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ABSTRACT

A new hybrid material was prepared by loading the nanoscale iron oxide particles within
the pores of granular activated carbon (GAC-NSIO) and used as adsorbent to remove Cd(II)
in aqueous phase. The new material is characterized by the pH,,.,, TEM, XRD, BET, and
XPS analytical techniques to deduce the potential adsorptive mechanism, and further it
along with GAC were assessed in the removal of Cd(II) from aqueous solution for various
physico-chemical factors iron-loaded content, pH, humic acid, isotherm, kinetics, and ther-
modynamics, under the batch reactor studies and rapid small-scale column tests also
appended dealing with the breakthrough volume. Characterization of adsorbent indicated
that the amorphous nanoscale iron oxides were successfully immobilized on GAC. Adsorp-
tion mechanism mainly included surface complexation, Donnan membrane effect, and elec-
trostatic attraction. The optimum iron-loaded content of GAC-NSIO was 17%. The
adsorption process was more favorable at high pH, and iron oxide was almost no leaching
(<0.25%) in the pH range of 3-6. Adsorption isotherm fitted well with Langmuir and Fre-
undlich models. And adsorption kinetics fitted well with pseudo-second-order and intrapar-
ticle diffusion models. Results indicated that loaded nanoscale iron oxides significantly
increased adsorption capacity of Cd(Il) though the adsorption rate declined slightly and the
adsorption process was endothermic. The maximum adsorptive capacity of GAC-NSIO
(7.84mg/g) increased by 700%, compared to that of GAC (0.98mg/g). The presence of
humic acid could greatly impact Cd(II) adsorption which promoted adsorption at low con-
centrations (1-10mg/L) and inhibited adsorption at high concentrations (10-300 mg/L).
Rapid small-scale column tests were conducted to obtain Cd(II) breakthrough profile. The
results corresponded well with those from batch tests. Results demonstrate that the
GAC-NSIO is a promising adsorbent for the removal of Cd(II) in contaminated water
environment.
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1. Introduction

With the rapid development of industrial activities,
massive toxic heavy metals were discharged into vari-
ous aqueous bodies, giving rise to critical environment
problems [1]. As an important heavy metal, cadmium
was usually found to be discharged from industries
such as cadmium plating, Ni-Cd batteries, copper
alloys, and paint pigment [2,3]. Cd(ID) is recognized as
a potential human carcinogen [4]. Long-term exposure
to Cd(I) could induce some serious diseases (osteo-
malacia, osteoporosis, renal dysfunction, or hormone
change) to human body even at lowlevel [5,6]. Permis-
sible limit of Cd(II) in drinking water recommended
by the USEPA was 0.005mg/L [7]. In 2006, China
established a maximum contamination level (MCL) of
0.005 mg/L for Cd(D).

Conventional treatment technologies for heavy
metals mainly include chemical precipitation [8], ion-
exchange [9], adsorption [10], membrane [11], flotation
[12], coagulation—flocculation [13], and electrochemical
methods [14]. Among these, adsorption process is fea-
tured by its easy setup, simple operation, low mainte-
nance cost, and many types of readily accessible cost-
effective adsorbents.

Recently, nanoscale iron (hydr)oxides have been
widely used as adsorbents for the removal of heavy
metals in aqueous environment. The utilization of iron
oxide nanomaterials as adsorption materials and phot-
ocatalysts have been received much attention as to
their special properties, such as extremely small size,
huge specific surface area, high surface energy, surface
modifiability, excellent magnetic performance, and
good compatibility [15-18]. However, they are very
fine and easy to form agglomeration thus are difficult
to implement in solid-liquid separate process, so their
engineering applicability is often limited [19]. It was
also difficult to employ them in a fixed bed or flow
through regime due to their low mechanical strength
and excessive pressure buildup. In order to improve
the application of nanoscale iron (hydr)oxides, it is an
innovative research point that impregnating them into
porous materials of bulk size to obtain hybrid adsor-
bents [15,20,21]. Granular activated carbon (GAC) as a
porous substance has some excellent merits of high
specific surface area, abundant chemical functional
groups, good mechanical strength, and acid-alkali
resistance and has been widely used for removal of
organic pollutants. Some scholars have researched the
utilization of GAC to remove heavy metals from aque-
ous solution, but it had only relatively small adsorp-
tion property and weak affinity for heavy metals [22].

In this study, GAC was investigated as the carrier
of nanoscale iron oxides. The goal was to take full
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advantages of both high affinity of nanoscale iron
oxides for heavy metals and the structure and chemi-
cal merits of GAC by impregnating nanoscale iron oxi-
des into GAC. And abundant pore structure and high
specific surface area of GAC have been proved to be
able to supply effective active sites for loading nano
particles [23]. Combination of nanoscale iron oxides
and GAC is considered to be a very potential orient
for adsorption of heavy metals. At present, many
researchers mainly focused on heavy metal anions
removal in aqueous, such as Cr(VI), AS(V) [24-27],
few literatures discussed on the removal of Cd(II), and
little was known on the adsorption capacity and
mechanism. The contents of this research were to pre-
pare and evaluate a new nanoscale iron oxides loaded
GAC for the removal of Cd(II). Adsorption isotherm,
kinetics, thermodynamics, and rapid small-scale col-
umns tests were carried out to test the adsorption
capacity, rate, energy of adsorption, and breakthrough
profile. The adsorption mechanism was discussed to
explain the adsorption phenomenon. The effects of
pH, iron content, and humic acid were also investi-
gated in details.

2. Materials and methods
2.1. Materials and chemicals

Coal-based GAC was obtained from Shanghai Xing
Chang Activated Carbon Co. Ltd, China. All chemicals
were of analytical grade without further purification
and were purchased from China Chemicals Inc. Milli-Q
element ultrapure water (18.2 Q, Millipore, Billerica,
MA, USA) was used throughout the experiment.

2.2. Preparation

The nanoscale iron oxides loaded granular acti-
vated carbon (GAC-NSIO) was synthesized according
to the method based on Chen and Li [28]. The prepa-
ration of GAC-NSIO consists of six steps: (1) The GAC
was ground and sieved to US mesh size 100 x 200,
which was added into boiled ultrapure water for 2h
and then put into ultrasonic cleaner for 1h at power
of 90 W to remove impurities and ash content. After
that, GAC was washed by ultrapure water for 3-5
times and dried in oven at 373K for 12h. (2) Ten
grams of GAC was added to 1L of 1mol/L NaOH
solution in a 2-L Erlenmeyer flask and then was
mixed fully by the magnetic stirrer for 0.5h. (3) 12.5¢g
(25g or 50g) of Fey(SO4); was added to the mixture
then put on a shaker at 298K for 4 h. (4) The mixture
was poured into the sealed polyethylene bottle, which
was heated in an oven at 313K for 48h. (5)



Z. Xu et al. | Desalination and Water Treatment 57 (2016) 3559-3571

GAC-NSIO was separated from the mixture by filter
sieve (400 mesh) and washed thoroughly by ultrapure
water until neutral pH in order to get rid of loose
nanoscale iron oxides. (6) Solid particles were desic-
cated at 373K for 12h and sealed prior to use. For
example, the GAC loaded with 17% mass content of
iron and the non-loaded GAC were named as GAC-
NSIO(17%) and virgin GAC, respectively.

2.3. Batch experiment

500mg/L Cd(I): 0.93g CdSO, was dissolved by
1L milli-Q ultrapure water to Cd(II) stock solution.
0.05-50mg/L Cd(I): Different Cd(II) concentrations
(0.05-50 mg/L) were prepared by diluting Cd(II) stock
solution (500 mg/L) with different multiple (10-1,000).

2.3.1. Adsorption isotherm and effect of pH

Adsorption isotherm experiments were conducted
at 298 K with a shaking speed of 150rpm. 0.1g of
adsorbent was added to 100 mL of solution with dif-
ferent Cd(I) concentrations (0.05-50mg/L). The
adsorption equilibration time was 24 h. The sorption
data were fitted to Langmuir and Freundlich isotherm
models [29] as shown in Egs. (1) and (2).

bC
Je = qm Tbece 1
where g, is the equilibrium adsorption capacity (mg/
g), C, is the equilibrium concentration of solution
(mg/L). q,, and b are constants. g,, is the maximum
adsorption capacity (mg/g) and b is the Langmuir
constant related to the free energy of capacity (L/mg).

e =Ky x C/" )

where g, is the equilibrium adsorption capacity (mg/g),
C, is the equilibrium concentration of solution (mg/L).
K¢ and 7 are indicative isotherm parameters of adsorp-
tion capacity and intensity, respectively.

Adsorption isotherm experiments were also carried
out at different pH (3-6) to study the effect of pH. The
value of pH was adjusted by 0.1 mmol/L NaOH or
HCI solutions.

2.3.2. Effect of contact time

Effect of contact time was carried out at 298 K and
150rpm. 0.1g of adsorbent was added to 16
Erlenmeyer flasks each containing 100 mL of 1mg/L
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CddI solution at pH 6.0. The adsorption time were
set to be 0, 20, 40, 60, 90, 120, 180, 240, 360, 480, 600,
720, 900, 1,080, 1,260, and 1,440 min, when the reaction
ended, the sample was filtered by 0.45um filter. The
process of adsorption was described by pseudo-first-
order and pseudo-second-order models [30] as shown
in Egs. (3) and (4).
Pseudo-first-order kinetic model:

k
log(qe — q¢) = log g, — ﬁt 3)

Pseudo-second-order kinetic model:

t 1 1
P e + 0 4)
where g, and g; are Cd(Il) adsorption capacity at equi-
librium and time ¢ (mg/g). k; is the adsorption rate
constant of pseudo-first-order (1/min) and k, is the
adsorption rate constant of pseudo-second-order
(g/mg min).

In adsorption systems, there is the possibility of
intraparticle diffusion being the rate-limiting step, the
intraparticle diffusion model [30] is shown in Eq. (5).

qt = Kdto's + C (5)

where K is the rate constant of intraparticle diffusion
(mg/gmin’?) and C is the intercept (mg/g).

2.3.3. Effect of temperature

0.1 g adsorbent was added to 100 mL of solutions
with different concentrations of Cd(II) (0.05-50 mg/L)
at 288K, 298K and 308 K, respectively. The thermody-
namic parameters, such as standard enthalpy (AH"),
Gibbs free energy (AG®), and entropy (AS°), were cal-
culated using the Egs. (5) and (6) [30]:

AG® = —RTInK; ®)
AS®  AHP
InKL =2~ RT @

where K| is the distribution coefficient for the adsorp-
tion process, it can be determined by the Langmuir
constant b (L/mol) at different temperatures. T is tem-
perature (K). AG®°, AH®, and AS® are the change of
Gibbs energy, enthalpy, and entropy. R is the gas con-
stant (8.314]/mol K). The value of AH® and AS° could
be obtained by the slopes and intercepts of plot of In
K, against 1/T.
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2.34. Effect of humic acid

Humic acid (sodium salt, 50-60%, Ourchem) was
purchased from China Chemicals Inc. The CAS no. is
68131-04-4, and the molecular formula is CoHgNa,Oy,
whose molecular weight is 226. 0.1 g of adsorbent was
added to 100mL of solution containing 0.1 mmol/L
(11.24 mg/L) of Cd(I) which were spiked with 5, 10,
30, 100, 150, 200, and 300 mg/L of humic acid, respec-
tively. The mixture was equilibrated for 24 h, and the
sample was filtered by 0.45 pm filter.

2.4. Rapid small-scale column tests

A schematic diagram for the rapid small-scale col-
umn tests (RSSCT) is shown in Fig. 1. RSSCT were
carried out with a polymethyl methacrylate column
(diameter: 0.5 cm, length: 13.5 cm) by a constant down-
flow configuration to maintain an empty bed contact
time (EBCT) of 0.6 min. Influent concentration of Cd
(I was kept constant at 1mg/L under pH 6.0. The
plunger pumps (Shanghai Tauto Biotech Co. Ltd.,
China) were used to ensure a constant rate.

2.5. Characterization

The specific surface area and pore size distribution
of adsorbents were determined using N, adsorption
and desorption tests at 77K (Micromeritics ASAP-
2020, USA). The adsorbents were observed with trans-
mission electron microscopy (Hitachi Model H-800,
Japan). Crystal structure of adsorbent was determined
by powder X-ray diffraction patterns over a wide

‘N 5
1 Feed storage
— 1
2 Plunger pump
3 Column
3 4 Collection
4

Fig. 1. Experiment system for rapid small-scale column tests
(RSSCT). (1) Feed storage; (2) plunger pump; (3) column;
(4) collection.
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range of angles from 10° to 90° using a high-resolution
X-ray diffraction (Bruker D8,Germany) with CuK§.
X-ray photoelectron spectroscopy of the given samples
were made with a spectroscopy (ESCALAB-2, Great
Britain) equipped with an Mg Ka X-ray source (1253.6
eV protons). pHp,. of all samples were conducted by
the method recommended by Noh and Schwarz [31].
One gram of sample was added to 10mL of milli-Q
ultrapure water, and the mixture was then put on a
shaker (150 rpm, 298 K) for 24 h. The equilibrium pH
of suspension was measured and equivalent to pH,..

2.6. Analytical methods

Concentrations of all heavy metal ions were mea-
sured by an atomic absorption spectrophotometer
(AAS, TAS-990, PERSEE) or inductively coupled
plasma mass spectrometry (ICP-MS, 300X, PE). To
determine the iron-loaded content, GAC-NSIO was
calcined in muffle furnace at 873K for 2h and the
resultant ash was dissolved in 2 mol/L HCI (25 ml) for
24 h. Concentration of iron was analyzed, and iron
content could be calculated.

3. Results and discussion

3.1. Adsorption isotherm and optimization of iron-loaded
content in GAC-NSIO

According to preparation method, we successfully
prepared the adsorbents with different iron content.
Adsorption isotherm tests were first conducted to
screen the iron-oxide loading GAC. The iron content
and adsorption isotherms constants of different adsor-
bents are shown in Table 1.

The amount of loaded iron had significant effect
on Cd(I) adsorption. Isotherms data of different
adsorbents all fitted well with both Langmuir iso-
therm model and Freundlich isotherm model. The cor-
relation coefficients (R?) are between 0.90 and 0.99.
Langmur gma.x and Freundlich K¢ both revealed that
the Cd(I) adsorption capacity followed the order of
GAC-NSIO(17%) > GAC-NSIO(27%) > GAC-NSIO
(10%) > virgin GAC.

The increase in adsorption may be attributed to
the extra sites provided by iron oxides. However, the
extent of enhance is not proportional to the amount of
iron loading. GAC-NSIO(17%) exhibited the highest
adsorption property. This interesting finding might
due to the reason that the excessive NSIO particles on
the surface and in the pores of GAC led to aggrega-
tion of the nanoscale chemicals, causing the decrease
of amount of active adsorption sites and reduction of
adsorption capacity [19]. Moreover, BET surface area
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Table 1
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Iron-loaded content of adsorbents and their adsorption isotherms constants

Langmuir isotherm model

Freundlich isotherm model

Adsorbent Iron-loaded content (%)

Jmax (Mg/g) b (L/mg) R? K¢ (mg/g) 1/n R?
Virgin GAC 0 0.98 0.90 0.99 0.47 0.27 0.93
GAC-NSIO(10%) 10 4.23 0.82 0.99 2.23 0.23 0.90
GAC-NSIO(17%) 17 7.84 0.17 0.95 2.44 0.28 0.96
GAC-NSIOQ27%) 27 5.07 0.51 0.98 2.00 0.36 0.90

of virgin GAC and GAC-NISO(27%) are 1,103 and 877
m®/g, and the excessive reduction of specific surface
area might lower the adsorption capacity of Cd(Il).

3.2. Characterization

Since  GAC-NISO(17%) manifested the highest
adsorption of Cd(II). All following tests were focused
and in comparison with virgin GAC.

The results of the pore size distribution analysis
are shown in Fig. 2. Compared with virgin GAC, the
decrease of pore volume along with variety of pore
distribution were observed in GAC-NSIO(17%).

Table 2 compares the pore volume distribution of
the GAC before and after iron loading. The data of

0.7

0.6

0.5 4

0.4 4

0.3 A

dvidD(cm3/nmig)

0.2 1 —®—Virgin GAC

01 —*=GAC-NSIO(17%)

0 5 10 15 20 25
Pore size(nm)

Fig. 2. Pore size distributions curve of virgin GAC and
GAC-NSIO(17%).

Table 2

these pore volume had been converted to per gram of
GAC rather than per gram of the adsorbent. Com-
pared with virgin GAC, the decrease of pore volume
mainly appeared in the range of pore sizes from 2 to
10 nm for GAC-NSIO(17%).

This result proved that most of the iron oxides had
been successfully loaded as nanoparticles with width
between 2 and 10nm. The obvious increase in pore
volume of pore sizes from 1 to 2nm for GAC-NSIO
(17%) was observed because the pores of GAC wider
than this range had been doped with iron oxides thus
formed smaller pore size. Assuming NSIO at all pore
sizes having the same density and the change of pore
sizes were only due to the iron loading. The fraction
of total NSIO(%) that were doped in the range of all
pore sizes is also listed in Table 2. The overall differ-
ence of pore volume between virgin GAC and GAC-
NSIO(17%) is 0.054 cm®/g. And more than 90% of the
iron loading appeared in the range of pore sizes from
2 to 10 nm.

TEM micrographs of prepared materials are pre-
sented in Fig. 3 (left) and (right). Comparison between
images of the virgin GAC and GAC-NSIO(17%) mani-
fested that they had the similar morphology. In
Fig. 3(left), the virgin GAC had coarse and polyporous
surface, providing the high specific surface area for
iron oxide doping. In Fig. 3(right), nanoscale iron oxi-
des were observed as dark area uniformly appeared in
the pore structure of GAC. Obviously, the iron oxides
particles were nanoscale, with a size range of 2-30 nm.

The XRD patterns of virgin GAC and GAC-NSIO
(17%) are shown in Fig. 4. Virgin GAC reveals very
characteristic and obvious diffraction peaks at the 26

Comparison of pore volume and NSIO distribution on virgin GAC and GAC-NSIO(17%)

Pore size (nm)  Virgin GAC (cm®/g)

GAC-NSIO(17%) (cm®/g)

Difference (cm®/g) ~ Percent of NSIO loaded (%)

1-2 0.32 0.39
2-5 0.2 0.12
5-10 0.06 0.024
>10 0.03 0.022

—-0.07 -
0.08 64.5
0.036 29.0
0.008 6.5
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Fig. 3. TEM images of (left) virgin GAC and (right) GAC-NSIO(17%).

GAC-NSIO(17%)
‘ Virgin GAC

Intensity

1
10 20 30 40 50 60 70 80
2 Theta

Fig. 4. XRD patterns of virgin GAC and GAC-NSIO(17%).

values of 20.859, 26.639, 36.543, 39.464, 50.138, 54.873,
59.958, 68.316, etc. These crystallized peaks (quartz)
represented the presence of SiO, according to Joint
Committee on Power Diffraction Standards (JCPDSs),
which were characteristic diffraction peaks for coal-
based GAC [25]. For the GAC-NSIO(17%), there is no
notable change in the diffraction peaks but obvious
change in the intensity of peaks. The possible reasons
may included the following: (1) the doped nanoscale
iron oxide was amorphous and no crystalline phases
had been injected into the pores and surface of the
GAG; (2) the nanoparticles were too small to diffract;
(3) the concentration of doped iron oxide was too low
[4,32-35].

Fig. 5 shows results of XPS analysis for Fe2p spec-
tra between virgin GAC and GAC-NSIO (17%). The
core levels are split into the 2p3,, and 2p;,» compo-
nents due to spin-orbit coupling. In virgin GAC, there
are no Fe2ps;,> and Fe2p;,, peaks observed due to no
existence of iron or iron oxide in GAC. In contrast, in
GAC-NSIO(17%), Fe2ps,» and Fe2p,,, peaks obviously
existed at ~711.5eV and ~725.6eV, which demon-

2800

2600 [- N Fezp(7T115ev)
2400 | '|I \ ‘1;|| Fe2p, ,(725.6ev)
(LAY
2200 I7 I II'I.' f ILI“'
1 i
2000 |- ‘\I.- [ 'I .ww".‘]r"“"."”1ll.l._-l ]
= 1800 | .I||-‘iJ| ,.'i-""’"l",” _».If-,nhlb.
S 1600 | ;
=]
O 1400 |
1200 [ / Virgin GAC
1000 [-viiyhebepget? GAC-NSIO(17%)
8OO oty ARt s o b
B00 i L 1 1 N 1
700 710 720 730 740

Binding Engery(eV)

Fig. 5. XPS patterns of virgin GAC and GAC-NSIO(17%):
individual XPS Fe2p binding energy region.

strated that iron was completely oxidized to Fe(IIl).
The absence of an Fe(Il) component and its associated
shake-up features further indicated the complete oxi-
dation of iron [36,37]. This result manifested that
nanoscale iron oxides mainly exited in form of goe-
thite, akaganeite, hematite, maghemite, and amor-
phous HFO [20,37], which was confirmed by the
results of XRD.

3.3. Effect of pH

Adsorption isotherms of virgin GAC and GAC-
NSIO(17%) at different pHs are shown in Figs. 6 and 7,
respectively. Table 3 lists the Langmuir and Freundlich
adsorption constants.

Adsorption capacity increased with the increase of
pH for both adsorbents, which showed that the
adsorption process was pH dependent and well
favored at high pH. pH,,. is defined as the pH when
the net surface charge of adsorbent equals to zero.
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Fig. 6. Adsorption isotherm of virgin GAC at different
pHs.
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Fig. 7. Adsorption isotherm of GAC-NSIO(17%) at differ-
ent pHs.

When pH >pH,,., the surface of adsorbent is nega-
tively charged and can interact with positive sub-
stance, in contrast, when pH <pH,,. the surface of
adsorbent is positively charged and can interact with
negative substance.

Table 3
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Virgin GAC had a pHy,. of 8.57, which means that
its net surface charge was positive in the pH range of
3-6. Repulsion forces dominated between a positively
charged GAC surface and the adsorbate which existed
mainly as Cd**, Cd(OH)* [7] at the pH studied. This
is manifested in the adsorption capacity. At pH3, the
repulsion force between GAC surface and adsorbate
led to very little adsorption (close to none). As pH
increased from 3 to 6, the repulsion force decreased as
the positive surface charge gradually decreased and
the adsorption capacity increased slightly.

On the basis of characterization results (pHp,.,
BET, TEM, XRD, XPS), GAC-NSIO(17%) have been
proved to be successfully loaded by amorphous nano-
scale iron oxides. And it had a pHp,. of 9.84, which
was in consistent with some previous research [38].
Similarly, its net surface charge was positive in the
pH range of 3-6, interaction between surface and
adsorbate which existed as Cd*+, Cd(OH)* [7] formed
repulsion force. This repulsion between the GAC-
NSIO and Cd**(or Cd(OH)" is also believed to be the
mainly reason for change in adsorption capacity with
the change of pH.

This is because in aqueous environment, nanoscale
iron oxide particles are hydrated, and FeOH groups
were fully formed in adsorbent surface [2]. FeOH
groups stimulated the protonation and deprotonatioin
process and formed FeOH?*, FeOH, and FeO~, whose
fractions were mainly depended on solution pH [39].
FeOH?*, FeOH, and FeO™ are dominant species at pH
<4, 49, and >9, respectively. When pH increased
from 3 to 6, the positive intensity decreased accord-
ingly although the net surface charge was still posi-
tive. FeOH>" was gradually converted to FeOH and
H" decreased accordingly. As seen in Fig. 7, the
adsorption capacity was highest at pH 6, electrostatic
attraction might have promoting effect to some extent.

Adsorption isotherm constants for virgin GAC and GAC-NSIO(17%) at different pHs

Langmuir isotherm model

Freundlich isotherm model

Adsorbent pH Jmax (Mg/g) b (L/mg) R? K¢ (mg/g) 1/n R?

Virgin GAC 3 0.01 5.64 0.94 0.01 0.34 0.59
4 0.80 0.12 0.92 0.07 0.88 0.97
5 0.91 0.30 0.99 0.19 0.47 0.93
6 0.98 0.90 0.99 0.47 0.27 0.93

GAC-NSIO(17%) 3 0.02 2.98 0.99 0.02 0.55 0.96
4 4.70 0.04 0.90 0.18 0.84 0.96
5 5.86 0.12 0.95 0.91 0.46 0.96
6 7.84 0.17 0.95 2.44 0.28 0.96
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But, due to the still positive net surface, the electro-
static attraction might play a minor role.

At the same pH, though the net surface charge of
GAC-NSIO(17%) was more positive than GAC,
adsorption capacity of the former was much higher
than the latter. This indicated that electrostatic attrac-
tion is not the only adsorption mechanism, other
adsorption forces could exist. The potential adsorption
mechanisms might include the following: (1) Donnan
membrane effect: Non-diffusion sulfonate groups
bound to GAC are non-specific for Cd(II) adsorption,
due to the presence of Fe,(SO,); as the precursor of
nanoscale iron oxide and the addition of some sulfo-
nate SO2~groups into the surface and pores of adsor-
bent [19,20]. The sulfonate groups would enhance
permeation and pre-enrichment of Cd(II) cations (such
as Cd?*, CA(OH)") within the solid surface prior to
sorption onto nanoscale iron oxide particles. This phe-
nomenon is called as Donnan membrane effect which
played a secondary role [20,34]. (2) Surface complexa-
tion: The removal of Cd(Il) occurred in solutions hav-
ing pH values less than the pH,,. of GAC-NSIO(17%),
and the electrostatic attraction played a minor role.
Therefore, the most likely adsorption was specific
adsorption through surface complexation with depro-
tonated process [40,41]. The possible process is shown
below:

= FeOH + Cd*" —=FeO — Cd" + H* ®)
= (FeOH), + Cd*" « (= FeO), — Cd"2H* )

At pH 3, the degree of deprotonation of nanoscale iron
oxide was lowest and adsorptive process hardly pro-
ceeded. Adsorption capacity was minimum (close to
none). As pH increased from 3 to 6, the deprotonation
degree of nanoscale iron oxide also increased, and the
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adsorption is more favorable, resulting in a significant
increase in adsorption capacity.

In addition, iron concentration in the aqueous solu-
tion was also measured to study the stability of loaded
nanoparticles during the experiments. No iron content
was leaching at pH value of 4-6, when pH value was 3,
only less than 0.25% of the loaded iron in GAC was dis-
solved into solution. This fully indicated that nanoscale
iron oxide was very stable on the pores and surface of
the material.

Finally, the adsorption capacity of GAC-NSIO
(17%) was compared with various adsorbents reported
in the literatures. The related data are listed in Table 4.
It can been seen that GAC-NSIO(17%) exhibits excel-
lent adsorption capacity of Cd(II) compared to other
adsorbents.

3.4. Effect of contact time

The effect of contact time on Cd(II) adsorption by
both adsorbents are shown in Fig. 8. Tables 5 and 6
list the adsorption kinetics constants and intraparticle
diffusion model constants.

Compared with pseudo-first-order model, the
adsorption data fitted well with the pseudo-second-
order model, and the R* were 0.98 and 0.99, respec-
tively. However, the loaded Fe had an adverse effect
on the adsorption rate. The adsorption rate was 0.037
g/mgmin for virgin GAC, but decreased to 0.013 g/
mgmin after loading iron oxides. This might be due
to the fact that the loaded nanoscale iron oxide cov-
ered the pores and surface of GAC, which led to the
restriction of Cd(Il) diffusion to the specific adsorption
sites and the adsorption rate was slowered.

K4 and C can be calculated from the slope and the
intercept of the straight line of q; vs. t%3, Ky is the rate
constant, C represents the thickness of boundary layer.
The higher the C value, the greater the boundary layer

Table 4

Comparison of the maximum adsorption capacity of Cd(II) by different adsorbent

Adsorbents Jmax (Mg/g) pH Temperature (T) References
Rice hull-activated carbon 0.84 5-8 293 [42]
Manganese oxide immobilized rice husk-activated carbon 3.58 5 298 [4]

Iron oxide immobilized rice husk-activated carbon 3.44 5 298 [4]
Manganese oxide immobilized nut waste activated carbon 2.64 5 298 [4]

Iron oxide immobilized nut waste activated carbon 2.87 5 298 [4]

Olive stone activated carbon 1.85 >6 293 [43]
Boehmite 3.55 6 298 [30]
Goethite 5.18 6 298 [30]
Natural sepiolite 0.28 - - [44]
GAC-NSIO(17%) 7.84 6 298 This study
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Fig. 8. Adsorption kinetics of virgin GAC and GAC-NSIO
(17%).

Table 5
Adsorption kinetics constants of virgin GAC and GAC-
NSIO(17%)

Pseudo-first-

d Pseudo- d-ord
Adsorbent order seudo-second-order
K; (min™) R* K, (g/mgmin) R?
Virgin GAC 0.0023 094 0.037 0.98
GAC-NSIO(17%)  0.003 0.97 0.013 0.99

effect. The plot of q; against t° can form a straight line.
If the line passed through the origin (x=0, y=0), the
rate-limiting step is only due to the intraparticle diffu-
sion. Otherwise, some other potential limiting steps
along with intraparticle diffusion can be involved.
According to Cheung et al. [45], in a solid-liquid
adsorption process, the solute transfer is usually charac-
terized by intraparticle diffusion, or external mass
transfer (film diffusion), or both. There are three steps
to analyze the mechanisms of adsorption: (1) transport
of the Cd(Il) from bulk solution through liquid film to
the exterior surface of the adsorbent; (2) transport of the
Cd(II) within the pores of the adsorbent where particle
diffusion was rate limiting; (3) adsorption of the Cd(II)
on the interior surface of the adsorbent. Previous results

Table 6
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by other authors indicated that two or three steps were
involved in the adsorption process [30]. As shown in
Fig. 9, multilinearities were observed for two adsor-
bents, indicating not a purely intraparticle diffusion
process and that three steps take place. The three
regions in the g, vs. t°° plot suggest that the adsorption
process proceeded by external surface adsorption (the
initial linear region) which was completed in both cases
within 180 min, intraparticle diffusion (the second lin-
ear region) and the adsorption of Cd(Il) on the interior
surface of the adsorbent (the third linear region).The
last step is the final equilibrium step where intraparticle
diffusion starts to slow down due to the low Cd(I) con-
centrations in the solutions. The intercept of the plot
reflects the film diffusion effect and the larger of inter-
cept, the greater the contribution of the surface adsorp-
tion in the rate-controlling step. The slope of the linear
region of plot is the intraparticle diffusion parameter
Kg. It is evident that the rate of external surface adsorp-
tion (step one) obtained for GAC-NSIO(17%) is much
higher than virgin GAC for Cd(I) adsorption. The
value of Ky, C, and R? are given in Table 6. Because all
lines don’t pass through the origin (x=0, y=0), some
other potential limiting steps along with intraparticle
diffusion are contributing to limit the adsorption rate.

3.5. Effect of temperature

AG°, AH®, and AS° values are calculated at 298 K for
virgin GAC and GAC-NSIO(17%) to be -26.61k]J/mol,
16.08 k] /mol, and 0.14kJ/mol K; -27.57 k] /mol, 22.12
kJ/mol, and 0.18 k] /mol K, respectively (Table 7).

The negative values of the Gibbs free energy
change(AG®) indicates that the adsorption processes for
both samples are thermodynamically feasible and
spontaneous. The degree of spontaneity of the reaction
increases with increasing temperature. Compared with
virgin GAC, after the addition of nanoscale iron oxide
in GAC-NSIO(17%), the negative value of AG®
increased, indicating that it was more favorable to the
spontaneous process. This increase of adsorptive
capacity with temperature might be due to the increase
in the active sites, and the decrease in the thickness of
the boundary layer surrounding the GAC-NSIO(17%).

Intraparticle diffusion model constants of virgin GAC and GAC-NSIO(17%)

Intraparticle diffusion model

Adsorbent

Kin K Kz G Cs R} R3 R3
Virgin GAC 0.0069 0.005 0.0004 0.0391 0.0459 0.1883 0.94 0.96 0.96
GAC-NSIO(17%) 0.0254 0.0092 0.003 0.0871 0.3115 0.5439 0.97 0.94 0.94
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Table 7
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Values of thermodynamic parameters for adsorption for virgin GAC and GAC-NSIO(17%)

Adsorbent Temperature (K) K., L/mg) AG® (k] /mol) AH’ (k]/mol) AS° (k] /mol K)
Virgin GAC 288 0.34 —25.28 16.08 0.14
298 0.41 —26.61
308 0.53 —28.16
GAC-nFeO(17%) 288 0.51 —26.25 22.12 0.18
298 0.60 —27.57
398 0.94 —29.62
o study manifested that ion-exchange may play a signifi-
' N cant role in the adsorption process, suggesting that a
0.6 surface complexation reaction is the major mechanism
os / responsible for Cd(II) adsorption process.
= The positive values of enthalpy change (AH)
? 04 proved the endothermic nature of adsorption process.
EXY This results revealed that the consumption of amount
A of heat occurred to transfer the Cd(I) from liquid to
0.2 / — solid phase, which may be explained by the reasons:
o1l //' * Virgin GAC (1) With increasing the temperature, the interaction
4 GAC-NSIO(17%) between the active sites and Cd(II) occurred more
o T I S easily; (2) The exchange between Cd(I) and H*

t0.5

Fig. 9. Intraparticle diffusion kinetics for adsorption of vir-
gin GAC and GAC-NSIO(17%).
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Fig. 10. Competitive adsorption between Cd(II) and humic
acid for virgin GAC and GAC-NSIO(17%).

In general, AG* values up to 20kJ/mol are consistent
with electrostatic interaction (ion-exchange) between
active sites and metal ion while AG* values more nega-
tive than 40kJ/mol involve charge sharing or transfer
from the adsorbent surface to the metal ion to form a
coordinate bond [46]. The AG® values obtained in the

needed to breaking the OH groups in the GAC-NSIO,
which was an endothermic process; (3) In addition,
CddI) diffusion process was also endothermic and the
higher temperature favored the faster diffusion rate.

Generally, entropy change (AS°) was expected to
be positive as to an adsorption reaction leads to trans-
ferring the adsorbate ions from disorderly state in the
solution to a more ordered state when absorbed in the
adsorbent. However, two important factors might
have outweighed this decrease in the disorder: (1) The
dehydration steps increased the mobility of the ions
and that of the surrounding water molecules in the
solution; (2) The larger number of species left the
adsorbent when the adsorbate was exchanged for
them. In particular, if the charge of the adsorbate
exceeded the charge of the ions exchanged out of the
adsorbent, the process was occurred more easily. For
both materials, the positive entropy change (AS”)
showed the affinity of adsorbent for Cd(Il) and the
increase of disorderliness, more mobility were gener-
ated in the reaction system. For GAC-NSIO(17%), due
to the increase in the dehydration of Cd(I), Cd(I)
would lose a large number of hydration water as to
introduce to the surface of nanoscale iron oxide and
Cd(I) would occur the ion-exchange process with the
species in the GAC-NSIO to promote the decrease in
the disorder [29,47].

In summary, although the nature of adsorption
was not altered, the changes in thermodynamic
parameter values (AG®, AH®, AS®) proved that the
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loaded nanoscale iron oxide was favorable to Cd(II)
adsorption.

3.6. Effect of humic acid

Naturally, humic acid (HA) and heavy metals exist
simultaneously in water environment [48]. The adsorp-
tion capacity of Cd(I) by both adsorbents are studied in
the presence of HA. The results are shown in Fig. 10.
For virgin GAC, the adsorption capacity increased obvi-
ously with increasing concentration of HA from 0 to 10
mg/L, the highest percentage of removal was 27.2%.
However, the adsorption capacity decreased gradually
with the increasing concentration of HA from 10 to 300
mg/L. For GAC-NSIO(17%), the adsorption capacity
increased obviously with increasing concentration of
HA from 0 to 10mg/L, the highest percentage of
removal was 58.5%. However, the adsorption capacity
decreased gradually with increasing concentration of
HA from 10 to 300 mg/L. In summary, when concentra-
tions of HA were in the range from 0 to 300 mg/L, the
adsorption capacity of Cd(II) for GAC-NSIO(17%) were
all much higher than virgin GAC.

For both adsorbents, in the low range concentra-
tions (0~10mg/L), HA had a promoting effect for
adsorption process, but in the high range of concentra-
tions (10~300mg/L) HA had a inhibiting effect for
adsorption process. This is because there are two pos-
sible reasons to explain this phenomenon in the Cd(II)
adsorption process. (1) Inhibiting effect: HA and
Cd(I) might both occupy the adsorption sites; the
binding of HA with adsorbent would reduce the
adsorption capacity of Cd(II) due to the competition.
Meanwhile, HA might also inhibit Cd(I) adsorption
through forming non-adsorbable complexes. (2) Pro-
moting effect: Due to the formation of metal-ligand
adsorbable complexes between HA and Cd(Il), the
adsorption capacity of Cd(Il) could be significantly
enhanced in the presence of HA [48,49].

3.7. Rapid small-scale column tests

The rapid small-scale column tests (RSSCTs) were
employed and Fig. 11 illustrates the breakthrough
curves of Cd(Il) for both adsorbents. The results dis-
tinctly indicates that the GAC-NSIO(17%) can remove
CddI) for much longer bed volumes (BVs) than the
virgin GAC.

In general, when C/Cy=0.9 was achieved, it was
considered that the column was penetrating and the
adsorbent lost the adsorption capacity. GAC-NSIO
(17%) and virgin GAC had about 1,120 BVs and 170
BVs, respectively. The former exhibited excellent
adsorption capacity. This was because the loaded
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Fig. 11. Comparison of breakthrough curves of Cd(II)
adsorption for virgin GAC and GAC-NSIO(17%) by two
separate rapid small-scale column tests. (C=1mg/L,
T=298K, pH=6 and EBCT =6 min.)

nanoscale iron oxides had well favorable affinity to
CddI), and the change of pore size distribution had
also advantageous effect for diffusion rates [19,25].

4. Conclusion

In this study, a potential adsorbent loaded with
nanoscale iron oxide was prepared, characterized, and
the adsorption capacity of Cd(I) was evaluated.
Nanoscale iron oxide doped on GAC was proved to
be effective in enhancing the adsorption capacity. The
optimum loaded iron content was ~17%. Virgin GAC
could only adsorb 0.98 mg Cd(IIl)/g, in contrast, the
maximum adsorption capacity was 7.84mg Cd(D)/g
for GAC-NSIO(17%) under the same condition. The
adsorption process was pH dependent, and high pH
was more favorable. The stability of iron loaded was
excellent in the pH range of 3-6. Cd(Il) adsorption
was an adsorption process of endothermic nature. The
presence of humic acid had an interesting effect on
adsorption: promoting at low concentrations (1-10
mg/L) and inhabiting at high concentrations (10-300
mg/L). Rapid small-scale column tests also proved
that GAC-NSIO(17%) had an excellent adsorption
capacity of Cd(I), compared with virgin GAC. The
main adsorption mechanism was surface complexa-
tion, in addition, the electrostatic attraction and Don-
nan membrane effect also had contribution to Cd(II)
adsorption.
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