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The transport of p-nitrophenol (PNP) through a bulk liquid membrane (BLM) was
investigated to evaluate the effect of different experimental conditions on PNP partition-
ing behavior. The influence of solvent type, different salts in feed phase, the feed phase
pH and PNP concentration in feed phase on transport efficiency of PNP through the
BLM were studied. The results indicated that the highest removal efficiency of PNP was
observed for 80 % xylene + 20 % toluene as liquid membrane, Na,SO, as salt in feed
phase, in the acidic feed phase and in 150 min. The effect of initial concentration of PNP
on the efficiency of the separation PNP showed that the increase in initial concentration
up to 350 ppm had positive effect, and more than 350 ppm had negative effect on the
PNP removal behavior. Also, pertraction in BLM systems were described by a kinetic

model of two consecutive irreversible first order chemical reactions.
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Introduction

Phenolic compounds, especially those with Ni-
tro groups, are toxic compounds that cause damage
to human beings and other terrestrial and aquatic
creatures. p-Nitrophenol (PNP), an important mem-
ber of nitrophenolic compounds, is generally con-
sidered one of the most harmful organic pollutants
even at low concentrations, for example, prolonged
exposure to p-nitrophenol can cause cyanosis, ane-
mia, liver and kidney disease, abdominal pain and
vomiting, urinary tract infections, inflammation of
the respiratory system, allergic reaction of skin and
eye irritations, as well as blood disorder, methemo-
globin formation which is responsible for confusion
and unconsciousness. This is why the United States
Environmental Protection Agency (US EPA) in-
cluded PNP on the 126 proprietary pollutants list'*.
This compound can be formed as a result of the re-
action of phenolic compounds in the atmosphere in
aqueous or gaseous phase. Therefore, to avoid con-
tact with PNP and subsequent damage, wastewater
containing PNP must be severely treated before be-
ing discharged to the natural water body'~.

PNP is a manufactured chemical that does not
occur naturally in the environment. This compound
is frequently encountered in residual wastewaters
from industries, such as explosives manufacture,
pharmaceuticals, wood preservatives, pesticides
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used in agriculture, fungicides, pigments, coal con-
version, rubber industry, olive presses, and more
frequently in oil refining. It is widely used to dark-
en leather. It can also be found in human and animal
waste, and in the decomposition of organic mat-
ter'=-3.

There are many investigations and several
treatment methods to remove nitrophenols such as:
adsorption’*, microbiological degradation or bio-
logical treatment®’, chemical oxidation®, electro-
chemical treatment’, reverse osmosis!®, photocata-
lytic!! and sonocatalytic'? degradation and membrane
separation!*. The disadvantage of adsorption is that
it costly because activated carbon is expensive and
difficult to regenerate due to chemisorption of PNP.
Chemical oxidation requires a large amount of oxi-
dizing agent under severe operating conditions and
with the risk of incomplete oxidation, resulting in a
more toxic product™'®. Also, biological treatment is
unsuitable for wastewater with high phenol com-
pound concentrations, such as petrochemical, refin-
ery and pharmaceutical operations'!, because the
complexity of some organic substrates in these
wastewaters reduces their biodegradability, and of
course, some of them are hardly degraded. In
comparison to other treatment methods, liquid
membrane has shown good potential for the remov-
al of PNP from wastewater"!3-'41725_ This technique
is simple, easy to apply, low on energy consump-
tion, inexpensive, and with high transport efficien-
cy!!%. This technique has been effectively used for
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the transport or separation of amines, phenols, ami-
no acids, metallic ions, and pharmaceuticals'’.

Very little research has been done on PNP re-
moval using the liquid membrane technique. Szcze-
panski and Diaconu'” used organic solvents (ben-
zene, toluene and p-xylene) as liquid membrane.
They demonstrated that the influence of the feed
phase concentration (PNP) on pertraction efficiency
is much higher than the stripping phase concentra-
tion (NaOH) in the examined range of concentra-
tion. Also, Diaconu et al.?® used a chlorinated sol-
vent (CHCIL,, CH,Cl, and CCl,) as liquid membrane
and NaOH solution as receiving phase of PNP from
aqueous medium through the technique of bulk lig-
uid membrane. They indicated that the solvents
used as membrane in the receiving phase of the sys-
tem varied in this order: CHCIl, >CH,Cl, >CCl,.

In the present work, the bulk liquid membrane
technique was used to study its ability to remove
PNP from aqueous solution. For this purpose, a se-
ries of experimental tests was done to investigate
the kinetics of PNP pertraction as dependent on the
experimental conditions. The influence of initial
PNP concentration, pH, different salts, type of or-
ganic solvent (benzene, toluene, xylene, n-hexane,
olive oil, canola oil and corn oil) as liquid mem-
brane and their volume ratio were investigated. The
most interesting features of this study are the choice
of mixed solvent and comparison of oils with or-
ganic solvents as liquid membrane on PNP removal
from aqueous solution using the liquid membrane
technique.

Materials and methods

Materials

All the reagents used were of analytically grade
and without further purification. p-Nitrophenol, dif-
ferent salts NaCl, NH,Cl, KCI, NH,NO,, Na,SO,
and (NH,),SO, were used in feed phase, H,SO, was
used for pH adjustment. All these reagents were
purchased from Merck Company (Germany). The
aqueous solutions were prepared using Deionized
water.

Toluene, xylene, benzene and n-hexane were
purchased from Merck Company (Germany). Cano-
la oil, corn oil, and olive oil were purchased from
Glucosan Company. All these materials were used
as organic solvents in the bulk liquid membrane.
Also, deionized water was used as acceptor phase.

Methods

The experiments were carried out in a glass cell
at a constant temperature 297 K (similar to that of
Irdemez et al.'8, where the temperature of the appa-
ratus was controlled by an external jacket in which
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Fig. 1 — Apparatus used for transport of PNP through liquid
membranes, (f) feed phase; (m) organic membrane;
(s) stripping phase

water was circulated (Fig. 1). The three phases, the
feed (or donor) (f), the membrane (m), and the strip-
ping (or acceptor) (s) phases were applied in this
experimental set up. The feed phase solutions con-
taining PNP and deionized water were prepared
with the desired concentrations. Also, in the all ex-
periments, deionized water was used as acceptor
phase. The organic membrane phase was made up
by organic solvents. At the beginning of the experi-
ments, an equal volume of each phase was taken
and the feed, and stripping phases were poured into
the inner chamber and between the two walls, re-
spectively, then the membrane phase was slowly
poured onto these two phases. The acceptor and the
donor phases were stirred magnetically, and the
membrane phase was stirred by a mechanical stir-
rer. The pH of the donor phase was adjusted to the
desired value with 0.05 M H,SO,. The duration of
each kinetic run was 5 hours. Upon completion of
this time, sampling from each phase was slowly
carried out with a large syringe, and the PNP con-
centration was analyzed by spectrophotometry
(CARY BIO 50 spectrophotometer).

Each experiment was carried out in duplicate
and the average results are presented.

The removal efficiency (E) was determined ac-
cording to Eq. (1):

E= M 100 (1)
VAU

where E is the removal efficiency, C, is the initial
concentration of PNP in feed phase, C, is the con-
centration of PNP after extraction in feed phase, re-
spectively.
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Results and discussion

Influence of solvent type on extiraction of PNP

Xylene, toluene, benzene, n-hexane, olive oil,
canola oil, and corn oil were used in order to inves-
tigate the influence of organic solvent on the ex-
traction of PNP from aqueous solution using the
BLM. The experimental results are presented in Ta-
ble 1.

There is a relationship between solvent charac-
teristics and transport efficiency. It seems that trans-
port efficiency is a function of solvent dielectric
constant'”. Specifically, the salvation capability of
ions and complexes increase with increasing sol-
vent dielectric constant?. The dielectric constant of
studied solvents is shown in Table 2.

As shown in Table 1, almost all solvents are
effective in transportation of PNP to membrane
phase because their dielectric constant is close to
each other (Table 2). But in the next step, for trans-
portation of PNP from membrane phase to acceptor
phase, the most effective solvents are xylene, tolu-
ene and benzene because of their viscosity. The var-
ious edible oils are capable of separating the PNP
from feed phase, but they are more viscous than
other solvents, which is why they are problematic in
transportation of the PNP into the aqueous acceptor
phase. In other words, the transportation of PNP
into the acceptor phase is a function of the diffusion

Table 1 — Partitioning of PNP through BLM with different

solvents
Solvents Acceptor [Membrane| Feed R@moval
(mgL?") | (mgL?") | (mgL") [efficiency (%)

n-Hexane 12 38 100 8+0.3
Toluene 48 43 59 32+ 1.6

Xylene 57 62 31 38 +£0.6
Benzene 45 79 26 30+£0.5
Corn oil 10 110 30 7+£0.2
Canola oil 10 91 49 7+0.2
Olive oil 11 51 88 7+0.2

Table 2 — Dielectric constant of different solvents

Solvent Dielectric constant
Benzene 227
Toluene 2.40
Xylene 2.57
n-Hexane 2.00
Edible oil 3.0-4.0

removal efficiency (%) )
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Fig. 2 — Different volume ratios of xylene and toluene on
PNP transport through the BLM

coefficient that is inversely related to solvent vis-
cosity?. In addition, structural similarity of xylene,
toluene and benzene is effective in the transfer of
PNP to acceptor phase!”". Therefore, the organic
solvent selection is an effective parameter in the ef-
ficiency of separation.

Among all the studied solvents, the highest re-
moval efficiency of PNP was observed for xylene
and toluene, therefore these solvents were selected
for further study.

Influence of different volume ratios
of xylene and toluene on PNP transport
through the BLM

Literature survey reveals that much work has
been carried out on the use of mixed solvents as
membrane phase in transport of target molecule, us-
ing bulk liquid membrane'® 12!,

An optimum in transport efficiency of PNP
from aqueous solution was observed by altering the
volume ratio of xylene to toluene to 80:20 (%v/v),
while a very high or low xylene/toluene ratio result-
ed in relatively lower yields (Fig. 2).

However, the removal yield of PNP at the xy-
lene/toluene ratio of 80:20 was not statistically dif-
ferent from that of the xylene/toluene ratio of 60:40
and 100:0 (Fig. 2). This result showed that the xy-
lene/toluene ratio tolerable limit for the removal of
PNP was not too narrow. This suggests that, among
other chemical and physical factors, the xylene/tol-
uene ratio is another important factor that needs to
be optimized in the removal of PNP from aqueous
solution. Based on the obtained results in literature
and the present work, the choice of mixed solvent
seemed to be an important parameter to be con-
trolled in the transport of solute by BLM technique.
Therefore, this ratio was chosen in the subsequent
experiments.
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Influence of different salts on transport
of PNP through the BLM

Salts are frequently used in extraction process-
es to improve partitioning of the target molecules
between the phases®?. Thus, the selection of the salt
employed in the extraction system is one of the key
points of this technique. To ensure the efficiency of
extraction, the effect of different salts (NH,NO,,
NH,Cl, NaCl, Na,SO,, (NH,),SO,, and KCl) on the
transportation of PNP was studied in a stirred liquid
membrane system. The results are summarized in
Table 3. It can be found that the partitioning of PNP
was strongly dependent on the type of salt. As re-
gards the salt effect, Na,SO, exhibits higher remov-
al efficiency. From Table 3, it can be concluded that
sulfate salts show higher PNP removal efficiency
when compared to chloride and nitrate salts. This is
mainly due to the higher salting-out effect by the
sulfate salts. The salting-out ability of a cation or
anion is related to its ionic charge and hydration ra-
dius. The strength of ion solvation mainly depends
on electrostatic attraction?. The salting-out ability
can also be related to the Gibbs free energy of hy-
dration of ions (AGnyu), as proposed by Marcus®. It
was found that better salting-out is observed when
the ions have a more negative Gibbs free energy.
The Gibbs free energies of hydration for sulfate,
chloride, and nitrate ions are —1080, —340 and —300
kJ mol™, respectively, which also certify the con-
clusion that the salting-out ability of sulfate salts is
stronger than that of chloride and nitrate salts. The
more negative is the AGwavalue of an ion, the great-
er is the salting out ability. Furthermore, anions
with a higher valence are better salting-out agents
than anions with a lower-valence, because high-
er-valence anions are hydrated by more water than
lower-valence anions (anion sulfate has a higher-va-
lence than anions of chloride and nitrate; 2, 1, and
1, respectively). Furthermore, among sulfate salts,
this behavior can be explained by comparing the
AGhyavalues for the cations sodium and ammonium
(=365 and —285 kJ mol! respectively), it can be
concluded that the salting-out ability of Na,SO, is

Table 3— Influence of different salts on transport of PNP
through 80 % xylene—20 % toluene liquid membrane

Salt type Removal efficiency (%)
NaCl 50+ 1.1
NH,CI 49+ 1.6
KCl 51+£0.8
NH,NO, 3+
Na,SO, 63+ 1.0
(NH,),S0, 54+0.9

removal efficiency (%)
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. 3 — Effect of different PNP concentrations on transport
of PNP through BLM

stronger than (NH,),SO, (the two salts have the
same anion). Thus, the type of salt used was critical
for the PNP recovery and partitioning in the stirred
liquid membrane system. Therefore, with regard to
this result, Na,SO, was chosen as the salt in feed
phase in the subsequent experiments.

Influence of PNP concentration in aqueous feed
phase on transport efficiency

In order to study the effect of initial concentra-
tion of PNP in the aqueous feed phase on the PNP
removal efficiency, experiments were performed
with different initial concentrations of PNP (50—400
mg L™). The removal efficiency of PNP gradually
increased from 48 % to 66 % in the concentration
of 50-300 mg L, respectively, and reached a max-
imum of 69 % at concentration 350 mg L'. However,
at a concentration of 400 mg L', the PNP removal
efficiency extremely reduced to 51 % (Fig. 3).
This result is in agreement with some works pre-
sented in the literature that affirm that PNP concen-
tration had an effect on removal efficiency of PNP
in the aqueous feed phase'”". In general, the driv-
ing force for mass transfer is typically the differ-
ence in chemical potential, and chemical potential
is directly related to concentration gradient. The
commodity flow rate through phases is proportional
to its concentration gradient. Thus, the increase in
PNP concentration in feed phase causes the increase
in flux of transportation. Moreover, the pertraction
is controlled by diffusion and extraction process at
the interface between feed phase and membrane
phase'’. Due to limitations in the design of liquid
membrane system and reduction of the interface be-
tween phases, PNP transportation through the inter-
face is limited. Therefore, the increase in PNP con-
centration more than a specific amount in feed
phase causes the saturation of interface between
feed and membrane phases and accumulation of
PNP molecules on interface, and consequently re-
duction in PNP transportation.
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Influence of pH of the feed phase on transport
of PNP through the BLM

The pH of the system influences the ionizable
groups of a target molecule and alters its surface
charges. At pH = 7.15, the concentration of neutral
molecules and their anions are equal ([PNP-OH ]=
[PNP-O]), and the increase in pH leads to negativa-
tion of molecule charge ([PNP-OH ]<[ PNP-O7]).
Therefore, pH of the system is a key factor that in-
fluences the partitioning of PNP due to its change in
pH. In order to know the influence of the feed phase
pH on transport of PNP through the liquid mem-
brane, experiments were performed at different pH
values (2-8), and the results are shown in Fig. 4.
The obtained results prove that the transport effi-
ciency of PNP in the receiving phase depends ex-
tremely on the pH. It was observed that with an in-
crease in pH to alkaline conditions (pH=8), the PNP
partitioned to the feed phase and hence the transport
efficiency extremely decreased from 68 % to 30 %.
The change in efficiency of the PNP separation can
be explained by considering the change in the
charge of the PNP surface. As the pH of the system
increased above pH = 7.15, the PNP surface charge
become negative. As a result, transportation of the
PNP into the membrane phase decreased. Thus, the
transport efficiency of PNP of less than 30 % at
pH = 8 was observed. Diaconu et al.* have also
observed similar effects for PNP transport through
membrane phase-chloroform.

In addition, these results can be correlated with
the following three equilibria that take place at the
interfaces of the membrane system?. The equilibri-
um between the PNP and an acid character in the
acceptor phase is as follows:

(Ar-OH), + (HOH), = (Ar-O"), + (H,0"), (2)

This equilibrium is controlled by the pH. In
acidic pH, due to the presence of ions H", the undis-
sociated form of the PNP predominates. On the oth-
er hand, the solubility of PNP in the membrane
phase increases in undissociated form. But in alka-
line feed phase, because PNP is an acidic substance,
it converts to the ionic form, and as a result, the
solubility of PNP in membrane phase decreases,
and therefore more PNP remains in feed phase.

This is distributed between the feed phase and
the membrane according to the following partition
equilibrium:

(Ar-OH), = (Ar-OH),, 3)

After the molecules of the PNP go through the
membrane, the next partition equilibrium takes
place at the interface between the membrane and
the receiving phase:

(Ar-OH),, + (HO"), = (Ar-0"), + (HOH), (4)

removal efficiency (%)
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Fig. 4 — Effect of feed phase pH on transport of PNP through
BLM

This mechanism is validated in Fig. 4 with the
increase in transport efficiency by decreasing the
pH of the feed phase in this BLM system.

Mathematical model

The mathematical model was mostly used to
explain pertraction in bulk liquid membrane sys-
tems. This model presumes that the transport of a
solute can obey this kinetic scheme®!”:

C;——>Cpy—C, (5)
where C is the concentration of the solute in the
feed or donor phase (f), liquid membrane (LM), and
stripping or acceptor (s) phase, K, and K, are the
pseudo-first-order apparent membrane input and
output rate constants. In general, to simplify the
model equations, the reduced PNP concentrations
are used. Consequently, time dependence of the re-
duced PNP concentrations in the donor, membrane,
and acceptor phases (non-steady-state kinetic re-

gime) is:

Ry=e™ (6)
— kl —kyt —kyt
R, = ok (e —e ) (7
1 —kt —kyt
R =1+ (kze R ) (8)

1 2

where: R, R, and R_are reduced mole fractions of
the PNP in the feed (1), liquid membrane (LM), and
stripping phase (s), respectively. It is obvious that R,
decreases mono-exponentially with time; the time
variation of R_represents a monotonically increas-
ing sigmoid type curve, while the time variation of
R, ,, represents the maximum'®.
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Maximum reduced PNP concentration of mem-
brane phase can be calculated from the equation:

K,

R = [5] ©)

K

2

while its position along the time axis is specified by

the equation:
In £
K2

boe = 10
max Kl —K2 ( )

The pseudo-first-order apparent membrane in-
put and output rate constants can be used at the de-
termination of the maximum flux (J_ ):

max

K,

K K,-K,
Jmax = _Kl [_]J =

KZ
(11
K. K-k,
2 ( K2 ] FPmax SPmax
where: J,, = membrane input flux; Jg, = mem-

brane output flux.

After calculation of the reduced PNP concen-
tration in different phases, the model parameters k,
and k, were obtained by fitting Egs. (6-8) to the
experimental data. The experimental data confirmed
a good accordance with the model. This is illustrat-
ed in Fig. 5. Solid lines in Fig. 5 denote the values
calculated by adjusting the model (Eqs. 6-8) to the
experimental data. The model curves of time depen-
dence of PNP concentration in the feed, liquid

0 50 100 150 200

Time (min)

Fig. 5 — Experimental results for PNP pertraction in the bulk
liquid membrane: o feed phase; O stripping phase; A liquid
membrane and solid lines — values calculated using the model

Table 4 — Kinetic model parameters for p-nitrophenol per-

traction

k(s 2.80 - 10*

k, (s 2.16 - 10

R, ™ 2.40

t.. (s 4054.8

J,. (mol cm?s™) 52-10*

o’ 0.92
sd 0.08

membrane and stripping solution are in accordance
with the experimental data (Fig. 5). However, some
discrepancies between the calculated and experi-
mental data for longer periods of pertraction were
observed. For all the investigated dependences
(¢ = f(?)), the values of determination coefficient
(R?) were higher than 0.92. The values of the model
parameters are presented in Table 4.

In addition, the fitting parameters, correlation
coefficients (¢%), and standard deviations (sd) are
listed in Table 4. According to the obtained determi-
nation coefficient and standard deviations, it can be
concluded that, Eqgs. (6-8) can successfully cor-
relate the pertraction of PNP in the investigated sys-
tems.

As shown in Table 4, 7 is less than 1.5 hours,
while the mixing time taken for the tests was 5
hours, so it can be concluded that the time given to
the system was sufficient.

Conclusions

In the present paper the possibility of extraction
and pertraction of p-nitrophenol from aqueous solu-
tion using bulk liquid membrane were examined.
The results showed that the most effective solvents
for separation of PNP were xylene, toluene, ben-
zene because of their structural similarity. Among
the investigated organic solvent types, the mixture
of 80 % xylene — 20 % toluene liquid membrane
resulted in the highest removal efficiency. Also,
Na, SO, salt had the most effect on the transportation
of PNP because of its stronger salting-out effect.
The effect of the feed phase pH on PNP transport
showed that the highest removal efficiency of PNP
was obtained at acidic pH. Furthermore, the experi-
mental data of the studied system were satisfactori-
ly fitted by a kinetic model of two consecutive irre-
versible first order reactions. According to the
obtained results, it can be concluded that, this mod-
el can successfully correlate the PNP pertraction.
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Nomenclature

A — membrane area, cm?

C — concentration, mol L

Co — initial concentration of the feed phase, mol L™

C P — the concentration of PNP after extraction in
feed phase, mol L™!

R — reduced mole fraction of the solute

K — pseudo-first-order apparent membrane
entrance rate constant, s

K, — pseudo-first-order apparent membrane exit
rate constant, s

J o - Eiidénnlll—gnsﬂux in the stripping phase,

R, ™ — the maximum of the reduced concentration in
the LM

t — time, s

- — the time at which the R, ™ maximum is
observed, s

o* — correlation coefficients

sd — standard deviations

E — removal efficiency

Subscripts

f, s, LM — feed, stripping, liquid membrane phase,

respectively
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