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was determined by flame-atomic absorption spectrophotometer. The results showed that
the COD decreased by 69.6% after 1 h of electrocoagulation process and up to 80.9% after
the EAPR process. The concentration of Cr and Pb decreased as much as 25% and 8.52%,
respectively in the similar process. The simultaneous process could extend the heavy metal
removal up to 0.28 mg/L for Cr and 0.09 mg/L for Pb in liquid wastewater from the initial
concentration. These results showed that the levels of COD and heavy metal
concentration in Batik wastewater have reduced in accordance with the Ministry of
Environment Decree No. 5/2014 Republic of Indonesia regarding various industries
wastewater standard with the threshold limit of 150 mg/L for COD and 1.0 mg/L for Cr
on textile industry and 0.1 mg/L for Pb on Class I for another wastewater standard. The
estimated cost of operation was US$ 1.509 m™ indicating the viability of Batik industry
wastewater treatment.
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= INTRODUCTION degradation. However, these processes occurred in a

Batik industry (i.e. an ingenious traditional textile in slow  chemical - reaction which ~ impacted on - the

Indonesia) has potentially contributed hazardous
pollutants to the environment. Direct discharge or

accumulation of dye compounds in the aquatic
environment faster than the ability of photo-
degradation process [2].

unproper treatment of wastewater produced from these
Today, there are many methods to process the

industries can be detected easily by a physical form in the ) ) )
. . Batik or other textiles wastewater such as coagulation,

environment, such as smell, and turbid color of water [1].

The largest pollutant from the Batik industry is from the

dyeing process. Dye substances are usually non-

adsorption using activated carbon, and
electrocoagulation [2]. However, those techniques are
less effective and relatively complex process, so that it is

biodegradable organic compounds, which are source of i )
needed a new method that is more effective and

environmental pollution. Naturally, dyes compound in

aquatic environments can be decomposed by photo- environmentally friendly. - When ~ compared  with
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activated carbon, the electrocoagulation has several
advantages including environmental-friendly, non-toxic
process, and less residue. Many studies showed that
electrocoagulation was an efficient technique for
discharging the pollutants at surface water in the lowlands
[3], urban wastewater [4], restaurant’s waste [5], chromium
metal waste [6], and industrial wastewater [7]. Those studies
have consistently shown that the electrocoagulation is one
of the most promising techniques for wastewater
treatment with the efficiencies between 70 and 95% in
terms of COD and BOD respectively and less sludge
products than other alternative procedures [8].

Presently, phytoremediation is an effective and
affordable technological that use plant process to extract,
remove, degrade, or render harmless hazardous materials
including metals and metal pollutants present in the soils,
sediments, and groundwater [9-10]. This technology is
environmentally friendly and potentially cost-effective
toward conventional water clean-up techniques.
However, its application has limitations since the clean-
up depth is strictly determined by the length of the plant
roots. The transport of contaminants is minimal to the
the of

contaminants is induced exclusively by slow plant root

aboveground harvestable, and movement
suction. Therefore the efficiency of contaminant removal
is depending on the extension of the plant roots in the soil
and water surface [11].

Electro-assisted phytoremediation (EAPR) is an
enhancement method to phytoremediation, requiring
electrically assistance to overcome the weaknesses of
phytoremediation itself [12]. The methods had been
extensively reported on the improvement of soil [13-15]
and aquatic phytoremediation [16-19] for the removal of
heavy metals using various aquatic accumulator plants
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such as Lemna minor, Lactuta sativa, water hyacinth
(Eichornia crassipes) and water lettuce (Pistia stratiotes).

The main objective of this study was to determine
the optimal operation conditions and operating cost of
effluent treatment from the Batik industry using a
simultaneous electrocoagulation and EAPR system.
Therefore, in this study, two major issues were
addressed. First, the development and evaluation of a
simultaneous process of electrocoagulation and EAPR
was investigated. In addition, the assessment of rough
horsetail (Equisetum hyemale) that is used in the
electrical enhancement of aquatic phytoremediation
treatment of the Batik wastewater was performed.
Second, the survival strategy of growing plants in
wastewater was assessed by (i) evaluation of the survival
indicator to determine the COD level and heavy metal
tolerance; (ii) determination of stressing indicator using
total chlorophyll content and chlorophyll a/b ratio. In
addition, the feasibility of operating cost on the effluent
treatment of Batik wastewater was calculated.

m EXPERIMENTAL SECTION
Batik Wastewater Sampling

Batik wastewater was collected before the rainy
season from the Batik workshop in Mantrijeron,
Yogyakarta, Indonesia, at the discharged point (GPS
7°49'06.7"S 110°22'00.3"E). The collected wastewater was
directly used without preserved. The characteristics of
wastewater such as COD, pH, and heavy metals (Pb and
Cr) were shown in Table 1. The high COD concentration
in the Batik wastewater occurred due to the presence of
chemical substances used in these industries such as
sodium silicate, sodium salt and sodium alginate [20-
21]. In this study, the Batik wastewater has initial COD

Table 1. Profiles of Batik wastewater compared with the Ministry of Environment decree No. 5/2014 Republic of

Indonesia regarding various industries wastewater standard

Water Quality Standards

Batik
Characteristics o Textile Other Quality Unit
Wastewater
Industry Class I Class I
COD 214.8 150 100 300 mg/L
Pb 0.47 N/A 0.1 1.0 mg/L
Cr (VI) 0.16 1.0 0.5 1.0 mg/L
pH 8.60 6-9 6-9 6-9 N/A
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concentration of 214.8 mg/L. Usually the Batik or textile
industry effluent contains high COD concentration than
BOD [20,22-23].

Plant Collection

Rough horsetail (Equisetum hyemale) was collected
based on a similar phytomorphology characteristic, which
has the same number of stem segments and root density.
Before being used in the EAPR system, the plants were
undergoing the acclimation process to adapt the laboratory
environment. Acclimation was proceeded in two steps.
Initially, the plant was acclimated in a fresh water for 3 days
and then the solution was changed to a Hoagland solution
for the next 3 days. Hoagland solution contains the essential
elements required by the plant for growth. 1 L of Hoagland
solution was prepared by mixing of 0.00676 g KH,PO.,,
0.252 g KNO;, 0.59 g Ca(NO;)»4H,O, and 0.20 g
MgCl,-6H,0O according to elsewhere publication [12].

Electrocoagulation Process

The wastewater was flown into the electrocoagulation
reactor with the dimension of 35 (L) cm x 20 (W) cm X
20 (H) cm and filled with a volume of 10 L. The process
was carried out for 1 h at constant voltage of 20 V (DC
power supply, 60 V/10 A, SANFIX, Taiwan). The electrode
used in the experiment was aluminum as anode and
stainless-steel sheets as cathode for each consisted of 3
sheets with a dimension of 30 (L) cm x 20 (W) c¢m and
3 mm thickness. This process was intended to decrease
the COD concentration in the wastewater. The solution
was then continued to the EAPR reactor for the removal
of the remaining heavy metal concentration. Fig. 1 shows
the schematic diagram of the simultaneous processes. At
first, wastewater from the equalization tank was treated by
electrocoagulation process and then continued by EAPR
treatment to decrease high COD and heavy metal
concentration. The performance of electrocoagulation and
EAPR process were evaluated by removal efficiency (%) of
COD and heavy metal concentration as shown in Eq. (1).

C
Removal efficiency (%) =—2

-C
£ x100 (1)

CO
where, C, was the initial concentration before treatment,

and C;was the final concentration after treatment.
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Fig 1. Simultaneous electrocoagulation process and
EAPR treatment by which electrodes cathode of colony
system. Rough horsetail (Equisetum hyemale) was used
as an accumulator plant in the EAPR system

EAPR Process

After the
wastewater then continued to flow into the EAPR
reactor (40 (L) cm x 30 (W) cm x 30 (H) cm) for 17 L
volume, equipped with Ti as anode (@ 6 mm x 25 (L)
cm, Nilaco, Japan) and stainless steel U316 (net wire: 10
mesh, 30 (L) x 20 (W) cm; and bar: 3 mm thick, 30 (L) x
1 (W) cm) as cathode electrode. The process was carried

electrocoagulation  process, the

out for 7 days at a constant voltage of 5 V (DC power
supply, 30 V/5 A, SANFIX, Taiwan) using rough
horsetail (Equisetum hyemale) as the accumulator plant.
The light source was provided by fluorescent tubes (40
W, Philips, Indonesia) and incandescent lamps (20 W,
Osram Duluxstar PAR 38, China) which was controlled
by an intra-matrix timer to provide 16/8 h light/dark
cycle. In this process, a designed cathode-pot was used
as electrode according to elsewhere publications [18-19].

Water and Plant Tissues Analysis

Six bundles of rough horsetail (Equisetum
hyemale) were used in the EAPR system and for every

two bundles was harvested consecutively at the 3, 5"
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and 7™ day of plantation. Those plants were weighed,
washed thoroughly with running tap water and then
separated into shoot and root. The shoot and root were
cut into small pieces, dried for 5 days at 60 °C in an oven.
Approximately 1.0 g of samples was digested in 10 mL
concentrated HNO; overnight and then evaporated for 15
mins on a hot plate until half of the initial volume. All
solutions were adjusted to the final volume of 10 mL with
deionized water. Heavy metal (Pb and Cr) concentration
was then measured by a flame atomic absorption
spectrophotometer (Buck Scientific 202, USA). The
concentrations of the element in this study were reported
on a dry matter basis. The COD concentration in the
water sample was determined by closed reflux of
colorimetric methods according to SNI 6989.2:2009 with
the reference method of 5220 D [24].

Chlorophyll Analysis

The changes of the plants morphology were
observed and monitored every day. The chlorophyll
content of the plants was measured according to Moran
and Porath [25]. A sample of 200 mg plant shoots was cut
into 0.5 cm segments and incubated in acetone for 24 h at
4 °C in a dark room. The absorbance of the supernatant
was measured by a spectrophotometer (Hitachi 2000,
Japan) at wavelengths (A) of 645 and 663 nm. Chlorophyll
concentrations (mg.mL™") were calculated by using the
following Eq. (2) to Eq. (4).

[Chla|=[12.7x1663 |-[ 2.69x 1645 | (2)
[Chlb |=[22.9x1645 |-[ 4.68x 1663 | (3)
[ Total Chl |=[8.02x 1663 ][ 20.2x 1,645 | (4)

Operating Cost

Under the experimental studied, there are two main
operating costs to be considered. The first process was the
electrocoagulation and the second was the EAPR process.
The operating cost for the electrocoagulation process was
mainly from the electrodes wear and electric energy costs
[26], while the EAPR process was only from the electric
energy consumption [27]. In addition, there were some
factors in both processes that should be considered such
as labor, maintenance, sludge dewatering and disposal as
well as fixed costs. The calculations of electrode wear [28],
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electric energy consumption, and operating cost were
calculated by using the following Eq. (5) to Eq. (7).

i.tM
= 5
el F.z ®)
Uit
Cen = v (6)
Cop :a.Cen +b'Cel (7)

where mq = electrode wear, Ce, = energy consumption,
Cop = operating cost, i = Current (Ampere), t = Time (sec
or h), M = molar mass (g), F = Faraday constant, z =
Number of electrons, U = Electric tension (Voltage), V
= Volume (m’), a = Energy cost, C.. = Energy
consumption, b = cost of the plate, Cq = Electrode

consumption.

m  RESULTS AND DISCUSSION
Electrocoagulation Process

Table 2 shows the concentrations of COD and
heavy metal (Pb and Cr) in the wastewater after 1 h of
electrocoagulation process. The result showed that the
electrocoagulation has decreased the COD concentration
by 69.8%, and the removal efficiencies of heavy metal
was 8.5% and 25.0% for Pb and Cr respectively from the
initial concentration. It is known that the removal of
organic matter (i.e. COD) using electrocoagulation may
adsorption by
electrostatic attraction and physical entrapment [23]. In

involve electrochemical oxidation,
this step, the wastewater was treated only by
electrochemical oxidation without further treatment, so
that the resulted-effluent solution from this step still
contained high organic matter. Therefore, the process was
continued by the EAPR system to increase the removal
of COD from wastewater. In this study, the aluminum
electrode was used as an anode and stainless steel as a
cathode. If the electric current passes through to the Al
electrode, the AI’* ions were generated electrochemically

Table 2. Profiles of COD and heavy metal (Pb and Cr)
concentration after 1 h of electrocoagulation process

Condition COD Heavy metal (mg/L)
(mg/L) Pb Cr
Initial 214.8 0.47 0.16
After 1 h process 65.3 0.43 0.12
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at the anode, and coagulant agents AI(OH); were formed
as shown in the following Eq. (8) to Eq. (10). The
formation of coagulant agent could decrease the heavy
metal concentration together with organic substances in
the wastewater. In this process, metal hydroxide has
occurred because of hydroxyl ion production at the
cathode during the electrocoagulation treatment. The
solubility of a certain metal reaches a minimum at a
specific alkaline condition, which has a characteristic
value for each metal [23]. The pH of wastewater changed
from 8.60 to 8.86 during the electrocoagulation treatment
indicating more alkaline pH developed in the wastewater
since hydroxyl (OH") ions were continuously produced in
the solution as shown in Eq. (9) to Eq. (10).

Anode: Al(s) —> AL3+(aq) +3e (8)
Cathode: 3H;O(yq) +3¢ — 3/ 2Hy(g) + 30H (4 ©)

Hydrolysis : AI** ) +30H™ — Al(OH)3, (10)

(aq)
EAPR Process

Fig. 2 shows the decreasing of COD concentration
on the EAPR system for the 7 days process. The feed water
for the EAPR treatment process (i.e. EA 1* to 7") resulted
in the effluent from 1 h after electrocoagulation treatment
(i.e. EC1) by which the COD concentration has been
decreased by 69.8% from the initial concentration of
wastewater. In the EAPR treatment process, the COD
concentration continued to decrease until 80.4% (i.e. EA1
to EA7). In general, the simultaneous process of
electrocoagulation (i.e. EC) and EAPR (i.e. EA) have been
COD
concentration in the wastewater from 214.8 mg/L to
422 mg/L. The of COD in the
phytoremediation process of Batik wastewater was a time

successfully —performed to decrease the

decreasing

consuming and the removal efficiency was depending on
the plant used in the study. For example, degradation of
COD using Egeria densa and Salvinia molesta achieved
95% and 99% respectively for the 17 days process [29].
Therefore, the electro-assisted system aimed to extend the
phytoremediation process on the removal of organic
matter could simultaneously decrease the heavy metal
concentration in the Batik wastewater [30]. A significant
decreased of heavy metal concentration in the wastewater
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Fig 2. Profiles of decreasing COD concentration after
electrocoagulation and continuing with the EAPR
EC1
indicates 1 h of electrocoagulation process and EA 1 to
EA 7 indicates from 1* to 7" day of EAPR process

process on the treatment of Batik wastewater.

occurred from 3" to 7" day of the EAPR process (Fig. are
not shown). The removal of Pb and Cr concentration in
the EAPR process decreased by 0.09 mg/L and 0.28 mg/L,
respectively. The decrease of lead and chromium
concentration in the wastewater indicates the absorption
of heavy metal by rough horsetail through an electro-
assisted process to the plants that occurred intensively.
An acidified solution occurred around the anode when
water hydrolyzed to form hydrogen ions (H*). This acidic
environment extended the lead ions (Pb**) migration
toward the cathode and precipitated as metal-hydroxide
around the cathode-pot electrode in the EAPR system as
shown in Eq. (11) and Eq. (12). Moreover, those
reactions have produced oxygen and hydrogen gas in the

solution.
Anode: HZO(aq) v d OZ(q) v d 02((1) + 2H+(aq) +2e” (1 1)
Cathode: ZHZO(aq) +2e > HZ(g) + OH_(aq) (12)

Heavy Metal Concentration in the Plant

Phytoremediation takes advantage of the unique
and selective uptake capabilities of plant root systems,
together with the translocation, bioaccumulation, and
contaminant degradation abilities of the entire plant
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body [31]. In the EAPR system, the heavy metal absorption
by plants was assisted by electrical migration of metal ions
from the anode to cathode pot around the plant root which
accelerated the plant to uptake ions from aquatic media
[18-19]. Table 3 shows the accumulation profiles of Pb
and Cr in shoot and root of rough horsetail plant. For
hyper-accumulator plants, high translocation of the heavy
metal from the root system would occur to the aerial part
of plants, such as shoots and leaves [9]. In this study,
despite the high level of lead and chromium concentration
in the root, the ability of rough horsetail to translocate
heavy metal from roots to shoots has low concentration
for each treatment. Besides, heavy metal concentration in
the plant tissues increased with the elevated EAPR process.
The removal ability of heavy metal from the solution by
the EAPR system was different (see Table 3). For example,
a high uptake of lead was observed than that of chromium
by rough horsetail (Equisetum hyemale). Regardless of
chromium source in the environment, the potential of the
plant species tested in phytoremediation was limited
because high chromium concentration in the shoots was
toxic to plants. Therefore, the most tolerant plant species
accumulated the least amount of chromium. For example,
metal-tolerant species like coastal Bermudagrass did not
accumulate Cr more than 2 mg/Kg plant mass with
500 mg/Kg of soil [32-33]. In this study, chromium was
still being measured after the treatment process even
though the metal concentration was very low in the
wastewater (see Table 1) because chromium has been
recognized as a toxic, mutagenic and carcinogenic metal.

Plant Stress Tolerance

Plant appearance was observed, and chlorophyll
content was measured to assess the tolerance of plants to
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heavy metal during the EAPR process. Total chlorophyll
content and chlorophyll a/b ratio are parameters for
photosynthetic activity and often used as indicators of
stress in plants. These parameters have been used for
detecting and assessing the exposure of plants to
environmental contaminants [34-35]. Fig. 3 shows the
total chlorophyll and chlorophyll a/b ratio in the plant
after the EAPR process.

In general, for plant treatments with the EAPR
process at all harvesting time, the total chlorophyll
contents significantly decreased except the plant
harvested at 5™ day after cultivation. Similar results also
showed that the chlorophyll a/b ratio of the treated plant
decreased compared to the control plant. Those results
concluded that the plants exposed by the EAPR process
were not under toxic chemical stressing which was
confirmed by negative visual characteristics of phytotoxic
symptoms (e.g. discoloration, pigmentation, yellowing,
and withering). Regarding the pigment content, heavy
metal-exposed plants showed a remarkable decrease of
chlorophyll. Therefore, the rate of photosynthesis
decreased significantly in response to the elevated heavy
metal concentration. In other words, any changes in
chlorophyll synthesis and activity used as the index of
direct toxic effects of heavy metals [36].

Calculation of the Operating Cost

The calculation of electrode wear that was
consumed during the electrocoagulation process was
shown in Eq. (5) with the molar mass of aluminum is
26.982 g mol™" and the oxidation number of the element
is 3.

_ 5%3600x26.982

=1.6779g Al
96485x3

(13)

el

Table 3. Heavy metal concentration in the rough horsetail plant after EAPR process

Cultivation periods Shoot Root
Pb (mg/Kg) Cr (mg/Kg) Pb (mg/Kg) Cr (mg/Kg)
EA3 53.3 12.3 274.2 111.5
EAS5 68.9 21.1 287.0 116.2
EA7 83.3 23.5 312.9 109.7
Control 52.5 27.2 226.0 117.4

EA 3, EA 5 and EA 7 indicate the cultivation period after 3%, 5% and 7 day of cultivation. At 7% day was the
last experimental time in the EAPR system before the plant was harvested. The control plant was

phytoremediation without wastewater. All data were the average value from two replication.
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Fig 3. Total chlorophyll content (a) and chlorophyll a/b ratio (b) in the plants after EAPR process for lead (Pb)
remediation (n = 3). Chlorophyll in the control plant defined as the plant that grew in phytoremediation. EA 3, EA 5
and EA 7 indicate the cultivation period after the 3™, 5™ and 7 day of cultivation

The the
electrocoagulation (EC) and the EAPR process were

energy  consumption during

calculated according to Eq. (6).

20x5x]1 _ -
0x5x1 10000 Whm™> =10kWhm >

Cen (EC)= (14)

x5x1

C (EAPR):5 =1470.59Whm > =1.47kWhm ™ (15)
en 0.017

The operating cost of the batch reactor in the
simultaneous of EC and EAPR system can be calculated
using Eq. (7). The estimated value of 1.0 kg of aluminum
plate is US$ 2.30, but the mass estimated cost of a small
plate (200 g) used in the experiment is US$ 0.46. While,
the value of industrial electrical energy in Indonesia (>
30000 kVA/October 2019) is US$ 0.0643 kWh (1 US$ =
IDR 15,500).

Cop =0.0643(10+1.47) +(0.46x1.6779) = US $1.509m > (16)

The daily generation of effluent at the Batik industry
was approximately 40 m’ per day [37]. Therefore, the
monthly value was estimated by US$ 1,811.

m CONCLUSION

The results have demonstrated that the simultaneous
process of electrocoagulation and EAPR process has been
used to reduce significantly the concentration of COD
and heavy metal (Pb and Cr) in the Batik wastewater. In
addition, rough horsetail (Equisetum hyemale) was able to
grow well in the EAPR system while treating the Batik

wastewater. According to the total chlorophyll and
chlorophyll a/b ratio, the plants were able to grow in
Batik wastewater without showing a toxic chemical
stressing. The results showed that the levels of COD and
heavy metal (i.e. Pb and Cr) concentration in Batik
wastewater has reduced in accordance to the Ministry of
Environment Decree No. 5/2014 Republic of Indonesia
regarding of various industries wastewater standard
with the threshold limit of 150 mg/L COD and 1.0 mg/L
Cr for textile industry and 0.1 mg/L Pb for another
wastewater standard (Class I). The operating cost of
mainly energy and electrode consumption was
calculated as US$ 1.509/m’ treated wastewater.
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