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Abstract−Biomass-based activated carbonaceous fiber (ACF) was modified by nitric-acid oxidation under micro-
wave heating (ACF-O) and then further treated by thioglycolic acid (ACF-S) to prepare carbon materials with high
capability for the removal of Pb(II) ions. The physico-chemical properties of the original and modified ACF samples
were characterized by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), Zeta potential,
Boehm titration, BET, Raman spectrum and X-ray photoelectron spectroscopy (XPS). It was found that modification
treatments damage the pore and graphite crystalline structure of ACF, while the micropore structure is protected and
extra oxygen-containing surface functional groups are grafted on its surface. The adsorption performance of the origi-
nal and the modified ACF samples affected by adsorption conditions regarding to Pb(II) ion strength (10 mg/L-
105 mg/L), contact time (10 min-120 min), pH value (2.5-6.5), and solvent temperature (15 oC-45 oC) was investigated
through batch experiments. Compared to the maximum Pb(II) ion adsorption capacity of 75.24 mg/g by ACF sample,
the value was substantially improved by the integrated modification method (193.42 mg/g for ACF-O and 209.21 mg/g
for ACF-S sample). The Biot number determined from the homogeneous surface diffusion model (HSDM) was
between 1 and 100 for the original and modified ACF samples, suggesting that the adsorption process of Pb(II) ions is
limited by both the surface diffusion and film mass transfer.
Keywords: Activated Carbonaceous Fiber, Modification, Adsorption, Pb(II) Ions, Isotherms, Kinetics

INTRODUCTION

With rapid economic development, a large amount of wastewa-
ter containing Pb(II) ions is evolved from battery manufacturing,
basic steel, paper and pulp, metal plating, leather tanning, agro-
chemicals, petrochemicals and fertilizer industries. Lead is stable
in the environment but hazardous at high concentrations in the
form of ion state, likely resulting in damage to the human neuro-
nal system [1]. It is necessary to control the concentration of Pb(II)
ions in natural water system by means of high-efficiency removal
of the Pb(II) from different effluents.

Activated carbonaceous fiber (ACF) is widely used to remove
various pollutants from water system [2], such as phenols [3], meth-
ylene blue [4], pesticides [5], dyes [6] Cu2+ [7], Pb2+ [8], Cr(VI)
and p-nitrophenol [9], due to its outstanding morphological char-
acteristics and adsorption performance. A number of modifica-
tion methodologies were developed to improve the absorption char-
acteristics of ACF (such as the adsorption capacity, selectivity and
hydrophilicity) [10,11]. Chemical modification, which normally
employed a certain amount of solvent to treat the activated carbo-
naceous materials to rearrange the pore size distribution and the

surface functional groups, is considered one of the most fast and
effective methods [12-18]. For example, nitric acid oxidation mod-
ification was found to be effective to enlarge the distribution of sur-
face oxygen-containing functional groups [19-21]. The efficiency of
nitric-acid oxidation modification was further enhanced as it was
assisted by microwave heating [22]. The improvement on surface
functional groups after nitric-acid oxidation and nitric-acid oxida-
tion assisted with microwave heating was mainly related to oxygen-
or nitrogen-containing functional groups. There are also studies that
indicated thiol-function groups on the surface of carbonaceous ab-
sorbents also perform the integrated adsorption capability for dif-
ferent heavy metal ions [23,24]. Accordingly, it is interesting to
develop some effective modification technologies on adsorption
capacity of carbonaceous materials.

In present study, the activated carbonaceous fiber (ACF) pre-
pared from sisal fiber was modified by microwave nitric-acid oxi-
dation under microwave heating to produce ACF-O sample. ACF-
O sample was then treated by thioglycolic acid to produce ACF-S
for investigating the joint function of the two modification technolo-
gies (nitric-acid oxidation and thioglycolic-acid vulcanization). The
prepared ACF, ACF-O and ACF-S samples were characterized by
XRD, FT-IR, Zeta potential, Boehm titration, BET, Raman spec-
trum and XPS, while the adsorption capacity of Pb(II) ions from
aqueous system was estimated through the batch adsorption experi-
ments regarding the variation of contact time, solvent pH value and
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solvent temperature. The isothermal performance for the adsorp-
tion of Pb(II) ions by the original and modified ACF samples was
analyzed, and a homogeneous surface diffusion model (HSDM)
was adopted to describe the kinetic process for Pb(II) ions adsorp-
tion by the original and modified ACF samples.

EXPERIMENTAL

1. Reagents and Chemicals
The solution of Pb(II) was prepared by dissolving lead nitrate

(Pb(NO3)2) (GR grade) in deionized water and handled with ana-
lytical micropipettes. The pH value of solution was adjusted by 0.1
mol/L of sulfuric acid or 0.1 mol/L sodium hydroxide.
2. The Preparation of Sisal-based Activated Carbonaceous Fiber
(ACF)

The sisal fiber was washed with the deionized water and then
dried in an oven at 80 oC for 24 h. Before being sealed, the sisal
fiber was impregnated by zinc chloride solution (mass fraction of
10%) with the mass ratio of 1 : 1.25. The mixture was sealed in a
glass container at 80 oC for 12 h and then dried at 105 oC. The im-
pregnated sisal fiber was then pre-oxidized at 250 oC for 60 min,
followed by the activation process in continuous nitrogen flow
(200 mL/min) at 600 oC for 50 min in an electric and microwave
hybrid heating tubular furnace with the heating rate of 10 oC/min.
The product of sisal-based activated carbonaceous fiber (ACF) was
washed by 0.1 mol/L HCl and then by deionized water until the
effluent solution pH remained constant.
3. Modification of the Prepared ACF by Oxidation and Vul-
canization
3-1. Nitric-acid Oxidation of ACF Sample

0.07g ACF and 35mL nitric acid solution were mixed in a speci-
men cup and then placed in microwave-reactor instrument (MDS-
6 manufactured by Xinyi Microwave Chemical Technology Co., Ltd.)
under the fixed condition: nitric acid concentration (6.5-11.0mol/L),
modification temperature (90-150 oC), reaction time (5-20 min) and
microwave power (400-1,000 W). The modified ACF sample was
washed by deionized water until the solution pH remained con-
stant and then dried. The ACF sample modified by nitric-acid oxida-
tion under microwave heating was abbreviated as ACF-O.

To determine the optimum conditions and estimate the signifi-
cant order of the experimental factors on the nitric-acid oxidation
modification process, an orthogonal array of experiments of L16(45)
matrix was designed, including the concentration of nitric acid
(factor A), modification temperature (factor B), modification time
(factor C) and microwave power (factor D) [25].

The result of Pb(II) ions adsorption capacity by the ACF-O sam-
ple under the different modification conditions varied from 83.09
to 97.03 mg/g (Table 1), giving the range analysis and ANOVA in
Table 2 and Table 3. The vacant column is to evaluate the possible
error of the experiments, while the range value (Ri) reflects the sig-
nificance of the factors on Pb(II) absorption capacity for the ACF-
O. Therefore, the significant order of factors can be estimated as
factor B>factor D>factor A>factor C. The highest adsorption capac-
ity of Pb(II) ions for the factors of each level was determined as:
concentration of nitric acid 9.5 mol/L, modification temperature
150 oC, modification time 15 min, and microwave power 800 W.

And compared to the other factors, modification temperature was
estimated to the most significant one for the microwave nitric-acid
oxidation process of ACF sample [26].
3-2. Thioglycolic-acid Vulcanization of ACF-O Sample

2 g of ACF-O sample was placed in a conical flask with 12 mL
thionyl chloride. The flask was sealed with a plastic film and then
placed in an ice-bath for 1.5 h. The redundant thionyl chloride in

Table 1. Results of the orthogonal array experiments

Number
Factor  Adsorption

capacity
(mg/L)

A
(mol/L)

B
(°C)

C
(min)

D
(w) Error

01 06.5 130 05 0400 1 83.09
02 06.5 140 10 0600 2 89.44
03 06.5 150 15 0800 3 96.81
04 06.5 160 20 1000 4 91.45
05 8. 130 10 0800 4 88.84
06 8. 140 05 1000 3 91.09
07 8. 150 20 0400 2 96.67
08 8. 160 15 0600 1 94.73
09 09.5 130 15 1000 2 88.17
10 09.5 140 20 0800 1 94.77
11 09.5 150 05 0600 4 97.03
12 09.5 160 10 0400 3 92.52
13 11.0 130 20 0600 3 87.06
14 11.0 140 15 0400 4 90.25
15 11.0 150 10 1000 1 93.35
16 11.0 160 05 0800 2 91.89

Table 3. ANOVA analysis for adsorption capacity from the orthog-
onal array experiments

Factor SS DOF MS F Type of effect
A 026.74 3 08.91 048.65 Significant
B 173.28 3 57.76 315.33 Highly significant
C 010.15 3 03.38 018.47 Significant
D 014.57 3 04.86 026.51 Significant
Error 000.55 3 00.18

Critical value: F0.05(3,3)=9.25 and F0.01(3,3)=29.5

Table 2. Range analysis of adsorption capacity from the orthogonal
array experiments

Value name A B C D
K1 360.79 347.15 363.09 362.52
K2 371.33 365.54 364.15 368.26
K3 372.48 383.87 369.96 372.31
K4 362.54 370.59 369.94 364.06
k1 90.2 086.79 090.77 090.63
k2 092.83 091.38 091.04 092.06
k3 093.12 095.97 092.49 093.08
k4 090.64 092.65 092.49 091.01
Ri 360.79 009.18 001.72 002.45
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flask was removed by small-bore straw and followed by adding 14
mL thioglycolic acid for 2 h at 25 oC. The treated solid in the flask
was filtered, washed with deionized water for several times and
then dried for 10h at 50 oC. The obtained solid product through the
thioglycolic-acid vulcanization process is abbreviated as ACF-S in
this work.
4. Characterization of the Original and Modified ACF Samples
4-1. XRD Analysis

X-ray diffraction (XRD) patterns were recorded using Smartlab
XRD-3 with Cu Kα radiation to determine the crystal structure
and phase of adsorbents. Scanning angle was conducted at 10-90 oC
and the power used was 3 kW.
4-2. FT-IR Analysis

Functional group distribution of the ACF-O and ACF-S sam-
ples was characterized by Fourier transform infrared spectroscopy
(FT-IR, Bruker Vector 22). Powdered KBr was mixed, grinded with
1% sample and then pressed into a disc for analysis with the spec-
trum scanned from 4,000 to 400 cm−1.
4-3. Zeta Potential

Zeta potential represents the net external charge on the shearing
surface of absorbents [27]. Carbon-based materials are normally
amphoteric stuff because of the dissociation of surface functional
groups or the existence of the π electron system due to the produced
Lewis basic [28]. The zeta potential (pHIEP) of the ACF, ACF-O
and ACF-S was determined by Zetasizer Nano. A fixed amount of
the sample was placed in deionized water, configuring the origi-
nal and modified ACF samples suspension liquid of different pH
values for Zeta potential measurement. The zero potential point of
the sample was calculated by the interpolation method.
4-4. Boehm Titration

The quantity of surface oxygen-containing functional groups was
determined by Boehm titration. 0.5 g of the sample was added in
50 ml of 0.1 mol/L solution of sodium hydroxide, sodium carbon-
ate and sodium bicarbonate separately. The mixture was stirred in
a closed vessel for 48 h. The suspension was then filtered, and the
filtrate was titrated by hydrochloric acid of 0.05 mol/L by using an
auto-titration system (ZDJ-5).
4-5. BET Analysis

The pore characteristics of the original and modified ACF sam-
ples were determined by the specific surface area and pore analyzer
(ASAP 2020 M). Before N2-adsorption at 77 K, the ACF sample was
heated to 300 oC and degassed for 120 min under vacuum condi-
tion [29,30] while the ACF-O and ACF-S were heated to 100 oC for
degassing for 360 min. The total specific surface area and microp-
orous specific surface area were calculated through the BET method
and t-plot equation [22].
4-6. Raman Analysis

The Raman spectra of graphite crystals result from the vibration
or rotational energy of lattice and can represent the degree of struc-
tural order [31]. Raman analysis was conducted by means of RAM-
PRO-785E (Agiltron US) spectroscopy. The laser power and wave-
length at the sample surface was controlled at about 10 mW and
785 nm, respectively. During the measurement, the sample was
dispersed in the deionized water.
4-7. XPS Analysis

X-ray photoelectron spectroscopy (XPS) analysis identifies the

distribution of elemental composition in forms of functional groups
on the surface of absorbents [32,33]. XPS analysis was performed
by using an ESCALAB 250Xi analyzer with Al Kα X-ray source.
The energy range was below 500 eV.
5. Batch Experiments for Heavy Metal Ions Absorption

Adsorption experiments for Pb(II) ions by the original and modi-
fied ACF samples were in a temperature-controlled water bath
shaker with a stirring rate of 180 rpm. The effects of contact time
(0-120 min), initial pH value (2.5-6.5) and solvent temperature (15-
45) on the adsorption performance were investigated. The species
of Pb(II) ions at different pH values was estimated by the Visual
MINTEQ software [34-36].

100mL lead nitrate solution with certain concentration was added
in a set of 150mL conical flasks. Sodium hydroxide and sulfuric acid
were used to adjust the pH value of solution. A certain amount of
the original or modified ACF sample was placed in the conical flasks
for the removal of Pb(II) ions under the fixed condition. After that,
the solution was filtered and the filtrate was analyzed by ICP (Induc-
tive coupled plasma emission spectrometer) to determine the con-
centration of Pb(II) ions at the equilibrium state of adsorption.
6. Thermodynamic Analysis for Pb(II) Ions Adsorption Process

Thermodynamic parameters such as Gibbs free energy (ΔG),
enthalpy (ΔH) and entropy (ΔS) of Pb(II) ions adsorption process
can be evaluated from Eqs. (1)-(4):

(1)

(2)

(3)

Then:

(4)

where, kc is equilibrium constant. R is the molar gas constant, 8.314
J/(mol·K). ΔG is Gibbs free energy for the adsorption process, J/
mol. The value of ΔH distinguishes the physical adsorption or chemi-
cal adsorption due to larger number of enthalpy of chemical
adsorption, kJ/mol [37,38].
7. Adsorption Isothermal Models

The Langmuir isotherm is widely used to analyze the homoge-
neous, monolayer and ideal adsorption process. The Langmuir equa-
tion is expressed as:

(5)

where q0 is the Langmuir monolayer maximum adsorption capac-
ity, mg/g; b is Langmuir adsorption intensity constant, related to
the heat of adsorption, which can reflect solid surface affinity and
the stability of bond between adsorbate and adsorbent, L/g [39,40].

The Freundlich isotherm adsorption equation is semi-empiri-
cal with the assumption of the adsorption process on the hetero-
geneous surface [41-43].

The Freundlich model is described as follows:

(6)

Kc = 
C0 − Ce

Ce
----------------

ΔG = − RTInkc

ΔG = ΔH  − TΔS

Inkc = − 
ΔH
RT
-------- + 

ΔS
R
------

qe

q0
----- = 

bCe

1+ bCe
----------------

qe = kqCe
1/n
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where kq is Freundlich isotherm constant about adsorption capac-
ity, mg/g, n is a constant, reflecting the degree of difficulty for the
adsorption process. When 2<n<10, adsorption proceeds easily, but
is difficult when n<0.5.

RESULTS AND DISCUSSION

1. Characterization of Absorbents
1-1. XRD Analysis

XRD was used to analyze the crystalline structure of ACF, ACF-
O and ACF-S samples (Fig. 1(a)). The peak around 24o is assigned
to the (002) diffraction surface, while the peak around 43o is ascribed
to the (100) diffraction surface [44]. The two diffraction peaks
around 24o and 43o reflecting the turbostratic graphite structure
are all observed for the three samples. The intensity of the two peaks
becomes weak and the band of 2θ=43o shifts to the small diffrac-
tion angle after oxidation modification (ACF-O). This indicates
that the interlamellar space is increased and the graphite crystallite
size declines for the ACF-O sample, leading to the improvement of
the adsorption capacity due to the increase of unsaturated carbon
atom number on edges of the sample. Similar phenomenon can
be observed for the XRD profile of ACF-S sample, confirming the
destruction of the graphite crystalline structure by the two modifi-

cation methods [45].
1-2. Surface Chemistry Characteristics of ACF, ACF-O and ACF-S
Samples

FT-IR spectra of the ACF, ACF-O and ACF-S samples are shown
in Fig. 1(b). For the ACF sample, the strong broad absorption
band around 3,400 cm−1 is ascribed to the hydroxyl (-OH) stretch-
ing vibration. The band about at 1,510-1,600 cm−1 corresponds to
the stretching vibration of the carbonyl (C=O) groups and C=C
groups. The peak at 1,448 cm−1 is assigned to C-H or C=C groups.
The absorption band in the region around 1,100 cm−1 probably
represents the asymmetric vibration peak of ether bond or C-N.

Absorbance intensity of almost all characterized bands of ACF-
O sample is larger than that of ACF sample. New absorbance peaks
are observed in FITR spectrum of ACF-O sample, probably due
to the oxidization reactions by nitric acid in the modification pro-
cess. For example, the he absorbance peak around 1,700 cm−1 is
attributed to the carbonyl (C=O) groups by ketone, carboxyl or ester.
The band between 1,540 cm−1 and 1,353 cm−1 can be ascribed to
the asymmetric stretching vibration of nitro (-NO2) [46], while the
peak at 1,253 cm−1 corresponds to the bending vibration of C-O.
The absorbance intensity of the peak at 3,400 cm−1 is notably de-
creased for ACF-S sample, suggesting that -OH group on ACF-O
sample might be removed and substituted by thioglycolic-acid

Fig. 1. Characterization for ACF, ACF-O and ACF-S samples.
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440.72m2/g and 0.26cm3/g for ACF-S. However, the ratio of microp-
ore surface area to the total surface area is 65.99% for ACF-O and
47.78% for ACF-S, compared to that of 35.55% for the original
ACF sample. The two modification processes lead to the signifi-
cant damage of the porous structure of the original ACF sample,
but protect the micropores to a different extent.
1-4. Raman Spectrum Analysis

The Raman spectra of graphite crystals result from the vibration
or rotational energy of lattice and can represent the degree of struc-
tural order [31]. The Raman spectrum of ACF, ACF-O and ACF-S
samples is shown in Fig. 1(d) and Fig. 1S. All three samples exhibit
two significant absorbance bands: 1) The G band around 1,580
cm−1 corresponding to the ideal graphitic lattice by the stretching
of sp2 atomic pairs on carbon ring; 2) The D band with the peak
at 1333 is composed of a set of D1, D2, D3 and D4, reflecting the
disorder or defection of crystal structure of the carbonaceous sam-
ple [49]. The D1 band around 1,360 cm−1 is ascribed to the crystal
lattice vibration mode with A1g symmetry reflecting the disorder
of graphitic lattice; the D2 around 1,620 cm−1 corresponds to the
E2g mode for the graphite layers; the D3 around 1,500 cm−1 corre-
sponds to amorphous carbon, and D4 around 1,180 cm−1 corre-
sponds to the disordered crystal or ionic impurities (where A re-
presents single degenerate state of axis symmetry and E represents
double degenerate state).

The two significant peaks around 1,606 cm−1 and 1,333 cm−1

are observed for all three samples. The Jt=MD/MG values for the
ACF-O and ACF-S are larger than that of ACF (Table 6 and Fig.
1S). And the J3 and J4 for ACF-S are much larger than those of
ACF and ACF-O, confirming that the graphite crystallite size of
ACF is greatly decreased after the oxidation and sequent vulcani-

through esterification reaction. The bands around 1,882 cm−1 and
1,600 cm−1 ascribed to the stretching vibration of C=O are intensi-
fied. This indicates that the surface oxygen-containing functional
group of ACF sample is significantly modified through the nitric-
acid oxidation and thioglycolic-acid vulcanization.

The content of carboxyl, ester and phenolic hydroxyl groups of
ACF sample determined by analysis of Boehm titration is signifi-
cantly increased after the two modification processes (Table 4).
The content of ester group in ACF-S sample is larger than that of
ACF-O sample, while the content of both carboxyl and phenolic
hydroxyl group is smaller than that of ACF-O sample, confirming
the finding in the FT-IR analysis of the three samples. Functional
groups such carboxyl and hydroxyl in carbonaceous absorbents
can help promote the adsorption of Pb(II) ions through the en-
hanced chemical adsorption [47].

The Zeta potential of the ACF, ACF-O and ACF-S samples is
shown in Fig. 1(c). The pHIEP of ACF-O is declined from 3.02 to
0.56 after the oxidation modification, probably attributed to the
increment of the surface acidic groups such as carboxylic and phe-
nolic hydroxyl groups [48]. Through the thioglycolic-acid vulcani-
zation of ACF-O sample, the pHIEP of ACF-S sample is increased
to 1.82. The smaller Zeta potential of the carbonaceous adsorbent
gives rise to the stronger electronegativity, better adsorption capac-
ity of Pb(II) ions and more stable performance in the solution.
1-3. Pore Structure Characteristics

The key pore characteristics of the ACF, ACF-O and ACF-S
samples are shown in Table 5 including surface area, pore volume
and mean pore size. After the modification of ACF, the total sur-
face area and pore volume is notably decreased from 2,055.53 m2/
g and 1.04 cm3/g to 590.27 m2/g and 0.29 cm3/g for ACF-O and

Table 4. Boehm titration result for the ACF, ACT-O and ACF-S samples
Characterization Parameters ACF ACF-O ACF-S

Boehm titration

Carboxyl (mmol/g) 0.310 1.93 1.21
Ester (mmol/g) 0.097 0.41 1.28
Phenolic hydroxyl (mmol/g) 1.760 3.58 2.25
Surface acidity (mmol/g) 2.170 5.92 4.74

Table 5. Pore structure characteristics of the ACF, ACF-O and ACF-S samples

Adsorbents
Surface area (m2/g) Pore volume (cm3/g) Mean pore size (nm)

Abet Amicro Amseo Amicro/Abet Vmicro Vmeso Vtotal D
ACF 2055.53 730.66 729.89 0.3555 0.310 0.470 1.04 2.02
ACF-O 0590.27 389.54 117.21 0.6599 0.150 0.100 0.29 1.96
ACF-S 0440.72 210.57 090.95 0.4778 0.094 0.099 0.26 2.36

Table 6. Analysis of the raman spectra for ACF, ACF-O and ACF-S samples

Absorbent
~1,350 cm−1 ~1,600 cm−1 ~1,500 cm−1 ~1,200 cm−1 1,580 cm−1

MD1 J1 MD2 J2 MD3 J3 MD4 J4 G Jt

ACF 15585.2 1.4 7267.2 0.69 01808.1 0.17 05309.3 0.50 10607.0 02.83
ACF-O 23421.6 4.1 9534.6 1.68 02607.4 0.46 04434.6 0.78 05678.6 07.28
ACF-S 25059.7 3.0 7499.2 0.91 32531.7 3.95 45581.1 5.54 08228.6 13.54
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zation processes. This leads to the increase of the unsaturated car-
bon atoms in the corners and edges of the sample surface, which
improves the adsorption capacity of Pb(II) ions.
1-5. XPS Analysis

The XPS wide-scan, C1s, S2p and N1s spectra of ACF-O and ACF-
S, sample are shown in Fig. 2. The two peaks around 163.74 eV
and 170.22 eV assigned to the S2p electron can be observed for
XPS analysis of ACF-S sample, attributed to the sulfur containing

functional groups in forms of -SH and SO4
2− [50]. This confirms

that thiol-functional groups from vulcanization treatment are suc-
cessfully grafted onto the surfaces. The mass fraction of sulfur ele-
ment increased from 0.17% to 6.51% after the thioglycolic-acid
vulcanization treatment of ACF-O (Table 7). Two peaks of the C1s

spectra for the two samples can be observed at 284.75 and 288.95
eV (Fig. 2S(a) and (c)), attributed to the graphic carbon linkage
(C-C) and carboxyl groups (O-C=O), respectively. The N1s spectra

Fig. 2. XPS analysis for ACF-O and ACF-S samples.
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for the two samples exhibits three notable peaks around 399 eV
for C-N group, 400 eV for N-C=O group and 405 eV for -NO2

group. The atom percentage of O-C(O) and N-C(O) groups is dis-
tinctly increased for the ACF-S sample.
2. Performance of the Pb(II) Ions Adsorption by the Origi-
nal and Modified ACF Samples
2-1. Effect of Contact Time

Effect of contact time on the adsorption capacity of Pb(II) ions
by the ACF, ACF-O and ACF-S samples is shown in Fig. 3(a). The
condition is pH, 5.5; concentration, 105 mg/L; and temperature,
25 oC. The adsorption capacity of the three samples was dramati-
cally increased within 60 min, reaching 90% of their saturated ad-
sorption capacity, and gradually reaching equilibrium stage. The fact
is mainly ascribed to the sufficient available sites and strong elec-

tronegativity on the external absorbent surface in the initial stage
of adsorption process. Moreover, the repulsive forces by adsorbate
in solution or absorbent impose restrictions on the transfer resis-
tance. The equilibrium state of the Pb(II) ions adsorption for ACF,
ACF-O and ACF-S is located at around 90 min, achieving the ad-
sorption capacity as 66.32mg/g, 99.71mg/g and 101.47mg/g accord-
ingly. The larger adsorption capacity of Pb(II) ions by ACF-O and
ACF-S samples should be attributed to the sufficient active sites
and strong electronegativity on the external surface.
2-2. Effect of Solvent Temperature

Effect of temperature on the adsorption capacity of Pb(II) ions
by the ACF, ACF-O and ACF-S samples is shown in Fig. 3(b). The
adsorption capacity of the three samples is enhanced to some extent
by the increased solvent temperature due to the promotion of the

Table 7. Distribution of S-, C- and N-contained functional groups and elemental weight percentage for ACF-O and ACF-S samples
Element S C N
Groups -SH SO4

2− Wt% C-C O-C(O) Wt% -NO2 C-N N-C(O) Wt%
ACF-O - - 0.17 89.18% 10.82% 63.73 39.02% 37.29% 23.69% 3.12
ACF-S 48.13% 51.87% 6.51 88.48% 11.52% 60.04 27.78% 09.71% 62.51% 2.72

*Weight percentages of O were 32.98% and 30.73% for ACF-O and ACF-S samples

Fig. 3. The adsorption of Pb(II) ions by ACF, ACF-O and ACF-S samples.
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mass transfer and diffusion rate of Pb(II) ions in the solution and
on the adsorbent [51]. Thermodynamic analysis was employed for
understanding the endothermic or exothermic property of the
Pb(II) ions adsorption process by the original and modified ACF
samples (Table 8). The adsorption enthalpy increased from 17.15
kJ/mol for ACF sample to 28.02 kJ/mol for ACF-S sample, indicat-
ing that the chemisorption during the the Pb(II) ions adsorption
process by ACF-S is strongest among the three samples.
2-3. Effect of pH Value

Fig. 3(c) shows the effect of pH value (2.5-6.5) on the Pb(II) ad-
sorption capacity of ACF, ACF-O and ACF-S samples. The adsorp-
tion capacity of Pb(II) ions by ACF sample is remarkably increased
from 40.64 mg/g to 68.39 mg/g with the increased pH value, while
that for ACF-O and ACF-S sample is increased from 67.37 mg/g
to 101.94 mg/g and from 75.05 mg/g to 103.58 mg/g respectively.
At low pH, H+ is competitive with Pb(II) ions through occupying
the available adsorption sites, leading to a decrease of adsorption
capacity of Pb(II) ions. When the pH value exceeds the isoelectric
point, Zeta potential of the original and modified ACF samples
displays a negative charge, which is beneficial to removal of cation
ions due to the electrostatic attraction. The carboxyl, hydroxyl and
other functional groups on the surface of sample are easily disinte-
grated under the higher pH value, favoring the chemical adsorp-
tion of Pb(II) ions.

The possible status of Pb(II) ions in different pH value can be

predicted by software Visual MINTEQ (Fig. 3S). When pH value
is less than 6.0, Pb2+ ion is the major status for Pb(II) in the solu-
tion. Pb(OH)+ and Pb3OH4

2+ ions become the dominant state for
Pb(II) and easily precipitate simultaneously if the pH value is larger
than 8 [52]. The pH value of solution in the experiments was set
to be less than 6.5 to avoid the precipitation of Pb(II).
3. Isotherms of the Pb(II) Ions Adsorption by ACF, ACF-O
and ACF-S Samples

Adsorption isotherm curve refers to the relationship curve be-
tween the two phases’ concentration when solute molecules at cer-
tain temperatures are in the equilibrium state. The shape of an iso-
therm can reflect the possible patterns for the adsorption of Pb(II)
ions on absorbents. Langmuir model and Freundlich model are
employed to understand the adsorption process of Pb(II) ions by
the original and modified ACF samples, giving the results in Fig. 4
and Table 9. The maximum adsorption capacity of ACF, ACF-O
and ACF-S samples at 25 oC is determined by Langmuir method
as 75.24 mg/g, 193.42 mg/g and 209.21 mg/g respectively. It con-
firms that the adsorption capacity of ACF sample can be substan-
tially improved by the nitric-acid oxidation and thioglycolic-acid
vulcanization which can be attributed to the improvement of the
pore structure and surface chemistry properties. While ACF-S pre-
sented an adsorption capacity higher than that of ACF-O indicat-
ing that the existence of sulfur containing functional groups and
ester groups may make important contributions to Pb(II) adsorp-

Table 8. Thermodynamic analysis of Pb(II) ions Adsorption by the
original and modified ACF samples

Absorbent Temperature
(K)

ΔG
(J/mol)

ΔS
(J/(mol·K))

ΔH
(kJ/mol)

ACF

288 −5509.08

078.67 17.15298 −6295.74
308 −7082.41
318 −7869.07

ACF-O

288 −6146.94

105.76 24.31298 −7204.56
308 −8262.19
318 −9319.81

ACF-S

288 −6792.07

120.87 28.02298 −8000.76
308 −9209.45
318 −10418.1

Table 9. The parameters calculated from Langmuir and Freundlich isothermal models for ACF, ACF-O and ACF-S samples

Model Parameters
ACF ACF-O ACF-S

15 oC 25 oC 15 oC 25 oC 15 oC 25 oC

Langmuir method
q0 (mg/g) 72.67 75.24 191.94 193.42 207.04 209.21
b (L/mg) 0.1528 0.2556 0.1167 0.1513 0.1193 0.1611
r2 0.8351 0.9332 0.9723 0.9391 0.9391 0.8732

Freundlich method
n 4.06 4.38 3.78 4.10 3.38 3.75
kq (mg/g) 24.72 27.83 58.51 66.85 56.35 68.66
r2 0.9821 0.9854 0.9737 0.9896 0.9967 0.9836

Fig. 4. The Langmuir and Freundlich isothermal models for the ad-
sorption of Pb(II) by ACF, ACF-O and ACF-S samples.
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4. Adsorption Kinetics for Pb(II) Removal by the ACF Samples
First-order, second-order and intra-particle diffusion kinetic

model are widely used for describing the adsorption process of
heavy metals by absorbents in the literature [53-55]. However, the
inherent mechanism involving the liquid film mass transfer or intra-
particle diffusion is always ignored in the models. The homoge-
neous surface diffusion model (HSDM) considering the intra-par-
ticle diffusion and liquid mass transfer is employed for describing
the Pb(II) ions adsorption process by the original and modified
ACF samples. The assumptions for HSDM are listed as: a) the sur-

tion. The value for some other modified absorbents reported in
literature is listed in Table 10, exhibiting the outstanding perfor-
mance of Pb(II)adsorption capacity by the modified ACF samples
in this study.

The Freundlich model fits the experimental data better than
that of Langmuir model, indicating the multilayer adsorption is
dominated during the Pb(II) ions adsorption process. The param-
eter of n from the Freundlich model is between 2 and 10 for the
ACF-O and ACF-S samples, demonstrating that the Pb(II) ions
adsorption process by the modified ACF samples is easy to proceed.

Table 10. Adsorption capacity of Pb(II) ions by the modified adsorbents in literature determined by Langmuir model
Precursors Modification methods q0 (mg/g) Conditions
Carbon nanotube sheets [46] HNO3 117.65 7.0
Nanotube [47] - 097.08 5.0
Mesoporous carbon [48] HNO3 94.0 5.0
SBA-15 [49] -SH 173.00 6.0

Coconut-based activated carbon [50] H2O2 028.46 4.3-4.7
HNO3 040.12 3.2-3.6

Sisal ACF [present work]
- 075.24 5.5
HNO3 193.42 5.5
HNO3 and -SH 209.21 5.5

Fig. 5. The comparison between the experimental data and predictions from the HSDM model.
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face of the adsorbent is homogeneous and absorbent can be equiva-
lent to spherical particle; b) Intra-particle diffusion is controlled by
surface diffusion; c) the liquid film mass transfer is denoted by the
linear driving force; d) the mass transfer on the solid-liquid inter-
face is continuous; e) equilibrium state of the adsorption process
on solid-liquid interface is instantaneous achieved; and f) adsorp-
tion system is operated under constant temperature [56].

According to the second Fick Law, the adsorption rate of Pb(II)
ions by the samples can be expressed as:

(7)

where q is the adsorption capacity at radius r and time t, mg/g; Ds

is the surface diffusion coefficient, m2/s.
The driving force is described as:

(8)

where kf is the liquid-film coefficient of mass transfer, m/s; ρ is the
apparent density, kg/m3;  is the average adsorption capacity in the
granule at time t, mg/g; Cs is the concentration on the surface of
liquid-solid at time t, mg/L; ap is the ratio of the surface area and

volume, m−1.
The boundary conditions are:

(9)

(10)

The initial condition is:

(11)

The relationship between  and q can be calculated as:

(12)

The correlation coefficient is estimated as:

(13)

The Biot number is determined as [57]:

(14)

∂q
∂t
------ = 

1
r2
----

∂
∂r
----- r2Ds

∂q
∂r
------

⎝ ⎠
⎛ ⎞

ρ
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Fig. 6. Distribution of the calculated diffusion coefficient (Ds), mass transfer parameter (kf) and Biot number against the initial Pb(II) con-
centration for the ACF, ACF-O and ACF-S samples.
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Eqs. (9)-(14) can be solved by the software Matlab. The Ds and kf

can be calculated while the correlation coefficient reaches the maxi-
mum value. It can be found that the prediction from HSDM fits
the experiment data very well (Fig. 5). The surface diffusion coef-
ficient (Ds) is linearly increased with the initial concentration of
Pb(II) ions (Fig. 6(a)), giving the correlation coefficient as 0.9631,
0.9375 and 0.9633 for ACF, ACF-O and ACF-S, respectively. The
liquid-film coefficient of mass transfer (kf) is also linearly increased
with the initial concentration of Pb(II) ions (Fig. 6(b)), giving the
correlation coefficient as 0.8589, 0.9141 and 0.9175 accordingly.
This indicates that the ability of adsorbate imigrating from bulk
solution towards the adsorbent can be substantially enhanced with
the increase of Pb(II) ions initial concentration.

The predicted magnitude of Biot number calculated through
Eq. (14) is first decreased with the initial Pb(II) concentration and
then increased to different extent for the ACF, ACF-O and ACF-S
samples. If the Biot number is less than 1, the adsorption process is
limited by film mass transfer. While if the Biot number is between
1 and 100, the surface diffusion and film mass transfer both play an
important role in the adsorption process. Otherwise, the adsorption
process is prominently controlled by the surface diffusion [58]. The
Biot numbers of ACF, ACF-O and ACF-S samples are all between 1
and 100 (Fig. 6(c)), confirming that the adsorption process of Pb(II)
ions by the samples is limited by both the surface diffusion and film
mass transfer. The Biot number for ACF-S sample is higher than
that of ACF and ACF-O under different Pb(II) ions initial concen-
trations, suggesting that adsorption process of ACF-S is largely lim-
ited by the surface diffusion over that of the other two samples.

CONCLUSIONS

The integrated technology of microwave-assisted nitric-acid oxi-
dation and thioglycolic-acid vulcanization was developed and applied
for the modification of sisal-based activated carbonaceous fiber
(ACF). The optimum condition for the microwave-assisted nitric-
acid oxidation process was determined regarding the maximum
adsorption capacity of Pb(II) ions: concentration of nitric acid as
9.5 mol/L, modification time as 15 min, modification temperature
as 150 oC and microwave power as 800 W. The physico-chemical
properties of ACF sample were greatly improved through the mod-
ification process, such as the micro-pore distribution, the content
of oxygen-contained acidic/polar functional groups and thiol-func-
tional groups on surface. The maximum adsorption capacity of
Pb(II) by the modified ACF samples was substantially increased to
200 mg/g (193.42 mg/g for ACF-O and 209.21 mg/g for ACF-S),
compared to that of 75.24 mg/g for the original ACF sample. The
adsorption process of Pb(II) ions by the original and modified
ACF samples can be well fitted by Freundlich isothermal model. The
Biot number calculated from the homogeneous surface diffusion
model (HSDM) was between 1 and 100 for the original and modi-
fied ACF samples, suggesting that the adsorption process of Pb(II)
ions is limited by both the surface diffusion and film mass transfer.
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EXPERIMENTS

Orthogonal Test:
Two significant parameters of Kij and Ri are analyzed in a range

analysis. Kij is defined as the sum of the experimental indexes of
all levels of factor i. The kij is the mean value of Kij for estimating

optimal level. The optimal level of each factor is the largest value of
Kij. Ri is the range between the maximum and minimum value of
kij and the largest Ri implies the greatest importance of the factor i.
The calculation of factor A is shown in Eq. (S1)-(S5):

KA1=ZA1+ZA2+ZA3+ZA4 (S1)

Fig. S1. Gaussian fitting for the G and Di band on Raman spectrum of ACF, ACF-O and ACF-S samples.
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KA2=ZA5+ZA6+ZA7+ZA8 (S2)

KA3=ZA9+ZA10+ZA11+ZA12 (S3)

kA1=KA1/4; kA2=KA2/4; kA3=KA3/4; kA4=KA4/4 (S4)

RA=max(kAj)−min(kAj) (S5)

where ZAj is the value of adsorption capacity for the experiment j.
The optimal condition can be obtained by the range analysis, but

the method cannot determine whether the variation of data is caused
by experimental factors or errors. Due to the restriction of range
analysis, the variance analysis is necessary to be employed for con-
firming the data analysis.

The sum of square deviation for each factor (SSi) is shown in
Eq. (S6)

(S6)

In the similar way, the sum of square deviation of error (SSe) is
shown in Eq. (S7)

(S7)

The variance of each factor and error can be expressed as Eq. (S8)-
(S10)

MSi=SSi/df=SSi/3 (i=A, B, C, D) (S8)

MSe=SSi/df=SSe/3 (S9)

Therefore, the F value for each factor i is determined as:

Fi=MSi/MSe (S10)

Fa(fi, fe) is defined as the critical value of F-test. If Fi is larger than
F0.01, the effect of factor is highly significant. If the Fi ratio is be-
tween F0.01 and F0.05, the factor effect is significant. Otherwise, the
effect of factor is not significant.

Raman Analysis:
The parameters of J and Cs in Eq. (S11) and Eq. (S12) is em-

ployed to characterize the chaos and graphite crystal size. MDi and
MG are the peak area ratio of Di band and G band, calculated by
Gaussian peak fitting function.

Ji=MDi/MG Jt=MDt/MG (S11)

Cs=44/Jt (S12)

SSi = 
1
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Fig. S2. Effect of pH value on Pb(II) ions species determined by
Visual MINTEQ (the concentration of Pb ions is set as 100
mg/L).
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