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Abstract

Kyanite, a commercial mineral has been utilized as an adsorbent for the removal of heavy metals,
such as Ni(Il), Zn(II), Cr(VI) and Cu(Il) from electroplating wastewater. The effect of contact time,
pH, concentration, adsorbent doses, particle size of the adsorbent, salinity and hardness, both in
natural and wastewater on the adsorption of Cu(Il) have been studied in detail. The adsorption of
metal ions seems to be an ion exchange process. The adsorbed metals ions from electroplating
wastewater were recovered by batch as well as column operation using dilute HCI solution. The
column operation was found to be more effective compared to batch process. © 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Electroplating industries are one of the oldest industries concentrating on surface finishing
and metal deposition. However, these processes produce metal-contaminated wastewater.
Among these contaminants, copper is an important metal of industrial use and its ingestion
beyond the permissible level [1] causes various types of acute and chronic disorder in man,
such as hemochromatosis, gastrointestinal catarrh, cramps in the calves and a skin dermatitis
brasschills, usually accompanied by high fever [2,3].
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The industrial sources of copper in the wastewater include pulp and paper mills, fertilizers,
petroleum refineries, basic steelwork foundries, non-ferrous metal works, motor vehicles,
aircraft plating and finishing [4-6].

The most widely used method for removing Cu(Il) is precipitation as insoluble hydroxide
at alkaline pH [7-10] or as sulfides [11,12]. However, major problem with this precipitation
is the disposal of the precipitated cupric hydroxide [13]. Ion-exchange treatment which is
the second most widely used method for copper removal does not present a sludge dis-
posal problem and has the advantage of reclamation of Cu(II) [14]. However, ion-exchange
treatment does not appear to be economical [15].

The adsorption phenomenon has been found economically appealing for the removal of
toxic metals from wastewater. Several adsorbents have been used earlier for the treatment
of Cu-rich effluents at the solid—solution interface [16—19]. It has been reported that some
aquatic plants [20-23], agricultural by-products [24], waste tea leaves [25], sawdust [26],
natural zeolite [27], lignin [28], red mud and flyash [29], iron oxide coated sand [30],
activated carbon [31,32] and recycled iron-bearing material [33,34] have the capacity to
adsorb heavy metals.

The behavior of some adsorbents like silica gel, Fe(II) hydroxide, fruit peel of orange
and saw dust for the removal and recovery of Hg?*t, Cr%F, Ni%t, Cu?*, Cd*+, Pbt,
Zn** and Mg from rivers and industrial wastewater have been studied in our laboratory
[35-38]. In our earlier studies, the adsorption properties of pyrolusite (a manganese ore)
were explored. Pyrolusite has been used for the removal of Pb(Il) from wastewater
[39].

Kyanite is a triclinic crystalline mineral like other aluminosilicates and closely approx-
imates Al;SiO3. The color is variable ranging from colorless to blue. Kyanite, when cal-
cined, is used in refractory products and it is the most important of the aluminosilicates
[40]. Kyanite is a common constituent of the Archaean rocks of India and abundantly
available in Singhbum district of Bihar, Himalayas, Andhra Pradesh and Tamil Nadu. The
occurrence of Kyanites invariably in crystalline schistose rocks indicate that it is a prod-
uct of metamorphism of alumina-bearing sediments most clayey materials, which have
been metamorphosed under enormous pressure at a great depth in the earth’s crust. It oc-
curs extensively in commercial quantities and is used as a refractory material. It is also
used in metallurgical, glass and ceramics and cement industries. Kyanite refractories are
generally used in furnaces for smelting non-ferrous metals like copper, zinc and nickel
alloys [41].

This paper reports the adsorption behavior of various metal ions on Kyanite.

2. Materials and methods
2.1. Preparation of adsorbent

Kyanite was ground and washed thoroughly with distilled water to clean the adhering
dust. It was dried in an air at 100-105°C for 24 h. After drying, the adsorbent was sieved
through different mesh size. The chemical composition of Kyanites has been reported [41]
and is shown in Table 1.
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Table 1

Chemical composition of Kyanite

Specific gravity 3.7
Si0 (%) 30.2
AlLO3 (%) 65.35
Fe;03 (%) 3.19
TiO, Trace
CaO Trace
MgO Trace

2.2. Adsorbate solution

All chemicals used in making the adsorbate solution were of analytical grade. Stock
Cu(II) solution (1000 mg1~!) was prepared from copper nitrate and this solution was used
to prepare working solution for other experiments. Solutions of the other metal ions were
prepared (1000 mg1~!) by dissolving their chlorides or nitrates in distilled water.

2.3. Batch adsorption studies

Batch adsorption experiments were carried out by shaking 0.5 g of the Kyanite (mesh 50)
with 50 ml aqueous Cu(II) solution of 20—100 mg 1! concentration at various pHs (1-12)
and at temperature of 30°C in several stoppered bottles for retention times varying from 5
to 30 min using a temperature controlled shaker. The study of adsorbent doses was carried
out by varying the amount of adsorbent (0.2—1 g). At the end of the predetermined time
interval, the adsorbent was removed by the filtration and the equilibrium concentration
was determined in the filtrate by atomic absorption spectrophotometry (model GBC-902,
Australia) using an air acetylene flame. The amount of metal ions adsorbed on the Kyanite
was calculated by subtracting final concentration in solution from initial concentration. The
effect of pH on the adsorption of Cu(Il) was studied as follows: 100 ml Cu(II) solution
(50 mg 1~ 1) was placed in a beaker and the pH of the solution was adjusted by adding 0.5 M
HNO3 or 0.1 M NaOH. The concentration of Cu(Il) in this solution was then determined
(initial concentration). An aliquot (50 ml) of this solution was placed in a conical flask and
treated with 0.5 g of adsorbent and after equilibrium, the final concentration of Cu(II) was
determined.

2.4. Desorption of Cu(Il)

The desorption studies were carried out by batch as well as by a column process under
similar conditions. An aliquot (50 ml) of the sample containing 20 mg 1~! Cu(II) was treated
with 1 g of adsorbent for 24 h. at pH 6. The solution was then filtered and filtrate was analyzed
for Cu(Il). The adsorbent was then transferred to another conical flask and treated with 50 ml
of 0.05 M HCl solution. It was then filtered after 24 h. and the concentration of the desorbed
Cu(Il) was determined in the filtrate.

Column studies were conducted using 1 g of Kyanite in a glass column (0.6 cm in di-
ameter) with glass wool support. The adsorbent was washed with distilled water and 50 ml
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solution containing 20 mg1~! of Cu(II) were passed through the column. The solution was
recycled several time until the effluent showed an absence of Cu(Il) ions. The Cu(Il) ad-
sorbed was then eluted with 0.05 M HCI solution at a flow rate of 1 ml min~!. The Cu(I)
eluted was collected in 10 ml fractions and the concentration was then determined by atomic
absorption spectrophotometry. The same experiment was repeated and Cu(Il) was eluted
with increasing concentrations of HCI (0.05-0.5 M HCI).

2.5. Recovery of Cu(Il) and other metal ions from electroplating wastewater

The removal and recovery of various metal ions from electroplating wastewater was
carried out by batch as well as by column operations. A sample (50 ml) of the waste was
placed in a conical flask. It was treated with 1 g of adsorbent. The removal and recovery
was carried out as described above.

In another experiment, 50 ml of the waste was passed through the column containing
1 g of adsorbent and the desorption of Cu(Il), Ni(I), Zn(II) and Cr(VI) was carried out as
described above.

3. Results and discussion

The adsorption behavior of different metal ions on Kyanites at pH 4 is shown in Fig. 1.
The efficiency of adsorption was in the order of Cu(Il) > Ni(Il) > Cr(VI) > Zn(II).

3.1. Effect of contact time

The adsorption of metal on Kyanite increases with increasing contact time. The Cu(II)
uptake versus time curve Fig. 2 shows that equilibrium is attained in 30 min. The metal
uptake versus time curve is single, smooth and continuous leading to saturation, suggesting
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Fig. 1. Adsorption of different metal ions on Kyanite.
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Fig. 2. Effect of contact time on adsorption.

the possible monolayer coverage of metal ions on the surface of the adsorbent. Similar
behavior was observed [42] for the adsorption of Cd(II) by Fe(IIl) hydroxide.

3.2. Effect of concentration

Fig. 3 shows the percentage removal of Cu(II) as a function of its increased initial concen-
tration at pH 6. It can be concluded that maximum adsorption of Cu(II) occurs at 20 mg 1~
initial concentration and the minimum adsorption is observed at 100 mg1~!.

3.3. Effect of pH

The effect of pH on different metal ions has been shown in Table 2 and the effect of pH on
the adsorption of Cu(Il) by Kyanite is presented in Fig. 4. The pH of the aqueous solution
is one of the important controlling parameters in the adsorption process [16]. At lower
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Fig. 3. Effect of concentration on adsorption.
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Table 2
Effect of pH on the adsorption of different metal ions®
Metals pH

2 4 6 8 10
Cu(Il) 44 86 90 100 100
Zn(1I) 60 60 73.5 91.5 94.5
Ni(II) 80 78.5 72.5 80 71.5
Cr(VI) 80 78 72 80 76.5

2 Results are in percent adsorption.

pH values, the H' ions compete with metal cation for the exchange site in the system.
The heavy metal cations are completely released under circumstances of extreme acidic
condition [4]. The amount of adsorption increases from 44 to 88% as the pH is increased
from 1 to 6. The minimum adsorption at pH 1 may be due to the high concentration and
high mobility of H' ions, the hydrogen ions are preferentially adsorbed as compared to
Cu(II) ions. The decrease in adsorption with the increase in HT ion concentration (Ilow
pH), indicates that the adsorption process is via ion exchange. This conclusion was further
supported by the fact that 1.43 meq of Na™ ions are desorbed from Kyanite and 1.58 meq of
Cu(ID) ions are introduced showing that equivalent or nearly equivalent amounts of Cu(I)
ions are exchanged by Na™ ions. Further, if the process is ion exchange then one must
expect higher desorption of metal ions with increased acid concentration.

3.4. Effect of adsorbent doses

The adsorption capacity (mg g~!) and percentage adsorption of Cu(II) at different doses
of Kyanite is shown in Fig. 5. The degree (%) of adsorption increases as the adsorbent dose is
increased. It may be concluded that by increasing the adsorbent dose, the removal efficiency
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Fig. 4. Effect of pH on adsorption.
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Fig. 5. Effect of adsorbent doses on adsorption.

of Kyanite increases, while adsorption density decreases with increase in adsorbent dose.
The decrease in adsorption density may be due to the fact that some adsorption sites may
remain unsaturated during the adsorption process whereas the number of sites available for
adsorption site increases by increasing the adsorbent doses and that results in the increase
of removal efficiency [43].

3.5. Effect of particle size

The effect of particle size on Cu(Il) adsorption is shown in Table 3. It is evident from the
results that the adsorption of Cu(Il) increases with decrease in particle size and the peak
value was observed by finest particle (200 mesh size), probably because of the large surface
area available.

3.6. Effect of salinity and hardness

In order to utilize Kyanite as adsorbent for the treatment of wastewater, it is important
to see the effect of various ions usually present in wastewater. Therefore, the adsorption of

Table 3

Effect of particle size on the adsorption process®

Mesh size Amount of Cu(Il) adsorbed (mg) Adsorption (%)
50 22 88

100 2.25 90

150 2.25 90

200 2.3 92

4 Conditions: initial concentration of Cu(Il) = 2.5 mg, temperature = 30°C, volume of the solution = 50 ml.
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Table 4

Effect of various ions on removal of Cu(Il) using Kyanite as adsorbent®

Salt added Concentration Amount of Cu(Il) Adsorption (%)
(mg ) adsorbed (mg)

NaCl 100 1.85 74

NapSOy4 100 1.9 76

NaHCO3 100 2.5 100

Tap water 2.5 100

Distilled water 2.1 84

2 Condition: initial concentration of Cu(Il) = 2.5mg, temperature = 30°C, time = 24 h, volume of the
solution = 50 ml.

Cu(Il) was studied in presence of various ions, such as SO42_, HCOs—,CI~, Ca?™, Mg2+,
Na, etc. generally present in wastewater. These results are summarized in Table 4.

It can be seen that adsorption of Cu(Il) is not affected in presence of NaySO4 or NaCl.
However, the removal of Cu(Il) increases in presence of bicarbonates ions to (100%) which
may be due to the fact that presence of bicarbonate ions increases the pH of water and hence
is responsible for the higher uptake of copper.

3.7. Desorption studies

The adsorption of Cu(Il) on Kyanite is highly pH dependent. Therefore, its desorption
is possible by controlling the pH. Fig. 6 shows the desorption trend of Cu(Il) in column
operation. The desorption starts when a solution of 0.05M HCI is passed through the
column. It is important to note that desorption of Cu(Il) increases when the concentration
of HCI as eluent is increased from 0.05 to 0.1 M and 100% Cu(Il) can be eluted from the
column within 30 ml of effluent. The increased desorption of Cu(Il) with increased acid
concentration also indicates that process is via ion exchange. However, the desorption is

0.6

05 | Eluent = 0.05M HCI

0.4 -
0.3

0.2 -

Amount eluted (mg)

0.1

0

0 10 20 30 40

Amount of eluent (ml)

Fig. 6. Desorption of Cu(II) by column operation from Kyanite.
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Table 5

Removal and recovery of Cu(II) from synthetic wastewater by batch process (volume of waste = 50 ml)?

Metal Initial concentration Amount adsorbed Adsorption Amtount recovered Recovery
(mg) (mg) (%) (mg) (%)

Cu(II) 1 0.8 80 0.6 75

2 Condition: temperature = 30°C, contact time = 24 h.

slow and incomplete in a batch process. The desorption of Cu(II) from a solution containing
20 mg 1! Cu(II) in a batch process was 75% (Table 5).

3.8. Removal and recovery of metal ions from electroplating wastewater

Kyanite was utilized for the removal and recovery of various metal ions from electroplat-
ing wastewater by batch process. The analysis of electroplating wastewater collected from
a company in Aligarh (India) was carried out in our laboratory and the results are shown
in Table 6. The adsorbed metal ions were recovered with 0.05 M HCI. These results are
summarized in Table 7 (batch process) and in Fig. 7 (column operation). It can be seen that
the removal and recovery of metal ions by column operations is much higher in the column
than in the batch process. Figs. 1 and 7 indicate that adsorption of Zn(II) and Cr(VI) is very
low but their recovery is high (100%). Adsorption of Ni(Il) is very high but it could not be
recovered with 0.05 M HCI. However, adsorption of Cu(Il) was high (88%) and its recovery
by column operation was also high (80%).

Table 6

Analysis of electroplating wastewater

TDS 74.1

Conductivity (uscm™1) 1140

Cu (mgl™1) 8

Ni (mgl~1) 14

Zn (mgl~!) 32

Cr(VI) (mg1~1) 42

Na (mgl~1) 182

K (mgl~1) 10

Ca (mgl™!) 78

pH 22

Table 7

Removal and recovery of metal ions from electroplating wastewater (50 ml) by a batch process

Metal Initial concentration Amount adsorbed Adsorption Amount recovered Recovery
(mg) (mg) (%) (mg) (%)

Cu(Il) 0.4 0.325 81.25 0.125 38.4

Zn(II) 0.16 0.025 15.6 0.015 60

Ni(II) 0.7 0.5 71 0.15 30

Cr(VI) 2.1 0.3 5.5 0.105 35
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Fig. 7. Recovery of different metal ions on Kyanite.

4. Conclusions

1. Adsorption studies of Cu(Il), Zn(II), Ni(II) and Cr(VI) using Kyanite as an adsorbent
have shown the percent adsorption in the order of Cu(Il) > Ni(Il) > Cr(VI) > Zn(Il).

2. Equilibrium was attained in 30 min and the maximum adsorption of Cu(Il) was observed
at initial concentration of 20mg1~!.

3. Complete adsorption is possible at pH 8. The degree (%) of adsorption increases with
increase in adsorbent dose (0.2-1 g) and decrease in particle size of Kyanite.

4. The efficiency of adsorbent for copper removal in presence of other ions (usually present
in electroplating wastewater) has been studied and it can be concluded that total (100%)
adsorption is possible in presence of 100 mg 1~! NaHCOj3 in 50 mg 17! of Cu(II) solution.

5. The utility of Kyanite has been demonstrated by removing Cu(II) along with other metal
ions present in electroplating wastewater. A concentration of Cu(Il) ions as high as
8 mg1~! in the waste can be reduced to 1.5mg1~!. The adsorbed Cu(II) ions could be
recovered with 0.05M HCI. However, the percent recovery of Cu(Il) is increased by
column operation (80%) under similar conditions of elution.
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