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Abstract: Oily brine from the gas and oil industries remains the most difficult wastewater to treat
due to its complex chemical composition, which includes aromatic hydrocarbons. Even at low
concentrations, the presence of BTX (benzene, toluene, xylenes) can be extremely harmful to aquatic
ecosystems. Fixed-bed adsorption columns are recommended for oily water treatment due to their
flexibility and easy operation. In this research, pine sawdust modified with polydimethysiloxane
(PDMS) and hydrophobic nanosilica was applied as a sorbent in a filtration system. The surface
modification of raw fiber allowed to change its morphology and increase the roughness of it.
The Yoon–Nelson, Bohart–Adams, Clark, and Belter models were applied to simulate continuous
biosorption. The Bohart–Adams model strongly correlated with the experimental data and described
the whole dynamic behavior of the column. The effect of feed flow rate (10–50 mL/min) on
breakthrough characteristics was determined. Both the breakthrough and saturation time decreased
as the flow rate increased. This study indicated that hydrophobized pine sawdust is an effective
low-cost potential biosorbent for the removal of BTX fraction from produced water in continuous
column mode.

Keywords: oily brine; BTX; breakthrough curve; fixed-bed column

1. Introduction

Production of reservoir brines is one of the major concerns in the gas and oil industry. The quantity
of water extracted depends mainly on the type of reservoir and the degree of its depletion. Their
volume can be up to eight times greater than the amount of crude oil produced by an individual
hydrocarbon field. Proper management of oilfield waters is often difficult because they often have
high salinity and high hydrocarbon content. The environmental effects determine the economy and
the performance of fossil fuel production. The salinity of most produced waters is higher than that
of seawater [1–3]. Alley et al. [1] performed a meta-analysis of the characteristics of produced water
based on 165 oilfield, 137 tight gas sand, 4000 natural gas, and 541 shale gas records. According to
Alley et al. the majority of produced brines from oil reservoirs contain chloride concentrations ranging
from saline (>30 g/L) to hypersaline (up to 238.5 g/L). The concentration of total oil in produced waters
(measured by IR spectroscopy) is usually between 2 and 565 mg/L [1], while the concentration of
different types of hydrocarbons varies greatly. Stewart and Arnold [4] reported that for a proper design
of produced water treatment systems an oil concentration of 1000–2000 mg/L may be assumed. Waters
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in contact with crude oil and/or natural gas in a reservoir capture selected components from it. These
are mainly hydrocarbons, organic compounds containing sulfur, oxygen, and nitrogen heteroatoms,
as well as resins and asphaltenes. The physicochemical properties of all these compounds differ
significantly and can be in both dissolved and dispersed form in water [5]. By gas chromatography
with mass spectrometry detection, Khan et al. isolated over 1400 petroleum compounds in reservoir
waters from the Permian Basin (USA). According to these studies, the most-represented groups of
chemical compounds are n-alkanes, cycloalkanes, BTEX (benzene, toluene, ethylbenzene, xylenes),
alkylbenzenes, and naphthalenes [6]. On the other hand, Tellez et al. reported that 90% of all
hydrocarbons present in reservoir waters are C10-C30 n-alkanes [7]. The BTEX fraction constitutes
ca. 2%–3% of all petroleum derivatives found in reservoir waters [8]. Fillo et al. reported that the
produced waters from gas production processes have higher levels of BTEX than waters from oil
production [9]. Despite the fact that the BTEX content in reservoir waters is not high, the presence of
these chemical compounds is a problem due to their toxicity. Benzene is classified by ATSDR (Agency
for Toxic Substances and Disease Registry) as one of the 10 most hazardous substances (benzene is
the sixth on the list, 2017) [10]. On the same list, xylenes (total) and toluene occupy positions 64 and
74, respectively.

Due to the increasing amount of produced oilfield waters, their proper purification becomes
crucial from the point of view of rational management of hydrocarbon reservoirs. There are many
technologies available to effectively separate solid particles, but the removal of petroleum compounds
from water is still a challenge. In regular surface facilities, several different technologies are usually
combined. Preliminary gravitational separation allows to separate solid particles and free oil. Filtration,
flotation, coalescing on filters, and membrane techniques (microfiltration and ultrafiltration) are used
for emulsion breaking, i.e., to remove dispersed oil. The final stage is the removal of microemulsions and
dissolved hydrocarbons by evaporation, reverse osmosis, and/or adsorption beds [11–13]. In industrial
practice, adsorption in filtration columns is quite commonly used as the polishing step due to its good
efficiency and low operating costs. Classic filters based on the sieve effect are used to remove solid
particles and large droplets of oil from water. Hydrocarbons present in water in finely dispersed
and dissolved forms are removed by means of adsorption beds. It is assumed that the efficiency of
removing suspensions and petroleum derivatives with this technique can be over 90% [14]. The most
popular adsorbent of organic pollutants is activated carbon with excellent sorption properties, which
are the result of a well-developed specific surface area, that often exceeds 2000 m2/g [15]. The sorption
capacity of carbon materials depends heavily on their preparation. For example, Kayvani et al. showed
that carbon nanotubes sorb about 7 g of petroleum derivatives per 1 g of sorbent [16]; Elkady et al.
showed that soot activated by KOH/ZnCl2 sorbs 28.3 g/g [17], and Han et al. confirmed that carbon
aerogels sorb up to 59 g/g [18].

Nowadays, plant fibers are increasingly used as adsorbent for the removal of hydrocarbons
from reservoir waters due to their biodegradability, low purchase costs, diversity, and availability.
Walnut shell filters have been used in the petroleum industry for many years [19,20]. US Filter
Corporation (Auto-ShellTM filters) is a large supplier of this type of beds. Despite a low sorption
capacity of ca. 1 g of oil per 1g of sorbent [21], the material is effective in removing hydrocarbons, as
was confirmed by Rawlins et al. [22]. Several authors have reported the application of a continuous
column packed with different types of plant fibers for the treatment of BTX (benzene, toluene,
xylenes)-contaminated wastewater. Excellent sorption properties of plant kapok have been confirmed
by many researchers [23–25], which has contributed to the frequent use of this plant as filtration layers.
The sorption efficiency of petroleum substances by other plant fibers i.e., cattail fiber, Salvinia
sp., wood chip, rice husk, coconut husk, and bagasse, has also been extensively studied [26].
Gallo-Cordova et al. [27] compared the effectiveness of filters made of various types of biomass,
including walnut shells, oil palm shells, orange shells, banana peels, passion fruit shells, cocoa beans,
and sawdust. Ribeiro et al. [28] compared the efficiency of Salvinia sp. and peat fiber filters. Dried
hydrophobic aquaphyte removed up to 90% of oil from oil/water emulsions. El-Sayed et al. [29]
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showed that thin films of amorphous carbon (ACTF) prepared from wood sawdust can be effectively
utilized to remove oil from synthetic produced water in a fixed-bed column system. Further research
by Fathy et al. confirmed the high separation efficiency of ACTF prepared from oil palm leaves in
condensate oil removal from produced water using a fixed-bed method [30]. Cambiella et al. [31] used
eucalyptus sawdust mixed with gypsum (CaSO4

* 2H2O) as a filter layer; more than 99% of oil content
in the influent stream was removed. The sorption capacity and selectivity of sawdust can be improved
by increasing the surface hydrophobicity. Ismail et al. [32,33] obtained an effective sorbent for oil
spill cleanup by esterification of sawdust with oleic acid. Hussein et al. [34] improved the sorption
capacity of acid treated sawdust to 4.82 g/g. Results reported by other researchers confirm that the use
of sawdust is feasible in the treatment of oily wastewater. Hence, in this study a sawdust-based sorbent
for removal of BTX from model reservoir brine was developed: a simple spray-coating method using
polydimethylsiloxane as a coupling agent and hydrophobic nanosilica was applied to modify the fiber
surface morphology. The present study was focused on evaluating the performance of as-prepared
sawdust in the removal of BTX from wastewater in a fixed-bed reactor under different feed flow rates.

2. Materials and Methods

2.1. Materials

Pine sawdust supplied by a local supplier was used to prepare the filter bed. Commercial nanosilica
produced by PlasmaChem GmbH was applied to modify these natural plant fibers. Basic properties of
nanopowder based on the specification provided by the manufacturer: colloidal, hydrophobic silica,
surface modified with PDMS (polydimethylsiloxane), average particle size—14 nm, specific surface
area—100 m2/g, bulk density—0.05 g/cm3, purity > 99.8 (excluding stabilizers).

A sample of Polish crude oil from Małopolska oil province and NaCl (pure, Avantor Performance
Materials Poland S.A.) were used to prepare the reservoir water models.

2.2. Methods

2.2.1. Preparation of Hydrophobized Plant Fibers

The pine sawdust was washed with distilled water to remove impurities (e.g., dust, dyes) and
dried for 24 h in an oven at 30 ◦C. The resulting material was sieved to obtain targeted sample size of
2–10.0 mm. The preparation of hydrophobized plant fibers was in accordance with the scheme in the
Figure 1.
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Figure 1. Scheme of preparation of hydrophobized pine sawdust.

The first step was to prepare appropriate fluids i.e., a solution of 10% polydimethylsiloxane in
n-pentane (both purchased from Sigma Aldrich) and a colloidal solution of silica dispersed in alcohol
(10 g of PDMS-modified nano-SiO2 per 100 mL of pure ethanol 98%). The next step was surface
hydrophobization of raw pine sawdust by spraying 10 g of fiber with 10 mL of 10% polydimethylsiloxane
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in n-pentane and subsequently with 25 mL of nanosilica dispersion. In the last step the resulting
product was dried for 6 h at 40 ◦C.

Polydimethysiloxane was used to modify surface wettability from hydrophilic to hydrophobic.
Numerous PDMS-coated fibers were reported as promising absorbents for oil spill removal due to
their hydrophobicity and selectivity towards hydrocarbons. PDMS forms a thin and sticky layer on the
fiber surface and acts as an adhesive (coupling) agent between biomass and nanoparticles. Nanosilica
was immobilized on the surface in the second step of synthesis to increase surface specific area and
roughness. Between all used compounds (sawdust, PDMS, and nanopowder) some non-covalent
interactions may occur including van der Waals forces and hydrogen bonding. Figure 2 shows the
visualization of the biomass surface coated with PDMS/nSiO2.
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coated pith.

2.2.2. Scanning Electron Microscope Measurement

The morphology of the sawdust samples was analyzed with a scanning electron microscope (SEM,
FEI Quanta FEG 250) using an acceleration voltage of 10 kV and magnification ranging from 500×
to 3000×.

2.2.3. Filtration Process on Adsorption Beds

The 400 mL of crude oil and 6000 mL of model brine (50 g NaCl per 1 L of distillated water) were
shaken in a 10 L canister for 1 h and allowed to stand for a further 48 h. The separated aqueous phase
was filtered through prepared adsorption beds from raw and modified sawdust. The tested materials
were used as fixed adsorption beds in the filtration process of brines contaminated with hydrocarbon
compounds. One liter of brine with a given concentration of hydrocarbons was pumped by means of a
peristaltic pump TH15 with a stepper motor from Aqua-Trend company from the top to an adsorption
column filled with a given filter material. The column was a glass tube with an internal diameter of
2.2 cm and a height of 25 cm, closed at both ends with plugs secured with a steel mesh. The filtrate
from the bottom of the column was collected in 100 mL doses in glass vessels. All measurements were
carried out at room conditions. BTX content in each sample was determined by UV-Vis spectroscopy.

2.2.4. Crude Oil Characteristic

All basic properties of oil samples were measured according to ASTM standard methods.
The chemical composition of oil was identified by GC-FID method. Gas chromatography of the whole
oil was performed with a Hewlett/Packard Model 5890 (HP5890) gas chromatograph with a 30 m ×
0.53 mm × 1 µm RTX-1 fused silica capillary column and a FID detector. The oven was programmed
from 313 to 603 K at 10 K/min and held isothermal at 603 K for 20 min with helium carrier gas. The BTEX
content in crude oil was determined using the certified reference material (2000 µg/mL each component
in methanol) provided by Sigma Aldrich. The oily brine was extracted with dichloromethane as a
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solvent and BTX content was determined as described previously. Simultaneously the mineral oil
index (the total concentration of all hydrocarbons eluting from n-decane C10H22 to n-tetracontane
C40H82) was measured according to PN-EN ISO 9377-2 [35].

2.2.5. UV-Vis Spectroscopy Measurement

The UV-Vis spectra were recorded by using UV-1700 spectrometer (Shimadzu Inc.) connected to
a computer and operated by the UV Probe program. All samples were placed in a 1 mL quartz cell
and measured directly as aqueous solutions. No extraction was performed, and no additional sample
preparation was used. The UV-1700 spectrometer is a double-beam spectrometer and pure model brine
(50 g NaCl per 1 L distilled water) was used as the reference sample. The spectra were scanned in the
range of 200–600 nm, with the accuracy of 1 nm.

3. Results and Discussion

3.1. Crude oil Characteristic

For this study a typical medium black oil was used. The physicochemical properties of the crude
oil are listed in Table 1.

Table 1. Basic properties of crude oil.

Parameter Method Value

Density, g/L ASTM D287 0.827
Viscosity at 293 K, mm2/s ASTM D445 3.05
Acid number, mg KOH/g ASTM D974 0.02

Sulfur content, % wt ASTM
D6560 0.09

Initial boiling point, K ASTM D86 331

Aromatic component, g/L

Benzene 0.219
Toluene 0.191
p-xylene 0.087
m-xylene 0.257
o-xylene 0.075

Total BTX 0.829

Gas chromatogram of whole crude oil is shown in Figure 3b. Peaks related to BTX components
are marked in Figure 3a. The chromatogram shows a typical shape with n-alkane peaks located by
their retention times. The lower boiling point hydrocarbons (<C5) were not strongly retained on the
stationary phase and eluted through the FID rapidly. In general, the tested oil is highly paraffinic,
n-alkanes account for over 85% of weight, which is conspicuous in chromatograms, where n-alkane
peaks are significantly larger than others. GC analysis of tested crude oil shows a broad spectrum of
n-alkanes whose peak heights progressively diminish toward the higher carbon numbers. The content
of individual BTX components in crude oil is given in Table 1. The chromatogram of hydrocarbons
extracted from brine is very similar to the original oil. The mineral oil index is equal to 834 mg/L
and BTX content equals 364 mg/L. Phase equilibria (including mutual solubilities) in two-component
systems of individual hydrocarbon-distilled water is well described in the literature. Salinity and the
presence of other hydrocarbons significantly affect the solubility of specific compounds. For various
reservoir waters these values change in a wide range and, for example, the reported benzene content
in waste brines was in the order of 1.50–778.51 mg/L [6], 1–4 mg/L [36], 0.03–0.1 mg/L [37].

Chromatographic measurements are accurate and useful but too expensive for routine analysis.
In this study the BTX concentration in water was determined using UV-Vis spectroscopy.
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Figure 3. (a) Identification of BTX (benzene, toluene, xylenes) components on the whole oil
chromatogram; (b) whole oil gas chromatogram.

3.2. Morphology Analyses

The SEM images of raw and modified sawdust at 500, 1000, and 3000 magnifications are shown
in Figure 4. The macroscopic surface of the fibers is heterogeneous, and there are numerous burrs,
wrinkles, and folds. The magnified image of pristine fibers reveals the smooth surface with jagged
edges. The immobilization of nanosilica particles on sawdust surface using PDMS as coupling agent
increased surface roughness. The coated fiber exhibit undulant and course surface morphology
with numerous nanosilica aggregates. The hydrophobization increased the number of active sites
available for adsorption which can affect the retention capability of oil in sorbent structure. The good
adhesion property of oil on the fiber surface is crucial for hydrocarbons removal at high flow rates in
filtration columns.

The specific surface area of pine biomass was reported by other researchers to be 0.4075–0.89 m2/g
and the pore volume was equal to 0.0009 cm3/g [38,39]. Sawdust has a finely porous, regular structure
with closed, elongated cells. It is expected that the surface modification with PDMS/nSiO2 did not
influence the pore volume and pore size distribution as the whole process occurs only on the surface.
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Microscopic images confirm that the surface area after hydrophobization was increased. In our
previous work [40] the sunflower pith was modified in the same way and its specific surface area
increased from 3.388 to 8.090 m2/g and similar effects are expected in the case of sawdust.
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3.3. Measurement of BTX Fraction in Model Brine During the Filtration Process on Absorption Beds

During all filtration processes the presence of BTX fraction in the filtrate was monitored by UV-Vis
spectroscopy. Absorption bands on the UV-Vis spectra in the range of 200–230 and 240–280 nm are
typical for aromatic compounds containing a benzene ring in their structure. The spectra of BTX in the
range of 240–280 nm have a specific shape. A bathochromic effect can be observed—the maximum
of absorption is observed at 256, 261, and around 266 nm for benzene, toluene, and xylenes [41].
The UV-Vis spectrum of brine contaminated with petroleum is more complicated, and the identification
of individual compounds is difficult due to the overlapping of bands. According to the literature, the
BTX fraction content can be analyzed by measuring absorbance at 254 nm or around 205 nm [42–45].

Figure 5 presents the UV-Vis spectrum set showing the change in aromatic hydrocarbon
concentration during the filtration progress of oily water at flow rate of 25 mL/min. Two typical
absorption bands with the maximum at 205 and 254 nm for the BTX fraction are observed in the
spectrum of the tested brine contaminated by crude oil (the most intense spectrum in Figure 5).
The UV-Vis spectra of the filtrates confirm the decrease in BTX fraction content (both peaks at 205
and 254 nm). In our study, using the linear relationship between the concentration of the substance
and absorbance at 254 nm, the relative differences in the concentration of hydrocarbons in all tested
samples (obtained before, after, and during the filtration process) were determined. These data were
used in subsequent studies.
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Figure 5. The UV-Vis spectrum of brine contaminated by crude oil (the most intense spectrum in red)
and spectra of filtrates collected at different periods of time during filtration at a flow rate of 25 mL/min.

3.4. Column Study

3.4.1. Effect of Feed Flow Rate and Sorbent Wettability on the BTX Breakthrough Curves

Breakthrough curves show the adsorbate normalized concentration in effluent versus time and
can be used to describe the performance of a fixed bed. This normalized (relative) concentration is
defined as the ratio of adsorbate concentration in effluent to inlet adsorbate concentration (C/Co).
Figure 6a confirms that the modified sawdust exhibits a higher performance in hydrocarbon removal
than the raw sawdust. For pristine fiber the BTX concentration in effluent was higher than 60% of
initial BTX concentration for the whole filtration run. The modified sorbent removed more than 50% of
dissolved hydrocarbons at the filtration initial stage. The surface roughness and hydrophobicity are
considered as factors improving sorption capacity of the tested material.

The flow rate is the main operational parameter used to adjust performance of filtration system.
The breakthrough curves for modified sawdust at different flow rates are shown in Figure 6b. The initial
concentration of BTX fraction and the height of the bed were held constant at 364 mg/L and 25 cm,
respectively. The breakthrough occurred faster with a higher flow rate. At lower flow velocities BTX
molecules and oil microdroplets are more easily coalesced, adsorbed, and retained in the bed due
to more time to contact with sorbent. At shorter residence time the BTX molecules cannot penetrate
deeply in the pores. The separation of two liquids in the filtration column is more sensitive to changes
in the flow rate as oil droplets are easily deformed and the classic sieve effect does not take place. With
an increase in the flow rate, the BTX fraction elutes more rapidly from the beds.



Energies 2020, 13, 1064 9 of 15
Energies 2020, 13, 1064 9 of 15 

 

  

(a) (b) 

Figure 6. (a) Comparison of sorption performance of raw and modified sawdust at a flow rate of 

50 mL/min; (b) effect of flow rates on the adsorbed quantity of BTX onto a modified sawdust fixed-

bed column. 

The flow rate is the main operational parameter used to adjust performance of filtration system. 

The breakthrough curves for modified sawdust at different flow rates are shown in Figure 6b. The 

initial concentration of BTX fraction and the height of the bed were held constant at 364 mg/L and 25 

cm, respectively. The breakthrough occurred faster with a higher flow rate. At lower flow velocities 

BTX molecules and oil microdroplets are more easily coalesced, adsorbed, and retained in the bed 

due to more time to contact with sorbent. At shorter residence time the BTX molecules cannot 

penetrate deeply in the pores. The separation of two liquids in the filtration column is more sensitive 

to changes in the flow rate as oil droplets are easily deformed and the classic sieve effect does not 

take place. With an increase in the flow rate, the BTX fraction elutes more rapidly from the beds. 

3.4.2. Modeling of Breakthrough Dynamics 

The breakthrough curves describe the performance of a fixed-bed column. Mathematical 

modeling of the adsorption process allows to identify its mechanism and is necessary for the 

successful design of full-scale adsorbers. Several mathematical models for concentration-time profile 

prediction have been reported in the literature. The most common ones are Yoon–Nelson, Clark, 

Bohart–Adams, and Belter models. 

The Yoon and Nelson model is widely used for modeling breakthrough curves because it does 

not require detailed knowledge of the considered system. It can be described in a linear form: 

𝑙𝑛 (
𝐶

𝐶𝑜 − 𝐶
) = 𝑘𝑌𝑁(𝑡 − 𝜏) (1) 

where C is the solute concentration in the filtrate (mg/L), Co is the inlet BTX concentration in the 

solution (mg/L), kYN is the Yoon–Nelson’s proportionality constant (min-1), and τ is the time required 

for retaining 50% of the initial adsorbate (min) [46].  

The Adams–Bohart model based on the surface reaction theory assumes that the adsorption rate 

is proportional to both the residual capacity of the adsorbent and the concentration of the adsorbing 

species [46]. Numerous studies proved that this model is useful for the description of the initial part 

of the breakthrough curve. This approach allows to estimate the maximum adsorption capacity and 

kinetic constant. The expression is the following: 

0.0

0.2

0.4

0.6

0.8

1.0

0 5 10 15 20

N
o

rm
a

li
ze

d
 c

o
n

ce
n

tr
at

io
n

 C
/C

o
, -

Time, min

raw sawdust

modified sawdust
0.0

0.2

0.4

0.6

0.8

1.0

0 10 20 30 40 50

N
o

rm
a

li
ze

d
 c

o
n

ce
n

tr
at

io
n

 C
/C

o
, -

Time, min

Q = 50 ml/min

Q = 25 ml/min

Q = 10 ml/min

Figure 6. (a) Comparison of sorption performance of raw and modified sawdust at a flow rate
of 50 mL/min; (b) effect of flow rates on the adsorbed quantity of BTX onto a modified sawdust
fixed-bed column.

3.4.2. Modeling of Breakthrough Dynamics

The breakthrough curves describe the performance of a fixed-bed column. Mathematical modeling
of the adsorption process allows to identify its mechanism and is necessary for the successful design
of full-scale adsorbers. Several mathematical models for concentration-time profile prediction have
been reported in the literature. The most common ones are Yoon–Nelson, Clark, Bohart–Adams, and
Belter models.

The Yoon and Nelson model is widely used for modeling breakthrough curves because it does not
require detailed knowledge of the considered system. It can be described in a linear form:

ln
( C

Co −C

)
= kYN(t− τ) (1)

where C is the solute concentration in the filtrate (mg/L), Co is the inlet BTX concentration in the
solution (mg/L), kYN is the Yoon–Nelson’s proportionality constant (min−1), and τ is the time required
for retaining 50% of the initial adsorbate (min) [46].

The Adams–Bohart model based on the surface reaction theory assumes that the adsorption rate
is proportional to both the residual capacity of the adsorbent and the concentration of the adsorbing
species [46]. Numerous studies proved that this model is useful for the description of the initial part
of the breakthrough curve. This approach allows to estimate the maximum adsorption capacity and
kinetic constant. The expression is the following:

ln
(Co

C
− 1

)
=

kBANoL
u

− kBACot (2)

where kBA is the kinetics constant (L/mg*min), No is the maximum volumetric sorption capacity (mg/L),
u is the linear velocity (cm/min), and L is the bed depth (cm).

The Clark model assumes plug flow behavior in the bed and uses Freundlich isotherm for
equilibrium. The model has the following form

ln
((Co

C

)n−1
− 1

)
= lnA− rt (3)
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A = exp
(

kCNoL
u

)
(4)

r = kCCo (5)

where kC is the Clark constant (L/(mg*min)) and n is the Freundlich constant reported for hydrophobized
sawdust by Ismail (-) [32,47].

The Belter model can be described as

Co

C
=

1
2

(
1 + er f

[
t− t0
√

2σto

])
(6)

where erf (x) is the error function of x, to indicates time needed for the outlet BTX concentration to
be half of the inlet BTX concentration (min), and σ is the standard deviation of the linear part of the
breakthrough curve in the Belter model [46].

In order to determine the sorption mechanism described above models were fitted to the
experimental data. The parameters of models were determined using the Levenberg–Marquardt
algorithm (nonlinear regression, Minerr function in Mathcad software). RMSE (root mean square error)
and chi2 statistical criteria were was applied to evaluate the fitness of the model calculations to the
experimental results. These criteria were calculated according to the equations:

RMSE =

√√√
1
N

N∑
i=1

(
qe, exp − qe, calc

)2
(7)

chi2 =
N∑

i=1

(
qe, exp − qe, calc

)2

qe, calc
(8)

where N is the data numbers, and qe,exp and qe,calc are the experimental and simulated values, respectively.

3.4.3. Breakthrough Curves—Modeling and Determination of Model Parameters

Figure 7 shows the breakthrough curves predicted by Yoon–Nelson, Adams–Bohart, Clark, and
Belter models.

The obtained characteristic parameters for each experimental breakthrough curve are summarized
in Table 2.

Full breakthrough curves are effectively predicted by the Yoon–Nelson and Bohart-Adams models.
The values of the root mean square error are low for both models. Low chi2 confirms that the forecast
is consistent with the measured values over the entire range of outlet concentrations. The Yoon–Nelson
model does not take into account typical process parameters such as flow rate but it allows to compare
the effectiveness of the adsorption materials used. The longer the time it takes for the adsorbent to
reach half of its saturation τ, the more effective the sorbent is, i.e., it allows for purification of a greater
volume of brine before the concentration at the outlet reaches 0.5 Co. Values of τ determined from the
Yoon–Nelson model comply with the experimental values. The kinetic coefficient kYN, similarly to the
adsorption rate constant, is a measure of the intensity of the process. Parameter kYN increases with the
filtration rate which is associated with a higher number of adsorbate molecules available in a given
volume of the bed, which increases the likelihood of sorbent–sorbate contact.
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Figure 7. (a) Predicted breakthrough curves of BTX adsorption onto raw sawdust at flow rate of
50 mL/min; (b–d) experimental and calculated breakthrough curves for modified sawdust at flow rate
of 50, 25, and 10 mL/min, respectively.

The Bohart–Adams model allows to determine the maximum volumetric adsorption capacity of a
bed (grams of oil derivatives per unit volume of the bed). For raw sawdust the capacity is 3.367 g/L
and for modified material varies from 2.037 to 4.613 g/L. This capacity is affected by flow rate as at
higher flow velocity a more intensive desorption occurs, and oil compounds are washed out.

Direct comparison of the effectiveness of the developed adsorption beds with that of other materials
is difficult due to different research methods adopted by the authors. In most cases, the curves obtained
are not S-shaped as in the literature. Their characteristic depends strongly on operational parameters
and sorbent–sorbate interactions. Works of other authors confirm that it is practically impossible to
completely remove dissolved hydrocarbons from water in adsorption columns. Even in the initial
phase of experiments, the concentration in effluent is usually equal to 20% of the initial concentration.
Moura et al. [48] used ordered mesoporous silica materials to remove BTX fraction from water. After
filtering through the column (Co = 10 mg/L, L = 1 cm, Q = 1 mL/min) 50 mL of the waste water, the
benzene content in the filtrate was 40% of Co. Zeinali et al. [49], using granulated activated carbon,
in most cases removed no more than 60% of toluene from the water. Walnut and coconut shell beds
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removed less than 50% of hydrocarbons from the produced water as reported Gallo-Cordova et al. [27].
As reported in this work, modified sawdust-based fixed beds show a reasonable removal efficiency.

Table 2. Yoon–Nelson, Adams–Bohart, Clark, and Belter model parameters for BTX
breakthrough curves.

System 1 2 3 4

Model parameters Raw sawdust Q
= 10 mL/min

Modified sawdust
Q = 10 mL/min

Modified sawdust
Q = 25 mL/min

Modified sawdust
Q = 50 mL/min

Yoon–Nelson

kYN, 1/min 0.199 0.063 0.054 0.203
τ, min −1.141 27.779 23.874 9.473

chi2 0.007 0.076 0.146 0.172
RSME 0.024 0.07 0.096 0.086

Bohart–Adams

kBA, L/(g*min) 0.056 0.084 0.084 0.217
No, g/L 3.367 2.037 4.613 3.683

chi2 0.021 0.039 0.106 0.042
RSME 0.041 0.046 0.08 0.051

Clark

kC, - 2.747 69.767 35.782 91.899
rC, 1/min 0.225 0.096 0.086 0.306

chi2 0.492 1.537 0.13 0.178
RSME 0.187 0.374 0.091 0.079

Belter

τ, min 0.223 27.703 23.786 9.415
σ, - 31.646 0.926 1.247 0.859
chi2 0.015 0.074 0.146 0.167

RSME 0.035 0.069 0.095 0.084

4. Conclusions

In this study raw and hydrophobized sawdust was used as a low-cost material in laboratory-scale
fixed-bed columns in order to test their efficiency in removing BTX fraction from oily brine. The modified
material exhibited a higher sorption efficiency due to increased surface roughness related to the presence
of nanosilica aggregates. The reduction in flow rate from 50 to 10 mL/min resulted in a 9.5 to 27.8 min
increase in the time required to reach 50% of initial BTX concentration in effluent. The maximum
sorption capacity (4.6 g of BTX per 1 L of filter bed) was attained at a bed height of 25 cm, 25 mL/min
flow rate, and 364 mg/L initial BTX concentration. The Yoon–Nelson, Bohart–Adams, Clark, and Belter
models were applied to analyze and predict the experimental data. The Bohart–Adams equation
provided the model that best fitted the provided experimental data. The obtained results could be
useful for the design of packed adsorption columns.
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