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Abstract: :Clathrate hydrates are complex molecules formed by the contact between
water and gas at high pressure and low temperatures. One of the important aims of
gas hydrate technology is to enhance the formation of hydrate and reduction the
induction time for clathrate formation. Effect of the different promoters (nonionic
surfactant Tween80) on R-134a gas hydrate formation has been investigated in the
isochoric system experiment. It is noted that the surfactants have a significant effect
of increasing the speed of nucleation as well as improving the growth of hydrate. In
the experiment, the effect of Tween80 surfactant was studied to determine its effect
on the composition and cooling capacity of 134 hydrates. From kinetic models,
many objective functions such as the amount of gas consumed (An), the growth rate
(r (1)), the apparent rate constant (Kapp) and conversion of the water to hydrate were
obtined. The improvement of hydrate growth is marked by the addition of
surfactants, which in turn increase the solubility of hydrate gas and reduce the
contact angle. In addition, surfactants positively the contact with the gas through
the increase of the gas diffusion in the water and this increases the rate of formation
of hydrate. Best value achieved at a surfactant concentration of 100 ppm with
maximum gas consumed amount (0.16 mol) and less indction time 32 min.

Keywords: Key words: Clathrate; gas hydrate; surfactant; refrigerant; thermodynamics
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NOMENCLATURE
symbol Description unit
a Parameters of E0S MPa.(L/mol)?
b Parameters of EoS (L/mol)
C Langmuir constant of cavities [-]
f Fugacity of the gas component MPa
Kapp Rate constant of hydrate reaction Mol/(min.pa)
n number of water mol mol
P Pressure Bar
q Parameters of EoS [-]
r Parameters of EoS [-]
R Universal ideal gas constant mé.Pa / (mol.K)
T Temperature K or°C
t Time minute
tind Induction time minute
\Y Volume m?3
Veell Volume of the cell m?
Vi Molar volume m3/mol
viT Volume of the empty hydrate lattice m? /mol
Z Compressibility factor [-]
SC Storage capacity VIV
Tstp Temperature at stander condition Kor°C
Pstp Pressure at stander condition Bar
INTRODUCTION

A clathrate is a complex molecule formed by the contact between gas and water at high pressure
and low temperatures (Sloan,2008). The cavities within hydrate formation are formed by the
hydrogen bonds which occupied by the gas molecules that are the guest molecules
(Clark,2001).clathrate technology is most useful in industrial application such as desalination
process, gas supply, separation of greenhouse gases, Food engineering etc.
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Enhancing the formation of hydrate and the tendency to reduce the induction time needed to form
hydrates is one of the main objectives of gas hydrate technology. Induction time is one of the
most important parameters used to characterize hydrate Nucleation, This time elapsed to form
water and gas groups and their growth towards a stable nucleus with critical size known as the
nucleation stage.

The induction time can be expressed by the relationship between the pressure-time of the system
in which the gas hydrates are formed as shown in figure (1). The initial pressure drop from Po to
Psol caused by dissolution of gas in the liquid aqueous phase. At a steady-state conditions, the
pressure stable until formation at which a sudden pressure drop is gas hydrate starts formation.
The process of gas consumption continues to leading to low pressure until it reaches a stage where
the hydrate is not formed (Sabil, K. M.,2009). The induction time is calculated as:

Induction time = Tinduction — tsol (1)
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Figure 1. Typical pressure-time-temperature plot obtained during a hydrate formation at constant
volume (Sabil, K. M.,2009).

The enhancement of hydrate formation or reducing of induction time for clathrate formation is not
easy to achieve because of the volume of hydrate formation layer and the induction time depends
on factors such as promoter choice, guest choice, initial pressure, temperature and concentration
of promoter. Slow formation of gas hydrate has been a critical problem hindering of gas application
(Kalogeraks,1993). Scientists have revealed the advancement impact of a few added substances
on the formation of gas hydrate and hydrate gas content. One of the techniques for enhancing the
hydrate formation increases the interface accessible for the reaction of hydrate (Han,2002). This
can be done effectively by different methods such as mixing water and gas, spraying the water
with gas, or by immersing a porous medium in water (Go Y,2002). Another system is the use of
synthetic additives, which includes thermodynamic hydration promoters, or motor hydrate
promoters, and generally surfactants. Add surfactant enhancing the hydrate formation by
increasing the interface accessible for the hydrate reaction (Kang,2001).The surfactants are made

up of hydrophobic particles and hydrophilic particles where they show an admiration for polar and

sol
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non-polar materials, which are critical factors in the growth rate of hydrates as shown in figure (2)
(Kumar,2013).
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Figure 2. (a) A surfactant molecule with the hydrophilic particles and lipophilic particles groups
and (b) formation of micelle in aqueous solution media through association of surfactant
molecules(Kumar,2013).

The spread of the surfactant is from the large phase towards the interface which leads to the change
of the contact point between the phases and the solid surface, which in turn leads to a change in
the charge and viscosity of the surface (Shah,1997).

The atoms of the Surfactants form different forms when they reach the appropriate concentrations
and called these structures (micelles) and have different orientations and shapes (circular, pole like
micelles, multilayer structures) (Kumar,2015). The Surfactants plays an important role in
enhancing hydrate formation especially in industries where arranging micelle is one of the basic
requirements that showed in figure (3) (Suradkar,2006).
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Figure 3. Mechanism of hydrate formation (Kumar,2013).

Several authors reported that adding of surfactant Tween80 as a promoter of the liquid water and
gas guest produces clathrate hydrate utilization of surfactants in gas hydrate-related investigations
was continuous since the mid-1990s (Peytavy,1998). The surfactant has been accounted for that
the viability of these surfactants for promoting kinetics are system particular (Lim,2013). Tween80
is a polyethoxyl derivative of oleic acid and sorbitan, a water-soluble yellow liquid that is often
used in foods. The polyethers are the hydrophilic group and are also known as polyoxyethylene,
ethylene oxide estimated polymers (Zhang,2003).

Kalogerakis in 1993 was explained that the behavior of the inhibitor of the surfactant and found
that the procedure can be promoted with a little concentration of the surfactant. Zhong and Rogers
in 2000 demonstrated that the rate of gas hydrate formation could be increased by increasing the
concentration of sodium dodecyl (SDS) above the primary micelle concentration. Gou in 2002
was explored the calcium hypochlorite impact on the limit of methane capacity and methane
hydrate formation rate. Kumar in 2013 studied the three types of surfactant (ionic, cationic, and
non-ionic) for their effect on the hydrate formation of carbon dioxide; He noted that the best
promoting in hydrate formation and reduction of induction time is (SDS). Nonionic surfactant
(Tween-80) was observed on the cationic surfactant.

Zhang et.al. in 2008 showed solubilization of surfactants produces supersaturated gas molecules,
which promotes the mass transfer from a bulk phase to hydrates and provides the driving force for
the complexation between host molecules (water) and guest molecules in a gas hydrate formation
process and when most of the gas molecules are bound to form clusters with water molecules,
which promotes the formation of crystal nuclei of gas hydrates. Al-Mukhtar et la in 2018 studied
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kinetics dissociation for the binary system (water-R-134a) system and for ternary salts (NaCl, KBr,
and NaF) system at different concentrations (0.09, 0.17, 0.26)mol/Kg in the isochoric cell. They
used Claperyon equation to estimate dissociation heat for the systems with Peng-Robinson — PRSV
equation applied for gas compressibility factor Z. They concluded that dissociation heat increased
when salt concentration increased. The NaCl salt with high concentration gave the highest value
among the other salt in the study.

In this study, growth rate, induction time, gas consumed, apparent rat constant, storage capacities
and conversion of water to hydrate of the hydrates formed in presence of nonionic surfactant
(Tween 80) were investigated. The aim has been to find the best concentration of surfactant which
achieves best values.

2. EXPERIMENTAL

2.1 MATERIALS

Refrigerant gas (R-134a) (Frisco, Belgium) with a high purity equal to 99% was utilized to form a
hydrate with distilled water. In experiments, Surfactant was used was Very soluble Tween 80
(Central drug house, India) with chemical formula Cs2HsoO10, density (1.06-1.09) g/mL and
viscosity (300-500) centistokes at 25°C.

2.2 APPARATUS

Figure (4) shows the experimental schematic diagram that used in this study. The most important
part in the system is the glass cell with a total volume of 1500 cm?®and having internal diameter of
14 cm and height of 14.5 cm, the cell was equipped with a magnetic stirrer. A thermocouple type
k with a division scale of 0.1 K and a digital pressure gauge with a division scale of 0.005 bar were
to measure the temperature and pressure. The cell connected to the system through pipes and
controlled by a valve for gas injection, water input, and drain valve. The cell surrounded by
transparency plastic vessel as heat jacket to maintain the temperature inside the cell, cooling water
supplied from bath type Julabo F10-VC was used contains a cooling medium made of ethylene
glycol/water with ratio about (1/3) by vol.. The temperature of the medium is adjusted by the
controllable circulator.
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Figure.4 (1) gas cylinder; (2) needle valve; (3) gas compressor; (4)condenser; (5) accumulator of
gas; (6) Experimental cell; (7) magnetic stirrer; ; (8) water pump; (9) digital pressure gauges;

(10) temperature sensor; (11) valve drain; (12) chiller; (13) interface system; (14) computer.

2.3 EXPERIMENTAL METHOD

The constant volume (isochoric) system search strategy was utilized to investigate hydrate
formation in this study (Al-Mukhtar, 2018). At to start, distilled water was used to wash the cell
and after that washed with acetone to flush the cell. Washed water and acetone lingering were
depleted. The cell was emptied to vacuum pressure for a time of 30 min to guarantee that there
were no traces of contamination. The air is evacuated from the reactor using the compressor after
feeding of 200 ml (13% vol of the cell)of water solution mixture inside the cell. A specific measure
of R-134a was acquainted of the cell (86% vol of the cell) with achieving the coveted pressure of
0.45 MPa (4.5 bar) at a temperature of 313.15 K (10 °C ). The mixer was rotates at 250 rpm after
the gas pressurized to the cell is completed. The pressure of cell reducing consistently because of
hydrate formation until the point when achieving the steady state condition. The stirring speed is
set at 250 rpm and initial temperature and pressure at 10 °C and 4.5 bar respectively with select
nonionic surfactant (Tween 80) at different concentrations 0, 25, 50, 75 and 100 ppm. Hydrates
are separated by water discharge (non-converted to hydrates) by pressure inside the cell and thus
the hydrate is extracted.

3. THERMODYNAMICS MODEL

3.1 GAS CONSUMED
The moles of the hydrate former consumed throughout the formation of hydrate are obtained by
applying the real gas law as follows:
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The "0" Subscripts refer to the initial conditions where "t" refers to conditions at time, t, of the
system, P pressure and T temperature at the phase equilibrium state, R was the universal gas

constant, and Z was the gas compressibility determined by the Pitzer’s correlation (Smith,2001):

z=1+B°Z + o B1
Tr T

3)
Where B°=0.083 - % ()
And Bl=0.139 - 222
TT

()
The hydrate number (number of water molecules) is identified by the partial filling the large and
small cavities. The simple hydrate number is calculated Vrw:t is the reacted water’s volume
(Sloan,2008):

136
M=—=°
(865 + 166y)

(6)

where 0s and 0L are is the fraction of linked large and small cavities occupied by guest molecules
respectively, as follows (Sloan,2008):

C = _(Cixfo

0 = 1+(C; X ) )
Ciis the Langmuir constant for large cavities and small cavities for R134a hydrate. Where fi is the
fugacity of (R134a) gas which calculates by the apply equation of state (Peng—Robinson)
(Robinson,1976). The Langmuir constant of R-134a Ci is formulated as follows(J.Munck,1988):

Ci= A?i exp(B?i) (8)

where Ai and Bi are constants with values 0.00575 and 4908 for large cavities respectively and Cs
equal to zero for (R134a) gas (P.T.Ngema,2016).
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The gas hydrate volume is not like the aqueous solution volume, To estimate the volume
of R134a gas hydrate inside a cell the next equation used:

Vt = Veell — VS0 + VrRwt — Vs 9)
where Ve is the cell volume with value equal 1500 cm?®; Vs is the initial aqueous solution volume
with value equal 200 cm3; Vi is the produced hydrate’s volume and Vrw is the reacted water’s
volume which calculated by using the following equation:

Vewi=M x Ann x V! (10)

Where vii, displays the molar volume of water that may calculate by the next relation
(J.B.Klauda,2000):

vk =18.015x[1 — 1.0001 X 1072 + 1.3339 x 10~#(1.8(T — 273.15) + 5.50654 x
1077(1.8(T — 273.15) + 32)?] x 1073 (11)

The hydrate molar volume, Vnt, can be estimated by the next equation:
Vht=M x Any x VM7 (12)

The gas hydrate molar volume can be assumed equal to the empty hydrate lattice molar volume.

Klauda and Sandler presented the vir! is the volume occupied by empty hydrate lattice (in
K and m3/kmol) as a function of temperature and pressure by following equation
(J.B.Klauda,2000):

VHIT=(17.13+2.249X 105X T+2.013x10°6xT?x 1C—""4 g 006x109xP+
5.448x10712 xP?) (13)

T and P are the temperature and pressure given in K and MPa units, respectively.
3.2 THE GROWTH RATE OF HYDRATE FORMATION

The growth rate of hydrate formation be presented using the below equation [Hashemi H.et al.;
2014]:
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_ adnpi34qa _ Angizsq _ (nR134q,i-1—MR134a,i+1)
r(t) = — lei = lei = — (14)
dt At (tir1—tio)*Nwo

NR134qi-1 AND Npi344:+1 Present moles of R134a gas which is hydrate former at t;_; and
t;+1respectively. nuo is the initial number of moles of water.

3.3 THE APPARENT RATE CONSTANT
The rate of growth of formation forR134a hydrate may be formulated as[Hashemi H.et al.; 2014]:

r(t) =20 = K — foq) (15)

At a specific time t, the apparent rate constant is estimated by the expression below:

r(t)

Kapp = ——2—
WP (fy—fea)n

(16)

Which Kapp reOpresents the rate constant of hydrate reaction.

3.4 WATER TO HYDRATE CONVERSION

The water converts to hydrate for each mole of water feed can be estimated by relation below
[Babaee S. et al.; 2015]:

MX An

The Water conversion = x100% a7

Nwo
3.5 THE STORAGE CAPACITY (SC)

The storage capacity is a volume of gas stored in per volume of hydrate which calculates by
following equation (Suradkar,2006):

RXTstp
*pgrp )

S Vstp
C Vs —
Vy Vy

(18)

where subscript STP stands for the standard conditions and V4 is the gas hydrate volume at the
end of the reaction, which is calculated by Eq. (12). Figure(5) shows The algorithm of previous
calculation for calculating the gas consumed (An), hydrate growth rate (r(t)), apparent rate (Kapp),
conversion of water to hydrate, and storage capacity of R-134a gas.
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Figure (5): The suggested algorithm to calculate the gas consumed and the apparent rate hydrate
formation of R134a.

4. RESULT AND DISCUSSION

In the isochoric system, the pressure drop and the variation of gas consumed in the system of pure
water ,R-134a and in the system of pure water ,R-134a and different concentrations for Tween 80
are the resulted from dissolution when gas dissolved in the liquid aqueous phase, the nucleation
when the pressure is stable until formation and formation process when hydrate start growth.
However, when the hydrate formation growth stops, the pressure is stabilized because of the HFC-
134a is supersaturated and phase equilibrium has been reached as shown in figure (6a,b,c,d, and

e).
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Figure 6a. Pressure-Time-Gas consumed behavior obtained with pure water and (without Tween

80)
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Figure 6b. Pressure-Time-Gas consumed behavior obtained with 25 ppm concentrations of
Tween 80
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Figure 6¢. Pressure-Time-Gas consumed behavior obtained with 50 ppm concentrations of Tween
80

0.18 4 Gas consumed
0.16 -| Pressure - 4.6
0.14 -
- 4.1
~0.12 -
o
£ 01 - 3
3 %
£ 0.08 - 315
= 2
£ 006 - 26D
2
@ 0.04 - -
S L
0.02 - 2
O T T T T 1-6
0 10 20 _ 30 40 50
Time (min)

Figure 6d. Pressure-Time-Gas consumed behavior obtained with 75 ppm concentrations of
Tween 80
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Figure 6e. Pressure-Time-Gas consumed behavior obtained with 100 ppm concentrations of
Tween 80

From figure (6a,b,c,d, and e), it can also be seen that when formation region is reached, the gas
hydrate forms in pure water is about 48 min, in the water solution with 25 ppm of Tween 80 in
about 40 min, in the concentration of 50 ppm about 38 min, in the concentration of 75 ppm about
36 min and in the concentration of 100 ppm about 32 min. Hence, the formation process of HFC-
134a hydrate is shorted with increasing mass fraction of surfactant Tween 80 in the water solution.
Due to the low solubility of gas in water, hydrates appear on the water front in the pure water
system. Hydrates also cover the water interface which prevents further water conversion to
hydrates, even when stirred due to the low water density compared to water is applied in figure(7).
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Figure. 7. gas hydrates presenting out in the cell with different concentration of Tween 80.

By Eg. (2), Figure (8) In comparison with the gas consumed in the pure water system with the
presence of the surfactant in various concentrations 25, 50, 75 and 100 ppm, when increase the
surfactant concentration, the gas consumed amount increases and the formation of hydrates
increases. As shown in Fig. 8 maximum gas consumed amount was achieved at a surfactant
concentration of 100 ppm and the steady state of hydrate is realized in about 42 minutes and the

induction time is shortest figure (9).
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Figure.8. Refrigerant gas (R-134a) mole consumed without and with different concentrations of
Tween 80.

Induction time at 50 and 25 ppm is 26 and 30 min respectively. At 75 ppm the hydrate attains a
steady state in about 44 minutes and the induction time is 24 min which is longer than that of 100
ppm.

As figure (10) shows, surfactant promoter increase the gas hydrate storage capacity of. 0.0863
mole is the maximum gas amount in hydrate and 60 V/V is the maximum storage capacity of
hydrate at standard condition.
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Figure. 9. Compare the induction time of pure water agents different concentration of surfactant
Tween 80.
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Figure.10. Compare the pure water storage capacity with and without different concentration of
surfactant Tween 80.

The water moles convert to hydrate during the hydrate growth process was calculated for the
binary system and ternary system. Figure (11) shows the water conversion increased due to gas
consumed because of increasing in the driving force with time.
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Figure (11): The water to hydrate conversion as faction with time at different concentrations of
Tween 80

Hydrate growth represented in the figure (12a,b,c,d, and e) for different concentration of Tween
80.The growth rate in the presence Tween 80 for ternary system increases gradually until reaching
the maximum value at 18 minutes in 50ppm Tween 80. The rates of growth reduce when time
increases, because of the drooping in the driving force with time. As a result of the use of the
surfactant, the solubility of the gas increases in the water, causing an increase in the particles of
the micro hydrates and thus generates a higher surface area by reducing the contact angle and thus
a higher mass transfer rate. The fluctuation in the growth rate is the result of passing through
different stages from the beginning of the gas dissolving through the stage of nucleation until it
reaches the stage of growth accompanied by a rapid drop in pressure and this can be seen through
the bends. The surfactant is one of the effective anti-agglomerates that prevent agglomeration of
hydrate crystals that causing less free water to entrap between solid hydrates.
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Figure (12a): The R134a hydrate growth rate against time without Tween80 .
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Figure (12b): The R134a hydrate growth rate against time with 25 ppm of Tween80
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Figure (12c): The R134a hydrate growth rate against time with 50 ppm of Tween80
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Figure (12d): The R134a hydrate growth rate against time with 75 ppm of Tween80
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Figure (12e): The R134a hydrate growth rate against time with 100 ppm of Tween80

During hydrate nucleation and growth, the apparent rate constant reduces quickly to a constant
value then the formation of hydrate is completed. In figure (13) notice the general behavior of Kapp
is the apparent rate decreases with time and that can be explained when hydrate formed the heat
increase due to this phenomena is exothermic that cause the rate to decrease.
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Figure (13): Apparent constant versus time during the growth of R143a hydrate at different
concentration of Tween80.

5.CONCLUSIONS

The effect of the different concentration of the surfactant on the gas hydrates formation of R-134a
was observed in terms of improved nucleation of hydrate and hydrate growth rate. The presence
of surfactants improves the gas solubility and its spread in the water effectively, as well as to
reduce the contact angle and improve contact with the gas-water, which in turn positively affects
the rate of formation of hydrates. After using different concentrations of the surfactant 25, 50, 75
and 100 ppm, the following conclusions were reached:

(1) In general, Tween 80 at different concentrations (25, 50, 75 and 100 ppm) promotes the
formation of R-134a gas hydrates effectively.

(2) The maximum effect of Tween 80 on the induction time of R-134a gas hydrates can be achieved
at a concentration of 100 ppm.

(3)Maximum promotion effect of Tween 80 on R-134a hydrate growth rate was achieved at the
concentration of 50 ppm.

(4)Maximum theoretical value of storage capacity is 59.75 V/V at standard condition that is
achieved at a concentration of 100 ppm of Tween 80.

Gas separation process in hydrate form increases due to increased hydrate nucleation and
increased hydrate growth. Desalination, storage and transport have benefited greatly from
improved hydrate formation Kinetics.
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