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Abstract: Water containing petroleum substances is very difficult to clean, and the treatment process
usually consists of several stages. Despite the increasing use of integrated membrane processes
to purify natural waters, including the removal of organic substances, work is underway on the
search for new processes and their optimization. This paper deals with the study of the removal
of petroleum hydrocarbons from the benzene, toluene, ethylbenzene, and xylene (BTEX) group by
reverse osmosis and optimization. The research was conducted on surface water enriched with a
fuel mixture. Then, the reverse osmosis efficiency was modeled using the constant pressure filtration
model (Hermia model), which determined the most likely membrane blocking mechanism. When
the membrane was operated on surface water enriched with BTEX, the blocking of the membrane
was based on the n = 0 cake mechanism. In surface water alone, the highest correlation coefficient
was 0.9994 and corresponded to a temporary blocking mechanism (n = 1).

Keywords: surface water; BTEX; reverse osmosis; Hermia model

1. Introduction

The issue of the contamination of aquatic systems with petroleum products gained in-
creasing importance because high concentrations of these contaminants were detected not
only in surface waters, but also in some groundwater intakes [1–5]. The awareness of this
problem resulted in the development of techniques aimed at removing oil products from
the aquatic environment. There are known processes dedicated to the removal of petroleum
compounds from water (e.g., ultrafiltration). However, there is no system that can ensure
the efficient removal of petroleum products including benzene, ethylbenzene, toluene,
xylene (i.e., ortho-, meta-, and para-xylene) (BTEX), and aliphatic hydrocarbons. The results
of researchers dealing with the problem of hydrocarbons removal from water [4–8] and
our own previous research indicate that it is appropriate to evaluate the effectiveness of re-
moving BTEX and aliphatic hydrocarbons from water and to determine the mechanisms of
their separation and their blocking of membranes. Various principles of the semi-empirical
modeling of mass transport in the membrane are discussed in the literature [1–4,6–14]. In
general, a distinction can be made between membrane-related descriptions (which are
based on assumptions about the structure or quality of the membrane) and membrane-
independent, purely phenomenological models. In phenomenological terms, mass trans-
port is operated with directly measurable quantities, and the solution to the problem is to
find mathematical relationships between these quantities. The obtained equations, based
on generally valid laws, allow for a compact and consistent ordering of the measurement
data. They are free from the physical models and hence from the errors associated with
these models. The descriptions related to the membrane most often refer to concentration
polarization and fouling as basic reasons for the decrease of the permeate flux [8,9,11–17].
Their components are used to forecast changes in efficiency and determine the regeneration
time or the type of regenerative agent.

Water 2021, 13, 1092. https://doi.org/10.3390/w13081092 https://www.mdpi.com/journal/water

https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0001-6192-7449
https://doi.org/10.3390/w13081092
https://doi.org/10.3390/w13081092
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/w13081092
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w13081092?type=check_update&version=3


Water 2021, 13, 1092 2 of 10

In general, membrane fouling can be described as a reduction in membrane perme-
ability as a result of the flow resistance appearing due to pore blocking, concentration
polarization, and cake formation [3,10–14]. Membrane permeability declines due to the
accumulation of foulants on the membrane surface or within the membrane pores [3,12–18].
Moreover, it has been determined that fouling mechanism depends mainly on the electro-
static interactions between particles, as well as those between particles and the membrane.
On the other hand, the long-term effects of membrane fouling may lead to irreversible
blockage of the membrane and a reduction in the membrane lifetime [13]. To maintain
the technical and economic viability of membrane processes, membrane fouling should be
kept to a minimum [3,14,19–21].

Descriptions related to the operation of membrane processes most often concern
optimizing the efficiency and control of contaminants deposition. There are several
concepts for modeling membrane efficiency based on the analysis [6–8,13,17,18,20–25]:
filtration in a nonstationary process (relaxation model), resistances, pore-blocking mecha-
nisms in the membrane (Hermia model), critical flux, surface renewal (lamellar model), or
surface modification.

The Hermia model is one of the equations found in the literature that allows determi-
nation of the mechanism of membrane blockage during filtration under constant pressure.
This model takes the form of a differential equation.

1.1. Theoretical Background
Constant Pressure Pore-Blocking Model (Hermia Model)

To identify the fouling mechanism during the reverse osmosis process of the BTEX-
type solution in water, a mathematical model describing the drop in flux over time can be
used [2,6,8–10,18–21]:

The model describes the change in the efficiency of the filtration process using a
two-parameter differential equation:

d2t
dV2 = k

(
dt
dV

)n
(1)

where V is the permeate volume, t is the time of the filtration process, and n and k are
constants characteristic of various mechanisms of capacity limitation during the filtration
process under constant pressure conditions.

The model described by Equation (1) can be used as a convenient criterion for identi-
fying various pore-blocking mechanisms in the membrane by performing tests recording
the volumetric flux of the permeate over time under constant pressure conditions. It is
assumed that the parameter n can take four discrete values [6,22–28]:

The value n = 2 corresponds to the mechanism of complete pore blocking, in which it
is assumed that all particles of the suspension are involved in blocking the pores without
affecting each other. With such assumptions, a proportional relationship between the
blocked surface and the permeate volume is obtained,

ln
(

1
J

)
= ln

(
1
J0

)
+ k1 (2)

where J is the permeate flux (m/s) and J0 is the initial permeate flux (m3 m−2 s−1).
When n = 3/2, blocking occurs inside the pores, the volume of which proportionately

decreases the volume of the permeate. The same diameter and length of the pores are
assumed here,

1√
J
=

1√
J0

+ k0t (3)

When n = 1, there is a temporary blocking of pores, particles are deposited on particles
which are already immobilized on the membrane, and therefore the probability of the
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particles reaching the pores that are not yet blocked constantly decreases with the reduction
of the surface of these pores,

1
J
=

J
J0

+ k3t (4)

When n = 0, according to the cake blocking mechanism, the filtrate flow decreases
due to an increase in the resistance in the boundary layer of the membrane due to mass
accumulation of the constituents retained on the membrane. The total resistance is then the
sum of the resistance and the diaphragm itself. It is assumed that the cake resistances are
proportional to the mass of the deposited substance.

1
J2 =

1
J2
0
+ k4t (5)

The constant ki in each case of n has a variable dimension to preserve the physical
interpretation of the model’s phenomena.

This study uses the constant pressure filtration model presented by Hermia in the
form of Equation (1) and verified by Konieczny [21].

Equation (1) was supplemented with the following boundary conditions:

V(t)|t=0 = 0 i dV
dt |t=0 = F0·J0

V(t)|t=0 = 0 i V(t)|t=t0 = V0
(6)

and the values related to the dimensionless volume (υ) and time (τ) were introduced

τ =
t
t0

; v =
V
V0

(7)

to derive the dimensionless value of the k-factor.
Transforming the conditions in Equation (7) into Equation (1)

d2τ

dυ2 = kn ·
(

dτ

dυ

)n
(8)

made it possible to obtain a dimensionless permeate flux defined as:

j0 =
J0

Js
; Js =

1
F0
· V0

t0
(9)

where j0 is the dimensionless permeate flux, F0 is the filtration surface area, Js is the mean
flow of the filtrate related to the initial surface, J0 is the initial filtrate flux related to the
initial surface, and V0 is the filtrate volume at time t0.

The determined parameter j0 (Equation (9)) makes it possible to solve Equation (1).
The equation takes an explicit form and enables the definition of membrane blocking
mechanisms [21,22].

2. Materials and Methods

The experiments were performed based on model solutions prepared using surface
water which was filtered through a sand bed and then enriched with a mixture of diesel
fuel and gasoline. Gasoline and diesel fuel (fuel mixture (MP)) were mixed in a 1:3 ratio
and added to the surface water. The blend resulted from the amount and type of fuels sold
on the domestic market in 2018–2020. The mono-aromatic hydrocarbons were selected for
the study: benzene; ethylbenzene; toluene; and ortho-, meta-, and para-xylene (BTEX).

In the surface water used for MP tests, higher BTEX concentrations were used, exceed-
ing the environmental concentrations. The adopted order of magnitude facilitated the sam-
ple preparation procedure and increased the accuracy of measurements (Tables 1 and 2).
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Table 1. Quality of model water intended for technological tests in terms of BTEX (benzene; ethyl-
benzene; toluene; ortho-, meta-, and para-xylene) content.

Water Type Symbol Absorbance (UV254)
1/cm

ΣBTEX

mg dm−3

Min Max

Surface Water 2 0.097 0.122 0.000 1.700

Surface + MP * Water 3 0.202 0.511 0.800 17.00
* fuel mixture (MP).

Table 2. Concentrations of tested hydrocarbons in individual test series.

Mono-Aromatic Hydrocarbons (mg dm−3)

series I series II series III

C6H6—benzene 0.033 0.326 1.724

C6H5−C2H5—ethylbenzene 0.083 0.888 2.119

C6H4(CH3)2—m+p-xylene 0.270 3.960 5.148

C6H4(CH3)2—o-xylene 0.105 1.090 1.416

C6H5CH3—toluene 0.311 3.234 5.356

ΣBTEX 0.802 9.498 15.76

In each research process, four different concentrations of BTEX in surface water were
used while determining them in series (Table 2). Each research series was subjected to
changing technological conditions for a given process. Mono-Aromatic Hydrocarbons
(mg dm−3).

Surface water with the addition of petroleum hydrocarbons was purified in the process
of reverse osmosis (RO).

Technological research was carried out on an installation with an installed aromatic
polyamide osmotic membrane. The working area of the membrane was 1.0 m2. The RO
process was carried out at a constant temperature of 308 K, with a transmembrane pressure
(TMP) in the range of 1.0–1.25 MPa and a water recovery rate from 30% to 90% at a linear
feed speed of 1.1 m/s. The process was run for 2.5 h. During this time, the volumetric
permeate flux was determined every 10 min, and the concentration of components in the
feed and permeate was determined every hour. After the end of the filtration for a given
transmembrane pressure value, the installation was rinsed for 5 min with deionized water,
and the permeate flux was determined. The system was cleaned in several stages, at the
beginning “En Ch 016 Acid” to remove CaSO4 and CaCO3, then “En Ch 006 Basic” to
eliminate microbial contamination [5,16]. When the efficiency decreased by 10% or the
content of hydrocarbons in the treated water increased in a noticeable manner (i.e., if the
differential pressure increased by 15% in relation to the reference state), then the system
was rinsed several times with deionized water. To ensure the RO membrane module’s
correct operation, the clogging index was determined for surface water (SDI15). During
the entire research period, the index was determined eight times and ranged from 1.16
to 3.3. The number of determined indices resulted from significant fluctuations in iron
concentration and color. The unit capacity of the module was checked after each step.

2.1. Analytical Methodology

Spectrophotometric, pH, and conductometric determinations were performed accord-
ing to the applicable standards or based on analytical methodologies commonly recognized
and recommended by the scientific literature [11]. The test results presented in the paper
are the average of at least three determinations performed simultaneously.



Water 2021, 13, 1092 5 of 10

GC–MS BTEX Chromatographic Analysis

The standard method for the determination BTEX in water is by capillary gas chro-
matography/mass spectrometry using headspace sampling, purge and trap capillary col-
umn gas chromatography with photoionization, and electrolytic conductivity detectors in
series. Field studies can be performed with mobile mass spectrometer (GC/MS). A gas chro-
matograph coupled with a mass spectrometer was used in the conducted research [5,7,12].

The BTEX determinations in individual samples were performed using a gas chro-
matograph coupled with a VARIAN 4000 mass spectrometer (Harbor City, CA, USA).
Separation of analytes was carried out on a VF–5 MS column with dimensions of
30 m × 0.25 mm × 0.25 µm. The stationary phase of the column was polydimethylsilox-
ane with a 5% share of phenyl groups. Five hundred milliliters of the tested water was
used to determine BTEX. The isolation process was carried out at room temperature
(20 ± 2 ◦C) on a magnetic stirrer with rotational speed equal to about 800 rpm, using 50 mL
of dichloromethane. After separation of the aqueous and organic layers, the eluate was
transferred to volumetric flasks and dried with anhydrous sodium sulfate (Na2SO4, pure
for analysis). The extract was separated from the water sample and concentrated to a
volume of 1.5 mL. The concentrated extract was separated and detected on the GC–MS
with the following operating parameters: dosed sample volume 1 µL—without dividing
the carrier gas stream (in the splitless mode), dispenser temperature 250 ◦C, carrier gas flow
1 mL/min, initial oven temperature 40 ◦C, isotherm 5 min, final oven temperature 300 ◦C,
isotherm 20 min, temperature rise 4 ◦C/min, transfer line temperature 230 ◦C, ion source
temperature 180 ◦C, range of scanned masses 40–400 m/z. Helium with a purity of 6.0 was
used as the carrier gas [5,16].

3. Results and Discussion

Table 3 presents the results of surface water tests, with particular attention to the con-
centration of petroleum hydrocarbons in the samples. A significant color characterizes the
tested surface water, with relatively low turbidity, a variable content of organic substances
expressed as chemical oxygen demand (COD) and petroleum hydrocarbons (BTEX), and
moderate salinity.

Table 3. Quality of surface water used in the research.

Parameter Unit

Surface Water
R

(%)
Values Standard

DeviationMin Max Mean Median

Color mg Pt
dm−3 10.00 22.00 16.91 12.00 1.774 96.00

Turbidity NTU 0.900 2.000 1.200 1.30 0.793 100.0
Conductivity µS/cm 360.0 410.0 379.1 388.0 21.76 98.00

pH 7.190 7.600 7.270 7.260 0.110

Calcium mg Ca2+

dm−3 79.20 89.51 83.53 84.10 2.701 96.00

Manganese mg Mn
dm−3 0.020 0.040 0.017 0.018 0.052 84.00

Iron mg Fe
dm−3 0.080 0.190 0.13 0.38 0.161 78.00

CODMn
mg O2
dm−3 6.600 14.60 10.53 10.40 1.965 92.00

ΣBTEX µg dm−3 0.010 1.700 0.05 0.05 0.075 81.00
R: retention coefficient.

The presented values (Figure 1) result from carrying out the process at a transmem-
brane pressure of 1.2 MPa. In the process of BTEX removal from surface water (Figure 1), a
variable retention coefficient was observed for individual hydrocarbons from the BTEX
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group, ranging from 41% to 80%. The highest efficiency was obtained with benzene 72–80%,
the lowest for m+p-xylene 48–62%.

Figure 1. Change of the BTEX retention index in the individual lots at 1.2 MPa pressure.

The analysis of the obtained results (Figure 2a,b) shows the decrease of the permeate
flux during the tests for each applied BTEX concentration. A rapid decrease in the size
of the permeate flux is noticeable. From the beginning of the process on surface water
alone and with BTEX, the membrane efficiency was from 40% to 46% (Figure 2a) of the
maximum efficiency determined for pure water. At a transmembrane pressure of 1.2 MPa,
the efficiency for the tested waters was higher by about 20% in comparison to the efficiency
at a pressure of 1.0 MPa. The permeate flux decreased in both cases due to an increase
in the thickness of the sediment layer (Figure 2). It was observed that for each applied
pressure for the tested membrane, the value of volumetric permeate flux obtained for the
tested water was lower than for deionized water. This can be attributed to the presence
of numerous micro-contaminants and bacteria that can cause fouling in the pores of the
membranes [18,19,25–36].
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The decrease in the efficiency of the membrane necessitated its cleaning. Regardless
of the value of the driving force applied during the RO process [11,36–41], the cleaning
applied restored the membrane to about 90% of its initial efficiency (Figure 2).

Hermia Model

This model requires an accurate measurement of the initial permeate flux. The dimen-
sionless initial filtrate stream j0 determined as a result of the experiment and the introduced
dimensionless values of time τ and volume υ made it possible to solve the modified Hermia
equation and calculate the value of the coefficient k describing the process-limiting mecha-
nism for the following values: n = 0, 1, 3/2, and 2 (Table 4). For individual values of the
exponent n (Equation (1)), we carried out a comparative analysis of the experimental curves
and model curves obtained from the RO process of surface water enriched with a fuel
mixture. The calculated correlation coefficient is a measure of the compliance of the curves,
and its highest value indicates the best agreement between the model and the experiment.
Its maximum values ranged from 0.9976 to 0.9989 in the membrane operation on surface
water enriched with BTEX, which indicates the blocking of the membrane according to the
n = 0 cake mechanism. This proves the lack of differentiation in BTEX concentration and the
increase in resistance in the boundary layer of the membrane caused by the accumulation
of a mass of the component retained on the membrane. In surface water alone, the highest
correlation coefficient was 0.9994, and corresponded to a temporary blocking mechanism
(n = 1).

On the other hand, it is difficult to assess the blocking mechanism of the mem-
brane working on surface water alone because the values of the correlation coefficient for
n = 1, 3/2, and 2 did not differ substantially from each other. It should be assumed that
the process took place according to a mixed mechanism (i.e., some particles completely
blocked the pores, and the rest settled on the surface of the membrane). The occurrence
of a mixed mechanism during the process is probably related to the content of iron and
calcium ions in the tested water. Data associated with the recognized membrane blocking
mechanism will enable the adjustment of the control and schedule for membrane cleaning
or rinsing [29–35].

The verification of the model performed using the Fisher (F) test made it possible to
assess the quality of matching of the proposed models to the data obtained as a result of the
research [10,19,36–41]. Very high test values were obtained for the Hermia model, ranging
from 665.7 to 165.7 (Table 5). There is an assumed relationship between the variables with
95% probability.
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Table 4. Correlation coefficient (r) of fitting the experimental curve and model curves (according
to Hermia) depending on the value of n for the filtration process of unmodified surface water and
surface water with added BTEX.

Water Type
Correlation Coefficient r

n = 0 n = 1 n = 3/2 n = 2 Maximum Value of
Correlation Coefficient

Surface 0.9976 0.9996 0.9994 0.9995 0.9996
Surface, Enriched with

BTEX
0.802 mg dm−3

0.9979 0.9887 0.9842 0.9754 0.9979

Surface, Enriched with
BTEX

9.49 mg dm−3
0.9988 0.9868 0.9925 0.9807 0.9988

Surface, Enriched with
BTEX

15.76 mg dm−3
0.9989 0.9985 0.9983 0.9955 0.9989

Table 5. Correlation coefficients obtained for the applied model relating to the experimental data and
the obtained values of the significance level using the Fisher’s test.

Water Type
Correlation Coefficient r Fisher’s Test Value

Hermia Model FH

Surface, BTEX
0.802 mg dm−3 0.9999 665.70

Surface, BTEX
9.49 mg dm−3 0.9998 332.30

Surface, BTEX
15.76 mg dm−3 0.9999 665.70

Surface 0.9996 165.70

4. Conclusions

This paper presents a comprehensive analysis of the behavior of a polyamide mem-
brane in the process of reverse osmosis during the treatment of surface water containing
BTEX. Based on the obtained experimental results and theoretical analysis, the following
conclusions can be drawn:

1. The model developed by J. Hermia made it possible to determine the pore blocking
mechanisms for the membrane during surface and surface water treatment with BTEX.
The concentration of BTEX in the water did not affect the blocking mechanism of the
diaphragm. The research confirmed a good agreement between the experimental and
theoretical results.

2. Based on the comparison of the results obtained experimentally with the results ob-
tained based on the Hermia model analysis, we showed that the dominant membrane
blocking mechanism in the studied process was the formation of a filter cake.

3. This means that polyamide membrane fouling by BTEX and mono-aromatic hydrocar-
bons in surface water followed a sequence of mechanisms with an initial flux decline
due to an internal pore blocking mechanism, followed by complete pore blocking
with subsequent intermediate pore blocking. Finally, it should be pointed out that
both resistance-in-series analysis as well as fouling mechanism identification led to
consistent conclusions: the membrane fouling was of external type; the two identified
pore blocking mechanisms (complete and intermediate) were also external types.

4. The fouling of the membrane was of the external type; we identified two pore blocking
mechanisms (n = 0, cake blocking; and n = 1, temporary blocking).
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