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Cr(VI) adsorption by waste acorn of Quercus ithaburensis
in fixed beds: Prediction of breakthrough curves
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Abstract

The adsorption of Cr(VI) onto waste acorn of Quercus ithaburensis was studied using fixed-bed adsorption. The experiments were conducted
to study the effect of important design parameters such as flow rate, solution pH and particle size of adsorbent. Decrease in adsorbent particle
size and flow rate produced a better bed capacity. Also an increase in flow rate and particle size resulted in a decrease in the bed volumes at the
breakthrough. The highest bed capacities of fixed-bed column were obtained at pH 2.0. In the beginning of all the pH experiments, the effluent pH
increased dramatically and then dropped and approached lower values. The breakthrough data obtained for Cr(VI) was adequately described by
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he Thomas and Yoon–Nelson adsorption models. Good agreement between the predicted theoretical breakthrough curves and the experimental
esults were observed. This study indicated that the waste acorn of Quercus ithaburensis can be used as an effective and environmentally friendly
dsorbent for the treatment of Cr(VI) containing wastewaters.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The removal of toxic heavy metals from aqueous streams is
n important issue facing industries discharging effluents bear-
ng heavy metals. The main sources of chromium pollution are

ining, leather tanning, cement industries, electro plating, pro-
uction of steel and other metal alloys, photographic material
nd corrosive paints [1]. Hexavalent chromium, Cr(VI), is a
owerful carcinogenic agent that modifies the DNA transcrip-
ion process causing important chromosomic aberrations. The
r(VI) may also cause epigastric pain, nausea, vomiting, severe
iarrhea, and hemorrhage [2].

Various treatment processes have been introduced for
he removal of metal ions [3]. Current treatment processes
nclude precipitation, oxidation/reduction, membrane filtra-
ion/osmosis, ion exchange and adsorption. Each process has
ts advantages and disadvantages, but ion exchange/adsorption

ethods do offer the most direct method of producing the high-
st quality treated water [4].

Activated carbon is a commonly used adsorbent for the
removal of pollutants present in water and wastewater. In
spite of its effectiveness in the removal of heavy metals from
wastewaters, the high cost of activated carbon has restricted
its more widespread use. Hence, an economical and easily
available adsorbent would certainly make an adsorption-based
process a viable alternative for the treatment of wastewa-
ter containing heavy metals [5]. The adsorption of Cr(VI)
on persimmon tannin gel [6], sphagnum moss peat [7], fun-
gus [8], sawdust [9] and distillery sludge [10] has been
reported.

Batch reactors were easy to use in the laboratory study, but
less convenient for industrial applications. On the other hand,
fixed-bed columns were widely used in various chemical indus-
tries because of their operation [11]. The performance of packed
beds is described through the concept of the breakthrough curve.
The time for breakthrough appearance and the shape of the
breakthrough curve are very important characteristics for deter-
mining the operation and the dynamic response of a adsorption
column. The breakthrough curves show the loading behavior of
metal to be removed from solution in a fixed bed and is usually
∗ Corresponding author. Tel.: +90 442 2314606; fax: +90 442 2360957.
E-mail address: emalkoc@atauni.edu.tr (E. Malkoc).

expressed in terms of adsorbed metal concentration (Cad = inlet
metal concentration (C0) − outlet metal concentration (Ct) or
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normalized concentration defined as the ratio of effluent metal
concentration to inlet metal concentration (Ct/C0) as a function
of time or volume of effluent for a given bed height [12]. Effluent
volume (Veff) can be calculated from the following equation:

Veff = Qt (1)

where t and Q are the total flow time (min) and volumetric
flow rate (ml min−1). The area under the breakthrough curve (A)
obtained by integrating the adsorbed concentration (Cad; mg l−1)
versus t (min) plot can be used to find the total adsorbed metal
quantity (maximum column capacity). Total adsorbed metal
quantity (qtotal; mg) in the column for a given feed concentration
and flow rate is calculated from the following equation:

qtotal = QA

1000
= Q

1000

∫ t=ttotal

t=0
Cad dt (2)

Equilibrium metal uptake (qeq) (or maximum capacity of the
column) in the column is defined by Eq. (3) as the total amount
of metal sorbed (qtotal) per gram of sorbent (X) at the end of total
flow time [12].

qeq = qtotal

X
(3)

In the studies of fixed-bed adsorption processes, breakthrough
and number of bed volumes are normally used in the description
and comparison [13]. The breakthrough is usually defined as the
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2.2. Column experiments

A schematic diagram for the pilot plant fixed-bed column
systems is shown in Fig. 1. The fixed-bed columns were made
of Perspex tubes 2.0 cm internal diameter and 30 cm in height.
The bed length used in the experiments was 10 cm. In a typical
experiment the metal of a known concentration was pumped at
a fixed flow rate to the filled with known bed height of adsor-
bent. The particle size of adsorbent used in the experiment was
1.0–3.0 mm. The pH of the solutions was maintained constant at
2.0. The temperature of stream feeding solution and of the col-
umn was controlled at 25 ◦C through a thermostatic bath. The
bed porosity was 0.23.

A stock Cr(VI) solution (1000 mg l−1) was prepared in dis-
tilled water using K2Cr2O7. All working solutions were prepared
by diluting the stock solution with distilled water.

Liquid samples of the concentration of Cr(VI) in the exit
of the column were collected at pre-defined time intervals.
Cr(VI) concentration was then determined using an indirect
UV–vis spectrophotometric method based on the reaction of
Cr(VI) and diphenyl carbazid, which forms a red–violet colored
complex. The absorbance of the colored complex was mea-
sured in a double beam spectrophotometer at 540 nm wavelength
[14].
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henomenon when the effluent concentration from the column
s about 3–5% of the influent concentration [11,13]. The number
f bed volumes (BV) is defined as:

umber of bed volumes = volume of solution treated

volume of adsorbent bed

= operating time

EBRT
(4)

he empty bed residence time EBRT is the time required for the
iquid to fill the empty column [4]:

BRT = bed volume

volumetric flow rate of the liquid
(5)

he adsorbent exhaustion rate is the mass of adsorbent used per
olume of liquid treated at breakthrough [4]:

dsorbent exhaustion rate = mass of adsorbent in column

volume treated at breakthrough
(6)

. Experimental

.1. Adsorbent

The waste acorn of Quercus ithaburensis (an oak tree species)
as produced by the tanning industry after tannin production

rom acorn which includes nut, cup and finger. It was produced
nd supplied from “Salihli Palamut ve Valeks Sanayi T.A.S.” in
alihli, Manisa, Turkey. Decolorized and cleaned waste of acorn
as dried at room temperature for a few days. It was ground in
blender and sieved to the desired particle size.
. Results and discussion

.1. SEM micrographic examinations

Scanning electron microscopy of adsorbent (waste acorn of
uercus ithaburensis) was carried out in a JEOL JSM T-330
nit. In order to see the surfaces of particles, SEM images were
btained for the raw and treated adsorbents. SEM images for
he samples of the raw and treated materials are represented in
igs. 2 and 3, respectively.

A representative experiment under the given conditions such
s 25 ◦C, pH 2.0, a contact time of 1440 min−1, 0.5–1.0 mm of
article size, and an feed Cr(VI) concentration of 100 mg l−1 was
arried out to obtain the micrograph in Fig. 3. It is clearly seen
he surfaces of particles after adsorption in Fig. 3 that, the pores

ig. 1. Experimental system for fixed-bed operation. (1) Column; (2) thermostat;
3) rotameter; (4) pump; (5) feed storage; (6) sample collection.
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Fig. 2. SEM micrograph of the particles of waste acorn before Cr(VI) adsorption
(particle size = 0.5–1.0 mm).

Fig. 3. SEM micrograph of the particles of waste acorn after Cr(VI) adsorption
(pH 2.0, initial Cr(VI) concentration = 100 mg l−1, particle size = 0.5–1.0 mm,
flow rate = 10 ml min−1).

and surfaces of adsorbent were covered and became smooth by
adsorbate.

3.2. Fourier transform infrared spectroscopy (FTIR)
analysis

The infrared spectra of the adsorbent sample was measured
as potassium bromide pellets using a Perkin-Elmer 1600 series
FTIR spectrometer. The FTIR spectra of the waste acorn are
shown in Fig. 4.

As shown in the figure, the spectra display a number
of absorption peaks, indicating the complex nature of waste
acorn of Quercus ithaburensis. The bands at 3413 cm−1 rep-
resenting bonded –OH groups. The bands observed at about
2924–2857 cm−1 could be assigned to the C–H stretch. The
peaks around 1734 and 1625 correspond to the C O stretch. The
peaks observed at 1511 cm−1 correspond to the secondary amine
group. Carboxylate ions gave rise to two bands: a strong symmet-
rical stretching band at 1451 and 1322 cm−1, and a asymmetrical
stretching band at 1380 cm−1, respectively. The SO3 stretching
is observed at 1245 cm−1. The C–O stretching of ether groups
displays at the ranges of 1163 and 1105 cm−1. The C–O band
absorption peaks is observed to shift to 1050 and 1037 cm−1.
Thus, it seems that this type of functional group is likely to partic-
ipate in metal binding. Among these absorption peaks especially
the bonded –OH groups, C 0 stretching, secondary amine group
a
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Fig. 4. FTIR spectrum
nd carboxyl groups were especially involved in chromium(VI)
iosorption [15–19].

.3. Effect of feed solution pH

The most important parameter influencing the sorption capac-
ty is the pH of adsorption medium. The initial pH of adsorption

edium is related to the adsorption mechanisms onto the adsor-
ent surface from water and reflects the nature of the physico-

of waste acorn.
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Fig. 5. Effect of feed solution pH on breakthrough curve (C0 = 100 mg l−1, flow
rate = 10 ml min−1, particle size = 1.0–3.0 mm, bed height = 10 cm, amount of
adsorbent = 10 g).

chemical interaction of the species in solution and the adsorptive
sites of adsorbent [12]. The pH of feed solution is an important
controlling parameter in the heavy metal adsorption process and
thus the role of hydrogen ion concentration was examined from
solutions at different pH, covering a range of 2.0–5.0. In Cr(VI)
adsorption on waste acorn, the highest maximum bed capac-
ity and the longest breakthrough time is obtained at lowest pH
value.

As seen from Fig. 5, an decrease in pH of feed solution
increases the volume treated until breakthrough and the service
time of the bed. Also, it was shown that with a decrease in the
pH of feed solution, the breakthrough curves shifted from left
to right, which indicated that more Cr(VI) ions were removed.

Cr(VI) exists in different forms in aqueous solution and the
stability of these forms is dependent on the pH of the system. It
is well known that the dominant form of Cr(VI) at pH 2.0–4.0 is
the acid chromate ion species (HCrO4

−) and increasing the pH
will shift the concentration of HCrO4

− to other forms, CrO2
2−

and Cr2O7
2− [20]. The highest bed capacity was obtained at pH

2.0. The amounts of Cr(VI) ions adsorbed per unit weight of
beds for pH 2.0, 3.0, 4.0 and 5.0 were 26.65, 14.61, 6.31 and
7.72 mg g−1, respectively. The breakthrough occurred 248 bed
volume (BV) at pH 2.0 while that took place at 191.1 BV at
pH 5.0. The empty bed contact time (EBCT) in pH experiment
was 3.14 min. The more adsorbent usage rate was higher, the
later time bed was saturated. At pH 2.0, adsorbent usage rate
(

s
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r

Fig. 6. Effect of flow rate on breakthrough curve (C0 = 100 mg l−1, pH of the
solution = 2.0, particle size = 1.0–3.0 mm, bed height = 10 cm (10 g)).

solution and dissolution of some impurities from the adsorbent
surface could result in increase in the effluent pH [11]. As con-
tinued to flow through the column, the effluent pH dropped to
the influent pH value.

3.4. Effect of flow rate

To investigate the effect of flow rate on the adsorption of
Cr(VI) ions by waste acorn of Quercus ithaburensis, the inlet
metal concentration in the feed was held constant at 100 mg l−1

while the flow rate was changed from 5 to 20 ml min−1. Break-
through curves, Ct/C0 versus time is shown in Fig. 6 for three
flow rates, 5, 10 and 20 ml min−1.

As can be seen in Fig. 6, the bed capacities decreased with
the increase in flow rate. The maximum bed capacities for flow
rates, 5, 10 and 20 ml min−1 was found as 30.23, 26.65 and
15.98 mg g−1, respectively. It was also found that the adsorbent
gets saturated early at higher flow rate (20 ml min−1). Also, as
the flow rate increased, the breakthrough curve becomes steeper.
The break point time and adsorbed ion concentration decreases.
The reason for this behavior can be explained in the following
way: if the residence time of the solute in the column is not long
enough for adsorption equilibrium to be reached at that flow rate,
the metal solution leaves the column before equilibrium occurs
[21].
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1.28 g l−1) and breakthrough time (960 min) was higher value.
A dramatic change in the effluent pH was observed in this

tudy. For the influent solution with pH 2.0, 3.0, 4.0 and 5.0,
he effluent pH was sharply increased to 5.1, 5.5, 6.3 and 6.0,
espectively. It was that adsorption of hydrogen ions from the
As shown in Fig. 6, the breakthrough occurs at 1440, 780
nd 600 min for flow rate of 5, 10 and 20 ml min−1, respec-
ively. Accordingly, the breakthrough takes place at 458.6, 248,
91.1 BV for flow rate 5, 10 and 20 ml min−1, respectively; the
espective empty bed residence time(EBRT) are 6.28, 3.14 and
.57 min. Also, as the flow rate increased, adsorbent exhaus-
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Fig. 7. Effect of particle size on breakthrough curve (C0 = 100 mg l−1, pH of the
solution = 2.0, flow rate = 10 ml min−1, bed height = 10 cm).

tion rate increased. Comparison of these values indicates that
the treated bed volume (BV) increases with a higher EBRT. In
other words, with a higher EBRT, Cr(VI) ions had more time to
contact with waste acorn, which resulted in higher removal of
Cr(VI) ions in fixed-bed columns.

3.5. Effect of particle size

The effect of varying particle size used during the fixed-bed
experiments had an important effect on column performance.
In the finer particle size ranges, adsorption breakthrough
curves followed a much more efficient profile than larger
particle size ranges, in that the breakthrough time increased
and the curves tended towards the classic ‘S’ shape profile
[22].

The influence of particle size on metal uptake was studied
with particles in the size ranges 0.15–0.25 to 1.0–3.0 mm. Fig. 7
shows that increasing the size of adsorbent particles reduces the
maximum bed capacities and breakthrough time. For tested dif-
ferent particle size, maximum bed capacities and breakthrough
time at size range varies from 0.15–0.25 to 1.0–3.0 mm were
62.4, 52.13, 44.68, 26.65 mg g−1 and 1680, 1500, 1360, 780 min,
respectively. Smaller particles will have a shorter diffusion path,
thus allowing the adsorbate to penetrate deeper into the adsor-
bent particle more quickly. In addition, the total external surface
a
w
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v
s

1.0–3.0 mm, used bed volume decreased from 535 to 248 BV.
Also, as the particle size of adsorbent increased, adsorbent
exhaustion rate increased. While adsorbent exhaustion rate was
0.85 g l−1 at 0.15–0.25 mm particle size, adsorbent exhaustion
rate obtained at 1.0–3.0 mm particle size of used adsorbent
was increased 1.28 g l−1. At all experiments, EBRT value is
3.14 min.

4. Modeling of the breakthrough curves

Adsorption operation is a complex process and its perfor-
mance is governed by many variables. The outlet concentration
from fixed bed is one of the important performance parameters
of practical importance to the process designer. Prediction of the
outlet concentration is not easy [23]. The maximum bed capacity
of an adsorption column is needed in design. The Thomas model
is used to fulfil the purpose. The Thomas solution is one of the
most general and widely used methods in column performance
theory. The model has the following form:

Ct

C0
= 1

1 + exp
(

kTH
Q

(q0X − C0Veff)
) (7)

where kTH is the Thomas rate constant (ml min−1 mg−1); q0 the
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rea per unit volume for all smaller particle inside the column
ill be larger.
While 50% breakthrough of Cr(VI) at 0.15–0.25 mm par-

icle size was 228.6 bed volumes, the bed saturated com-
letely occurred at approximately 535 bed volumes. The bed
olume decreased with the increase in adsorbent particle
ize. When the particle size was changed from 0.15–0.25 to
aximum solid-phase concentration of the solute (mg g−1), Veff
he effluent volume (ml); X the mass of adsorbent (g); Q the flow
ate (ml min−1).

The kinetic coefficient kTH and the adsorption capacity of the
ed q0 can be determined from a plot of ln[(C0/Ct) − 1] against
at a given flow rate.

Yoon and Nelson model is based on the assumption that the
ate of decrease in the probability of adsorption for each adsor-
ate molecule is proportional to the probability of adsorbate
dsorption and the probability of adsorbate breakthrough on the
dsorbent. The Yoon and Nelson equation regarding to a single-
omponent system is expressed as;

n
Ct

C0 − Ct

= kYNt − τkYN (8)

here kYN is the rate constant (l min−1); τ the time required
or 50% adsorbate breakthrough (min); t the breakthrough time
min).

The kinetic coefficient kYN and τ can be determined from
plot of ln[Ct/(C0 − Ct) − 1] against t at a given adsorption

onditions. If the theoretical model accurately characterizes the
xperimental data, this plot will result in a straight line with
lope of kYN and intercept τkYN [12].

The breakthrough curves showed the superposition of
xperimental results (points) and the theoretical calculated
oints(lines). Linear regression coefficients (R2) showed the
t between experimental data and linearized forms of Thomas
nd Yoon–Nelson equations while the average percentage errors
ε%) calculated according to Eq. (9) indicated the fit between
he experimental and predicted values of Ct/C0 used for plotting
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Table 1
Parameters predicted from the Thomas model and model deviations for Cr(VI) adsorption to waste acorn of Quercus ithaburensis at different flow rates and particle
sizes

Q (ml min−1) Particle size (mm) kTH (ml min−1 mg−1) q0,cal (mg g−1) q0,exp (mg g−1) R2 ε%

5 1.0–3.0 0.00004 33.50 30.23 0.948 4.30
10 1.0–3.0 0.00005 27.23 26.65 0.847 9.26
20 1.0–3.0 0.00008 12.28 15.98 0.838 9.91
10 0.15–0.25 0.00004 62.76 62.74 0.854 30.85
10 0.25–0.50 0.00004 61.31 52.13 0.846 26.22
10 0.50–1.0 0.00004 45.65 44.68 0.901 20.04

breakthrough curves.

ε =
∑N

i=1

[
(Ct/C0)exp−(Ct/C0)theo

(Ct/C0)exp

]

N
× 100 (9)

where N is the number of measurements.

4.1. Application of the Thomas model

The column data were fitted to the Thomas model to deter-
mine the Thomas rate constant (kTH) and maximum solid-phase
concentration of the solute (q0) and shown in Table 1.

As flow rate increased, the values of kTH increased and the
values of q0 decreased. The bed capacity q0 decreased and the
coefficient kTH not changed with increasing particle size of waste
Quercus ithaburensis. It is clear from Fig. 8 that there is good
agreement between the experimental and the predicted values at
all flow rate. The data in Table 1 also show a negligible difference
between the experimental and predicted values of bed capacity,
the experimental values were less than 1% lower than the pre-
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dicted values for Cr(VI) at all the flow rates. This result suggest
that the Thomas model is valid for chromium(VI) adsorption in
a waste acorn of Quercus ithaburensis.

The experimental and predicted breakthrough curves at dif-
ferent particle sizes are given in Fig. 9. In addition, although
the deviations of experimental and predicted values were quite
high, there was a good agreement between the experimental
and predicted bed capacities at all particle size. The correla-
tion coefficients were between 0.846 and 0.901 at tested particle
size.

4.2. Application of the Yoon–Nelson model

A simple theoretical model developed by Yoon–Nelson was
applied to investigate the breakthrough behavior of Cr(VI) on
waste acorn of Quercus ithaburensis. The values of kYN and
τ were determined at different flow rates varied between 5
and 20 ml min−1 and at different particle sizes varied between
0.15–0.25 and 1.0–3.0 mm. These values were used to calculate
the breakthrough curve.

From linearized Thomas equation plots, the correlation coef-
ficients (R2), average percentage errors (ε%), kYN and τcal were

F
o
(

ig. 8. Comparison of the experimental and predicted breakthrough curves
btained at different flow rates according to the Thomas model (C0 = 100 mg l−1,

H of the solution = 2.0, particle size = 1.0–3.0 mm, bed height = 10 cm). h
ig. 9. Comparison of the experimental and predicted breakthrough curves
btained at different particle sizes according to the Thomas model
C0 = 100 mg l−1, pH of the solution = 2.0, flow rate = 10 ml min−1, bed
eight = 10 cm).
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Table 2
Parameters predicted from the Yoon–Nelson model and model deviations for
Cr(VI) adsorption to waste Quercus ithaburensis at different flow rates and
particle sizes

Q (ml min−1) Particle size
(mm)

kYN

(l min−1)
τcal

(min)
τexp

(min)
R2 ε%

5 1.0–3.0 0.0035 545 542 0.992 8.40
10 1.0–3.0 0.0041 214 189 0.920 35.60
20 1.0–3.0 0.0071 35 39 0.779 5.55
10 0.15–0.25 0.0024 707 718 0.984 16
10 0.25–0.50 0.0032 652 617 0.974 17.58
10 0.50–1.0 0.0033 502 529 0.960 7.80

calculated for tested experimental parameters and are shown in
Table 2. As shown in Table 2, kYN increased and τ decreased
with both increasing flow rate and particle size of adsorbent.

The correlation coefficients between the experimental and
predicted values using Yoon–Nelson model for all tested flow
rates were between 0.7790–0.9918 and 0.9200–0.9840 for all
tested particle sizes. The data in Table 2 also indicated that cal-
culated τ values are similar to experimental τ values.

The calculated breakthrough curve and experimental break-
through curves at different flow rate and particle size are given
Figs. 10 and 11. As shown Figs. 10 and 11, the experimental
breakthrough curves were very close to calculated ones accord-
ing to Yoon–Nelson model. From the experimental results and
predicted values, the model proposed by Yoon–Nelson pro-
vided a very good correlation at tested flow rate and particle
size.
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Fig. 11. Comparison of the experimental and predicted breakthrough curves
obtained at different particle sizes according to the Yoon–Nelson model
(C0 = 100 mg l−1, pH of the solution = 2.0, flow rate = 10 ml min−1, bed
height = 10 cm).

5. Conclusion

The present investigation aimed the heavy metal sorption
from synthetic wastewaters with another pollutant matter. For
this reason, the Cr(VI) removal from aqueous solutions through
waste acorn of Quercus ithaburensis may be evaluated as an
environmentally friendly and extra economic treatment. These
studies show that waste acorn is an effective and inexpen-
sive adsorbent for chromium(VI) removal from aqueous solu-
tions. In fixed-bed column, the adsorption capacity is strongly
dependent on the flow rate, pH of solution and particle size.
The bed volumes slightly increased as flow rate and particle
size was decreased. As the flow rate increased, the break-
through curve became steeper, the break point time and adsorbed
ion concentration decreased. With an increase in influent pH,
the bed volumes treated decreased. In addition, the bed vol-
umes slightly increased as flow rate and particle size were
decreased. Thomas and Yoon–Nelson model were used in anal-
ysis of column performance data and the model parameters
were evaluated. The calculated theoretical breakthrough curves
were in good agreement with the corresponding experimental
data.
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