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The modification of biochar as a low-cost adsorbent is essential to improve its surface properties and
shows great potential in water decontamination. The iron and zinc doped sawdust biochar (Fe/Zn-
biochar) with large apparent surface area (518.54 m?/g) proposed in this work showed good performance
for p-nitrophenol (PNP) removal compared with the pristine biochar (P-biochar), iron doped biochar
(Fe-biochar) and zinc doped biochar (Zn-biochar) respectively. The batch experiments turned out that
Fe/Zn-biochar exhibited larger PNP adsorption capacity under acidic pH solution, and the ionic strength
. ) had slightly negative impact on PNP adsorption. The adsorption kinetics and isotherms were discussed,
Iron and zinc doped biochar : . .
p-Nitrophenol and the experimental data fitted well the Pseudo-second-order equation and Langmuir model. The
Ph(II) thermodynamic study indicated that the PNP adsorption was a spontaneous endothermic process. Fur-
thermore, the simultaneous removal for PNP and Pb(Il) by Fe/Zn-biochar was investigated. It implied
that the adsorption of PNP and Pb(II) at their low concentration might be enhanced by the complexing-
bridging mechanism of PNP and Pb(II) ascribing to the affinity between PNP and hydrophobic sites, in
addition to the affinity between Pb(II) and oxygen-containing hydrophilic sites on Fe/Zn-biochar sur-
face. However, the predominated competition between PNP and Pb(II) at their high concentrations with
Fe/Zn-biochar suppressed their adsorption.
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1. Introduction

Large amount of biomass like agriculture wastes, waste saw-
dust, sewage sludge, and etc. are easily available. To convert them to
biochar through incomplete combustion operations, such as pyrol-
ysis and carbonization, was one of the resource utilization methods.
Nowadays, the utilization of biochar as a low-cost adsorbent for
pollution remediation was drawing much attention, such as for
phenolic compounds and heavy metals removal in wastewater
[1-3]. And the phenolic compounds adsorption process by biochar
mainly contains several interaction mechanisms: (1) hydrophobic
interaction, (2) hydrogen bond, (3) - dispersion interaction, (4)
electrostatic attraction and repulsion forces [4,5].
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To enhance the adsorption effect of pristine biochar, the
modification of biochar was essential to improve its surface prop-
erties, such as apparent surface area, effective functional groups,
hydrophobic/hydrophilic property, or surface charge [6,7]. The
addition of zinc to functional materials has been studied for con-
taminant removal before, and the results indicated that it could
help form hydroxyl groups on the surface of the ZnO particles dur-
ing the preparation process [8], which was beneficial for heavy
metals and organic contaminants removal [9,10]. In addition, the
simultaneously introduction of iron to biochar could give rise to
magnetism on the modified biochar, so the magnetic adsorbent
could be easily separated from aqueous solution under a proper
external magnetic field and the secondary pollution could be avoid
[11].

p-Nitrophenol (PNP), as a kind of phenolic compounds, is toxic
and refractory [12]. A large amount of PNP have been discharged
into wastewater due to its wide application in agriculture, dyestuff
and plastic industry, etc. and may cause serious harm to the
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environment and human health because of its mutagenic poten-
tial and the possible damage on liver and kidney [13,14]. So, an
efficient method is in urgent to control the PNP pollution from efflu-
ents before its entering into surface waters. Various methods like
adsorption [15,16], reduction [13,17], catalytic degradation [12],
biodegradation [14], advanced oxidation processes [18], electro-
chemical methods [19], and etc. have been applied to remove PNP
in aqueous solution previously. While a synthetic consideration of
economic feasibility, removal efficiency, the simplicity and safety
of the treatment process was taken into account, the adsorption
technology was a priority choice among these treatment methods
[20]. Furthermore, many materials like resin [21], activated carbon
[16], carbon nanosphere [22], zeolite [23], etc. have been used as
adsorbents for PNP removal, but some defects like high cost, low
efficiency or difficulty in solid-liquid separation, etc. exist there.
So, the modified biochar as a low-cost adsorbent with large surface
area and abundant functional groups was a good choice for PNP
removal.

In this study, the iron and zinc doped biochar was synthe-
sized for the first time through the thermal pyrolysis of wood
waste under N, atmosphere, and various characterization tech-
niques, such as the scanning electron microscopy (SEM), nitrogen
adsorption-desorption isotherms, vibrating sample magnetome-
ter (VSM), Fourier transform infrared spectrometer (FTIR), X-ray
diffractometer (XRD), X-ray photoelectron spectroscopy (XPS) and
zeta-potential were conducted to illustrate physicochemical prop-
erties of the resultant adsorbent and help explain its adsorption
characteristics for contaminants. The prepared adsorbent was
applied to remove PNP in aqueous solution here, and batch exper-
iments were conducted to investigate the influence of pH, contact
time, temperature and ionic strength on PNP adsorption. All of
the adsorption kinetics, isotherms, and thermodynamics were ana-
lyzed to help explain its adsorption mechanism. Furthermore,
the toxic Pb(I) may coexist with phenolic compounds in specific
wastewater [21,24], and the binary system was conducted for their
simultaneously removal and to study the influence of their mutual
interaction on the adsorption of those two contaminants, respec-
tively.

2. Materials and methods
2.1. Materials

The wood waste was from a timber mill in Changsha, China. The
dried raw material was pulverized to obtain the fine sawdust for
biochar preparation. All reagents used here including HCl, NaOH,
NacCl, ZnCl,, FeCl3 6H, 0, Pb(NOs3 ), and PNP were of analytical grade
and provided by Shanghai Chemical Corp, China, and high-purity
water (18.25M£2/cm) from a Millipore Milli-Q water purification
system was employed in the experiment for solution preparation.

2.2. The preparation of adsorbents

The biochar loaded with iron and zinc (Fe/Zn-biochar) was
prepared by a one-step synthesis method as follows. First, the mix-
ture of 15g sawdust and the solution containing 0.2354 g ZnCls,
0.72321 g FeCl3 6H,0 and 150 mL water was stirred for 24 h, and
the multicomponent mixture was kept at 100 °C for 48 h. Then, the
aqueous solution containing 0.2354 g ZnCl,, 0.5424 g FeCl; 6H,0
and 150 mL water was repeatedly added to the above sample, and
treated as described above to increase the iron and zinc oxide load-
ing amount. Finally, the pretreated sawdust was calcined at 600 °C
for 2 h with a heating rate of 5°C/min in the tube furnace under
nitrogen flow.

For comparison, single iron or zinc modified biochar (Fe-biochar,
Zn-biochar)and a pristine biochar (P-biochar) were prepared by the
same method of Fe/Zn-biochar preparation, while an equal amount
of iron source, zinc source or none, respectively was added to the
biochar for their preparation in the impregnation procedures.

2.3. Material characterization

Scanning electron microscope (SEM) images obtained on a
Hitachi S4800 were applied to present the surface morphology
of the materials. The apparent surface area and pore volume of
the adsorbents were ascertained using the nitrogen adsorption-
desorption isotherms conducted on a Micromeritics 2020 analyzer
at 77K. X-ray diffraction patterns were conducted on an X-
ray diffractometer (Rigaku D/max-2500, Japan). Fourier transform
infrared spectrometer (FTIR, Nicolet Magna-IR 750) was applied to
detect the existing surface functional groups on the adsorbents.
The element composition on the material surface was analyzed by
the X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scien-
tific, UK). The zeta potentials of the materials were measured on
a Zetasizer Nano (ZEN3600, Malvern). And the magnetization of
Fe/Zn-biochar was confirmed on a Vibrating sample magnetometer
(Quantum Design MPMS-XL-7).

2.4. Batch experiments

To investigate the effects of various parameters including initial
solution pH, reaction time, initial concentration, temperature and
ionic strength on PNP adsorption by the prepared adsorbents, the
batch experiments were conducted. In the process of each experi-
ment, 15mL prepared PNP solution was put into a 50 mL conical
flask with 15mg adsorbent added, which was shaken for a fair
amount of time at 150 rpm at 25 °C unless otherwise stated, and the
initial solution pH values were adjusted using NaOH or HCl solution.
At the end of the reaction, the adsorbent and the solution was sepa-
rated by magnet or centrifugation, and the concentration of residual
PNP was measured by UV-vis spectrophotometer (Shimadzu, UV-
2550, Japan)inalkaline form at wavelength of 400 nm or acidic form
at wavelength of 318 nm [25,26]. As for Pb(Il), its concentration
was determined by a Perkin-Elmer Analyst 700 atomic absorption
spectrophotometer (AAS, Perkin-Elmer, USA). The equations to cal-
culate adsorption capacity (q¢, mg/g) and removal percentage (R, %)
for PNP or Pb(II) were listed in Text S1, Supporting information.

3. Results and discussion
3.1. Characterization

To obtain the surface morphology of the adsorbents, the SEM
characterization of P-biochar, Fe/Zn-biochar, Fe-biochar and Zn-
biochar was carried out. In Fig. 1a, the SEM figure of P-biochar
implied that the sawdust was fully carbonized, and tiny carbon
sticks or slices existed on the surface of the P-biochar. An evident
difference could be observed on the SEM figures of modified biochar
from Fig. 1b-d, some crystal particles were evenly distributed on
the surface of metal doped biochar. The particles probably were the
generated iron oxides or zinc oxides during the pyrolysis process,
which indicated the successful preparation of the adsorbent and
may contribute to the increased surface area and pore volume.

The nitrogen adsorption-desorption isotherms were conducted
on P-biochar, Fe-biochar, Zn-biochar and Fe/Zn-biochar. The
apparent surface area calculated by Brunauer-Emmett-Teller
(BET) method, pore volume and average pore calculated by
Barrett-Joyner-Halenda (BJH) method of the P-biochar and mod-
ified biochar were shown in Table S1. It was evident that the
P-biochar possessed high apparent surface area (435.23 m?/g), and
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Fig 1. SEM images of (a) P-biochar, (b) Fe/Zn-biochar, (c) Fe-biochar, (d) Zn-biochar.

after the introduction of iron or/and zinc to the biochar, both of the
apparent surface area and pore volume of the modified biochar with
microporous structure increased a bit, which may be attributed to
the distribution of metal oxides particles on the surface and the
enlargement of the pore structure of the materials by the metal
oxides particles entering into the pores [27]. It was beneficial for
contamination removal.

The FTIR spectra of P-biochar, Fe-biochar, Zn-biochar, Fe/Zn-
biochar and PNP adsorbed Fe/Zn-biochar were presented in
Fig. 2A. There are five common characteristic peaks centered at
about3439cm~!(0—H),2942 cm~! (CH—), 1569-1625 cm~! (C=C),
1384cm~! (COO~), and 1095 cm~! (C—0) in their spectra [28]. The
broad peak at 1585cm~! corresponding to C=C vibration in P-
biochar spectrum shifted a bit in the spectra of the other three
fresh adsorbents (about 1625 cm~1), which might be ascribing to
the addition of iron and/or zinc in the modified biochar [29]. The
new peak centered at about 582 cm~! generated in Fe-biochar and
Fe/Zn-biochar was attributed to Fe-O stretch vibration, implying
that the iron was successfully doped in the relative adsorbents
[30]. In addition, comparing with the FTIR spectrum of Fe/Zn-
biochar before and after PNP adsorption, a new characteristic peak
at 818cm~! was found in spent Fe/Zn-biochar and it might be
ascribing to the C—H out of plane vibration on the benzene ring [12].
And the peaks centered at 1384cm~! (COO~), 1625cm~! (C=C)
and 3419cm~! (O—H) in fresh Fe/Zn-biochar shifted to 1398 cm~!,
1569cm~! and 3439cm~! respectively in PNP adsorbed Fe/Zn-
biochar, which indicated that these groups may get participated
in the PNP adsorption reaction.

In order to further confirm the crystalline phase formed on Fe-
biochar, Zn-biochar and Fe/Zn-biochar, the modified biochar were
analyzed by the XRD, and the wide-angle XRD patterns were shown
in Fig. 2B. It could be speculated that zinc in Zn-biochar predom-
inantly exists as hexagonal phase ZnO (JCPDS card No. 36-1451).
While iron in Fe-biochar exist mainly in three main forms, as cubic
phase Fe304 (JCPDS card No. 65-3107), cubic phase FeO (JCPDS
card No. 06-0615) and orthorhombic phase Fe3C (JCPDS card No.
35-0772), respectively. In addition, from the XRD pattern of Fe/Zn-
biochar, the peaks centered at 260=18.1°, 29.9°, 35.3°, 36.9°, 42.9°,
53.2¢°, 56.7°, 62.3°, 70.6°, and 73.6° were agreed well with 111,
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Fig. 2. (A) The FTIR spectra of (a) P-biochar, (b) Fe-biochar, (c) Zn-biochar, (d) Fe/Zn-
biochar, and (e) PNP adsorbed Fe/Zn-biochar. (B) The XRD patterns of Fe/Zn-biochar,
Zn-biochar and Fe-biochar.
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Fig. 3. XPS full scans (a) of Fe/Zn-biochar before (i) and after (ii) adsorption; Zn2p XPS spectrum (b) of Fe/Zn-biochar; N1s XPS spectrum (c) of PNP adsorbed Fe/Zn-biochar;

C1s XPS spectra of Fe/Zn-biochar before (d) and after (e) PNP adsorption.

220, 311, 222, 400, 422, 440 and 533 reflections of cubic phase
Fe,Zn0,4 (JCPDS card No. 22-1012) or cubic phase Fe304 (JCPDS
card No. 65-3107). The rest peak at 36.142° was corresponded to
cubic phase FeO (JCPDS card No. 06-0615). It indicated that the
metal species of iron and zinc on the prepared Fe/Zn-biochar were
predominantly magnetic Fe,ZnO,4 (Fe;03/Zn0) [31,32], Fe304, and
FeO, respectively.

The XPS spectra of fresh Fe/Zn-biochar and spent Fe/Zn-biochar
after adsorbing PNP were shown in Fig. 3a. The full scan spec-
trum of the Fe/Zn-biochar showed the existence of C1s (92.62%),
O1s (5.89%), Fe2p and Zn2p peaking at binding energies of 284.79,

533.56, 711.88 and 1022.15 eV, respectively. The low ratio of O/C
indicated the low amount of oxygen-containing groups on Fe/Zn-
biochar, and the presence of Fe and Zn in fresh Fe/Zn-biochar
indicated that the zinc and iron was successfully introduced to the
Fe/Zn-biochar. As for the PNP adsorbed Fe/Zn-biochar, a new peak
centered at 405.97 eV corresponding to N1s was generated in its
XPS spectrum.

The detailed XPS spectra of the region for C1s, N1s, Zn2p were
analyzed and presented in Fig. 3b-e. As can be seen, two new peaks
at 400.6eV, 405.98 eV were generated in N1s spectrum of spent
Fe/Zn-biochar, which was corresponded to C—N and nitro groups
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Fig. 4. The effect of initial solution pH on PNP adsorption by pristine and modified
biochar (initial PNP concentration of 150 mg/L, at 25°C).

from PNP[7,21], so it could be speculated that the emergence of N in
spent Fe/Zn-biochar was due to the adsorbed PNP. There were two
evident peaks in Zn2p spectrum of fresh Fe/Zn-biochar centered at
about 1022.8 and 1045.8 eV ascribing to the peaks of Zn2p3/2 and
Zn2p1/2,and another two significant peaks centered at 1021.08 and
1022.8 eV which were decomposed by the peak of Zn2p3/2 may be
corresponded to zinc oxide and zinc hydroxide [33,34].

In Fig. 3d, the C1s spectrum of fresh adsorbent was decomposed
into three peaks, attributing to 284.8eV (C=C/C—H), 286.43 eV
(C—0) and 288.71 eV (COO~), respectively [35]. While in the C1s
spectrum of the spent adsorbent, the above three relative peaks,
284.77eV (C=C/C—H), 286.17eV (C—0) and 288.85eV (COO0™),
could also be observed. Furthermore, there was a newborn peak
centered at 285.57 eV assigned to C—N [13], which was consistent
with the result in N1s spectrum.

3.2. Effect of solution pH

Solution pH was a vital factor affecting the adsorption effect
since it both determined both the degree of the dissociation of
the adsorbate and the surface charge of the adsorbent [30,36]. The
zeta potentials of the pristine and modified biochar were shown
in Fig. S1, and the difference among them may be ascribing to the
introduction of iron and/or zinc. The zero potential point (pHzpc) of
P-biochar and Fe/Zn-biochar was about 4.47 and 4.06. When solu-
tion pH was lower than the critical point, the surface of the material
was protonated and its surface charge was positive, otherwise, it
was the opposite.

The inset of Fig. S1 was the VSM measurement of Fe/Zn-biochar,
its saturation magnetism was 2.85emug-! which was beneficial
for magnetic separation [37]. After adsorption reaction, the adsor-
bent could be separated from the aqueous solution by using a
magnet.

Furthermore, the effect of initial solution pH on the removal
efficiency of P-biochar, Fe-biochar, Zn-biochar, and Fe/Zn-biochar
for PNP were carried out by varying the solution pH from 2 to 9,
and the results were shown in Fig. 4. It could be found out that the
overall trend of the impact of initial solution pH on PNP adsorption
was similar using the above four adsorbents respectively, the PNP
adsorption decreased with the increased solution pH, which was
consistent with the result from Park et al. [38]. Furthermore, com-
paring with the P-biochar, the modified biochar adsorbents showed
better adsorption effect for PNP and it may be due to their higher
apparent surface area, larger adsorbent pore size, as well as the low
amount of hydroxyl groups formed on zinc oxide on the adsorbents.
From the different PNP removal efficiencies among the modified

biochar adsorbents, it indicated that in addition to their different
surface areas, their pore size could also affect their PNP adsorption
performance. Additionally, the molecular size of PNP was estimated
to be about 0.75 nm, and a suitable pore size of the adsorbent was
thought to be about twice the size of PNP molecules [39]. Thus,
the Zn-biochar and Fe/Zn-biochar adsorbents with larger pore size
were beneficial for diffusion of PNP into the micro-pores of biochar
[4,40].

Atlow solution pH, the PNP was mainly in molecular form whose
pKa value was 7.15, and the adsorption of PNP was ascribing to
the hydrophobic interaction, hydrogen bond between the nitro,
hydroxyl groups in PNP molecules and hydroxyl, carboxyl groups
on adsorbent surface, and dispersion interaction between the aro-
matic ring and the basal planes of Fe/Zn-biochar [4,5,38,41,42].
And if the hydrogen bond was the main interaction among them,
the maximum PNP adsorption amount should occur at a pH value
around pHzpc. However, the optimized solution pH for PNP adsorp-
tion was at a lower pH there [43]. As for the m-m dispersion
interaction, the small amount of oxygen-containing groups on the
surface of Fe/Zn-biochar and the electron-withdrawing —NO; in
PNP decreased the electron density of the basal planes and aro-
matic ring, leading to a weaker dispersion interaction [4,44]. So,
the hydrophobic interaction might be predominant here.

When pH > pH;, the surface of the material was deprotonated,
and with the increase of solution pH, especially while raised to neu-
tral or alkaline conditions, a larger portion of PNP was ionized. A
sharp decrease of PNP adsorption amount from pH 7 to 9 resulted
from the electrostatic 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 Fe/Zn-biochar
obtained the maximum removal efficiency for PNP (90%) at pH
3, and thus other experiments to perform PNP adsorption by the
material were conducted at pH 3.

3.3. Effect of contact time and adsorption kinetics

The effect of reaction time on PNP removal for the initial concen-
tration of 150 mg/L by the modified and pristine biochar conducted
atpH 3 and 25 °Cwas depicted in Fig. 5a. It was noteworthy that the
adsorption of PNP onto pristine and modified biochar was a time-
dependent process, and the adsorption rate of PNP by Fe/Zn-biochar
was the fastest among the four materials. The rapid initial adsorp-
tion stage might be due to the hydrophobic interaction between the
biochar and the PNP molecules [43], and especially, the adsorption
of PNP rapidly occurred in the first 7 h accounted for 80% of the total
adsorption capacity, then, followed by a slower adsorption process
until it reached equilibrium at 30 h.

To help analyze the reaction mechanism, the adsorption kinetics
were investigated. The Pseudo-first-order and Pseudo-second-
order model were applied to fit the experiment data respectively,
and the equations were presented in Text S2, Supporting informa-
tion.

The fitting result of the two kinetic models was depicted in
Table 1,and it could be clearly concluded that the experimental data
fitted well with the Pseudo-second-order model due to its higher
correlation coefficient values (R% =0.92) and much closer theoreti-
cal ge value to the experimental ge value when comparing with the
former kinetic model. To further analyze the diffusion mechanism,
the intra-particle diffusion model was applied, and its equation was
described in Text S2, Supporting information. The plot of g; versus
t9> was presented in Fig. 5b. Evidently, three line segments were
contained in the plots and they represented three different stages
in adsorption process. Firstly, at the first stage, the sharper-sloped
portion represented the adsorption of PNP onto the external sur-
face of the adsorbent, and especially, at this stage, nearly 70% PNP
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Table 1

Parameters of Pseudo-first-order model and Pseudo-second-order equation model for PNP adsorption onto the pristine and modified biochar.

Adsorbents Pseudo-first-order Pseudo-second-order
ge (mg/g) ki (min~") R? ge (mg/g) ka (g/mgmin) R?
Fe/Zn-biochar 128.15 0.241 0.815 137.46 0.000117 0.936
Fe-biochar 99.68 0.022 0.777 107.02 0.000139 0.917
Zn-biochar 110.16 0.013 0.83 120.3 0.000068 0.907
P-biochar 83.17 0.01 0.828 91.47 0.000072 0.929
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Fig. 5. Effect of contact time (a) and (b) intra-particle diffusion contact time on PNP
adsorption by pristine and modified biochar.

molecules in the solution were adsorbed onto the external sur-
face of Fe/Zn-biochar, so the adsorption of PNP occurred on the
external surface of the biochar was significant. Secondly, the cen-
tered portion stood for that the PNP diffused to the pores of the
modified biochar and adsorbed by its internal surface of the pores.
Lastly, the platform stage suggested that the intra-particle diffu-
sion slowed down and reached adsorption equilibrium. Due to the
slower adsorption rate during the latter two stages, the rate limiting
stage might be the intra-particle diffusion [45,46].

3.4. Sorption isotherm and thermodynamic studies

The adsorption isotherms studies were applied to investigate
the reaction behavior between the solid material and the PNP
molecules. In the study, the adsorption isotherms were conducted
at 25°Cwith initial PNP concentration varying from 10 to 500 mg/L
at pH 3 by Fe/Zn-biochar, Fe-biochar, and Zn-biochar, respectively.
Here, the Langmuir isotherm model and Freundlich isotherm model
were selected to fit the experiment data respectively, and the
results were shown in Fig. 6. The Langmuir isotherm model is set

tion occurred among the adsorbed molecules, while the Freundlich
isotherm model describes that the binding sites were not equal and
the adsorption occurred on a heterogeneous surface from exten-
sive experience. The equations are expressed in Text S3, Supporting
information.

In addition, the separation factor (R) based on the Langmuir
model was used to evaluate the adsorption process, and it was
defined in Text S3, Supporting information.

The results about the relevant parameters calculated from the
above two isotherm model were shown in Table 2. It was evident
that comparing with the Freundlich model, the Langmuir model fit-
ted the experiment data better in view of their higher correlation
coefficient R2. Thus, based on the Langmuir model, the maximum
adsorption capacities for PNP at 25 °C by Fe/Zn-biochar, Zn-biochar
and Fe-biochar were about 158, 134.5, 122.2 mg/L, respectively.
And the application of the Langmuir model suggested that the
homogeneous and monolayer adsorption of PNP occurred on the
adsorbents ascribing to the evenly distributed adsorption sites on
its surface. Furthermore, while K; >0, the value of separation factor
Ry was between 0 and 1, so the adsorption of PNP onto Fe/Zn-
biochar was evaluated favorable.

The adsorption thermodynamic studies were conducted at
298.15K, 308.15K, 318.15K, respectively to evaluate the adsorp-
tion reaction. Three thermodynamic parameters, the free energy
change (AG, kJ/mol), the enthalpy change (AH, kJ/mol), the entropy
change (AS, kJ/K mol) were applied to describe the adsorption pro-
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Table 3
Thermodynamic parameters for the adsorption of PNP by Fe/Zn-biochar at different
temperatures.

T(K) AG (kJ/mol) AH (kJ/mol) AS (kJ/K mol)
298.15 —0.331 435 0.0157
308.15 —0.488
318.15 —0.645
140
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Fig. 7. Effect of ionic strength (NaCl) on PNP adsorption by Fe/Zn-biochar.

cess, and they were determined by the equations listed in Text S4,
Supporting information.

The result was depicted in Table 3. The negative values of AG
and positive AH indicated that the process of PNP adsorption by
Fe/Zn-biochar was a spontaneous and endothermic reaction, and
the small absolute value of AH (4.35Kk]/mol) suggested that the
physisorption might be a dominant step in the adsorption process
of PNP onto Fe/Zn-biochar [20]. Furthermore, the positive value of
AS indicated the affinity between the PNP and Fe/Zn-biochar and
implied an increasing randomness during the adsorption process
on the solid- solution interface.

3.5. Effect of ionic strength

Given that common ions often existed in wastewater, the
effect of ionic strength on the adsorption of PNP was carried out
here by adjusting the additive amount of sodium chloride from
0 to 0.1 mol/L. The relative result was presented in Fig. 7, and it
showed that the PNP adsorption amount decreased slightly with
the increased concentration of NaCl. At pH 3, the predominant
interaction between PNP molecules and the modified biochar was
the non-electrostatic interactions, the hydrophobicinteraction, and
it was inferred that the increased concentration of NaCl could lead
to the decreased solubility of PNP which was beneficial for PNP
adsorption [5,16,22]. However, the negative effect of salt on PNP
adsorption might be due to the competition for space in adsorbent
between the PNP and NaCl [43].

3.6. The simultaneous removal of Pb(1l) and PNP

The phenolic compounds and heavy metals commonly coex-
ist in printing, agricultural irrigation, etc. and may cause more
heavy damage to the environment due to their mutual effect
[21,24,47,48], so the simultaneous removal of them was essential.

3.6.1. The single system for Pb(Il) adsorption

To obtain the essential adsorption characteristics and to help
analyze the adsorption mechanism for Pb(Il) by Fe/Zn-biochar, the
batch experiments for Pb(II) adsorption were conducted to found
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Fig. 8. (a) Effect of solution pH on Pb(II) adsorption by Fe/Zn-biochar, Fe-biochar
and Zn-biochar, and (b) effect of contact time on Pb(II) adsorption by Fe/Zn-biochar
at 25°C, (Pb(II) solution concentration and volume: 100 mg/L, 20 mL; adsorbent
dosage: 20 mg) (c) the adsorption isotherm for Pb(II) onto Fe/Zn-biochar.

out the effect of solution pH and contact time on Pb(II) adsorption
as well as its adsorption isotherm type.

To avoid the precipitation of Pb(Il), the experiments were
conducted for Pb(II) adsorption by Fe-biochar, Zn-biochar and
Fe/Zn-biochar respectively with solution pH range from 2 to 6, and
the results were presented in Fig. 8a. It could be observed that the
Fe doped biochar showed low adsorption capacity for Pb(Il) under
all pH conditions conducted which might result from the poorly
developed structure of the biochar in the study and the low affinity
of Pb(II) to sorb on iron oxides [49]. While the removal efficiency of
Pb(II) by Fe/Zn-biochar reached 68% at pH 6, and the Zn-biochar pre-
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sented a little better adsorption performance for Pb(Il) compared
with Fe/Zn-biochar (76%). It indicated that the addition of zinc to
biochar was helpful for the adsorption of Pb(Il), which might be
due to the generated hydroxyl groups on the zinc oxide on Fe/Zn-
biochar [9,50]. And the better adsorption performance for Pb(II)
by Zn-biochar compared with Fe/Zn-biochar might be attributed
to a little more zinc oxides as well as hydroxyl groups formed on
Zn-biochar while an equal initial amount of zinc source added in
the preparation process of the adsorbents. Moreover, the adsorp-
tion capacities for Pb(Il) by Fe/Zn-biochar and Zn-biochar were
increased from pH 3 to 6. Due to that the pH,p. of the two kinds of
adsorbents were around 4, with the increase of solution pH, elec-
trostatic attraction generated between the cationic Pb(Il) and the
negatively charged adsorbent was beneficial for Pb(Il) adsorption.

The effect of reaction time on Pb(II) adsorption by Fe/Zn-biochar
was shown in Fig. 8b, with the whole reaction continuing for 48 h.
It could be observed, in the first 10 h, about 51% of the total Pb(II)
in solution was adsorbed, then, a slower adsorption process was
followed, and the adsorption reaction reached equilibrium at about
30 h with 68% Pb(Il)removed.

As shown in Fig. 8c, the adsorption type of Pb(Il) adsorption onto
Fe/Zn-biochar could be well described by the Langmuir isotherm
model ascribing to its high correlation coefficient (R? = 0.989), indi-
cating the monolayer adsorption for Pb(II) on the adsorbent, and it
was consistent with the result obtained by the earlier researcher
[50].

3.6.2. The coexistence of Pb(1l) and PNP

To evaluate the effect of the simultaneously existing of PNP
and Pb(II) on the adsorption of single contaminant of them onto
Fe/Zn-biochar, the binary adsorption experiments were conducted
by fixing Pb(II) concentration and varying PNP concentration from
10 to 300 mg/L at pH 6, and the results were shown in Fig. 9. From
Fig. 93, it could be observed that the presence of Pb(II) at 10 mg|/L,
35mg/L and 73 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
ascribing 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 35 to 73 mg/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 Fe/Zn-biochar existed at higher Pb(II) concentration. While the
concentration of Pb(II) was 110 mg/L, the competitive adsorption
between them predominated, and the PNP adsorption was sup-
pressed [51].

The influence of coexisting PNP on the adsorption capacity of
Pb(II) onto Fe/Zn-biochar could be indicated based on the variation
trend of the numerical difference between the initial Pb(Il) con-
centration and the Pb(Il) adsorption capacity in single and binary
system, which was equal to the residual concentration of Pb(II) in
solution ascribing to 1 g/L adsorbent mass. From Fig. 9b, it could be
observed that when Pb(II) was 10 mg|/L, it was nearly removed thor-
oughly by Fe/Zn-biochar in both single and binary system. When
Pb(II) concentration increased to 35 mg/L, the coexisted low con-
centration of PNP (from 10 to 70 mg/L) could slightly facilitate the
Pb(II) adsorption with little residual Pb(II) in solution in binary sys-
tem comparing with that (about 3 mg/L) in single system. While the
initial Pb(II) concentration further increased to 73 mg|/L, the adsorp-
tion capacity of Pb(II) by Fe/Zn-biochar increased about 5.5 mg/L in
presence of 20 mg/L PNP comparing with that in single system, and
the promoted adsorption is not obvious when the PNP increased to
70 mg/L. With the further increase of coexisting PNP concentration,
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Fig. 9. (a) The Langmuir fit of PNP adsorption with/without Pb(II) addition and (b)
the effect of PNP on Pb(II) adsorption by Fe/Zn-biochar (the solid line represents the
Co of Pb(II), the dash line represents the ge of Pb(Il)).

the growing residual Pb(II) concentration in solution indicated the
suppressed Pb(II) adsorption by Fe/Zn-biochar.

3.6.3. Mechanism analysis for binary adsorption system

The adsorption mechanism for PNP and Pb(II) adsorption onto
Fe/Zn-biochar was proposed based on all information obtained
above. From their single adsorption system conducted above, it
could be deduced that the PNP was adsorbed mainly by hydropho-
bic sites on Fe/Zn-biochar, while Pb(I) might be mainly adsorbed
by the oxygen-containing hydrophilic sites on the adsorbent. By
comparison with single adsorption system, new adsorption path-
ways might exist in binary adsorption system. The complex formed
between Pb(II) and hydroxyl of PNP might chelate with hydroxyl,
carboxyl groups on the adsorbent or be directly adsorbed on it.
Furthermore, the complexation might also occur between the
adsorbed PNP and free Pb(Il) as well as the adsorbed Pb(II) and
free PNP [24]. Thus, the increased adsorption of PNP at their low
concentration might contribute to more PNP being adsorbed on
Fe/Zn-biochar through the complexing-bridging mechanism, due
to the stronger affinity between Pb(Il) and hydroxyl, carboxyl
groups on the adsorbent comparing with PNP. As for the enhanced
adsorption for Pb(II), it might be due to the direct adsorption of the
complex onto the hydrophobic sites on Fe/Zn-biochar [48]. And the
main interaction among PNP, Pb(Il), and Fe/Zn-biochar proposed
in binary adsorption system was shown in Fig. 10. While at high
concentration of Pb(II) and PNP, the great competition between
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Table 4
The comparison of removal performance of various adsorbents for PNP removal.
Adsorbent qm (Mg/g) Isotherm model Adsorption Main adsorption mechanism Refs
condition
Carrot dross based AC 125 Langmuir pH=3.5-4.5 Hydrogen bond [4]
model T=23-25°C
Carbon nanospheres 20 / pH=3 - interaction [22]
FAU Zeolite 146 Fowler- pH=4 Hydrophobic interaction [23]
guggenheim
Organo-palygorskites 421 Freundlich model pH=6 Anion exchange [25]
T=23°C
Mansonia 213 Langmuir pH=4 Pore and film diffusion [45]
sawdust model T=22-30°C
Cocoa shell based AC 167 Langmuir pH=7 -1 dispersion interaction [39]
model T=30°C
Fe/Zn- 170 Langmuir pH=3 Hydrophobic interaction This study
biochar model T=45°C
Table 5
The comparison of removal performance of various adsorbents for Pb(II) removal.
Adsorbent qm (Mg/g) Isotherm Adsorption Main adsorption mechanism Refs
model condition
ZnO-GAC 45mg/g (qe )for 100 mg/L Langmuir pH=6 Chelation interaction [50]
model
MWCNTs 17.5 Langmuir pH=6 Outer-sphere and inter-sphere complexation [52]
model T=20°C
AC from phaseolus 21.8 Freundlich pH Electrostatic interaction [53]
model T=
Silica/ 258 Langmuir T= Chelation with —OH, intra-particle diffusion [54]
CA-XG model
Fe/Zn- 68 mg/g (qe )for 100 mg/L Langmuir pH= Chelation between the hydroxyl on biochar and Pb(II) This study
biochar model T=
post-synthesis method by impregnating the prepared biochar with
. 6?;‘“% PMb metal. So, the Fe/Zn-biochar could be deduced as easily prepared
_“%.‘o“ . and low-cost adsorbent.
\ . . . .
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Fig. 10. The main interaction way among PNP, Pb(Il), and Fe/Zn-biochar in binary
adsorption system.

them for interaction with the adsorbent suppressed both of their
adsorption.

3.7. The comparison with other studies

From mentioned above, it could be deduced that the total addi-
tive dosages of iron and zinc elements were about 1.75% and 1.5%
of the quality of carbon source, respectively, calculated from the
total additive dosages of iron and zinc source in the preparation of
Fe/Zn-biochar, and it was really a small dosage. Furthermore, the
carbon source was from the waste sawdust, a kind of abundant and
low-cost raw materials. And the one-step synthesis method applied
in the study needed less energy consumption compared with the

nants (Pb(II) and PNP) existed simultaneously in the system, the
two types of adsorption sites (the hydrophobic and hydrophilic
sites) on Fe/Zn-biochar could be fully applied for the contaminants
removal. And there were previous studies for removal of Pb(II) and
PNP by biochar or other adsorbents, compared with the studies by
previous researchers, the Fe/Zn-biochar showed higher adsorption
capacity for Pb(II) and PNP. The adsorption capacity (about 68 mg/g)
for Pb(II) (100 mg/L) by Fe/Zn-biochar in this study was prevail-
ing, while ge for Pb(II) (100 mg/L) was 45 mg/g by ZnO-GAC [50],
17.5mg/g by MWCNTSs [52], 21.8 mg/g by Activated carbon [53],
18.9 mg/g by Silica/CA-XG [54]. As for PNP, the g, value (170 mg/g)
by Fe/Zn-biochar was larger than activated carbon from carrot dross
(125 mg/g) [4], cocoa shell based AC (167 mg/g) [39] as well as
other adsorbents like FAU Zeolite (146 mg/g) [23], mansonia wood
sawdust (21.3mg/g) [45], novel organopalygorskites (42.1 mg/g)
[25], carbon nanospheres (20 mg/g) [22]. The details were shown in
Tables 4 and 5, respectively. Moreover, the beneficial magnetism of
Fe/Zn-biochar gave it a priority over those without magnetism due
to its easy separation property. So it was a promising adsorbent for
Pb(II) and PNP removal.

4. Conclusion

In this study, the Fe/Zn-biochar with large surface area was
prepared and presented good performance for PNP removal. The
results showed that the maximum adsorption capacity of PNP by
Fe/Zn-biochar was 170 mg/g, and it could be affected by solution
pH, ionic strength and temperature. The adsorption of PNP onto
the adsorbent was mainly attributed to hydrophobic interaction.
And the study of binary system reflected the partial chelation and
competition interaction between PNP and Pb(II). Thus, the Fe/Zn-
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biochar was a potential adsorbent for PNP and Pb(II) removal in
wastewater due to its low cost, easy separation and excellent sta-
bility.
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