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ABSTRACT

Electrocoagulation is an electrochemical methodtfeatment of water and wastewater. The presemlyshas been
evaluated the performance of electrocoagulationhm@twith anionic polyelectrolit in batch mode fammoval of
iron and manganese from surface water. Soleymanstah of sonqor located in the northeastern part of
Kermanshah Province, Iran. The water of this damtaims high level manganese. The design of expetinweas
based on a central composite design (CCD), and &halyze of data carried out using response surface
methodology (RSM). According to the analyze optioeess, the effects of significant variables salvoltage (5-
25), reaction time (20-60), temperature (10-30)ioaic polyelectrolit (0.1-0.3 mg/L) on the remowdficiency of
iron and manganese from surface water were invat) using aluminium electrodes at natural pH.nlrand
manganese concentrations and aluminum residuahéntteated water were measured using inductivelypeml
plasma. The results of the ANOVA analysis showetctile model fitted well with manganese and ircsuion. At
the optimum conditions (voltage of 5 volt, reactione of 20 min, temperature of 10 °C and aniorotyelectrolit
0.3 mg/L). In this condition, manganese and iromogal were 77.5%, 75% respectively and aluminuridues in
treated sample was 0.154 mg/L. The results sholacetectrocoagulation process with anionic polgélelit is an
effected method for manganese and iron removal fnarfiace water.

Key words: electrocoagulation, anionic polyelectrolit, sudagater, manganese, iron, aluminum electrode,
response surface method.

INTRODUCTION

The accessibility of safe drinking water is a hjgfority subject for human existence and qualitylitd. Surface
water is one of the major drinking water sourcethimughout the world. In effect of contact wittethoil surface,
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water will contain some impurities. Therefore, theality of surface waters will depend on the enwinent of the
catchment [1].

Among the inorganic elements entered naturally antificially into water resources, iron and mangsmare very
important [2]. Iron and manganese, which are thetrabundant metals in the earth’s crust, occurrabiyuin water
resources. Water penetration through soil can bissminerals containing manganese and iron [3]n lemd
manganese compounds are in the water as sulfatgmnates, chloride, phosphates and also in thme édrhumic
compounds [4]. These elements are usually presenater as divalent ions (Feand Mri?) [5]. According to the
Safe Drinking Water Act (SDWA), drinking water stimds for iron and manganese are 0.3 mg/L and d@5,
respectively [6]. At values higher than standardele of iron and manganese, water quality probleomsh as
metallic taste, odor and brown color, stain andodéjwn of iron and manganese precipitates in tretew
distribution systems will be created [7, 8]. Thesenpounds in wastewater cause colouration andrefs@sent a
serious risk to aquatic life. In addition, theiepence in drinking water constitutes a potentiahdu health hazard
Physicochemical methods such as lime softeningeiahange and oxidation followed by filtration witifferent
agents have been successfully tested for the aiioimof these metals from water [2, 9]. Howevkese methods
often lead to secondary products that are not faggnitly eliminated by the same technique and canntore
hazardous than the original compound. The oxidatfamanganese by aeration is a slow process irralgiti [10].
Therefore, manganese oxidation is conventionallpeddy a strong oxidant such as chlorine, hypodaori
potassium permanganate, chlorine dioxide or ozdié. [Disadvantages of chemical treatments are bipgts,
neutralization of the effluent and problems of gladlisposal [12]. The need to disinfect and safeiohg water and
also disadvantages of mentioned methods has emmulitath researchers and engineers to develop me\wast-
effective methods for Mn and Fe removal [13].

Among the different techniques presented to eliteifeavy metals from water solutions, the coaguigbrocedure
has proved to be very efficient. The coagulationallg follows a precipitation step occurring afean increase of
pH obtained by addition of NaOH or lime. Coagulatis accomplished by adding coagulants like iroloritie

FeCk or aluminum sulfate A(SQy); to the medium. Electrocoagulation pretreatmentars alternative to
conventional chemical coagulation, where the i@sponsible for the coagulation, mainly*Fer AI**, are in situ
generated by the anodic dissolution of iron or awm electrodes. The advantages of electrocoagulaiver

conventional chemical coagulation include (1) rkakhity consumption, (2) no change in bulk pH, (B¢ direct
handling of corrosive chemicals is nearly elimimhi@nd (4) can be easily adapted for use in portalter

treatment units especially during emergencies.

In the recent years, electrocoagulation processbeen used for the removal of oil and grease ¢hgmical
oxygen demand (COD) [16], dyes [17], heavy meta],[turbidity [19] and microorganisms from dringinwater
and wastewaters [20]. The removal mechanisms oftaatnant in electrocoagulation process may involve
coagulation, oxidation, reduction, decompositioppasition, absorption, adsorption, sedimentatiod fotation
[21]. When a direct current is applied to the efmits, the anode electrode is dissolved by elgsiml and
generates metallic ions which are good coagul@fk At the cathode electrode, the Tbins are produced during
water electrolysis and can react with the metadlits and produce metal hydroxides [23, 24]. Theairtetdroxides
produced (AI(OH) or Fe(OH)) can adsorb and settle both soluble and collom@itaminants.This study
evaluations electrocoagulation process and anipoligelectrolit (with Aluminum electrode) in the renal of Mn

(I and Fe (Il) from surface water by applicatiohresponse surface methodology (RSM).

EXPERIMENTAL SECTION

2.1. Experimental

Water samples were taken from the Soleymanshahatzated in northeastern of Kermanshah province, Mdater

sampling was carried out according to the instamctnentioned in the book for standard techniquewsaiter and
wastewater experiment [25]. Physicochemical progerdf the water of the soleymanshah dam are piexden

Tablel. The pH of samples was constant. Beforeeapgriment, the temperature was adjusted to theesatated
in the experimental design. After the treatmentpss was added anionic polyelectrolit with low daiixing and

samples were filtered with whatman filter pape©Oaf5um in order to remove the flocs. Then the filterachples
were analyzed for iron, manganese and aluminurduaki
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Tablel. Properties of water sample

Rows Parameter Quantity range
| Manganese (mg/L) 0.1- 0.582
1 Iron (mg/L) 0.09- 0.2

1] Total hardness(mg/L cagp 180-240
\ Total alkalinity(mg/L cacs) 18C-247

\Y Turbidity (NTU) 0.5-0.8
VI EC (us/cm) 484-539
Vil | pH 7.6-8

2.2 Electrocoagulation (EC) reactor configuration

Electrical coagulation operation of water samplessvearried out in a Plexiglas reactor (with dimensof
20x20x20cm and effective volum 3 lit) in a batchdeoThe EC reactor was equipped to a stirrer. Etagtordes
with dimensions of 30x30x1lmm made of aluminum dateere connected to a digital DC power supply
(MICRO,PW-4053S,Iran) in Bipolar-Series connectinade. The distance between electrodes in electgotatEon
cell was 30 mm in all experiments. Before each anganic impurities and the oxide layer on eleatredrfaces
were removed by sand paper and then were dippadHi@L solution for 5 min.

1.Digital D.C.power supply

2.Aluminum electrodes + -
3. water sample

4.stirring

5. electrocoagulation reactor

Figl. schematic diagram of the electrocoagulatioreactor

2.3. Analytical methods
The residual iron, manganese and aluminum in thi&erwgamples were determined using inductively cedipl
plasma (Perkin Elmer, Optima 7300 DV). pH was mesdwith Microprocessor pH 537.

2.4. Experimental design

In this study, the Design Expert Software (StateHa., version 6.0.6) was used for the data aisafysd design of
experiments. The RSM employed in the current studg a central composite design (CCD) involving four
different factors, voltage (A), temperature (B) amc polyelectrolit (C) and reaction time (D). Thegion of
exploration for the process was taken as the anetosed by voltage (5-25 V), reaction time (20-6)n
temperature (10-30°C), anionic polyelectrolit (0.B-mg/L) boundaries (Table 2) . The Mn and Fe neahavere
evaluated based on the CCD experimental plan. €kl consisted of 2k factorial points augmente@kaxial
points and a center point where k is the numbefadgtbles. The levels of four operating variablaspfrom a low
to high value which are numerically expressed aledbas -1.5 and 1.5. Intermediate level is cade®”. These
five levels were assessed based on the full fatexash CCD experimental plan. Accordingly, a totél3®
experiments were employed in this work, includirtg éxperiments designed in a factorial design (iiclg 12
factorial points, 12 axial points and 1 center poiand 5 replications at the center point to gmdyestimate of

857



Meghdad Pirsahebet al J. Chem. Pharm. Res., 2015, 7(6):855-862

experimental error. Repetition experiments weredooted after other experiments followed by orderrurdfs
designed by central composite design (CCD) as atélitin Table 2.

Table 2. Range and levels of the variables

Variable Range and levels
-1.5 -1 0 1 +1.5
A, Voltage 5 10 15 20 25
B, Temperature 10 15 2 29 3
C, Anionic polyelectrolit| 0.1 0.15 0.2 025 0.8
D, Reaction time 20 30 4( 50 6(

Table3. Experimental conditions and response values central composite design

Variables Response
Voltage Anionic : Fe Mn Residual

Run (volt? Temprature polyelectroli time removal¥ | removal¥ | Al (mg/L)

1 5 10 0.1 2C 73.3% 75% 0.18¢

2 5 10 0.1 60 75% 77.5% 0.309

3 5 10 0.3 20 75% 77.5% 0.154

4 5 10 0.3 60 76.6% 80% 0.228

5 25 10 0.1 20 76.6% 81.25% 0.392

6 25 10 0.1 6C 78.3% 82.5% 0.45¢

7 25 10 0.2 2C 78.3% 82.5% 0.46¢

8 25 10 0.3 60 81.6% 85% 0.501

9 15 15 0.2 40 76.6% 81.25% 0.586
10 15 20 0.2 30 58.3% 80% 0.443
11 15 20 0.2 40 63.3% 82.259 0.474
12 15 20 0.2 5C 66.6% 85% 0.4¢

13 15 20 0.15 40 60% 82.5% 0.617
14 15 20 0.25 40 63.3% 85% 0.607
15 10 20 0.2 40 55% 77.5% 0.486
16 20 20 0.2 40 65% 86.2% 0.477
17 15 25 0.2 40 61.6% 85% 0.584
18 5 30 0.1 2C 70% 76.2% 0.30¢%

19 5 30 0.1 60 73.3% 78.75% 0.39
20 5 30 0.3 20 68.3% 78.75% 0.334
21 5 30 0.3 60 73.3% 82.5% 0.434
22 25 30 0.1 20 71.6% 80% 0.831
23 25 30 0.1 60 78.3% 88.759 0.861]
24 25 3C 0.2 2C 70% 87.5% 0.73:

25 25 30 0.3 60 76.6% 93.759 0.869
26 15 20 0.2 40 63.3% 82.5% 0.474
27 15 20 0.2 40 63.3% 81.259 0. 47
28 15 20 0.2 40 63.3% 80% 0.472
29 15 20 0.2 40 65% 81.25% 0.471
30 15 20 0.2 40 65% 82.5% 0.474

2.5 Mathematical modeling

RSM involves screening and codification of the ahlés, mathematical-statistical treatment of datal, evaluation
of the fitted model and the determination of thérapl conditions. RSM describes a model in the fafnikq. (1) to
fit the experimental data and by optimization; dwefficients for the model were calculated. Theatiehship
between the responses, input and the quadratidiequaodel for predicting the optimal variables wedentified
using the following:

Y=Bo+BiXi#B X +Bii X %+ B i X7 +Bij X i X+....

where, Y, i, j, ., X are process response, line@ffecient, quadratic coefficient, regression caméint and coded
independent variables, respectively. All these ficiefts variables are analyzed using multiple esgion analysis.
The response contour plot will be generated usi@EDModel terms are selected or neglected baseth®n
probability of error (P) value with 95% of confidanlevel. The results obtained from CCD were exauhiby the
analysis of variance (ANOVA). Three-dimensional J3flots and their respective contour plots wereaintetd
based on the effect of the levels of the two factdrherefore, the results of CCD can be preseme@DO
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presentations with contours. This will help to sttlkde simultaneous interaction of the 2 variableshe responses.
The experimental conditions and results are degpictéable 3.

RESULTS AND DISCUSSION
3.1. RSM model fitting
The results of iron and manganese removal wereridegcwith quadratic and linear polynomial modei. this
study, according to the P-values, significant maeehs for iron and manganese removal are codédbles (A, B,
C, D).

The regression equations based on the coded fas®ejuations (1), (2) and (3):

Mn removal, % = +82.16+3.90A+1.93B+1.44C+1.67D (1)

Iron removal % = 64.26+1.76 A-2.16B+0.30C+2.06D73\2+38.93-11.67C2-8.470%-0.83B C+0.83 BD
2

Al residual, mg/l =+0.51+0.17 A+0.13B+0.041D+0.28-C.320%+0.056A B 3)

ANOVA results of the linear and Quadratic modelTable 4 showed that the model could describe thegarsese
and iron removal under operating conditions. Trabl€ demonstrates that the linear model was sggmifiat 95%
confidence level with P-values (0.0001). P-valess Ithan 0.05 shows that model terms are signifitathis case
A, B, C, D are significant model terms for manganard iron removal. In the present study, cormtatioefficient
(R* = 0.86) and (R=0.96) were obtained for manganese and iron remoaspectively. Correlation coefficient of R
explained good fit of the model. In the model, theasure of the signal to noise ratio is Adeq Pi@tisA ratio
greater than 4 was desirable. In this study, AdegiBion was desirable for both responses in thdet@nd ratio
of 27.56 and 21.4 for manganese and iron remowhtate an adequate signal. In the model, the |dwevaf the
coefficient of variation indicated high precisiondaa good reliability of the experimental resufisr (mnanganese
CV=1.93 %), (for iron CV = 2.2%).

Table 4.The results of ANOVA for fit of resposes removal diciency using central composite design

Lo F-value .
Significant P- F- - standard adjusted Adeg.
Model model terms | value | value Probab|||ty for deviation cv R R?, precision PRESS
lack of fit

Mn removal % < |
Linear Model A/B,C,D 0.0001 38.90 0.13 1.59 193 0.8p 0.83 27.56) 93.51
Fe removal % <
Quadratic A/ B,C,D 90.75 0.073 154 2.2 0.9 0.94 21.4 139/88

0.0001
Model
Al residual <
mg/L Quadratic| A,B,C,D 49.03 <0.05 0.053 109F 0.92 0.90 25.92 0.097
Model 0.0001

3.2. Reactions during the electrocoagulation proces

According to Faraday's law, reaction time and aurmdensity have direct effect on the amount of initas
delivered into the system [23, 26]. In Table Hias been reported that an increase in the voltadeeaction time
leads to an increase in the aluminum dissolving.Findicates the amount of dissolving aluminuno ithite system
after treatment by different temperatures. It isalied that as temperature increases aluminumhdisgdncreases,
and also iron and manganese removal are affected.

3.3. Effect of the variables studied

3.3.1. Effect of current density and operation time

The current density is an operational parametexléstrocoagulation process that can be controlliegtily. This
parameter determines coagulant production dosagj¢harrate of the bubble generation [13]. In thexditure, it has
been reported that in the EC process, current geissan affecting factor in the treatment [23]hHs also been
found that current density does not have an effacpollutant removal [18]. Therefore, in order twéstigate the
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effects of this factor in the present study, thsigie of the experiments were carried out with dag# in the range
of 5to 25V. The Voltage had an important effectlom energy consumption and operational cost.

Fig 2(a,c) and fig 3(a) shows the removal of Fg §in (I1) and aluminum residual from surface waés a function
of voltage and time. Fig 2(a) shows that an inaemsthe voltage and reaction time increases iemoval
efficiency. Fig 2(c) shows that an increase inubkage and reaction time increases manganese adrafficiency.
This figure also indicates that the higher cur@amnsity has greater effect on manganese removailaBiresults for
the effect of current density on removal efficiemegre found by Kobya et al. during the treatmemnpatiable water
containing low concentration of arsenic [23] ando&th and et al in the removal of Fe(ll) from tap evd27].

According to Table 3, a maximum manganese and rieomoval was obtained 93.75%, 81.6% respectivelyerwh
using voltage 25 V and the reaction time of 60.

105.34
92.08

78.81

o 54,08
X X
< 6555 -
g g 48.89
o
5 52.28 E 4369
o 2
& &
0.30
80.00 o0 25.00
40.00 15.00
C: Poly electrolyte, mg/l 0.15 15.00 D: Ti ) .
B: Temprature, 0C - Time, mn 30.00 10.00
0.10 10.00 A: Voltage, V
20.00 5.00
b)
a)
85.53 87.74
83.85 84.95
82.16 82.16
B X
< 80.48 < 7938
8 3
; 78.79 5 76.59
c c
= =
0.30 60.00
30.00 25.00
C: Poly electrolyte, mg/l 0.15 15.00 D: Time, min 30.00 10.00
B: Temprature, 0C A: Voltage, V
0.10 10.00 20.00 5.00
d) c)

Fig 2.(a, c) The response surface of iron and mangese removal efficiency (%) as the function of vadige (volt) and reaction time (min).
(b,d) as the function of temperature (°C) and polykectrolit (mg/L)
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0.68

0.50

0.15

-0.02

Al residual, mg/l
Al residual, mg/l

0.30 60.00
30.00 25.00

40.00

15.00

C: Poly electrolyte, mg/l 0.15 15.00 D: Time, min 30.00 10.00

B: Terprature, 0C

A: Voltage, V
0.10 10.00 20.00 5.00

b) a)
Fig 3.(a) The response surface of aluminum residuéing/L) as the function of voltage (volt) and readbn time (min). (b) as the function
of temperature (°C) and polyelectrolit

3.3.2. Effect of anionic polyelectrolit

The results of Table 3 show that the removal efficiy of iron and manganese, increased with anadseré the
anionic polyelectrolit. Also aluminum residual deased. In the model, anionic polyelectrolit wasgaificant term
at iron and manganese removal from surface watbdanorease of aluminum residual.

3.3.3. Effect of temperature

The water temperature has an influence on theret@gulation process.The temperature was oneedfigimificant
terms of this study. In this model, the rate of dmalissolving at the range of temperatures (1000) 3vas
investigated. The significant effect of temperatune the dissolving aluminum is presented in TableAS
temperature increased aluminum dissolving incredseithg the experiments. Fig 2(b,d) indicate thmoeal of Fe
(I) and Mn (1) as a function of temperature and anionic polyetdittdt is observed that the manganese removal
efficiency, increased with an increase in the temapee, but decreased the iron removal efficierBgcause of that
dissolved oxygen decreased with an increase inetmperature and decreased oxidation of @ F€2. Similar
results were found by Mikko Vepsalainen et al. inimvestigation of the effects of temperature amtal sample
pH on the natural organic matter (NOM) removal vétbctrocoagulation using response surface metR&iA). In
this research temperature had significant effeatalominum dissolving and DOC removal [28].

CONCLUSION

In this study, using RSM model, the effects of ahhes (voltage, temperature, anionic polyelectmitl reaction
time) on the removal of iron and manganese fronfasar water by electrocoagulation method have been
investigated. ANOVA results of the model showed thare is a satisfactory adjustment between tiperxental
data and model for iron and manganses=(F96), (R=0.86) respectively. Maximum iron and manganeseoketin
from surface water were obtained as 81.6%, 93.#s$bactively. In this condition, aluminum residuathe treated
water was greater than the drinking water standacdording to WHO standard for drinking water, ttesidual
aluminum rate in drinking water should be less tita mg/L. Therefore, in order to achieve an optadi
condition, both the rate removal of Fe (Il) and Nit), and dissolving aluminum value in water fromoade
electrode are important. Optimum condition for ieomd manganese removal from surface water wasgeotils V,
reaction time of 20 min, anionic polyelectrolit Om8g/L and temperature of 10. In this condition, iron and
manganese removal were 75%, 77.5% respectivelytrendluminum residual in the treated water waS#rhg/L.
In this regard, basin system is in the bottom padam, the water temperature of the bottom of daalways less
than 10C, since the optimum temperature of water duringhallseasons of year is €0
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This condition was appropriate for cold weatherurAinum residual of this condition in warm weatheasw
0.3mg/L, thus in warm weather reaction time shdaddess than 20 min.

Electrocoagulation process with anionic polyelditris an adequate method for pollution water tonirand
manganese with low turbidity .
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