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Abstract

The degradation of organic contaminants in actual textile wastewater was carried out by iron carbon (Fe-C) micro-electrolysis.
Different Fe-C micro-electrolysis systems (SIPA and SISA) were established by using scrap iron particle (SIP) and scrap iron
shaving (SIS) as anode materials. The optimal condition of both systems was obtained at the initial pH of 3.0, dosage of 30 g/L
and Fe/C mass ratio of 1:1. Commercial spherical Fe-C micro-electrolysis material (SFC) was used for comparison under the
same condition. The results indicated that total organic carbon (TOC) and chroma removal efficiencies of SIPA and SISA were
superior to that of SFC. Total iron concentration in solution and XRD analysis of electrode materials revealed that the former
showed relatively high iron corrosion intensity and the physicochemical properties of scrap iron indeed affected the treatment
capability. The UV-vis and 3DEEM analysis suggested that the pollutants degradation was mainly attributed to the combination
of reduction and oxidation. Furthermore, the potential degradation pathways of actual textile wastewater were illustrated through
the GC-MS analysis. Massive dyes, aliphatic acids, and textile auxiliaries were effectively degraded, and the SIPA and SISA
exhibited higher performance on the degradation of benzene ring and dechlorination than that by SFC. In addition, SIPA and
SISA exhibited high stability and excellent reusability at low cost.

Keywords Fe-C micro-electrolysis - Textile wastewater - Scrap iron - Effluent organic matter - Degradation pathway - Reduction
and oxidation

Introduction generated per kg of textile produced (Manu and Chaudhari
2002). The wastewater contained various industrial chemicals,

With the rapid development of textile industry, wastewater such as dyes, finishing agents, surfactants, dispersants, emul-

discharged during the textile processing has been increasing.
It was reported that around 40 to 65 L of wastewater was
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sifiers and salts, on account of their excessive use during the
complex and lengthy textile processing (Khandegar and
Saroha 2013). And the overwhelming majority of these
chemicals were toxic, hazardous, and refractory. The amount
of residue was inevitably released into environment through
effluents, posing adverse effects on aquatic ecosystem and
human health. Besides, dyes created esthetic pollution due to
their high visibility even in low concentrations (Brillas and
Martinez-Huitle 2015). Hence, the elimination of contami-
nants and decolorization treatment of textile wastewater have
been intensively investigated in the past few decades.
Although biological technology was the cheapest and
most widely used industrial wastewater treatment
methods, it exhibited limited removal efficiency for the
high toxicity and biologically stability of textile wastewa-
ter. Therefore, different synergistic treatment techniques
have been explored to remove the negative impacts of
textile wastewater on microorganism such as adsorption
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(Regti et al. 2016), electrochemistry (Yahiaoui et al.
2013), photocatalysis (Li et al. 2017), Fenton (Doumic
et al. 2015), and ozonation (Eremektar et al. 2007).
Adsorption could separate the contaminants from solution
but hardly degrade them, which was unfavorable to im-
prove the biodegradability of textile wastewater.
Electrochemistry and photocatalysis could eliminate pol-
lutants effectively; however, the processes were highly
specific conditions-dependent. Fenton and ozonation
showed potential to degrade organic pollutants, but the
high costs rendered them difficult to be widely applied.
Thus, it is eagerly demanded to develop a more econom-
ically feasible method for textile wastewater treatment.
Recently, as a promising technology for refractory waste-
water degradation, iron carbon (Fe-C) micro-electrolysis
has attracted extensive attention due to its low cost, sim-
ple operation and high treatment efficiency (Lai et al.
2013; Yang et al. 2017b). In Fe-C micro-electrolysis,
Fe’ and activated carbon (AC) were commonly used as
electrode materials, forming numerous microscopic gal-
vanic cells spontaneously by the direct contact and mix-
ture. Fe’ as anode provided the electrons and released
Fe?* simultaneously, while AC acted as cathode to accept
and transfer the electrons to solution. Under anoxic con-
ditions, the electrons, [H] and Fe** generated in the sys-
tem possessed excellent activity to reduce organic pollut-
ants via reduction reactions (Lai et al. 2012; Van der Zee
et al. 2003). Moreover, Fe?* could be converted into iron
hydroxides flocs and then remove pollutants by coagula-
tion and precipitation (Ying et al. 2012). Under aerobic
conditions, dissolved oxygen accepted electrons to gener-
ate H,0O,, which could further form ‘OH and Fenton-like
reaction in the presence of Fe”*, presenting an excellent
organic pollutants mineralization effect (Deng et al. 2018;
Ruan et al. 2010). The main reactions involved in Fe-C
micro-electrolysis could be represented as follows:
Iron anode (oxidative):

Fe'—2¢ —Fe’" (1)

Fe?t—e —Fe*" (2)

Carbon cathode (reductive):

2H" + 2 —[H]—H, (3)

H,O0 +e¢ —H] +OH (4)
Acidic with oxygen:

0, +2H" 4 2¢" —H,0, (5)

Fe’" + H,0,—Fe*™ 4+ -OH + OH™ (6)
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Electro-coagulation:
Fe’™ + OH —Fe(OH),—Fe(OH), (7)

Some previous studies on the anode material of Fe-C
micro-electrolysis were focused on the use of iron pow-
der, which has high surface area and reactivity (Dou et al.
2010; Liu et al. 2016; Zhou et al. 2013). But the inherent
properties like easy agglomeration and passivation of iron
powder might restrict its application (Guan et al. 2015).
To overcome these drawbacks, it was feasibly accepted to
use scrap iron as a promising substitute anode material for
iron powder for the construction of Fe-C micro-electroly-
sis. On the one hand, scrap iron possessed abundant pro-
duction, relatively low cost and excellent hydraulic char-
acteristic that could continuously provide electrons in so-
lution with good mass transfer efficiency (Ou et al. 2016).
On the other hand, environmental pollution and land re-
source occupation could be decreased simultaneously by
reusing scrap iron as anode material, because scrap iron
was a solid waste generated from the drilling and turning
processes in iron and steel industries (Ya et al. 2018).
Currently, considerable research efforts have been carried
out on the effects of operation parameters on the treatment
efficiency of Fe-C micro-electrolysis composed of scrap
iron and AC (Han et al. 2016; Qin et al. 2012; Yang et al.
2017b). Nevertheless, the intrinsic physicochemical prop-
erties of electrode materials might also be a non-
negligible factor. For cathode materials, Zhu et al. (Zhu
et al. 2018a) found that the particle size, shape, and ma-
terial species of AC had great influences on the treatment
capability for Fe-C micro-electrolysis. While for anode
materials, it was reported that the shape, size, surface
area, and elemental composition of scrap iron affected
its reactive activity, but little attention has been devoted
to investigating its roles in subsequent formation of mi-
croscopic galvanic cells in Fe-C micro-electrolysis system
(Btatkeu et al. 2013; Gheju and Balcu 2010). It was ac-
cordingly presumed that the treatment capability of Fe-C
micro-electrolysis could be further affected by the physi-
cochemical properties of scrap iron.

Consequently, in the present study, different scrap iron-
AC micro-electrolysis systems were applied in actual tex-
tile wastewater treatment. The effects of physicochemical
properties of scrap iron on the performance of micro-
electrolysis system were investigated. Batch experiments
were carried out to analyze the effects of key operational
parameters on the treatment efficiency of textile wastewa-
ter. Additionally, the treatment efficiency and economic
feasibility of scrap iron-AC systems were reasonably eval-
uated by comprehensive comparison of commercial Fe-C
micro-electrolysis. Finally, the variations and possible deg-
radation pathways with organic pollutant species in actual
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textile wastewater were elucidated. The stability and cost
analysis of different Fe-C micro-electrolysis systems was
also investigated.

Materials and methods
Materials and reagents

Scrap iron particles (SIP) and scrap iron shavings (SIS) used
in this study were supplied by a mechanical processing plant
in Shanghai, P.R. China. The particle size of SIP and SIS were
1-3 mm and 5-8 mm, respectively. The commercial spherical
Fe-C material (SFC) with a porous structure was purchased
from Longantai Environmental Protection Co. in Zhejiang
Province, P.R. China. The main chemical composition of
SIP, SIS, and SFC were presented in Table 1. Before use,
SIP, SIS, and SFC particles were soaked in 5% sodium hy-
droxide solution for 2 h to remove surface oxide layer and
grease, then dipped into 5% hydrochloric acid solution for
20 min to further remove surface oxidation, and finally rinsed
with deionized water until a neutral pH value was reached.
Activated carbon (AC) (diameter 0.5-1 mm) was obtained
from Sinopharm Chemical Reagent Co. in Shanghai, P.R.
China. Before each experiment, AC was cleaned by tap water,
and then soaked in the textile wastewater for 48 h to eliminate
the effect of adsorption. Actual textile wastewater samples
were obtained from the industrial effluent of Yashuai Textile
Co., Ltd. in Zhejiang Province, P.R. China. The samples were
immediately preserved at 4 °C to minimize biological and
chemical reactions, and its general characteristics were TOC
of 1214 £ 24 mg/L, chroma of 625 + 35 times and pH of 7.15
+0.4. Hydrochloric acid (HCl) and sodium hydroxide
(NaOH) were obtained from Sinopharm Chemical Reagent
Co. in Shanghai, P.R. China, which were analytical grade
and used without further purification. Deionized water pre-
pared by Milli-Q Advantage A10 was used throughout the
whole experiment process.

Experimental procedures

SIP and SIS were combined with AC to build SIPA and SISA
micro-electrolysis systems, respectively. Batch experiments
were conducted to determine the treatment capacity of both
systems. The pH of the textile wastewater was adjusted using

Table 1 Main chemical composition of SIP, SIS, and SFC

Materials Fe (%) C (%) Ca(%) Cr(%) Cu(%) Mg(%) Mn (%)

SIp 98.695 — 0.691 — 0.019 0.090 0.502
SIS 97.778 — 0561 0918 - 0.098  0.643
SFC 80.860 16.597 1275 0.216 0.109 0.231 0.712

HCI (1 mol/L) and NaOH (1 mol/L). In each batch experi-
ment, 200 mL actual textile wastewater and the desired dosage
of Fe’ and AC were added in a 500-mL flat bottom beaker,
and the slurry was mixed by a mechanical stirrer at 200 rpm
and room temperature throughout the experiment. The key
effect factors, such as initial pH (1.0-9.0), Fe® and AC dosage
(10-50 g/L) and Fe/C mass ratio (1:3-3:1), were investigated
thoroughly. Samples were taken from the suspensions after
120 min treatment and then filtered through a 0.45-pm syringe
membrane filter for analysis. In order to compare the treatment
capacity of the above-mentioned systems with that of SFC
system under the same operating conditions (initial pH of
3.0, dosage of 30 g/L, Fe/AC ratio of 1:1 and the stirring speed
of 200 rpm), approximately 4 mL samples were taken from
the suspensions at certain time intervals during the 180 min
treatment period, and then filtered through a 0.45 pm syringe
membrane filter for analysis. The experiments of TOC and
chroma removal were conducted in triplicate, and then the
average value was given. The mean deviation of 4.2% was
observed in the reported data. In consecutive experiments,
after each cycle, the electrode materials were washed with
deionized water and dried for reuse.

Analytical methods

Total organic carbon (TOC) of the samples was measured by a
TOC meter (Analytikjena, multi N/C3100, Germany). The
chroma was determined according to the national standard
methods of P.R. China (GB11903-89). The total iron concen-
tration was performed with an inductively coupled plasma
(ICP-MS) analysis (PE, Optima 8000, USA). The phase com-
positions of electrode materials were performed by X-ray dif-
fraction (XRD, Bruker D8 Advance, Germany) with Cu K«
radiation and recorded from 5 to 80° (20) at a scanning rate of
3°/min. The UV-vis absorption spectra analysis of the aqueous
solutions were carried out in 10 mm quartz cuvettes and mon-
itored by a UV-vis spectrophotometer (Shimadzu, UV 2600,
Japan). The three-dimensional excitation-emission matrix
fluorescence (3DEEM) was determined using a fluorimeter
(Hitachi, F-7000, Japan). The organic species were analyzed
using gas chromatography-mass spectrometry (GC-MS)
(Agilent 7890A 5975C, USA) equipped with a Chrompack
capillary column (DB-5MS, 0.25 pm x 30 m x 0.25 mm,
Agilent) and an autosampler (Model 7683B Series Injector,
Agilent) assembly. The program of the GC-MS was as fol-
lows: 0.4 uL sample was injected with an inlet temperature of
250 °C. Helium was the carrying gas with a gas flow rate of
45 cm/s. The initial oven temperature was kept at 60 °C for
1 min, then linearly ramped to 180 °C at 15 °C-min”", follow-
ed by temperature increment to 280 °C at 5 °C'min "', and
finally kept at 280 °C for 8 min. The mass spectra were set
in scan mode from 50 to 500 m/z.
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Results and discussion
Parameters optimization

Effect of initial pH As shown in Fig. la, the variations in
terms of TOC and chroma removal efficiency with differ-
ent initial pH were discussed. The TOC and chroma re-
moval efficiency decreased gradually when pH rose from
1.0 to 7.0, suggesting that both micro-electrolysis systems
were highly acid-promoted. The electron transfer enhanced
with the increase of H* concentration in solution and there-
fore Fe** dissolution and [H]/-OH generation accelerated
(Lai et al. 2014). Meanwhile, the iron oxides and hydrox-
ides coating on Fe’ surface could be continuously dis-
solved, exposing more reactive sites and facilitating the
corrosion reaction. It was generally accepted that the elec-
tron transfer rate would be remarkably inhibited in alkaline
solution, thus the TOC and chroma removal efficiency of
SISA continued to decline when the initial pH was 9.0. In
contrast, it could be observed that the pollutant removal
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80 [ RRE \___"f"""'____i
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--¥-- Chroma-SISA
20  —e—TOC-SIPA
—v— TOC-SISA
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efficiency by SIPA was even increased under the same
condition. The results revealed that SIP possessed relative-
ly large available iron surface area because of its small
particle radius, which could provide sufficient Fe** and
Fe** even in alkaline solution and further induce the for-
mation of floc iron sludge to separate pollutants via coag-
ulation and adsorption (Yang et al. 2017b). However, in
neutral and alkaline solution, the biodegradability of
wastewater could hardly be improved due to the barely
decomposition of pollutants, and the large amount of
iron-containing sludge increased the cost of sludge treat-
ment as well (Lai et al. 2013). Additionally, although acid-
ic conditions significantly improved the treatment efficien-
cy of dyeing wastewater, the Fe® might be excessively cor-
roded and quickly consumed. Meanwhile, it was reported
that massive hydrogen generated and attached on the sur-
face of Fe” in extreme acidic conditions (pH < 3.0), hinder-
ing the electrons and Fe®* transfer (Han et al. 2016).
Hence, pH was controlled at 3.0 as the optimum initial
pH for the following experiments.
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Fig. 1 Effect of a initial pH, b dosage, and ¢ Fe/C mass ratio on the TOC and chroma removal efficiency. Experiment conditions: dosage =30 g/L, Fe/

AC ratio = 1:1, reaction time = 120 min, stirring speed =200 rpm
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Effect of dosage The effect of Fe® and AC dosage on TOC and
chroma removal efficiency was evaluated by varying the dos-
ages. As can be seen in Fig. 1b, the TOC and chroma removal
efficiency treated by SIPA and SISA increased gradually
when the dosage changed from 10 to 30 g/L, and the maxi-
mum promotion obtained when the dosage reached 30 g/L.
This phenomenon could be explained by the increased avail-
able iron surface area, reactive sites as well as iron corrosion
intensity when the dosage of Fe” increased (Lai et al. 2014).
At the same time, SISA treatment had lower TOC and chroma
removal efficiency compared with SIPA owing to smaller
available iron surface area of SIS. Figure 1b also depicted that
the removal efficiency of TOC and chroma was basically sta-
ble, even gradually declined, with further increasing of Fe”
and AC dosage from 30 to 50 g/L, which could be attributed
to the inhibition of mass transfer caused by excessive Fe” and
AC. Considering the efficiency and the mass transfer resis-
tance imposed by excessive Fe’ and AC, 30 g/L dosage was
selected as the optimal dosage for the subsequent experiments.

Effect of Fe/C mass ratio Fe” and AC were utilized as the
anode and the cathode of micro-electrolysis system, respec-
tively. In this system, Fe” provided electrons for the degrada-
tion of refractory and persistent organic contaminants in
wastewater; meanwhile, the addition of AC was favor to
forming a large number of microscopic galvanic cells by
contacting scrap iron and significantly increased the treatment
capacity (Lai et al. 2013; Liu et al. 2007). Therefore, the Fe/C
mass ratio was an important parameter which could remark-
ably influence the degradation efficiency of organic pollut-
ants. Figure 1c displayed the similar variations of SIPA and
SISA in TOC and chroma removal efficiency with different
Fe/C mass ratios from 1:3 to 3:1. As expected, it was found
that increasing the Fe/C mass ratio from 1:3 to 1:1 greatly
increased the TOC and chroma removal efficiency. Under
the given total dosage of Fe° and AC, the more Fe’ existed,
the more Fe?* dissolved, and thus the treatment efficiency of
the micro-electrolysis system was apparently enhanced.
Subsequently, the removal efficiency of TOC and chroma first
kept steady then slightly decreased when the Fe/C mass ratio
was above 1:1, indicating that the scarcity of AC was unfa-
vorable to the formation of microscopic galvanic cells (Luo
et al. 2014). According to previous studies, it was known that
micro-electrolysis reactions and galvanic corrosion could be
well facilitated when the Fe/C mass ratio was 1:1, because
almost the same number of anode and cathode contributed to
the formation of microscopic galvanic cells (Han et al. 2016;
Liu et al. 2007). Accordingly, it could be concluded that Fe/C
mass ratio that promoted TOC and chroma removal optimally
in micro-electrolysis system was 1:1.

On the basis of spherical and porous structure, SFC as a
commercial micro-electrolysis material provided big conve-
nience for process operation by reducing pressure drop in

flow-through systems and easily separation from treated water
(Yuan et al. 2015). Hence, the treatment capability of SIPA
and SISA systems for actual textile wastewater was compared
simultaneously with that of SFC for further evaluation.

TOC and chroma removal efficiency

The variation of TOC and chroma removal efficiency over
time at optimal parameters was depicted in Fig. 2.
Obviously, the variation trend of chroma and TOC removal
efficiency showed high relativity. The remove process could
be divided into three parts. In the initial stage (0—20 min), the
treatment effect of SFC was much better than SIPA and SISA,
reasonably considering that the porous structure of the former
material could rapidly adsorb the organic pollutants on its
surface (Huang et al. 2014). While in the second stage (20—
90 min), the growth of TOC and chroma removal efficiency of
SFC gradually slowed down and was finally exceeded by
SIPA and SISA. The result implied that the adsorption capac-
ity of SFC material was limited, and large amount of pollut-
ants on its surface made a heavy mass transfer resistance of
electrons from Fe” to solution. Besides, the corrosion products
of Fe’ might hardly overcome the dense pollutant layer and
also adhered to the SFC surface (Xu et al. 2016). For the latter
two systems, the pollutants and corrosion products were main-
ly concentrated on AC surface as a consequence of outstand-
ing porosity and hydrophobicity and the continuously released
adsorption sites, contributing to reducing the surface load of
Fe? and accelerating its corrosion. As time went on, the pas-
sivating layer coated on the Fe surface, which was formed by
iron oxides and hydroxides, noticeably hindering the electrons
and Fe®* transfer and the reactive activity of Fe’. And the
removal rate of TOC and chroma gradually decreased due to
the scarcity of Fe?*, [H], and ‘OH. In the third stage (90—
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Fig.2 Variation of the removal efficiency of TOC and chroma over time.
Experiment conditions: initial pH = 3.0, dosage=30 g/L, Fe/AC=1:1,
stirring speed =200 rpm
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180 min), the TOC and chroma removal efficiency remained
stable, and the final results followed the sequence of SIPA >
SISA > SFC. Both SIPA and SISA achieved more than 51%
of TOC removal and 86.5% of chroma removal efficiency,
which were much higher than that obtained by SFC. That is,
the refractory organic pollutants in actual textile wastewater
might be easier to degrade through a series of reduction reac-
tions in SIPA and SISA.

Total iron concentration

It was well-known that the electrochemical corrosion of Fe’
provided electrons to reduce pollutants, especially under acid-
ic condition. Meanwhile, Fe** was generated and released into
aqueous solution during the electron transfer process
(Yamaguchi et al. 2018). The released iron in aqueous solution
existed mainly as Fe**, and a small amount of Fe** could be
reduced to Fe** in the presence of Fe’ (Sun et al. 2016; Zhu
etal. 2018b). Figure 3 illustrated the total iron concentration in
aqueous solution after 120 min different micro-electrolysis
treatments, it was observed that the total iron concentration
in SIPA (1.690 mg/L) was higher than in SISA (1.529 mg/L),
and SFC obtained the lowest total iron concentration
(1.223 mg/L). The phenomenon could be explained by two
aspects: (1) Larger available iron surface area of SIP than that
of SIS resulted in higher iron corrosion reaction intensity and
Fe®* generation, thus promoting the formation of highly active
[H] and -OH. (2) With the same dosage, the theoretical iron
proportion of SFC (80.86%) was much higher than that of
SIPA (50%) and SISA (50%), whereas the released total iron
was relatively low since the heavy mass transfer resistance
caused by the layer of pollutants and corrosion products at-
tached to the SFC surface. Obviously, the physicochemical
properties of electrode materials highly affected the Fe®

1.690
1.6 1.529
”3 1.223
o 12 F
£
N’
=
(=
=08t
=
N
(=)
=
0.4
0.0
SIPA SISA SFC

Different systems

Fig. 3 Total iron concentration in solution after 120 min treated by
different micro-electrolysis systems
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corrosion reaction, which was the dominant process to de-
grade organic pollutants.

XRD analysis

To confirm the chemical ingredients of different materials be-
fore and after micro-electrolysis treatment time of 120 min,
the fresh and micro-electrolysis treated SIP, SIS, SFC, and AC
were further analyzed by XRD. Figure 4a showed the XRD
analysis of the chemical composition of the fresh SIP, SIS, and
SFC, which were mainly F ¢®, and a small amount of F 304
located at 20 = 36° was also detected in SFC (Xu et al. 2019,
2018b; Zhang et al. 2016). The Fe;0,4 generation of SFC was
likely attributed to the oxidation of iron during the preparation
process under high temperature. After micro-electrolysis treat-
ment, the intensity of peaks corresponding to Fe° in SIP, SIS,
and SFC were significantly weakened, and the peaks in SIP
and SFC almost disappeared. Meanwhile, the peaks of Fe;O4
were newly detected in SIP and the intensity was slightly
increased in SFC. The results provided direct evidence for
the corrosion of Fe’ and the formation of iron oxides on Fe”
surface, and it confirmed that the corrosion rate of SIP was
faster than SIS. Moreover, the change from Fe’ to Fe;04 oc-
curred in SFC was mainly associated with the tightly adhered
corrosion products layer on SFC surface, which could block
the releasing of Fe** and electron, leading to the relatively low
TOC and chroma removal efficiency (Yang et al. 2017a).

Figure 4b displayed the XRD analysis of AC surfaces be-
fore and after micro-electrolysis treatment. The fresh AC ex-
hibited two broad peaks at around 25° and 43° corresponded
to the interlayer reflection of amorphous carbon (Xu et al.
2018a; Yuan et al. 2018). After micro-electrolysis treatment,
the intensity of the two broad peaks generally weakened and
even disappeared in SIPA system, indicating that plenty of
corrosion products adhered to AC surface and disguised the
characteristics of AC (Zhu et al. 2018a). And the lower inten-
sity of AC treated by SIPA was related to its quick iron corro-
sion rate due to the relatively favorable physicochemical prop-
erties of SIP.

UV-vis spectral

The UV-vis absorption spectra of the aqueous solution during
treatment processes by SIPA, SISA, and SFC under the opti-
mal conditions were shown in Fig. 5. With regard to the UV-
vis spectrum of the textile wastewater, a broad peak between
200 and 325 nm was detected. The absorbance peaks near
227 nm could be assigned to the 7-7t* transition of benzene
ring of monoaromatics and small molecules, such as ketones,
aldehydes, esters, and aliphatic acids (Wen et al. 2018; Yuan
et al. 2016; Zhao et al. 2010). The other two weak peaks
observed at 268 nm and 310 nm were ascribed to the benzene
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Fig. 4 XRD analysis of fresh and treated electrode materials: a SIP, SIS and SFC and b AC

rings and naphthalene rings (Wen et al. 2018; Zhu et al.
2018a).

As shown in Fig. 5a, the absorbance peaks of the aqueous
solution gradually declined with the time of SIPA treatment.
The absorbance peaks at approximately 227 nm dramatically
decreased, and the absorbance peaks between 250 and 325 nm
were almost disappeared. The result obviously revealed that
SIPA could effectively reduce the pollutants by degrading the

complex organic compounds into small molecules, and then
the small molecules could be continuously removed via oxi-
dation. However, the benzene and naphthalene structure of the
pollutants was still hardly to be decomposed. Figure 5b re-
vealed a slightly weakened reduction of the total absorbance
peaks in SISA, owing to the relatively less reaction sites.
Remarkably, Fig. 5¢c showed that the total absorbance peaks
of the aqueous solution were sharply decreased in the initial
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Fig. 5 Time course variations of UV-vis spectra in different systems: a SIPA, b SISA and ¢ SFC, d UV-vis spectra of the effluent after 120 min in

different systems

@ Springer



26876

Environ Sci Pollut Res (2019) 26:26869-26882

10 min, while it changed slowly as the SFC treatment contin-
ued in rest of the time. This phenomenon could be reasonably
attributed to the rapid adsorption process of pollutants because
of the porous structure of SFC. For a better comparison be-
tween the treatment capacity of SIPA, SISA, and SFC, the
UV-vis spectra of the aqueous solution after 120 min treatment
was depicted in Fig. 5d. Not surprisingly, SIPA presented the
highest treatment efficiency of the pollutants in textile waste-
water, then SISA, and finally SFC.

3DEEM fluorescence

Three-dimensional excitation-emission matrix (3DEEM) fluo-
rescence spectroscopy is a rapid and sensitive technique to ana-
lyze dissolved organic matter in wastewater. The 3DEEM spectra
for the textile wastewater before and after different micro-
electrolysis treatments were shown in Fig. 6. In general, there
were three conspicuous fluorescence peaks observed in all
3DEEM spectra. Peak A located at Ex/Em =275 nm/350 nm,
which was associated with soluble microbial product-like sub-
stances (Bai et al. 2017). Peak B located at Ex/Em =230 nm/
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365 nm was classified as aromatic protein-like substances (Wen
et al. 2003). Peak C was related to fulvic acid-like, situated at Ex/
Em =250 nm/455 nm (Bu et al. 2010). According to Fig. 6b and
¢, the total fluorescence intensity dramatically dropped after
SIPA and SISA treatment. In contrast, SFC showed weak effect
on the decrease of fluorescence intensity in Fig. 6d. For textile
wastewater, the fluorescence peaks mainly derived from the
chromophore and auxochrome in dye molecules and intermedi-
ates (Langhals and Jona 1998). The decline of the total fluores-
cence intensity illustrated that the breakage of chromophore and
auxochrome and therefore the dyes were degraded into smaller
molecules with less weight. In other words, the SIPA and SISA
were more effective than the SFC for organic pollutants degra-
dation in actual textile wastewater.

Degradation pathway

To further expound the degradation pathways of textile waste-
water in Fe-C micro-electrolysis systems, GC-MS was used to
examine the pollutants and intermediates in wastewater before
and after different micro-electrolysis treatments. The complex
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Fig. 6 3DEEM fluorescence spectra of a textile wastewater and the effluent after 120 min in different systems: b SIPA, ¢ SISA, and d SFC
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and diverse organic pollutants and intermediate species in
wastewater were shown in Fig. 7. Here, the variations in the
number of main organic pollutant species identified with MW
<518 g/mol and relative peak areas > 0.1% by GC-MS were
listed in Table 2. As can be seen, a total of 18 main organic
pollutant species were detected in the actual textile wastewa-
ter, which were the major contributor to TOC and chroma.
After different micro-electrolysis treatments for 120 min, the
total number of main organic pollutant species decreased to
11, 13, and 13, respectively. Specifically, 11 main organic
pollutant species were totally removed and 4 newly generated
after treated by SIPA, while for SISA and SFC, only 7 main
organic pollutant species were totally removed and 2 newly
generated. The above results demonstrated that the TOC and
chroma of textile wastewater could be effectively removed
owing to the degradation and abatement of organic pollutants
in micro-electrolysis treatment. In addition, SIPA exhibited
the most positive effect on the organic pollutants degradation
therefore promoting the new generation of intermediates.
The details of the main organic pollutants and intermediate
species were enumerated in Table 3. Obviously, the total peak
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Table 2 Variations in the number of main organic pollutant species
detected by GC-MS before and after different micro-electrolysis
treatments

Type of wastewater ~ Number of main organic pollutant species

Total Totally removed Newly generated
Textile wastewater 18 / /
SIPA 11 11 4
SISA 13 7 2
SFC 13 7 2

area of main pollutants in SFC was apparently higher than
SIPA and SISA. This phenomenon demonstrated that the
micro-electrolysis system properly composed of scrap iron
and AC exhibited much better treatment capacity for textile
wastewater than SFC. In terms of untreated textile wastewater,
18 main organic pollutants could be divided into dyes (Nos. 3,
4, and 5), dye intermediates (No. 12), textile auxiliaries (Nos.
1,2,6,10, 11, 14, and 16), surfactant (Nos. 13 and 15) and
other industrial chemicals (Nos. 7, 8, 9, 17, and 18). It was
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Fig. 7 GC-MS analysis of a textile wastewater and the effluent after 120 min in different systems: b SIPA, ¢ SISA, and d SFC
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Table 3  Main organic pollutant species detected by GC-MS before and after different micro-electrolysis treatments
No  Organic compounds Category MW (g/mol)  Peak Area (x 107)

Full name Textile wastewater ~ SIPA SISA SFC
1 Cyclohexasiloxane, dodecamethyl- TA* 444 0.0824 ND¢ 0.0423 ND
2 Cycloheptasiloxane, tetradecamethyl- TA 518 0.0439 ND 0.0236 ND
3 4-Allyloxy-2-chloroquinazoline Dye 220 0.0273 ND 0.0172  0.0169
4 Pterin-6-carboxylic acid Dye 207 0.0197 ND ND ND
5 3-Butenamide Dye 85 0.0318 0.0064  0.0305 0.0182
6 Dihydroxymaleic acid TA 148 0.0206 ND ND ND
7 Tridecanoic acid orc® 214 0.3174 ND ND ND
8 n-Hexadecanoic acid OIC 256 0.1181 ND ND 0.0102
9 Octadecanoic acid OIC 284 1.1173 ND 0.0388  0.0430
10 1,2-Benzenedicarboxylic acid, bis(2-methylpropyl) ester ~ TA 278 0.0281 ND ND 0.0246
11 2-Chloropropionic acid, octadecyl ester TA 360 0.4351 ND ND 0.0304
12 3,3'-Iminobispropylamine DI° 131 0.0387 ND ND ND
13 Octadecanamide Surfactant 283 0.5559 03015 03259  0.3893
14 2-Dimethylaminomethyl-4-chloro-1-naphthol TA 235 0.1060 0.0168  0.0915 0.0614
15 Oleamide Surfactant 281 2.5532 1.6679  1.7854  2.3870
16  2H-1,4-Benzoxazin-3(4H)-one TA 149 0.0401 0.0310  0.0160 ND
17 Sarcosine, N-(cyclohexylcarbonyl)-, butyl ester OIC 255 0.0507 0.0808  0.0566  0.0658
18 Sarcosine, N-(cyclohexylcarbonyl)-, tetradecyl ester OIC 395 0.5903 0.1133 02350  0.2643
19 Glycidol OIC 74 ND 0.0129 ND ND
20 Ethyl hydrogen oxalate DI 118 ND 0.0105 ND ND
21 3-Chloro-N-methylpropylamine OIC 107 ND 0.0160 ND ND
22 Acetamide OIC 59 ND 0.0206  0.0413 ND
23 Cyclopropyl carbinol OIC 72 ND ND 0.0165 ND
24 Dodecane OIC 170 ND ND ND 0.0092
25  2-Chloro-4,6-dimethylquinoline DI 191 ND ND ND 0.0085

4 TA, textile auxiliaries

b OIC, other industrial chemicals
¢ DI, dye intermediates

4 ND, not detected

obvious that most pollutants were degraded into smaller mol-
ecules with lower weight after different micro-electrolysis
treatments. Above discoveries directly supported the TOC
removal of textile wastewater. Especially, massive aliphatic
acids (Nos. 8 and 9) were almost completely removed, show-
ing the disappearance of corresponding GC-MS peaks in Fig.
7. Meanwhile, excellent removal efficiency of chroma obtain-
ed by virtue of the decomposition of dyes by micro-
electrolysis treatments. Nevertheless, the amides were hard
to be degraded by micro-electrolysis, leading to the TOC re-
sidual in effluent (Qin et al. 2016).

Figure 8 proposed the possible degradation pathways of in-
termediates in textile wastewater treated by different Fe-C mi-
cro-electrolysis systems. In terms of newly generated organic
species, Fig. 8a showed that 4 newly generated organic species
were detected in SIPA. In the presence of [H], glycidol and ethyl
hydrogen oxalate might be produced from the hydrogenation

@ Springer

reduction of dihydroxymaleic acid and the breakage of branches
on benzene ring of 1,2-benzenedicarboxylic acid, bis(2-
methylpropyl) ester. Meanwhile, the formation of 3-chloro-N-
methylpropylamine might be due to the cracking of 3,3'-
iminobispropylamine and benzene ring opening of 2-
dimethylaminomethyl-4-chloro-1-naphthol under the attack of
‘OH. Moreover, acetamide was probably generated from the
amide compounds by the cleavage of carbon chain, but the
amide group could hardly be further removed.

Similar degradation pathways in SISA system were pre-
sented in Fig. 8b, but less intermediates was generated due
to the relatively unfavorable physicochemical properties of
SIS. Amide compounds were degraded into acetamide and
other small molecules, and cyclopropyl carbinol might be de-
rived from the reduction and reorganization of
dihydroxymaleic acid and 1,2-benzenedicarboxylic acid,
bis(2-methylpropyl) ester.
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Fig. 8 Degradation pathways of
pollutants in textile wastewater
treated by different Fe-C micro-
electrolysis. The numbers
represent the serial number of
pollutants listed in the Table 3

(a) STPA

Textile
wastewater

(b) SISA

Textile
wastewater

Textile
wastewater

12 NN
HoN u NH,

@ Ac @rFe @ SFC

OH & %
e]
‘OH
, ");
OH
:;{'

_Fe(OH),

° )L
O\)\ R Nz

Lo,
7,8,9 O 3 e\ y
)j\ 7'891
R OH 3s

-
O
24
/\/\/\/\/\/

It was interesting to find that 2 new organic species gener-
ated in SFC were completely different from those in SIPA and
SISA (Fig. 8c). Presumably, the generation of dodecane was
attributed to the carbon chain breakage and incomplete degra-
dation of aliphatic acids and amides, which could be easily
removed by SIPA and SISA. 2-chloro-4,6-dimethylquinoline
might be derived from 4-allyloxy-2-chloroquinazoline consid-
ering their similar chemical structure, which also revealed the
poor ring opening and dechlorination capability of SFC.

Stability of different systems

To investigate the stability of different Fe-C micro-electrolysis
systems, 10 consecutive experiments were carried out, as
shown in Fig. 9. The TOC and chroma removal efficiency in
SIPA and SISA were stable and performed well after the tenth

run. The results indicated that the above systems had high
stability and excellent reusability, which was probably due
to the sustained reactivity of Fe? in acidic solution, surface
load reduction of Fe” in the presence of AC and negligible
iron loss (Zhang et al. 2015). While for SFC, owing to its
surface passivation, blockage, and mass transport limitation,
the TOC removal efficiency decreased from 44.7 to 36.4%
after the tenth run, and the corresponding chroma removal
efficiency decreased from 76.0 to 67.8%.

Cost analysis

The evaluated costs of SIPA, SISA, and SFC for treating
actual textile wastewater included the preparation cost
and Fe® consumption. Consisting of SIP/SIS (900 CNY/
t) and AC (3000 CNY/t) of the equal mass, SIPA and
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Fig.9 TOC and chroma removal of SIPA a, SISA b, and SFC c¢ in 10 times consecutive experiments. Experiment conditions: initial pH = 3.0, dosage =

30 g/L, Fe/AC = 1:1, stirring speed =200 rpm

SISA could both be prepared for only around 1950
CNY/t, which were about 23% of the preparation cost
of SFC (8500 CNY/t). Also, about 124 g and 95 g Fe°
of SIPA and SISA would be consumed per treatment of
1 ton actual textile wastewater. Thus it could be obtained
that the corresponding costs of Fe’ consumption of SIPA
and SISA were only 0.24 CNY and 0.18 CNY per treat-
ment of 1 ton actual textile wastewater. As a result,
compared with SFC, scrap iron-AC micro-electrolysis
was an economical technique to treat actual textile
wastewater.

Conclusions

In this study, two types of scrap irons were used as
anode materials to establish Fe-C micro-electrolysis sys-
tems for actual textile wastewater treatment. The optimal
parameters of SIPA and SISA were initial pH of 3.0,
dosage of 30 g/L and Fe/C mass ratio of 1:1. The TOC
removal efficiencies of SIPA, SISA, and SFC at optimal
conditions were 55.0%, 51.4%, and 44.7%, respectively,
confirming the superiority of SIPA and SISA. According
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to the total iron concentration and XRD analysis, the
physicochemical properties of scrap iron were found to
be a key factor that dominates the formation of micro-
scopic galvanic cell and the iron corrosion intensity. The
UV-vis and 3DEEM analysis demonstrated the direct re-
lationship between pollutants degradation and TOC and
chroma removals. Furthermore, variations in organic pol-
lutant species including dyes, dye intermediates, textile
auxiliaries, and other pollutants were analyzed by GC-
MS. More pollutants such as aliphatic acids, amides,
dyes, and dye intermediates were removed by the com-
bination of reduction and oxidation in SIPA and SISA
than that by SFC. SIPA and SISA possessed better re-
moval efficiency for chlorine and benzene ring than SFC.
Besides, SIPA and SISA possessed excellent stability in
successive runs. Therefore, scrap iron-AC micro-electrol-
ysis could be considered as a cost-effective, feasible, and
promising method for the treatment of actual textile
wastewater.
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