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ABSTRACT

This work involves the presentation of a general approach to describe the gas-filled mem-
brane absorption process by analyzing three different applications. Ammonia removal from
wastewater was described in a previous work using a resistance-in-series model. In this con-
tribution, this model has been applied to describe the HCN removal from wastewater as well
as to characterize the transfer of SO, from wines to a receiving solution to develop a new
method for enhanced quantification of sulfite content. The experimental results of this novel
technique for SO, quantification and its theoretical validation are presented in this study.
The analyzed operations are based on hydrophobic hollow fiber contactors, which are used
to physically separate two aqueous phases: a feed solution containing a volatile compound
and a reactive receiving solution. Mainly removal of three volatile compounds under this
configuration was analyzed: NH;, HCN, and SO,. By this way, a unified description based
on a resistance-in-series model was developed for the three chemical absorption systems,
obtaining good agreement between experimental data and the predicted values. Furthermore,
the extraction percentages were significantly high (up to 99.9%) for the three systems. The
mass transfer model shows a significant influence of the hydrodynamic conditions of the
feed solution, gas solubility, and the rate of reaction on the performance of the process.

Keywords: Membrane absorption; Mass transfer; Modeling; Ammonia; HCN; SO,

1. Introduction

The removal and recovery of dissolved gases from
liquids have started posing a challenge, particularly
due to increasing levels of environmental pollution.
Stricter regulations were established in many
countries for the removal of pollutants from the

*Corresponding author.

wastewater streams. Removal of dissolved compo-
nents of gases and volatile compounds is also an
emerging issue for several industries to enhance the
product quality such as liquid food and electronic
industries, as well as being an emerging issue for
wastewater treatments. Several techniques are avail-
able for dissolved gas and volatile compound removal
including adsorption, absorption, advanced oxidation,
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incineration, and biological treatment [1-3]. However,
most of these techniques not only require high capital
and operational costs and the limitation of the feed
condition in actual application, but also produce a
problem of post-treatment. Furthermore, most of these
applications are limited in bringing down the contam-
inant concentration in the treated stream to very low
levels. Membrane contactors are gradually used
to replace conventional methods [4,5]. Membrane
contactors usually utilize macroporous hollow fiber
membrane as an interface to separate gas and liquid
phases, and thereafter achieve the mass transfer from
one phase to another phase. Absorption of gaseous
components into receiving liquids is identified as gas-
liquid type mass transfer, which is called membrane
gas absorption. To perform the gas absorption in such
a design based on a membrane contactor has a num-
ber of unique advantages over a classical absorber; it
offers large surface area for mass transfer, provides
flexible and compact design, which is easy to monitor
and adapt to existing systems.

In this paper, the use of membrane gas absorption
with a reactive strip solution is analyzed for removal
of dissolved gases from aqueous streams. Here, the
volatile species reacts with a component in the receiv-
ing phase. Thus, the activity and vapor pressure of
the species to be separated is lowered in the receiving
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solution resulting in enhancement of the driving force
necessary for the mass transfer. Fig. 1 shows an out-
line of the gas-filled membrane absorption process
described in this work.

The mass transfer of the solute S through the
membrane is achieved by means of the following
sequence of steps indicated on the Fig. 1:

(1) Transfer through the boundary layer of aque-
ous feed solution to be treated;

(2) Phase equilibrium between the feed solution
and the gas phase retained in the membrane
pores;

(3) Mass transfer of the volatile solute S through
gas-filled gap;

(4) Phase equilibrium between the gas phase and
the receiving solution. The formation of an
absorbed compound at the interface can be con-
sidered in this step;

(5) Mass transport of absorbed compound in the
receiving solution through its boundary layer.

Since the macroporous polypropylene membrane
is hydrophobic, the membrane will not allow liquid
water to pass through the pore and thus it separates
physically two aqueous streams resulting in an
immobilized gas-liquid interface at both membrane

porous hydrophobic
membrane

Phase 1
Aqueous solution
containing the
solute S

Concentration profile
of the solute

Fig. 1. General outline of a membrane absorption process.

interfaces

Phase 2
Receiving solution
containing the
compound A

Concentration profile of the
compound A

Concentration profile of the
absorbed compound
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surfaces. The polarity difference between polypropyl-
ene and water is high and for that reason water is a
non-wetting fluid for the polypropylene membrane at
normal conditions. A non-wetting fluid does not pene-
trate into the pores as long as the pressure on the
non-wetting side is kept below some critical value
known as breakthrough pressure. This breakthrough
pressure for water-polypropylene membrane system
is given as 11.3bar by Wiesler [6], and this value is
much higher than the pressure of the aqueous streams
used in the experiments. The equation for break-
through pressure is given below:

AP =2(ocosb)/r (1)

Here, o is the surface tension, 0 is the contact
angle, and r is the pore radius. The contact angle is
the angle formed between the fluid and the membrane
pore. This angle increases with increasing polarity dif-
ference between the membrane material and the fluid.
Higher contact angle is an indicative to a higher polar-
ity difference between fluid and membrane material.
Thus, this parameter can be used to describe the
hydrophobicity of a surface and its resistance to pore
wetting. Lv and coworkers [7] studied wetting of
polypropylene membranes and showed that contact
angle of the water-polypropylene system was 107°
after 30days of immersion of the fibers in water. This
value is over 90°, which indicates that the surface is
still hydrophobic after 30 days of immersion. Thus, in
this study, the pores of the membrane are assumed as
non-wetted by aqueous phases.

This configuration presents several advantages in
terms of the local and global mass transfer at the
proximities of the membrane. The effect of the mem-
brane on the overall mass transfer resistance is not
extremely significant considering the thickness of the
gas gap, which could be between 20 and 40um

Table 2
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according to previous work reported in the literature
[8-14]. The use of hollow fiber contactors represents
many technical advantages over other processes, since
the high value of specific contact surface area (m*/m?)
of these membrane modules involves a high volumet-
ric efficiency of the operation. Several authors [15-22]
describe various applications of hollow fiber contac-
tors.

On the other hand, the presence of the chemical
reaction in the receiving phase reduces drastically the
overall transfer resistance of the solute. In terms of the
driving force of the process, the conversion of the sol-
ute S in the receiving phase increases the extraction
efficiency and accelerates its transport rate.

One of the most important limitations of this con-
figuration is related to the hydrodynamic conditions
in the membrane modules used for these applications,
since the geometry of the hollow fiber contactors
involves the circulation of solutions under laminar
flow with extremely low Reynolds numbers, which
represent low mass transfer coefficient values in the
boundary layers at the proximities of the membrane.
Modifications in the design of these modules could
solve partially those limitations, but these aspects will
not be developed in this contribution.

Table 1 summarizes the three study cases to be
analyzed in this work. These three different applica-
tions are related to the treatment of waste or process
waters and liquid foods or beverages.

2. Applications
2.1. General description of the method

The membrane contactors employed in the ana-
lyzed works were hollow fiber modules consist of
polypropylene fibers. Table 2 presents the structural
parameters of the fibers.

Structural parameters of the hollow fiber contactors used in experiments for each analyzed case

Parameter, unit Interval of values

NHj; removal [9]

Hollow fiber membrane module Celgard Liquicel®

Membrane material Polypropylene
Number of fibers 7,400

Surface contact area, m? 0.58

Fiber O.D., pm 300

Fiber I.D., pm 220

Mean pore diameter, pm 0.2

Length, m 0.12

SO, quantification (this work) HCN removal [11]

Celgard Liquice1® Selfmade
Polypropylene Polypropylene
7,400 600

0.58 0.1444

300 426

220 336

0.2 0.05

0.12 0.18
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In each application, a reactive stripping solution
were used that was circulated into the shell or lumen-
side of the hollow fiber module while the aqueous
feed solution containing the volatile species was circu-
lated through other side of the module by using two
different pumps. Both solutions were recycled to their
respective reservoirs in order to be re-circulated
through the membrane. At regular time intervals, the
concentration of the feed solution was monitored.

2.2. Ammonia removal from water

In our previous work, removal of ammonia from
industrial effluent was investigated by means of gas-
filled membrane absorption in order to investigate the
optimum process parameters [9]. In the present work,
this case is analyzed on the basis of a wunified
approach comparing other applications of gas-filled
membrane absorption. Diluted solution of sulfuric
acid was used as a receiving solution to accelerate the
removal of ammonia by means of a reaction convert-
ing the ammonia into ammonium sulfate ((NH,),SO,),
which could be recovered as a by-product. Here, the
corresponding chemical absorption reaction is as
follows:
2NHs(g) + H>SO4aq) — (NH4),504(aq) (2)

Feed solution was recyled through shellside of the
membrane. Fig. 2 shows a general description of the
experimental setup for ammonia removal application.
The concentration of NH; was monitored by means of

&

pump

phase 1
(aqueous solution to be treated)

CASE1: Phase 1: aqueous NH; solution

CASE 2: Phase 1: aqueous HCN solution
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a ion-selective electrode, which remained immersed in
the feed aqueous solution during the experiment.

2.3. Recovery of cyanide from wastewater

Cyanide removal by means of gas-filled membrane
absorption was reported in the literature [10-13]. The
case analyzed here for the cyanide removal was an
integrated process of coagulation and gas membrane
absorption for the treatment of praziquantel wastewa-
ters reported by Xu and coworkers [11]. Praziquantal
is an anti-schistosama drug that is used in pharmaceu-
tical industries. The major pollutants in praziquantel
manufacturing wastewater are cyanide and other
by-products. HCN dissociates in aqueous solutions.
Under acidic to neutral conditions, cyanide is present
as HCN. Since HCN is the species that diffuses
through the membrane, the pH of the feed solution
must be adjusted in order to obtain HCN form of
the cyanide. The original praziquantel wastewater had
a pH value between 9.5-10 and contained 1,000
3,500 mg L~! CN~. In the above-mentioned study,
cyanide removal was carried out using original and
artificial praziquantel wastewaters adjusting the pH of
the feed below 6 using HCI solution. The feed solu-
tion was treated with 10% KOH solution by means of
a gas-filled membrane absorption process. The cya-
nide in the wastewater was recovered in the receiving
phase. The corresponding reaction occurred was as
follows:

HCN(g> + KOH(aq) — KCN(aq) + HzO(l) (3)

hollow fiber
contactor(s)

phase 2

Fig. 2. General outline of the gas-filled membrane absorption process for ammonia and HCN removal.
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Since the praziquantel wastewater has turbidity,
the wastewater was pretreated by coagulation. Three
types of feed solutions were investigated using gas-
filled membrane absorption: artificial, coagulated, and
uncoagulated wastewaters. In this paper, the case with
artificial wastewaters was analyzed in terms of the
unified approach. Acidified feed solution and 10%
KOH of strip solution flowed in lumenside and shell-
side, respectively. The same configuration described
in Fig. 2 can be considered for this application.

2.4. SO, removal from wines and fruit juices

The main principles of sulfite quantification using
gas-filled membrane absorption for SO, control in
wines was described by Plaza and coworkers [14].
Here, the experimental results and its therotical vali-
dation is presented and analyzed. Sulfur dioxide is a
preservative widely used in fruit-derived products. In

= === = MOLECULAR S0,

, BISULFITE (HSOy)

i = = = « SULFITE (SO,*)

Percentage (%)
8
usual pH range of wine

Fig. 3. Distribution percentages of chemical species in wine
depending on the pH value.
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the reported study, it was proposed to use a gas-filled
membrane absorption process for selective removal or
recovery of sulfites from wines or other liquid foods
in order to obtain a reliable quantification of these
compounds. The feed solution containing red wine
was acidified using a H;50, solution in order to
ensure the formation of sulfites in the volatile form
since the presence of volatile SO, increases with
decreasing pH values. The receiving solution used for
this process was 0.02M NaOH solution. The case ana-
lyzed for sulfite quantification is based on extraction
of free and bounded sulfite content from wine by
modifying the pH value to extract the non-volatile
forms (HSO;~ and SO;%7) converting them into
volatile form, SO,. In this way, the volatile form, SO,
is transferred through the membrane contactor and
recovered as a sulfite in the receiving solution. The
reaction occurred by acidification is as follows:

HSO;(aq) + H&D — SOz(g) +H,O 4)

As the bisulfite is converted to SO,, it is absorbed
in the receiving solution of NaOH and then reacts
with NaOH where absorbed SO, becomes SO5>:
SOz(g) + ZNaOH(aq) — NaZSO3(aq) + HZO(l) (5)

Fig. 3 presents an outline with the molar percent-
age of each compound dissolved in wine as a function
of the pH. At usual values of pH, bisulfite and sulfur
dioxide may be identified in the wine, but at lower
pH values, the presence of sulfur dioxide increases.

Thus, the pH value of the feed is an important
variable on the process, since only the volatile form of

H,S0, 40y

peristaltic pump

————

{
1_; =)
—

f Y
/ red wine
il LD Ll 20N

thermostatized bath

peristaltic pump

Fig. 4. Outline of the experimental setup used for the sulfite quantification in red wine [14].
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sulfite compounds can be transferred through the
membrane. For this reason, an acidification of the feed
is necessary to ensure the formation of free sulfur
dioxide.

Extraction tests were carried out both using wine-
like model solutions containing Na;SO3; and Cabarnet
Sauvignon wines. Fig. 4 presents the experimental
setup implied in this application, using the same
configuration described in Fig. 2, but adapted at
laboratory scale. The SO, removal is associated to a
preliminary pH modification of the feed solution by
adding H,SO,, in order to increase the SO, availability
during the extraction. The SO, content was monitored
as a function of the time by means of continuous tests
in the receiving solution applying the Ripper method.

Operating parameters of the applications described
in the previous sections are summarized in Table 1.

3. General description of the mass transfer

The transfer of the volatile species through the
membrane can be explained by means of a resis-
tances-in-series model, which considers the transport
phenomena at the proximities of the membrane. Thus,
the transfer of the solute can be described by follow-
ing sequence of steps: transfer from the bulk of the
feed solution through the boundary layer to the feed-
membrane interface, desorption of the solute, diffu-
sion through the membrane pores filled with gas,
absorption, and reaction in the receiving solution
interface, and diffusion of the solute into the receiving
solution.

3.1. Feed solution boundary layer

The feed flowed in the shellside for the ammonia
removal and sulfite quantification applications and in
the lumenside for the cyanide removal application.

The liquid mass transfer coefficient for the species i
in the shellside, under laminar flow condition, can be
calculated from the Sherwood correlation proposed by
Prasad and Sirkar for the hollow fiber modules [15]:

Dy(1—

K; x D
Sh = 5.8[ ! "5)} X RV x §c0% = L X0

Diw (6)
where Dy, ¢, L, Re, Sc, D; w, K¢ are the dynamic diame-
ter of the shell, packing density, length of the fibers,
Reynolds number (Re=Djup/u), Schmidt number
(Sc=p/pD;w), the diffusion coefficient of the species i
in water, and the mass transfer coefficient in feed side,
respectively. The packing density can be calculated by
means of Eq. (7).
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)

where Np represents the number of fibers, d, is
external diameter of the fibers, and D;, ;s is the internal
diameter of the shell. Diffusion coefficient of the
species i in water can be calculated from Wilke-Chang
equation [23].

The liquid mass transfer coefficient for the species
i in the lumenside, under laminar flow condition, can
be calculated from the Sherwood correlation proposed
by Leveque [24]:

2o 17 K xd
I :| _ f X (8)

Sh=1.62 [L % Din D
where v, is the velocity of the feed in the lumenside of
the hollow fibers and d;, is the inside diameter of the
fiber.

The mass transfer coefficient in the feed side, K,
can be predicted by using Eq. (6) or (8) due to the
presence of the feed in lumen or shellside of the hol-
low fibers.

3.2. Desorption of the solute

The solute is desorbed from the feed—membrane
interface. At the feed—membrane interface, the solute
is considered in thermodynamic equilibrium with its
vapor. In this way, Henry’s law may be applied at the
interfaces. The partial pressure of species i can be
calculated by the Eq. (9) using the Henry constant:

_p
H="2 (9)

where p; is the partial pressure of the species i in the
air phase in equilibrium with the concentration c;
[mol m ] of this compound in the aqueous solution.

3.3. Transfer of the solute through the membrane pores

The membrane mass transfer coefficient, K,,, can
be estimated from the following equation [15,25]:

SD,‘Ag

K, =
70

(10)

where D;, is the diffusion coefficient of species i in
the air gap within the pores while ¢, 7, and ¢ are the
porosity, the tortuosity, and the wall thickness of the
hollow fiber, respectively. D;, can be considered as
either a molecular diffusion or the Knudsen diffusion
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due to the value of Knudsen number (Kn = /l/dp) [15],
where 4 is the molecular mean free path length and
the d, is the pore diameter. The Knudsen diffusion
coefficient could be written as follows:

0.5
D, — %ﬂ) (1)

3\ M

where d, is the pore diameter (cm), T the temperature
in Kelvin (K), R is the universal gas constant
(Jmol 'K™"), and M is the molecular weight of the
compound (gmol ).

The diffusion coefficient of the species i in the air
gap, D;, (m®s™"), can be calculated using the
correlation given by Fuller and coworkers or
Chapman-Enskog equations given by Egs. (12) and
(13), respectively [26].

B 1% 1077T1'75((1/M1‘) + (1/Mg))1/2

Di’g - 1/3 1/3 2 (12)
PV + (V)"
0.001858T3/2 x , /"4itMs
Dy = MiMy (13)

2 ,
P x o7, x §2g

The diffusion coefficients of ammonia and sulfite
in air were estimated by the Fuller equation given by
Eq. (12) and that of cyanide was estimated by the
Chapman-Enskog equation given by Eq. (13).

3.4. Absorption and reaction in the receiving phase

For non-reactive receiving solutions, the mass
transfer coefficients could be estimated from the Sher-
wood correlations given by Eq. (6) or (8) with respect
to the flow configuration of the receiving solution in
the hollow fiber module. However, the mass transfer
coefficient in the receiving phase for a reactive strip
solution is more difficult to predict. The mass transfer
correlation depends on whether the reaction is fast or
instantaneous reaction. The presence of the chemical
reaction may significantly accelerate the rate of the
mass transfer. The enhanced transfer rate is due to
enhancement of the mass transfer coefficient and an
increased driving force. When the concentration of the
reactant in the receiving phase becomes higher rela-
tively to the solvent, the reaction zone is expected to
shift to the gas-liquid interface, and consequently, the
reaction occurs on the interface of the membrane [27].
The reactions analyzed here between HCN and KOH,
NH; and H,SO,, and SO, and H,SO, were supposed
instantaneous [9-14,28-30] and were carried out in the
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presence of excess amount of the reactant in the
receiving solutions. Thus, as the volatile compound is
absorbed by the receiving solution, it immediately
reacts with the reactant in the receiving phase at the
membrane-receiving solution interface and forms the
nonvolatile by-product.

3.5. Transport in the receiving solution

The mass transfer of the solute is accelerated sig-
nificantly by the chemical reaction. Thus, the mass
transfer coefficient of the receiving solution side is
much larger than the feed side mass transfer coeffi-
cient in the presence of a chemical reaction. When the
reaction between the solute and the reactant is instan-
taneous, the concentration of the solute in the receiv-
ing solution is essentially zero. As the reaction occurs
at the liquid-membrane interface very rapidly, it may
be considered that there is no diffusion of the solute
from the interface to the bulk of the receiving solu-
tion. Hence, the mass transfer resistance in the receiv-
ing solution side could be ignored and the overall
mass transfer coefficient is given by Eq. (14):

11
Ll

K (14)

Nl

3.6. Numerical solution of the model

Resistances-in-series model was solved estimating
the interfacial concentration when the molar flow of
the solute, N (mols™}), through the feed boundary
layer and across the membrane pore represent the
same flow values under instantaneous steady-state
conditions as shown in Eq. (15):
N = KiAs(ch — ¢f) = KA (15)
in which ¢4’ is the bulk concentration of the solute, cs'
is the solute concentration on the interface of the
membrane, and CiS,g is the solute concentration in gas
phase in equilibrium with that in solution on the
interface, Ay is the membrane area of the feed side, and
Ay, is the logarithmic mean of the membrane area.

The Regula Falsi algorithm [31,32] was applied to
reduce the number of iterative calculations, which
have been achieved by means of a program developed
in Matlab®. After these iterative calculations, the
concentration of the solute in the bulk of the feed
solution was recalculated by mass balance. Interfacial
concentrations were estimated for each time interval
by modifying the initial feed concentrations of each
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Input the operation variables

v

Estimation of the physical properties and
calculation of dimensionless numbers

v

Estimation of mass transfer coefficients

y

by Regula Falsi Method

Generation of concentration values at the interface

v

layer, Nt

Estimation of molar flux in the feed boundary

v

Estimation of molar flux in the membrane pore, Nm

v

Estimation of the error between Nrand Nm

No Yes

Error<10-+ #I

Fig. 5. Flowchart of the numerical solution.

corresponding step. The flowchart of the numerical
solution is given in Fig. 5.

4. Results and discussion

4.1. Extraction performance and identification of the main
mass transfer resistances

In all those experiments that were analyzed for the
ammonia removal, a minimum extraction percentage
of 98% was achieved in 35min in a batch operation
with a feed volume of 1,500mL [9]. The best results
were obtained with a diminution from an initial con-
centration of ammonia of 400mgL ™" to a value of
25mgL~" ammonia that corresponds to 99.38% of
ammonia removal. These results indicate that the
destruction rate of the ammonia is very fast and the
extraction percentage of the ammonia is significantly
high. The chemical absorption was utilized drastically
in terms of enhanced driving force for the mass trans-
fer.

Fig. 6 presents a comparison of the fluxes obtained
by experiments and the model predictions for the
ammonia removal. Model predictions were calculated
neglecting the receiving side mass transfer coefficient
as described in Section 3.6. As can be seen in Fig. 6,
the model and experimental results are in a good

End of Regula Falsi

agreement confirming that the mass transfer
coefficient could be considered as a contribution of
feed and membrane side resistances. The membrane
mass transfer coefficients are much larger compared
to the feed side mass transfer coefficients as can be

9,00E-05 +
05 $
BO0E0ST ¥ & Molecular diffusion
7,00E-05 - i x Knudsen diffusion
6,00E-05 -| % Experimental
2 5,00E-05 |
2 x
E. 4,00E-05 4
zZ
3,00E-05 - ¥
-05 *
2,00E-05 )
1,00E-05 | *
* %
=z
0.00E+00 ‘ — e e ‘
0 10 20 30 40
Time, min

Fig. 6. Experimental and simulated values of molar flow
as a function of the time; [H,SO4=02molL"~!, Q=
2000 mLmin ', T=40°C, initial ammonia concentration is
500 ppm (Adapted from the work reported by Hasanoglu
and coworkers [9]).



5658

seen in Table 3. The percentages of the membrane
mass transfer resistance over the total resistance are
less than 1%, and therefore, the influence of the mem-
brane mass transfer coefficient on the solute transport
is very small. The Knudsen number of the hollow
fiber was 0.38 for the ammonia molecules. As the
Knudsen number is close to 1.0, the diffusion mecha-
nism of ammonia inside the pores can be considered
as a transition regime where various mechanisms
could coexist. Therefore, ammonia diffusion through
the pores could be described either by a molecular or
a Knudsen like diffusion mechanism.

The hydrodynamic conditions of the hollow fiber
contactor were analyzed in the previous work [9],
showing a comparison of the concentration change
with time for two cases where the feed solution was
circulated in the lumenside and in the shellside.
Extraction percentages of ammonia were higher when
the feed solution flowed in the shellside and the acid
solution in the lumenside of the membranes. These
results indicate that the hydrodynamic conditions
have a strong influence on the mass transfer resis-
tances for this system. A clear difference was
observed comparing both configurations of circula-
tions because the mass transfer coefficient of the feed
side that controls the overall transfer is strongly modi-
fied when the circulation of solutions is changed.
These results confirm that the feed boundary layer
has a strong influence on the mass transfer through
the membrane.

Previous studies in the literature have investigated
the removal of ammonia using gas-filled membrane
absorption [28-30]. Zhu and coworkers [28] reported a
study in order to investigate the effect of the pH and
the viscosity of the wastewater containing ammonia
on the mass transfer in hydrophobic hollow fiber
membrane contactors. In the reported work, the
removal efficiency of ammonia was over 98% in
40min when the initial pH values of the feed solution

Table 3
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were over 11. Tan and coworkers [29] reported a work
for ammonia removal from water through polyvinyli-
dene fluoride hollow fiber membranes. It has been
indicated that increased pH values allowed higher
efficiencies of ammonia removal, and remarkable effi-
ciencies have been reached when the pH value was
higher than 11 after a time period of 120min. Nord-
dahl and coworkers [30] reported that the relative
effect of temperature on ammonia mass transfer rates
was noticeably higher at pH values exceeding 10,
while the noticeable efficiencies were performed about
in 100 min. The reported studies show that the choice
of the pH value of feed might be an important vari-
able on the removal efficiency of the process since the
presence of the volatile form of the species is usually
dominated by pH value of the feed.

From the results of SO, extraction from liquid
solutions, Fig. 7 presents the comparison of the extrac-
tion percentages of the experimental and model
results. Significantly high values of extraction percent-
ages were obtained (up to 99.2%) with the experi-
ments. It was possible to obtain an average extraction
percentage of 98.91%, after four minutes processing
300 mL of feed solutions. The extraction of SO, from
the wine samples was achieved very fast and well
controlled by means of chemical membrane absorp-
tion. The theoretical results were obtained on the base
of both molecular and Knudsen diffusion equations.
The predictions are in good agreement with the exper-
imental results indicating that the mass transfer in the
pores could be described by either molecular diffusion
or Knudsen diffusion.

The experimental results of HCN extraction
reported by Xu and coworkers [11] indicate that the
cyanide removal rate was very high for the artificial
wastewater. The cyanide concentration rapidly
decreased to 2059mgL~' from 1277.5mgL™"', and
83.9% cyanide was removed within the first 20 min.
After 90min of operation, 99.9% of cyanide was

Feed side and membrane mass transfer coefficients of each analyzed system and Henry’s constants of the solutes

System Application Temperature Henry’s constant of Mass transfer coefficient Mass transfer
(O the solute in the feed boundary coefficient in the
(Pam®mol ™) [32-35] layer, K¢ (m sh membrane, K,, (ms™1)

1 NH; removal from 40 3.479 4.600 x 107° 1.660 x 107"

water
2 HCN removal 20 8.323 1.134x107° 4.430 x 1072

from wastewater
3 SO, quantification 27 78.899 7510 x 10°° 5.060 x 1072

from wines and
fruit juices
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Fig. 7. Experimental and simulated values of concentration
of SO, in the extraction solution as a function of the time
(Qshen=1.45Lmin"}, Qgper=1.20L min""!, T=27°C).

removed and the cyanide concentration dropped to
below 0.5 mgL_l. At the end of the process, 98% of
the cyanide was recovered. In this work, the experi-
mental data of Xu and coworkers [11] were simulated
using the unified approach for the gas-filled mem-
brane absorption described in above sections, which
involves an instantaneous reaction on the interface of
the membrane. According to this model, the overall
mass transfer resistance included the feed liquid film
resistance and the membrane resistance since the
resistance of stripping side was neglected. Calcula-
tions were made as it was described in Section 3.6.
Fig. 8 represents a comparison of experimental data of
Xu and coworkers and the calculated concentrations
vs. time. The proposed model for the process satisfied
with the data of those obtained from experimental
work of Xu and coworkers. As can be seen in Fig. §,
similar to ammonia and sulfur dioxide cases (Figs. 6
and 7), there was not a distinct difference between the
data calculated from two diffusion mechanisms indi-
cating that the transfer in the pores could be described
as Knudsen or molecular diffusion. Furthermore, the
diffusion of the gaseous HCN in the pores is the
equivalent to that in air, which is much faster than
that in water. Thus, the contribution of the membrane
resistance to the overall resistance is not remarkable
and feed side resistance mainly determines the overall
resistance. On the other hand, this is not unexpected
because the thickness of the gas gap is relatively
small, which could be between 20 to 40 pm.

4.2. Effect of the chemical absorption on the performance of
the process

The presence of the chemical reaction in gas-filled
membrane absorption processes enhances the mass
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Fig. 8. Experimental [11] and simulated values of the
concentration of cyanide as a function of the time.

transfer rate of the species to be removed. Thus, the
driving force for the mass transfer increases that leads
to an efficient separation process. In case of the excess
amount of the reactant in the receiving solution, the
reaction zone seems to be placed on the interface of
the membrane. This fact can be confirmed by the
extraction efficiency of the three processes analyzed in
this work through the results reported in Figs. 6-8,
which show similar behavior in spite of the fact that
they present three different reactions. The faster
extraction rate in the case of SO, removal is directly
related to the higher Henry’s constant value reported
in Table 3.

On the other hand, the main common aspect in the
studied applications is the hydrodynamic condition,
since hollow fiber contactors were used. These three
different systems may be described by means of the
same approach taking into account a negligible vapor
pressure of the volatile compound in the receiving
side. Egs. (1) to (4) give the corresponding absorption
reactions of ammonia, sulfur dioxide, and cyanide
with their reactive receiving solutions, where the reac-
tants in the receiving solutions were sulfuric acid,
NaOH, and KOH, respectively. Thus, the chemical
reactions, under the operation conditions applied in
these experiments, do not modify the behavior of the
transfer rate in the studied processes where the main
parameters to be considered are the mass transfer
coefficients of the volatile compound through the
liquid feed boundary layer and the pore filled with
gas, as well as the Henry’s constant to quantify the
equilibrium conditions at the pore entrance. Table 3
presents the Henry’s constants of the solutes and the
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mass transfer coefficients in the feed boundary layer
and in the membrane pore for each analyzed system.

4.3. Effect of the chemical kinetics in the membrane
absorption process

The simulations reported in Figs. 6-8 have been
done considering instantaneous reactions and any
effect of the receiving phase boundary layer. In order
to verify the influence of the conditions in the receiv-
ing solution on the extraction rate, the effect of the
concentration of receiving solution was investigated
for the case of ammonia removal and its results were
reported in our previous work [9]. Although a slight
decrease in the extraction percentages were observed
within the first 15min, the influence of the acid con-
centration was not significant for the total time of the
extraction, since the acid concentration was in excess
compared to ammonia content in the feed.

The Hatta number (Ha), a dimensionless quantity,
is useful in evaluating the kinetic regime describing
the effect of chemical reaction on the mass transfer
rate. The Hatta number is defined as the ratio of
diffusion time to the reaction time. In case of an
irreversible second-order reaction, species A and B are
converted in the liquid phase into one or more
products where the reaction, reaction rate, and Hatta
number are as follows:

A1) + vsB(1) — vcC(1) + vpD(1) (16)

Ry = krCpCa (17)

Ha — M (18)
\/ K

In this case, not only species A has to diffuse in
the liquid layer, but also species B. This introduces an
extra parameter, the maximum enhancement factor,
which is approximately given by the equation below

[36,371:
D D n
+ CcgolB Ya
vgCaiDa) \Dp

Em—<1

The value of n depends on the mass transfer
model chosen. In the current case where a boundary
layer flow is present, the value of n is 1/3.

Approximate reaction rate constants of the investi-
gated reactions are taken from the literature [38—40]
and Ha number and E., are estimated and given in
Table 4:

(19)

A. Hasanoglu et al. | Desalination and Water Treatment 51 (2013) 5649-5663

Table 4
Parameters for Hatta estimations

System kg, Lmol™'s™! E.  Ha number
NH;-H,S0, solution  1.14 x 108 9 26.1
HCN-KOH solution 3.70 x 10° 58 103.1
SO,-NaOH solution  2.89 x 10® 93 136

The rate of a reaction can be determined from the
value of the Hatta number. When Ha>2, the reaction
is considered to be fast, while if Ha >> E., the reac-
tion is instantaneous indicating that the mass transfer
coefficient may be increased significantly by the
presence of the reaction [36,37]. For all three cases of
reaction systems, the condition of Ha >> E, is satis-
fied and accordingly, the absorption regime over the
entire fiber can be assumed as instantaneous reaction
regime. Thus, it can be concluded that the kinetic
regime of the analyzed reactions is instantaneous and,
therefore, resistance of the reactive solution boundary
layer to mass transfer can be neglected indicating that
interfacial reaction does not dominate the solute
transfer.

In case of an instantaneous reaction with an excess
amount of reactant in the receiving solution, it is theo-
retically possible to remove the entire undesired vola-
tile compound in the feed since the vapor pressure of
the species in the receiving side could be essentially
zero and consequently, the driving force would have
the maximum value. Under this configuration, the
magnitude of the concentration gradient across the
membrane is controlled by Henry’s law coefficient of
the species that diffuses through the membrane. The
balance of distribution of a compound between a
liquid and a gas phase depends on the affinities of the
substance for both phases as well as on the factors
such as concentration, temperature, pH, reactivity,
and solubility where this process is characterized by
the Henry’s law coefficient of the compound. The con-
centration gradient across the membrane will increase
with the increase of vapor pressure of the volatile
compound in the feed solution to be treated, which is
strongly dominated by Henry’s law coefficient.

The effect of the chemical kinetic in the receiving
phase from volatile to non-volatile species does not
seem to be significant in the studied cases, since
receiving phases were not diluted and its solute repre-
sented the excess reactants. It could be possible to
observe the effect of the chemical kinetic, if the con-
centration of the receiving solution were lower in
terms of stoichiometry with the feed solution, but this
was not found in the literature for any of the studied
systems.
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5. Conclusions

A membrane-based methodology of the so-called
gas-filled membrane absorption has been described by
analyzing three applications of this process with a
common approach. The described process is based on
coupled physical and chemical phenomena that can
allow practically the total extraction of a specific
compound in the feed with the use of a reactive strip
solution. High extraction percentages can be achieved
even at very low concentrations in the feed. This
result may be very advantageous for some specific
applications of wastewater treatments, food applica-
tions or design of new, compact, and efficient opera-
tions to be applied in different fields.

Henry’s law coefficient of the species to be sepa-
rated is an important parameter of this process since
it controls the size of the concentration gradient across
the membrane. Furthermore, some of the volatile com-
pounds dissociate in aqueous solutions, and therefore,
they may be in presence in the form of various species
in aqueous solutions where the concentrations of this
species are dominated by pH. Thus, the balance of
distribution of a compound between a liquid and a
gas phase may also be characterized by the pH value
relative to its dissociation affinity. Therefore, the pH
value of the feed is found to have an important effect
on the mass transfer through the membrane for those
volatile compounds that are easily ionized.

Overall mass transfer coefficient is contributed by
both the feed side and the membrane mass transfer
coefficients, but in different quantities, substantially
by the feed side mass transfer coefficient. Therefore, it
can be concluded that the transport across the mem-
brane is mainly controlled by the feed side boundary
layer. The resistance from the strip side mass transfer
coefficient may be neglected taking into account the
chemical absorption in this phase. On the base of the
unified approach proposed in this study, the overall
mass transfer coefficient could be predicted using the
empirical correlations from literature. The proposed
approach considers a resistance-in-series model based
on a group of mass transport equations, which has
been applied to explain experimental data of HCN
removal reported by Xu and coworkers [11]. This
model has been proposed to predict the experimental
data of ammonia removal in a previous work [9] and
also applied to the sulfite removal for its quantifica-
tion by means of a similar membrane absorption pro-
cess. All the experimental data of the three analyzed
cases are in good agreement with its modeling results.
This modeling methodology could be used to extrapo-
late or to scale-up this type of systems. Furthermore,
the consistent behavior of the analyzed cases under
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the same configuration involving an instantaneous
reaction of the solute through a reactive receiving
solution indicates that this methodology could be pro-
posed for an efficient extraction, transformation or
quantification of many volatile compounds or dis-
solved gasses from aqueous streams.

The use of gas-filled membrane absorption to
remove the volatile compounds/dissolved gases by
means of a reactive stripping solution offers several
advantages over conventional methods: no secondary
pollutants are produced, by-product can be generated
and recovered, the operation cost is low, fast separa-
tion and high extraction percentages can be achieved.
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Nomenclature

As — membrane area of the feed side (m?

A — logarithmic mean of the membrane area
(m?)

c — concentration (mgL™")

e’ — solute concentration of the bulk solution
(molm™)

cs' — solute concentration on the interface of
the membrane (mol m )

cis,g — solute concentration in gas phase in
equilibrium with that in solution on the
interface (molm3)

Dig — molecular diffusion coefficient of the
species i in air (m®s™")

Diw — diffusion coefficient of the species i in
water (m?s™ 1)

d, — external diameter of the fiber (m)

Dy — dynamic diameter (m)

din — internal diameter of the fiber (m)

Din s — internal diameter of the shell (m)

Di,, — Knudsen diffusion coefficient (m?s™ 1)

d, — pore diameter of the membrane (cm)

H — Henry’s constant (Pa m®mol ™)

K — mass transfer coefficient in the feed side
(ms™")

K, — mass transfer coefficient in the
membrane pores (ms ™)

K, — overall mass transfer coefficient (ms~")

kr — reaction rate (L mol 's™?)

L — length of the fiber (m)

M — molecular weight of the compound

(gmol )



5662

M;, M, — molecular weight of i and gas (air)
(gmol ™)

Nr — number of fibers

P — pressure (Pa)

pi — partial pressure of specie i (Pa)

R — universal gas constant (Jmol 'K™")

Q — flow rate of the solution (mL min~")

u — velocity of the solution (ms™")

T — temperature in Kelvin (K)

Vi, Ve — molecular volumes of specie i and gas

(air), respectively (gcm °)

Greek symbols

0 — wall thickness of the membrane (m)
& — porosity

T — tortuosity

¢ — packing density

A — molecular mean free path length (m)
U — viscosity (kgm™'s™")

p — density (kg m )

Gig — collision diameter, A

Q; — collision integral, dimensionless
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