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ABSTRACT: This study investigated the performance of electrocoagulation using iron and aluminum electrodes for
removing silica, calcium and magnesium from cooling tower blowdown and reverse osmosis reject waters. Experiments
were conducted at both the bench and pilot scales to determine the levels of target species removal as a function of the
coagulant dose. At the bench scale, aluminum removed the target compounds from both cooling tower blowdown and
reverse osmosis reject more efficiently than iron. A2 mM aluminum dose removed 80 % of the silica and 20 to 40 % of
the calcium and magnesium. The same iron dose removed only 60 % of the silica and 10 to 20 % of the calcium and
magnesium. When operated with iron electrodes, pilot unit performance was comparable to that of the bench unit,
which suggests that such systems can be scaled-up on the basis of coagulant dose. However, when operated with
aluminum electrodes the pilot unit underperformed the bench unit due to fouling of the electrode surfaces after a few
hours of operation. This result was completely unexpected based on the short-term experiments performed using the

bench unit.
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INTRODUCTION

Electrocoagulation (EC) can remove a wide range of
dissolved and colloidal contaminants from water
without increasing the salinity of the treated water
(Mickley, 2004; Behera et al., 2007). Conventional
chemical coagulants, such as Al(SO,), and FeCl,,
involve the addition of anions along with the metal
cations that form the coagula. EC introduces the desired
coagulating agent (e.g., AI** or Fe*) without adding
sulfate or chloride anions to the treated water.
Additionally, the overall process has a minimal impact
on the solution pH value, since the acid formed by the
formation and precipitation of AI(OH), or Fe(OH), is
removed by the cathodic reactions of oxygen reduction
or hydrogen gas evolution. In contrast, chemical
coagulants result in the net production of H,SO, or
HCI (Gu etal., 2009). EC units are mechanically simple
devices, and in many common industrial applications,
inexpensive to run, costing no more than a few dollars
per thousand gallons of water treated (Lin et al., 2005;
Guetal., 2009).

Current reviews of EC (Chen, 2004; Mollah et al.,
2004; Holt et al., 2005) cover the many uses of the
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technology, which include the removal of organic
compounds (Laridi etal., 2005; Lin et al., 2005; Can et
al., 2006; Soltanali and Shams Haghani, 2008), metal
ions (Adhoum et al., 2004; Kumar et al., 2004; Gao et
al., 2005; Abdel-Ghani and EI-Chaghaby, 2007), colloidal
abrasive particles (Den and Huang, 2006), phosphate
(Bektas et al., 2004; Akpor et al., 2007) and viruses
(Zhu et al., 2005). Few studies have investigated
treatment of potentially scale-forming species, such
as silica, calcium and magnesium, especially at the
concentrations present in industrial process waters.
Two studies have investigated EC for dissolved silica
removal, one as part of a dewatering process (Bayat et
al., 2006) and one as a pretreatment for reverse osmosis
(Den and Huang, 2008). However, neither of these
studies investigated the relationship between
coagulant dose and silica removal. One paper discussed
the removal of calcium and total hardness from highly
concentrated distillery wastes (Kannan et al., 2006).
This study investigated the use of EC for removing
silica, calcium and magnesiumfrom cooling loop waters
and from reverse osmosis reject (ROR) streams. These
substances have the potential to form scales on heat
transfer surfaces in cooling systems using recirculating
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water. If EC can effectively remove these species, ROR
streams could be used in cooling tower loops and the
volume of water requiring disposal as cooling tower
blowdown (CTB) could be reduced. In particular, the
goals of this study were to compare the performance
of iron and aluminum blades and to compare results
from bench scale and pilot scale experiments. Of
primary interest is the relationship between
contaminant removal and coagulant dose and how this
relationship translates from the bench to the pilot scale.
Both the pilot and bench studies were conducted during
the summer of 2007 in Hillsboro, Oregon, USA at a
semiconductor facility operated by the Intel
Corporation.

MATERIALS AND METHODS

The CTB and ROR waters were taken from slip-
streams tied into the main system lines at the
semiconductor fabrication facility. The composition of
the CTB and ROR waters are summarized in Table 1.
When necessary, solution pH was adjusted by adding
analytical grade (> 98 % pure) sodium hydroxide or
hydrochloric acid. Bench and pilot units were keptin a
utility building with no temperature control and thus
all experiments were carried out at an ambient outdoor
temperature of ~ 25 °C.

Bench tests were performed in a flow-through
reactor (Powell Water Systems, Centennial Colorado)
containing 9 electrodes in a parallel plate arrangement
with interelectrode gaps of 0.4 cm. The iron and
aluminum electrodes were obtained from Powell Water
Systems and were used as received. The electrode
dimensions were 3.2 x 34.0 x 0.32 cm and with all
electrodes in place, the void volume of the reactor was
0.35 L. The reactor was operated galvanostatically
using a Protek direct current power supply at current
densities ranging from 0.3 to 9 mA/cm?2. Water to be
treated was passed once through the reactor in an
upflow manner at a rate of 0.35 L/min, yielding a
hydraulic detention time of 1 min. In tests reported on

Table 1: Typical range for target species concentration (mg/L),
pH and total dissolved solids (TDS) in cooling tower
blowdown and reverse osmosis reject streams

Cooling tower Reverse osmosis

blowdown reject
pH 7.5-8.0 7.8-8.2
Silica 40-50 65-75
Ca 17-23 30-35
Mg 4-6 8-12
TDS 620-815 275-450
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elsewhere (Schulz, 2008), hydraulic detention times
between 1 and 3 min were found to give identical levels
of target species removal for the same coagulant dose.
Therefore, hydraulic detention time was not
investigated as an experimental variable. In order to
simulate steady state operation, effluent samples were
taken at least 10 min after commencement of each
experiment. All samples were magnetically stirred at
~ 100 revolutions per min for 0.5 h and then allowed
to settle overnight. After settling, the liquid samples
were vacuum filtered using 0.45 pm cellulose nitrate
filter paper. In all bench tests, triplicate samples were
taken for each set of operating conditions.

Pilot tests were performed in a Powell water systems
flow-through reactor using 73 electrodes with
interelectrode gaps of 0.4 cm. Each electrode had
dimensions of 20.3 x 50.8 x 0.32 cm and with all
electrodes in place the void volume of the reactor was
23 L. The reactor was operated galvanostatically at
current densities ranging from 1 to 9 mA/cm?using a
built-in 220 V power supply. The pilot unit was operated
in upflow mode with hydraulic residence times between
1 and 2 min. The pilot unit was operated for
approximately 1 h before sample collection to ensure
invariant voltage and amperage readings and was run
continuously during the daily testing periods of
approximately 8 h. The reactor also contained an air
sparging apparatus that was used to inject air bubbles
into the water as it passed between the electrodes.
The air sparging was needed in order to fully oxidize
Fe?* to Fe* at high coagulant doses, and to prevent
sedimentation of the coagula in the reactor. Electrodes
were not pulled or rinsed between tests, nor was the
electrode placement changed. The reactor was rinsed
on an as needed basis with a 9 % (w/w) sulfuric acid
solution, with a maximum 1 week interval between
rinses. The rinsing was performed to break up and
remove any scale in the reactor or on the electrodes.
Analyses for dissolved species concentrations and
total dissolved solids (TDS) were performed by Test
America Laboratories in Beaverton, Oregon. Samples
were collected and filtered on site, stabilized with nitric
acid and stored at indoor ambient temperature (22 °C)
until analysis.

RESULTS AND DISCUSSION
Dose-Response with iron electrodes

Figs. 1a and b show the removal of silica, calcium
and magnesium from CTB as a function of the iron
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dose. The abscissa is expressed both in terms of charge
loading in Coulombs per L (C/L) and mmol/L of iron
(mM-Fe). The Faradaic relationship between coagulant
dose and charge loading was verified in a previous
investigation (Gu et al., 2009) and can be expressed as:

Dose (mM)=
charge loading (C/L)x 1000 (millimol/mol)
96485 (C/mol e~ )x z (mol e~ /mol metal ion)

where, the moles of electrons are denoted by mol €. In
the case of Faradaic dosing of iron (i.e., Fe?"), z=2. The
data in Fig. 1 show strong agreement between results
obtained at the bench and pilot scales. Silica removal
reached 60 % at approximately 2 mM-Fe and approached
90 % at 5 mM-Fe. Removal of calcium and magnesium
was less than that for silica and approximately 20 %

Faradaic dose (mM-Fe)
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Fig. 1: Fraction of (a) silica and (b) Ca or Mg removed versus
charge loading and coagulant dose for CTB. Error bars
on the bench data indicate +/- one standard deviation
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was removed for a 2 mM-Fe dose. Removal of TDS
ranged from 4 to 20 % and closely tracked the sum of
thesilica, calcium and magnesium removals.

The influence of the Fe* dose on silica, calcium and
magnesium removal from ROR is shown in Figs. 2aand
b. The dose range is half that explored for CTB, but
the results indicate that relative to the bench test
results, the pilot unit slightly underperformed with
respect to silica removal, while doing slightly better on
calcium and magnesium. Given the uncertainty in the
data, it is probably not appropriate to draw strong
distinctions between the performance of the bench and
pilot units. The fractions of silica, calcium and
magnesium removed from CTB and ROR were similar
for a given coagulant dose. This indicates that
differences in the overall composition of the waters

Faradaic dose (mM-Fe)
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Fig. 2: Fraction of (a) silica and (b) Ca or Mg removed versus
charge loading and coagulant dose for ROR. Error bars
on the bench data indicate +/- one standard deviation
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had little effect on the fraction of each target species
removed.

Dose-Response with aluminum electrodes

Results for silica removal from CTB and ROR using
aluminum electrodes are shown in Fig. 3. As was seen
with the Fe electrodes, the bench results for ROR and
CTB were very similar. In the bench tests, ~80 % of
silica was removed at a 2 mM-Al dose, moving to
90 % removal at 3 mM-Al. The pilot removals, however,
were substantially below those obtained with the
bench unit. It is well-known that Faraday’s law does
not predict aluminum dosing by electrocoagulation
(Picard et al., 2000; Canizares et al., 2005). Non-
Faradaic dosing results from chemical dissolution of
the aluminum cathodes in the high pH solutions
produced by reduction reactions on the cathode
surface. Aluminum dosing as a function of charge
loading in the bench reactor was determined in a
previous investigation to be 1.8 times that given by
Faraday’s law (Gu et al., 2009). The AI** dose in the
bench unit can therefore be calculated from the charge
loading using equation 1 with z =3 mol e per 1.8 mol
Al% or z=3+1.8=1.67. However, in the pilot unit, the
Al* dose may not have had the same dependence on
the charge loading as in the bench unit. During
operation of the pilot unit, a gel formed on the cathodic
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Fig. 3: Fraction of silica removed versus charge loading and
estimated coagulant dose. Error bars on the bench data
indicate +/- one standard deviation

faces of the electrodes, irrespective of the water
source. The gel covered the entire cathode surface
and appeared to form faster at higher power levels.
Therefore, because this gel did not form in the bench
unit, the AI®* dose actually delivered to solution in
the pilot unit was likely less than that in the bench
unit. This may explain the shift in the dose-response
relationship for the pilot as compared to the bench
unit. Fig. 4 shows calcium and magnesium removals
from CTB and ROR by aluminum electrodes.
Comparison of Figs. 3 and 4 shows that calcium and
magnesium removals were lower than those for silica
from both the CTB and ROR. Calcium and magnesium
were more effectively removed from CTB than from
ROR, which may be due to the lower influent
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Fig. 4: Fraction of hardness ions removed versus charge loading
and coagulant dose for (a) CTB and (b) ROR. Error
bars on the bench data indicate +/- one standard deviation
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concentrations of these species (Table 1) or the
presence of proprietary additives in the CTB to
prevent scaling, fouling and corrosion of heat transfer
surfaces in the water recirculation loops. In a previous
investigation, in the laboratory, phosphonate
antiscaling compounds added to simulated CTB were
found to increase hardness ion removals by EC.
Calcium removal approached 50 % and magnesium
removal exceeded 30 % at 3 mM-Al doses in CTB and
the bench data suggest that removal may continue to
increase in a roughly linear fashion over the next
several mmol/L of coagulant. Removal of calcium and
magnesium from ROR ranged from 20 % to 30 % in the
2 to 3 mM dose range. Once again, removals in the
pilot unit were below those for the bench unit at the
same charge loading. The evidence again suggests
that the observed gel formation was the reason for
the disparity in performance.

Iron versus aluminum electrodes

One objective of this investigation was to compare
the performance between Fe and Al electrodes. At the
bench scale, aluminum blades removed the target
compounds from both CTB and ROR more efficiently
than iron blades. A 2 mM aluminum dose removed
80 % of the silica and 20 to 40 % of the calcium and
magnesium. The same iron dose removed only 60 % of
the silica and 10 to 20 % of the calcium and magnesium.
Atthe pilot scale, the iron electrodes performed as well
as, or better than, the aluminum electrodes for the same
estimated coagulant dose. The pilot reactor fouled to
some degree with both electrode types, but it occurred
more quickly and to a more severe degree with aluminum
than with iron. The aluminum fouling was primarily due
to the gel that formed on the cathode surfaces during
the course of normal operation, whereas iron fouling
was due to insoluble particulates settling in the reactor.
The level of fouling with aluminum is an important factor
to consider in scale-up, as this resulted in channeling
and improper flow through the unit, which in turn may
have affected coagulant dosing. Further, the fouling
effectively doubled the amount of time the unit had to
be taken out of service for maintenance. The quality and
type of precipitates produced were different for iron and
aluminum electrodes. At all dose levels, aluminum
precipitates did not settle completely. Qualitatively, the
precipitates had some cohesive properties, producing a
gel on the surface of the filter paper. Furthermore, the
aluminum sludge took up a greater fraction of the process
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volume and also tended to clog the 0.45 pm cellulose
nitrate filters used in these experiments. In contrast, the
iron coagulated into discrete particles that settled rapidly
after cessation of stirring. Furthermore, the iron coagula
showed very little adhesion to the filter paper.

CONCLUSION

While numerous studies of EC have been
conducted at the bench scale, comparatively few
have been completed at the pilot or industrial scale.
This study was conducted at the pilot scale in order
to study potential maintenance and operational
issues that could not be identified at the bench scale.
For iron electrodes, performance at the bench scale
was a good predictor of pilot unit performance.
However, experiments revealed the issue of gel
formation at the pilot scale with Al electrodes. Bench
scale tests were conducted because these tests can
be run and replicated in a rapid fashion, which
allowed extents of removal along with their statistical
uncertainties to be determined. On a fractional
removal basis, one standard deviation for silica
removal from CTB averaged 0.1 and for ROR it
averaged 0.05. Standard deviations for hardness ion
removal were smaller than this, indicating that the
results for both silica and hardness removal were
consistent over a number of tests. This research
showed that EC was effective at removing silica from
two industrial waters, but was less effective for
removing calcium and magnesium. Silica removals
in excess of 80 % could be achieved for Fe or Al
doses of less than 4 mM. However, less than 40 % of
calcium and magnesium could be removed by either
Fe or Al using a 4 mM dose. Silica removal results
were similar for ROR and CTB, but there was more
variability in calcium and magnesium removals
between the two water types. For iron electrodes,
similar results were obtained at both the bench and
pilot scales, while for aluminum, lower removals were
observed in the pilot unit for the same charge loading
as the bench unit.
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