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ABSTRACT

The production of oil and gas is usually accompanied by the production of waste water, which contains
several organic pollutants. The objective of this work is to investigate the removal of organic load from
synthetic oilfield produced water by adsorption process, using activated carbons from vegetable and
animal origin. The synthetic oilfield produced water was constituted by a mixture of xylene, n—heptane,
phenol, and NaCl in aqueous solution. The structural properties of the samples were investigated by X—ray
powder diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), N, adsorption—desorption
isotherms, and scanning electron microscopy (SEM). Effects of temperature and type of adsorbent on the
adsorption process were investigated. According to the results, the temperature of 25 C was more
favorable in adsorption of organic load from synthetic oilfield produced water. Pseudo—first order,
pseudo—second order, and Elovich equations were able to represent the adsorption kinetics. The
vegetable activated carbon delivered the best results, being the most efficient to remove the organic load
due its high surface area. The adsorption capacities were 28 and 15 mgroc g, for vegetable and animal
activated carbons, respectively.
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1. INTRODUCTION

Qilfield produced water (OPW) is an aqueous
fraction generated in oilfields simultaneously to the
production of oil and gas. Among the aspects of
OPW that deserve attention, are the high volume
and complexity of the chemical composition (Amini
et al.,, 2012). This aqueous fraction generally
contains organic compounds such as benzene,
toluene, ethylbenzene, xylene, phenols,
naphthalene, phenanthrene, dibenzothiophene,
polycyclic aromatic hydrocarbons, dispersed oil,
metal traces, dissolved inorganic salts, chemical
additives, and suspended solids (Faksness et al.,
2004; Dérea et al., 2007). Therefore, the presence
of the chemical components characterizes the
OPW as detrimental to the environment. Its
improper disposal can cause harmful effects to the
environment, which implies a high cost for a
corrective action.

OPW has been treated using of a variety of
technologies, such as membrane filtration (Szép &
Kohlheb, 2010), coagulation/flocculation (Santana
et al., 2010; Xu et al., 2015), flotation (Silva et al.,
2015a), advanced oxidation processes (Gao et al.,
2004; Silva et al., 2015b), adsorption (Scurtu et al.,
2009), electrochemical method (Jain et al., 2015),
biological treatment (Shpiner et al., 2007) and
solvent extraction (Oliveira et al., 2014).
Adsorption has advantages over the other methods
because it has a simple design, it demands low
investment in terms of initial cost, allowing the
separation of various components with low energy
consumption (Rashed, 2013; Dotto et al., 2016).

Due to the large surface area, porosity, and high
adsorption capacity (Georgin et al.,, 2016),
activated carbons are regarded as suitable
adsorbents for the removal of organic pollutants
from liquid effluents. Activated carbons have been
used as an effective adsorbent for the removal of
organic compounds such as benzene (Mazlan et
al., 2016), toluene (lzquierdo et al., 2013), and
phenol (Zhang et al.,, 2016). It should be
highlighted that the majority of the studies
presented in the literature uses activated carbon
from different origins to remove organic
compounds from synthetic single (one organic
compound dissolved in water) systems. Based on
the best of our knowledge, the comparison of
adsorption capacity between vegetable and animal
bone activated carbons for the removal of organic

pollutants contained in the OPW is yet to be
investigated.

In this context, this work aims to evaluate the
removal of total organic carbon (TOC) from
synthetic OPW using activated carbons of
vegetable and animal origins. The adsorbents were
characterized in detail. Effects of activated carbon
types and temperature on the TOC adsorption
capacity were investigated. Adsorption kinetic
equations were used to interpret the results.

2. MATERIALS AND METHODS

2.1 Adsorbents and characterization

techniques

Adsorption experiments were performed using
two commercial activated carbons: vegetable
activated carbon (VAC) (sample produced from
babassu coconut husk provided by Peixe Bello
Company, Brazil) and bone activated carbon (BAC)
(sample produced from bovine bone by the
BONECHAR Company, Brazil). Average particle size
for both samples was 12 mm. Properties of
activated carbon samples were analyzed by X-ray
diffraction (XRD) (Rigaku Miniflex 300
diffractometer), Fourier transform infrared
spectroscopy (FTIR) (Perkin Elmer instrument), N,
adsorption—desorption isotherms (Quantachrome
instruments) and scanning electron microscopy
(SEM) (JEOL, JSM—6060).

2.2 Adsorption assays

Synthetic OPW was prepared from the
dissolution of xylene (10 mg L™), n—heptane (10 mg
L™), phenol (100 mg L™), and NaCl (1000 mg L™)
into distilled water. The synthetic effluent was
prepared to generate a concentration of TOC of
145 mg L™". The selection and concentration of the
compounds for the preparation of the synthetic
effluent used in this work was established from the
values found in literature for oilfield produced
waters (Ahmadum et al., 2009; Neff et al., 2011).
Furthermore, it was considered that the OPW has
already passed by flotation or hydrocyclones, being
TOC, the most important parameter to be
regulated (Ahmadum et al., 2009). All the reagents
used contain analytical grade.
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Adsorption experiments were carried out in a
batch system, containing 100 mL of synthetic
solution and 5 g of adsorbent, under agitation of
120 rpm using a thermostatic orbital shaker, at 25
°C, 37 °C, and 50 °C, and natural pH of solution (all
the above conditions were based on preliminary
tests). At pre—determined times, samples were
retrieved, filtered (045 pm, Millipore), and
forwarded for analysis in a TOC analyzer (V—CPH,
Shimadzu). For each time in the kinetic curve, one
experiment was carried out. The experiments were
performed in triplicate (n = 3) and blank tests were
performed. The blank tests were carried out also
for the filtration step, to avoid any interference of
the filter paper in the results. It was found that the
filter adsorbed less than 2%, and this value was
considered in the calculations. The TOC amount
adsorbed at any time (g;, mgroc 8 *) was evaluated
by the TOC reduction (mg L™) in the solution, as:

qt — VOCO _VtCt (1)

m

where, C, is the initial TOC concentration (mg L™)
and C; (mg L") is the TOC concentration at time t,
respectively; m is the amount of adsorbent (g); V,
and V; (L) are the volumes at t = 0 and along the
time, respectively.

2.3 Adsorption kinetic modeling

In this work, the adsorption kinetics was used to
examine the adsorption rate of TOC from synthetic
OPW. For this purpose, pseudo—first order,
pseudo—second order, and Elovich equations were
used. The kinetic equations of pseudo—first order
and pseudo—second order assume that adsorption
is a pseudo—chemical reaction, and the adsorption
rate can be determined by the equations of
pseudo—first (Lagergren, 1898) and pseudo—second

order (Ho an Mckay, 1998), respectively, as
follows:

0 = Q1(1_ EXp ('klt)) (2)

q - (3)

o (Uk,0,")+ (ta,)

where, g, is the TOC amount adsorbed at time t
(mg g), k; and k, are the rate constants of
pseudo—first and pseudo—second order equations,
respectively, in (min™) and (g mg™ min™), g; and g,
are the theoretical values for the adsorption

capacity (mg g ™) and t is the time (min).

The Elovich kinetic equation can be described as
follows (Zeldowitsch, 1934):

4 :%In (1+abt) (4)

where, a is the initial velocity due to dg/dt with g, =
0 (mg g min™") and b is the desorption constant of
the Elovich equation (g mg™).

The parameters were determined by model fits
with the experimental kinetic data through
nonlinear regression. The parameters were
estimated minimizing the least squares function,
using the Quasi—Newton estimation method. The
calculations were realized using the Statistic 91
software (Statsoft, USA) (El-Khaiary & Malash,
2011). The fit quality was verified through
determination coefficient (R°) and average relative
error (ARE) (Dotto et al., 2013), as follows:

R? — [ZI (qi,exp - qi,e:p) - zi(qi,ezp - qi,model) 1 (5)
zi (qi,exp - qi,exp)

q”mdel quXp

ARE 190 5 imos ~Chop
ql exp

n i

(6)

where, G;modes is €ach value of g predicted by the
fitted model, g;ex is each value of g measured
experimentally, @; o is the average of g
experimentally measured, and n is the number of
experimental points.

3. RESULTS AND DISCUSSIONS

3.1 Adsorbents characteristics

XRD patterns of the adsorbents are shown in
Figure 1. The XRD pattern in Figure 1(a) (VAC)
shows two bands (26 = 2480° and 4460°) of
typically amorphous material (carbon) (Castro et
al., 2009; Barroso—Bogeat et al., 2015). Figure 1(b)
(BAC) shows diffraction peaks corresponding to the
crystal structure of hydroxyapatite
[Ca1g(PO.)s(OH),] (Cazetta et al., 2014; Tovar-—
Gomez et al.,, 2013), which is the principal
component of bone carbon (Bennett & Abram,
1967).
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Figure 1. XRD patterns of (a) VAC and (b) BAC adsorbents.
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Figure 2. FTIR spectra of (a) VAC and (b) BAC adsorbents.

FTIR spectra of VAC and BAC are shown in

Figure 2. FTIR spectrum of VAC (Figure 2a) shows
little IR bands at 3500 cm™ and in the region of
1250-1000 cm™. The band at 3500 cm™ is related
to the stretch of OH from phenolic groups, while
the region of 1250-1000 cm " is relative to the C—C
and C-0-C links in the carbonaceous skeleton. This
behavior is characteristic of amorphous
carbonaceous material, indicating that the
pyrolysis process performed to obtain the activated
carbon from babassu coconut husk led to loss of
the majority of chemical groups present in the
original material (Foletto et al., 2013). In Figure
2(b), FTIR spectrum of BAC shows the major
characteristic bands of the hydroxyapatite

structure, located at 1030 cm™ (assigned to the
vibrational stretching of —PO,”) (Cazetta et al.,
2014) and at 570 cm™ (assigned to Ca*)
(Lurtwitayapont & Srisatit, 2010). In addition, the
OH band, typical of activated carbons, also
appeared at 3500 cm . The bands at 1650 and
1500 cm ™ are due to C=0 and C=C respectively.

The surface structure of the activated carbons
was analyzed by scanning electronic microscopy
(SEM) (Figure 3). The adsorbent samples VAC
(Figure 3a) and BAC (Figure 3b) exhibited a large
number of cavities, which favor the diffusion and
adsorption of the phenol, xylene, and n—heptane
molecules into the internal spaces of the particles.

202



BRAZILIAN JOURNAL OF PETROLEUM AND GAS | v.13 n. 3 | p. 199-209 | 2019 | ISSN 1982-0593

Figure 3. SEM images of (a) VAC and (b) BAC adsorbents. Magnification: 430X (VAC); 680X (BAC).
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Figure 4. Nitrogen adsorption—desorption isotherms of (a) VAC and (b) BAC adsorbents.

Nitrogen adsorption—desorption isotherms for
both samples are displayed in Figure 4.

The curves can be classified as type IV and, the
presence of a hysteresis loop in the nitrogen
adsorption-desorption tests indicate that both the
adsorbents possess predominantly mesoporous
nature. However, the types of hysteresis loop were
different for both samples. VAC sample (Figure 4a)
presented a type H4 hysteresis loop, indicating the
presence of narrow slit pores. BAC sample (Figure
4b) presented a type H3 hysteresis loop, indicating
plate-like particle aggregates. Therefore, this
characteristic is very interesting for adsorption
purposes. The values of specific surface area were

109 and 555 m” g’ for the BAC and VAC,
respectively. The values of total pore volume and
average pore size for the BAC and VAC samples
were 0.06 and 0.27 cm? g_l, and 3.45 and 3.92 nm,
respectively.

3.2Temperature effect the TOC

adsorption

on

To investigate the temperature effect on the
TOC adsorption from OPW onto VAC and BAC
adsorbents, kinetic curves were performed at 25,
37, and 50 °C. The respective results are shown in
Figure 5. Below, Figure 5(a) shows that at initial
stages, the temperature increase caused a
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Figure 5. Temperature effect on TOC adsorption using (a) VAC, and (b) BAC adsorbents.

decrease in the adsorbed amount for the VAC
adsorbent. However, after 40 min, the adsorbed
amount was not temperature dependent,
remaining constant around 2.5-2.8 mg g™ for all
temperatures. For BAC adsorbent (Figure 5b), the
temperature increase caused a decrease in
adsorbed amount during the entire adsorption
period, reaching a maximum capacity of 1.5 mg g'1
for the temperature of 25 °C. The temperature
effect can be attributed to the exothermic
character of the adsorption process on activated
carbons (Ruthven, 1984). Comparing Figures 5(a)
and 5(b), one can observe that the VAC shows
higher adsorbed amount than BAC. The higher

adsorbed amount of VAC adsorbent can be
ascribed to its highest surface area, which was
around five times higher than the BAC surface area.
In addition, the VAC sample presented higher pore
volume compared to BAC sample.

3.3 Adsorption kinetic results

For both adsorbents (VAC and BAC), the
adsorption kinetic curves at 25 °C were modeled
using the pseudo—first order, pseudo—second order
and Elovich equations. The results are presented in
Figure 6 and Table 1.
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Figure 6. Kinetic curves for the TOC adsorption onto (a) VAC and (b) BAC adsorbents.

Figure 6 reveals that both adsorption processes
(using VAC and BAC) presented a similar kinetic
profile. Initially, a fast adsorption rate was
observed, and around 60% saturation was attained
at 5 min. Then, between 5 and 20 min, a gradual
increase in adsorbed amount was observed,
reaching around 90% of saturation. After this time,
the adsorption rate decreased, being the
adsorption equilibrium attained at around 70 min.
The adsorption kinetic parameters are depicted in
Table 1. Based on the high values of the coefficient
of determination (R*> 096) and on the low values

of average relative error (ARE < 60%), one can
affirm that all the equations were suitable to
represent the TOC adsorption from PW, using both
VAC and BAC adsorbents. The g; and g,values were
similar and agreed with the experimental data. The
predicted adsorbed amount for the VAC was two
times higher than the BAC. This result confirms that
the VAC is more adequate to TOC removal from
PW. Moreover, the k;, a and h, (h, = k»q,") were
higher for the VAC, demonstrating that the TOC
adsorption was faster using this adsorbent.
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Table 1. Kinetic parameters for the TOC adsorption from synthetic OPW using VAC and BAC adsorbents.

Samples VAC BAC
Pseudo—first order

g:(mgg?) 2.631+0.015 1.363+0.022
k; (min™) 0.1959+0.0108 0.1622+0.0017
R 0.9860 0.9658
ARE (%) 3.14 5.39
Pseudo—second order

g, (mgg™) 2.852+0.011 1.492+0.031
k; (g mg ™ min7) 0.1185+0.0001 0.1749+0.0123
hy (mgg™ min™) 0.9639+0.0023 0.3893+0.0009
R 0.9933 0.9894
ARE (%) 2.22 2.90
Elovich

a(mgg  min) 15.1240.73 3.27+0.12
b(gmg™) 2.830.21 4.77+0.56
R 0.9839 0.9913
ARE (%) 3.18 2.35

The adsorption capacities found in this work
were 2.8 and 1.5 mgroc g for vegetable and
animal activated carbons, respectively. For
comparison purposes, Albatrni et al. (2019) used
four synthetic resins (Optipore L493, Amberlite
IRA958, Amberlite XAD7, and Lewatit AF5) to
uptake TOC from produced water. The adsorption
capacities ranged from 0.48 to 13.5 mgroc g
depending of the resin type and experimental
conditions. In the work by Azad et al. (2013),
various adsorbents were used to remove TOC from
wastewater. The adsorption capacities ranged from
0.5 to 20 mgroc g depending of the adsorbent
type and experimental conditions. The most
promising materials were activated carbon and Ni-
based alumina. Therefore, the results found for
BAC and VAC adsorbents are in the range reported
in literature for TOC adsorption.

4. CONCLUSIONS

Vegetable and animal bone activated carbons
were characterized and used as adsorbents to
remove TOC from synthetic oilfield produced
water. The synthetic oilfield produced water was
composed by a mixture of xylene, n—heptane,
phenol, and NaCl. Both adsorbents were
characterized by X-ray powder diffraction (XRD),

scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FTIR), and N,
adsorption—desorption isotherms. Both materials
showed different structural properties because of
their different origins. Animal bone and vegetable
activated carbons presented surface areas of 109
and 555 m” g, respectively. For both adsorbents,
the TOC adsorption was favored by the
temperature decrease, reaching the maximum
values at 25 °C. The adsorption kinetic results
revealed that the pseudo—first order, pseudo—
second order, and Elovich equations were able to
represent the adsorption kinetics. The adsorption
capacities were 2.8 and 1.5 mgroc g8, for vegetable
and animal activated carbons, respectively. In
summary, it was found that vegetable activated
carbon was more adequate to the TOC removal
from synthetic oilfield produced water.
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