more highlighted the inflection point of
τ = f (γ ) curves, Fig. 4. The apparent viscosity of the solutions increases with the
increasing of potassium chloride percentage in the composition. In comparison, at
the same temperature, the samples containing sodium salicylate and sodium
chloride present Newtonian behaviour, and the dynamic viscosity increases with
the increase of the percentage of NaCl (Fig. 5).
The study of the influence of temperature on the flow activation energy of
the system was done for the samples with different sodium salicylate
concentrations (B3, B5).
Dependence ln τ = f(1/T) was graphically represented, as obtained from
the logarithmic form of equation (1), for shear stress values corresponding to the
three chosen values of the shear rate. Particular expressions of eq. (1) for these
solutions and the values of Ea and TaRe number are presented in Table 6.

Fig. 4. Shear stress vs. shear rate for samples C5, C51, C52, and C54

Fig. 5. Dynamic viscosity vs. shear rate for samples B5, B51, B52 and B54
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Table 6
Particular expressions of eq.(1) for samples B3, B5
Eq. τ = A' ⋅ exp( Ea R ⋅ T )

γ
/ s-1
27
81
243
729

3% NaSal

⋅ exp(9100 T )
75.6 kJ/mol
τ = 7.3 ⋅10 −12 ⋅ exp(8400 T )
69.5 kJ/mol
τ = 4 ⋅10 −7 ⋅ exp(5200 T )
43.5 kJ/mol
τ = 2.7 ⋅10 −2 ⋅ exp(2020 T )
16.8 kJ/mol

τ = 2.4 ⋅10

−13

TaRe

5% NaSal
τ = 1.3 ⋅10 −13 ⋅ exp(9300 T )
77.4 kJ/mol
τ = 2.6 ⋅10 −12 ⋅ exp(8700 T )
72.1 kJ/mol

3% NaSal
0.028

5% NaSal
0.031

0.12

0.135

τ = 1.1 ⋅10 −7 ⋅ exp(5700 T )

0.67

0.68

4.1

4.3

47.0 kJ/mol

τ = 6.6 ⋅10 −3 ⋅ exp(2460 T )
20.4 kJ/mol

It is noted that the values of the activation energy of viscous flow increase
slightly lower with sodium salicylate content and decrease more pronounced with
shear rate increasing.
The study of fluids flow through ring-shaped space was performed for
solutions with different apparent viscosities, at 25°C when they present nonNewtonian behaviour, at the transition value of the shear rate analytically
determined for each curve τ = f (γ ) (some values are given in Table 3). Using the
revolution of the inner cylinder it was calculated the dynamic pressure of the
liquid, considering the average speed of layers ( wmed = 0.5 ⋅ wmax ), according to
relation (4):
Pdyn =

2
ρ ⋅ wmed

(4)

2

The ratio of shear stress and dynamic pressure τ f Pdyn [16, 17] is a direct
measure of the increase of centrifugal or inertial forces in correlation with the
viscous friction force, depending on the Taylor-Reynolds number TaRe.

τ Pdyn = f (TaRe )

(5a)

ln (τ Pdyn ) = a ⋅ ln TaRe + b

(5b)

ln (τ Pdyn ) = b* − ln TaRe

(5c)

In the graphical representation of relation (5a) the dependence is parabolic
and the logarithmic representation of relation (5b) is a right line whose slope tends
to the unitary value, the dependence being inverse proportional (Fig. 6).
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Fig. 6. Dependence ln(τ / pdyn ) = f (ln TaRe ) for the analyzed samples

Taking into account the condition of equality between shear stress and
dynamic pressure ( τ / Pdin = 1 or ln (τ / Pdin ) = 0 ) the equilibrium value of Taylor*
Reynolds number was determined as TaRe
= 10.54 . This ratio, that can be also
deduced through calculation, is smaller than the critical value TaRe,cr established,
based on the observations related to the vortices appearance. In Table 7 were
exemplified these calculations for the flow of B5 solution into the ring-shaped
space of a rotational viscometer Rheotest-2.
Table 7
n (s-1)
0.05
0.083
0.15
0.25
0.45
0.75
1.35
2.25

The representative values for the flow of B5 solution at 25°C
τ (Pa)
Pdyn (Pa)
τ /Pdyn
ln τ /Pdyn
TaRe
3.0
0.0047
638.3
6.459
0.0168
4.9
0.0131
374.0
5.924
0.0280
7.9
0.0426
185.4
5.223
0.0565
11.1
0.1184
93.75
4.540
0.1124
14.9
0.3835
38.80
3.660
0.2700
17.2
1.0653
16.10
2.782
0.6520
19.7
3.45
5.71
1.742
1.846
23.4
9.6
2.40
0.891
4.500

ln TaRe
-4.084
-3.577
-2.874
-2.186
-1.308
-0.428
0.613
1.503

For solutions B5, C5, B52 and C52, at 25°C, in Table 8 is presented the
variation range of the main parameters taken into account, as well as the obtained
values for Ta *Re number.
Table 8
Sample

B5
C5
B52
C52

The variation range of measures and the parameters of rel. (5b,c)
Rel.5b
Rel.5c
n (s-1)
τ (Pa)
Pdyn (Pa)
TaRe
a
b
b*
0.05÷2.25
0.05÷2.25
0.05÷1.35
0.009÷0.45

3÷23.4
7.6÷23.6
5÷28.1
3.8÷12.3

0.0047÷9.6
0.0047÷9.6
0.0047÷3.45
0.00016÷0.38

0.0168÷4.5
0.0065÷4.3
0.0099÷1.3
0.00044÷0.33

53

-0.9952
-1.0003
-1.000
-0.9997

2.367
2.3534
2.3542
2.3551

2.378
2.3527
2.3542
2.3558

*
TaRe

10.79
10.51
10.53
10.55
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*
It is noted that the equilibrium values TaRe
obtained for the four samples are
in accordance with the value 10.54 graphically determined (Fig. 6).

4. Conclusions
The analyzed samples, regardless of the nature and concentration of added
salts, present non-Newtonian behaviour with flow behaviour index smaller than 1
(Table 3) to the entire temperature range studied.
At low temperatures the rheological curves have a point of inflection that
characterizes the transition value of the shear rate. For some samples (B2-B5, B52,
B54) temperature increase leads to the disappearance of the inflection. This
phenomenon can be explained by the fact that increasing temperature ensures
intensification of the Brownian motion, micelles size decreases and the
aggregation number decreases.
On increasing shear rate, the wormlike micelles are linearized and the flow
becomes Newtonian. After the stress stopping the solution regains its nonNewtonian behaviour, illustrated by checking the rheological behaviour after
*
value indicates that the performed
certain time intervals. The obtained TaRe
measurements occurred under laminar regime so the change of rheological
behaviour type, at values of TaRe number below the equilibrium value.
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Abstract
The electrochemical techniques are regarded nowadays as powerful techniques for coatings
substrate preparations and also for the characterisation of the deposed layers and may be
employed where classical techniques may not be suitable for these purposes. The goal of using
electrochemical substrate preparation is related to the enhancement of the corrosion protection
performances, particularly of silane coatings. Once deposed, these silane layers may also be
characterised using open circuit potential (OCP), electrochemical impedance spectroscopy (EIS),
potentiodynamic polarization (PDP). The results are further processed in order to obtain
important characteristic parameters, such as coating stability and durability, dielectric properties
and corrosion rate.

Key words: silane coatings, corrosion protection, electrochemical impedance
spectroscopy
1. Introduction
Silanes have been used recently as adhesion promoters between organic
compounds and some metallic substrates due to their effective barrier and
adhesion properties [1-4] or as an environmental friendly alternative for the
chromate coatings due to corrosion protection properties [1, 3, 5].
Silane films deposed on metallic substrates confer a physical barrier
against a corrosion attack by forming a siloxane network at the surface [4].
Hydrolysis and condensation are the main reactions that occur in the silane
solution during preparation and deposition on a metallic substrate [6]. These
reactions can occur simultaneously with different reaction rates [6] depending on
a series of factors such as pH, silane solution concentration, nature of the organofunctional groups or solution ageing [7].
∗
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The reactions of silanes hydrolysis (1), condensation (2) and deposition on
a metallic substrate (3) may be generally described as follows [8, 9]:

R − Si − OR`+ H 2 O → R − Si − OH + R`−OH

2R − Si − OH → R − Si − O − Si − R + H 2 O
M − OH + R − Si − OH → M − O − Si − R + H 2 O

(1)
(2)
(3)

Deposition on a metallic substrate must be performed after hydrolysis of
the silane solution, when sufficient Si-OH groups are generated in order to react
with the metallic substrate [7]. Depending on the operating conditions, once the
hydrolysis of the silane begins, a certain fraction of them will condense with each
other [10], leading to the formation of a Si-O-Si network [7]:

Si − OH + HO − Si → Si − O − Si + H 2 O

(4)

After the deposition of the silane from a diluted silane solution, the film
should be subjected to a curing treatment in order to achieve a stable coating and
hence an improved corrosion protection [11]. The curing consists usually in a
controlled heating treatment leading to crosslinking of the silane molecules and
condensation of the silanol groups that have not reacted with the metallic substrate
[7, 11].
Electrochemical techniques have been used recently for characterizing
some non-conventional protective coatings deposed on metallic substrates [12]
and for investigating their behaviour in various corrosive media [1, 7].
Electrochemical impedance spectroscopy (EIS)
One of the most employed techniques for evaluating the performance of
the protective coatings is the electrochemical impedance spectroscopy, a nondestructive technique that offers information about the ability of the protective
layer to block the ionic conduction to the metallic surfaces and to quantify the
corrosion behaviour of the layer by means of the polarization resistance.
Open circuit potential (OCP)
Open circuit potential is the monitoring in time of the sample electrode
potential versus the reference electrode in the absence of any current in the
electrochemical cell.
The potentiodynamic polarization (PDP)
The potentiodynamic polarization is one of the most employed techniques
in corrosion evaluations. This technique helps to determine quantitatively a
corrosion rate by measuring the corrosion current density (icor).
Conductometric (conductivity) and potentiometric (pH) methods
The behaviour of the silane solution during hydrolysis is estimated by
monitoring the value of conductivity and pH in time. Conductivity and pH
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measurements allow to monitor the evolution of the hydrolysis and condensation
reactions as the number and type of the ionic charge carriers vary during this
process, and hence, to determine the optimum deposition time [13, 14].
The aim of this study is to characterize some silane solutions used for
metallic protective coatings and to investigate their corrosion behaviour using
electrochemical techniques such as open circuit potential, electrochemical
impedance spectroscopy and potentiodynamic polarization curves.
2. Experimental
Reagents
The silane used as a protective coating is bis-1,2-(triethoxysilyl)ethane
(BTSE) purchased from Fluorochem Ltd, Hadfield, U.K . The tested solutions are
2% BTSE and 2% BTSE with the pH adjusted to 11 with a 2mole/L NaOH
solution. The solutions were prepared by adding the silane in a 50:50 (v:v)
mixture of ethanol and distilled water. The working electrode is a commercially
aluminium can polished with emery paper for removing the protective layers,
degreased with ethanol, rinsed with distilled water and dip-coated in the silane
solution for 10 min.
The deposition of the silane solution on the metallic substrate has been
made after the conductivity measurements were performed, in order to establish
the optimum deposition time. The coated samples were subjected to different
curing treatments consisting in drying them at 110±5oC for 2 h versus drying at
room temperature (23±2oC) for 12 h.
The electrolyte solution used for the determination of the corrosion current
density was a 3.5% NaCl solution. The NaOH and NaCl solutions were prepared
from analytical grade reagents and distilled water.
Apparatus and procedure
The conductivity and pH were monitored continuously for 36 h using a
novel three in one closed system conductivity cell based on two parallel stainless
steel electrodes, an industrial pH electrode inserted in the cell and a temperature
probe for automatic temperature compensation. The data were recorded using a
computer controlled data acquisition system, Phywe Cobra 3, at a sampling rate of
3 combined measurements per hour, starting from the preparation of the solution,
considered the initial time up to a maximum period of 48 h.
OCP, EIS and PDP measurements were carried out in a 50 mL
thermostated three electrode cell connected to a Voltalab 40 potentiostat. One has
used a saturated Ag/AgCl electrode (Radiometer Analytical) as reference
electrode, a Pt mesh electrode (5 cm2 area, Radiometer Analytical) as counterelectrode and a working electrode consisting of an aluminium sheet of 1 cm2
active area subjected to the silanization process.
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The OCP was measured for 10 min. using an acquisition frequency of 10
measurements / min. The EIS measurements were conducted by applying a
sinusoidal potential perturbation of 10 mV and scanning a frequency range
between 100 kHz and 100 mHz carrying out 10 measurements per decade. The
PDP was operated in a potential window between -1000mV and 1000mV, at a
scan rate of 2 mV/s.
3. Results and discussions
Conductivity and pH
Fig. 1 shows the variation of the conductivity of a 2% BTSE solution in
time. One may see an increase of the conductivity values in the first 300 min., a
range of maximum values registered after 300-380 min., followed by a slow
decrease. This is a confirmation that the hydrolysis of the silane actually occurs,
the conductivity value increase with the increase number of charge carriers in
solution, the maximum peak located at about 360 min. starting from the
preparation of the solution corresponding to a maximum point of the hydrolysis of
the silane solution, considered as the optimum time for initiating the deposition on
the aluminium substrate. After this point, the value of the conductivity decreases
due to the condensation process, the equilibrium being obtained after a period of
1200 min.

Fig. 1. The variation of the conductivity of 2 % BTSE solution in time

Fig. 2 highlights the variation of pH in time during hydrolysis process, an
important factor to be considered. Should one desire to carry out the hydrolysis
process a certain value or in a certain pH interval, than it is compulsory to use
buffer systems in order to maintain the pH within the envisaged limits as pH is an
important factor in establishing the deposition process, since the condensation
reaction is favoured at basic values of pH and if the condensation of the silane
solution is in an advanced stage, the resulted film will be a jellified one. Hence,
the simultaneously monitoring of the conductivity and pH of the silane solution is
of a paramount importance in establishing the optimum time for silane deposition.
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Fig. 2. The variation of the 2 % BTSE solutions pH in time

Open circuit potential
Fig. 3 depicts the variation of potential in time for the tested samples. One
may see that for the coated samples from a silane solution with the pH adjusted to
11, the potential decreases in the first 3 min. and then stabilizes to a steady state
value, while for the ones with the coating deposed from the silane solution prior to
pH adjustment the potential varies in a relatively narrow range. A possible
explanation, confirmed by the EIS data, is that in the case of cured samples, the
coating cracks and some pores are generated in the coating, so that the bare metal
is exposed, and hence the need for a multistage/multilayer coating procedure or a
less drastic drying treatment is needed to eliminate the cracks and pores in the
coating.
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Fig. 3. The variation of potential in time for the 2% BTSE solution deposed on aluminium
substrate in 3.5% NaCl electrolyte solution; where: RT –film cured at room temperature, RT pH
11 – film deposed from a solution with pH adjusted at 11 and cured at room temperature, 110 film cured at 110oC, 110 pH 11 - film deposed from a solution with pH adjusted at 11 and cured at
110oC.
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Electrochemical impedance spectroscopy
Fig. 4 depicts the Nyquist plots of EIS spectra for the 2% BTSE solution
deposed on aluminium substrate in 3.5% NaCl electrolyte solution. Table 1 shows
the values of the polarization resistance (Rp), capacitance (C), correlation
coefficient (r), critical correlation coefficient (rcritic) and validation coefficient
(kVD). The validation coefficient was assessed using the procedure described in
details in [15] this confirming that the circular regression model proposed for the
EIS data holds and the resulting EIS data may be used with confidence.
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Fig. 4. The Nyquist plots registered for the 2% BTSE solution deposed on aluminium substrate in
3.5% NaCl electrolyte solution; where: RT –film cured at room temperature, RT pH 11 – film
deposed from a solution with pH adjusted at 11 and cured at room temperature, 110 - film cured at
110oC, 110 pH 11 - film deposed from a solution with pH adjusted at 11 and cured at 110oC.

The EIS spectra of the silane film on aluminium substrate prior to pH
adjustment and cured at 110oC show higher polarisation resistance than the one
cured at room temperature, while the samples deposed from a solution with the
pH adjusted to 11 registered a decrease in the polarization resistance in the case of
a cure treatment at 110oC. The values of capacitance show that film for the sample
deposed from a solution prior to pH adjustment and cured at room temperature is
more compact than the one cured at room temperature indicating that, although
the curing treatment should have a significant role in attaining a better barrier
against corrosion, in this case, it led to a poorer quality coating.
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Table 1
The values of R1, R2, C, r, rcritic, and kVD for aluminium samples coated with BTSE 2%
R2,
C,
No of
R1,
kVD
Sample
r
rcritic
ohm·cm2 kohm·cm2 μF·cm-2
points
Al BTSE 2%,
118.2
8.474
7.512
46
0.698 0.291 0.583
RT
Al BTSE 2%,
11.86
11.860
5.363
46
0.987 0.291 0.705
RT, pH 11
Al BTSE 2%,
67.46
26.63
0.149
46
0.824 0.291 0.646
110oC
Al BTSE 2%,
22.74
8.492
7.496
46
0.974 0.291 0.701
110oC, pH 11

Potentiodynamic polarization
The potentiodynamic polarization curves for the 2% BTSE solution
deposed on aluminium substrate in 3.5% NaCl electrolyte solution are depicted in
Fig. 5. As one may see from Table 2, the values of the icor are higher for the
samples subjected to a curing process at 110oC.
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Fig. 5. The potentiodynamic polarization curves for the 2% BTSE solution deposed on aluminium
substrate in 3.5% NaCl electrolyte solution; where: RT –film cured at room temperature, RT pH
11 – film deposed from a solution with pH adjusted at 11 and cured at room temperature, 110 film cured at 110oC, 110 pH 11 - film deposed from a solution with pH adjusted at 11 and cured at
110oC.
Table 2
The values of icor, βa, βc for aluminium samples coated with BTSE 2%
Sample

icor, nA·cm-2

βa , mV

βc , mV

Al BTSE 2%, RT
Al BTSE 2%, RT, pH 11
Al BTSE 2%, 110oC
Al BTSE 2%, 110oC, pH 11

31.63
175.56
89.70
201.77

56.9
108.0
25.6
68.9

-58.5
-90.2
-82.0
-71.5
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This, correlated with EIS data from Table 1 and with the OCP data from
Fig. 3 may be explained, as suggested above, by the generation of cracks and
pores in the silane layer during the curing process, leaving exposed certain
patches of the bare metal, hence, a higher corrosion rate. However, as a whole, the
values for icor are in the range of hundreds of nA·cm-2 and, accordingly to [16], the
corrosion risk is moderate to low, therefore the corrosion is considerably slowed
down by the protective layer. As this protective layer is not used on its own but as
a substrate for further coatings (organic and inorganic additional layers) one may
say that the silane coatings have proven successful in increasing the corrosion
resistance and protection for the metallic substrate.
4. Conclusions
Electrochemical techniques offer a high versatility and supply valuable
information during the characterization of some silane solutions and silane
coatings deposed on aluminium substrates. The measurement of the silane
solutions conductivity has been the defining step in establishing the optimum
deposition time, namely in the case of the 2% BTSE solution the optimum zone
being in the range of 300-380 min. with respect to the preparation time.
The corrosion behaviour of the silane coatings was investigated using
electrochemical impedance spectroscopy and potentiodynamic polarization. The
values of polarization resistance and capacitance determined by electrochemical
impedance spectroscopy highlighted the influence of pH solution and curing
treatment on the final silane film properties. The values of the polarization
resistance of the film cured at 110oC show that the curing treatment of the silane
coating generates cracks and therefore a multilayer deposition is necessary. The
silane coatings ability to confer protection against corrosion was revealed by
means of potentiodynamic polarization, a technique that has confirmed by the
values of the corrosion current densities that silane coatings are an effective
barrier against corrosion attack.
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Abstract
Functionalized oligoterephthalate structures with balanced polar-nonpolar character, namely
with nanofiller-phylic (ionic) functional groups and long chain fatty acids tails, useful as additives
(alloying components) in polypropylene – SEBS rubber – montmorillonite nanocomposites, were
developed using polyethylene terephthalate (PET) wastes as raw material. Two types of
compounds have been prepared: i) oligoterephthalate ionomers with various ratios of polar/nonpolar moieties (anionic surfactants) were obtained by concomitent glycolysis/transesterification
reactions of PET waste with diethylene glycol (DEG) and 1,3-Dimethyl Isophthalate 5-Sodium
Sulfonate (DMISNa) bisglycol esters obtained „in situ”, optionally followed by esterification with
long chain fatty acids; ii) quaternary ammonium salts of oligoterephthalates with hydrophobic
tails (cationic surfactants) were obtained by aminoglycolysis of PET wastes with N-buthyl
diethanolamine (NBuDEA), followed by esterification with long chain fatty acids and
qaternization with Dimethyl sulfate (DMS).
The products were characterized by FT-IR, 1NMR and TGA techniques. Measurement of surface
tension and critical micelle concentration (CMC) revealed that the investigated oligoterephtalate
ionomers exhibit a behavior quite similar to classical surfactants, depending mainly on the
polar/nonpolar groups ratio within backbone. Interlayer distance of natural montmorillonite
(Dellite HPS) treated with experimental functionalized oligoterephthalates were investigated by
XRD. Nanocomposites polypropylene – SEBS rubber – montmorillonite modified with
experimental functionalized oligoterephthalates were investigated in terms of mechanical
properties. The nanocomposite materials obtained using montmorillonite organophilized with
dimethyl dehydrogenated tallow ammonium salt (Dellite 67G) treated with one oligoterephthalate
anionic ionomer structure resulted in a spectacular improvement of all physical-mechanical
properties investigated, while the nanocomposite materials obtained using natural
montmorillonite Dellite HPS modified with quaternary ammonium salts of oligoterephthalates
exhibited fairly good results, quite similar to those of nanocomposites with Dellite 67G.
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1. Introduction
In the contemporary context, it is becoming increasingly important to
recycle plastics, for maintaining a clean environment, conservation of oil
resources, reduction of greenhouse effect and energy preservation. PET polymer,
which is used in volumes of millions of tones per year, mainly to package
carbonated drinks, does not create a direct hazard to the environment but, due to
its substantial fraction by volume in the waste stream and its high resistance to the
atmospheric and biological agents, it is seen as a noxious material [1]. Therefore,
the recycling of PET does not only serve as a partial solution to the solid waste
problem, but also contribute to the conservation of raw petrochemical products
and energy [2].
Today, PET bottles have become one of the most valuable and
successfully recyclable materials. The chemical structure of PET is very well
suited for chemical recycling, the most consistent recycling technique with the
principles of sustainable development, since it can lead to the formation of the raw
materials from which the polymer is made of, as well as other value-added
products [3].
PET functional ester group can be cleaved by reagents such as water
(hydrolysis), alcohols (alcoholysis), glycols (glycolysis), acids (acidolysis) and
amines (aminolysis). Among these methods, alcoholysis or glycolysis by catalytic
reactions [4-9] are the most attractive, some used on a commercial scale.
The glycolysis reaction is the molecular degradation of PET polymer by glycols,
in the presence of trans-esterification catalysts, where ester linkages are broken
and replaced with hydroxyl terminals. Glycolysis of PET is a versatile process,
which allows the preparation of terephthalate oligoesters with tailored properties,
given a wide range of depolymerisation reagents and various proportions of these
reagents, as well as a great number of possible subsequent chemical reactions. The
oligoesters obtained are used as precursors mainly for plastics [10], as well as in
paint and lacquers production [11], such as: unsaturated and saturated polyesters
and copolysters with special properties, i.e. biodegradable, water dispersible, etc
[6,7, 12-20], polyurethanes [7, 21-25], epoxy resins [26-31], alkyd resins [15, 32],
binder systems [27, 33], non-ionic surfactants [15, 34, 35], plasticizers [36, 37].
With the amount of work that is underway to blend materials, the interest
in additives for nanocomposites is increasing all over the world. As it is well
known, additives are indispensable in a range of established formulations, but
recently their chemistry is moving beyond conventional applications, increasing
the versatility and variety of these compounds.
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Given it’s low cost, polypropylene has traditionally been categorized as
“commodity plastic” but it’s properties continue to be expanded. In automotive
industry, nanocomposite materials based on polypropylene tend to be the norm for
exterior and interior parts, replacing metals and other plastics. These materials
require better reinforcements for enhanced mechanical properties [38]. Numerous
studies have been carried out in regard to PP-based nanocomposites using
montmorillonite as a filler. By optimizing the organophillization treatment agent,
used to cleave between montmorillonite layers, and by improving the dispersion
of montmorillonite into the polymer matrix, PP based nanocomposites with
dramatically improved mechanical properties can be obtained [39].
The present paper presents a study concerning the preparation of some
functionalized oligoterephthalate structures (using waste PET as raw material),
useful as alloying components in polypropylene – SEBS rubber –montmorillonite
nanocomposites for the automotive industry. The objective of this study was to
explore the possibility of obtaining, by this method, functionalized terephthalate
oligomers with a balanced polar-nonpolar character, that would induce the
intercalation and exfoliation of phyllosilicates, increase compatibilisation at
interface, by decreasing the surface tension of the nanoclay and allowing better
interactions between organophilic nanofiller and non-polar polymer matrix, thus
enhancing dispersion of nanoparticles into the thermoplastic resins and, finally,
improving the impact strength or toughness of nanocomposite materials. Our
experiments were focused on two directions: 1. Obtaining oligoterephthalate
anionic ionomers with various ratios of polar/non-polar moieties (anionic
surfactants); 2. Obtaining quaternary ammonium salts of oligoterephthalates with
hydrophobic tails (cationic surfactants).
2. Experimental
2.1 Synthesis of functionalized oligoterephthalate structures.
2.1.1 Materials
Post-consumer PET from bottles in flakes form (longitudinal dimension 6-8 mm),
washed with clean water and dried at 100oC for 5 hours, intrinsic viscosity
(according to ASTM D4603) 0.77 dL/g, were used for the degradation process.
Diethylene Glycol (DEG), N-Buthyl Diethanolamine (NBuDEA), Dimethyl
Sulfate (DMS) were purchased from E. Merck, and used without purification.
1,3-Dimethyl Isophthalate 5-Sodium Sulfonate (DMISNa) and Lauric Acid (LA)
were obtained from Sigma-Aldrich, and used as received.
Catalysts: Titanium (IV) i-Propoxide (TIP) and Manganese Acetate Tetrahydrate
(MATH) were purchased from E. Merck, and used as they were received.
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2.1.2 Synthesis methods
The synthesis procedures mainly consisted in controlled solvolysis of PET wastes,
followed by esterification with long chain fatty acids.
The synthesis method of the oligoterephthalates functionalized with anionic
groups and possesing non-polar fatty acids tails is a simplified and efficient
procedure, consisting in concomitent glycolysis/ transesterification reactions of
PET waste with DEG and DMISNa bisglycole esters obtained „in situ”, in order
to yield terephthalate oligomers with nanofiller-phylic (polar) functional groups:
hydroxyl and pendant ionic SO3 –Na+. Terminal OH groups were subsequently
esterified with long chain fatty acids at various molar ratios, in order to
accomplish a balanced polar - nonpolar character.
The synthesis procedure of the oligoterephthalates functionalized with cationic
groups and possesing non-polar fatty acids tails consited in amino-glycolysis
(glycolysis in the presence of tertiary amines) of PET with NBuDEA, followed by
esterification with a long chain fatty acid (LA), and subsequent quaternization
with DMS.
PET solvolysis, degradative transesterification and subsequent esterification
reactions were conducted in a stainless steel polycondensation reactor of 1000
cm3 capacity, fitted with a jacket with electrically heated agent, temperature
controller, anchor stirrer with 60-70 rpm. stirring rate, nitrogen inlet, manometer,
heated partial reflux condenser connected to a distillate collecting vessel, a
vacuum system for the evacuation of the esterification by-products (if necessary).
Quaternization reactions were performed in a three neck glass flask, fitted wit a
magnetic stirrer, thermometer, condenser and a dropping funnel. The flask was
heated in an oil bath, placed on a heating magnetic plate.
2.1.2.1 Degradative transesterification
PET wastes were depolymerized in the presence of DEG and DMISNa diesters
with DEG obtained in situ, at mole ratios glycol / PET between 0.8 -2.0 and
DMISNa / PET in the range of 0.17-0.20, using 0.1 wt % TIP, based on the
weight of PET, as transesterification catalyst. The reactions took place at
atmospheric pressure under nitrogen atmosphere, at temperatures between 180 –
220 °C, during 4-5 hours.
2.1.2.2 Aminoglycolysis
The chemical solvolysis of PET with N substituted ethanolamines is regarded as a
glycolysis reaction catalyzed by a tertiary amine, therefore the term
aminoglycolysis can be used to describe the process.
Amino ester derivatives of terephthalic acid are formed during the solvolysis with
an excess of 0.3 – 1.0 mole % N-BuDEA/PET, using 0.5 wt % MATH, based on
the weight of PET, as catalyst, at atmospheric pressure under nitrogen
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atmosphere, at temperatures between 170 - 205°C, during 3-4 hours. Volatile
products were distilled off during the process.
2.1.2.3 Esterification
The solvolysis products of PET (resulted from degradative transesterification and
aminoglycolysis, described above) were subjected to esterification reactions with
LA, at mol ratios OH groups / COOH groups of 1: 0.9 and 1: 0.6 respectively.
Esterificantion reactions were carried out at various mole ratios of OH groups /
fatty acids, at atmospheric pressure and finally under medium vacuum, at
temperatures between 140-190 °C, controlled by the evolution of the
stoechiometric amount of water distillation.
2.1.2.4 Quaternization
Oligoterephthalate ammonium quaternary salts were obtained by quaternization of
oligoterephthalate tertiary-alkanolamine fatty acid ester derivatives with DMS, for
4 hours, following two different procedures:
a) in isopropyl alcohol solvent, at 70°C.
b) in toluene solvent, at 60°C
Solvents were removed under vacuum, at low temperature.
2.1.3 Synthesis reactions
2.1.3.1 Oligoterephthalates with various ratios of polar/non-polar moieties
(anionic surfactants) are described by the following reactions:
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2.1.3.2 Quaternary ammonium salts of oligoterephthalates with hydrophobic tails
(cationic surfactants) are described by the following reactions:

2.1.4 Analytical methods
Final products and intermediates were analysed using various analytical
techniques:
- melting temperature range Tm was estimated using a Boetius apparatus;
- acid, Hydroxyl and Amine numbers were determined by chemical titration;
- dynamic viscosity was evaluated on a „ Rheotest 2” rotating viscosimeter, at
25oC;
- relative viscosity of the oligoterephthalates was determined with an
Ubbelohde viscometer with IIA capillary , using a solution of 0.5 g
oligoterephthalates in 100 cm3 of phenol: tetrachloroethane 1:1 (w/w) blend,
at 25oC;
- Fourier Transform Infrared (FTIR) spectra were recorded with a Bruker:
Vertex-70 FTIR, in solid with ATR;
- 1H-NMR spectra were recorded on a Varian Gemini spectrometer, operating
at 300 MHz, with superconductive magnet, using CDCl3 as solvent;
- thermal-induced weight loss of the samples were measured in dynamic heating
by a SDT-MS hyphenated technique, using for simultaneous DSC-TGA a TA
Instruments SDT Q600
coupled with a Pfeiffer Thermostar Mass
Spectrometer;
- surface tension was evaluated using the ring method, on a Krüss EasyDyne
device, with an error of ± 0.08%;
- contact angle was determined on a Krüss EasyDrop device, with a
measurement error of ± 0.1.
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2.2 Surface modification of montmorillonite clays vith oligoester ionomers
and quaternizated salts of oligoterephthalates fatty acid esters
2.2.1 Materials
Natural montmorillonite provided by Laviosa Chimica Mineraria, Italy (Dellite
HPS)
Experimental functionalized oligoterephthalates.
2.2.2 Preparation method
Nanohybrids were obtained by surface modification of montmorillonite Dellite
HPS with oligoester ionomers and quaternizated salts of oligoterephthalates fatty
acid esters, using the solution intercallation method. In a 2% suspension of silicate
in water, the functionalized oligoterephthalates were introduced, at layered
silicate: functionalized oligoterephthalates rate of 1.0 : 0.3, under continuous
stirring, at 80 oC., for 1 hour. The obtained mixture was centrifuged for 30
minutes at 500 rpm. The sediment was dried for 72 hours at 70 °C, and milled,
yielding a powder with particle size < 60 µm.
2.2.3 Analytical methods
X-ray diffraction analysis was performed on a DRON diffract meter with
horizontal goniometer; the CoKα radiation source (λ = 1.79021 Å) was used,
filtered with Fe for removing Kβ component, in the Bragg–Brentano system (by
reflection); the patterns were automatically recorded at small angles (2θ: 1.3÷12)
2.3 Preparation of polypropylene – SEBS rubber – modified montmorillonite
nanocomposites
2.3.1 Materials
Polypropylene homopolymer Moplen HP 400R, with melt flow index 25 g/10 min
(230oC, 2.16 Kg) and density of 0.900 g/cm3(PP) was provided by Basel
polyolefines, Italy. Linear, hydrogenated triblock copolymer Styrene
Ethylbutylene Styrene, with 92 % styrene content, Mn 79100 and density of 0.91
g/cm3 (SEBS) was provided by Kraton Polymers, USA. Natural montmorillonite
provided by Laviosa Chimica Mineraria, Italy (Dellite HPS). Montmorillonite
organiphilized with Dimethyl dehydrogenated tallow ammonium salt, with basal
spacing d001 32.7 Å. (Dellite 67G) was provided by Laviosa Chimica Mineraria,
Italy.
2.3.2 Preparation method
A standard nanocomposite material (D67) was obtained by homogenizing in the
melt, using a DSE Brabender double screw extruder, at 180oC and 220 rpm., a
mixture of 77,3 % PP, together with 12.4 % SEBS and 10.3 % Dellite 67G .
Experimental nanocomposite materials were prepared, using the same method,
except for the mixture composition of 80 % PP, 13 % SEBS and 7 % Dellite HPS,

71

M. Duldner, A. M. Florea, E. Bartha, Z. Vuluga, S. Nica, A. Sarbu, C. Nicolae and S. Iancu

modified 1.0 : 0.3 with functionalized oligoterephthalates, and a mixture
composition of 77.3 % PP, 12.4 % SEBS and 10,3 % Dellite 67G modified 1.0 :
0.3 with one of the functionalized oligoterephthalates (anionic surfactant).
2.3.3 Analytical methods
Mechanical properties of the nanocomposite materials were determined according
to ISO 527, on molded test specimens ID type, using an Instron universal testing
machine, in standard conditions of temperature and humidity (25 oC and 50%
relative humidity).
3. Results and discussions
3.1 Physical-chemical properties of the functionalized oligoterephthalates are
presented in Tables 1 and 2:
Table 1
Physical-chemical properties of oligoterephthalate fatty acid ester ionomers and
oligoterephthalate tertiary-alkanolamine fatty acid ester derivatives (before quaternization)
Oligoester
Code

Molar
composition

Molar
ratio
OH/COOH
fatty acid

N14

EG0,59DEG0,41 TA0,83DMISna0,17
EG0,59DEG0,41
TA0,62DMISNa0,13LA0,25
EG0,59DEG0,41
TA0,56DMISNa0,11LA0,33
EG0,42N-BuDEA0,58
TA0,56LA0,44

1 : 0.0

Hydroxyl
number,
mg KOH/g
after
after
dist. esterif.
119
-

1 : 0.6

110

38

1.9

1029

1 : 0.9

114

10

2.9

1 : 0.6

140

60

5.9

IN 9
IN 8
AG2

Physical - chemical properties
Acid
Mn,
Inh.visc.
number,
g/mol
[η]inh,
mg
calculated
dl/g
KOH/g
(Before
esterif.)
0.8
951
0.092

Dyn.
Visc.,
η, cP

Soft.
temp.
o
C

-

55

0.088

-

48

993

0.075

-

46

807

-

2800

-

Table 2
Amine number of oligoterephthalate tertiary-alkanolamine fatty acid ester derivatives
Quaternized
oligoterephthalate
code

Solvent

AG2 Q1
AG2 Q2

Amine no., ml. 0.1 N HClO4 /g
Before quaternization

After
quaternization

Toluene

25.7

0

Isopropyl alcohol

25.7

2.3
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3.2 1H NMR Spectra (CDCl3) of the functionalized oligoterephthalates
Sample N14 1H NMR spectrum, presented in Fig.1, exhibits two ranges at 8.1
ppm broad signal for aromatic protons from terephthalic oligomers, which
displays a group of sharp signals (corresponding from left to right mainly to the
following sequence: monomers, dimmers and trimers) and a broad signal centered
at 8.3 ppm which is attributed to DMIS-protons. The signals in the range 3.4-4.7
ppm represents glycolic protons from EG and DEG, the most deshielded signal (at
4.64 ppm) correspond to EG interchain, then two large signals at 3.81 and 4.44
ppm correspond to DEG interchain protons and the rest of signals derived from
DEG end chain. In this region appears also a broad singlet corresponding to OH ,
at 2.5 ppm.

Fig. 1. 1H NMR spectrum of N14 experimental oligoterephthalate ionomer

Sample IN8 1H NMR spectrum, presemted in Fig. 2, exhibits three ranges. In the
aliphatic acid protons regions, signals of: α methylene at 2.3 ppm, β at 1.65 ppm,
(CH2)8 at 2.23 ppm and triplet for CH3 at 0.87 ppm were used to assign the
incorporation of lauric acid.
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Fig. 2. 1H NMR spectrum of IN8 experimental oligoterephthalate ionomer

Samples AG2 (a) and AG2Q1 (b) (PET aminoglycolysate fatty acid ester, before
and after quaternization) 1H-NMR Spectra (Fig.3) exhibit three ranges,
corresponding to aromatic protons, protons of methylene groups bonded to
oxygen or nitrogen heteroatoms and hydroxyl protons (8.2-7.6 ppm, 4.2-4.8 ppm,
and 3.3-2.4 ppm). It was notticed that whole region of protons linked on tertiary
nitrogen shifted to the deschilded part of the spectrum, suggesting the
quaternization PET/ nBuDEA product is a mixture of chemical compounds.

3.3 FT-IR Spectra of the functionalized oligoterephthalates
Sample IN8 FT-IR spectrum, presented in Fig.4, shows that the most
intense bands are at 1719 cm-1 (for C=O) and 2853-2923 cm-1 (C-H from aromatic
and aliphatic acids).
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(a)

(b)

(c)
Fig. 3. 1H-NMR spectra of experimental oligoterephthalate tertiary-alkanolamine fatty acid ester
derivatives, (a) before quaternization (AG2), (b) after quaternization (AG2Q1), (c) detail of (b)
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Fig. 4. FT-IR spectrum of IN8 experimental oligoester ionomer

Fig. 5. FT-IR spectra of experimental oligoterephthalate tertiary-alkanolamine fatty acid ester
derivatives before quaternization (AG2) and after quaternization (AG2Q1).

FTIR spectra (Fig.5) of the quaternized product AG2Q1 (blue) indicate
similar tipe of peaks as in the N-butyl diethanol amine ester products AG2, except
for the peaks at: 2855-2856 cm-1 for tertiary nitrogen, 728-1008 cm-1 for methyl
sulphate ion and 1466 cm-1 for quaternary ammonium ion.
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3.4 DSC-TGA analysis of the functionalized oligoterephthalates
The results are presented in Fig.6.

Fig. 6. TGA curves of experimental functionalized oligoterephthalates, (a) N14 oligoester
ionomer, (b) IN8 oligoester ionomer, (c) IN9 oligoester ionomer, (d) AG2Q1 quaternized
oligoterephthalate tertiary-alkanolamine fatty acid ester derivatives

One can see that up to 200-220°C N14 sample shows around 6-7 % loss and
IN8, IN9 samples around 2-3 % due to low molecular compounds evaporation
(e.g. free EG).
AG2Q sample shows a weight loss around 4 % bellow 100oC (accidental water
content –in accordance with FT-IR), and an additional 1-2% weight loss below
200oC.
Between 220-270°C evaporation of compounds with higher molecular weights
(DEG, N-BuDEA, unremoved by-products) or of their degradation products
begins. Between 350-380°C evaporation of compounds with higher molecular
weights or their degradation products continues and decomposition reactions of
aliphatic end chains of the oligoesters (EG, DEG, N-BuDEA, LA) takes place.
Mass fragments have been identified, corresponding to compounds such as: water,
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formaldehyde, formic acid, CO2, ethylene oxide, acetaldehyde, 1,4-dioxane, C2-C3
olefines etc. Since the molecular weights of these oligomers are relatively small,
end chains are quite numerous and mass fragments of degradation products appear
in a fairly large percentage. Temperature of maximum decomposition rate is
around 300°C for AG2Q1 and above 400°C for the other samples.
3.5 Surface tension measurements for the functionalized oligoterephthalates
Surface tension measurements, presented in Table 3, show CMC (critical
micelar concentration) values almost similar for all oligoester ionomers with
anionic groups. The surface tensions at CMC decrease from sample N14 to
sample IN9. The lowest value is recorded for sample IN9, being equal to 37.0
mN/m., denoting that this oligoester ionomer has a behavior quite similar to
classical surfactants.
Table 3.
Surface tension and Contact angle measurements for the experimental oligoester ionomers
Oligo-ester
Code

N14
IN 9
IN 8

CMC,
(%)

θ o/Glass
(hydrophilic)

θ o /Teflon
(hydrophobic)

0.1%w.

1% w.

0.1% w.

1% w.

-1

53.0

28.97

28.94

86.39

83.58

-1

37.0

34.81

35.97

78.41

73.05

-1

40.5

33.88

36.21

84.92

79.02

4x10
4x10
2x10

Contact angle, θ

Surface tension at
CMC, (mN/m)

3.6 XRD analysis of the layered silicates modified with the experimental
products
XRD spectra of nanohybrids obtained by surface modification of
montmorillonite vith oligoester ionomers and quaternizated salts of
oligoterephthalates fatty acid esters, compared to unmodified natural
montmorillonite (Dellite HPS – provided by Laviosa Chimica Mineraria).
For the anionic surfactants (Fig. 7) the XRD spectra show irregular
lamellar intercalate structures with three types of intercalates. Both nanohybrids
obtained by surface modification of montmorillonite with quaternizated salts of
oligoterephthalates fatty acid esters (obtained in isopropylalcohol (AGQIP) and
toluene (AGQT) show the peak characteristic for montmorillonite, but shifted to
lower angles, proving the information regarding intercalated hybrids with ordered
lamellar structure (Fig. 8). It can be seen that two types of intercalated structures
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are formed: one with lamellar distance of about 14.5 A and the other with lamellar
distance of about 35 A, similar to commercial alkyl quaternary ammonium
organophilized montmorillonite.

Fig. 7. XRD spectra of nanohybrids obtained by surface modification of montmorillonite with
oligoester ionomers

Fig. 8. XRD spectra of nanohybrids obtained by surface modification of montmorillonite with
quaternizated salts of oligoterephthalates fatty acid esters

One can assume that this behaviour is due to organophilization of
montmorillonite by two different mechanisms: one by cation exchange reaction
and the other by ion-dipole interactions.
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3.7 Mechanical properties of the nanocomposites
a) The mechanical properties of the nanocomposites based on PP, SEBS
and layered silicate Dellite HPS modified with oligoester ionomers, compared to
nanocomposite with layered silicate modified with Dimethyl dehydrogenated
tallow ammonium salt Dellite 67G are presented below:

30

Tensile Strain
Impact Strength

Tensile Strength
Young's Modulusx0.01

30

25

25

20

20

15

15

10

10

5

5

0

0

D67

HPS-N14

HPS-IN9

HPS-IN8

D67-N14

Fig. 9. Mechanical properties of experimental nanocomposites, based on Dellite HPS modified
with oligoester ionomers, compared with standard nanocomposite (obtained with commercial
organophilized montmorillonite Dellite 67G)
D67 – PP-SEBS nanocomposite based on Dellite 67G; D67–N14 – PP-SEBS nanocomposite
based on Dellite 67G modified with functionalized oligoterephthalate (anionic) N14; HPS-N14 –
PP-SEBS nanocomposite based on Dellite HPS modified with functionalized oligoterephthalate
(anionic) N14; HPS-IN9 – PP-SEBS nanocomposite based on Dellite HPS modified with
functionalized oligoterephthalate (anionic) IN9; HPS-IN8 – PP – SEBS nanocomposite based on
Dellite HPS modified with functionalized oligoterephthalate (anionic) IN8.

While HPS phyllosilicates treatment with oligotereftalate ionomers
induced a slight platelets intercalation and therefore did not lead to a significant
improvement in of the PP/SBS nanocomposite physico-mechanical behavior,
treatment of Dellite 67 with N14 oligoterephthalate ionomer resulted in a
spectacular improvement of all physical-mechanical properties investigated.
b) The mechanical properties of PP-SEBS
nanocomposites with
montmorillonite organophilized with experimental quaternary ammonium salts
were studied compared to PP-SEBS nanocomposite based on Dellite 67G .
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Fig. 10. Mechanical properties of experimental nanocomposites, based on Dellite HPC modified
with quaternary ammonium salts of oligoterephthalates fatty acid esters compared with standard
nanocomposite (obtained with commercial organophilized montmorillonite Dellite 67G
M – PP-SEBS nanocomposite based on Dellite 67G; AGQT – PP-SEBS nanocomposite based on
Dellite HPS natural montmorillonite modified with quaternization product in toluene; AGQIP –
PP-SEBS nanocomposite based Dellite HPS natural montmorillonite modified with quaternization
product in isopropyl alcohol.

It can be noticed that the sample with montmorillonite modified with
AGQT exhibits fairly good results, quite similar to those of polypropylene /Dellite
67G nanocomposite.
4. Conclusions
It may be concluded from the above work that it is possible to reuse PET wastes
by chemical recycling, synthesizing new compounds with balanced polarnonpolar character, namely:
• functionalized oligoterephthalate structures bearing anionic functional
groups and long chain fatty acids tails, showing a behavior quite similar to
classical surfactants, depending mainly on the polar/nonpolar groups ratio within
backbone, which could be a promising choice for using as compatibilisers and
dispersing agents in polypropylene- SEBS rubber- organophillized layered
silicates nanocomposites;
• quaternary ammonium salts of oligoterephthalates with hydrophobic tails,
which can be used as organophillization agents for natural montmorillonite,
exhibiting quite similar rezults to commercial organophillized layered silicates
when utilized in polypropylene- SEBS rubber- layered silicates nanocomposites.
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Abstract
The waste waters from nuclear engineering containing corrosion and fission products fall in the
category of medium or low level radioactive wastes. These waste waters must be treated in order
to decontaminate prior to be released in rivers or lakes. Additionally these waste waters can
contain some organic products, like surfactants from laundry. The ion exchange is the most
efficient treatment technology for radionuclides removal from a variety of waste water streams
with low and intermediate pollution level. Unfortunately this technology is not selective because
all ions from polluted waters are fixed. In the last time the selective separation of radioactive ions
from this water type is an important research subject. Sorption with or without chemical
interaction in solid phase of radioactive species is a promising procedure.
A study regarding removal of 137Cs from radioactive waters from spent nuclear fuel pools
using a synthetic inorganic sorbent was performed. Nickel ferrocyanide, precipitated on silica gel,
with size of granules 0.5 - 0.8 mm, was used as sorbent. The aqueous radioactive waste initial
characteristics were137Cs concentration 3000 Bq/L, pH 6.50, conductivity 6.44 μS/cm, chloride
content < 0.01 ppm, and solid residue 3.90 mg/L. No fission or activation gamma emitter was
identified. Batch experiments as a function of pH, contact time, sorbent/waste mass ratio were
carried out. Isolated and synergic effects of process parameters were determined in order to
establish acceptable limits for variability in performance.
Simple kinetic and thermodynamic models have been applied to the rate and isotherm
sorption data and the relevant kinetic and thermodynamic parameters were obtained. The sorbent
capacity was established using the Freundlich and Langmuir adsorption isotherm models. The
decontamination factors in terms of separation yield were determined. The checked sorbent has a
high separation capacity of Cs+ from aqueous radioactive waste. Computation examples on the
practical use of this sorbents are already presented.

Keywords: radioactive waste, cesium, ferrocyanide, kinetic, thermodynamic,
sorption isotherm
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1. Introduction
The increasing pressure to reduce the release of radioactive and other toxic
substances into the environment requires constant improvement/upgrading of
processes and technologies for treatment and conditioning of liquid radioactive
waste. Treatment of liquid radioactive waste involves the application of different
methods to meet the requirements both for the release of decontaminated effluents
into the environment and the conditioning of waste concentrates for disposal.
At many of the nuclear power plant reactors, spent fuel from their
operations is stored, pending decisions on its final disposition. Currently, most
spent nuclear fuel is safely stored in specially designed pools at individual reactor
sites around the world, but some problems associated with this spent fuel storage
have emerged and caught the attention in the international nuclear community.
Concerns principally focus on the ageing fuel storage facilities, their life
extension, and the ultimate disposal of spent fuel assemblies [1].Spent nuclear fuel
pools (SNFP) were established only for temporal spent fuel storage for at most 20
years. It has been assumed that it is sufficient period to which final disposal of
spent nuclear fuel would be determined. However, nowadays it is more
convenient in many nuclear power plants to enhance pool capacity and to store
spent fuel during the whole nuclear power plant lifetime, which is about 40
years. ́
As coolant and, at the same time, as a protection against radiation,
deionized water is used in storage pools. In spent fuel storage pools fuel cladding
could be damaged and the fuel's volatile fission products, including 30-year halflife 137Cs, would be released. 137Cs is an important radio-contaminant and
represents a serious radiological hazard because as an alkaline element, it is easily
assimilable by living organisms [2]. Different methods such as chemical
precipitation, adsorption, and ion exchange are applied for radioactive wastes
treatment [3–9]. Ion exchange technique in which various type of ion exchangers
have been widely used is an attractive method because of its simplicity,
selectivity, and efficiency [10–17].
The transition metal ferrocyanides were immobilized on different support
materials and were used to remove cesium ions. The transition metal
ferrocyanides immobilized on an anion exchange resin are simple and easy to
prepare, and obtainable in any given conditions: they are non hygroscopic and
granular, thus they can be in a dry state. Several applications of these resins to
remove radioactive caesium ions have been reported [18 - 21].Composite sorbents
based on potassium nickel ferrocyanide embedded in silica gel matrix were
prepared and characterised by powdered X-ray diffraction analysis, IR spectra,
Mössbauer spectra and electron microscopy [22].
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Spent nuclear fuel generated in VVR-S Research Reactor at Magurele,
Romania was stored in the Interim Spent Fuel Storage Facility, away from the
reactor building. Two failed fuel elements allowed137Cs to be released in storage
water from one pool. 137Cs concentration is 3000Bq/L, pH 6.50, conductivity 6.44
μS/cm, chloride content< 0.01 ppm, and solid residue 3.90 mg/L. No fission or
activation gamma emitter was identified.
Considering the above mentioned facts, the principal purpose of this study
was to evaluate the removal of 137Cs from radioactive waters from spent nuclear
fuel pools using potassium nickel ferrocyanide, precipitated on silica gel (PNFSG). Taking in consideration that one gram of 137Cs has an activity of 3.215
terabecquerel [23], the Cs concentrations required were obtained using inactive
CsCl, 137Cs being used as tracer. The effect of different parameters such as pH,
contact time, sorbent/waste mass ratio, temperature and initial concentration on
the adsorption process was investigated. The adsorption process is evaluated from
kinetic, isotherm, and thermodynamic point of view. Also, the decontamination
factors in terms of separation yield were determined.
2. Experimental
2.1. Chemicals and reagents
All the reagents used in this work were of AR grade chemicals and were
used without further purification. Cesium as cesium chloride was purchased from
Sigma–Aldrich Co. Working solutions were prepared by dissolving CsCl in
radioactive water from spent nuclear fuel pool.
PNF-SG, was supplied as granules, 0.5 - 0.8 mm size, from SIA “Radon”
Moscow, Russia.
2.2. Instrumentation
Cesium concentration was determined by gamma spectrometry using a
high resolution gamma-ray spectrometer, Canberra type, GENIE 2000 version 3.2
software and Laboratory SOurceless Calibration Software (LabSOCS), with
47.5% relative efficiency.
2.3. Batch sorption studies
Batch experiments were performed under kinetic and equilibrium
conditions. To determine the pH range at which the maximum uptake of Cs+ ions
would take place on PNF-SG, a series of 250mL polypropylene Erlenmeyer
flasks, each containing 1g, 3 g and 5 g of PNF-SG was filled with 250 mL of 1000
mg/L Cs+ solution. The initial pH was adjusted to values ranging from 3.0 to 10.0
using dilute solution of hydrochloric acid or sodium hydroxide. The flasks were
shaken for 2h to attain equilibrium. Preliminary investigations showed that the
sorption process of each studied ion was completed after 2h. The suspension
obtained was filtered to separate the solid from the liquid phase. The radioactivity
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of clear liquid phases obtained was measured in order to obtain quantitative data
of Cs+ adsorption.
2.3.1. Kinetic experiments
Kinetic studies were performed at four different temperatures (298, 308,
318 and 328 K) using an initial ion concentration of 1000 mg/L. Also, to study the
kinetic of the reaction, the adsorption capacity of the PNF-SG was measured at
different time intervals (30 –120 min). For these investigations, adsorbent/waste
mass ratio of 0.02 was used and the solution was kept under stirring in a
thermostat shaker adjusted at the desired temperature. The amount of ion adsorbed
at a time t, qt (mg/g), and the distribution coefficient, kd (mL/g) were calculated as
follows:
V
(1)
qt = (C 0 − C t )
m
(C − C t ) V
(2)
×
kd = 0
Ct
m
where C0 and Ct are the initial and equilibrium concentrations (mg/L) of Cs+ in
solution, V the solution volume (L) and m is the weight (g) of the PNF-SG.
2.3.2. Sorption equilibrium experiments
In the experiments of sorption isotherm measurements, 250 mL of the metal
ion solution of different concentrations (100–1000 mg/L) were agitated with 5 g
of PNF-SG at different temperatures (298, 308, 318 and 328 K) and at initial pH
of 3.0. After the established contact time (2 h) was reached, the suspension
obtained was filtered and the amount of the metal ion retained in the PNF-SG
phase (mg/g) was estimated.
All batch experiments were carried out in duplicate and the mean values
are presented.
3. Results and discussion
3.1. Effect of experimental condition on adsorption process
3.1.1. Dosage effect
The removal percentage of Cs+ increases with increasing of solid to liquid
ratio from 0.004 to 0.02 g/mL and the maximum uptake was achieved at 0.02 g/mL
(Fig. 1). Therefore, the optimized solid to liquid ratio of 0.02 g/mL was selected
for further experiments.
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Fig. 1. Effect of solid/liquid ratio

3.2.2. Effect of contact time
The amount of adsorbed ions onto PNF-SG at different contact time is
shown in Fig. 2. The uptake of ions increased with time and reached equilibrium
after 90 min. The sorption process was initially very fast and between 80% and
90% of the maximal capacity was obtained within 30 min. This quite rapid
removal was due to the porous structure of the composite, which allows the facile
diffusion of the ions to the exchange sites. The adsorption of ions gradually
decreased with time until saturation was attained. The two stage sorption
mechanisms with the first rapid and quantitatively predominant and the second
slower and quantitatively insignificant, has already been reported [24].

Fig. 2. Effect of contact time on Cs+ adsorption

3.2.3. Effect of pH
Metal sorption from aqueous solutions can be greatly affected by the pH of
the solution, which affect not only the binding sites (e.g. degree of protonation)
but also the metal chemistry (e.g. speciation and precipitation).
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The amount of Cs+ uptake as a function of initial pH is shown in Fig. 3. It was
concluded that acidic and alkaline media are favourable for uptake process. This
could be attributed to:
-in acidic media Cs is present completely as soluble Cs+;
-in alkaline solutions formation of mixed precipitates of transition metal
ferrocyanides and hydroxides occurs [25].

Fig. 3. Effect of initial pH on Cs+ adsorption

The highest uptake was observed at pH 3 and pH 10. Since it has been
reported dissolution of transition metal ferrocyanides at pH>10 [25], all future
sorption experiments in this work were carried out at initial pH value of 3.
3.2.4. Effect of temperature
The adsorption removal of Cs+ onto PNF-SG at four different temperatures
298, 308, 318, 328 K was examined (Fig. 4).The adsorption capacity increases
with increasing the temperature, confirming that the adsorption process was
endothermic. The data were used to estimate the thermodynamic parameters.

Fig. 4. Effect of temperature
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3.3. Kinetic sorption modeling
Two kinetic models including pseudo-first-order and the pseudo-secondorder were used to estimate the kinetic parameters. The integrated pseudo-firstorder model expressed as follows [26]:

ln(qe − qt ) = ln qe − k1t

(3)

where qe and qt are respectively the amount of ions adsorbed per unit mass of PNF
– SG at equilibrium and at any time t (mg/g);k1 is the rate constant of pseudo-firstorder sorption model (min-1).
The slope and intercept of the plot of ln (qe - qt) against t is shown in Fig. 5 and
they were used to calculate k1 and qe (Table 1).

Fig. 5. Pseudo first-order kinetic plots for the sorption of Cs+ onto PNF – SG at 298 K

The pseudo-second-order model and initial sorption rate (h) are written as
[25]:
1
1
t
=
+ t
2
qt k 2 q e q e

(4)

h = k 2 q e2

(5)

where k2 is the rate constant of pseudo second-order equation (g/mg min) and
h = k 2 q e2 is the initial sorption rate (mg/g min).
The values of t/qt were linearly correlated with t as it can be seen in Fig. 6.
The important parameters including pseudo-second-order rate constant, k2
(g/mg min), the equilibrium sorption capacity, qe and the initial sorption rate, h
(mg/g min) were determined from the slope and the intercept of the plot (Table 1).

90

Removal of137Cs ions from aqueous radioactive waste using nickel ferrocyanide, precipitated
on silica gel

Fig. 6. Pseudo second-order kinetic plots for the sorption of Cs+ onto PNF – SG at 298 K
Table 1.
The calculated parameters of the pseudo first-order and pseudo second-order kinetic models
for Cs+ions sorbed onto PNF – SG at 298 K
First-order kinetic parameters
Second-order kinetic parameters
qe, exp,
(mg/g)
k1
qe, calc,
R2
k2
qe, calc,
h
R2
-1
(min )
mg/g
(g/mg min) mg/g (mg/g min)
0.683
4.406
0.965
0.0087
50
21.74
0.999 48.46

The value of the correlation coefficients (R2) and agreement of calculated
qe with experimental data revealed that sorption process can be described well by
pseudo-second-order equation. The rate of ion exchange process is governed by
film diffusion, particle diffusion, or chemical exchange (chemisorptions). It is
reported that the rate of ion exchange is controlled by chemical exchange if
experimental data are fitted to pseudo-second-order equation [27].
From Table 1, one could see that the values of the initial sorption rate (h)
and rate constant (k2) were increased with the increase in temperature. The
correlation coefficient R2 has an extremely high value (>0.99), and its calculated
equilibrium sorption capacity (qe) is consistent with the experimental data.
Therefore, the overall rate constant of both sorption process appear to be
controlled by the chemical sorption process.
To estimate the activation energy of the adsorption (Ea) the Arrhenius
equation was used:
Ea
(6)
RT
where k2 and A (g/mmol min) are respectively the rate constant and temperature
independent factor, Ea is the activation energy of the adsorption (J/mol), R is the
ln k 2 = ln A −
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gas constant (8.314 J/molK), and T is absolute temperature (K). The plot of ln k2
against 1/T is shown in Fig. 7.

Fig. 7. Linear least square plots for obtaining Ea

Adsorption of Cs+ was followed with low potential energy as show in
Table 2 (Ea was less than 42.0 J/mol)[28].
3.4. Evaluation of thermodynamic parameters
The values of enthalpy change ( ∆ Hº) and entropy change ( ∆ Sº) were
determined using linear plot of Van’t Hoff equation:
ln k d = −(∆H 0 / RT ) + (∆S 0 / R)

(7)

where kd is the distribution coefficient, R is the gas constant, and T is the absolute
temperature. A plot of ln kd versus 1/T is shown in Fig. 8.
The value of free energy change ( ∆ Gº) was calculated from:
∆ Gº = ∆ Hº - T ∆ Sº

(8)

The calculated thermodynamic parameters are listed in Table 2.
Table 2.
Thermodynamic parameters of Cs+ adsorption
Ea
(kJ/mol)

∆ Hº
(kJ/mol)

∆ Sº
(kJ/mol J)

8.06

22.92

0.137

∆ Gº (kJ/mol)
298 K

308 K

318 K

328 K

-17.91

-19.28

-20.65

-22.02
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Fig. 8. Van’t Hoff plot of Cs+ adsorption

The positive values of ∆ Hº revealed the endothermic nature of the
adsorption process. The positive values of ∆ Sº indicated that randomness of the
system increased during the sorption process. The ∆ Hº values were negative and
decreased with increasing temperature, indicating adsorption of Cs+ occurred
spontaneously.
3.5. Sorption isotherms
The relationship between the amount of ions adsorbed by unit mass of the
PNF – SG and the concentration of remaining ions in solution represented
sorption isotherm [29] (Fig. 9).

Fig. 9. Sorption isotherm of Cs+at 298 K

The isotherm is regular, positive, and concave to the concentration axis.
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Two isotherm models including Langmuir and Freundlich were used to
describe the equilibrium experimental data.
The linearized form of the Langmuir equation is [28]:
Ce
C
1
(9)
=
+ e
q e Qo b Qo
where Q0 (mg/g), the saturation adsorption capacity and b the constant related to
the free energy of adsorption were calculated from the slope and the intercept of
plot of (Ce/qe) against Ce (Fig. 10).

Fig. 10. Langmuir plots of Cs+ adsorption

The most important parameter of Langmuir isotherm model, separation
factor (RL) can be defined as:
1
(10)
RL =
1 + bC 0
where C0 (mg/L) is the highest initial ions concentration. The value of RL indicated
the type of Langmuir isotherm. The sorption process may be irreversible (RL= 0),
favourable (0 <RL< 1), linear (RL= 1), and unfavourable (RL> 1) [31].
The calculated values of Q0, b and RL are listed in Table 3.
The linearized form of Freundlich model is written as follows [32]:
1
(11)
log q e = log K f + log C e
n
where Kf is the Freundlich constant related to the adsorbent capacity and n is the
constant indicative to the intensity of the adsorption process. The plot of log qe
versus log Ce is shown in Fig. 11. The values of the constant n and Kf were
calculated from the slope and the intercepts of the plot and listed in Table 3.
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Fig. 11. Freundlich plots of Cs+ adsorption
Table 3.
Adsorption isotherm parameters for Cs+
Isotherm
Model parameter
Langmuir Q0
b
RL
R2
(mg/g) (L/mg)
80
0.05
0.019 0.9955
Freundlich n
Kf
R2
(mg/g)
1.4
4.7
0.9946

The adsorption data obey both Langmuir and Freundlich isotherms. The RL
values for Cs+ is 0.019, indicating that the sorption process was favourable. The
Freundlich intensity constant n is greater than unity indicating an increase
tendency for sorption with the concentration increase.
Comparison with R2 values determines which model best represents the
adsorption behaviour of the adsorbent. In this case, Langmuir represents the best
model, so the adsorption behaviour is homogeneous rather than heterogeneous.
3.6. Decontamination factor
Decontamination factor (DF) was calculated in terms of separation yield as
the ratio of initial Cs+ concentration to final concentration resulting from a
separation process. In order to establish acceptable limits for variability in
separation process performance, isolated and synergic effects of parameters were
determined by calculating DFs (Figs. 12-14).
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Fig. 12. Graph of calculated DF versus pH and solid/liquid ratio, contact time 2 h,
temperature=25 °C, initial Cs+ concentration=1000 mg/L

Fig. 13. Graph of calculated DF versus temperature, contact time 2 h, solid/liquid ratio=0.02,
pH=3, initial Cs+ concentration=1000 mg/L

As it can be seen from these figures, DF is strongly affected by all process
parameters. The parameter that has the most influence is temperature. By
increasing the process temperature up to 50ºC, DFs could reach 100. Moreover,
acidic medium promotes the achievement of values up to 40, and DFs increase
with increasing initial Cs+ concentration up to 800 mg/L. A further increase in
initial Cs+ concentration had a negligible effect on the DFs. That could be caused
by the decrease of the ratio of number of vacant sites/number of Cs+ ions on the
sorbent surface. According to initial radioactive waste characteristics, the best
combination of influencing parameter scan can be chosen and acceptable limits
for variability in separation process can be established.
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Fig. 14. Graph of calculated DF versus initial Cs+ concentration, contact time of 2 h,
solid/liquid ratio=0.02, pH=3, temperature=25 °C

4. Conclusion
Potassium nickel ferrocyanide, precipitated on silica gel beds, was tested
as inorganic ion exchange material for the removal of cesium ions from aqueous
solutions. The kinetic was experimentally studied and the obtained rate data were
analyzed using simple kinetic models. Results reveal that the pseudo second-order
sorption mechanism is predominant and the overall rate constant of sorption
process appears to be controlled by chemical sorption process. Equilibrium
isotherms have been determined and tested for different isotherm expressions and
the sorption data were successfully modelled using Langmuir and Freundlich
approaches. The values of thermodynamic parameters indicated endothermic and
spontaneous nature of the adsorption process. Analysis of the kinetic data showed
that the pseudo-second-order model fitted well with the experimental data
confirming that the chemical sorption was the determining step.
Decontamination factors were calculated in order to identify all
influencing parameters and acceptable limits for variability in the separation
process.
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