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Abstract
The rice husk ash (RHA) was used as an alternative source of silica for the synthesis of the functionalized mesoporous material,
which was used in the removal of the PAHs naphthalene (Nap), benzo[b]fluoranthene (B[b]F), benzo[k]fluoranthene (B[k]F),
and benzo[a]pyrene (B[a]P) from aqueous media. The PABA-MCM-41 (RHA) was characterized using FTIR, TGA, SAXS, and
N2 adsorption–desorption analyses. Removal experiments were performed to determine the initial concentrations, individual
adsorption in comparison with the mixture of the PAHs, PABA-MCM-41 (RHA) amount, pH, time, and temperature, and the
results obtained were statistically analyzed. The PABA-MCM-41 (RHA) presented the SBET, VT, andDBJH values of 438 m2 g−1,
0.41 cm3 g−1, and 3.59 nm, respectively, and good thermal stability. The qe values found in the kinetic equilibrium for the PAHs
mixture followed increasing order: Nap < B[a] P < B[k]F < B[b]F, with removal percentages of 89.08 ± 0.00, 93.85 ± 0.28, 94.54
± 0.10, and 97.80 ± 0.05%, respectively.
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Introduction

Organic compounds have attracted a lot of attention from en-
vironmental monitoring programs, mainly because of their
toxic, persistent, and resist degradation effects (Busso et al.
2018). Among the groups of persistent organic compounds, it
is possible to indicate the polycyclic aromatic hydrocarbons

(PAHs) (Dat and Chang 2017). Due to the properties of PAHs,
they are monitored in the environment by the United States
Environmental Protection Agency (U.S. EPA 1993), while
that the International Agency for Research on Cancer
(IARC) classifies that some of these PAHs are carcinogenic
to humans (Conama 2005; IARC 2010; Brasil 2011; Costa
et al. 2017a; Dat and Chang 2017; Busso et al. 2018;
Sigmund et al. 2018; Wołejko et al. 2018).

Thus, waste recycling can be an attractive alternative to
reduce the impacts that are caused to the environment from
the incorrect destination of industrial waste (Costa and
Paranhos 2018). Rice is one of the foods most consumed by
the Brazilian population, so Brazil is one of the main world
producers of this cereal (FAO 2017). World rice production as
well as the number of planted areas has been increasing since
2009, where world rice production was over 724 million tons
and the area planted was over 158 million ha (FAO 2017).
However, Brazilian rice production between the years 2013–
2017 is around 11 million tons, and the South Region is the
largest producer of the grain (FAO 2017).

The rice husk (RH) represents approximately 20 wt% of
the paddy produced (Costa and Paranhos 2018). Particles in
suspension from RHs burned or buried can cause serious re-
spiratory diseases to humans as well as impacts on the
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environment (An et al. 2010). The use of dispersed sources of
energy, in particular biomass, appears as an important oppor-
tunity, mainly in the conversion of biomass to energy (Foletto
et al. 2005; Costa and Paranhos 2018). The rice husk ash
(RHA) can contain about 99% by mass of silica (Panpa and
Jinawath 2009) and can be used as an inexpensive alternative
source of amorphous silica to produce silicon-based nano-
structured materials of technological interest. The use of an
alternative source of silica is an important factor not only in
the textural and structural properties of mesostructured mate-
rial obtained, but also at the economic cost to synthesize this
material. It is known that the synthesis of silicon-based nano-
structured materials from a commercial silica source, such as
tetraethyl orthosilicate (TEOS) or tetramethyl orthosilicate
(TMOS), is relatively expensive. In addition, recycling of in-
dustrial waste, such as RH, can be an attractive alternative to
reduce impacts on the environment and human health, thereby
allowing the sustainable development of new advanced mul-
tifunctional materials.

Among these materials, it is possible to highlight the meso-
porous molecular sieves of the M41S family. The mesoporous
material has an ordered mesoporous structure, with a hexago-
nal arrangement of uniformly sized and well-defined pores.
Some intrinsic characteristics, such as high surface area, con-
stant mesopore size distribution, and stability in the adsorption
process, are common to this material. Consequently, the reuse
of mesoporousmaterials after adsorption process can be easily
achieved (Santos et al. 2013; Costa et al. 2014, 2015, 2017a).
Wastewater pollution can be mitigated by adsorption process
based in the mesoporous material (Lee et al. 2007; Wang et al.
2012). In this study, PABA-MCM-41 (RHA)mesoporous ma-
terial synthesized from rice husk ash was used for the adsorp-
tion of the PAHs from aqueous media.

Experimental

Standards, solvents, and reagents

The rice husk was provided from the Brazilian Agricultural
Research Corporation (Embrapa), São Carlos, São Paulo,
Brazil. Thermal treatment performed to obtain RHA from
RH and characterizations of the RH and RHA are reported
previously (Costa and Paranhos 2018, 2019). The Nap,
B[b]F, B[k]F, and B[a]P analytical standards (> 96.0% purity)
were obtained from Aldrich. The solvent utilized was HPLC-
grade acetonitrile (99.9%, Tedia). Cetyltrimethylammonium
bromide (CTAB, 98.0%, NEON), p-aminobenzoic acid
(PABA, ≥ 99.0%, Aldrich), 3-(triethoxysilyl)propyl isocya-
nate (TEPIC, Aldrich), and ammonia monohydrate (NH3·
H2O, Synth) were all used without further purification.
Ultrapure water was obtained from a Milli-Q system
(Millipore Co.).

Synthesis of the PABA-MCM-41 (RHA) mesoporous
material

The modification of the PABA was performed according to
the methodology described previously (Costa et al. 2014), and
the hydrothermal/co-condensation synthesis of the PABA-
MCM-41 (RHA) followed the methodology described previ-
ously (Costa et al. 2014) and the procedure described by
Appaturi et al. (2012), with modifications. Details of the syn-
thesis procedure are suitable in Supplementary Information.

Characterizations of the mesoporous material

The FTIR spectra and thermogravimetric analysis (TGA)
analyses were obtained according to the methodology de-
scribed previously (Costa et al. 2017a). Small-angle X-ray
scattering (SAXS) experiments were performed according to
the methodology described previously (Costa et al. 2015).
SEM image was performed in a Phillips FEG-XL 30 micros-
copy, using an accelerator power of 3 kV and analyzed with
the help of a secondary electron detector. Nitrogen
adsorption–desorption isotherms were measured according
to the methodology described previously (Costa et al. 2015).
However, the sample was evacuated at 150 °C for 1 h in the
degas port of the instrument.

Batch experiments

The removal experiments were conducted for evaluation of
the initial PAH (Nap, B[a]P, B[b]F, and B[k]F) concentrations;
individual adsorption in comparison with the mixture of the
PAHs, PABA-MCM-41 (RHA) amount, pH, time, and tem-
perature were conducted in amber flasks at 25 °C, with orbital
agitation speed of 150 rpm. All the adsorption experiments
were performed in duplicate, as previously reported (Costa
et al. 2017a). The PAH concentrations were determined using
an HPLC instrument (Shimadzu, Japan) equipped with a fluo-
rescence detector. The adsorbed PAH amount was calculated
using Eq. (1):

qe ¼
C0−Ceð ÞV

m
: ð1Þ

where Co and Ce are the before and after concentrations of the
PAHs (μg L−1) in the adsorption process, respectively, qe is
the amount of the PAHs adsorbed (μg g−1), m is the mass of
the PABA-MCM-41 (RHA) (g), and V is the volume of the
solution (L).

Change in the initial PAH concentration

The same conditions related in item 2.4 was employed to
investigate the initial PAH solution concentration. The overall
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time was adjusted to 24 h for the concentration range of 50–
1700 μg L−1.

Change in the individual adsorption in comparison
with the mixture of the PAHs

Test was performed to investigate the adsorption capacity of
PAHs in individual solution and in a mixture containing the
four PAHs, for an exposure time of 24 h.

Change in the solution pH

The removal of a mixture of Nap, B[a]P, B[b]F, and B[k]F by
PABA-MCM-41 (RHA) was studied at pH 3, 5, 9, 11, and
non-adjusted pH (pHin) to determine the optimum solution
pH, with a time of 24 h. The initial concentration of the mix-
ture was 200 μg L−1.

Change in the PABA-MCM-41 (RHA) amount

The adsorbent amount was investigated in the range 10–
100 mg of PABA-MCM-41 (RHA), exposure time of 24 h,
concentration of 200 μg L−1 of the PAHs, and solution pH
equal at initial (5.6).

Change in the contact time

Different exposure times in the range 0–600 min were inves-
tigated using a concentration of 200 μg L−1, initial solution
pH, and 50 mg of each sample.

Change in the temperature

Removal of the PAHs as a function of temperature by the
samples was evaluated using temperatures of 25, 40, and
55 °C, exposure times between 0 and 600 min, concentration
of 200 μg L−1, initial solution pH, and 50 mg of the PABA-
MCM-41 (RHA).

Regeneration of the PABA-MCM-41 (RHA)

To further investigate the performance of the mesoporous ma-
terial, reuse experiments were carried out. At the end of the
adsorption, the saturated adsorbent was separated by filtration,
washing, and drying at 70 °C for 24 h. The regenerated adsor-
bent was reused in the next runs under the same conditions.

Statistical analysis

ANOVAwas used for the qe means of the repetitions of tests,
and the results were compared via the Tukey test at 5% prob-
ability, using version 8.0 of the Origin software.

Kinetic study and adsorption isotherms

Two kinetics models, pseudo-first- and pseudo-second-order,
were used to investigate the adsorption equilibrium data.
Isothermal measurements were performed at 25, 40, and
55 °C. The obtained data were fitted using the Langmuir and
Freundlich isotherm models.

Determination of the PAHs

Quantification of the PAHswas done using a Shimadzu HPLC
LC-20A Prominence instrument according to the methodolo-
gy described previously (Costa et al. 2017a). The values of the
linear correlation coefficients (r2) obtained to the calibration
curves were 0.996, 0.997, 0.999, and 0.999 for Nap, B[a]P,
B[b]F, and B[k]F, respectively.

Results and discussion

Characterization of the mesoporous materials

FTIR

The FTIR spectra obtained for the pure and modified PABA,
as well as PABA-MCM-41 (RHA) mesoporous material, are
shown in Fig. 1a–c. In the spectrum of the pure PABA
(Fig. 1a), it is possible to observe the main characteristic bands
of the PABA. The bands centered at 3459, 3363, and
3231 cm−1 are assigned to the N–H bond of the amino groups
(NH2). The band at around 1670 cm−1 and those at around
1442 and 1422 cm−1 are assigned to C=O and C=C bonds of
the carboxylic acid and aromatic ring of the PABA, respec-
tively. However, the bands located at around 1174 and
1128 cm−1 are attributed to the C–N bond of the Ar–NH2

groups (Pavia et al. 2001). The FTIR spectrum for the modi-
fied PABA (PABA-Si) (Fig. 1b) exhibited absorption bands
that confirms the presence of the TEPIC into PABA, as well as
the PABA-MCM-41 (RHA) (Fig. 1c) presented the same char-
acteristic bands of the functionalized mesoporous material, as
demonstrated previously (Costa et al. 2014) in the synthesis of
PABA-MCM-41 from the use of tetraethylorthosilicate
(TEOS) as the source of silica.

SAXS

The SAXS profile for the PABA-MCM-41 (RHA) is shown in
Fig. 1d. From the analysis of Fig. 1d, it is possible to observe
that the ratio of the relative distances between the peaks (q1 0 0/
q1 0 0, q1 1 0/q1 0 0, and q2 0 0/q1 0 0), which were 1:√3:2,
respectively, confirms the mesostructure of the PABA-
MCM-41 (RHA), as demonstrated previously (Costa et al.
2014, 2019), confirming the successful synthesis of the
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PABA-MCM-41 (RHA) from the use of the silica from RHA
as an alternative and inexpensive source of amorphous silica.
The calculated d and a0 values for the PABA-MCM-41
(RHA) are presented in Table 1.

Nitrogen adsorption–desorption isotherms

Figure 1 e shows the nitrogen adsorption–desorption iso-
therms for the PABA-MCM-41 (RHA), as well as the pore
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size distribution (Fig. 1e inset). It is possible to observe that
the PABA-MCM-41 (RHA) presented type IV isotherms with
H1 hysteresis (Costa et al. 2014, 2015, 2017a; Santos et al.
2019).

The SBET and DBJH calculated values are summarized in
Table 1. The decrease in the SBET, V, VT, and DBJH values for
the PABA-MCM-41 (RHA)-PAHs after adsorption process
was attributed to the adsorption of the PAHs into the pores
of the mesoporous material.

TGA

Figure 1 f shows the TGA/DTGA curves obtained for the
PABA-MCM-41 (RHA). It is possible to observe that the
PABA-MCM-41 (RHA) showedmass loss event in the ranges
35–139 °C; this event can be attributed to the loss of H2O and
residual solvents physically adsorbed in the PABA-MCM-41
(RHA). The second event (at 177–391 °C) was attributed to
decomposition of the organic matter (OM) of the modified p-
aminobenzoic acid (PABA-Si) in the functionalized mesopo-
rous material. Finally, the third event, in the range 414–
750 °C, was associated to combustion of the residual OM of
the PABA-Si groups situated within the pores of the PABA-
MCM-41 (RHA) (Costa et al. 2014, 2015).

SEM

Figure 1 g shows the SEM image obtained for the PABA-
MCM-41 (RHA) functionalized mesoporous material. The
SEM image was used to determine the morphology of the
synthesized mesoparticles, and the PABA-MCM-41 (RHA)
presented a surface with the agglomerated quasi-spherical par-
ticles (Costa et al. 2014, 2015, 2017b).

Batch adsorption experiments and statistical analysis

Change in the initial PAHs concentration: Individual
adsorption in comparison with the mixture of the PAHs

Figure 2 a illustrates the evaluation of the initial concentration
of the PAH individual solution in the adsorption by PABA-
MCM-41 (RHA). As shown in Fig. 2a, the amount of the
PAHs adsorbed increased when the initial concentrations were

higher. In this way, we can observe that qe values found for
B[b]F, B[k]F, and B[a]P were higher than the values found for
adsorption of Nap by mesoporous material. This same com-
portment was reported by Costa et al. (2012) and Liu et al.
(2011). They related that the adsorbed amount by an adsorbent
material increases with increasing molecular mass and the
number of aromatic rings of the PAHs. For a direct compari-
son, the Nap has a molecular mass of 128 g mol−1 and 2
aromatic rings. In contrast, B[b]F, B[k]F, and B[a]P are struc-
tural isomers of molecular mass equal to 252 g mol−1 and 5
aromatic rings. Thus, the similarity of the results for B[b]F,
B[k]F, and B[a]P can be attributed to the similar chemical
characteristics of these compounds (Costa et al. 2017a).

The evaluation of the initial concentration in the adsorption
of the mixture of the PAHs by PABA-MCM-41 (RHA) is
shown in Fig. 2b. The qe values also increased with increasing
of concentration of the mixture of the PAHs. Similarly, the
structural isomerism of B[b]F, B[k]F, and B[a]P also influ-
enced in adsorption of the PAHs mixture by PABA-MCM-
41 (RHA). However, the qe values found for the PABA-
MCM-41 (RHA) from the concentration of 800 μg L−1 in
the adsorption of B[b]F, B[k]F, and B[a]P followed the de-
creasing order of qe values: B[b]F > B[a]P > B[k]F.

In general, it is possible to observe that the qe values found
in the adsorption of B[b]F, B[k]F, and B[a]P by mesoporous
material increase linearly with increasing individual concen-
tration of these PAHs. However, for the tests with the PAHs
mixture, the qe values tend to reach equilibrium at the higher
concentrations. This can be due to the increase in the number
of the PAHmolecules competing by active sites of the PABA-
MCM-41 (RHA), as well as the saturation of these active sites.
However, the efficiency or maximum adsorption capacity of
the PAHs will be better evaluated from the comparison of
these experimental results with the Freundlich and Langmuir
adsorption isothermmodels. Finally, it is important to mention
that even the qe values being slightly higher for the individual
solution tests, the other adsorption tests were performed using
the PAHs mixture PAHs, because a solution of the PAHs mix-
ture can best represent a real sample of wastewater.

The results obtained in the adsorption process were submit-
ted to an ANOVA, as shown in Tables 2 and 3 for the individ-
ual and mixture adsorption of the PAHs, respectively, and it
can be seen that there are significant differences in the mean qe

Table 1 Textural and structural
properties of the PABA-MCM-41
(RHA) mesoporous material

Mesoporous material d1 0 0

(nm)
SBET
(m2 g−1)

V
(cm3 g−1)

VT

(cm3 g−1)
DBJH

(nm)
a0
(nm)

WT

(nm)

PABA-MCM-41 (RHA) 3.64 438 0.28 0.41 3.59 4.20 0.61

PABA-MCM-41
(RHA)-HPAs

– 157 0.05 0.11 1.69 – –

d1 0 0 d(1 0 0) spacing, a0 center–center distance (a0 = (2/√3)d), SBET BET surface area, V pore volume, VT total
pore volume, DBJH pore diameter, WT wall thickness, calculated as a0 −DBJH
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for both processes at the 5% significance level, the F-tabulated
values are equal to 3.23 and 3.87, respectively, for 8 and 9
degrees of freedom (DF) in the individual and 6 and 7 in the
mixture adsorption. Thus, as the F-calculated values were
higher than the F-tabulated values, it can be said that at least
two of the means are not equal at the 5% significance level.
Thus, in order to establish the minimum significant difference
between the means of the different adsorption processes, the
Tukey test had to be applied in order to identify which means
are statistically different at 5% probability.

Figure S1 shows the results of the Tukey test for the means
qe for individual adsorption of the PAHs. It can be seen that all
means present statistical differences for the adsorption of
B[b]F, B[k]F, and B[a]P; however, the same was not observed
for the concentrations of 1500 and 1700μg L−1 for Naf, which
have no statistical differences. The results of the Tukey test for
the means qe for mixture adsorption of the PAHs are shown
Fig. S2, it can be seen that the concentrations of 50–200, 500–
700, 700–1200, 1200–1500, 1200–1700, and 1500–
1700 μg L−1 for Naf, 50–200, 200–500, 500–700, 700–
1200, 1200–1500, 1200–1700, and 1500–1700 μg L−1 for
B[b]F, 700–800, and 1500–1700 μg L−1 for B[k]F, 50–200,
200–500, 500–700, 500–800, 700–800, 700–1500, 800–

1500, 800–1700, and 1500–1700 μg L−1 for B[a]P have no
statistical differences.

Change of solution pH

The pH change can alter the surface of the PABA-MCM-41
(RHA), as well as the degree of ionization of the adsorbate in
aqueous medium. However, the chemical properties of the
PAHs, which are compounds considered inert, therefore do
not have ionizable groups that can be altered by the medium
pH (Zeledón-Toruño et al. 2007; Hu et al. 2014). However, a
variation in the solution pH may significantly alter the surface
charges of the adsorbent mesoporous material.

Figure 2 c shows the pH change in the adsorption of the
PAH mixture by PABA-MCM-41 (RHA). It is possible to
observe that pH change between 3 and 11 does not signifi-
cantly affect the adsorption capacity of the PABA-MCM-41
(RHA) by Nap, B[b]F, and B[k]F, as well as between 5 and 9
in the adsorption of B[a]P. However, there was a small de-
crease in the qe values for Nap in the pH values of 3 and 5, for
B[b]F and B[k]F at pH 3, 5, and 9, and at pH 11 for B[a]P.

Same not affecting in the ionization of the PAHs, the pH
variation can affect the surface charges of the PABA-MCM-

(a)

(c)

(d)

(b)

Fig. 2 Change of initial concentration in adsorption (a) individual and (b) mixture of the PAHs, solution pH (c), and contact time (d) by PABA-MCM-41
(RHA) mesoporous material
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41 (RHA), at pH < 7. There is a considerable amount of H+

ions, and these ions are responsible for the protonation of the

carboxylic acid groups (−CO2H) of the PABA-Si in the
PABA-MCM-41 (RHA) (Putra et al. 2009).

–CO2Hþ Hþ→–CO2H2
þ ð2Þ

Thus, positive charges in the PABA-MCM-41 (RHA)
cause an increase in the electrostatic interaction between the
surface of the PABA-MCM-41 (RHA) with the π electrons of
the PAHs (Balati et al. 2015; Lamichhane et al. 2016).
However, at very low pH, there is an excess of H+ ions, and
these ions can compete with the PAHmolecules in the adsorp-
tion process in the active sites, resulting in a decrease in
adsorbed amount, as can be observed for Nap, B[b]F, and
B[k]F at pH 3 and 5.

On the other hand, at pH > 7, a large amount of OH− ions
exists, which now promote deprotonation of the –CO2H
groups (Putra et al. 2009):

–CO2Hþ OH−→–CO2
− ð3Þ

Thus, these OH− ions compete and/or interact with the
PAH molecules in the adsorption on the active sites of the
PABA-MCM-41 (RHA), and this reflects in the reduction of
the capacity of the adsorption (Balati et al. 2015; Lamichhane
et al. 2016). Therefore, this behavior was observed in the pH 9
in the adsorption of B[b]F and B[k]F, and at pH 11 for B[a]P;
however, this was not observed for Nap. Based on the results
obtained of the pH effect, the initial pH value (5.6) was chosen
to be used in the other tests.

ANOVA parameters obtained for the adsorption of Naf,
B[b]F, and B[k]F from pH change show that there are no
significant differences in the mean qe for these processes, as
shown in Table S1e and Figs. S3a–c. However, in the pH
change for adsorption of B[a]P, it is possible to observe that
there is difference between the means of the results of qe; as
can be seen in Table S1, the T-calculated value is much greater
than the F-tabulated value (5.19).

Figure S3 shows the mean difference from the Tukey test
for pH change in the adsorption of the PAHs. From the anal-
ysis of Fig. S3d, it is possible to observe that only the pH 5–
5.6, 5–9, and 5.6–9 do not present statistical difference in the
adsorption of B[a]P.

Change of PABA-MCM-41 (RHA) dosage

The influence of the adsorbent amount in the adsorption of the
PAHs mixture by PABA-MCM-41 (RHA) is shown in Fig.
S4. The results indicated that the adsorbent amount increases
with the increase of the PABA-MCM-41 (RHA) mass.
However, the increase of the qe values for the PAHs B[b]F
and B[a]P was practically insignificant, and this small increase
can be attributed to the increased surface area and the avail-
ability of more adsorption sites (Santos et al. 2013). Based on
the results obtained, the adsorption dosage of 50 mg was used

Table 2 Analysis of variance parameters for the variation of initial
concentration in adsorption individual of the PAHs by PABA-MCM-41
(RHA) mesoporous material

Source of variation DF SS MS F

Naf

Treatments 8 31,833.69 3979.21 1419.95a

Residual 9 25.22 2.80

Total 17 31,858.91

B[b]F

Treatments 8 47,077.44 5884.68 26,938.95a

Residual 9 1.97 0.22

Total 17 47,079.41

B[k]F

Treatments 8 48,151.58 6018.95 1.29 × 1010a

Residual 9 4.21 × 10−6 4.67 × 10−7

Total 17 48,151.58

B[a]P

Treatments 8 46,453.01 5806.63 48,313.71a

Residual 9 1.08 0.12

Total 17 46,454.09

DF degrees of freedom, SS sum of squares, MS mean squared, F F-
statistic value
a Significant at the 5% probability level (0.01 ≤ p < 0.05)

Table 3 Analysis of variance parameters for the variation of initial
concentration in adsorption mixture of the PAHs by PABA-MCM-41
(RHA) mesoporous material

Source of variation DF SS MS F

Naf

Treatments 6 12,470.52 2078.42 85.69a

Residual 7 169.78 24.25

Total 13 12,640.30

B[b]F

Treatments 6 17,710.46 2951.74 37.77a

Residual 7 547.05 78.15

Total 13 18,257.51

B[k]F

Treatments 6 14,794.28 2465.71 819.85a

Residual 7 21.05 3.01

Total 13 14,815.33

B[a]P

Treatments 6 15,259.07 2543.18 34.37a

Residual 7 518.00 74.00

Total 13 15,777.07

DF degrees of freedom, SS sum of squares, MS mean squared, F F-
statistic value
a Significant at the 5% probability level (0.01 ≤ p < 0.05)

25482 Environ Sci Pollut Res (2019) 26:25476–25490



for the further studies to evaluate the effect of other
parameters.

Thus, from the ANOVA parameters obtained for the ad-
sorption of Naf, B[b]F, and B[a]P, it is possible to observe that
the change of PABA-MCM-41 (RHA) dosage is not signifi-
cantly different in the qe values, as shown in Table S2e and
Figs. S5a, b, and d, since the T-calculated value is less than
that the F-tabulated value (6.59). However, only dosages of 5
and 100 mg have statistical difference for the adsorption of
B[k]F, according to the results of Table S2 and Fig. S5c.

Change of contact time

Figure 2 d shows the evaluation of exposure time in the ad-
sorption of the PAH mixture by PABA-MCM-41 (RHA).

There was an increase of the qe value with the time, with fast
adsorption in the first 60min (for Nap and B[b]F) and a slower
process in equilibrium. The adsorption equilibrium was
reached after approximately 150 and 200 min for B[k]F e
B[a]P, respectively.

The qe values found in the kinetic equilibrium in the ad-
sorption of the PAHsmixture Nap, B[b]F, B[k]F, and B[a]P by
PABA-MCM-41 (RHA) were 17.83 ± 0.16, 19.56 ± 0.01,
18.91 ± 0.02, and 18.77 ± 0.06 μg g−1, respectively, with the
adsorption increasing in the order: Nap < B[a]P < B[k]F <
B[b]F. At equilibrium, their respective percentage removal
values were 89.08 ± 0.00, 93.85 ± 0.28, 94.54 ± 0.10, and
97.80 ± 0.05%.

In general, the qe value found for Nap was lower than the
values found for the other PAHs. However, for the PAH

Table 4 Comparation of
adsorption efficiency of the PAHs
mixture by PABA-MCM-41
(RHA) functionalized mesopo-
rous material with other absorbent
materials reported in the literature

Material Compound Adsorption
capacity

Efficiency
(%)

Reference

Si-MCM-41 Benzo[k]fluoranthene

Benzo[b]fluoranthene

Benzo[a]pyrene

18.26 μg g−1

18.35 μg g−1

18.78 μg g−1

90.40

90.84

92.98

(Costa et al. 2017a)

PABA-MCM-41 Benzo[a]pyrene 27.20 μg g−1 96.20 (Costa et al. 2014)

MCM-41 Benzo[k]fluoranthene

Benzo[b]fluoranthene

12.49 μg g−1

18.06 μg g−1
– (Costa et al. 2015)

PABA-MCM-41 Benzo[k]fluoranthene

Benzo[b]fluoranthene

22.51 μg g−1

26.58 μg g−1
– (Costa et al. 2015)

MCM-41 Naphthalene 0.69 mmol g−1 – (Araújo et al. 2008)

BOW Benzo[k]fluoranthene

Benzo[a]pyrene

15.66 μg g−1

17.25 μg g−1
66.92

68.78

(Jesus et al. 2019)

BEG Benzo[k]fluoranthene

Benzo[a]pyrene

17.25 μg g−1

18.88 μg g−1
73.75

75.29

(Jesus et al. 2019)

BGW Benzo[k]fluoranthene

Benzo[a]pyrene

10.88 μg g−1

17.11 μg g−1
54.69

77.28

(Jesus et al. 2019)

BCW Benzo[k]fluoranthene

Benzo[a]pyrene

18.09 μg g−1

21.01 μg g−1
78.51

81.94

(Jesus et al. 2019)

Activated sludge Naphthalene – 28.90 (Liu et al. 2011)

Periodic mesoporous
organosilica

Naphthalene – 70.00 (Vidal et al. 2011)

Activated carbon Benzo[k]fluoranthene

Benzo[b]fluoranthene

Benzo[a]pyrene

– 80.00

84.00

85.00

(Gong et al. 2007)

Immature coal
(leonardite)

Benzo[a]pyrene

Benzo[k]fluoranthene

– 82.00

82.00

(Zeledón-Toruño
et al. 2007)

HZSM-5

HUSY

Naphthalene – 75.60

71.60

(Costa et al. 2012)

HZSM-5

HUSY

Benzo[k]fluoranthene – 47.60

43.90

(Costa et al. 2012)

HZSM-5

HUSY

Benzo[b]fluoranthene – 62.90

69.50

(Costa et al. 2012)

PABA-MCM-41 (RHA) Naphthalene

Benzo[b]fluoranthene

Benzo[k]fluoranthene

Benzo[a]pyrene

17.83 μg g−1

19.56 μg g−1

18.91 μg g−1

18.77 μg g−1

89.08

97.80

94.54

93.85

This study
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isomers (B[b]F, B[k]F, and B[a]P), this adsorption process
could also be explained by the effect of hydrophobicity of
the PAHs in solution. The hydrophobic molecules were
surrounded by water, and these molecules forming a cage that
promoted stronger hydrophobic interactions, thus stabilizing
the less soluble PAH molecules in the solution (Costa et al.
2017a). Hence, the PAH molecules that were more soluble in
water were able to interact more easily with the carboxylic
acid groups of the PABA-MCM-41 (RHA).

Also, if we correlate the above ideas with the values of
the octanol-water partition coefficient (Kow), which is cor-
related with the degree of lipophilic affinity of a compound,
it is possible to predict that the higher the log Kow value,
more hydrophobic will be the compound (less soluble).
Therefore, as the log Kow values for B[a]P, B[k]F, and
B[b]F are 6.04, 6.00, and 5.80, respectively (De Maagd
et al. 1998; Nam et al. 2001; Latimer and Zheng 2003;
Ribeiro and Ferreira 2003), it is now possible to intercon-
nect these log Kow values with the sequence of qe values
obtained. In the literature, some studies show the adsorp-
tion efficiency of different adsorbent material; for example,
Liu et al. (2011) obtained a percentage removal of Nap of
28.90% using inorganic particles and activated sludge, and
Vidal et al. (2011) found a removal efficiency of 70.00%

using periodic mesoporous organosilica. Gong et al. (2007)
used activated carbon for removal of the PAHs and
achieved average removals of B[k]F, B[b]F, and B[a]P of
80.0, 84.0, and 85.0%, respectively. Zeledón-Toruño et al.
(2007) obtained a B[a]P and B[k]F removal efficiency of
82.0%, using an immature coal (leonardite). Costa et al.
(2012) reported removal values of 75.60 and 71.60% for
Nap, 47.60 and 43.90% for B[k]F, 62.90 and 69.50% for
B[b]F, and 43.80 and 37.20% for B[a]P, using the zeolite
materials HZSM-5 and HUSY as adsorbents, respectively.

In our previous work, we found 96.20% of individual re-
moval of B[a]P using the functionalized mesoporous material
PABA-MCM-41 (Costa et al. 2014), and qe values of 12.49
and 18.06 μg g−1 for B[k]F, and 22.51 and 26.58 μg g−1 in the
individual removal of the PAHs with the MCM-41 and
PABA-MCM-41 mesoporous materials, respectively (Costa
et al. 2015). The removal of B[k]F, B[b]F, and B[a]P mixture
by Si-MCM-41 obtained a removal efficiency of 90.40, 90.48,
and 92.98%, respectively (Costa et al. 2017a). Therefore,
Table 4 shows the comparation of adsorption efficiency of
the PAHs mixture by PABA-MCM-41 (RHA) functionalized
mesoporous material with other absorbent materials reported
in the literature (Gong et al. 2007; Zeledón-Toruño et al. 2007;
Araújo et al. 2008; Liu et al. 2011; Vidal et al. 2011; Costa

(a)
(b)

(c) (d)

Fig. 3 Change of temperature in adsorption of the PAHs mixture by PABA-MCM-41 (RHA) mesoporous material
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et al. 2012, 2014, 2015, 2017a; Jesus et al. 2019). It can be
concluded that PABA-MCM-41 (RHA) provided excellent
removal efficiency of the PAH mixture; therefore, the results

indicate that PABA-MCM-41 (RHA) can be used as adsor-
bent material for the removal of different organic compounds
from surface water or wastewater.

Fig. 4 Means comparison from Tukey test for the change of temperature in adsorption of the PAH mixture by PABA-MCM-41 (RHA) mesoporous
material

Table 5 Comparison of the pseudo-first- and pseudo-second-order kinetic models on the adsorption of the PAHs mixture by PABA-MCM-41 (RHA)
mesoporous material

PAH T
(°C)

qe (exp.)

(μg g−1)
Pseudo-first order Pseudo-second order

qe (cal.)

(μg g−1)
k1 (min

−1) hi
((μg g−1)2 min−1)

r2 qe (cal.)

(μg g−1)
k2
(g μg−1 min−1)

hi
(μg g−1 min−1)

r2

PABA-MCM-41 (RHA)

Nap 25 17.83 ± 0.16 17.31 ± 0.21 0.50 ± 0.11 151.05 ± 51.76 0.183 17.53 ± 0.18 0.08 ± 0.03 23.20 ± 13.75 0.604

40 18.53 ± 0.16 18.14 ± 0.15 0.68 ± 0.14 224.68 ± 70.39 0.096 18.24 ± 0.11 0.20 ± 0.07 65.68 ± 34.04 0.440

55 18.83 ± 0.97 18.62 ± 0.07 0.57 ± 0.05 198.63 ± 26.62 0.595 18.73 ± 0.05 0.15 ± 0.02 51.55 ± 10.32 0.861

B[b]F 25 19.56 ± 0.01 19.51 ± 0.02 0.71 ± 0.03 268.70 ± 16.93 0.838 19.56 ± 0.00 0.31 ± 0.01 117.80 ± 5.41 0.996

40 19.57 ± 0.00 19.55 ± 0.01 0.94 ± 0.05 358.06 ± 27.55 0.626 19.56 ± 0.01 0.92 ± 0.09 350.41 ± 49.21 0.906

55 19.59 ± 0.00 19.57 ± 0.01 0.95 ± 0.05 362.75 ± 27.61 0.569 19.59 ± 0.01 0.94 ± 0.11 361.60 ± 60.22 0.862

B[k]F 25 18.91 ± 0.02 17.88 ± 0.79 0.05 ± 0.01 16.18 ± 6.53 0.626 18.72 ± 0.60 0.01 ± 0.00 1.78 ± 0.32 0.845

40 19.06 ± 0.00 18.69 ± 0.22 0.35 ± 0.05 120.83 ± 9.01 0.603 19.04 ± 0.14 0.04 ± 0.01 15.00 ± 5.43 0.876

55 19.06 ± 0.00 19.02 ± 0.02 0.48 ± 0.01 172.37 ± 5.63 0.989 19.15 ± 0.05 0.11 ± 0.01 38.85 ± 5.48 0.926

B[a]P 25 18.77 ± 0.06 18.02 ± 0.21 0.36 ± 0.05 116.37 ± 26.82 0.574 18.35 ± 0.13 0.05 ± 0.01 15.22 ± 5.10 0.867

40 18.86 ± 0.00 18.74 ± 0.03 0.72 ± 0.05 253.23 ± 25.98 0.607 18.79 ± 0.02 0.32 ± 0.04 113.04 ± 20.31 0.859

55 18.86 ± 0.01 18.82 ± 0.02 0.74 ± 0.03 262.77 ± 15.81 0.829 18.86 ± 0.01 0.38 ± 0.01 136.76 ± 5.23 0.986
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Change of temperature

The change of temperature was performed to obtain the rate
constants, and the calculation of the activation energy (Ea) was
performed using the Arrhenius equation according to the
methodology described previously (Costa et al. 2014, 2015).

The change of temperature in adsorption process of the
PAHs mixture by PABA-MCM-41 (RHA) is shown in Fig. 3.
As can be seen in Fig. 3, there was an increase of the initial rate
of adsorption with the increase of the temperature from 25 to
55 °C, and it is possible to observe an increase of the qe value
with the elevation of temperature in the adsorption of Nap.
However, the same was not observed for the other PAHs.

However, the ANOVA analysis (Table S3) showed that only
the results obtained from the change of temperature in the ad-
sorption of B[k]F show statistical differences, since the T-
calculated value is greater than that the F-tabulated value
(9.55), and the Tukey test showed that the temperature of
25 °C is different from the others, according to the results of
Fig. 4.

Kinetics of adsorption

The first- and second-order kinetic models have been used
according to the methodology described in our previous
works (Costa et al. 2015, 2017a). Table 5 shows the

comparison of the first- and second-order kinetic models in
the adsorption of the PAHs mixture by PABA-MCM-41
(RHA). The best fit of the experimental data was obtained
with the pseudo-second-order model, as shown by the r2

values, compared to those found using the pseudo-first-order
model.

The r2 values found for the pseudo-second-order model
ranged from 0.440 to 0.996 in the adsorption process, and
the qe(exp.) values were very close to the qe(cal.) values calcu-
lated from the pseudo-second-order model. As discussed
above, where it was possible to observe that the temperature
variation between 25 and 55 °C did not cause such a signifi-
cant variation of the qe values, however, this increase affected
the initial rate of adsorption of process. It is possible to ob-
serve the increase of the k2 and hi values for the pseudo-
second-order model (except for Nap at 55 °C), and the k2
and hi values found in the adsorption of the PAH mixture
can be ordered in increasing order as follows: B[k]F < Nap
< B[a]P < B[b]F.

The Ea and A values in the adsorption process by PABA-
MCM-41 (RHA) are summarized in Table 6. The magnitude
of the Ea value can indicate whether the adsorption process
occurs by a mechanism of physisorption or chemisorption;
some studies found in the literature suggest that processes
governed by physisorption present Ea values between 5 and
40 kJ mol−1 and between 40 and 800 kJ mol−1 for

Table 6 Activation energies and
Arrhenius frequency factors
calculated for the adsorption of
PAHs mixture by PABA-MCM-
41 (RHA) mesoporous material

Mesoporous material PAH Ea (kJ mol−1) A (g μg−1 min−1) r2

PABA-MCM-41 (RHA) NaP 15.81 ± – 5.35× 101 ± – –

B[b]F 30.75 ± 15.76 8.83× 104 ± 431.29 0.584

B[k]F 82.81 ± 15.80 1.92 × 1012 ± 439.18 0.930

B[a]P 58.77 ± 26.14 1.17× 109 ± 23.48 × 103 0.700

Ea activation energy, A Arrhenius frequency factor

Table 7 Comparison of equilibrium data obtained using the Freundlich and Langmuir isotherm models applied to the adsorption of the PAHs by
PABA-MCM-41 (RHA) mesoporous material

Freundlich Langmuir

Mesoporous material PAH KF (L g−1) n r2F Qmax (μg g−1) b (L μg−1) r2L

PABA-MCM-41 (RHA) Individual

Nap 6.15 ± 1.90 1.88 ± 0.21 0.952 190.77 ± 17.65 0.007 ± 0.001 0.976

B[b]F 20.96 ± 6.83 1.91 ± 0.35 0.822 229.20 ± 35.71 0.047 ± 0.016 0.898

B[k]F 18.52 ± 11.28 1.78 ± 0.60 0.449 270.86 ± 120.97 0.033 ± 0.025 0.510

B[a]P 7.61 ± 6.93 1.45 ± 0.49 0.641 256.49 ± 145.98 0.017 ± 0.016 0.677

Mixture

Nap 7.64 ± 1.37 2.72 ± 0.22 0.987 98.19 ± 4.67 0.008 ± 0.001 0.985

B[b]F 13.40 ± 3.78 3.14 ± 0.46 0.939 104.49 ± 5.66 0.022 ± 0.006 0.968

B[k]F 11.85 ± 4.43 3.05 ± 0.60 0.871 101.79 ± 7.45 0.018 ± 0.005 0.945

B[a]P 14.00 ± 5.97 3.29 ± 0.80 0.795 104.02 ± 7.81 0.022 ± 0.006 0.936
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chemisorption processes (Özcan and Özcan 2004; Almeida
et al. 2009; Cottet et al. 2014). It is possible to observe that
the Ea values found in adsorption of Nap and B[b]F by PABA-
MCM-41 (RHA) are among the adsorption range of a mech-
anism proposed by a physisorption, and are an indication that
adsorption has a low potential barrier. However, for the values
of B[a]P and B[k]F, it is possible to observe that these are in
the range of values between a chemisorption process, but
these values are very close to the limit of the physisorption,
so we suggest that these processes also occur by this same

adsorption mechanism. In addition, if we consider the
physical-chemical properties of the PAHs, which are non-
ionizable molecules, we can expect that there is an electrostat-
ic interaction between the surface of the adsorbent with the π
electrons of the PAHs.

Based on the theory that the higher the Ea value, the slower
the adsorptive process, so the greater the energy barrier of
adsorption. Therefore, it is possible to observe that the Ea

value was higher for B[k]F, followed by B[a]P, B[b]F, and
Nap. Finally, the results obtained for the Ea values were low,
compared to the higher values that are found in chemisorption
processes (40–800 kJ mol−1); thus, low Ea values indicate that
the initial adsorption velocity is little influenced by the eleva-
tion of temperature, which in fact was confirmed by the k2 and
hi values found at the temperatures studied.

The A value is related to the impacts between the PAH
molecules and the PABA-MCM-41 (RHA) (Costa et al.
2014, 2015). The A values increased with the increase of the
Ea values, and this is due to the fact that the higher the Ea value
of an adsorptive process, the lower the initial adsorption ve-
locity. Therefore, this process will require more effective

Table 8 Values of the dimensionless separation factor (RL) obtained
from the equilibrium data on the adsorption of the PAHs by PABA-
MCM-41 (RHA) mesoporous material

Mesoporous material PAH Individual Mixture
RL

PABA-MCM-41 (RHA) Nap 0.42 ± 0.05 0.38 ± 0.04

B[b]F 0.10 ± 0.05 0.19 ± 0.06

B[k]F 0.13 ± 0.22 0.22 ± 0.07

B[a]P 0.23 ± 0.50 0.19 ± 0.06

(a) (b)

(c) (d)
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impacts between the PAH molecules with the active sites of
the PABA-MCM-41 (RHA) in order to achieve the adsorption
equilibrium.

Adsorption isotherms

Adsorption data have been used according to the methodology
described in our previous works (Costa et al. 2015, 2017a).
Moreover, the isotherm model is a way of predicting whether
the adsorption is favorable or unfavorable, and this is done by
calculating a dimensionless separation factor (RL) given by
the following equation (Wang et al. 2017):

RL ¼ 1

1þ bCo
ð4Þ

where Co is the initial PAH concentration (μg L−1) and b
(L μg−1) is the Langmuir constant. Thus, the adsorption pro-
cess is considered unfavorable if the value of RL > 1, linear for
RL = 1, irreversible for RL = 0, and favorable for 0 < RL < 1.

Table 7 shows the equilibrium data obtained in the adsorp-
tion of the PAHs by PABA-MCM-41 (RHA). So, the experi-
mental data were more closely fitted using the Langmuir

model, for which the r2 values were higher. The Langmuir
model is more suitable than Freundlich to describe the adsorp-
tion process (Costa et al. 2014). In the adsorption of the indi-
vidual PAHs by PABA-MCM-41 (RHA), it is possible to ob-
serve that the Qmax value was higher in the adsorption of
B[k]F compared to other PAHs, and the Qmax values found
can be ordered in descending order as follows: B[k]F >
B[a]P > B[b]F > Nap.

In the adsorption of the PAH mixture by PABA-MCM-41
(RHA), it is possible to observe that the Qmax values obtained
in the adsorption of B[b]F, B[k]F, and B[a]P were very close
to each other. However, the Qmax values found in the adsorp-
tion of the HPAs individual were higher than the values ob-
tained from the adsorption of the mixture of the same. This is
due to the simultaneous adsorption of the PAHs, as well as a
competition between these PAHs by the adsorption sites of the
adsorbent material.

Table 8 shows the results of the RL values found from the
adsorption of the PAHs by PABA-MCM-41 (RHA).
Therefore, it is possible to observe that the RL values are
between the range 0 < RL < 1, confirming that the adsorption
process of these PAHs (individual and mixture) by mesopo-
rous material occurs by a favorable mechanism.
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Fig. 6 Means comparison from Tukey test for the reuse cycles of PABA-MCM-41 (RHA) mesoporous material in the adsorption of the PAHs mixture
(a) Nap, (b) B[b]F, (c) B[k]F, and (d) B[a]P
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Regeneration of the adsorbent

The reuse of an adsorbent material is a very important char-
acteristic, once these can be regenerated and reused in the
other adsorption processes. Figure 5 shows the results obtain-
ed from the reuse cycles of PABA-MCM-41 (RHA) in the
adsorption of the PAH mixture. In the adsorption of Nap
(Fig. 5a), the adsorption efficiency increased in the 1st and
3rd adsorption cycles. In the adsorption of B[b]F and B[a]P
(Fig. 5b, d), it is possible to observe a slight decrease in the
adsorption efficiency in the 3rd cycle. In contrast, in the ad-
sorption of B[b]F (Fig. 5c), it is possible to observe that the
adsorption efficiency in the 1st, 2nd, and 3rd adsorption cycles
was higher than the value found for the initial material. In
general, it is possible to affirm that the PABA-MCM-41
(RHA) mesoporous material tested did not present significant
losses of adsorption efficiency from their reuses, which are
good results for an application of these materials in systems
of remediation of xenobiotic pollutants such as PAHs.

The results obtained in the different cycles of the adsorp-
tion were submitted to an ANOVA. According to Table S4, it
is possible to observe that there are statistical differences for
the results obtained for B[b]F and B[k]F, since the T-
calculated values are greater than that the F-tabulated value
(6.59). Thus, it is possible to observe that only the 3rd cycle is
different from the others, in adsorption of B[b]F (Fig. 6b), and
there is only difference between the initial and 1st cycle in the
adsorption of B[k]F (Fig. 6).

Conclusions

The PABA-MCM-41 (RHA) mesoporous material present-
ed bands characteristic of the amorphous condensed silica
framework, hexagonal mesostructure, and high surface ar-
ea. The synthesis of PABA-MCM-41 (RHA) from the
amorphous silica extracted of the RHA as alternative source
of silica was confirmed from the characterization tech-
niques used.

The adsorption tests of the PAHs by PABA-MCM-41
(RHA) showed that there was an increase in the qe values with
the increase of the initial concentration, amount of the adsor-
bent, and contact time; however, the temperature variation
was not very significant, and the best pH value was the initial.
The adsorption equilibrium was relatively rapid and followed
the nonlinear pseudo-second-order and Langmuir theoretical
models.

The qe values found in the kinetic equilibrium for the PAHs
mixture (Nap, B[b]F, B[k]F, and B[a]P) followed the increas-
ing order: Nap < B[a]P < B[k]F < B[b]F, with removal per-
centages of 89.08 ± 0.00, 93.85 ± 0.28, 94.54 ± 0.10, and
97.80 ± 0.05%, respectively.
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