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Adsorption of sulfate ions on zirconium-loaded granular

activated carbon in aqueous solution

HONG Yixia, CAO Wei, AO Hanting, XING Xiaolei, LI Xin
(College of Civil Engineering, Huaqiao University. Xiamen 361021, Fujian, P. R. China)

Abstract: Zirconium oxide-loaded granular activated carbon (Zr-GAC) was prepared for the adsorption of
sulfate ions in aqueous solution. The Zr-GAC was characterized by scanning electron microscopy (SEM),
X-ray diffraction (XRD), X-ray photoelecton spectroscopy (XPS), and specific surface area measurement.
The results showed that the Zr-GAC had a porous surface with many aggregates, composed of zirconium
oxides. XPS analysis confirmed the massive presence of zirconium and hydroxyl groups in the adsorbent
surface. The specific surface area of the activated carbon decreased after modification with zirconium
oxides. Batch adsorption experiments were conducted to determine the effect of pH on sulfate adsorption,
and it was found that better adsorption could be achieved at pH lower than 10. Modeling analysis of the
adsorption isotherms showed that the Dubinin-Radushkevich (D-R) equation had better fittings than the
Langmuir model, and the maximum adsorption capacity of the Zr-GAC determined by the D-R equation was
70. 14 mg/g in neutral water solution, much higher than that of raw GAC (8. 9 mg/g). The D-R equation
may have a problem in determining the adsorption energy for a solution adsorption, which deserves more
research. Kinetic studies show that the adsorption of sulfate on the Zr-GAC is relatively fast, and it follows
the pseudo second-order kinetic equation. In addition, an increase of temperature may facilitate the sulfate
adsorption, to some extent. The Zr-GAC showed good potential for the adsorption of sulfate ions in
aqueous solution. It exhibited approximately twice the adsorption capacity and a much wider applicable
range of pH compared with the zirconium-loaded biochar adsorbent.
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1 Introduction

Sulfate ions exist widely in surface water,
groundwater, and industrial wastewater. The main
sources of sulfate ions in natural water are chemical
weathering and oxidation processes of sulfur-
containing minerals, Although sulfate ions are
often thought to be non-toxic, their harm to the
human body and the environment cannot be
ignored. Excess ingestion of water containing
sulfate ions for several months can cause obvious
High

concentration of sulfate ions could threaten the

physiological damage to mammals-.

safety of drinking water. According to the
Standards for Drinking Water Quality of China,
and also recommended by the WHQO, the USA,
and Japan, the concentration limit in drinking
water of sulfate ions is 250 mg/L. Therefore,
sulfate ions need to be removed from polluted
water, which can be accomplished by freezing,
purging, chemical precipitation (barium or calcium
ion addition) , membrane filtration, adsorption, ion
exchange and biological treatment (sulfate-reducing
bacteria)"**. Adsorption separation is widely used
because of its rapid and effective removal of sulfate
ions. The adsorbent plays an important role in
determining the effectiveness of the adsorption
technology. The chosen adsorbent needs to have
capacity, and be

low cost, high adsorption

renewable. In recent years, many adsorbents for

XERS:2096-6717(2021)01-0203-12

removing sulfate ions, both inorganic and organic,
have been reported. High-phosphorus iron ore
waste is used as a new green adsorbent to purify
and remove sulfate in groundwater'”, The sulfate
absorption characteristics of the granular chitosan
adsorbent in aqueous solution were studied in a
fixed-bed [

system'”.  Among
adsorbents,

column many
activated carbon is the one most
intensively used in the treatment of drinking water.
However, both granular and particle activated
carbon exhibit a poor adsorption capacity for
negatively charged sulfate ions.

Tetravalent zirconium was found to have a
chemical affinity with sulfate ions, and zirconium
hydroxide has been applied to control the sulfate ion
content in brine feed of the chlor-alkali plant®®l.
Recent studies have reported that coating zirconium
oxides on solid substrate improves the adsorption of
sulfate ions from water. Mulinari and Silva"'*) prepared
a sugarcane bagasse/zirconium oxide hybrid material
for removing sulfate ions from wastewater. In a recent
study, a zirconium-loaded biochar adsorbent was
prepared to remove sulfate ions from water'.
However, its capacity to adsorb sulfate ions was
approximately 40 mg/g, which is not satisfactory.
Activated carbon perhaps is more suitable as a
support material because of its porous structure,
high specific surface area, chemical stability, and
hygienic conditions. Zirconium-loaded activated

carbon has been proposed for the removal of
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(2] [13] ]

arsenic fluoride and phosphate™  from

wastewater. However, literature investigation
shows that there are few reports on the application
of zirconium-modified activated carbon for the
adsorption of sulfate ions. The enhancement effect
of zirconium-modification on the adsorption of
sulfate by activated carbon and zirconium-loaded
activated carbon is not clear. More research on this
is needed.

In this work, zirconium oxides are loaded onto
the surface of granular activated carbon (GAC) in a
simple way that is chemical precipitation with
zirconium oxychloride in ammonia water. The
prepared zirconium oxide-loaded granular activated
carbon (Zr-GAC) is characterized with scanning
electron microscopy (SEM), X-ray photoelectron
spectrum (XPS), and X-ray diffraction (XRD) and
specific surface area measurement. The adsorption
equilibrium and kinetics of the sulfate ions on Zr-

GAC are with  batch

experiments, and the results are discussed with

studied adsorption

adsorption  isotherm models, including the
Langmuir model, the Dubinin-Radushkevich (D-R)

equation, and adsorption kinetic equations.

2 Materials and methods

2.1 Materials and chemicals

The GAC with a particle size ranging from 0. 1 to
1.5 mm was purchased from Sinopharm Chemical
Ltd. , China.
zirconium oxychloride (ZrOCl, « 8H,()), ammonium
solution (NH; « H, O), sodium sulfate (Na,SO,),
sodium hydroxide (NaOH) and hydrochloric acid
(HCD) were also bought from Sinopharm Chemical
Reagent Co., Ltd., China. The stock solution of

Reagent Co. , Chemicals such as

sulfate ions was prepared by dissolving dried sodium
sulfate in deionized water. Solutions with required
concentrations of sulfate ions were diluted from the
stock solution in the adsorption experiments. Solution
adjusted with 0.1 mol/I. NaOH and

0. 1 mol/L. HCI solution when there was a need. All

pH was

chemicals were of analytical grade,

2.2 Preparation of zirconium oxide-loaded granular

activated carbon

Zirconium was loaded on activated carbon by a
simple method. First, four grams of zirconium
oxychloride was dissolved in 100 mL 0. 05 mol/L
HCl solution, and five grams of GAC was
immersed into this solution while stirring for 3 h.
Second, the ammonium solution (1:1) was added
dropwise to the solution until solution pH reach
5.0. The mixed solution was stirred for 4 h.
Third, solid material was separated from the
solution by filtration, and washed with deionized
water several times until the filtrate showed a
neutral pH. Finally, the solid product was dried
for 24 hours in an oven to obtain the Zr-GAC
adsorbent.
2.3 Characterization of adsorbents

The surface morphology of GAC and Zr-GAC
was probed by using SEM ( S4800, Hitachi,
Japan). The SEM images were obtained at an
accelerating voltage varying from 5 to 20 kV.
Surface groups of Zr-GAC were characterized by
XPS (Escalab 250Xi, Thermo Fisher Scientific,
USA). The monochromatized X-ray source was an
Al K-alpha radiation (anode target). The XPS
analyzed with XPS Peak 4.0
software. XRD patterns of the adsorbents were
Rigaku IV X-ray
diffractometer (Rigaku, Japan) operated at 40 kV
and 30 mA with Cu K-alpha radiation. The XRD

patterns were recorded at a scanning speed of 5° per

spectra were

acquired with a Ultima

minute over the 20 range from 10° to 90°. The data
were analyzed with MDI Jade 5. 0 software. The
BET specific surface area of the materials was
measured by N, adsorption/desorption isotherms at
77 K using a NOVA 2000e surface area analyzer
(Quantachrome, USA).
2.4 Batch adsorption experiments

Batch adsorption experiments were carried out
to measure the sulfate adsorption performance of
Zr-GAC. 0.1 g of adsorbent was added to a 100 mL

conical flask containing 50 mL sulfate ion solution.
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The flask was placed in a shaker at 150 rpm and
298 K. After remaining in contact for 24 h, the
solid adsorbent and the solution were separated by
filtration, and the filtrate was collected to detect
sulfate

the sulfate concentration. The

concentrations in the aqueous solution were
measured using ion chromatography (Metrohm,
Switzerland). The sulfate adsorption amount was
calculated from Eq. (1).

go=G=CV (D

m
where, C, and C. (mg/L) are the initial and
equilibrium sulfate concentration, respectively; V
(L) is the volume of the sulfate ion solution; and m
(g) is the mass of the adsorbent.

The effect of pH on the sulfate adsorption was
investigated by varying the pH of the initial
solution from 2. 0 to 11. 0. The variations of the
sulfate adsorption amount with solution pH were
sulfate

measured at high and low initial

concentration. Sulfate adsorption isotherms of

GAC and Zr-GAC were determined by changing the
sulfate concentration from 50 to 500 mg/L at a
fixed
experiments were carried out with contact time

intervals Of 19 29 57 109 207 309 409 50, and 60

adsorbent  dose.  Adsorption  kinetic

min. All adsorption experimental samples were

designed in duplicate.

3 Results and discussion

3.1 SEM images
SEM of GAC and Zr-GAC are
presented in Fig. 1. As shown in Fig. 1(a), smooth

images

ridges and rough porous surfaces are observed over
different sides of a GAC particle. There are long
pare canals, cracks and attached fine particle on
GAC surface, forming a complicated pore structure
system. From the 1 000X magnification SEM
image of GAC (Fig. 1 (b)), it can be seen that
many pores have a size ranging from several
microns to approximately 30 um, which can be

categorized as macropore according to earlier

studies %, Fig. 1(¢) shows that Zr-GAC surface
is coated by a thin layer of unknown matter, which
from the zirconium-

is believed to result

modification process. In the large magnification
image (Fig. 1(d))., the thin layer is found to be
small aggregates distributed unevenly on the
surface of the activated carbon. The diameters of
the aggregates vary from 0. 5 to several microns.
The qualitative analysis of the layer of aggregates
on the activated carbon surface was performed by

analyzing XRD patterns.

(d)Zr-GAC(x1 000)
Fig. 1 Scanning electronic micrographs of GAC and Zr-GAC

‘ ( c Zr—GAC(x250)

3.2 XRD patterns

XRD patterns of GAC and Zr-GAC are shown
in Fig. 2. For GAC, the diffraction profile exhibits
broad peaks at the 20 degree angle of 25° and 42°,
which is attributed to the reflection from the (002)
and (10)

structure. This is in good agreement with previous

lattice planes of the graphite-like

B718]  The absence of a

studies on activated carbon
sharp diffraction peak suggests most GAC are in
the form of amorphous carbon. The crystallinity of
GAC is approximately 3%, determined by MDI
Jade 5. 0 software. The XRD pattern of Zr-GAC
also the pattern of Zr-GAC at 20 degree angles of
26°, 31°, 50°, and 58°, which are assigned to the
(011>, (111D, (022) and (202) planes of the
Therefore, XRD

analysis can confirm the presence of zirconium

oxides on the surface of Zr-GAC.

[19-21]

zirconia,  respectively
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Zr-GAC
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26/°)

Fig. 2 X-ray diffraction patterns of GAC and Zr-GAC

3.3 XPS analysis

XPS characterizations of GAC and Zr-GAC
were conducted to analyze the surface element
composition and the functional groups. The
element composition (atom %) of GAC and
Zr-GAC from XPS full-spectra survey are presented
in Table 1. The carbon atom content in GAC is
more than 80%, and the O element accounts for
approximately 11%, which should be from the
O-containing groups on the surface of the activated
carbon. A small quantity of N element in GAC may
be related to the original material for activated
carbon production. The carbon content in Zr-GAC
decreases significantly in comparison with the
loading of zirconium oxides. In addition, the
appearance of chlorine in Zr-GAC results from the

application of zirconium oxychloride during the

preparation process.

Table 1 Element composition (atom %) on adsorbent

surface from XPS full-spectra survey”

Adsorbents Cls Ols Nls Cl2p Zr3d
GAC 83.67 11. 61 1.52
Zr-GAC 51. 50 31. 95 1. 14 6. 46 8.62

% The element with content less than 0. 5% is not presented.

XPS analysis of Cls, Ols, and Zr3d;,, orbital
for GAC and Zr-GAC is shown in Fig. 3. The Cls
spectra are fitted to three components including the
most intense peak at the binding energy of 284, 8
eV, the peak around 286 eV, and the relatively
weak band from 288. 5 to 288. 9 eV-#%1,
in Fig. 3(a). The peak at 284. 8 eV is related to
C—C/C—H bonds. The band from 288. 5 to 288. 9
eV is assigned to C=0 and O—C—O linkages.

as shown

The band around 286 eV is usually attributed to
C—0 bonds in the hydroxyl (C—OH) and ether
(C—0O—C) groups. The comparison of the Cls
spectra between GAC and Zr-GAC shows that the
relative content of the C—C group decreases after
the loading of zirconium and the O-containing
groups increase on the surface of the activated
carbon. XPS Ols orbital analysis is shown in Fig. 3
(b). The Ols spectrum of GAC is deconvoluted
into two peaks, 532. 1 eV for the C—O bond and
534. 8 eV for adsorbed oxygen™?'. For Zr-GAC,
it is also fitted to two peaks, 532. 1 eV and 530. 5
eV, which is assigned to the Zr—OH group'*J. An
increase in the relative content of C—0O is observed
from the comparison between GAC and Zr-GAC,
which is in agreement with the result of the Cls
analysis. The appearance of Z—OH indicates

zirconium oxyhydroxide was formed on the surface

/’ 284.76 eV
C-C/C-H
286.13¢V | | < Tg0o
c-ok/c-0-c | )y 8%
16% \

288.97 eV \ /
€=0/0-C-0

CPS
(
\

e

28475 eV
C-C/C-H

285.92 eV g
C-0OH/C-0-C

S

288.51ev 8%,
C=0/0-C-0 \
26%

7 46%

295 290 285 280
Binding energy/eV

(a) Cls orbital analysis

532.07 eV~
C-0

78% 5%0.54 eV

L 7r-OH
2%

Zr-GAC

CPS

532.09 eV

Cc-0 ~
534.82 eV
Adsorbed O

545 540 535 530 525
Binding energy/eV

(b ) O1s orbital analysis
20 000

182.89 eV

15 000

185.24 eV Zr3dgy,

£10 000
]

5000

Zr-GAC

0 T r T T \
190 188 186 184 182 180
Binding energy/eV

(¢ ) Zr3d orbital for Zr-GAC
Fig.3 XPS characterization of GAC and Zr-GAC
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of Zr-GAC. XPS Zr3d orbital analysis for Zr-GAC
is shown in Fig. 3(c). The Zr3d orbital includes
two sub-orbital, Zr3d;, at 185. 3 eV and Zr3ds,, at
182. 9 eV, which proves the presence of positive
tetravalent zirconium ions?*?™,
3.4 BET surface area and pore structure

Table 2 shows the BET-N; specific surface
area (SSA), total pore volume (TPV), and
(APD) of GAC and
Zr-GAC. The SSA of Zr-GAC is much lower than

that of GAC, which may result from the fact that

average pore diameter

the loading of zirconium oxides blocked the pore
structure in GAC and decreased the adsorption of
N; in the measurement process. Both the TPV and
APD of GAC increase after modification with
zirconium oxides, suggesting that pores with large
diameter are introduced in Zr-GAC and mesopores
with diameter larger than 2 nm are the main source

contributing to the specific surface area.

Table 2 BET-N, specific surface area (SSA),
total pore volume (TPV), and average pore diameter

(APD) of GAC and Zr-GAC

Adsorbent SSA/(m? + g=') TPV/(em?+ g ') APD/nm
GAC 759 4.6 0. 24
Zr-GAC 289. 4 17.1 2.6

3.5 Effect of pH on adsorption of sulfate ions

pH plays an important role in the adsorption
of ionic species in aqueous solution. The changes of
sulfate adsorption on Zr-GAC along with changes
in solution pH are shown in Fig. 4. The two
experimental curves obtained at low and high initial
sulfate concentration exhibit similar trends. The
adsorption of sulfate slightly decreases with pH
changing from acidic to weak base, and it
drastically falls down when the solution pH
exceeds approximately 10. This result indicates
that the acidic condition favors the adsorption of
sulfate on Zr-GAC material. To understand this
pH-dependent process, the property of hydrous

zirconium oxides should be taken into account. In

the acidic solution, hydrous zirconium oxide is
charged"",

resulting in a high chemical affinity with negatively

easily protonated and positively
charged sulfate ions. Previous studies showed that
anionic species are mainly adsorbed on zirconium
oxides via ion exchange in aqueous solution. In the
present study, an increase of pH in solution after
adsorption is also observed. However, the increase
of the hydroxyl ion (OH™ ) is not in a fixed
proportion to the sulfate adsorption amount.
Perhaps other anions which could form a complex
compound with Zr'"™ are involved in the sulfate
adsorption process, such as chloride ions. In other
words, sulfate adsorption on Zr-GAC is probably
through complicated ligand exchange processes
rather than a simple ion exchange process™?*.
Therefore, a large number of OH  in solution
compete with sulfate ions for active adsorption sites
at high pH conditions, resulting in a decrease in

the adsorption capacity of sulfate.

0
80 éﬂ\é&
P

I 1

—4—TInitail SO%’:258.7 mg/L

—=— Initail SO27:120.4 mg/L
Adsorption Conditions
Zr-GAO Dose:2 g/L
Contact Time:2 h

i ; Temperature:298.15 K

\§/i" \§\j
—

Fig. 4 Adsorption of sulfate on Zr-GAC under
different solution pH

3.6 Adsorption isotherms of sulfate ions

Sulfate adsorption isotherms of GAC and
Zr-GAC are presented in Fig. 5. The adsorption
isotherm of Zr-GAC ascends very fast at lower
sulfate concentrations. With the increase of the
initial sulfate concentration, equilibrium adsorption
amount, q., finally reaches a limiting value,
implying there is a strong affinity between sulfate
ions and Zr-GAC. For GAC, the adsorption of
sulfate is much lower than that of Zr-GAC under

the same experimental conditions, suggesting that

sulfate adsorption is significantly improved by
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loading zirconium oxides on activated carbon. The
experimental adsorption isotherms need to be
analyzed with theoretical models in order to obtain
parameters as well as to

some important

understand the adsorption equilibrium.

1004 = GAC
o Zr-GAC
80
Tu.n 60
0
= .
<, 404
o>
204
;/,/4—’——;’——4

0.0000 00005 00010 00015 0.0020
-1
C,/(mol-kg™)
(a ) Langmuir model

" GAC
o Z-GAC
80
= g ]
50 60
0
E
A
s 40
20
i »
B ]
0 50 100 150 200
Ce/(mg~L")

(b )D-R equation
Fig. 5 Sulfate adsorption isotherms of GAC and
Zr-GAC and modeling analysis

The Langmuir equation is the most widely
used two-parameter model for the interpretation of
adsorption equilibrium. The basic assumption of
this model is a single-layer adsorption of the
adsorbate on the homogeneous surface of the
adsorbent®®J The Langmuir equation is
represented as

K, « C.
Qe = Qmax * m (2
where g. and q... are respectively the equilibrium
adsorption amount and the maximum adsorption
amount ( known as  adsorption  capacity
corresponding to complete monolayer coverage),
K. is the Langmuir constant that represents the
equilibrium constant, and C. is the equilibrium
concentration of the adsorbate in solution. In the
present work, to make K| have the meaning of
standard equilibrium constants, C. is substituted
with C./C* to

eliminate the effect of the

concentration unit. This change gives

KL M Ce/(jﬂ

L R SR

where (7 to is equal to mol/L. From the adsorption
the free energy of

adsorption can be evaluated via the Gibbs equation™*,

equilibrium constant (K ).,

which is shown in Eq. (4).

AG" =— RTIn(K") 4D
where K’ is substituted with K| in the present
work. Analysis of sulfate adsorption on GAC and
Zr-GAC by the Langmuir model is shown in Fig. 5
(a), and the related parameters are summarized in
Table 3. The Langmuir model gives ordinary fit to
the GAC and Zr-GAC isotherms with R* near to
0.9. The monolayer adsorption capacity (g,) of
Zr-GAC (73. 09 mg/g) for sulfate is much higher
than that of GAC (11. 24 mg/g). The enhancement
in sulfate adsorption should be attributed to the
loading of zirconium oxides on activated carbon.
The free energy for sulfate adsorption on Zr-GAC
is calculated as — 24. 48 kJ/mol, which is lower
than that of GAC, suggesting a much stronger
affinity between the sulfate ions and Zr-GAC
surface. In addition, the accessibility of the
adsorbent surface to sulfate can be estimated by
calculating the maximum proportion of the BET
surface area occupied by sulfate ions. Assuming
that sulfate is spherical with a radius of 149 pm (S-
O bond length) and in a close-packed hexagonal

[32] | the area

arrangement on the adsorbent surface
occupied per sulfate ion was calculated to be 5. 77 X
107 * m®. Then, the maximum fraction (X,,) of
the BET surface area covered by sulfate ions was
estimated according to ¢, that represents the
limiting number of adsorption sites on the
adsorbent surface. The X,, values for GAC and Zr-
GAC are also shown in Table 3. Zr-GAC has a
much larger X,, than that of GAC, indicating that
modification with zirconium oxides significantly

enhances the accessibility of the activated carbon

surface to sulfate ions.
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Table 3 Parameters of Langmuir and D-R equation for adsorption of sulfate
Langmuir model D-R equation
Adsorbent
Quax/(mg+ g Ki R2 AG/(KJ *mol™)) Xu/%  gor/(mgeg 1) B R? E/(k] » mol™1)
GAC 11. 24 3 485 0. 896 —20. 22 0. 54 8. 90 3.59X10°° 0. 962 0.118
Zr-GAC 73.09 19 430 0. 883 —24. 48 9.14 70. 14 1. 74X10°°6 0.921 0.536

These adsorption isotherms also were analyzed
bythe Dubinin-Radushkevich ( D-R)

deriving the D-R equation for liquid-phase adsorption.,

equation. In

the adsorption amount corresponding to any adsorbate
concentration is assumed to be a Gaussian distribution
of the Polanyi potential (e)"2**), Thus, the D-R
equation is shown as follows.

q. = qorexp(— Be?) (5
with

e =RTIn(1+1/C.) (6)
where gpr is the maximum adsorption amount of
and B is a constant related to the
If the

adsorbent has a heterogeneous surface and an

sulfate,

characteristic adsorption energy (E, ).

approximation to a Langmuir isotherm is selected

as the local isotherm on each homogeneous

subregion, then the most probable characteristic
adsorption energy is-**

E, = (2B) '* "
Therefore, the D-R adsorption equation can be applied
to estimate not only the maximum adsorption amount.,
but also the characteristic adsorption energy. The
analysis result for sulfate adsorption on GAC and
Zr-GAC are shown in Fig. 5 (b), and the related
parameters are presented in Table 3. The correlation
coefficients (R?) suggest that the fittings with the D-R
equation are fairly good for the adsorption of both GAC
and Zr-GAC. Zr-GAC has a much larger adsorption
capacity (gpg) than that of GAC, determined by the
D-R equation. This result is similar to the result of the
Langmuir model. The adsorption capacity determined
by the D-R equation is a little lower than that of the
Langmuir model. The characteristic —adsorption

energies determined by the D-R equation are also

shown in Table 3. The adsorption on Zr-GAC has a

higher characteristic energy than that of GAC,
indicating a much stronger interaction force was formed
between the sulfate ions and the active sites on the
surface of Zr-GAC. This result is in agreement with
the result from the Langmuir model that Zr-GAC has a
higher

correspondingly higher adsorption energy. However,

adsorption  equilibrium  constant and a
the characteristic adsorption energy from the D-R
equation is not on the same order of magnitude as the
free energy (AG) determined by the Langmuir model.
In our opinion, the estimation of the adsorption energy
by the lLangmuir model is more credible because the
method based on the Gibbs equation is widely accepted
and the results in this work are comparable with the
values in reported studies™” **). Therefore, the real
meaning of the parameter (E,) in the D-R equation
needs further discussion when it is applied to a
solution  adsorption.  Perhaps an unknown
conversion on E; should be developed to make it
have a similar meaning with free energy for a
specific adsorption process.

Comparison of the Zr-GAC with other sulfate
adsorbents is shown in Table 4. The Zr-GAC has a
relatively high adsorption capacity for sulfate ions
and a good pH adaptability in contrast with most
other adsorbents. The adsorption capacity of Zr-
GAC is approximately two times that of zirconium
oxides-loaded biochar, which was prepared for
sulfate adsorption in a recent study"'"). This
enhancement in adsorption capacity can be
attributed to the fact that GAC has a much larger
specific area as a support than biochar material,
which results in a higher loading-amount of
zirconium oxides. Therefore, the Zr-GAC exhibits
good potential for sulfate adsorption in aqueous

solution.
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Table 4 Comparison of adsorption capacity of Zr-GAC with other sulfate adsorbents

Adsorbents Adsorption capacity/(mg + g=!)  Solution pH References
r-Al, Oy 7.7 5.7 [35]
Activated carbon from coconut coir pith 4.9 4.0 [36]
ZrO);-modified sugarcane bagasse cellulose 38.4 - [10]
Poly(m-phenylenediamine) 108. 5 1.75 [37]
Mg-Al layered double hydroxide 12.5 7 [31]
Carbon residue modified with FeCls 19.5 4 [4]
Zirconium-based MOF 56 - [8]
Metal layered double hydroxidesfuncionalized high phoshprus ion ore waste 29~34 - [2]
Zirconium oxides-loaded biochar 35. 21 2 [11]

Zr-GAC

70. 14 6.8 Present study

The symbol “-” means data are not reported.

3.7 Adsorption kinetics of sulfate ions

The changes of sulfate adsorption on Zr-GAC
with contact time are shown in Fig. 6. The
adsorption amount ¢, increases fast within the
initial 20 minutes, and then it tends to be stable,
meaning adsorption equilibrium or near equilibrium
is achieved. The rapid adsorption probably results
from the chemical affinity between sulfate ions and
zirconium oxides on the surface of the GAC, which
can be considered as active adsorption sites. In
addition, the sulfate adsorption is a little better at
298 K than at 283 K, suggesting high temperature

may favor the adsorption.
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Fig. 6 Adsorption kinetics of sulfate ion on Zr-GAC

In order to describe the overall adsorption rate,
kinetic data are analyzed with pseudo first- and second-
order kinetic equations, which are presented in Eq. (8)

and Eq. (9P, respectively.

dg,

d‘i = k(g —q) (8)
dg, )
(T(i = ky (g —q,)* (9

The parameters, g. and ¢, (mg/g), denote the
sulfate adsorption amount at equilibrium and time
t, respectively. The £, (1/min) and &, (g/(mg *
min)) are the pseudo first-and second-order rate
constants, respectively. The fitting results are
shown in Fig.6(a) and 6 (b), and the related
parameters are summarized in Table 5. The
correlation coefficient (R?*) of the pseudo second-
order equation is greater than that of the pseudo
first-order equation, both for 298 K and for 283 K.
In addition, the equilibrium adsorption amount
calculated from the pseudo second-order equation
agrees perfectly with the experimental value,
which deviates considerably from the value
determined by the pseudo first-order equation.
This suggests that the adsorption of sulfate ions on
Zr-GAC follows the pseudo second-order kinetic
equation, which means the adsorption rate is
proportional to the square of sorption driving force
(ge — ¢q.)%. Table 5 also shows that both the

equilibrium adsorption amount (q.) and the rate
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constant k,; improve with the increase of the

adsorption temperature from 283 K to 298 K,

which confirms that the increase of temperature

facilitates the adsorption of sulfate on the Zr-GAC.

Table 5 Parameters of pseudo first- and second-order kinetic models for sulfate adsorption on Zr-GAC

Pseudo first-order equation

Pseudo second-order equation

T/K  qekg/(mgeg 1) , :
Ge.ca/(mg =g 1) ky/(1emin 1) R? Qe.ca/(mg =g 1) kp/(g+ (mg+ min) D R?
283 52.5 50.4 0. 469 0. 825 53.6 0.015 0. 985
298 55.3 53.4 0. 809 0. 880 56.3 0. 025 0. 968
. financial support from the National Natural Science
4 Conclusion . -
Foundation of China (No. 51408239), Natural
In this work, zirconium oxides were Science Foundation of Fujian Province ( No.

successfully loaded on the surface of granular
activated carbon to prepare an adsorbent, Zr-GAC
for sulfate adsorption in aqueous solution. The
SEM images show that the Zr-GAC has a porous
surface with many aggregates, which are composed
of zirconium oxides probed by the XRD analysis.
The XPS characterization confirms the presence of
zirconium and hydroxyl groups on the adsorbent
surface. The BET specific surface area of activated
carbon decreases after the loading of zirconium
oxides, whereas the total pore volume and average
pore diameter increase. Adsorption of sulfate ions
on Zr-GAC is a pH-dependent process, and better
adsorptions can be achieved at pH lower than 10.
The adsorption isotherms were analyzed by the
Langmuir and the D-R equation, and better fitting
was achieved with the latter model. According to
the D-R equation, the Zr-GAC has a much higher
adsorption capacity (70. 14 mg/g) than GAC (8. 90
mg/g) in the neutral water solution. It is noticed
that the D-R equation may have a problem in
determining the adsorption energy for a solution
adsorption, which deserves more discussion.
Adsorption of sulfate on the Zr-GAC is relatively
fast, and kinetic studies show that the adsorption
follows the pseudo second-order kinetic equation.
increase of

In addition, an temperature may

facilitate sulfate adsorption, to some extent.
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