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ABSTRACT

In order to solve the bottleneck of internal electrolysis technology, ultrafine grinding catalytic internal
electrolytic fillers were prepared by powder metallurgy method. Under the initial conditions of ball-
to-powder weight ratio 10:1, taking particle size, particle size distribution and particle morphology
as evaluation criteria, the effects of ball milling time, ball milling speed and absolute ethanol addition
on the effect of powder ball milling were studied by single factor test and orthogonal test. The results
show that the optimal parameters of the ball milling process are ball milling time of 20 h, ball milling
speed of 300 rpm and absolute ethanol addition of 50% (by total powder mass). The influence of the
three factors on the ball milling effect is extremely significant, and there is an interaction between
the three. Finally, the corrosion values at different pH levels were obtained by potentiodynamic
scanning of self-made internal electrolytic fillers and two kinds of commercial internal electrolytic
fillers. By calculating the corrosion rate, the optimum pH value for the reaction of self-made inter-
nal electrolytic filler is 3. The corrosion rate of self-made internal electrolytic filler is the fastest, the
reaction rate is the highest, and the passivation and bonding phenomenon are alleviated.

Keywords: Internal electrolytic filler; Powder metallurgy; Electropotential polarization curve;

Corrosion performance

1. Introduction

Internal electrolysis is a technique in which the pollut-
ants are removed by oxidation, reduction, flocculation and
adsorption by using the redox reaction on the surface of the
electrode and the active intermediates (such as O*, H,0,
*OH, etc.) under the action of the iron carbon primary bat-
tery [1,2]. At present, it is widely used in the pretreatment,
decolorization and heavy metal wastewater treatment of
refractory biodegradable organic wastewater [3,4] from
industries such as paper making [5], printing and dyeing [6],
pharmaceutical [7], tobacco [8], petrochemical [9].

* Corresponding author.

The pretreatment of refractory industrial wastewa-
ter by internal electrolysis technology still has some prob-
lems in some practical projects, such as filler passivation,
filler agglomeration, sludge production and so on. To solve
these problems, the current improvement measures mainly
include the following aspects. (1) Study on internal elec-
trolytic reactors. Song et al. [10] developed a new internal
electrolysis system in which iron and carbon were placed
separately and connected by wires. The results showed that
the removal rate of p-nitrophenol was obviously higher than
that of non-correlation. And compared with iron-carbon
mixtures, the iron consumption of both was equal. (2) Study
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on internal electrolysis reactor. At present, the fixed-bed
reactor is widely used in domestic industrial wastewater
pretreatment projects by internal electrolysis technology,
and the phenomenon of packed layer solidification gener-
ally exists in this kind of reactor. In recent years, research-
ers at home and abroad have begun to develop new internal
electrolysis reactor based on traditional fixed bed, includ-
ing fluidized bed reactor, rotary drum reactor and so on.
(3) Internal electrolysis is combined with other technologies.
Lu et al. [11] used micro-electrolysis as pretreatment tech-
nology, combined with O—A-O biochemical process to treat
chemical wastewater. The experimental results showed that
micro-electrolysis could remove sulfur ion and chroma bet-
ter, and the B/C ratio increased from 0.17 to 0.32. However,
the preparation of a new type of filler with self-passivation,
slower knotting, and long life has not been studied in detail.
Based on this, this study proposes to prepare a new type of
internal electrolytic filler by reducing the particle size and
increasing the uniformity of distribution. And this method is
powder metallurgy (PM).

PM is a process technology that uses metal powder (or a
mixture of metal powder and non-metallic powder) as a basic
raw material to make metal materials, composite materials
and various types of products through processes including
mixing, pressing, sintering, shaping, oil immersion, etc. [12].
PM method is frequently combined with ball milling tech-
nique which includes repeated cold welding, fracture and
rewelding of powder particles in a high-energy ball mill, and
therefore it enables to obtain fine and homogeneous disper-
sion of brittle phase in the ductile matrix [13]. Studies have
shown that ball-to-powder weight ratio, ball milling speed,
ball milling time, process control agent (PCA) and other
process parameters have an effect on the final structure and
morphology of the powder [14-18]. Therefore, the influence
of the above factors on the effect of the filler should be con-
sidered in the preparation of the filler.

The method for preparing ultrafine powder catalytic
internal electrolysis packing by PM introduced in this paper
obtained internal electrolytic filler with fine particle size
and uniform distribution of iron and carbon by studying
the ball milling speed, ball milling time and absolute etha-
nol addition. Further analysis of the corrosion performance
of the self-made internal electrolytic fillers proves that the
purpose of improving the number of corrosion micro-cells
on the surface area of the unit filler and improving the
performance is achieved. The preparation method of the
novel high-efficiency internal electrolytic filler expands
the preparation method of the filler, so that the electrolytic
packing and the passivation phenomenon are alleviated,
the service life is prolonged and the treatment effect is kept

Table 1
Specification and origin of experimental raw materials

stable. The new filler can be used for the treatment of indus-
trial wastewater, especially pulping wastewater [19].

2. Materials and methods of experiment
2.1. Experimental materials

The specifications and origins of raw materials used in
the experiment are shown in Table 1.

2.2. Experimental method

Based on the preparation and characterization of tra-
ditional iron-carbon internal electrolytic fillers and the
influencing factors of catalytic internal electrolysis process
[20-22], the electrolytic fillers in ultrafine powders were
prepared by PM. (1) The original powder (mixed powder
with a total mass of 50 g according to the mass percentage of
Fe-6C-0.5Cu-0.5Mn) was refined and mixed uniformly by a
QM-35P4 planetary ball mill. The ball mill and the grinding
ball are made of stainless steel, the volume of the ball mill is
500 mL, and the ball to material ratio is 10:1. The grinding
balls are, respectively, selected from stainless steel balls with
diameters of 6, 10 and 15 mm, and the mass ratio is 1:3:1.
(2) The mixed powder was pressed into a green body having
a certain shape by using an FLS-10 manual double-column
hydraulic press. The pressing pressure was 200 MPa and the
holding time was 10 min. (3) The green body was placed in
an industrial mesh belt sintering furnace for sintering. Then
taking particle size, particle size distribution and particle
morphology as evaluation criteria, the effects of ball milling
time, ball milling speed and absolute ethanol addition on
ball milling effect were investigated through single factor
and orthogonal experiments, and the optimum preparation
conditions were obtained. The surface morphology of pow-
der and internal electrolytic filler was observed by scanning
electron microscopy, and the particle size distribution was
measured by laser particle size analyzer.

Potentiodynamic polarization curves of self-made fillers
in NaCl solutions with different pH values were obtained by
potentiodynamic scanning. Corrosion rate was calculated
according to Eq. (1). At the same time, the corrosion prop-
erties of self-made ultra-fine powder inner electrolytic filler
and traditional inner electrolytic filler were compared under
the same conditions.

U:Mxi (1)

Here v is the corrosion rate of metal in g/(m?h); M is
the relative atomic mass of metal in g/mol; F is the Faraday

Powder type Purity D_/um Place of origin
Water atomized iron powder 299.7% 68.134 Changsha
Natural graphite powder >99.9% 3.885 Shanghai
Electrolytic copper 299.5% 32.574 Changsha
Electrolytic manganese powder 299.5% 15.631 Changsha
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constant (96485 s A/mol); n is the number of gain and loss
electrons in the equation of electrode reaction; and i ___ is the
corrosion current density in pA/cm?

3. Experimental results and analysis
3.1. Characteristics of experimental raw materials
3.1.1. Particle size distribution characteristics

The particle size and size distribution of the powders
largely determine the performance of the prepared materi-
als, and also affect the difficulty of the preparation process
[23]. Therefore, the particle size of the four raw materials
used in the experiment was analyzed. The results are shown
in Fig. 1 and the particle size characteristic parameters are
shown in Table 2.

Fig. 1 shows that the particle size of iron powder (Fig. 1a)
was between 20 and 200 pm, and the peak value was about
80 um. There were two peaks in the graphite particle size
distribution (Fig. 1b), about 5 and 40 pm, respectively.
Excluding the influence of sample dispersion and refrac-
tive index selection [24], the peak size of graphite powder
particle size distribution should be about 5 um. The copper
particle size (Fig. 1c) was between 20 and 100 um, and the
peak appeared around 40 um. The particle size of manganese
powder (Fig. 1d) ranged from 5 to 60 pm, and the peak value
appeared at about 15 pm. As shown in Table 2, the average
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particle size (D50) of iron, graphite, copper and manga-
nese powders were 74.082, 3.855, 32.828 and 12.940 um,
respectively. The specific surface area of powder particles
decreased with the increase of average particle size.

3.1.2. Morphological characteristics

Scanning electron microscopy was used to observe the
morphology of raw material powder. The results are shown
in Fig. 2. It could be seen from the figure that water atom-
ized iron powder (Fig. 2a), copper powder (Fig. 2c) and
manganese powder atomized (Fig. 2d) were irregular, while
natural graphite powder (Fig. 2b) was flaky. At the same
time, the results of scanning electron microscopy and par-
ticle size distribution test were the same. That is, the par-
ticle size of iron powder was about 60 um, that of graphite
powder was about 3 um, that of copper powder was about
30 um, and that of manganese powder was about 10 pm.

3.2. Single factor test
3.2.1. Effect of the ball milling time

Milling time is a key parameter, and it directly affects
the morphology and distribution of the milled powders.
As the ball milling time increases, the powder is gradually
refined. However, if the ball milling time is too long, the
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Fig. 1. Powder particle size distribution of raw materials for experiment (a) iron powder, (b) graphite powder, (c) copper powder,

(d) manganese powder.
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Table 2
Particle size and specific surface area of raw materials for
experiment

Raw material D, D, D, Specific surface
(um)  (um)  (um)  area(m?’/g)

Iron powder, 39.778 74.082 135.065 0.109

Graphite powder 1554 3.885 34.465 2.020

Copper powder 15442 32.828 63.881 0.226

Manganese powder 3.943  12.940 30.297 0.794

powder properties may deteriorate, and at the same time,
more impurities increase the contamination of the powder
[25]. Therefore, the powder should be properly ground to
achieve a good composition to ensure that the powder is in
equilibrium between fracture and cold welding [26].

In the early stage of the test, the horizontal value of ball
milling time was determined through many exploratory
tests. Therefore, under the initial conditions of ball milling
speed 300 rpm, absolute ethanol addition 50% (by total pow-
der mass) and ball-to-powder weight ratio 10:1, the effects
of ball milling time of 10, 20, 30 and 40 h, respectively, on

the particle size and morphology of the powder were investi-
gated. The results are shown in Figs. 3-5.

Fig. 3 shows that with the increase of milling time, the
particle size distribution area of the mixed powders first
narrowed and moved to the direction of low particle size.
When milling time reached 30 and 40 h, the particle size of
the powders did not change much. As shown in Fig. 4, D10,
D50 and D90 of powder particles decreased rapidly and then
stabilized with the increase of milling time. Fig. 5 shows that
with the increase of milling time, the mixed powders were
refined gradually. When milling time was 30 h (Fig. 5¢), the
morphology of powders did not change much compared
with that of 20 h (Fig. 5b). When the milling time reached
40 h (Fig. 5d), the morphology became more rounded and
the particle size distribution became more uniform.

Whether the powder particles are broken during the
whole ball milling process is based on whether the grinding
balls have an effective collision with the particles. Therefore,
the number of effective collisions of the grinding ball is
significant for powder refinement. Assuming that the ball
milling time is f, the number of effective collisions of the
grinding ball can represent N as: N = kRt/D [27], Where R
represents the ball-to-powder weight ratio; D represents
the radius of the grinding ball; and k is the proportionality

Fig. 2. SEM morphology of raw materials for experiments (a) iron powder x 1,000; (b) graphite powder x 4,000; (c) copper

powder x 4,000; (d) manganese powder x 1,000.
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factor depending on the characteristics of the grinding ball.
According to the formula, when the ball mill and the ball-to-
powder weight ratio are fixed, the effective collision number
of the grinding ball to the powder is proportional to the
ball milling time. In the early stage of ball milling (usually
within 1 h), the mixed powders are welded together under

the combined action of impact, compression, shear and wear
of high-speed grinding balls, and there is no fracture of par-
ticles. With the prolongation of ball milling time, the effec-
tive collision increases, the effect of cold welding increases
sharply, and the stress and strain inside the powder particles
increase, resulting in a large number of defects which are
easy to induce microcracks. Under the combined action of
work hardening, the powder becomes more and more brittle,
and gradually breaks into fine particles. After milling for a
period of time, the surface energy of grains increases with the
decrease of particle size, and agglomeration occurs between
grains, which make the grain size larger [28]. Therefore, in
the process of continuous deformation, cold welding, crush-
ing and cold welding of mixed powders, when the milling
time was 20 h, the dynamic balance between the particle
cold welding and fracture was gradually achieved. When
the milling time was extended to 30 and 40 h, the particle
size of the powder did not change much. This was mainly
because when the particles were refined to a certain extent,
a large amount of deformation energy had been stored in
the powder. At the same time, due to the high strength
and hardness of refined particles, the energy required for
fracture increased, and the mechanical stress required for
further refinement increased accordingly, which made the
refinement of powders more difficult [29,30]. Therefore, the
optimum milling time was 20 h.
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Fig. 5. SEM morphology of different ball milling time (a) Mixed powder 10 h x 500; (b) Mixed powder 20 h x 500; (c) Mixed powder

30 h x 500; (d) Mixed powder 40 h x 500.

3.2.2. Effect of the ball milling speed

Ball milling speed is one of the important variables to be
considered in the experiment, which has an important influ-
ence on the particle size reduction and morphology [31]. It is
generally believed that the higher the rotational speed of the
ball milling, the greater the energy obtained by the ball mill-
ing powder, which is more conducive to plastic deformation
and mechanical alloying of the powder. However, if the ball
milling speed is higher than the optimal value, the grinding
ball will rotate close to the inner wall of the ball mill tank,
thereby reducing the effective collision of the powder and
the efficiency of ball milling. At the same time, excessively
high rotational speed can cause excessive temperatures
in the ball mill tank, causing the decomposition of certain
supersaturated solid solutions, amorphous or other metasta-
ble phases [32].

In the early stage of the experiment, the horizontal
value of the ball milling speed was determined after several
exploratory tests. Therefore, under the initial conditions of
ball milling time of 20 h, absolute ethanol addition 50% (by
total powder mass) and ball-to-powder weight ratio 10:1, the
effects of ball milling speeds of 250, 300 and 350 rpm on the
particle size and morphology of the powder were investi-
gated. The results are shown in Figs. 6-8.

As shown in Fig. 6, when the ball milling rotation speed
was increased from 250 rpm (Fig. 6a) to 300 rpm (Fig. 6b),
the particle size distribution region of mixed powder was
narrowed and moved toward the low particle diameter
direction. When the ball milling speed was 350 rpm (Fig. 6¢),
the particle size distribution map did not change much
compared with 300 rpm. From Fig. 7, it is obvious that the
D10, D50 and D90 of the powder particles decreased first
and then increased with the increase of ball milling speed.
And when the ball milling speed was 300 rpm, the average
particle size was the smallest. Fig. 8 shows that when the
ball milling speed was increased from 250 rpm (Fig. 8a) to
300 rpm (Fig. 8c), the particle size was remarkably refined.
When the ball milling speed was increased to 350 rpm, the
particle morphology was more rounded, nearly equiaxed,
but the particle size became larger.

As can be seen from the above, as the ball milling speed
increased, the particle size first decreased and then increased.
As the ball milling speed and the grinding ball movement
speed increase, the collision frequency increases, that is, the
number of effective collisions is more in a certain period of
time. At the same time, during the ball milling process, the
force of the powder particles is mainly the impact of the
grinding ball on the powder, extrusion, etc. According to
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the kinetic energy theorem, when the speed of the grind-
ing ball increases, the impact force of the powder particles
also increases significantly [33]. In two aspects, the powder
particles are subjected to severe plastic deformation to be
refined. However, the particle diameter of the mixed powder
obtained by the ball milling speed of 350 rpm was larger than

300 rpm. This is because during the ball milling process, a
part of the powder adhered to the grinding ball and the tank
wall, and the other part moved in the tank, which lead to
a reduction in effective collision, and the impact energy of
the powder particles in different parts to be different, and
the magnitude of the conversion into heat energy was also
different. Thus, there was a temperature gradient between
the powder particles, resulting in a heat transfer phenome-
non [34]. The higher the rotational speed, the greater the heat.
When the heat was not transferred in time, part of the parti-
cle energy was too high, and the atomic diffusion speed was
increased, so that the particles were prone to agglomeration
and the particle size became larger. Therefore, the optimum
ball milling speed was 300 rpm.

3.2.3. Effect of the amount of anhydrous ethanol added

During the ball milling process, as the mixed powder
is refined, the surface energy is gradually increased, and
agglomeration occurs between the powders to reduce the
powder crushing effect and the powder yield. Therefore,
a PCA is usually added during the ball milling process.
Studies have found that when the amount of PCA is lower
or higher, the particle size tends to increase. Most of the
PCAs currently used are organic compounds including stea-
ric acid, n-hexane, methanol, ethanol and water [13,35-37].
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Fig. 8. SEM morphology of different ball milling speeds (a) mixed powder 250 rpm x 200; (b) mixed powder 300 rpm x 500; (c) mixed

powder 350 rpm x 500.

Compared with stearic acid, absolute ethanol is good for
obtaining finer ball milling powder [38]. Therefore, in this
study, anhydrous ethanol was used as a PCA to study the
effect of anhydrous ethanol addition (by total powder mass)
on the ball milling effect.

On the basis of several exploratory experiments, the hor-
izontal value of the amount of anhydrous ethanol added was
finally determined. Therefore, under the initial conditions of
ball milling time 20 h, ball milling speed 300 rpm and ball-to-
powder weight ratio 10:1, the effects of anhydrous ethanol
addition (by total powder mass) of 40%, 50% and 60%,
respectively, on the particle size of the powder were investi-
gated. The results were shown in Figs. 9 and 10.

Fig. 9 shows that when the amount of anhydrous ethanol
was increased from 40 wt.% (Fig. 9a) to 50 wt.% (Fig. 9Db),
the particle size distribution region of the mixed powder
was narrowed and moved toward the low particle diame-
ter. When the absolute ethanol was added in an amount of
60 wt. % (Fig. 9c), the particle size distribution region and the
peak appearance position were slightly shifted to the right
by 50 wt.%, and the peak of the large particle size region
was significantly larger. From Fig. 10, it is obvious that as
the amount of anhydrous ethanol increased, the D10, D50

and D90 of the powder particles first decreased and then
increased.

The mixed powder and the grinding ball participated in
the ball milling in a more viscous slurry form under the con-
ditions of a suitable amount of anhydrous ethanol added.
At this point, the powder tended to adhere to the grinding
balls and the wall of the ball mill tank, which increased the
chance of the particles being collided and broken by the ball
milling media [39]. However, excessive amount of absolute
ethanol attenuates the energy transfer of the grinding balls
and the ball-milling tank to the powder during the ball mill-
ing process, and significantly reduces the rate of particle
size refinement. This is why the average particle diameter
of the particles became larger when the amount of anhy-
drous ethanol was increased from 50 wt.% to 60 wt.%. Only
when the amount of absolute ethanol added was moderate,
a protective film could be uniformly formed on the pow-
der, the wall of the ball mill and the surface of the grind-
ing ball. And this protective film could buffer the energy
generated by the collision between the three, adjust the bal-
ance between cold welding and crushing, and act as a PCA
[37,40]. Therefore, the optimum amount of absolute ethanol
added was 50%.



134 A. Wan et al. | Desalination and Water Treatment 180 (2020) 126140

—— Frequency distribution curve

8 ---- Cumulative volume curve
-1@) —— £100
6 180 N
5] £
X 160 =2
Bl :
S 3 40 Q
8 2] B
20 =
1 :
ol 0o O
0 20 40 60 80 100 120 140
Particle size/um
—— Frequency distribution curve —— Frequency distribution curve
————— Cumulative volume curve 7 ----- Cumulative volume curve
100 6/ 1100
|80 § 5] 180 §§°
X 60 =2 X 4 60 =2
g > 2 3 S
3 40 2 2, 40 2
(o] = o i =
= 20 3 =" 20 3
: " :
0 O oY o O
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Particle size/um Particle size/um

Fig. 9. Powder particle size distribution of different anhydrous ethanol added (a) 40%, (b) 50%, (c) 60%.

D,
D,
D,

(42 [o}] ~l
o o o
[ T

40-

Particle size/um

- N w
o o o o
TR T T |

40 50 60
The amount of anhydrous ethanol added/%

Fig. 10. Particle size variation of powder mixtures having
different amounts of anhydrous ethanol.

3.3. Orthogonal test

On the basis of the single factor test, the L18 (37) orthog-
onal test was designed according to Table 3. The evaluation
standard of the orthogonal test was the average particle size
(D50) of the mixed powder after ball milling. Through the
Minitab15 statistical analysis software, the experimental data
were analyzed by Taguchi analysis, analysis of variance and

interaction analysis to find out the optimal experimental
conditions and the most significant factors affecting the ball
milling effect, and to analyze the interaction. The orthogonal
test designed and results are shown in Table 4 and Fig. 11.

Fig. 11 shows that the optimum levels of ball milling
time, ball milling speed and absolute ethanol addition were
A2, B2 and D2 (in Taguchi analysis, the smaller the response
mean, the smaller the average particle size), respectively, that
is, ball milling time of 20 h, ball milling speed of 300 rpm
and absolute ethanol addition amount 50%. The influence of
three factors on the ball milling effect was extremely signif-
icant (in the analysis of variance, p < 0.05). And there were
interactions between the three factors (in the interaction
analysis, the lines are not parallel).

4. Corrosion properties of internal electrolytic filler
4.1. Corrosion properties of self-made internal electrolytic filler

The potentiodynamic polarization curve is a modern test
method for characterizing the corrosion kinetics of metals
and their alloys. Measuring the potentiodynamic polariza-
tion curve can obtain kinetic information about the corrosion
process performed on the corroded metal electrode, includ-
ing the self-corrosion potential, the corrosion current density,
and the Tafel slope of the anodic reaction and the cathodic
reaction.

At the time of the test, the potentiodynamic polarization
curves of the research electrodes were measured in NaCl
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Table 3
Ball milling process orthogonal test factor level

Factors Levels

1 2 3
Ball milling time (h) 10 20 30
Ball milling speed (rpm) 250 300 350
Addition of absolute ethanol (%) 40 50 60

solutions with pH values of 1.0, 3.0, 5.0 and 7.0, respec-
tively, and the results are shown in Fig. 12. The self-corro-
sion potential E__and the corrosion current density i of
the studied electrode were obtained by the Tafel epitaxy
method in Fig. 13, and the corrosion rate v of the metal was
calculated according to Eq. (1). The results are shown in
Table 5.

As shown in Fig. 12, the polarization curves of the work-
ing electrode under different pH conditions were composed
of a cathode polarization zone and an anode polarization
zone. When the polarization potential was less than the
self-corrosion potential, cathodic polarization occurred, and
the polarization current density increased as the polarization
potential increased. When the polarization potential reached
the self-corrosion potential, it entered the anode polarization.
As the polarization potential increased, the polarization cur-
rent density increased first, followed by a slowly increasing
region, the anode passivation region. The polarization cur-
rent density at the end of the passivation region continued
to increase with the increase of the polarization potential.

Table 4
Ball milling orthogonal test design and results

In the passivation region, the surface of the filler rapidly
formed a passivation film with good corrosion resistance,
which reduced the corrosion rate. However, when pH = 1.0,
the passivation phenomenon was not obvious. The reason
is that when there is no compounding agent or other anion
capable of forming a precipitate with metal ions in the solu-
tion, the main component of the passivation film of most
metals is oxides or hydroxides with low solubility, and these
oxides or hydroxides are easily dissolved in strongly acidic
solutions [41].

As shown in Table 5, the order of the self-corrosion
potential E_ under different pH conditions was: pH
1.0 > pH 5.0 > pH 7.0 > pH 3.0, and the order of corrosion
current density i _was: pH 1.0 > pH 3.0 > pH 5.0 > pH 7.0.
According to the corrosion electrochemistry, the more pos-
itive the corrosion potential E__, the smaller the corrosion
tendency of the material; the more positive the corrosion cur-
rent density i, the greater the corrosion degree of the mate-
rial. Therefore, from the viewpoint of corrosion tendency, the
research electrode had the highest corrosion tendency in the
solution with pH = 3.0, and the corrosion tendency tended to
be the smallest in the solution with pH = 1.0, that is, the cor-
rosion tendency of the self-made internal electrolytic filler in
weak acidity and neutrality was stronger than that of strong
acidity. According to the magnitude of the corrosion current
density, the internal electrolytic filler had the fastest corro-
sion reaction in the solution with pH = 1.0, and the corrosion
reaction rate decreased with the increase of the pH value.

In summary, when the electrolyte solution was 3.5 wt.%
NaCl solution, the self-made internal electrolytic filler had
the fastest corrosion rate in the solution with pH 1.0, but

No A B C D E F G Average particle
size/um

1 1(10) 1(250) 1(10 = 250) 1(40) 1(10 = 40) 1(250 x 40) 1 45.312
2 1(10) 2(300) 2(10 = 300) 2(50) 2(10 = 50) 2(300 x 50) 2 32.524
3 1(10) 3(350) 3(10 x 350) 3(60) 3(10 x 60) 3(350 x 60) 3 38.716
4 2(20) 1(250) 1(20 x 250) 2(50) 2(20 x 50) 3(250 x 50) 3 30.399
5 2(20) 2(300) 2(20 x 300) 3(60) 3(20 x 60) 1(300 = 60) 1 19.028
6 2(20) 3(350) 3(20 x 350) 1(40) 1(20 x 40) 2(350 x 40) 2 26.845
7 3(30) 1(250) 2(30 x 250) 1(40) 3(30 x 40) 2(250 x 40) 3 28.785
8 3(30) 2(300) 3(30 x 300) 2(50) 1(30 x 50) 3(300 x 50) 1 7.181

9 3(30) 3(350) 1(30 x 350) 3(60) 2(30 x 60) 1(350 = 60) 2 21.348
10 1(10) 1(250) 3(10 x 250) 3(60) 2(10 x 60) 2(250 = 60) 1 85.79

11 1(10) 2(300) 1(10 = 300) 1(40) 3(10 x 40) 3(300 = 40) 2 80.42

12 1(10) 3(350) 2(10 x 350) 2(50) 1(10 x 50) 1(350 = 50) 3 68.92

13 2(20) 1(250) 2(20 x 250) 3(60) 1(20 % 60) 3(250 = 60) 2 43.75

14 2(20) 2(300) 3(20 x 300) 1(40) 2(20 x 40) 1(300 x 40) 3 26.31

15 2(20) 3(350) 1(20 x 350) 2(50) 3(20 x 50) 2(350 = 50) 1 14.314
16 3(30) 1(250) 3(30 x 250) 2(50) 3(30 = 50) 1(250 = 50) 2 48.67
17 3(30) 2(300) 1(30 x 300) 3(60) 1(30 x 60) 2(300 x 60) 3 35.56

18 3(30) 3(350) 2(30 = 350) 1(40) 2(30 = 40) 3(350 x 40) 1 33.62

Note: A = ball milling time/h, B = ball milling speed/rpm, C = ball milling time x ball milling speed/h x rpm, D = the addition of absolute
ethanol/%, E = ball milling time x the addition of absolute ethanol/h x %, F = ball milling speed x the addition of absolute ethanol/rpm x %,

G =blank column.
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Taguchi Analysis: the average particle size versus A. ball milling time, B. ball milling speed,

D. the addition of absolute ethanol

Response Table for Means

A. ball B. ball C. the addition of
Level milling ime  milling speed absolute ethanol
1 58. 61 47.12 40. 22
2 26. 77 33.50 33.67
3 29.19 33.96 40.70
Delta 31. 84 13. 61 7.03
Rank 1 2 3

(a)

General Linear Model: the average particle size versus A. ball milling time, B. ball milling speed,

D. the addition of absolute ethanol

Factor Type Levels Values

A. ball milling time fixed 3 110>, 2200, 3 (300

B. ball milling speed fixed 3 1(250>, 2 (300), 3 (350)
C. the addition of absolute ethanol fixed 3 120, 225, 3 @0

Analysis of Variance for the average particle size, using Adjusted SS for Tests

Source DF Seq SS Adj SS Adj MS F P
A ball milline time 2 3770.2 3770.2 1885.1 6.53 0.013
B. bell illing specd 2 7173 717.3 358.7 1.24 0.026
C. the addition of absolute ethanol 2 185.1 185.1 92.5 0.32 0.032
Error 11 3174.0 3174.0 288.5
Total 17 7846.6
(b)
Interaction Plot for the average particle size
Data Means
1¢250) 2€300) 3¢a%0) 1(200 2(28) 3 (3
1 L 1 L 1 1
0 A ball milling time
—o— 1 (102
—B— 2 (200
A. ball milling time & Leo |- 4 -3 GO
k. " * :__ e - ";'g
= . 20
. B. ballmilling speed
o —e— 1 (250)
9 —8— 2 (300)
B. ball milling speed - - 40 % - 3 (3500
+ A 4 i
sl [ 20

C. the addition of absolute ethanol

©

Fig. 11. Ball milling orthogonal test analysis results (a) Taguchi analysis, (b) analysis of variance, (c) interaction analysis.

the corrosion tendency was the smallest at this time. The
corrosion rate in the solution with 3.0 pH was less than 1.0
and greater than 5.0 and 7.0, and at this time, the corrosion
tendency was the strongest, and the cation and cathode of
the etched microbattery were more likely to undergo redox
reaction. If the internal electrolytic filler is used to treat
the wastewater and the pH of the wastewater solution is
adjusted to 3.0, the reaction rate is faster and the cost is lower
(no need to add a large amount of acid to satisfy the strong

acidic condition). Therefore, the optimum solution pH of
the internal electrolytic treatment wastewater was 3.0.

4.2. Corrosion properties comparison test

The experiment used three internal electrolytic fillers,
which were self-made ultrafine grinding catalytic inter-
nal electrolytic filler (marked as 1# filler), spherical inter-
nal electrolytic filler purchased from Weihua Dick (Beijing)
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Fig. 12. Potentiodynamic polarization curves of internal electrolytic fillers at different pH values pH 1.0, (b) pH 3.0, (c) pH 5.0,

(d) pH 7.0.

Table 5
Electrochemical corrosion parameters of internal electrolytic
fillers at different pH values

Solution pH E_.V) iior (MA/cm?) v (g/(m?h)
1.0 -0.636 1,009.300 10.541

3.0 -1.084 269.800 2.817

5.0 -1.037 230.100 2.403

7.0 -1.049 138.900 1.451

Technology Co., Ltd. (marked as 2# filler) and flat sphe-
roidal internal electrolytic filler purchased from Weifang
Xinhongyuan Environmental Protection Technology Co.,
Ltd. (marked as 3# filler). At the time of the test, the poten-
tiodynamic polarization curves of the three study electrodes
were measured in NaCl solutions with pH values of 1.0, 3.0,
5.0 and 7.0, respectively, and the results are shown in Fig. 14.
Then, according to the Tafel epitaxial method of Fig. 13, the
self-corrosion potential E__and the corrosion current den-
sity i _of the electrode were obtained, and the corrosion rate
v was calculated according to Eq. (1). The results are shown
in Table 6.

As shown in Table 6, when the pH of the NaCl solution
was 1.0 and 7.0, the order of the self-corrosion potential of

+E

Eooor

logicoor logi
Fig. 13. Tafel epitaxial method for measuring metal corrosion
rate.

the three research electrodes was: 2# > 3# > 1#; when the pH
was 3.0 and 5.0, the order of the self-corrosion potential was:
3#>2#>14#. According to the corrosion kinetics, the larger the
self-corrosion potential, the smaller the corrosion tendency.
At the four pH values, the self-corrosion potential of the
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Fig. 14. Potentiodynamic polarization curves of different internal electrolytic fillers (a) pH 1.0, (b) pH 3.0, (c) pH 5.0, (d) pH 7.0.

self-made internal electrolytic filler was the smallest, that is,
the corrosion tendency was the largest, and the microbattery
reaction was most likely to occur.

Table 6 also shows that under the four pH conditions, the
order of the corrosion current density of the three research
electrodes was: 14 > 2# > 3#. According to the thermodynam-
ics of corrosion, the higher the corrosion current density, the
greater the corrosion degree of the material. That is to say,
the self-made internal electrolytic filler had faster corrosion
rate and the highest reaction rate than the other two conven-
tional internal electrolytic fillers, and the passivation and
compaction phenomenon were alleviated.

5. Conclusion

The subject used the method of PM to prepare ultrafine
grinding catalytic internal electrolytic filler. The effects of ball
milling time, ball milling speed and absolute ethanol addi-
tion on ball milling were investigated by single factor test
and orthogonal test. The difference in corrosion performance
between self-made internal electrolytic fillers and commer-
cially available conventional internal electrolytic fillers was
investigated. Overall, the conclusions could be drawn as
follows:

e With the prolongation of the ball milling time, the par-
ticle size of the powder particles first decreased rapidly

and then did not change much. With the increase of the
ball milling speed and the addition of absolute ethanol,
the particle size of the powder particles first decreased
and then increased. Under the optimum conditions,
when the average particle diameter (D50) of iron powder,
graphite powder, copper powder and manganese pow-
der was 74.082, 3.885 32.828 and 12.940 pum, respectively,
the average particle diameter of the mixed powder after
ball milling was 9.660 um, and the particle size distribu-
tion was uniform and the morphology was round.

Based on the single factor test, the optimal process con-
ditions for ball milling were obtained by orthogonal test:
ball milling time of 20 h, ball milling speed of 300 rpm and
absolute ethanol addition of 50% (by total powder mass).
The influence of three factors on the ball milling effect
was extremely significant, and there were interactions
between the three factors.

The corrosion tendency of self-made internal electrolytic
filler under different pH conditions from large to small
was: pH 3.0 > pH 7.0 > pH 5.0 > pH 1.0, and the corro-
sion rate from high to small was: pH 1. 0 > pH 3.0 > pH
5.0 > pH 7.0. The optimum solution pH for treating
wastewater using the internal electrolytic filler was 3.0.
The corrosion tendency of the three research electrodes
from large to small was: 14 > 3# > 24 (pH 1.0 and pH 7.0),
14 >2# >34 (pH 3.0 and pH 5. 0); The corrosion rate from
large to small was: 1# > 2# > 3# (pH 1.0, pH 3.0, pH 5.0,
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Table 6
Electrochemical corrosion parameters of different internal
electrolytic fillers

(a)pH1.0

Packing E_. (V) log(A/em?) i (uA/ecm?) v (g/(m>h)
14 -0.636  -2.996 1,009.300 10.541

2% -0.108  -3.758 174.753 1.825

3# -0.303 —4.545 28.480 0.297

(b) pH 3.0

Packing E_. (V) log(A/em?) i (uA/ecm?) o (g/(m?>h)
1# -1.084 -3.569 269.800 2.817

2# -0.719  -3.864 136.887 1.429

3# 0.033 —4.894 12.766 0.133
(c)pH 5.0

Packing E..V) log(Afem?) i (uA/ecm?) o (g/(m*h)
1# -1.037 -3.638 230.100 2.403

2% -0.224 —4.354 44.306 0.463

3% 0.036  -5.085 8.225 0.086
(d)pH7.0

Packing E_. (V) log(A/em?) i (uA/cm?) o (g/(m?>h)
1# -1.049 -3.857 138.900 1.451

2% 0.033 —4.864 13.688 0.143

3% -0.026 -5.618 2.409 0.025

pH 7.0). The self-made internal electrolytic filler had the
strongest corrosion tendency and largest reaction rate,
and the passivation and compaction were alleviated.
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