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ABSTRACT

As one kind of easily available, low cost and long-duration method, the adsorption method procedure
has already been applied widely in water treatment for recent years. In this paper, synthesized com-
plex of coffee grounds and attapulgite clay (CG/AC) was designed through hydrothermal reaction and
employed for removal of toxic Pb(Il) ions. The adsorbent of designed CG/AC was characterized by
means of FTIR, XRD and SEM. The results were indicating that CG was loaded well with AC through
preparation by combination of hydrothermal synthesis. The Pb(II) adsorption kinetic was well fitted
by second order model from the adsorption kinetic experiments. The adsorption reaction reached equi-
librium within 60 min and the maximum adsorption capacity was 445 mg-gat 25°C. The adsorption
isotherm for Pb(II) was better fitted by Langmuir isotherm model. The higher temperature would be
beneficial to adsorption of Pb(II) by designed CG/AC and the maximum adsorption capacity could
reach up to 6.98 mg-g™ at 35°C. Thus, CG/AC showed relatively great potential for adsorption capacity

of Pb(II) in aqueous solution, which should shed light on its application in wastewater treatment.
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1. Introduction

The excessive emission of heavy metals i.e., Pb(I),
Cr(VI), Hg(l), Cd(Il) into the water environment have
already become a major global environmental problem
[1].Those mentioned heavy metals were mainly originat-
ing from metallurgical mining industry, chemical industry,
electroplating industry, landfill leachates and even agri-
cultural nonpoint source pollution [2,3]. Due to its recalci-
trance and persistence in the water or related environment,
more attention was paid to the removal of heavy metals
from the water body [4]. The major source of lead in water
originating from effluents of industries, i.e., lead alloys,
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lead-acid batteries, plastics, solder, tubing and pigments
[5,6]. The uncontrolled discharge would inevitably cause
adverse effects on ecosystems and accumulation in human
body through food chains [7].

A series of methods including chemical precipitation
[8], ion-exchange [9,10], membrane filtration [11] and elec-
trochemical treatment approach [12] were investigated to
remove heavy metals in water environment. Nevertheless,
these above mentioned methods have many disadvantages
including their high investment, operating cost and second-
ary pollution [13].

The adsorption method was considered as an alterna-
tive approach for treatment of Pb(Il) polluted water due to
its effectiveness, lower cost and possible reversibility for
recent years [14]. Basically, adsorption method was a mass
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fransfer process, where the pollutants would be transferred
from the liquid phase to the surface of the solid materials,
which was bound by physical and /or chemical interactions.
During the adsorption procedure, it was crucial to design
a novel adsorbent with appropriate structure, lower cost,
easier accessibility and higher adsorption efficiency. Thusly,
some novel adsorbents was chosen and applied including
agricultural waste [15-17], fruit shells [18], crustaceans [19]
and clay minerals [20,21].

As a kind of inexpensive and efficient adsorbents, the
clay minerals have relatively higher chemical and mechani-
cal stability, high surface area and ideal structural properties
with huge yield, which was mainly consisting of montmo-
rillonite [20], attapulgite [22], kaolin [21] and mica [23].
The attapulgite clay (Abbreviated as, AC) was a crystalline
hydrated magnesium silicate with large specific surface
area and moderate cation exchange capacity, which was
beneficial for the adsorption of heavy metals as reported
in the previous study [24]. Nevertheless, the nano rods of
AC would naturally aggregate and cause a poor dispersion,
which would greatly limit its application in water treat-
ment [25]. Thus, it was crucial to modify the AC material to
improve its dispersion characteristic. Here, the AC material
would be modified by the coffee grounds (Abbreviated as,
CG) for its widely existence and lower cost. It would be a
preferable choice if the coffee grounds could combine with
the attapulgite clay and form into a novel network struc-
ture. What’s more, CG was also one kind of adsorbents for
treatment of Pb(II) ions polluted water, as reported in pre-
vious literatures [26,27]. Thus, the structure and combining
model of AC with CG were still needed to be investigated,
which would provide a reference for the research of new
complex materials.

Thus, CG and AC have been chosen as raw materials
for the preparation of adsorbent complex in this study.
Adsorbent complex was fabricated by hydrothermal
reaction, followed by analyzed through adsorption kinet-
ics and isotherms experiments to study the adsorption
characteristics of Pb(II). The adsorption mechanism of
Pb(II) by CG/AC was interpreted by analyzing its inner
structure.

2. Materials and methods
2.1. Raw materials

Coffee grounds (CG), which was directly collected from
Starbucks coffee shop, then followed by washing with
deionized water for several times until the impurities were
eliminated. The coffee grounds after washing were dried in
an oven at a temperature of 80°C until constant weight was
reached. Attapulgite clay (AC) with nanometer scale was
purchased from Dingbang Minerals Technology Co., Ltd.
(Changzhou, Jiangsu, China). Both raw materials of CG and
AC were stored for further analyses.

2.2. Characterization methods

The morphologies of CG, AC and CG/AC were all
observed on a Scanning electron microscope (SEM) (Zeiss
Auriga, Germany). The Fourier transform infrared (FTIR)

(VERTEX 70, Bruker, Germany) and powder X-ray dif-
fraction (XRD) (Philips, PANalytical B.V., Holland) were
applied to analyze the phase composition of the complex.
The X-ray diffraction (XRD) analysis was carried out with
X-ray diffractometer. Patterns were recorded from 5° to 80°
20 at a scan rate 1° min™'. The FTIR of CG, AC and CG/AC
were all recorded in the range of 4000~400 cm™.

2.3. Preparation of CG/AC complex

The CG/AC complex was prepared by the following
stages: (1) 3.0 g of AC was suspended in 100 mL hydro-
chloric acid (concentration of 3 mol-L™) until the AC was
dissolved. (2) 3.0 g of CG was gradually added into the
suspension, followed by sealed and reacted for 8 h at 70°C
by using thermostat water bath. (3) At the terminal of the
reaction, CG/AC complex was centrifugal separated and
washed by deionized water for several times until the
supernatant was neutral. (4) Finally, the CG/AC samples
were dried in an oven at 120°C. The obtained CG/AC
samples were collected in the desiccator for further treat-
ment. The possible synthetic process of CG/AC complex
could be proposed in Fig. 1c.

2.4. Preparation of the Pb(II) solution

The stock solution of Pb(II) solution of 1000 mg-L! was
obtained by dissolving 1.599 g of lead nitrate (chemical
formula of Pb(NO,),) into 1 L deionized water. The stock
solution was then diluted with deionized water to get the
planned concentration. The pH of solution was adjusted
to 5.5~6.0 by using a solution of HNO, or NaOH. The con-
centrations of Pb(II) for aqueous solution before and after
adsorption experiment were detected by using an Induc-
tively coupled plasma-optical emission spectrometer (ICP-
OES, Agilent 5100, Australia).

2.5. Pb(Il) adsorption experiments
2.5.1. Adsorption kinetics

Two kinds of kinetic models (pseudo-first order and
pseudo-second order models) were applied to study the
kinetics of adsorption experiment. The parameter of contact
time was ranging from 15 to 100 min at 25°C.

The pseudo-first order model was used to fit the experi-
mental data, which could be expressed as the following Eq.

@D.
ln(qé’ - qt) = ln qe - klt (1)

The pseudo-second order model was used to study the
adsorption process and provide insights into possible reac-
tion mechanisms, which could be expressed as Eq. (2).

t/q,=1/(kq,>)+1t/q, )

where g, (mg-g™) and g, (mg-g™) were the amount of adsor-
bent adsorbed at equilibrium and any time, respectively.
The k,, k,were the velocity constant of the pseudo-first order
and the pseudo-second order.
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Fig. 1. XRD patterns (a) and FTIR spectra (b) for coffee grounds (CG), attapulgite clay (AC) and the complex of coffee grounds and
attapulgite clay (CG/AC) prepared at the temperature of 70°C by hydrothermal reaction for 8 h; (c) The proposed synthesis model of
CG/AC containing of treatment of AC by hydrochloric acid and crushing of CG followed by hydrothermal reaction.

2.5.2. Adsorption isotherms

The isotherms of adsorption were studied by using
two different isotherm models, which were Langmuir and
Freundlich models, respectively. Those models could be
applied to determine the proper isotherm for Pb(Il) ions
adsorbed on CG/AC complex.

The models of Langmuir and Freundlich were expressed
by using Eq. (3) and Eq. (4), respectively.

Langmuir: g, =4, K;c, / (1+Kc,) 3)

Freundlich: g, = K,c,"” 4)

where g (mg-g™) was the amount of adsorbent adsorbed, g,
(mg-g™) was the maximum adsorption capacity, ¢, (mg-g™)
was the equilibrium solute concentration, K, (L-mg™) was
the Langmuir constant related to adsorption energy, K. and n
were Freundlich constants and intensity factors, respectively.

3. Results and discussion

3.1. Characterization of prepared CG/AC complex

The XRD patterns for the raw materials and CG/AC
complex are shown in Fig. 1a. The main characteristic peaks
atd of 10.39, 4.44, 2.53 and 1.50 for CG/AC were indicating
the presence of Mg.Si,O, (OH),(OH,),-4H,O phase, indi-
cating AC was included in the complex. These peaks (d =
444,d =4.25,d =436 and d = 1.82) of CG/AC left shifted
compared with AC, while the characteristic peaks of CG
were not observed in the XRD patterns, indicating that CG
did not intercalate the crystal lavers of AC. CG was proba-
bly adsorbed in surface of the micro/nano pores and nano
channels of AC. Additionally, some characteristic peaks
(d=10.39,d =444, d =425 and d = 3.36) of AC in CG/
AC’s XRD patterns became weakened compared with AC
alone, illustrating the higher dispersion of CG/AC samples,
which was in accordance with the result of SEM in Fig. 2.
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The FTIR analysis results are shown in Fig. 1b. As
shown in Fig. 1b, the prepared CG/AC possessed the
characteristic peaks of CG (2926 cm™ and 2855 cm™ for
C-H stretching vibration) and AC (986 cm™ for Si-O-5i
stretching vibration, 799 cm™ for Si-O-Al stretching vibra-
tion), indicating that CG was successfully combined with
AC. The bands observed at 3551 cm™ and 1658 cm™ were
assigned to the stretching of O-H group. The bands at 2926
cm™and 2855 cm™ illustrated the asymmetric and symmet-
ric C-H stretching vibration, respectively. The strength of
peak of CG/AC (1088 cm™ for stretching vibration of C-O
and 799 cm™ for stretching vibration of Si-O-Al) weakened
and the peak (3551 cm™ and 986 cm™ for stretching vibra-
tion of O-H) intensified compared with the raw materials
[28-32]. Additionally, not any new peaks were observed in
the prepared CG/AC, indicating that no obvious chemical
reactions were conducted during the preparation process
of CG/AC.

The morphology images of CG, AC and CG/AC are
shown in Fig. 2. As shown in Fig. 2, the CG had a relatively
smooth surface and specific porous structure (Figs. 2a,b),
while the AC would tend to aggregate and form into com-
pact bunches (Fig. 2c). From the appearance of prepared

CG/AC (Fig. 2d), the compact bunches of AC became
obviously loose in the CG/AC, while the AC was loaded
well with CG after hydrothermal reaction. The results were
indicating that the hydrothermal reaction procedure would
affect the agglomeration of AC. The formation of complex
networks could significantly improve the dispersion of
AC, while more Pb(Il) ions could be retained in the micro
networks. The EDS mapping for C, Si and O elements of
the complex is shown in Fig. 2e, while the EDS spectra is
shown in Fig. 2f. The element distribution results were
indicating that Si and O were obvious dominant elements,
accompanying C. The existence of C in the EDS mapping
results were also indicating that the AC were loaded well
with CG.

3.2. Adsorption kinetics

The effect of contact time on adsorption rate of Pb(II)
by CG/AC is displayed in Fig. 3a. As shown in Fig. 3a, the
removal rate of Pb(Il) was increasing rapid at the initial
stage of 0~40 min, which was in accordance with previous
studies [33,34]. Subsequently, the adsorption rate gradu-
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Fig. 2. SEM images of original coffee ground (a), (b), the original attapulgite clay (c), the complex of coffee grounds and attapulgite
clay (d); EDS mapping for C, Si and O elements of the complex; (f) EDS spectra for the complex.
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Fig. 3. Effect of contact time on the rate of adsorption (a) at condition: temperature of 25°C, pH of 5.5~6.0, adsorbent dosage of 0.1 g
and [Pb(ID)], of 50 mg-L; Pseudo-second order kinetic equation fitting curve (b); The schematic diagram (c) of CG/AC adsorbing

Pb(II) ions in aqueous solution.

ally slowed down and the equilibrium time was about 100
min. Generally, the adsorption progress of Pb(Il) by CG/
AC could be divided into two stages: fast reaction and slow
reaction. In the fast reaction stage, Pb(Il) were adsorbed on
the surface of the adsorbents, where the adsorption rate was
mainly depended on the diffusion of Pb(II) and the equilib-
rium could be achieved in a short time. In the slow reaction
stage, Pb(II) would gradually entered into the inner surface
of the adsorbents. The reaction rate was affected by surface
structure of adsorbents, initial concentration of metal ions
of solution [1]. It was confirmed that Pb(II) element was
determined in the CG/AC complex after adsorption pro-
cess according to the EDS analysis (Figs. 4a, b), demonstrat-
ing the adherence of Pb(II) ions on CG/AC surface.

The kinetic rate constants are shown in Table 1, which
were obtained from first order and second order pseudo-ki-
netic models. The results were indicating that the adsorp-
tion processes of Pb(Il) by CG/AC were matched well with
the pseudo-second-order kinetic model and the model
fit is presented in Fig. 3b. As the proposed adsorption
model shown in Fig. 3¢, the adsorption mechanism could
be expressed by three steps [35,36]. Firstly, the Pb(II) ions
would be transferred from bulk solution to CG/AC sur-
face across the liquid film surrounding the adsorbent par-
ticle (External diffusion) [37]. Secondly, Pb(Il) ions would
be diffused inside the internal structure of CG/AC particle
(Intraparticle diffusion) [38]. Finally, Pb(II) ions would be
absorbed at interior sites.

3.3. Adsorption isotherms

The corresponding values of Langmuir and Freundlich
isotherms were calculated and represented in Table 2. It was
observed that the Langmuir isotherm would better described
the adsorption of Pb(Il) for its higher correlation coefficient
R2 It was assumed that the adsorbed Pb(Il) would form into
monolayer coverage on the surface of absorbents, which was
containing finite number of identical sorption sites [39]. The
isotherm profiles of Pb(II) adsorption at various temperatures
(25°C, 30°C and 35°C) are shown in Figs. 5a—c. It was obvious
that the adsorption value gradually boosted strength, then
leveled off until saturation. The maximum adsorption capac-
ity of Pb(Il) was observed as 6.98 mg-g. The removal of Pb*
increased from 62% to 97.5% for 25-45°C, indicating that the
higher temperature was beneficial to adsorption of Pb(II) by
adsorbent. The proposed model can be expressed by Fig.
5d, thereby indicating the endothermic nature of Pb(Il) ions
onto CG/AC [34,40,41,42]. The FTIR spectra after adsorption
are shown in Fig. 6. It is apparent that the position of all the
valence bonds were not changed after adsorption, which
could be interpreted that the amount of CG/AC complex
was far greater than the amount of Pb(II) absorbed.

The aim of this paper was to study the properties
of the complex, which was made from two raw materi-
als with different structural characteristics. The adsorp-
tion properties of the complex were explored through a
large number of experiments. Compared with other adsorp-
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of 25°C, pH of 5.5~6.0, adsorbent dosage of 0.1 gand [Pb(II)] of 200 mg-L™.

Table 1
Kinetic constants for lead adsorption onto CG/AC

Sample Pseudo-first order model Pseudo-second order model
q,(mg-g™) k, (min™) R? q,(mg-g™) K, (g'mg™-min™) R?
CG/AC 4.72 0.035 091275 6.19 0.00493 0.9374
Table 2
Isotherm constants for lead adsorption onto CG/AC
Sample Temperature Langmuir Freundlich
q, (mg-g™) K, (L-mg™) R? K. (L-mg™) 1/n (g-L?) R?
CG-AC 25°C 6.50 0.0595 0.88831 1.8294 0.2394 0.76544
30°C 771 0.0452 0.82788 1.6643 0.5838 0.70773
35°C 8.68 0.0490 0.83374 1.9286 0.2880 0.69683

tion materials reported in related literature, the adsorption
capacity was not ideal. Its adsorption capacity might be fur-
ther improved by modification or other methods.

4. Conclusions

This work designed and synthesized a novel adsorbent of
CG/AC to removal Pb(II) from aqueous solution, resulting in

improving the adsorption performance of Pb(II). The kinetic
experiment showed that the adsorption rate was rapid and
maximum adsorption capacities was achieved at 100 min.
The adsorption of Pb(Il) fitted the pseudo-second-order
kinetic model well. For all the temperatures studied, Lang-
muir isotherm model was in good accordance with the
experimental data compared with Freundlich. In conclusion,
CG/AC might be an effective candidate for environmental
protection, for its removal of Pb(I) from aqueous solution.
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