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ABSTRACT

Continuous adsorption experiments are carried out in a fixed-bed to evaluate the
performance of a newly developed low-cost adsorbent (activated neem bark, ANB) for the
removal of Cr(VI) along with other metal ions (Cu & Zn) from aqueous solutions. The effect
of initial Cr(VI) concentration, mass of adsorbent and flow rate on the breakthrough curve
are studied. It is observed that as there is an increase in the initial concentration of Cr(VI)
from 50 to 100 mg L−1, the mass of the adsorbent from 25 to 175 g, and flow rate from 5 to
15 mg L−1, the breakthrough time decreases from 24.78 to 13.875 h, increase from 9.25 to
111.66 h and decrease from 35.09 to 8.26 h, respectively. The effect on the performance of
the ANB for Cr(VI) adsorption is also studied in the presence of Cu and Zn. The break-
through time is achieved earlier in the presence of Cu and Zn in the feed stream. The fixed-
bed adsorption process parameters such as saturation loading capacity, breakthrough time,
total percentage removal of Cr(VI), the fraction of unused bed length, adsorption exhaustion
rate and empty bed residence time are calculated for different experimental runs. The
experimental results are likewise applied to the Yoon–Nelson and the Yan kinetic models.
The kinetic parameters for both the models are calculated and reported in this study.

Keywords: Adsorption; Multiple metal ions; Continuous studies; Breakthrough curve
parameters; Yoon & Nelson model; Yan model

1. Introduction

With the modernization and industrialization, there
are a huge number of pollutants present in the atmo-
sphere. Heavy metals are one of the toxic pollutants
present in the atmosphere. These are segregated from
other toxic pollutants due to their non-biodegradable
nature and their consequence on the living beings. The
heavy metals can accumulate in the body through the
food chain. Even the presence of a small amount of the

heavy metals can lead to a severe physiological and
neurological damage to the living beings [1]. Through-
out the world, there is a vast presence of hexavalent
chromium ion (Cr(VI)) in the industrial effluent
streams as weighing against any other metal contami-
nants. The compounds of Cr(VI) are utilized in various
industries such as fungicides, glass, tanning, ceramics,
rubber, metallurgical, fertilizers, mining, textile, paper
and pulp. The effluent from these industries contains a
very high amount of Cr(VI) along with other metal
ions (Cu, Zn, Co, Zn, Mg, Ni, Pb, etc.) and causing a
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brutal environmental and public health problems.
Cr(VI) is a highly mobile metal and according to the
World Health Organization, the permissible limit of Cr
(VI) in wastewater is 0.1 mg L−1 beyond which it is
considered acutely toxic, carcinogenic and mutagenic
to the living organisms, and hence more unsafe than
other heavy metals [1,2].

To keep the metal contamination in the effluent of
these industries up to a permissible limit, there is a
dire need for the treatment of effluent streams before
sending it to the outer water bodies such as river, lake
and pond. There are a number of methods available in
the literature for the removal of Cr(VI) from industrial
wastewater, such as ion exchange, electrochemical
precipitation, solvent extraction, adsorption and
reverse osmosis [3–7]. However, most of the industrial
effluents contain multiple metal ions and adsorption is
one among all the separation processes, capable of
simultaneously removing multiple heavy metals from
the industry effluents in an efficient and cost-effective
manner. The adsorption process becomes more eco-
nomical, when the low-cost adsorbent can be keyed
out and utilized for the operation [8,9].

In most of the reported studies, the utilization of
the low-cost adsorbents is limited to the batch mode
[9–14]. Very few studies have reported the continuous
mode of operation for the removal of single metal ions
from wastewater [15–21]. The removal of multiple
metal ions from wastewater using continuous mode of
adsorption process is not much explored.

A fixed-bed column, packed with suitable adsor-
bent, is the most efficient arrangement for the removal
of heavy metals. The design of an adsorption column
depends on a range of key parameters such as flow
rate, inlet metal concentration and bed height, that is
mass of adsorbent. To have a better understanding of
the adsorption process, the determination of the break
point time of the operation and per cent utilization of
the bed up to the break point is necessary. These
values would be helpful in estimating the performance
of adsorption column and in the designing of large-
scale operations [8].

In this study, activated neem bark (ANB) is
prepared as low-cost adsorbents and is utilized for the
removal of Cr(VI) from wastewater by conducting
continuous experiments. Continuous adsorption
experiments are carried out to establish the effect of
process parameters such as bed height (mass of adsor-
bent), flow rate and the initial Cr(VI) concentration on
Cr(VI) removal. The effect of the presence of multiple
metal ions (Cu & Zn) along with Cr(VI) on the break-
through time is also studied. The Yoon–Nelson and
Yan model are applied to the experimental data to
estimate the various kinetic parameters.

2. Materials and methods

2.1. Adsorbent preparation

Neem bark is obtained from the neem trees of Birla
Institute of Technology and Science, Pilani, Rajasthan,
India. It is repetitively rinsed with distilled water for
the removal of dust and soluble impurities present on
it. It is further kept for drying in the shade at room tem-
perature for 24 h. The dried bark is crushed into little
parts in a series of crushing and mashing with the aid
of roller crusher, jaw crusher and ball mill. The crushed
neem bark pieces are passed through 12–14 BSS mesh
screens. The neem bark pieces retained on the 14 mesh
screen, with a particle size (dp) of approximately
1.20 mm, are used as an adsorbent for the experiments.

The obtained neem bark is activated by a proper
chemical and physical activation process. The neem
bark is treated with concentrated H2SO4 (98%) on 1:1
weight basis and then kept it in the oven in a closed
glass container at 70˚C for 24 h. Later, the ANB is
repeatedly washed in distilled water to remove colour
impurities and traces of acids present in it.

2.2. Characterization

The developed ANB is being characterized using
various characterization techniques. The morphology
of the developed adsorbent is studied using scanning
electron microscope (SEM). Energy dispersive spec-
troscopy (EDS) is used to detect the elements present
in the developed adsorbent and their composition in
terms of the weight fraction. The SEM and EDS of the
developed adsorbent are performed using field emis-
sion gun-scanning electron microscope (JSM-7600F).
X-ray diffraction (XRD) is useful to examine the form
of the developed adsorbent and is performed using
Rigaku Mini Flex II Desktop X-ray model. The surface
area of the developed adsorbent is determined using
the Brunauer–Emmett–Teller surface area analyser
(Smart Sorb 92/93, Smart Instruments Co. Pvt. Ltd.).
The Fourier transform infra red (FTIR) spectroscopy is
done for the developed ANB using Frontier model,
Perkin Elmer, which provides the absorption peaks
according to the various chemical groups present in
the adsorbent surface. Thermogravimetric analysis
(TGA) is also performed on the developed ANB using
a Thermogravimetric analyzer (TGA - 4000, Perkin
Elmer). This would help in understanding the thermal
stability of the adsorbent.

2.3. Experimental studies

2.8287 g of 99.9% potassium dichromate (K2Cr2O7)
is dissolved in distilled water, and volume of the
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solution is made up to 1,000 ml to prepare a
1,000 mg L−1 stock solution of Cr(VI). The stock solu-
tion is diluted as required to obtain standard solutions
containing 50–100 mg L−1 of Cr(VI).

Continuous experiments are performed for the
removal of Cr(VI) from aqueous solutions using ANB
as a packing material in a fixed-bed column. The sche-
matic diagram of the experimental set-up is shown in
Fig. 1. A glass column of 2.53 cm inner diameter is
employed as a fixed-bed column. The column is
packed with the ANB in a stepwise manner. Primarily,
a known quantity of ANB is filled into the column
and is shaken manually in order to have intense pack-
ing. The pattern is extended till the total amount of
the adsorbent is packed into the column. Later, 500 ml
of distilled water is passed through the bed to ensure
an added dense packing. The prepared aqueous solu-
tion of Cr(VI) is passed through the fixed-bed column
in the down flow mode. A constant flow rate is main-
tained using the liquid rotameter (5–15 ml min−1). In
the present work, the parameters varied are the mass
of adsorbent, the inlet flow rate and the inlet Cr(VI)
concentration. An optimum pH value (=2) obtained
from the batch experiments is maintained throughout
the continuous experiments [22]. The other criteria for
considering this pH value is the low pH value of the

actual industrial effluents. The various industrial
effluents such as chromium plating effluent (pH 1)
[23], tannery effluent (pH 2) [24] and electro-plating
effluent (pH 2.2) [25], and the reported experimental
studies in the literature [26] are having low pH value.
The performance of the ANB for the synthetically pre-
pared multiple ions industrial solution (50 mg L−1

each of Cr, Cu and Zn) is also analysed.
In this study, Atomic Absorption Spectrophotome-

ter (AA-7000, Shimadzu) is used to determine the
amount of total Cr, Cu and Zn ions in the aqueous
solutions. All the experiments are repeated twice to
ensure the repeatability.

2.4. Modelling of continuous adsorption process

The design of fixed-bed adsorption column is
very complicated. If the mathematical model is devel-
oped and proposed based on the proper understand-
ing of the adsorption system, then it would be
helpful in proposing the suitable design of the large-
scale adsorption column. The behaviour of the
adsorption column can be well understood by the
plot of outlet adsorbate concentration vs. time, which
is seldom termed as the breakthrough curve. Break-
through time and the shape of the curve are the
important parameters for explaining the behaviour of
adsorption column. Breakthrough time corresponds
to the time required to reach the outlet concentration
of pollutant to its permitted limit. In most of the
cases, the breakthrough concentration is in the range
of 1–5% of the feed concentration. Generally, the key
factors affecting the breakthrough time are the col-
umn capacity or the column height, the flow rate
and the feed concentration. As the time progress, the
effluent concentration is increases from zero/low
metal concentration to the inlet concentration. These
results would be helpful in estimating the column
capacity [27–29]. The continuous adsorption experi-
ments are to be conducted in a fixed-bed column for
obtaining the experimental data.

The total amount (stoichiometric) of Cr(VI)
adsorbed (qt, mg) in the column for given initial
Cr(VI) concentration and flow rate is obtained using
Eq. (1).

qt ¼ QAc

1; 000
¼ Q

1; 000

Z t¼ttotal

t¼0

Caddt (1)

The quantity of Ac, that is the area underneath the
curve, is acquired by plotting a graph of the adsorbed
concentration (Cad, mg L−1) with respect to the time
(t, min). Q is the flow rate during the process in

6
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1 Metal solution feed tank
2 Outlet control valve 1
3 Liquid Rotameter
4 Fixed-bed column
5 Outlet control valve 2
6 Outlet collection tank
7 Base3

Fig. 1. Fixed-bed continuous adsorption experimental
set-up for Cr(VI) removal from effluent.
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ml min−1. The amount of the total Cr(VI) passed
through the column (mt) can be evaluated using Eq. (2).

mt ¼ CboQtt
1; 000

(2)

where tt is the time equivalent to the total stoichiomet-
ric capacity of the fixed-bed column and is given
by Eq. (3).

tt ¼ qttf
mt

(3)

where qt is the amount of Cr(VI) adsorbed in time t
and tf is the total time of the process.

The amount of total Cr(VI) removed in terms of
percentage is calculated using Eq. (4).

Total percentage removal of Cr(VI) ðSÞ ¼ qt
mt

� 100 (4)

The empty bed residence time (EBRT), the total
time needed to occupy the empty column is deter-
mined using Eq. (5).

EBRT ¼ Bedvolume

Volumetric flow rate of liquid
(5)

An additional parameter determined in the
continuous experiments is the adsorbent exhaustion
rate (Ra) which indicates the amount of the adsorbent
(W) utilized on the basis of a unit volume of liquid
treated till the breakthrough time. It can be obtained
using Eq. (6).

Adsorbent exhaustion rate ðRaÞ
¼ Mass of adsorbent in column

Volume treated at breakthrough
(6)

The fraction of the unused bed length (y) is evalu-
ated using Eq. (7).

y ¼ 1� tb
tt

(7)

where tb is the breakthrough time of the process.
Due to the complexity involved in understanding

the behaviour of continuous adsorption process,
Yoon–Nelson and Yan mathematical models are
utilized for predicting the dynamic behaviour of the
column [27,29,30].

2.4.1. The Yoon–Nelson model

A simple model is developed by Yoon–Nelson [31]
which addresses the adsorption and the breakthrough
process of the vapours or gases on the activated car-
bon. The model assumes that the rate of decrease in
the probability of adsorption for each adsorbate
molecule is proportional to the probability of sorbate
sorption and the probability of a sorbate breakthrough
on adsorbent [32]. The Yoon–Nelson equation with
respect to a single component system is expressed
using Eq. (8).

Ci

C0;i
¼ exp ðKYN;i � t � KYN;i � siÞ

1 þ exp ðKYN;i � t � KYN;i � siÞ (8)

where KYN,i represents the Yoon–Nelson rate constant
of ith component (h−1), τi represents the time required
for 50% of ith adsorbate breakthrough (h), and t is the
time (h) at which the samples are collected. The analy-
sis of the breakthrough curves with the help of the
model requires the evaluation of the model parame-
ters KYN,i and τi.

2.4.2. The Yan model

The basis of the Yan model is the statistical analy-
sis of the experimental results along with some of the
simplifications [33]. Yan model is more trustworthy
than other models because it explains the entire break-
through curve with more precision. The model can be
represented by Eq. (9).

Ci

C0;i
¼ 1 � 1

1 þ 0:001�C0;i �Q
q0;i �M

� �
� t

� �ai (9)

where ai and q0,i are the Yan model parameters. Here,
the relation between the model parameters with the
experimental condition is impossible which leads to
an impossible scaling up of the process [29].

3. Characterization

In this study, the surface morphology of the pre-
pared adsorbent is being examined using SEM-EDS
technique. The work is done at a magnification of
50,000X. The SEM and EDS analysis of fresh adsorbent
and used adsorbent are shown in Figs. 2 and 3,
respectively.

The images of SEM given in Figs. 2(a) and 3(a)
provide the morphology of the developed adsorbent.
These images also help in identifying the pore sizes
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available on the surface of the adsorbent which is an
important characteristic of any developed adsorbent.
The various markings shown in Fig. 2(a) are clearly
indicated the availability of the smaller size pores on
the surface of the developed adsorbent. The compar-
ison of the pores while scaling the figure confirms the
availability of nano size (10–100 nm) pores on the sur-
face of the developed adsorbent. The EDS analysis
given in Fig. 2(b) shows the elements available at the
surface of the adsorbent, and it also provides their cor-
responding weight fractions. The utmost peak is for
the carbon (C) which is roughly 55.35% of the overall
adsorbent by weight. This may be due to the use of a
carbonaceous material (neem bark) to develop the
adsorbent. Also it confirms the unavailability of Cr(VI)
in the fresh ANB.

The EDS analysis (Fig. 3(b)) confirms the presence
of Cr(VI) in the saturated adsorbent which is approxi-
mately 10% by weight. It also shows the presence of
1.5% Potassium (K) by weight, which may be due to
the utilization of potassium dichromate (K2Cr2O7) for
the preparation of the aqueous solution of the Cr(VI).
Further analysis of SEM images (Figs. 2(a) and 3(a))

indicates that the pores available in the fresh ANB are
not much visible in the saturated ANB. This confirms
that the pores available for the adsorption are now
occupied by the Cr(VI) molecules.

Fig. 4 represents the EDS analysis of ANB satu-
rated with Cr(VI), Cu(II) and Zn(II). The presence of
all the three metal ions is clearly visible on the adsorp-
tion sites. This analysis shows the presence of approxi-
mately 7% of Cr(VI), 2% of Zn(II) and 1% of Cu(II) by
weight in the used adsorbent.

In this study, the surface area of the developed
ANB is found to be about 36.64 m2 g−1 which is higher
as compared to various low-cost adsorbents such as
tamarind seeds [34], tea factory waste [26], Aspergillus
niger [35], Zn(O) particles [36] and sawdust [8]. The
higher surface area is responsible for the availability
of the more adsorption sites for the adsorption which
leads to increase in the adsorption capacity [37,38].

The FTIR spectrum of the developed ANB is
shown in Fig. 5. A wavy spectrum is obtained in place
of a smooth one which confirms the amorphous nat-
ure of the developed ANB. According to the peaks
identified at 670 & 2,900, 1,120, 1,540, 1,620 and

Fig. 2. (a) SEM and (b) EDS for fresh ANB.

Fig. 3. (a) SEM and (b) EDS for used ANB on pure Cr(VI) solution.
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2,152 cm−1, confirms the presence of C–H, C–O, C=O,
C=C and C≡C stretching vibrations, respectively. The
availability of water molecules (i.e. O–H stretching
mode of hydroxyl groups) is supported by the pres-
ence of a peak at 3,330 cm−1 [39,40]. The availability of
various bonds of C–O and C=O suggests the availabil-
ity of the various acidic groups on the surface of ANB
[40,41]. After comparing the FTIR of the used and the
fresh ANB, it is found that the peaks at 1,120 and
3,330 cm−1 are reduced which indicate the utilization
of C=O and O–H bonds during the adsorption
process. The other peaks are approximately same in
both the spectrums.

In the XRD analysis of ANB, Cu-Kα radiation is
employed by the diffractometer. 1.54 Å is the wave-
length considered for the analysis, and angle 2θ is var-
ied in a range of 10–90˚ with a step size of 0.01˚. The
XRD pattern for the ANB is shown in Fig. 6. The XRD
pattern does not show any sharp peak. However, a
broad peak can be observed which confirms the amor-
phous nature of the developed adsorbent. This is also

being confirmed by IR spectrum (Fig. 4) [42]. The
particle size of developed adsorbent cannot be esti-
mated using the Scherrer’s formula due to the unavail-
ability of the sharp peak [43].

TGA analysis of the developed ANB is shown in
Fig. 7. It can be seen that there is a slow decrease up to
90 weight percentage and further to 82 when the tem-
perature rises up to 100 and then reached to 240˚C.
The initial dip in the weight per cent may be due to
the removal of surface moisture. Further increase in
the temperature (>240˚C) results in the slow rate of
pyrolysis and burning of the adsorbent. Finally, ANB
completely converts into ash, when the temperature
has reached approximately 550˚C. Further increase in
temperature will not affect the weight of ANB as there
will be only ash left in the analysis chamber.

The result of TGA analysis indicates that the devel-
oped adsorbent is thermally stable up to 200˚C. It can
also be inferred that the saturated adsorbent could be
regenerated at higher temperatures without any
degradation of adsorbent.

Fig. 4. EDS image for the saturated ANB utilized on the multiple metal ions.
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Fig. 5. FTIR spectra of fresh and used ANB from 4,000 to
450 cm−1 wavelength.
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Fig. 6. Powder XRD pattern for ANB.
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4. Results and discussion

The equilibrium study of fresh neem bark and the
ANB for the removal of Cr(VI) is already being con-
ducted. The adsorption capacity of ANB was found to
be approximately double to the capacity obtained for
the removal of Cr(VI) using fresh neem bark [22,44].
In the succeeding sections, the consequence of various
parameters such as the mass of adsorbent, the inlet
flow rate, the inlet Cr(VI) concentration and interfer-
ence of other ions on the continuous removal of Cr
(VI) in a fixed-bed adsorption column is discussed.

4.1. Effect of initial inlet Cr(VI) concentration

The effect of the initial concentrations (50 and
100 mg L−1) on the breakthrough curve for Cr(VI)
adsorption from aqueous solution is shown in Fig. 8.

The various parameters such as the time corre-
sponding to the breakthrough point (tb), the time
required to attain the total capacity of the column (tt),
the total flow time (tf), the stoichiometric amount of
Cr(VI) adsorbed (qt), the quantity of Cr(VI) supplied
to the column (mt), the total percentage removal of
Cr(VI) (S), the exhaustion rate of adsorbent (Ra), the
EBRT and the fraction of the unused bed length (y)
are calculated for each experimental run and are
reported in Table 1.

As the initial concentration of Cr(VI) is increased
from 50 to 100 mg L−1, the breakthrough time
decreased from 24.78 to 13.875 h. The total time
required for the adsorption is analogous to the stoi-
chiometric capacity of the column and is found to be
decreased from 110.7 to 57.4 h when the inlet concen-
tration is increased from 50 to 100 mg L−1 (Table 1).
However, there is an increase in the fraction of the

Fig. 7. TGA analysis of ANB.
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Fig. 8. The effect of inlet Cr(VI) concentration for the
removal of Cr(VI) keeping the inlet flow rate and mass of
adsorbent of 10 mL min−1 and 75 g, respectively.
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unused bed length from 0.61 to 0.68. The total percent-
age removal of Cr(VI) decreases from 55.92 to 38.24%,
while the adsorbent exhaustion rate increases from
5.04 to 9.01 g L−1 with an increase in the inlet Cr(VI)
concentration from 50 to 100 mg L−1 (Table 1).

The bed saturation and the breakthrough time are
obtained earlier with an increase in the initial concen-
tration due to the relatively slower rate of mass
transfer. The decrease in mass transfer rate is due to
the reduced mass transfer coefficient and diffusion
coefficient at low Cr(VI) concentration [17]. The
decrease in the breakthrough time may be a result of
faster saturation of ANB as the more molecules of Cr
(VI) are available to saturate the active sites.

4.2. Effect of mass of adsorbent

The effect of the mass of the adsorbent on the
breakthrough curve is studied for variable mass that
is 25, 50, 75, 100, 125,150 and 175 g, and is shown in
Fig. 9. The other parameters such as the flow rate and
initial concentration of Cr(VI) are maintained constant
at 10 ml min−1 and 50 mg L−1, respectively.

With an increase in the mass of the adsorbent from
25 to 175 g, the time acquired for breakthrough is
increased from 9.25 to 111.66 h and the total time
required corresponding to the stoichiometric capacity
of the column increases from 75.7 to 231.8 h (Table 1).
This may be due to the increase in the availability of
the number of active sites for the removal of Cr(VI)
[45]. The total percentage removal of the Cr(VI)
increases from 38.23 to 72.89%, however, the fraction
of the unused bed length and the adsorbent exhaus-
tion rate decreases from 0.74 to 0.34 and from 7.284 to
2.612 g L−1, respectively, with an increase in the mass

of the adsorbent from 25 to 175 g (Table 1). The adsor-
bent exhaustion rate decreases with an increase in
mass of adsorbent which depicts the faster exhaustion
of the adsorbent for a smaller amount.

4.3. Effect of flow rate

The effect of flow rate on the breakthrough curve
is studied by varying the flow rate from 5 to
15 ml min−1 while keeping the mass of the adsorbent
and initial concentration constant at 75 g and
50 mg L−1, respectively (Fig. 10).

With an increase in the flow rate from 5 to
15 ml min−1, there is a decrease in the breakthrough
time from 35.09 to 8.26 h (Table 1). This decrease in

Table 1
Different parameters for the removal of Cr(VI) from aqueous solution in a fixed-bed adsorption column for different
operating conditions

S No C0 Q W tt tf tb qs qt mt S EBRT Ra y
mg L−1 mL min−1 g h h h mg g−1 mg mg % s g L−1

1 50 10 75 110.7 198 24.78 25.75 1858 3,321 55.92 15.21 5.04 0.6151
2 100 10 75 57.4 150 13.88 35.08 1,316 3,442 38.24 15.21 9.01 0.6836
3 50 5 75 135.8 222 35.09 16.62 1,246 2,036 61.17 30.41 7.13 0.5779
4 50 15 75 71.9 122 8.26 25.21 1,907 3,236 58.94 10.14 10.09 0.8034
5 50 10 25 75.7 198 9.25 34.57 868 2,270 38.23 5.07 4.50 0.6789
6 50 10 50 93.2 198 11.44 26.23 1,316 2,795 47.06 10.14 7.28 0.7383
7 50 10 100 147.7 246 50.24 26.61 2,659 4,429 60.02 20.28 3.32 0.4337
8 50 10 125 176.9 270 74.15 27.65 3,478 5,307 65.52 25.35 2.81 0.3563
9 50 10 150 204.8 294 98.23 28.42 4,282 6,145 69.68 30.41 2.55 0.3086
10 50 10 175 231.8 318 111.6 28.89 5,069 6,954 72.89 35.48 2.61 0.3374

0 50 100 150 200 250 300
0.0

0.2

0.4

0.6

0.8

1.0

C
/C

o

Time (hrs)

 25 gm
 50 gm
 75 gm
 100 gm
 125 gm
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 175 gm

Fig. 9. The effect of mass of adsorbent for the removal of
Cr(VI) keeping the inlet flow rate and concentration con-
stant at 10 ml min−1 and 50 mg L−1, respectively.
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the breakthrough time may be due to the availability
of more amount of Cr(VI) for adsorption. Besides,
there is a decrease in the total percentage removal
from 61.17 to 55.92% when the flow rate is increased
from 5 to 10 ml min−1. With an increase in the flow
rate, there is a decrease in residence time, which may
lead to the steepness of the breakthrough curve and
the reduction in the overall percentage removal of
Cr(VI). The faster rate is restricting down the removal
to attain equilibrium during the process. With an
increase in the flow rate from 5 to 15 ml min−1, the
total time required corresponding to the stoichiometric
capacity of the column decreases from 135.8 to 71.9 h
and the fraction of the unused bed length increases
from 57.79 to 80.33 (Table 1).

The saturation loading (qs) for Cr(VI) from the
above analysis is obtained as approximately
27.5 mg g−1 which is found to be very close to the
adsorption capacity value (26.95 mg g−1) obtained
from batch equilibrium study [22].

4.4. Effect of other metal ions

In today’s era, with the industrialization, the com-
position of the effluents is changing drastically. There
are multiple metal ions present in the effluents from
various industries such as textile, paper and pulp and
metal finishing. Hence, it is very important to study
the performance of ANB for the removal of Cr(VI)
from wastewater in the presence of other metal ions
[Cu(II), Zn(II), etc.]. This study would indicate the
feasibility for the use of ANB to treat more practical
industrial effluents. The aqueous solution contains
50 mg L−1 each of Cr(VI), Zn(II) and Cu(II). The flow

rate and mass of adsorbent for this experiment are
maintained as 10 ml min−1 and 75 g, respectively. The
breakthrough curves for the simultaneous removal of
Cr(VI), Cu(II) and Zn(II) are shown in Fig. 11. The
breakthrough curve for Cr(VI) removal at the same
operating conditions in the absence of other metal ions
is also shown in Fig. 11 for the comparison purpose.

It is observed that the breakthrough time is
attained in 9.25 h which is earlier than the time
achieved, that is 24.78 h in the experiment performed
for the pure Cr(VI) aqueous solution. This decrease in
the breakthrough time is due to the simultaneous
utilization of the adsorbent for the removal of Cr(VI),
Cu(II) and Zn(II) present in the solution. The presence
of Cu(II) and Zn(II) along with Cr(VI) on adsorption
sites has been already established by the EDS image
(Fig. 4) of the used adsorbent. The saturation loading
for the Cr(VI) adsorption system is found out to be
20.64 mg g−1 which is less than what is obtained for
the pure Cr(VI) solution. In the multiple ions adsorp-
tion experiment, the saturation loadings for Cu(II) and
Zn(II) removal are obtained as 16.29 and 17.02 mg g−1,
respectively. These obtained values are significantly
high as compared to the reported adsorption capaci-
ties of low-cost adsorbents.

On calculating the various parameters for the
multiple metal ion, the average saturation loading for
either of the metal ions (Cr(VI), Cu(II) and Zn(II)) is
coming to be 26.485 mg g−1 while the saturation load-
ing for the multiple metal ions feed is coming to be
53.95 mg g−1 which is approximately double to that of
the pure feed. Further, the presence of multiple metal
ions decreases the percentage removal of individual
metal ions by approximately 11.81% in comparison
with their pure runs. However, the simultaneous
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Fig. 10. The effect of flow rate for the removal of Cr(VI)
keeping the mass of the adsorbent and concentration con-
stant at 75 g and 50 mg L−1, respectively.
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Fig. 11. The effect of the presence and absence of multiple
metal ions (Cu & Zn) on the removal of Cr(VI).
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removal of all the three metals is considerably high.
This indicates that the developed adsorbent, ANB, is
more suitable to treat the wastewater containing
multiple metal ions, that is more efficient and eco-
nomical to treat the industrial effluent.

4.5. Evaluation of the kinetic parameters from column data
modelling

The experimental data of the breakthrough curves
are fitted with the Yoon–Nelson and Yan models
using the non-linear regression method of Origin 6.0
software. The values of the different parameters for
the Yoon–Nelson and Yan models are being tabulated
in Table 2.

The values obtained from the Yoon–Nelson model
infer that the KYN,i increases from 7.84207 to 11.5468 h−1

and 5.2715 to 10.7027 h−1 with an increase in the inlet
concentration (50 to 100 mg L−1) and the flow rate
(5 min−1 to 15 ml min−1), respectively. It decreases from
11.0256 to 4.8684 h−1 when the mass of the adsorbent
increases from 25 to 175 g. The value of the τi decreases
from 0.9801 to 0.6902 h and 1.3453 to 0.6764 h with an
increase in the inlet concentration (50 to 100 mg L−1)
and the flow rate (5 to 15 ml min−1), respectively. The
value τi increases from 0.4457 to 2.7035 h when the mass
of the adsorbent increases from 25 to 175 g.

Although the R2 value are better for the Yan
model, but the trends for the model parameters are
very irregular with the variation of various parameter
values. Also, the R2 value for Yoon–Nelson model are
near about to Yan model. Hence, in the present study,
the applicability of Yoon–Nelson model for the scaling
up of the process is more justifiable.

Table 2
Different parameters for the Yoon–Nelson and Yan models

Inlet Conc. C0

(mg L−1)
Flow rate
(mL min−1)

Mass of
adsorbent (g)

Yoon–Nelson model Yan model

KYN,i

(h−1) τi (h) R2 χ2 q0,i ai R2 χ2

50 10 75 7.8421 0.9801 0.997 0.00057 0.00039 7.2297 0.999 0.00023
100 10 75 11.5468 0.6902 0.997 0.00068 0.00055 7.5469 0.998 0.00031
50 5 75 5.2716 1.3453 0.998 0.00035 0.00027 6.8365 0.999 0.00008
50 15 75 10.7027 0.6764 0.998 0.0005 0.0004 6.8545 0.999 0.00015
50 10 25 11.0256 0.4457 0.996 0.00084 0.00052 4.4189 0.999 0.00012
50 10 50 9.4744 0.6728 0.998 0.00043 0.0004 5.7928 0.999 0.00015
50 10 100 6.1128 1.3962 0.997 0.00053 0.00042 7.9832 0.999 0.00024
50 10 125 6.3935 1.8358 0.997 0.00062 0.00044 10.9404 0.998 0.00043
50 10 150 5.1619 2.3046 0.997 0.00054 0.00046 11.3097 0.998 0.00031
50 10 175 4.8684 2.7135 0.996 0.00067 0.00046 12.4273 0.997 0.00046

Fig. 12. EDX analysis of the regenerated adsorbent used on Cr(VI).
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5. Regeneration

The used adsorbent, containing Cr(VI), is not safe
to be disposed off as a solid waste due to the various
environmental restrictions. This leads to a fact of
regenerating the adsorbent for its reuse. In the present
study, the adsorbent is tried to be regenerated thermo-
dynamically. The used adsorbent is kept for washing
in distilled water at 90˚C for 2 h on a rotary shaker. It
is found that 40% of the Cr(VI) is recovered and the
ANB is again available for the use. The EDX analysis
showing the decrease in the Cr(VI) content on the
adsorbent surface is being provided in Fig. 12.

6. Conclusions

In the present work, neem bark is activated and is
utilized as ANB for the removal of Cr(VI) in a con-
tinuous fixed-bed column. The effect of the mass of
adsorbent, metal inlet concentration and flow rate is
evaluated and found to have a strong influence on the
breakthrough curves. With an increase in the mass of
adsorbent from 25 to 175 g, inlet concentration from
50 to 100 mg L−1 and flow rate from 5 to 15 mg L−1,
the breakthrough time increases from 9.25 to 111.66 h,
decreases from 24.78 to 13.875 h and 35.086 to 8.262 h,
respectively. The average saturation loading capacity
of the column is found to be approximately
27.5 mg g−1 which is in alignment with the adsorption
capacity 26.9 mg g−1 obtained in the batch equilibrium
study. The developed adsorbent has shown good
applicability for treating the wastewater containing
multiple metal ions. It is found that the saturation
loading of the adsorbent increases to 53.95 for multi-
ple metal ions in comparison with an average of
26.485 mg g−1 for an individual metal ion. The experi-
mental data are found to be well described by the
Yoon–Nelson kinetic model.
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[18] A.B. Pérez Marı́n, M.I. Aguilar, V.F. Meseguer, J.F.
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