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a b s t r a c t
Ammonia is a common contaminant of household and industrial wastewater. Several procedures 
can remove it, with membrane contactors playing a key role here. Several models were developed 
for the process mechanism; the mass transfer coefficient is the most important characteristic for 
all of them. The value of the mass transfer coefficient depends on the characteristics of the mem-
brane and the wastewater, the most important of which is the treatment temperature. In a pre-
vious study, the mass transfer coefficient was determined as a function of temperature. Using a 
single-process model and a so–called Arrhenius-type correlation for the temperature dependence 
of the mass transfer coefficient, the activation energy obtained was much smaller than the mea-
sured values. The results obtained by the improved multi-process model presented in this paper 
already correspond to those of the experiments. By comparing these values the model makes it 
possible to estimate the ratios of the sub-processes taking place during the mass transfer process, 
and through this to define which parameters determine the mass transfer coefficient and how it can 
be increased by changing these parameters.
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1. Introduction

Ammonia is a common contaminant of household and 
industrial wastewater. Its excessive presence in the receiv-
ing media can create a serious contamination risk. Several 
procedures can remove it, with membrane contactor 
(TransMembraneChemiSorption – TMCS) procedures being 
particularly significant from both a technical and economic 
perspective [1–8].

The mass transfer process is characterized by the (total) 
mass transfer coefficient, the value of which is dependent 
relatively strongly on temperature, and increases with it 
[9–11]. The mass transfer process is usually considered a 

diffusion process, so its temperature dependency is deter-
mined by that of the latter. The so–called Knudsen diffusion 
generally used to describe diffusion through a membrane 
[10] is virtually independent of temperature. This sug-
gests that the (total) mass transfer coefficient is primarily 
determined not by intra-membrane diffusion but by some 
other factor.

In a previous study, the mass transfer coefficient was 
determined as a function of temperature [12]. In this work, 
using a single-process model [13], the mass transfer process 
was interpreted as a transition across a potential barrier, 
which displays the so–called Arrhenius-type temperature 
dependence for the mass transfer coefficient. The activation 
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energy obtained in this case is much smaller than the mea-
sured values, therefore the whole process is interpreted 
as two sub-processes, with liquid diffusion taking place 
through the feed-side boundary layer and through the mem-
brane [14].

In this case, the temperature dependence is given by that 
of the Henry-constant and viscosity, expressing the ratio of 
(gaseous) ammonia concentration in the melt and the mem-
brane. The temperature dependence calculated this way 
already confirms the values measured. Furthermore, the 
model also enables us to compare the proportions of the 
two sub-processes relative to each other.

2. Theory

2.1. Ammonia in a watery solution

Ammonia in an aqueous solution is present as free 
ammonia (gaseous ammonia, NH3) and ammonium hydrox-
ide (NH4OH, NH4

+). The proportions depend on tempera-
ture T and the pH of the solution [13]. Free ammonia is able 
to pass through the membrane, so it is important to exam-
ine this from both a theoretical and practical point of view. 
In the temperature range used (20°C–50°C), with pH > 11 
– which can be ensured by alkalization – ammonia should 
be present in the solution in the form of free ammonia [11]. 
Below, ammonia concentration means the concentration 
of free ammonia [NH3] [12].

2.2. Mass transfer coefficient

In the case of diffusion, the flux is mass, the driving 
force is the negative gradient of concentration, and the ratio 
coefficient is the D diffusion constant, that is:

J D= − ⋅  grad NH3  (1)

which is known as Fick’s first equation. With heterogeneous 
media, in Eq. (1), the effective diffusion coefficient D must 
be considered instead of D [14,15].

The free ammonia passes through the membrane with a 
transport process (mass transport). Let us assume the sys-
tem consists of two (feed and receiving) boxes separated by 
a flat sheet membrane (Fig. 1), furthermore, the concentra-
tion distribution is homogenous in both boxes (full mixing 
in liquid), which can be achieved by mixing. In this case, 
the number of molecules passing through a cross-section 
unit per time unit, the (total) molar ammonia flux [16]:

J K K
f s f

=   −  ( ) =  NH NH NH3 3 3  (2)

will be proportional to the concentration difference between 
feed ([NH3]f) and (receiving) stripping side [NH3]s) [12]. 
In Eq. (2) the stripping-side ammonia concentration can be 
considered [NH3]s = 0 [17–20] since the rate constant of the 
stripping process after the mass transfer process is several 
magnitudes greater than that of diffusion [12].

K is the (total) mass transfer coefficient (single-step 
model) [13,17–18], which is:

K D
dm

=


 (3)

where dm is the (characteristic) thickness of the membrane 
(Fig. 1).

2.3. Temperature dependence of the mass transfer coefficient

The mass transfer coefficient strongly depends on 
temperature [12]. Transport and chemical processes are 
thermally activated processes, so the rate constant of the 
mass transfer process through the membrane – as for all pro-
cesses of this type – exhibits an Arrhenius-type temperature 
dependence [21], namely:

K K e
E

R T
a

g=
−

0  (4)

where K0 is the pre-exponential coefficient that can be 
marginally dependent on temperature, Ea is the activa-
tion energy of the process, and Rg is the gas constant. As 
can be seen on Eq. (4), if the temperature rises, the mass 
transfer coefficient also increases.

2.4. Membrane contactor

The membrane contactor (TMCS) is a recirculation 
system, where wastewater to be treated circulates on the 
feed side, and – usually in the opposite direction – sol-
vent liquid on the receiving side; in the case of ammonia 
removal, this is usually a 2% sulphuric acid solution [11]. 
The membrane contactor itself is a parallel tube system 
(hollow fiber module), in our case wastewater on the “shell 
side”, while sulphuric acid flows in the hollow fiber [11].

The flow can be turbulent (Re > Recrit) or laminar 
(Re < Recrit), which, through the:

Re = ⋅ ⋅v l ρ
η

 (5)
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Fig. 1. Scheme of ammonia diffusion through the flat sheet mem-
brane in a single-step model.
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Reynolds number, depends on the flow rate [22], where v 
is the flow rate, η is the viscosity, and l is the characteristic 
length. From Eq. (5) it follows, that if the flow rate is greater 
than the one associated with the Recrit number, the flow is 
turbulent, and if it is smaller, the flow is laminar.

A rate difference occurs along the cross-section during 
flow, since the flow rate by the wall is ν = 0 (Fig. 2), so a 
laminar flow definitely forms here. If the flow rate in the 
middle exceeds the flow rate associated with Recrit, the flow 
becomes turbulent. Approaching the edge, the flow at the 
above-mentioned rate changes to laminar, that is, a laminar 
boundary layer forms along the wall, as illustrated in Fig. 3.

The transfer of ammonia through the membrane can be 
explained by means of a resistance-in-series model, which 
considers the transport phenomena at the proximities of 
the membrane. The transfer of ammonia can be described 
by the following sequence of steps: transfer from the bulk 
of the feed solution through the boundary layer to the 
feed-membrane interface, diffusion through the membrane 
pores filled with gas to the receiving solution interface, the 
reaction on the interface, and diffusion of the ammonium 
salt into the extraction solution.

In a parallel study [12] – consistent with other authors 
[18–20] – a chemical reaction was demonstrated, and there-
fore the subsequent process does not have a significant effect 
on the value of the (total) mass transfer coefficient K, so it 
is sufficient to consider the first two processes, the trans-
fers through the feed-side boundary layer and through the 
membrane (double-step model) as it can be seen in Fig. 3.

2.5. Membrane mass transfer coefficient

The flux through the membrane analogously with 
Eq. (1) and according to Fig. 3 is as follows:

J
D
dm

m

m
f g

i
= ⋅  


NH3 ,

( )
 (6)

where [NH3](i)
f,g ([NH3](i)

s,g
 = [NH3]s = 0) is the ammonia concen-

tration in the membrane (gaseous) at the feed-membrane 
interface and dm is the real thickness of the membrane.  
Dm the effective diffusion coefficient in the membrane can 
be estimated from the following equation [14,15]:

D Dm m=
ε
τ
 
 

 (7)

where ε, and τ are the porosity and the tortuosity of the 
membrane, respectively, furthermore

D
R T
Mm

g=
δ

π3
8

 (8)

can be chosen between a molecular self-diffusion (δ = λ) 
or the Knudsen diffusion (δ = dp) depending on the value 
of the Knudsen number (Kn = λ/dp) [15], where λ is the 
molecular mean free path length [23], dp is the pore diam-
eter (m), and M is the molecular weight (of the ammonia). 
With membranes in use, the two kinds of diffusion usually 
occur at the same time [10].

The correlation between the dissolved free ammonia 
concentration on the feed side, [NH3]f

(i) and the concentra-
tion of free gaseous ammonia in the membrane, [NH3](i)

f,g is 
expressed by the Henry constant, H (in water), namely [24]:

NH

NH

3

3

 

 
=f g

i

f

i
g

H
R T

,

( )

( )  (9)

By comparing the molar flux Eq. (6) passing through the 
membrane and Eq. (9) as the feed-side (dissolved) ammonia 
concentration, we obtain the following function:

J H
R T

D
dm

g

m

m
f

i
= ⋅  



NH3

( )
 (10)

The Henry constant (in water) can also be presented 
as the function of the temperature [10]:

H H e
E
R T

H

g=
−

0  (11)

with EH = 34 kJ mol–1 (in water) and H0 parameters [24].
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Fig. 2. The liquid flow between two walls. The parabolic is 
the laminar rate profile.
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Fig. 3. Scheme of ammonia diffusion through the flat sheet mem-
brane in a double-step model with the laminar boundary layers.
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2.6. Liquid mass transfer coefficient, resistance in series model

Due to the laminar flow, mass transport takes place by 
diffusion through the feed-side liquid layer. The mass flux 
passing through, analogously to Eq. (1), will be proportional 
to the dissolved ammonia concentration difference (Fig. 3), 
that is:

J K    f f f f

i
=   −  ( )NH NH3 3

( )
 (12)

where Kf is the mass transfer coefficient through the 
feed- side boundary layer.

The liquid mass transfer coefficient for the species in the 
shell side, under laminar flow conditions, can be calculated 
from the Sherwood correlation [15]:

Sh =
⋅K l

D
f

w

 (13)

where Dw is the diffusion constant (of ammonia) in water, 
and l is the characteristic size (m), which is dependent on 
the membrane type; in the case of a flat sheet membrane it 
is the size of the membrane facing the flow, and for a tube 
membrane the characteristic tube diameter.

For the diffusion coefficient in liquids (water), the 
Einstein-Stokes correlation is used [25]. For spherical 
particles, this will be the following:

D
R T
N rw
g=

6π η
 (14)

where r is the particle (ammonia molecule) radius, η is 
the viscosity (in water) of the feed side wastewater, and N 
is the Avogadro number.

Viscosity as the function of temperature (Fig. 4) can be 
written as an Arrhenius-type correlation as well:

η η
η

= 0e
E

R Tg  (15)

where Eη = 16 kJ mol–1 activation energy in water [26].
The diffusion coefficient in liquid by comparing Eqs. (14) 

and (15)

D D ew w

E
R Tg=

−

,0

η

 (16)

also exhibits an Arrhenius-type temperature dependence 
with the activation energy Eη and the pre-exponential coeffi-

cient D
R T
N rw

g
,0

06
=

π η
.

The Sherwood correlation for the species in the shell 
side of the hollow fibre modules [15]: 

Sh Sc=
−







 ⋅ ⋅5 8 1 0 6 0 33. Re . .d

lh
Φ  (17)

is the function of the Reynolds Re =
dhνρ
η

 and the Smith 

Sc =
⋅
η

ρ Dw

 numbers, where dh and r are the dynamic diame-

ters and density of the solution, furthermore Φ and l are the 
dynamic diameters, packing density and length of the fibers.

Incorporating these values into equation Eq. (17), the 
Sherwood number is:

Sh Sh0= e
E

R Tg

0 06. η

 (18)

where Sh Sc0
0 6 0 335 8 1

=
−







 ⋅. Re

. .d
l

a ah
Φ , furthermore a

dh
Re =

νρ
η0

 

and a
Dw

Sc = ⋅
η

ρ
0

0,

 are pre-exponential coefficients.

Finally, using Eqs. (13) and (15)–(17) from Eq. (18) the 
mass transfer coefficient for the transfer through the feed-side 
boundary layer is the following Arrhenius-type correlation:

K K ef f

E
R Tg=

−

,

.

0

0 94 η

 (19)

where 0.94Eη = 15 kJ mol–1 is the activation energy of the 

process, with the pre-exponential coefficient K
D
lf
w

,
,

0
0 0=

Sh
.

2.7. Stripping process

The mass transfer process is followed by a stripping 
(chemical) process. In the other paper [12] we demon-
strated that since the rate constant of the stripping process 
is considerably higher than that of the transport process, 
the stripping-side ammonia concentration.

NH NH3 3 0  =   ≅
s s

i( )
 (20)

is zero with a good approximation, provided the concen-
tration of the stripping-side solvent fluid (sulphuric acid) 
exceeds a certain value (0.2 mol L–1) [10].

2.8. Total mass transfer coefficient

To determine the full mass transfer coefficient, the 
feed-side ammonia concentration according to Fig. 3 can 
be rewritten as [NH3]f = [NH3]f – [NH3]f

(i) + [NH3]f
(i) with due 

Table 1
Estimated values of the mass transfer coefficient (K�), the 
mass transfer coefficient (K), the standard errors (sK) and the 
confidence intervals at a 95% probability level from [12]

i Temperature (°C) K� (mh–1) sK (mh–1) K (95%) (mh–1)

1 25 0.0105 0.003 0.0097–0.0113
2 32 0.0135 0.003 0.0127–0.0143
3 40 0.0173 0.002 0.0168–0.0178
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consideration of Eq. (20). In a quasi-steady state, J = Jf = Jm, 
therefore dividing before ones by the appropriate flux 
values that is:

NH NH NH NH3 3 3 3 
=
  −  

+
 f f f

i

f

f

i

mJ J J

( ) ( )

 (21)

Using equations Eqs. (2) and (10) (considering Eq. (3)) 
and Eq. (12) the next equation can be written for the total 
mass transfer coefficient:

1 1 1
K K

R T
H Kf

g

m

= +  (22)

Substituting Eqs. (4), (11) and (19) into Eq. (22), the 
following correlation can be achieved for the total mass 
transfer coefficient, as a function of the temperature in the 
case of a series model:

1 1 1

0 0

0 94

0K K
e

K
e

R T
H K

e
E

R T

f

E
R T g

m

E
R T

a

g g

H

g= = +
,

. η

 (23)

2.9. Ratio of sub-processes

Introducing the next proportional number for the pre- 
exponential coefficients:

x
K

K
x

R T
H

K
Kf

f
m

g

m

= =0

0 0

0

,

and  (24)

Eq. (23) can be written in the next form:

x e x ef

E E
R T

m

E E
R T

a

g

H a

g

0 94

1
. η − −

+ =  (25)

Let us take two extreme temperatures of the measure-
ment range, Tmin and Tmax. Since Ea, activation energy val-
ues can be determined from the measured values, while 
Eη and EH are also known, using these, we can calculate xf 
and xm as the solutions of an equation system with two vari-
ables. Knowing the above values, the direction of the two 
sub- processes can be determined within the full process, 
which is:

r rf

E E
R T

m m

E E
R Te x e

a

g

H a

g= =

− −0 94. η

and  (26)

since Rf + Rm = 1, therefore Rf :Rm means the ratio of two 
sub-processes within the total mass transfer process.

3. Results

3.1. Mass transfer coefficient

To validate the model, the estimated values (K�) of the 
mass transfer coefficient (K) with the standard errors (sK) 

and confidence intervals at a 95% probability level have 
been used from one of our parallel studies [12]. The data 
are in Table 1, where K (95%) is the confidence interval at 
a 95% probability level where the mass transfer coefficient, 
K stays with a probability of 95% in. Further details con-
nected to the measurement and the result are found in an 
earlier [11] and parallel [12] work.

3.2. Estimation of activation energy

The value of activation energy has been estimated by 
linear regression [12]. Taking the logarithm of Eq. (4) the 
regression line will be:

y = ax + b (27)

where y = ln K� , a = –Ea, x R Tg

= −
1  and b = lnK0 (Fig. 4), from 

this Êa = 26.2 kJ mol–1. Furthermore, R2 and tn–2 have been 
calcu lated, where f = n–2 is the variability and n the num-
ber of the elements (measured data) [12], n = 3, p = 2 and 
R2 = 0.9988, based on which tf = 28.9 and t1,0.95 = 6.31 (student- 
test table). The 0-hypothesis H0:Êa = Ea has been accepted 
at a 95% probability level as tn–2 > t1,0.95.

3.3. Standard error of estimation, confidence interval

The standard errors of parameters, sa and sb were calcu-
lated by the known formulas referred to in parallel work in 
this volume [12]. Finally, a confidence interval (both sides) 
of 95% has been determined for a will be [â – tf,0.975sa; â + f,0.975sa] 
and for b as well. P = 1–0.95 = 0.05 is the significance level 
(interval estimation) [12]. Now n = 3 and the standard error 
of activation energy is sE = 0.29 kJ mol–1. The confidence inter-
val (both sides) of 95% is [Êa – t1,0.975sE; Êa – t1,0.975sE], that is 
[22.7–29.7 kJ mol–1], and P = 1–0.95 = 0.05 is the significance 
level – [12] – meaning the probability that Ea is outside the 
confidence interval in the case of a 0-hypothesis.
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Fig. 4. The logarithm of estimated mass transfer coefficient, 
K� as a function of reverse temperature, T for determination of 
activation energy, Ea.
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4. Discussion

The activation energy of the mass transfer coefficient, 
Ea = 26.2 kJ mol–1 [22.7–29.7 kJ mol–1], is a good approxi-
mation for values acquired in similar studies [9–10] in 
similar ranges, 26 and 31 kJ mol–1 respectively. These 
and my values are higher than the 0–15 kJ mol–1 activa-
tion energy that can generally be achieved for diffusion 
processes [27,28].

Assuming full equalization for both the feed and 
receiving side, the total mass transfer coefficient K consists 
of two parts (double-step model). One belongs to the mass 
transfer on the feed side, on the boundary layer that forms 
during the flow Kf. The calculated value of the activation 
energy associated with this is 0 94. × ≅Eη  15 kJ mol–1, which 
is somewhat smaller than that of the diffusion in liquid 
Eη = 16 kJ mol–1 derived from the temperature dependence 
of viscosity. The reason for the difference is that the energy 
dependence of the flow’s Sherwood number decreases 
the activation energy of the mass transfer coefficient Kf.

Since the mass transfer coefficient of the transmem-
brane process is only marginally dependent on tempera-
ture (please note that this can also be expressed in the 
Arrhenius form with an activation energy of approxi-
mately 0), the activation energy for the whole process must 
be less than 15 kJ. It is greater because of the temperature 
dependence of the Henry number. The associated activa-
tion energy determines that of the transmembrane process, 
not through the mass transfer coefficient but the concen-
tration gradient. In this case, the activation energy comes 
from the feed-side boundary transfer of the membrane and 
would be the consequence of the Arrhenius-type tempera-
ture dependence of the Henry constant. As a result, the 
activation energy Ea of the whole mass transfer process 
can be between the two mentioned values (15–34 kJ mol–1) 
depending on the Rf:Rm ratio of the two processes vis-a-vis  
each other.

Knowing the calculated activation energies for the two 
sub-processes and the measured activation energies for the 
total process, based on Eqs. (24)–(26), the ratio of the two 
sub-processes can be determined. According to my own 
data and data from the literature, the activation energy 
for the full process can be 25–30 kJ mol–1. Using this, for a 
flat sheet membrane at 25°C, Rf:Rm = (0.7–0.9):(0.3–0.1) at 
40°C Rf:Rm = (0.5–0.7):(0.5–0.3), for tube membrane at 25°C 
Rf:Rm = (0.8–0.95):(0.2–0.05) at 40°C Rf:Rm = (0.6–0.8):(0.4–0.2), 
that is, the larger part in the measurement range pertains to 
the transfer through the membrane.

The mass transfer coefficient for the membrane Km is a 
function of the characteristics (porosity, thickness, tortu-
osity) of the membrane material, while Kf on the feed-side 
boundary layer is the function of the flow characteristics (a 
type of flow, membrane type, and parameters). All these fac-
tors together determine the value of the total mass transfer 
coefficient.

The activation energy of the whole process, Ea, means 
the energy that could be measured in the case of a sin-
gle-process model. Accordingly, this is a virtual value and 
cannot be linked to any physical phenomenon, only the two 
sub-processes have it. Thus both Kf [11,12] and Ea [9,10] can 

be dependent on the measuring conditions and apparatus 
used.

5. Conclusion

The mass transfer coefficient exhibits an Arrhenius-
type temperature dependence. By increasing the tempera-
ture, the value of the mass transfer coefficient, that is the 
rate of the process, can also be increased, so the necessary 
treatment time can be decreased. However, it must also be 
considered that there are limits for increasing the tempera-
ture, primarily concerning the useful life of the membrane. 
By measuring the temperature, the model can be used to 
optimize treatment time. The mass transfer coefficient 
can also be increased by optimizing the membrane con-
tactor material, and specifically the membrane material. 
Nevertheless, its limitations, primarily on selectivity, must 
be considered in this case.
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Symbols

D — Diffusion coefficient, m2 s–1

E — Energy, kJ mol–1

H — Henry constant, mol Mpa–1

J — Flux, mol m–2 h–1

K — Mass transfer coefficient, mh–1 mmin–1

Kn — Knudsen number, –
N — Avogadro number, 6.02 × 1023 molecules mol–1

P — Significance level
Rg — Gas constant, kJ mol–1 K–1

R — Rate, –
Re — Reynolds number, –
Sc — Smith number, –
Sh — Sherwood number, –
T — Treatment temperature, K, °C
V — Volume, volume liquid/reservoir, m³
[X] — Solute concentration, mol m–3, mg L–1

Kx — Pre-exponential coefficient, mh–1, mmin–1

a — Parameter
b — Parameter
d — Diameter, thickness, m
l — Diffusion length, m
n — Number of samples
r — Radius of ammonia molecule, m
t — Time, h, min
tf — Student-test
ε — Porosity, –
λ — Mean free path length, m
τ — Tortuosity, –
η — Viscosity of water, Pa s
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ν — Velocity, ms–1

r — Density of water, kg m–3

Indexes

0 — Initial value, pre-exponential
a — Activation
f — Feed side
f — Variability
i — Interface
g — Gas
m — Membrane
s — Stripping side
t — Belonging to t time
w — Water
^ — Estimated value
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