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a b s t r a c t

Two series of activated carbons were prepared from Spartina alterniflora and from its anaerobically
digested residue by H3PO4 activation at various process conditions, and used as adsorbents for the removal
of cadmium (II) in aqueous solutions. The surface areas and pore volumes of carbons were derived from
adsorption isotherms (N2 at 77 K). The surface chemistry of carbons was investigated by infrared spec-
vailable online 15 January 2011

eywords:
ctivated carbon
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admium (II)

troscopy. Comparison study indicated that physicochemical properties of the activated carbons were
strongly dependent not only on activation conditions but also on biopolymer contents of precursors. Sev-
eral isotherm models were investigated and the adsorption isotherm data were best represented by the
Langmuir isotherm model, with a maximum monolayer adsorption capacity of 47.85 mg/g at 25 ◦C. The
results showed that the activated carbon produced from S. alterniflora could be employed as a promising

admi
sotherm
partina alterniflora

adsorbent for removing c

. Introduction

Contamination of heavy metals in our water supplies has
teadily increased over the last few years as a result of over-
opulation and rapid industrialization. Cadmium is an important
recursor used as an intermediate in processing industries such as
melting, Cd–Ni batteries, oil paint, mining pigments, stabilizer and
lloy manufacturing [1]. However, the presence of cadmium (II) in
ater, even at very low concentrations, is extremely harmful to

he aquatic environment and human health in terms of muscular
ramps, chronic pulmonary problems, renal degradation, protein-
ria, skeletal deformity, muscular cramps and testicular atrophy
2]. Therefore it has been listed as one of the priority contaminants
n water for removal in many countries, including China.

Physical and chemical treatment technologies such as chemical
recipitation, membrane filtration, ion exchange, carbon adsorp-
ion and coprecipitation/adsorption have been extensively studied
o remove cadmium (II) from industrial wastewaters. Among these
echniques, adsorption is commonly used because of its relatively

asy process and high efficiency. Activated carbon has been widely
sed as adsorbent material due to its extensive surface area, high
egree of surface reactivity, and adaptable pore size distribution.
urthermore, there are a few reports that activated carbons pre-

∗ Corresponding author. Tel.: +86 21 65642948; fax: +86 21 65642948.
E-mail address: zzhenghj@fudan.edu.cn (Z. Zheng).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.01.041
um (II) from aqueous solutions.
© 2011 Elsevier B.V. All rights reserved.

pared by H3PO4 activation exhibit remarkable cation-exchange
capacities [3], which made them useful for the removal of heavy
metals from aqueous solutions. Activated carbon from cheaper and
readily available resources, most of which are agricultural, domes-
tic, industrial wastes; such as olive stone [4], sawdust [5], rice hull
[6], plant biomass [7], Phragmites australi [8], etc, have been suc-
cessfully employed.

Spartina alterniflora, a salt marsh plant native to coastal states of
the eastern and southern U.S., was introduced into China in 1979
for erosion control [9], and it has been expanding rapidly in inter-
tidal flats of many regions of China ever since. It now covers a total
area of about 112,000 ha, and is spread from Tianjin City (117.20◦E,
39.13◦N) in the north to Guangxi Province (109.12◦E, 21.49◦N) in
the south [10]. The mono-dominant community of S. alterniflora
accounted for almost one quarter of the total area of intertidal salt
marshes in Shanghai by 2005 [11]. For Jiangsu Province (the total
length of the coastline being 954 km), the S. alterniflora marshes,
with a width up to more than 4 km, are distributed over a sec-
tion of 410 km coastlines [10,12]. However, evidence has been
recently reported that S. alterniflora may out-compete native plants,
threaten the native ecosystems and coastal aquaculture, and cause
declines in native species richness [13]. Due to its extensive inva-

sion and replacement of native wetland vegetation, S. alterniflora
is considered as a bioinvasive species by the State Environmen-
tal Protection Administration of China [14]. In recent years, efforts
have been made to use S. alterniflora, such as biogas production,
feeding livestock, fertilizing soils, extracting the biomineral liquid

dx.doi.org/10.1016/j.jhazmat.2011.01.041
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zzhenghj@fudan.edu.cn
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ith a number of health functions [15], and so on. Considering
ts plentiful, renewable supply and favorable lignocellulosic nature
16], activated carbon production may be one promising method
f using S. alterniflora from both multipurpose use of wastes and
nvironmental pollution prevention.

The object of this study is to investigate the potential feasi-
ility of activated carbon from S. alterniflora for the adsorption of
admium (II). Anaerobically digested residue of S. alterniflora was
hosen as another precursor for comparison under identical exper-
mental conditions, since it’s the same species with S. alterniflora
ut had different biopolymer contents. It was used as a refer-
nce for same type materials in assessing the viability of other
aterials for activated carbon production. The effects of the com-

osition of lignocellulosic precursors and the activation conditions
the impregnation ratio between H3PO4 and precursors and activa-
ion temperature) on the physicochemical properties of the carbons
btained were studied. The best combination of operating condi-
ions to prepare activated carbons for cadmium (II) adsorption was
dentified. The different models were applied to fit the experimen-
al data and the equilibrium data were analyzed so that we can
nderstand the adsorption mechanism.

. Materials and methods

.1. Materials used and sample preparation

S. alterniflora (SA) and anaerobically digested residue of S.
lterniflora (ADSA) were used. SA was collected from a S. alterniflora
lain muddy salt marsh in Yancheng city, Jiangsu Province, China.
DSA was prepared by anaerobic digestion of SA at a constant tem-
erature of 35 ◦C for 60 days. At first, the precursors were washed
horoughly with water to remove foreign materials such as mud
nd salt, and then ground in a laboratory mill, dried at 120 ◦C in an
ven for 24 h and sieved to a uniform particle size (120 mesh) for
ctivation. Laboratory grade H3PO4 was used as activating agent.
he process of preparing activated carbons from SA and ADSA can
e divided into the following three stages:

(i) Acid-washing. Prior to impregnation with H3PO4, the precur-
sors were washed with 1% (w/w) H2SO4 aqueous solution
followed by deionized water at 25 ◦C and dried at 120 ◦C in
an oven to 12 h.

(ii) Activation. The precursors were impregnated with H3PO4 and
water at various ratios. The impregnation ratio (r = mass of
H3PO4 relative to that of dried precursors) was varied from
0.5 to 3.0. The impregnated precursors were dried for 24 h
at 105 ◦C in an oven and then heated to different activation
temperatures in an electrically heated, horizontal-tube furnace
with a ramp rate of 5 ◦C/min. Different activation temperatures
within the 400–700 ◦C range were investigated. After reaching
the preset activation temperature, the mixtures were cooled
down to room temperature inside the furnace. All activation
steps were carried out under N2 atmosphere with a flow rate
of 100 ml/min.

iii) Washing and drying. After being cooled to room temperature,
the activation mixtures were washed several times with hot
deionized water until neutral pH. Then the sample was dried
at 105 ◦C in an oven for 24 h. The final weight of dry sample was

recorded to determine product yield (Y% = weight of activated
product relative to the initial precursor weight). The losses
accumulating for ADSA at the anaerobic digestion has not been
taken into account. The sample was ground and sieved to a
uniform particle size (200 mesh) for further measurements.
Materials 188 (2011) 29–36

The carbon samples were identified with a SA/ADSA followed
by two numbers indicating the impregnation ratio and the activa-
tion temperature (◦C). Thus, the sample SA-1-500 and ADSA-1-500
correspond to the activated carbons prepared from SA and ADSA at
r = 1.0 and 500 ◦C activation temperature, respectively.

2.2. Activated carbon characterization

Morphological characterization of the activated carbon was car-
ried out by N2 adsorption at 77 K using a Micrometritics ASAP-2020
Surface Analyzer in the relative pressure range of 0.01–1. The
Brunauer–Emmett–Teller (BET) surface areas (SBET) were calcu-
lated from the N2 adsorption isotherms using the BET equation [17];
micropore volume (Vmi) and micropore specific surface area (Smi)
were obtained using the t-plots method [18]; mesopore volume
(Vmeso) and mesopore specific surface area (Smeso) were determined
by the Barrett–Joyner–Halenda (BJH) model. The total pore vol-
ume (VT) was obtained from the amount of nitrogen adsorbed at
a relative pressure around 0.98. A batch equilibrium method for
determination of the point of zero charge (pHPZC) was proposed by
one of the authors [19].

The surface functional groups of samples were identified by
transmission infrared spectra obtained from a Fourier transform
spectrophotometer (Nicolet Model Nexus 870, USA) using pellets of
KBr containing about 0.5% finely ground activated carbon samples.
These pellets were dried overnight at 120 ◦C before the spectra were
recorded and the spectra were the result of averaging 60 scans with
a spectral resolution of 2 cm−1 with the range of 400–4000 cm−1.

2.3. Adsorption experiments

All cadmium cation stock solutions were prepared from
Cd(NO3)2 (Nanjing Chemical Reagent Co., China) at a concentration
of 1000 mg/L. Experimental solutions at the desired concentration
were then obtained by successive dilutions. In the batch studies,
the adsorption experiments were carried out by adding 0.1 g of
activated carbon to 100 ml of Cd (NO3)2 solutions at known concen-
tration (5–100 mg/L) and pH (2–10) in a 250 ml stoppered bottles
placed in a thermostated shaker for 24 h at 25 ◦C. At the end of
each step, the supernatant liquids were filtered and the resid-
ual cadmium concentrations were measured by atomic absorption
spectrophotometer (SOLAAR M6, Thermo) at 228.8 nm wavelength.
The amount of metal ion adsorbed per unit mass of adsorbent
at equilibrium (qe) was calculated using the following equation:
qe = (C0–Ce) V/W, where C0 and Ce are the initial and equilibrium
liquid-phase concentrations of metal ions, respectively (mg/L); V is
the volume of the solution (L), and W is the mass of the adsorbent
(g).

3. Results and discussion

The results of proximate/ultimate analyses and biopolymer con-
tent determination for precursors are given in Table 1. It can be
found that both precursors are typical lignocellulosic materials,
and the cellulose, hemicelluloses and lignin contents account for
74.37% and 78.70% for SA and ADSA’s gross quantity, respectively.
The ash content of both precursors is similar; however, they dif-
fer in biopolymer composition. The relative content of lignin in SA
increased compared with that of cellulose and hemicelluloses after
anaerobic digestion [20]. Compared to SA, ADSA contains much

higher amount of lignin and slightly lower amount of cellulose
and hemicelluloses. It is known that the biopolymer composition
of precursors has an essential influence on the product yield [21],
the development of porosity [22] and also the surface functional
groups of samples [23].
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Table 1
Composition of precursors used.

SA ADSA

Ash (db, wt%) 6.78 6.35
Ultimate analysis (db, wt%)
C 46.70 49.22
H 6.10 6.49
O 42.30 37.36
N 0.15 0.59
Biopolymer content (wt%)
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Cellulose 38.00 35.00
Hemicellulose 27.20 20.00
Lignin 9.17 23.70

.1. Product yield of the activated carbons

Product yield is an important parameter of the feasibility of
reparing activated carbon from a given precursor. The yield values
f SA fall within a relatively narrow range of 41.85–45.50%. Results
ndicate that at fixed activation temperature, the product yield of
DSA is nearly 10–15% higher than SA. This difference could be
ttributed to the lignocellulosic composition of the materials as it is
ommonly accepted that the product yield depends on the content
f lignin [21]. Higher lignin content results in higher char yield.

.2. Characterization of the activated carbons

.2.1. Surface area and pore structural characterization analysis
f the activated carbons
.2.1.1. The effect of impregnation ratio between H3PO4 and pre-
ursor. A comparison result of pore structure characterization
btained from nitrogen adsorption isotherms for samples prepared
rom SA and ADSA at 500 ◦C is shown as a function of impregnation
atio in Fig. 1. It clearly shows that the impregnation ratio affects
ignificantly on the surface area and pore volume. The BET surface
reas of carbons produced from SA and ADSA reached a maximum
t an impregnation ratio of approximately 1.0 and 2.0, respectively.
urther increases in impregnation ratio, resulted in a decrease in
he BET surface area of carbons (Fig. 1a). A similar trend is observed
or the mesopore Smeso while the mesopore surface area from ADSA
ncreased rapidly, and then showed a decrease trend. For carbons
rom SA, the micropore specific surface area decreased across the
ntire range of impregnation ratio explored in this study; while
hat of carbons from ADSA increased slightly, and then decreased
bviously.

As shown in Fig. 1b, with the increasing impregnation ratio,
oth total and mesopore volumes of the activated carbons from
A increase while the volumes of microporosity decrease consid-
rably. This can be attributed to the intensified structure dilation
hich appears to occur as larger amount of acid is incorporated

nto the SA resulting in widening the existing pores [24]. How-
ver, for the carbons from ADSA, both total and mesopore volume
eached a maximum at an impregnation ratio of approximately 2.0,
nd then decreased. Moreover, at any impregnation ratio, the total
nd mesopore volume in SA is always higher than the amount in
DSA, and the difference is more pronounced at higher impreg-
ation ratio. This observation could be explained by the different
eactivity when the precursors with different biopolymer compo-
itions are subjected to acidic conditions.

Experimental results suggest that both biopolymer composition
f precursor and impregnation ratio can be used as independent
ariables in the control of the porosity of carbon products.
.2.1.2. The effect of activation temperature. The surface areas and
ore volumes of carbons produced at different activation temper-
tures using an impregnation ratio of 1.0 are summarized in Fig. 2.
Fig. 1. Effect of impregnation ratio on surface area (a) and pore structure (b) of
carbons produced from SA and ADSA by H3PO4 activation at activation temperature
500 ◦C.

Activation proceeds at relatively low temperature, with a consid-
erable development of BET surface area. Especially, for carbons
from SA (Fig. 2a), the maximum surface area more than 1339 m2/g
at an impregnation ratio of 1.0 reached at 400 ◦C. With increas-
ing carbonization temperature from 400 to 700 ◦C, the BET surface
area and total pore volume decrease. For carbons from ADSA, the
BET surface area reaches a maximum value close to 1152 m2/g at
around 500 ◦C and then decreases slowly with further increase in
activation temperature. These same results were reported by other
researchers [25], suggesting that during the chemical activation
of lignocellulosic precursors, the phosphoric acid forms phosphate
and polyphosphate bridges that connect the biopolymer fragments
avoiding contraction of the material by the effects of the temper-
ature. These phosphate and polyphosphate bridges are thermally
unstable above 450 ◦C, leading to a decrease in porosity by con-
traction of the char. Compared to SA, the ADSA is characterized
by slightly lower content of cellulose and considerable higher con-
tent of lignin. The activated carbons prepared from SA are more
mesoporous in their nature than those from ADSA across the entire
activation temperature range investigated in this study, indicating
that cellulose is responsible for the development of mesoporosity

[26]. At activation temperatures above 500 ◦C, the micropore vol-
ume of carbon from ADSA was little higher than that of carbon from
the SA with relatively lower lignin content (Fig. 2b). This can result
from the higher content of lignin in ADSA [23]. Thus, a significant
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ig. 2. Effect of activation temperature on surface area (a) and pore structure (b) of
arbons produced from SA and ADSA by H3PO4 activation at impregnation ratio of
.0.

ffect of the activation temperature on the porous structure for acti-
ated carbons is obvious. In addition, under the same preparation
onditions, the precursor with different biopolymer compositions
ill affect both surface area and pore volume.

.2.2. Functional group analysis of the activated carbons

.2.2.1. The effect of impregnation ratio. FTIR spectra of carbon
roducts prepared from SA and ADSA with different impregnation
atios at 500 ◦C are illustrated in Fig. 3. All the spectra exhibit a
trong band at 1570 cm−1 due to combined stretching vibrations of
onjugated C O group and aromatic rings [25]. The carbon obtained
cross the entire impregnation ratio range investigated in this study
hows a small peak at 1710 cm−1 characteristic of the C O stretch-
ng vibration in ketones, aldehydes, lactones and carboxyl groups
23]. The small intensity of this peak suggests a relatively low con-
ent of carboxylic groups as compared to other oxygen groups of
arbon adsorbents. The strong bands located around 1170 cm−1

an be attributed to the stretching vibration of hydrogen-bonded

O groups from phosphates or polyphosphates, the O–C stretch-

ng vibration in the P–O–C(aromatic) linkage, and P OOH [25]. With
n increase in impregnation ratio from 1.0 to 3.0, the relative inten-
ity at band 1170 cm−1 increases. This indicates the density change
f phosphorus-containing groups.
wavenumber,cm

Fig. 3. FTIR spectra of carbons prepared from SA (a) and ADSA (b) with different
impregnation ratios at activation temperature 500 ◦C.

For carbons prepared from SA (Fig. 3a) at the impregnation
ratios of 0.5 and 1.0, similar FTIR spectra were obtained. The
FTIR spectra of carbons show small changes at 1710 cm−1 band
and 1570 cm−1 band with different impregnation ratios. This indi-
cates that C O band of diketones, keto-esters, keto-enol structures
did not change much at different impregnation ratios [27]. The
band around 1450 cm−1 can be attributed to C–H stretch. Increase
in the impregnation ratio does not have an apparent impact
on the formation of related groups. When impregnation ratio is
increased from 1.0 to 3.0, the band around 900 cm−1 together
with 760 cm−1 appears, which could be attributed to a increase in
phosphorous-containing groups [28]. As shown in Fig. 3b, the rel-
ative intensity of band at 1710 cm−1 attributed to carbonyl groups
is weak, demonstrating that the content of carboxylic groups and
other carbonyl-containing groups is low. Overall, the spectra indi-
cate that the relative intensity band around 1170 cm−1 caused by

phosphorus-containing groups is higher compared to that of band
contributed by carbonyl groups (1710 cm−1), and its functionality
with impregnation ratio is clear.

Comparing the FTIR spectra of carbons from different precur-
sors at the same impregnation ratio, one of the most significant
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3.3.1. Cadmium (II) adsorption isotherms
ig. 4. FTIR spectra of carbons prepared from SA (a) and ADSA (b) at different acti-
ation temperatures with impregnation ratio of 1.0.

ifferences observed in the spectra of carbons prepared from SA
nd ADSA was the relative intensity of band around 500 cm−1

ogether with 1170 cm−1 caused by phosphorus-containing groups.
t can be seen that the formation of phosphorus-containing groups
ccurs much more readily on activated carbons from ADSA than
A. This demonstrates the critical effect of precursor on the sur-
ace chemistry properties of carbon products. The FTIR spectra of
arbons prepared with different impregnation ratios also indicates
hat higher impregnation ratio aids in the formation of phosphorus-
ontaining groups.

.2.2.2. The effect of activation temperature. FTIR analysis results of
arbons prepared from SA and ADSA with an impregnation ratio
f 1.0 at various activation temperatures are give in Fig. 4. With
n increase of activation temperature to 700 ◦C, the FTIR spec-
ra of carbons from SA and ADSA show a number of changes:
he relative intensity of bands around 1710 cm−1, 1570 cm−1 and

450 cm−1 shows a decrease compared to that at 400 ◦C, a sign of
he decomposition or removal of carbonyl-containing groups and
ydroxyl-containing groups; the relative intensity increase of band
t 1170 cm−1, the appearance of a new band around 1040 cm−1
Fig. 5. Adsorption isotherms of cadmium (II) (25 ◦C) on carbons prepared from SA
and ADSA at different activation temperatures (a) and different impregnation ratios
(b).

of which the relative intensity increases with activation temper-
ature for ADSA. The peak at 1040 cm−1 could be due to P+–O− in
acid phosphate esters and to the stretching vibrations in polyphos-
phate chain P–O–P [28]. This indicates that at least some of the
formed carbon–oxygen groups decomposed at high temperatures
accompanying the increase of phosphorus-containing groups.

Compared with SA (Fig. 4a), for carbons from ADSA, the rel-
ative intensities of the bands around 500 cm−1, 1040 cm−1 and
1170 cm−1 displayed a trend of increase with the change of acti-
vation temperature from 400 to 700 ◦C (Fig. 4b). This indicates
that further increase in the activation temperature has an appar-
ent impact on the formation of phosphorus-containing groups of
activated carbons from ADSA, while that of SA is not obvious. Thus,
the FTIR spectra of carbons prepared with different activation tem-
peratures indicate that higher activation temperature is preferable
for the formation of phosphorus-containing groups, especially for
carbons from ADSA.

3.3. Adsorption results
The adsorption isotherms obtained at 25 ◦C for cadmium (II)
with the prepared activated carbons are shown in Fig. 5. The dif-
ferences observed on the adsorption capacities of these carbons
cannot be explained from their different BET surface areas. The
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Table 2
Isotherm models adopted in this work and their parameters.

Isotherms Equations Parameters

Langmuir Ce/qe = Ce/qm + 1/(qmK) qe: equilibrium
adsorption capacity
(mg/g)
Ce: equilibrium liquid
phase concentration
(mg/L)
qm: the maximum
adsorption capacity
(mg/g)
K: constant of
Langmuir (L/mg)

Freundlich log qe = log KF + 1/n log Ce KF: the Freundlich
constant for a
heterogeneous
adsorbent (L/mg)
1/n: the heterogeneity
factor

Dubinin–Radushkevich ln qe = ln qm − kε2

ε = [RT ln(1 + (1/Ce))]
E = (2k)−0.5

k: constant related to
the adsorption energy
(mol2/kJ2)
ε: Polanyi potential
R: the gas constant
(kJ/mol K)

T
I
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dsorption capacity of ADSA-1-700 was greater than SA-1-400
espite the reduction in surface area of the former. Moreover, the
A-1-400 sample, which has the highest BET surface area, yields
he lowest capacity. This may indicate that cadmium (II) adsorp-
ion is related to the chemistry of the carbon surface rather than
he morphological properties.

It seems that relatively higher activation temperature is more
fficient in producing sorbents with high potentiality for heavy
etal adsorption. The observed increase in the uptake capacity of

ctivated carbons by increasing the activation temperature of the
amples activated within 400–700 ◦C could be attributed to the pos-
ible increase in the amount of PO4

3− that may formed and retained
n their surfaces [29]. The shapes of the isotherms (Fig. 5a) suggest
hat for the sample SA-1-700, and to a lesser extent for sample SA-
-600, there are high energy adsorption sites that lead to strong
dsorption at low equilibrium concentrations. In addition, the cad-
ium (II) adsorption capacity of carbons from ADSA is much lower

han SA. This indicated that the biopolymer composition of pre-
ursors has an essential influence on the adsorption capacity for
emoval of cadmium (II).

The relative adsorption capacity of the carbons prepared from
A and ADSA at different impregnation ratios are shown in Fig. 5b. It
s obvious that high impregnation has an adverse effect on the cad-

ium (II) adsorption capacity of the activated carbons. This can be
xplained with the lower active centers contribute in cadmium (II)
dsorption with higher impregnation ratio. As impregnation ratio
ncreases, more phosphoric acid is incorporated into the skeleton
f the precursor, and the active centers on the surface of carbons
re likely to increase.

To understand the adsorption patterns, the experimental results
ere fitted with three popular adsorption models: Langmuir, Fre-
ndlich and Dubinin–Radushkevich models. Isotherm equations
re given in Table 2, the values of the parameters and the correlation
oefficients are listed in Table 3.

It is well known that the Langmuir model is usually used with an
deal assumption of a monolayer adsorption surface; the Freundlich

odel is usually derived to model the multilayer adsorption and
or the adsorption on heterogeneous surface. The correlation coef-
cients (R2) (Table 3) show that both the Freundlich and the
angmuir models can be used to fit the data and estimate model
arameters, but the overall data are better fitted by Langmuir

sotherm in describing the adsorption of cadmium (II) onto acti-
ated carbons. It is revealed that the energy distribution for the

dsorption sites on activated carbons was of essentially a uniform
ype, rather than of the exponential type. Furthermore, the values
f Freundlich constant n were found to be greater than 1 for all
amples, indicating a favorable adsorption [30]. As to the values
f qm, they increased with the increase of the activation temper-

able 3
sotherms fitting parameters (25 ◦C).

Adsorbent Langmuir Freundlich

qm K R2 KF n

SA-1-400 12.36 0.09 0.8892 3.32 3.7
SA-1-500 28.74 0.82 0.9968 12.69 4.1
SA-1-600 40.73 1.25 0.9991 17.42 4.2
SA-1-700 47.85 0.95 0.9984 20.49 4.2
SA-0.5-500 22.08 0.36 0.9819 9.36 4.7
SA-2-500 22.40 0.34 0.9773 9.12 4.4
SA-3-500 13.09 0.13 0.9723 3.83 3.7

ADSA-1-400 9.28 0.14 0.9937 2.54 3.4
ADSA-1-500 18.52 0.21 0.9944 6.13 3.9
ADSA-1-600 28.57 0.46 0.9977 11.16 4.1
ADSA-1-700 38.91 0.72 0.9979 17.30 4.5
ADSA-0.5-500 22.22 0.05 0.9617 2.30 2.0
ADSA-2-500 14.64 0.53 0.9988 7.00 5.2
ADSA-3-500 12.45 0.07 0.9863 1.89 2.5
T: absolute
temperature (K)
E: mean free energy of
adsorption (kJ/mol)

ature from 400 to 700 ◦C. From Table 2, the maximum adsorption
capacity of cadmium (II) onto SA-1-700 was more than 47 mg/g.
The adsorption capacities of cadmium (II) on other adsorbents
such as ADSA-1-700, SA-3-500, and ADSA-1-400 were found to be
38.91, 13.09 and 9.28 mg/g, respectively. When compared to these
adsorbents, SA-1-700 had the largest capacity for the removal of
cadmium (II). In additional, we compared maximum adsorption
capacities obtained in this study with some other adsorbents listed
in Table 4. It was suggested that SA-1-700 was an effective adsor-
bent for the purification of wastewater containing cadmium (II).

Langmuir and Freundlich isotherms do not give any idea about
the adsorption mechanism. Dubinin–Radushkevich (D–R) isotherm
describes adsorption on a single type of uniform pores. In this
respect, it is more general than Langmuir and Freundlich isotherms
because it assumes that only a small fraction of the surface is uni-
form in structure and energetically homogeneous while those of

Langmuir and Freundlich are based on complete homogeneity of
the entire surface which is an over-simplification. E (mean free
energy of adsorption) (Table 2) is useful for estimating the type
of adsorption process. If its values are between 8 and 16 kJ/mol,
the adsorption process can be explained by ion exchange [36].

D–R

R2 qm k E R2

6 0.7867 9.41 0.0088 7.53 0.5859
7 0.9645 28.87 0.0048 10.22 0.9943
5 0.8525 43.31 0.0052 9.80 0.9591
4 0.8311 49.83 0.0049 10.13 0.9218
0 0.9915 19.83 0.0045 10.59 0.9421
4 0.9870 20.38 0.0050 10.04 0.9556
3 0.9310 10.85 0.0083 7.78 0.7676

3 0.9367 8.95 0.0129 6.22 0.9681
7 0.9845 16.78 0.0077 8.07 0.9409
5 0.9796 27.04 0.0053 9.76 0.9575
4 0.9888 35.98 0.0037 11.69 0.9612
9 0.9817 16.86 0.0187 5.17 0.9023
2 0.8993 14.61 0.0056 9.43 0.9618
2 0.9549 10.29 0.0169 5.44 0.8705
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Table 4
Adsorption capacities for cadmium (II) using different low-cost adsorbents.

Adsorbent Adsorption capacity (mg/g) Reference

Olive stone carbon 1.851 [1]
Phaseolus aureus hull carbon 15.7 [31]
Ceiba pentandra hull carbon 19.5 [32]
Jordanian olive cake carbon 21 [33]

I
a
m
p
t
a
t
o
l
S
a
(

F
S
r

Apricot stone carbon 33.57 [34]
Bagasse carbon 38.03 [35]
SA-1-700 47.85 Present study

n this study, E values of the activated carbons fall within a rel-
tively wide range of 5.17–11.69 kJ/mol (Table 3). Therefore, the
ain adsorption mechanism of cadmium (II) on activated carbons

repared from different precursors at various activation condi-
ions could be different. An ion-exchange process alone does not
ppear sufficient to understand the trend observed on the adsorp-
ion capacities for all of the adsorbents. These results indicate that
ther types of interactions, besides ion exchange, must be estab-
ished in the adsorption of cadmium (II). Among the earlier efforts,

ánchez-Polo and Rivera-Utrilla [37] found that electrostatic inter-
ctions also play an important role in the mechanism of cadmium
II) adsorption, especially on acidic carbons.
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ig. 6. Effect of the pH on the removal of cadmium (II) onto carbons prepared from
A and ADSA at different activation temperatures (a) and different impregnation
atios (b).
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3.3.2. The effect of pH on adsorption process
The pH of a solution is one of the parameters with the greatest

influence on the adsorption of metal ions by activated carbon. To
investigate its effect on cadmium (II) adsorption, experiments were
conducted with pH ranging from 2 to 10. The results obtained for
adsorbents are shown in Fig. 6. It is obvious from the figure that at
pH 2, the amount of cadmium (II) adsorbed on the activated car-
bons was very low, possibly because of the high concentration of
protons in solution that restricts the exchange between the cad-
mium (II) species and the protons on the carbon surface [38]. In
addition, when the solution pH was around 2, the net charge on the
surface of activated carbons was positive since the pHPZC was found
to be 2.50–3.25. At pH < pHPZC, the positively charged cadmium
species may be repelled by the positively charged carbon surface
molecules and results in a low cadmium (II) equilibrium adsorp-
tion capacity cadmium (II) [39]. With the increase of solution pH,
the H+ on the surface sites and positive surface charge of activated
carbons decreased. Hence, the electrostatic repulsions decreased
rapidly with the solution pH increasing from 2 to 4, which caused
the increase of cadmium (II) adsorption amount. When the solu-
tion pH was higher than 4, the surface of activated carbons was
negatively charged. As a result, electrostatic attractions between
the adsorbent and the cadmium (II) occurred. It is evidently that
the carbon is effective for the maximum removal of cadmium (II)
over the pH range 4–8. At pH > 8 precipitation of cadmium (II) may
take place and continues to increase with further increase of pH.

4. Conclusions

The activated carbon prepared from S. alterniflora is identified
to be an effective adsorbent for the removal of cadmium (II) from
aqueous solutions, while carbons prepared from ADSA show lower
wastewater treatment potential. Both the composition of lignocel-
lulosic precursor and the activation conditions have an important
effect on the activated carbon products in terms of physicochem-
ical properties and adsorption capacities. An impregnation ratio
and an activation temperature around 1.0 and 700 ◦C, respectively,
are recommended as the best combination of operating conditions
to prepare activated carbons for cadmium (II) adsorption. Adsorp-
tion results fit better with Langmuir isotherm which shows the
homogeneous characteristics of the adsorption sites on activated
carbons.
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