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Abstract: Dairy farm slurry is an important biomass resource that can be used as a fertilizer and in
energy utilization and chemical production. This study aimed to establish an innovative ultrasound-
assisted electrochemical oxidation (UAEO) digestion method for the rapid and onsite analysis of the
heavy metal (HM) contamination level of dairy slurry. The effects of UAEO operating parameters on
digestion efficiency were tested based on Cu and Zn concentrations in a dairy slurry sample. The
results showed that Cu and Zn digestion efficiency was (96.8 ± 2.6) and (98.5 ± 2.9)%, respectively,
with the optimal UAEO operating parameters (digestion time: 45 min; ultrasonic power: 400 W;
NaCl concentration: 10 g/L). The digestion recovery rate experiments were then operated with
spiked samples to verify the digestion effect on broad-spectrum HMs. When the digestion time
reached 45 min, all digestion recovery rates exceeded 90%. Meanwhile, free chlorine concentration,
particle size distribution, and micromorphology were investigated to demonstrate the digestion
mechanism. It was found that 414 mg/L free chorine had theoretically enough oxidative ability,
and the ultrasound intervention could deal with the blocky undissolved particles attributed to its
crushing capacity. The results of particle size distribution showed that the total volume and bulky
particle proportion had an obvious decline. The micromorphology demonstrated that the ultrasound
intervention fragmented the bulky particles, and electrochemical oxidation made irregular blocky
structures form arc edge and cellular structures. The aforementioned results indicated that UAEO
was a novel and efficient method. It was fast and convenient. Additionally, it ensured digestion
efficiency and thus had a good application prospect.

Keywords: biomass resource; dairy slurry; digestion efficient; heavy metals; ultrasound-assisted
electrochemical oxidation

1. Introduction

Dairy farm slurry is an important, cheap biomass resource [1–3] rich in mineral nu-
trients and lignocellulose. With the rapid increase in the number of large-scale livestock
farms in the last few years in China, plenty of livestock feces and slurry are discharged
into the nearby natural environment, resulting in ecological pressure [4,5]. The resource
utilization methods of dairy slurry include returning cropland as a fertilizer [6,7], energy
engineering [8], and chemical production [9,10]. Practical experience indicates that return-
ing cropland is the most practical and common treatment approach for farm slurry because

Materials 2021, 14, 4562. https://doi.org/10.3390/ma14164562 https://www.mdpi.com/journal/materials

https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0001-7564-5450
https://doi.org/10.3390/ma14164562
https://doi.org/10.3390/ma14164562
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ma14164562
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma14164562?type=check_update&version=2


Materials 2021, 14, 4562 2 of 11

it is rich in nutrients (N, P, and K) [11]. Unfortunately, the high abundance of heavy metals
(HMs) may result in a serious ecological hazard. The HMs in farm slurry can be fixed in
the soil along with returning cropland, keeping an average concentration of several mg/kg
to tens of mg/kg for a long time [12]. HM pollution consistently threatens environmental
ecology due to its toxic, accumulative, and persistent nature in the environment [5]. More
seriously, the transfer of HMs from soil to cereals and plants is a major HM intake route
for humans. Excessive HMs may accumulate in specific human organs and interact with
proteins and enzymes, making them damaged or inactive [13].

Although the Chinese government has developed many management policies and
treatment technologies to reduce the HM pollution from livestock slurry to environment,
the lack of the onsite digestion-detection method is still the bottleneck to realize the effective
control of the ecological risk due to HMs during returning cropland. Some novel detection
methods have been developed for the onsite quantitative analysis of HMs in the last few
years. Wen et al. established a portable tungsten coil electrothermal atomic absorption
spectrometer for HM field analysis [14–16]. Wang et al. designed and implemented a field-
based HM detection system involving electrochemical differential pulse anodic stripping
voltammetry [17]. Additionally, with the advent of microfluidics technology, colorimetric
sensors for the rapid detection of HMs can even work on a handheld device [18].

Compared with the detection methods, these recently reported digestion
methods [19–23] were still challenging to implement in the field. In theory, the diges-
tion procedure should ensure that treated samples are completely dissolved and HMs
are released in a positive ion form compatible with the analytical method [24,25]. The
conventional wet digestion procedures were relatively complicated and hazardous. Heavy
use of strong acids (HClO4, HF, H2SO4, HCl, etc.) and heating devices restricted the
digestion procedures to be operated in a normative chemical laboratory. Although some
modified digestion methods have been recently established to reduce operation difficulty,
the inevitable use of acids and laboratory devices (such as a microwave) still cannot meet
the onsite digestion requirement.

Therefore, more safe and simple digestion methods need to be established to analyze
the HM contamination level of livestock slurry. This study reported an innovative digestion
method based on ultrasound-assisted electrochemical oxidation (UAEO) theory. The
UAEO method was designed as a specialized technology for the dairy farm slurries on-
site digestion, which had the potential to be applied in other farm slurry and sewage
samples. The digestion extraction effects for major (Cu and Zn) and trace (Cr, Cd, Pb, Ba,
Co, Ni, Bi, and Ag) HMs were proved with the livestock slurry samples. Furthermore, the
digestion mechanism of the reported method was analyzed and discussed to elaborate the
functioning process.

2. Materials and Method
2.1. Reagents, Standards, and Samples

All reagents used in this study were at least analytical grade. All solutions were
prepared in deionized water (resistivity ≥18.2 MΩ·cm). A commercially multi-element
standard solution (Thermo Scientific Co. Ltd., Waltham, MA, USA) was used to analyze
the standard digestion rate.

The dairy farm slurry samples were collected from three typical large-scale crop–
animal mixed farms in July 2019 in Tianjin of China. All breeding varieties were Chinese
Holstein Cattle. The cattle breeding stock of every farm was above 1000 units. The fecal
slurry process flow in three large-scale dairy farms is shown in Figure 1. One of the dairy
farms employed biogas engineering as a recycling treatment technique, while the other
two carried out only a sedimentation liquid–solid separation. In any case, the lagoon was
the unique storage facility before returning cropland. Therefore, all slurry samples were
collected from the lagoon in experiments.
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Figure 1. Fecal slurry process flow in three large-scale dairy farms.

The slurry equally sampled from three random points in a lagoon was uniformly
mixed and stored in a clean-washed polyethylene plastic bottle. All samples were filtered
with 10-mesh sieves to remove macroparticle impurities.

2.2. Construction of the UAEO Digestion Apparatus

As shown in Figure 2, the UAEO digestion apparatus was mainly constructed us-
ing two cuvettes connected with a NaCl salt bridge. The volume of both cuvettes was
approximately 120 mL. The ingredients of the salt bridge solution were 20% (w/v) NaCl
and 2% (w/v) agar. The aforementioned solution was heated to a boil, infused into the
connected part, and cooled down to form a gel. The electrochemical oxidation function
was implemented using a classic three-electrode system. The working and auxiliary elec-
trodes were made using Ru–Ir-coated titanium ((Ru–Ir)@Ti) inert metal material, while
the reference electrode was an Ag–AgCl electrode. The working potential was controlled
at 2 V using a CHI-760D electrochemical workstation (Science Days Technology Co. Ltd.,
Beijing, China). The ultrasound function was implemented using a Scientz-IID ultrasonic
generator (Scientz Co. Ltd., Ningbo, China), while the ultrasonic duty ratio was set to 50%
(5 s/5 s). In the digestion cuvette, a stirrer was installed at the bottom to blend the solution
along with digestion.

Figure 2. Schematic diagram of the UAEO digestion apparatus.

2.3. UAEO Digestion Method and Zn and Cu Digestion Efficiency Test

To determine Cu and Zn digestion efficiency in slurry samples, the aqua regia with
closed-vessel microwave digestion (AD) method was applied and compared with the
UAEO digestion method. The AD method was performed as previously reported [26].
Briefly, 5.0 g of accurately weighed slurry sample, 10 mL of aqua regia (3:1, v/v, HCl:HNO3),
and 5 mL of H2O2 (30%, v/v) were successively added in a poly tetra fluoroethylene (PTFE)
vessel. The PTFE vessel was capped tightly and placed in a WX-6000 microwave apparatus
(PreeKem Co. Ltd., Shanghai, China). The operating program of the microwave is shown
in Table S1. After cooling down, the digestion solution was completely transferred and
made up to 50 mL with deionized water.
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The UAEO digestion method was operated with the following steps: (I) 10.0 g slurry
sample and a certain quality (testing range: 0.1–10 g) NaCl were accurately added into
deionized water to make 100 mL. The aforementioned suspension was poured into the
digestion cuvette. (II) A NaCl solution with the same volume and concentration was poured
into the auxiliary cuvette as in the digestion cuvette. (III) The electrochemical workstation
and the ultrasonic generator were started at the same time, sampling approximately 5 mL
of digestion suspension in 0, 10, 20, 30, 45, and 60 min. The ultrasonic power was set in the
test range of 0–600 W.

Both AD and UAEO samples were filtered to remove undissolved solid before HM
analysis. The concentrations of Cu and Zn were tested using an AA-7000 atomic absorption
spectrophotometer (Shimadzu Co. Ltd., Kyoto, Japan). The digestion efficiency was
calculated using Equation (1).

Digestion efficiency = CUAEO/CAD × 100% (1)

where CUAEO is the concentration of the tested element digested by the UAEO method,
while CAD is that digested by the AD method.

2.4. Digestion Recovery Rate

The digestion recovery rate experiment was performed to monitor the UAEO method
digestion effect for trace HMs. The slurry sample with the standard substance was prepared
before the test. Specifically, 10 g slurry sample and 10 mL of multi-element standard
solution were mixed accurately and shaken on an HNYC-203T constant-temperature
shaking table (Honour Co. Ltd., Tianjin, China) for 6 h to form nonionic compounds (such
as coordination compounds). A NaCl solution was used to increase the volume of the
aforementioned sample to 100 mL. The UAEO method was executed with the optimal NaCl
concentration and ultrasonic power verified by the digestion efficiency result. The digestion
suspension was sampled for 0, 20, and 45 min to analyze the standard digestion rate.

The concentrations of 10 objective HMs (Zn, Cu, Cr, Cd, Pb, Ba, Co, Ni, Bi, and
Ag) were tested using a Thermo 7400 Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES) (Thermo Scientific Co. Ltd., Waltham, MA, USA). The ICP-OES
instrumental parameters for the analysis are listed in Table S2. The digestion recovery rate
of every HMs was calculated using Equation (2).

Digestion recovery rate = (C1 − C0)/Cspk × 100% (2)

where C0 is the concentration of the tested element digested by the UAEO method without
standard solution, while C1 is that by standard solution. Cspk represents the theoretical
concentration of spiked elements.

2.5. Chlorine Quantitative Analysis

The digestion solution was taken out from the digestion cuvette in 0, 5, 10, 15, 20, 25,
30, 35, 40, and 45 min during the UAEO digestion method. Every sample was immediately
placed in the ice-water bath to cool down, diluted, and filtered to be tested.

The concentration of chlorine was measured according to the N,N-diethyl-p-phenylenediamine
(DPD) colorimetric method [27] using a UV 2600 spectrophotometer (Shimadzu, Kyoto, Japan).

2.6. Particle Size Distribution and Micromorphology

The particle size distribution of the digestion sample was measured using a Master-
sizer 3000 laser particle size analyzer (Malvern Panalytical. Ltd., Cambridge, UK). The
microtopographic analysis of the insoluble solid in the digestion sample was carried out
using a field-emission scanning electron microscope (SEM) (JSM-IT300LV, Jeol, Japan,
operating at 20 kV) and an optical microscope (OM) (BX51, Olympus, Tokyo, Japan).
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2.7. Statistical Analysis

All statistical analyses were performed using PASW Statistics 18 software (SPSS Inc.,
Armonk, NY, USA) with analysis of variance (ANOVA) and Dunnet’s test [28].

3. Results
3.1. Effects of UAEO Operating Parameters on Digestion Efficiency

As shown in Figure 3, the digestion efficiency was positively related to the digestion
time, ultrasonic frequency, and NaCl concentration. Further, Cu and Zn digestion efficiency
was tested for different periods at 400 W ultrasonic power with a NaCl concentration of
10 g/L (Figure 3A). The digestion efficiency increased rapidly in the first 30 min and then
reached a plateau in 30–60 min. The Dunnet’s test results showed no significant difference
(p > 0.05) in digestion efficiency between 45 and 60 min. As shown in Figure 3B, the
digestion efficiency increased with the increase in ultrasonic power with 45 min digestion
time and 10 g/L NaCl concentration; the solute temperature was raised at the same
time. The digestion efficiency had no significant difference between 400 W and 600 W
ultrasonic power, although the solute temperature slightly increased. Finally, the optimal
concentration of oxidation substrate NaCl was tested from 1 to 100 g/L with 45 min
digestion time and 400 W ultrasonic power, as shown in Figure 3C. The results showed
that an increase in NaCl concentration led to more working current and higher digestion
efficiency until the NaCl concentration exceeded 10 g/L. With the optimal UAEO operating
parameters (digestion time: 45 min; ultrasonic power: 400 W; NaCl concentration: 10 g/L),
Cu and Zn digestion efficiency was (96.8 ± 2.6) and (98.5 ± 2.9)%, respectively.

3.2. UAEO Digestion Recovery Rate

The digestion recovery rate experiments were operated with spiked samples to evalu-
ate the UAEO digestion effect for trace HMs. The 20 min and 45 min standard digestion
rate for 10 HMs was tested, and the results are shown in Figure 4. After a 20 min UAEO
digestion operation, the recovery rate of all 10 HMs exceeded 70%. When the processing
duration further reached 45 min, all digestion recovery rates exceeded 90%. The specific
results are listed in Table 1.

3.3. Free Chlorine

The concentration of free chlorine was tested by the DPD method to analyze the level
of oxidation medium in the digestion solution. As shown in Figure 5, the ultrasound inter-
vention would reduce the free chlorine increment speed in the reaction system. Specifically,
when the ultrasound function module was turned off, the free chlorine concentration was
maintained at about 1500 mg/L after digestion for 30 min. In another case, with ultrasound
intervention, the free chlorine concentration could only reach the maximum (414 mg/L)
at 20 min and, further, slightly decreased to 283 mg/L in 45 min instead of continuing
to increase.

3.4. Effect of the UAEO Process on Particle Size Distribution and Micromorphology

As shown in Figure 6, UAEO digestion treatment indeed changed the undissolved
particle size distribution. Before digestion, the particles with a diameter between 100
and 300 µm contributed to the main particle volume (1021 µm3). Under the influence
of oxidation, the total particle volume sharply declined, although the size distribution
did not show an obvious change. Under the influence of ultrasound intervention, the
size distribution moved toward small sizes, and the total particle volume had an obvious
decline as well. When the UAEO digestion method worked normally, the effect on the
change in particle size was comparable to a coupling of ultrasound and oxidation; the
greatest abundance of particle size was changed to a smaller diameter range between
30 and 100 µm, which had a much smaller particle volume (193 µm3) compared with the
untreated sample.
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Figure 3. Variations in Cu and Zn digestion efficiency, solution temperature, and working current during UAEO digestion
method. (A) Cu and Zn digestion efficiency was tested for different periods at 400 W ultrasonic power with a NaCl
concentration of 10 g/L. Significant differences between each digestion time and 60 min group were found with the
Dunnet’s test; * p < 0.05 for Cu, # p < 0.05 for Zn. (B) Digestion efficiency was tested at 0, 200, 400, and 600 W ultrasonic
power for 45 min with a NaCl concentration of 10 g/L, and the solute temperature was detected. Significant differences
between each ultrasonic power and 600 W group were found with the Dunnet’s test; * p < 0.05 for Cu, # p < 0.05 for Zn.
(C) Digestion efficiency was tested with NaCl concentrations of 1, 5, 10, 50, and 100 g/L at 400 W ultrasonic power for
45 min, and the working current was tested using an electronic working station. Significant differences between each NaCl
concentration and 100 g/L group were found with Dunnet’s test; * p < 0.05 for Cu, # p < 0.05 for Zn.

Figure 4. UAEO standard digestion rate of 10 primary HMs in dairy slurry.
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Table 1. Concentrations and recovery rates (%) in the spiked samples digested by the UAEO method.

Element
Certified Values

(mg/L)
Found Values (mg/L) and Recovery Rates (%)

20 min 45 min

Zn
0 a 1.25 ± 0.28

55.3%
2.24 ± 0.45

91.7%1 b 1.8 ± 0.09 3.16 ± 0.44

Cu
0 0.29 ± 0.05

62.7%
0.54 ± 0.07

90.7%1 0.92 ± 0.17 1.45 ± 0.09

Cr
0 0.06 ± 0.03

74.1%
0.11 ± 0.03

93.9%5 3.77 ± 0.35 4.81 ± 0.16

Cd
0 ND c

71%
ND

96%1 0.71 ± 0.05 0.96 ± 0.05

Pb
0 ND

64.6%
0.08 ± 0.04

96.6%10 6.46 ± 0.81 9.74 ± 0.36

Ba
0 ND

63.7%
ND

97.7%1 0.64 ± 0.07 0.98 ± 0.06

Co
0 ND

65.3%
ND

95.7%1 0.65 ± 0.04 0.96 ± 0.04

Ni
0 ND

70.8%
ND

98.9%5 3.54 ± 0.22 4.95 ± 0.08

Bi
0 ND

65.3%
ND

97.8%10 6.53 ± 0.78 9.78 ± 0.31

Ag 0 ND
73.3%

ND
96%1 0.73 ± 0.04 0.96 ± 0.01

a Unspiked sample; b Sample spiked with multi-element standard solution; c Not detected and calculated as 0.

Figure 5. Variations in the concentration of free chlorine during digestion operation (45 min).

As shown in Figure 7, the micromorphology of undissolved solid matters before and
after UAEO digestion was observed using FE-SEM and OM. The undissolved solid matters
before digestion (Figure 7A,B) presented typical micromorphological characteristics of the
dairy slurry, an irregular blocky structure. As shown in Figure 7D,E, the blocky structure
appeared as arc edge and cellular structure after the UAEO digestion method. More
macroscopic OM images (Figure 7C–E) showed that the digestion process not only reduced
the amount of undissolved solid matters but also made them fragmented and blanched.
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Figure 6. Particle size distribution of undissolved solid matters in the dairy slurry sample after
different digestion treatments (45 min).

Figure 7. FE-SEM and OM images of undissolved solid matters before (A–C) and after (D–F)
UAEO digestion.

4. Discussion
4.1. Digestion Theory of the UAEO Method

The constitution of UAEO technology is shown in Figure 1. The digestion device
comprised two open cuvettes of NaCl solution, which was connected with a NaCl salt
bridge. Under the influence of electric potential difference, negative ions moved toward the
working electrode and positive ions moved toward the auxiliary electrode. The reactions
in the digestion cuvette were expressed by Equations (3)–(6). Hydroxyl radicals and free
chlorine were generated in the digestion process, and redundant H+ provided an acidic
environment for easy distribution of HMs. In addition, the ultrasound function module
produced ultrasonic waves, generated shock waves to break large particles and solids,
accelerated the redox reaction, and then improved the digestion effect [19,29]. By setting
a classic three-electrode system and ultrasound function module, the synergy between
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ultrasonic effect and electrochemical digestion was ensured in the digestion process to
improve the digestion effect.

(Ru-Ir)@Ti + H2O→(Ru-Ir)@Ti(OH) + H+ + e− (3)

Cl− + OH→·ClO− + H+ + e− (4)

2Cl−→Cl2 + 2e− (5)

Cl2 + 2H2O→HClO/ClO− + Cl− + H+/2H+ (6)

4.2. Digestion Efficiency of the UAEO Method

A previous investigation [12] indicated that the concentrations of Zn and Cu were
significantly higher than those of the other HMs in the dairy farm slurry. Therefore, a
series of digestion efficiency experiments were designed to explore the optimal operating
parameters of the UAEO apparatus based on the results of Zn and Cu digestion efficiency.
Figure 3A shows the effect of digestion time on digestion efficiency at 400 W ultrasonic
power with a NaCl concentration of 10 g/L. As expected, the digestion efficiency increased
continually in the first 45 min due to sustaining electrochemical oxidation and ultrasound
function. As shown in Figure 3B, the digestion efficiency was positively associated with
ultrasonic power. The ultrasound intervention could not only increase the temperature of
the digestion solution to accelerate the redox reaction but generate shock waves to break
large particles and solids. When the ultrasonic power was kept at 400 W or above, the
solution temperature reached 60 ◦C and the digestion efficiency reached the maximum.
NaCl was used as an oxidation substrate to generate an oxidizing agent and working
current. Figure 3C shows that a low concentration of NaCl restricted the oxidation reaction
rate. However, excessively high salinity possibly had a negative impact on the follow-up
analysis. Taken together, 10 g/L NaCl was the ideal concentration for the UAEO digestion
method. The foregoing conclusions not only proved that the UAEO digestion method
could sufficiently release Zn and Cu, which were the main HMs in the dairy slurry, but
also found the optimal UAEO operating parameters (digestion time: 45 min; ultrasonic
power: 400 W; NaCl concentration: 10 g/L).

An HM recovery rate test was carried out to verify the UAEO digestion effect on broad-
spectrum HMs. The element form in spiked digestion samples was different from that in
normal samples because the spiked process could form nonionic compounds only in solution
and not in insoluble particulate matter. The results of the recovery rate could still partly prove
the applicability of UAEO digestion for different HMs. As shown in Figure 4, the UAEO
digestion method demonstrated adequate ability for 10 primary HM elements, illustrating
that the UAEO method had indiscriminate digestion function for dairy slurry HMs.

4.3. Digestion Mechanism of the UAEO Method

Free chlorine was the main oxidation medium in the digestion solution, according to
Equations (3)–(6). Therefore, the variations in the concentration of free chorine were tested
to discuss the key mechanism of the UAEO method. As shown in Figure 5, the variation
curves demonstrated a high concentration of free chorine without ultrasound intervention.
Due to the great oxidizability of free chlorine, it was easy to degrade organics and release
HMs oxidatively. Although the ultrasound intervention decreased the maximum concen-
tration of free chorine due to vibration and temperature effect, 414 mg/L free chorine still
theoretically had sufficient oxidative ability. On the contrary, the inhalation toxicology of
excessive chlorine might influence the health of operators [30]. Because the dairy slurry had
many undissolved particles, single electrochemical oxidation digestion could not process
them. The ultrasound intervention could exactly constitute this function attributed to its
crushing capacity. These hypotheses were verified by the results of particle size distribution
analysis. As shown in Figure 6, the particle size distribution obviously moved toward small
size, although the ultrasound intervention could not sharply decrease the total volume
of particles. Moreover, under the oxidation effect, the total volume and the proportion
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of bulky particles obviously declined. To intuitively demonstrate the change in particle
form during the digestion process, the micromorphology results are shown in Figure 7. The
ultrasound intervention led to the fragmentation of the bulky particles, and electrochemical
oxidation made an irregular blocky structure form arc edges and a cellular structure.

4.4. Advantages of the UAEO Digestion Method

The conventional digestion methods usually required strong acids as digestion reagents,
and the digestion process was completed under high-temperature and high-pressure con-
ditions, which depended on large-scale digestion equipment. They were difficult to meet
the requirements of the onsite test. UAEO was a novel and efficient method for dairy farm
slurry digestion. The electrochemical oxidation process provided a sufficient oxidation
agent. The ultrasound intervention not only physically broke the particles and solids
in the dairy slurry but also catalyzed the improvement in oxidation digestion efficiency.
On the other hand, the UAEO digestion method is an economical approach owing to its
low-cost reagent and simple apparatus design. The UAEO digestion method was fast and
convenient and ensured digestion efficiency, thus having a good application prospect.

5. Conclusions

Dairy farm slurry is an important cheap biomass resource rich in mineral nutrients
and lignocellulose. However, the abuse of feed and the lack of harmless treatment lead
to HM pollution. An innovative digestion method was established in this study, which
combined digestion efficiency and process convenience. According to the experimental
results, the UAEO method can sufficiently digest all main HMs (Zn and Cu) or trace HMs
in slurry. This might be further beneficial to agriculture biomass resource quality control
and effective transformation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ma14164562/s1. Table S1, Operating program of the microwave apparatus. Table S2, ICP-OES
instrumental parameters for the analysis of 10 objective HMs.
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