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A B S T R A C T

Gas filled membrane absorption process (GFMA), or hollow fiber gas membranes process (HFGM) can replace
two units operations (absorption and stripping) in a unique stage based on membrane contactors. But its ap-
plication at industrial scale is still emerging: only cases of ammonia removal and concentration have been
reported. This advantage has not been enough to scale it up to pilot prototypes for different applications,
probably because (i) experimental tests have been carried out with modules that do not exist at industrial scale,
and the selection of the mass transfer correlation for different purposes lacks rigour with respect to the original
conditions of the correlation, and (ii) industrial modules configurations focused only on gas absorption appli-
cations. The first problem limits the experimental results for scientific purposes only, making these results un-
reproducible for the design of a pilot or industrial plant. Furthermore, the selection of experimental modules has
generally been established to validate an application, limiting the search for an optimal performance. The high
quantity of mass transfer correlation also complicates the selection to design or scaling-up purposes. This work
includes then a review of the first problem, by conducting an evaluation of mass transfer performance of dif-
ferent membranes modules configuration proposed in literature. The aim is to identify the best experimental
configurations for a GFMA process that will lead a further scaling up. This evaluation was carried out using a
phenomenological model of GFMA process developed for an application of cyanide recovery in the gold mining
industry. The best performance was achieved in membranes modules having cross flow with center baffle and
fully baffled.

1. Introduction

1.1. Gas-filled membrane absorption process

The gas-filled membrane absorption process or gas membrane pro-
cess was developed in 1982 to remove ammonia and iodine and their
reabsorption, in sulfuric acid and caustic soda solutions, respectively
[1]. This study was expanded in 1985 to strip and absorb different
volatile compounds (H2S, SO2, NH3, Br2, I2) from aqueous solutions into
an absorbent solution [2]. In this process, a hydrophobic hollow fiber
membrane contactor (HFMC) is used to separate a feed solution con-
taining a volatile solute (stripping phase) from the receiving phase of
the absorption solution. The hydrophobic character of the membrane
avoids the penetration of aqueous solutions into the membrane pores,
filled with air. Thus, the solute transfer through the membrane is

achieved according to a sequence of steps, as presented in Fig. 1.
The GFMA process has been applied to extract or recover solutes of

interest, such as ammonia from wastewater [3–5] and SO2 from wine
[6,7]. Furthermore, the extraction of HCN from different wastewaters
has been developed to treat wastewaters [8–13] coupled with coagu-
lation and ion exchange processes. This last application has also been
adapted to recover cyanide in gold mining industry [14]. The results of
these applications have achieved efficiencies above 90%, using cy-
lindrical modules with parallel flow configuration. A particularity of
this application is the use of a reactive absorbent solution which
eliminates the resistance to mass transfer presented in step 5 of Fig. 1,
because a chemical reaction can be considered fast and performed in
the interface of absorbent solution. This result has been demonstrated
in a previous work using the Hatta method [14], when the resistance of
the absorbed phase is lower than 4% due to the high NaOH
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concentration (> 10%wt).

1.2. Phenomenological model of the GFMA process applied to cyanide
recovery

A phenomenological model was developed in previous work [14]
for the GFMA process to recover cyanide in gold mining. This model can
be used to evaluate the performance of the process and also, it can be
used for design purposes [15]. The feed solution to be fed into the gas-
filled membrane absorption system has to be acidic (pH< 7.0) in order
to maximize the content of cyanide as HCN(aq) in the feed solution. The
cyanide-metal complexes contained in the cyanide solution, such as
copper and zinc, are dissociated according to the following Eqs. (1)–(6),
which include the relationships to describe the chemical equilibrium:
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A mass balance for copper, cyanide and zinc can provide a re-
lationship between the concentration of total cyanide, copper, zinc and
pH [14]. These relationships are useful to estimate the concentration of
metal-cyanides species, as well as the concentration of HCN contained
in feed solution as a function of pH. Dissolved HCN is transferred
through the membrane pores from feed solution to the absorption
phase. This transfer can be described using a model based on a re-
sistances-in-series approach applied on the proximities of the mem-
brane [16]. Thus, the overall HCN transfer through the porous mem-
brane can be described by the following equation:

=N KA CΔHCN ml
HCN (7)

where NHCN is the flux of HCN transferred from the cyanidation solution
to the absorption phase, K is the overall mass transfer coefficient, A
represents the surface area available for mass transfer, and ΔCml

HCN is
the logarithmic mean driving force in the cyanidation solution phase
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CL
HCN* represents the pseudo-equilibrium concentration of HCN in

the cyanidation solution phase, which can be estimated by the fol-
lowing distribution equation:

=C C
y

m
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L

HCN
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In Eq. (9), CL is the total concentration of the liquid phase, and mHCN

is the partition constant (HHCN/P) in mol of HCN in the gas phase per
mol of HCN in the liquid phase, which represents the liquid feed-gas
equilibrium described by Henry's law for HCN. The overall mass
transfer coefficient can be represented as a global resistance, which
involves the contribution of individual mass transfer steps. Thus, the
overall mass transfer coefficient K can be estimated by means of a re-
sistances-in-series approach applied in the proximities of the membrane
according to Eq. (10):

= +
K k

d
m k d

1 1
L

in

HCN m ml (10)

where kL is the local mass transfer coefficient in the boundary layer of
the cyanide solution phase, and km is the local mass transfer coefficient
through the gas phase in the membrane pores. A third term on the right
side of Eq. (10) referred to the transfer resistance at the receiving phase
boundary layer, which can be neglected if the conversion of HCN in
cyanide in the receiving solution (Eq. (11)) is considered instantaneous
and complete.

+ → +HCN NaOH NaCN H O2 (11)

The correlation of mass transfer coefficient at the feed boundary
layer depends on the circulation configuration of the cyanide solution
in the membrane contactor. In this system, the cyanide solution circu-
lates through the shell side in order to maximize the local and overall
mass transfer coefficients [4], increasing the transfer area and im-
proving the hydraulic conditions. Therefore, the mass transfer coeffi-
cient of the liquid feed boundary layer is estimated using the Basu
model [17,18], as shown in Eq. (12).

= −Sh ϕ d
L

Re Sc17.4(1 ) e 0.6 0.33
(12)

In Eq. (12), de is the equivalent diameter (4 * [cross-sectional area of
flow]/[wetted perimeter]), L is the length of the membrane contactor,
and ϕ is the packing fraction. This correlation was selected for parallel
flow configuration according to the module used in the experimental
work [14].

Inside the membrane pores, the local mass transfer coefficient for
the retained air phase can be described by molecular diffusion.

= −k D ε
τem

HCN air
(13)

In Eq. (13), DHCN-air is the diffusion coefficient of HCN in the air, ε
represents the porosity of the fibers, τ is the tortuosity of the fibers and e
is the fibers thickness.

1.3. Mass transfer correlations for HFMC

Despite the improvement achieved in this regard, the correct use of
the mass transfer correlations is a multi-parametric definition, gen-
erating until now an issue for designing and scaling up a membrane
contactor process. In this respect, it should be pointed out that the most
used mass transfer correlation for lumen side has been developed by
Yang and Cussler [19], as shown in the following equation.

Fig. 1. Scheme of the gas filled membrane absorption process, which shows two gas-
liquid interfaces at the pore entrances.
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= ⎛
⎝

⎞
⎠

Sh d
L

ReSc1.64 in
0.33

(14)

Where din is the internal diameter of the fiber. However, for shell side,
there are several mass transfer correlations developed in the literature,
which can be seen in Table 1, according to the published year. This
Table includes the information reported about modules configuration
and the range of feed flow treated, Reynolds number and packing
fraction. The considerable quantity of correlations developed for hollow
fiber contactors applications (gas absorption or solvent extraction) can
be an issue for purposes of designing, modeling, and analysis of the
performance of the GFMA process. For this reason, Table 2 shows a
classification of mass transfer correlations for the shell side according to
the module configuration. This table includes cylindrical modules
having parallel flow, cross flow, cross flow with center baffle (LiquiCel
Extra-Flow configuration), rectangular modules, fully baffled modules,
and fabric modules, each one related to its mass transfer correlation
obtained in the specific work cited. This classification is a useful
methodology to select the mass transfer correlation adjusted to an ap-
plication. According to our previous work, around 99% of the mass
transfer resistance in the GFMA process applied to recover cyanide
belongs to the aqueous phase circulating in the shell side [14]. For the
above reason, it is relevant to define the correct mass transfer corre-
lation on the shell side and the impact on the performance results of
GFMA process.

A recent work proposes an interesting module configuration with a
new fiber arrangement [20]. Nevertheless, the characterization of a
mass transport on the shell side through a correlation of the transfer
coefficient was not reported.

In this framework, the aim of this work is the performance assess-
ment of the GFMA process, in a cyanide recovery operation, using
different membrane modules configuration in order to establish the best
HFMC to use at pilot or industrial scale. Furthermore, a critical eva-
luation of the different mass transfer correlations for the typical mod-
ules used at laboratory scale (cylindrical with parallel flow) is carried
out to demonstrate the high variability of the results obtained for each
one and the relevance of the based-conditions for each correlation.

2. Methodology

2.1. Re-validation of the mass transfer correlation on the shell side

The phenomenological model of the GFMA process to recover cya-
nide, developed in a previous work [14], defined the Basu correlation
[17] for the mass transfer on the shell side. In this part, a comparison of
mass transfer coefficients obtained by each mass transfer correlation
has been carried out on the shell side for cylindrical modules with
parallel flow. For this purpose, the simulated operational conditions
were the same as those used in the previous work [14], where an ex-
perimental cylindrical module with parallel flow was used. Table 3
shows these experimental conditions, which were used to validate the
phenomenological model in the previous work and re-validate the mass
transfer correlation on the shell side for a cylindrical module with
parallel flow for this work, as reported in Table 3. Thus, the overall
mass transfer coefficient was estimated using Eqs. (10), (12) and (13),
changing the Eq. (12) according to the mass transfer correlation used
from Table 2 for cylindrical modules with parallel flow. In this way,
three mass transfer correlations with the best adjustment with respect
to the overall mass transfer coefficient were selected from previous
work. They were also tested in the phenomenological model with the
goal of comparing the cyanide recovery results with the experimental
results previously reported in literature [14].

2.2. Performance assessment of different membrane configurations

Table 2 shows 8 different modules configurations with respect to theTa
bl
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Table 2
Classification of mass transfer correlations of the shell side according to the module configuration.

Correlation Correlation Configuration Refs.

Yang and Cussler [19]
= ( )Sh Re Sc   1.25 de

L

0.93 0.33 Cylindrical module, parallel flow, no baffles
Fluid # 2

out

Fluid # 1
in

Fluid # 1
out

Fluid # 2
in

Hollow fiber membranes

[19]

Dahuron and Cussler
[25]

= ( )Sh Re Sc   8.8 de
L

0.33 [25]

Prasad and Sirkar [26] = ⎡
⎣

⎤
⎦

Sh Re Sc  β ϕde(1- )
L

0.6 0.33 [26]

β = 6.1 for hydrophilic membranes
β = 5.8 for hydrophobic membranes

Basu et al. [17] = ⎡
⎣

⎤
⎦

Sh Re Sc 17.4 ϕde(1- )
L

0.6 1/3 [17,18]

Wickramasinghe et al.
[28]

=Sh   0.019Gr1.0 [28]

Costello et al. [29] =Sh ϕ Re Sc  (0.53–0.58 ) 0.53 0.33 [29]

Viegas et al. [37] = ( )Sh Re Sc   8.71 0.74 1/3 de
L

[37]

Bao et al. [59]
= + ( ) ( )Sh ϕ Re Sc1.38(-0.07 2.35 ) ϕ

ϕ
1- 1/3 2R

L

1/3 1/3 1/3
[59]

Gawronski and
Wrzesinska [30]

=Sh ϕ Re Sc   0.09(1 - ) ϕ(0.8-0.16 ) 0.33 [30]

Wu and Chen [31] = +Sh φ φ Re Sc  (0.3045 - 0.3421  0.0015)2 0.9 0.33 [31]

Lipnizki and Field [27] = + +Sh Sh Sh Sh( )1
3

2
3

3
3 1/3 [27]

= +Sh ε3.66 1.2( 1- )1
-0.8

= +Sh ε1.615(1 0.14( 1- ) )2
-0.5 Re Scde

L

=
+ ( )( )Sh

Sc3
2

1 22 

1/6 Re Scde
L

1/2

Zheng et al. [38] = +Sh ϕ  (0.163  0.27 )Gz0.6 [38]

Koo and Sangani [22]
= ⎡

⎣⎢
⎤
⎦⎥

( )Sh Re Sc11.7 ϕ ϕ
ϕ

1-
L

2(1- ) 0.66
0.66 0.33

0.78 [22]

Zheng et al. [32] = +Sh Gz
ϕ ϕ

ϕ1
(0.86-0.3 0) 0

(0.3 0 0.14) [32]

Kartohardjono et al.
[33]

=Sh Re Sc   A 0.7 0.33 [33]

= +
=

φ φ φ
Sh φ Re Sc
A (0.1666 - 0.7978  1.7382 - 1.3701 )

   0.1789

2 3

-0.86 0.34 0.33

Asimakopoulou and
Karabelas [34] = ⎡⎣ ⎤⎦

Sh ϕ ϕ   1.89β ( )(1- ) Re Scz
1/3 dout

L

1/3 [34]

Random array: = +ϕ ϕβ ( )  0.42  0.90z
Hexagonal array: = +ϕ ϕβ ( )  0.51  1.44z

Asimakopoulou and
Karabelas [35]

= ⎡⎣ ⎤⎦
Sh   1.45 Re Scdout

L

0.33 [35]

Thanedgunbaworn et al.
[36]

= +Sh ϕ ϕ  (-0.4575 0.3993 -0.0475)2 [36]

× +Re Scϕ ϕ(4.0108 2- 4.4296  1.5585) 0.33

Zhang et al. [24]a = +Sh Re Sc  (0.17ε 0.36) 0.82 0.33 [24]

Takeushi et al. [23]
= ( ) ( )Sh Re Sc   0.85 ds

dout

0.45 de
L

1/4 1/3 1/3, laminar flow
Applied with one fiber only. [23]

= ( )Sh Re Sc   0.017 ds
dout

0.57
0.8 1/3, turbulent flow

Yang-Cussler,
Rectangular

=Sh   0.24 [19]

(continued on next page)
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Table 2 (continued)

Correlation Correlation Configuration Refs.

Yang-Cussler, Cross
Flow 72 fibers

=Sh Re Sc   0.90 0.40 0.33 Rectangular modules, cross flow

Fluid # 2
in

Fluid # 2
out

Fluid # 1
in

Fluid # 1
out

[19]

Yang-Cussler, Cross
Flow, 750 fibers

=Sh Re Sc   1.38 0.34 0.33

Wickramasinghe,
handmade parallel

=Sh Re Sc   0.49 0.53 0.33 Cylindrical handmade module, parallel flow

Fluid # 2
out

Fluid # 2
in

Plug

Fluid # 1
in

Fluid # 1
in

Filtercore
Fluid # 1

out

Fluid # 1
out

[21]

Wickramasinghe,
handmade parallel
baffled

=Sh Re Sc   0.82 0.49 0.33 Cylindrical handmade module, parallel flow, with baffles

Fluid # 2
out

Fluid # 2
in

Fluid # 1
in

Fluid # 1
in

Fluid # 1
out

Fluid # 1
outO-rings

Plug

[21]

Wickramasinghe,
handmade
rectangular

=Sh Re Sc   0.80 0.46 0.33 Rectangular handmade module, cross flow

Fluid # 2
outFluid # 2

in

Fluid # 1
in

Fluid # 1
out

[21]

(continued on next page)

H. Estay et al. Journal of Membrane Science 554 (2018) 140–155

146



Table 2 (continued)

Correlation Correlation Configuration Refs.

Wickramasinghe, Cross
Flow ‘92

=Sh Re Sc   0.15 0.8 0.33, Re>2.5

(A) Flow across a helically wound bundle. 

Fluid # 1
in

Fluid # 1
out

Fluid # 2
in Fluid # 2

out

[28]

=Sh Re Sc   0.12 0.8 0.33, Re<2.5

(B) Flow across a cylindrical bundle.

Fluid # 1
in

Fluid # 1
out

Fluid # 2
in

Fluid # 2
out

(C) Flow across a rectangular bundle.  

Fluid # 2
out

Fluid # 1
in

Fluid # 2
in

Fluid # 1
out

Wang-Cussler, Cross
Flow

=Sh Re Sc   0.18 0.86 0.33 Rectangular module, cross fow, with baffles

Fluid # 2
in

Fluid # 2
out

Fluid # 1
in

Fluid # 1
out

[48]

(continued on next page)

H. Estay et al. Journal of Membrane Science 554 (2018) 140–155

147



conventional cylindrical modules with parallel flow and no baffles
(experimental module), namely: (i) cylindrical module with parallel
flow and fully baffled; (ii) rectangular module with parallel flow and no
baffles; (iii) cylindrical module with cross flow; (iv) rectangular module
with cross flow and no baffles; (v) rectangular module with cross flow
and baffles; (vi) cylindrical handmade module with parallel flow; (vii)
rectangular handmade module with cross flow; and (viii) cylindrical
module with cross flow and center baffle (LiquiCel module). Table 4

summarizes the characteristics of the different modules simulated, al-
though the information regarding the three handmade modules devel-
oped by Wickramasinghe and collaborators (1993) [21] was not en-
ough to use it in the phenomenological model. Simulations were
performed using the same feed flows and operational conditions tested
in the experimental work (Table 3), despite the capacities reported for
different modules. This assumption will be discussed in the results
section. Also, the mass transfer correlations included in the

Table 2 (continued)

Correlation Correlation Configuration Refs.

Wang-Cussler, Fully
Baffled

=Sh Re Sc   0.46 0.46 0.33

Fluid # 2
out

Fluid # 1
in

Fluid # 1
out

Fluid # 2
in

Cylindrical module, parallel flow, fully baffles [48]

Bhaumik et al., Cross
flow

=Sh Re Sc   0.57 0.31 1/3 Cyllindrical module, cross flow with fibers bundle wrapped around a 
central feeder tube

Fluid # 1
in

Fluid # 2
in

Fluid # 2
out

Hollow fiber
membrane

Distribution
tube

Fluid # 2
out

Fluid # 1
out

[50]

Feron, Cross Flow =Sh Re Sc   0.9 0.5 0.33

Inlet

Outlet
Inlet

Outlet

Rectangular module, cross flow [49]

Schoner, LiquiCel 2.5 ×
8

=Sh Re Sc   1.76 0.82 0.33 Cylindrical module, cross flow with center baffle (LiquiCel module)

Fluid # 1
in

Fluid # 1
out

Fluid # 2
out

Fluid # 2
in

Baffle

Hollow fiber
membrane

Distribution
tube

Collection
tube

[51]

Baudot, LiquiCel 2.5 ×
8

=Sh Re Sc   0.56 0.62 0.33 [52]

Zheng, LiquiCel 2.5 × 8 =Sh Re Sc   2.15 0.42 0.33 [53]
Fouad, LiquiCel 2.5 × 8 =Sh Re Sc   6.8695 0.33344 0.33 [54]
Shen, LiquiCel 2.5 × 8 =Sh Re Sc   0.055 0.72 0.33 [55]
Sengupta, LiquiCel =k QL

πfx L b
b

rb
Λ

( )
1 [56]

= ⎡
⎣

⎤
⎦−

−
−DΛ a

dout
b

ρL
μL

b c

L
c

(1 )

( )
(1 )

a This correlation was estimated from an experimental flat sheet module tobe applied in cylindrical modules.
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phenomenological model for each module responded to the specific
correlation determined by the author who proposed the module con-
figuration (Table 2).

This part involves the analysis of different correlations to estimate
the mass transfer coefficient on the shell side of LiquiCel modules.

2.3. Statistical analysis

Data obtained as described in the Sections 2.1 and 2.2 were eval-
uated and compared using a statistical method. The agreement assess-
ment of the model was carried out by using the root mean square error
(RMSE) and the mean absolute error (MAE). Moreover, an ANOVA
regression analysis (α=0.05) was performed in order to evaluate the
degree of fitting for each model. On the other hand, a model validation
routine was carried out, for each model, using residual analysis.
Adapted Kolmogorov–Smirnov and Shapiro-Wilk tests were used for
this purpose, this means, corroborating that the associated residual has
a normal distribution at a 95% of a confidential level.

3. Results and discussion

3.1. Re-validation of the mass transfer correlation on the shell side

The overall mass transfer coefficient was estimated using each mass
transfer correlation on the shell side for cylindrical module with par-
allel flow, as reported in Table 2. Fig. 2 shows the values of the overall
mass transfer coefficient in a wide range: between 10−5 and 10−7 m/s,
estimated from different mass transfer correlations, demonstrating the
high variability of mass transfer coefficient values obtained from those.
Also, Fig. 2 does not show the results from correlations of Koo and
Sangani [22], Takeushi et al. [23], and Zhang et al. [24], because they
are out of scale in the graph. The estimating values of the overall mass
transfer coefficient are higher than 10−4 m/s to the operational con-
ditions simulated, having a difference between one and three orders of
magnitude with respect to the rest of mass transfer correlations shown
in Table 2. The common factor between these three correlations was the
methodology used to determine them. Koo and Sangani [22] obtained a
correlation using a theoretical method for laminar flow, which over-
estimates the mass transfer coefficient value due to the packing fraction
dependence included in the equation. Hence, Sh numbers were ob-
tained with two orders of magnitude higher than these correlations.
Takeushi and collaborators [23] determined a correlation based on a
single-fiber module, therefore the hydrodynamic module on the shell
side is different in relation to the packed-fiber modules. This correlation
also overestimates the mass transfer coefficient, because of the higher
value of the ds/dout ratio. Finally, Zhang et al. [24] carried out a study

in a flat sheet module, obtaining an experimental correlation that de-
pends on the porosity of the fibers.

There are several mass transfer correlations evaluated in this study,
providing different results than those obtained from the mass transfer
coefficient estimated in the previous one. Yet, the main reason for the
worst adjustment for these mass transfer correlations is the difference
between the operational conditions assessed by these works in relation
to the previous study [14]. In this framework, some correlations were
obtained using packing fractions lower than those used for the GFMA
process, such as Yang and Cussler (ϕ =0.03–0.26) [19], Dahuron and
Cussler (ϕ =0.15) [25], and Prasad and Sirkar (ϕ =0.04–0.4) [26].
The effect and importance of the packing fraction on the mass transfer
coefficient value of the shell side have been studied and discussed by
different authors, saying for example, that “considerable room for by-
passing and channeling” is caused when packing fraction is lower than
0.2 [17,19,27]. Thus, the shell-side mass transfer behavior will vary
widely from module to module, so there will be much less of an extent
of channeling in a densely packed module, resulting in a much higher
transfer coefficient. On the other hand, there are studies which report
tests using high values of packing fraction, such as Wickramasinghe
et al. (ϕ =0.7) [28], Costello et al. (ϕ =0.32–0.76) [29], and Ga-
wronski and Wrzesinska (ϕ =0.35–0.79) [30]. These correlations do
not fit with the mass transfer coefficient values from the previous work,
even demonstrating worse results when packing fraction had increased
in a range between 0.3 and 0.76 [29]. Therefore, the high packing
fraction can promote dead zones due to touching fibers, reducing the
available membrane area for mass transfer.

Another relevant parameter capable of affecting the mass transfer
coefficient is the Sc number. Some studies [19] have been performed by
flowing the gas phase through the shell side. They have determined a Sc
value one or two magnitude orders lower than the Sc number assessed
in the GFMA process when an aqueous solution is circulating for cy-
lindrical modules with parallel flow. In this case, the results obtained
from the correlation by Yang and Cussler [19], applied for the GFMA
process, can be explained by the Sc value observed on the shell side.

Certainly, the packing fraction of the module and the physical
properties of the phase circulating in the shell side (related to the Sc
number) seem relevant parameters that determine the performance of
the GFMA process, although the Re number value on the shell side is
determinant in the mass transfer coefficient.

The operational conditions (Re values between 4 and 17) de-
termined by previous studies -which determined the correlations in
Fig. 2 – explain the differences in the overall mass transfer values es-
timated in Fig. 2. There are mass transfer correlations obtained for high
values of Re number (30–1300 [31]; 10–3200 [27]; 70–1200 [32];
100–7000 [33]), slightly high values of Re number (10–80 [34]; 20–45
[35]; 10–143 [36]) and Re values lower than those tested in the pre-
vious work (< 3 [30]).

Thus, the estimation of the overall mass transfer coefficient shown
in Fig. 2 indicates a better agreement with respect to the values ob-
tained in the previous work [14] for the correlations by Basu et al. [17],
Viegas et al. [37], and Zheng et al. [38]. These three correlations were
obtained for packing fractions values similar to the experimental
module (ϕ =0.37), and circulating a liquid phase in the shell side,
organic [17,37] or aqueous [38], which implies that there were around
700 Sc numbers (the experimental Sc number was of 747). However,
the Re numbers on the shell side reported by these authors are different
compared with the Re numbers used in the experimental tests per-
formed in previous studies (Re =4–17) [14]. Here, Viegas et al. [37]
carried out their work in a range of Re numbers of 0.16–7.3, increasing
the difference in the overall mass transfer coefficient estimated for high
flows, and Zheng et al. [38] used Re numbers between 170 and 1200
approximately. These results indicate that the packing fraction and the
Sc number largely affect the mass transfer coefficient. However, there
are several mass transfer correlations which differ only in the Re
number used [27,31–36]. Regardless of the difference between these

Table 3
Operational conditions and membrane contactor parameters used in the previous work
[14].

Description Value Unit

Feed tank volume 0.5 L
Absorption tank volume 0.5 L
Feed cyanide solution flow 0.5; 1.0; 2.0 Lmin−1

Feed-Absorption flow ratio 1 L L−1

pH of cyanide solution 5 –
Total cyanide concentration ~ 2000 mg L−1

Copper concentration 100 mg L−1

Zinc concentration 500 mg L−1

Temperature 15 °C
Membrane material polypropylene –
Number of fibers 7400 –
Surface contact area 0.58 m2

Fiber outside diameter 330 µm
Fiber inside diameter 220 µm
Shell inside diameter 0.043 m
Membrane contactor length 0.12 m
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mass transfer correlations is less than one order of magnitude, a dif-
ference for an estimation of the mass transfer coefficient value is ex-
pected, which might trigger a huge difference for purposes of design
and performance assessment. Therefore, the selection and use of mass
transfer correlations for design purposes has to take into account the
type of module used, the phase of the fluid circulating in both sides of
the membrane (lumen and shell), the valid ranges for packing fraction,
and Re numbers in order to delimit the wide range of results by the
different mass transfer correlations. Also, it is highly recommended to
analyze a set of “candidate” correlations and compare it with experi-
mental results or modeling predictions, as well as a model validation by
residuals analysis. It is also relevant to mention that the choice of mass
transfer correlations for studies running under specific operational
conditions is the fair selection of mass transfer correlation. This means
to consider an adequate method for supporting the use of correlations,
in order to avoid poorly fitted or over fitted models [39–45].

The three mass transfer correlations that estimate values of mass
transfer coefficients closer to the estimated ones in the previous studies
have been selected to test the phenomenological model in order to fit
with the experimental results. These results are shown in Figs. 3–5 for
different evaluated feed flows.

Table 5 shows a comparison of the experimental cyanide recovery in
relation to the calculated recovery obtained for each model. Further-
more, the statistical degree of fitting for the selected models is shown in
Table 5. Model selection can be performed on the base of highest R-
squared and F-ratio, and the minimum RSME and MAE, respectively.
However, it should be considered that the model must be validated in
terms of residual analysis, because the parameters already mentioned
measure the fraction of the total variability in the cyanide recovery that
is accounted by the model only [46]. In this case, according to the data
shown in Table 5, the selected models showed an R-squared higher than
97.2418%, higher values of F-ratio, and lower values of RMSE and MAE
for all the velocities tested. In the residuals analysis the random be-
havior of the residual needs to be checked, which is an indication that
the model does not present autocorrelation [47]. The analysis then

shows a normal distribution of the residuals with p-values higher than
0.05 (Modified Kolmogorov-Smirnov and Shapiro-Wilks) for all the
velocities studied. Despite the fact all the models have shown higher
goodness-of-fit, some differences were appreciated among them. In
particular, the model reported by Basu et al. [17] was the only one
which correlates better the data for a velocity of 2.0 L/min. On the
other hand, for a velocity of 1.0 L/min, the model showing the best
goodness-of-fit was the one reported by Zheng et al. [38]. In the case of
data at 0.5 L/min, the model reported by Viegas et al. [37] was the
model showing the best goodness-of-fit.

3.2. Performance assessment of different membrane configurations

The phenomenological model developed previously [14] has been
modified according to the hollow fiber membrane contactor used, as

Fig. 2. Results of overall mass transfer coefficient for each mass transfer correlation of the shell side in cylindrical modules with parallel flow.

Fig. 3. Results of cyanide recovery using different mass transfer correlations performed
by the phenomenological model of the GFMA process and the previous experimental work
[14], for a feed flow of 0.5 L/min.
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shown in Tables 2 and 4. Simulation results of cyanide recovery are
shown in Figs. 6–8, with feed flows ranging from 0.5 to 2.0 L/min. For
each flow simulated, the LiquiCel 2.5× 8 module obtained the best
cyanide recoveries. Instead, the rectangular configurations of Yang and
Cussler [19], with parallel and cross flow (72 fibers), presented the
worst results. Also, the modules with cross flow from Wang and
Cussler [48], Yang and Cussler (750 fibers) [19], and Feron [49] had
lower cyanide recovery results, but closer to the LiquiCel module.
Furthermore, the fully baffled module from Wang and Cussler [48], the
rectangular module with cross flow from Wickramasinghe et al. [28],
and the cylindrical module with cross flow from Bhaumik et al. [50],

achieved cyanide recoveries slightly higher than the experimental re-
sults from the cylindrical module with parallel flow. In general, the
results show similar tendencies for each module with respect to the feed
flow variations, except for the cross flow modules from Feron [49] and
Wang and Cussler [48], which increased faster than the other modules
when feed flow increased as well. However, when mass transfer coef-
ficients values were reviewed (Table 4), it was possible to assert that the
module with the best performance was the fully baffled module from
Wang and Cussler [48], reaching overall mass transfer coefficient va-
lues ranging from 0.66 to 1.25×10−4 m/s, despite its lower cyanide

Fig. 4. Results of cyanide recovery using different mass transfer correlations performed
by the phenomenological model of the GFMA process and the previous experimental work
[14], for a feed flow of 1.0 L/min.

Fig. 5. Results of cyanide recovery using different mass transfer correlations performed
by the phenomenological model of the GFMA process and the previous experimental work
[14], for a feed flow of 2.0 L/min.

Table 5
Statistical analysis of the degree of fitting on the rejection for the studied models.

Correlation Experimental condition (feed flow, L/min) MAE RMSE R-squareda F-ratio MK-S test S-W test

Basu et al. [17] 0.5 2.47629 3,960343 99.1613 710.36 ≥ 0.10 0.362586
1 4.48357 5,356305 97.2418 247.79 ≥ 0.10 0.643787
2 1.43209 4,921311 99.7358 1510.84 ≥ 0.10 0.335832

Viegas et al. [37] 0.5 2.23645 3,330165 99.3055 858.90 ≥ 0.10 0.593595
1 3.9029 4,132849 97.8259 315.98 ≥ 0.10 0.64048
2 1.53929 7,119846 99.5897 971.99 ≥ 0.10 0.618985

Zheng et al. [38] 0.5 4.17598 8,664703 97.6096 246.00 ≥ 0.10 0.236759
1 2.6716 3,452896 98.7869 571.02 ≥ 0.10 0.627239
2 1.9444 7,936556 99.3646 626.50 ≥ 0.10 0.431452

a Adjusted to degree of freedom.

Fig. 6. Results of cyanide recovery of mass transfer correlations from different modules
configurations (Table 4) used by the phenomenological model of the GFMA process, for
feed flow of 0.5 L/min.

Fig. 7. Results of cyanide recovery of mass transfer correlations from different modules
configurations (Table 4) used by the phenomenological model of the GFMA process, for
feed flow of 1.0 L/min.
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recovery results than others configurations. This result is explained by
the mass transfer area available in this module: only 0.0639m2, the
lowest of all modules. On the other hand, the worst module perfor-
mance was obtained by the rectangular module with parallel flow from
Yang and Cussler [19] and the cross flow modules from the results
reported by Wickramasinghe and collaborators [28], reaching mass
transfer coefficients values lower than 3.0× 10−6 m/s. The other
configurations had mass transfer coefficients values ranging from 1.79
to 9.9× 10−5 m/s, where the modules of LiquiCel and cross flow used
by Wang and Cussler [48] presented a higher effect of the flow rate on
the mass transfer coefficient in the shell side. This fact is highly im-
portant for modules where the reported capacity is higher than the feed
flow simulated. E.g., the LiquiCel module can process up to 11.7 L/min,
and the maximum simulated feed flow was 2.0 L/min. Therefore, the
flow velocity in the shell side could be much greater, increasing the
overall mass transfer coefficient (3.13× 10−4 m/s, according to a si-
mulation for this feed flow) over the values of the other modules re-
ported in Table 4. Hence, the cross flow with center baffle module from
LiquiCel can achieve the best performance with respect to the others
modules configuration, operating at the maximum tolerable feed flow.
However, the increase in the pressure drop must be taken into account
when the module is operated at maximum tolerable feed flow condition
(0.1 bar for the LiquiCel 2.5× 8 module at maximum feed flow [51]).
With this in mind, the mass transfer coefficient values of the fully
baffled module from Wang and Cussler [48] obtained in the simulations
could be overestimated, due to the high velocity reached in the shell
side promoted by a feed flow higher than the tolerable capacity of the
module. Unfortunately, the capacity of this module was not reported by
the authors, although the experimental conditions were adjusted to get
Re values from 1 to 100. Thus, the maximum tolerable feed flow is
estimated for the maximum Re number, given a result close to 1.7 L/
min. Yet, the value of the overall mass transfer coefficient was
1.1×10−4 m/s under this condition. Even though this value is lower
than the one obtained for the maximum flow of LiquiCel module, when
a comparison at the same feed flow is performed, the fully baffled
module does achieve better performance. Nevertheless, the maximum
pressure drop reached by the fully baffled module at the maximum feed
flow has not been reported. This information is critical to select a
module for scaling up or for industrial application purposes. In this
regard, the rectangular module with cross flow by Feron [49] obtained
good cyanide recovery results, although the tolerable reported feed
flows are significantly lower than the simulated feed flows, so that the
pressure drop expected in this module could be very high. On the other
hand, the simulated feed flows for the rectangular module with cross
flow from Wickramasinghe and collaborators [28] are lower than the
capacity reported by the authors. A simulation of the maximum flow for

this module reached an overall mass transfer coefficient value equal to
1.6×10−5 m/s, which is lower than the fully baffled and LiquiCel
modules. Furthermore, the results simulated for feed flows of 0.5 and
1.0 L/min in the LiquiCel modules must be validated with further ex-
perimental work, due to the possible “dead zones” generated at low
feed flows. The occurrence of “dead zones” can decrease the mass
transfer coefficient, affecting the performance of the process. The
phenomenological model does not include this phenomenon, so the
results obtained confirm the good performance achieved by the Extra-
Flow modules from LiquiCel. Here, the center baffle promotes a cross
flow which increases the turbulence in the shell side, although the fully
baffled module designed by Wang and Cussler [48] presents interesting
performance results for a GFMA process application. However, there
are no reports of the pressure drop data for these types of modules, and
its industrial fabrication is not available (different types of modules
having higher capacities). Further studies, or directly an industrial
fabrication, could be interesting to expand the offer of hollow fiber
membrane contactors for GFMA application, particularly for mining
industry, where the required capacities could be highly greater than
other industrial fields. On the other hand, the current LiquiCel Extra-
Flow modules, having the cross flow with center baffle, offered capa-
cities for scientific and industrial purposes only over 1.7 L/min. This
fact limited the use of minor flows, especially in scientific development,
affecting the results needed for scaling up. This is relevant for scaling up
studies based on experimental work. E.g. our previous work [15],
where in order to actually evaluate and compare the GFMA process
with others cyanide recovery technologies, the experiment was per-
formed using a LiquiCel Extra-Flow module, and the plant design was
based on the Basu correlation (for parallel flow) [17,18]. This wrong
assumption underestimated the performance of the GFMA process.
Even if the results of this work were promising for the GFMA process
with respect to the others technologies, it could have been more con-
clusive in favor of GFMA.

On the other hand, the selection of the Schoner et al. [51] corre-
lation to simulate the LiquiCel module was based on the analysis of the
conditions tested by different authors [51–55]. Table 6 shows the va-
lues of the overall mass transfer coefficient obtained from the different
mass transfer correlations for the LiquiCel Extra-Flow module proposed.
The results of the three first correlations [51–53] were similar, mainly
due to the similar experimental conditions used (liquid phase circu-
lating in the shell side, feed flows and Re). Hence, the use of any of
these correlations in the simulations performed here would maintain
the results obtained. However, the Fouad correlation [54] over-
estimates the overall mass transfer coefficient due to the Re conditions
on the shell side were very low (< 0.1) with respect to the simulated
conditions in this work. Finally, the mass transfer correlation from Shen
et al. [55] underestimates the value of the overall mass transfer coef-
ficient. Probably because of this correlation, there was an average
equation obtained from an analysis of different experimental results,
including results from their work (solvent extraction), and gas-liquid
extraction systems [56,57]. A semi-empirical correlation for baffled
cross-flow modules (LiquiCel modules) was proposed by Sengupta et al.
[56] to gas-liquid extraction system, Table 6 where nitrogen gas flowed
by lumen side and water circulated on the shell side. Even though, this
correlation could be used to estimate mass transfer coefficients of

Fig. 8. Results of cyanide recovery of mass transfer correlations from different modules
configurations (Table 4) used by the phenomenological model of the GFMA process, for
feed flow of 2.0 L/min.

Table 6
Comparison of overall mass transfer coefficients results from the different mass transfer
correlations of the shell side for LiquiCel module, estimated for a feed flow of 2.0 L/min.

Correlation K, m/s Experimental system

Schoner et al. [51] 7.36 × 10−5 Solvent extraction
Baudot et al. [52] 2.0 × 10−5 Solvent extraction
Zheng et al. [53] 6.70 × 10−5 Gas absorption
Fouad et al. [54] 2.02 × 10−4 Solvent extraction
Shen et al. [55] 2.10 × 10−6 Different systems
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baffled cross-flow modules, some empirical parameters required for an
estimation have not been reported by the authors (e.g., parameters a
and c of the correlation 20 listed in Table 1). Furthermore, the results
obtained in the Sengupta study cannot be extrapolated to the cyanide
recovery in the GFMA process, due to the operational conditions
(Table 1) and extracted compound (oxygen) differ.

4. Conclusions

A performance assessment of different HFMC and mass transfer
correlations has been developed for GFMA process to recover cyanide,
using a phenomenological model proposed in a previous work. This
analysis has demonstrated the relevance of the operational parameters
(Re) and module characteristics (type, packing fraction) to select the
correct mass transfer correlation between the extensive correlations
proposed in the literature. In this context, the correlations by Basu et al.
[17,18] and Viegas et al. [37] have the best adjustment with respect to
the experimental work for the GFMA process. However, the membrane
module assessed in that experimental work was the cylindrical module
with parallel flow: a module configuration with no replica for higher
capacities for pilot or industrial plants purposes. Furthermore, this type
of module presents the worst performance results in terms of the cross
flow or fully baffled modules. These issues limit the scaling up and
design process for a new application of the GFMA process. This study
has compared different modules configurations and their mass transfer
correlations proposed in the literature, in order to establish the best
configuration modules with perspectives towards the application for
design and scaling up. The LiquiCel ExtraFlow module and the fully
baffled module proposed by Wang and Cussler have the best perfor-
mance regarding mass transfer efficiency. Nevertheless, the LiquiCel
ExtraFlow modules have no replicas for capacities below 1.7 L/min,
limiting experimental or scientific studies for new applications and its
further scaling up studies. This limitation can be overcome by devel-
oping a new ExtraFlow module for 0.2–1.7 L/min of capacity. On the
other hand, the fully baffled module has been developed only for sci-
entific studies with no replicas with high capacity. Likewise, the pres-
sure drop reached in this module has not been reported. A further de-
velopment of this module focusing on these topics could promote an
interesting alternative of industrial modules for the LiquiCel modules,
particularly in mining, where the capacities needed are higher than in
other industries.
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