Available online at www.der phar machemica.com

[F o O;;l
Y
==l

\

| SSN 0975-413X Der Pharma Chemica, 2016, 8(20):1-12
CODEN (U SA) - PCHHAX (http://der phar machemica.convarchive.html)

¥ De,.
*y ej

Optimization of coagulation-flocculation processfor particle removal from
dye using natural polymers. Response surface methodological approach.

|. A. Obiora-Okafo* and O. D. Onukwuli?

'Department of Chemical Engineering, Madonna University, Elele, Nigeria
Department of Chemical Engineering, Nnamdi Azikiwe University, Awka, Nigeria

ABSTRACT

Performance of natural polymer coagulants were studied for total dissolved solids removal from acid red dye.
Response surface methodol ogy (RSM) using face-centred central composite design (FCCD) optimized four variables
of the coagulation-flocculation process including pH, coagulant dosage, dye concentration and time. Acidic solution
pH increased the Total dissolved solid (TDS) removal efficiency. Accurate control of coagulant dosages gave
optimum destabilization of charged particles and re-stabilization occurred at above 800mg/L dosages. Polymer
performances were measured through time-dependent decrease in particle concentrations following aggregates
growth. Charge neutralization, sweep flocculation and polymer adsorption were the active mechnisms in the
coagulation-flocculation process. The verification experiments agreed with the predicted values with less than 4%
standard error values. Overlay contour plot established an optimum condition for the multiple responses studied.
The response surface methodol ogical approach was appropriate for optimizing the coagulation-flocculation process
while minimizing the number of experiments. Coagulants studied were highly effective in the TDS removal process.

Keywords: Coagulation-FlocculatignCrystal Ponceau 6R, Response Surface Design, Tissolved Solids,
Natural Polymer Coagulants, multiple response dgétion.

INTRODUCTION

Pollution and contamination of environment by wastter discharges have caused several environmeoizil,
economic and public health problems [1]. Dye camtaj wastewaters are among the contaminants digelar the
environment bodies because of their toxic charesties. The removal of these toxic contaminantsnfreastewater
is of concern for the production of safe wastew&deenvironmental disposal or reuse [2]. Presemtsimation has
showed that over 10,000 of different commercialsdged pigments are available and over 7.11 Xk@0r is
produced worldwide [3]. Dye production industriagcls as textile, rubber, pulp, paper, plastic, cdgmefood,
pharmaceutical, leather tanning, printing, medicigte. and many industries that uses dyes and pignuenerate
wastewater characteristically high in colour, otigaand inorganic contents. These dye wastewate¥stadc,

carcinogenic, slow down self-purification of streaby reducing light penetration, retard photosytithectivity and
inhibit growth of biota [4-6].

The techniques used for contaminant removals frgm wWastewater can be divided into three main caiego
physical, chemical and biological. Physical treaiteesuch as precipitation, ion exchange, membrdmation,
irradiation, ozonation and adsorption are widelyedistechniques. Physic-chemical treatment methods ar
coagulation-flocculation, precipitation, photo-dgsis, oxidation and chemical sludge oxidation. thyashiological
treatment techniques used are aerobic degradati@erobic degradation, and living/dead microbiahtass [7].
Coagulation-flocculation is an already establishegthod for contaminant removal from wastewater irggndrom
wastewater containing: BOD [8-16].
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Coagulation-flocculation is considered best prodessause it is highly efficient, removes multiplentaminants
and simple in operation [13]. It is a chemical tneant as it implies the addition of a coagulantpi€al coagulant
agents are inorganic salt such as Al{g@r FeC}, as well as synthetic organic polymer [17-18].haligh these
chemicals are rather effective in removing dyes andpended matters from the aqueous solution, aever
disadvantages have recently arisen, such as thpadt on human diseases like Alzheimer’'s causethdrganic
salts [19].

Natural polymer coagulants are of emerging trendnlayy researchers because of their abundant sdoveeyice,
environmental friendly, multifunction, and biodedadble in water. Plant-based coagulants are useé begause
animal-based precursors are more expensive anitultiffo source [20]. Most plant-based coagularastain
soluble cationic protein. Some have been studiedlay show natural coagulant ability [17, 21-25].

The mechanisms associated with different polymeagatants include double layer compression, sweep
flocculation, adsorption/charge neutralization aradisorption/inter-particle bridging [26-28]. High nic
concentration salts can cause compression of thbleldayer[27], which destabilizes the particulates. Sweep
flocculation occurs when a coagulant encapsulatespended particulates enhancing flocs formationar@h
neutralization refers to the sorption of two parétes with oppositely charged ions while intertjpée bridging
occurs when a coagulant provides a polymeric chaiich sorbs particulates [27].

Response surface methodology (RSM), a statistiesiga tool used for problem analysis in which goase of
interest is influenced by several variables and dhgective is to optimize this response. It is anbiation of
mathematical and statistical techniques usefuiéasrelopment, improving and optimizing processesaamibe used
for factor evaluation in complex interactions. histcontext, RSM makes process modelling simplgient, less
time of operation and resource utilization. RSMalso applicable in the optimization of the proceasables in
coagulation-flocculation process [29-30, 9].

In this study, RSM is used to develop a mathemiaticarelation between pH, coagulant dosage, initigé

concentration and settling time for the TDS remdvain the dye containing wastewater. A face-centedtral

composite design (FCCD), a very efficient desigaol for fitting the second-order models [31] wasestkd and
design-expert (version 9. 0. 1.0) software achietveésl purpose. Design-expert also demonstratedatiadysis of
variance (ANOVA), 3D surface plot, numerical optmaiion and multiple response optimization (MRO)ngsi
overlay contour plot.

We studied the potentials and effectiveness ofguaittive coagulant proteins from plant seeds féectire TDS

(Total dissolved solids) removal aqueous solutiohacid red 44. Newer approach of extracting actiwagulant
agent was adopted in the coagulation-flocculatimtgss. In addition, choices of ionic nature ofgzdants and dye
were necessary for high efficiency performance.thi purpose, the response surface methodologMjRSused

to develop a mathematical correlation between thegeagulant dosages, dye concentration, and fondéhe TDS

removal process. RSM was used to determine themapti operational conditions and regions that satigy

operating specifications.

MATERIALSAND METHODS

2.1 Preparation of Natural Coagulants Seed Powder
Sample 1Vigna unguiculata

Sample 2Telfairia occidentalis

Sample 3Brachystegia eurycoma

Sample 4Vigna subterranean

Sample 5Moringa oleifera

Coagulant precursors were prepared as follows:

Dried seeds ofigna unguiculata were purchased from local market of Enugu citytiied seeds showing no signs
of discolouration were used.

Matured pods containin@elfairia occidentalis seeds were purchased from local market of Enutyu The seeds
were removed from the pod, dried under sun for dad the external shells were removed. Maturedsssieowing
no signs of discolouration, softening or extremsicEtion were selected.

Wet seeds oBrachystegia eurycoma were purchased from local market of Enugu citytwed seeds showing no
signs of discolouration were used. The seeds weteutled and sun dried.
Powder ofVigna subterranean was bought from local market of Enugu city.
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Moringa oleifera seed pods were purchased from local market of &Emity. Matured seeds showing no signs of
discolouration, softening or extreme desiccationewesed. The seeds were de-hulled and sun dried.

The dry seeds of the five samples were grounddihéopowder (63 - 600um) using an ordinary foodgessor
(Model BL 1012, Khind) to achieve solubilisation aftive ingredients. The seed powders were thedyréar
extraction of the active components.

2.2 Extraction of Active Component

The active component from coagulants was extragyeadding 2g of powdered samples to 100mL distilleder.
Magnetic stirrer (Model 78HW-1, U-Clear Englandjrretd the stock solution vigorously for 20min atono
temperature to promote water extraction of the atzag proteins. Filter paper (What. no. 42, 125miamkter)
filtered the suspension. The filtrate portions wesed as coagulant at required dosages. Freshiossluvere
prepared daily and kept refrigerated to preventagsing effects (such as change in pH, viscosityaragulation
activity). Before each experiment, solutions wehhaken vigorously and used immediately for each eecg of
experiment.

2.3 Characterization of the Coagulants

Yield, bulk density, moisture content, ash contenbtein content, fat content and fibre contenthef seed powders
were determined by the standard official methodsamdlysis A.O.A.C [32], while carbohydrate contewds
calculated by difference. Surface structures andphmlogies of the seed powders were studied usiagrsng
electron microscope (SEM, Phenom Prox., world Edoveim, Netherlands).

2.4 Buffered Solution

All assays were done in a pH-stable medium. Buffeselutions (pH 2, 4, 6, 7, 8 and 10) were prepédngdhe
standards established according to the Nationaswof standards (NBS, US) and were standardized adigital
HANNA pH meter. All reagents used were of analytimarity grade.

2.5 Dye Preparation

Acid Red 44 (water soluble dye) was provided by Mapaker England with a molecular structures asnshn

Fig. 1. The characteristics of acid red 44 (AR @& summarized in Table 1. Dye with commercial tyusias used
without further purification. Stock solution of 10g/l of dye was prepared by dissolving accuratedighed
amounts of AR 44 in separate doses of 1L distileder. The desirable experimental working conceiotna of
200-1000mg/l were prepared by diluting the stodltsmn with distilled water when necessary.
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Figure 1 Structure of Crystal Ponceau 6R dye (Acid Red 44)

Table 1 Physical propertiesof Crystal Ponceau 6R dye

Property Data

Chemical name Crystal Ponceau
Chemical formula. &@Hi1:N, O7 S, Nap.
Molecule Weight (g/mol)| 502.43

CAS number 2766 -77 -0

EC number E 126

UV/Visible Absorbance Max (water): 511 +6nm
C.l number 16250

Class AZ0

C.l name Acid Red 44.

2.6 Coagulation Studies

A conventional jar test apparatus (Phipps and Bitfl, USA) equipped with six beakers of 1L capadityd six
paddle stirrers was used to perform the coaguldtomtulation experiment. The jar test was condddte evaluate

the performances of the active agent extracteddbasestandard methods [33, 25]. The procedure weebimin of
rapid mixing at 100rpm. The mixing speed was reduce40 rpm for another 25min. The additional céunging
(5000rpm for 5min) was performed to obtain clequilil for all samples before analysis. All the sumsiens were

left for settling (60 - 420min). After settling, pernatant sample was withdrawn for TDS determinatia
multipurpose electronic Jenway 4520 conductivityflneter was used to measure TDS after coagulation-
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flocculation experiment. The instrument was calibdaby using standard solution with known conceiumaof
TDS. After the calibration, the TDS probe was digpe the solution and the TDS of each run notedn®el
efficiency of was obtained according to the formgikeen below:

TDS removal (%) =H>2) X 100 1)
0

where TD$ and TDSare the initial and final TDS concentration (mgith dye solutions before and after
coagulation-flocculation treatment, respectively.

2.7 Experimental Design and Data Analysis

Central composite design (CCD), a very efficiergige tool for fitting the second-order models [3é]used as an
RSM in the experimental design. The CCD was firgoiduced by Box Wilson in 1951, and is well suitedfitting
qguadratic surface, which usually works well for thicess optimization [29]. In this research, theetcentred
experimental plan was implemented as a CCD. A Cibade face-centred by the choiceef 1 [34]. Face-centre
is having the position of the star points at treefaf the cube portion on the design [31]. The ohaoif face-centred
CCD was made considering that it is an option @ @CD design and due to the cumbersome natureeafakign.
Also face-centred option ensures that the axias nill not be any more extreme than the factoriadtipn. The
independent variables selected for this study wwetgA), coagulant dosage (B), dye concentration @@ time
(D). A 2* two-level factorial for four independent variablesnsisting of 16 factorial points coded to thealst
notation, 8 axial points and 6 replicate at ceptt where conducted for each sample. A total@E8periments
were conducted for each response. Mathematically, () was used to determine the total number ofru
performed. The total number of experiments, N Wkifactors is:

N=2+2k+n (2)

where k is the number of factors and n is centistpo
The experimental design table is presented in TAbkeor statistical calculations, the variablegtée real value of
an independent variable) were coded a&lensionless value of an independent variableyming to Eq. (3):

_Zi~Zf

X oz (€]
where Z stands for the uncoded value of ith independemiabkes, Z stands for the uncoded value of ith
independent variables at centre point AZdis a step change value.

Design-expert software 9.0 (State Ease, Minneapdi\) was used for regression and graphical aislfjging to
a second-order polynomial model to optimize thaakdes in the coagulation-flocculation process. tEsgsponse
was used to develop an empirical model which cateel the response to the dye coagulation-flocanatariables
using a second degree polynomial equation as diydfq. (4):

Y =bot+ Xy biX; +X0 by XP + XIS X by X X + € (4)

where Y is the predicted responsgth®e constant coefficient; the linear coefficients,;ithe quadratic coefficients,
b; the interaction coefficient, XX; are the coded values of the variables, n is thaben of independent test
variables and is the random error. Adequacy of the proposed inedeen revealed using the diagnostic checking
tests provided by analysis of variance (ANOVA). Tdnality of the polynomial fit model was expresdmedthe
coefficient of determination @R The R values provide a measure of how much variabifitshie observed response
values can be explained by the experimental facaodstheir interactions. These analyses are donmdgns of
Fisher's ‘F’ test and P-value (probability). Modelms were evaluated by the P-value with 95% cenfié level.
Finally, the optimal values of the critical parasrstwere obtained by analyzing the surface andteoynots and
by solving the regression equation. The range eweld of the experimental design table is present@ables 2.
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Table2 Levelsand range of the variablestested in the CCD design

Variables Factors  Unit Range and levels
Lowest Low Center High Highest
-0 -1 0 +1 +a
pH A - 2 2 6 10 10
Coagulants dosage B mgll 2000 2000 6000 10000 10000
Dye concentration C mg/l 200 200 600 1000 1000
Time D min. 60 60 240 420 420

RESULTSAND DISCUSSION

3.1 Characterization Result

The proximate analyses of coagulant precursors wenemarized in Table 3. The moisture content vakresy
water absorption ability of the coagulants. Highd® protein contents recorded in all the precursspecially in
Telfairia occidentalis indicates the presence of protein, which is ineagrent with the literatures that the protein
contents of the precursors are cationic poly-pegtid 3]. Fibre contents present established tleaptbcursors were
organic polymer with repeating small molecules tatld extend as tails and loops when dispersedaier [28].
The proximate results justify the use of these ggw@ders as potential source of coagulant in thiskw

Table 3 Proximate compositions deter mination of the coagulant precur sor

S/No. Parameters Values
Vigna Telfaria occidentalis Brachystegia .
unguicul ata (fluted pumpkin eurycoma (Black \ﬁ%gzr?bt:re;rrﬂ?an ol zfgg]g:ed
(Cowpea) seed) timber)
1. Yield 115 38.40 28.31 14.6 32.68
2 Bulk density (g/mL) 0.299 0.354 0.235 0.241 0.425
3. Moisture Content (%) 9.0 12.58 7.25 10.0 5.02
4, Ash content (%) 3.48 152 3.48 2,97 212
5. Protein content (%) 25.14 55.09 19.77 18.15 489.3
6. Fat content (%) 0.53 17.17 10.53 6.30 19.47
7. Fibre content (%) 6.78 0.87 2.20 1.64 1.16
8. Carbohydrate (%) 55.07 12.77 56.76 60.94 32.89

Table4 CCD in coded unit and results obtained for TDSremoval from AR 44

Factors Responses
Run | A B C D Yvuc Ytoc Ybec Yvsc Ymoc
- | mg/L| mg/L| min| Yexp| Ypre| Yexgd Yprg Yexp Ypre Xe| Ypre | Yexp| Ypre
1 1 -1 1 -1 34.7] 32.79 38.2 37.59 13|18 13|72 4p.88.14| 34.2| 31.99
2 0 0 1 0 67.2] 66.91 74.9 73.82 353 35|32 5F.4 8%FHY.67.3| 66.49
3 -1 1 -1 -1 74.3| 73.93 734 7241 604 6024 7p3B1.85| 784 | 7522
4 0 0 0 0 71.1] 71.6]1 77. 7743 40{7 40(56 6R.9 8(6P. 71.9 | 72.62
5 -1 1 1 1 96.4| 96.17 97.%5 96.85 857 84|51 94 P4.397 96.03
6 -1 -1 -1 1 92.8| 92.23 91 90.85 82|19 82/99 9B.7 .8B2 93.6| 89.03
7 0 1 0 0 76.5| 76.32 815 8274 44|5 44|54 58.6 8%P. 77.7 | 76.58
8 1 -1 1 1 64.2| 6464 704 70.26 43]9 4359 7P.9 582 63.9| 65.15
9 1 -1 -1 -1 42.3| 4259 48.7 4882 24|5 25[21 5B.87.52| 42.7| 41.74
10 0 0 0 0 711 71.6] 7783 7743 407 40(56 6PR.9 .806R 71.9| 72.62
11 0 0 0 0 711 71.6] 7783 7743 407 40(56 6PR.9 .806R 71.9| 72.62
12 | -1 0 0 0 79.7| 76.13 77.6 7484 625 62[52 75.8.917] 79.5| 77.06
13 | -1 -1 1 -1 53.3| 54.50 53.9 54.67 439 43{45 4546.89| 52.9| 52.19
14 0 0 0 -1 61.9| 61.58 65.4 66.35 30,7 31{21 5p.80.9%| 61.8| 60.34
15 | -1 -1 1 1 84.5| 85.08 847 8591 741 74{89 8483.98| 83.7| 8558
16 0 -1 0 0 66.5| 65.66 73.9 7240 353 3553 6p.21.1B| 68.1| 67.77
17 0 0 0 0 711 71.6] 77.83 7743 407 40(56 6R.9 .806R 71.9| 72.62
18 0 0 0 1 91.8| 91.09 975 96.29 625 62(27 33 288.001.3 | 91.32
19 1 1 -1 -1 53.2| 52.81] 58.6 58.28 34 33/61 49  50.648.5 | 48.91
20 1 1 1 -1 44.6] 4523 499 49.22 228 22124 4Rp.R.9%| 32 34.63
21 0 0 0 0 711 71.6] 7783 7743 407 40(56 6PR.9 .806R 71.9| 72.62
22 1 1 1 1 75.9| 75.36 79.5 80.16 529 53[78 7B.6.2971 644 | 6227
23 1 -1 -1 1 72.7|  72.77 785 78.87 547 54{21 8040.62| 74.6| 75.83
24 0 0 -1 0 75 74.27 80 80.82 44|38 45|05 66.3 66.096 75.36
25 1 1 -1 1 82.4| 81.26 88.5 86.90 643 64(28 80.27.6Z| 78.7| 77.48
26 0 0 0 0 711 71.6] 77.83 7743 407 40(56 6PR.9 .806R2 71.9| 72.62
27 | -1 1 -1 1 99 10110 98.4 99.91 92 92148 99.1 .010199.5 | 104.01
28 | -1 1 1 -1 67.2| 67.32 66.8 67.33 505 51{40 6B683.42| 67.1| 68.16
29 | -1 -1 -1 -1 62.6] 63.33 61.Y 61.93 529 52(42 p4H7.05| 50.3| 54.72
30 1 0 0 0 52.8| 55.35 57.3 59.80 333 33(55 6D.5.6062 52.7 | 53.69
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3.3 Development of Regression M odel

To study the combined effect of the factors, expenits were performed for different combinations tioé
parameters. Table 4 presents the experimental rdesajrix together with the experimental (exp) amddjicted
(pre) decolourization efficiencies for VUC, TOC, BEVSC and MOC. The experiments compute the cadigu-
flocculation model for the responses studied. Esponses were correlated with the four independsidbles (pH
coagulant dosage, dye concentration and time)gubim second-order polynomial (Eq.4).

3.4 Analysisof Variance (ANOVA) for Response Surface Quadratic M odel.

The adequacy of the model was justified through AMCas shown in Table 5. The quadratic regressicalysis
shows the models were significant at 95% confiddecel by the Fisher’s test. These were confirmethioing F-
values of 201.28, 210.18, 1704.77, 67.34 and 7&BNUC, TOC, BEC, VSC and MOC, respectively. The P
values result of less than 0.05 (P-values of regas0.05) shows statistically significant models. Thedals did
not exhibit lack-of-fit indicating insignificant tk-of-fit. Significant and insignificant lack-oftfiresults do not

guarantee a good model. A noisy experimental enwient and ignoring important variables in the ekpent
could make the residual large [35].

Coefficient of determination (R measures the model's overall performance. Grelaser 0.2 differences between
predicted R and adjusted fndicate that non-significant term may be includedhe model [34]. A high Rvalue,
close to 1, is desirable and ensures a satisfaattjnstment of the quadratic model to the expertaiatata. The R
values of 99.47%, 99.49%, 99.94%, 98.43% and 98.6#9%UC, TOC, BEC, VSC and MOC indicate that the
models could not explain 0.53%, 0.51%, 0.06%, 1.%2rb1.38% of the total variations, respectivelye Talues of
predicted R and adjusted Rwvere less than 0.2 as shown in Table 5, indicatioglel accuracy. The coefficients
terms such as pH (A), coagulant dosage (B), dyeemnation (C) and settling time (D), whose P <50v@ere
significant whereas some of the interaction ter&R, (AC, AD, BC, BD and CD) and the square term$, @, C
and ¥) were also significant to the response. Nevertiseléhe interactive and square terms with P-val@e05
could be considered to have no effect on the calemoval.

Positive signs in front of Eq. (5-9) indicate anemactive effect among the factors. In conclusithg overall
guadratic models for the responses measured aréicagt and adequate.

Table5 ANOVA resultsfor thefiveresponses: Yue, Yioo Ybee Yvse @Nd Y moc,

Sum of Mean F -value
Yo Source Squares df Square | Value Fi’)rob >F R- Squared
Model 6787.44| 14 484.82 201.28 <0.00p1 significan
A-pH 1942.72| 1| 1942.72 806.54 <0.0001
B-Dosage 510.93 1] 510.9 212.12 <0.0001
C-Dye concentration 244.2( | 244.20 101.88 < 0.0p01
D-Time 3919.08] 1| 3919.08 1627.04 < 0.0001
AB 0.14 1 0.14 0.058 0.8123
AC 0.95 1 0.95 0.39 0.5393
AD 1.63 1 1.63 0.67 0.4242
BC 4.95 1 4.95 2.06 0.1722
BD 2.98 1 2.98 1.24 0.2839
CD 2.81 1 2.81 1.16 0.2975
A"2 89.36 1 89.36 37.10 <0.0001
B"2 1.00 1 1.00 0.42 0.5281
Cn2 2.71 1 271 1.13 0.3056
D"2 57.90 1 57.90 24.04 0.0007%
Lack of Fit 36.13 10 3.61
R - Squared 0.9947
Adjusted R - Squared 0.9898
Pred R - Squared 0.9712
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Sum of Mean F -value
Yiee Source Squares df Square | Value Pprob >F R- Squared
Model 6214.45| 14 443.89 210.1B <0.00p1 significan
A-pH 101851 1| 1018.51 482.2% <0.0001
B-Dosage 481.53 1 48158 228.00 <0.0001
C-Dye concentration 220.5( | 220.50 104.40 < @OPO
D-Time 4032.02| 1| 4032.02 1909.11 <0.0001
AB 1.05 1 1.05 0.50 0.4914
AC 1351 1 1351 6.39 0.0232
AD 2.03 1 2.03 0.96 0.3424
BC 3.52 1 3.52 1.66 0.2165
BD 2.98 1 2.98 141 0.2537
CD 5.41 1 5.41 2.56 0.1305
A2 264.71 1 264.71 125.34 < 0.0001
B"2 0.052 1 0.052 0.025 0.877
Ccr2 0.030 1 0.030 0.014 0.9065%
D"2 39.25 1 39.25 18.58 0.000
Lack of Fit 31.68 10 3.17
R - Squared 0.9949
Adjusted R - Squared 0.9902
Pred R - Squared 0.9734
Sum of Mean F -value
Yiee Source Squares df Square | Value Pprob >F R- Squared
Model 9954.74| 14 711.08 1704.77 <0.0001 significa
A-pH 3775.81| 1| 377581 905258 <0.00p1
B-Dosage 365.40 1 3654 876.06 < 0.0901
C-Dye concentration 426.37 1 426.32 1022.11 < @0PO
D-Time 4340.01] 1| 4340.01 10405.29 <0.0001
AB 0.33 1 0.33 0.79 0.3873
AC 6.38 1 6.38 15.29 0.0014
AD 2.48 1 248 5.95 0.0276
BC 0.016 1 0.016 0.037 0.8491
BD 2.81 1 281 6.73 0.0204
CD 0.77 1 0.77 1.84 0.1955
AN2 144.79 1 144.79 347.13 < 0.0001
B"2 0.71 1 0.71 1.71 0.2108
Cn2 0.36 1 0.36 0.87 0.3653
D"2 98.81 1 98.81 236.89 < 0.0001
Lack of Fit 6.26 10 0.63
R - Squared 0.9994
Adjusted R - Squared 0.9988
Pred R - Squared 0.9949
Sum of Mean F -value
Yise Source Squares df Square | Value Pprob >F R- Squared
Model 6466.48| 14 461.89 67.34 <0.00p1 significant
A-pH 575.74 1 575.74| 83.94 <0.0001
B-Dosage 14.05 1 14.05 2.05 0.1729
C-Dye concentration 305.87 1 305.87 44.60 <0.0p001
D-Time 4617.60] 1| 4617.6 673.24 <0.00p1
AB 469.81 1| 469.81| 68.50 <0.0001
AC 0.60 1 0.60 0.088 0.7713
AD 7.16 1 7.16 1.04 0.3233
BC 2.98 1 2.98 0.43 0.5201
BD 37.52 1 37.52 5.47 0.0336
CD 1.76 1 1.76 0.26 0.6203
AN2 77.20 1 77.20 11.26 0.0043
B"2 1.62 1 1.62 0.24 0.6338
Cn2 1.83 1 1.83 0.27 0.6127
D"2 45.89 1 45.89 6.69 0.0206
Lack of Fit 102.88 | 10 10.29
R - Squared 0.9843
Adjusted R - Square 0.9697
Pred R - Squared 0.8907
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Sum of Mean F -value
Yimoc Source Squares df Square Value Igrob >F R- Squared
Model 8091.05| 14 577.93 76.31 <0.0001 significant
A-pH 2457.01| 1| 2457.01 324.43 < 0.0001
B-Dosage 349.36 1 349.3 46.13 <0.0001
C-Dye concentration 353.7§ 1 353.78 46.71 < 0.0001
D-Time 4318.30] 1| 4318.30 570.19 < 0.00p1
AB 177.56 1 177.56 23.44 0.000%
AC 52.20 1 52.20 6.89 0.0191
AD 0.051 1 0.051 | 6.685E-008  0.9359
BC 20.48 1 20.48 2.70 0.1204
BD 30.53 1 30.53 4.03 0.063¢
CD 0.86 1 0.86 0.11 0.7414
A2 136.09 1 136.09 17.97 0.0007
B"2 0.52 1 0.52 0.068 0.7971
Ccr2 7.46 1 7.46 0.99 0.3366
D"2 26.57 1 26.57 3.51 0.0807
Lack of Fit 113.60 | 10 11.36
R - Squared 0.9862
Adjusted R - Squared 0.9732
Pred R - Squared 0.8907|

Quadratic empirical models (Eqg. 5-9) obtained nmie of actual significant factors as:

Y e = +57.64613 +1.82770*pH +1.76936E-003*Dosage -49BE-003*Dye concentration +9.39074E-003*Time -
0.36705*pH"2 -3.89254E-008* Dosage”2 (5)

Yie = +49.92534 +6.02224*pH +1.25054E-003*Dosage -87PE-003*Dye concentration +0.021269*Time -
5.74219E-004*pH*Dye concentration + - 0.63174*pH*R20127E-004*Time"2 (6)

Ybec = +67.36145 -8.91335*pH +1.31460E-003*Dosage -862E-003*Dye concentration -7.25380E-003*Time -
3.94531E-004*pH*Dye concentration -5.46875E-004*gkne +5.81597E-007*Dosage*Time +0.46721*pH"2
+1.90600E-004*Time"2 (

Yysc = +56.34976 -3.32568*pH -7.44426E-003*Dye concatitn +0.042202*Time -3.38672E-004*pH*Dosage -
2.12674E-006*Dosage*Time +0.34117*pH "2 +1.2990TB*Time”2 (8)

Ymoe = +36.65764 +4.46001*pH +3.57077E-003*Dosage +B4@B*Dye concentration +0.052509*Time -
2.08203E-004*pH*Dosage -1.12891E-003* pH*Dye corication -1.91840E-006*Dosage*Time -3.21181E-
006*Dye concentration*Time -0.45296*pH"2 +9.88460&5*Time"2 (9)

3.5 Model Adequacy Checking

3.5.1 Actual and predicted results of the percentage TDS removal.

A reliable model should have good prediction wittperimental data. There is a good agreement betwen
experimental removal efficiencies (%) and predictethoval efficiencies (%) as shown in Fig. 4. Theserved
points on these plots reveal that the actual vatwesdistributed relatively near to the straighelin most cases,
indicating that the regression model is able todjgtethese removal efficiencies. A close relatidpshetween
predicted and experimental data indicates a gdod fi
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Figure 4 Parity plot for the actual valuesand predicted values of AR 44 TDS removal: () Yvuc; (B) Yioe: (€) Yoee (d) Yis: (€) Ymoc

3.6Response Surface Plotting for Evaluation of Operational Parameters

Figures 5 (a-e€) shows the 3D response surface pfagsiadratic models for TDS removal efficiencyngsVUC,
TOC, BEC, VSC and MOC respectively. The maximum TB@oval efficiency using VUC is in the range of gH
4, coagulant dosage from 8000-10000mg/l at 600l concentration and time 240min. Also for Fig, 8ie
maximum TDS removal efficiency using TOC is in tlaage of pH 4-6, coagulant dosage from 8000-1000iCaihg
600mg/l dye concentration and time 240min. In addijtFig. 5¢ depicts that the maximum TDS remo¥ftiency
using BEC is in the region of pH 2-3, time from 380min at coagulant dosage of 6000mg/l and dyeexmation
of 600mg/l. Furthermore, Fig. 5d indicates that thaximum TDS removal efficiency using VSC is ir thH
ranged of 2-4, coagulant dosage of 6000mg/l, a 830-420min and dye concentration of 600mg/l. Iyagig. 5e
shows that the maximum TDS removal efficiency us@C is in the region where the pH ranged from Zifie
ranged from 330-420min at coagulant dosage of 6@d0and dye concentration of 600mg/l. In generhk t
response surface plots indicate that the maximur8 fé@dnoval efficiencies are located inside the debmundary.

The pH must be controlled in order to establishimopin conditions in the process. The effectivenekshe
polymers in TDS removal from AR 44 dye are highgpdndent on pH as shown in Fig. 5. The polymersvetio
higher TDS removals at low pH values. In other vgpriDS removal efficiency decreased with increagig The
highest removal efficiency was observed in MOCdakd by VUC giving efficiencies of 95.0% and 94.9%,
respectively. Charge on the hydrolysis productsedipitation of polymeric hydroxides are both toted by pH
variations [36-37]. This means that the functiogdups of the dye is anionic, hydrolyses produétthe organic
biopolymers can neutralize the negative chargeslysn molecules followed by flocculation mainly bylyoer
adsorption and charge neutralization. Conclusiveigh removal efficiency at low pH values are pmittant in
organic contaminants removal from acid dyes. Simméaults were reported [29, 30].

The result illustrated in Fig. 5 indicates that tkenoval efficiencies increased more at higher atzag dosages.
Maximum TDS removal efficiency was achieved at edagt dosages of 8000 mg/l with MOC efficiency @f P%
followed by VUC with efficiency of 92.3%. The higtemoval efficiencies of >75% was observed in ab th
coagulants for the 8000mg/l dosage. With the irsweaf coagulant dosages, the removal efficiencgaddte
increased and no “re-stabilization zones” with nizgadye removals were found. The higher removalade due
to the sweep flocculation and adsorption mechanisvhich are inclined to occur at high dosages. db&gulant
apparently served as condensation nuclei and teepdsticles were enmeshed as the precipitate wHedseThe
high dosages of the organic polymer could also gaeeto chain bridging and adsorption mechanisa.[1

At dosages higher than 8000mg/L, removal efficiedegreased as observed in Fig. 5.This implies @sénd
effect in the reaction solution. Overdosing deteties supernatant quality, referring to the “rés#itzation” of the
particles, retarding coagulation and flocculatidrcbarged particles. With excess polymer adsorptibe particle
charge may be reversed.

Floc formation involves both interactions of coamqul hydroxide precipitate following hydrolyses réac and
contact with particles. Coagulation-flocculatiorrfpemance is usually evaluated through time-depehdecrease
in particle concentration and consequently growthggregates [15]. The longer coagulation-flocdatatime (60-
420min) in this process also confirms the presericgorption mechanism (Fig. 5). The reduction imaantration
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did not vary significantly after 420min showing ddurium was achieved after 420min. Destabilizatiof the
aggregate flocs could set in after this time dusatnoiration of the active sites.

Yvuc TDS removal (%)
Ytoc TDS removal (%)

Ybec TDS removal (%)

D: Time (min)

Ymoc TDS removal (%)

D: Time (min) 150 4 A pH

Figure5 3D Surface plotsfor AR 44 TDSremoval asafunction of: (a) pH and dosage at dye concentration 600 mg/l, time 240 min for
Ywe (b) pH and dosage at dye concentration 600 mg/I, time 240 min for Yi; (€) pH and time at dye concentration 600 mg/l, dosage
6000mg/L for Ype; (d) ) pH and dosage at dye concentration 600 mg/l, time 240 min for Ys; (€) pH and time at dye concentration 600
mg/l, dosage 6000mg/L for Y mec

3.7 Optimization Analysis

Design expert 9.0 was used to optimize the TDS wainefficiencies. Process optimization searches dor
combination of factor levels that simultaneousliisfg the criteria placed on each responses andrfadNumerical
optimization was employed and the desired maximoa was set for each factor and responses. Theds gre
combined into an overall desirability function, feffective maximization of the function. Optimalnzbtions and
the optimization results are shown in Table 5.

3.7.1 Model validation and confirmation experiments.

The optimum predicted values were further validalbgdcarrying out the experiment at the optimal pried
conditions and the results of the experimental emlwere also shown in Table 5. The experimenta danfirms
good agreements with RSM results. The verificatexperiments demonstrated a good agreement betviaeen t
experimental and predicted, indicating RSM approadbpted was appropriate for optimizing the coaguia
flocculation process. The maximum error (%) betwdenpredicted and the experimental values wersethen 4%
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indicating good prediction by the model. The adeguaf the model was once again verified effectiviely the
experimental data validation.

Table 5 Confirmation analyses of the model predicted using optimum valuesfor TDS removal.

DS pH Dosage Dye Concentration Time Predicted value Experimental value STD error
(mg/L) mg/L) (min) (%) (%) (%)
AR 44 Yo 2.20 9550 245 400 98.20 97.80 0.41
Y toc 2 8028 338 420 97.01 94.88 2.20
Y bec 2 7796 200.20 419 90.10 89.32 0.87
Y usc 2.01 7832.40 200.04 418.56 89.63 90.02 0.44
Y moc 2.03 7394 200 420 99.05 97.25 1.82

3.7.2 Multiple response optimization (MRO)

Removal efficiencies of the colour using VUC, TABEC, VSC and MOC yielded five individual responsasd
these were achieved under different optimal comasti A compromise among the optimum conditionsttier five
responses is desirable. The desirability functippraach together with graphical optimization wasduto achieve
this goal [31]. With multiple responses, the optimeonditions where all parameters simultaneouslgtniiee
desirable treatment level can be visualized grablyity superimposing the contours of the respaonsan overlay
plot. By defining the desired limits, the optimuranclition can be visualized graphically by superisipg the
contours of the five responses in an overlain @stshown in Fig. 6. The yellow shade called theet spot” is the
region that satisfies the goal for every respoR&gions that do not fit the optimization criteri@r& shaded grey.
As a result, the each TDS removal efficiency wasinuped and the best conditions for the responsesew
determined. The overlain plot obtained confirmsrétlevance and flexibility of MRO in optimizatiomalysis [35].
MRO is an efficient tool for optimizing and mosthpplicable when there is an emergency becausdlitces
preparation time and cost of experiment.
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Figure 6 Overlay plots of the optimal regionsfor the AR 44 TDSremoval at optimum dye concentration of 20mg/l and time of 420min
CONCLUSION

This research optimized the coagulation-flocculatiwocess using VUC, TOC, BEC, VSC and MOC. Theaase
surface methodology using FCCD investigates theceffof pH, coagulant dosages, dye concentratidrtiane on
the TDS removal efficiency. Combinations of opergtparameters determined the maximum TDS removs. T
TDS removal efficiency was highly influenced by pEoagulant dosage and time. Apart from the sweep-
flocculation and adsorption which were the primamgchanisms in the process, charge neutralizatidnirzter-
particle bridging played important roles in enhaigcT DS removal process. Optimal conditions of pHtdagulant
dosage 10000mg/l, dye concentration 215.97mg/Itand 419.29min were obtained from the compromis¢hef
five desirable responses. The confirmation expantmeemonstrated a good agreement to the predicties,
indicating RSM approach can be successfully appieedmodelling and optimizing the coagulation-flodation
process. Therefore, RSM approach minimizes the eurabexperiment showing an economical way of atitegy
the maximum amount of information in a short periddime.
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