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Design Summary
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Factors: 4
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Taguchi Analysis: 0g,S w815 Jo)d versus Jicy ... Juad, (hr) i 4 o)

Response Table for Signal to Noise Ratios

Larger is better

ST TP (s-1)
SpiegSeiwl  SiesSsiwl glshd  (hrgle
Level ol Sal o i 4
1 35.87 38.93 39.14 39.03
2 39.55 39.15 38.97 38.99
3 39.90 38.70 38.60 38.63
4 39,98 38.52 38.59 38.65
Delta 4,10 0.63 0.56 0.40
Rank 1 2 3 4

ps,S i sl oz oSl (SIN) ko VY-F S

Y



#f



&':L%,:U’(é”. : (" ,J}

0



doddio O-)

sl oyl o3l ol el sadaisls ol 3o I Jol> @l (sanger 4 it (x5
or 9 obe] Stw (S8l b pg S Bl Cux oliend oy anlB Gl
00,8 &1l g (sanmex Minitab 18 l33ls 5 jo >SL g, 5l eolawl b Bd> el o oy

o bois o 3 AT 48 50 g 38 Bl s Guuzez O-Y

b ool oot ooy 3, J) o sladsbre Sl s i jshitens 3 ol 0
(s ST il (ol (5 e S gl S layiall il ey Banly Lol B
Sosliiul b Sio Sl o St oy p Geizmen 85 plnil Ghalejl St 9 (ntias oo
4o oli.;‘,il.c)'i b les o L:au:%uj obod 0,5 el Minitab 18 l58le 5 jo > 5L o,
A el pg,S sanlT 5l id jo 0,5 o Vo adgl clale Loy ol 5 il a0 YO L Ve oq0>
el 00,0 5 (galsgozr 2yl A4 pilo Gz gl
Coli CldB g 0l /0 s opl a5 Sloj a5 ls yLid T (6 iagaS gl o il a0 )
o2 o, Voo B Bd> laddly (pl Vg VO ) Cand 0 5wl o Qo0 £ Bds> lead]) ail
UL 4 ) s 51 0] (6 0 gl Cond (2 yite 45 Gl 4SS (! ko ol 45T aub o i3]
G S e ol Jg il
Ceoms & ST PH 8T 0,5 a8lol 5l L Bi> aiT3 0 a5 colu poles coills 5T b3, -Y
Sl (i (o e il s dgmp Bl g Gl Brae § Clls ol Lol g 0500 g
Sl (6 y0guS gl Camnd VIV B VY 0g05me 10 o2 pud0 5 50 oadadlsl Sal s Jolaa 511,
il e

£5



22.65 s (L3S e 45 ol i (slal> e (s5leding p0 ey LS 3l gy <Y
1471 e bolS oy 950 (ilwdings oy, Ll adl oo duoys AY UL i LS
il e 48 podiysie BLolS ol e golamdl il a5 ceul sadazs 3 L o s

Srre el VB Sl V5l oy o i g 0l plonil (28U sy )0 (ddds oy (g p —F
el 0030 ,8

WS (o0 (S92

9 &b pll Minitab 18 J58le 5 5l eolawl b 2gS6 og,,0 Bdo cllo o Sy gwyp —F
7S gl Cond ¥ o] (g ageS gl S 3l wlojle B3 55 S5 byl oy

elo Vi oy 9 14.71 ST e s ol V0 Sal

&1 Ol e Slolysuin O-Y

ailise 5 20 4 S Olllle ploxil cga Slaliiny
sllds o o sbvoauSaanin 3l oolaiwl b olond o 3 lawgi pg,S B> o)y @
bt oy a8 g Ko (K Sl L ag S lojes Bd> vy p @
O ez (elS sl by 9 godsi o adlllae g gy @

Y



&

[2] M. Sadeq Salman. (2009) “Removal of Sulfate from Waste Water by Activated

Carbon”.

[3] H. S. Peavy, D. R. Rowe, and G. Tchobanoglous. (1985) "ENVIRONMENTAL
ENGINEERING". McGraw-Hill Book Co (McGraw-Hill Ser in Water Resour and
Environ Eng).

wosil ol (lgp 5 S o) canmjlase Sogll" ((VYAF) 0 Jgudl 5 p Liieliye  [F]
FAY amio Y b 5 159 amio A b olgiol (il o571 ool Lal
[5] United States. Environmental Protection Agency. (2018). ""Office of Water. 2004

Edition of the Drinking Water Standards and Health Advisories™. United States
Environmental Protection Agency, Office of Water.

2l et Co 8 sgme S BT 5 cw i)l asbnbl (OYAY) o (sonies [£]
pole olRails wriilagy oaSails Mo T Caio gy SULL I b L ad e S Bi>
SR (SPede s (Jloyo Sleds 5 (S

S b oads ol sluegdl @ldgil 6T, awy o i)l asbinbl (0¥ o ooyl [V
Sleas g Sy pole olfisls cruslage saSiiils o ol Joloxo 51 oud b8 pg,S Bi> ;o 5L cad
S5 (Syde e (Gleyo

[8] Metcalf & Eddy Inc., G. Tchobanoglous, F. L. Burton, and H. D. Stensel,
“Wastewater Engineering, Treatment and Reuse. (2003) ” Wastewater Engineering -
Treatment and Reuse, 4th ed., McGraw-Hill, pp. 383—405.

[9] B. Soediono. (2000) “In Situ Treatment of Soil and Groundwater Contaminated
with Chromium” .

Ol mlie 10 (oS 5 S Cumdy owypt i)l abobl ((YYE) o om oL Vel
U‘J'éf’ olislo ‘W‘Q-GH ouSlisls "”f’ﬁ; B> gz cwlin J> o|) 451)\ 9 Xy g LS:ML»T

[11] WHO, (2008) “Guidelines for Drinking-water Quality SECOND ADDENDUM
TO THIRD EDITION WHO Library Cataloguing-in-Publication Data,” pp. 17-19.

lebli> bl @ STUbs 5 Wl oo Cupde " OYYY) cp o swgdd g p csawl (VY]

A



[13] J. A. Jacobs, W. E. Motzer, D. W. Abbott, and J. Guertin, “Chromium sampling
and analysis. (2004) ” in Chromium(VI) Handbook, J. Guertin, J. A. Jacobs, and C. P.
Avakian, Eds. CRC Press, pp. 235-273.

[14] O. M. Hill and L. Ut. (2014) “State of the Science of Hexavalent Chromium in
Drinking Water State of the Science of Hexavalent Chromium in Drinking Water
Updated May 2012 Prepared by: Laurie McNeill and Joan McLean Utah Water
Research Laboratory Marc Edwards and Jeffrey Parks Virgini,” no. November.

5 Mkl g abiond 5 (Suid SleaSig — oweld] Sl Ve OF o lsliul 4,25 (Vo]
AYAN oy Slaiagass ol pl caio oladss

[16] E. Hawley, R. Deeb, and M. Kavanaugh. (2004) "Treatment technologies for
chromium (VI)".

Jol ol UG ddiar s slosislaiT 5 loan[3 " ((VYAF) wg woolyl o | igeme [VV]

[18] M. Owlad, M. K. Aroua, W. A. W. Daud, and S. Baroutian. (2009) “Removal of
hexavalent chromium-contaminated water and wastewater: A review,” Water. Air. Soil
Pollut., vol. 200, no. 1-4, pp. 59-77, Jun.

d.e:aawo s,.o.».uj g J.?Lw g.)‘)LM.u.ﬂ ch‘ g.)l} c."

b slaylro 5 5,0 00,0
[20] M. V. Buvrith and V. B. Reddy. (2013) “An Overview on Research Trends in
Remediation of Chromium,” Res. J. Recent Sci. Res.J.Recent Sci, vol. 2, no. July 2016,
pp. 71-83.

V' SUybs 5 o slaollols 4dar gol> slaial)” (VYA )ep o A6 o L isesloy [YV]
s oyl il Sl el ol Ol

Ao oo slocllols aiar " ((VYA) wp ol i 5 ) LS 5 o (LB onlae [YY]
IR JVS I TEIPRPLPIE gRSLCK SRS DU RCIF TS

[23] “Malcolm Pirnie. Experimental Design for Hexavalent Chromium Removal
using Reduction with Ferrous Sulfate, Coagulation, and Filtration (RCF) Process: A
Demonstration-Scale Study. Glendale Water and Power. 141 North Glendale Ave, 4th
Floor, Glendale, CA 912.”

[24] D. Hammerton, “Principles of Water Quality. (1985) ” J. Arid Environ., vol. 9,
no. 2, p. 187.

[25] J. Mines, Richard O. (2014) "Environmental Engineering: Principles and
Practice".

2 el 2l polie povi ileding slp 2B Goe)¢ (OYAF) oy (ol (Y7
B0 Ol S e 98 ply ol Ty il e (g Ak g lalS

#4



[27] M. R.-R. and S. M. BARRERA-DI'AZ, M. PALOMAR-PARDAVE". (2013)
“Chemical and electrochemical considerations on the removal process of hexavalent
chromium from aqueous media,” J. Appl. Electrochem., pp. 61-71.

[28] G. Qin, M. J. McGuire, N. K. Blute, C. Seidel, and L. Fong. (2005) “Hexavalent
chromium removal by reduction with ferrous sulfate, coagulation, and filtration: A
pilot-scale study,” Environ. Sci. Technol., vol. 39, no. 16, pp. 6321-6327.

[29] S. Junyapoon, S. Weerapong, C. Road, and L. District. (2006) “Removal of
hexavalent chromium from aqueous solutions by scrap iron filings,” Kmitl Sci. Tech. J,
vol. 6, no. 1, pp. 1-12.

[30] M. J. McGuire, N. K. Blute, G. Qin, P. Kavounas, D. Froelich, and L. Fong.
(2007) “Hexavalent Chromium Removal Using Anion Exchange and Reduction With
Coagulation and Filtration,” Water Res. Found. Proj. #3167, p. 140.

[31] X. Guan, H. Dong, J. Ma, and I. M. C. Lo. (2011) “Simultaneous removal of
chromium and arsenate from contaminated groundwater by ferrous sulfate: Batch
uptake behavior,” J. Environ. Sci., vol. 23, no. 3, pp. 372-380.

[32] C.R.Ramakrishnaiah and B. Prathima. (2012) “Hexavalent Chromium Removal
From Industrial Watsewater By Chemical Precipitation Method,” Int. J. Eng. Res. Appl.,
vol. 2, no. 2, pp. 599-603.

[33] Y.Wang, X. Wang, X. Wang, M. Liu, S. Xia, and D. Yin. (2012) “Reduction of
hexavalent chromium with scrap iron in a fi xed bed reactor,” Front. Environ. Sci. Eng.,
vol. 6, no. 6, pp. 761-7609.

[34] A. Martin-Dominguez et al. (2018) “Chromium removal from drinking water by

redox-assisted coagulation: Chemical versus electrocoagulation,” Sep. Purif. Technol.,
vol. 200, pp. 266-272.

[35] G. Zolfaghari and M. Kargar, “MethodsX Nano fi Itration and micro fi Itration
for the removal of chromium , total dissolved solids , and sulfate from water. (2019) ”
Fac. Environ. Sci., vol. 6, no. January, pp. 549-557.

Ol )l 5 polid Ao 5 S encblido g jarolipil i W(VYAP) w55 [YF]
oLl s jlamme 5 ok wlie caSisls & oS slo oo I 25,5 5 panesls Sl o

[37] M. Mortimer and O. University. (2002) "Chemical Kinetics and Mechanism”,
Volume 1. Royal Society of Chemistry.

[38] S. C. Chapra. (2008) "Surface water-quality modeling". Waveland Press.



Abstract

Heavy metals are one of the sources of contaminants in water. Hexavalent
chromium is one of the very toxic and hazardous heavy metal that exceeding its
concentration in drinking water from 50 ppb causes water pollution and
carcinogenicity. Naturally dissolution of chromium minerals in water is the common
sources of chromium in groundwater and surface water.

In this study, the removal of chromium from drinking water by precipitation using
reducing and coagulant agents such as ferrous iron and lime have been investigated.
In this research, the effect of different parameters such as optimum ferrous iron
concentration, effective alkalinity, velocity gradient and retention time for chromium
removal from aqueous solution were investigated by tow optimization methods such
as step by step and Taguchi approaches. All experiments were performed at
laboratory temperature in the range of 20 to 25 ° C.

The results of pilot study showed that the most critical factor in the chromium
precipitation process is the concentration of the reducing agent but this factor alone is
not sufficient and due to the consumption of alkalinity, sufficient alkalinity is the
second important factor for better and more economical removal of chromium. To
optimize ferrous iron concentration, four different stoichiometric ratios were
investigated. The results showed that from 0.5, 1, 1.5 and 2 stoichiometric ratios, the
ratio of 1 is the most economical ferrous reducing agent concentration. Also, to
evaluate the mixing intensity, the velocity gradient parameter (G) with 5 different
values was evaluated. The results showed that the optimum gradient was 22.65 s* for
both economically and chromium removal efficiency aspects. In addition, the
optimum amount of alkalinity addition to water to remove chromium is 98-170 mg /
L as CaCOa. The optimum sedimentation time was also determined from one to three

hours.

Keywords: Hexavalent chromium, drinking water, chemical precipitation,

reduction process.
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