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Abstract−Waste coffee grounds were used as an adsorbent to efficiently adsorb silver ions in actual industrial waste-
water. It was found that the functional groups like -COO− and -OH− groups in coffee grounds play an important role
in the adsorption of silver ions from the FT-IR spectra, and the SEM images and EDX spectra were used to investigate
the surface onto waste coffee grounds and confirm the existence of silver ions onto the waste coffee grounds after
adsorption of silver ions. The highest adsorption capacity and removal efficiency was achieved as about 46.2 mg/g and
92.4% at the initial pH 6 of wastewater. Two adsorption isotherm models, Langmuir and Freundlich, were used to ana-
lyze the equilibrium data. The Langmuir isotherm, which provided the best correlation for silver adsorption onto cof-
fee grounds, showed that the maximum adsorption capacity and affinity constant was calculated as 49.543 mg/g and
1.134 L/mg, respectively. The adsorption was an exothermic reaction and the most equilibrium was achieved at less
than 60 min. From these results, the waste coffee grounds have high possibility to be used as effective and economical
adsorbent for silver adsorption.
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INTRODUCTION

The excessive release of silver from industrial wastewater has
caused a serious environmental problem, especially water. Mon-
ovalent silver ion is more toxic for fish than copper or mercury,
and it is an extremely effective germicide [1]. The ecological sys-
tems with toxic silver have been finally exposing top-level preda-
tors to very high levels of pollution and therefore it will cause
various diseases and disorders, such as the fatty degeneration of
the liver and kidneys in the human body [2,3]. Nevertheless, silver
has been widely applied in many industrial fields containing elec-
troplating, communications, medical equipment and metal alloy
industries, because it has the highest electrical and thermal conduc-
tivity, which results in a relative shortage of silver resources [4,5].
According to Purcell’s report, while silver deposits in the world are
sharply decreased, the extensive applications of silver ions have in-
creased rapidly [6]. Therefore, silver in the effluents discharged from
various industries has been necessarily recovered in terms of secure
and recycling of resources.

Many methods have been developed to remove silver from in-
dustrial wastewater, including chemical precipitation, ion exchange,
electrolysis, replacement, membrane and reverse osmosis [7,8]. In
recent years, adsorption has attracted a great deal of attention be-
cause of low operating cost, generating of minimum amounts for
sludge and high selectivity to specific metals. According to the lit-
erature survey, various kinds of adsorbents have been used to re-
move and recover silver from aqueous solutions or industrial waste-

water. To increase the adsorption capacity of silver ions, many chemi-
cally modified adsorbents, chelating and commercial ion exchange
resins have been widely used [9-12]. Neudachina et al. studied the
selective adsorption of silver ions over copper ions using sulfoe-
thyl derivative based on chitosan [13]. However, these adsorbents
have a problem concerning economic efficiency; therefore, recently,
many works have focused on the use of low cost materials, includ-
ing waste wool, peanut shells, crab shells, soybean hulls and cot-
ton which are available in large quantities [14-16]. Inoue et al.
applied acidothiourea leaching approach using biosorbent prepared
from easily available agricultural waste to recover silver ions from
printed circuit boards (PCBs) of mobile waste [17].

Coffee has become a popular beverage worldwide, including
Korea, and significant quantities of coffee grounds are produced
from the coffee manufacturing process. According to the United
States Department of Agriculture (USDA), the annual global pro-
duction capacity of coffee beans in the year 2012/2013 was esti-
mated as exceeding 150 million of 60 kg bags, and in the future
more production and waste of coffee ground are expected [18].
Most coffee grounds are burned as waste, which produces carbon
dioxide, the greenhouse gas [19]. Therefore, extensive study on the
efficient reuse/recycling of coffee grounds has been performed and
until now, they have been used as soil remediation, removal of haz-
ardous molecules from aqueous or gas phases, and wastewater
desalination [20,21].

In this study, we used recycled waste coffee grounds to remove
silver from industrial wastewater directly as a zero-cost adsorbent.
The FT-IR and SEM-EDX of waste coffee grounds for before and
after silver adsorption was examined to understand the possible
adsorption mechanism. In addition, adsorption characteristics of
waste coffee grounds for silver were investigated under the various
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experimental conditions of initial pH of wastewater, contact time,
and temperature etc.

MATERIALS AND METHODS

Five kinds of waste coffee grounds from different cafeterias located
in the city of Gangneung in Korea were used. Overall, the compo-
sition of five different species of coffee grounds was similar, but
the presence of composition may have been different due to the
cistern water used in cafeterias for the preparation of coffee drink-
ing [23]. They were thoroughly washed with deionized water and
dried in an oven (JEIO TECH OF-22GW) at 80 oC for one day.
Finally, they were sieved by molecular sieving with 80-100 mesh
without any further treatment.

The industrial wastewater, including silvers used in this study,
was obtained from the Toricom Company in the city of Chunan in
Korea. All the chemical reagents were of analytical grade (Sigma
Aldrich, U.S.A) and used without further purification.

FT-IR analysis was conducted with a Perkin Elmer 1725x spec-
trometer (U.S.A.) to confirm functional groups in coffee grounds
for before and after adsorption of silver ions. Infrared spectra were
recorded with a Bruker IFS 66 (1,000-4,000 cm−1) spectrophotom-
eter. Samples of 100 mg KBr disks containing 2% of beads of each
sample were prepared less than 24 hours before recording. The
morphology of the coffee grounds for before and after adsorption
of silver ions was also studied to confirm surface condition and
components onto the coffee grounds by a scanning electron micro-
scope (SEM, Hitachi model S-4100, Japan) and energy dispersive
X-ray spectroscope (EDX, U.S.A.).

All sorption experiments were batch-type with 100 mL conical
flasks sealed with rubber stoppers and placed in a rotary shaking
incubator (JEIO TECH, SI-600R, Korea) at desired temperature,
pH and time. To find the optimum waste coffee grounds to use in
the present study, an adsorption experiment for silver ions using
five kinds of different species was performed. 0.1 g of each sample
was agitated with 100 mL of wastewater with 50 mg/L of silver
concentration at the initial pH 4.0 Each industrial wastewater with
desired initial pH values (2.0, 3.0, 4.0, 5.0 and 6.0), which was
adjusted by adding NaOH and HNO3 solutions, was prepared to
examine the effect of pH on the adsorption capacity of silver ions.
The investigation for the adsorption of silver ions was avoided
above pH 7.0 due to the precipitation of silver ions as hydroxides
[22]. The equilibrium adsorption isotherm was determined by
agitating the mixture of coffee grounds and industrial wastewater
with different initial concentrations (4, 10, 20, 30, 40 and 50 mg/L)
for 24 h at the pH 6.0. To investigate the effect of contact time,
0.1 g of coffee grounds was added to 100 mL of wastewater with
50 mg/L of silver concentration for predetermined periods (10, 30,
60, 120, 180 min). In addition, the effect of temperature on adsorp-
tion capacity of silver ions was also observed (15, 25, 35, and 45 oC).

When adsorption for silver ions in industrial wastewater ap-
proached to equilibrium state, the mixture was centrifuged at 4,000
rpm for 30 min to remove suspending coffee grounds by centri-
fuge (Gyrozen, Gyro 1236 MG, Korea), and then the concentration
of silver ions in supernatant was analyzed by Atomic Absorption
Spectroscopy (Perkin-Elmer A Analyst 100/A Analyst 700, U.S.A.).

The removal efficiency (R.E, %) and adsorption capacity (qe, mg/
g) were calculated using Eqs. (1) and (2), respectively:

(1)

(2)

where, Ci (mg/L) and Ce (mg/L) are the initial and equilibrium sil-
ver ions concentration, respectively. Vi (L) and Vf (L) are the ini-
tial and final volume of industrial wastewater. M (g) is the weight
of adsorbent used in the experiment. All experiments were per-
formed three times and the average was used in the analysis.

RESULTS AND DISCUSSION

The composition for wastewater supplied from Toricom was
analyzed and given in Table 1. The concentration of silver ions was
very high at about 1,330 mg/L, while the concentration of alumi-
num and total chrome ions was very low at about 5.2 and 0.9 mg/
L, respectively. Also, the concentration for anionic ions such as
CN− and Cl− was not detected. In this study, the wastewater was
properly diluted because of very high concentration of silver ions,
and concentration for aluminum and chrome ions was not mea-
sured because their concentrations were very low, as compared to
silver concentration. On the other hand, actual industrial wastewa-

R.E = 
Ci − Ce

Ci
--------------- 100%×

qe = 
CiVi − CeVf

m
--------------------------

Fig. 1. Comparison of adsorption capacity for silver ions using var-
ious coffee grounds in industrial wastewater (Initial pH of
wastewater: 4.0, initial concentration of silver ions: 50 mg/L,
adsorbent concentration: 1.0 g/L, working wolume: 0.1 L).

Table 1. Composition of wastewater
Components Concentration (mg/L)
Ag(I) 1,330
Al(III) 5.2
Total Cr 0.9
CN− Not detected
Cl− Not detected
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ter was very strong acidic condition as about pH 0.7.
To find the optimum adsorbent, five kinds of waste coffee grounds

were used to adsorb silver ions and the result is shown in Fig. 1.
Silver adsorption capacity for each waste coffee ground did not
show great difference at about 16-26 mg/g; however, waste coffee
grounds obtained from the C cafeteria, which showed the highest
adsorption capacity at about 26 mg/g, was selected in terms of eco-
nomic feasibility and it was applied to all adsorption experiments
in the study. The BET surface area of coffee grounds obtained
from the C cafeteria was 4.574 m2/g (data not shown).

To investigate which functional groups of waste coffee grounds
were responsible for silver adsorption, FT-IR spectra analysis for
solid samples before and after the adsorption process was carried
out. As shown in Fig. 2, the broad bands observed at the 3,330
and 3,430 cm−1 were thought to represent the stretching of O-H
group due to inter- and intra-molecular hydrogen bonding of poly-
meric compounds, such as alcohols, phenols and carboxylic acids
as in pectin, cellulose and lignin [23]. The O-H stretching vibrations
happened within a broad range of frequencies, indicating the pres-
ence of free hydroxyl groups and bonded O-H bands of carbox-
ylic acids [24,25]. The characteristic peak appearing at the 2,920
cm−1 indicates symmetric or asymmetric C-H stretching vibration
of aliphatic acids [24,26]. The absorption peaks at 1,744 and 1,745
cm−1 were assigned to the resulting carboxyl linkage derived from
xanthine derivatives including caffeine [27]. The characteristic peak
around 1,383 cm−1 appeared due to the COO− symmetric stretch-
ing vibration and the bands in the range of 1,200-900 cm−1 were
assigned to m(S=O), indicating the existence of sulfur [28]. The
characteristic peaks of 3,334, 2,922, 2,852, 1,745, 1,159 and 1,031
cm−1 for before adsorption had shifted to 3,361, 2,924, 2,854, 1,741,
1,157 and 1,029 cm−1, respectively, due to silver adsorption. These
shifts may be attributed to the changes in counter ions associated
with carboxylate and hydroxylate anions, suggesting that acidic
groups including carboxyl and hydroxyl play an important role in
metal adsorption [29]. Therefore, it was concluded that waste cof-
fee grounds used in this study have functional groups like COO−

and OH− groups which play an important role in the silver adsorp-
tion. In addition, sulfur also contributed to the binding to silver
ions, to some extent.

To investigate the surface structure of waste coffee grounds for
before and after silver adsorption, morphological analysis was car-
ried out by SEM and EDX. As shown in Fig. 3(a), coffee grounds
have a porous and homogeneous structure with a deep pore and
are mainly composed of carbon (61.60%) and oxygen (38.40%).
However, in the case of (b), after silver adsorption, electron dense
parts, which are thought to be silver adsorption, appeared on the
SEM images, and EDX spectra analysis showed that the character-
istic peaks for silver ions which have 19.82% clearly emerged.

In adsorption study, aqueous phase pH governs the speciation
of metals and also the dissociation of active functional sites on the
adsorbent [30]. Therefore, it has been identified as the most im-
portant variable affecting metal adsorption onto adsorbent; this is
partly because hydrogen ions themselves are strongly competing
with metal ions [31]. The effect of initial pH value of wastewater
on the adsorption capacity and removal efficiency of waste coffee
grounds for silver ions was conducted and the result is shown in
Fig. 4. The study on pH effect beyond 7.0 was excluded because
insoluble silver-hydroxide-precipitate was observed in the waste-
water. The precipitation effect was almost the same as Wang’s report
[22]. It can be seen that the adsorption capacity and removal effi-
ciency of waste coffee grounds for silver ions increased with the
increasing pH value. Especially, the highest adsorption capacity and
removal efficiency was achieved as about 46.2 mg/g and 92.4% at
the pH 6. In the case of low pH (pH<3.0), adsorption capacity and
removal efficiency were very low because of the competition ad-
sorption for the COO− and OH− sites between protons (H+) and
silver ions (Ag+). According to Yurtsever and Azouaou’s reports,
phenolic and carboxylic groups into the waste coffee grounds play
an important role in adsorption of metals including silver [5,23].
Therefore, if adsorption of waste coffee grounds for silver ions could
be done by two different functional groups, the mechanism is as
follows:

Fig. 2. FTIR spectra of coffee grounds before and after adsorption.
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COO−H++Ag+→COO−Ag++H+ (3)

O−H++Ag+→O−Ag++H+ (4)

From the result, the optimum initial pH of wastewater was selected
as 6.0 and the pH was applied to the future adsorption experiments.

The adsorption isotherm is important from both a theoretical
and a practical point of view. To optimize the design of an adsorp-
tion system to remove the metal ions, it is important to establish
the most appropriate correlations of the equilibrium data of each
system [32]. In this study, two classical adsorption models, Lang-
muir and Freundlich isotherms, were applied to describe silver
adsorption equilibrium. Generally, the Langmuir isotherm is valid
for monolayer adsorption onto a surface with a finite number of
identical sites. The Langmuir model is based on the assumption of
adsorption homogeneity, such as equally available adsorption sites,

monolayer surface coverage and no interaction between adsorbed
species, while the Freundlich model is the empirical relationship
whereby it is assumed that the adsorption energy of a protein bind-
ing to a site on an adsorbent depends on whether or not the adja-
cent sites are already occupied [33]. The Langmuir and Freundlich
model can be expressed as Eqs. (5) and (6), respectively:

(5)

(6)

where qe, qm and KL are adsorption capacity (mg/g) corresponding
to metal ion concentration (Ce), maximum adsorption capacity of
metal ions (mg/g) and Langmuir adsorption constant (L/mg),

1
qe
---- = 

1
qm
------ + 

1
qeKLCe
----------------

Logqe = LogKf + 
1
n
---LogCe

Fig. 3. SEM and EDX of waste coffee grounds.
(a) Before adsorption of silver ions, (b) after adsorption of silver ions
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respectively. Also, the Kf is a constant related to the adsorption
capacity and 1/n is an empirical parameter related to the adsorp-
tion intensity, which varies with the heterogeneity of material. Figs.
5 and 6 show the isothermal adsorption curves of waste coffee
grounds for silver ions using two isotherm models, respectively, at
initial pH 6.0 and 25 oC of wastewater. From the regression result
using Langmuir model, the qm and KL parameters for silver ions
were achieved as 49.543 mg/g and 1.134 L/mg, respectively, and
regression curve fit well with the experimental data together with
the 0.995 of correlation coefficients (r2), as shown in Table 2. The
comparison of maximum adsorption capacity of the waste coffee
grounds with that of various adsorbents for silver ions is given in
Table 3, and it is found that the waste coffee grounds have a high

adsorption capacity as comparable with that of the other adsor-
bents. Therefore, considering the low cost of this natural adsor-
bent (waste), it can be used as an alternative material to recover
silver ions in wastewater. Also, the values of 1/n and Kf for silver ions
were obtained from the Freundlich model as 0.471 and 14.754 L/g,
respectively. The correlation coefficient (r2) was 0.953 and lower
than that of Langmuir model. Therefore, we concluded that the
isotherm adsorption for silver ions of waste coffee grounds well
follows the Langmuir isotherm model. Fig. 7(a) shows the effect of
temperature on adsorption capacity for silver ions of waste coffee
grounds. The adsorbed amount of silver ions slightly decreases
when increasing temperature in the range of 15.0-45.0 oC. It means
that low temperature is in favor of silver ions removal by adsorp-
tion onto coffee grounds. This effects indicates that an explanation
of the adsorption mechanism concerned with the removal of sil-

Fig. 5. Isothermal adsorption curve of waste coffee grounds for sil-
ver ions using Langmuir isotherm model (Initial pH of waste-
water: 6.0, working volume: 100 mL).

Table 2. Isotherm adsorption model parameters of waste coffee
grounds for silver ions

 Langmuir isotherm model Freundlich isotherm model
qm (mg/g) KL (L/mg) r2 1/n Kf (L/g) r2

49.543 1.134 0.995 0.471 14.754 0.953

Fig. 4. Effect of pH on adsorption capacity and removal efficiency
of silver ions using coffee grounds (Initial concentration of
silver ions: 50 mg/L, concentration of coffee grounds: 1.0 g/L,
working volume: 0.1 L).

Fig. 6. Isothermal adsorption of waste coffee grounds for silver ions
using Freundlich isotherm model (Initial pH of wastewater:
6.0, working volume: 100 mL).

Table 3. Comparison of maximum adsorption capacity for silver ions
of waste coffee grounds with various adsorbents for silver
ions

Adsorbent Maximum adsorption
capacity (mg/g) Reference

Valonia Tannin Resin (VTR) 97.08 0[5]
Calcium alginate beads 52.00 [34]
Natural clinoptilolites 31.44 [35]
Peat 10.80 [36]
Coffee grounds 49.54 This study
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ver ions onto coffee grounds involves a physical process to some
extent, in which adsorption arises from electrostatic interaction,
which is usually associated with low adsorption heat [37]. The results
also imply that the adsorption process has an exothermic reaction
and quite the same result was reported by Sari et al. and Azouaou
et al. [16,23]. From the result, the optimum temperature was cho-
sen as 25.0 oC (room temperature), in which it is not necessary to
have temperature control. Otherwise, thermodynamic parameters
can be determined using the equilibrium constant K, which depends
on temperature. The change in Gibbs free energy (ΔG), enthalpy
(ΔH) and entropy (ΔS) associated with the adsorption process was
calculated using the following equations:

ΔG=−RT ln K (7)

(8)

where R is the universal gas constant (8.314 J/mol·K) and T is abso-
lute temperature (K). Eq. (8) is used to predict the process enthalpy
and entropy by regression analysis of ln K versus 1/T plotting and

the graph is shown in Fig. 7(b). The values of enthalpy change (ΔH)
and entropy change (ΔS) were found to be, respectively, −9.683
KJ/mol and −11.546 J/mol·K. The negative value of ΔH for silver
adsorption confirmed that the adsorption process was exothermic.
And the negative value of ΔS implied that silver ions in wastewa-
ter was in a much more chaotic distribution compared to the rela-
tively ordered state of solid phase [23]. Similar results have been
found in previous works [38,39]. Gibbs free energy change (ΔG)
was between −6.396, −6.345, −5.925 and −5.866 KJ/mol for tem-
peratures of 288, 298, 308 and 318 K, respectively.

The effect of contact time on adsorption capacity for silver ions
of coffee grounds was studied, and the results are shown in Fig. 8.
The slope of the lines combining the data points in the figure
reflected the adsorption rates. The silver adsorption increased sharply
with the increasing of adsorption time, and then followed by a rel-
atively slow phase. Generally, when adsorption involves a surface
reaction process, the initial adsorption is rapid and then, as lower
adsorption would follow, as the availed adsorption sites gradually
decreases, which is consistent with studies reported before [40].
From the result, it was found that most of adsorption for silver ions
of coffee grounds was completed within 60min, which shows superi-
ority, as compared with Hanzlik’s report that an equilibrium ad-
sorption time for the silver removal using several adsorbents was
5 hr [41].

To further understand the adsorption mechanism of the metal
adsorption process and judge the performance of adsorbents used
for metal ions adsorbed, pseudo first-order and pseudo second-
order models were used to describe the kinetics of silver adsorp-
tion onto the coffee grounds [22]. The pseudo first-order kinetic
model can be expressed as follows:

(9)

where, qe (mg/g) and qt (mg/g) are the amounts of silver ions ad-

Kln  = 
ΔS
R
------ − 

ΔH
RT
--------

qe − qt( )  = qe − 
k1

2.303
------------tloglog

Fig. 7. (a) Effect of temperature on adsorption capacity of silver ions
using coffee grounds (Initial concentration of silver ions: 50
mg/L, concentration of coffee grounds: 1.0 g/L, initial pH of
wastewater: 6.0, stirring speed: 300 rpm). (b) Linear regres-
sion of ln K versus 1/T obtained for the adsorption of silver
onto coffee grounds.

Fig. 8. Adsorption capacity for silver ions of coffee grounds with time
(Initial concentration of silver ions: 50 mg/L, coffee ground
concentration: 1.0 g/L, initial pH of wastewater: 6.0).
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sorbed at equilibrium and time t, respectively; k1 is the pseudo
first-order rate constant. The qe and rate constant k1 can be calcu-
lated by plotting the log (qe−qt) versus t, as shown in Fig. 9(a). The
r2 value is 0.7018, so the plot shows non-linear behavior. The cal-
culated qe value is 11.25 mg/g and not in agreement with the exper-
imental data (49.54 mg/g). From the result, the adsorption of silver
ions does not follow pseudo first-order kinetics.

The pseudo second-order models can be represented as the fol-
lowing equation:

(10)

where, k2 is the pseudo second-order rate constant of adsorption.
The slope and intercept of the linear plot t/qt versus t yield the val-

ues of qe and k2, as shown in Fig. 9(b). From the linear regression,
correlation coefficients (r2) and several parameters were obtained
and the values are summarized in Table 4. As seen, the obtained r2

value is 0.9998 and the calculated qe value (46.29 mg/g) is in excel-
lent agreement with the experimental qe value (49.54 mg/g). There-
fore, we concluded that the adsorption of silver ions onto the coffee
grounds kinetics was in accordance with the pseudo second-order
model. Similar results have been found in previous works [38,42].

CONCLUSIONS

Untreated waste coffee grounds were used to adsorb silver ions
in industrial wastewater. From the FT-IR spectra analysis, it was
found that the waste coffee grounds have functional groups like
COO− and OH− groups, which play an important role in silver ad-
sorption. The existence of silver ions onto adsorbent was con-
firmed by SEM images and EDX spectra. Coffee grounds have a
porous and homogeneous structure with a deep pore and are
mainly composed of carbon (61.60%) and oxygen (38.40%). After
silver adsorption, electron dense parts, which are thought to be sil-
ver adsorption, appeared on the SEM images and EDX spectra
analysis showed that the characteristic peaks for silver ions which
have 19.82% clearly emerged. The adsorption capacity for silver ions
of coffee grounds increased when increasing pH value of wastewater
from 2.0 to 6.0 and the highest adsorption capacity and removal
efficiency were achieved as about 46.2 mg/g and 92.4% at the pH
6. To evaluate adsorption behavior for silver ions of waste coffee
grounds, the Langmuir and Freundlich sorption model were used
and the maximum adsorption capacity and affinity constant for sil-
ver ions of waste coffee grounds were calculated as the 49.543 mg/
g and 1.134 L/mg, respectively. Also, the isotherm adsorption for
silver ions of waste coffee grounds well follows the Langmuir iso-
therm model, as compared with Freundlich model. The adsorbed
amount of silver ions slightly decreased when increasing temperature
in the range of 15.0-45.0 oC, and the value of enthalpy change (ΔH)
and entropy change (ΔS) was found to be, respectively, −9.683 KJ/
mol and −11.546 J/mol·K. Thus, the adsorption process has an exo-
thermic reaction. Most of the adsorption for silver ions of coffee
grounds was completed within 60 min and the kinetics was in ac-
cordance with the pseudo second-order model. From these results,
we concluded that the adsorption process using waste coffee grounds
can be sufficiently applied to the adsorption/recovery system for
silver ions in actual industrial wastewater treatment system; and
furthermore, the technique could replace conventional treatment
processes such as solvent extraction and ion exchange resin.
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