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Abstract

In the present study, the electrocoagulation pmassg iron electrodes was used to treat synthetter containing lead and
copper. Box-Behnken design of response surfaceadetbgy was applied to optimize the process vagmlolamely initial pH,
current density and treatment time along with ofegacost. At optimum conditions (initial pH: 5, want density: 50 A/f
treatment time: 40 min), the model predicted vdioe removal of lead and copper was found as 102.&itfb 99.75%,
respectively with an operating cost of 0.481 USBH/Mihereas, the actual or experimental values af & copper removal
were found as 99.98 % and 99.88 % as well as dpgrabst of 0.476 USD/Mmwhich signifies a good closeness between the
model predicted values and actual values. The cdrateon of lead and copper in treated water wasdobelow the
permissible limits as per CPCB norms for industiigtharge.
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1. Introduction

Due to exponential increase in number of indestand human colonization in all parts of the wWpecosystem has been
devastatingly affected by release of toxic heavyamein the water bodies. Even very less amourtogic heavy metal can
lethally contaminate the water bodies, so the oisknpact of heavy metals cannot be ignored anyemBemoval of toxic heavy
metal from water has become a topic of major canaemll parts of the world due to strict envirormted laws (Yetiimezsowt
al., 2009).
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Lead has been reported as one of the mostdmmheavy metals (Yetilmezseyal., 2009). It enters into the environment
through natural and anthropogenic process suctadk erust, volcanic activities, sulfide ore snrati mining and fossil fuel
combustion (Rajpudt al., 2016). Long term exposure of lead can be resptnBir the general metabolic poison, blood andnbra
disorder (Mohod and Dhote, 2013). Copper is anngisdelement for living beings. Industrial efflusrof pulp, paperboard mills,
metal cleaning, plating baths etc are the majorcsuof copper contamination in water (Boujeltetl., 2009). Copper toxicity
leads injury to red blood cells, lungs and dam&gepiancreatic and liver functions (Baileyal., 1999). There are many industries
such as leather, paper and pulp, smelting, elettmcining and electroplating in which both leadl @opper are found in effluent
(Igbal and Khera, 2015).

Among the various available technologies sashchemical precipitation, ion exchange, membrsamaration etc for the
treatment of wastewater, electrocoagulation (E@Gress is the most efficient and cost effective neple (Adhounet al., 2004;
Canet al., 2006). The process of electrocoagulation invobixes formation of coagulant inside the cell agdlircurrent is passed
in cell. Iron anode dissolves and releases metad io the solution simultaneously hydrogen gasvisved at cathode which
thereby creates froth (Adhoueh al., 2004). This froth make the contaminants floatttes upper surface (Fu and Wang, 2011).
Oxidation takes place at anode, whereas, reductimurs at cathode. Removal of contaminants mayrodae to adsorption,
charge neutralization, co-precipitation, sweep ota&tpn, sedimentation or floatation (Thakur andridal, 2016). Main reactions
occur in case of iron electrodes are as followsz(8fsharet al., 2011).

At anode:

Fe(s) » F€*(aq) + 3e(aq) 1)
At cathode:

2H0O(I) + 2e (aq)— Hx(g) + 20H(aq) 2)
Fe** and OH ions gets hydrolysed in solution and form fernclfoxide:

Fe" + 30H — Fe(OH) (3)

There are many literatures available on timoral of lead and copper from wastewater (Mansoagial., 2014; Gatsiogt
al., 2015; Bhagawamrt al., 2014). However, there is limited research worlnid on the techno economic assessment of the
lead/copper removal by electrocoagulation proceBsagawanet al., 2014). Nevertheless, no literature is availabte o
simultaneous removal of lead and copper as wekhas techno economic evaluation by electrocoaguiatising Response
Surface Methodology (RSM). RSM is an intelligentheique in terms of mathematical and statisticahlysis used for
experimental design, building of model and to optanthe process parameters. RSM also reveals tagoreship between the
input factors and response (Thakur and Mondal, R0IBe present research focused on a) To optinhiegptocess parameters
such as current density, initial pH and treatméenetfor simultaneous treatment of lead and coppen fsynthetic water coupled
with the operating cost through electrocoagulaporcess by using Box-Behnken Design (BBD), b) Tidbimput-output model
for EC process, c) To affirm the established model.

2. Materialsand M ethods

2.1 Material: All the chemicals were of analytical grade and Botuwas prepared with distilled water. 1N HCL &khid NaOH
solution were used to attain the desired pH ofsthlation. All electrocoagulation experiments weomel in a batch reactor, which
was made of Perspex with dimension of 15 cm x 1xck2 cm. Iron (Fe) plates (8 cm x 8 cm) were wEednode and cathode.
Electrodes were coupled to DC power supply (0-164 @-30V). Anode and cathode was kept constantcah Rpart for all the
experiments.

2.2 Methods: Before start of experiment, electrodes were clearsidg sand paper, dilute nitric acid and finallithwdistilled
water, after that dried in a hot air oven and widhBy the end of each experiment, electrodes wiei@ned with tap water in
order to remove any solid residual particle fronecalode surface. The electrodes were again drietl vegighted. The
experimental solution is comprised of definite camtcation of 10 mg/L of lead and 40 mg/L of copped it was analysed under
various experimental conditions with stirring domé 400 RPM by magnetic stirrer. Fig. 1 represeriis setup of
electrocoagulation process. Sodium chloride (1 gwels added into the solution to increase the idettconductivity. At the end
of each experiment, final sample was filtered v@th5 micron Whatman filter to analyse the conceiutnaof lead and copper by
using Atomic Absorption Spectrophotometer (AAS, iBadzu, model-AA-6300). Removal efficiency of leaadacopper was
computed by the following Equation:

Removal efficiency (%) = (G C)/C; x100 (4)
Where Gand G are initial concentration and final concentratafrtontaminants in solution, respectively.
For the operating cost, only the cost of electr&dsectricity was considered (Equation 5) [10].

Operating cost=a xe@ctrode"’ b x Qnergy (5)

Where, GecrogeiS €lectrode consumption used in the treatmetead and copper (kgfp Cenergyis the electrical energy used
in the treatment of lead and copper (Kwfyma is wholesale electrode material price = 0.&Dikg (Web link 1) and b is the
industrial electricity price = 0.11 USD/kwh (WebHi 2).

Energy consume in EC process was computed by Euéti
Energy consumption (Kwh/f= (voltage x current x runtime)/ (Working voluro&reactor) (6)
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The electrode material cost was considere@rims of weight loss during the experiment by sadiing the weight of anode
electrode before and after electrocoagulation m®¢€hakur and Mondal, 2016).

Anodc

Magnetic bar g—y-

‘I—(m';) Magnetic slirrer

Fig. 1 Experimental setup for electrocoagulatiomcess

2.3 Box-Behnken Design: Box-Bhenken Design (BBD) is an independent quadrdésign it does not comprise any embedded
factorial design. BBD uses three level factors asthblishes quadratic models. BBD is rotatableearly rotatable used three
factors of each level to run (Ferreaal., 2007). In the present work, three level BBD iplagul to study the effect of process
variables (A: initial pH, B: current density, C:&atment time) at three levels (-1, 0, +1) on thmedhesponses (Ylead removal
(%), Y. copper removal (%) andsYoperating cost). To develop empirical model amctarrelate the % removal of lead and
copper as well as operating cost with the procesmbies, the data generated through 17 numbeggp#riments mentioned in
Table 1, have been processed using Design of egpfiviare (DOE 7.0.0).

Table 1. Box Behnken Design

Run | Initi | Curre | Treat | Lead | Coppe | Oper | Fin
no. al nt ment | remo r ating al
pH density | time val remov cost pH
(A/m?) | (min) (%) al (%) (US3D/
1 5 30 25 85.88 75.01 mO).17L 6.9
2 5 30 25 88.9 73.2 0.169 6.9
3 5 50 45 99.99 99.99 0.545 7.0
4 8 10 25 25.76 60.1 0.052 8.
5 2 50 25 57.11 80.8 0.2938 5.4
6 8 30 45 85.88 90.1 0.30f 9f
7 5 10 5 9.89 22.01 0.01 5.2
8 2 30 5 19.9 39.9 0.037 2.
9 5 10 45 43.45 68.2 0.094 5.4
10 5 30 25 83.21 73.1 0.16f 6.8
11 5 50 5 30.11 84.1 0.060 5.8
12 2 30 45 50.4 64.01 0302 5p
13 5 30 25 86.56 75.5 0.166 6.p
14 8 50 25 91.45 95.45 0.30B 9L
15 2 10 25 21.3 29.01 0.051 3.p
16 5 30 25 83.02 73.8 0.170 6.p
17 8 30 5 24.12 49.9 0.033 8.4
Range of pH: 2,5,8; Range of current density: 1058 A/nt,
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3. Results and Discussion

3.1 Development of Electrocoagulation Models: Using Design-Expert 7.0.0 software, all the reggsnsuch as linear, 2-factor
interaction, quadratic and cubic models were amalyand suggested lowest p-value for the quadrataehonly. The p-value was
low for all the three models which signifies thahimum one of the variable in each model has sigaift effect on the response.
The developed quadratic models given by Desigrxpé# software are as follow:

Lead removal (Y;) =— 69.07 + 17.05 x pH + 2.61 x Current density + 260reatment time + 0.12 x pH x Current density +
0.13 x pH x Treatment time + 0.02 x Current densitfreatment time- 2.07 xpH — 0.044 x Current densfty- 0.05 x
Treatment tim&

Copper removal (Y,) =—42.80 + 12.33 x pH + 1.96 x Current density + x70reatment time- 0.068 x pH x Current density +
0.067 x pH x Treatment time 0.02 x Current density x Treatment tim®.85 x pH — 2.3x 10* x Current densify- 0.014 x
Treatment timé

Operating cost (Y3) = 0.016 + 6.08 x 16 x pH— 1.37 x 10° x Current density 7.8x 10* x Treatment time + 3.62x T0x pH x
Current density + 1.70x 10x pH x Treatment time + 2.5x T0x Current density x Treatment time1.42 x 10" x pH + 1.9 x
10° x Current densify+ 2.78x 10° x Treatment tine

In the present study, for all the three resesrlead removal (Y, copper removal (3 and operating cost ¢Y R? value are
recorded as 0.992, 0.997 and 0.999, respectivély. ANOVA results as listed in Table 2, whereas,gthalue is < 0.0001. The
difference between predicted® Rnd adjusted Rfor all three models are also in acceptable rap@e2) and the adequate
precisions are also high (29.88-165.19). Thug, d@oincluded that the quadratic models correlatiegtiree responses with process
parameters are appropriate.

Table 2. Anova results for lead, copper removal and opegatbdst

Response Lead removal (Y,) Copper removal (Y5,) Operating cost (Y3)
Source p-value Remark p-value Remark p-value Remark
Model < 0.0001 Significant <0.0001 Significant 0001 Significant

A 0.0003 < 0.0001 0.1996
B < 0.0001 < 0.0001 < 0.0001
C < 0.0001 < 0.0001 < 0.0001
AB 0.008 0.0026 0.33
AC 0.0064 0.0029 0.6372
BC 0.003 < 0.0001 < 0.0001]
A? < 0.0001 < 0.0001 0.5455
B? < 0.0001 0.9191 0.007
C? < 0.0001 0.0004 0.5991
Lack of Fit | 0.0752 Not significant| 0.0746 Not sificant | 0.0666 Not significant
R*=0.992, R(pred.) = 0.904,) R*= 0.997, R> = 0.999, R(pred.) = 0.995,
R*adj.) = 0.983, A. P. 3 Rpred.) = 0.961, Radj.) = | R¥adj.) = 0.999, A. P. = 65.19
29.88 0.993,
A. P.=55.73
Adj. — adjusted, Pred. - predicted, A. P. - Addquaecision

3.2 Analysis of Response Surfaces: Data generated through DOE are applied to ploEthe (a), (b) and (c) as well as also used to
describe the effect of pH, current density andttneat time, respectively on removal efficiency @&d and copper and operating
cost. It is display from Fig.2 (a) that the peregy@ removal of lead raises from 60.97% at initldlpand complete removal is
found at pH of 5 and above. This observation caaxptained on the basis of the solution phase céteyndf the lead species and
surface chemistry of the coagulant generated in kitthe aqueous solution Ph(ll) may exists imrfrof PG*, PbOH, PbQy(s),

HPbO, . At lower pH, the Pb(ll) predominately presentpositive charge species and iron (coagulant geseriat situ) is also

present in positive charge species’(Re Fe*") (Takeno 2005) and hence, due to charge repulbiEse condition is not favor for
the chemisorption of Pb(ll), in spite of that 608Temoval is observed at initial pH 2. It is notddbat within 5 min of treatment
time along with current density of 30 A/nthe solution pH increases from 2 to 2.6 (Run 8ldn Table 2) and after 45 min it
reached upto 5.6 (Run No. 12 in Table 2). Similaaltytreatment time of 25 min, initial solution pitreases from 5 to 6.9 at 30
A/m? current density (Run no.1 in Table 2). These iaseein solution pH may also play a role in remoVak iron hydroxide is

produced in situ due to the dissociation of irogctlode during the electrocoagulation process. raewgonomeric and polymeric

species of iron having +ve, —ve and natural chasges as HFeQ,FeO, , FeQ.,F€", F€*,FeOH, FeOH", HFeO, , Fed,
FeO, FgOs, Fe0,, Fe(OH),, Fe(OH), Fe(OH), , Fe(OH); , Fe(OH), , Fe(OH), Fe(OH);", Fe(OH)}" ,FeOH" etc are formed

during electrocoagulation (Takeno 2005; Kolayal., 2003). Further the iron hydroxide species, a®dtabove may convert into
amorphous Fe(OH), as per the complex precipitation kinetics (Lakshareet al., 2009).
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Fig. 2. Effect of process variables of, Y, and Y; response on (@) Initial pH, (b) Current density, [reatment time.

These freshly formed amorphous Fe(@Has minimum solubility, which results the formatiof dense flocs, the dense flocs
having a large surface area that provide entrapwfeolloidal lead particles and hence the remafdéad takes place, which is
known as sweep coagulation (Ghernaout and GhernadaR). Hence, at initial acidic and alkaline pkhge, the elevation in
solution pH with time and entrapment of lead ircidsweep coagulation) are accountable for leadvamAt initial pH of 2, the
copper removal of around 83.93% found and it ireeeaith increase in initial pH, total removal ocatipH of 5. These removals
can be explained on similar way as describe abovéefid removal. In the aqueous solution, coppey exasts in from of Ct,
Cu(OH), , CwO(s), Cu@®?), HCuGQs (Takeno 2005)It is predominantly present in positive charge sgeap to pH of 9.5 and
above this pH it present in negative charge speSiegilarly, iron is also presents in positive aespecies in these range, hence,
chemisorption is less effective. Thus, sweep caigul is also found accountable for high copperaeah Since, in the present
study consider only electrode loss and power usesl the effect of initial pH is negligible on cadtoperation.

Current density plays an vital role in the omal of lead and copper through EC process asdidde the rate of in situ
coagulant generation (coagulant dose), which inites the removal efficiency. Current density is @asure of the amount of
current passed through unit cross section areheotkectrode. As per Faraday law, loss in weightaferial is proportional to
electricity passed in solution. It is clear that ithcrease in current density accelerate the lilmeraate of iron coagulant, which
finally helps to accelerate removal of lead andpespthus removal % of lead and copper increade witrease in current density.
It is observed from Fig.2 (b) that at current dgnsf 10 A/nf, removal of lead and copper are obtained as 44 &2465.86%,
respectively under the above mention condition® [Elad and copper concentration in treated wateobserved as 5.65 mg/l and
12.72 mg/l, respectively, whiclre above their respective permissible limits adiogy to Indian standards (lead: 0.1 mg/l, copper:
3 mg/l) (Web link 3) Further, at current density of 50 AIn% removal of copper is found to be 99.75%, whitemplete removal
of lead is found at same current density. The tedidoncentration of lead and copper are found asgd and 0.1 mg/l,
respectively. With the increase in current den8ity operating cost of process also increases.asdsrtained from (Equation 5)
that the operating cost is the sum of cost of edelet consumption during the treatment ahectricity that used in the treatment.
Therefore, as the current density increases thsuroption of electrode dissolution as well as ene@@ysumption also increases,
consequently, the operating cost of electrocoaigulgirocess increase.

The percentage removal of lead and copper taigles with rise in treatment time. Removal 0684 .lead is attained in first 5
min operation and it improves further and get catgdy removed in 45 min. It is also found that 820of copper removal is
attained in first 5 min of process and then riseedgally with treatment time. In treatment time 48f min it reaches to its
maximum removal of 99.75%. Quick removal of copigdiound as compare to lead. The concentratiorotif kead and copper in
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treated water found below the discharge limit ofigavater according to Indian standard (lead: O/l rogpper: 3mg/l) (Web link

3). The operating cost of process is also increastfs the increase in treatment time as the opmgatiost is proportional to
treatment time (as per Equation 6). The sludge s produced during electrocoagulation processatsm be sustainably
utilized by using solidification techniques (Thalaial., 2019). For the better explanation response stif@cametric interaction
for lead and copper removal as well as operatirg ace shown in Fig. 3 (a), (b) & (c), respectivelgich shows that lead and
copper removals are responsive to variation ofenurdensity, pH and run time, respectively.
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Fig. 3. 3D surface plots of lead removal, coppenaeal and operating cost with pH and current dgn@fm?) (a), pH and
current density (A/f) (b), current density (A/f) and treatment time (min) (c), respectively.

3.3 Process Optimization: The optimum values of initial pH, current densibdareatment time for the removal of lead and coppe
coupled with the operating cost are evaluated bydiveloped models obtained from the experimerat. d’he optimum values
are observed as initial pH: 5, current densityAB®2 and treatment time: 40 min according to BBBige. Under this optimum
condition, removal of lead and copper are foundG&81% and 99.75 %, respectively with an operatigg of 0.481 USD/fof
treated water at the desirability of 0.999. For ¥hédation of model, the actual experiments weeefgrmed at these optimum
conditions determined by Design Expert softwareictvtiound in good agreement with the model prediatelue (lead removal:
99.98 %, copper removal: 99.88%, operating codZ®USD/n). Results revealed that lead and copper concantrat treated

water reaches below WHO drinking water norms 0.0Lamnd 0.05 mg/l, respectively.

4, Conclusions

In this study, simultaneous removal of lead angper from synthetic wastewater through electrgatsion was done in a
batch reactor, it is found that the three factorgi@l pH, current density and treatment time)ypémn vital role for the removal of
lead and copper, The optimum conditions for sirmgtaus removal of lead and copper are observedtisy ipH: 5, current
density: 50 A/ri and treatment time: 40 min. At these optimum cbod$, removal of lead and copper are observede38%
and 99.88%, respectively with an operating cot.476 USD/m Design Expert software is suitable for the prédicof lead and
copper removal coupled with operating cost for tet@mmagulation process. The treated water comegruwHO and Indian
standard for drinking water as well as CPCB norarsdischarge of heavy metal in environment with ithigal lead and copper

concentration of 10 mg/l and 40 mg/l, respectively.
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