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mutual effects and inner mechanisms of their adsorption onto N-Fe/OMC were systematically inves-
tigated by sole and binary systems, and thermodynamic, sorption isotherm and adsorption kinetics
models. The liquid-film diffusion step might be the rate-limiting step for PNP and Pb(Il). The fitting
of experimental data with Temkin model indicates that the adsorption process of PNP and Pb(II) involve
physisorption and chemisorption. There exist site competition and enhancement of PNP and Pb(II) on
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the sorption to N-Fe/OMC. Moreover, N-Fe/OMC could be regenerated effectively and recycled by using
dilute NaOH and acetone. These demonstrated superior properties of N-Fe/OMC indicate that it could be
applied to treatment of wastewaters containing both lead and PNP.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Recalcitrant organic compounds and inorganic pollutants such
as nitroaromatic compounds and heavy metals are common in the
real environment, hence, giving rise to a serious damage to human
health and the ecosystem. For example, p-nitrophenol (PNP), a
hydrolytic product from the degradation of organophosphorus pes-
ticides, may cause serious harm to human health because of its
mutagenic potential and the possible damage on kidney and liver
[1,2]. Heavy metals, such as lead, released from industrial oper-
ations such as agricultural industries and metal plating/coating,
cause toxic effect even at trace concentration in humans (e.g.,
neurological, cardiovascular, reproductive, and developmental dis-
orders) [3-6].

The co-existence of nitroaromatic compounds and heavy metals
may occur as complex solute mixtures in contaminated water and
soil, and pose more serious toxicological problems to the environ-
ment because of their relative mobility and combined toxicity [7].
For example, PNP and Pb may exist together in wastewater from
agricultural irrigation [8,9]. Therefore, finding effective ways to
control these combined pollutants has aroused continuous concern
recently.

Various methods (e.g., adsorption, advanced oxidation, elec-
trochemical methods, chemical precipitation, biological treatment
and membrane treatment) have been extensively applied to
remove recalcitrant organic compounds and/or heavy metals with
a positive effect in aqueous solution previously [10-15]. Among
these treatment methods, the adsorption technology was a priority
choice because of a synthetic consideration of economic feasibility,
removal efficiency, the simplicity and safety of the treatment pro-
cess [16-18]. Furthermore, various adsorbents such as polyamine
chelating resin [8], biosorbents[19], na-montmorillonite [20], mau-
ritanian clay [21], and etc. have been applied to remove the
coexisting pollutants of heavy metal and nitroaromatic compounds
[20,22,23]. For examples, Chen et al. [8] applied polyamine chelat-
ing resin to adsorb p-nitrophenol and copper with high efficiency,
and clarified co-existed pollutants competition and enhancement
effect upon site recognition. Ristori et al. [20] and Abdelhahi et al.
[21] used the mauritanian clay to remove copper and nitrophe-
nol simultaneously, and investigated the competitive adsorption
between copper and nitrophenol.

Moreover, searching for new efficient, simple, recycled, regen-
erated and inexpensive methods to control heavy metals and
recalcitrant organic compounds is also of considerable interest.
Nowadays, the utilization of carbon-based materials (e.g., carbon
nanotubes, graphene, mesoporous carbon) as a high efficient adsor-
bent (e.g., controlled pore size distribution, high surface area to
volume ratio and manipulatable surface chemistry) for pollution
remediation (recalcitrant organic compounds and/or heavy metals)
was drawing more and more attention [7,24]. For examples, Zhou
et al. [25] developed carbon nanotubes/CoFe, 04 magnetic hybrid
material (an efficient, eco-friendly and reusable adsorbent) with
high specific surface area and abundant functional groups for the
removal of tetrabromobisphenol A and Pb(II). Gao et al. [26] synthe-
sized polydopamine-functionalized graphene hydrogel as reusable
adsorbents for removal of heavy metals, synthetic dyes, and aro-
matic pollutants.

In addition, ordered mesoporous carbons (OMCs), one of carbon-
based materials, were introduced as candidates in pollutant
removal by researchers for the following reasons: i) OMCs pos-
sess intrinsic high specific surface areas, regular and tunable pore
sizes, large pore volumes, enabling the possibility of physisorp-
tion and hydrophobic interaction and electrostatic adsorption with
pollutants efficiently [27]. ii) OMCs possess stable and intercon-
nected frameworks with active pore surfaces for modification or
functionalization, enabling the possibility of specific binding (e.g.,
hydrogen bonding, van der Waals interactions as well as cova-
lent binding) for contaminants efficiently [28]. Hence, to enhance
the adsorption effect of pristine OMCs, the modification of OMC
was essential to improve its surface properties, such as effective
functional groups, hydrophobic/hydrophilic property, or surface
charge [29]. And the most popular reagents which are used for
oxidation/functionalization of OMC surface include nitric acid [30],
ammonium persulfate [31], aminopropyltriethoxysilane [29], and
ethylenediamine[32]. For examples, Barczak et al. [29] reported
amino-functionalized OMC (treated with aminopropyltriethoxysi-
lane) for the removal of heavy metal ions (Pb, Zn, Cu, Cd) from
the aqueous solutions. Chen et al. [32] used a functionalized OMC
(treated with nitric acid and thionyl chloride) for the selective
adsorption of Cu(Il) and Cr(VI).

Recently, we synthesized polyacrylic acid modified magnetic
OMC, iron oxide nanoparticles-doped carboxylic OMC, cobalt
nanoparticles-embedded magnetic OMC, nonmetal atoms of N and
P doped OMC, and used for the effective removal of recalcitrant
organic compounds and heavy metals from wastewater [18,33-36].
Previous work indicated that the surface and physicochemical
properties of OMC can be easily modified with functional groups
or incorporated with transition metal (Fe and Co) and heteroatoms
(N, B, and S), exhibiting improved physical or chemical properties
for the removal of hazardous contaminants.

In this work, we focused our efforts on the following: (1)
demonstration of the adsorption ability of the prepared nitrogen-
functionalized magnetic ordered mesoporous carbon (N-Fe/OMC)
for Pb(Il) and p-nitrophenol simultaneously, (2) investigation of
the impacts of some key parameters, namely pH, contact time and
temperature on the adsorption capacity; (3) modelling of adsorp-
tion isotherms, kinetics and thermodynamics were analyzed to
help explain its adsorption mechanism of Pb(II) or p-nitrophenol,
(4) investigation of the underlying mechanisms of Pb(II) and p-
nitrophenol adsorption onto N-Fe/OMC. This study provides new
insights in the development of mesoporous carbon materials and
advances their applications in water treatment.

2. Materials and methods
2.1. Reagents

Pluronic copolymer P123 (EO,qPO79EO,q, EO = ethylene oxide,
PO = propylene oxide) was purchased from Sigma-Aldrich (USA).
Pb(NO3),-3H,0, Fe(NO3)3-9H,0, oxalic acid, furfuryl alcohol, alco-
hol, p-nitrophenol and all other reagents were analytical-grade and
were used as received without further purification. High-purity
water (18.25M£2/cm) from a Millipore Milli-Q water purification
system was used in all experiments.
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Fig. 1. Adsorption amounts for PNP onto OMC, Fe/OMC, N-Fe/OMC from single sys-
tems, initial PNP concentration of 150 mg/L, at 25°C.

2.2. Preparation and characterization of N-Fe/OMC

The mesostructured SBA-15 silica template was synthesized as
described previously in our laboratory [7,37,38]. Besides, Fe/OMC
and N-Fe/OMC was synthesized as described previously in our labo-
ratory [39]. Details about the preparation of Fe/OMC and N-Fe/OMC
can be seen in Supporting Information (SI). The zeta potential of
N-Fe/OMC was determined by using Electroacoustic Spectrometer
(ZEN3600 Zetasizer UK) at varying solution pH from 2.0 to 7.0, and
the result was presented in Fig. S-1. Furthermore, the structural
information for N-Fe/OMC including SEM and TEM were presented
in Fig. S-2. The Fourier-transform infrared (FT-IR) spectrum, X-ray
powder diffraction (XRD), magnetic data and N, sorption isotherms
with the corresponding pore distribution curves were described in
our previous work, indicating that the N-Fe/OMC was enriched with
amino and oxygen-containing functional groups [7]. The amino
group, oxygen-containing functional group and numerous pores
on the outside of the OMC implied that N-Fe/OMC contained both
hydrophilic and hydrophobic sites [7].

2.3. Mathematical modelling

The pseudo-first-order, pseudo-second-order model, two-
compartment first-order model, intra-particle diffusion model and
Boyd model were applied to fit the experiment data respectively,
and the equations were presented in Text S-2. The Langmuir,
Freundlich isotherm, Temkin and Dubinin-Radushkevich models
presented in Text S-3 were used to investigate the reaction behav-
ior between the target molecules and the solid material. In addition,
the model parameters have been determined by the derivative of
marquardt’s percent standard deviation (MPSD). A minimization
procedure has been adopted to solve kinetic equations by min-
imizing the sum of squared error (SSE), and the equations were
presented in Text S-4.

3. Results and discussion
3.1. The sole systems for PNP

3.1.1. Effect of solution pH

The effect of initial solution pH on the removal of PNP with OMC,
Fe/OMC, and N-Fe/OMC were investigated by varying the solution
pH from 2.0 to 9.0, and the results were presented in Fig. 1. It
can be seen that the overall trend of the impact of initial solution
pH on PNP adsorption was similar using these OMC-based mate-
rials. The PNP adsorption decreased with the increased solution

pH. Besides, the adsorption capacities for PNP were in the fol-
lowing order: N-Fe/OMC > Fe/OMC > OMC. N-Fe/OMC exhibited the
highest adsorption capacity. This was probably because N-Fe/OMC
provided a higher specific surface area and numerous pores, thus
there exist enough hydrophobic sites for the sorption of PNP by
hydrophobic interactions and physical absorption [8,40].

Besides, alarger number of amino, carboxyl and hydroxyl groups
in N-Fe/OMC may offer additional affinity and more available bind-
ing sites, and thus through hydrogen bond between the hydroxyl
groups in PNP molecules and amino, hydroxyl or carboxyl groups
on N-Fe/OMC surface for PNP removal. Furthermore, the molecule
of PNP consists of the aromatic ring including the functional groups
of —OH (electron donor) and —NO,, (electron acceptor), and thus,
the small amount of oxygen-containing groups on the surface of
N-Fe/OMC and the electron acceptor —NO, in PNP decreased the
electron density of the basal planes and aromatic ring, leading to a
weaker -1 dispersion interaction.

In addition, the electrostatic repulsion/interaction between PNP
and N-Fe/OMC were also investigated though zeta potential mea-
surement of N-Fe/OMC (Fig. S-1). In acid solution (pH from 2.0 to
7.0), the PNP was mainly in molecules form whose pK, value was
7.15,and the adsorption of PNP may be ascribing to the hydrophobic
interaction, hydrogen bond, physical absorption, and - disper-
sion interaction [41,42]. In alkaline solution, the surface of the
material was deprotonated because of pH > pH,pc, and a larger por-
tion of PNP was ionized. It could be found that a sharp decrease of
PNP adsorption amount from pH 7.0-9.0 resulted from the electro-
static repulsion, which played a vital role in the reaction between
the ionized PNP and adsorbent with negatively charged surface.

Furthermore, it could be observed that the N-Fe/OMC obtained
the maximum adsorption capacity for PNP at pH 3.0, and thus other
experiments to perform PNP removal by the material were con-
ducted at pH 3.0.

3.1.2. Effect of contact time and adsorption kinetics

The effect of reaction time on PNP removal by OMC-based mate-
rials was conducted at pH 3.0 and 25 °C using 150 mg/L PNP, and the
results was present in Fig. S-3. It was noteworthy that the removal
rate of PNP by N-Fe/OMC was the fastest among these materi-
als, and the removal of PNP rapidly occurred in the first 120 min
accounted for 80% of the total adsorption capacity, followed by a
slower adsorption process until it reached equilibrium at 200 min.

The pseudo-first-order and pseudo-second-order models are
often used to investigate the adsorption kinetics [43-45], and
the equations were presented in Text S-2. The calculated results
of first-order and second-order rate equations are shown in
Table S-1. The correlation coefficient (R?) and the sum of error
squared (SSE) suggested that the pseudo-second-order model
(R2=0.9979-0.9995) fitted with the experimental data better in
comparison to the pseudo-first-order model (R? =0.8000-0.8896).
Meanwhile, the adsorption capacity calculated from pseudo-
second-order equation (SSE=0.422-0.856) was more consistent
with the experimental Q. (mgg~!) value than that calculated from
the pseudo-first-order model (SSE=10.46-15.33) (Fig. S-4). The
plots of t/Q; versus t for the pseudo-second-order equation are
shown in Fig. 2A. Thus, the experimental results supported the
assumption based on the pseudo-second-order model that the
mechanism of PNP adsorption was chemisorption which involved
valency forces through sharing or exchanging electrons between
the N-Fe/OMC and PNP. Furthermore, the constant k;, calculated
from the pseudo-second-order model was used to calculate the ini-
tial sorption rate h(mgg~! min—1), at t — 0, and the equations were
presented in Text S-2. And the results were shown in Table S-1, it
is revealed that the initial sorption rate of N-Fe/OMC is the fastest
compared to Fe/OMC and OMC.
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Fig. 2. Kinetics of PNP sorption onto OMC-based materials by fitting two-
compartment (TC) model, and pseudo-second-order model.

Besides, the time-courses of PNP sorption onto OMC-based
materials were analyzed with a two-compartment first-order
model, and its equation was presented in Text S-2. The result was
depicted in Fig. 2B. It could be seen that two-compartment model
considered the adsorption of PNP by OMC-based materials as a two-
domain process. As shown in Table S-1, the TC model well fitted the
dynamics data of PNP adsorption on OMC, Fe/OMC and N-Fe/OMC
with R? ranged in 0.9903-0.9974. The Fy,; value of OMC-based
materials were greater than those of Fj,,, indicating that the fast
sorption stage was predominant during PNP sorption process. As
can be seen in Fig. 2B, during a relatively short contact time, such as
80 min, the fast compartment achieved 91.36%, 84.62% and 80.45%
of their own sorption capacity of N-Fe/OMC, Fe/OMC and OMC,
respectively, while the rest of the sorption capacity was contributed
by slow compartment between 80 min to 700 min. The kg, value
for PNP were in the following order: N-Fe/OMC > Fe/OMC > OMC,
indicating that N-Fe/OMC provided more active for PNP in the
removal process. It is commonly considered that the hydrogen
bond between the hydroxyl groups in PNP molecules and amino,
hydroxyl or carboxyl groups on N-Fe/OMC surface as well as the
electrostatic interaction are responsible for the fast sorption of PNP
and may reach equilibrium in a short period.

When the sorbent is mixed with PNP solution, predicting the
rate-limiting step during the transport of the PNP from the solu-
tion through the interface of solution/sorbent and into the particle
pores in sorbent is another important issue to be considered. Gen-
erally, the sorption process of a sorbate by a porous sorbent can be
classified as three consecutive steps: (i) mass transfer across the
external boundary layer film of liquid surrounding the outside of
the particle (external diffusion or film diffusion); (ii) diffusion from
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Fig. 3. Intra-particle diffusion contact time on PNP adsorption (A), and Boyd plots
for the adsorption of PNP onto the OMC-based materials. Initial PNP concentrations
of 150 mg/L, adsorbents dose of 5 mg, pH 3.0, temperature of 25°C.

the surface to the intraparticular sites (intraparticular diffusion or
pore diffusion); and (iii) adsorption at an active site on the external
or internal surface of sorbent. The third step is often considered to
be extremely rapid, thus the most dominant steps for adsorption
are film or/and pore diffusion [46-48].

In order to determine whether the actual rate-controlling step
results from film diffusion or pore diffusion, the kinetic data have
been analyzed using the intraparticle diffusion model and Boyd
model, which is presented in Text S-2. As seen in Fig. 3A, it was
quickly evident that the plot of Q; vs. t'/2 of OMC-based materi-
als was multi-linear, indicating that the sorption was affected by
more than one process. Besides, it could be speculated that the
adsorption processes of the three elements occurred in two phases,
indicating that the intra-particle diffusion was not the rate-limiting
step during the whole process [49]. And the initial portion of the
plot may indicated an external diffusion or film diffusion, while the
second linear portion was caused by intra-particle or pore diffusion
[50]. Similar results have been reported by Dehghani et al. using
single-walled and multi-walled carbon nanotubes for the removal
of phenol [51].

In addition, the linearity plot of Bt vs. time plots was also
employed to distinguish between sorption controlled by film dif-
fusion or particle diffusion. If a plot of Bt vs. time (having slope B) is
a straight line passing through the origin, then the sorption is gov-
erned by a particle diffusion mechanism; otherwise, it is governed
by film diffusion. In fact, it is impossible to find exact values of Bt in
Eq. (10) as it is implicit with respect to parameter Bt; it is possible
to find highly accurate approximates of Bt by solving the nonlinear
transcendental Eq. (10) by means of the Adomian decomposition
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method[52-55]. Here, with the values of F from 0.86 to 1, Bt was
calculated by Eq. (10) in Supporting information according to pro-
posed method by Reichenberg et al. [56]. As seen in Fig. 3B, the
plots of OMC-based sorbents illustrated that the fitted lines don’t
pass through the origin, indicating the film-diffusion-controlled
mechanism.

Therefore, as described from these models, the kinetics of inter-
action of PNP with the OMC-based materials surfaces are not
overwhelmingly controlled by any one mechanism. Although the
film-diffusion-controlled mechanism is more likely to dominate,
contributions from pore diffusion could not be completely ruled
out.

3.1.3. Sorption isotherm and thermodynamic studies

The adsorption isotherms studies were used to investigate
the reaction behavior between the PNP molecules and the solid
material. The distribution of the PNP between the solution and
adsorbent phase is a criterion of the adsorbate-adorbent bal-
ance in the adsorption process, and expressed by one of several
adsorption isotherm models. Some well-known ones are Langmuir,
Freundlich, Temkin, Dubinin-Radushkevich, Redlich-Peterson and
Sips [2,57,58]. These models are applied to assist interpreting the
mechanism.

Herein, the Langmuir, Freundlich, Temkin and Dubinin-
Radushkevich isotherm models were used to fit the experiment
data respectively, which is presented in Text S-3. The Lang-
muir isotherm model is set up based on the hypothesis that a
monomolecular layer is formed, and adsorption takes place with-
out any interaction between the adsorbed molecules, representing
the monolayer adsorption of adsorbate molecules on homoge-
neous adsorbent active sites [57]. The Freundlich isotherm model
describes that the binding sites were not equal and the adsorption
takes place with a heterogeneous surface from extensive experi-
ence [57]. The Temkin isotherm contains a factor that indicated the
interactions between the adsorbent and the adsorbed particles, and
the Dubinin-Radushkevich model was used to determine the nature
of biosorption processes as physical or chemical [2]. The equations
are expressed in Text S-3.

In addition, the separation factor (R.), defined by Hall et al.
[58], which based on the Langmuir model was used to evaluate
the adsorption process, and it was defined in Text S-3. In order to
determine the maximum sorption capacity by Freundlich isotherm
model, it is necessary to operate with constant initial concentra-
tion Cy and variable weights of sorbent, the calculated method was
described by Halsey [59], which is presented in Text S-3.

Moreover, the model parameters for these three isotherm have
been determined by minimizing the difference between the exper-
imental and modeled Q. values (through the derivative of MPSD)
using the iterative method [60], which is presented in Text S-3.

The results of the relevant parameters calculated from the above
three isotherm models were shown in Figs. 4 and S-5. It was
evident that comparing with the Freundlich model and Dubinin-
Radushkevich model, the Langmuir model and Temkin model fitted
the experiment data better in view of its higher correlation coeffi-
cient (R2). Besides, the Langmuir model and Temkin model showed
lower values of the derivative of MPSD. For Langmuir model, it sug-
gested that the homogeneous adsorption of PNP occurred on the
adsorbent. Furthermore, as seen in Fig. 4A, while K > 0, the value of
separation factor Ry was 0.02193, so the adsorption process is favor-
able at operation condition. The low Ry value (<0.04) demonstrates
that the interaction between PNP and N-Fe/OMC is relatively strong
[61]. As for Temkin model, typical physisorption processes are
reported to have adsorption energies less than —40 k] mol~!, while
bonding energy range for ion-exchange mechanism is reported to
be in the range of 8-16 k] mol~! [62]. In the present study, values
of br at the initial temperature of 25 °C was 0.04865 k] mol~1, indi-
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Fig. 4. The Langmuir and Temkin isotherm model isothermal (A and B) fittings for
PNP adsorption on N-Fe/OMC.

cating that the adsorption process may involve physisorption and
chemisorption. In addition, as presented in Table S-4, it can be seen
that N-Fe/OMC showed arelatively high sorption capacities for PNP
in comparison with other adsorbents.

The adsorption thermodynamic studies were conducted at
298.15K, 308.15K, and 318.15K, respectively to evaluate the
adsorption reaction. Three thermodynamic parameters, the
enthalpy change (AH, kj/mol), the free energy change (AG, k]/mol)
and the entropy change (AS, k] K-1 mol~1) were determined by the
equations listed in Text S-5. The result was depicted in Table S-2. It
could be seen that AG values towards PNP adsorption was negative,
indicating that the uptake of PNP was spontaneous at these tem-
peratures. The positive AH confirmed the endothermic nature of
adsorption. Besides, the positive values of ASimplies an increasing
randomness during the adsorption process.

3.2. The single system for Pb(Il) adsorption

In order to obtain the adsorption mechanism for Pb(Il) by N-
Fe/OMC, and the essential adsorption characteristics, the batch
experiments for Pb(II) adsorption were conducted to find out the
effect of solution pH and its adsorption isotherm type.

Adsorption of Pb(II) on N-Fe/OMC, Fe/OMC and OMC at different
pH were presented in Fig. S-6. In order to avoid the precipitation
of Pb(Il), the experiments were conducted for Pb(II) adsorption
with solution pH range from 2.0 to 6.0. It could be observed
that the adsorption capacity for Pb(Il) by OMC-based materials
was increased with the pH from 2.0 to 6.0. The Pb(II) adsorption
capacities, except for the pH of 4.0, were in the following order:
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N-Fe/OMC > Fe/OMC > OMC, indicating that the Fe doped OMC and
nitrogen atoms incorporation enhanced adsorption capacity of
OMC. Specifically, in the preparation process of the doped OMC
by iron oxide nanoparticles, the oxygen atoms were provided on
the surface of OMC [63], and amino groups were introduced to the
doped OMC, which chelated strongly with targeted Pb(II) [7].

However, the N-Fe/OMC showed lower adsorption capacity for
Pb(II) at pH 4.0 which might result from its pHzpc. The pHzpc of
the Fe/OMC was 3.54, while N-Fe/OMC was 4.76, when the solu-
tion pH was 4.0, electrostatic attraction generated between the
cationic Pb(II) and the negatively charged adsorbents of Fe/OMC
was beneficial for Pb(II) adsorption.

As shown in Fig. S-7, the adsorption type of Pb(II) adsorption
onto N-Fe/OMC could be well described by the Langmuir isotherm
model ascribing to its higher correlation coefficient (R =0.9983)
and lower values of MPSD as 0.1833, indicating the monolayer
adsorption for Pb(Il) on the adsorbent, and it was consistent with
the result obtained by the previous research [7]. Although the
model of Temkin did not exactly show the higher correlation coef-
ficient (R?=0.9360) and lower values of the MPSD, the values of
br at the initial temperature of 25°C was 0.0929 k] mol~!, indicat-
ing that the adsorption process seems to involve physisorption and
chemisorption. In addition, the N-Fe/OMC showed a relatively high
sorption capacities for Pb(II) in comparison with other adsorbents
(Table S-4).

As shown in Figs. S-8 and S-9, the kinetics of interaction of
PNP with the N-Fe/OMC surfaces are more likely controlled by
the second-order mechanism and film-diffusion-controlled mech-
anism compared to the first-order as well as pore diffusion. And the
results from the adsorption kinetics of PNP and Pb(Il) indicated that
PNP and Pb(II) may have the similar adsorption process, and may
exist the site competition between them. Therefore, it is very nec-
essary to investigate the adsorption of Pb(II) and PNP onto sorbent
simultaneously.

3.3. The binary systems for Pb(Il) and PNP

To evaluate the effect of the simultaneous existance of PNP
and Pb(II) on their mutual adsorption onto N-Fe/OMC, the binary
adsorption experiments were conducted by varying PNP or Pb(II)
concentration with another one fixed at pH 6.0, and the results were
shown in Fig. 5. I It could be observed that the presence of Pb(II)
at 10 mg/L, 25 mg/L, respectively could slightly promote the PNP
adsorption by comparison with the single PNP adsorption system
with no Pb(II) addition, and the promoted PNP adsorption might

be ascribed to the formed PNP-Pb(II) complex. Furthermore, under
the same initial PNP concentration, the PNP adsorption capac-
ity decreased when the coexisting Pb(Il) concentration increased
from 25 to 75mg/L. It indicated that the complexation interac-
tion between Pb(II) and PNP occurred only in a small portion,
and greater competitive adsorption between them for adsorption
sites on N-Fe/OMC existed at higher Pb(Il) concentration. While
the concentration of Pb(Il) was high than 75 mg/L, the competitive
adsorption between them predominated, and the PNP adsorption
was suppressed. Similar results have been reported by Tang’s group
[7] and Chen et al. on various adsorbents [64].

The influence of coexisting PNP on the adsorption capacity of
Pb(II) onto N-Fe/OMC was indicated based on the Pb(II) adsorption
capacity with PNP addition (0-200 mgL-'). From Fig. 5, it could
be observed that when Pb(II) was 50 mg/L, the coexisted low con-
centration of PNP (from 10 to 20 mg/L) could slightly facilitate the
Pb(II) adsorption. However, the promoted adsorption was not obvi-
ous when the PNP increased to 80 mg/L. With the further increase
of coexisting PNP concentration, the growing residual Pb(II) con-
centration in solution indicated the suppressed Pb(Il) adsorption
on N-Fe/OMC by PNP.

3.4. Mechanism analysis for PNP and Pb(II) adsorption

The adsorption mechanism for PNP and Pb(II) adsorption onto
N-Fe/OMC was proposed based on all information obtained above.
From their single adsorption system conducted above, it could be
deduced from Temkin model that the adsorption process of PNP
involve physisorption and chemisorption, indicating that the PNP
was adsorbed mainly by hydrophobic sites (physisorption) and
hydrogen bonding (chemisorption) on N-Fe/OMC. And Pb(II) might
be mainly adsorbed by the amino groups and oxygen-containing
groups of hydrophilic sites (chemisorption) and porous structure
of the adsorbent (physisorption). The results indicated that PNP
and Pb(II) might have the same adsorption sites. Therefore, it was
initially expected that the site competition between PNP and Pb(II)
during their adsorption onto N-Fe/OMC, thus decreasing their sorp-
tion. However, the coexisted low concentration of PNP (from 10
to 20 mg/L) or Pb(II) (from 10 to 25 mg/L) could slightly facilitate
the Pb(II) or PNP adsorption. By comparison with single adsorption
system, new adsorption pathways might exist in binary adsorption
system. The complex formed between hydroxyl of PNP and Pb(II)
might directly formed a complexing-bridging structure. In addition,
the complexation might also occur between the adsorbed PNP and
free Pb(II) as well as the adsorbed Pb(Il) and free PNP [65].

Thus, the increased adsorption of PNP and Pb(II) at their low con-
centration was dominated by the complexing-bridging mechanism.
While at high concentration of Pb(II) and PNP, the great competi-
tion between them for interaction with the adsorbent suppressed
both of their adsorption, as presented in Fig. 6.

3.5. Desorption of adsorbate from N-Fe/OMC and their reuse

The Pb(II)-loaded (or PNP-loaded) adsorbent could be desorbed
with 10 mL 20% acetone solution (or 0.2 mol/L NaOH solution), and
then the desorbed materials were reused for Pb(II) or PNP removal.
The result was presented in Fig. S-10. It is clear that they could
keep above 75.5% for Pb(II) and 83.2% for PNP of its original Pb(II)
and PNP removal capabilities, respectively, after being desorbed for
four times. Therefore, these recovered N-Fe/OMC could be reuti-
lized for Pb(Il) and PNP removal from water, which could reduce
the operation cost in a real environmental application.
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Hydrogen
bond

Complexing-bridging
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Fig. 6. Schematic for the synergic mechanisms behind coadsorption of Pb(II) and PNP on N-Fe/OMC.

3.6. Application of N-Fe/OMC to real water samples

N-Fe/OMC was used to treat real samples including tap water
and landfill leachate to investigate its practical application. The
landfill leachate samples were acquired from Heimifeng Refuse
Landfill (Changsha, China). The corresponding results were listed in
Table S-3. It was found that the adsorption capacity for PNP in tap
water was slightly lower than ultrapure water, while the adsorption
capacity for PNP in tap water was higher than landfill leachate. The
low removal performance in landfill leachate might be explained
by that the organic components possessing similar physicochemi-
cal properties with PNP would compete with PNP for the adsorption
sites on N-Fe/OMC in landfill leachate [66]. Therefore, the PNP
adsorption had been diminished. As for Pb(Il), the removal per-
formance in tap water and landfill leachate were slightly lower
than ultrapure water due to that there may existed many common
cations including Na*, K*, Ca%* and Mg2* in the former two samples.
These cations may occupy the adsorption sites of N-Fe/OMC[5]. The
Pb(II) uptake amount in landfill leachate was a little higher than
tap water because of plentiful organic matters existing in landfill
leachate, such as humic acid and phenolic organics which chelated
with Pb(II), and thus improved Pb(II) adsorption [67].

4. Conclusions

In the present study, nitrogen-functionalized magnetic ordered
mesoporous carbon (N-Fe/OMC) was synthesized and used to
remove Pb(II) and PNP contamination from water. The adsorption
mechanism of Pb(Il) and/or PNP onto N-Fe/OMC was investi-
gated by different models. N-Fe/OMC contained both hydrophobic
and hydrophilic sites, and exhibited excellent adsorption of Pb(II)
and PNP. The results of batch adsorption tests showed that site
recognition, bridge enhancement and site competition were the
predominant adsorption mechanisms. Furthermore, N-Fe/OMC
might offer an effective treatment to remove nitroaromatic com-
pounds and heavy metals by in-situ regeneration and reuse.
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