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ABSTRACT

In this paper, a sludge-based adsorbent (SBA) was prepared from biochemical sludge from
a wastewater treatment plant by chemical activation using 3.0 M ZnCl2 followed by pyroly-
sis at 700˚C for 1 h in an anoxic atmosphere. The physical and chemical properties of the
SBA were characterized by N2 adsorption, scanning electron microscopy (SEM), Fourier
Transform infrared red (FT-IR) spectroscopy, X-ray diffraction (XRD), and Boehm titrations.
The adsorption behavior of dimethyl phthalate (DMP) on the SBA was studied in batch
reactors by investigating a range of variables including pH, DMP concentration, and
adsorption time. The optimal pH for DMP adsorption was found out to be around 6, as this
gave the best surface charge interactions. Adsorption equilibrium isotherms and the kinetics
models of DMP adsorption on the SBA were also investigated. Experimental data indicated
that the Freundlich model was most applicable to the adsorption process to show the SBA’s
heterogeneous surface supporting sites of varied affinities with DMP. In addition, the
adsorption kinetics of DMP on SBA was described by the pseudo-second-order kinetic
model suggesting that the chemical adsorption was the predominant rate-limiting stage of
the adsorption process. It was demonstrated that the SBA is a low-cost promising and
highly effective product for removal of DMP from aqueous solutions. The effectiveness of
the SBA can be explained in terms of the π-electron interactions, electrostatic interactions,
and H-bonding interactions contributing its high adsorption capacity.

Keywords: Sludge-based adsorbent; Adsorption; Dimethyl phthalate; Kinetics; Equilibrium
isotherm

1. Introduction

Phthalic acid esters (PAEs) are widely used as
plasticizers in the plastics, ceramics, paper, cosmetics,
ink, and paint industries [1]. Among these PAEs,
dimethyl phthalate (DMP) is the most widely
employed compound in our daily necessities. Due to

its high mobility in the aquatic system, DMP is easily
leached from the solid products and detected in
almost all parts of our environment such as soil,
water, and atmosphere, even in wildlife and humans
[2,3]. Another major concern is that the DMP is a class
of endocrine disrupting chemicals which have the
ability to invade the human body and play the role of
the hormone estrogen [4]. It is harmful to reproductive
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development, and has thus threatened the health and
safety of animals and humans beings [5]. Moreover, it
is reported that the contaminant is related to the birth
defects, organ damage, infertility, and cancer. Hence,
the China National Environmental Monitoring Centre,
the European Union, and USA Environmental Protec-
tion Agency (EPA) have categorized the majority of
PAEs, including DMP, as priority pollutants [6].

The most common method for PAEs removal is
biological treatment, based on the metabolic degrada-
tion of PAEs by microorganisms [7,8]. However, this
method has relatively low removal efficiency and it
requires long processing time [4]. Other investigations
have also been conducted on physicochemical meth-
ods for PAEs removal, including photodegradation
[9], catalytic ozonation [10,11], UV/TiO2 [12], light-as-
sisted fenton [13], electrochemically assisted coagula-
tion [14], and adsorption techniques [15–17]. Among
these methods, adsorption is an approach specifically
appropriate for the removal of the toxic organic com-
pounds in wastewater due to its low dissolubility and
highly hydrophobic character of PAEs. Successful
DMP adsorption was noticed through the use of acti-
vated carbon or modified materials from aqueous
solution. Wang et al. studied the effects of DMP
adsorption and desorption on five types of carbon
nanotubes [2]. Huang et al. indicated that compared
with the raw material, the octadecyl-modified meso-
porous SBA-15 silica molecular sieves have higher
capacities for DMP adsorption [18].

It has been considered that sewage sludge, a
byproduct produced in large volumes in wastewater
treatment processes, requires an efficient and environ-
mentally friendly approach for its utilization. In addi-
tion, biochemical sludge is carbonaceous in nature,
and so has a potential for use as an adsorbents; it not
only provides an eco-friendly alternative for the
adsorption of pollutants, such as heavy metals, acidic
gases, and organic compounds [19], but also a way to
recycle the sludge produced in the treatment
processes.

Although several researchers have reported suc-
cessful DMP adsorption or other PAEs using commer-
cial activated carbon [20–22], to our knowledge so far,
no systematic studies have been conducted to investi-
gate the DMP adsorption onto the adsorbent derived
from sewage sludge in the aqueous environments.
Therefore, this study aims to develop appropriate
preparation method of adsorbents derived from sew-
age sludge in wastewater plants, and to evaluate the
effectiveness of sludge-based adsorbent (SBA) for the
toxic organic material (DMP) removal from aqueous
solution. In addition, the authors will also further
investigate physical and chemical characterizations of

SBA, isotherm, and kinetic models and pH effect for
DMP adsorption and the interaction between DMP
and SBA.

2. Materials and methods

2.1. Materials and regents

The sewage sludge (SS) used for SBA preparation
in this study was the byproduct of aerobic biological
treatment of activated sludge from a wastewater treat-
ment plant located in Taishan (Guangdong Province,
China). All reagents in the experiments were of ana-
lytic grade and used without further purification.

2.2. Preparation and characterization of SBA

2.2.1. Preparation

The dewatered SS sample (water content was 70%)
was initially dried at 105˚C for 24 h to reduce water
content to <5%. The dried SS was then ground and
sieved to obtain a powder with the diameter <0.1 mm,
and impregnated in an activating agent (3.0 M ZnCl2)
with a mass ratio of 1:1. Under mechanical stirring at
30˚C, the mixtures of SS and ZnCl2 were maintained
contact in the air for 24 h, and subsequently dried at
105˚C in air for a further 24 h. Pyrolysis of the SS was
then carried out in a muffle furnace under anaerobic
conditions, while the temperature was increased to
700˚C at a rate of 15˚C/min, and the final temperature
of 700˚C was maintained for 1 h. The resulting pro-
duct was ground and sieved to a powder of approxi-
mately 0.1 mm and washed with 3.0 M HCl to remove
acid-soluble inorganic contaminants [23,24]. The
sample was then washed repeatedly with deionized
water until the pH of the supernatant liquid became
constant (close to neutral). Finally, the sample was
dried at 105˚C over 24 h.

2.2.2. Characterization

To investigate the surface morphology characteris-
tics of the SBA, the samples were observed by scan-
ning electron microscopy (SEM) (SEM, JSM-6490LV,
JEOL). Textural characterization was obtained from N2

adsorption isotherms at −196˚C with a surface area
analyzer (ASAP 2020, Micromeritics). Before N2

adsorption, the samples were outgassed at 150˚C for
3 h under vacuum (P/P0 range: 0.0562–0.191) to
remove all moister and gases from the surface and
pores of samples. The specific surface area (SBET) was
calculated by Brunauer–Emmett–Teller (BET) method.
Micropore volume (Vmic) was obtained by t-plot

Z. Pan et al. / Desalination and Water Treatment 57 (2016) 20016–20026 20017



method. Mesopore and macropore volume (Vmes +mac)
were calculated by Barrette–Joyner–Halenda (BJH)
method. Average pore diameter (Dp) and pore size
distribution were obtained by Horvath–Kawazoe (HK)
method [25].

The pH at the point of zero charge (pHPZC) was
determined by titration method [26]. The fixed carbon,
volatile and ash contents (proximate analysis) of SS
and SBA were measured by the standard test method
[27] and the carbon, hydrogen, and nitrogen composi-
tions (ultimate analysis) of SS and SBA were obtained
by elemental analysis (R48-VarioEL III, Elementar).
The quantities of surface acidic functional groups (car-
boxyl, lactone, phenolic hydroxyl, and carbonyl) on
the SBA were calculated by using Boehm titration
method described in previous reported paper [28].
The elemental contents of heavy metals in the SS and
SBA were measured by an Inductively Coupled
Plasma Atomic Emission Spectroscopy (ICP-AES,
Plasma 1000, Pekin Elmer Inc). Before the analysis, the
samples were digested by soaking 0.5 g of each sam-
ple in the mixtures of 6 ml HCl and 2 ml HNO3 at
180˚C for 45 min in a microwave digestion device
(Mars-6 CEM, USA). In order to determine the quanti-
ties of metals leached from SBA, the adsorbent (10.0 g)
were soaked in 100 mL of deionized water (pH 7.0)
and stirred at 150 rpm for 24 h. The metals concentra-
tions in the resultant leachate were then analyzed
ICP–AES. To determine the surface functional groups,
FT-IR spectroscopy (Aratar 370, Thermo electron)
using the potassium bromide pellet method was car-
ried out [29]. The crystal structures of the adsorbent
were analyzed by a powder X-ray diffraction (XRD)
(XRD, D/max-2500, Rigaku) with monochromatic Cu
Kα radiation (45 kV, 50 mA).

2.3. Adsorbate

A DMP stock solution was prepared by dissolving
DMP (1.0 g) in deionized water (1.0 L) and allowing
the solution to equilibrate for 24 h with constant
stirring, to ensure sufficient dissolution. The physical

and chemical properties of DMP are shown in
Table 1.

The DMP concentration was detected by high per-
formance liquid chromatography (HPLC, Agilent 1200
Infinity), using a methanol water (80:20, v/v) mobile
phase at a flow rate of 1.0 mL/min, a DMP detection
wavelength of 230 nm.

2.4. Adsorption experiment

2.4.1. Effect of pH on DMP adsorption

Batch experiments were conducted to study the
effects and mechanisms of DMP adsorption at initial
pH values 2–10. These initial pH values were obtained
by the addition of NaOH (0.1 M) or HCl (0.1 M) solu-
tions. Adsorption experiments were performed by
immersing portions of the SBA (4 g/L) into DMP solu-
tions (100 mL of 1,000 mg/L) in 250 mL conical flasks,
and shaking the samples for 2 h at 30˚C in a vapor-
bathing constant temperature vibrator (SHZ-82A,
Shunhua Instrument Co., China). The equilibrium time
and optimal SBA dosage are determined to be 2 h and
4 g/L, respectively. To obtain the liquid supernatant
and minimize interference of the SBA particles during
the analysis, the samples were centrifuged for 1 min at
4,000r/min upon equilibration. The DMP uptake (qt)
was calculated according to Eq. (1):

qe ¼ C0 � Ceð ÞV
W

(1)

where qe is the quantity (mg/g) of DMP adsorbed at
equilibrium, C0, Ce, and V are the initial concentration
(mg/L), final concentration (mg/L), and volume (L) of
the adsorbate solution, respectively, while W is the
weight (g) of the SBA used.

2.4.2. Adsorption isotherms modeling

Throughout the study, the DMP concentration was
varied from 50 to 1,000 mg/L at constant SBA feed of
4 g/L. To study the SBA adsorption capacity of DMP,

Table 1
Physical and chemical properties of DMP

Chemical Structure Molecular weight (g/mol) pKa Solubility (mg/L) Configuration

Dimethyl phthalate (DMP) 194.19 8.59, 11.3 4,200 not planar
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the classical models applied to equilibrium
adsorption isotherms, namely the Langmuir (Eq. (2))
and Freundlich (Eq. (3)) isotherm models, were
investigated.

Ce

qe
¼ 1

qm
Ce þ 1

KLqm
(2)

ln qe ¼ 1

n
lnCe þ lnKf (3)

where Ce (mg/L) is the adsorbed equilibrium
concentration of adsorbate, qe (mg/g) is the quantity
adsorbed per gram of adsorbent at equilibrium, qm
(mg/g) is the maximum adsorption capacity
with monomolecular adsorbent surface assumption,
KL (L/mg) is the Langmuir equilibrium constant. Kf

(L/g) is the Freundlich constant related to the adsorp-
tion capacity of the adsorbent and n is a constant asso-
ciated with sorption intensity. The Langmuir isotherm
constants (qm, KL) and the Freundlich isotherm con-
stants (Kf, n) can be calculated from the intercept and
slope of the liner plots obtained from Eqs. (2) and (3),
respectively.

2.4.3. Adsorption kinetics modeling

To investigate the SBA adsorption mechanism, the
pseudo-first-order (Eq. (4)) and, pseudo-second-order
(Eq. (5)) adsorption kinetic models, along with the
intraparticle diffusion (Eq. (6)) were used to fit the
experimental kinetic data.

ln qe � qtð Þ ¼ �K1tþ ln qe (4)

t

qt
¼ 1

qe
tþ 1

K2q2e
(5)

qt ¼ Kpt
0:5 þ A (6)

where qt and qe are the quantities adsorbed per gram
of adsorbent (mg/g) at contact time t and at
equilibrium, respectively. K1 is the rate constant of
pseudo-first-order adsorption (min), while K2 is the
rate constant of the pseudo-second-order adsorption
(g/(mg min)), and Kp is the intraparticle diffusion con-
stant (mg/(g min)). In addition, t0.5 is the square root
of the time t, and A is the intercept concerned with
the thickness of the boundary layer. The first-order
rate constant (K1, qe), the second-order rate constant
(K2, qe), and the intraparticle diffusion constant (Kp, A)
can be calculated from the intercept and slope of the
liner plots obtained from Eqs. (4)–(6), respectively.

3. Results and discussion

3.1. Adsorbent characterization

3.1.1. Physical characterization

The surface morphology images of SS and the SBA
obtained from SEM analysis (5,000× magnification) are
shown in Fig. 1. It is clear from the SEM images that
the surface morphology was altered significantly fol-
lowing pyrolysis. The surface structure of SS was
smooth with little obvious pore structure. However,
following activation by ZnCl2, a rough SBA surface
was observed, covered with deeper grooves and pores
of different size and shapes. This indicated that the
SBA may exhibit improved adsorption over SS.

Table 2 shows the carbon textural properties
obtained from nitrogen adsorption isotherm data. The
SBET of the SBA was 316.24 m2/g, which is signifi-
cantly greater than that of SS (3.56 m2/g). This was

Fig. 1. SEM of SS and SBA.
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mainly due to the cautery effect of ZnCl2 on the car-
bon matrix and the volatile release of the sewage
sludge for creating pores during pyrolysis [30].

The N2 adsorption–desorption isotherm of the SBA
is shown in Fig. 2(a). The resulting adsorption–desorp-
tion isotherms showed a hysteresis loop which was
considered to be a typical type IV isotherm following
the classification of BDDT [31]. Moreover, the isotherm
showed a sharp knee at low relative pressures
(P/P0 < 0.05) suggesting that SBA is microporous,
while a gradual increase at higher P/P0 values
(P/P0 > 0.1) indicates the presence of well-developed
mesoporosity. It is therefore expected that the porous

structures on the SBA surface may contribute to its
excellent adsorption capacity.

The pore size distribution of the SBA is illustrated
in Fig. 2(b). The pore volume was mainly distributed
in the micropore range of 7–21 Å. Moreover, an
intense peak in the 8–10 Å pore diameter range also
indicated the presence of narrow micropores. The pore
diameter may affect the transport of molecules into
the SBA pores, and therefore influence the adsorption
capacity for organic substances with different molecu-
lar diameters. As can be seen in Table 2, the average
pore diameter of the SBA was 11.5 Å, which is in the
micropore range. However, the macro- and mesopore
volume (0.17 cm3/g) was significantly greater than
that of the micropores (0.07 cm3/g), indicating that
the SBA possesses a remarkable affinity with low
molecular diameter adsorbates.

3.1.2. Chemical characterization

The proximate and ultimate analysis corresponding
to the SBA and its raw material SS are shown in
Table 3. The low carbon and high ash contents of the
raw material (28.0 and 48.1%, respectively) might lead
to the relatively low BET surface area of SBA (shown
in Table 2) compared to the majority of commercial
activated carbons (400–1,500 m2/g) [32]. However, the
resulting product generated from SS was enriched,
and exhibited significantly higher carbon content
(37.6%) and lower ash amount (22.0%) than its precur-
sor. In contrast, after the activation, the hydrogen and
nitrogen contents of the sample decreased from 6.86 to

Table 2
Surface area and porosity of SS and SBA

Vmic (cm
3/g) Vmes +mac (cm

3/g) SBET (m2/g) Dp (nm)

SS – 0.05 3.56 –
SBA 0.07 0.17 316.24 1.15
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Fig. 2. (a) N2 adsorption–desorption isotherms and (b)
pore size distribution of SBA.

Table 3
Proximate analysis and ultimate analysis of SS and SBA

SS SBA

pHpzc – 5.9
Proximate analysis (wt%) Ash 48.1 22

Volatiles 38.8 33.8
Fixed carbon 13 44.2

Ultimate analysis (wt%) Carbon 28 37.6
Hydrogen 6.86 1.28
Nitrogen 5.63 4.04
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1.28% and 5.63 to 4.04%, respectively. This indicated
that dehydrogenative polymerization and dehydrative
polycondensation existed during activation and heat
treatment [33].

The surface acidic functional groups contents on
the SBA calculated by the Boehm titration method are
shown in Table 4. As can be seen in Table 4, the main
acidic functional groups concentrations varied
according to the following sequence: Carbonyl
(0.527 mmol/g) > lactone (0.397 mmol/g) > carboxyl
(0.185 mmol/g) > phenolic hydroxyl (0.098 mmol/g).
The presence of the hydroxyl moieties within car-
boxylic and phenolic hydroxyl groups might therefore
facilitate the adsorption capacity of the SBA through
surface interactions with adsorbates. The mechanisms
for this process are discussed further in Section 3.5.

Table 5 shows the contents of five selective heavy
metals in the SS and SBA and their leachate concentra-
tions from the SS and SBA. It can be seen that the con-
centration of Zn increased greatly in SBA in
comparison with the precursor material (SS). It might
be that the adsorbent had affinity for activating agent
ZnCl2 adsorption or the elemental metal was bound
up with the adsorbent structure during activation.
Other heavy metals had also been enriched in the SBA
because of volatile releasing from SS during pyrolysis
(shown in Table 3) [34]. However, it was found that
only slight leaching characteristics of heavy metals
from the SBA, which might be attributed to the thor-
ough washing procedure. The low heavy metals leach-
ing from the SBA indicated that the adsorbent
material would be satisfied with safety standard for
most industrial wastewater treatment.

The FT-IR spectrum shown in Fig. 3 demonstrates
the existence of a number of surface functional groups
on the SBA. The broad bands at 3,500 and 3,300 cm−1

were in accordance with the −OH stretching vibration,
likely pertaining from the phenolic, hydroxylic, and
carboxylic moieties. An additional strong band at
approximately 1,600 cm−1 corresponded to the C=O
stretching vibrations [34]. Furthermore, an intense
peak between 1,100 and 1,000 cm−1 was observed,
likely corresponding to Si–O–Si or Si–O–C stretching
vibrations, implying that the SBA contained a certain
quantity of mineral matter [35]. Thus, the presence of
–OH, C=O and Si–O–Si/Si–O–C functional groups on
the SBA, indicated that it has the potential to uptake

organic molecules through surface complexation
mechanisms [36].

XRD pattern of the SBA in Fig. 4 shows that the
adsorbent had similar structure as commercial

Table 4
Contents of surface acidic functional groups of SBA

Carboxyl Lactone Phenolic hydroxyl Carbonyl

SBA 0.185 0.397 0.098 0.527

Table 5
Contents of metals (mg/kg) in the SS and SBA and
Leaching metals amount (μg/g) from SS and SBA

Zn Pb As Cr Cu

SS 985.3 118.7 8.72 285.7 410.7
SBA 14479.4 317.6 15.85 1140.8 1480.3
LSSa 50.0 1.94 7.59 3.57 9.79
LSBA 241.7 2.92 5.43 0.35 0.054

aThe abbreviation codes of LSS and LSBA were used for the

leachate concentration of SS and SBA, respectively.

4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm-1)

Fig. 3. FT-IR spectra of SBA.

20 40 60 80

2 Thata (deg)

Fig. 4. XRD pattern of SBA.
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activated carbon. Moreover, it is also noticed that
quartz was the main inorganic constituent of the SBA
as the result of its precursor consisting of a great deal
of inorganic oxides such as SiO2 [37].

3.2. Effect of pH

The effect of pH change and the corresponding
variations in qe are shown in Fig. 5. DMP removal was
found to increase slowly between pH 2–6 (227 mg/g
at maximum), then decrease slowly between pH 6–8.5,
finally dropping sharply at pH 8.5–10. It can be
explained that the observed effects of pH on adsorp-
tion could be related to the pH-dependent DMP and
the surface charge properties of the SBA. As shown in
Table 1, the dissociation constants (pKa) of DMP were
8.59 and 11.3. Consequently, DMP molecules were
predominantly neutral at pH < 8.59, with negatively
charged molecules becoming dominant in the range of
pH > 8.59. In addition, a pHPZC value of 5.9 (shown in
Table 3) for the SBA demonstrated a positive surface
charge when pH < pHPZC and a negative surface
charge when pH > pHPZC.

Between pH 2 and 6, DMP was hydrophobic and
neutral overall. As the solubility of DMP in aqueous
solution was relatively low, it could be easily absorbed
by an SBA containing sufficient surface adsorption
sites. As shown in Fig. 5, DMP adsorption capacity
was higher than 217 mg/g when the pH was between
2 and 6. In contrast, in neutral or basic aqueous solu-
tion (pH 6–8.5), the SBA surface became negatively
charged, which impeded DMP adsorption to electro-
static repulsion. Furthermore, the electrostatic repul-
sion between anionic DMP and the SBA surface

became stronger above pH 8.5, leading to a sharp
decrease in DMP removal.

3.3. Adsorption isotherms

Fig. 6 shows the DMP adsorption isotherm for dis-
tribution of the adsorbate between SBA and aqueous
solution in the equilibrium state [38]. The initial slope
in Fig. 6 indicates that the SBA isotherm could be clas-
sified as L-type according to Giles classification [39],
suggesting that the SBA had a remarkable affinity
with DMP. In addition, DMP adsorption increased
continuously with an increase in its initial concentra-
tion. The maximum capacity (qmax) was observed to
be 229 mg/g, which was higher than the reported qmax

values for DMP adsorption of modified barium hexa-
ferrite [40]. Furthermore, Table 6 summarizes the anal-
ysis of the two adsorption isotherm models
parameters. It appeared that both the Langmuir and
Freundlich equations fitted the data relatively well, as
the R2 correlation coefficients were greater than 0.9 for
both models. More specifically, using the Freundlich
model for DMP adsorption, the R2 correlation coeffi-
cient was 0.9888, which was greater than that of the
Langmuir model (0.9551). The Freundlich model was
demonstrated to be a good model for fitting the exper-
imental data, which may be attributed to heteroge-
neous distribution of active sites on the SBA’s surface
[41]. Since the empirical equation was assumed that
the adsorption generally occurred on a heterogeneous
surface or the surface of adsorbents supported sites of
varied affinities, it could deduce the presence of more
than one kind of adsorbent–adsorbate surface interac-
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Fig. 5. Effect of pH on DMP adsorption by SBA (Initial
DMP concentration is 1,000 mg/L, contact time is 2 h,
adsorbent dosage is 4 g/L, pH is 2.0–10.0 and temperature
is 30˚C).
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Fig. 6. Isotherm experimental data and model predictions
of DMP adsorption onto SBA (Initial DMP concentration is
50–1,000 mg/L, contact time is 2 h, adsorbent dosage is
4 g/L, pH is 6.0 and temperature is 30˚C).
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tion during adsorption process [42]. According to The
Japanese Environment Agency, the adsorption process
was facile when the Freundlich constant Kf and 1/n
were between 10 and 100 mg/g, and 0.1–0.5,
respectively. In this study, the calculated values for Kf

and 1/n were 20.92 mg/g and 0.5505 (slightly high),
respectively. Consequently, the experimental results
reflected that DMP adsorption took place easily on
the SBA.

3.4. Adsorption kinetics

Adsorption kinetics, which can provide valuable
information on the adsorption mechanism in aqueous
effluents, was used to investigate and describe the rate
of DMP adsorption on the SBA. The DMP adsorption
kinetics of the SBA at a given concentration
(1,000 mg/L) is shown in Fig. 7. In addition, to moni-
tor the adsorption kinetics, the pseudo-first-order,
pseudo-second-order, and intraparticle diffusion equa-
tions were applied, with the key parameters of the
three kinetic models given in Table 7.

The degree of agreement between the experimental
data and the model predictions was determined by
examining the correlation coefficients (R2). It is well
known that the higher the correlation coefficient, the
lower the difference between the experimentally mea-
sured qe and the calculated qe. From Table 7, it is clear
that both the pseudo-second-order and pseudo-first-
order models fitted the experimental data, with R2 cor-
relation coefficients greater than 0.95 in both cases.
The pseudo-second-order model appeared to be the
best fit for DMP adsorption (R2 = 0.9971), followed by
the pseudo-first-order model (R2 = 0.9679), and the
intraparticle diffusion model (R2 = 0.8030). The
adsorption process from aqueous solution includes
three stages: diffusion of the adsorbate to the adsor-
bent surface (external diffusion), adsorption of DMP
onto surface of SBA, and diffusion through SBA pores
(intraparticle diffusion) [43]. Therefore, the pseudo-
second-order model is the most suitable for describing
the DMP adsorption kinetics in these experiments. It
indicated that the mechanism of chemical adsorption
instead of the transportation of mass was the
predominant rate-limiting stage of the adsorption pro-
cess. In another word, the DMP adsorption rate and
capacity were determined by chemical adsorption and
the number of active sites occupied on the SBA,
respectively [44].

3.5. Analysis of adsorption properties

As previously discussed, it was concluded that the
SBA exhibited a high adsorption capacity for DMP.
The high adsorption of organic contaminants was
influenced not only by physical adsorption (SBA
specific surface area and pore size distribution, and
DMP molecular features), but also by the surface reac-
tion between the SBA and DMP (electrostatic interac-
tions, π–π interactions, and hydrogen bonds). Potential
factors in the control of the adsorption process are
discussed below.

Table 6
Langmuir and Freundlich isotherms parameters for DMP
adsorption onto SBA

Langmuir Freundlich

qm (mg/g) 270.27 Kt (L/mg) 20.92
KL (L/mg) 0.0517 1/n 0.5505
R2 0.9551 R2 0.9888
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Fig. 7. Kinetic experimental data and model predictions of
DMP adsorption onto SBA (Initial DMP concentration is
1,000 mg/L, contact time is 0–5.5 h, adsorbent dosage is
4 g/L, pH is 6.0 and temperature is 30˚C).

Table 7
Kinetic parameters for DMP adsorption onto SBA

Pseudo-first-order K1 (min) 0.0222
qe (mg/g) 177.33
R2 0.9679

Pseudo-second-order K2 (g/mg min) 1.67 × 10−4

qe (mg/g) 256.41
R2 0.9971

Intrapartical diffusion Kp (mg/(g min)) 12.216
A 58.335
R2 0.8030
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3.5.1. Influence of pore size distribution

According to the pore-filling mechanism, the speci-
fic adsorptive interactions between adsorbent and
adsorbate are associated with the adsorbate molecular
size and the distribution of adsorbent pore size [44].
Pore size distribution is an important character of
adsorbent, determining whether the adsorbent is able
to absorb molecules of a stable size and shape. It is
appropriate for microporous SBA to adsorb the pollu-
tants in smaller size. However, the slit-shaped DMP
molecule measures approximately 1.0 nm [45], and the
microporous SBA exhibits a similar average pore
diameter of 1.15 nm (Table 2). It is difficult for the
DMP to access the SBA pores for physical adsorption.
In addition, as shown in Fig. 1, SEM revealed the
cylindrical pore structure of the SBA surface, which
may enhance both the molecular sieving effect and the
adsorption process. Thus, physical adsorption would
be blocked due to the pore size distribution, as
explained above. However, as an optimized DMP
adsorption of 229 mg/g (>90% removal rate) was
obtained in this study, it could be assumed that the
adsorption process included additional adsorption
mechanisms in addition to physical adsorption.

3.5.2. Influence of electrostatic interactions

Electrostatic interactions also play an important
role in the high adsorption capacity of the SBA. The
surface charge of the SBA and the existential state of
DMP are known to change with varying pH in aque-
ous solution. As discussed in Section 3.2, at pH < 6,
the SBA surface charge was positive, and it was
assumed that neutral molecules dominate. Therefore,
DMP could be easily absorbed by an SBA containing
sufficient surface adsorption sites. At pH > 8.59, the
SBA developed a negative surface charge, and the
negatively charged DMP species became dominant.
Hence, electrostatic repulsion increased with an
increase in pH, thus lowering adsorption of DMP on
the SBA.

3.5.3. Influence of functional groups

Previous studies demonstrated that π–π electron-
donor-acceptor (EDA) interactions were the principle
interactions for explaining the adsorption of aromatic
hydrocarbons [46]. The molecular structure of DMP
shown in Table 1 indicates the presence of an electron
withdrawing carbonyl group (C=O) connected to the
aromatic ring, thus rendering DMP a good π-acceptor
[47]. In addition, the hydroxyl (−OH) moieties on aro-
matic rings (phenolic hydroxyl groups) have been

demonstrated to reinforce the electron density of
activated carbon graphitic planes, thus rendering the
adsorbent surface as a π-donor material [31].
Furthermore, Boehm titrations (Table 4) further con-
firmed the presence of the phenolic hydroxyl groups
(0.098 mmol/L). Hence, the influence of the phenolic
hydroxyl groups resulted in the SBA being a good
π-donor adsorbent, this exhibiting an excellent affinity
with DMP.

Here, a possible adsorption mechanism based on
hydrogen bonding interactions [48,49] was also dis-
cussed. A range of oxygen-containing functional
groups on the SBA surface may therefore give differ-
ent DMP adsorption capacities [48]. Hence, a number
of the oxygen-containing functional groups shown in
Table 4 could promote DMP adsorption by facilitating
H-bond donor/acceptor interactions between DMP
and the SBA surface. As can be seen in Fig. 3, a broad
absorption peak between 3,500 and 3,300 cm−1 indi-
cated the presence of hydroxyl groups on the SBA sur-
face. Moreover, these hydroxyl groups are derived
from phenolic hydroxyl groups and carboxyl groups,
whose presence was also demonstrated by Boehm
titrations (0.098 mmol/L and 0.185 mmol/g, respec-
tively), as shown in Table 4. In addition, the molecular
structure of DMP revealed the presence of carbonyl
groups (C=O), as shown in Table 1, resulting in the
formation of H-bonds (O–H⋯O) between −OH groups
on the SBA surface and the C=O moiety of DMP.
These intermolecular H-bonds enhanced the overall
surface interactions between DMP and the SBA, which
is expected to contribute to the excellent DMP
adsorption affinity of the SBA.

4. Conclusion

In this study, a SBA was prepared from biochemi-
cal sludge by 3.0 M ZnCl2 activation with a mass ratio
of 1:1, followed by pyrolysis at 700˚C for 1 h. The pore
size distributions of the SBA were mainly in the
micropore range, due to the caustic property of ZnCl2.
High carbon content and low ash amount were
retained in the adsorbent following pyrolysis. The sur-
face of the SBA was rich in acidic functional groups
(−OH and −COOH). With the excellent washing pro-
cedure, the leached contents of heavy metals from
SBA were low and to be acceptably safe for most
industrial wastewater treatment.

The adsorption behavior of dimethyl phthalate
(DMP) on the SBA was studied in batch reactors to
investigate the effects of pH, DMP concentration, and
adsorption time. Adsorption experiments indicated
that based on the pore size distribution of the SBA,
electrostatic interactions, and surface functional
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groups, the SBA exhibited a remarkable adsorption
capacity (227 mg/g at pH 6) for the DMP. In addition,
the adsorption of the DMP on the SBA was found to
follow the Freundlich isotherm. The SBA showed the
heterogeneous surface supporting sites of varied
affinities for the DMP adsorption. The pseudo-second-
order kinetic model indicated that chemical adsorption
was the predominant limiting stage during the
adsorption process. We therefore successfully demon-
strated that the SBA is a promising low-cost and
highly effective adsorbent for the removal of DMP
from aqueous solutions.
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