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ABSTRACT: Electrochlorination is an efficient and cost-effective

treatment technique to provide safe drinking water in remote | =
locations. Commercial electrochlorinators normally rely on the I i
replenishment of salts to generate the disinfectant. In this work, a \
novel undivided electrochemical flow cell with affordable electrode
materials (graphite and stainless steel) is proposed, simulating the
chlorides naturally present in groundwater sources (25—250 mg:
L™"). The biomimetic 3D-printed flow field allows to generate
chlorine in a single pass with residence times lower than 1 min.
Parameters controlling the electrochlorination are evaluated through
a definitive screening design and include applied current, flow rate,
and concentration of ions, such as chloride, sulfate, bicarbonate, and
calcium. The main factors influencing free chlorine are chloride
concentration, applied current, and water inlet flow rate. These significant parameters are further studied and optimized in a Box—
Behnken design, obtaining free chlorine concentrations higher than 0.5 mg-L™' in all evaluated chloride concentrations, with a
maximum of 3.70 mg-L™" for the most favorable conditions. The optimal conditions for achieving the minimum specific energy
consumption (SEC) while maximizing chlorine production were identified at a chloride concentration of 250 mg-L™", operating with
a flow rate of 400 mL-h™" and applying a current of 35.5 mA. This setup resulted in the lowest observed SEC of 0.59 Wh-mg FC™".
The favorable results for electrochlorination in this type of cell open up the possibility for scale-up, allowing processing at higher
drinking water flow rates.
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1. INTRODUCTION

Access to clean and safe drinking water is a fundamental
human right, and it is a crucial component for the
socioeconomic development of a community. However, the
lack of clean drinking water in developing countries remains a
significant problem, especially in rural areas, due to inadequate
infrastructure, missing technical skills, or a lack of access to
chemical products and electricity."” Although diseases like
cholera, dysentery, typhoid, and polio can be spread by
polluted drinking water, it is presently estimated that over 2
billion people consume polluted water, which results in about
485,000 fatalities yearly from diarrhea alone.”*

Point-of-use (POU) treatment techniques are frequently
examined as alternatives in areas where centralized drinking
water treatment is difficult to implement. These have been
demonstrated to be effective at removing microorganisms and
have successfully reduced diarrhea occurrences.””” Among the
most widespread POU treatments, chlorine has long been a
preferred disinfectant for water disinfection because it
eliminates a wide spectrum of waterborne pathogens at low
operating costs.”~'” Besides, chlorination guarantees effective-

ness in both primary and secondary disinfection, removing
microorganisms not only at the point of treatment but also
during water delivery to the point of use. However,
conventional chlorination also has some drawbacks, such as
the handling of concentrated hypochlorite solutions or the
need for a chemical supply chain.'”’" The latter can be
particularly problematic in some developing countries or
during emergency situations because the distribution network
for bulk chemical commodities can be unreliable while access
to remote locations is often difficult.”'>

Electrochlorination has been implemented in recent decades
because of its benefits over traditional chlorination as the
chlorine can be generated on-site. This reduces the reliance of
the system on transportation and storage, boosting its

Stistalnable

Cheisiy: Engincerng

Received: October 29, 2023
Revised:  January 24, 2024
Accepted: January 26, 2024
Published: February 14, 2024

© 2024 The Authors. Published by
American Chemical Society

WACS Publications 3130

https://doi.org/10.1021/acssuschemeng.3c07066
ACS Sustainable Chem. Eng. 2024, 12, 3130-3141


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Inmaculada+Garci%CC%81a-Lo%CC%81pez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luis+Fernando+Arenas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonas+Hereijgers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vicente+Ismael+A%CC%81gueda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amalio+Garrido-Escudero"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amalio+Garrido-Escudero"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssuschemeng.3c07066&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07066?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07066?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07066?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07066?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07066?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ascecg/12/8?ref=pdf
https://pubs.acs.org/toc/ascecg/12/8?ref=pdf
https://pubs.acs.org/toc/ascecg/12/8?ref=pdf
https://pubs.acs.org/toc/ascecg/12/8?ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c07066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org/journal/ascecg?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

flexibility and adaptability,”” and contributes to the sustain-
ability of the water treatment process. Moreover, electro-
chlorination can maintain residual disinfection in stored water,
and the amount of disinfectant produced can be adjusted
according to the on-site demand, making this mode of
disinfection easier to operate.14 Besides, recent studies revealed
an increased inactivation efficiency of in situ electrochlorina-
tion over conventional chlorination."

To generate chlorine electrochemically, an electric current
must be applied to the electrodes in a chloride-containing
solution by using divided or undivided flow reactors. The
applied electricity may be provided from renewable sources,
such as solar or wind, making this technology even more
sustainable and portable.'®'” The main reactions that take
place durin% the electrochlorination process are described in
eqs. 1—4."" The term “free chlorine (FC)” refers to the sum
of solvated chlorine gas (Cl,), hypochlorous acid (HOCI), and
hypochlorite ion (OCI7).”” According to the speciation
diagram,”’ the equilibrium between ClL,—HOCI-OCI™ is
governed by the pH of the solution. By analyzing the pH
level, it is possible to theoretically determine the concentration
ratios of all three species for any specific pH of the solution.

Anode

2CIT - Cl, + 2¢(E° = + 1.36 V vs SHE) (1)
Bulk
Cl, + H,0 - H" + CI” + HOCI )
HOCI s OCI” + H"(pK, = 7.5 at 25°C) (3)
Cathode
2H,0 + 2¢” — 20H™ + H,(E° = —0.83 V vs SHE)

4)

The electrochemical production of active chlorine involves
several factors, such as the kind of electrochemical reactor used
(whether it is a divided or undivided cell, the distance between
electrodes, etc.), the type of anode material, the operational
conditions such as temperature and pH, the applied current or
potential, the flow rate and fluid dynamics, as well as the
chloride concentration.”” The material used for the anode
plays a crucial role in determining the efliciency of active
chlorine generation and avoiding unwanted reactions such as
oxygen evolution. Anodes made from iridium and ruthenium
oxides, known as active anodes, generally yield better results in
producing active chlorine than nonactive anodes made from
materials like tin dioxide and lead dioxide.”® Previous studies
with these types of anodes reported levelized costs (LC) of
water treatment of 0.815 $-m™ for the electrochemical system
(grid connected) and 0.777 $:m™> for the system supplied by
solar panels versus 0.789 $-m~> for the chemical system for a
chlorine dose of 1.75 mgL™."> The LC for the electro-
chemical and chemical systems is very close to their
application, depending more on convenience. Graphite is,
however, a cost-effective choice for electrochlorination in the
least developed countries due to its affordability and
accessibility compared to more efficient yet expensive anode
materials and its reduced probability of generating more toxic,
highly oxidized chlorine compounds. Its lower cost makes the
initial setup and maintenance of electrochlorination systems
more financially feasible, ensuring accessibility and sustain-
ability of water treatment solutions in resource-limited settings.
The capital expenditure associated with the graphite-based
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system was estimated at 224 $,°* in contrast to 500 $ of an
electrochlorinator comprising Ti/RuO, anodes,'” despite the
fact that the processing capability of the former is an order of
magnitude higher.

Most commercial electrochlorinators require high concen-
trations of chloride ions to produce concentrated streams of
hypochlorite.""** Users need to replenish NaCl, preferably of
high purity, to avoid side reactions. This may imply barriers to
adoption of the technology and long-term use abandonment
due to the requirement of consumables.”® However, most
water sources naturally contain chloride ions, although their
concentration varies significantly according to the location
within a typical range of 10 to 250 mg-L™'. Because the
reaction efficiency declines at low ionic and chloride
concentrations, more energy is required under these
conditions, and the operating electrode potentials are higher.
The implementation of electrochemical flow cells is a known
method for increasing the efficiency at low reagent
concentrations. By decreasing the interelectrode gap, the cell
resistance is reduced and the electrolyte velocity is augmented.
The latter results in enhanced mass transfer to and from the
electrodes, while the faster mixing of the reactants accelerates
the rate of the homogeneous reaction steps, enhancing the
conversion of reactants into products.27 Furthermore, flow
reactors provide increased control over the treatment
process,”® which makes it simpler to maintain a steady water
quality.

In this study, a novel undivided, filter-press-type electro-
chlorinator based on a biomimetic flow field is proposed.
Indeed, the geometry of the flow field has a strong influence on
the mass-transfer performance of a flow cell and therefore its
productivity and energy use.”” The main novelty of this work
lies in the application of biomimetic differential growth
patterns’”' to an electrochlorination system operating at
low chloride concentrations. This biomimetic flow field design
was developed in our previous work,>*** where it demon-
strated improvement in the overall electrochemical mass-
transfer performance in electrochemical flow cells by increasing
radial mixing*” while maintaining an overall plug flow behavior.
The pressure drop was measured and found to be similar to
typical values for laboratory electrochemical cells and was
therefore manageable.33 Moreover, the total conversion in flow
reactors depends on the length of the electrode channel, which
is another advantage of the biomimetic geometry as a long
channel can be folded into a small surface. As the adoption of
these types of devices can be affected by the cost of the system,
the tested electrode materials were inexpensive graphite and
stainless-steel. This electrochemical reactor operates in single-
pass mode and is intended for low chloride concentrations for
on-site, domestic, emergency, or portable applications.”*** The
manufacture of the intricate biomimetic flow field is enabled by
fast prototyping by using accessible resin stereolithography
(SLA) 3D printing.

The experiments were performed according to the design of
experiments (DOE) methodology.”® This allows us to plan,
conduct, and analyze experiments to obtain the maximum
information on a system with the minimum number of runs.
This was preceded by using definitive screening design (DSD)
to select the parameters that have the largest influence on FC
generation.3’7 Once these variables were selected, an
optimization study was carried out with response surface
optimization, specifically the Box—Behnken design.”®

https://doi.org/10.1021/acssuschemeng.3c07066
ACS Sustainable Chem. Eng. 2024, 12, 3130—3141


pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c07066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

(a)

Electrochemical ce

) Treated water
4L
—

Syringe pump

Figure 1. Experimental arrangement. (a) Flow system and instrumentation. (b) Electrochemical flow cell assembly.

2. MATERIALS AND METHODS

2.1. Reagents and Analysis. The electrolyte for each experiment
was prepared by diluting NaCl into distilled water to obtain variable
chloride concentrations, simulating typical compositions in ground-
water. The influence of the presence of various other ions in water on
electrochlorination was also investigated. The substances used in this
study, including NaCl, Na,SO,, NaHCO;, and Ca(OH),, were
reagent grade (Sigma-Aldrich, Germany) and used with no further
purification. It was confirmed that the initial pH of all solutions was
approximately 7 by using a METRIA M21 pH-meter (Labbox, Spain),
as pH in drinking water should fall between the values of 6.5 and
8.5.%” This parameter has a significant influence on the speciation of
FC in a water dilution system. In acidic conditions, the predominant
species is hypochlorous acid (HOCI), while in basic conditions the
predominant species is the hypochlorite ion (OCI7)."!

The concentration of FC in the treated water was determined using
the DPD (N,N-diethyl-p-phenylenediamine) standard method (4500-
Cl G) in a PoolLab 1.0 photometer (Water-1LD., Germany),
measuring in a range of 0.00 to 6.00 mg-L'l. For this, a DPD 1
photometer test tablet reagent (Lovibond, Germany) was added to
each 10 mL water sample. DPD reacts with FC in water, changing the
color from colorless to pink, and the color intensity corresponds to
the concentration of available chlorine. The resulting color change
was measured at a wavelength of 546 nm. The analysis was performed
immediately after the samples. The FC in all of the experiments was
measured in duplicate, and the average value was reported.

2.2, Electrochemical Cell and Experimental Setup. The
experimental configuration used in this study is represented in Figure
la. A volume of 60 mL of water for each experiment was dispensed
through a syringe pump (KD Scientific, USA) in a flow rate range of
100—400 mL-h™". The pump was coupled to the inlet Luer-lock
connector (em-Technik, Germany) in the flow cell by PEEK tubing
(1/4"). The treated water was collected in a 100 mL flask, from where
10 mL samples were taken for each FC analysis. Before starting a new
experiment, the electrochemical reactor was rinsed with a minimum
amount of 100 mL of distilled water and then washed with 60 mL of
test solution. The current was supplied to the electrodes of the flow
cell by a power source (RCE, Italy) capable of delivering a current of
up to 10 A. The acrylic polymer plates, bolts, and current collectors of
the cell are similar to the design by Martin et al.*” The anode of the
cell was connected to the positive terminal of the power supply and
the cathode to the negative one through 0.5 mm planar copper
current collectors. Graphite was used as the anode (active electrode
surface: 616 mm?; Eisenhiit, Germany), and stainless steel 304 was
used as the cathode (active electrode surface: 616 mm?; Gust. Alberts
GmbH, Germany). Two digital multimeters (OW1SE, OWON)
measured the cell current and voltage continuously during the trials.
The experiments were conducted at room temperature, approximately
22 °C.
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As shown in Figure 1b, the main component of the flow cell is a
biomimetic flow field (2 mm interelectrode gap). The flow field was
designed parametrically with the software Rhinoceros and its plugin
Grasshopper, according to the procedure described in our previous
publications.*>** The model was 3D printed by stereolithography
(Anycubic Photon Mono, Anycubic), using an ABS-like photo-
polymerizable resin (Anycubic). The residual resin was cleaned after
printing with isopropyl alcohol (>99 wt %; Hofer Chemie, Germany).
Finally, the flow field was subjected to a 405 nm light source for 120 s
to finish the curing process. This ABS-like material has sufficient
flexibility to maintain water tightness, so it avoids the use of additional
sealing materials. A leakage test at the maximum flow rate was
conducted on the flow cell before the experiments.

2.3. Selection of Significant Variables. The electrochlorination
process is affected by many variables. The preliminary selection of the
factors for the screening design was based on preliminary experiments
combined with a literature review. In total, six variables (k = 6) were
chosen, including x;, applied current, x, inlet water flow rate, and «3,
x4 %5, and xg which correspond to CI, SO,%, HCO;7, and Ca*
concentrations, respectively. These ions were identified as the most
abundant in typical groundwater.*' Different DOE approaches have
been utilized to understand the impacts of several factors in water
disinfection processes.”” In this case, a DSD was used to evaluate the
influence of the chosen parameters on FC production. DSD is a novel
three-level DOE (coded as —1, 0 + 1) that offers advantages over
standard screening designs, as it allows for the estimation of main
effects as well as some second-order interactions and quadratic terms
with a small number of runs, such as in refs 43,44. Table 1 indicates
the nomenclature for each variable as well as the levels for the
experiment in coded and uncoded units.

The selection of high- and low-level values for current and flow rate
is based on preliminary experiments. For the concentration of ions,
the maximum and minimum correspond to the threshold values of
Secondary Drinking Water Standards*® or the lowest typical values in

Table 1. Factors with Coded and Uncoded Levels for DSD
for the Electrochlorination Process.

factor description unit level

-1 0 +1
x, [c1] mg-L™ 25 137.5 250
X, [s0,7] mg-L™! 50 150 250
x3 [HCO;7] mgL™! S0 150 250
X, [Ca?*] mgL™ 10 42.5 75
X5 flow rate ml-h™! 100 250 400
Xg current mA 30 5§ 80

https://doi.org/10.1021/acssuschemeng.3c07066
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groundwater, respectively. The total number of performed runs (N)
depends on the number of variables (k) and corresponds to eq S:

©)

The relationship between the variables and the response may imply
second-order interactions, according to eq 6

= by + Z bx, + Z + 2 hil-x,-xj (6)

where y, indicates the measured response of active chlorine
concentration, x; and x; are independent variables, b, is the offset
term, b; is the coefficient of linear parameters, b; is the coefficient for
the interaction between parameters, and b;; is for the interaction of
quadratic terms.

The suitability of the model was evaluated through the analysis of
variance (ANOVA). The R-Square value (R?), the adjusted R-Square
value (R%adj), the predicted R-Square value (R’pred), and the F-static
for the investigated parameters were used to determine the accuracy
and statistical fitness of the proposed model. The statistical
significance of all model parameters was determined using a
probability value of 0.05 with a 95% confidence level. The regression
assumptions were verified using different diagnostic techniques, such
as a graphical comparison of the predicted and experimental values, a
normal probability plot of the studentized residuals, a continuous
search for errors in the studentized residuals vs predicted plot, and a
Box—Cox plot to determine whether power transformations were
necessary."* Minitab 19 (Minitab, USA) software was used to evaluate
the data and provide a statistical model.

2.4. Response Surface Methodology. Response surface
methodology (RSM) encompasses optimization techniques aimed at
adjusting the levels of factorial variables in order to achieve a desired
maximum or minimum response value. The most significant
parameters of the electrochlorination process obtained in the
screening design described above were thus subjected to optimization.
A Box—Behnken response surface design was implemented.*” This
allows to evaluate each variable over three levels with equally spaced
values (coded as —1, 0, +1) but avoids the corners of space and
combining central and extreme levels.*® The Box—Behnken design
enables the estimation of first- and second-order interactions with a
lower number of runs than central composite designs.* The number
of experiments required (N) is calculated according to eq 7:

N=2k+1

2
bx;

N =2k(k - 1) + C, (7)

where k is the number of variables studied, and C, is the central
point repetitions with response surface curves. The model for FC
concentration prediction can be described as a second-order
regression equation (eq. 8):

Y =0+ ) b+ Y bl + Y b ()

Here, y’ is the response value for the response surface optimization,
% and x; are independent variables, b, is the offset term, b; is the
coefficient of linear parameters, by is the coefficient for the interaction
between parameters, and b, is for the interaction of quadratic terms.*”

Another important parameter in electrolytic processes is the energy
required to obtain the compound of interest. In each of the
experiments, the cell voltage supplied by the power source was
measured with a multimeter equipped with a data logger. As the
voltage oscillated during the experiment, average values were taken for
the power consumption calculation. There are different ways to report
the energy consumption in electrochemical water treatments such as
current efficiency. In this study, the specific energy consumption,
(SEC) (eq. 9) was considered:*

iu

QAC

SEC =
©)

where i is the applied current (A), u is the cell voltage (V), Q is the
water inlet flow rate (L-h™!'), and AC is the concentration difference

of FC (mg-L™").
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3. RESULTS

3.1. Selection of Significant Variables. Table 2 displays
a matrix with the experimental conditions for the six variables

Table 2. DSD experimental design matrix of six variables
controlling the FC response.

uncoded factor level response
b5 = X6 =

Gy = i = Gy = G = flow  applied free

run  [CIT]  [SO,*] [HCO,7] [Ca**] rate current chlorine

mg- ml-

mgLl™ mgL?' mgL™ L h! mA mg-L™
1 250.0 250 50 10.0 400 5§ 0.94
2 25.0 250 S0 42.5 100 80 0.42
3 137.5 50 50 10.0 100 30 0.76
4 250.0 150 250 10.0 100 80 3.70
S 137.5 150 150 42.5 250 SS 0.86
6 137.5 250 250 75.0 400 80 0.83
7 25.0 NY 150 10.0 400 80 0.41
8 25.0 150 50 75.0 400 30 0.10
9 250.0 NY N 75.0 250 80 3.17
10 250.0 250 150 75.0 100 30 1.80
11 250.0 NY 250 42.5 400 30 0.70
12 25.0 250 250 10.0 250 30 0.05
13 25.0 50 250 75.0 100 SS 0.45

in the screening design. In total, 13 runs with randomized
order were carried out for measuring the concentration of FC.

A normal probability plot of the FC results was established
to verify whether the data fulfilled the assumption of normality.
As the data was not normally distributed, the skewed data was
converted into normal data using the Box—Cox trans-
formation, depending on the power parameter (1).”' The
optimal A was found to be 0.20 (Supporting Information,
Figure S1).

Table 3 presents the ANOVA results with a confidence level
of 95%. The terms DF, Adj SS, and Adj MS indicate the total

Table 3. ANOVA results for the FC response in the DSD
study.”

source DF adj SS adj MS F-value  P-value
model 6 0.579014 0.096502 35.31 0.000
linear 6 0.579014 0.096502 35.31 0.000
x; = [CI7] 1 0.391125 0.391125 143.10 0.000
% = [SO27] 1 0013994 0013994 512 0.064
x; = [HCO;™] 1 0.000503 0.000503 0.18 0.683
Xy = [Ca2+] 1 0.004826 0.004826 1.77 0.232
x5 = flow rate 1 0.055930 0.055930 20.46 0.004
X = current 1 0.112636 0.112636 41.21 0.001
error 6 0.016400 0.002733
total 12 0.595414

“R? = 97.03%; R*adj = 91.69%; R*pred = 55.20%.

degrees of freedom, the adjusted sums of squares, and the
adjusted mean squares, respectively. F-value is the statistic test
used to determine whether any term in the model is associated
with the response. The P-value is the probability that measures
evidence against the null hypothesis. The value of the
determination coefficient (R? 0.9725) indicates that
97.25% of the variability in the FC response was explained
by the model. The value of the adjusted determination

https://doi.org/10.1021/acssuschemeng.3c07066
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coefficient (Rzadj = 0.9449) was close to the determination
coefficient, demonstrating high significance in the model
Based on the regression analysis, the equation was adjusted to
the empirical data, as shown in eq 10:

FC* = 0.6236 + 1.758-10 %, — 3.74-10 *x,
— 7.1:10 %%, + 6.76-10 *x, — 4.99-10 *x,

+ 4.25-10 x (10)

The most significant variables were the initial concentration
of chlorides (p = 0.000), the applied current (p = 0.001), and
the water flow rate (p = 0.004) because the p-values are less
than the significance level of 0.05. A graphical representation of
these results is also shown in a Pareto plot (Figure 2a). Runs 4

(a)
Term 245
A A  Chloride
B Sulfate
F C Bicarbonate
D Calcium
E E  Flow rate
F  Current
B
D
c i
0 2 4 6 8 10 12
Standardized Effect
(b)
Term 2571
A \ A Chloride
c l B  Flow rate
C Current
B
AC
AA
AB
BB
cC
BC
012 3 456 7 89
Standardized Effect
(9]
Term 257
A | ' A Chloride
B B Flow rate
AA C Current
BC
AB
BB
CcC
AC
C

0 2 4 6 8 10 12 14 16
Standardized Effect

Figure 2. Pareto plot standardized effects. (a) FC in the DSD, (b) FC
in the Box—Behnken design, and (c) SEC responses in the Box—
Behnken design.

and 9 resulted in the maximum chlorine concentration
corresponding to the high chloride concentrations of 250
mg-L™" and high applied currents of 80 mA. In the observed
experimental conditions, the roles of variables such as sulfate,
bicarbonate, and calcium concentrations, as well as flow rates,
were comparatively secondary in influencing the system’s
performance relative to the more pronounced effects of
chloride ion concentration and applied current. The rate of
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the chlorine synthesis step is determined by the availability of
chloride ions at the anode surface, hence higher chloride
concentrations improve chlorine production.zs’sz’53 Moreover,
the conductivity of the solution is increased at a higher
chloride concentration, decreasing the ohmic drop in the
solution. Increasing the applied current also increases the
amount of product during electrochlorination. Higher applied
current enhances the electron-transfer rate, too, increasing
chorine production below the limiting current region. Finally,
reducing the water flow rate increases the residence time and
the opportunities for the chloride ions to convert at the anode.
At higher flow rates, the residence time of water in the
electrochemical cell is reduced. This shorter contact time
between the water and the electrodes may lead to insufficient
interaction for complete chlorine generation. This effect was
also reported in previous studies.””*® These trends are
represented in a main effects plot (Supporting Information,
Figure S2). The results of these experiments are in agreement
with previous studies.”®*” These variables were selected for
further optimization study.

Even though the concentration of nonelectroactive ions is
not significant in this model, their presence in water cannot be
avoided and could decrease the total chlorine generation at the
anode. These ions increase the conductivity of the solution,
but it has been reported that nonelectroactive ions compete
with the transfer of chloride ions inside the electrical double
layer (EDL).>® Polyvalent ions, such as sulfates, occupy a
position in the EDL prior to monovalent ions, such as
chlorides, as they have faster migration rates, obstructing
access to chloride ions. In previous studies, a molar ratio
concentration of nonelectroactive ion/chloride ion equal to
0.25 showed 75% inhibition over active chlorine production.”
In this work, any possible inhibition effects by the non-
electroactive ions are implicit in the regression for the chosen
typical water source compositions.

Previous studies reported that electro-oxidation occurring at
the anode can result in the production of chlorine radicals
(CI*) and dichloride radicals (CL,*") throu§h the interaction of
sulfate radicals with chloride ions (CI7).°” The presence of
other species such as persulfate (S,04”7) or radicals like sulfate
(SO,*7), and carbonate (CO;*"), especially when their
respective anions are present,”"®” has also been reported.

On the other hand, the presence of magnesium and calcium
ions at low concentrations can eventually generate a precipitate
at the cathode. It has been reported that Ca(OH), deposits
inhibit, in particular, hypochlorite production.”” Naturally,
cathodic precipitates can be removed physically or chemically
by cleaning the cell when they become detrimental.

3.2. RSM. Once the most significant variables were selected
in the preliminary screening, a Box—Behnken design was
implemented to determine the optimal operation regions in
terms of FC generation and energy consumption. Table 4
shows the Box—Behnken experimental design (15 runs) with
the three most significant parameters (chloride, flow rate, and
applied current) from the screening design. The concen-
trations of SO,2~, HCO,™, and Ca®* were constant, with the
following values: 150, 150, and 42.5 mg-L™', respectively.
These values correspond to the average concentrations tested
in the preliminary screening design.

According to the normal probability plot, the FC response
was normally distributed and the variances were homogeneous.
Thus, a data transformation was not required. On the contrary,
the SEC response was converted using the Box—Cox power
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Table 4. Experimental matrix of Box—Behnken design,
including FC production and SEC.

run  x; = [CI7] x5 = flow rate x4 = current FC SEC
mg-L™! mlh™! mA mg-L™'  Wh-mg FC™
1 25.0 400 5SS 0.120 9.84
2 137.5 250 SS 1.500 0.90
3 137.5 250 5SS 1.765 0.77
4 250.0 100 S5 3.100 1.18
S 25.0 250 80 0.350 10.28
6 137.5 100 30 1.440 1.23
7 25.0 100 SS 0.395 14.30
8 137.5 400 30 0.315 1.41
9 250.0 250 30 1.000 0.65
10 25.0 250 30 0.210 3.99
11 137.5 100 80 3.400 2.51
12 250.0 250 80 3.200 0.67
13 137.5 250 5SS 1.600 0.77
14 137.5 400 80 2.600 0.58
15 250.0 400 5SS 1.650 0.42

parameter equal to —0.5 (Supporting Information, Figure S3).
Table 5 represents the ANOVA for the two responses in the
Box—Behnken design. For the FC response, the three
independent variables, i.e., the quadratic term of chloride
concentration and the interaction between chlorides and
applied current, were statistically significant (p < 0.05). These
results are also represented in a Pareto plot (Figure 2b). As the
p-value > q, the lack-of-fit is not statistically significant. The R*
value indicates that the empirical model can be applied to
foresee the FC values with 97.03% confidence. The adjusted R
was 0.9169. In the case of the SEC, the linear terms of chloride
concentration and flow rate were statistically significant, as well
as its quadratic terms and the interactions between chlorides
and flow rate and the flow rate and current (Figure 2c). The
lack-of-fit was also not statistically significant. The R* value was
98.59%, and the R*-adj value was 96.06%. Parity plots for both
FC and SEC responses of the observed against predicted

responses are shown in Figure 3. The regression equations
correspond to eqgs. 11 and 12:

FC = 0.74 + 0.014 x; — 6.8:107° x5 — 0.0145 x,
- 42:107 xpx; + 1107 xgxg + 1.53-107% g

— 1.7-107% xpxg + 1.8-10 * xpoeg + 2.2:107° g
(11)

—SEC™*® = —0.384 — 5.83-10 x, + 6:107° x,
+ 26107 x5 + 1.8:107° xx, + 5107 xgxg
+ 1.08-10* xgx, — 8107 g — 1.6-107°
xxg — 49-107° XX (12)

The relationship between the independent variables and the
FC response, holding the chloride concentration, is repre-
sented by the three-dimensional plots and two-dimensional
contour plots (Figure 4). The graphs indicate that the chlorine
generation increases gradually with increasing the chloride
concentration and applied current while decreasing when
increasing the flow rate, as predicted in the screening design
[also shown in Supporting Information, Figures S4(a) and
S5(a)]. The WHO chlorination guidelines indicate FC
residuals of at least 0.5 mg-L™' throughout the distribution
system and at least 0.2 mg-L™" at the point of delivery for piped
infrastructure. In the case of residential POU water treatment,
the residual should be larger than 0.2 mg/L but not greater
than 2.0 mg-L™",** normally not exceeding 1 mg-L™".°° Higher
chlorine doses affect water taste and odor and can make people
averse to drinking chlorinated water.’® According to studies on
the taste of chlorinated water, users will refuse to drink
chlorinated water above a particular concentration threshold
due to the unpleasant taste.”” Then, the operation conditions
(applied current and flow rate) for the electrochlorination cell
should be established for chlorine generation higher than 0.2
mg-L™" but below 2.0 mgL™' according to Figure 4 for
drinking water.

Table S. ANOVA results for the FC and SEC responses in the Box—Behnken design.”

FC SEC

source DF Adj SS Adj MS F-value P-value DF Adj SS Adj MS F-value P-value
model 9 176.025 195.583 18.15 0.003 9 223.748 0.24861 38.90 0.000
linear 3 148.375 494.58S 4591 0.000 3 177.657 0.59219 92.67 0.000
x; = [CI7] 1 77.520 775.195 71.95 0.000 1 156.352 156.352 244.67 0.000
x5 = flow rate 1 16.653 166.531 15.46 0.011 1 0.2130S 0.21308 33.34 0.002
Xg = current 1 54.203 542.028 50.31 0.001 1 0.00000 0.00000 0.00 0.996
square 3 13.325 0.44416 4.12 0.081 3 0.23499 0.07833 12.26 0.010
x12 1 10.258 102.579 9.52 0.027 1 0.1871S5 0.1871S5 29.29 0.003
xsz 1 0.1814 0.18143 1.68 0.251 1 0.05538 0.05538 8.67 0.032
x62 1 0.0336 0.03362 0.31 0.601 1 0.01679 0.01679 2.63 0.166
2-way interaction 3 14.325 0.47749 4.43 0.071 3 0.22592 0.07531 11.78 0.011
x; %% 1 0.3452 0.34516 3.20 0.133 1 0.08226 0.08226 12.87 0.016
x;*xg 1 10.609 106.090 9.85 0.026 1 0.00795 0.00795 1.24 0.315
x5%xg 1 0.0264 0.02641 0.25 0.642 1 0.13571 0.13571 21.24 0.006
error S 0.5387 0.10774 S 0.03195 0.00639
lack-of-fit 3 0.5029 0.16763 9.36 0.098 3 0.02718 0.00906 3.79 0.216
pure error 2 0.0358 0.01791 2 0.00477 0.00239
total 14 181.412 14 226.944

“R? = 97.03%; R*adj = 91.69%; R*pred = 55.20% R* = 98.59%; R*adj = 96,06%; R*-pred = 80,37%.
3135 https://doi.org/10.1021/acssuschemeng.3c07066

ACS Sustainable Chem. Eng. 2024, 12, 3130—3141


https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c07066/suppl_file/sc3c07066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c07066/suppl_file/sc3c07066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c07066/suppl_file/sc3c07066_si_001.pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c07066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

(a)
4
S 0,200519
R-Sq 97,0% °
R-Sq(adj) 96,8%
? L
3
o
E
@
£
S
-
(V)
@
£
T
b
B
el
L
o
0 L J
00 05 10 15 20 25 30 35

Observed Free Chlorine (mg-L")

(b)
12
s 0,693024
R-Sq 96,7% 4

=10  R-Sqad) 96,4%
O
[V
[=)]
E g
oo
=
|9
u 6
©
g
T 4
o
o

2

0

0 2 4 6 8 10 12 14 16

Observed SEC (Wh-mg FC)

Figure 3. Parity plot in the Box—Behnken design. (a) FC and (b) SEC responses.
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Figure 4. FC generation for different initial chloride concentrations; from top to bottom: [Cl™] = 25, 137.5 and 250 mg-L ™", respectively. (a) 3D

surface plot and (b) 2D contour plots.

Both applied current and flow rate also play an important
role in the generation of electrochlorination byproducts, such
as chlorate (ClO;”) and perchlorate (ClO,”). Chloride ions
can suffer oxidation to produce higher oxychlorine species, as
per eq 13:%°

CI" - OCI" = ClO; — ClIO; — CIO, (13)

According to previous studies, the concentration of both
species increases by increasing the electrolysis time and for
high overpotentials. Indeed, these factors increase the

3136

possibility of the active chlorine species to be oxidized.””
Studies suggest that the decomposition of hypochlorite follows
a second-order reaction, so that the formation of chlorate and
perchlorate are increased by higher concentrations of
hypochlorite.”””" It has also been proposed that the chloride
concentration in the solution has an effect on chlorate
formation.”” In this study, the maximum applied current
density was 129.4 versus 1500 A‘m~2, one order of magnitude
lower than the currents reported in the first mentioned study.®’
The longest electrolysis time in this single pass flow cell is 44.3

https://doi.org/10.1021/acssuschemeng.3c07066
ACS Sustainable Chem. Eng. 2024, 12, 3130—3141


https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07066?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07066?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07066?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07066?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07066?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07066?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07066?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07066?fig=fig4&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c07066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

(@)

SEC
(Wh-mg FC)

12

10

80

8 60

100

Flow rate (ml-h™)

(b)

0 Current (mA)

SEC
(Wh-mg FC)
4
2
0 80
60
100 200 3qp 40 cyrrent (mA)

400
Flow rate (ml-h)

SEC
(Wh-mg FC™)

2

0 80

60

-2
100 200 305 o

Flow rate (ml-h™)

Figure S. SEC for different initial chloride concentrations, from top to bottom: [Cl™]

and (b) 2D contour plots.

40 Current (mA)

Flow rate (ml-h"")

(b)
SEC
400 (Wh-mg FC")
= < 8
£ 350 -
£ 300 W 9- 10
~ m10-1n
£ 250 4 m -1
o
= £l
g 200
= 150
L10]
10030 40 50 60 70 80
Current (mA) SEC
400 ,—Ov (Wh-mg FC)
-~ < 05
T 350 05 - 10
- M 10 - 20
E 300 W 20 - 30
2 250 " >30
s
g 200
@ 150
10030 40 50 60 70 80
Current (mA)
SEC
400 — 10 ] (Wh-mg FC)
< 05
350 / 05 ~ 10
05 M 10- 20
300 M 20 - 30
250 " >30

200
150

10030 40 50 60 70 80
Current (mA)

=25, 137.5, and 250 mg-L ™", respectively. (a) 3D surface plot

s, corresponding to the lower flow rate, which is typically lower
than the electrolysis time for a batch reactor or flow reactor in
recirculation mode. Moreover, both the initial chloride
concentration and FC species were kept low during the
experiments. For these reasons, the formation of significant
amounts of chlorate and perchlorate is not expected with the
proposed electrochemical reactor configuration.

Figure S presents the 3D and 2D contour plots for the SEC
values for each initial chloride concentration, considering the
variations in the applied current and flow rate. The interaction
between flow rate and applied current was indicated by a
saddle point. This corresponds to the inflection point between
a relative maximum and a relative minimum.’® The main
effects and interaction plots are also represented in Supporting
Information, Figures S4(b) and S5(b). The SEC ranged from
0.42 to 14.30 Wh-mg Cl,™! generated, depending mainly on
the chloride concentration in water.”” Assuming that the
desired chlorine concentration in drinking water was 0.5 mg-
L', the energy consumption per cubic meter treated would be
0.21 to 7.15 kWh-m™. When the ionic conductivity
diminishes, the corresponding solution resistance of the system
increases, resulting in an increase in the voltage when it is
operated at a constant electrical current. This decrease in
current consequently leads to reduced production of
oxidants.”

The reported energy consumption for electrochlorination
varies considerably depending on the operating conditions and
type of electrochlorination system. Studies on electrochlorina-
tion have documented a broad range from 0.01 to 100 kWh-
m~3, for achieving 2 mg-L_1 of chlorine concentration.”* For
instance, the Zappi cell (with platinum-clad niobium mesh

3137

anodes) in the presence of 0.01 M NaCl electrolyte consumed
approximately 6.3 kWh-m™.”® An investigation reported lower
energy consumptions of 0.0145 to 0.0159 kWh-g™' of FC from
chloride concentrations between 710 and 1.775 mg-L™". The
authors used an undivided filter-press lab-scale electrolyzer
equipped with a TilTi—Ru—Ir-oxides anode and a stainless-
steel cathode.’® In another reactor configuration, including
cylindrical graphite anodes and stainless steel cathodes, with a
chloride concentration of S0 mg-L™!, the reported energy
consumption was 0.083 kWh-m™ for an FC generation of 2
mg-L™".° The differences in energy consumption between
these studies and the one reported in this study could be
attributed to the differences in the anode material in the first
case and the residence times employed. On the one hand, the
metal oxides anodes are known to have better chlorine-
generation efficiency than graphite.””””® On the other hand,
while our cell has a continuous operation with residence times
between 12 and 48 s, the above-mentioned reactors operated
with recirculation with a residence time of 240 min and in
batch mode with a residence time of 50 min. This variation in
residence time can considerably influence chloride conver-
sion.”®

The higher energy demands in electrochlorination could
limit its use for treating large volumes of water but remain
practlcal for smaller applications processing only a few liters
daily.”® An economic evaluation of these smaller systems in
various rural locations revealed that, in comparison to the
upfront investment and other maintenance expenses, the
energy costs were relatively insignificant.”’

In order to optimize the system, the effects of operation
conditions on the two responses (FC generation and SEC)
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were studied by a composite desirability analysis. In this case,
the optimization intends to minimize the SEC to produce a
constant value of FC of 0.5 mg-L™". The desirability function
converts an estimated response into a scale-free value called
desirability. The values of desirability functions are between 0
and 1, where 0 corresponds to an undesirable response and 1
to the optimal performance of the independent factors.”® Table
6 shows the operation conditions and response values for

Table 6. Composite Desirability Analysis Results for FC
Generation at Different Initial Chloride Concentrations

= x5 = flow Xg = free composite
[c1] rate current  chlorine SEC desirability
Wh-mg
mg-L™ ml-h™! mA mg-L™ FC™!
25 371 75.8 0.50 5.67 0.80
137.5 388 30.0 0.58 1.17 0.96
250 400 358.5 0.50 0.59 0.99

composite desirability analysis. The composite desirability for
each chloride composition is close to 1, indicating that the
operation parameters reach favorable results for the two
responses. Then, the optimal flow rates are 371, 388, and 400
mL-h™! and the applied current 75.8, 30.0, and 35.5 mA for
chloride content of 25, 137.5, and 250 mg~L_1, respectively.

It is important to mention that no fouling by formation of
calcium or magnesium hydroxide scales was observed at the
electrodes during these tests. However, hard water (with high
levels of such ions) can eventually affect electrochlorination
performance due to the formation of deposits on the electrode
surfaces, hindering chlorine production.”’ Such cathode
fouling problems are common and are typically addressed
through the use of cleaning agents or mechanical methods, in
addition to higher levels of mixing and turbulence in the flow
cell.* Alternatively, the polarity of two electrodes of equal
composition can be switched over time, as shown with DSA or
Ebonex electrodes.*” These types of electrodes would increase
the cost of the electrochlorination system but could be
considered for further applications outside of low-cost settings.

On the other hand, the concept of sustainability implies
technical, environmental, technical, and social aspects. The
electrochemical flow cell developed here contributes to
sustainability across these dimensions. Environmentally, the
cell design for efficient chlorine generation from low chloride
concentrations minimizes the additional use of substances and
supports renewable energy integration. Technically, the reactor
is applicable in varied water compositions, demonstrating
reliability in chlorine generation, scalable capacity, low
complexity, reduced waste generation, and low land require-
ments. Socially, it aims to facilitate water disinfection in low-
resource, decentralized settings, addressing public health
needs. Economically, the low-cost, minimal material require-
ment, along with the SEC optimization, contributes to its
financial feasibility and resource efliciency, aiming for a
sustainable application in different contexts.

4. CONCLUSIONS

A novel electrochemical flow cell with a 3D-printed
biomimetic flow field has been proposed for electrochlorina-
tion in decentralized water disinfection. A compact electro-
chemical reactor is enabled by the intricate channel, which
favors long residence—time reactions in a reduced volume. The

main advantage of this reactor is its ability to operate without
the need for water recirculation or sodium chloride dosing,
thanks to its combination of high mass transfer and simple
design. This feature simplifies the electrochlorination process
and reduces the need for additional materials and logistics
commonly associated with traditional systems. In contrast,
traditional electrochlorinators typically operate at high chloride
concentrations, which can indeed increase the current
efficiency of the system. An experimental design permitted us
to establish the main factors affecting FC generation, including
the concentration of several ions in water, flow rate, and
applied current. Screening tests then revealed the predominant
influence of chloride concentration, flow rate, and applied
current. The results demonstrated the possibility of generating
a suitable amount of FC for disinfection from chloride ions
naturally present in source water, even at a low concentration
of 25 mg-L™". The optimization of operation parameters was
carried out with a Box—Behnken design, considering the SEC
to generate chlorine in each experiment. The composite
desirability analysis suggested optimal flow rates between 371
and 400 mL-h™' and applied current 75.8—35.5 mA for
chloride ion content of 25 to 250 mg-L™". These results open
up the possibility of scaling-up this electrochemical cell design
to treat a higher water flow rate in a single-pass and
demonstrate that the cell could be used for other electro-
chemical processes after a selection of adequate electrode
materials and operation conditions.
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