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Abstract
In this paper, a novel strategy integrating ultrasound (US) with a Fenton-like (zero-valent iron/EDTA/air, ZEA) process was
proposed for the removal of the refractory and carcinogenic aromatic amines (AAs) in textile dyeing sludge for the first time. The
operating condition was optimized as 1.08 W/cm3 ultrasonic density, 15 g/L ZVI, and 1.0 mM EDTA, which could reach
degradation efficiencies of 51.79% in US, 72.88% in ZEA, and 92.40% in US/ZEA system after 90-min reaction. Quenching
experiments showed that electron transfer reactions generated by the iron ligands in ZEA brought about various reactive
oxidative species (ROS), in which Fe (IV), O2˙

−, and ˙OH dominated the degradation. US induced sludge disintegration by
ultrasonic shear, proven by particle size decrease and supernatant organic matter upsurge, which helps ROS contact with those
pollutants in the sludge cavities. Besides, US facilitated the iron redox cycle for oxygen activation by promoting the corrosion of
ZVI and stripping considerable ferric ions from sludge iron oxides which were verified by SEM, XRF, and XPS.
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Introduction

Textile dyeing sludge (TDS) is a non-negligible threat to hu-
man health and the environment due to its tremendous yield
and complexity (Meng et al. 2016), making it difficult to be
safely treated and disposed of (landfill and incineration).

Thus, it has been classified as a strict control waste (HY02)
in Guangdong Province, China.

Among those POPs determined in TDS, aromatic amines
(AAs), which are often used as the components of azo dyes,
are distinguished due to their highly teratogenic, carcino-
genic, and mutagenic properties (Ning et al. 2015). To date,
AAs have been banned by the European Union (Regulation
1907/2006) as well as China (GB/T 17592-2011), but the
decomposition of dyes with complicated structure still
brings about the detection of these compounds during the
wastewater treatment (Ning et al. 2015). After wastewater
treatments, these residues would be in large quantity aggre-
gating and adsorbing onto the surface and the cavities of
sludge (Lin et al. 2016). During the sludge’s landfill pro-
cess, soil amendment, or compost, the bioavailable portion
of these contaminants would be concentrated in plants and
organisms (Stefaniuk et al. 2018), exhibiting strong phyto-
toxicity or cytotoxic and genotoxic effects (Sommaggio
et al. 2018). Thus, additional post-treatments for effica-
cious removal of these contaminants are in urgent demand
(Deng et al. 2018).

Advanced oxidation processes (AOPs) have long been
considered as effective technologies for the removal of
recalcitrant organic pollutants, such as PAHs (Lin et al.
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2016) and PPCPs (Huang et al. 2017). Among AOPs, those
based on zero-valent iron (ZVI) have been widely used due
to their cost-effective, highly efficient, and environment-
friendly properties (Segura et al. 2015; Tao et al. 2016). In
a ZVI/air system, the mechanism for oxygen activation
mainly involves two proportions (Lee et al. 2014), includ-
ing the production of H2O2 in situ and the subsequent
Fenton reactions generating reactive oxidative species
(ROS), which are competent in oxidizing organic pollut-
ants non-selectively. However, the ROS yield is consider-
ably low. In addition, surface passivation, i.e., the forma-
tion of an iron oxide/hydroxide layer triggered by the cor-
rosion of ZVI at circumneutral conditions, also limits ZVI
application (Ghods et al. 2011). To vanquish these issues,
the addit ion of iron-chelat ing ligand like EDTA
(Englehardt et al. 2007) has proved efficacious in coordi-
nating with the surface-bound ferrous ions to block the
formation of iron (hydro)oxide layer. Meanwhile, EDTA’s
coordination products would complex dissolved oxygen
and produce H2O2; thus, the production of ROS would be
boosted.

Nevertheless, the oxidation performance of ZVI/EDTA/
air (ZEA) process is generally retarded by the slow hetero-
geneous interfacial reactions (Li et al. 2014). Therefore,
the introduction of ultrasound (US) was proposed. As re-
ported by Sivasankar and Moholkar (2009), US can ex-
pectedly break down the passive film on the ZVI surface
and boost the mass transfer via its cavitation effect.
Besides, ultrasonic shear (Bagal and Gogate 2012, 2014)
can also homogenize the ROS connection with contami-
nants absorbed onto the surface or the cavities of the solid
matrix. Previous research has shown that the combination
of US and advanced Fenton process has great potential for
the removal of recalcitrant imidacloprid (Patil et al. 2014),
as well as the treatment of landfill leachate (Joshi and
Gogate 2019). In addition, this combined process is not
restricted to wastewater treatment. The application of ul-
trasound combined with advanced Fenton process has also
been used to treat oily sludge (Zhang et al. 2013) and
textile dyeing sludge (Lin et al. 2016), and high removal
efficiencies of hydrocarbons were obtained. However, to
our knowledge, study done on US combining ZEA for
the removal of recalcitrant AAs in textile dyeing sludge
has not yet been reported.

Therefore, the scope of the present study comprised of
the following: (1) investigation of several significant ex-
perimental parameters on AA degradation in different sys-
tems; (2) verification of the enhanced degradation of AAs
in the ZEA system integrated with US; (3) exploration of
the role of sludge iron functions in the EDTA/air system;
(4) identification of the dominant ROS in the US/ZEA
system; and, (5) revelation of the stimulative role of ultra-
sound therein.

Materials and methods

Materials

Mixed aromatic amines (300 mg/L in methanol) were obtain-
ed from O2si Smart Solutions (Charleston, SC, USA) with a
purity > 99.5%, including 2,4,5-trimethylaniline (TMA), 2-
naphthylamine (NA), 4-4-aminoazobenzene (AAB), O-
aminoazotoluene (o-AOT), and 3,3′-dichlorobenzidine
(DB). ZVI particles (purity > 99%, below 400 mesh) and oth-
er common chemicals of analytical grade, such as NaOH,
HCl, dimethyl sulfoxide (DMSO), and tert-butyl alcohol
(TBA), were obtained from Aladdin (Shanghai, China).
Ethylenediaminetetraacetic acid disodium dihydrate salt (pu-
rity 99.0–101.0%) as well as organic solvents of high-
performance liquid chromatography (HPLC) grade were pur-
chased from CNW Technologies GmbH (Düsseldorf,
Germany). Superoxide dismutase (SOD, 98% protein,
3000 U/mg protein) and catalase (CAT, 2000–5000 U/mg
protein) were from Sigma-Aldrich (St. Louis, USA).
Preparation of all solutions was done using deionized water
with resistivity of 18.25 MΩ cm.

Textile dyeing sludge samples were collected from a textile
wastewater treatment plant in Guangzhou (Guangdong
Province, China). Considering the inconvenience of high-
moisture-content sludge with respect to storage and transpor-
tation, sludge after dehydration using a belt filter press was
collected from the final storage container. The samples were,
then, stored in a freezer at 4 °C prior to reaction and analysis.
The details of the treatment procedure, materials, and dyes
used in the textile dyeing plants, and the characteristics of
the textile dyeing sludge are given in Table 1.

Experimental procedure

The experiments on the degradation of AAs in textile dyeing
sludge were conducted in a 0–1800 W sonicator (Scientz
JY99-IIDN, China, 20 kHz) equipped with a sealed converter
and a titanium probe tip (25 mm in diameter and 320 mm in
length). The energy transfer efficiency of the sonicator was
calculated by calorimetric method following the mathematical
Eq. (2) (Mhetre and Gogate 2014). Noticeably, the calorimet-
ric efficiency was almost constant at 56% (Table S2). The
specific calculation procedure was shown in Supplementary
Information (Test S1). The temperature was maintained at 25
± 1 °C using a cylindrical reactor with a circulating tempera-
ture controller. The experimental set-up and the actual appa-
ratus are shown in Fig. S1. Driven by an air pump, air (1.0 L/
min) was evenly and continuously supplied to the slurry
through a porous aerator fixed at the bottom of the reactor.
A mechanical mixer (200 rpm) was used to promote uniform
mixing in the water–sludge system during the Fenton-like
process, but the ultrasonic power could also well mix the
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water–sludge mixture without the stirrer during the ultrasound
and US/ZEA process.

Q ¼ m � CP � △T ð1Þ

η ¼ Amount of energy gained by sludge

Electrical energy input
� 100%

¼ m � Cp � △T
Et

� 100%
ð2Þ

where m is mass of the medium (kg), Cp is specific heat ca-
pacity in kJ/(kg·°C), △T is temperature change (°C), E is elec-
tric energy input (W), and t is time required for temperature to
increase by 1° (s).

According to the moisture content of the sludge produced
in real conditioning unit, the sludge samples (500 mL, 98%
moisture content) were prepared by blending dewatered
sludge with corresponding amount of ultrapure water before
oxidation. After addition of EDTA into the sludge samples,
ZEA reaction was then initiated by adding ZVI, and ultrasonic
radiation was exposed at the same time. The quenching ex-
periments were initiated with the addition of SOD (1500 U/L),
CAT (150 mg/L), TBA (100 mM), and DMSO (100 mM).
After the treatment, the periodically withdrawn slurry was
centrifuged at 4000 rpm for 10 min and the solid residue
was, then, freeze-dried (− 60 °C, 12 h), manually crushed,
and sieved (by 200 mesh) prior to chemical analysis. The
supernatant was quickly filtered through a 0.22-mm mem-
brane for further analyses.

Analytical methods

Quantification of AAs was done by Agilent 7890B gas
chromatograph-5977B mass spectrometer (GC-MS, Agilent,
USA). Chromatographic separation was carried out by a HP-
5MS column (30 m × 0.25 mm, film thickness of 0.25 m,
Agilent, USA). The presentation of further details about the
extraction of AAs and GC/MS analytical conditions are
shown in the Supplementary Information (Text S1).
Analyses with procedural blanks, spiked blanks, and sample
duplicates or triplicates were routinely performed for every
batch of samples.

The pH was adjusted with 0.1 M sulfuric acid (H2SO4) and/
or 0.1 M sodium hydroxide (NaOH) if necessary and detected
using a pH meter (pHS-3C, Leici, China) at room temperature.
Sludge organic matter (SOM) content was measured by loss-
on-ignition (Lin et al. 2016). Dissolved organic carbon (DOC)

of the supernatant was directly detected by a TOC-L CPH an-
alyzer (Shimadzu, Japan). 1,10-Phenanthroline was used for the
determination of Fe2+ and total dissolved iron (TFe) byUV–Vis
spectrophotometer (Cary 100, Agilent, USA) at a wavelength
of 510 nm (Jr et al. 1955). More details of these analyses are
revealed in the Supplementary Information (Text S2).

Sludge and ZVI characterization

The metal oxide composition of sludge was detected by an
energy-dispersive X-ray fluorescence spectrometer (EDX-
7000, Shimadzu, Japan). XPS was conducted using an X-ray
photoelectron spectroscopy spectrometer (Thermo Scientific
ESCALAB 250Xi), with a monochromatized Al X-ray source,
which was operated at a power of 150 W. Particle size of the
sludge before and after treatment was also measured by a Laser
Particle Size Analyzer (Mastersizer 3000E, Malvern, UK).

After different reactions for 60 min, the precipitated ZVI
were thoroughly rinsed by N2-sparged ultrapure water until
there was no sludge particle mixing; then, ethanol with gradient
concentrations was used for secondary cleanout; and, finally,
the samples were freeze-dried for 12 h to avoid the changing of
the ZVI surface oxidation layers. Coated with an electrically
conductive Au surface layer, the morphology of these ZVI
specimens was obtained by the cold field-emission scanning
electron microscope (FESEM, SU8010, Hitachi).

Results and discussion

Effects of experimental parameters on AA
degradation

Based on our previous preliminary experiments, several oper-
ational parameters, namely, ultrasonic density, ZVI loading,
EDTA dosage, and initial pH were analyzed on the degrada-
tion of AAs in different systems, with corresponding extents
of 0.36–2.16 W/cm3, 5–30 g/L, 0–3.0 mM, and 3–11. The
obtained consequences were illustrated in Fig. 1.

US density

The removal efficacies of AAs under different ultrasonic den-
sities (0.36, 0.72, 1.08, 1.44, 1.80, 2.16 W/cm3) in the US
system are shown in Fig. 1a. As illustrated, a gradual decay
was seen in each aromatic amine as the ultrasound density

Table 1 Characteristics of the raw textile dyeing sludge

Main treatment processes Dyes Textile material pH Moisture content (%) Organic content (%) AAs (mg/kg)

Flocculation, A/O Reactive Cotton 8.70 63.60 34.56 TMA NA AAB o-AAT DB

1.28 5.00 16.19 10.71 5.14
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grew, reaching to the maximum of 62.1% total removal with
1.80 W/cm3 ultrasound density. Accountably, the generation
of ˙OH increased with the strengthening of the ultrasonic den-
sity, leading to a more intensive oxidizing effect of AAs.
However, sonication with higher density (2.16 W/cm3)
showed lower efficiencies on the degradation of AAB, o-
AAT, and DB. This was consistent with previous studies on
the degradation of aromatic hydrocarbon by ultrasound (Lin
et al. 2016). Organic pollutants with higher molecular weight
have higher oxidation potential (Lee et al. 2001), and, there-
fore, would be degraded preferentially than these low-
molecular-weight aromatic amines. The monocyclic aniline,
however, was much easier to break down by ultrasonic oxida-
tion, thus reaching to a degradation efficiency of 94.44%.
Although an optimal ultrasonic density (1.80 W/cm3) was
obtained, it was too high to have benefits for subsequent
sludge dewaterability (Li et al. 2009). Considering energy
consumption and the efficiency of subsequent TDS
dewatering, 1.08W/cm3 was chosen as the optimal sonic den-
sity for AA degradation in TDS during the ultrasound process.

Iron loading

In the ZEA system, zero-valent iron functions an indispens-
able role in generating ferrous ions by its oxidation and reduc-
ing ferric ions to the ferrous ones so as to prompt the iron
circulation, which was verified by the relatively constant
amounts of Fe2+ (5.0–8.5 mg/L) and Fe3+ (11.7–14.7 mg/L),
shown in Fig. 2a. It was reported (Cai et al. 2016) that ZVI
would lead to both the formation of soluble Fe2+ and the

generation of {Fe∙Fe2+} adsorbing on the ZVI surface and that
instead of the generated homogeneous Fenton reaction, it was
the heterogeneous catalytic reaction on the ZVI surface mod-
ified by EDTA that dominated the degradation (Zhou et al.
2014). This could explain the decrease of the aqueous-phase
Fe2+ concentration in the US/ZEA (Fig. 2a), for more surface-
localized Fe2+ was favorable for the enhancement of the deg-
radation effect.

Figure 1b shows the effects of ZVI dosage on AA removal
in the ZEA system. As presented, the degradation rates of four
AAs could be accelerated as the iron loading increased to 15 g/
L, but it would be retarded as the dosage further ascended to
30 g/L, with ∑5AA removal efficiency decreased by 35.2%.
Themoderate increase of ZVI could promote the generation of
FeIIEDTA and FeIIIEDTA and the mutual transformation from
one to another, thus propelling the activation of molecular
oxygen. However, a report showed that overdose of ZVI
would consume quite a number of H2O2 or react with oxygen
species produced in site (Huang and Zhang 2005), which
would overwhelm the abovementioned advantages.
However, AAB shows a different trend compared with other
four AAs, with a stably continuous decrease following the rise
of ZVI addition. This could be addressed by the greater com-
petitive edge of AAB toward other AAs as well as EDTA on
the consumption of limited ROS.

EDTA dosages

EDTA plays a significant role in ZEA reaction due to its en-
hancing effects in ZVI corrosion and the activation of

Fig. 1 Effects of initial (a)
ultrasonic power, (b) ZVI dosage,
(c) EDTA dosage, and (d) pH on
the degradation of AAs in US (a),
ZEA (b, c), and US–ZEA (d)
system. The initial experimental
conditions were 1.08 W/cm3

sonic density, 15 g/L ZVI, 1 mM
EDTA, and ambient pH and
temperature, except for the
investigated parameters
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molecule oxygen over the ZVI surface in situ (Zhou et al.
2010); thus, investigation was carried out with various dos-
ages of EDTA (i.e., 0, 0.5, 1.0, 2.0, and 3.0 mM). As revealed
in Fig. 1c, EDTA addition showed an alike trend as the cases
of iron loading (the BIron loading^ section), but the impact
was more paramount, in which merely 5.72% of o-AAT and
8.83% of DB were degraded when the dosage increased to
2 mM. Thus, it can be concluded that EDTA presented force-
ful inhibition against other contaminants in the ZEA system,
which was supported by And and Cheng (2005) that EDTA
itself would deplete ROS generated especiallywhen the amount
was excessive. Therefore, the ratio of ZVI/EDTA should strike
a balance to achieve significant degradation of AAs.

Initial pH

Figure 1d delineates the degradation of selected AAs treated
for 60 min at different initial pH values (i.e., 3.0, 5.0, 7.0, 8.6,
11). Interestingly, in this study, satisfactory removal efficiency
was unavailable at acidic circumstances in the US/ZEA sys-
tem, with merely 35.4 and 48.0% of AAs removed at pH 3.0
and 5.0, respectively. At pH 7.0, 8.6, and 11.0, favorable effi-
cacies were attained (57.50, 83.88, and 73.85%, respectively).
Additionally, the pH values were found to be altering over the
course of various initial pH reactions, presenting a strong
buffering capability of the reaction (data not shown).

Acidic condition can boost the dissolution of ZVI into
amounts of dissociative ferrous ions, reducing the catalytic
activity area. Besides, the presence of excessive H+ would
gradually protonate FeIIEDTA to form FeII(EDTA H) or
FeII(EDTA H2) ligand, whose capability to activate O2 was
much lower than its predecessor (Belanzoni et al. 2009; Hong
et al. 2009). These could be the explanation for lower removal
potency of AAs under acidified US/ZEA system. Most impor-
tantly, however, neutral or slightly alkaline circumstances

were much preferable for the disposal of sludge and soil,
which suggests momentous meaning for practical
applications.

Comparison of AA degradation in different systems

Figure 3 compares the time courses (0–60 min) of AA degra-
dation in residual sludge withdrawn from the US, ZEA, and
US/ZEA systems at ambient pH (i.e., 8.6). As can be seen,
five AA degradation efficiencies of three processes were US/
ZEA (83.88%) > ZEA (72.27%) > US (51.03%) within
60 min and US/ZEA (92.40%) > ZEA (72.88%) > US
(51.79%) within 90 min, suggesting US and ZEA have a syn-
ergistic effect on AA degradation.

A rapid removal of more than 70% AAs was achieved by
ZEA within 30 min, confirming that this process possesses
enormous potential in ROS generation. Subsequently, however,
a lag period in the ZEA process lasted 90 min, due to the
unavailability of contaminants absorbed in the cavities of
sludge as well as the inactivity of the inert ZVI surface. While
in the US/ZEA, the removal efficiency of AAs increased steadi-
ly over time, so did the elimination of SOM contents (Fig. 2a),
with a decrease by 51.76% after 120-min reaction. Noteworthy,
the degradation rate of EDTA in the US/ZEA system (29.14%)
was approximately two-fold higher than the one in the ZEA
process (11.82%) after 60-min reaction.

TOC in the filtrate, however, boosted right after ultrasound
exposure, leading to a two-fold increase in the TOC content
within 40 min. This suggests that the acoustic energy released
by US can shred the extracellular polymeric substances in
TDS flocs, thus expelling large quantity of organic matters
into the soluble phase, and that US was weak in direct miner-
alization, therefore producing abundant intermediates that
would flee to the supernatant (Fig. 2b). As revealed by particle
size measurement, sludge particles treated by US were finer,

Fig. 2 (a) Dissolved Fe2+ and total Fe and (b) changes of SOM (the inset shows the TOC in the filtrate) in multiple systems. Initial condition: ZVI = 15 g/
L; EDTA = 1.0 mM; ultrasonic power = 1.08 W/cm3 under natural conditions
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with dv50 decreasing from 145 to 50 μm, confirming ultra-
sound’s ability in tearing incompact macroflocs into smaller
fragments. Therefore, conclusively, the promotional role of
US mainly lies in sludge disintegration rather than ROS
production.

Data showed that the removal efficiencies increased with
prolonged time for each AA investigated, and, in the case of
the US/ZEA treatment, the degradation efficiencies of TMA,
NA, and AAB were noticeably higher than those of o-AAT
and DB. Bogan and Trbovic (2003) reported that the majority
of hydrophobic organic compounds (HOCs) would sorb onto
SOM provided that the solid matrix contains over 5% of or-
ganic matter. While organics with lower hydrophobicity
would be trapped in the hydrophilic adsorption sites of
higher-polarity SOM (Wang et al. 2011), where the formation
of ROS would be localized and kept away from HOCs in the
microenvironment (Lindsey and Tarr 2000). Therefore, TMA
and NAwere more easily decomposed than the hydrophobic
ones. Besides, US/ZEA displayed low efficiency on TMA, a
monocyclic aniline, compared to US and ZEA at the begin-
ning but removed over 96% of TMA in the end. It can be
concluded that in the US/ZEA system, complicated molecules
would be first decomposed into compounds with smaller mol-
ecule weight, and, until then, will further mineralization take
place.

As for aromatic amines in the filtrate, only a few TMA,
NA, and AAB were detected, suggesting mildly hydrophilic
aromatic amines can be transferred to the soluble phase. No o-
AAT and DB were determined due to their hydrophobic char-
acteristics, but AAB’s content in raw sludge was so massive
that few of it released to the filtrate regardless of its hydropho-
bic property. As can be seen from Fig. S2, TMA in the filtrate
showed a rise and fall trend as the same result previously

discussed, while NB and AAB gradually decreased with time
after being exposed to different treatments. Nevertheless, con-
sidering that the contents of these aromatic amines in the su-
pernatant were considerably lower than those in the sludge
sample, only contaminants in the solid matrix will be
discussed in this paper.

Role of iron oxides in sludge matrix

TDS is mainly composed of two parts—the coagulating
sedimentation of wastewater treated by a coagulant, mainly
consisting of FeSO4 and CaO, and the microbial popula-
tion of anaerobic–aerobic process, in which iron elements
exist commonly and diversely. Therefore, considerable
sum of Fe can be detected in TDS, which is further con-
firmed by XPS and XRF tests. XPS testifies that these Fe
compositions are existing in the form of various kinds of
oxides, i.e., Fe (II)-oxide and Fe(III)-oxide. By XRF anal-
ysis, Fe occupied 51.8% of the metal element components
in TDS.

Interestingly, Fe content in the US-treated sludge decreased
by 4.55% (Fig. 4c), which is consistent with XPS results
(Fig. 4a, b, decrease mainly seen in Fe[III]-oxide). The con-
centration of soluble Fe3+, however, was increased by
39.61%, which revealed that the acoustic energy could dis-
solve sludge iron into soluble ions. Furthermore, Fe3+ in the
ZEA system maintained at the same level for 60 min, imply-
ing that these ions were primarily generated by the dissolution
of ZVI and circulated in the iron cycle. While in the US/ZEA
system, the drastic raise of Fe3+ subsequently decreased and
leveled off for the rest 30 min, demonstrating that sludge iron
participated in the iron redox cycle of the Fenton-like process,
which facilitated subsequent ROS generation.

Fig. 3 Comparison of US, ZEA, and US/ZEA treatments on the removal of different AAs. Initial condition: ZVI = 15 g/L; EDTA = 1.0 mM; ultrasonic
power = 1.08 W/cm3 under natural conditions

Environ Sci Pollut Res (2019) 26:7810–7820 7815



It has been found that iron-containing sludge possesses
extraordinarily effective catalytic properties on organic re-
moval even in comparison with classical Fenton reagents
(Bolobajev et al. 2014) and that chelating agents, like
EDTA, could enhance the performance of iron mineral-
containing matrix at near neutral circumstances via
reductive/non-reductive iron dissolution (Wang et al. 2008).
Therefore, for purpose of investigating the latent effect of
iron oxides which are largely present in the sludge matrix,
experimentation was conducted on sole addition of EDTA
and aeration (1.0 L/min). The control group was carried out
by aerating 1.0 L/min air into the sludge for 60 min.
Figure 4d shows that in the control group, there were
33.58% NA and 8.09% DB removed, while none of AAB
or o-AAT was degraded. Noticeably, the concentration of
TMA was 1.46 times higher in the control group, which
may be due to the decomposition of polycyclic amines (such
as NA) into monocyclic ones after aeration. The addition of
merely 0.01 mM EDTA surprisingly brought a significant
increase in AA removal, with 65.42% of AAB being wiped
out. However, when the dosage of EDTA increased to
0.05 mM, the degradation rate of each AA shows little dis-
tinction from the control group, which is in common with
the discussion that excessive EDTA would exert superior
competitiveness upon AAs.

Besides, no soluble ferrous ions were detected and no sig-
nificant difference was found in the ferric concentration of all
groups (Fig. S2). Accordingly, it is deductive that degradation
of AAs in the EDTA/air system should be attributed to hetero-
geneous catalytic reaction over the iron oxides in situ modi-
fied by EDTA.

Main oxidative radicals in US/ZEA system

To verify the predominant oxidants in the US/ZEA system,
four different scavengers were utilized to investigate their con-
tributions on each AA degradation. Among the four scaven-
gers, DMSO is a well-known ˙OH radical and ferryl ion scav-
enger is frequently used to evaluate the oxidant generated in
Fenton and ZVI systems (Tao et al. 2016; Xie et al. 2009),
while TBA was just effective in quenching ˙OH (kTBA/OH =
3.8–7.6 × 108 M−1 s−1). SOD could be used as a scavenger for
O2˙

−, and CAT was chosen as a probe for H2O2 (Tao et al.
2016).

Figure 5 shows the contribution of different ROS for
AA degradation in the US/ZEA system after 60-min reac-
tion. It is observed that the scavengers’ sequence in

Fig. 4 XPS Fe 2p spectra for (a)
raw sludge and (b) sludge treated
byUS; (c) XRF-detected Fe oxide
(%) in sludge treated by different
processes during 0–60 min; (d)
AA removal in EDTA/air system
(air = 1.0 L/min) with different
EDTA dosages

TMA NA AAB o-AAT DB ¡Æ5 AAs
0

20

40

60

80

100

De
gr

ad
at

io
n(

%
)

Fe [IV]   .OH
H

2
O

2
.O

2
-

Fig. 5 The contributions of four oxidant species for AA removal by 60-
min US–ZEA treatment
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inhibiting AA degradation was DMSO (33.84%) > SOD
(25.36%) > TBA (19.44%) > CAT (7.43%), suggesting
DMSO highly suppressed AA degradation in the US/
ZEA system. It has been reported that ferryl ion was the
substitute oxidant for ˙OH (Remucal et al. 2011) in the
circumneutral or slightly alkaline Fenton/Fenton-like reac-
tion. While SOD and TBA could also decelerate the AA
degradation rate to some extent. However, the direct con-
tribution of H2O2 was relatively unnoticeable, and DPD
method failed to detect H2O2, which implied that the in
situ production and its consumption would be considerably
rapid. Thereby, the in situ generation of H2O2 during the
series of Fe0–EDTA reactions was more critical in gener-
ating most of ˙OH by Fenton reaction rather than in direct
oxidation of pollutants. Therefore, in the presence of
EDTA, another part of ferryl ion ([FeIVO]2+) and ˙OH
production via Fenton-like reaction were deduced as
Eqs. (3)–(4), which was modified by EDTA based on
Eq. (3) in the ZVI/air system.

FeIIEDTAþ H2O2→FeIIIEDTAþ ∙OHþ OH− ð3Þ

FeIIEDTAþ H2O2→ FeIVO
� �2þ þ H2Oþ EDTA ð4Þ

The promotional role of US in the US/ZEA system

According to the discussion mentioned previously, the ZEA
reaction scheme (Fig. S4) in TDS was proposed with or with-
out the promotional role of US.

In the ZEA system, EDTA would first complex with Fe2+

on the thin pristine FexOy layer of ZVI by initiating the so-
called Bpoint dissolution^ (Xiang et al. 2016), which generates
FeIIEDTA and FeIIIEDTA. A redox reaction cycle between the
two ligands based on ZVI would be formed on the disposed
Fe0(s) surface, and, then, homogeneous oxygen activation
would be realized. Herein, abundant ROS (the BMain oxida-
tive radicals in US/ZEA system^ section), including ˙OH,
O2˙

−, and Fe(IV), would come into being and oxidize AAs
adsorbing onto the sludge surface as well as SOM. Due to the
promising chelating coefficients with ferrous and ferric ions,
at the beginning, the release of Fe2+ species on the ZVI surface
would be accelerated by enough EDTA. As time prolonged,
however, EDTA was degraded into low-molecular acids and
the surface layer would be covered by thick iron oxides
resulting from the corrosion of O2 and protons (see Fig. 6b),
which retards the production of in situ H2O2 and the subse-
quent ROS. Thereafter, the degradation efficiency of AAs is

limited (the BComparison of AA degradation in different
systems^ section).

As for the facilitating role of US, it can be comparative-
ly complicated, mainly functioning in chemical and phys-
ical effects. Physically, on the one side, US would disinte-
grate sludge into finer particles, in the cavities of which
AAs would be uncovered and exposed to the liquid phase
(see Fig. S2); on the other side, enhanced stripping and
dissolution of iron oxide layer was realized by cavitation
effects, thus maintaining the reactivity of ZVI surface and
enhancing solid–liquid interfacial mass transfer (Cai et al.
2016). This was confirmed by SEM (Fig. 6). Noticeably,
the pristine ZVI showed a considerably smooth surface
(Fig. 6a), while for ZEA-treated ZVI, a denser coverage
of oxide precipitates was formed on the surface due to
the aeration (Fig. 6b). However, the introduction of ultra-
sound destroyed the thick coverings and promoted in-depth
corrosion of the inside pristine ZVI (Fig. 6c), as a result of
which, the surface layer of ZVI became lumpy and devas-
tated in the US/ZEA system. Besides, the acoustic stream-
ing would also enhance dispersion of iron particles and
free radical transfer toward the slurry. Sono-chemically,
the acoustic cavitation releases hydroxyl radicals accord-
ing to our previous study (Ning et al. 2014). Besides, it
would also dissolve the sludge iron oxides into soluble
ions which directly participate in the iron cycle to promote
the ROS generation (the BRole of iron oxides in sludge
matrix^ section). Therefore, the combination of US and
ZEA could facilitate the efficiency of AA degradation in
TDS.

Conclusion

This study indicated that US/ZEA can lead to effective
removal of AAs from textile dyeing sludge. In situ gener-
ation of ROS was achieved by O2 activation based on the
solid–liquid interfacial reaction between ZVI and EDTA
under neutral or slightly alkaline circumstances, wherein
significant synergy was manifested by the enhancement
of removal and the shortening of the lag period by ZEA
alone. Several principal parameters were verified to be
critical for AA degradation, and the initial condition was
optimized as 1.08 W/cm3 ultrasound power, 15 g/L ZVI,
1.0 mM EDTA, and original pH 8.60 to achieve 92.40%
removal with 90-min reaction time. Moreover, iron oxides
in the sludge can also establish a heterogeneous catalytic
system with EDTA to degrade AAs. The reaction mecha-
nism with the promotion of US was proposed for the sys-
tem, where three ROS (Fe[IV], O2˙

−, and ˙OH) instead of
˙OH alone would dominate the oxidation. US plays a major
role in disintegrating the sludge particles and releasing
SOM, thoroughly exposing contaminants to ROS;
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meanwhile, it alters and facilitates the heterogeneous sur-
face corrosion of ZVI, which triggers no change to the
homogeneous iron cycle as well as the Fenton reactions.
Still, a further insight into the detoxification effects of the
integrated technique on textile dyeing sludge is expected.
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Fig. 6 SEM images of (a) original ZVI, (b) ZVI after 60-min ZEA reaction, and (c) ZVI after 60-min US/ZEA reaction
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