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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
of pharmaceuticals

adsorption/desorption measurements showed type I isotherms, which are typically for microporous

materials, and the specific surface areas (SBET) were found to be in the range of 48 m2 g−1 and
631 m2 g−1. The sludge content was the major determinant for a decrease in SBET 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 SBET
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value of 487 m2 g−1 while M40T60-600 (sample with 40% of polysiloxane MK and 60% of TEOS and
pyrolyzed at 600 ◦C) exhibited the highest SBET value of 631 m2 g−1 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.
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ials and methods
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rolyzed materials investigated in this study are listed in

nd denominated by the first letter of the precursor used
nce “H” stands for H44, “M” for MK, “T” for TEOS and “S”
e sludge), the molar percentage of the precursor used (for

without sludge), the percentage weight of the precursors
samples with sludge and the pyrolysis temperature in ◦C
00). For example, H40T60-500 was prepared from H44
in a molar ratio of 40:60 (calculated based on the aver-
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ll samples synthesized are summarized in Table 1.



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
MKa H44a TEOSa SLUDGEa

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
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f the pharmaceuticals used in this study are presented in

entary Figs. 1 and 2. Stock solutions (1.00 g L−1) of DCF and

a 0.1
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2.3.
prepared by weighing and dissolving calculated amounts
rmaceuticals in deionized water. Working solutions were
by diluting the stock solution. A 0.10 mol L−1 NaOH and
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33 67 500

l L−1 HCl were utilized to adjust the pH of the solutions
H meter.

acterization
bents in powder form (<250 �m) were used for adsorption
nts. Nitrogen adsorption isotherms were recorded with a
ial system (Belsorp-Mini, Bel Japan Inc.) at −196 ◦C after
r 3 h at 120 ◦C under reduced pressure (<2 mbar).
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atch adsorption procedure, V is the volume of DCF or NM
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mum adsorption capacity (mg g−1); KF is the Freundlich
related with adsorption capacity [mg g−1 (mg L−1)−1/n];
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s are described in the supplementary material.

ts and discussion

ence of the experimental conditions on the textural
istics of the adsorbents

terpretation of experimental adsorption isotherms is
ted in practice due to uncertainties about the morphology
sorbing material. Common adsorbents studied are fre-
eterogeneous, having not only an unknown range of pore

also a range of pore shapes, active adsorption sites, blocked
ork pores [26]. Fig. 2A and B show the influence of the com-
f the samples of the adsorption and desorption of N2. All

s can be ascribed to type I isotherm according to Interna-
ion of Pure and Applied Chemistry (IUPAC) classification.
e Langmuir isotherm) is for microporous adsorbents (pore
< 2 nm) [26]; as relative pressures approaching unity, the
y reach a limiting value or rise if large pores are present
ever, it is seen that the adsorbed N2 volumes are different
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hen relative pressure P/P0 was about 0.1, the adsorption of
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and DTG analyses

d DTG curves of pure polysiloxanes, sewage sludge and
e materials are shown in Supplementary Fig. 3A–D. All the
synthesized in this work have similar TGA-DTG profiles,
, only TGA-DTG profiles of pure polysiloxanes pyrolyzed at
100-600 and H100-600), sewage sludge (S100-600) and
e samples (M67S33-100 and H67S33-600) are presented.
ant mass losses were observed for the composite samples
0 ◦C) and pure polysiloxanes (below 500 ◦C). A two-stage
ss was observed in the curves of the composite materials
polysiloxanes (see Supplementary Fig. 3A and B).
st mass-loss stage, from 25 ◦C to 420 ◦C, can be attributed
poration of the adsorbed water and the water molecules
trapped in the carbonaceous matrix [15,24]. For pure
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to carbon skeleton decomposition through abscission of
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y. A higher affinity of a sample for water means a more
face and thus more hydrophilic surfaces. More hydropho-
us non-polar surfaces will be, in contrast, characterized by



0, H6

a higher n
its prono
solvent v
adsorb le
ity is lim
the devel

The va
in Figs. 6A
a ratio hi
affinity fo

M100
heptane/
The situa
lower up

Regar
pyrolyzed
pyrolyzed
could be
volatilize
loss of hy
perature
ratio and
erally, th
sludge w

ig. 6C
s of a
ge-co
d sam
s ob
d sam
n in
to b

ge co
d car
rved
for t

highe
elem
e car
efore
ptak

he b
r th

ller c
of M
Fig. 4. Scanning electron micrographies of H33S67-500, H67S33-500, H33S67-60

-heptane uptake. The n-heptane was selected because of
unced steric factors during adsorption compared to other
apors. Solvents with both polar and non-polar groups
ss, and information derived from their adsorption capac-
ited. Fig. 6A and B shows maximum adsorption values of
oped materials [17,18,32].
lues of n-heptane to water adsorption ratio are illustrated
and B. These figures demonstrate that all samples present

gher than 1, which means that the samples have higher
r n-heptane, and hence are more hydrophobic.

-600 and H100-500 possess the highest ratio of n-
water adsorption values of 11.61 and 10.48, respectively.
tion is different for samples with sludge content that show
take ratio values of 1.42–5.1 (see Fig. 7A and B).
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Fig. 6. (A) and (B) Ratio of n-heptane and water adsorption values and (C) influence of sludge content of the samples on the n-heptane and water adsorption.
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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.

S100-600 M67S33-600 M33S67-600 M40T60-600

DCF
Langmuir

Qmax (mg g−1) 14.72 25.57 16.47 37.60
KL (L mg−1) 0.02646 0.009051 0.02772 0.09118
R2

adj 0.9913 0.9887 0.9906 0.9504
SD (mg g−1) 0.4321 0.7954 0.5407 3.039

Freudlich
KF (mg g−1 (mg L−1)−1/nF) 2.161 1.331 2.455 10.64
nF 3.155 2.177 3.161 4.390
R2

adj 0.9563 0.9486 0.9501 0.9642
SD (mg g−1) 1.044 1.958 1.251 2.582

Sips
Qmax (mg g−1) 16.27 27.18 18.01 41.43
Kg (L mg−1) 0.2001 0.2155 0.02165 0.02814
nL 1.236 0.5823 1.211 2.010
R2

adj 0.9940 0.9999 0.9928 0.9823
SD (mg g−1) 0.3854 0.7887 0.4750 1.815

NM
Langmuir

Qmax (mg g−1) 8.196 14.21 10.65 23.53
KL (L mg−1) 0.02163 0.01427 0.01828 0.03323
R2

adj 0.9902 0.9927 0.9871 0.9780
SD(mg g−1) 0.2645 0.3850 0.3928 1.248

Freundlich
KF (mg g−1 (mg L−1)−1/nF) 1.068 1.260 1.222 3.642
nF 3.055 2.595 2.865 13.56
R2

adj 0.9641 0.9497 0.9457 0.9368
SD (mg g−1) 0.5081 1.013 0.8063 2.116

Sips
Qmax (mg g−1) 9.438 14.55 11.38 26.12
Kg (L mg−1) 0.01465 0.01345 0.01546 0.02409
nL 1.404 1.247
R2

adj 0.9876 0.9799
SD (mg g− 0.3914 1.192
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