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ELIMINATION OF MIXTURE OF DYES FROM SIMULATED
WASTEWATER BY THREE-DIMENTIONAL ELECTRO-FENTON
PROCESS: UTILISING ALUM SLUDGE AS A HETEROGENEOUS

FENTON-LIKE CATALYST

Abstract: As a result of industrial development, many typewaste are generated, some of which are disctiarge
into water, causing water pollution and having gatiwe impact on life. The electro-Fenton procdsg)(has
verified high efficiency in treating pollutants Witow cost, ease of handling and operation, argltéthnology is
one of the more efficient advanced oxidation tedtgies. The main objective of this present workoiexplore
the efficiency of a three-dimensional Electro-Fengystem (3DEF) in removing eosin, methylene bl
methylene violet from simulated wastewater usirapgite as anode, nickel foam as the cathode, amd slldge

as the third particle and as the source of catalyst study investigated the effect of operatin@peeters such as
current densityJ, catalyst concentration, and 8& concentration as supporting electrolyte, at a gt3,0

a temperature of (28 1) °C, an air flow rate ofl28, and a treatment time of 30 minutes. Resp@ustace
methodology (RSM) was used to design and analyperimental data. Based on the results of RSM, s b
removal efficiency was achieved k& 4.2 mA/cni, [F€'] = 0.2 mM, and [NgSQj] = 0.05 M, where th&®e and
chemical oxygen demand (COD) removal was 95.76 #1800 %, respectively. The alum sludge was a very
excellent choice as a primary source of Fe catalydtthe 3DEF process is an effective system traetiminate
many types of dyes.

Keywords: dyes, three-dimensional, electro-Fenton, alumgaudurface response

Introduction

The accumulation of materials disposed of as indsvaste results in environmental
pollution, both of which affects the land in gerdeand of the water in particular, because
most industries rely primarily on water in manythéir stages, such as cooling [1] and
dilution [2], or it may be used as a medium forieas chemical [3] or physical [4]
processes. Among these industries, the textile sinduis considered one of the most
polluting industries to the aquatic environment. [Bplours, salt, total suspended solids
(TSS), total dissolved solids (TDS), biological geym demand (BOD), and chemical
oxygen demand (COD) are the main components reldase the aquatic environment by
textile industries [6].

Dyes differ in terms of their types, nature of ysmperties, and chemical composition.
There are acidic dyes, basic dyes, disperse dyesxt dlyes, reactive dyes, solvent dyes,
sulphur dyes and Vat dyes [7]. Eosin yellowish, mgitne blue and methylene violet dyes
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are among the most common dyes released from ttideténdustry into the aquatic
environment, and are widely used in colouring autwilk, and paper. The concentration of
these dyes in natural waters is approximately @*o 130ug for eosin [8], 0.05.g to
80 ng for methylene blue [9], and for methylene vidle® specific data of natural water is
rare [10].

There are several techniques that have been usguairify wastewater from dye
pollutants, like adsorption and coagulation [11gc&ocoagulation [12, 13], biosorption
[14], ozonation [15], membrane filtration [16], adgtion [17] and advanced oxidation
[18, 19].

Each of the mentioned processes has different salyas and disadvantages, but the
advanced oxidation process (AOPs) has shown adyesithat make it the ideal choice for
removing various pollutants from the aquatic erwinent by converting them into
biodegradable organic compounds, inorganic ionsemand carbon dioxide, by means of
hydroxyl radicals that are characterised by theisyeproductivity, high reactivity and
selectivity [20]. The significant impact of eleatteemistry on the treatment of refractory
organic pollutants is their decomposition via aetiaterial generation, cathodic reduction
or direct anodic oxidation. This is the basis updrich electrochemical processes of AOPs
(EAOPs) are based [21]. EAOPs involves electrochaltyi generating hydrogen peroxide
in the treated solution, favourably at a carborhedé¢ via the two-electron reduction of
oxygen gas as shown in equation (1), and sinceetbetro-Fenton process uses pure,
pollution-free energy to instantly generate thededr hydrogen peroxide and given the
cost and risk of transporting this oxidiser, thioqess is widely used in wastewater
treatment processes [22]:

0, + 2H" + 2e™ - H,0, Q)

For many years, up until the end of the nineteexgthtury, researchers studied the
oxidation mechanism of the normal Fenton proceshiclwinvolves the reaction of
hydrogen peroxide with an aqueous iron(ll) saltdkdxyl radicals ‘OH) are produced by
the homogeneous Fenton reaction for the non-seteatixidation of many organic
substances [23]. The main mechanism of the eldéatrdon process is the electrochemical
production of hydrogen peroxide at a suitable cd¢hby adding iron(ll) ions as a catalyst
to the treated solution to reduce dissolved oxygerair. The basic mechanism of the
Fenton system is the production of one of the raffstctive oxidising agentsd@H) in the
bulk solution. The subsequent Fenton chain of m@astbegins with the homogeneous
Fenton reaction as illustrated in equation (2), nehthe hydroxyl radical is produced by
electron transfer through hydrogen peroxide andr@m catalyst, such as the iron(ll) ion
[24]:

Fe?* + H,0, > Fe3*+ OH+OH™; k=55.0M"1.s71 @)

Fe*is added to an acidic solution at pH 3 to signifitaimprove the oxidising ability
of the oxidising agent $D,, forming OH, and F&" as shown in equation [25]:

OH + H,0, - HOj + H,0 3)
At the cathode, Péis reduced to Féthrough the reaction:
Fe3* + HO, —» Fe?* + H* + 0, 4)

Fe?* + HO, - Fe3* + HO?~ (5)
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Fe?* + 'OH - Fe3* + OH~ (6)

H,O and Q are formed in the system because of the deconmpositf hydrogen

peroxide, with F& acting as a catalyst for this decomposition argleréshing the F&
concentration, as shown in equations:

Fe3t + H,0, © Fe_0,H?** & Fe?* + HO, 7

Fe3* + HO, —» Fe?* + H* + 0, (8)

The overall removal efficiency of organic compourttisough coagulation is also
improved by the action of both #eand F&" as coagulants in the Fenton system [26].

Due to the high surface area per unit volume obaaaceous electrodes; which
provides a good space for reaction [27], they aidely used as anodes in wastewater
treatment. Due to the low cost and high energy itengraphite is counted as an ideal
anode [28]. Materials with good catalytic, absapti and conductive properties are
preferred in electrochemical systems used as cathaslich as graphite felt (GF) [29],
carbon felt [30], activated carbon fiber [31, 38ickel foam and others. However, metal
anodes in electro-Fenton systems can produce éangeints of metal salts, which increases
subsequent processing costs [20].

In view of the many advantages of the nickel foauch as its high electrical
conductivity, and porous structure, and in additionthe fact that the accumulation of
hydrogen peroxide at this electrode was higher @yegpto the graphite electrode, it was
considered a workable alternative as a cathodeshatbiads to the formation of mor&H)
by producing more hydrogen peroxide in the systgmgénerating oxygen gas on the
surface of the electrode through the faster trairdfelectrons through the electrode [33].

Recently, alum sludge (alum-based coagulants)aeted from water treatment and
purification plants, which are composed of 30 %nahium oxide and aluminium
hydroxide deposits, is used as third particle affelceve absorbents, removing various
turbidity-causing contaminants and natural orgamiatter, and reducing colouration in
wastewater treatment. This use of alum sludge igféective strategy for recycling and
reusing industrial waste, contributing to enviromaé¢ sustainability and reducing water
treatment costs [34]. Furthermore, adding alumggu the process and considering it the
main source of the catalyst transforms the homagenéwo-dimensional electro-Fenton
system into a heterogeneous three-dimensional &Emsy35, 36].

In this work, the performance of EF process onrdraoval of mixture of the eosin,
MB and MV dyes would be examined by applying Nirfoand porous graphite as the main
electrodes in the EF and three-dimensional eldetmton systems assisted with alum
sludge. The effect of different variables on théicefncy of these processes like alum
sludge amount, current density,’Feoncentration and N8O, concentration would be
investigated.

Material and method

Chemicals

All chemicals had high purity, and distilled wateras used to prepare aqueous
solution. Table 1 shows the dyes which are uselisnwork, illustrates their properties and
shows the chemical structure of these dyes. Sodiulphate (Ng50O,) (Sisco Research
Laboratories Pvt. Ltd., Ind.), hydrated iron suligh@FeSQ@ 7H,0) (Alpha Chemika, Ind.),
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sulphuric acid (HSQ,) (SDFCL, Ind.), sodium hydroxide (NaOH) (Alpha @ti&a, Ind.)
were also used. The nickel foam is imported froran¥én Top New Energy Technology
Co., Ltd., China, graphite (from local market) aatbm sludge from Karbala water
treatment plant. A tintometer GmbH RD125 with SN18767, made in Germany by
Dortmund Lovibond company, which work at 50 Hz - 188, device as a COD reactor for
COD test was used.

Table 1
Dyes specification and chemical structure

Dye Wavelength Molecular V\{EIght Chemical structure
[nm] [g-mol™]
Eosin Y 516 691.85
MB 690 319.85
0
MV 580 407.99

Experimental setup

A 1.0 L glass reactor was used for each batch tumas filled with a 0.75 L of
simulated wastewater consisting of distilled watad a 75 mg/L concentration of mixed
dyes (25 mg/L for each Eosin, MB and MV dyes). Féggli shows the schematic drawing of
the electro-Fenton process. The glass reactor edwsith 10 mm thick Perspex plate with
two holes for fitting of electrodes. Nickel foama® (9 mm x 60 mm x 140 mm) was
utilised as cathode and graphite (2 mm x 60 mmG ) as anode, and with distance of
3 cm was fixed between them. The reaction mixtuas wontinuously mixed with 300 rpm
by magnetic stirrer (Stu art CD-162, Biocote). Befeach run the nickel foam washed with
0.1 M of H,SO, solution and deionised water to clean the suréddbe electrode from all
residual impurities and dried at 80 °C for sevdralrs in dryer [36]. The graphite was
thermally activated for 30 min at 350 °C [37].

To ensure the continued availability of oxygenhe teaction mixture, it aerated with
air continuously by pumped air in using a pump (HB&A, model ACO-208, China) at
a flow rate of 20 L/h. The aqueous solution wasiet for 20 minutes before switching the
DC supply. The best environment for the EF reactiothe acidity and for adjusting the
reaction mixture pH at 3, the solution of 0.1 M3, and NaOH was used [26]. To support
and improve the conductivity of the electrolyte tiNg,SO, added with different
concentrations [38]. The voltage was supplied by Pp@wer supply (MAISHENG
MS-605D), which is used to supply the current te BF system. The reaction required
a desired value of Eeto enhanced the oxidising ability ob®, [26], and that provided by
adding the catalyst (FeQQHO) to the mixture. All experiments were run at aembi
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temperature, and each run was duplicated, and geveralue was adopted. Alum sludge
was prepared by forming cylindrical particles withs cm in long and 0.3 cm in diameter
and then dried at 80 °C for 24 hours and then wattiat 300 °C for 30 minutes [34].
The UV-9200 spectrometer was used to determingybemixture concentrations, and the
removal efficiencyRe [%], was determined by equation [39, 40]:

CO - Cf
Co
whereGC, is initial concentration [mg/L] an@; of dyes.
The Chemical Oxygen Demand (COD) was measuredtaham conditions to detect
the removal of organic not only colour by Loviborector (tintometer GmbH RD125 with

SN 0214/5767, Germany). Equation (10) was utiligedobtain the specific energy
consumptionSEC [KWh/Kgayd [41].

Re = -100 9)

-U-1000
spc = 101090 (10)
Ac-v
whereJ is current density [mA/cfiy Acis concentration difference [mg/L}) is voltage
[V], and v is volume of the reaction solution [L].

ey Floemeter

DHgital thermometer
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Power supply Magnet Air pump

Fig. 1. The schematic diagram of electro-Fentorcgss

Design of experiment

The functional relationship between response aselt @f influencing variables can be
approximated using a set of statistical methodsvknas the Box-Behnken design (BBD).
This experimental design is often used to optinviagous processing operations. It can
also be used to study the combined effect of diffevariables on response, which in turn
improves multifactorial processes [42]. In thisdstuusing Box-Behnken experimental
Design (BBD), three factors at three levels thatitem the removal of dye mixtures from
the pollutant water were investigated. Table Zstlates these parameters and their range,
and Table 3 shows the design of the BBD of thigstiWhereX1, X2 andX3 were current
density, FeS®7H,0 and NaSQ, respectively, and the total removal efficiency evéne
response of this study. To analyse the result af dyixture removal efficiency the
Minitab-22 software was used.
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Table 2
The process variables and their levels for dyeumixremoval efficiency
Variables Units Sample Low (1) Middle (0) High (+1
Current density [mA/cA) X1 1.40 2.80 4.20
FeSQ:7H,0 [mM] X2 0.10 0.15 0.20
Na SO [M] X3 0.01 0.03 0.05
Table 3
BBD design for dye mixture removal efficiency
Coded values Real values
Run Current density FeSQ-7H,0O NaSO,
1 X X3 [mA/c?] [mM] M]

1 -1 0 +1 1.4 0.15 0.05
2 0 -1 +1 2.8 0.10 0.05
3 0 0 0 2.8 0.15 0.03
4 +1 -1 0 4.2 0.10 0.03
5 0 +1 +1 2.8 0.20 0.05
6 0 0 -1 2.8 0.20 0.01
7 0 0 0 2.8 0.15 0.03
8 0 -1 -1 2.8 0.10 0.01
9 -1 +1 0 1.4 0.20 0.03
10 +1 +1 0 4.2 0.20 0.03
11 0 0 0 2.8 0.15 0.03
12 -1 -1 0 14 0.10 0.03
13 -1 0 -1 1.4 0.15 0.01
14 +1 0 +1 4.2 0.15 0.05
15 +1 0 -1 4.2 0.15 0.01

Ni foam and alum sludge characterisation

The elemental composition of the Ni foam and allodge was determined using
Energy Dispersive X-ray Spectroscopy (EDX), andgtdace morphology of alum sludge
was observed with scanning electron microscopy (B@hdel Axia ChemiSEM).

Result and discussion
Static analysis

The Minitab-22 software was used to attain a qeaeguation (equation (11)) which
calculates the efficiency of dye mixture removad aslarifies the relationship between
Re and the parameters studied. Table 4 illustratesatiiualRe of dyes based on the BBD
and the predicteBe which was determined based on equation:

Re = 59.43 — 228.5 - [Fe?*] + 247 - [Na,S0,] + 14.61 -] + 889 - [Fe?*] - [Fe?*]
+8022 - [Na,S0,] - [Na,S0,] — 0.998 -] - ] — 681 - [Fe2*] (11)
- [Na,S0,] + 8.71 - [Fe?*] - J — 127.9 - [Na,S0,] - J

As shown in Table 4, thBe range was 66.00 % - 95.76 % which are represdnted
the runs (13) and (10) respectively, and 8EC range was from 1.00 kWh/kg to
8.52 kWh/kgye as shown by runs (1) and (15). When comparingehalt of two runs (13)
and (15), it appears that the effect of currentsdgron removal efficiency was vital. Dye
mixture removal efficiency increased from 66.00 8639.87 % when the current density
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increased from 1.4 mA/cmto 4.2 mA/cm with constant concentrations for both
FeSQ-7H,O and NaSQ, at 0.15 mM and 0.01 M, respectively. While the panson
between run (13) and (1) shows that fReincreased from 66.00 % to 85.30 % with
different 19.3 % inRe when the NgSO, concentration increased from 0.01 M to 0.05 M
with constant concentration of FeStH,O at 0.15 mM and current density at 1.4 mAicm
This illustrates that the N80, concentration had the second effluence on dyeungxt
removal efficiency in this work. In addition, tiie increased from 89.94 % to 95.76 % as
FeSQ-7H,O concentration increased from 0.1 mM to 0.2 mMhwat constant value of
current density at 4.2 mA/cérand NaSO, concentration at 0.03 M.

Table 4
Obtained actual and predicted removal efficiencthefdye mixture and the energy consumption optioeess
Run Current density | FeSQ-7H,0O | Na,SO, | Actual Predicted | Voltage SEC
[mA/cm?] [mM] M] Re [%] Re [%] \Y| [KWh/kg aye]
1 14 0.15 0.05 85.30 83.86 1.90 1.00
2 2.8 0.10 0.05 91.60 92.12 2.40 2.35
3 2.8 0.15 0.03 82.53 82.75 2.70 2.93
4 4.2 0.10 0.03 89.94 89.75 1.24 1.85
5 2.8 0.20 0.05 94.10 94.99 2.60 2.48
6 2.8 0.20 0.01 86.13 85.61 3.90 4.06
7 2.8 0.15 0.03 82.95 82.75 2.90 3.13
8 2.8 0.10 0.01 80.91 80.02 5.20 5.76
9 1.4 0.20 0.03 74.88 75.43 2.20 1.32
10 4.2 0.20 0.03 95.76 94.84 3.70 5.19
11 2.8 0.15 0.03 82.78 82.75 3.20 3.46
12 1.4 0.10 0.03 71.50 72.42 2.50 1.57
13 14 0.15 0.01 66.00 65.97 3.10 2.10
14 4.2 0.15 0.05 94.85 94.88 2.70 3.83
15 4.2 0.15 0.01 89.87 91.31 5.70 8.52

This result showed that all the studied factdisHg¢* conc., and N#&O, conc.) were
all effective in the process of dye removal. Bug tireatest effect of current density was
clear, as the removal efficiency is directly praporal to this factor, and the next factor
that influencesRe is the NaSQ, concentration. The result showed that the incngasi
electrolyte concentration leads to increasing enrdmoval efficiency in this study.

ANOVA analysis

Experimental conditions can be classified accordinthe factors number used in the
study, with two or more levels for each factorngsa general linear model used in factorial
designs generally, such as ANOVA analysis of vaaf43]. The importance of the
coefficient terms can be implied by estimating significance of the model and its
parameters, which can be done by the analyticahodetvith response surface mythology
by F (Fishers)-test an#-test. Generally high-value (> 4) and a lowr-value (< 0.05)
illustrate this importance [44, 45]. Based on thsuits of the response surface methodology
illustrated in Table 5, the current density witimt@6 62.16 denotes its main impact on dye
removal efficiency. The significance of D, concentration was 21.66 contr. % while the
FeSQ-7H,O concentration with contr. % 3.36 had a lower @ffen the dye mixture
removal efficiency compared with the other factwrshis study. Based oR-value result
for the model (0.000 < 0.050), highvalue (381.62 > 4), and high multiple correlation
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coefficient &) value for the model (99.19), the statistical igance of the regression can
be confirmed.

Table 5
ANOVA analysis for dye mixture removal
Source DF Seqgss| Contr.% Adj SS AdjMS | F-value | P-value
Model 9 1055.30 99.19 1055.30 117.25¢ 67.66 0.00D
Linear 3 927.64 87.19 927.64 309.212 178.42 0.000
FeSQ-7H,O 1 35.80 3.36 35.80 35.798 20.66 0.006
NaxSO, 1 230.45 21.66 230.45 230.448 132.97 0.000
J 1 661.39 62.16 661.39 661.388 381.62 0.000
Square 3 73.06 6.87 73.06 24.354 14.0% 0.007
FeSQ-7H,O -
FeSQ-7H,0 1 17.01 1.60 18.26 18.254 10.58 0.023
NaxSOrNaSOy 1 41.91 3.94 38.02 38.015 21.98 0.005
J-J 1 14.14 1.33 14.14 14.142 8.16 0.036
_ 2-way 3 54.61 5.13 54.61 18.203 10.5 0.013
interaction
FeSQ-7H,O -
NSO, 1 1.85 0.17 1.85 1.854 1.07 0.348
FeSQ-7H,O0-J 1 149 0.14 1.49 1.488 0.86 0.397
N&SQO; - J 1 51.27 4.82 51.27 51.266 29.58 0.003
Error 5 8.67 0.81 8.67 1.733 - -
Lack-of-fit 3 8.58 0.81 8.58 2.859 64.05 0.015
Pure error 2 0.09 0.01 0.09 0.045 - -
Total 14 1063.97 100.00 - - - -
2 f 2
Model S Ree] | @) Press R (pred)) ; ;
summary D] 0]
1.31647] 99.19 97.72 137.420 87.08 - -

Effect of studied factors on dyeRe

The interactions between operational factors onrdyeoval efficiency can be studied
more comprehensively by using two-dimensional platsl three-dimensional response
surfaces, as shown in Figure 2.

Figure 2 (al and b1l) illustrate the current densffgct at different concentrations of
Na,SQ, and fixed concentration of Feg®@H,O at 0.15 mM. The surface plot and 2D plot
show a direct relationship between the current itherad the removal efficiency, and
a noticeable increase Re can be noticed as the current density increaseishvindicates
the significant effect of the current on improvitige removal of pollutants. Whereas the
mA/cn? where the removal rate appears in the ninety penamge. And that agree with
[46] which showed that the rising in current den$itd to rising the removal efficiency of
methyl orange, thd range used in this work was from 3 mAfcm 8 mA/cnf, and the
Re range was from 54.86 % to 97.60 %, and also agrites[47]. The direct correlation
between current and removal can be explained byaittethat increasing the current leads
to an acceleration of electron movement, meaninginenease in hydrogen peroxide
production and consequently an increase in hydrmadikcal generation, thus improving the
oxidation process of pollutants in water. This tesun an increase in the removal
efficiency [36].

Figure 2 (a2 and b2) show the effect of the3@ concentration factor on removal
efficiency with different concentrations of FeStH,0 and a fixed current density value at
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2.8 mA/crd, as the increase in electrolyte concentratioririsctly proportional to thdRe.

It is noted that with the increase in J$&, concentration, there is an increase in the
removal rate, and that consistent with [48] whiotirfd that the dimethyl phthalate removal
rate is good at a 0.05 M of electrolyte concerdrgtias this enhances the electrical
conductivity of the system.
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Fig. 2. al) 3D plot, bl) 2D plot for dye mixtufRe at FeSQ@ 7H,O = 0.15 mM, and different
concentrations of N8O, and current density, a2) 3D plot, b2) 2D plot ftye mixtureRe at
current density = 2.8 mA/cinand different concentrations of )0, and FeSQ7H0, and
a3) 3D plot, b3) 2D plot for dye mixtuiRe atJ = 2.8 mA/cm, and different concentrations of
FeSQ: 7H0 and NaSO,

Figure 2 (a3 and b3) clarify the FeSTH,O concentration with different
concentrations of electrolyte and fixed values wfent density at 2.8 mA/cmThe figure
shows the slight effect of changing the concerdratif the catalyst (FeSGH,O) on the
removal rate compared to the previous two factaes, current density and MNaO,
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concentration. As mentioned previously in the asialpf the results, it can be said that the
concentration of the catalyst does not have a obffact on improving the removal
efficiency in this work.

Adding NgSQ, improves the conductivity of the system, meantrigdreases the flow
rate of electrons through the cell. This, of courssults in increased oxygen release at the
anode, and consequently, an increased rate of ¢gdrgeroxide production, which
enhances the Fenton reaction as the hydroxyl ragicaluction is increased. But, with
excess concentration of #eHydrogen peroxide reacts with ¥¢o form hydroperoxide
radicals (OH), which is a weaker oxidising agent th&@H, as mentioned in equation 7.
This means consuming hydrogen peroxide insteadaddting to produce ®H, thus decay
the Fenton reaction and as a result reducindré{d9]. Therefore, the higher concentration
of F€*, i.e. 0.2 mM, used in this procedure was apprégriar the process and within
limits that ensured the process progressed toveatifactory removal.

The optimisation and confirmation test

The optimal removal values of operating factors, J, FeSQ-7H,O and NaSQy,
according to the analysis predicted by the Min2&bsoftware and according to the BBD
design, are shown in Table 6. The obtained remoesiliit was within the program’s
predicted limits, as shown in Table 7. The resolitained prove that the program used in
MiniTab-22 was a statistical mand model-based fesighing this process. At these
optimum conditions, COD was measured at the beginand after experiment, and these
values were 19 mg/L and 0 mg/L, respectively. THe€®D values indicate that there was
a decrease in organic content not only in colour.

Table 6
Optimal system variable performance for maximum mahjeture removal
Response Goal Lower Target Upper Weight Importance
Dye
mixture maximum 66.00 % 95.76 % 1 1
Re
Parameter solution Multiple response prediction
J FeSQ-7H,0 NaSQ, ) Composite
[mA/cn?] [mM] M] Refit. [%] | 95%Cl | 95%PI | joqipility
4.2 0.2 0.05 99.15 95.15 93.91 1
Table 7
Confirmation experiments of dye mixture removal
J FeSCy7H0 | Na,SO, u SEC o Average
RUN | marem? | [mi] [M] M| [Wikged | FEM Re [%]
1 4.20 0.20 0.05 3.70 5.35 93.00 94.05
2 4.20 0.20 0.05 3.90 5.51 95.10 )

Alum sludge effect

To demonstrate the effect of alum sludge, the empmt, which showed the lowest
Re, i.e. run (13) with 66.00 %, was repeated withabdition of alum sludge in the solution
with different concentrations, 5 g/L, 10 g/L, 15 @hd 20 g/L as illustrated in Figure 3a.

The addition of calcined alum sludge at 300 °C lteduin a significant change and
improvement in the removal efficiency of the dyextre, with 78.8 % removal when
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adding only 5 g/L of alum sludge and 98.16 % rerhowlzen adding 20 g of alum sludge

per litre of the dye mixture, as shown in Tabld Bis can be attributed to the alum sludge
acting as a third electrode in the EF process dutie current flow, as it contains different
metals and oxides in its composition, which will bentioned next, according to EDX

tests.
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Fig. 3. a) Removal efficiency in presence of défdr concentrations of alum sludge, Regmoval
efficiency in presence of 0 g/L, 20 g/L of alumdie and 20 g/L alum sludge with 0 mM of
FeSQ-7H,O

In addition to the adsorption capacity of alum geid34], it contains iron(ll) oxide,
which is considered the main catalyst for the Fenteaction, which greatly helped to
improve removal efficiency. Therefore, the reactiamas tested without adding
FeSQ:7H,O, with a concentration of 20 g/L of alum sludgs, i showed the highest



92 Huda Jaber and Rasha Salman

removal result under the worst operating conditiohthe process run (13). The results, as
shown in Figure 3b, showed that tRe was 85.05 %, i.e. a difference of 11.95 % from the
experiment in which FeS&IH,O was added as a catalyst. The difference in th®val
percentage was 19.05 % compared to the run (13¢hvit considered a not insignificant
difference in removal efficiency, and this indicatdat the amount of Fepresent in the
clay was sufficient. Therefore, it is possible tmsider alum sludge a sufficient source of
catalyst, i.e. F&, for this process [48, 49], and Figure 4a illustsethe EDX of alum sludge
which emphasise the presence of Fe in its structwtéle Figure 4b shows the high
porosity of its surface.

Table 8
Repeated run (13) at= 1.4 mA/cn?, FeSQ 7H,0 = 0.15 mM, and N&O, = 0.01 M
Alum sludge [g/L] Re [%] U [V] SEC [KWh/Kg gye] Diff. in Re [%]
5 78.80 3.3 1.88 12.80
10 80.70 3.2 1.78 14.67
15 83.88 2.9 1.55 17.85
20 98.16 2.9 1.32 32.13

a) b)

Fig. 4. a) EDX of alum sludge, b) SEM of alum sladg

Ni foam characterisation and leaching

Figure 5a shows the EDX of the Ni electrode, arelriphasises that the electrode has
high purity. Increasing the efficiency of Fentomgent production depends largely on the
surface area available for the reaction, whichravided by the Ni electrode surface with
a high surface area. By improving the conductieityl specific surface area of the cathode,
the removal of dye contaminants is improved by éasing the production of hydroxyl
radicals. Figure 5b shows the EDX of Ni foam whishdisplaying and determining the
elemental composition of the Ni foam after the timac which indicates the presence of
carbon and oxygen in the structure of the electradd this improve that the C and O are
presented in aqueous solution as a result of mactand C is released from anode and
these elements precipitated on the surface of &lnfevhich decreased its percentage and
this was approved by measuring the Ni ion concéatran solution which was lower than
1 mg/L. The highest permissible concentration of iNireleased industrial waste and
drinking water is 2 mg/L and 0.1 mg/L, respectivelgccording to World Health
Organisation (WHO) guidelines [50]. Therefore sitai vital issue to detect its concentration
in the treated solution and based on the resultth®fpresent study it was within the
limitations of WHO. Consequently, the studied sgstean be operated to obtain a good
percentage of dye removal efficiency with an acallet concentration of Ni ions [50].
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B

Fig. 5. a) EDX of Ni foam before using as a cathod&f process, b) EDX of Ni foam after using as
cathode in EF process

Conclusion

Three levels of Box-Behnken design were used tegdeand optimise the removal of
a mixture of dyes (Eosin, MB and MV) with three iadtes, current density, Fe$®H,O
and NaSQ,. Ni foam and graphite were used as the cathodeaande respectively. Ni
foam provides high surface area due to its strectwhich enhances the removal efficiency
for dyes. The P and F-values were used to confiervalidity of the model which showed
the significant overall acceptability model. Thetiopum condition, with is 95.76% and
100% removal efficiency and COD removal, respetfiveas acquired at 4.2 mA/cof J,
0.2 mM of FeSQ7H,0 and 0.05 M of N&O, concentrations. The current density has the
main effect on the efficiency of the process based®NOVA result and the Ni foam was
efficient as a cathode. Given the effectivenesalwfn sludge in improving removal under
the worst conditions and providing a sufficient iy of catalyst for the Fenton reaction,
it can be considered a promising method for wastewaanagement. This undoubtedly
achieves integration between various industriatesses on the one hand and reduces the
cost of treating polluted water on the other, siatigm sludge is a waste and does not
require a specific manufacturing cost. Furthermar@ysidering the high treatment or
pollutant removal rates achieved by the electrotéeprocess at acceptable costs, does not
require high current amounts, which results in gpeonservation in the long orbit, along
with its ease of operation and safety in handliraemals, this process can be considered
promising for practical application in water treamh plants.
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