Journal of Water Process Engineering 42 (2021) 102057

FI. SEVIER

Contents lists available at ScienceDirect
Journal of Water Process Engineering

journal homepage: www.elsevier.com/locate/jwpe

JOURNAL OF
WATER PROCESS
ENGINEERING

Check for

Electrocoagulation of a chocolate industry wastewater in a Downflow e

column electrochemical reactor

V.M. Garcia-Orozco ?, G. Roa-Morales ***, Ivonne Linares-Hernandez b, I.J. Serrano-Jimenes *, M.

A. Salgado-Catarino °, R. Natividad **

2 Centro Conjunto de Investigaciéon en Quimica Sustentable UAEM-UNAM, Universidad Auténoma del Estado de México, Carretera Toluca-Atlacomulco, Km 14.5,

Campus San Cayetano, Toluca, MEX, 50200, Mexico

Y Instituto Interamericano de Tecnologia y Ciencias de Agua (IITCA), Universidad Auténoma del Estado de México, Km.14.5, carretera Toluca-Atlacomulco, Toluca,

Estado de México, C.P 50200, Mexico

ARTICLE INFO ABSTRACT

Keywords:

Hydrogen production
Aluminium electrodes
Food industry
Electrochemical reactors
Electrocoagulators

Electrocoagulation is a process that consists in the production of coagulant species by the dissolution of a
sacrificial anode. This work presents by the first time the performance of a Downflow Column Electrochemical
Reactor (DCER) to conduct an electrocoagulation process to remove organic and inorganic matter from waste-
water (6 L) of a chocolate industry. A deep flow battery connected to a solar panel was used to energize the
aluminium electrodes. The studied variables were electrical current (I: 1.58 A and 3.16 A) and liquid volumetric
flowrate (Qg: 0.032 L/s and 0.060 L/s). The response variables were COD and color removal (%). It was
concluded that during the first 5 min, the interaction of both variables exerts the most significant effect on COD
removal, while for the rest of the treatment the effect of I is more statistically significant than Q;. Regarding
color, an 80 % was removed during the first 5 min of treatment. It was also concluded that I = 3.16 A and Q; =
0.06 L/s were the conditions to reach the maximum COD and color removal, 63 and 97 %, respectively. In
addition, the hydrogen production was theoretically estimated to be 0.26 L after 20 min of treatment. A cost
analysis was conducted by taking into account the sludge management, electrode consumption, electricity
consumption by electrodes and pump. The calculated cost was 4.01 USD/m>. A second order adsorption model

was found to provide an excellent fitting of the experimental COD and color data.

1. Introduction

World population is constantly growing, and this implies an
increased consumption of services, medicines, chemical products,
clothes, food and commodities. The environmental impact of these in-
dustries is undeniable, and the chocolate industry is not the exception. In
order to satisfy the worldwide demand, chocolate is produced in large
quantities every year [1,2]. The chocolate industry generates different
kind of waste like volatile compounds (di and tri terpenes), flavonoids,
polyphenols, pyrroles, methylxanthines, aldehydes, phospholipids mix-
tures, ketones, liquid cocoa, butter triglycerides, aliphatic alcohols,
glycolipids, furans, sterols and saturated fats [3,4]. Therefore, the
chocolate industry wastewater must be treated before being discharged
and to do so, biological treatments have been preferred. This type of
treatments, however, are lengthy and require a fine control of opera-
tional variables for the microorganisms to survive [5]. This has
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motivated the assessment of alternative treatments like the electro-
chemical ones.

Among electrochemical methods, Electrocoagulation (EC) allows to
treat water with organic matter and suspended solids. EC combines
flotation, coagulation and oxidation or reduction of pollutant com-
pounds [6]. In EC, an anode and a cathode are necessary to carry out the
treatment. The anode works as a sacrificial electrode and by in-situ
electro-dissolution, provides the system with the coagulating agent. This
anode can be made of aluminium, copper, magnesium, iron, zinc and
stainless steel [7-9] and in contact with the wastewater leads to hy-
drolysis products (hydroxo-metal species) that are effective in the
destabilization of pollutants. Concomitantly, the reduction of water in
the cathode produces hydrogen gas bubbles and hydroxide ions. This
increases pH in the bulk solution and produces sludge at the water
surface and this facilitates its removal.

When Al electrodes are used, the following reactions are expected to
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proceed [10],

Anode,

Al —ALL +3e” @
Cathode,

2H,0) + 2" —Hy) + 20H @)

In aqueous medium the following reactions might take place (Egs.
3-4) [11-13],

APt 4 3(0H)” —AI(OH), 3)

nAl(OH),—AlL,(OH),, (€3]

Different pollutants that have been successfully removed by EC are
dyes, suspended solids, heavy metals, fluorides, hardness, arsenic,
phosphates and pesticides [14-19]. This process is typically conducted
in batch electrochemical cells with continuous stirring. At industrial
scale, however, this might lead to mass transfer limitations thus
reducing pollutants removal effectiveness. In addition, the electricity
consumption sometimes limits the application of EC. This work aimed to
assess a rather novel technology in the field of electrochemistry, a
Downflow Column Electrochemical Reactor (DCER). This in an ejector
type reactor that was originally conceived as gas absorber. Later on, it
evolved as three-phase reactor [20]. This is the first work where such a
technology is applied to conduct an electrocoagulation process.
Aluminium electrodes were used and an effluent from the chocolate
industry was treated. Thus, the effectiveness of the process was estab-
lished. It is also worth pointing out that the electrodes were energized by
a deep flow battery connected to a solar panel in order to reduce the cost
by electricity consumption.

2. Materials and methods
2.1. Wastewater samples

The wastewater is typically transported from a chocolate industry to
a treatment plant. The sampling was conducted right before entering the
treatment plant. The wastewater was collected in 20 L plastic containers
and kept at 4 °C until treatment. However, the characterization was
conducted within 24 h of collection.
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2.2. Electrocoagulation treatment

DCER consists of a downward parallel flow column, that is shaped
like a cylinder (100 cm of height and 5 cm of diameter) with a capacity
of 2 L. The system is depicted in Fig. 1. It can be observed that the liquid
phase is fed at the top of the column and recirculated through the whole
system during the total treatment time. This technology exploits an
orifice at the top of the column to produce a Venturi effect that promotes
mass transfer. The breaking vessel is a 5 L stainless steel reservoir with
the following dimensions (20 x 102 m in diameter and 15.9 x 102 min
height). There is a stainless-steel coil heat exchanger placed inside this
reservoir. By means of this coil, the temperature is kept constant since
the pump transfers thermal energy to the solution. The aluminium
electrodes (one pair of plates for the anode and one pair for the cathode)
were placed inside the column. Between each pair of aluminium plates
there was a 0.5 cm gap and between the anode and cathode the sepa-
ration distance was 1 x 1072 m, the aluminium plates dimensions were
92.5 x 102 m in length, 0.318 x 10~2 m of thickness and a width of 2.4
x 1072 m. The total volume occupied by the electrodes was 0.282 L and
therefore the total free volume inside the column was 1.682 L. Never-
theless, at all experiments a total volume of 6 L was used and the studied
liquid volumetric flowrates were 0.032 and 0.06 L/s. The samples (20 x
10" L) were taken at the point indicated in Fig. 1. The energy was
supplied by a deep flow battery charged by a solar panel, connected to a
charge controller. This arrangement allowed to have a constant elec-
trical current during the whole treatment despite using solar energy. The
electrical current supplied was 1.58 and 3.16 A. The initial conductivity
of the sample (785.8 pS/cm) was not enough to achieve the aforemen-
tioned electrical current values. Thus, sodium sulfate (1 M) was added in
order to increase the conductivity up to 1680 uS/cm. The working pH
was 6.4 (initial pH of the wastewater sample). At all experiments, the
treatment time was 1 h and were carried out by duplicate.

2.3. Methods of analysis

The wastewater sample characterization was carried out according
to APHA [21]. In this context, turbidity, pH, color, total and faecal co-
liforms, chemical oxygen demand (COD), biochemical oxygen demand
(BODs), electrical conductivity, sulphates, nitrites, nitrates, ammoniacal
nitrogen, phosphates, fluorides, chlorides, Fe, Cu, Na, K, Mg, Al and Ca
were determined.

s Cooling water
i Remrculatlon
1
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Fig. 1. Experimental set up used for the electrocoagulation treatment. 1) Downflow Column Electrochemical Reactor (DCER), 2) Current control, 3) Solar charge

controller, 4) Battery, 5) Solar Panel and 6) Breaking vessel.
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For turbidity, a 20 mL sample was analysed in a HF Scientific®
Microl00 Laboratory Turbidimeter. The pH was monitored with a pH
meter HANNA HI98190 and the electrical conductivity with an ion450
Radiometer.

Regarding color, the samples (10 mL) were not filtered before this
analysis. Thus, the reported results correspond to the apparent colour.
This parameter was measured in a HACH DRsqg9. Spectrometer, at 455
nm according to the Pt-Co color method.

For the analysis of fluorides, 0.5 mL of TISAB II solution were added
to 5 mL of sample and the concentration of F~ was determined by a
selective electrode with a HANNA HI83308 instruments potentiometer.

Nitrites and ammoniacal nitrogen were determined by the HACH
method using the reagents TNT 835 and TNT 83, respectively.

The metals concentration (Fe, Cu, Na, K, Mg, Al and Ca) was deter-
mined by atomic absorption with a SpectrAA 240 FS spectrophotometer.

The following analyses were performed using Mexican standards:
total and faecal coliforms (NMX-AA-42—1987), chemical oxygen de-
mand (COD) (NMX-AA-030/2-SCFI-2011) in a HACH DRspo9 Spec-
trometer, biochemical oxygen demand (BODs) (NMX-AA-028-SCFI-
2001) in a HANNA HI 2400 instrument, phosphates (NMX-AA-029-SCFI-
2001) was analysed by a colorimetric method, chlorides (NMX-AA-073-
SCFI-2001) was analysed by a colorimetric titrometric method, nitrates
(NMX-AA-079-SCFI-2001) and sulphates (NMX-AA-074-SCFI-2014), by
using a lambda 25 UV-vis Perkin Elmer Spectrometer.

The sludge was quantified by determination of settleable solids in
raw and treated wastewater in mL/L according to the mexican standard
NMX-AA-004-SCFI-2000 [22]. Once the sample was filtered, the sludge
was dried for 24 h at 105 °C and then weighed.

2.4. Gas production

In order to determine the volume of produced gas, the shutting-down
method was applied. This consists in simultaneously closing down the
inlet and the exit valve of the DCER and switching off the pump. By this
means the gas dispersion (bubbles) collapses and a gas volume is
observed on top of the liquid phase. Since the column was made of
transparent glass, this allowed to measure the volume occupied by the
produced gas.

The plausible composition of the produced gas was established by
considering the stoichiometry of the reactions where the expected gases
(Hy, Og, N3 and Cly) are being produced and also consumed. This
analysis and its results are presented in section 3.3.

2.5. Species formation and quantification

In order to establish the conditions (pH interval) at which the Al
(OH)3 is predominant given a specific AI(III) concentration and the ionic
strength, a speciation diagram was generated via MEDUSA program
[23]. The speciation diagram was generated at 3.16 A and at 30 min of
treatment.

The ionic strength was calculated by using the ions concentration
according to Eq. 5 [24],

I=(1/2)) 7c; @)

Here, [ is ionic strength, c; is concentration (mol/L), 2; is the ionic charge
and the summation was carried out for all ionic species present in the
medium ((Fe?*, cu?t, Nat, Kt, Mg?*, AI®* and Ca®").

The amount of material released from the anode to the solution was
calculated by Faraday’s law (Eq. 6) [25],

ECoieciroqe (kg /m*) = I-t-MA/ (- -F-v * 1000) (6)
Where F is the Faraday’s constant (96,485 C/mol), I is electrical current

(A), tis time (s), v is volume (mg), n.- is equal to the number of electrons
and MA is Al atomic mass (g/mol).
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The Faradaic efficiency was calculated under the best treatment
conditions by means of Eq. 7 [26],

FE(%) = OC/TC @)

Where OC (observed coagulant) is the experimentally determined mass of
coagulant (kg/m3) and TC (Theoretical coagulant) is the amount of
coagulant released ECEiectrodo (kg/m3) calculated by Eq. 6.

The resulting ionic strength was 0.042 M and the AI(III) concentra-
tion was 3.28 mM. These values were used to generate the speciation
diagram with the purpose of ensuring that the flocs (AI(OH)3), respon-
sible for the organic and inorganic matter removal, are being electro-
generated at the treatment pH.

2.6. Cost analysis

According to literature [27-32], the cost of the EC treatment is the
sum of the energy cost and electrode wear. In this work, the energy
consumption of the pump and the cost generated by the sludge man-
agement were added as shown in Eq. 8 [33],

Operation Cost = aECE[eclmde energy + bECPump energy + CECEIeclmde + dEC.shAdge
(®

where EC glectrode 1S €xpressed as kg Al lost/m3, EC sjudge in kg/m3, EC
Electrode energy @0d EC pump energy as kWh/ m’, a equal to b (0.04 USD/
kWh) [34], ¢ (2.008 USD /kg Al lost) and d is the cost of sludge
confinement in Mexico (0.035 USD/kg) [33].

To establish the cost of the energy consumed by the pump (1.119
kW) and electrodes during the treatment, Eq. 9 was used [35],

ECEIcclrode energy OF ECPump unergy(kWh/mS) = (I'U'tl )/(V * 1000) (9)

Where U is voltage in V, t; is time (h), I (electrical current in A) and v
(volume in m3). In Mexico, the energy cost is $ 0.956 (MXN currency)
per kWh [36], the exchange rate for MXN to USD was considered as 1
USD = 22.68 MXN.

3. Results and discussion
3.1. Physicochemical characterization of industrial wastewater

The physicochemical characteristics of the chocolate industry
wastewater before EC treatment are summarized in Table 1. The initial
sample pH was 6.4 and was not adjusted at any time. All the experiments
were carried out at this initial value. The chocolate industry sample
showed a high organic content, COD (1732 mg/L) and BODs (1399.8
mg/L), the biodegradability index (BOD5/COD) was 0.8, so the waste-
water sample was easily biodegradable. In addition, apparent color
(1560 Pt-Co Units) and turbidity (512.4 NTU) were ascribed to a high
content of colloidal matter, so this type of water is suitable to be treated
by EC. The sample also had microbiological matter, faecal and total
coliforms (1.4 x 10% and 1.7 x 10° MPN). This is because a fraction of
the wastewater comes from the toilets. This also explains the presence of
nitrogen in the form of nitrites and nitrates [37]. The inorganic matter
was also quantified (711.4 mg/L SO?C). This amount is the available for
precipitation with the electrogenerated coagulant. The determined
phosphates concentration (26.9 mg/L) is low in the context of chocolate
industry wastewater. It is worth noticing that the removal of phospho-
rous and nitrogen is important to reduce excessive growth of algae and
the oxygen depletion of the water body at the time of being discharged.
Fluorides (0.3 mg/L) and chlorides (169.7 mg/L) were also detected.
Chlorides might oxidize at the anode and indirectly promote the
oxidation of organic matter by producing chlorine gas or hypochlorite in
aqueous solution.

The physicochemical characterization and the determination of an-
ions and cations were of great importance to calculate the ionic strength
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Table 1
Physicochemical Characteristics of wastewater before and after EC treatment.
Parameter Units Before After EC Removal
EC (%)
pH - 6.4 7.4 -
Turbidity NTU 512.4 37.8 92.6
Color Pt-Co 1560 48.5 96.9
Total coliforms MPN/100 m 1.7 x <200 -
L 10°
Fecal coliforms MPN/100 m 1.4 x <200 -
L 10°
COD mg/L 1732 640.5 63
BODsg mg/L 1399.8 329.6 76.5
Conductivity uS/cm 1680 1495 11
Sulfates SO7 mg/L 711.4 519.8 26.9
Nitrites N-NO; mg/ 0.9 0.4 55.6
L
Nitrates N-NO3 mg/ 1.4 1.1 21.4
L
Ammoniacal N- NH3 mg/ 10 18 -
nitrogen L
Phosphate PO; mg/L  26.9 15.9 40.9
Fluoride F" mg/L 0.3 0.04 86.7
Chlorides Cl™ mg/L 169.7 117.2 30.9
Fe mg/L 1.4 0.6 57.1
Cu mg/L 0.6 0.5 16.7
Na mg/L 251.2 185.4 26.2
K mg/L 10.4 8 23.1
Mg mg/L 14.65 5.1 65.2
Al mg/L 1.6 99.5 (14.09" at -
pH=19)
Ca mg/L 30.3 16.7 44.9

2 After precipitation.

(0.042 M) and to generate the speciation diagram (figure S1). According
to this diagram, at pH = 6.4, AI(OH)3 is produced. This occurs by means
of reaction 3, and this resulted in a pH increase.

There are in Mexico two standards that regulate the pollutants con-
centration in waters to be discharged either in rivers and lakes (NOM-
001-SEMARNAT-1996 [38]) or in the municipal sewage (NOM-002--
SEMARNAT-1996 [39]). According to these standards, the daily
discharge of BODs and Cu should not be higher than 150 and 15 mg/L,
respectively. From the contaminants found in the chocolate industry
wastewater (Table 1), only these two are regulated.

Table 1 also summarizes the results of the physicochemical charac-
terization of the wastewater after 30 min of treatment under I = 3.16 A
and Q;, = 0.06 L/s. As shown in section 3.2, these were the experimental
conditions at which the maximum COD and Color removal were ach-
ieved in the shortest time. As can be seen in Table 1, the pH at the end of
the treatment increased to 7.4 and this was ascribed to the produced
aluminum hydroxides. Organic parameters as COD decreased from 1732
to 640.5 mg/L, achieving a removal efficiency of 63 %. BOD was
reduced from 1399.8-329.6 mg/L (76.5 %). Thus, the biodegradability
index also decreased to 0.5, which is consistent with less biodegradable
matter after applying the EC treatment. Turbidity and color were suc-
cessfully removed, 92.6 % and 96.9 %, respectively. This can be ascribed
to the suspended colloids being eliminated by their adsorption in the
flocs. Microbiological parameters were decreased considerably. After EC
treatment, faecal and total coliforms <200 MPN /100 mL were detected.
Inorganic anions, like sulphates, were removed (26.9 %) probably as
aluminium sulfate. According to speciation diagrams the optimum
precipitation of sulphates is pH 2-4, so the initial sample pH (6.4) did
not favor this mechanism. Phosphates were also diminished (40.9 %).
Nevertheless, this removal percentage was not as high as expected and
this could be ascribed to two reasons, the first one is related to the sol-
uble chemical form at pH 6.4, as di-hydrogen and hydrogen phosphate
(Hy,PO3 and HPOY). According to the speciation diagram, phosphates
can precipitate at pH 12. The second reason of low removal could be
associated to a relative low concentration of aluminum hydroxide, that
although efficiently removes COD and color, was not enough to act as a
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chelating agent for phosphates and other anions.

On the other hand, an increase of ammoniacal nitrogen from 10 mg/
L to 18 mg/L was observed. This could be associated to the oxidation of
organic nitrogen, due to the formation of chlorine gas by the anodic
oxidation of chloride ions, according to Eq. 10,

2CI"—Cly +2e” (10)
ClO™ might be produced by Eq. 11,
H,0 + CL—2CIO™ +2H" 1D

These species are also responsible for the disinfection process.

Nitrates were reduced from 1.4 to 1.1 mg/L (21.4 %) and nitrites
from 0.9 to 0.4 mg/L (55.4 %). This could be ascribed to the following
electrochemical reactions [40],

NO; + H,0 +2¢ —NO, +20H" 12)
NO; +3H,0 +5¢~—1/2N, + 60H 13)
NO; + 6H,0 + 8¢”—NH; +90H "~ a4
NO; +2H,0 +3e”—1/2N, + 40H™ (15)
NO; +5H,0 + 6¢”—NH; + T0H~ 16)
NO, +4H,0 +4e¢” >NH,0H + 50H" a7
NO; +2H,0—NH; + 20, + OH~ (18)

According to these reactions, nitrite ions act as intermediate products
and further react with water to generate nitrogen gas, ammonia and
hydroxylamine (NH,OH). Reduction of nitrate to nitrogen gas is the
desired process but ammonia is usually formed, and this might be the
main reason for the ammoniacal nitrogen to increase after the EC
treatment (see Table 1).

Although Mexican Standards (NOM-001-SEMARNAT-1996 and
NOM-002-SEMARNAT-1996) [38,39] do not regulate the Al concen-
tration, this was calculated with Faraday’s law. The measured concen-
tration in a sample without pH adjustment (to avoid solids precipitation)
was 99.5 x 1073 kg/m3. The difference between the theoretical (88.35 x
10% kg/m®) and measured Al concentration could be associated to the
super faradaic efficiency [41] which was calculated to be 112.6 % by
means of Eq. 7.

3.2. Effect of electrical current and volumetric flowrate

Fig. 2 shows there is an important effect of I on both, COD and colour
removal. According to Fig. 2, the liquid volumetric flowrate also exerts
an important effect on COD removal but not on colour. This effect is
more pronounced in the first minutes of treatment and will be further
discussed later in this section. The effect of electrical current was ex-
pected because enhances anodic dissolution and therefore the amount of
Al released into solution. Actually, the results in Fig. 2 suggest this step,
the released of the Al into solution, as limiting of the process.

When changing liquid volumetric flowrate what is actually changing
is the contact time and the space velocity within the column where the
electrodes are placed. In this work, this contact time (t) refers to the time
that the liquid volume where the electrodes are placed (1.68 L) spends in
contact with the electrodes and it can also be defined as the time per pass
per the electrochemical section. It is worth to remember that in this
section the following steps are occurring: i) the electrochemical gener-
ation of A’ (reaction 1), ii) the transport of such ions to the bulk so-
lution, iii) formation of coagulating species (reactions 3-4) and iv)
bonding of certain pollutants to the coagulating species. It is also worth
clarifying that steps iii and iv might proceed also in the rest of the system,
i.e. piping, pump and breaking vessel. Thus, contact time is the available
time for step i and ii to proceed per pass and not per treatment. The
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Fig. 2. Effect of electrical current and treatment time on normalized Chemical
Oxygen Demand (COD) a) 1.58 A and b) 3.16 A, at Q; 0.06 L/s and 0.032 L/s
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latter, treatment time, is the total time that the liquid was recirculated
through the whole system until the energy source was off. This treat-
ment time was 1 h for all experiments.

Two liquid volumetric flowrates were tested, 0.032 L/s and 0.06 L/s.
The corresponding contact times were 53 and 28 s, respectively. If this
time is used in the Faraday Law, the amount of AlI** per pass can be
calculated. Table 2 summarizes these values also as a function of applied
electrical current.

Also, it can be observed in Table 2 the effect of liquid volumetric
flowrate and I on the initial COD removal rate. It can be observed that
there is not an effect on initial COD removal rate of applied electrical
current at low volumetric flowrates. Since the generated AI** per pass
increases when the applied electrical current increases, then the
observed increase in initial COD removal rate when the volumetric
flowrate and the applied current increase, can be ascribed to an
improvement in step i and in mass transport, so the other two steps are
also enhanced. The mass transport would be enhanced due to the in-

crease in velocity and therefore in turbulence. When only Q; is increased
and I is kept at its lowest value, -rcop,, decreases despite the higher
turbulence associated to the increase in velocity. This can be ascribed to

Table 2
Theoretical amount of generated AI**

as a function of contact time and electrical
applied current.

Volumetric Velocity ~ Contact Electrical Theoretical Initial
flowrate time current amount of removal
Aluminium rate, -rcop,

o (mg/
L-min)

(L/s) (m/s) () (A) (mg/pass)

0.06 0.036 28.03 1.58 4.13 67.2

0.06 0.036 28.03 3.16 8.26 175.9

0.032 0.019 52.56 1.58 7.74 136.4

0.032 0.019 52.56 3.16 15.48 133.8
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the lower amount of AlI>* generated per pass (see Table 2).

Fig. 3 shows the effect of both variables, electrical current and liquid
volumetric flowrate, on pH profiles. It can be observed that at all ex-
periments, pH increases when treatment time increases. The liquid
volumetric flowrate affects the increase on pH only at low electrical
currents while its effect is practically negligible at the highest applied
electrical current. The observed increase in pH is due to the generation
of hydroxide ions in the medium [42].

In order to establish the statistical significance of each studied var-
iable, a two-factor (Qr and I) ANOVA with two replicas was conducted.
The response variables were color and COD removal. Table 3 summa-
rizes the results of the aforementioned statistical analysis within a 95 %
level of confidence (P = 0.05). The relative value of F (variances ratio)
was the criterion to decide whether or not the effect of a variable was
statistically significant. If F.q>F; then the effect was considered sig-

nificant [43]. Hence, from the results shown in Table 3, it can be
concluded that regarding color the effect of I is more significant than Q;,
effect. This is truth only after 5 min of treatment. In the first 5 min none
of the studied variables appear to be more significant than the other.

Regarding COD removal, the results in Table 3 indicate that the
statistical significance of each variable changes with time. Interestingly
enough, in the first 5 min of treatment, the factor that exerts the most
significant effect is the interaction of both variables, Q; and I. After 5
min, however, the variable with the most significant effect is only I. This
confirms that what limits the process in the first 5 min of treatment is the
concentration of AI** into solution, which is dictated by steps i and ii. A
higher Q; not only improves mass transfer by increasing turbulence but
also contributes to homogenize the AI** concentration in a shorter time
than at a lower Q. After 5 min the factor with the most significant effect
is I. This suggests a merely chemical step becoming the controlling one
after five minutes. This can be either step iii or iv. Step iii might be
discarded since pH in the first 15 min only varies between 6.4 and 7 and
therefore only Al(OH)s is expected according to the speciation diagram.
Step iv, however, not only depends on the concentration of the coagu-

lating species but on the chemical affinity between these species and the
ones remained in solution. After 5 min, a change in slope is evident in
Fig. 2. This indicates that the compounds with chemical affinity with the
coagulant species are being depleted. Therefore, it can be concluded that
after 5 min step iv becomes the controlling step because the concen-

tration of the species to chemically bound to the coagulant has
decreased.

3.3. Cost analysis

In this work, the electrode consumption was 88.35 x 1078 kg Allost/
m>, the electrode energy consumption was 2.54 kWh/m?>, the pump
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Fig. 3. Effect of electrical current and volumetric flowrate on pH. Electrical
current = 1.58 A (0.06 L/s ® and 0.032 L/s @) and electrical current = 3.16 A
(0.06 L/s a and 0.032 L/s ¢).
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Table 3
Statistical significance (P = 0.05) of the effect of liquid flowrate and electrical
current on Color and COD removal.

Fcal Fcn‘t
tireatment (MMiN) Factor
Color COD Color COD
I 0.19 16.83
5 QL 1.52 1.09
I and Qy interaction 0.15 18.52
1 83.17 13.66
10 Q 4.32 0.21 7.7
I and Q, interaction 0.12 4.31
1 480.3 14.76
15 QL 1.4 1.22
I and Q,, interaction 8.4 6.35

energy consumption was 93.25 kWh/m? and the sludge production was
equal to 119.2 x 103 kg/m3 (69 mL/L). The cost of this treatment was
4.01 USD/m®. This cost was calculated taking into account the energy
consumed by the pump, the generated sludge and the electrodes wear.

The energy consumption and electrode wear calculated in this work
were lower than those reported in other works, albeit to treat other type
of wastewater: slaughterhouse wastewater (4.19 + 0.12 kW h/m?® and
1.29 + 0.00 kg/mg) [44], sugar industry wastewater (42 kW h/m? and
0.795 kg/m3) [45] and dairy industry wastewater (45 kW h and 1.566
kg/m3) [46]. It is worth pointing out that in these works, COD was
removed between 82-96.4%.

The cost of the photovoltaic installation was USD$ 284.68. This was
calculated by taking into account the cost of one solar battery of deep
cycle CALE of 12 V/110AH (USD $132.78), one Solar Panel IUSA of 375
W (USD$ 138.77) and one Solar charge controller Anself of 20A, 12 V/
24 V (USD$13.13). Because the life of solar panels is around 20 years,
the investment cost is considered minimum.

3.4. Gas production

During the studied process, the production of Hy, N3 and Cl; gases is
expected according to reactions 2, 10, 13 and 15. O generation might be
occurring by the following reaction at the anode,

2H,0 = Oy +4H" +4e” (19)

It is worth pointing out that the gas produced was first dispersed in
the liquid phase as bubbles and near to the end of treatment, the mixture
was accumulated on top of the column. In any case, a displacement of
the liquid phase was observed. The displaced liquid volume was
accommodated in the breaking vessel (see Fig. 1). The produced volume
of gas was quantified by the method described in section 2.5 and it was
0.36 L after 30 min of treatment. Based on this volume and on the
stoichiometry of reactions 2 and 19, the theoretical value of produced
hydrogen and oxygen was 0.24 L and 0.12, respectively. This would
represent the minimum expected Hp content in the produced gas
mixture. However, other authors [47] studied the electrocoagulation of
surface water with Al electrodes and determined that the Hy content was
higher than 92.6 % due to reactions 1 and 2 being predominant while
reaction 19 was demonstrated to occur but at much lower extent.

Regarding Cly, this gas is likely to be consumed via two reactions, Eq.
11 and by reaction with the nitrogen organic matter. Thus, its concen-
tration in the resulting gas mixture can be assumed negligible.
Regarding Ny, its theoretical produced volume was calculated by the
measured initial and final concentration of NO3 and NO3, and by taking
into account the stoichiometry of reactions 13 and 15. Based on this, the
produced N volume by reactions 15 and 17 after 30 min of treatment
would be 1.3 mL and 2.9 mL, respectively. It is worth keeping in mind
that these volumes were calculated considering that all the amount of
removed nitrites and nitrates were consumed solely by reactions 13 and
15. However, as previously mentioned in section 3.1, these ions are also
likely to be consumed in reactions 12, 14, 16 and 18 and therefore the
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expected produced Nj is lower than the aforementioned. Thus, as in the
case of Cly, the total theoretical volume of produced N, can be consid-
ered negligible in comparison with the theoretical Hy volume. Based on
this analysis the obtained gas is expected to be rich in H; (at least 67 %
v/V).

We believe that the ability of the system of retaining the hydrogen
within the system is an important advantage of this technology for
further applications. The hydrogen produced in this way can be
continuously taken out of the system and conducted to be used as re-
agent to other processes like Fischer-Tropsch or CO, reduction [48].

3.5. Modelling

One process that takes place at the electrodes surface, specifically at
the anode, is the production of ARt according to reaction (1). The
coagulation process then occurs by adsorption of the pollutants onto the
flocs that have been formed. Thus, the removal of pollutants by coagu-
lation can be modelled as an adsorption process. In this case a second
order adsorption model was tested (Eq. 20),

(dg/dt) = k.(q. — q)° (20)

This equation is solved by separating variables and integration
considering that ¢ = 0 when t = 0 and is q; at any treatment time. The
result is given by Eq. 21,

(t/a) = ((1)/(kege?)) + ((1)/ ()t 21

where ¢, is the concentration of pollutants removed by coagulation at a
given treatment time, t, and can be calculated according to Eq. (22),

g =V(Cy—CYyM (22)

where V is the volume of treated wastewater and M is the mass of dis-
solved electrode, which is a function of the applied current.

By substituting Eq. (22) in (21) and by grouping constants the
following equation is obtained,

t
(@]
(¢)

where C; is the chemical oxygen demand (in mg/L) or color at any
treatment time t, while C, is the initial chemical oxygen demand (mg/L)
or initial color, b = Co((M)/(V))((1)/(k2qc?)) and m = C; x (M)/(V))
((1)/(ge)), k2 1is the kinetic constant of second order adsorption model.
The group of constants b and m, were found by plotting t/(1 — (C/Cyp)) vs
t. The obtained values are summarized in Table 4 for both, color and
COD removal.

The excellent fitting of the experimental data by the second order
adsorption model is also demonstrated in Fig. 4. Therefore, it can be
concluded that the experimental data are well represented by Eq. 24 that
is obtained by rearranging Eq. 23,

=b+m-t (23)

C, t
L1 2
C, m-+b-t @4

4. Conclusions

A Downflow Column Electrochemical Reactor was successfully

Table 4
Parameters of second order adsorption model and Determination Coefficients

.

Color removal

COD Removal

2

m (min) b r m (min) b I

1.1798 0.9841 0.997 2.7275 1.4776 0.997
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Fig. 4. Comparison of experimental data with predicted data by second order adsorption model: normalized COD and Color as function of time.

assessed by the first time in the electrocoagulation process, using Al
electrodes, to remediate wastewater from a chocolate industry. A
maximum of COD and color removal, 63 and 97 %, respectively, was
reached after 20 min of treatment using an electrical current of 3.16 A
and a liquid volumetric flowrate of 0.06 L/s. Approximately 0.26 L of Hy
are produced at this treatment time. It was concluded that the first 5 min
of the treatment are critical regarding COD and color removal. In this
period of time the interaction of electrical current and liquid volumetric
flowrate is the factor with the most significant effect on COD removal.
Regarding color removal, it was concluded that there is not an appre-
ciable difference in the effect of any of the studied variables until 10 min
where the effect of electrical current became statistically significant.

The cost of this treatment was 4.01 USD/m°. The treated effluent
fulfils the Mexican standard NOM-02-SEMARNAT-1996. The resulting
data are well represented by a second order adsorption model
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