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ABSTRACT: A simple and environmental friendly oxoacetohydrazide functionalization method is developed to convert the straw cellu-

lose into high performance adsorbents for effective Pb(II) removal. The adsorption experimental results demonstrated that the result-

ant oxoacetohydrazide-modified cellulose (OMC) possesses a dramatically improved Pb(II) adsorption capacity (82.9 mg/g), which is

over six times of that for the unmodified celluloses (13.6 mg/g). The mechanistic studies confirm that the markedly enhanced Pb(II)

adsorption capability of OMC can be attributed to the formation of N-Pb-N bonds resulting from the strong chelating interactions

of Pb(II) with oxoacetohydrazide. Also, the OMC shows an excellent reusability, capable of retain 95% of its original Pb(II) adsorp-

tion capacity after three consecutive adsorption cycles. The findings of this work pave a way to transform the agricultural byproducts

into high performance functional materials. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 42950.
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INTRODUCTION

Cellulose is the most abundant renewable natural polysaccharide

that exists as a primary constituent of cellulosic biomass such as

plants. Due to its virtually unlimited availability, renewability,

non-toxicity and cheap to obtain, the cellulose has been widely

utilized in paper, food, medicine, energy, textile industries, and

environmental remediation applications.1–7 In contrast to starch,

cellulose is a natural polymer of b-D-glucose with -CH2OH

groups alternating above and below the planar of the cellulose

molecule to form long, non-branched chains with pyranose and

hydroxyl groups.8 These functional groups together with the high

porosity and surface area make the cellulose a promising adsorb-

ent for pollutants removal applications.9,10 However, the un-

modified natural celluloses often show low adsorption capacity

and poor selectivity toward heavy metal ions due to the intra- and

intermolecular hydrogen bonding in natural celluloses that hinder

the adsorptivity of hydroxyl and ether groups.

In order to improve the adsorption performance, an extensive

effort has been made to functionalize the natural cellulose by intro-

ducing new functional groups via various modification approaches,

including acidification action,11 etherification,12 esterification,13

amination,14,15 grafting polymerization,16 and cross-linking.17

Among these functionalization approaches, the introduction of

amide or amino groups to original cellulose structure has demon-

strated to be an effective means to improve the performance of

heavy metal adsorption via the enhanced complexation with metal

ions. Aoki and co-workers reported an amino modified cellulose

adsorbent for aquatic heavy metal removal, with saturated adsorp-

tion capacities of 22 mg/g, 28 mg/g and 8 mg/g, for Cu(II), Pb(II)

and Ni(II), respectively.18 Zhao et al. prepared the amide modified

cellulose pulps by grafting copolymerization under microwave irra-

diation, the resultant adsorbent possesses a saturated adsorption

capacity of 49.6 mg/g for Cu(II).19 Despite the demonstrated

adsorption performance improvement for some heavy metals, the

extent of the enhancement is limited, mainly because only single

functional group (amino or amide) is introduced.

Recently, a number of groups proposed a double or multiple

functional groups modification strategy to improve the ad-

sorption performance of other types of adsorbents. Monier

et al. employed a three-step chemical modification route (graft

copolymerization, hydrazinolysis and amidation) to graft the

hydrazide onto the surface of wools.20 The hydrazide-modified

VC 2015 Wiley Periodicals, Inc.
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wools exhibit a significantly improved adsorption capacity and

superior selectivity toward mercury ions. Wang et al. prepared

hydrazide piperidinepolythiophene derivatives via a synthetic

route of substitution, hydrazinolysis, and oxidative polymeriza-

tion.21 The resultant adsorbents show high adsorption capacity

and selectivity to the divalent copper and mercury ions.

Although these reported modification approaches may not be

directly adoptable for modification of cellulose based adsorb-

ents, the demonstrated benefits of such functional groups moti-

vate us to develop an effective modification method capable of

introducing new adsorption functional groups into cellulose to

enhance the adsorption capacity of heavy metals for cellulose-

based adsorbents.

The oxoacetohydrazide contains bi-functional groups of amide

and amino, both have strong tendency to form complexes

with Pb(II).22,23 In this work, we propose and experimentally

validate a simple functionalization approach through etherifica-

tion and hydrazinolysis of cellulose using environmentally

friendly ethanol solvent under alkaline conditions to obtain the

oxoacetohydrazide-modified cellulose (OMC). The adsorption

performance of the resultant OMC for selective removal of

aquatic Pb(II) is systematically investigated. The synergetic elec-

tron redistribution in the oxoacetohydrazide chemically linked

on C-6 of cellulose structure (Scheme 1) could liberate the

lone-electron pair of the amide N to enhance oxoacetohydra-

zide’s chelating ability toward heavy metal ions. The mechanis-

tic aspects of the enhanced adsorption capability of OMC are

investigated. The selection of cellulose extracted from the corn

straws is because the straws are common agricultural by-

products, plentiful and easier to collect for centralized treat-

ment. Currently, other than small portions being effectively uti-

lized, the vast majority of straws are consumed via onsite

burning and landfill, causing serious environmental issues. We

hope that the findings presented in this work would pave a way

for development of cellulose-based high performance adsorbents

from agricultural by-products.

EXPERIMENTAL

Materials and Reagents

The cellulose was obtained from corn straw by chemical extrac-

tion.24 Ethyl chloroacetate was supplied by Aladdin Industrial

Corporation (Shanghai) and hydrazine solution (80 wt %) was

purchased from Sigma-Aldrich Co. Ltd., lead nitrate was

obtained from Tianjin Guangfu Fine Chemical Research Insti-

tute. Nitric acid, sodium hydroxide, ethyl alcohol and other

chemicals were purchased from Sinopharm Chemical Co. Ltd.

(China). The deionized water was produced using a Millpore

Milli-Q grade, with a resistivity of 18.2 MX/cm. All other

chemicals used in this study were of analytical grade and used

without further purification.

Synthesis of Corn Straw Cellulose and OMC

The corn straw cellulose (CC) was obtained by a reported

extraction technique.24 A typical synthesis process is as follows:

10 mg of corn straw was firstly refluxed to dewax in a 250 mL

flask with a mixture of 60 mL of benzene and 120 mL of etha-

nol for 6 h. After that, the lignin in the sample was removed

using glacial acetic acid acidified sodium chlorite solution (pH

� 3.0) at 758C for 1 h; the process was repeated five times to

obtain white extractive. The extractive was then treated over

night with 2.0 wt % potassium hydroxide at room temperature

to remove hemicelluloses, residual starch, and pectin. The

extractive was subsequently treated with an acetic acid acidified

sodium chlorite solution (pH � 3.0), and then treated with 6.0

wt % potassium hydroxide at 808C for 2 h. Highly purified CC

was obtained by further treating the extractive with 1.0 wt %

hydrochloric acid solution at 808C for 2 h and thoroughly

washing them with distilled water. The final CC product was

freeze-dried and stored for further use.

The as-synthesized CC was used as starting material for further

functionalization. Scheme 1 schematically illustrates the synthe-

sis process of OMC. Briefly, the obtained CC (10 g) was firstly

dispersed in 60 mL of ethyl alcohol solvent containing 4.8 mg

of NaOH (0.12 mmol) under constant stirring for 1 h. Ethyl

chloroacetate (15 lL, 0.14 mmol) was then added dropwise to

the above solution under gentle stirring. The solution mixture

was subsequently refluxed at 858C in an oil bath for 6 h to

complete the etherification reactions. After etherification, the

resultant mixture was washed successively with deionized water

and ethanol. The solvent was removed by vacuum drying. The

etherified cellulose (EC) was subjected to hydrazinolysis treat-

ment by refluxing in an ethanol solution (60 mL) containing

hydrazine monohydrate (25 lL, 0.52 mmol) for 24 h. Finally,

the resultant white precipitates (OMC) were collected and

washed with deionized water and ethanol, then dried in a vac-

uum oven at 608C for 6 h. The dried OMC was stored for fur-

ther characterization and adsorption experiments.

Characterization

The size and morphology of the as-synthesized samples were

characterized using a field emission scanning electron micro-

scope (FESEM, Sirion 200 FEI) with an accelerating voltage of

10.0 kV. The Fourier transform infrared (FT-IR) spectra were

Scheme 1. Synthetic route of OMC. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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measured on a Nicolet-Nexus FT-IR spectrometer with the KBr

pellet technique ranging from 400 cm21 to 4000 cm21 at room

temperature. The pH values were monitored on a Mettler Tol-

edo pH meter (FG2/EL2). The elemental analysis (EA) of the

samples was performed by VarioEL(III) elemental analyzer from

Germany. The Solid Carbon Nuclear Magnetic Resonance (13C-

NMR) spectra were performed on a Bruker AV III 400 WB

spectrometer operating at a 13C resonance frequency of 100.6

MHz. The valence states of OMC or Pb-OMC and mechanistic

model of adsorption process were analyzed by X-ray photoelec-

tron spectroscopy (XPS, Thermo ESCALAB 250) using mono-

chromatized Al Ka(hv51486.6 eV, power5150 W) X-ray beams

as the excitation source. Binding energies were calibrated rela-

tive to the C 1s peak at 284.6 eV. The concentration of Pb(II)

was performed with an Inductively Coupled Plasma Optical

Emission Spectroscopy (ICP-OES) from Thermo Fisher

(Thermo iCAP 6300). A shaking thermostatic bath (SHZ-B,

China) was used for oscillating the solution.

Adsorption Experiments

Pb(II) stock solution (1000 mg/L) was prepared by dissolving an

appropriate amount of Pb(NO3)2 in deionized water. The concen-

trations of Pb(II) were confirmed by ICP-OES. For the isothermal

adsorption experiments, the conical flasks with the absorbents

and Pb(II) solution were placed in a shaker (300 rpm) for a fixed

time, then followed by filtration to remove the adsorbent. Sam-

ples were withdrawn when adsorption reaches equilibrium and

centrifuged. The amount of adsorbed Pb(II) per unit mass of the

adsorbent was calculated by:

Q5
C02Ce

m
•V (1)

where Q (mg/g) is the equilibrium adsorption capacity; C0 and Ce

(mg/L) are the initial and equilibrium concentrations of Pb(II) in

solution, respectively; V (L) is the volume of solution and m (g) is

the mass of adsorbents. And series of experiments were conducted

to determine the effects of solution pH and the temperature on

adsorption capacity. Effect of initial solution pH on adsorption

was tested at various pH values ranging from 2 to 6. Solution pH

was adjusted with 0.1M HCl or NaOH solutions.

The OMC recycle experiments use the same procedure as

described above. Between each consecutive recycle, the OMC

adsorbents were regenerated by immersing in a 1M HCl solu-

tion (100 mL) and shaking at 300 rpm for 1 h using a shaking

thermostatic bath at 508C.

RESULTS AND DISCUSSION

Characteristics of OMC

The obtained CC [Figure 1(a)] from corn straws was subjected

to the etherification and hydrazinolysis to obtain OMC with

amide and amino groups at the C-6 on cellulose (Scheme 1).

Figure 1(b) shows a typical FESEM image of the resultant OMC

formed by randomly packed nanosheets. Comparing to the

Figure 1. FESEM images of (a) CC and (b) OMC.

Figure 2. (a) FT-IR spectra of CC (curve i) and OMC (curve ii) and (b)13C-NMR spectraof CC (curve i) and OMC (curve ii). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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unmodified CC, OMC possesses a rougher surface, which could

be beneficial for interaction with heavy metal ions.

The FT-IR spectra of OMC [Figure 2(a)] confirm the presence

of a new absorption band cantered at 1709 cm21 that can be

assigned to AC@O.25 The broad absorption band peaked at

3415 cm21 could be due to the stretching vibration of AOH

and/or ANH groups. The absorption band around 1637 cm21

can be attributed to the NAH and/or CAH bending vibra-

tions.26 These FT-IR evidences suggest that oxoacetohydrazide

has been successfully introduced to OMC.

NMR is one of the most effective means for precise structural

analysis. Figure 2(b) shows the 13C-NMR spectra of CC and

OMC. The NMR spectrum between d 64.61 and d 104.98 ppm

represents the structural characteristics of glucose unit in cellu-

lose.27,28 Very similar NMR spectra obtained from both samples

within this chemical shift range indicate that the oxoacetohydra-

zide modification has very minor effect on the six glucose car-

bons in the cellulose structures. However, the spectrum

obtained from OMC reveals two new chemical shift peaks at d
20.99 and 172.98 ppm that can be, respectively, assigned to

methylene (C-7) and hydrazide (C-8) carbons (Scheme 1), con-

firming oxoacetohydrazide has been successfully introduced.29

Also, the signal for C-6 is shifted slightly from d 64.85 to d
64.61 ppm due to the chemical environmental changes intro-

duced by oxoacetohydrazide modification.

The elemental analysis shows that the as-synthesized OMC con-

tains 37.47% and 0.45% of C and N, respectively. Assuming all

Figure 3. (a) Effect of pH on Pb(II) adsorption on OMC and CC; (b) Effect of temperature on Pb(II) adsorption on OMC. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. (a) Pb(II) adsorption isotherms, (b) Langmuir model plots, (c) Dynamic adsorption of Pb(II), (d) The pseudo-second-order kinetics model

plots. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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determined N contents in OMC are contributed by the modi-

fied oxoacetohydrazide, a 0.45% of N should correspond to

�4% of C-6 in the resultant OMC being modified with oxoace-

tohydrazide. Considering the majority of modifications should

occur on the cellulose surface, this result implies that the oxoa-

cetohydrazide modified surface C-6 should be higher than 4%.

ADSORPTION

The Effects of pH and Temperature

The pH is an important parameter affecting metal-chelate for-

mation. The effect of pH on the adsorption of Pb(II) was inves-

tigated within pH 2–6 [Figure 3(a)]. In this study, only pH�6

was investigated because of hydrolysis of metal ions at higher

pH. The results clearly reveal that the Pb(II) adsorption capacity

of OMC are higher than that of CC. The highest adsorption

capacity was observed at pH 6.0, similar to those previous

reported adsorption behaviors of other adsorbents.30,31 For both

CC and OMC, an increase in pH leads to an increased Pb(II)

adsorption capacity. For OMC, most of the functional groups

such as ANHA and AOH were protonated and presented in

the positively charged form at low pH, which reduce the num-

ber of active binding sites. Also, the electrostatic repulsion

between Pb(II) and the positively charged functional groups

might negatively affecting the adsorption of Pb(II) onto the sur-

face of the adsorbents. Therefore, the adsorption of Pb(II) in

acidic solution was unfavorable. As the pH value increased, the

protonated ANHA and AOH groups are gradually de-

protonated and more active binding sites available, favorable for

the formation of the complex with Pb(II). These could be the

reasons for the observed sharp increase in Pb(II) adsorption

capacity when pH was increased from 3 to 4.

The effect of temperature on Pb(II) adsorption onto OMC was

investigated at pH56 [Figure 3(b)]. Although a decreased tread

in adsorption capacity is clearly visible with the increased tem-

perature, the changes in adsorption capacities are small, suggest

the adsorption is likely via relatively strong chemisorption proc-

esses rather than weak physisorption processes.

Adsorption Isotherm. The adsorption behavior of OMC and

CC were investigated. Figure 4(a) shows the adsorption iso-

therms of Pb(II) at 258C and pH 6.0. For the two cases investi-

gated, an increase in the concentration of Pb(II) leads to a

rapidly increased equilibrium adsorption amount of Pb(II) in

the low concentration range and gradually saturates in the high

concentration range. For OMC, near 100% removal efficiencies

can be achieved for original solutions containing less than 10

ppm of Pb(II). For original solutions containing over 20 ppm

of Pb(II), approximately 90% removal efficiencies can still be

maintained. In contrast, for CC adsorbent, only �50% removal

efficiencies can be achieved for original solutions containing less

than 10 ppm of Pb(II), while for original solution containing

over 20 ppm of Pb(II), nearly 80% of Pb(II) are still retained in

solution.

The Langmuir model [eq. (2)] is only valid monolayer

adsorption.32

1

Q
5

1

Qm

1
1

KLQmCe

(2)

where Q and Qm are the equilibrium and maximum adsorption

amounts, respectively; Ce is the equilibrium concentration and

KL is the Langmuir adsorption constant. A linear relationships

between 1/Q and 1/Ce confirms that the measured Pb(II)

adsorption isotherms for both OMC and CC can be well fitted

to the Langmuir model [Figure 4(b)]. KL and Qm can be deter-

mined from the slope and intercept of the curve, respectively

(Table I). The adsorption capacities of OMC and CC calculated

from Langmuir model are 82.9 mg/g and 13.6 mg/g, respec-

tively. These results indicate that the adsorption capacity of

OMC is more than five times of that for CC, demonstrating the

effectiveness of the oxoacetohydrazide modification.

Kinetics Study. The adsorption kinetic behavior was also inves-

tigated. All adsorption kinetic experiments were performed in a

solution containing 10 ppm Pb(II)at pH 6.0 and the adsorption

amounts were determined at predetermined time intervals. It

was found that the adsorption reaches the equilibrium status

within 30 and 60 min for OMC and CC, respectively. Under the

equilibrium status, 95% and 50% of Pb(II) in the adsorption

solution can be removed by OMC and CC, respectively. These

results confirm the superior adsorption performance of OMC

over CC, further demonstrating the effectiveness of oxoacetohy-

drazide modification. The Figure 4(c) illustrated the adsorption

of Pb(II) on OMC and CC from aqueous solution as a function

of contact time. The obtained adsorption kinetic data were ana-

lyzed using pseudo-first-order33 and pseudo-second-order

kinetic models [see eqs. (3) and (4)].34

Table I. Langmuir Isotherm Models Constants

Langmuir isotherm parameters

Adsorbent Qm (mg/g) KL (L/mg) R2

OMC 82.9 0.012 0.9996

CC 13.6 0.065 0.9976

Table II. The Two Kinetic Model Parameters for Pb(II) Ions Adsorbed onto Adsorbents

Pseudo-first-order model Pseudo-second-order model

Adsorbent Qexp
a (mg/g) Q1e (mg/g) K1 (min) R2 Q2e (mg/g) K2 (g mg/min) R2

OMC 19.8 16.7 0.033 0.664 20.5 0.0076 0.999

CC 11 8.8 0.021 0.943 11.9 0.0044 0.993

a The experiment data.
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logðQe2QÞ5log Qe2K1t (3)

t

Q
5

1

K2Q2
e

1
1

Qe

(4)

where Q and Qe represent the amount of contaminant Pb(II)

adsorbed on adsorbent (mg g21) at any time and at equilibrium

t (min), respectively, and K1 (min21) is the kinetic rate constant

for the pseudo-first-order model. And K2 (g mg/min) is the

rate constant of pseudo-second-order adsorption. The slope and

intercept of the plot of t/Q versus are used to calculated K2 and

Qe [Figure 4(d)], and the corresponding kinetic parameters

from this model are listed in Table II. Figure 4(d) shows the fit-

ting of adsorption kinetic data to the pseudo-second-order

kinetic model with a near unity correlation coefficient

(R2> 0.99), indicating the adsorption kinetic data obtained

from both OMC and CC can be well fitted to pseudo-second-

order kinetic model. This indicates the chemical adsorption was

likely to be the dominant adsorption process.34 Table II shows

the key kinetic parameters and the correlation coefficients to

pseudo-first-order and pseudo-second-order kinetic models.

The obtained correlation coefficients indicate that the adsorp-

tion kinetic data of OMC cannot well fitted to the pseudo-first-

order kinetic model (R2 5 0.664).

To further demonstrate OMC’s adsorption performance toward

Pb(II), we compared the maximal adsorption capacities of dif-

ferent functionalization modified cellulose adsorbents in litera-

tures (Table III). As shown in Table III, all functionalized

cellulose adsorbents exhibited the maximal adsorption capacity

toward Pb(II) ions within solution pH 4.0–6.0 (Table III).

Moreover, the OMC in this work demonstrated high adsorption

performance toward Pb(II) ions. Although several studies

showed better adsorption performance than OMC in this work,

the initial Pb(II) ion concentrations in their studies are

Table III. Comparison of the Maximal Adsorption Capacities of Different Functionalization Modified Cellulose Adsorbents toward Pb(II) Ions

Adsorbents Qm (mg/g) pH Initial Pb(II) Conc. (ppm) Ref.

Cellulose/chitin beads 68.4 4.0 280 35

Thiol-modified cellulose composite membranes 137.7 5.5 50 31

Diethylenetriamine bacterial cellulose 31.4 4.5 100 36

Ethylenediamine-modified cellulose 50.0 6.0 200 37

6-Deoxy-6-mercaptocellulose derivatives 28.0 5.0 4144 18

Triethlenetetramine-modified cellulose 147.1 5.7 320 15

Collagen/cellulose hydrogel beads 454.2 4.2 932 38

Amidoximated bacterial cellulose 67.0 5.0 200 39

Carboxymethylated bacterial cellulose 60.4 4.5 100 40

OMC 82.9 6.0 100 This study

Figure 5. Pb(II) adsorption and desorption efficiencies of OMC during

three consecutive cycles. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Scheme 2. Proposed Pb(II)adsorption mechanism on OMC. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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obviously higher than that in this work (100 ppm). The above

comparison further indicates the superior adsorption perform-

ance of OMC toward Pb(II) ions owing to the strong chelating

interactions of Pb(II) with oxoacetohydrazide.

Reusability. The reusability of the OMC was evaluated. For

each adsorption cycle, the used OMC was regenerated with 1M

HCl to elute the adsorbed Pb(II). The regenerated OMC was

then washed with excess water and dried in air for next adsorp-

tion cycle. Figure 5 shows the adsorption and elution efficien-

cies during three consecutive adsorption cycles. It reveals that

the elution efficiencies obtained from all cycles were close to

100%. More importantly, over 95% of original adsorption

capacity could be maintained after three cycles, indicating a

superior reusability of OMC.

Mechanistic Aspects. The origin of the superior Pb(II) adsorp-

tion capability of OMC was investigated. The XPS spectra of

OMC before and after Pb(II) adsorption were obtained [Figure

6(a)] and used to identify the interactions of the adsorbed

Pb(II) with OMC. The high resolution spectra of C1s [Figure

6(b)] and N1s [Figure 6(d)] obtained from the as-synthesized

OMC reveal non-oxygenated ring C (284.8 eV), CAO (286.87

eV), carbonyl C (288.3 eV), CAN (400.47 eV), and ANH

(401.96 eV),41 confirming a considerable number of oxoaceto-

hydrazides being modified onto the cellulose. The high-

resolution C1s spectrum obtained from the OMC with adsorbed

Pb(II) is almost identical to that of the as-synthesized OMC,

implying that the adsorbed Pb(II) is not directly interacted with

those rings C, CAO, carbonyl C, and carbon in CAN. The XPS

spectra of Pb4f [Figure 6(c)] reveal two peaks at 139.55 eV and

144.5 eV, corresponding to Pb4f7/2 and Pb4f5/2, respectively. The

Pb4f7/2 obtained from the adsorbed Pb(II)ions (139.55 eV) is

1.05 eV higher than that of free Pb(II) (138.50 eV),42 confirm-

ing a strong interaction of the adsorbed Pb(II) with OMC. Such

a strong binding energy shift suggests that the Pb(II) adsorption

on OMC is through strong chemical interactions rather the

weak physical interactions. The high resolution N1s spectra of

OMC with and without adsorbed Pb(II)are shown in Figure

6(d). Comparing to the OMC without adsorbed Pb(II), the

CAN and NAH binding energies of OMC with adsorbed Pb(II)

are shifted from 400.47 to 400.27 eV and 401.96 to 401.92 eV,

respectively. These binding energies shifts further suggest that

the Pb(II) adsorption on OMC is via chemical interactions.

Considering that the CAN and NAH are corresponding to

ACONHA and ANH2 groups, it can therefore be reasonably

confident to suggest that the adsorption of Pb(II) on OMC is

via the chelating interactions with the oxoacetohydrazide to

form NAPbAN bonds as illustrated in Scheme 2.

CONCLUSIONS

We have demonstrated a simple and environmental friendly

oxoacetohydrazide functionalization method capable of convert-

ing the CC into high performance OMC adsorbents for effective

Pb(II) removal. The resultant OMC possesses a dramatically

improved Pb(II) adsorption capacity, over six times of the

unmodified cellulose. The origin of the superior Pb(II)

Figure 6. (a) XPS data survey of OMC and Pb-OMC; (b) High resolution C1sspectra; (c) High resolution Pb4f spectra; (d) High resolution N1s spectra.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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adsorption capability of OMC can be attributed to the forma-

tion of NAPbAN bonds resulting from the strong chelating

interactions of Pb(II) with oxoacetohydrazide. Also, the OMC

shows an excellent re-usability, capable of retain 95% of its orig-

inal Pb(II) adsorption capacity after three consecutive adsorp-

tion cycles. The findings of this work pave a way to transform

the agricultural by-products into high performance functional

materials.
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