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Equilibrium and dynamic adsorption of heavy metals onto spent coffee ground (SCG) were studied. The equilibrium adsorption of
Cd**, Cu®*, and Pb** in a batch system was modeled by an ion-exchange model (IEM) based on an ion-exchange of heavy metals
with calcium and protons bonded to active sites on SCG surface. The maximum amount of adsorbed metal ions obtained using
the IEM was 0.12, 0.21, and 0.32 mmol/g of Cd**, Cu*, and Pb*, respectively. Regeneration of SCG was evaluated using citric
acid, calcium chloride, and nitric acid. The observed trend of desorption efficiency through four adsorption-desorption cycles
was HNO; > CaCl, > C,H,O,. The effect of process variables such as flow rate and bed height during the dynamic adsorption
was evaluated. Moreover, the applicability of a mass transfer model based on external mass transfer resistance, axial dispersion,
and ion-exchange isotherm was evaluated, and the results were in good agreement with the experimental data for the adsorption in
SCG packed column. The sensitivity analysis of the model parameters showed that axial dispersion coefficient is the most significant
parameter in the dynamic simulation. The results obtained showed the potential of SCG as a low-cost material for wastewater metal

removal in continuous systems.

1. Introduction

The discharge of heavy metal into environment has increased
due to the rapid expansion of industries such as metal plat-
ing facilities, fertilizer industries, mining operations, bat-
teries, tanneries, paper industries, and pesticides; heavy
metals wastewaters are discharged into the environment
increasingly, especially in developing countries. Unlike other
contaminants, heavy metals are not biodegradable and tend
to accumulate in living organisms, causing various diseases
and disorders [1]. Consequently, the treatment of heavy metal
containing wastewater is required prior to its discharge.
Adsorption with activated carbon is widely recognized as one
of the most efficient methods for heavy metal removal at low

concentrations from wastewater. However, the use of acti-
vated carbon as adsorbent is often limited due to economic
reasons; on the other hand, biosorbents are inexpensive and
exhibit some selectivity for heavy metals [2]. Consequently,
the use of agroindustrial wastes for the heavy metal adsorp-
tion from aqueous solutions has been investigated in several
studies [3]. According to the US Department of Agriculture,
the world coffee production forecast for 2015-2016 is 9.162 x
10° kg [4]. The coffee beverage industry generates large quan-
tities of spent coffee ground as waste, which was previously
used as biosorbent of heavy metals [5-7]. The spent coffee
ground was used as an adsorbent in this research due to
low cost, high availability, and the functional groups of the
organic compounds (polysaccharides, flavonoids, alkaloids,



etc.) present in its structure [3], which are able to adsorb
and/or interchange metal ions.

One of the main drawbacks of adsorption is the pollu-
tion generated by the disposal of the spent adsorbent. To
overcome this disadvantage, there are numerous adsorbent
regeneration methods used to reestablish the maximum
adsorbent capacity and to preserve, as much as possible, the
initial weight and pore structure of the adsorbent. Chemical
regeneration of adsorbents is a feasible method that has some
advantages; for instance, it can be performed in situ, there
are no losses of adsorbent, it is possible to recover valuable
adsorbates, and the chemical reagents can be reused [8].

For predicting the viability of an adsorbent, it is critical to
develop models and experimental procedures that could be
used for accurately describing the dynamics of the pollutant
adsorption under a variety of operating conditions from lab
scale measurements. This requires knowing one or more
parameters determined in a stirred-batch system and in
short bed laboratory experiments that fairly reproduce the
behavior of full-scale adsorbers [9]. Therefore, the objective
of this study is to investigate the ability of spent coffee
ground to remove Cd**, Cu®*, and Pb*" ions from aqueous
solutions in a continuous system (fixed-bed column). In a
previous study, the physicochemical characterization of the
SCG was determined, and the adsorption mechanism was
elucidated as ion-exchange between the calcium and protons
on the adsorbent surface and copper ions. In addition, the
rate-controlling rate was found to be the external mass
transfer [5]. Thus, the adsorption isotherm was simulated
by a proposed ion-exchange multicomponent model and the
maximum amount of adsorbed heavy metals was obtained.
Furthermore, the effect of different eluents was evaluated in
four adsorption/desorption cycles. In dynamics adsorption
experiments, the effects of flow rate and bed height were
evaluated in order to increase the adsorption capacity and
the breakthrough time. Finally, a mass transfer model that
includes external mass transfer resistance, axial dispersion,
and ion-exchange isotherm was used to predict the adsorp-
tion of heavy metals in a fixed bed of spent coffee ground.

2. Materials and Methods

2.1. Biosorbent and Metal Solution. Spent coffee ground
(SCG) was collected locally from coffee makers as a waste
material. The SCG were washed with deionized water and
dried at room temperature. A chemical modification with
NaOH was carried out following the procedure described in a
previous study [5]. Cd**, Cu**, and Pb** solutions were pre-
pared by dissolving appropriate amounts of Cd(NO;),-4H, 0,
Cu(NO;),-2.5H,0, and Pb(NO,),, respectively, from stock
solutions. All reagents used in this study were of analytical-
reagent grade and supplied by Sigma-Aldrich. The cadmium,
copper, and lead concentrations were measured at 228.8,
324.7, and 217 nm wavelength, respectively, by using a flame
atomic absorption spectrometer with an air/acetylene flame
(Thermo Scientific®). Previous to concentration analysis,
curve calibration was obtained by measuring the absorbance
of different standard solutions of heavy metal ions with
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known concentration and by following the Beer-Lambert
Law.

2.2. Adsorption Batch Experiments. Batch adsorption exper-
iments were carried out in a cage-reactor system [10]. A
fixed amount of SCG (0.75g) placed in the reactor cage was
hydrated with acidic water (pH 4.5) to swell the adsorbent.
After 12h of hydration, the reactor cage was removed and
the acidic water solution was replaced by 750 mL of metallic
solution at 0.1-1.0 mM initial meal concentration. Then, the
reactor cage with the SCG was added to the metallic solution
at 25°C and the stirrer was turned on at 400 min~'. From
a previous study [5], the pH was fixed at 4.5 in order to
increase the affinity of the adsorbate and the adsorbent since
lead and copper ions precipitate at pH > 5.5 and the surface
charge of the adsorbent is predominantly negative at pH > 3.8
(ZPC). During the adsorption process, the pH solution was
kept constant at 4.5 by adding 0.1 mM NaOH. In addition,
the cage-reactor system was sealed with paraffin film in
order to avoid losses by water evaporation. Several samples
were taken from the solution in order to analyze the ion
metal concentration by flame atomic absorption spectrome-
ter (Thermo Scientific). The equilibrium adsorption capacity
was evaluated at different initial ion metal concentration (0.1-
1mM). The amount of metal ion adsorbed at equilibrium, ¢,,
was calculated taken into account the volume of each sample
use in the chemical analysis as follows:

Voco - (Vo - \/s + Va) Ce
9. = , ¢))

Msca

where C, and C, are the initial and equilibrium ion metal
concentration in mmol/L, respectively; V, is the initial solu-
tion volume in L; V is the volume taken for the ion metal
concentration analysis in L; V,, is the NaOH added volume
due to the pH control in L; mgqg is the dry weight of SCG in
g g, is the adsorption capacity at equilibrium in mmol/g.
The regeneration of the SCG was determined through
four adsorption-desorption cycles. For the adsorption pro-
cess, the same procedure described before was followed. In
the desorption process, the metal loaded-SCG was in contact
with 750 mL of 0.1M eluent solution (citric acid, calcium
chloride, or nitric acid) and several aliquots were taken at var-
ious time intervals in order to analyze the ion metal concen-
tration. After each desorption process new ion metal solution
(0.1mM) was added to carry out a new adsorption process.
The desorption capacity (qg.,) Was calculated by the differ-
ence between the adsorption capacity and the ion metal quan-
tity released after the desorption process per mass of SCG:

(Ve -Vy)C
ddes =49~ ’ (2)
¢ Msca

where V, is the initial volume of the eluent in L, V; is the
volume taken for the ion metal concentration analysis in L,
q is the adsorption capacity in mmol/g, mgqq is the SCG
mass in g, and C is the ion metal concentration after the
desorption process in mmol/L.
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2.2.1. Ion-Exchange Model. Previous studies have demon-
strated that the adsorption mechanism of Cu** onto the
SCG could be established as an ion-exchange reaction type
between cations (Ca**) and protons (H") initially bound to
the SCG and the copper ions present in the aqueous phase
(M2") [5]. In this study, an ion-exchange model was adapted
from Diniz et al. (2008) [11], in the model proposed in this
paper Ca** and protons exchanged by M>* were represented
by the following exchange reaction:

M>" + 2HB «— MB, + 2H" (3)
M** + CaB, «— MB, + Ca** (4)

where M2" is the metal ion (Cd*", Cu**, or Pb*"), HB are the
protonated adsorption sites, B are the adsorption sites (i.e.,
hydroxyl, carboxyl groups), and CaB, are the neutralized
adsorption sites with calcium ions.

Using the separation factors (ocij ) and the law of conserva-
tion of mass, the ion-exchange multicomponent model was
obtained:

M M
O, Oy Xvp
Ca”"H (5)

xy (Mo — M) + oy (oM + M) + ol

M=

where ocg[ and ocgla are the separations factor between the
metal ion and the proton and between the metal and the
calcium ions, respectively.

The equivalent fraction of metal ions in liquid phase (x;)
and the equivalent fraction in the solid phase (y,;) were
obtained as follows:

G
xi = 5
© (6)
i Qs

where C; is the ion metal concentration in the liquid phase
(megq/L), C° is the total initial concentration of the liquid
solution (meq/L), g; is the ion metal amount per gram of SCG
(meq/g), and Q, is the amount of active sites per gram of SCG
(meq/g). '

The equilibrium model parameters (Q, and &) were eval-
uated by nonlinear regression minimizing the mean squared
error function (MSE):

MSE:li( F—q) )
N2\ —49)

i=1

2.3. Adsorption Column Experiments. The breakthrough cur-
ves were carried out in a borosilicate column of 1 cm internal
diameter and 30 cm height. A specified amount of SCG was
hydrated with acidic water (pH 4.5) during 12h in con-
ical flask of 50mL at 25°C and 200min~" in an orbital
shaker. After filtering the SCG, the column was packed. Then,
acidified water (pH = 4.5) was passed at 4 mL/min flow
rate until the effluent pH was 4.5 (approximately 20 min).
The excess of water was drained from the bottom of the

column without allowing the liquid level to drop below the
bed height in order to avoid air bubbles formation. The feed
solution containing the total metal concentration of 0.1 mM
was pumped downward through the column. The initial pH
was 4.5 and the temperature was 25°C. The effect of flow rate
in metal ion removal was studied in a column with 14 cm bed
height (i.e., 2 g of SCG) at different volumetric flow rates (5.5,
7.7,11, and 22 mL/min). In order to determine the effect of the
bed height on the ion metal removal, the breakthrough curves
were obtained at three different bed heights at a constant
flow rate of 5.5 mL/min. The column was packed with 2, 4,
and 8 g of SCG equivalent to 7, 14, and 21 cm of bed height,
respectively.

The total quantity of metal adsorbed in the SCG (m,4;)
was calculated from the area below the breakthrough curve
multiplied by the flow rate. The adsorption capacity was
obtained from the ratio of 1,4 to mgqg.

2.3.1. Mass Transfer Column Model. The adsorption process
performed in a continuous system is one of the most impor-
tant processes in wastewater treatment [12]. The knowledge
of the concentration-time profile (breakthrough curve) is
required for the design of an adsorption column. A mathe-
matical model could be used for simulation of breakthrough
curves. Assuming isothermal conditions, constant physical
properties for the feed solution, axial dispersion, and a
linear driving force for the solid phase rate-controlling step,
the mass balance in the liquid and solid phases gives the
subsequent equations:

O%u , O%u

or o

L PR 1 Oy
g§C° 0t Pe p¢?
(8)
Wy KyLSC

or Qup

with the following initial and boundary conditions:

(enr = )

oxy
a_s =0, 9)
E=1

xM=0,

Yy =0. (10)
The dimensionless variables are also introduced as follows:
tv
T=—j;
Lg,

:M

Y

M Q,

>



where K is the external mass transfer coefficient (cm/min), S
is the superficial particle area per volume (0.0758 cm ™), L is
the packed bed length (cm), Q is the flow rate (cm®/min), pis
the particle density (747 g/cm’), v is the interstitical velocity
(cm/min), g, is the bed porosity (0.40), Pe is the Peclet
number, x,; is the equilibrium equivalent fraction obtained
from the ion-exchange multicomponent model (mmol/L),
and x,; is the equivalent fraction of the ion metal at the time
t. The partial differential equations were solved numerically
by using finite difference method and Fortran software.

The Sherwood number was used to determine the exter-
nal mass transfer coeflicient by the following equations:

1.09
Sh = —Re!/*sc!/?
€
(12)
ShD'
T= 55
2Rp

where Re and Sc are the Reynolds and Schmidt numbers, R,

is the particle diameter (cm), and D} is the diffusion coef-

ficient (cm?*/s) obtained by using the Nernst-Haskell equa-
tion:

. RT[(1/z,)+(1/z))]
AP TR (1/A) + (1/A))

where R is the ideal gas constant (8.314 J/molK), F is the
Faraday constant (96,500 C/mol), z is the ionic valence, A° is
the limiting ionic conductance (Sem?/mol) [13].

The axial dispersion coeflicient (D;) was obtained by
the Peclet number which was calculated by the following
empirical correlation [14]:

(13)

0.2 + 0.011Re%*®
Pe= -~~~
&
’ (14)
L
Pe = —U.
DL

In addition, model sensitivity analysis was conducted to
reveal the effect of the model parameters (afhinity constant,
external mass transfer, and axial dispersion coefficient) on
the breakthrough curves simulations [15, 16]. The relative
significance of the model parameters can be identified by
plotting the relative change of the value of interest (dx/x)
against the relative change in the value of the parameter under
investigation (dy/y) [17]:

dx x;—x

%— = ZL_~ref % 100%, (15)
X Xyef
d o

962 = JiZ Vet 1009, (16)
Y Vref

The reference values for the axial dispersion, external mass
transfer coefficients, and the affinity constant (x,.) were
obtianed from (15), (16), and (5), respectively. Furthermore,
the performance of the mass transfer model was evaluated by
using (7), where g; is the experimental adsorpiton capacity
and g; is the adsorption capacity estimated by the mass
transfer model.
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FIGURE 1: Isotherm adsorption of Cd**, Cu®*, and Pb** onto SCG.
Experimental conditions: 1g SCG/L, pH 4.5, and 25°C. Solid lines
represent the ion-exchange multicomponent model. Error bars
represent standard deviation of triplicate measurements.

TaBLE 1: Maximum adsorption capacities of heavy metals onto
various adsorbents reported in literature.

q (mmol/g)

Adsorbent cd® gt phHt pH Ref.
Amberlite IR-120 090 034 041 NR [26]
Dowex 50 W 025 035 0.23 8 [19]
Powdered activated carbon 0.10 0.52 017 7 [27]
Granular activated carbon  0.03 0.08 0.08 5 [18]
Tea waste — 0.75 031 NR [28]
SCG 012 021 032 4.5 Thiswork
Olive stone waste 015 0.09 014 5 [29]
Coffee ground 010 0.03 024 5 [30]

NR: not reported.

3. Results and Discussions

3.1. Equilibrium Adsorption of SCG. The equilibrium adsorp-
tion studies were carried out in order to obtain the maximum
adsorption capacity of Cd**, Cu**, and Pb** onto SCG
(Figure 1). The isotherms are concave with respect to the
equilibrium concentration axis (C,), indicating a favorable
isotherm. There is a fast increment of the equilibrium
adsorption capacity with the augmentation of C, values until
a horizontal saturation plateau is reached. The maximum
adsorption capacities were 0.12, 0.21, and 0.32mmol/g of
Cd**, Cu®*, and Pb**, respectively. These adsorption capaci-
ties were compared with those reported in literature for other
adsorbents (Table 1). The maximum amount of adsorbed
Cd**, Cu®", and Pb*' ions was 4, 2.63, and 4 times greater
than that reported by using granular activated carbon [18].
However, it is important to mention that the adsorption
capacities reported in this study were 7.5, 1.62, and 1.28 times
lower than those reported by using ion-exchange resins [19].
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TABLE 2: Parameters and error values of the ion-exchange multicom-
ponent model for the adsorption of heavy metals onto SCG.

Parameters cd** Cu®* Pb**
Q, (mmol/g) 0.12 0.23 0.32
o 2.88 4.78 12.00
o 1.62 4.52 7.00
MSE (x10°)* 9.10 17,00 3750

*MSE: mean squared error.

Nevertheless, the high cost of the ion-exchange resins
(=$3,000/kg) is a serious disadvantage for their application
in wastewater treatment.

The equilibrium data were analyzed due to its relevance in
the development of an equation that could be used for design
purposes. A mathematical model that takes into considera-
tion an ion-exchange mechanism for the adsorption of heavy
metals was used in order to predict the adsorption capacity
of the SCG as a function of the equilibrium concentration
of the heavy metals. The adsorption capacities predicted by
the ion-exchange model are shown in Table 2. The model
predicted well the equilibrium data according to the low error
values (MSE < 375 x 107). The separation factors are greater
than the unit, indicating that the SCG has a stronger affinity
for the heavy metals than protons and calcium ions, favoring
the adsorption of Cd**, Cu**, and Pb**. On the other hand,
thereis a general trend observed in the affinity constant values
(af > gt ); these results suggest that the proton is exchanged
by the ion metal more easily than by the calcium ions. This
could be explained considering that the separation factor is
function of the ionic charge and the hydrated ionic radius.
The affinity of the SCG for the metal ions over the protons
could be due to the ionic charge, since the metal ions have a
charge (+2) whereas the protons have a charge (+1). However,
there is no difference in the ionic charge between the metal
ions and the calcium ions. The preference of the SCG for the
metal ions over the calcium ions could be attributed to the
lower hydrated ionic radius of the metal ions. The hydrated
ionic radii of Cd**, Cu®", and Pb*' are 0.426, 0.419, and
0.401 nm, respectively, whereas the hydrated ionic radius of
Ca®" is 0.642 nm [20].

3.2. Desorption of Heavy Metals from SCG. The regeneration
process is an important aspect for the efficiency of an adsorb-
ent in wastewater treatments [21]. For this reason, the regen-
eration of the SCG was evaluated using three different elu-
ents: an organic acid (citric acid), an inorganic acid (nitric
acid), and an inorganic salt (calcium chloride). Four adsorp-
tion-desorption cycles were carried out at 0.1mM initial
metal concentration and 0.1 M concentration of the eluent.
Additionally, the speciation diagrams, obtained from the
Medusa/Hydra software package, were used in order to
understand the interaction between the eluent and the heavy
metals during the desorption process.

3.2.1. Desorption of Heavy Metals with Citric Acid. The
desorption of Cu** and Pb** with citric acid during four
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O 2 des. 0O 4 des.

FIGURE 2: Adsorption-desorption cycles of Pb** and Cu®" using
citric acid. Experimental conditions: 0.1 mM initial metal concen-
tration, pH 4.5, and 25°C. Error bars represent standard deviation of
triplicate measurements.

adsorption-desorption cycles is shown in Figure 3. The
desorption capacity of the citric acid was 0.059 mmol Pb**/g
SCG during three adsorption-desorption cycles. After three
cycles, the desorption capacity of the citric acid decreased
to 0.050 mmol Pb2+/g SCG. Moreover, the citric acid was
able to desorb all the Cu®* adsorbed onto SCG during four
adsorption-desorption cycles.

The speciation diagrams of the citrate ions with Pb** and
Cu®* reveal that the free fraction of Pb*" is 0.392, suggesting
that only 60.8% of the Pb** ions could form a complex with
the citrate ions. This percentage of complexation is similar
to the average desorption percentage of Pb** obtained with
citric acid (64.5%). On the other hand, the free fraction of
Cu®* is 9.1 x 107°, indicating that 99.09% of Cu®" could
form a complex with citrate ions. Although citric acid shows
high desorption capacities, its performance as eluent is not
adequate due to the decrease of the adsorption capacity of the
SCG after each desorption cycle (Figure 2).

3.2.2. Desorption of Heavy Metals with Calcium Chloride. The
desorption of heavy metals from the SCG was evaluated using
0.1M CacCl, as eluent. In Figure 3, the adsorption and des-
orption capacities of Cu®" and Pb*" during four adsorption-
desorption cycles are shown. The calcium chloride was able
to desorb 76.58% of Pb*" ions with an average desorption
capacity of 0.076 mmol/g, whereas the desorption percentage
of Cu®" was 62% with an average desorption capacity of
0.057 mmol/g.

The desorption capacity of calcium chloride was higher
for Pb** than for Cu®" ions, due to the fact that calcium chlo-
ride forms more complex with Pb** (3) than Cu®* (2), accord-
ing to the speciation diagrams. The adsorption capacity of
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FIGURE 3: Adsorption-desorption cycles of Pb** and Cu®" using
calcium chloride. Experimental conditions: 0.1mM initial metal
concentration, pH 4.5, and 25°C. Error bars represent standard
deviation of triplicate measurements.

Pb** and Cu®" after each desorption cycle was not affected
by the interaction between the calcium chloride and the
SCG, since the calcium ions could act as regeneration agent
neutralizing the active sites in the surface of the SCG.

3.2.3. Desorption of Heavy Metals with Nitric Acid. The
desorption of the heavy metals was evaluated using 0.1 M
HNOs; as eluent. The desorption kinetics were performed in
order to evaluate the weight loss of the adsorbent material
for the possible chemical attack of the high ionic strength
of the nitric acid. Previous studies showed that the contact
time necessary to achieve the complete desorption of the
heavy metals was 10 min and a desorption percentage was
greater than 97% (data not shown). Furthermore, there was
no weight loss of SCG during the desorption process. The
nitric acid was chosen as the eluent for the desorption of
Cd**, Cu**, and Pb** due to its high desorption efficiency.

Four adsorption-desorption cycles were carried out with
0.1M HNOs; as eluent (Figure 4). The desorption of the metal
ions was 100% during four desorption cycles and the average
desorption capacities were 0.074, 0.096, and 0.099 mmol/g
for Cd**, Cu®*, and Pb*", respectively. The adsorption capac-
ity of the SCG after each adsorption-desorption cycle was
the same, indicating that the SCG was not affected by the
interaction with the inorganic acid. The desorption capacity
of the nitric acid could be attributed to the high quantity
of protons in the solution, which can displace the metal
ions initially adsorbed onto the SCG from the adsorption
sites. Moreover, the ion-exchange of the metal ions by the
protons could allow the regeneration of the SCG surface by
the protonation of the adsorption sites. This regeneration
enabled having the same adsorption capacity of the SCG as
in the first adsorption cycle, when the adsorbent was not in
contact with the eluent.
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FIGURE 4: Adsorption-desorption cycles of Pb*", Cu**, and Cd*"
using nitric acid. Experimental conditions: 0.1mM initial metal
concentration, pH 4.5, and 25°C. Error bars represent standard
deviation of triplicate measurements.
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FIGURE 5: Equimolar multicomponent adsorption kinetics of SCG.
Experimental conditions: 0.1 mM initial equimolar metal concen-
tration, pH 4.5, and 25°C. Error bars represent standard deviation of
triplicate measurements.

3.3. Multicomponent Adsorption. Most of the industrial pro-
cesses generate effluents with more than one metal ion [22].
For this reason, the adsorption capacity of the SCG on the
removal of Cd**, Cu®", and Pb** in multicomponent system
was evaluated at an equimolar initial metal concentration
(01mM) and constant pH 4.5 (Figure 5). The adsorption
capacity of Cu®" and Pb** was 0.054 and 0.053 mmol/g,
respectively, while the adsorption capacity of Cd*" was
0.0163 mmol/g. The adsorption capacity of Cu** and Pb**
onto SCG in the multicomponent system was 44.8% lower
than that obtained in the individual systems. On the other
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FIGURE 6: Effect of the flow rate on the breakthrough curves of (a) Cd**, (b) Cu**, and (c) Pb*". Experimental conditions: 0.1 mM initial metal

concentration, pH 4.5, and 25°C.

hand, the adsorption of Cd** onto SCG in the multicom-
ponent system was 78.4% lower than the adsorption in the
individual system. This behavior could be attributed to the
competition between the metal ions for the same adsorption
sites. Moreover, this competition increased the contact time
to reach the saturation by 3 times for the Cu®* and Pb**
adsorption (120 min) compared with the saturation time in
the individual systems (40 min). Meanwhile, the saturation
time for the adsorption of Cd** is not influenced by the
presence of other ions in the aqueous solution. Additionally,
the total adsorption of the SCG in the multicomponent
system increased from 0.097 mmol/g (individual system) to
0.124 mmol/g, corresponding to the sum of the adsorption
capacity of the heavy metals in the multicomponent system.
The increase in the adsorption capacity could be attributed to
different affinities of the heavy metal ions for the adsorption
sites on the SCG.

3.4. Breakthrough Curves of Heavy Metals onto SCG. The
effect of the bed height and the flow rate were evaluated in
order to obtain the breakthrough time and the adsorption
efficiency in the range of experimental conditions studied.
The breakthrough curves of Cd**, Cu*', and Pb*" were
obtained at different flow rates of 5.5, 7.3, 11, and 22 mL/min
and initial metal concentration of 0.1mM (Figure 6). The
breakthrough time was established as the time necessary to
reach an effluent concentration of 0.007 mmol/L as defined
in environmental regulations [23]. As can be seen in Fig-
ure 6, the breakthrough time increased with the decrease
of the flow rate. The maximum breakthrough times were
50, 160, and 220 min for the adsorption of Cd**, Cu**, and
Pb**, respectively; and the corresponding adsorption capac-
ities were 0.0373, 0.0838, and 0.135 mmol/g, obtained at the
lowest flow rate (5.5mL/min). As the flow rate decreased,
the residence time of the metal ions increased which



(c)

8 International Journal of Chemical Engineering
1.0 { &@§§§§§§ 3¢ 3 e 11 1.0 - i pw;ﬂmﬁ & §m§ 2
0.9 {&* gl . F ‘ 0.9 i o £

T
.8 $ 3 0.8 $
0.8 @ % k3 i ® $ }
07 ¢ 3 0.7 s .
o k3 3
° 0.6 - } QO 0.6 ¥
@)
QO 05 1 3 3 i Qo 05 t g o
04 | 041 % T
% 3 3
0.3 0.3 f :
0.2 b3 0.2 1 : ®
014 ° 0.1 i,
T o
0.0 &i. 1. : : : : : 0.0 e SFLI . . .
0 100 200 300 400 500 600 700 0 150 300 450 600 750 900 1050
Time (min) Time (min)
o H=7cm o H=7cm
o H=14cm o H=14cm
o H=2lcm o H=21lcm
(a) (b)
1.0 §§H§ 3 s00d NI I s 3
. s satd
0.8 } ?
& [0} 3
I ¢
06{ ¢ 3
) v
O ®
04! ¥ 3
3
L
0.2 4 o
T @
@
0.0 ngxaiTII 3 { . . . . .
0 250 500 750 1000 1250 1500 1750 2000
Time (min)
o H=7cm
o H=14cm
o H=2lcm

FIGURE 7: Effect of the bed height on the breakthrough curves of (a) Cd*, (b) Cu**, and (c) Pb*". Experimental conditions: 0.1 mM initial

metal concentration, pH 4.5, and 25°C.

results in a longer contact time between the heavy metals
and the SCG. However, the higher adsorption capacity of
Cd** (0.0496 mmol/g), Cu®* (0.0894 mmol/g), and Pb**
(0.171mmol/g) was obtained at the flow rate of 7.3 mL/min.
This behavior could be attributed to the phenomenon of the
axial dispersion, which has been reported in literature to be
more significant at low flow rates [24], reducing the efficiency
of the dynamic adsorption in fixed-bed columns.
Additionally, the effect of the bed height in the break-
through time and the adsorption capacity was evaluated at
7,14, and 21 cm. The breakthrough curves were obtained at
0.lmM initial metal concentration, initial pH of 4.5, and
5.5mL/min flow rate (Figure 7). Figure 7 reveals that the
higher breakthrough time is obtained at the higher bed
height. As the bed height increases from 7 to 21 cm, the break-
through time for the adsorption of Cu®* and Pb*" increases

5.75 and 6.25 times, respectively, whereas the breakthrough
time for the adsorption of Cd** increases from 0 to 130 min,
when the bed height is increased from 7 to 21 cm. As the bed
height is increased, the amount of adsorbent also increased,
which means a higher amount of functional groups available
for the heavy metal adsorption. The adsorption capacities
obtained at the highest column height were 0.067, 0.103, and
0.202 mmol/g for the adsorption of Cd**, Cu®*, and Pb*",
respectively.

3.5. Mathematical Modeling. The breakthrough curves were
simulated using a mass transfer model that includes axial dis-
persion, external mass transfer resistance, and ion-exchange
isotherm model. The experimental conditions were 0.1 mM
initial metal concentration, 5.5 mL/min flow rate, and 14 cm
bed height. As shown in Figure 8, the mass transfer model was
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TABLE 3: External mass transfer and axial dispersion coefficients for heavy metal adsorptio 0 SCG.

Metal A° (Sem?/mol) Dy (m?*/s) K (m/s) ocgla MSE

cd* 108.13 171x 107 L07 %107 1.62 0.017

Cu™ 107.20 172x107° 1.08 x107° 4.52 0.012

Pb>* 142.00 1.89 x 10~ 114 x107° 7.00 0.017

The axial dispersion coefficient (D; ) was taken as constant at 3.5
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FIGURE 8: Mass transfer model for heavy metal adsorption onto
SCG. Experimental conditions: 0.1 mM initial metal concentration,
14 cm bed height, 5.5 flow rate, and 25°C. Dashed lines represent the
mass transfer model.

able to predict well the breakthrough curves of Ccd*, cu*",
and Pb** from the initial time until the saturation time. The
error values obtained for the simulation of the breakthrough
curves of the heavy metals onto SCG were lower than
0.42 (Table 3) indicating a good performance of the mass
transfer model. The mass transfer model provides important
information about the performance of the breakthrough
curves. For instance, the external mass transfer coefficient for
Pb** adsorption was the highest compared to the Cd*" and
Cu** adsorption. This could be associated at faster diffusion
of the ions through the stagnant film which surrounded
the SCG particles. Furthermore, the affinity constant for the
adsorption of Pb®>" was the highest compared to the values
obtained for the adsorption of Cd** and Cu®". These results
indicate that the adsorption of Pb®" onto SCG in a fixed-
bed column is more efficient than the adsorption of Cd**
and Cu®", which are consistent with the experimental results
obtained in Section 3.1

The relative importance of the model parameters in the
prediction of the breakthrough time was determined by
varying one parameter at the time (e.g., axial dispersion coef-
ficient, external mass transfer coefficient, and affinity con-
stant) while maintaining the rest of the parameters fixed. The
sensitivity analysis of the mass transfer model is shown in
Figure 9. The model parameter with the highest influence

0 %m?/s.

on the breakthrough time was the axial dispersion coeffi-
cient (D;) in comparison with the external mass transfer
coefficient and the affinity constant. The increase of D; by
50% caused a decrease in the breakthrough time of 16.4%
for the Pb*" adsorption and 21.78% for the Cd*" and Cu**
adsorption, with respect to the reference values (Table 3). A
further increase in D; (90%), produced diminution in the
breakthrough times of 185.65, 206.28, and 246.23% in the
adsorption of Cd**, Cu®", and Pb*", respectively. However,
when D, is decreased even by 90%, the effect in the
breakthrough time is minimum with an increment lower than
10%. The effect of the axial dispersion has been established
in literature, where low values of D; are required in order to
obtain a high performance of the fixed-bed column.

The sensitivity analysis of the external mass transfer
coefficient (K) shows that the increment in this parameter
has a small effect in the breakthrough time. For example,
when K was increased to 33% the breakthrough time had an
increment of 3.5, 7.65, and 13.25% in the adsorption of Cd*",
Cu**, and Pb*", respectively. On the other hand, the decre-
ment of K by 70% produced a decrease in the breakthrough
times of 15.1, 28.85, and 36.25% in the adsorption of cd*,
Cu®*, and Pb**, respectively. The reduction in the external
mass transfer coefficient is equivalent to an increment in the
mass transfer resistance, causing earlier breakthrough times.

Additionally, the sensitivity analysis of the affinity con-
stant showed that even a small increase in the parameter of
10% can cause an increment in the breakthrough times of
17.58, 22.52, and 26.59% for the adsorption of Cd**, Cu**, and
Pb**, respectively. An increase in the affinity constant implies
an increment in the affinity between the SCG and the metal
ions. This increase could be obtained by the modification of
the surface of the SCG that could generate more active sites
for the heavy metal adsorption [25].

According to the sensitivy analysis, the mass transfer
model is more sensitive to the axial dispersion coeflicient than
the affinity contast and even more than the external mass
transfer coefficient. These results demonstrate that the axial
dispersion is a significant phenomenon in the behavior of the
breakthrough curves of Cd**, Cu**, and Pb** onto SCG.

4. Conclusions

The present study shows that spent coffee ground is able to
remove heavy metals from aqueous solutions. The model
proposed of ionic exchange predicts well the experimental
data, and this model represents the ion-exchange of the
heavy metals by the protons and calcium ions bonded to
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FIGURE 9: Sensitivity analysis of the mass transfer model for the adsorption of (a) Cd**, (b) Cu**, and (c) Pb** onto SCG.

the active sites on SCG surface. The spent coffee ground was
able to remove heavy metal from synthetic multicomponent
solutions. However, the presence of other contaminants could
be detrimental to the adsorption capacity in multicomponent
systems and further investigations need to be performed
with multicomponent real solutions. Additionally, the SCG
could be employed in at least four consecutive adsorp-
tion/desorption cycles with noloss of the heavy metal adsorp-
tion capacity using nitric acid as eluent. The breakthrough
curves could be well predicted by modeling that assumed
axial dispersion effect, external mass transfer resistance, and
ion-exchange isotherm as rate controlling. The mass transfer
model was tested for a 14 cm long adsorption column and
could predict well the behavior of heavy metal adsorption
onto spent coffee ground. The sensitivity analysis showed

that axial dispersion is the most significant parameter in the
simulation of the breakthrough curves.
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