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This paper presents the effects of variables such as electrode material, electrode distance, pH, initial concentration of Cr(VI), applied
current, electrolyte and time duration in the treatment of contaminated groundwater for the removal of Cr(VI) at two different concentrations
of 200 and 800 mg/L of Cr(VI) using batch electrocoagulation process. Initially, the conditions were optimized from synthetic contaminated
water, which was in congruence with chloride and sulphate ions as present in the contaminated groundwater. The optimum conditions

a bore well at chromate ore processing residue (COPR) dumpsite. The results of the treated contaminated groundwater were found that all
the parameters were within the limits of Pollution Control Board discharge standards. The efficiency and energy consumption on the
removal of Cr(VI) from real contaminated groundwater were compared with and without addition of NaCl. The results suggest that the
optimum conditions for a 99.99% removal efficiency were initial concentration 200 mg/L of Cr(VI), pH 6.0, applied current 2 A, electrolyte

INTRODUCTION

Industrialization is the basic need for sustained economic
growth in developing countries and the pollution caused due
to industrial activities is a major threat to the environment. In
the naturally contaminated groundwater, the solubility of
Cr(VI) is highly dependent on pH, concentration of pollutant
and the presence of ligands in the matrices [1]. Various indus-
trial activities such as tanneries [2], steel industries [3], electro
plating units [4], paint manufacturing units [5] and textile units
[6] are generating a larger quantity of wastewater from the
unit operation. Before the enactment of water (prevention and
control of pollution) Act 1974 in India, a huge volume of haza-
rdous chromium wastewater generated by these industries were
disposed of on land leading to groundwater contamination.

Similarly, the unscientific disposal of chromate ore proces-
sing residue (COPR) on land is another major contributor of
Cr(VI) in the biota [7]. Due to weathering of COPR, the disso-
lution of Cr(VI) bearing minerals leach into the groundwater
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[8]. The concern of COPR is not only a domestic issue, but
also exists in many parts of the world like USA, China and
Japan [9]. A study conducted at Scottish island showed the
presence of about 91 mg/L of Cr(VI) in the groundwater and
6.7 mg/L was found in the tributary stream. Whereas, in New
Jersey, USA it has been reported at about 30 mg/L [10]. How-
ever, the permissible level of Cr(VI) prescribed by the regul-
atory authority for drinking water is 0.05 mg/L and inland
surface water is 0.1 mg/L [11].

A variety of technologies have been developed for the
removal of Cr(VI) from the wastewater and few among them
are listed as adsorption [12], photocatalytic reduction [13,14],
electro-chemical treatment [15-17], reverse osmosis [18] and
bioremediation [19]. Nevertheless, none of the above techno-
logies has been found to be economically flexible for the treat-
ment of wastewater containing higher concentration. No kinds
of literature have been published so far to refer to in selecting
the appropriate technology for remediation of Cr(VI) depen-
ding on the site-specific conditions. Earlier studies on COPR
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site of Ranipet, Tamilnadu state, India have addressed the
distribution of Cr(VI) and the problems associated with the
contamination of Cr(V]) in the surface and subsurface water
sources [20,21]. Therefore, the objective of this study is to
evaluate the potential of utilizing the electrocoagulation process
for the removal of Cr(VI) from the contaminated groundwater
of TCCL site and to optimize the operating conditions to achieve
the disposal standard of Cr(VI) prescribed by the regulatory
authorities.

EXPERIMENTAL

The electrocoagulation process was carried out in a cell
capacity of 2500 mL rectangular reactor with a working volume
of 2000 mL at room temperature (27 °C). Five numbers of
mild steel electrodes each of dimension 150 mm length, 75
mm breadth and 1 mm thick were employed in this work. The
effective reactive surface area was fixed at 270 cm?”. The elect-
rodes were vertically installed on a perforated Plexiglas plate
placed at 2 cm from the bottom of the cell. The anodes and
cathodes were connected to the positive and negative terminals
of a DC power supply with 10 A/15 V capacity. The reactor
was placed over a magnetic stirrer with 240 rpm. Sodium
chloride salt (99.9% purity) was used to adjust the conductivity.
A rectifier equipped with a maximum of 15 volts and an
8 amperage was used for power supply.

Synthetic contaminated water (SCW) was prepared by
dissolving the required quantity of dried K,Cr,Oy, in distilled
water and makeup to 1 L [22], which are in congruence with
contaminated groundwater (CGW) with respect to chloride
and sulphate ions. The desired concentrations required for this
study were obtained by successive dilutions with distilled water.
The operation was carried out at different amperages and
samples were collected from the reactor at every 10 min intervals.
The collected samples were filtered and analyzed for the resi-
dual concentration of Cr(VI). Before each run, the electrodes
were dipped in H,SO, solution and washed with distilled water,
dried and reused. The pH of the SCW was adjusted using 1 N
NaOH solution. The pH meter 240 (Model Elico L1614) was
used to measure the pH of the solutions. The residual concen-
tration of chromium(VI) was analyzed photometrically with
1.5 mL of diphenylcarbazide at 540 nm, UV-visible spectra
photometer (UV-3200, Lab India) and heavy metals were
analyzed on an atomic absorption spectrometer (Shimadzu
6800). The Cr(VI) contaminated groundwater collected from
amonitoring well of 7 cm diameter and 25 m deep in the TCCL
site was taken for this study.

Electrochemical cell: The reactions involved in the electro-
coagulation process are oxidation at the anode, reduction at
the cathode, dissolution of ions from the electrodes, the forma-
tion of coagulants, destabilization of the contaminants present
in the wastewater and formation of flocks due to aggregation
of the destabilized particles [23]. In this study, mild steel electr-
odes are used as anode and cathode. When the potential differ-
ence is applied to the electrodes, electrochemical oxidation
takes place at the anode, which results in the generation of ferrous
ions as a primary reaction.

Fe —— Fe®* + 2¢” (1)

On the application of high potential, the chloride ions exist
in the solution due to addition of electrolyte in the form of
NaCl are oxidized and emerged as a secondary reaction. The
reaction at the anode in the electrochemical cell are depicted
below:

2H,0 —— 4H* + O, + 4e )
2CI'— Cl, + 26 3)

Due to simultaneous reaction at the anode and the cathode,
the Cr(VI) present in the wastewater is reduced to Cr(III) at
the cathode and the reactions are shown below:

2H,0 + 2e-—— H, + 20H" “4)
Cr,07 + 14H* + 66— 2Cr** + TH,O %)

The overall reactions at the anode and cathode, to reduce
the hazardous Cr(VI) present in the wastewater to Cr(III) is
taking place according to the following equations:

Cr,0.* + 14H* + 6Fe* —— 2Cr** + 6Fe* + TH,O  (6)

In this study, the SCW was made in congruence with that
of contaminated groundwater (CGW) in terms of pH, chloride
and sulphate concentrations. All other parameters of CGW
are listed in Table-1. The effect of various parameters on the
removal of Cr(VI) were investigated by using synthetic conta-
minated water as well as to the real Cr(VI) contaminated ground-
water.

TABLE-1
CHARACTERISTICS OF CONTAMINATED GROUNDWATER

Variables Value

pH 6.1

Hexavalent chromium 1617 mg/L

Conductivity 5,659 ps/cm

Chloride 528.8 mg/L

Sulphate 2344 mg/L

Total dissolved solids (TDS) 4085 mg/L
RESULTS AND DISCUSSION

Effect of electrode material and inter-electrode
distances: The effect of electrode materials on the removal of
Cr(VI) from SCW was investigated using electrode made from
ferrous, aluminium and stainless steel materials. Each experi-
ment was conducted at 2 A applied current with three different
monopolar electrode arrangements having an effective electrode
area of 270 cm’. All the anodes and cathodes were the same
kind of materials. The maximum removal efficiency of Cr(VI)
from these electrodes in the order of Fe-Fe, SS-SS and Al-Al
were recorded at 97.35, 59 and 37%, respectively in the time
duration of 30 min. On comparing the efficiency of the elect-
rodes, a maximum and instantaneous reduction was noticed
when the Fe-Fe combination was used. Also, the surface rough-
ness of the stainless steels were not easily changed and more
resistant than the other two electrodes [24]. Hence, Fe-Fe elect-
rodes were used in this study.

The effects of inter-electrode distances were investigated
using Fe-Fe electrodes for the removal of Cr(VI) by varying
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the distances at 1, 2, 3 and 4 cm for a time interval of 30 min
and the efficiencies were recorded at 90.20, 89.50, 88.40 and
85.69%, respectively. The decreasing efficiency on increasing
the electrode distance may be due the fact that the electrostatic
attraction in between the electrodes are less at longer distance,
which results in lesser formation of flocs needed to coagulate
the pollutant [25]. The above results suggest that the inter electrode
distance at 2 cm is optimum to conduct all the experimental
studies.

Effect of pH: Earlier study has established that while using
iron electrodes the initial pH needs to be maintained between
4 and 7 [26]. To investigate the effect of pH, a series of experi-
ments were conducted at various pH levels in the order of 5,
6, 7 and 8 and the maximum removal of efficiencies obtained
were 99.85,99.21, 98.27 and 97.64%, respectively. The differ-
ence in the efficiencies at various pH levels proved that the
reduction of Cr(VI), solubility of Cr(OH); and Fe(OH); are
mainly depend on the pH of the wastewater. The results have
indicated that the removal of Cr(VI) is significant in an acid
medium, whereas an alkaline medium requires addition of
chemicals to precipitate the particle for settling (Fig. 1) [27].

E = M b

Fig. 1. Suspended solid concentrations at different pH after 30 min of settling

The solubility of metal species is important for the deter-
mination of optimum pH for precipitation and coagulation [28].
In the electrocoagulation process at alkaline pH the OH™ ions
released at the cathode are partially reacted with ferrous ions
forming ferrous hydroxide flocs and the remaining OH™ ions
are combined with chromium(III) ions to form insoluble Cr(OH);
precipitate. The precipitation has reported that Fe(III) and
Cr(III) can also coprecipitate as an amorphous solid solution
of Cr,Fe,«(OH);, between the pH range of 2-6. When the pH
of the solution is between 4 and 6, more dissolution of ferrous
ions is taking place at the anode, leading to higher removal of
Cr(VI) [29]. A maximum 99% removal of chromium is achieved
at pH 6 in SCW, it was decided not to adjust the original pH of
the CGW as the initial pH of the CGW was found to be 6.

Effect of initial concentration: It has been established
that the change in concentration of wastewater is measured as
afunction of electric charge applied to the cell and the coagulant
dosage has a considerable influence in the electrocoagulation
process. To investigate these effects, a two different initial con-
centrations of Cr(VI) at 200 and 800 mg/L were treated in
SCW using electrodes Fe-Fe, applied current 2 A and pH of 6
+ 0.1 without adding electrolyte.

As shown in Fig. 2, the maximum removal of 99% of
Cr(VI) has reached in 30 min at the initial concentration of
200 mg/L. For higher initial concentration of 800 mg/L, the
removal efficiency of Cr(VI) was 55.12% in 60 min. As per
the Faraday’s Law, at constant applied current the same amount
of ferrous ion dosage generated in site increases with increasing
the electrolysis time. Present results imply that there is no direct
correlation exist between metal ion concentration and removal
efficiency which is in accordance with the earlier report [30].
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Fig. 2. Effect of initial concentration on the removal of Cr(VI)

Effect of applied current: The applied current determines
the economy of the electrocoagulation process as it directly
affects the process performance and operating cost. To investi-
gate the effect of applied current on the removal of Cr(VI)
experiments were conducted in SCW having two different con-
centrations of 200 and 800 mg/L without addition of electrolyte
and only by varying the applied current from 1 to 3 A.

When the applied current was at 1 A, it required 55 min
for a complete removal of Cr(VI) from the concentration of
200 mg/L. For the same concentration, when the applied current
was increased from 1 A to 2 A, the removal efficiency has also
increased from 64 to 99.1% within the first 30 min and reached
100% in the next 3 min of operation (Fig. 3). Similarly, for the
higher concentration of Cr(VI) at 800 mg/L when the applied
current was increased from 1 to 2 A, the residual Cr(VI) decre-
ased from 359 to 177.5 mg/L in the time duration of 60 min.
Further increasing the applied current is not beneficial, since
most of the added energy would be transferred to heating the
reactor content. Furthermore, to obtain an optimum yield this
process need more conductivity to decrease the IR drop and
energy consumption [31]. For lower concentration of Cr(VI)
at 200 mg/L, complete removal has occurred at 35 min on 2 A
of applied current without addition of electrolyte with energy
consumption of 7.0 Whr/m®. Hence, the study was continued
to find out the optimum conditions for low energy consumption.

Effect of electrolyte concentration: Generally, electro-
lyte in the form of common salt is used to obtain the conductivity
in the electrocoagulation process. Electrolyte supplies ions to
the elctrolytic cell, which in turn affects the current efficiency,
cell voltage and consumption of electrical energy. To investi-
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Fig. 3. Effect of applied current on the removal of Cr(VI)

gate the effect of electrolyte, two sets of experiments were
conducted at two different concentrations. First experiment
was conducted in SCW by varying the currect from 1 Ato 2 A,
atinitial pH of original solution (6.0 + 0.1) with an initial con-
cenration of 200 mg/L of Cr(VI).

It can be seen from Fig. 4, when the concentration of
electrolyte increased from 1 to 2 g/L on constant application
of 1 A electric current, the removal efficiency also increased
marginally from 97.01 to 98.8% in 50 min and further addition
of NaCl has not much influenced the oxidation of Fe(II) ions
to Fe(IIl) ions. However, for the dosage of 2 g/l when the
applied currect was increased from 1 A to 2 A the removal
efficiency incrased to a maximum of 99.99% in 33 min. Accor-
ding to Faraday’s law, this behaviour is due to the fact that the
applied current is directly proportional to the amount of sacri-
ficial anode dissolved. The hydroxide ions formed in the cell
enhances the reduction of Cr(VI) to Cr(III) and escalates coag-
ulant dosage by forming insoluble hydroxides of Cr(OH); and
Fe(OH); [32].
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Fig. 4. Effect of electrolyte on the removal of Cr(VI) from SCW (200 mg/L)

Similar experiments were carried out for a higher initial
concenration of 800 mg/L by varying the NaCl dosage from 4
to 8 g/ and applied current from 4 to 8 A. From Fig. 5, it is
observed that on constant application of 4 A electric current
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Fig. 5. Effect of electrolyte on the removal of Cr(VI) from SCW (800 mg/L)

the removal of Cr(VI) on the addition of 4 and 8 g/L of NaCl
account to 89.88 and 91.18% in a time duration of 50 min with
the energy consumption of 12.55 and 8.3 Whr/m?, respectively.
When the applied current was increased from 4 to 6 A on addi-
tion of 4 and 8 g/L. of NaCl, the removal efficiencies have attained
in 40 min at the maximum removal efficiency of 99.99% and
89.4% with the energy consumption of 10 and 15 Whr/m?,
respectively. Further increasing the applied current to 8 A and
addition of 8 g/L. of NaCl accounts for 99.08% of Cr(VI) removal
in 31 min with energy consumption of 19.63 Whr/m®. Consi-
dering the economy of operation, present work suggests the
optimum conditions are: applied current 6 A; electrolyte 4 g;
time duration 40 min with energy consumption of 10 Whr/m’.

Comparing the results obtained for the SCW from two
different concentrations, it is observed that electrocoagulation
process is an effective treatment for the removal of Cr(VI) and
the removal efficiency is higher for a lower concentration of
Cr(V]) with lesser energy consumption.

Applications: The CGW used in this research was collected
from a bore well located in a COPR dumpsite at Ranipet,
Tamilnadu state, India. The initial pH of the CGW was recorded
at 6. During the course of electrocoagulation process, the pH
of the CGW in the cell was recorded and noticed that the pH
has increased in first 30 to 40 min due to the generation of
hydroxyl ions which shifts the solution of pH to an alkaline
medium at 10.4. This is due to the fact that the system becomes
saturated with ferrous ions, which combines with the hydroxyl
ions forms ferrous hydroxide and partially combine with Cr(VI)
to form the insoluble hydroxide precipitate as Cr(OH); [33].
The conditions adopted for the treatment of SCW correspon-
ding to the concentrations were applied for the treatment of
CGW.

Itis observed (Fig. 6) that the optimum conditions for the
100% removal of Cr(VI) from the CGW are initial concentra-
tion 200 mg/L; pH 6.0; electrolyte 2 g/L. (NaCl); inter electrode
distance 2 cm; effective surface area 270 cm?; applied current
2A; time duration 35 min and energy consumption 0.257 Whr/
m’. After treating the CGW by electrocoagulation process, the
treated water was analyzed and found that the parameters such
as pH, TDS and chlorides were within the discharge standards
prescribed by the regulatory authorities.



280 Muthukumaran et al.

Asian J. Chem.

250

200

150

100

Conc. of Cr(VI) (mg/L)

a
o

0 10 20 30 40 50 60
Time (min)
Fig. 6. Effect of removal of Cr(VI) from CGW (200 mg/L)

For a higher concentration of Cr(VI), the optimum condi-
tions were: initial concentration 800 mg/L; pH 6.0; electrolyte
4 g/L. (NaCl); inter electrode distance 2 cm; effective surface
area 270 cm?; applied current 6 A; time duration 35 min and
energy consumption 0.6 Whr/m®. However, upon analyzing
the treated water the characteristics such as TDS and chlorides
were exceeding the discharge standards as prescribed by the
regulatory authorities.

Conclusion

Electrocoagulation proved to be a promising treatment
method for the removal of chromium(IV) from contaminated
groundwater. Water samples, collected from a bore well located
in TCCL site of Ranipet, India were treated in a batch electro-
coagulation system using Fe-Fe electrodes. The experimental
results proved that the performance of electrocoagulation in
the removal of chromium is largely affected by the electrode
type, initial pH, inter electrode distance, conductivity, applied
current, time duration of treatment and initial chromium(IV)
concentration. The experimental results indicated that electro-
coagulation can reach 100% removal of Cr(VI) from conta-
minated groundwater under the optimum conditions. This work
shows the opportunities for utilizing a continuous electro-
coagulation treatment for 100% removal of Cr(VI) from the
contaminated groundwater at the contaminated site.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge M/s Tamilnadu Waste
Management Limited, certified by National Accreditation
Board for Testing and Calibration Laboratory, SIPCOT Industrial
Estate, Gummudipoondi, India for their kind permission to
carry out all the analytical studies.

CONFLICT OF INTEREST

The authors declare that there is no conflict of interests
regarding the publication of this article.

REFERENCES

1. G. Godgul and K.C. Sahu, Environ. Geol., 25, 251 (1995);
https://doi.org/10.1007/BF00766754

2. C.A.Basha, P. Soloman, M. Velan, L.R. Miranda, N. Balasubramanian
and R. Siva, J. Hazard. Mater., 176, 154 (2010);

https://doi.org/10.1016/j.jhazmat.2009.10.131

W

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

D.E. Paul, J.T. Black and A.R. Kohser, Materials and Process in
Manufacturing, Wiley: New York, edn 9, pp. 793-794 (2003).

V. Murugaiyan and S. Kanmani, Indian J. Environ. Prot., 29, 304 (2009).
B.K. Dey, M.A. Hashim, S. Hasan and B. Sen Gupta, Adv. Environ. Res.,
8, 455 (2004);

https://doi.org/10.1016/S1093-0191(02)00122-3

C.N. Sivaramakrishnan, Textiles and the Environment, Colour
Publications Pvt. Ltd.: Mumbai, India (2013).

S.B. Kameswari Kanchinadham, V.D. Loganathan and C. Kalyanaraman,
Environ. Prog. Sustain. Energy, 32, 1096 (2012);
https://doi.org/10.1002/ep.11722

M. Tang, F. Wang and M. Edwards, Environ. Eng. Sci., 35, 11 (2018);
https://doi.org/10.1089/ees.2017.0088

T. Sun, J. Chen, X. Lei and C. Zhou, J. Environ. Chem. Eng., 2,304 (2014);
https://doi.org/10.1016/j.jece.2013.12.022

S. Hillier, M.J. Roe, J.S. Geelhoed, A.R. Fraser, J.G. Farmer and E.
Paterson, Sci. Total Environ., 308, 195 (2003);
https://doi.org/10.1016/S0048-9697(02)00680-0

US EPA, Report No. EPA/570/9-76/003; Washington, DC (1976).

Q. Liao, J. Tang, H. Wang, W. Yang, L. He, Y. Wang and Z. Yang, J.
Hazard. Mater., 386, 121988 (2020);
https://doi.org/10.1016/j.jhazmat.2019.121988

A. Kumar, C. Guo, G. Sharma, D. Pathania, M. Naushad, S. Kalia and
P. Dhiman, RSC Adv., 6, 13251 (2016);
https://doi.org/10.1039/C5RA23372K

Y. Zhao, Int. J. Electrochem. Sci., 3, 1250 (2018);
https://doi.org/10.20964/2018.02.46

S.U. Khan, D.T. Islam, I.H. Farooqi, S. Ayub and F. Basheer, Process
Saf. Environ. Prot., 122, 118 (2019);
https://doi.org/10.1016/j.psep.2018.11.024

C. Pan, L.D. Troyer, P. Liao, J.G. Catalano, W. Li and D.E. Giammar,
Environ. Sci. Technol., 51, 6308 (2017);
https://doi.org/10.1021/acs.est.7b00371

D. Ghernaout and N. Elboughdiri, Open Access Libr. J., 7, 1 (2020);
https://doi.org/10.4236/0alib.1106396

1. Korus and K. Loska, Desalination, 247, 390 (2009);
https://doi.org/10.1016/j.desal.2008.12.036

J. Jeyasingh and L. Philip, J. Hazard. Mater., 118, 113 (2005);
https://doi.org/10.1016/j.jhazmat.2004.10.003

G. Tamma Rao, V.V.S. Gurunadha and K. Ranganathan, J. Earth Syst.
Sci., 22, 855 (2013);

https://doi.org/10.1007/s12040-013-0295-x

N. Venkatesan and M. A. Asokan, Int. J. ChemTech Res., 6,3651 (2014).
G. Darrie, Environ. Geochem. Health, 23, 187 (2001);
https://doi.org/10.1023/A:1012295927081

N. Parsa, A. Moheb, A. Mehrabani-Zeinabad and M.A. Masigol, Chem.
Eng. Res. Des., 98, 81 (2015);
https://doi.org/10.1016/j.cherd.2015.03.025

A. Singh, A. Chaudhary and A. Sharma, Port. Electrochim. Acta, 30,
99 (2012);

https://doi.org/10.4152/pea.201202099

L.L. Mickova, Am. Sci. Res. J. Eng. Technol. Soc., 14, 273 (2015).
L.E. Eary and D. Rai, Environ. Sci. Technol., 22, 972 (1988);
https://doi.org/10.1021/es00173a018

J. Fruchter, Environ. Sci. Technol., 36, 464A (2002);
https://doi.org/10.1021/es022466i

K. Ulucan, H.A. Kabuk, F. Ilhan and U. Kurt, Int. J. Electrochem. Sci.,
9, 2316 (2014).

B.M. Sass and D. Rai, Inorg. Chem., 26, 2228 (1987);
https://doi.org/10.1021/ic00261a013

M. Kobya, E. Gengec and E. Demirbas, Chem. Eng. Process.: Process
Intensif., 101, 87 (2016);

https://doi.org/10.1016/j.cep.2015.11.012

E. Keshmirizadeh, S. Yousefi and M.K. Rofouei, J. Hazard. Mater.,
190, 119 (2011);

https://doi.org/10.1016/j.jhazmat.2011.03.010

W.E. Ntengwe, N. Mazana and F. Samadi, Int. J. ChemTech Res., 2,
1289 (2010).

S.S. Hamdan and M.H. El-Naas, J. Ind. Eng. Chem., 20, 2775 (2014);
https://doi.org/10.1016/j.jiec.2013.11.006



https://doi.org/10.1016/S1093-0191(02)00122-3
https://doi.org/10.1016/S0048-9697(02)00680-0

