
Contents lists available at ScienceDirect

Journal of Hazardous Materials

journal homepage: www.elsevier.com/locate/jhazmat

Performance of Pb(II) removal by an activated carbon supported nanoscale
zero-valent iron composite at ultralow iron content
Xuejiao Liua,b, Dengguo Laia, Yin Wanga,⁎

a CAS Key Laboratory of Urban Pollutant Conversion, Institute of Urban Environment, Chinese Academy of Sciences, Xiamen 361021, China
bUniversity of Chinese Academy of Sciences, Beijing 100049, China

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
Nanoscale zero-valent iron
Activated carbon support
Pb(II) removal
Kinetics
Drinking water

A B S T R A C T

Activated carbon supported nanoscale zero-valent iron composite (NZVI/AC) at ultralow iron content was
synthesized and used to remove Pb(II) from aqueous solution. The technical characterization revealed that the
loaded amorphous NZVI nanoparticles had a chain-like shape in or close to pores and were found as individual
nanospheres with size of approximately 10 nm on the outer surface. The NZVI/AC with the iron content of only
1.57% showed a highly efficient Pb(II) removal performance with 95% of Pb(II) eliminated within 5min. The
adsorption capacity of Pb(II) by NZVI/AC was 59.35mg g−1 at 298.15 K with a pH of 6.00, which was 8.2 times
than that of AC support only. The monitoring of iron release indicated no iron was released at a pH above 4.02.
The Pb(II) removal by NZVI/AC was well-represented by a pseudo-second-order kinetics model and showed the
behavior of an exothermic process. Essentially, Pb(II) was converted to insoluble forms such as Pb°, PbCO3, Pb
(OH)2, PbO or white lead ([2PbCO3·Pb(OH)2]). These reactions were accompanied by the surface oxides aging of
NZVI/AC. To summarize, these results represent the first fabrication of NZVI/AC composites with such low iron
loading that still present an outstanding Pb(II) removal performance in drinking water purification.
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1. Introduction

Clean and safe drinking water is essential for human beings.
However, tap water can be contaminated by several contaminations
such as disinfection by-products, heavy metals, antibiotics and bacteria,
mainly originating from contaminated surface water and pipe water in
the distribution system. Among these problems, heavy metals released
from mineral deposits in distribution pipes upon the occurrence of
water disturbance and interactions contaminate the tap water and
terminal drinking water [1,2]; this issue attracts particularly intense
attention due to the toxicity of heavy metals even at a very low con-
centration. For example, lead is commonly released from the lead pipes,
tin coatings, brass materials and PVC pipes at low pH and could damage
the nervous and reproductive systems, as well as the kidneys [2]. As a
priority contaminant, the EPA has set a permissible limit of 0.015mg/L
for lead in drinking water. Therefore, methods for the elimination of
heavy metals from drinking water are highly necessary.

Many methods for the removal of heavy metals have been devel-
oped including oxidation, precipitation, ion exchange, membrane fil-
tration, reduction and adsorption. Among these methods, adsorption is
highly effective because of its simplicity, convenience, and renewability
[3]. Activated carbon (AC) is frequently used for thorough purification
of water due to its efficient adsorption performance for various kinds of
contaminants including organic and inorganic matter in drinking water
[3–5]. The excellent performance of AC arises from its well-formed
porous structure and wide variety of functional groups [5]. A number of
studies for Pb(II) removal have been conducted using AC as the ad-
sorbent [3,6]. However, the large-scale application of AC is still re-
stricted by its low adsorption rate, low removal rate and short life span
[7]. Hence, to extend the usage time and efficiency, it is necessary to
modify AC by supporting a highly active ingredient.

Recently, due to their higher surface area and greater number of
surface active sites compared to the analogous bulk materials, na-
noscale zero-valent iron (NZVI) particles have been widely used as a
versatile sorption materials towards a wide variety of water con-
taminants including heavy metal ions [8–10], polychlorinated organic
compounds [11], and waterborne viruses [12]. Arancibia-Miranda [9]
studied the effect of pH on the performance of NZVI in the removal of
Pb(II) and found that its Pb(II) sorption capacity was 50.31 ± 2.36 and
32.85 ± 3.87mg g−1 at pH 6 and 4, respectively. However, the ap-
plication of NZVI is also limited due to its strong tendency of ag-
gregation and surface passivation, resulting in low reactivity [13,14].
To address these issues, the composites of nanoscale Fe°/Kaolin [15],
Fe°/Graphene [16,17], Fe°/Zeolite [18], and Fe°/Mg(OH)2 [19], as well
as other modified forms, were synthesized and used to remove the
aqueous Pb(II) ions. Apparently, the synthesis of NZVI/AC can si-
multaneously overcome the drawbacks of the individual AC and NZVI
adsorbents. However, the treatment of Pb(II)-contaminated drinking
water by NZVI/AC composite, and the corresponding removal char-
acteristics and mechanism have not been reported to date. Moreover, it
is also important to develop methods to dramatically enhance the re-
activity of AC support and maintain the safety of the NZVI/AC com-
posite.

Chemical reduction of ferrous ions by NaBH4 is widely used due to
its simple operation and chemical homogeneity [20]. The reactivity of
NZVI/AC composite arises mainly from the supported NZVI particles,
and therefore, it is necessary to manipulate the properties of NZVI. In
fact, the simplest approach is to control its synthesis condition [21].
Polyethylene glycol (PEG-4000) has been used as a dispersant during
the synthesis of the supported NZVI particles [22]. However, the size of
the iron precursor consisting of PEG-4000 and ferrous ions mainly de-
pends on the molecular weight of PEG, which affects its entrance into
the channels of microporous AC and in turn impacts the specific surface
area of the composite. In addition, the concentration and dropping
speed of NaBH4 solution have been proved to modify the characteristics
of the NZVI particles by controlling the nuclei formation time in the

homogenous system [21]. For the heterogeneous iron precursors im-
pregnated on the AC support, it is still unclear how to facilitate the
reactivity of supported NZVI by controlling the concentration and
dropping speed of the NaBH4 solution.

In this study, a new kind of NZVI/AC composite with a low iron
loading was fabricated using AC as the support material and low mo-
lecular PEG (PEG-200) as the dispersant at a relatively slow dropping
rate (∼20mL h−1) of NaBH4 solution. The Pb(II) removal performance
in aqueous solution was systematically investigated. In addition, the
effects of pH and initial Pb(II) concentration on the Pb(II) removal ef-
ficiency were discussed, and the adsorption kinetics and isotherms of Pb
(II) removal were also evaluated. The mechanism of Pb(II) removal by
NZVI/AC was further analyzed.

2. Experimental section

2.1. Materials

All chemicals used in this study were analytical grade reagents,
including ferrous sulfate (FeSO4·7H2O), sodium borohydride (NaBH4),
absolute ethanol (C2H5OH), polyethylene glycol (PEG-200), sodium
hydroxide (NaOH), and hydrochloric acid (HCl, 65%), and they were
purchased from the Sinopharm Group Chemical Reagent Co, Shanghai,
China. Milli-Q ultrapure water (18.2MΩ cm−1) was used as a solvent. A
sodium hydroxide stock solution (0.1M) was prepared by dissolving
sodium hydroxide in ultrapure water. A hydrochloric acid stock solu-
tion (7.0M) and nitric acid (5%) were obtained by diluting respective
concentrated acids. Commercially available activated carbon (size in
1.0–1.5mm) was used as the supporting material of NZVI. The AC
sample was first soaked in 5% nitric acid for 24 h and subsequently
washed with distilled water several times until the pH of the super-
natant was close to neutral. Then, the AC was filtered, dried at 105 °C
for 48 h and stored in a vacuum desiccator.

2.2. Preparation of NZVI/AC

Fig. 1 shows the scheme of the synthesis procedure used for the
preparation of NZVI/AC composites. Typically, 0.9929 g of FeSO4·7H2O
was dissolved in 100-mL mixed solvent consisting of 80% (v) ultrapure
water and 20% (v) ethanol with the addition of 0.2 g of PEG-200 as the
surfactant. The obtained solution was stirred for 120min with N2
sweeping and then followed by the impregnation of 10 g of AC in the
ferrous solution for another 120min. Next, 100mL of NaBH4 solution
(the same volume as ferrous solution and at the concentration of
0.28M) was added dropwise by a peristaltic pump at the rate of
20mL h−1. The mixed solution was vigorously stirred for another
30min after the addition of the NaBH4 solution. Non-supported NZVI
was also prepared using a similar process but without the addition of
AC. The obtained NZVI/AC composite and non-supported NZVI samples
were all vacuum filtered and subsequently rinsed alternately with ul-
trapure water and anhydrous ethanol three times. The NZVI were
synthesized by liquid-phase reduction according to reference [23] as
defined in Eq. (1):

+ + + ++Fe aq BH aq H O Fe s B OH aq H( ) 2 ( ) 6 ( ) 2 ( ) ( ) 72
4 2

0
3 2

(1)

The entire process was carried out in a nitrogen atmosphere to
prevent NZVI oxidation. The resultant samples were dried at 70 °C in
vacuum oven overnight followed by storage in a vacuum desiccator.

2.3. Characterization

The morphological properties of AC, the as-synthesized NZVI/AC,
were observed by SEM (Hitachi, S-4800, Japan). The textural para-
meters, including the specific surface area, total pore volume and mean
pore size, were tested by BET-N2 (ASAP-2020, USA). The crystal
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structure and crystallinity were examined using X-ray diffraction (XRD,
X‘Pert Pro, Netherlands) with a Rigaku D/MAXYA diffract meter and
Ni-filtered Cu Ka radiation as the X-ray source operating at 40 kV vol-
tage and 40mA current. XPS (Thermo Scientific Escalab 250Xi, USA)
was used for identifying the composition and elemental valence of the
AC-supported NZVI. Raman spectroscopy (Raman, LabRAM Aramis,
France) was performed at the wavelength of 532.0 nm using a laser. The
isoelectric point (IEP) was determined by measuring the zeta potential
of the particles as a function of pH using a Zeta potential and nano/
submicron particle size analyzer (Zeta PALS). Typically, 2.5 mg of each
sample was suspended in 50mL of 0.01M NaNO3 solutions and the zeta
potential was determined as a function of pH. The pHpzc was obtained
from the zeta potential versus pH graph as the pH at which the zeta
potential was zero.

2.4. Adsorption of Pb(II)

A stock solution of Pb(II) (1000mg L−1) was prepared by dissolving
1.5990 g of Pb(NO3)2 with ultrapure water into a 1000-mL volumetric
flask. The test solution of Pb(II) was prepared by diluting the stock
solution, respectively. All batch experiments were conducted in 250mL
conical flasks containing NZVI/AC particles agitated using an ordinary
rotary shaker (SHZ-82, Jintan Medical Instrument, Jiangsu, China) and
a digital constant temperature rotary shaker equipped with a thermo-
static water bath at 150 rpm.

Effect of a different iron source: 0.2 g of non-supported NZVI, AC
and the as-synthesized NZVI/AC with different iron contents were
added into 250mL-conical flasks containing 100mL of Pb(II) solution
at 10mg L−1. Aliquots of the samples were obtained at certain intervals
and filtered through a 0.45 μm membrane filter.

Effect of initial pH: the pH of the tested solution was adjusted to 3.0,
4.0, 5.0, 6.0 and 7.0 by using 0.1M of HNO3 and NaOH solutions. The
aliquots of the samples were withdrawn at certain intervals and filtered
through a 0.45 μm membrane filter.

Effect of the initial concentration: 10mg L−1, 50mg L−1,
80mg L−1, 100mg L−1, 150mg L−1, 200mg L−1, 250mg L−1, and
300mg L−1 of Pb(II) solution were obtained by diluting the individual
stock solution and were then adjusted to the identical pH (6.0) and
added into 250mL conical flasks followed by the addition of 0.2 g of the
as-synthesized NZVI/AC sample. Aliquots of the samples were filtered
through a 0.45 μm membrane filter.

Effect of the adsorption temperature: solution temperature was
adjusted to 298.15 K, 303.15 K and 308.15 K.

All experiments were conducted in triplicate, and the average re-
sults were reported. The residual Pb(II) concentration was measured
using ICP-OES. The removal efficiency of Pb(II) was calculated as:

= ×R C C
C

(%) 100%t0

0 (2)

where R(%) is the removal efficiency of Pb(II), C0 (mg L−1) is the initial
concentration of Pb(II) in the solution, and Ct (mg L−1) is the con-
centration of Pb(II) at the adsorption time t.

3. Results and discussion

3.1. Characterizations

Fig. 2 shows the representative XRD patterns of AC, non-supported
NZVI, and the as-synthesized NZVI/AC before and after Pb(II) removal.
For AC, two broad peaks at 2θ of 22°-24° and 43°-44° corresponding to
amorphous carbon is observed [24]. The diffraction peaks of non-sup-
ported NZVI at 2θ of 44.6°, 65.0° and 82.3° are indicative of (110),

Fig. 1. Scheme of the procedure for NZVI/AC preparation.

Fig. 2. XRD analysis of AC (a), NZVI (b), and as-synthesized NZVI/AC before (c)
and after Pb(II) removal (d), and the corresponding standard cards.
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Fig. 3. SEM images of the AC (a), NZVI (b), NZVI/AC (c) and (c1), NZVI/AC after Pb(II) removal (d) and (d1), and corresponding energy dispersive spectrum of NZVI/
AC before (e) and after Pb(II) removal (f).
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(200) and (211) for α-Fe° crystal planes, respectively. This finding
suggests that the non-supported NZVI has a high degree of crystallinity
[7]. There is only a broad and weak diffraction peak in NZVI/AC sample
at 43°-45° for Fe°, and this result may be due to the high-degree dis-
persion of NZVI particles and the formation of very small crystalline
grains in sizes below the detection limit of XRD [7].

Fig. 3 displays the SEM images of AC, non-supported NZVI, NZVI/
AC before and after Pb(II) removal, as well as the energy dispersive
spectrum analysis of NZVI/AC before and after Pb(II) removal. It can be
seen from Fig. 3a that the pore distribution of AC is not uniform, and
their sizes are also different. In Fig. 3b, the non-supported NZVI par-
ticles are obviously spherical with the size of 50–100 nm and cluster
into an irregular chain-like shape. The aggregation of the NZVI particles
is associated with magnetic interactions and van der Waals forces [10].
It can be observed from Fig. 3c and 3c1 that NZVI particles are sup-
ported in or close to the pores in a chain-like shape, whereas on the
outer surface of AC, the NZVI particles appear as individual spherical
nanoparticles with the size of approximately 10 nm. This finding is
attributed to the self-assembly of the nanospheres which generates a
more thermodynamically stable nanostructure and competes with the
growth of nanospheres [25]. Moreover, size decline of AC-supported
NZVI particles is likely due to effective inhibition of aggregation
through uniform dispersion on AC. This result is also consistent with the
previous study [16]. Clearly, the reactivity of AC-supported NZVI
benefits from small size of the supported NZVI particles which gives rise
to a greater content of reactive sites on the surface. Moreover, the
phenomenon marked by red circles in Fig. 3d and d1 illustrates that the
AC-supported NZVI particles are aggregated and interconnected after
the Pb(II) removal. This outcome may be caused by the dehydration of
the surface iron hydroxide species combined with a closer packing of
the NZVI particles [19]. On the other hand, the energy dispersive
spectrum of NZVI/AC in Fig. 3e shows NZVI/AC surface consisting of C,
Fe and O, which demonstrates NZVI particles are supported on AC, and
the surface is partly oxidized. Likewise, the mapping of energy dis-
persive spectra of NZVI/AC after the Pb(II) sorption proves the ex-
istence of C, Fe, O and Pb on the surface (Fig. 3f). This result indicates
that Pb is adsorbed on the as-synthesized NZVI/AC, and meanwhile, the
supported NZVI particles are intensively oxidized after adsorption.

The results for the textural structure and iron content analysis of AC
and NZVI/AC are presented in Table 1. SBET and Vtot of the as-synthe-
sized NZVI/AC are 704.71m2 g−1 and 0.34 cm3 g−1, respectively, with
both lower than those of the raw AC sample (997.10m2 g−1 and
0.47 cm3 g−1), indicating that a fraction of the pores was blocked by the
loaded NZVI particles. Nevertheless, the decline of SBET and Vtot of
NZVI/AC is much smaller than those found in previous studies [24,26].
This outcome is probably due to the usage of an appropriate PEG mo-
lecular weight such as PEG-200, which can reduce the blocking of the
micropores. The iron content of NZVI/AC was 1.57% by mass and was
very close to the theoretical addition amount (2%), showing a high
utilization rate of iron due to the adequate time for iron nuclei for-
mation and growth at the synthesis conditions [21].

Raman spectroscopy of AC and the as-synthesized NZVI/AC before
and after Pb(II) sorption are illustrated in Fig. 4. In Fig. 4a, obvious
spectral peaks appear at 1341 cm−1 and 1582 cm−1, indicating the

variations of the C–H (D bond) and C]C (G bond) on the surface of AC
[16]. Weak spectrum peaks at the frequencies of 250 cm−1, 379 cm−1

and 527 cm-1 in Fig. 4b prove the formation of γ-FeOOH on the NZVI/
AC surface [27,28]. This result shows that some surface NZVI in NZVI/
AC is mainly oxidized into γ-FeOOH occurring during the washing and
transfer process.

3.2. Synergistic effect of NZVI/AC

The removal of Pb(II) in aqueous solution with the as-synthesized
NZVI/AC samples was conducted under constant conditions
(C0= 10mg L−1, pHini= 6.0, adsorbent dosage= 2.0 g L−1,
temperature= 298.15 K). For comparison, the adsorption experiments
were also conducted for non-supported NZVI. Fig. 5 presents the effect

Table 1
Physical and chemical properties of samples.

Samples SBET
(m2 g−1)

Vtot (cm3 g−1) Dp (nm) Fet (wt.%)

AC 997.10 0.47 1.90 0
NZVI/AC 704.71 0.34 1.95 1.57

*SBET is the specific surface area calculated by BET equation, Vtot is the total
pore volume, Dp is the mean pore diameter, and Fet is the amount of iron
loading.

Fig. 4. Raman spectra of AC (a), NZVI/AC (b) and NZVI/AC after Pb(II) re-
moval (c).

Fig. 5. The efficiency of Pb(II) removal by composites with different iron
content.
(pHini = 6.0, Temperature= 298.15 K).
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of iron contents on Pb(II) removal efficiency. It can be seen that Pb(II) is
effectively removed by NZVI/AC samples, even with 0.41% of iron
content, whereas only a little amount of Pb(II) is adsorbed by AC at the
same time. This result demonstrates that the Pb(II) removal efficiency is
greatly improved by loading the NZVI particles. Moreover, Pb(II) re-
moval efficiency increase using NZVI/AC with 0.41% of iron content is
less than that by other proportions of iron content ascribed to in-
sufficient active site. Additionally, NZVI/AC samples with 2.42% and
3.64% of iron content exhibit a similar Pb(II) removal efficiency to that
of NZVI/AC with 1.57% iron content. Accordingly, 1.57% is the optimal
iron content from the aspects of high efficiency and low cost. The NZVI/
AC throughout the text is designated as the sample with 1.57% of iron
content. As shown in Fig. 6a, the removal of Pb(II) by non-supported
NZVI is quite obvious in the first 10min, but it is still much slower than
that of NZVI/AC. To further investigate the synergistic effect between
AC and NZVI, a weighted sum of the capacities (as defined in Eq. (3))
was calculated.

Q weighted sum=QNZVI* wt.% NZVI+QAC* wt.% AC (3)

where QNZVI and QAC are the individual adsorption capacities of Pb(II)
by NZVI and AC at the same conditions as NZVI/AC, and wt.%NZVI and
wt.%AC are the weight percentages of NZVI and AC in NZVI/AC com-
posite, respectively [19]. The value of wt.%NZVI and wt.%AC are ob-
tained by the iron content analysis of the as-synthesized NZVI/AC as
shown in Table 1 in Section 3.1.

The synergistic effect analysis in Fig. 6b shows that the weighted
sum of the capacities is much less than the adsorption capacity of NZVI/
AC, directly proving the existence of a significant synergistic effect
between the supported NZVI and AC. In other words, the improved
performance for Pb(II) removal is caused by the combination of strong
adsorption of AC and intrinsic reactivity of the supported NZVI particles
in uniform dispersion and small size as shown in Fig. 3.

3.3. Effect of pH on Pb(II) removal

pH can clearly affect the adsorption process by changing the surface
charge of the adsorbents [18]. In this study, the effect of pH on Pb(II)
removal was investigated by varying the pH from 3.07 to 7.00 as a
function of contact time (Fig. 7a), while simultaneously measuring the
iron release (Fig. 7b). The pHpzc of AC and NZVI/AC samples were
determined by measuring the zeta potential of the corresponding sus-
pension at pH 1.0–9.0 (Fig. 7c). Furthermore, pH variations of the
aqueous solution during the Pb(II) removal under initial pH=7.00
were monitored in situ (Fig. 7d). As shown in Fig. 7a, the efficiency and

uptake amount of Pb(II) at pH=3.07 are much smaller than those at
other pH values. By contrast, when the solution pH was changed from
4.02 to 7.00, the efficiency and uptake amount of Pb(II) removal are not
significantly affected. This outcome is most likely caused by two fac-
tors: (i) the immobilized NZVI particles may be corroded and released
from the bulk composite at lower pH, resulting in a decrease in the
number of reactive sites on NZVI/AC; (ii) the solution pH (3.07) is
much smaller than the pHpzc (4.18) of NZVI/AC composite, implying
that a positive charge is present on the NZVI/AC surface, leading to
electrostatic repulsion to Pb(II) ions; conversely a negative charge ex-
erts an attractive force on Pb(II) [15]. It can be seen from Fig. 7b that no
iron is released when the pH of solution is greater than 4.02, suggesting
that there is no risk of a potential release of iron when NZVI/AC
composite is used in drinking water purification. Fig. 7d shows that the
pH of the Pb(II) removal solution increases sharply before 20min and
then decreases slowly after 40min. This result can be explained by the
generation of hydroxide ions (OH−) by the reaction of Fe° with H2O.
The subsequent decrease of pH is caused by the hydroxylation of ferrous
ions. Then, the pH becomes constant once the equilibrium between the
generated and consumed OH− is achieved. Accordingly, Pb(II) removal
by NZVI/AC under pH > 4.02 can be described as follows (Eqs.
(4)–(11)):

+ + + ++Fe 2H O O 2e Fe 4OH 2H0
2 2

2
2 (4)

+ ++ +Fe Pb Pb Fe0 2 0 2 (5)

++Pb 2OH Pb(OH)2
2 (6)

++Fe 2OH Fe(OH)2
2 (7)

+ + + + ++ +Fe O 3e H O Fe O 2OH2
2 2

3 2 (8)

++Fe OH Fe(OH)3
3 (9)

+Fe(OH) FeOOH H O3 2 (10)

+2FeOOH Fe O H O2 3 2 (11)

The process of Pb(II) removal by the as-synthesized NZVI/AC can be
described as follows: (i) Pb(II) in the bulk solution acted upon by the
adsorption potential of the AC support and NZVI particles diffuses to
the surface of the AC-supported NZVI; (ii) Pb(II) is anchored on the
surface of the AC-supported NZVI through adsorption, precipitation and
is directly or indirectly reduced on the surface of NZVI/AC while si-
multaneously, an oxides scale (i.e., Fe2O3, Fe3O4, FeO and FeOOH) is
formed on the surface of the supported NZVI; (iii) Pb(II) is immobilized
as lead hydroxides or lead oxides [19].

Fig. 6. Efficiency of Pb(II) removal by different materials (a) and the synergistic effect between NZVI and AC for Pb(II) removal (b) (pHini = 6.0,
Temperature=298.15 K).
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3.4. Sorption kinetics and isotherms of NZVI/AC removing Pb(II)

3.4.1. Sorption kinetics
Pseudo-first-order and pseudo-second-order adsorption kinetics

models commonly used for describing the kinetics of AC adsorption
were used in this work. A low correlation coefficient was found when
the data were fitted with the pseudo-first-order model. By contrast, the
pseudo-second-order adsorption model was more suitable for the fitting
of the data and the kinetics equation can be expressed as:

= +t
q k q q

t1 ( 1 )
t e e2 (12)

where qt and qe represent the amounts of Pb(II) adsorbed at time t and
at equilibrium time (mg g−1), respectively; k2 is the second-order rate
constant of adsorption (mg g−1min−1). Thus, by plotting t/qt against t,
the values of k2, qe can be determined graphically from the slope and
intercept of the obtained plots, and the fitted parameters are presented
in Table 2.

The experiments for NZVI/AC adsorption of Pb(II) as a function of
contact time were conducted for pH=6.0, 2.0 g L−1 of the as-synthe-
sized NZVI/AC and initial Pb(II) concentrations of 10, 50, 80, 100, 150,
200, 250 and 300mg L−1. Plots of qt versus t and t/qt versus t are
shown in Fig. 8. Fig. 8a shows that the Pb(II) removal rate is high at the
initial adsorption time, and the Pb(II) removal becomes slower with
increasing initial concentration of Pb(II). This result is obtained because
for a constant amount of NZVI/AC, the number of available sites for Pb

(II) removal remained constant. The uptake amount of Pb(II) increased
with increasing initial concentration of Pb(II). Correspondingly, Fig. 8b
displays a highly accurate fitting of the pseudo-second-order kinetics
model for Pb(II) removal at all initial concentration conditions as seen
from the R2 value (Table 2). This result is similar to the results of a
previous study [16]. The rate constant (k2) obtained for initial Pb(II)
concentration of 10mg L−1 is 193.114 gmg−1min−1, which is much
higher than the values for other Pb(II) concentration conditions. These
results imply that Pb(II) is removed by chemical interaction and the
removal rate is controlled by the adsorption process [29].

Fig. 7. Effect of initial pH on Pb(II) removal efficiency (a), iron release (b), pHPZC analysis of AC and NZVI/AC (c), and the variation of solution pH during Pb(II)
removal by NZVI/AC (initial pH is 7.00) (d) (Temperature= 298.15 K).

Table 2
Pseudo-second-order adsorption kinetics constants for Pb(II) removal by NZVI/
AC at different initial concentrations.

Samples (mg/L) qe (mg g−1) k2
(g mg−1min−1)

R2

10 5.333 193.114 1.000
50 24.876 0.048 0.999
80 40.257 0.009 0.999
100 47.081 0.007 0.999
150 51.840 0.010 0.999
200 53.908 0.010 0.999
250 55.991 0.011 0.998
300 60.496 0.009 0.999
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3.4.2. Sorption isotherms
The Langmuir model assumes that adsorption occurs in a monolayer

where all adsorption sites are identical and energetically equivalent.
This can be described by:

= +C
q q K

C
q

1e

e L

e

max max (13)

where Ce (mg L−1) is the equilibrium concentration of the adsorbate, qe
(mg g−1) is the amount adsorbed at equilibrium, qmax (mg g−1) is the
adsorption capacity and KL (Lmg−1) is the Langmuir constant, which
corresponds to the free energy of adsorption.

By contrast, the Freundlich isotherm model assumes that the ad-
sorption occurs on a heterogeneous surface and that there is a non-

Fig. 8. Effect of initial concentration on Pb(II) removal efficiency (a) and curves of fitted pseudo-second-order adsorption kinetics (b) (pHini = 6.0,
Temperature=298.15 K).

Fig. 9. Pb(II) sorption isotherms (a) and corresponding fitting of Langmuir model (b), and Freundlich model (c), and comparisons of Pb(II) sorption capacity of AC
and as-synthesized NZVI/AC (d). (pHini= 6.0).
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uniform distribution of the heat of adsorption over the adsorbent sur-
face, which is expressed as:

= +q K
n

Clog log 1 loge F e (14)

where Ce is the equilibrium concentration (mg L−1) of Pb(II), qe
(mg g−1) is the amount adsorbed at equilibrium, and the plot of lnCe
versus lnqe for the adsorption was used to obtain the intercept value of
KF (L mg-1) and the slope value at a particular temperature.

The data obtained from sorption isotherms of Pb(II) by the as-syn-
thesized NZVI/AC as functions of initial concentration of Pb(II) and
environmental temperature were analyzed with Langmuir and
Freundlich models (Fig. 9b and c). The relevant parameters of the fits of
these two models to the isotherm curves are summarized in Table 3.
The results show that the Freundlich adsorption isotherm yields a poor
correlation (R2 < 0.90) at higher temperatures, while the Langmuir

isotherm shows a perfect match to the experimental data (R2 > 0.99).
The Pb(II) removal capacity of the as-synthesized NZVI/AC
(59.35mg g−1) is 8.2 times higher than that of AC support
(7.171mg g−1) at 298.15 K (Fig. 9d). A comparison to other studies
shows that the enhancements of Pb(II) removal for other supported
NZVI composites are all smaller than the value obtained in the present
work. For instance, the Pb(II) removal capacity by NZVI@Mg(OH)2 is
2.6 times higher than that for the Mg(OH)2 support [19]. Pb(II) removal
capacities by NZVI/zeolite and NZVI/montmorillonite composite (13%
of the iron content) are 1.54 and 2.12 times higher than those of the
zeolite and montmorillonite support only [29], respectively. On the
other hand, Pb(II) sorption isotherms under three environmental tem-
peratures obtained by plotting Ce versus qe (Fig. 9a) are consistent with
the constant partition (“C”) type sorption isotherms [30]. This result
reveals that the NZVI/AC surface forms new sorption sites after the
original sites are occupied [31]. These new sorption sites most likely
originated from the aging of the oxides scale, such as in the cycle from
dehydration of the hydroxyl groups to new hydroxyl groups formation
through the interactions between AC-supported NZVI and H2O [32].
Furthermore, the plotted results show that Pb(II) removal capacity
decreases with the increasing of environmental temperature, implying
that Pb(II) removal is an exothermic process. This decrease may be due
to the weakening of the sorptive forces between the active sites and Pb
(II).

3.4.3. Thermodynamic study
The enthalpy change (ΔH, kJmol−1), Gibbs free energy change (ΔG,

kJmol−1), and entropy change (ΔS, J mol−1 K−1) thermodynamic
parameters for Pb(II) removal were calculated using the following
equations (Eqs. (15)–(17)) [17]:

+ = =H/RT b LogK LogC /Cc ac e (15)

= =G -RTlnK -RTln(C /C )c ac e (16)

=S ( H- G)/T (17)

where Kc is the equilibrium constant, and Cac and Ce are the equili-
brium concentrations of metal ions on the adsorbents (mg g−1) and in
the solution (mg L−1), respectively. R is the universal gas constant
(8.314 J mol−1 K−1), and T is the temperature (K).

In this work, these parameters are investigated under pH=6.0 with
temperature ranging from 298.15 K to 308.15 K at variable initial
concentrations (Fig. 10) and are summerized in Table 4. A plot of lnKc
versus 1/T provides information about ΔH, and the ΔH values for
various Pb(II) initial concentrations are calculated as −40.6 kJmol−1,
−31.9 kJ mol−1, −34.4 kJ mol−1, and −37.7 kJmol−1, respectively,
suggesting the exothermic nature of the reaction [17]. ΔG values of the
reactions are positive implying that the adsorption is not spontaneous.
From the results for ΔH and ΔG, ΔS are determined to be approximately
−140 kJ K−1mol−1, −110 kJ K−1mol-1 and −120 kJ K−1mol−1 at
298.15 K, 303.15 K and 308.15 K, respectively. The negative ΔS value
indicates that the degree of disorder decreases after Pb(II) is im-
mobilized on the surface of the NZVI/AC composite.

3.5. Mechanism of removing Pb(II) with NZVI/AC

The XRD pattern “d” in Fig. 2 shows the possible compositions of
NZVI/AC after Pb(II) removal. The peaks observed at 2θ of 13.6°, 25.9°,
27.4°, 33.5°, 47.3° are representative of the Pb(OH)2 species (JCPDS:
00-001-0270). Additionally, the peaks appearing at 2θ of 23.1°, 25.0°,
43.5°, 49.2°, 51.2°, 58.2°, 60.6° are indicative of the crystal planes (i.e.,
(111), (032), (113), (222), (241), (004)) of PbCO3 (JCPDS: 00-003-
0358). Moreover, the peaks at the diffraction angles of 31.6°, 36.5°, and
52.8° demonstrate the existence of Pb° as result of the reduction of Pb
(II) by the as-synthesized NZVI/AC [19]. The presence of different
species demonstrates that multiple processes are involved in the Pb(II)

Table 3
Corresponding parameters of Langmuir and Freundlich model fitting.

Temperature, K Langmuir Freundlich

qmax (mg g−1) KL R2 KF n R2

298.15 59.35 0.20 0.995 32.69 8.94 0.980
303.15 52.00 0.15 0.992 24.15 7.02 0.874
308.15 41.98 1.29 0.999 33.37 22.61 0.505

Fig. 10. Plot of KC versus 1/T for determination of Pb(II) removal reaction
enthalpy.

Table 4
Thermodynamic parameters for Pb(II) removal by NZVI/AC composites at
different temperatures and various initial concentrations.

Initial
concentration (mg
L−1)

Temperature (K) ΔH (kJ
mol−1)

ΔS (kJ
K−1mol−1)

ΔG (kJ
mol−1)

150 298.15 −40.59 −136.52 0.11
303.15 −40.59 −136.52 0.80
308.15 −40.59 −136.52 1.48

200 298.15 −31.93 −112.21 1.52
303.15 −31.93 −112.21 2.09
308.15 −31.93 −112.21 2.65

250 298.15 −34.38 −122.86 2.25
303.15 −34.38 −122.86 2.86
308.15 −34.38 −122.86 3.47

300 298.15 −37.71 −136.08 2.86
303.15 −37.71 −136.08 3.54
308.15 −37.71 −136.08 4.22
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removal by the as-synthesized NZVI/AC.
The Raman spectrum of NZVI/AC after Pb(II) removal presented in

Fig. 4c shows obvious peaks at the frequencies of 251 cm−1, 380 cm−1,
523 cm-1 and 650 cm−1, proving the existence of γ-FeOOH on the sur-
face of the NZVI/AC composite after the Pb(II) removal [27,28].
Moreover, the peak at 1050 cm−1 indicates the existence of white lead,

i.e., [2PbCO3·Pb(OH)2] [33], which is most likely formed by the in-
teractions between Pb(II), the as-synthesized NZVI/AC and the dis-
solved carbon dioxide. The generation of [2PbCO3·Pb(OH)2] is ac-
cordance with XRD results.

The XPS technique was used to further investigate the surface
composition and elemental valence of the as-synthesized NZVI/AC

Fig. 11. Comparison of the XPS surveys (a), Fe 2p spectra (b), and its corresponding decomposed peaks before (c) and after Pb(II) removal (d), O 1 s spectra of as-
synthesized NZVI/AC before (e) and after Pb(II) removal (f).
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before and after the Pb(II) removal. It can be seen from Fig. 11a that the
surface of raw NZVI/AC consisted mainly of C, O, and Fe, in good
agreement with results obtained from SEM-EDS and XRD analysis.
Furthermore, XPS survey spectrum of NZVI/AC after Pb(II) sorption
shows an obvious occurrence of Pb spectra in addition to the spectra of
the C, O and Fe elements. This result further proves that lead is im-
mobilized on the NZVI/AC surface. To further understand the interac-
tions between the AC-supported NZVI particles and Pb(II), fine XPS
spectra of Fe2p (Fig. 11b, c, and d), O1 s (Fig. 11e and f) and Pb4f
(Fig. 12) in NZVI/AC before and after Pb(II) removal are presented. The
XPS peaks of Fe2p are decomposed in detail by XPSPEAK41 software
and the relevant Fe(i) content (wFe(i)) is calculated using the following
formula:

= ×w
S
S

100%Fe
Fe i

Fe

( )

(18)

where SFe(i) is the area of Fe(i) in Fe2p region, i= 0, 2, 3, and SFe is the
area of Fe2p region.

As shown in Fig. 11c and d, the decomposed peaks located at
706.8 eV, 709.8 eV, 710.8 eV and 711.5 eV for Fe2p indicate the surface
of the supported NZVI dominantly consisting of Fe°, Fe(II) and Fe(Ⅲ)
[19]. The result shows that 97.2% of Fe(Ⅲ) is on the surface of NZVI/
AC after Pb(II) removal, which is much more than that of raw NZVI/AC

(78.4%). Moreover, Fe(II) in the decomposed peaks of Fe2p dis-
appeared after Pb(II) removal. These results further prove that the
surface of NZVI/AC is intensively oxidized after Pb(II) removal. On the
other hand, area of peak located at 711.5 eV corresponding to FeOOH
in the NZVI/AC after Pb(II) removal increased. This is in good agree-
ment with result of Raman spectra, suggesting generation of new
sorption reactive sites during Pb(II) removal process. Based on the re-
ported literature, formation of oxide scale is intrinsic to iron corrosion.
The scale growth is a dynamic process, and contaminants may co-pre-
cipitate with iron oxides / hydroxides [34]. The XPS spectra presented
in Fig. 11e and f show peaks at the binding energies of 529.8 eV and
531.2 eV which are indicative of O− and OH-, respectively [19]. These
results demonstrate that the surface of the AC-supported NZVI particles
is mainly composed of iron hydroxides or hydroxyl oxides, similar to
the results of many previous studies [35,36]. Furthermore, the XPS
spectrum of O1 s in NZVI/AC after Pb(II) removal is decomposed into
three peaks at the binding energies of 530.3 eV, 531.5 eV and 532.3 eV,
which are most likely due to O− (e.g., FeOOH), OH- (Fe(OH)3, Pb
(OH)2) and oxides (e.g., Fe2O3, Fe3O4, PbO) or to physically and che-
mically adsorbed H2O, respectively. Comparison of the peak areas
shows that the amounts of O- and OH− apparently decrease with the
increase in the amount of iron oxides, which is due to the dehydration
of FeOOH, Fe(OH)3 or Pb(OH)2 on the surface of the AC-supported
NZVI particles. Noubactep et al. have demonstrated that the iron oxide
film in the Fe°/H2O system is multi-layered and that it is formed by the
processes of oxyhydroxide aging by dehydration [34]. These results
demonstrate that aging of the supported NZVI surface occurred si-
multaneously with the Pb(II) removal. Fig. 12 shows the Pb 4f region of
the XPS spectrum in the NZVI/AC after Pb(II) sorption. The peak at
136.7 eV is indicative of Pb°, while the peaks at 139.2 eV and 143.1 eV
correspond to lead oxides [19,37], consistent with the XRD analysis
results. The weak peak of Pb° is due to the limited detection depth
(10 nm) of XPS. Pb° is most likely obtained by direct or indirect re-
duction of Pb(II) by either supported NZVI or generated Fe(Ⅱ). The lead
oxides are generated by dehydrations of lead hydroxide or oxyhydr-
oxide.

Based on the results described above, Fig. 13 presents the possible
mechanism for the removal of Pb(II) by the as-synthesized NZVI/AC. Pb
(OH)2 is formed through direct precipitation between Pb(II) in solution
and OH− generated by the reduction of H2O by the supported NZVI.
The interaction of Pb(OH)2 with carbon dioxide dissolved in the solu-
tion generates white lead ([2PbCO3·Pb(OH)2]). Simultaneously, other
Pb(II) are adsorbed quickly on the surface of NZVI/AC. Then, some of
the adsorbed Pb(II) are directly or indirectly reduced to Pb° by the
supported NZVI or the in situ generated Fe(II). The other Pb(II) are
precipitated and trapped by OH− produced by the reduction of H2O in
the voids of the oxides film resulting in the formation of Pb(OH)2. PbO
is produced by the dehydration of Pb(OH)2. [2PbCO3·Pb(OH)2] is pro-
duced through the reaction of Pb(OH)2 and adsorbed carbon dioxide in
the voids of the oxides film. Furthermore, these reactions are accom-
panied by the formation of new adsorptive sites on the surface of the
aging oxides of the supported NZVI.

4. Conclusions

A newly NZVI/AC composite was synthesized using slow delivery of
NaBH4 solution (20mL h−1) and PEG-200 as the dispersant. The as-
synthesized NZVI/AC apparently enhanced the reactivity of the AC
support at very low iron content and showed no potential risk over a
broad pH range. Adsorption results demonstrated that NZVI/AC ex-
hibits higher removal efficiency than AC and non-supported NZVI. Pb
(II) was adsorbed and then reduced to Pb° or/and precipitated as Pb
(OH)2, PbO, PbCO3 or [2PbCO3·Pb(OH)2] on the surface of NZVI/AC
simultaneously with the aging of the supported NZVI. The Pb(II) re-
moval capacity of the as-synthesized NZVI/AC is 8.2 times higher than
that of the AC support at 298.15 K and pH 6.0. Therefore, the as-

Fig. 12. Pb 4f spectra of NZVI/AC after Pb(II) removal.

Fig. 13. Schematic of Pb(II) removal by as-synthesized NZVI/AC.
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synthesized NZVI/AC shows great potential for use as a filter material
for the purification of contaminated drinking water.
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