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HIGHLIGHTS

® Novel adsorbents were prepared by
mixing polysiloxanes and sewage
sludge.

® The microporous adsorbents have

hlgh SBET up to ~641 mZ/g

Surface characteristic is adjustable

by varying the polysiloxane/sewage

sludge ratio.

Adsorption of pharmaceuticals is

controlled by Sger and surface char-

acteristics.

ARTICLE INFO

Keywords:

Sewage sludge

Polysiloxanes

Novel adsorbents
Hydrophobic surface
Adsorption of pharmaceuticals

GRAPHICAL ABSTRACT

Polysiloxanes

Microporous hybrid and Pharmaceuticals

composite adsorbents removal
i - 5 ON 0.
re1Z—0—sii Ethanol
! NH
", o=§=o
CHs

argnia ) i

(o}
'ONa

%
<,

Sewage sludge

ABSTRACT

Novel adsorbents were developed by varying the ratios of polysiloxanes and sewage sludge. The
adsorbents were synthesized by mixing various polysiloxanes with methyl (MK), methyl/phenyl
(H44) or without functional groups with sewage sludge in a solvent and pyrolyzed under an inert
atmosphere. The adsorbents were characterized using several analytical and functional techniques,
and used for adsorption of diclofenac (DCF) and nimesulide (NM) from aqueous solutions. Nitrogen
adsorption/desorption measurements showed type I isotherms, which are typically for microporous
materials, and the specific surface areas (Sggr) were found to be in the range of 48 m?g-! and
631m2g'. The sludge content was the major determinant for a decrease in Sger and hydropho-
bicity, as compared with pure polysiloxane samples. Among the composite materials, H67S33-500
(sample with 67% of polysiloxane H44 and 33% of sludge pyrolyzed at 500°C) had the highest Sggr
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value of 487 m2 g~! while M40T60-600 (sample with 40% of polysiloxane MK and 60% of TEOS and
pyrolyzed at 600 °C) exhibited the highest Sger value of 631 m? g~! among the hybrid materials. Experi-
mental variables such as initial pH of the adsorbate solutions was optimized for adsorptive characteristics
of the novel adsorbents. The optimum pH for adsorption of DCF and NM onto the adsorbents were 7.0
and 9.0, respectively. The equilibrium of adsorption was investigated using Langmuir, Freundlich and
Sips models. Sips isotherm model gave the best fit of the equilibrium data. DCF showed better affinity for
adsorbents than NM—suggesting that hydrophobic sites on the surfaces played a key role in the adsorption

process.

1. Introduction

Human activities is intrinsically responsible for wastes genera-
tion, and the growing demands for environmental cleanliness in
the production process force companies to reuse most of their
wastes [1]. With the growing needs for resource materials and
the environmental protection requirements associated with sus-
tainable development, it has become necessary to study all the
possibilities of reusing and recycling industrial and urban wastes
and by-products, especially in the fields of chemistry and engineer-
ing. This is a way of minimizing management costs in specialized
plants [1-3]. In addition, the reuse of wastes represents a sus-
tainable solution to the scarcity of raw materials to be used for
production of energy and various end products [4-6].

In this context, due to rapid development of industrial activi-
ties in the last couple of years, there have been extensive studies
in developing new materials for many applications such as cataly-
sis [7], separation [8,9], membranes [10,11], drug delivery systems
[12] and environmental technology [13,14]. Among these mate-
rials, adsorbents have played important roles in the fields of
separation processes and environmental technology due to its fea-
tures such as good porosity with high specific surface area, high
adsorption capacity, high stability, and ease of synthesis and treat-
ment, among others [2,4,8-10]. Among the known adsorbents,
activated carbon (AC) is the most popular. Activated carbons are
well-known for their excellent adsorption characteristics because
they have enhanced pore structures and high specific surface area
(Sger). However, activated carbons do not possess good mechanical
strength, fact that precludes its use in system with high flow rate
of effluent [15,16].

Based on this context, adsorbents from organosilicas such as
polysiloxanes arose within the last few years [17-19]. Polysiloxane-
derived hybrid ceramic materials have several advantages, which
include better mechanical stability, no or reduced swelling, high
temperature stability and the adjustability of higher concentration
of chelating groups on the surface, over activated carbons [20,21].
Another advantage of using organosilica materials is that they are
easy to modify and functionalize in many ways due to the existence
of free hydroxyl groups (O—H) on their surfaces [22,23], which can
be used for the binding of functional groups [17,24,25]. However,
pure hybrid materials derived from polysiloxanes are expensive
adsorbents compared to activated carbons produced from low
cost precursors such as industrial wastes and sewage sludge [2,4].
Sewage sludge is an inevitable by-product during wastewater treat-
ment, which is produced in large volumes around the world [26].
These huge amounts of waste materials, consequently, cause major
handling and disposal problems, which are associated to high cost.
One possibility of overcoming the problem posed above is to com-
bine waste sewage sludge and synthetic polysiloxane material
precursors, with the aim of combining their intrinsic properties
to produce composite adsorbents. The resulting adsorbents should
possess good rigidity like that of the polysiloxanes, associated with

higher hydrophilic behavior of organic matrix materials that could
be used as adsorbents for many organic compounds.

To the best of our knowledge, we report for the first time a
preparation of new composite adsorbents using sewage sludge and
polysiloxanes as precursors in different ratios. The new compos-
ite adsorbents were characterized for their specific surface area
(Sger) and surface characteristics and tested for the removal of two
pharmaceuticals from aqueous solutions.

2. Materials and methods
2.1. Preparation of adsorbents

Composite adsorbents derived from sludge and/or polysiloxanes
were prepared from either a single mixture or binary mixtures of
precursors. The precursors, tetraethylorthosilicate (TEOS, Sigma-
Aldrich), methylpolysiloxane (Silres® MK, Wacker Chemie AG) and
methylphenylpolysiloxane (Silres® H44, Wacker Chemie AG), were
mixed with sewage sludge. The mixture step of all the samples
was carried out in ethanol under reflux for three days using the
method described by Prentzel et al. [17,18]. The amount of ethanols
were calculated according to literature [17,18]. A proportion of
20 ml of ethanol per gram of H44 was used for H44 samples while
a proportion of 30ml of ethanol per gram of MK was used for
MK samples. The hydrolysis and polycondensation reactions were
catalyzed under basic conditions by adding 0.2 M NH3 [18]. After-
wards, the ethanol was removed at reduced pressure. A second step
was performed in a furnace at 200 °C in an atmosphere of air for 2 h.
Subsequently, the samples were pyrolyzed at 500 or 600 °C under
inert atmosphere of nitrogen. A heating rate of 120°Ch~1! was used
up to 100 °C, below the final temperature and then a slower heating
rate of 30°Ch~! was applied to reach the maximum temperature
(500°C or 600°C). The samples were pyrolyzed at the maximal
temperature for 4h [18]. Finally, the samples were crushed with
a grinder and sieved to a size range <250 pm. An overview of the
reaction for the preparation of the hybrid and composite materials
is shown in Fig. 1.

The pyrolyzed materials investigated in this study are listed in
Table 1 and denominated by the first letter of the precursor used
(for instance “H” stands for H44, “M” for MK, “T” for TEOS and “S”
for sewage sludge), the molar percentage of the precursor used (for
samples without sludge), the percentage weight of the precursors
used for samples with sludge and the pyrolysis temperature in °C
(500 or 600). For example, H40T60-500 was prepared from H44
and TEOS in a molar ratio of 40:60 (calculated based on the aver-
age molar composition per Si atom) and subsequently pyrolyzed
at 500°C under N, atmosphere. H33S67-600 was prepared from
sewage sludge and H44 in a weight ratio of 33:67 and pyrolyzed at
600°C. All samples synthesized are summarized in Table 1.
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Fig. 1. Scheme of preparation of hybrid and composite materials.

Table 1
Materials prepared according to ratio of each precursor.
Precursor Samples denotation M H T S Temperature
MK? H44° TEOS? SLUDGE?

MK M100-500 100 - - - 500
M100-600 100 - - - 600

H44 H100-500 - 100 - - 500
H100-600 - 100 - - 600

TEOS T100-500 - - 100 - 500
T100-600 - - 100 - 600

Sludge S100-500 - - - 100 500
S100-600 - - - 100 600

MK +TEOS M40T60-500 40 - 60 - 500
M40T60-600 40 - 60 - 600

H44 + TEOS H40T60-500 - 40 60 - 500
H40T60-600 - 40 60 - 600

H44 +Sludge H67S33-500 - 67 - 33 500
H33S67-500 - 33 - 67 500
H67S33-600 - 67 - 33 600
H33S67-600 - 33 - 67 600

MK +Sludge M67S33-500 67 - - 33 500
M33S67-500 33 - - 67 500
M67S33-600 67 - - 33 600
M33S67-600 33 - - 67 600

TEOS +Sludge T67S33-500 - - 67 33 500
T33S67-500 - - 33 67 500

2 Weight percentage.

2.2. Solutions and reagents

All solutions were prepared using deionized water. The charac-
teristics of the pharmaceuticals used in this study are presented in
Supplementary Figs. 1 and 2. Stock solutions (1.00 g L~1) of DCF and
NM were prepared by weighing and dissolving calculated amounts
of the pharmaceuticals in deionized water. Working solutions were
prepared by diluting the stock solution. A 0.10molL~1 NaOH and

a 0.10 mol L~ HCI were utilized to adjust the pH of the solutions
using a pH meter.

2.3. Characterization

Adsorbents in powder form (<250 wm) were used for adsorption
experiments. Nitrogen adsorption isotherms were recorded with a
commercial system (Belsorp-Mini, Bel Japan Inc.) at —196°C after
drying for 3 h at 120°C under reduced pressure (<2 mbar).



The morphology of the materials was obtained using scanning
electron microscopy (SEM), a JEOL microscope, model JSM 6060,
with a voltage of 15kV.

The functional groups of the materials were determined using
Fourier Transform Infra-Red Spectroscopy (FTIR) (Bruker Spec-
trometer, alpha model) with the ATR (Attenuated Total Reflectance)
accessory. The spectrum was recorded with 64 cumulative scans
over the range of 4000-400 cm~! with a resolution of 4cm1.

Thermogravimetric (TGA) analysis of synthetized materials
were obtained on a TA Instruments model SDT Q600 (New Castle,
USA)with a heating rate of 10°Cmin~! at 100 ml min—! of synthetic
air flow. Temperature was varied from 20 to 1000 °C (acquisition
time of 1 point per 5 s) using 10.00-15.00 mg of solid.

Elemental (C, H, N) analyses of precursors (sewage sludge, H44
and MK) were performed on a CHNOS Elemental Analyzer (Elemen-
tar, Vario EL Ill, Germany). The elemental analysis of the sewage
sludge gave 32.68%, 5.12% and 6.17% as the percentage of carbon,
hydrogen and nitrogen, respectively. For the MK, the carbon and
hydrogen contents were 19.75% and 4.89%, respectively, while the
respective contents for H44 were 44.10 and 4.20.

For vapor adsorption experiments, the samples (in powder
form) were dried in 5ml glasses at 70°C for 24h [17,18]. The
samples were cooled at room temperature in a desiccator before
determining their accurate weights (about 0.5 g). Storage of sam-
ples in an atmosphere of saturated solvent vapor was performed
in Erlenmeyer flasks plugged with a ground glass joint, using 60 ml
of solvent [17,18]. The powder containing glass was placed in such
a way that it was not in contact with the wall of the Erlenmeyer.
The samples were removed from the Erlenmeyer flask after 24 h
and dried carefully from the outside using laboratory tissues. The
weight gain during storage was used to calculate the maximal
adsorption of vapor [17,18].

2.4. Batch adsorption studies

Aliquots of 20.00 ml (5.00-500.0 mgL~1) of DCF and NM were
added to different 50-mL flat bottom Falcon Tubes containing
40.0 mg of adsorbents. The flasks were capped, and placed in a
shaker model GFL3015, and the system was agitated between 5 and
360 min. Afterwards, to separate the adsorbent from the aqueous
solutions, the mixtures were centrifuged using a centrifuge (Her-
aeus megafuge 16), and aliquots of 1-5 ml of the supernatant were
diluted to 20.0-100.0 ml in calibrated flasks.

The residual solution, after adsorption, was quantified using
UV/Visible spectrophotometer (T90+ UV-vis spectrophotometer,
PG Instruments, London, United Kingdom) at maximum wave-
lengths of 285 nm and 392 nm, for DCF and NM, respectively.

The amounts of DCF and NM removed by the novel adsorbents
were calculated with the aid of Eq. (1).

(Co-Cf)
AQ=—0
where q is the amount of DCF or NM adsorbed by the adsorbent
(mgg~1); C, is the initial DCF or NM concentration in contact with
the adsorbent (mgL~1), Ce is the DCF or NM concentration (mgL~1!)
after the batch adsorption procedure, V is the volume of DCF or NM
solution (L) put in contact with the adsorbent and m is the mass (g)
of adsorbent.

v (1)

2.5. Equilibrium models

Eqgs. (2)-(4) represent respective Langmuir, Freundlich and Sips
models [27-29]. These models were used for analysis of equilibrium
data.

_QmaxXKLXCe

Ge =~ 1K, <C, ()

Ge = Kp x C}/"F 3)

_ Qmax x Ks x Cel/nS

1+Ks x C'/ms @

Qe
where C. is the supernatant concentration at the equilibrium
(mgL-1); K is the Langmuir affinity constant (Lmg=1); Qmax is
the maximum adsorption capacity (mgg~!); Kg is the Freundlich
constant related with adsorption capacity [mg g~! (mgL-1)-1/n];
n is the Freundlich exponent (dimensionless); Ks is the Sips equi-
librium constant (Lmg~1) and n; is dimensionless exponent of the
Sips equation.

The kinetic and isotherm parameters were evaluated using
statistical and quality assurance [30], and such procedures and
equations are described in the supplementary material.

3. Results and discussion

3.1. Influence of the experimental conditions on the textural
characteristics of the adsorbents

The interpretation of experimental adsorption isotherms is
complicated in practice due to uncertainties about the morphology
of the adsorbing material. Common adsorbents studied are fre-
quently heterogeneous, having not only an unknown range of pore
sizes butalso arange of pore shapes, active adsorption sites, blocked
and network pores [26]. Fig. 2A and B show the influence of the com-
position of the samples of the adsorption and desorption of N,. All
isotherms can be ascribed to type I isotherm according to Interna-
tional Union of Pure and Applied Chemistry (IUPAC) classification.
Type I (the Langmuir isotherm) is for microporous adsorbents (pore
diameter <2 nm) [26]; as relative pressures approaching unity, the
curve may reach a limiting value or rise if large pores are present
[26]. However, it is seen that the adsorbed N, volumes are different
in their dependency on the content of the precursors (see Fig. 2A
and B). When relative pressure P/Py was about 0.1, the adsorption of
N, was saturated, however, when P/Py > 0.1, N, was adsorbed onto
the large pores or on the external surface, even though the amount
was very small [31]. The range of adsorbed nitrogen volume was
between 84 and 278 cm?3 g~! for MK-containing materials and 104
and 357 cm? g~ for H44-containing materials.

Fig. 2A illustrates that the amount of N, adsorbed gradually
decreases from T100-600, M100-600, M67S33-600, M33S67-600
to the combination of TEOS and MK. In M40T60-600, probably, the
Si-OH groups of MK condense with the OH groups from TEOS, thus
the macromolecular chains are spaced with silica particles. On the
other hand, in the samples without TEOS, the condensation occurs
through Si-O-Si intermolecular bonds, which limit the size of the
pores.

Fig. 2B shows samples with H44 and sludge in different com-
positions. For these samples, compared to MK samples, a similar
trend is observed although the condensation between TEOS and
the polysiloxanes is done through the chain ends. The presence of
silica particles intercalated between the macromolecular chains in
the first stages of the process, probably ensures larger pores after
pyrolysis. Similarly, the polysiloxane sample, H40T60-600, exhibits
a higher micropore volume due to more effective prevention of pore
from collapsing during drying. By analyzing the effect of composi-
tion of the samples on the N, isotherms (see Fig. 2A and B), the
ratio between MK or H44 and sludge seems to have a slight influ-
ence on the maximum uptake of N,. The N, uptake increased when
the sludge content was decreased. The highest uptake was found
for the sludge free samples (TEOS combination with MK and H44
thatis M40T60-600 and H40T60-600). Fig. 2C and D show the influ-
ence of the temperature on the generation of micropore volume for
single or binary system with MK, H44 and sludge. All isotherms of



| ads./des.
—.m420 —m-—/-0— M100-600
o 3604 © /' M40T60-600
E A—/—A— M33S67-600
=300 + /  M67S33-600
e / O T100-600
£ 2404
=
2 1804
= M.)))))n»)n))))’
B e 2
IS 6(}. e ISR NLNMN
n
o
[
0.0 072 04 06 08 10
C relative pressure (p/p,)
— ads./des.
“-m350' —m—/—0— M100-500
/' M100-600
£ 3001 _a—/a—M33867-500
et /'~ M33S67-600
22401 _o-/-0 M67533-500
2 480 /' M67S33-600
>
© 1201 e e e e leisletlan e )
£ m\/\/\/\MAAAAAA{W\A
3 601 9
© ~
3] 0 ~
0.0 0.2 0.4 0.6 0.8 1.0

relative pressure (p/p,)

—

i
‘o

e

adsorbed vo

adsorbed volume (cm® g

ume (cl

ads./des.
—m—/—0—H100-600
/ H40T60-600
—A—/—A—H33S67-600
/ H67S33-600

360
3001
2404
1801
1201

- RO RCACRCATRCV M B RETR
!Mﬂw& A VA Vo' VA VAT VYA N
Ay
|

011
0.0

o
=

02 04 0'6 08 1.0

relative pressure (p/p,)

D

360
3004

ads./des.
—m—/—0—H100-500
/ H100-600
—A—/—A—5100-500
/ S100-600
®—/—0— H67S33-500
/ H67S33-600

2404
1804

120 RPPVVVYY PLACECRORQR QL0 )
]
MMM ARAAA DA A DA
0.0 0.2 0.4 0.6 0.8 1.0
relative pressure (p/p;)

)
=)

Fig. 2. Nitrogen adsorption/desorption isotherms of MK, H44, TEOS and Sludge in single and binary systems; (A) and (B) corresponds to the influence of composition; and

(C) and (D) corresponds to influence of temperature on the adsorbed volume of N.

the samples are also of type I. Samples pyrolyzed at both tempera-
tures (500 and 600 °C) exhibited almost the same maximum value
of N, uptake—indicating that temperature in this range is not an
important factor that influences the maximum values of N, uptake.

Fig. 3 reveals small differences of Sger values for the samples
pyrolyzed under different temperatures. In general, however, Sggr
values of samples pyrolyzed at 500 °C were somewhat larger than
those pyrolyzed at 600 °C. The highest Sggr values, 500-631 m2 g1,
are for sludge-free samples (see Fig. 3B). Sludge-containing samples
show lower Sggt values of 49-489 m?2 g~1. The highest value is for
H67533-500 (489 m2 g~1) and the lowest value (49m?2g-1!) is for
the pure sludge sample (S100-600)—an evidence that sludge ratio
decreases the value of Sggr.

The relationship between specific surface area and sludge con-
tent of the samples can be seen in Fig. 3C. Generally, the sludge
content decreases the value of Sggr. H44-based materials present
larger specific surface areas than MK and TEOS-based samples.
When the content of sludge increases in MK-based samples from 0
to 33%, the specific surface area remains almost the same (361 to
347m2 g1 and 342-327m2 g~ for respective samples pyrolyzed
at 500 and 600°C). However, when the content of the sludge is
increased from 33 to 67%, the samples show a sharp decrease in Sggt
values from 347 to 230 m? g~ (for samples pyrolyzed at 500 °C) and
327-278 m2 g~ (for samples pyrolyzed at 600°C). Similar trend
is observed for the other materials, however, TEOS-containing
samples show remarkable decrease with increasing sludge con-
tent from 543 m2g~! (T100-500) to 47 m2 g-! (T33567-500) and
79m? g~ (T67533-500).

It can be inferred from the available data that sludge content
causes remarkable influence on the evolution of specific surface
area. The Sggr values are generally higher for H44-based mate-
rials than MK-based materials because the phenyl groups have
higher steric demand and decompose at lower temperatures than
the methyl groups [17,32].

To determine the surface morphology of selected materials,
some adsorbents were comparatively examined with the aid of
scanning electron microscopy (SEM), and the results are illustrated

in Fig. 4. SEM images were taken from the surfaces obtained at
different temperatures and compositions. As shown in Fig. 4, all
selected materials possess rough and heterogeneous surfaces. Sam-
ples that were pyrolyzed at 500°C with a sludge content of 33%
are rougher than those pyrolyzed at 600°C. However, samples
pyrolyzed at 500 °Cand with a sludge content of 67% possessed high
roughness and cracks in the surfaces. Although H44-based sam-
ples have higher microporosity (see Fig. 3A and B), these samples
show more homogeneous and plane surfaces. A possible explana-
tion could be linked to the precursor characteristics; H44 is more
homogeneous than sludge and this gave adsorbents with similar
characteristics as the raw material.

3.2. Fourier Transformed Infrared Spectroscopy (FT-IR)

Fourier Transform Infra-Red spectroscopy (FTIR) was carried
out to identify the functional groups possessed on surface of the
materials—it enables better understanding of the surface features.
FTIR of S100-600, M100-600, M33S67-600, M67S33-600, H100-
600, H33S67-600 and H67S33-600 materials are shown in Fig. 5.
Considerable changes were observed among the composite mate-
rials and pure polysiloxanes. Five new peaks arose for both set of
samples (MK and H44), which are located mainly in the regions
around 438, 1410, 1626, 2908, 3431 cm~! (see Fig. 5A and B). These
data show that the samples with sludge present much more func-
tional groups on their surface, as expected.

The FTIR spectra of MK mixed with 33 and 67% of sewage sludge
(M33S67-600 and M67S33-600) present similar bands; showing
smaller differences in the wavenumbers (see Fig. 5B). The same
trend was observed for the samples with H44-sludge content. How-
ever, it might be inferred that the sludge content causes great
influence on the rise of functional groups on the surface of the
composite materials.

The high-intensity band at 3384cm~"! is due to the hydroxyl
groups stretching vibrations [4]. The inconspicuous band at
2910cm~! is ascribed to asymmetric and symmetric C—H stretch-
ing [4,11]. The band at 1590 cm~! could be assigned to the skeletal
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vibration of benzene [4,11]. The peaks around 1410cm~! can be
assigned to C=C stretching vibration [4,11]. The small band at
1380cm™! could be assigned to C—H bending vibration [4,11]. The
strong absorption at 1035-1119cm~! could be assigned to C—O
stretching of alcohol and Si-O of silicates. The small FTIR bands at
778-797 cm~! are assigned to aromatic out of plane C—H bend-
ing; and the bands 577-598 cm~! are assigned to aromatic ring
bending. The small FTIR bands at 438-464 cm~! are attributed to
antisymmetric stretching vibrations of Si—O—Si bonds.

The FTIR data indicate that the functional groups on a sur-
face of composite materials (such as oxygenated and hydrogenated
groups) might have left their surfaces more hydrophilic compared
with pure polysiloxanes.

3.3. TGA and DTG analyses

TG and DTG curves of pure polysiloxanes, sewage sludge and
composite materials are shown in Supplementary Fig. 3A-D. All the
samples synthesized in this work have similar TGA-DTG profiles,
therefore, only TGA-DTG profiles of pure polysiloxanes pyrolyzed at
600°C (M100-600 and H100-600), sewage sludge (S100-600) and
composite samples (M67S33-100 and H67S33-600) are presented.
Insignificant mass losses were observed for the composite samples
(below 400 °C) and pure polysiloxanes (below 500 °C). A two-stage
weight loss was observed in the curves of the composite materials
and pure polysiloxanes (see Supplementary Fig. 3A and B).

The first mass-loss stage, from 25 °C to 420 °C, can be attributed
to the evaporation of the adsorbed water and the water molecules
that were trapped in the carbonaceous matrix [15,24]. For pure
polysiloxanes such as M100-600, the higher mass loss started at
490°C up to 680°C but the higher mass loss started at 520°C up
to 775°C for pure H100-600—the mass loss observed could be
attributed to carbon skeleton decomposition through abscission of
methyl and phenyl groups [23,24]. Similar explanation might be
given for pure sewage sludge, its mass loss is due to loss of the
organic, hydrogen and oxygen surface groups [23].

The modified samples (composite materials) showed different
trend from pure polysiloxanes and sewage sludge (see Supplemen-

tary Fig. 3A-D). Three smooth peaks were observed for composite
samples, but only one peak was observed for pure polysiloxanes
(H100-600 and M100-600) and sewage sludge (S100-600). For the
composite sample, H67S33-600, the peaks are approximately 467,
512 and 582 °C, however, pure polysiloxane (H100-600) has only
one intensive peak at 656 °C (see Supplementary Fig. 3C). Simi-
lar trend was observed for the samples containing MK-sludge. The
peak of highest weight loss is ca. 485°C for M100-600, however,
for M67S33-600 sample, three smooth peaks appear at about 438,
495 and 558 °C (see Supplementary Fig. 3D).

The appearance of different peaks for the composite materials
could be linked to condensation of hydroxyl groups on the sludge
surface with Si framework of the polysiloxane [24], which forms
surface silanol groups (as seen in Fig. 5). This is supported by O—H
broad band centered around 3400 cm~!; pure polysiloxanes do not
show such band, however, when both H44 and MK were mixed
with sewage sludge, such band is created—liberating water and
producing siloxane bonds in the process [24].

According to the TG and DTG profiles, Tmax (the temperature
when weight loss reaches at maximum) of pure polysiloxanes are
ca. 727 °C for H100-600 and ca. 617 °C for M100-600. In contrast,
Tmax of the composite materials are higher, which are about 722 °C
(12.3% of mass loss) for the M67S33-600 and 726 °C (14.8% of mass
loss) for H67S33-600. This fact primarily reveals that the ther-
mal stability of composite materials was strengthened. The data
of TGA-DTG further demonstrates that composite materials were
successfully modified with sludge content.

3.4. Surface characteristics

The surface characteristics of adsorbents are important because
surface characteristics give explanation about the existing inter-
actions between adsorbent surface and a selected sorbate. Two
solvents with different polarities were chosen, water and n-
heptane, to characterize the surface of the adsorbents prepared in
this study. A higher affinity of a sample for water means a more
polar surface and thus more hydrophilic surfaces. More hydropho-
bic and thus non-polar surfaces will be, in contrast, characterized by



Fig. 4. Scanning electron micrographies of H33S67-500, H67533-500, H33S67-600, H67533-600, H100-600 and H100-500 at same magnification.

a higher n-heptane uptake. The n-heptane was selected because of
its pronounced steric factors during adsorption compared to other
solvent vapors. Solvents with both polar and non-polar groups
adsorb less, and information derived from their adsorption capac-
ity is limited. Fig. 6A and B shows maximum adsorption values of
the developed materials [17,18,32].

The values of n-heptane to water adsorption ratio are illustrated
inFigs. 6A and B. These figures demonstrate that all samples present
a ratio higher than 1, which means that the samples have higher
affinity for n-heptane, and hence are more hydrophobic.

M100-600 and H100-500 possess the highest ratio of n-
heptane/water adsorption values of 11.61 and 10.48, respectively.
The situation is different for samples with sludge content that show
lower uptake ratio values of 1.42-5.1 (see Fig. 7A and B).

Regarding the pyrolysis temperature, generally, the samples
pyrolyzed at 500°C are more hydrophobic compared to those
pyrolyzed at 600°C. A possible explanation for this observation
could be that at higher temperature, the organic compounds
volatilize more easily, and the loss of organic compounds results in
loss of hydrophobicity. For the samples with TEOS content, the tem-
perature did not cause a significant influence on values of uptake
ratio and almost kept constant despite the inclusion of sludge. Gen-
erally, the water sorption capacity increased in the presence of
sludge whereas the sorption capacity decreased for n-heptane.

Fig. 6C illustrates the effect of sludge content on the surface fea-
tures of adsorbents. The influence of the surface characteristics of
sludge-containing materials shows similar trend for MK and H44-
based samples with respect to ratio of n-heptane/water adsorption.
It was observed that an increase in the sludge content for the H44-
based samples caused a remarkable decrease in hydrophobicity as
shown in Fig. 6C. This is an indication that sludge allows the adsor-
bent to be more hydrophilic in relation to the adsorbent without
sludge content. The sludge that was pyrolyzed would generate acti-
vated carbon materials with more functional groups (as already
observed in the FTIR analysis shown above). A possible explana-
tion for this observation might be connected to the fact that H44
has higher carbon content in its structure than the sewage sludge.
The elemental analysis of the precursors indicates that H44 has
more carbon contents (44.10%) than the sewage sludge (31.68%),
therefore, samples with more sludge content show a decrease in
the uptake values (ratio of uptake of n-heptane/water) (see Fig. 6C).

The behavior of hydrophobicity of the MK-based samples was
lower than the H44-based samples, this could be linked to the
smaller carbon content of the MK compare to H44. The sludge con-
tent of MK-based samples somehow induces a decrease in their
hydrophobicities. The sludge with more carbon content than MK is
expected to have higher hydrophobicity. In some ways, the car-
bon content is not the only factor that plays a key role in the
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Fig. 5. FTIR spectra of H44-sludge containing sample(A) and MK-sludge containing
sample (B).

hydrophobicity of adsorbents. Probably most surface active sites
of MK-sludge containing samples were covered by large polar
zones (oxygen groups) and on their surface, leading to the loss of
hydrophobicity.

3.5. Effect of initial pH

It is well known that the pH of the solution is one of the most
important factors affecting removal of an adsorbate by an adsorbent
because pH can affect the solution chemistry of contaminants and
the functional groups on the surface of adsorbents [33,34].

Adsorption experiments were conducted to confirm the
removal of the compounds in a wide range of pH values, pH 6-11.
A 40 mg of adsorbent materials were added to 20 ml of each phar-
maceutical solutions with initial concentration of 200mgL-! to
investigate the effect of pH value on the treatment process. The data
are shown in Supplementary Fig. 4A and B. For all samples stud-
ied, the adsorption capacities show similar trends for the whole pH
range. The removal of the DCF was higher under neutral conditions,
atpH 7.0, in accordance with results found by Hu and Chen [35] and
Saucier et al. [36]. The DCF adsorption capacity slightly decreased
after pH 7.0, its adsorption is not favored in alkaline solution. On
the other hand, NM removal was higher at pH 9.0 and kept almost
constant until pH 11.0.

The favorable adsorption of DCF onto composite materials
(especially at pH 6.0-7.0) could be explained on the basis of the
electrostatic interactions between the DCF anions and the positive
groups on the surface of materials, and also by -7 interactions
between the benzene rings of the DCF and the organic moieties of
the composite materials [2,33-35].

The variance in optimum pH for adsorption of DCF and NM could
be related to the differences in the pKj, values of these pharmaceu-
ticals in water. The DCF has a pK; of 4.00 and NM a pKj, of 6.70;
these values were calculated by the Marvin Sketch software (Ver-
sion 16.1.11.0). Therefore, at pH 7.0 and 9.0 for respective DCF and
NM, the pharmaceuticals are deprotonated as anions. The positive
groups on the surface of the materials interacted with these anions.

On the basis of the above discussion, the optimum pH values for
adsorption of DCF and NM onto hybrid and composite materials are
pH 7.0 and 9.0, respectively.

3.6. Adsorption of pharmaceuticals

The adsorption capacities of the adsorbents were investigated
by using a 50.0mgL-! of DCF and NM pharmaceutical solutions.
Fig. 7A shows adsorption capacities (qe), Fig. 7B shows the exper-
imental isotherms for diclofenac (DCF) while Fig. 7C presents the
experimental isotherms for nimesulide (NM).

According to Fig. 7A, the TEOS-containing samples (mixed with
MK and H44) have the highest adsorption capacities (qe) among
all the adsorbents. On the other hand, sludge containing samples
show low adsorption capacities for DCF and NM. A possible expla-
nation for this disparity might be connected to the Sggr values,
since the samples with sludge content have the lowest Sggr values.
On the other hand, samples with pure H44 have high Sggr values
but low ge values compared to the adsorption of M40T60-600.
Another explanation for this observation could be that decreas-
ing in hydrophobicity is associated with increasing sludge content,
which has a negative effect on DCF adsorption because DCF has
affinity towards hydrophobic surfaces, hence causes lower phar-
maceutical uptake.

Comparing adsorption values of DCF and NV, it is seen that DCF
has a higher affinity for adsorbent than NM. The polar surface areas
of DCF and NM were calculated using Marvin Sketch 16.1.11.0" soft-
ware. These values are 52.16 A2 and 104.12 A2 for DCF and NM,
respectively. The higher the polar surface area of the pharmaceuti-
cal, the higher the area of the molecule that interacts with water. On
the account that the adsorption of an organic molecule onto active
surface of carbon involves dehydration of the organic molecule
before being adsorbed on the solid surface, the pharmaceutical that
interacts more extensively with the solvent will possess a higher
energy barrier to be surpassed so as to release the water to the bulk
of the solution, and the adsorption of the adsorbate takes place
on the adsorbent surface. Therefore, the difference in polar surface
area of the pharmaceuticals explains why the adsorption of DCF
was higher than that of NM.

The adsorption isotherms express the specific relationship
between the concentration of adsorbate and its degree of accu-
mulation onto adsorbent surface at a constant temperature. Three
isotherm models, Langmuir, Freundlich and Sips models were used
to fit the experimental data and evaluate the isotherm performance
for DCF and NM adsorption.

The isotherms of adsorption of DCF and NM on M67S33-
600, M40T60-600, M33S67-600 and S100-600 adsorbents were
performed using the following experimental conditions: pH 7.0,
contact time of 120 min, mass adsorbent was 40.0 mg, and temper-
ature was fixed at 25 °C for DCF; and pH 9.0, contact time of 120 min,
adsorbent dosage of 40.0 mg, and temperature was fixed at 25°C
for NM. The initial concentrations ranged from 5 to 500 mgL-! for
both pharmaceuticals.

1 Calculator Plugins of the MarvinSketchVersion 16.1.11.0 software, ChemAxon

(http://www.chemaxon.com), 2016, were used for structure property prediction
and calculation of physical properties of the pharmaceuticals.
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M67S33-600, M40T60-600, M33S67-600 and S100-600 were
chosen for DCF and NM adsorption isotherms because the sam-
ples exhibited best results on the basis of their highest adsorption
capacities (at initial concentration of 500 mg L~1) for the two phar-
maceuticals (see Fig. 7B and C).

The isotherm curves are shown in Supplementary Fig. 5A-H
with their parameters in Table 2. On the basis of Rzadj and SD val-

ues (see Table 2), the Sips model is the best isotherm model for
adsorption of DCF and NM on materials. The Sips model presents
the highest R2,4 and lowest values for SD—it means that the values
of g calculated by the isotherm model was closer to the ¢ measured
experimentally [32-35]. The maximum adsorption capacity values
(Qmax) of DCF and NM adsorbed were 41.43 and 26.12mgg~! for
M40T60-600 and 27.18 and 14.25 for M67S33-600, respectively.



Table 2

Isotherm parameters of DCF and NM adsorption using S100-600, M67S33-600, M33S67-600 and M40T60-600 adsorbents. Conditions: pH 7.0 for DCF and 9.0 for NM;
adsorbent mass, 40.0 mg; contact time of 120 min. All values are expressed in four significant digits.

$100-600 M67S33-600 M33S67-600 M40T60-600

DCF

Langmuir
Qmax (Mmgg") 14.72 25.57 16.47 37.60
K. (Lmg™ 1) 0.02646 0.009051 0.02772 0.09118
R? o 0.9913 0.9887 0.9906 0.9504
SD (mgg') 0.4321 0.7954 0.5407 3.039

Freudlich
Kr (mgg~! (mgL-")-1/nF) 2.161 1.331 2.455 10.64
ng 3.155 2177 3.161 4.390
R? i 0.9563 0.9486 0.9501 0.9642
SD (mgg') 1.044 1.958 1.251 2.582
Sips
Qmax (mgg1) 16.27 27.18 18.01 41.43
Kg (Lmg~1) 0.2001 0.2155 0.02165 0.02814
n 1.236 0.5823 1.211 2.010
R? i 0.9940 0.9999 0.9928 0.9823
SD (mgg') 0.3854 0.7887 0.4750 1.815
NM

Langmuir
Qmax (Mgg!) 8.196 14.21 10.65 23.53
K. (Lmg™") 0.02163 0.01427 0.01828 0.03323
R? o4 0.9902 0.9927 0.9871 0.9780
SD(mgg1) 0.2645 0.3850 0.3928 1.248

Freundlich
Kr (mgg! (mgL-1)~'/nF) 1.068 1.260 1.222 3.642
ng 3.055 2.595 2.865 13.56
R? i 0.9641 0.9497 0.9457 0.9368
SD (mgg') 0.5081 1.013 0.8063 2.116
Sips
Qmax (mgg1) 9.438 14.55 11.38 26.12
K (Lmg~') 0.01465 0.01345 0.01546 0.02409
n. 1.2965 1.045 1.404 1.247
R? Lqj 0.9999 0.9928 0.9876 0.9799
SD (mgg') 0.1855 0.4071 0.3914 1.192

Moreover, Langmuir model presents values closer to those of
Sips model. On the other hand, the Freundlich model presents the
highest SD, which indicates that the model is not suitable for the
description of removal of DCF and NM onto composite materials
in this work. The results indicate that the adsorbents possess rel-
atively higher monolayer capacity for DCF and NM. Moreover, the
applicability of Langmuir adsorption isotherm indicates that the
surface active sites are distributed evenly onto the solid surface.

According to the data, M40T60-600 has highest adsorption
capacities for DCF and NM, followed by M67S33-600, M33S67-600
and S100-600 (see Supplementary Fig. 5 and Table 2). M40T60-
600 sample presents the highest Sger value among these samples,
and it is well-known that the Sggr values might influence the fast
uptake of molecules of DCF and NM because Sggr value is one of the
most important factors that influence the efficiency of adsorption
process [14,18,25,36-41].

So far, various adsorbents have been reported for the adsorption
of DCF and NM; therefore, it is meaningful to check the competitive-
ness of the adsorbents used in this work against other adsorbents
that have earlier reported. Table 3 shows a comparison between
the maximum adsorption capacities various adsorbents. As can
be seen in Table 3, our adsorbent materials present very good
adsorption capacities compared with other adsorbents reported in
the literature. The reason for differences in adsorption capacities
of micropollutants might be linked to the different experimental
conditions such as the concentration of micropollutants and adsor-
bent, contact time, pH, and the water source. Therefore, a direct
comparison is difficult to make because different adsorbents and
experimental conditions were used [34-36,40-48]. However, these

Table 3

Comparison of adsorption capacities of different adsorbents for DCF and NM.

Adsorption capacity (mgg)

Adsorbent DCF NM Reference
Multi-walled carbon nanotubes 8.640 - [35]
Activated carbon from cocoa shell 63.47 74.81 [36]
Hybrid adsorbents (sericite +t HDTMA) 2.290 - [42]
Hybrid materials (Bentonite + HDTMA) 17.79 - [43]
Functionalized silica 35.59 - [44]
Modified chitosan 9.330 - [45]
Trimethylsilylated SBA-15 0.8381 - [46]
Silica aerogel - 14.18 [47]
Activated carbon from olive-waste cakes 56.2 - [48]
M40T60-600 41.43 26.12 This work
M67S33-600 27.18 14.55 This work
M33567-600 18.01 11.38 This work
S$100-600 16.27 9.438 This work

results have demonstrated that our hybrid and composite materials
exhibit good removal capacities of pharmaceuticals from aqueous

solutions.

3.7. Adsorption mechanism

Going by the combined data of characterization of materials as
well as the equilibrium studies, it is possible to suggest mechanisms
for adsorption of DCF and NM onto hybrid and composite adsor-
bents. The adsorption process involves physical interactions such
asvander Waals’ interactions, and -1 interactions of the aromatic
rings of the adsorbent with the aromatic rings of the pharmaceuti-
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Fig. 8. Proposed adsorption mechanism for adsorption of DCF and NM onto the hybrid and composite materials.

cals [36]. The aromatic rings of pharmaceuticals interact with the
phenyl and methyl groups of the pure polysiloxanes through -1
interactions, and with functional groups of the composite adsor-
bents such as OH, C=0, COOH as shown in Fig. 8A-F. Similarly, some
electrostatic attractions could occur between the charged pharma-
ceuticals (DCF at pH 7.0 and NM at pH 9.0) with some defects of
silicate structure.

4. Conclusion

In this study, novel adsorbents were synthesized by mixing
polysiloxanes with sewage sludge under reflux in ethanol. Single
and binary mixtures with different sludge contents and without
sludge were investigated. All samples were analyzed and classified
as microporous materials, and Sger values up to 641 m2g-! were
observed. The Sggr values of sludge-containing samples decreased
with increasing sludge content. Water and n-heptane, with either
mainly polar or dispersive interaction, were used to ascertain the
surface characteristics.

The materials were more hydrophobic according to the ratio
of n-heptane and water adsorption values. However, high sludge
content was responsible for a decrease in hydrophobicity of the
samples.

The optimum pH values for adsorption of DCF and NM onto
hybrid and composite materials were pH 7.0 and 9.0, respectively.
Sips isotherm model gave the best fit of equilibrium data. The
Qmax Vvalues for respective DCF and NM adsorbed were 41.43 and
26.12mgg~! for M40T60-600 and 27.18 and 14.25 for M67S33-
600. The data showed that DCF exhibited uptake values higher than
those of NM—signifying the affinity of the adsorbents towards more
hydrophobic adsorbate.

Combination of sewage sludge with polysiloxanes to produce
new composite adsorbents can bring several benefits to the envi-
ronment and reduce the production and water treatment costs. The

potential benefits of employing sewage sludge in adsorbents pro-
duction are apparent because it is an effective solution for a safe
environment, beneficial re-use and also add value to this waste.
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