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Abstract

In this research, reactive absorption of hydrogen sulfide using diglycolamine solution
in an industrial tray column was investigated. A nonequilibrium stage model has been
developed based on dynamic film model for modeling of hydrogen sulfide reactive
absorption into diglycolamine solution. In the model, simultaneous heat and mass
transfer and reactions rate were considered. The model equations including partial and
ordinary differential equations were solved numerically using the method of lines
technique. The simulation results are presented in steady and unsteady state conditions.
An industrial absorption column was employed to obtain the experimental data in both
low and high pressure. The model results were evaluated using the steady state
experimental data. A comparison of the experimental and simulation results showed
that the average of correlation coefficient error for high pressure absorption process is
8.5 percent whereas the average of correlation coefficient error for low pressure
absorption process is 7 percent.
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1. Introduction

Hydrogen sulfide is the most common sulfur-
containing compound encountered in natural
gas, light and middle oil sweetening, heavy
oil hydro-treating, coal gasification plants,
wastewater treatment plants and in various
non-petroleum applications such as non-
condensable gas of the pulp and paper
industry. It is a major air pollutant when it is
emitted into the atmosphere because of its
toxic and corrosive characters. In addition,
the presence of H,S usually prohibits direct

* Corresponding author: aghaemi@iust.ac.ir

use of these gases due to the formation of
SO, upon combustion and the problems it
causes in downstream processing. This
means that it must be removed down to very
low concentration levels in the gas stream
prior to use [1-3].

There are several commercial treatment
techniques that can be used for H,S removal,
such as adsorption by activated carbon,
condensation, chemical oxidation,
incineration or catalytic combustion, wet

absorption and biofiltration techniques. In
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recent years, several investigations have
focused on the removal of H,S from natural
or synthetic fuel gases because of
environmental concerns [4-8].

Absorption methods for industrial gas
purification are the most wide-spread in
commercial practices. H,S removal methods
are of special importance because these
compounds are present as impurities in many
gaseous mixtures. The cost of purifying a
gaseous mixture is generally very high.
Modern technological methods based on
physical and chemical absorption use highly
efficient organic solvents characterized by a
relatively high ability to dissolve acid gases
and low ability of dissolving other gaseous
components [1, 9].

In the absorption method, hydrogen sulfide is
removed using liquid absorbents based on
chemical or physical absorption at low
temperatures. Alkanolamines and their
aqueous solutions absorb hydrogen sulfide at
lower temperature. Diglycolamine selectively
removes H,S from natural gas streams [10].
Several mathematical models with different
complexity and accuracy have been proposed
for absorption in the literature [11-16].
Overall, two types, of models have been
reported in the literature; equilibrium and
[12-13].
Traditional equilibrium stage models are

nonequilibrium  stage  models
suitable for nonreactive systems. These
models assume a theoretical stage in which
the liquid and gas phases attain equilibrium.
Mass and heat transfer are actually rate
phenomena driven by chemical potential and
temperature gradients respectively.
Therefore, a number of nonequilibrium
[14-16].
Nonequilibrium models are more rigorous

models have been developed
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and complex than equilibrium models,
especially rate-based models that imply
actual rates of multicomponent mass and heat
transfer and chemical reactions are directly
taken into account [17].

In the present research, the potential of
diglycolamine solution for absorption of H,S
from natural gas streams has been
investigated. A rigorous nonequilibrium
dynamic model has been used based on
dynamic film model for reactive absorption
of H,S which can predict concentrations of
the species and temperatures of the phases
along the column height. The model results
were evaluated using experimental data,
obtained from an industrial absorption
column.

2. Chemical reactions of H,S absorption
For H,S-DGA-H,O system, the following
equilibrium reactions occur in the bulk of the

liquid phase.
2H,0«*—>H,0" +OH " (D
H,O0+H,S«%>H0" +HS" (2)
H,0+HS «*»H,0" +5* 3)

H,0 + DGAH "«*—>H,0"+DGA  (4)

DGA+H,S «*>HS +DGAH " (5)

Reaction (5) is instantaneous, since it
involves a proton transfer. The chemical
reaction rate constants are functions of
temperature [18].
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3. The process modeling

Mathematical models of absorption processes
include some equations to compute heat and
mass transfer rates between bulk and films of
both phases. In these models, the absorption
column is divided to several imaginary
stages. These stages are linked to each other
by mass and energy balances. In each
nonequilibrium stage the gas and the liquid
phase exchange heat and mass at the vapor-
liquid interface that is normally described
using a two-film model as illustrated in Fig.
1 [19-21]. In this model, it is assumed that
the fluids are ideally mixed and have uniform
concentrations and temperatures in the bulk
areas. Since chemical reactions take place in
both phases, unsteady state balance equations
should include some reaction source terms as
shown in equations 6 and 8.
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Figure 1. Schematic diagram of a two-film model as
applied to a stage of an absorption tower.

d 1

EuLi,j :Z[Lj—lxi,j—l_l‘jxi,j]
+(NP%a+R g )A i =1,..n (©)

LLJ X|U|-T=J :)g,j((q-CLt,iA) i=1,..n (7)

Iranian Journal of Chemical Engineering, Vol.10, No. 1

Where, U is specific molar hold up, z is axial
column coordinate, L is liquid molar flow
rate, X is liquid molar fraction, N is molar
flux, B is bulk of the phases, a is specific gas
liquid interfacial area, R is total component
reaction rate, ¢ is specific liquid holdup, A
i1s column cross section, C;; 1S molar
concentration, n is number of the component,

j is the stage number and Az is the segment
height. Hold up of the gas phase can often be
neglected due to the low gas density. Thus,
the component balance for this phase is:

1
O:Z[Gjﬂyi,jﬂ _Giyi,j:'
. . _ (8)
~(NPa-R§ ;. )A i=1,..n
The energy balances written for continuous
systems are as follows:

Eo__ LT e -uhe]
8t A i- J )]
)
+(q"a-RE® 4H )A
A |:Gj+thBj+l Gth,j]
(10)

~(q%a-R&D, AH 3 )A

Heat transfer rate across the vapor-liquid
interface is equal to the sum of convention
and conduction terms plus the product of the
liquid molar held up to the specific molar
enthalpy:

of
q ;gf (T Tgb)+ZNgfhgf (11)
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q" :_;_”f(-l-lb _Ti)_’_iNilfhlf (12)

The energy fluxes across the interface are
linked by the continuity equation:

qugf_qlf (13)
The liquid and gas bulk mole fractions sum
to unity:

=1 i=1

In this research, unsteady-state film model
has been applied for calculation of molar
fluxes. In the liquid film, diffusion and
reactions were considered using the

following continuity equation:

oC' D oC’ (15)

o 5 a8

+R'

Where the dimensionless film coordinate & is
defined as:

_X (16)
5_5

The partial differential equation (eq. 15) was
solved for H,S using superposition principle
and the method of separation of variables
[20] as follow:

CL§(§J)=§ieﬂ“shﬁﬂn§)%

+ i“;e-qm-f)'f (o) r} sin(zn&) (17)
+Ch s ) +E[C] ) ~Cl s ®)]

Parameters of equation (17) have been
applied by Kenig et al. [20]. Differentiating
equation (17) and then multiplying by
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diffusion coefficient results in an expression
for molar fluxes as shown below:

Dst dCLZS
N H)S — T1E
5 dé

(18)

The film thickness is a parameter of the
model, which must be calculated using the
following equation:

5= Drs (19)

Where D, ¢ is diffusion coefficient of

hydrogen sulfide in liquid phase, ki is mass
transfer coefficient in liquid side. In the
present work, Reid et al. [24] and Onda et al.
[19] correlations were applied for calculation
of diffusion and mass transfer coefficient,
respectively.

4. Determination of the parameters and
physical properties

The accuracy of the simulation results
depends on the model parameter
computational methods, which are related to
column

equilibrium thermodynamics,

hydrodynamics, chemical kinetics, and
physical properties. Phase equilibrium is
assumed at the interface between the phases,
with interfacial compositions calculated from

the following equation:
yil,j = Ki,inI,j = I,..n (20)

Where, K;; is the vapor-liquid equilibrium

constant, which is determined from
thermodynamic models. Reactive separation
processes occur mostly in aqueous systems
with electrolyte species. In the present work,

the model of Kent and Eisenberg [22] was
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used to describe the electrolyte system.

Liquid phase diffusion coefficients are found
applying Nernst-Hartley equation, which
describes transfer properties in weak
electrolyte systems [23]. Gas phase diffusion
is estimated by Wilk-Lee equation [24]. The
influence of the process hydrodynamics is
taken into account by applying mass transfer,
interfacial area, liquid hold up and pressure
drop correlations [25-26]. In each stage
physical properties such as viscosity and
diffusion coefficients for mixture are
calculated depending on the stage conditions.
The average of correlation coefficient error
was supposed to be the criterion for choosing
the number of the stages, which resulted in

the lowest error. The equation applied to

P (REXP- )i

Where, p is the number of process variables
and (RExp,)i a-nd (Rsim.)i
coefficients for the

calculate the average of correlation
coefficient error is:
100 P ‘( I:{Exp. )i - ( Rsim. )i ‘
Rave = X Z‘
1

‘ (21

are correlation
experimental and
simulation process variables, i , respectively.
Rave 1s the average error for the process.

Table 1. Operating data of an industrial absorber.

5. Numerical method
Nonequilibrium dynamic modeling of the
process leads to a system of partial and

ordinary  differential  equations. = The
equations were transformed to a set of
ordinary differential equations by

discretizing them in the direction of the
(column height). The
resulting system of ordinary differential

spatial variable
equations coupled with algebraic equations
was solved using method of lines. It was
assumed that the column was composed of
40 stages.

6. Results and discussion
The simulation results were validated against
the experimental data of an industrial

column. The experimental data were

obtained from a tray tower in which
hydrogen sulfide was absorbed in aqueous
diglycolamine solution. Representative inlet
and outlet data for the low pressure tower
(LP) and the high pressure tower (HP)
operational conditions are summarized in
Table 1. The column has 40 trays, with the

height of 15 meter.

Parameter Value (LP) Value (HP)
Inlet gas flow rate, G(mol/s) 159.07 1099.70
Inlet liquid flow rate, L(m3/s) 0.00826 0.00826
Inlet gas temperature, TG(K) 303.5 301.22
Inlet liquid temperature, TL(K) 303.5 303.5
Inlet gas composition, i (mol %) H,S:17.8, CO,:0.7, C1:40.35, H,S:4.8, CO,:0.4, C1:47.15, C2
C2 :40.35, S0O,:0.8 :47.15, SO,:0.8
Inlet liquid loading, H,S (mol/mol amine) 0.114 0.114
Outlet gas composition, H,S (ppm) 20 10
Amine molarity, (mol/m’) 2670.67 2670.67
Absorber pressure, P(bar) 3.95 21.56
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Fig. 2 shows H,S mole fraction in the gas
phase along the column height. This figure
implies partial pressure of H,S at the inlet
stream 1is higher than other parts of the
column, so concentration gradient is very
high there. Therefore the absorption rate is
higher and most of the H,S is absorbed at the
bottom of the column.
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0.06 N
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Figure 2. H,S mole fraction in the gas phase along the
column height.

Fig. 3 depicts liquid H,S concentration along
the column height. As shown in the figure,
the amount of absorbed H,S by the solution
has been increased from the top to the bottom
of the column. Due to the high absorption of
H,S the concentration of the solution is
greater at the downside of the column.

The temperature gradient for the liquid phase
is shown in Fig. 4. Absorption of H,S is an
exothermic process and this causes an
increase in the temperature of both phases at
the downside of the column. Most H,S
absorption occurs at the downside of the
column and the absorbed heat causes the
high temperature variations at the downside
compared to the other parts of the column.
The temperature of the gas phase is increased
at the entrance of the column and then
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decreased with the movement of the gas into
the upside of the column. The reason is the
low heat capacity of the gas phase compared
to the liquid phase. First, the liquid
temperature rises because it absorbs H,S in
contact with the entering gas. Then, because
of temperature differences between the
phases, the heat is transferred from the liquid
phase into the gas phase. Due to the low heat
capacity of the gas phase, the temperature of
the gas increases as it enters into the column.
As gas continues its upward movement, the
gas phase temperature becomes higher than
the liquid phase temperature and henceforth
the direction of the heat transfer is changed
and the heat transfers from the gas phase into
the liquid phase. Consequently, the gas phase
temperature is decreases from the middle of
the column to the top.

H,S Concenration [mol/m’]

.
10 15
Column height [m]

Figure 3. Concentration of H,S in the liquid phase
along the column height.

The simulation results for low and high
pressure absorber are presented in Table 2. It
shows that the model has good agreement
with experimental results for both columns.
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Figure 4. Temperature gradients of liquid and gas
phases along the column height.

Table 2. Simulation results for low and high pressure
conditions of the absorber column.

Process
HP Ra.%0 LP Rae%0
Data
T [K] 305.1 0.35 306.2 0.71
G [mol/s] | 1042.8 | 6.32 135.92 2.83
L[m3/s] 0.0091 | 4.21 0.0092 3.15
Ty [K] 347.4 4.92 347.4 4.92
Cst
702.3 15.38 675.3 15.58
[mol/m’]
12
Yu,s 20 23ppm 15
ppm

Hydrogen sulfide concentration in different
stages versus time is shown in Fig. 5. It
indicates that the steady state condition can
be met after a while in terms of
concentration. The 40" element and the 1%
element are considered as the bottom element
and top element of the column, respectively.
The results illustrate that the hydrogen
sulfide in diglycolamine solution has been
consumed due to the reaction between these
two substances, which causes the high
hydrogen sulfide absorption rate at the initial
elements. It also results in the reduction of
hydrogen sulfide at the top elements, which
in turn, can cause the absorption rate to

decline.

Iranian Journal of Chemical Engineering, Vol.10, No. 1
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Figure 5. Variation of H,S concentration at different
stages versus time.

Fig. 6 demonstrates the variation of liquid
phase temperature in comparison with time
in different elements of the column. It shows
solvent variation temperature at the bottom
elements is quite high compared to the top
ones. It might be attributed to the fact that the
main part of the absorption occurrs at the
bottom of the column and the heat of
absorption can cause this temperature
gradient in this region in comparison with the

other sections.

Liquid temperature [K]

300 ! L L I

Time [s]

Figure 6. Variation of liquid phase temperature in
different stages versus time.
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In the current process, enhancement of
solution temperature brings about reduction
of hydrogen sulfide concentration at the
outlet gas flow leading to an increase in
absorption rate through the temperature
promotion.

Furthermore, increasing the column pressure
causes the hydrogen sulfide concentration to
decrease in gas flow outlet, which results in
increasing the separation performance in
absorption column. Increasing the column
sulfide
absorption rate to enhance in the liquid

pressure causes the hydrogen
phase. In addition, the results demonstrate
that with amine flow rate enhancement, more
acidic gases transfer to the amine solvent.
This is because of increasing the absorption
ability of liquid phase. Transfer of acidic gas
from gas to the liquid phase causes the
hydrogen sulfide to decrease in the gas
phase, which means that with increasing the
sulfide

concentration decreases in the gas phase.

amine flow rate, hydrogen
Additionally, variation of amine mass
fraction, in constant flow rate, has a positive
effect on absorption process. According to
Table 3, promotion in amine mass fraction
increases the absorption ability of the liquid
leading to lower hydrogen sulfide partial
pressure in gas outlet.

7. Conclusions

In this work, a nonequilibrium dynamic
model that takes heat and mass transfer and
chemical reactions in both phases into
account has been introduced. The model
generally describes the reactive separation
processes and, especially, represents reactive
of H,S into
solution. The model can predict mole

absorption diglycolamine
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fraction and concentration of all components
that exist in liquid and gas phases and also
temperature of the phases along the column
in both steady-state and dynamic conditions.
The simulation results showed that the
method of lines technique was rigorous and
suitable for numerical solution of the
presented model. The model has been
validated against experimental data that have
been obtained employing an industrial
absorption  column. Comparison  of
simulation and experimental results showed
that the model successfully predicts the
process behavior. The results showed that an
increase in the column pressure, liquid phase
temperature and amine concentration as well
as liquid flow rate can enhance the

absorption ability of the process.

Nomenclature

o [MYm’] Total area of the gas-
liquid interface

Ar [m?] Cross-sectional area

c [mol/m’] Molar concentration

E  [j/mol] Specific energy hold up

G  [mol/s] Gas phase molar flow
rate

h  [J/ mol] Molar enthalpy

H [J/mol] Specific enthalpy

k  [-] Equilibrium relation
constant

L  [mol/s] Liquid molar flow rate

N  [mol/m’s] Interfacial molar flux

q [J/m? s] Heat flux

R [mol/m’s] Reaction rate

T [K] Temperature

U  [mol/m] Specific molar hold up

x  [mol/mol] Liquid phase mole

fraction

Iranian Journal of Chemical Engineering, Vol. 10, No. 1
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y  [mol/mol]  gas phase mole fraction

Az [m] Segment height

) [m] Film thickness
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